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The 8th International Conference on Protein Kinase CK2 took place in Homburg, Germany,
from 6 September to 9 September 2016. Over 80 scientists from Australia, China, Japan, USA, Canada,
Denmark, France, Italy, Spain, Poland and Germany participated. After the opening lecture by Lorenzo
A. Pinna, Padova, Italy, entitled Exploring the CK2 Paradox: Restless, Dangerous, Dispensable, the
scientists reported their latest research on the structural characterization of CK2, hence leading directly
to the development of CK2 inhibitors. The driving force behind the development of inhibitors is their
use in the treatment of various diseases, which was the next topic of the conference. New findings on
protein kinase CK2 were addressed in the following session. The final topic of the conference addressed
the role of CK2 in differentiation and development.

Lorenzo A. Pinna reminded everybody that the original name “casein kinase” was changed
to protein kinase CK2 nearly 20 years ago, because casein did not appear to be among the natural
substrates of CK2 [1]. Furthermore, CK2 has now been validated as a “druggable” kinase, which
is targeted, in particular, in cancer cells. The most exciting news in this field was the establishment
of viable CK2α−/−,α’−/− cells by CRISPR/cas9 technology and the subsequent phosphoproteome
analysis of these non-neoplastic CK2α−/−,α’−/− cells.

Various crystallographic structures of the full-length as well as truncated version of CK2α
are already published. The group of Karsten Niefind analysed CK2α and CK2α’ in complex with
ATP-competitive inhibitors [2]. This structural information not only provided further information
about the ATP binding pocket, the interaction of individual residues in the polypeptide chain of both
catalytic subunits with the inhibitors, and structural deformation of the enzymes, but also offered new
elements for the design of more selective and potent inhibitors.

Starting approximately at the beginning of this century, there is an increasing list of inhibitors
of CK2 comprising different chemical entities. Some of these are natural products, or compounds
identified in drug libraries as well as molecules identified by an in silico approach, followed by
chemical synthesis. Georgio Cozza compiled these different approaches to find more potent inhibitors
of human CK2 [3]. Some of these approaches are based on crystallographic information about CK2
alone or in complex with an inhibiting compound. History has shown that inhibitors, which were
considered initially to be CK2 specific, later on turned out to target multiple kinases. It is now clear
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that they need to be tested on a large scale of different kinases, before selectivity and specificity can
be evaluated. Moreover, there is an increasing need for the analysis of off-target effects. Most of the
inhibitors of CK2 known so far are indeed ATP-competitive inhibitors.

Samer Haidar reported on the development of new inhibitors based on an indeno[1,2-b]indole
scaffold which was already known as a lead structure for the development of human CK2 inhibitors [4].
By using a pharmacophore model, which was developed on the inhibition data obtained with CK2 and
more than 50 indeno[1,2-b]indoles, for mining the ZINC compound database, the natural compound
bikaverin was identified and turned out to be a new potent CK2 inhibitor.

The group of Emilio Itarte used the inhibitor CX-4945, which is orally available, either alone or in
combination with other cytostatic drugs for the treatment of cancer [5]. They used CX-4945 in combination
with temozolomide to treat mice affected by glioblastoma. The best survival rates were obtained with
a metronomic therapy comprising a combination of temozolomide and CX-4945 every 6 days. The group
of Barbara Guerra used 1,3-dichloro-6-[(E)-((4-methoxyphenyl) imino)methyl]dibenzo(b,d)furan-2,7-diol
(D11) also as a CK2 inhibitor for the treatment of glioblastoma cells [6]. They found that D11 led to
a destabilization of HIF-1α under hypoxic conditions. They conclude from their results that D11 treatment
deprives glioblastoma cells of oxygen and nutrient supply. These properties may improve the therapy of
glioblastoma in combination with other cytostatic components.

The group of Joachim Jose established a bacterial surface display 12mer peptide library and
screened it with fluorescence labelled human CK2 [7]. By this strategy, new non-ATP competitive CK2
inhibitors were identified. The most potent inhibitor identified, B2, not only inhibited CK2 kinase
activity by binding to an allosteric pocket, but also disturbed the interaction of CK2α with CK2β.

Some years ago, the group of Claude Cochet and Odile Filhol published findings on a cyclic
peptide interfering with the CK2 subunits interaction [8]. As a further development, a cell-permeable
version of this peptide was analysed. This construct turned out to inhibit the cellular association of
CK2α and CK2β, and consequently led to a shift in the phosphorylation efficiencies, in particular
of CK2β-depending substrates. Moreover, they could show that the peptide led to a dissociation of
already formed CK2 holoenzymes.

It is still an enigma how CK2 can regulate multiple functions and pathways in a cell without being
itself regulated. By systematic analyses of published literature and proteomics databases together with
the computational assembly of networks of CK2, the Litchfield group found that by phosphorylating
its substrates [9], CK2 can modulate other post-translational modifications and, vice versa, that
post-translational modifications affect CK2 phosphorylation of substrates.

Besides inhibitors, another approach was exploited for the study of CK2 functions, namely
knock-down of expression of CK2 subunits. By this approach, the group of Hashemolhosseini found
reduced activity of nicotinamide adenine dinucleotide dehydrogenase and succinate dehydrogenase in
CK2β-deficient muscle fibres [10]. This result indicates a role of CK2β in the regulation of the oxidative
capacity of skeletal muscle fibres.

Full or conditional CK2 knock-out mice were used for the elucidation of the role of CK2 in
brain development, neuronal activity and behaviour, which was summarised by the group of Heike
Rebholz [11]. They further described brain-specific substrates and the role of CK2 in various brain
diseases such as glioblastoma, Parkinson’s disease, Huntington’s disease, Amyotrophic Lateral
Sclerosis (ALS) and Alzheimer’s disease.

The role of CK2 in the development of Drosophila was addressed by the group of Ashok
Bidwai [12]. This article focuses on the structure, subunit diversity and mutations in the CK2 subunits
and in particular on the role of CK2 in eye development.
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The role of CK2 in the adipogenic differentiation of mesenchymal stem cells was addressed by
Lisa Schwind and her colleagues [13]. CK2 seems to be essential at early time points after the start of
differentiation, where it influences cell proliferation and the expression of different transcriptional
factors such as C/EBPα and PPARγ2.

Adam Johnson and Ming Wu reported on the role of CK2 in the regulation of metal ion transport
in Saccharomyces cerevesia and in mammalian cells [14]. On one hand, divalent metal ions such as Mg2+,
Mn2+ and Co2+ are required for CK2 activity. On the other hand, CK2 seems to be responsible for the
toxicity of Al3+ and As3+ ions. Furthermore, CK2 subunits are implicated in metal ion transport. In the
case of Zn2+ ions, it was shown that CK2 phosphorylates the Zinc ion channel ZIP7, the epithelial Na+

channel and the chloride channel CFTR.
Another topic of the CK2 meeting was the search for new substrates and new functions of CK2.

One of the substrates of CK2, particularly in pancreatic β-cells, is the transcription factor PDX-1.
The group of Claudia Götz showed that the CK2 phosphorylation sites on the polypeptide chain of
PDX-1 interfere with the binding site for PCIF1, which is an E3 ubiquitin ligase adaptor protein [15].
Binding of PCIF1 to CK2-phosphorylated PDX-1 promotes the degradation of PDX-1.

The group of Kubinski and Maslyk reported on the interaction of CK2 with an atypical kinase, Rio1,
which plays a role in cellular proliferation and ribosome biosynthesis [16]. Rio1 is not only a substrate for
CK2 but also a binding partner. At least in yeast, Rio1 is one of the very few binding partners of CK2α,
as shown by an immunoprecipitation. A number of benzimidazole-derived compounds inhibited both,
CK2 and Rio1. Molecular docking approaches indicated that the inhibitor tetrabromobenzimidazole
(TBB) binds to the ATP-pocket of both kinases in quite a similar manner.

A topic addressed in two reviews was the role of CK2 as a target for the treatment of cancer cells.
The group of Khalil Ahmed summarized their strategy for the delivery of RNAis down-regulating
CK2 in cancer cells using nano-capsules [17]. In order to target cancer cells specifically, tenfibgen was
used as a ligand of tenascin-C receptors, which are particularly numerous on the surface of cancer cells.
This strategy proved successful with cancer cell lines and in animal models, opening the window for
its use in the therapy of various tumours.

The group of Isabel Dominguez used a more general approach to analyze the implications
of CK2 in cancer, its influence on cellular signalling pathways and its potential as a target in
anti-cancer cells therapy [18]. The general conclusion is that CK2 is overexpressed in many cancers
and this overexpression is accompanied by elevated protein kinase activity. Knock-down of individual
subunits of CK2 resulted in the perturbation of diverse signalling pathways, including the SMAD2/3,
β-catenin, PI3K-Akt-mTOR, and IκB-NFκB pathways and signalling pathways regulating apoptosis.
The influence of CK2 on these pathways is qualitatively and quantitatively different in diverse tumours.

This 2016 CK2 conference emphasized once more that protein kinase Ck2 is an enticing enzyme
with a broad range of physiological functions. The most unexpected new finding was that life without
CK2—at least for non-neoplastic animal cells in culture—seems to be possible under special conditions.
Furthermore, the role of CK2 in controlling cell proliferation, development and differentiation has been
further elucidated. Because it appears to influence a variety of different cellular signalling pathways, the
effects of CK2 inhibitors need to be considered under this light and careful use of such compounds is
mandatory. In summary, the results presented during the 8th International Conference on Protein Kinase
CK2 in Homburg underlined CK2’s status as an emerging drug target and strengthened the view that
pharmacological down-regulation of human CK2 with small molecules is a promising approach, not
only in cancer.
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Abstract: The history of protein kinase CK2 is crowded with paradoxes and unanticipated findings.
Named after a protein (casein) that is not among its physiological substrates, CK2 remained in search
of its targets for more than two decades after its discovery in 1954, but it later came to be one of
the most pleiotropic protein kinases. Being active in the absence of phosphorylation and/or specific
stimuli, it looks unsuitable to participate in signaling cascades, but its “lateral” implication in a variety
of signaling pathways is now soundly documented. At variance with many “onco-kinases”, CK2 is
constitutively active, and no oncogenic CK2 mutant is known; still high CK2 activity correlates to
neoplasia. Its pleiotropy and essential role may cast doubts on the actual “druggability” of CK2;
however, a CK2 inhibitor is now in Phase II clinical trials for the treatment of cancer, and cell clones
viable in the absence of CK2 are providing information about the mechanism by which cancer becomes
addicted to high CK2 levels. A phosphoproteomics analysis of these CK2 null cells suggests that CK2
pleiotropy may be less pronounced than expected and supports the idea that the phosphoproteome
generated by this kinase is flexible and not rigidly pre-determined.

Keywords: protein kinase CK2; casein kinase 2; cancer; signal transduction; non oncogene addiction;
phosphoproteomics; CRISPR/Cas9 technology

1. Background

The discovery of the first phosphoprotein dates back to 1883 when Olof Hammarsten
demonstrated that the milk protein casein contains almost 1% of tightly bound phosphorous [1].
In retrospect, this finding gave rise to one of the most teasing “cold cases” of biochemistry, considering
that the enzyme(s) responsible for casein phosphorylation remained unknown for 130 years. In fact,
none of the hundreds of protein kinases detected in the second half of the past century and
forming the so-called “kinome” is responsible for the physiological phosphorylation of casein.
The “genuine” casein kinase (“G-CK”) remained an orphan enzyme until 2012 when it was identified
with Fam20C, an atypical protein kinase responsible for the generation of a large proportion of
the phosphosecretome [2–4].

In the meantime, however, casein had been successfully used as an artificial substrate for
the characterization of many other protein kinases, with special reference to those denoted by
the acronyms CK1 (with several isoforms) and CK2, reminiscent of the misnomers “casein kinase”
-1 and -2. These two were responsible for the first “protein phospho kinase” activity ever described,
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isolated in 1954 from rat liver [5] and later shown to be ubiquitously present in many other organisms
and tissues. CK2, in particular, is the subject of this special issue.

The rising interest for this unique kinase, as predicted by the Nobel laureate Edwin Krebs
in a 1999 paper entitled “CK2, a protein kinase of the next millennium” [6], is largely accounted
for by two features of this enzyme: outstanding pleiotropy and pathogenic potential. The former
implies that an increasing number of researchers are “coming across” CK2 in the course of their
investigations, the latter justifying the numerous efforts to dissect signaling pathways perturbed by
abnormal CK2 activity and to develop therapeutic strategies aimed at its downregulation. Both aspects
are amply documented by the multi-author contributions [7] and are dealt with in this special issue.
Here, we present evidence that our current view about CK2 pleiotropy and indispensability may need
to be reconsidered.

2. Pleiotropy

The paradox of CK2 pleiotropy is illustrated in Figure 1, illustrating that CK2 remained a kinase
in search of its substrates for two decades after its discovery; the first were detected in the 1980s,
followed by a snowball effect. Today, there are almost 600 phosphosites generated by CK2 according
to PhosphoSitePlus, making it the second most pleiotropic member of the kinome (see also Table 1).
This may be just the tip of the iceberg if we trust bioinformatics approaches based on the WebLogo
of the whole phosphoproteome, where the features of typical CK2 sites are so remarkable that its
contribution can reach 20% of all phosphosites [8,9].

Figure 1. The growing number of proteins phosphorylated by CK2 since its discovery in 1954.
Constructed with data from [10–13]. According to PhosphoSitePlus [10], the number of phosphosites
known to be generated by CK2 is presently 640, which belong to almost 400 proteins altogether.

This figure is probably an overestimate, as we will see later, but we must consider that CK2
pleiotropy does not mean only many substrates, but also a plethora of interactors as reviewed in [14],
and implication in many signaling pathways [15].

In this respect, it should be borne in mind that the mode of implication of CK2 in these pathways is
unusual: not being activated by either phosphorylation or specific stimuli, its hierarchical participation
in cascades, like other kinases, is hardly conceivable; in fact, its role is that of a lateral player,
impinging “horizontally” on a variety of “vertical” signaling cascades, as discussed elsewhere [16,17].

3. Pathogenic Potential

Coincidental evidence of the oncogenic potential of CK2 was provided in the 1980s, as documented
in a 1993 review quoting 11 reports where CK2 was invariably higher in a variety of tumors as
compared to normal tissues/cells [18]. This repertoire was further implemented at later times [19,20].

4



Pharmaceuticals 2017, 10, 11

In the meantime, work in David Seldin’s lab demonstrated a cause–effect link between CK2
upregulation and transformation induced by oncogenes or by deficiency of tumor suppressor
genes [21–23]. More recently, an analysis in the oncomine database revealed that the main CK2
catalytic subunit α is overexpressed in 5 out of the 6 most important types of cancer in the US [24].

The oncogenic potential of CK2 is challenged by the observation that, unlike other onco-kinases
generated by gain of function mutation conferring constitutive/unscheduled activity, CK2 is
constitutively active by itself, and no gain of function CK2 mutations are known to be responsible
for neoplastic transformation. Thus, the rising concept is that elevated CK2 level makes the cellular
environment more favorable to malignant transformation by the mechanism known as “non-oncogene
addiction” [16]. Indeed, many of the effects of abnormally high CK2 are expected to potentiate
the cancer phenotype, with special reference to its strong pro-survival and anti-apoptotic efficacy [25].

Addiction can therefore be simplistically depicted as a process by which cells stochastically
enriched in CK2 are selected by the tumor itself, because they escape apoptosis offering a kind of
“sanctuary” to malignancy. The term “oncophilic” has been coined to denote these cells particularly
susceptible to malignant transformation [9]. CK2 blockage can therefore revert or even eradicate
the cancer phenotype relying on abnormally high CK2.

Consistently, in many cases, cancer cells have been shown to be more sensitive to the cytotoxic
efficacy of CK2 inhibitors than their normal counterparts, thus giving rise to a long and continuously
increasing list of cells that are known to critically rely on CK2 for their survival.

CK2 is not only implicated in neoplasia but also in several other human diseases [15]. Of note
in particular, recent reports have highlighted the role of CK2 in ischemia [26,27], thrombosis [28–30],
diabetes [31], and inflammation induced by TNF-alpha [32].

4. Druggability

The pathogenic potential of CK2 accounts for many efforts done during the past two decades to
develop cell permeable inhibitors of this kinase. Hundreds of these compounds have been described in
the literature, mostly, but not exclusively, competitive with respect to ATP. A recent repertoire of these
compounds is available in [33], and some of these are dealt with in this special issue. The amount of
work done in this field is further documented by the more than 70 structures of CK2 in complex with
its inhibitors deposited in PDB and by the observation that some of these have been already tested for
their tolerability in animal models.

Despite considerable efforts to develop CK2 inhibitors, pharmaceutical companies have been
reluctant to invest on CK2 druggability due to a number of properties of this kinase. One was the lack
of any clear-cut connection between CK2 and individual pathways whose dysregulation specifically
promotes malignancy. The other two were the striking pleiotropy of CK2, suggesting that its inhibition
is likely to cause too many collateral effects, and its purported essential role, documented by lethality
during embryogenesis of animals where its subunits had been knocked out [34,35]. The first caveat has
been slowly overcome by the rising concept that, although CK2 may be not a sensu stricto oncogene,
causative of malignancy by itself, many tumors are addicted to its abnormally high activity, rendering
its downregulation a valuable multi-purpose anticancer strategy. On the other hand, it is conceivable
that, although reliance on CK2 is critical during embryogenesis, CK2 reduction might be tolerated in
adult cells. Consistent with this suspicion, a breakthrough was made in 2010 by the CK2 inhibitor
CX-4945 (also known as Silmitasertib) that entered clinical trials for the treatment of different kinds of
cancer [36] and is now in Phase II [37].

5. Dispensability

More recently, the proof of concept that CK2 may be dispensable for life has been provided by
the generation of viable cell clones where both its catalytic subunits were knocked out by CRISPR(clustered
regularly interspaced short palindromic repeats)/Cas9 technology [38,39]. A quantitative MS analysis
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indicates that these CK2 null cells cope with the lack of CK2 by undergoing proteomics alterations that
reflect a functional rewiring expectedly adverse to malignant transformation.

Interestingly, the proteomics alteration induced by a pharmacological inhibition of CK2 is only
partially overlapping the perturbation observed in CK2 null cells [39], thus corroborating the view
that transient suppression of CK2 catalytic activity does not entirely account for the functional and
metabolic rewiring underwent by cells deprived of this pleiotropic kinase. In other words, it is
clear from the data available that cellular adaptation to CK2 suppression implies deep and complex
re-adjustments, where failure to phosphorylate individual targets represents only one side of the coin.

From a practical standpoint, CK2 null cells will provide a valuable tool to address the crucial
issue of off-target effects displayed by CK2 inhibitors. None of these in fact is endowed with absolute
specificity, and even the first-in-class of these compounds, CX-4945, already in clinical trials, has been
shown to affect splicing in a CK2-independent manner [40]. Therefore, viable CK2 null cells represent
an excellent model where to dissect biological functions whose pharmacological alteration is either
mediated or not by CK2.

The outcome of a parallel phosphoproteomics analysis reveals that, although a large proportion
of quantified phosphosites conform to the consensus sequence of CK2 (s/t-X-X-E/D/s), only less than
one third of these are significantly decreased in the CK2 null cells, while the majority are unaffected
and a few are even increased (Figure 2).

 

Increased 
15% 

Decreased 
30% 

Unaffected 
55% 

Figure 2. Only a minor proportion of the phosphosites, conforming to the CK2 consensus quantified in
C2C12 myoblasts devoid of both CK2 catalytic subunits, is drastically reduced (>50%), as compared
to the wild type. A SILAC experiment has been conducted on C2C12 cell lines where both
the catalytic CK2 α subunits have been knocked out by the CRISPR/Cas9 technology, as described in
Borgo et al. [39]. CK2 null cells have been compared with wild type, both from the proteomics [39]
and the phosphoproteomics side (unpublished data). To determine which phosphosites are affected
by the absence of CK2, phosphopeptide enrichment has been performed, as already described in [41],
and only peptides with alterations in the phosphorylation state of at least 50% have been considered as
significantly varied.

This apparent paradox is accounted for by a couple of considerations. Firstly, the CK2 consensus
is present in more than 3000 phosphosites (out of almost 15,000) generated by kinases other than CK2,
according to the PhosphoSitePlus database [13]. In fact, as shown in Table 1, where only the most
pleiotropic kinases are considered, the CK2 consensus is invariably present in some of the phosphosites
generated by all of these, with a frequency sometimes higher than 20%. Secondly, the proteomics
analysis of CK2 null cells [39] has led to the quantification of 26 protein kinases: although these
make up just about 5% of the whole kinome, they are sufficient to account for the indirect effects of
CK2 knock out mediated by other kinases. Six kinases in fact are over-expressed in CK2 null cells.
Among these, Aurora B is especially noteworthy as it is over-expressed 27-fold in CK2 null cells,
while a considerable number of its phosphosites also conform to the CK2 consensus (see Table 1),
thus providing an example of how the absence of CK2 can promote the paradoxical effect of increasing
rather than decreasing the occupancy of some phosphosites displaying the CK2 consensus.
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Table 1. Presence of the CK2 consensus S/T-x-x-E/D/pS/pT at the phosphosites generated by the most
pleiotropic protein kinases. Calculated from the PhosphoSitePlus database [13]. Only the 24 most
pleiotropic kinases have been considered. “%” expresses the percentage of phosphosites generated by
each individual kinase where the CK2 consensus is present.

Kinase p-Sites p-Sites with CK2 Consensus %

PKACA 834 201 24.10
CK2A1 640 483 75.46
PKCA 637 115 18.05
CDK2 588 94 15.98
CDK1 569 86 15.11
ERK2 497 78 15.69
ERK1 375 65 17.33
Akt1 325 73 22.46

GSK3B 322 89 27.63
ATM 232 64 27.58
PLK1 229 70 30.56
P38A 226 45 19.91

CAMK2A 216 50 23.14
Chk1 205 74 36.09
CDK5 190 20 10.52
JNK1 187 43 22.99
PKCD 156 24 15.38
AurB 153 35 22.87

AMPKA1 145 36 24.82
PKCB 145 27 18.62
CK1A 139 60 43.16

DNAPK 117 38 32.47
PKCE 104 20 19.23
mTOR 99 26 26.26

On the other hand, it is remarkable that even two well established bona fide CK2 phosphosites,
pS13 of CDC37 and pS129 of AKT, often used as reliable reporters of endogenous CK2 activity, do not
disappear, as one would expect, in CK2 null cells, the former being only modestly reduced (Figure 3).
This means that other kinases can partially replace CK2 to ensure the phosphorylation of crucial
residues that are normally targeted by this kinase.

Figure 3. The phosphorylation of bona fide CK2 sites is not entirely abrogated in CK2 null cells.
Wild-type (WT) and CK2 null (CK2α/α’(−/−)) cells were lysed in a buffer containing 20 mM Tris-HCl
(pH 7.5), 1% Triton X-100, 10% glycerol, 1 mM EDTA, 150 mM NaCl, and protease and phosphatase
inhibitor cocktails. Thirty micrograms of lysate proteins were subjected to 11% SDS-PAGE and analyzed
by Western blot with the indicated antibodies. Panel A shows that both the CK2 catalytic subunits are
absent in the CK2 null cells. In panel B, the significant residual phosphorylation of two bona fide CK2
sites in these cells can be appreciated. The figure is representative of three independent experiments.

7



Pharmaceuticals 2017, 10, 11

6. Conclusions

The data presented support two unanticipated conclusions. Firstly, the pleiotropy of CK2 appears
to be less pronounced than expected since many phosphosites conforming to the CK2 consensus
are in reality generated by kinases different from CK2 as their occupancy is unaffected in CK2
null cells. Secondly, it seems likely that CK2 can be replaced by other kinases to perform the
phosphorylation of critical sites whenever CK2 activity is abrogated. In other words, the rising
concept is that the phosphoproteome generated by CK2 is not as ample as suspected before—and more
importantly, it is not rigidly pre-determined.
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Abstract: Protein kinase CK2 is a small family of protein kinases that has been implicated in an
expanding array of biological processes. While it is widely accepted that CK2 is a regulatory
participant in a multitude of fundamental cellular processes, CK2 is often considered to be a
constitutively active enzyme which raises questions about how it can be a regulatory participant
in intricately controlled cellular processes. To resolve this apparent paradox, we have performed
a systematic analysis of the published literature using text mining as well as mining of proteomic
databases together with computational assembly of networks that involve CK2. These analyses
reinforce the notion that CK2 is involved in a broad variety of biological processes and also reveal
an extensive interplay between CK2 phosphorylation and other post-translational modifications.
The interplay between CK2 and other post-translational modifications suggests that CK2 does have
intricate roles in orchestrating cellular events. In this respect, phosphorylation of specific substrates
by CK2 could be regulated by other post-translational modifications and CK2 could also have roles
in modulating other post-translational modifications. Collectively, these observations suggest that
the actions of CK2 are precisely coordinated with other constituents of regulatory cellular networks.

Keywords: protein kinase CK2; post-translational modification; regulatory networks; protein–protein
interaction networks; hierarchical phosphorylation; post-translational modification interplay

1. Introduction

Since its original discovery more than 50 years ago, protein kinase CK2 has been implicated in a
continually expanding array of biological processes [1]. In this respect, CK2 has been shown to be
a participant in the regulation of cellular processes such as transcription [2,3] and translation [4–7],
control of protein stability [8–10] and degradation [11,12], cell cycle progression [13], cell
survival [14–16], and circadian rhythms [17]. CK2 has also been linked to various aspects of tumor
progression and suppression and has been shown to be elevated in many forms of cancer [18,19]
as well as in virally infected cells [20–22]. Consequently, CK2 has recently emerged as a potential
therapeutic target with two CK2 inhibitors, namely CX-4945 [23,24] and CIGB-300 [25,26], currently in
clinical trials [27–29] for cancer treatment.

In humans, CK2 is typically considered to be a tetrameric enzyme comprised of two catalytic
subunits (CK2α and/or CK2α′ subunits that are encoded by the CSNK2A1 and CSNK2A2 genes,
respectively) and two regulatory CK2β subunits [1,30] (encoded by the CSNK2B gene). Although
typically classified as a protein serine/threonine kinase based on sequence relationships to other
members of the protein kinase superfamily, CK2 has also been shown to exhibit protein tyrosine kinase
activity [31–34]. Biochemical characterization of its enzymatic activity has demonstrated that CK2 is

Pharmaceuticals 2017, 10, 27 11 www.mdpi.com/journal/pharmaceuticals
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an acidophilic kinase with a consensus recognition motif that features aspartic acid and glutamic acid
residues as well as some phosphorylated residues as its dominant specificity determinants [35–37].
Characterization of its specificity determinants has contributed to the identification of many CK2
substrates that have been shown to be directly phosphorylated by CK2 [38,39]. Phosphoproteomic
profiling has also revealed many putative substrates that have been shown to be phosphorylated
in cells at sites that match the consensus for phosphorylation by CK2 [40,41]. In fact, analysis of
phosphoproteomic datasets typically suggests that CK2 could be responsible for more than 10% of the
phosphoproteome [42].

While there is ample evidence that CK2 is an important constituent in the regulation of many
fundamental biological processes, there are unresolved issues regarding its regulation in cells. In this
respect, questions regarding its regulation arise because the catalytic subunits of CK2 are enzymatically
active in the presence or absence of the regulatory CK2β subunit. Furthermore, the activity of
CK2 is generally unaffected by second messengers, and unlike many kinases that are regulated
by phosphorylation within an activation loop, the activation loop of CK2 is devoid of regulatory
phosphorylation sites [43,44]. The fact that the catalytic subunits of CK2 are fully active when
expressed as recombinant proteins in bacteria further suggests that the enzyme may be constitutively
active [45–47]. Consequently, it is unclear how a constitutively active enzyme can be a key regulatory
participant in tightly regulated cellular processes. To investigate this apparent paradox, we have
examined the relationship between CK2 and other constituents of the regulatory networks within cells
by performing text mining of the published literature and mining of proteomic databases. Furthermore,
motivated by our demonstration that CK2 phosphorylation sites overlap with other post-translational
modifications to enable CK2 to modulate caspase cleavage [48–50] and to participate in hierarchical
phosphorylation relationships, we have analyzed proteomic databases to identify post-translational
modifications that may regulate, or be regulated by, CK2 phosphorylation.

In this review, we explore database and literature information available in the context of
CK2-dependent signaling with the objective of highlighting and discussing the extensive interplay
of CK2 with regulatory networks in the cell. The analysis that we have provided is also intended to
provide functional perspectives to the data available in the databases since these data are often isolated
from the information regarding CK2 that exists within the literature; especially for non-experts in the
field and for interpreting data related to CK2 emerging from high-throughput studies.

2. CK2 Networks

2.1. Functional Networks Involving CK2

The impact of CK2 in the cell can be, to some extent, predicted by considering the number of
biological processes in which it has been implicated and the number of substrates that have been
reported to date [39]. Furthermore, it is anticipated that the published literature will represent an
important resource for deciphering and validating information that is emerging from genome- and
proteome-wide analyses. Consequently, we performed text mining to identify publications that
highlight CK2 and aspects of its function or regulation. To this point, CK2 substrate information
remains “sparse” in the published literature that is represented by more than 2600 papers (PubMed [51]
search: “Casein Kinase II” [Mesh]) directly describing CK2 function and more than 5000 papers
mentioning the kinase (GoPubMed [52] search). Nevertheless, assembling this information to obtain a
global but detailed view of CK2-dependent networks is one step towards deciphering genome and
proteome scale analyses of CK2.
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An initial evaluation of the functional relationship of CK2 with other cellular proteins can be
obtained by querying STRING v10.0 [53], a database with known and predicted functional associations
between proteins (see Figure 1A for a representation of the top 50 proteins functionally associated
to CK2, Table S1). According to this analysis, CK2 regulates the activity of at least 15 cancer-related
proteins such as the tumor suppressor TP53, the histone deacetylases HDAC1 and HDAC2, and
the NFKB subunit RELA (Figure 1B,C, Table S1). CK2-dependent phosphorylation of these proteins
has been reported either in vitro or in vivo [54–57] with the majority of the target sites identified
conforming to the minimum CK2 consensus sequence: [ST]xx[DEpS]. The CK2 functional relationship
to these substrates places the kinase in a central position in human protein–protein interaction
networks since such proteins are considered “information hubs” [58]. For instance, the proteins
TP53, HDAC1, HDAC2, and RELA bind to at least 997, 554, 323, and 271 unique interactors based on
the BioGRID protein–protein interaction repository [59] (accessed 30 November 2016). In fact, in a
human protein–protein interaction network (built from the BioGRID database in Cytoscape [60,61]
v3.4.0, self-loops and duplicated edges removed) CK2 can “influence” approximately 23% of the
established interactions (63,988 interaction pairs out of 270,000) if we assume a ‘guilt by association’
approach considering CK2 direct interactions (meaning step 1 interactors: 629 proteins, Table S2) and
that of its indirect interactors (meaning step 2 interactors: 11,869 proteins, Table S2). A summary of the
number of CK2 interactors for each human CK2 subunit is presented in Table 1. Based on this analysis
and a search using the “find a gene” functionality of the Enrichr tool [62], further hub interactors
of CK2 that can be identified include CDK1, XRCC6, CREB1, HNRNPA1, LYN, YWHAQ, FOS, and
MAPK1 (Table S3).

Table 1. CK2 subunits interactors extracted from a human protein–protein interaction network built by
retrieving the human interactome from BioGRID database build 3.4.129 using Cytoscape v3.4.0.

Direct (Step 1) Interactors of Number of Interactors

CSNK2A1 (Gene ID: 1457) 398 unique direct interactors; 435 interaction pairs.

CSNK2A2 (Gene ID: 1459) 155 unique direct interactors; 171 interaction pairs.

CSNK2B (Gene ID: 1460) 247 unique direct interactors; 270 interaction pairs.

All CK2 subunits 632 unique direct interactors from which 36 are
shared by the three subunits and 95 by two.

All CK2 subunits and their direct interactors 12,502 unique direct interactors (632 step 1 and 11,875
step 2); 63,988 interaction pairs.
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2.2. Protein–Protein Interaction Networks Involving CK2

In a complementary analysis, the direct interactors of CK2 subunits were represented in a
protein–protein interaction network (Figure 2, Table S4) using BisoGenet [65] v3.0.0 Cytoscape plugin
for the retrieval of physical interaction information. As expected from Table 1, differences in the
number and identity of the panel of interactors can be observed for each CK2 subunit which suggests
a certain degree of functional divergence as previously highlighted in the literature [66–70], and
encourages the development of tools that allow us to differentiate the contributions of the endogenous
catalytic subunits to the phosphoproteome. In addition, it points to CSNK2B as a hub itself, suggesting
that it may have a role in coordinating interactions with the catalytic subunits of CK2 to modulate
phosphorylation of certain substrates. Furthermore, since the interaction network for CSNK2B does
not completely overlap that of the catalytic CK2 subunits (Figure 2, Table S4), this analysis reinforces
the prospect that CSNK2B has CK2-independent roles within cells [67]. In fact, the CSNK2B-dependent
interactome has been previously profiled using mouse brain homogenates [71] where CSNK2B is
thought to have a crucial role since its mRNA expression levels are 2–3-fold higher compared with other
organs, except the testis [72]. In this setting, CSNK2B was found to interact with both cytoplasmic and
nuclear localized proteins involved in protein synthesis, RNA and DNA processing, the cytoskeleton,
cell signaling, and transport [71]. Although not included among the references retrieved by BisoGenet,
the functional classification of the proteins identified as part of the CSNK2B-dependent interactome is
in agreement with the network generated by BisoGenet.

2.3. CK2 Networks Derived from Text Mining of the Published Literature

A way of summarizing and systematizing CK2 knowledge relies on the use of text mining to
access literature information. In this regard, the analysis of GO cellular component annotations
using GoPubMed revealed more than 200 subcellular locations and protein complexes studied in
the context of CK2 (summarized in Figure 3, Table S5). This analysis also reflects the functional
pleiotropy of CK2, which can associate with molecular machinery such as the ribosome, spliceosome,
proteasome, and chromatin remodeling complexes, and to other smaller more dynamic complexes
such as TRAIL-death inducing complex and the Ikappa-NFkB complex. Directly interrogating the
literature followed by data extraction can provide information that otherwise may be missed if we only
consider specialized databases such as the mammalian protein complexes database CORUM [73]
where CSNK2A1, CSNK2A2 and CSNK2B (Table S5) are listed only as members of the “PDGF
treated Ksr1-CK2-MEK-14-3-3 complex”, the “MKP3-CK2alpha complex”, the “Casein kinase II-HMG1
complex”, and the “UV-activated FACT complex” with CSNK2B also listed as a member of the
“Fgf2-Ck2 complex” (accessed 30 November 2016). However, protein complex data extracted from the
CORUM database has been manually curated whereas the data extracted from the literature needs to
be critically analyzed since the extraction process may be ambiguous and biased towards the algorithm
used by the tool [74], in this case GoPubMed. A similar analysis can be made for the GO biological
processes. The retrieval of CK2 related GO biological process from literature highlights frequently
studied core processes such as cell cycle, cell proliferation, DNA damage, cell death, and viral infectious
cycle, as well as other hot topics in the field (Figure 3B, Table S5). The later includes the involvement of
CK2 in embryogenic development [75–78], T cell-mediated immunity [79,80], inflammation [81],
glucose homeostasis [82–85], ion transport [86], bone remodeling [78,87], neurogenesis [88,89],
neurological system process [90], response to misfolded and unfolded protein [90], stem cell
differentiation and maintenance [91], and response to muscle activity [92,93].
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Figure 2. Cont.
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Figure 2. Protein–protein interaction network of human CK2 subunits generated using Cytoscape
v3.4.0 and the BisoGenet v3.0.0 plugin. The three networks are clones, each of which highlights the
interactors of CSNK2A1 (red nodes), CSNK2A2 (orange nodes), and CSNK2B (green nodes) subunits,
respectively. Briefly, the network was represented by querying SysBiomics (BisoGenet’s interaction
database) through the plugin’s interface using the human CK2 subunit gene names and selecting
“protein–protein interaction” as the biorelation type and the input nodes and neighbors to step 1
method as the criteria for building the network. A high resolution image of this figure is also available
in the Supplementary Materials.

Text mining of the CK2-related literature can also provide insights regarding
holoenzyme-dependent regulation, which relates to the events where CK2-mediated phosphorylation
of a given substrate is positively or negatively regulated by holoenzyme formation and the presence or
absence of CSNK2B [45]. In this particular case, the analysis of protein–protein interaction data for
CK2 subunits alone is insufficient for assuming holoenzyme-dependent regulation. A recent in silico
study relied on text mining for retrieving known holoenzyme-dependent substrates and generated
sequence patterns for predicting novel candidates based on structural information of the known
substrates [39]. Information on the holoenzyme-dependent substrates can also be obtained from
PhosphoSitePlus database [94,95] by querying “substrates of CK2B”; however the list obtained is not
comprehensive (accessed February, 2017) when compared to the text mining study [39]. Furthermore,
substrates known to be holoenzyme-dependent such as PDX1 [96] and CFTR [97] are cataloged as
phosphorylated by the catalytic subunit in this database (query: “substrates of CK2A1”). To avoid
such inconsistencies and misleading information, researchers are encouraged to carefully review the
evidence provided in databases such as PhosphoSitePlus, which are obtained through automated
literature text mining and thus error prone.
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Figure 3. CK2 Functional association networks represented in Cytoscape v3.4.0 for illustrating the:
(A) Cellular components mentioned together with CK2 in the literature identified by GoPubMed
search. The green nodes represent protein complexes and the node size highlights terms frequently
co-occurring with CK2; (B) Biological processes mentioned together with CK2 in the literature identified
by GoPubMed search; the red label-nodes indicate hot topics in CK2 research. Briefly, the term “Casein
Kinase II”[Mesh] was queried using the GoPubMed text mining tool and the output was downloaded
to generate a network in SIF format [61] for Cytoscape input by specifying CK2 and the GO subcellular
components/biological processes as nodes and their co-occurrence in the literature as the interactions
(binary type: yes/no). The node size was not set differentially for the biological processes network as
this will affect the visualization and readability. A high resolution image of this figure is also available
in the Supplementary Materials.

In addition to text mining, systematic proteomic studies represent rich resources for potentially
uncovering CK2-regulated biological processes and pathways when datasets from these studies
are uploaded to repositories [98] such as PRIDE and MassIVE and/or provided as supplementary
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information. To explore the availability of proteomics data for CK2, we performed a Pubmed search
and, as a result, retrieved two proteome studies [99,100], one interactome study [71], and four
phosphoproteome [40,41,101,102] studies. However, a PRIDE search only returned one of these studies,
which explores the function of CSNK2A1 from Ostreococcus tauri in a minimal circadian system [101]
(ID: PXD000975). Consequently, for the remainder of these studies, information available (e.g., protein
and/or phosphorylation site identification and/or relative quantification values) is limited to that
provided in the original paper or by direct request to the authors. We also searched PhosphoSitePlus
and found that only one phosphoproteome study out of the four identified in Pubmed was included
(accessed February 2017). This phophoproteomic study explores the short-term response of HEK-293T
cells treated with the CK2 inhibitor quinalizarin [102]. However, PhosphoSitePlus only mentions the
proteins and phosphosites identified without providing any quantitative results.

The quinalizarin phosphoproteomic study [102] identified 28 downregulated putative CK2
phosphosites with several of the target proteins displaying a role in cell death and/or survival
including TPD52 (isoform 2), STX12, BCLAF1, AKAP12, RAD50, and PDCD4 (isoform 2). Overall,
the majority of the phosphorylation-modulated substrates were classified as nuclear and were found
to be involved in biological processes classified as transcription, mRNA and rRNA processing, gene
expression, and DNA replication. Comparable functional annotations were obtained in two of the
other CK2 phosphoproteomic studies where the phosphosites identified belong to proteins mostly
localized to the nucleus as components of the spliceosome [40,41].

Intriguingly, the quinalizarin phosphoproteomic study also revealed that several “CK2
attributable” phosphosites increased upon treatment with the inhibitor. As this result seems
paradoxical, the authors proposed both technical and biological explanations for this observation [102].
Since it is evident that CK2 is connected to a plethora of regulatory hubs through protein–protein
interaction and hierarchical phosphorylation, we performed a kinase-motif matching analysis using
the PhosphoMotif Finder functionality of the HPRD database [103] to determine if other kinases could
in theory be responsible for the upregulation of phosphosites that had been putatively identified
as CK2-dependent phosphosites. As a result of this analysis, we identified at least two instances
where the modulated phosphosite matched motifs for other kinases besides CK2. For example, the
vicinity of the residue S1068 of TP53BP1 matches the minimal CK2 consensus sequence pSXX[E/D]
as well as the pSQ and XpSQ substrate motifs of the ATM kinase and the DNA-dependent protein
kinase, respectively. Interestingly, TP53BP1 does interact with ATM, which phosphorylates several
residues in the protein upon DNA damage to promote its tumor suppressor functions [104]. Another
example is AKAP12 where the vicinity of S627 matches substrate recognition motifs pSXX[E/D],
RXRXX[pS/pT], [R/K]XRXXpS, RVRRPpSESDK, and RRPpS conforming to CK2, AKT, MAPKAPK1,
AMP-activated protein kinase 2, and PKA/PKC motifs, respectively. AKAP12 has been shown
to interact at least with PKC and PKA [105], with PKA phosphorylating S627 and three other
residues [106] of the protein. Moreover, in proteomic databases, arginine and lysine residues proximal
to S627 of AKAP12, are reported to be methylated [98]. Altogether, these observations illustrate
the complexity of CK2-signaling networks and the challenges associated with interpreting changes
in the phosphoproteome arising from modulation of CK2. Accordingly, all possible sources of
information for other kinases and modifying enzymes that may act upon CK2 target sequences
(e.g., arginine-methyltransferases and lysine-acetyltransferases) need to be taken into consideration.

2.4. Extension of CK2 Networks to Include Other Constituents of Regulatory Networks

As a logical extension of examining direct interactions with CK2, understanding how CK2
integrates to other signaling networks in the cell requires consideration of how CK2 substrates
may be acted upon by other constituents of signaling networks. For example, we have considered
phosphorylation information regarding CK2 substrates with other kinases that also modify the CK2
substrates and/or interactors (Figure 4). In this respect, Figure 4 shows that at least 171 other kinases
(Table S6) are capable of phosphorylating sites in CK2 interactors, which suggests a likelihood of
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functional interplay among phosphorylation sites. This is reflected, for example, in the fact that
CK2-dependent phosphorylation often participates in hierarchical phosphorylation with other kinases,
which generates a CK2 target sequence with a phosphorylated serine that functions as the dominant
specificity determinant [36].

Figure 4. Protein–protein interaction network of CK2 subunits expanded to include kinase information
of the interactors retrieved from PhosphositePlus, the network was represented with Cytoscape v3.4.0
using the BisoGenet v3.0.0 plugin and the PhosphositePlus Web Service Client Module. The yellow
nodes represent CK2 interactors and the brown nodes represent kinases that phosphorylate (edges
with arrow) the interactors. The blue edges represent protein–protein interactions and the red edges
represent phosphorylation events. The network was represented as explained in Figure 2. Briefly,
all the proteins were selected and the kinase data was added by importing the information from
PhosphoSitePlus using the plugin and selecting the gene name as the matching key. A high resolution
image of this figure is also available in the Supplementary Materials.

As noted above, there is evidence that many CK2 substrates are also phosphorylated by other
kinases. When considering the prospect for hierarchical phosphorylation involving CK2, analysis
of the phosphorylation events in the vicinity of the CK2 phosphosites may further contribute to
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identifying such relationships. Consequently, we searched PhosphoSitePlus database serine, threonine,
and tyrosine phosphorylation and CK2 substrate data, mostly reflecting data generated through
a proteomics approach [95], for those phosphosites occurring in the primary structure at different
distance windows up- or downstream of the CK2 target site (Table 2 and Table S6). This analysis was
also extended to other post-translational modifications reported in the PhosphoSitePlus database, such
as ubiquitination and acetylation (Table 2 and Table S6). Although this analysis is restricted to CK2
substrate data available in PhosphoSitePlus, it is useful to illustrate the importance of considering the
modification status of target sequences when studying CK2-dependent phosphorylation, a concept
that also applies to other kinases. For example, the link between AKT-mediated phosphorylation and
arginine methylation has been previously reported [107–109]. The post-translational modification
analysis indicated that the vicinity of CK2 sites may constitute ‘hot spots’ for phosphorylation.
Consideration of these sites brings together at least 76 different kinases including CDK7, STK1,
PRKCA, PLK1, GSK3, CDC7, SRC, CDK2, MAPK3, GRK2, PRKCZ, CDK9, MAPK1, and IKBKE.

Table 2. Post-translational modifications in the vicinity of CK2 1 target sites retrieved from
PhosphoSitePlus (accessed August 2016).

PTM Type # Sites at −4/+4 # Sites at −7/+7 # Sites at −36/+36

Acetylation 15 25 146
O-N-acetylgalactosamine 2; overlap: 1 5; overlap: 1 19; overlap: 1
O-N-acetylglucosamine 1; overlap: 2 1; overlap: 2 5; overlap: 2

Methylation (m1, m2, m3, me) 4, 3, 1, none 8, 7, 1, none 29, 22, 2, 3
Phosphorylation 262; overlap: 482 395; overlap: 482 1177; overlap: 482

Sumoylation 1 8 50
1 CK2 sites were retrieved for bovine CSNK2A1 (P68399), human CSNK2A1 (P68400), human CSNK2A2 (P19784),
human CSNK2B (P67870), mouse CSNK2A1 (Q60737), rat CSNK2A1 (P19139).

3. Concluding Remarks and Implications

Taken together, systematic analysis of the literature and databases strongly reinforces the view
that CK2 is involved in a broad spectrum of biological processes. At the same time, it is important
to recognize that there are significant limitations with information that is available both within the
peer-reviewed literature and in databases. In this respect, as noted earlier, the literature represents an
extensive but ‘sparse’ body of information generally lacking standard criteria for the identification
and characterization of roles for CK2 in biological processes. On the one hand, there are undoubtedly
many literature reports with rigorous experimental design and analysis that clearly demonstrate roles
for CK2 in specific cellular processes. By comparison, there are also reports where conclusions are
drawn exclusively from in vitro studies or experimentally contrived systems that do not reflect what
happens under normal physiological conditions in living systems. In a similar vein, databases that are
populated primarily from large-scale proteomic studies or high-throughput experimental workflows
harbor data of inconsistent integrity. While these databases represent a wealth of information (for
example, tens of thousands of phosphorylation sites or protein–protein interactions), the pace at which
data is generated dramatically exceeds the pace of validation. Moreover, many of the kinase-substrate
relationships that have emerged from large-scale studies have relied on predictions using the CK2
consensus recognition motif rather than experimental validation of these relationships. Consequently,
in many instances, these data reflect what ‘might happen’ rather than rigorous demonstrations of what
‘does happen’ under normal physiological conditions. Despite this limitation, knowing what ‘might
happen’ can often be a very useful guide for the design of experimental strategies to rigorously define
what does happen.

In addition to clearly highlighting the involvement of CK2 in a broad array of biological
processes, database mining and network analysis clearly reveals extensive interplay between CK2
and other constituents of signaling networks. This interplay is evident from the identification
of ‘hot spots’ where CK2 phosphorylation sites are localized proximal to other phosphorylation
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sites or other post-translational modifications within the primary sequence of its substrates. The
proximity of post-translational modifications to one another raises the very interesting prospect of
one post-translational modification being regulated by others. As noted earlier, we have previously
demonstrated that CK2 can modulate cleavage of caspase substrates when CK2 phosphorylates
residues adjacent to the cleavage site [48]. This is a clear example of how phosphorylation by
CK2 can modulate susceptibility to another post-translational modification. The demonstration
that phosphorylated residues can sometimes ‘prime’ a substrate for hierarchical phosphorylation by
CK2 demonstrates that phosphorylation by CK2 can also be regulated by other modifications [36].
Considering the prevalence of post-translational modifications that reside within CK2 substrates
within close proximity of the CK2 phosphorylation site (Table 2), it will be important to consider
the relationship between CK2 phosphorylation and these other modifications. From the perspective
of its participation in regulatory processes, the interplay between CK2 and other pathways could
yield very intricate and precise control of processes. Considering the emergence of CK2 as a potential
therapeutic target, the intricate relationships of CK2 within the regulatory networks also has important
implications for the application of CK2 inhibitors. From this perspective, modulation of CK2 could
impact other pathways since phosphorylation by CK2 could have regulatory consequences for other
pathways. Similarly, modulation of other pathways could also affect CK2 or its functions as the
modification status of the target sequence may ultimately regulate its recognition by CK2.

With the availability of selective new inhibitors for CK2 and elegant strategies for genome
engineering based on CRISPR-Cas9, we can expect new opportunities for modulating CK2 under
physiological conditions. By combining these strategies with striking advances in analytical
technologies such as mass spectrometry to perform proteomic profiling with unrivalled depth, speed,
and accuracy, we can anticipate that many gaps in our knowledge of how CK2 is integrated within
regulatory and functional networks will be filled to reveal its roles in orchestrating biological processes.
Furthermore, given the emergence of CK2 as a potential therapeutic target, we can expect these insights
to guide promising applications of CK2 inhibitors in the clinic.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/10/1/27/s1;
Table S1: STRING network, function, and annotations of the top 50 CK2-related genes; Table S2: CK2-interacting
proteins in the human interactome; Table S3: CK2-interacting hub proteins; Table S4: CK2-interacting proteins
of each subunit; Table S5: CK2-related GO annotations extracted from the literature and protein complex data;
Table S6: PTM sites in the vicinity of CK2 phosphorylated sites.
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Abstract: The pleiotropic serine/threonine protein kinase CK2 was the first kinase discovered. It is
renowned for its role in cell proliferation and anti-apoptosis. The complexity of this kinase is well
reflected by the findings of past decades in terms of its heterotetrameric structure, subcellular
location, constitutive activity and the extensive catalogue of substrates. With the advent of
non-biased high-throughput functional genomics such as genome-wide deletion mutant screening,
novel aspects of CK2 functionality have been revealed. Our recent discoveries using the model
organism Saccharomyces cerevisiae and mammalian cells demonstrate that CK2 regulates metal toxicity.
Extensive literature search reveals that there are few but elegant works on the role of CK2 in regulating
the sodium and zinc channels. As both CK2 and metal ions are key players in cell biology and
oncogenesis, understanding the details of CK2’s regulation of metal ion homeostasis has a direct
bearing on cancer research. In this review, we aim to garner the recent data and gain insights into the
role of CK2 in metal ion transport.

Keywords: protein kinase CK2; metal toxicity; genome-wide screen; metal ion transport;
zinc channels; therapeutic targets

1. CK2—A Pleiotropic Kinase

Protein kinase CK2 was first discovered in 1954 [1]. It is one of the earliest kinases in the
kinome which currently has about 500 members [1–3]. Over the ensuing decades, its structure,
function and substrates have been progressively characterized [4–6]. Despite the enormous progress
in characterisation of its roles in cell proliferation, differentiation and anti-apoptosis, several aspects
of CK2 are yet to be fully understood such as its regulatory mechanisms in response to extracellular
signals. Also scarcely known is its role in metal ion uptake and toxicity, which is the topic of this review.

CK2 is a ubiquitous, pleiotropic, serine/threonine protein kinase with a wide range of substrates,
and has been referred to as the most pleiotropic protein kinase existing in eukaryotic organisms [5,6].
Originally the enzyme was termed casein kinase 2 due to its phosphorylation of casein as the first
substrate used to assay enzyme activity, and the numerical designation 2 to denotes its elution from
DEAE-cellulose after the enzyme CK1 [1,6–8]. However, casein does not appear to be a physiological
substrate for CK2 and, therefore, in 1994 it was suggested that the name be changed to protein kinase
CK2 to avoid the misnomer confusion [7,8]. CK2 is an unusual protein kinase in several respects.
For examples, it is constitutively active and can use both ATP and GTP as the phosphate donor, thus it
is different from the other eukaryotic protein kinases [5,7,9–11]. The known substrates of this enzyme
are expanding to the thousand [5]. It has been suggested that the proteins phosphorylated by CK2
may make up one quarter of the eukaryotic phosphoproteome [5]. The renowned role of CK2 is its
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regulation of cell proliferation, including the processes of DNA replication, transcription, tRNA and
rRNA synthesis, chromatin remodelling and anti-apoptosis [6,12,13]. With its high pleiotropism, it is
not surprising that new aspects of CK2 functionality are continually unravelled, such as we and the
others demonstrate that CK2 is involved in metal ion transport [14,15].

2. Structure and Function of CK2

The mammalian CK2 heterotetramer is a protein kinase composed of two catalytic subunits (α and
α’), bound to a central homodimer of regulatory β subunits. The fact that the holoenzymes are formed
spontaneously in vitro from the mixture of individual subunits tells us that there is probably a built-in
code for such action amongst their primary structures. Notably, the affinity of CK2 α′ for CK2 β is
about 12 times lower than that of CK2 α [16], suggesting that the tetramer ααββ of CK2 could be
the dominant species. The amino acid sequences of human α and α’ catalytic subunits are 391 and
350 residues long, respectively. The apparent sizes after purification in vitro are smaller than their
theoretical molecular masses (45.144 and 41.213 kDa), due to proteolytic cleavage modifications at
the C-terminus [17,18]. The β subunit is much smaller (around 25 kDa) [19,20]. The crystallographic
structures of the subunits of CK2 and the holoenzyme demonstrate that the catalytic subunits of CK2
contain the typical architecture found in eukaryotic protein kinases [16,21]. Such architecture consists
of two domains: a β-sheet based N-terminal domain, and an α-helical C-terminal domain. The active
site is located in a cleft between the two domains [16,17,21]. The main difference between the two
catalytic subunits in terms of the three-dimensional structure is found in the CK2 β interface region
(β4/β5 loop). Unbound CK2 α typically has a closed β4/β5 loop, while CK2 α’ has an open one [16].

A worthwhile notion in the context of this review is that two zinc ions are involved in the
holoenzyme. The CK2 β subunit contains a zinc finger that has been shown to be essential for the
homodimerisation of the β subunits [22]. The four cysteines (cys109, cys114, cys137 and cys140) of
CK2 β are in a zinc finger-like arrangement reminiscent of DNA binding proteins [7]. Mutations to
cys109 and cys114 result in disruption of subunit interactions. Each CK2 β monomer consists of an
α-helical N-terminal domain and the zinc stabilising area and a C-terminal “tail” [17,23]. The tail
crosses the dimer interface and attaches to the other β monomer. This tail segment has been shown
to be essential for holoenzyme formation [23]. The holoenzyme complex is shaped like a butterfly,
with the catalytic subunits attached to a central dimer of regulatory β subunits [17]. The arrangement
is such that both regulatory subunits make contact with each of the catalytic subunits, while neither
catalytic subunit contacts the other [17]. The conservation of the active site of unbound CK2 α and the
holoenzyme-bound CK2 α supports the idea that CK2 α is catalytically active in isolation and that
CK2 β is not an on/off switch as is found in similar kinases such as cyclin-dependent kinase 2 [17,23].

Its extensive list of protein substrates reflects the pleiotropic nature of CK2 functionality, and
is structurally due to the acidic consensus sequences (e.g., -SXXE/D-, S for serine which is the
most common phosphoacceptor) recognised by the kinase [6,24,25]. The multiple tetrameric forms
(α2β2, α’2β2, αα’β2) are present in all animals including mammals, amphibians and insects [17,19,26].
Evidence shows that the formation of human CK2 tetramers occurs via the catalytic subunits attaching
independently to a stable dimer of the β subunits [17,23]. The free monomeric α and α’ subunits of
CK2 are catalytically active as well in the absence of the β subunit and there is evidence that the discrete
subunits possess individual functions different to the functions of the tetramer [27–31]. The α and α’
subunits are structurally analogous but are encoded by different genes [7]. The β subunits in tetramers
may provide stability, protect α-subunits against denaturing agents or conditions, modulate activity of
the enzyme or alter substrate specificity and interactions with inhibitors [7,32]. It has been noted that
catalytic activity is increased 5–10 fold for certain substrates by the presence of the β subunit [7,33].
Unlike mammalian CK2, yeast cells possess two distinct regulatory subunits (CKB1 and CKB2), while
the catalytic subunits are commonly referred to as CKA1 and CKA2. Yeast CK2 tetrameric holoenzymes
have been found to require both CKB1 and CKB2 subunits [34].
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As the yeast Saccharomyces cerevisiae contributes to our understanding of mammalian cell
biology, such as cell cycle control [35,36], and the signalling serine/threonine kinase TOR (target of
rapamycin) [37,38], it proves to be a useful tool again towards understanding CK2. The genes of CK2
were first deleted in S. cerevisiae by homologous recombination. The yeast cells with disruption of
either CKA1 or CKA2 genes are still viable; however, disruption of both CKA1 and CKA2 genes at the
same time is lethal [39]. It is therefore clear that under normal growth conditions the catalytic subunits
are compensatory. However, several studies imply that under certain environmental conditions
individual subunits confer different phenotypes [14,40,41], and, therefore, cannot be compensated
by one another. In terms of the regulatory subunits, deletion of CKB1 or CKB2 or both does not
lead to lethality. However, in mammals such as mice, homozygous knockout of CK2 β is fatal at the
embryonic development stage [42]. While the CK2 α′ subunit appears to be essential only for normal
spermatogenesis [43], the disruption of the CK2 α gene in mice leads to death in mid-gestation [44].
Taken together, these structural and functional data tell us three basic points: (1) the tetrameric
holoenzymes are essential since disruption of CK2 β would abolish formation of the CK2 holoenzyme
and leads to lethality; (2) between the two catalytic subunits, CK2 α is more critical than CK2 α’;
(3) both CK2 α and CK2 α’ have distinctive functions.

Since CK2 is constitutively active, its activity does not need help from any other kinases.
The alternative ways to regulate its activity are by level of expression, subcellular location of the
enzyme, and extracellular signals. It is evident in cancers where CK2 is highly over-expressed [6,45].
Spatiotemporal dynamics of CK2 in the nucleus and cytoplasm are shown in live cell fluorescence
imaging [46]. The remaining question is what triggers up-regulation of CK2 expression or changes
its nucleocytoplasmic distribution. Heretofore, there are scant details in terms of what regulates
dynamic distribution of CK2. A recent study by Kalathur et al. [47] strongly demonstrates that
the transcription factor, STAT3 (Signal Transducer and Activator of Transcription 3), regulates CK2
transcription and the protein level in mammalian cells. STAT3 itself is phosphorylated in response
to growth factors or cytokines. The up-regulation of CK2 results in phosphorylation of the tumor
suppressor, PML (Promyelocytic Leukemia protein), which in turn leads to PML ubiquitination and
degradation. As a result, oncogenesis ensues.

Moreover, its activity can be increased and decreased by certain compounds. Under certain
conditions, polyamines are known to increase the activity of CK2 [7]. This activation requires a specific
concentration of the polyamine and, therefore, may only occur in certain cells, e.g., the dividing cells
due to their increased polyamine concentration [7]. On the other hand, polyanionic compounds such
as heparin are inhibitory to CK2. It is therefore possible that CK2 activity in the liver is subject to
heparin concentration [7,48]. This suggests that CK2 activity is regulated in specific cells and tissues
by activating inhibitory compounds.

In vitro assays have demonstrated that divalent metal ions such as Mg2+, Mn2+ and Co2+ are
required for CK2 activity, but beyond their optimal concentration these metals are actually inhibitory
to CK2 [49,50]. These studies were performed using a substrate that precipitates, such as casein, in
the presence of metals such as Mg2+ and the inhibition of CK2 in the presence of Mg2+ concentrations
greater than its optimum is due to casein precipitation [51]. The optimal concentration of Mg2+ may
represent the point at which Mg2+-ATP (required for activity) is highest before precipitation occurs [51].
While this is the case for Mg2+, substrate precipitation in the presence of Co2+ and Mn2+ does not occur
and, therefore, the inhibition of enzyme activity at levels above the optimum of these ions may be
a regulatory mechanism [51]. Interestingly, when activity is assayed using Mn2+ and Co2+ instead
of Mg2+, the preferred phosphoryl donor is GTP rather than ATP [49]. Zn2+ is inhibitory to CK2 at
concentrations above 150 μM [49]. The inhibition of CK2 by zinc, as well as the reported inhibition of
activity found when Ni2+ is present, is thought to be via direct interaction with the enzyme, perhaps in
a manner similar to Mn2+ and Co2+ [49,51]. Given that the ionic strength of solution greatly impacts
enzyme activity [51] and the requirements of CK2 for zinc in order for functional tetramers to form,
there might be certain inextricable relationships between CK2 and metal ions.
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3. Functional Genomics and Discovery of Novel CK2 Functionality

The yeast S. cerevisiae is a pioneering organism in functional genomics and systems biology [52].
Since the publication of its genomic sequence [53], complete collections of yeast gene deletion mutants
such as the collection from EUROSCARF have become available for functional annotation of individual
genes by genome-wide screening. Such an approach acquires the phenotype of a gene deletion mutant
observed under a given condition. Based upon the phenotype, the function of that gene can be
revealed. Genome-wide screening of deletion mutants has been applied to nickel [54], cadmium [55],
arsenite [56,57], lead [58], aluminium [14,59] and chromium [40]. Significantly, the findings from the
yeast system are relevant to human beings due to the genomic homology between the two organisms.
They share thousands of orthologous genes, accounting for about one-third of the yeast genome [60,61].
Additionally, there exists a high level of conservation between the cellular processes of yeast and those
of mammalian cells [62,63]. By means of S. cerevisiae genome-wide deletion mutant screening, we
firstly uncovered that deletion of CKA2 (CKα’) leads to resistance to Al3+ toxicity [14]. Further, the
regulatory subunits (CKB1 and CKB2) were shown to be involved in regulating the toxicity of As3+ [56].
Significantly, the role of CK2 in regulating metal toxicity is confirmed in neuronal cells [64]. Intriguingly,
CK2 regulates both Zn2+ and Ca2+ [64]. Considering that CK2 is a key player in carcinogenesis and
that dysregulation of Zn2+ is observed in cancers such as breast, prostate, pancreatic, ovarian and
hepatocellular cancers [65–69], this discovery has significant bearing on cancer research.

4. CK2 and Metal Ion Transport

The ability to transport ions into and out of the cell is essential for life. Herein, we define ion
transport as the process of uptake, sequestration into or release from subcellular organelles, and efflux.
Approximately 91 of 118 elements in the periodic table are metals or metalloids, many of which are
essential to biological functions, whilst some are toxic. Essential metal ions are required for a range of
cellular functions, for example, iron is a cofactor for several redox-active metalloenzymes and zinc is
required for maintaining protein structures such as in CK2 and the catalytic activity of thousands of
enzymes [70,71]. The metal ion uptake, storage and secretion is tightly controlled, and aberrations in
this control can lead to cell death and diseases [72,73].

The compendium of recent studies, including the ones of our laboratory aforementioned,
demonstrates that CK2 is involved in metal toxicity and transport [64]. We have shown that deletion
of CKA1, CKB1 and CKB2 result in lower accumulation of intracellular chromium, while deletion of
CKA2 leads to higher accumulation than the wild type [40]. We then screened all four deletion mutants
of CK2 (cka1Δ, cka2Δ, ckb1Δ and ckb2Δ) against Al3+, Zn2+, Co2+, Cr6+, As3+ and Cd2+, and found
that individual subunits confer distinct profiles for metal resistance (unpublished data). The findings
are two-fold. They demonstrate that CK2 is indeed involved in metal uptake and toxicity, and that
individual CK2 subunits have specific roles such as CKA2 against Al3+, and CKB1 or CKB2 against
As3+ and Cr6+. The finding that deletion of CK2 subunits results in metal resistance is supported by
the dataset obtained by a different high-throughput profiling approach—transcriptomics. Jin et al. [74]
revealed, via transcriptomics of S. cerevisiae, that the expression of genes encoding subunits of protein
kinase CK2 (CKB2, CKA1, CKA2) was repressed by transitional metal ions, suggesting that CK2 gene
expression is undesirable for the cells under metal ion exposure. On the other hand, analysis of the
ionomic data generated in a genome-wide yeast screen using overexpression strains indicates that
the overexpression of CK2 subunits resulted in an increase of certain metals inside the cell including
copper, iron and zinc [75]. Apart from the yeast model organism, a similar finding was demonstrated
in mammalian cells [76], in which CK2 transcripts were markedly reduced upon chromium exposure.
In a study using mouse epidermal JB6 cells, the phosphorylation of p53 (resulting in p53 DNA binding)
by CK2 was found to be reduced in the presence of arsenic [77].

How does CK2 regulate metal ion transport, biochemically? Two studies so far can provide
us with some insight. In response to the extracellular stimuli, CK2 was found to phosphorylate the
zinc channel, ZIP7 (ZIP is an abbreviation of ZRT, IRT-like Protein), located in the membrane of the
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endoplasmic reticulum (ER) [15]. Consequently, Zn2+ ions in ER stores were released, and cytosolic
concentration of Zn2+ increased, triggering a cascade of signalling pathways, including the activation of
receptor tyrosine kinase and the phosphorylation of AKT and extracellular signal-regulated kinases 1
and 2 (ERK1/2). The end result of such action is enhanced cell proliferation. This finding offers
mechanistic explanation, if only partially, to the effect of CK2 on promoting cell proliferation as
mentioned previously.

CK2 is also found to regulate epithelial Na+ channel activity [78]. The Na+ channel is a trimeric
protein, composed of α, β and γ subunits. The phosphorylation sites for CK2 are located in the C
terminus of β (βS631) and γ subunits (γT599). The channel’s activity was inhibited dose-dependently by
the selective CK2 inhibitor 4,5,6,7-tetrabromobenzotriazole (TBB). Furthermore, the phosphorylation
of the channel by CK2 antagonises the inhibition of Nedd4-2, the E3-ubiquitin ligase, which causes
channel ubiquitination and degradation. Intriguingly, CK2 was translocated to the cell membrane
upon expression of the wild type Na+ channel, but not of the mutant channel lacking both of the
phosphorylation sites. This notion sheds light on the topic of CK2 distribution as mentioned earlier.
There is likely a pulling force or an attraction between CK2 and its substrate, and evidence suggests
that this attraction is structurally due to basic residues in key positions of CK2 recognising the acidic
determinants in the substrate for phosphorylation. It is expected that more investigations will be
carried out on this front.

Another elegant study conducted on CFTR (cystic fibrosis transmembrane conductance
regulator) provides more details on the mode of CK2 action [79,80]. Although CFTR is essentially
a chloride channel, much can be learned from its interaction with CK2. Inhibition of CK2 closes
CFTR wild type but not the cystic fibrosis mutant channel ΔF508-CFTR [81]. The deletion of
phenylalanine (F) of the 508th residue in CFTR abolishes the interaction of CK2 with ΔF508-CFTR,
suggesting that phenylalanine residue serves as a docking site in the wild type for CK2 action.
Furthermore, ΔF508-CFTR mutant is often degraded before reaching the plasma membrane. As for the
membrane-bound mutants, they are unstable. Application of the proteostasis regulator cysteamine
and the CK2 inhibitor, epigallocatechin gallate (EGCG) or CX-4945, can reduce the degradation of
ΔF508-CFTR, resulting in more mutant channels residing in the membrane, hence alleviation of the
symptom of cystic fibrosis patients [79]. Such a study serves as an example for future investigations,
which could be relevant to the basic understanding of and therapeutic development for many human
disorders involving CK2.

Additionally, to understand the cell’s regulation of metal ions, we must differentiate the essential
ions, such as iron and zinc, from the toxic ones, like arsenic and aluminium. In the evolutionary
sense, the cell has become accustomed to the essential ions and has built-in mechanisms to maintain
their homeostasis for growth and survival. The cell’s response to the toxic metal ions is basically a
detoxification process using the cell’s defence mechanisms. The data discussed previously clearly show
that CK2 is involved in both categories of the metals. The key question is what senses the intracellular
level of a particular ion. There is no certain answer to this question thus far. However, it has been
shown that in the presence of increased metal ions, the transcription factor MTF-1 (metal transcription
factor 1) is phosphorylated by CK2. Upon phosphorylation by CK2, MTF-1 activates metal responsive
genes such as metallothioneins [82]. Metallothioneins are a class of cysteine-rich, metal binding
proteins that are thought to play a role in essential metal ion homeostasis and detoxification of toxic
metal ions [82].

The evidence for CK2’s role in metal homeostasis is emerging. As previously mentioned, the work
by Taylor et al. [15] demonstrates a role for CK2 in zinc homeostasis through regulation of the ER zinc
channel ZIP7. There are 14 ZIP channels responsible for zinc uptake. There also exist 10 ZnT channels
responsible for zinc efflux from the cytosol. Given that CK2 is found to directly phosphorylate ZIP7,
it is likely that it also phosphorylates other zinc transporters. Table 1 shows the various zinc channels
and the possible residues that could be phosphorylated by CK2.

34



Pharmaceuticals 2016, 9, 80

Table 1. Phosphorylated sites predicted in the zinc channels.

Protein Site Exemplar Sequence Score Location of Phosphorylation Site

ZIP1 None - - -
ZIP2 S87 MVQNRSASERNSSGD 10.179 Extracellular
ZIP2 S91 RSASERNSSGDADSA 15.628 Extracellular
ZIP3 S125 LETFNAGSDVGSDSE 10.216 Cytoplasmic
ZIP3 S129 NAGSDVGSDSEYESP 16.602 Cytoplasmic
ZIP3 S131 GSDVGSDSEYESPFM 12.602 Cytoplasmic
ZIP4 None - - -
ZIP5 None - - -
ZIP6 S100 HHDHDHHSDHEHHSD 11.864 Extracellular
ZIP6 S106 HSDHEHHSDHERHSD 12.672 Extracellular
ZIP6 S112 HSDHERHSDHEHHSE 12.662 Extracellular
ZIP6 S118 HSDHEHHSEHEHHSD 12.807 Extracellular
ZIP6 S124 HSEHEHHSDHDHHSH 12.309 Extracellular
ZIP6 S183 RNVKDSVSASEVTST 10.324 Extracellular
ZIP7 S275 RSTKEKQSSEEEEKE 16.548 Cytoplasmic
ZIP7 S276 RSTKEKQSSEEEEKE 16.548 Cytoplasmic
ZIP8 None - - -
ZIP9 S132 IGNSHVHSTDDPEAA 11.066 Cytoplasmic
ZIP10 None - - -
ZIP11 None - - -
ZIP12 S160 DEDSSFLSQNETEDI 10.412 Extracellular
ZIP12 S197 KKSGIVSSEGANEST 10.888 Extracellular
ZIP12 S293 QDYSNFSSSMEKESE 11.826 Cytoplasmic
ZIP12 S497 LALNSELSDQAGRGK 9.983 Extracellular
ZIP12 S565 AIGAAFSSSSESGVT 10.276 Cytoplasmic
ZIP12 S567 GAAFSSSSESGVTTT 10.409 Cytoplasmic
ZIP13 None - - -
ZIP14 None - - -
ZNT1 None - - -
ZNT2 S322 CQACQGPSD 10.147 Cytoplasmic
ZNT3 S341 SAHLAIDSTADPEAV 9.921 Cytoplasmic
ZNT4 S32 DTSAFDFSDEAGDEG 13.229 Cytoplasmic
ZNT5 None - - -
ZNT6 None - - -
ZNT7 None - - -
ZNT8 S353 SLTIQMESPVDQDPD 10.017 Cytoplasmic
ZNT9 None - - -
ZNT10 S446 TYGSDGLSRRDAREV 11.562 Cytoplasmic

Note: The protein sequence of each zinc channel was analysed for phosphorylation by CK2 using GPS3.0
software [83], using the high threshold option (reported false positive rate of <2%). This threshold correlates
with a cut-off value of 9.84. The table shows the predicted residue position, the sequence, the score (higher score
means more likely to be phosphorylated) and the location of the predicted phosphorylation sites.

Further from Table 1, a schematic view of the predicted phosphorylation sites in zinc channels is
shown in Figure 1. It visualizes that many of the ZIP channels (influx to cytosol) and ZnT channels
(efflux from cytosol) can be potentially phosphorylated by CK2. While some of these sites are likely
not regulatory in nature (due to their extracellular location), some may indeed regulate the activity of
the transporter as is seen in the case of ZIP7 [15].
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Figure 1. Schematic view of the phosphorylation sites in ZIP and ZnT channels predicted to
be phosphorylated by CK2. CK2 phosphorylation sites were predicted using GPS 3.0 software.
Transmembrane domains are identified according to Uniprot (http://www.uniprot.org) and the
original publications for ZIP2 [84], ZIP3 [84], ZIP6 [84,85], ZIP7 [84,85], ZIP9, ZIP12 [86]. The six TM
domains of ZnT2, 3, 4, 8 and 10 are based on an atomic-resolution structure of YiiP [87,88]. TM denotes
transmembrane (blue), E for extracellular (red), C for cytoplasmic (green), IO for intra-organellar,
S for serine.

5. Metal Transporters Regulated by CK2 Are Potential Therapeutic Targets

In the process of developing therapeutic agents, one of the first steps is to identify a suitable
molecular target. For successful precedents, one need look no further than the case of calcium channels.
Voltage-gated calcium channels regulate abundant biological functions across various systems and
tissues, and numerous drugs have been developed to manipulate calcium channels for treating heart
diseases [89–91]. Zinc channels and their regulators are also emerging targets.

Zinc is reported to have proliferative and anti-apoptotic properties [92], whilst some reports show
that zinc can also be pro-apoptotic [93]. It is becoming clear that the effects of zinc are concentration
and tissue specific. It is for these reasons that the role of zinc in cancer is a somewhat enigmatic one.
As previously mentioned, zinc levels vary in different cancers. It has been shown that the zinc level is
lower in cancers such as ovarian [67], prostate [94] and hepatocellular cancers [69]. This reduction of
zinc has, in the case of prostate and hepatocellular cancers, been linked to altered expression of ZIP
channels [95]. Intriguingly, zinc was found to induce apoptosis in these three malignancies [96–98].

In contrast to the above-mentioned cancers, the level of zinc was shown to be markedly increased
in cancers such as breast [99,100] and pancreatic cancers [68]. In both cases, the abnormal zinc
level was linked to ZIP transporters and this increased zinc level was found to contribute to cancer
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progression [68,101–104]. In the case of pancreatic cancer, depletion of zinc was found to cause
apoptosis [105,106].

While these studies demonstrate contrasting roles for zinc in cancerous tissues, they all point
to the fact that zinc channels or the mechanisms that regulate them are potential therapeutic targets
for a variety of cancers. We have shown that CK2 is involved in the homeostasis and toxicity of
zinc in mouse neuroblastoma cells by a mechanism somewhat similar to S. cerevisiae [64], indicating
evolutionary conservation. Distribution and availability of zinc is linked to CK2, not only through
our studies, but through the work of others [15,82]. Therefore, not just for its roles in cell proliferation
but also as a regulator of metal ion homeostasis, CK2 itself should be explored for development of
therapeutic agents.

6. Future Perspective

The functional pleiotropism of protein kinase CK2 accentuates the notion that CK2 is at the centre
of cellular concatenation, the intricacy of which is still open for delineation. Many questions exist, such
as how CK2 regulates metal toxicity. Identification of CK2 substrates, in the context of metal exposure,
should be a worthwhile undertaking for future research and drug development. The distinctive
effect of CK2 subunits on metal toxicity may serve as a useful tool in understanding the structure
and function of the enzyme. We envisage that the current understanding of the role of CK2 in metal
transport is merely a prelude to major discoveries in times to come.
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Abstract: Protein kinase CK2 has received a surge of attention in recent years due to the evidence of
its overexpression in a variety of solid tumors and multiple myelomas as well as its participation in
cell survival pathways. CK2 is also upregulated in the most prevalent and aggressive cancer of brain
tissue, glioblastoma multiforme, and in preclinical models, pharmacological inhibition of the kinase
has proven successful in reducing tumor size and animal mortality. CK2 is highly expressed in the
mammalian brain and has many bona fide substrates that are crucial in neuronal or glial homeostasis
and signaling processes across synapses. Full and conditional CK2 knockout mice have further
elucidated the importance of CK2 in brain development, neuronal activity, and behavior. This review
will discuss recent advances in the field that point to CK2 as a regulator of neuronal functions and as
a potential novel target to treat neurological and psychiatric disorders.

Keywords: CK2; neurodegeneration; synapse; signaling; CK2 inhibitors; GPCRs; CK2 substrates;
CK2 knockout

1. Introduction

CK2 (formerly Casein Kinase 2) is a heterotetrameric kinase consisting of two catalytic (α or α′)
and two regulatory β subunits. It is constitutively active and ubiquitously expressed.

While in some instances several growth factors and neurotrophins have been shown to boost CK2
activity [1–3], the general consensus to date is that CK2 activity is dependent on its microenvironment
within multimolecular complexes which can confer substrate specificity [4] or binding and recruitment
to activity-regulated proteins such as, for example, Calmodulin [5,6].

CK2 partakes in signal transduction pathways that are crucial for cell survival such as the AKT
pathway. It was shown to directly phosphorylate AKT1 (Ser129) to render AKT more active [7].
CK2 also phosphorylates and inactivates the lipid phosphatase PTEN which, by dephosphorylating
phosphatidylinositol-3,4,5-trisphosphate (PIP3), reverses the activation of the AKT pathway [8].
Several other modulators of the AKT pathway are also substrates of CK2, making this kinase, clearly,
an influential activator of the survival pathway. Studies have demonstrated that overexpression of CK2
potentiates tumor growth through suppression of apoptosis, promotion of angiogenesis, and signaling
through PI3K-AKT, Wnt, and NF-kB [9]. Cancer cells and tissue were also shown to undergo necrosis
in the presence of CK2 inhibitor [10].

Based on the minimal substrate consensus sequence that requires an acidic residue at position
n + 3 [11,12], it is not too surprising that, to date, 356 proteins have been identified that are
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phosphorylated in vitro and in vivo by CK2 [13] and, thus, represent a large pool of bona fide substrates,
attesting to the important role of CK2 as a multifunctional kinase.

In this review, we focus on recent advances in the characterization of brain-derived CK2 substrates
that have been studied in an in vivo context and may have an impact in neurodegenerative disorders.
We will discuss these substrates first in their roles in the healthy brain, followed by a section on CK2 in
the context of brain disorders, and we point out several instances in which CK2 might prove a valid
novel target for the treatment of neurological and neuropsychiatric disorders.

2. CK2 Expression in the Adult Mouse Brain

CK2 is ubiquitously expressed in the periphery, and this is true for the brain as well. However,
differences in expression in subregions of the brain, both on the transcript level, as can be derived from
the Allen Brain Atlas, as well as on the level of protein have been observed [14,15]. Discerning
the expression pattern of the individual subunits, CK2β mRNA levels do not appear balanced
to the amounts of the combined CK2α and CK2α′ expression, but reflects CKα′ expression more
closely. On the protein level, throughout the brain, there is a predominance of α over α′ subunits [14].
For example, in mouse striatum, a region of particular interest due to its role in movement control
and reward processing, the molar ratio of CK2α:CK2α′ is 8:1. Even in the region with the highest
CK2α′ protein level (hippocampus), the ratio of CK2α:CK2α′ (4:1) favors CK2α. Now, we are adding
to the in situ hybridization and western blotting data immunohistochemical analyses of CK2α, α′

and β in adult mouse sagittal slices. These images depict protein expression at a much more detailed
level than western blotting analysis, which is limited by the manual dissection technique. Overall,
mRNA levels correspond to protein levels of the different subunits across brain regions (Figure 1A),
however, some interesting patterns could be detected.

In the hippocampus, CK2α and CK2α′ proteins are present, and protein expression corresponds
to mRNA levels. For CK2β, mRNA levels are the highest in the hippocampus when compared to other
brain regions, but at the protein level, CK2β appears absent in dentate gyrus or the CA1, CA2, CA3
regions (Figure 1A, CA2 in higher resolution in Figure 1B). In most other regions, CK2β overlaps fully
with CK2α, and we show here the prefrontal cortex as a representative example (Figure 1B’).

We found high expression of the three CK2 subunits in the pontine gray nucleus (PG), a part of
the brain stem regulating motor function (Figure 1A). This area, however, is also characterized by
high cell density (as visualized with a neuron-specific marker NeuN which is present in all neurons
with the exception of cerebellar Purkinje cells, olfactory mitral cells, Cajal-Retzius cells, neurons of the
inferior olive, and a few others) that causes the elevated immunosignal [16].

In the olfactory bulb, CK2α is very highly expressed, and, thus, the ratio of CK2α:CK2α′ is
elevated to 24:1 [14]. Immunohistochemistry confirms this result. On cellular resolution, CK2β
and CK2α co-localize, while CK2α′ is not detected despite significant mRNA levels in that region
(Figure 1C). CK2β was counterstained with NeuN; the neuronal marker is absent from the CK2β
expressing cells, and by deduction also from CK2α expressing cells. These cells supposedly are
olfactory mitral cells which cannot be stained with NeuN [16] (Figure 1C).

When examining the cerebellum, we found CK2α and CK2β to be homogenously present in the
large GABAergic Purkinje cells, while CK2α′ is expressed in a scattered manner. All isoforms are
sporadically present in the molecular and granular layers of the cerebellar folium (Figure 1D).

The fact that no brain region was found where the CK2α′ level dominates does not imply that
CK2α′ does not have a specialized vital function in the brain such as the binding to specific partners
or localization to specific microdomains or subcellular structures. In fact, for example, the clustered
pattern seen in the Purkinje cells of the cerebellum may be of physiological importance.

It will be interesting to take a closer look at the expression profile on a cellular level, including the
use of glial markers and assess the differences in subunit expression in different cell types.
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Figure 1. A–D: Immunohistochemical analysis of sagittal brain slices of adult C57BL/6 mice.
PFA perfused brains were sliced (40 μm) and incubated with α-CK2α, α-CK2α′ (both Abcam),
α-CK2β (gift from Dr. O. Filhol Grenoble) and α-NeuN (Cell Signaling) followed by incubation with
secondary antibodies, Alexa 546/488 α-rabbit/α-mouse (Fisher Scientific). Imaging was performed
using a Zeiss LSM710 laser-scanning confocal microscope. Slices were stained for CK2α, CK2α′ and
CK2β (A), the hippocampal CA1region and PFC were stained for CK2α and CK2β (B). Olfactory bulb
was stained for CK2β and NeuN, CK2α and CK2α′. (C) Cerebellum was stained for CK2α, CK2 β and
NeuN (D) and for CK2α′. PG: Pontine gray nucleus; white bars = 100 μM.

3. Inhibitors

A multitude of CK2 inhibitors are available, with varying specificities and efficacies [17,18].
Determining the various roles of CK2 in the brain has been difficult in part because of the poor
permeability of chemical CK2 inhibitors into the brain due to the blood brain barrier (BBB).
This interface separates the brain from the circulatory system, protects it from the influx of potentially
harmful chemicals or organisms, and at the same time enables the transport of essential molecules
bi-directionally. It is comprised of endothelial cells as well as astrocytes and pericytes adjacent to small
capillaries. The high level of expression of efflux transporters (such as P-glycoprotein) in the BBB
further prevents many molecules from reaching the brain. Drugs that can diffuse through the BBB
must be of small molecular size (less than 500 Da), highly lipophilic, and not ionized at physiological
pH [19]. This is not the case for the more specific CK2 inhibitors such as DMAT, TBB, and CX4945
which are relatively hydrophilic.

Thus far, however, one CK2 inhibitor has proven successful in reducing the growth of glioblastoma
implanted intracranially in mice [20]. Mice were administered orally with CX4945, the sole CK2
inhibitor to date that has been proven to be safe and efficient in a clinical phase I/II trial in humans
(ClinicalTrials.gov Identifier: NCT02128282). It has been shown that glioblastoma hamper the integrity
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of the BBB and this may have enabled the systemically administrated CX4945 to reach the brain tumor
in sufficient quantities [21].

In our laboratory, we have performed dose and time course experiments using intraperitoneal
(i.p.) injections of CX4945 in adult mice, followed by Western blotting assessment of several CK2
phosphorylation sites or of sites within the AKT pathway. At doses lower or equal 60 mg/kg,
no significant reduction of these sites in striatal and prefrontocortical tissue could be detected, however,
at a relatively high dose of 75 mg/kg, 2 h post-injection, the direct pS129 Akt site as well as the pS473
AKT and pS235/236 S6 ribosomal protein sites were reliably reduced, indicating that at this dose in
healthy adult mice, with an intact BBB, the compound reached the brain (unpublished data). However,
i.p. injection of this dose is not advisable when one aims to study CK2-dependency of certain behaviors
since the mice become somewhat rigid, which indicates peripheral or central side effects that need to
be further studied. The more preferable means of administration is to infuse the drug via implanted
cannulae, allowing for intracranial infusion without the need of concurrent anesthesia.

Bi-substrate CK2 inhibitors, interacting with both the adenosine triphosphate (ATP) and the
phospho-acceptor substrate-binding sites have been the latest addition to the collection of CK2
inhibitors. While highly effective [22], thus far, these types of compounds are unable to penetrate cells
or the BBB.

New strategies are being developed to overcome the restraints of the BBB, such as the use of
liposomal, magnetic, or polymeric nanoparticles that are either coated or conjugated with targeting
moieties that enable carrier-, receptor-, and absorption-mediated passage through the BBB (for a review
see [19]).

One such example for CK2 is the successful delivery of tenfibgen nanocapsules with a siRNA
CK2 cargo via intravenous administration, which resulted in significant xenograft tumor reduction
in a mouse model of prostate cancer [23]. Recently, a dual approach was tested: CK2 and epidermal
growth factor receptor (EGFR), both of which are overexpressed in glioblastoma [24], were targeted
by morpholino oligomeres attached to nanobioconjugates [25], in a mouse model of intracranial
human glioblastoma. This lead to increased animal survival and concomitantly reduced pro-survival
(AKT, STAT, Wnt) signaling. The nanoconjugates were linked to anti-tranferrin antibody that enabled
BBB passage and an anti-EGFR antibody to attach to cancer cells [25]. One could envisage the packaging
of CK2 inhibitors into nanocapsules as well.

4. CK2 Knockout Mice

Knockout (KO) mice are in many ways superior to inhibitors when one wants to detect
physiological functions of a specific gene product since they allow for deletion or insertion of a
specific gene through homologous recombination, thus, not affecting other genes. However, one has to
be aware that developmental adaptations may occur, especially in full knockout or conditional models
with early embryonic Cre recombinase expression. KO mice have clearly shaped our understanding of
the crucial role of CK2 in development: full CK2β knockout mice are embryonic lethal. The embryos
are absorbed on embryonic day E7.5 [26]. Conditional CK2β KO mice were generated and crossed
with a Nestin-Cre driver to generate mice deficient in CK2β in the central nervous system, but mutant
pups died shortly after birth [27]. Interestingly, the CK2β protein was detected in KO mice six days
after onset of Cre expression, which could be rationalized by the long stability of the CK2β protein
once integrated in the CK2 holoenzyme. It is interesting to note that CK2α expression was not altered
in the KO mice [27].

A full CK2α KO mouse line was also generated: while the heterozygous offspring are born at
the Mendelian ratio, the homozygous embryos die mid-gestation (E11.5) [28]. The strongest defects
were seen in the heart and neural tube, pointing towards an important role of CK2 in brain and heart
development. Interestingly, expression of CK2β is reduced while CK2α′ expression is unaffected in
the CK2α KO [28,29].
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CK2α′ KO mice are viable and do not exhibit an obvious phenotype. Only homozygous males are
infertile because spermatocytes frequently undergo apoptosis or have abnormal heads (as in the human
condition globozoospermia) [30]. It is of interest to note that due to the lack of apoptosis-positive
cells (TUNEL assay) in the CK2α and CK2β KO embryos, it was suggested that, during embryonic
development, CK2α and CK2β are mainly controlling cell proliferation and not apoptotic events [29].

To study the role of CK2 in the brain, we generated CK2αfl/fl and CK2α′fl/fl lines. Mice lacking
CK2α′ in the forebrain (CK2α′fl/fl; CaMKII-Cre) were viable and did not display an obvious behavioral
or pathological phenotype. In contrast, neither the CK2αfl/fl; CaMKII-Cre or CK2αfl/fl; CK2α′fl/fl;
CaMKII-Cre were viable, the mice died perinatally [14]. CaMKII-Cre has been described as readily
detectable at postnatal day three [31], however, due to the perinatal death of our offspring, we suspect
that sub-threshold expression already occurs days earlier. The non-viability of the Cre-positive
offspring indicates that a short depletion of CK2 activity at the developmental stages around birth is
crucial for viability.

We also generated cell-specific neuronal KO mice by crossing the CK2α floxed animals with the
Drd1a-Cre or the Drd2-Cre driver lines which leads to ablation of CK2α in the dopamine D1 receptor
expressing cells of the striatum and cortex, and in the D2 receptor expressing cells of the striatum and
midbrain, respectively. Notably, the double KOs, homozygous for CK2α and α′ deletion, were not
viable with any of the Cre-driver lines tested. However, the single KOs homozygous for CK2α or α′

isoforms were viable with both the Drd1a-Cre and the Drd2-Cre driver mouse lines [32]. Cre expression
starts at E16 for the Drd1a-Cre and at E14 for Drd2-Cre [33,34]. Interestingly, expression of the β

subunit was not affected in the Drd1a-Cre-CK2α KO while it was significantly reduced in Drd2-Cre
CK2 KO.

The Drd1a-Cre CK2 KO mice exhibited distinct behavioral phenotypes including novelty-induced
hyperlocomotion and exploratory behavior, defective motor control, and motor learning. These traits
are indicative of dysregulated dopamine signaling and were rescued by dopamine D1 receptor
antagonist [32]. The underlying mechanisms involved in the phenotype are probably manifold:
in addition to altered D1 receptor homeostasis, altered synaptic activity may be involved, since, as will
be discussed in the next paragraph, CK2 was shown to regulate several glutamate receptors [5,6,35].

The importance of CK2 in the dopaminergic system is further highlighted by preliminary findings
indicating that in a mouse model of Parkinson’s disease, a response to the antiparkinsonian drug,
L-DOPA, namely uncontrollable dyskinesia, is affected in KO mice (unpublished data).

The floxed CK2α, CK2α′ and CK2β mouse lines are amenable to focal knockdown of CK2 since
Adeno-associated virus (AAV) or Lentivirus can be used to induce Cre recombinase in small to more
widespread areas around an injection site, depending on the viral serotype. This approach will certainly
be valuable to address whether a specific brain region mediates certain phenotypes.

5. Brain Specific Substrates

CK2 is a pleiotropic kinase with several hundred potential substrates [36]. Many substrates are
not only important in the periphery but have similar roles in the brain. An extensive review of such
substrates can be found in [37]. In this section, we aim to discuss in vivo substrates of CK2 that are
either specific to the brain or are crucial for healthy brain function. Many of these candidates are also
involved in brain disorders and suggest that CK2 could be a valid novel target for pharmacotherapy
for such disorders, as will be discussed in Section 6 of this review.

5.1. G Protein Coupled Receptors (GPCRs)

G protein coupled receptors (GPCRs) make up the largest protein family in the human genome and
consist of over 800 members [38]. These receptors mediate the biological actions of neurotransmitters,
hormones, pheromones, light, and calcium through the activation of one or more of the four G protein
families: Gαi/o, Gαq/11, Gαs, and Gα12/13. GPCR cell surface expression and coupling to G-proteins are
regulated by phosphorylation of their third intracellular loop and/or their C-terminal region by various
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Ser-Thr kinases, such as G protein-coupled receptor kinases (GRKs1–7) [39]. Binding of arrestins
to phosphorylated receptors results in uncoupling of the receptor, desensitization of the response,
and endocytosis of the receptor [39,40]. Second messenger-dependent protein kinases, such as protein
kinase A and protein kinase C, or CK1α, are also involved in GPCR desensitization [41]. More recently,
CK2 joined the pool of kinases that are capable of phosphorylating GPCRs. Torrecilla et al. showed
that the muscarinic M3 acetylcholine receptor is phosphorylated by CK2 in the third intracellular loop
upon agonist occupation [42]. However, in this case, no internalization except a signaling switch to a
Jun-kinase dependent pathway is induced. In pancreatic ß-cells, CK2 was shown to phosphorylate
the same receptor, M3 [43], with the effect of reduced insulin release. Both, CK2 inhibition and
knockdown of CK2α in β-cells resulted in M3 receptor-stimulated insulin release. Again, in this case,
phosphorylation did not affect receptor internalization or signaling. These two papers demonstrate
that CK2 is capable of affecting the same receptor, in different cell types, resulting in different outcomes.
The determination as to which outcome phosphorylation has most probably depends on the expression
of tissue-specific proteins and/or on the specific phosphorylation site.

A different involvement of CK2 in the regulation of GPCRs in the brain was identified following
a yeast-two-hybrid screen which yielded the G protein subunit Gαs as a CK2β interacting partner
in cultured cells and in brain tissue. The complex also contained CK2α, indicating that the CK2
holoenzyme is bound to Gαs [44]. The interaction was specific to Gαs since no other Gα subunit
precipitated with CK2β. Functionally, this interaction suggests negative regulation by CK2 of Gαs

signaling since CK2 inhibition or siRNA targeting CK2α reduced agonist-induced receptor endocytosis
in cultured cells and concomitantly enhanced receptor signaling. The regulatory effect of CK2 was also
observed for the Gαs-coupled adenosine A2a receptor [44]. The identity of the substrate for CK2 that
is involved in the regulation of Gαs-coupled receptor signaling is currently unknown.

The implication of the above studies is that CK2 has the potential to modulate a whole set of
GPCRs. It is estimated that roughly 15% of 170 well-studied non-olfactory GPCRs signal via Gαs [45].
Many of these GPCRs are expressed in the brain and are important pharmacological targets involved in
a variety of neurological disorders. For example, major depressive disorder, affecting up to 1 in 5 adults
in the USA [46] is related to dysfunction in brain serotonergic system. Three of the 14 serotonin receptor
subtypes are Gαs-linked and are, therefore, candidates for regulation by CK2. We have preliminary
evidence showing that one of these serotonin receptors, the 5-HT4 receptor, is regulated by CK2
(unpublished data).

Other neurological diseases in which Gαs coupled receptors play major roles are Parkinson’s
disease (PD) which is characterized by a hypersensitization of the Gαs-coupled dopamine D1 receptor.
In PD, adenosine A2a receptors control the activity of neurons that oppose the action of the D1 receptor.
A2a antagonists have been shown to exert potent anti-akinetic effects in animal models of PD and are
currently being evaluated in clinical trials [47]. One could, therefore, hypothesize that modulation of
CK2 could have beneficial effects via regulation of both D1 and A2a receptors in Parkinson‘s disease.

5.2. CK2 Substrates Involved in Synaptic Transmission

CK2 is present in the nucleus and cytoplasm of neurons, but it is also clearly localized at the plasma
membrane [44], and it is accumulated at the post-synaptic density in rat hippocampal and cortical
preparations [48]. In vitro, PSD-95 was shown to be a CK2 substrate [48]. CK2 was further shown
to co-localize with the N-methyl-D-aspartate receptors (NMDAR) subunit NR1 at the synapse [5].
Finally, CK2 activity was found to be enriched in synaptosomes [15].

Work of several groups has highlighted the importance of CK2 in the regulation of the ionotropic
glutamate receptors α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and NMDAR.
With glutamate being the major excitatory neurotransmitter, it is logical that modulation of these
receptors impacts neuronal excitability and synaptic transmission. Both glutamate receptor types are
CK2 substrates, and their activity is modulated by CK2. For example, pharmacological inhibition
of CK2 reduced NMDAR activity [49]. The NR2B subunit of NMDAR is phosphorylated in vitro
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and in vivo by CK2, which leads to a disruption of receptor interaction with PSD-95 and a reduced
cell surface expression of the receptor [5]. This internalization process was a response to receptor
activation, suggesting that CK2 is involved in receptor desensitization. Since CK2 is known as a
constitutively active kinase, the question was how this subunit internalization may be regulated in
an activity-dependent manner. It was shown that the Ca2+/calmodulin-dependent protein kinase II
(CaMKII), activated through activity-induced calcium influx, recruits CK2 into a trimeric complex
together with NR2B. A NR2B mutant that cannot bind to CaMKII is less phosphorylated at the CK2
site (S1480) and has increased surface expression [6].

While the NR2A subunit of the NMDA receptor is not a CK2 substrate, is it still indirectly regulated
by CK2 since phosphorylation-dependent NR2B-endocytosis results in an increase in synaptic NR2A
expression. It was shown that this switch from NR2B to NR2A is crucial and corresponds to a surge in
CK2 expression during embryonic development and, as was later also shown in hippocampal neurons,
was dependent on NMDA receptor activity [35,50]. This switch from a NR2B to NR2A subunit in a
CK2 dependent manner, was also detected in adult brain hypothalamic neurons, resulting in increased
neuronal excitability [51]. The NMDA activity-dependent action of CK2 should be seen separately
from the action of CK2 on activating the receptor, which was proposed to be either mediated through a
different phosphorylation site or an indirect mechanism [49].

Recently, a role for CK2 in the regulation of cell surface expression of the AMPA receptor subunit
GluA1 was proposed in cultured hippocampal cells; in such a scenario, phosphorylation by CK2
leads cell surface accumulation of GluA1 as opposed to internalization of the NR2B subunit of the
NMDAR [52].

Glutamate receptors are not the only molecules involved in synaptic function that are CK2
substrates; others are, for example, synaptotagmin, a transmembrane protein involved in the synaptic
vesicle fusion with the presynaptic membrane [53], syntaxin, a synaptotagmin interacting protein [54],
and dynamin 1, a microtubule stimulated GTPase involved in endocytosis [53,55,56]. However,
these phosphorylation events have not, as yet, been detected in vivo.

Another family of membrane proteins that modulate synaptic activity are the voltage gated
sodium channels (NAvs). Recently, the CK2 inhibitor TBB was shown to reduce excitability of neurons
by abolishing CK2-mediated phosphorylation of the fibroblast growth factor receptor FGF14 and
reduced interaction of FGF14 with voltage gated sodium channels (NAv1.2 and 1.6) [57]. CK2 was
further found to directly phosphorylate the voltage gated sodium channel NAv1, thereby enhancing its
binding to ankyrin and accumulation at the axon initial element, an event which is necessary for fast
propagation of action potentials [58]. Small conductance Calcium-activated K+ (SK) channels are gated
by the Ca2+ sensor calmodulin. Phosphorylation of calmodulin by CK2 reduces its Ca2+ sensitivity
and leads to channel deactivation in xenopus oocytes [59].

Molecules involved in slow synaptic transmission are also phosphorylated in vitro by CK2.
These include the phosphatases PP2a and PP2c and the kinases PKA and PKC, to mention just a
few. For an extensive review on signaling proteins that are CK2 substrates, please refer to [3,36].
One example of an in vivo CK2 substrate that links cyclic AMP (cAMP) signaling to nuclear
responses, changes histone phosphorylation and transcription is the dopamine- and cAMP-regulated
neuronal phosphoprotein (DARPP-32), a regulator of the phosphatase PP1 that is highly expressed
in striatum [60]. CK2 phosphorylation of DARPP-32 enhances its potency to inhibit PP1 [61,62].
DARPP-32’s translocation to the nucleus, where it controls histone H3 phosphorylation and
transcriptional activation, depends on the phosphorylation state at the CK2 site. Mutation of the
CK2 phosphorylation site alters the behavioral effects of drugs of abuse and decreases motivation for
food [63].

5.3. Substrates Involved in Proteostasis

Many neurodegenerative disorders originate from protein misfolding processes. Examples are
Huntington’s disease, spinocerebellar ataxia, Parkinson’s and Alzheimer’s diseases. The presence
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of cellular defense mechanisms like molecular chaperones and proteasome degradation systems
prevent protein misfolding and aggregation, but these systems may not respond sufficiently under
conditions of permanently elevated levels of proteins with high aggregation propensities. Mis- or
unfolded proteins first aggregate to soluble oligomers, then to insoluble amyloid fibrils, which are
structurally defined by β strands. The capacity of protein quality control and degradation (proteostasis)
declines with aging, facilitating neurodegeneration as exemplified by the late onset of excessive
accumulation of amyloid-beta peptide (Aβ) and tau in Alzheimer’s disease, and α-synuclein in
Parkinson’s disease [64]. Chaperones have been shown to interfere at various steps of the aggregation
cascade including nucleation and fibril elongation and are members of diverse signaling pathways,
including the heat shock response activated after acute stress, the ubiquitin-proteasome system, and the
autophagosome-lysosome pathway [65,66]. While the aggregated protein itself, often inherited in
a mutated version, differs for each disease, the pathways controlling proteostasis are overarching
mechanisms of which CK2 has been shown to regulate several major players.

CK2 phosphorylates and modulates several chaperones such as Hsp90 as well as its co-chaperones
FKBP51, 52 and Cdc37. CK2-dependent phosphorylation of Cdc37 is essential for the chaperone
function of Hsp90-Cdc37 [67]. FKBP51 and 52 regulate, among others, steroid hormone receptor
activity: FKBP52 activates while FKBP51 inactivates these types of receptors. Phosphorylation by
CK2 completely abrogates FKBP52 regulation of receptor function, thus, leading to a reduction in
receptor activation. FKBP51 and FKBP52 are also discussed, together with Hsp90, for their impact
on tau phosphorylation and stability. Again, there seems to be an indication that both co-chaperones
act in opposing ways, with FKBP51 stabilizing tau and FKBP52 reducing tau stability [68]. To date,
these questions are not entirely resolved.

CK2 was shown to phosphorylate Hsf1, leading to nuclear accumulation of Hsf1 in vitro [69],
while mutation of phosphosites to alanine inhibited the transcriptional activity of Hsf1. This finding
could be of great interest since Hsf1 is the regulator of various chaperones, including Hsp70.

Enhancing the activity of the ubiquitin-proteasome pathway is a promising strategy to ameliorate
protein aggregation diseases. In this context, CK2 was found to modulate the expression of proteasome
genes via Nrf1 phosphorylation. Knockdown of CK2 enhances the Nrf1-dependent expression of
proteasome subunit genes and reduces the accumulation of ubiquitylated proteins in vitro in several
cell lines [70]. Like several other kinases, CK2 has been shown to target proteins for degradation
through ubiquitin-mediated proteolysis [71].

Taken together, like in other instances, CK2 has a bidirectional effect on the proteasome:
phosphorylation of certain substrates enhances their proteasomal degradation, while phosphorylation
of transcription factor Nrf1 reduces its activity to mediate expression of members of the proteasome
family. It is conceivable that the effect of Nrf1 on the synthesis of proteasome components and,
thus, on overall proteasome output, may outweigh the role of CK2 on targeting a handful of substrates
to the proteasome. However, one would need to integrate these data, as well as the effects on the
proteasome and on heat shock response, to estimate the net effect of CK2 on protein aggregation in
several systems, in cell culture, and, ideally, in preclinical models.

6. Diseases of the Human Brain

6.1. Glioblastoma

Glioblastoma multiforme (GBM) comprise 15% of all brain tumors and are the most aggressive
human glial tumors with a median survival of 14–15 months [72]. Unfortunately, tumors often become
drug-resistant and regrow despite chemotherapy. CK2α is overexpressed in human GBM; this is
caused by a gain in gene dosage of approximately 34% [20], while a 4-fold increase in CK2α protein is
measured [73].

Inhibition of CK2 activity through small molecule inhibitors or siRNA induced apoptosis, reduced
growth in GBM cells in mouse xenograft models of human GBMs [20] as well as in mice that had been
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injected intracranially with human GBM tumors. Concomitantly, CK2 inhibition lowered JAK/STAT
(Janus kinase/signal transducers and activators of transcription pathway) and NFkB activation as well
as the activation of survival markers of the AKT pathway and promoted survival of mice [20,25,74].
These data are very promising and clearly warrant clinical trials.

For the remainder of this section, we would like to focus on diseases where not proliferation
but rather cellular degeneration occurs, namely neurodegenerative diseases such as Parkinson’s and
Huntington’s diseases, Amyotrophic lateral sclerosis, and Alzheimer’s disease.

6.2. Parkinson’s Disease

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder, affecting
as many as 2% of people 65 years or older [75]. It is characterized by symptoms such as tremor,
rigidity, bradykinesia, and gait disturbances. The major cytopathological markers of the disease are the
loss of dopaminergic neurons in the midbrain and the formation of Lewy bodies, mainly composed
of aggregated α-synuclein fibrils, in the remaining dopaminergic neurons [76]. Phosphorylation of
α-synuclein at Ser-129, close to its C-terminus is held as a hallmark of Parkinson’s disease mainly
because α-synuclein within Lewy bodies is extensively phosphorylated at this site. It was shown that
CK2 as well as polo-like kinase (PLK) phosphorylate soluble α-synuclein at S129, while PLKs are
most probably responsible for phosphorylation of aggregated α-synuclein [77]. Overexpression of
PLK but not CK2 in cultured cells increased phosphorylation of aggregated α-synuclein at S129 [78].
By employing a series of mutated substrates, in vitro experiments by Salvi et al. demonstrate that
the polo-like kinases PLK2 and PLK3 are more efficient at phosphorylating α-synuclein at this site
than CK2 [79]. Indeed, using striatal tissue from conditional CK2 KO mice (Drd1-Cre or Drd2-Cre)
we could not detect a reduction in pS129 α-synuclein (unpublished data) despite a 50% loss of CK2α
protein (and no compensatory upregulation of CK2α′). Thus, one can conclude that while CK2 is
an efficient in vitro kinase for this site, it is not the major kinase that performs this phosphorylation
in vivo. The physiological relevance of this phosphorylation is still heavily debated since experiments
in rats, mice, and drosophila as well as in tissue culture lead to opposing results and do not allow the
conclusion that pS129 a-synuclein is causal to the aggregation or to toxic effects [80].

Another protein that is localized to Lewy bodies and binds to α-synuclein is synphilin. It has
been reported that, in vitro, CK2 phosphorylates synphilin and thereby alters the interaction to
α-synuclein [81].

Based on our work with CK2 KO mice, we hypothesize that in addition to the potential CK2
substrates described above, CK2 may have a central role in modulating the brain’s responses to
dopamine depletion as well as to anti-parkinsonian treatment. We have shown that the activity of two
major dopamine responsive neuronal cell types in the striatum, namely the direct and indirect pathway
spiny projection neurons, is modulated by changes in expression and plasma membrane availability
of the dopamine D1 and the adenosine A2a receptors, respectively [32,44] Both these receptors are
primarily responsible for behavioral responses to dopamine and L-DOPA, therefore, we presume CK2
must have a role in Parkinson’s disease; this investigation is currently under way.

6.3. Huntington’s Disease

Huntington’s disease (HD) is a progressive neurodegenerative disorder mainly affecting medium
spiny neurons of the striatum. It is the consequence of an expansion of the CAG sequence
in the huntingtin gene that causes the translation of an expanded polyQ tail in the protein.
The symptoms are categorized into motor and cognitive in nature, such as frontal lobe dementia,
and psychiatric symptoms, including depression, anxiety, and psychosis [82]. Fan et al. have published
in vitro evidence that cells overexpressing polyQ-huntingtin, exhibit enhanced CK2 expression [83].
This observation was validated in a mouse model of HD where upregulation of CK2 takes place in
the striatum but not in the cortex. When mice were treated with a pharmacological CK2 inhibitor,
there was a significant increase in NDMAR mediated toxicity which could be explained by the
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phosphorylation-induced endocytosis of NMDAR [5]. Taken together, the possible role of CK2 is to
counteract the toxic effects of the mutant huntingtin gene on NMDAR activity.

One example of a second polyQ disease with pathophysiological involvement of CK2 is
spinocerebellar ataxia type 3. CK2-mediated phosphorylation leads to nuclear accumulation and
aggregation of ataxin 3, indicating that, in the context of this disease, inhibition of CK2 could have the
desirable effect of reducing its nuclear aggregations [84].

6.4. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder that involves the loss of
motor neurons of the cortex, brainstem, and spinal cord leading to paralysis and, ultimately, death by
respiratory failure [85]. As in other neurodegenerative diseases, protein aggregates are detected in the
affected areas of the brains of patients, although the aggregated protein may vary in different forms of
the disease. The nuclear RNA-binding protein TDP-43 is, however, found in cytoplasmic inclusions of
all forms of ALS (except in cases of familial ALS with mutations in SOD1).

TDP-43, trapped in the aggregates, undergoes ubiquitination and hyperphosphorylation, and CK2
was found to drive phosphorylation at various sites in cultured cells. Overexpression of CK2
increases phosphorylation, facilitating the solubility of TDP-43 truncated mutants, and this effect
is reversed when cells are treated with a CK2 inhibitor. A Drosophila mutant line expressing a
non-phosphorylatable point mutant developed aggregates in neurons, while a phosphomimicking
mutant failed to do so. These studies suggest that CK2 upregulation and enhanced phosphorylation of
TDP-43 may prevent TDP-43 aggregation and be beneficial for disease outcome [86].

6.5. Alzheimer’s Disease

Late-onset Alzheimer’s disease (AD) is the most common neurodegenerative disorder in the USA
and Europe and is characterized by progressive worsening in cognitive functions along with functional
and behavioral impairments. The pathophysiological hallmarks of the disease are extracellular
insoluble beta amyloid (Aβ) plaques and intracellular neurofibrillary tangles (NFTs) composed of
hyperphosphorylated tau aggregates. CK2 activity and protein expression were found to be reduced
in Alzheimer’s disease [87]. CK2 was detected in association with neurofibrillary tangles whose main
component is accumulated and hyperphosphorylated tau [88]. Tau purified from human brain and tau
in neuroblastoma cells are CK2 substrates [89,90].

CK2 was found to phosphorylate Apolipoprotein-E at an atypical site involving proline and an
acidic residue at +1, and interaction of these two partners rendered CK2 more active towards tau in
in vitro kinase assays. However, this data still needs to be confirmed in an in vivo setting [91].

A strong body of evidence suggests that soluble amyloid-β peptide (Aβ) oligomers induce
synaptic loss in AD. Aβ-induced synaptic dysfunction is dependent on overstimulation of N-methyl-
D-aspartate receptors (NMDARs) resulting in aberrant activation of redox events as well as elevation
of cytoplasmic Ca2+, which in turn triggers phosphorylation of tau and the activation of caspases
Cdk5/dynamin-related protein 1 (Drp1) and CaMKII [92]. Dysfunction in these pathways leads to
mitochondrial dysfunction, synaptic malfunction, impaired long-term potentiation, and cognitive
decline. Aβ synaptic toxicity can be partially ameliorated by NMDAR antagonists (such as memantine).
As described in the above section on synaptic transmission (Section 5.2), since Aβ was shown to activate
CK2 in vitro [93], one could hypothesize that CK2 activation leading to enhanced prolonged NMDA
channel opening [49] may be partially responsible for the excessive NMDAR toxicity.

Several laboratories also demonstrated that CK2 is linked to the processing of the amyloid
precursor protein (APP). Walter et al. showed that APP is a substrate for the ectokinase CK2 [94],
after it had been demonstrated by several groups that CK2 can be shed and can phosphorylate
extracellular substrates [95,96]. In neuroblastoma cells, CK2 inhibitor reduced the processing of APP
to soluble sAPPα in response to cholinergic stimulation [97]. sAPPα is generated by α-secretase and
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precludes processing of APP by β and γ-secretases. Thus, this effect caused by CK2 may be desirable,
however, further experiments in this direction need to be undertaken.

As mentioned above, CK2 is activated by Aβ in vitro [93]. Such an activation was proposed to
result in an inhibition of fast axonal transport (FAT), which is a mechanism by which synaptic proteins
and mitochondria are transported from the cell body into axons for proper neuronal function and
survival. Inhibition of CK2 rescued axonal transport and overexpression of active CK2 mimicked the
inhibitory effects of Aβ on FAT. The effect of CK2 on FAT is believed to be mediated by phosphorylation
of kinesin-1 light chains and subsequent release of kinesin from its cargoes, effectively disabling the
transport [98].

However, this finding must be evaluated in the light of data showing that in cultured
mammalian cells, reduction of CK2 expression decreases the number of active kinesin motors [99].
Thus, CK2 up-regulates kinesin-based transport by enhancing the kinesin number but also releasing
kinesin from its cargoes, yielding two functions that counteract each other. Further investigation will
help to resolve the question of which of the effects is predominant in vivo.

Recent human and preclinical studies have provided evidence that impaired insulin signaling
and glucose utilization are contributing to the pathophysiology in AD [100]. It was shown that insulin
and the insulin-sensitizing drug rosiglitazone improve cognitive performance in mouse models of AD
and in patients with early AD [101,102] by reducing binding of Aβ oligomers to synapses. In contrast,
patients with insulin-resistant type 2 diabetes show an increased risk of developing AD [100]. In this
context, it is worthwhile to note that in response to Aβ oligomer binding to hippocampal neurons,
CK2 and CaMKII were found to mediate internalization of the insulin receptor. These findings are in
several ways reminiscent of CK2’s role in NDMAR endocytosis (as discussed in Section 5.2) since both
require CaMKII and are dependent on receptor activity.

Other groups have already identified a role for CK2 in the non-neuronal insulin pathway
as described in Section 5.1, CK2 negatively modulates insulin release from pancreatic beta cells,
in a manner that depends on the M3 receptor [43]. While this work is discussed in the realm of glucose
intolerance and diabetes type 2, one could extend a hypothesis here to question if pharmacological
CK2 inhibition might benefit Alzheimer’s patients.

Neuroinflammation, as detected by the presence of activated complement proteins interleukins
and chemokines in microglia, and astrocytes are is increased in AD [103]. Although neuroinflammation
in the brain of AD patients is considered primarily beneficial (eliminating injurious stimuli and
restoring tissue integrity), a chronic neuroinflammatory response may be harmful due to the
constant excess of pro-inflammatory cytokines, prostaglandins, and reactive oxygen species. A recent
immunohistochemical study detected increased amounts of CK2α or α′ in the hippocampus and
temporal cortex of AD patients in astrocytes surrounding amyloid deposits [104]. It remains to be
determined whether this increase is of functional consequence.

In summary, CK2 plays a role in several mechanisms that are involved in tau phosphorylation,
APP processing, Aβ signaling, and protective responses to Aβ insults such as neuroinflammatory
responses and insulin signaling.

7. Conclusions

In summary, it comes as no surprise that CK2 plays a major role in a variety of processes in the
brain, as it has been shown to target a vast number of brain proteins. In the context of brain disorders,
one would like to assess whether CK2 may be a good target for modifying disease outcome and
or progression.

The case for glioblastoma is clear, and several preclinical studies have demonstrated the beneficial
effect of CK2 inhibitors on tumor size reduction as well as patient survival.

For Huntington’s disease and ALS, there is currently no rationale to argue for CK2 as a target to
interfere with disease progression, while in the case of type 3 spinocerebellar ataxia, CK2 inhibition
may be desirable and result in a reduction in ataxin aggregation.

55



Pharmaceuticals 2017, 10, 7

In the context of Alzheimer’s disease, most known factors would argue that, even though CK2
expression was shown to be reduced, a further inhibition of CK2 through pharmacological means
may be beneficial in reducing the burden of hyperphosphorylated tau and neurofibrillary tangles.
It may also be beneficial to prevent or reduce insulin receptor internalization and to rescue fast axonal
transport that is disabled by Aβ. However, CK2 activity may be desirable due to its endocytotic effect
on NMDAR.

In order to ascertain how the various mechanisms of CK2 involvement in neurological disease
pathology are integrated in vivo, it is preferable to use a conditional CK2 KO, possibly even in an
inducible version, and cross the KO mice into appropriate preclinical models of neurodegenerative
diseases. The genetic approach is, in our opinion, preferable for proof of concept experiments because
the available inhibitors are not readily blood-brain barrier permeable and, thus, require relatively
high-dose administration which will also affect peripheral sites and a variety of centrally mediated
behaviors that are unrelated to disease pathologies.
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Abstract: CK2 genes are overexpressed in many human cancers, and most often overexpression
is associated with worse prognosis. Site-specific expression in mice leads to cancer development
(e.g., breast, lymphoma) indicating the oncogenic nature of CK2. CK2 is involved in many key
aspects of cancer including inhibition of apoptosis, modulation of signaling pathways, DNA damage
response, and cell cycle regulation. A number of CK2 inhibitors are now available and have been
shown to have activity against various cancers in vitro and in pre-clinical models. Some of these
inhibitors are now undergoing exploration in clinical trials as well. In this review, we will examine
some of the major cancers in which CK2 inhibition has promise based on in vitro and pre-clinical
studies, the proposed cellular and signaling mechanisms of anti-cancer activity by CK2 inhibitors,
and the current or recent clinical trials using CK2 inhibitors.

Keywords: CK2; cancer; proliferation; apoptosis; migration; invasion; signaling pathways; signaling
cascades; preclinical models; clinical trials; therapy

1. Introduction

There is strong evidence that CK2 plays a role in the pathogenesis of cancer [1–5]. Thus,
CK2 functions as an oncogene when overexpressed in mice [2,4–6]. CK2 can regulate essential
cellular processes, many of which are deregulated in cancer cells. In particular, CK2 increases cell
proliferation [7,8], cell growth [9], and cell survival [10,11], changes cell morphology [12,13], enhances
cellular transformation [4,5] and promotes angiogenesis [14,15].

CK2 kinases are a highly conserved serine/threonine kinase family, and in mammals, is composed
of 2 genes: CK2α (CSNK2A1) and CK2α’ (CSNK2A2). CK2α protein has higher levels and more
extensive expression in mouse tissues than CK2α’ has [16]. CK2 kinases can function as monomeric
kinases, and also within a tetrameric complex (Figure 1). This tetrameric complex is composed of
two CK2 units (CK2α and/or CK2α’) and two regulatory units (CK2β). The regulatory protein CK2β
is coded by a different gene, CSNK2B, and within the CK2 tetrameric complex, it alters CK2 kinase
substrate specificity [17]. In addition, an intronlesss CK2α pseudogene (CK2αP) can be expressed in
mammalian cells and somehow it is relevant in cancer [18,19]. Importantly, CK2 proteins regulate each
other’s levels. For example, knockdown of CK2α decreases CK2β protein levels, and knockdown of
CK2β decreases CK2α’ levels [4,20–22].

As we will discuss in this review, CK2 transcripts and proteins are upregulated in many forms of
cancer. In some cases CK2 protein is increased without corresponding transcript level changes [23].
However, a recent study in five cancer types (lung and bronchus, prostate, breast, colon and rectum,
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ovarian and pancreatic cancers) found CK2 transcript expression upregulated in some tumors,
suggesting that transcriptional mechanisms may also play a role in the increase in CK2 proteins
found in human tumors [19]. In general, CK2 transcript and/or protein upregulation correlates
with worse prognosis. However, it should be noted that not all published data supports the general
hypothesis that CK2 gene over-expression is a driver of cancer progression and is associated with
poor prognosis. One study found that some tumors show under-expression of CK2 genes (e.g., CK2α’
in breast, ovarian, and pancreatic cancer), and that over-expression of the CK2 gene correlated with
higher patient survival in some tumors (e.g., lung adenocarcinoma) [19].

CK2’s ability to promote tumors in animal models may be largely due to its ability to regulate
signal transduction pathways, which may vary in different cancers [24]. CK2 can regulate signal
transduction cascades such as Wnt signaling [5,25,26], Hedgehog signaling (Hh) [27], JAK/STAT [28],
NF-κB [5], and PTEN/PI3K/Akt-PKB [29–32]. Modulation of these signaling transduction pathways
and cascades leads to tumorigenesis, indicating avenues that CK2 can induce cancer. For example,
CK2 can activate Wnt signaling by phosphorylating and upregulating the transcriptional co-factor,
β-catenin [25,26]. Indeed, β-catenin is upregulated in mice overexpressing CK2α in mammary
glands [4]. CK2 may also promote tumorigenesis through stabilization of the proto-oncogene myc [33],
activation of NF-κB, an anti-apoptotic factor in breast cancer [34], and inactivation of PTEN, a tumor
suppressor phosphatase [31,32]. CK2 can inhibit Notch signaling in lung cancer cells and T cell
acute lymphoblastic leukemia cells in vitro. This is particularly important since Notch1 regulates
myc expression [35]. CK2 itself is also regulated by other tumor-promoting oncogenes, including
Bcr-Abl [36]. Additionally, CK2 can downregulate the activity of tumor suppressors [37,38]. Moreover,
CK2 inhibits DNA repair in some models, providing a rationale for combining CK2 inhibitors with
chemotherapy agents that cause DNA damage (see cholangiocarcinoma trial). It is plausible that there
are still unidentified additional biological effects of CK2 in cancer cells.

An ample variety of cell-permeable chemical CK2 inhibitors have been developed. The most
frequently used are TBB, Quinalizarin, hematein, TBCA, CIGB-300, CX-4945, DRB, apigenin, DMAT,
emodin, and TF [39–49]. We will discuss the use of these inhibitors in different cancers in vitro and
in vivo, and the cellular processes and signaling pathways that they affect in each type of cancer.
We will also discuss the two CK2 inhibitors, CX-4945 and CIGB-300, that have made into clinical trials.

 

Figure 1. CK2 kinases can function as monomeric kinases and in a tetrameric complex.

2. Discussion

2.1. Solid Tumors in Which Over-Expression of CK2 Appears to Contribute to the Cancer Phenotype

Evidence is increasing that CK2 expression is linked to adverse prognosis in many common solid
tumor types. These include tumors associated with chronic carcinogen exposure like non-small cell
lung cancer, head and neck cancer, bladder cancer, or mesothelioma. CK2 is also involved in the
pathogenesis of gastrointestinal cancers including biliary, liver, esophageal and gastric cancer, some of
which may arise due to longstanding inflammation (e.g., hepatitis viruses for liver cancer or H. pylori
for gastric cancer). CK2 is also linked to kidney cancer, HPV-related cancer (i.e., cervical cancer) and
glioblastoma multiforme. As we review below, it is possible that CK2 contributes to these cancers in
different ways. It is likely that initial trials of CK2 inhibitors will focus on patients with cancers that
lack other effective treatments or are in advanced stages with recurrence after standard therapies.
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2.1.1. Environmentally Induced Cancers

Lung Cancer

Lung cancer is a leading cause of death in the United States. It can be divided into two broad
categories—small cell (SCLC) and non-small cell (NSCLC) lung cancers. Numerous studies have
shown the connection of lung cancer to smoking. Survival can be extended to some extent by
chemotherapy in advanced or metastatic disease. The major clinical breakthrough is the emergence
of FDA approval of immunotherapy agents like Nivolumab. However, more novel therapeutic
approaches are strongly needed.

Rationale for CK2 inhibitors in lung cancers: CK2α, CK2α’, CK2β and CK2αP transcripts are
significantly overexpressed in lung cancer [19,50–53]. Importantly, CK2 gene expression is proposed
as a prognostic marker [19,50]. For example, in lung squamous cell carcinoma, high CK2α transcript
expression correlates with unfavorable prognosis for relapsed free survival, disease specific survival,
and overall survival [50].

CK2 may play diverse cellular roles in lung cancer progression, including the control of cell
proliferation, survival, migration and invasion. In vitro studies suggest differential cellular responses
depending of the subtype of cancer. For example, CK2 inhibitors decrease cell migration and
invasion in human adenocarcinoma and NSCLC cell lines, seemingly through downregulation of
MMP-2 transcript expression and activity via the ERK pathway [54]. In SCLC and LCLC (large
cell lung cancer), cell proliferation, but not cell invasion, is highly sensitive to Quinalizarin [55].
In contrast, in one adenocarcinoma cell line, invasion and apoptosis, but not proliferation, were
sensitive to Quinalizarin [55]. In other adenocarcinoma cell lines, Quinalizarin only leads to increased
apoptosis [55]. Hematein, a new inhibitor of CK2, also increases apoptosis in a human lung
adenocarcinoma, corroborating the results obtained with Quinalizarin [41].

CK2 may play a role in metastatic lung cancer. For example, in adenocarcinoma cell lines, CK2
activity is necessary for TGFβ-1-induced invasion [56]. This effect correlated with changes in expression
of EMT (epithelial to mesenchymal transition) markers such as E-cadherin, N-cadherin, vimentin,
phospho-FAK (focal adhesion kinase), phospho-Src, Twist, and Snail, and MMP-2 and MMP9 [56].
In addition, CX-4945 inhibits TGFβ-1 induced-Smad2/3 activation and β-catenin activation, suggesting
that CK2 is working downstream of TGFβ receptor activation [56]. Interestingly, TGFβ-1 significantly
increases CK2α, but not CK2β, protein levels in the cytosol and the nucleus, and this effect is inhibited
by CX-4945. This suggests that CK2 activity is required for the increase of CK2α protein levels
promoted by TGFβ-1 [56].

CK2 may also be linked to stem cell maintenance through Notch signaling, which is found
activated in lung cancer [35]. Thus, CK2 activity is sufficient and necessary for Notch reporter and
gene target transactivation in adenocarcinoma cell lines, at least in part due to effects in Notch1 protein
levels [35].

Integration of CK2 inhibition into treatment of lung cancers: The different cellular effects of CK2
inhibitors in different lung cancer cell lines indicate that CK2 inhibitors could be specifically used in
particular cancer subtypes or genotypes for lung cancer treatment. For example, CK2 inhibitors (TBB,
TBCA, and hematein) alone and in combination with irradiation have variable effects on cell numbers
in four different LCLC and adenocarcinoma cell lines [57]. Quinalizarin also had variable effects in a
panel of cell adenocarcinoma lines with or without EGFR mutations. However, an adenocarcinoma
cell line with an EGFR L858R + T790M mutation is unaffected by Quinalizarin [55].

CK2 inhibitors alone or in combination with anticancer agents have been successful in decreasing
tumor burden in mouse models. Hematein prevents tumor growth in lung adenocarcinoma xenograft
models as compared to controls [58]. In vitro, hematein decreases colony formation, phospho-AKT
and surviving levels, and increases cleaved PARP [58].

Benavent et al. show that intravenous administration of CIGB-300 (10 mg/kg) in mouse
models, markedly decreased lung colonization and metastasis development of murine 3LL cells [59].
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Interestingly, after five days of systemic treatment with CIGB-300, tumor cell-driven neovascularization
was significantly reduced in comparison to control group. The mechanism could be due to decrease
cell adhesion, migration and invasion, MMP-2 and uPA (urokinase plasminogen activator) activity.
Altogether their data suggest an important role of CK2 in lung tumor development, suggesting a
potential use of CIGB-300 as a novel therapeutic agent against lung cancer. In 2014, Perera et al.
studied the synergistic interactions of the anti-casein kinase 2 CIGB-300 peptide and chemotherapeutic
agents in lung and cervical preclinical cancer models [60]. They studied agents such as cisplatin
(alkylating), paclitaxel (antimitotic), doxorubicin (anti-topoisomerase II) or 5-fluorouracil (DNA/RNA
antimetabolite) in cell lines derived from lung and cervical cancer. They observed that paclitaxel and
cisplatin exhibited the best synergistic/additive profile when combined with CIGB-300, according to
the combination and dose reduction indices. Such therapeutically favorable profiles may be explained
by a direct cytotoxic effect and also by the observed cell cycle impairment (arrest in S and G2/M
phases) following incubation of tumor cells with selected drug combinations. Paclitaxel displayed
the strongest synergism with CIGB-300 in NCI-H125 and SiHa cell lines, with 5 fold less peptide
required to show similar anti-proliferative effects. These findings provide a rationale for combining
the anti-CK2 CIGB-300 peptide with currently available anticancer agents in the clinical setting and
indicate platins and taxanes as compounds with major prospects.

Similarly, there have been studies combining CX-4945 with Erlotinib, an EGFR tyrosine kinase
inhibitor used to treat advanced or metastatic non-small cell lung cancer. Bliesath et al. studied
combining CX-4945 and Erlotinib, in vitro and in vivo in models of non-small cell lung carcinoma and
squamous cell carcinoma, and demonstrated that it inhibited tumor growth via enhanced inhibition
of the PI3K-Akt-mTOR pathway [61]. They also observed a decrease in proliferation, an increase in
apoptosis, a synergistic killing of cancer cells in vitro, and an improved antitumor efficacy in vivo.
Taken together, these data position CK2 as a valid pharmacologic target for drug combinations and
support further evaluation of CX-4945 in combination with EGFR targeting agents [61].

There is currently an open clinical trial using CX-4945 in advanced cancers including lung cancer,
Castleman’s disease and multiple myeloma (trial designation: NCT00891280).

Urothelial Cancer

Urothelial carcinoma is the most common type of bladder cancer and occurs in the urinary tract
system (bladder and related organs). The National Cancer Institute (NCI) estimates 76,960 new cases
of bladder cancer and 16,390 deaths from the disease in 2016. It is linked to smoking and some
chemical exposures. It can be well managed in early stages with surgery and other approaches (e.g.,
intravesicle BCG (Bacillus Calmette-Guérin immunotherapy). Advanced disease is responsive to
chemotherapy but this does not extend survival markedly. The latest in the treatment is FDA approval
of Atezolizumab (anti PD-L1 antibody). Atezolizumab showed partial response in at least 14.8 percent
of participants and the effect lasted from more than 2.1 to more than 13.8 months at the time of the
response analysis. However, we still need more options for those who are not eligible, do not respond
to that or develop intolerable toxicity.

Rationale of CK2 inhibition: CK2α could play a role in invasive bladder cancer. First,
immunohistochemical analysis shows that CK2α protein is overexpressed in high-grade invasive
urothelial carcinomas as well as carcinoma in situ (pT2-4, CIS), but not in low-grade and noninvasive
phenotypes (pTa, pT1) [62]. Second, cyclooxygenase 2 (COX2) and phospho-AKT (phospho-AKT),
two proteins that may play a role in the transition to an invasive phenotype as they start to be
overexpressed in noninvasive phenotypes (pT1), could be upstream of CK2α expression [62]. Indeed,
COX2 knockdown with COX2-siRNA decreased expression of CK2α protein and lead to cell cycle
arrest at the G1 phase in urothelial carcinoma cell line, UMUC2. In addition, COX2 inhibitor,
Meloxicam, suppresses the growth of invasive orthotropic bladder cancer (established by inoculating
KU-7 low-grade papillary bladder cancer cells into the urinary bladder of nude mice) correlating
with dowregulation of CK2α protein and phospho-AKT level [62]. Third, CK2α knockdown with
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CK2α-siRNA fully eliminates uPA activity in UMUC2 cells and reduces uPA activity by half in a human
urothelial carcinoma cell line, UMUC6, generated by long-term culture in doxorubicin [62]. uPA has
several functions, including the remodeling of extracellular matrix and decreasing cellular adhesion.
Fourth, CK2α protein was also increased in the lumen of exosomes secreted from human metastatic
transitional cell carcinoma cells in contrast with non-metastatic cells [63]. This is significant because
exosomes are proposed to facilitate invasion and metastasis [64]. These data indicate a possible role
for CK2α in bladder cancer metastasis.

CK2α’ and CK2β transcript levels are deregulated in bladder cancer tissues [65], suggesting the
possibility that CK2α’ and CK2β proteins are also deregulated in bladder cancer. Determining the
levels of these two other proteins during bladder cancer progression will help determine the extent of
use of CK2 inhibitors in bladder cancer.

Integration into treatment of bladder cancer: To our knowledge there are no studies on CK2
inhibition in preclinical models of bladder cancer or open clinical trials specifically focused on urothelial
cancer. Promising areas for study could include combination of CK2 inhibitors with COX2 inhibitors
(see above), immunotherapy or chemotherapy.

Head and Neck

Head and neck squamous cell cancers are linked to smoking and human papilloma virus (HPV)
(see below). Early stage cancers are well managed with surgery, radiation and chemotherapy. However,
advanced or recurrent head and neck cancer is a major problem since chemotherapy provides little
survival benefit. A recent study showed benefit of immunotherapy with pembrolizumab (a PD-1
antibody) in advanced head and neck squamous cell cancer. Nonetheless there is a strong need for
new therapies in advanced or recurrent head and neck cancer when surgery or radiation are no
longer possible.

Rationale of CK2 inhibition: CK2 transcripts, proteins and activity are elevated in head and
neck squamous cell carcinoma (HNSCC) tumors and cell lines [37,38,65–68], and are proposed to be a
prognostic marker for HNSCC [65–68]. The increase in CK2α, CK2α’ and CK2β transcript in HNSCC
could be due, at least in part, to DNA amplification [38]. As for CK2 proteins, normal oral mucosa and
HNSCC tumor samples show staining of CK2α, CK2α’ and CK2β in cytoplasm and, prominently, in
the nucleus [37].

CK2 is essential for HNSCC cell viability, proliferation and cell cycle regulation. Thus, antisense
CK2α reduce cell numbers [37,69] and induces apoptosis [37,70] and antisense CK2β induced apoptosis
in HNSCC [37,69]. Individual knockdown of CK2α, CK2α’ and CK2β arrests HNSCC cells at G0/G1.
Similarly, CX-4945 decreases cell numbers, induces cell cycle arrest at S or G2/M, and increases
apoptosis in HNSCC cell lines [38].

The differential effects of knockdown of CK2α, CK2α’ and CK2β suggest that these proteins play
independent roles in HNSSC. For example, CK2α and CK2β knockdown, but not CK2α’, leads to
decreased cell migration of HNSCC cell lines [37]. Individual knockdown of CK2α, CK2α’ and CK2β
differentially affect gene expression of key cell proliferation, survival and tumor suppressor genes
in HNSCC that are WT for P53, further suggesting that the three genes play independent roles in
HNSSC [37]. Similar effects on cell proliferation, survival and tumor suppressor genes are shown
using CX-4945 in HNSCC cells WT for P53. However, gene expression changes in mutant P53 cells
exposed to CX-4945 were qualitatively different [38].

Several mechanisms for CK2’s action in head and neck cancer are proposed including activation
of signaling pathways, EMT processes and cancer stem cell regulation. Thus, HNSCC show elevated
levels of NFκB, a factor required for HNSCC cell survival [71]. In HNSCC, NFκB increases could be
due to CK2α activity through activation IκB kinase (IKK), a known activator of NF-κB [72]. Indeed,
knockdown with siRNA of CK2α, CK2α’ and CK2β independently decreased NF-κB activity [37].
This suggests the importance of CK2 in HNSCC, and, moreover, the importance of CK2α’ and CK2β,
both understudied CK2 genes in cancer.
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CK2 activity is required for post-translational stabilization of Twist, a transcription factor involved
in EMT processes [73]. CK2 also regulates other EMT-linked proteins. For example, CK2 knockdown
also decreases protein levels of slug, snail and vimentin, and increases E-cadherin levels in laryngeal
carcinoma cells [74]. CK2 is also required for IL-6 dependent cell migration of HNSCC cells [73]. This is
significant because IL-6, a cytokine, is upregulated in HNSCC correlating with recurrence and low
patient survival [75–77]. These data indicate a role for CK2 in the metastatic potential of head and
neck cancers.

CK2 activity is required for cancer stem cell-like cell maintenance, tumor sphere formation and
proliferation, and for the expression of cancer stem cell genes and proteins (e.g., Nanog, Oct4, and Sox2)
in HNSCC [78]. Cancer stem cell genes are important in tumor initiation and therapeutic resistance,
positing a role for CK2 in tumorigenesis and therapy resistance in HNSCC.

Integration into clinical care of head and neck cancer: Preclinical models show that CK2
inhibitors reduce tumor burden in head and neck cancer. HNSCC xenograft tumor models
(tongue, hypopharyngeal and laryngeal carcinomas) show that treatment with CK2 inhibitors
(RNAi-CK2α/α’containing nanocapsules) can significantly reduce tumor volume, reduce number of
metastasis and increase the survival of mice [79]. In addition, tumors from CK2α/α’-RNAi-treated
mice show reduced staining of pro-proliferative proteins (e.g., Cyclin D1) and increased levels of tumor
suppressors (e.g., P53) compared to tumors from control mice [37]. Nanoencapsulated CK2α/α’ RNAi
did not affect mouse body weight [79]. In contrast, CX-4945 had no effect on the survival of mice
and minimal effect on tumor volume in a HNSCC xenograft tumor model, and did not synergize in a
combination with a MEK inhibitor (PD-901). This lack of effect of CX-4945 in vivo could be due to an
ineffective drug dose scheme, lack of intake in tumor cells, or the particular cell line genotype.

The likely first use in clinical trials will be in advanced head and neck cancer given the limited
treatment options for this type of tumors. To our knowledge there are no active trials of CK2 inhibitors
directed against head and neck specifically. CK2 inhibitors could be tested out as single agents in
refractory disease or combined with chemotherapy or immunotherapy. In cases where the cancer is
linked to HPV, there may be an additional rationale for use of CK2 inhibitors (see discussion below of
HPV related cancers).

Mesothelioma

Malignant mesothelioma is a rare neoplasm linked to asbestos exposure. It has an extremely poor
prognosis with median survival of 4 to 13 months for untreated patients and 6 to 18 months for treated
patients, regardless of therapeutic approach. Combination chemotherapy using cisplatin and pemetrexed
is the standard regimen for patients with unresectable disease. For selected minority of patients,
a monoclonal antibody, bevacizumab has shown some promise but still awaiting regulatory approval.

Rationale of CK2 inhibition: CK2α transcript is deregulated in mesothelioma tissues and cell
lines [65,80]. CK2α staining is elevated in mesothelioma tissue sections and cell lines [80]. Moreover,
the CK2α pseudogene (CK2αP) could be a prognostic factor in mesothelioma [65].

CK2 plays a role in the control of Hedgehog (Hh)/Gli1 signaling, a pathway that is aberrantly
upregulated in mesothelioma [81,82]. Thus, CK2α upregulation in mesothelioma correlates with
upregulation of the transcript and protein for Gli1, the transcription factor of Hh signaling. CK2α activity
is sufficient and necessary (CK2α-siRNA, CX-4945) to activate a Gli1 reporter in mesothelioma cell
lines [80]. Furthermore, CX-4945 treatment led to a decrease in mesothelioma cell proliferation [80].
These indicate that CK2 inhibition is a potential treatment for mesothelioma potentially through the
regulation of Hh signaling.

Integration into clinical care of mesothelioma—To our knowledge there are no active trials of CK2
inhibitors in mesothelioma. However, this is certainly a disease in need of new therapies, especially in
the advanced stages. Potential approaches would include use of CX-4945 or CIGB 300 in combination
with cisplatin or pemetrexed.
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2.1.2. Gastrointestinal Cancers (Often Related to Chronic Inflammation)

Hepatocellular Cancer

The major etiological factors for hepatocellular cancer include chronic infection with hepatitis B or
C, alcohol cirrhosis, or steatohepatitis. There are limited options for treatment for hepatocellular cancer
when not amenable to transplant or surgery. Local ablative therapies or tyrosine kinase inhibitors are
used often and these measures improve survival by several months in general. Immunotherapy is also
being studied for advanced hepatocellular cancer. Clearly there is need for additional therapies.

Rationale of CK2 inhibition: Hepatocellular cancer (HCC) samples show high expression of CK2
gene transcripts, proteins and activity [6,65,83–85]. Levels of CK2 transcripts and proteins are proposed
as prognostic markers for HCC [6,65,83]. Interestingly, a variant of CK2α, CK2α”, is highly expressed
in the liver and is required for membrane protein trafficking and has limited nuclear localization [86].
The role of CK2α” in HCC has not been studied.

In mouse xenograft models, injection of hepatoma cells overexpressing CK2α leads to higher
tumor volume than injection of the corresponding untransfected hepatoma cells, further indicating the
oncogenic nature of CK2α [6]. In vitro, CK2α overexpression increases proliferation, colony formation,
migration and invasion, and inhibits apoptosis in HCC cell lines [6]. This suggests that CK2 may be
involved in the control of diverse cellular processes during HCC progression.

Conversely, CK2α knockdown decreases proliferation and colony formation, causes G2/M arrest,
and increases apoptosis in HCC cell lines [6,83,85]. CK2α knockdown also inhibits migration and
invasion in HCC cell lines [6,84]. Several mechanisms have been proposed for these effects of CK2α

knockdown in HCC cell lines. Among the mechanisms proposed are downregulation of MMP and
EMT-linked proteins (snail, slug, vimentin) and increasing E-cadherin expression [84]; inhibition of
Hedgehog signaling [84]; and downregulation of phospho-Akt, apoptotic-marker genes and p53 [6].
Additionally, CK2 inhibition can increase Natural Killer (NK) cell-mediated apoptosis of liver cancer
cells suggesting that CK2 could increase tumor immunity [87]. Similarly, chemical inhibition of
CK2 in HCC cells leads to decreased proliferation (e.g., DMAT [85]) and increased apoptosis (e.g.,
emodin, [87]).

Integration into clinical care of HCC: Preclinical studies show that CK2 inhibitors reduce tumor
burden alone and in combination with other agents. Thus, in mouse xenograft models of HCC, DMAT
and shCK2α inhibit tumor growth [6,85]. DMAT acts by decreasing proliferation but not cell survival
or angiogenesis and, importantly, did not induce liver damage [85]. DMAT’s effects may be mediated
by reducing NFκB and Wnt/β-catenin signaling activation [85]. Moreover, CK2 inhibitors increase
the effectiveness of chemotherapeutics on HCC proliferation (5-fluorouracil (5-FU), doxorubicin or
sorafenib) [85,87]. These suggest that CK2 inhibitors could be used as potential therapeutics for liver
cancers, alone or in combination in other drugs.

Gastric Cancer

Gastric adenocarcinoma is a major cause of cancer death worldwide, and its development is linked
to Helicobacter pylori infection and chronic atrophic gastritis. There are several lines of chemotherapy
available to extend survival in advanced disease. Anti-HER 2 antibodies are also useful in subset of
patients, and anti VEGF receptor antibodies are a part of second line therapy. Additional therapies are
clearly needed since survival in advanced gastric cancer is limited to approximately 1 year even when
using all available treatments.

Rationale of CK2 inhibition: CK2 transcripts and proteins are elevated in gastric cancer [88], and
CK2 is proposed as a prognostic marker for gastric cancer [65,88,89]. Interestingly, CK2 activity is
upregulated after H. pylori infection of gastric epithelial cells [90]. The upregulation of CK2 activity is
not due to increased CK2α protein levels, however, CK2α’ and CK2β expression are still to be studied
in these tumors [90].
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CK2 inhibition leads to decreased cell proliferation and migration of gastric cancer cells by
decreasing MMP expression [88]. CK2 inhibition also leads to apoptosis in human gastric carcinoma
cells [91].

Importantly, CK2 is associated with H. pylori-infection in gastric cells. In gastric epithelial cells,
CK2 is necessary for H. pylori-induced cell migration and invasion [90]. The underlying mechanism is
the phosphorylation of α-catenin by CK2 that results in the depletion of α-catenin at the membrane
and subsequently, the disruption of the α-catenin/β-catenin complexes at the membrane. Indeed
in H. pylori-infected patient tissue sections, membrane α-catenin, β-catenin and E-cadherin levels
are decreased compared with non-infected tissue samples [90]. The disruption of these membrane
complexes leads to β-catenin accumulation in the nucleus of H. pylori–infected tissue sections. This is
important because, nuclear accumulation of β-catenin is a requisite for activation of Wnt/β-catenin
signaling. Indeed, in gastric epithelial cells, H. pylori-infection leads to increased Wnt/β-catenin
reporter activity and Wnt target gene MMP7, a secreted protein that breaks down the extracellular
matrix, in gastric cells [90]. Additionally, CK2 could be associated to gastric carcinoma also through
phosphorylation of DBC1 (deleted in breast cancer 1) [88].

Integration into clinical care of gastric cancer: CK2 may play a role in resistance to chemotherapy.
Thus, CK2α protein levels are elevated in cisplatin resistant gastric cancer cells. Moreover, CK2 has
been proposed to help mediate cisplatin resistance in gastric cancer cells [92].

There are no active trials of CK2 inhibitors focused specifically on gastric cancer. However, there
is a strong need for novel therapies for this common cancer. The likely area for initial trials of CK2
inhibitors will be in advanced disease after progression on the first two approved lines of therapy.

Esophageal Cancer

There are two major types of esophageal cancer: adenocarcinoma and squamous cell carcinoma.
The main epidemiological link for adenocarcinoma is chronic reflux esophagitis, and the incidence of
this cancer is increasing. Squamous cell carcinoma is mainly linked to alcohol and tobacco use, and its
incidence is declining. Localized disease is curable in some cases with combinations of chemotherapy,
radiation and surgery but there are limited options for treatment of advanced or recurrent disease.

Rationale of CK2 inhibition: To our knowledge there is no data on expression of CK2 proteins
in esophageal cancer. However, CK2 gene transcripts are deregulated in esophageal cancer [65].
Importantly, esophageal cancer cell lines show differences in CK2 activity levels despite similar levels
of CK2α expression [93]. This suggests that expression of the other CK2 proteins may be deregulated,
although other mechanisms are possible. CK2 activity is also found elevated in TRAIL (TNF-related
apoptosis-inducing ligand)-resistant esophageal cancer cell lines compared to non-resistant cell
lines [94]. This suggests that CK2 may play a role in resistance to therapy in esophageal cancer.

CK2 has been linked to invasive phenotypes in esophageal cancer cells. Thus, CK2α overexpression
increases invasiveness in esophageal cancer cells through the nuclear receptor corepressor (NCoR) [93].
NCoR represses transcription of the chemokine IFNγ-inducible protein-10 (IP-10), an antitumoral gene
that inhibits tumor proliferation and metastasis [93]. The ability of CK2α to promote invasion is also
linked to EMT-linked genes. Thus, CK2α overexpression results in decreased E-cadherin expression
and increased N-cadherin and vimentin expression [93,95]. These changes in EMT-linked proteins lead
to resistance to anoikis, a type of induced programmed cell death when anchorage-dependent cells
detach from the surrounding extracellular matrix [95]. This suggests that CK2 could act to promote
metastasis in esophageal cancer.

CK2 may be mediating inhibition of 5-fluorouracil (5-Fu)-induced apoptosis by IGF-1 in
esophageal carcinoma cells [96]. Since 5-FU is a key ingredient in treatment of esophageal cancers (and
other gastrointestinal tract cancers), this suggests that combining CK2 inhibition with 5-FU may be an
effective strategy.
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Integration into clinical care of esophageal cancer: There are no active trials of CK2 inhibitors
focused specifically on esophageal cancers. The most likely initial use is in advanced or recurrent
cancer, where survival is poor and chemotherapy is of limited effectiveness.

Cholangiocarcinoma

Cholangiocarcinomas are rare malignancies arising from the epithelial cells of the intrahepatic and
extrahepatic bile ducts. The etiology is not clear, but there is a linkage to chronic liver fluke infection,
chronic hepatitis C infection and possibly to Hepatitis B and HIV. The first line chemotherapy regimen
in advanced disease includes gemcitabine plus cisplatin, which yields an approximate 4-month survival
benefit compared to gemcitabine alone. Overall cures are rare when the cancer is not resectable and
there is a strong need for new agents, especially in advanced or recurrent disease.

Rationale of CK2 inhibition: CK2 has been linked to cholangiocarcinoma (CCA) tumorigenesis.
CK2β staining is higher in CCA tumor sections compared to normal tissue liver sections [97].
CK2β staining is found in the cytoplasm and more prominently in the nucleus. In addition, high
CK2β staining is associated with higher tumor stage, higher histological grade and high serum CEA
(carcinoembryonic antigen) level. These suggest a role for CK2 in CCA progression and invasion.
High CK2β staining correlates with lower patient survival, and it is an independent prognostic factor
in CCA [97]. In addition, CK2α was specifically detected in plasma of CCA patients suggesting that
CK2α is a potential biomarker for CCA diagnosis [98].

It has been proposed that XIAP (X-Linked inhibitor of apoptosis protein) could be downstream of
CK2β upregulation in CCA, as CK2 activity is required for XIAP levels [99]. This is important because
XIAP is upregulated in CAA, and high levels of XIAP correlate with low patient survival [97].

Integration into clinical care of cholangiocarcinoma: Currently, CX-4945 is being tested in phase
I/II study in combination with gemcitabine and cisplatin in patients with cholangiocarcinoma.
In this context, CX-4945 may inhibit DNA repair, and be particularly effective when combined
with agents such as cisplatin that cause DNA damage. The objective of this trial is to determine
the maximum tolerated dose (MTD), followed by a randomized study that compares antitumor
activity in cholangiocarcinoma patients receiving the standard of care gemcitabine plus cisplatin
versus CX-4945 at the combination MTD with gemcitabine plus cisplatin. This is a multicenter study
in the United States, South Korea and Taiwan with estimated study completion date of December
2017(NCT02108282).

Colorectal Cancer

The most common type of colorectal cancer is adenocarcinoma (95%). The precursor to adenocarcinoma
is adenomatous polyps (adenomas), which are a precancerous condition. Treatment includes surgery,
chemotherapy, biological therapy, and radiation therapy.

Rationale of CK2 inhibition: CK2 gene transcripts are elevated in colorectal cancer [19,89].
Notably, CK2α protein is overexpressed in the nucleus of cells in tumor tissue sections, compared to
normal colorectal and adenoma tissue sections [100]. Elevated levels of nuclear CK2α correlate with
poor prognosis in patients with colorectal cancer, with increased invasion depth, node involvement,
American Joint Committee on Cancer (AJCC) stage, poorer differentiation and overall decreased
survival rate [101].

Inhibition of CK2α, by siRNA or CK2α inhibitor emodin, led to inhibition of colorectal carcinoma
cell proliferation, G0/G1 cell cycle phase arrest, inhibition of cell division, increase in p53/p21
expression, downregulation of c-myc, and decreased cell motility and invasion [100].

CK2 has been shown to regulate Wnt/β-catenin signaling [5]. Importantly, Wnt/β-catenin
signaling is major player in colorectal cancer, as it is proposed to be the first hit to be deregulated in
colon cancer progression [102]. CK2 also promotes colon cancer cell invasion by increasing stability of
a membrane metalloprotease, endothelin-converting enzyme-1c (ECE-1c) [103]. ECE-1c is involved
in endothelin-1 synthesis, which also participates in invasion in vivo in breast, ovary, and prostate
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cancer cells [104–107]. CK2 phosphorylates ECE-1c at the N-terminal end, stabilizing it. Expression
of full-length ECE-1c mutants mimicking CK2 phosphorylation led to increased invasion of colon
cancer cells. Conversely, expression of full-length ECE-1c mutants that cannot be phosphorylated
by CK2 led to decreased invasion of colon cancer cells. Together these demonstrated the relation of
CK2 and ECE-1c protein stabilization by phosphorylation in increasing invasion of colon cancer cells,
demonstrating a mechanism by which CK2 can promote invasion of colon cancer.

Integration of CK2 inhibition into therapy of colorectal cancer: There are no active trials of
CK2 inhibitors focused specifically on colon cancer. In vitro data suggest that CK2 may play a
role in resistance to chemotherapy. Thus, CK2 protects against colon carcinoma cell apoptosis
induced by TRAIL (TNF-related apoptosis-inducing ligand) [108]. Indeed, CK2 inhibition with
DRB leads to increased TRAIL-induced apoptosis in colon carcinoma cells, correlating with increased
TRAIL-induced death-inducing signaling complex (DISC) formation, caspase-8 cleavage, and Bid
cleavage, leading to proapoptotic factor release from the mitochondria. CK2α knockdown with CK2α

shRNA also increased TRAIL sensitivity in human colorectal adenocarcinoma cells. These suggest a
potential for CK2 inhibition in overcoming tumor resistance to therapy.

Pancreatic Cancer

Pancreatic adenocarcinoma remains a common and still highly lethal malignancy. Most cases are
not amenable to curative surgery and there is no screening modality to detect this cancer in the general
population at risk. Treatments for advanced disease have limited survival impact, so new therapies are
desperately needed.

Rationale for CK2 inhibition: CK2α and CK2α’ knockdown, DRB, and apigenin induce apoptosis
of pancreatic cancer cells [109–111]. Some of these effects can be mediated by a reduction of
NF-κB-dependent transcriptional activity [109]. In addition, D11, a potential inhibitor of CK2, reduced
phosphorylation of two biomarkers for CK2 activity, CDC37 and PTEN [110].

There may be an important role for CK2α’ in pancreatic cancer. Thus, knockdown of CK2α’
was more efficient in inducing apoptosis than CK2α knockdown in PANC-1 cells, a gemcitabine
resistant cell line. CK2α or CK2α’ knockdown sensitizes cells to gemcitabine, correlating with increased
Jun-amino-terminal kinase (JNK) phosphorylation and phospho-p70S6K (T389), respectively. Authors
speculate that CK2α may be sequester in an inactive from in oligomers of the tetrameric CK2α2β2
while, CK2α’2β2 tetramers, that cannot oligomerize, will be active in these cells [112].

Integration of CK2 inhibition into therapy of pancreatic cancer: Preclinical studies show that
CK2 inhibitors reduce tumor burden, alone or in combination with other inhibitors. Thus, in a mouse
xenograft model of pancreatic cancer, CX-4945 inhibits tumor growth and decreases p21 staining [44].
Moreover, in an orthotopic mouse xenograft model of pancreatic cancer, intraperitoneal injection
of O-methyl modified CK2α siRNA together with a transfection reagent results in a trend towards
decreased tumor volume, and a significant increase in apoptosis [111]. A larger and significant decrease
in tumor volume is found when CK2α siRNA is used in combination with PAK7 and/or MAP3K7
siRNAs [111]. None of these treatments affect mouse weight. These suggest that CK2 inhibitors could
be used as potential therapeutics for pancreatic cancers.

2.1.3. HPV-Related Cancers: Cervical, Head and Neck, Anal and Penile

Cancers related to HPV infection are highly prevalent worldwide and do not respond well
to treatment in advanced stages. Cervical cancer and anal cancer are particularly prevalent and
problematic in patients with HIV infection and AIDS. There is evidence that CK2 plays a specific role
in the mechanisms through which HPV induces cancer, and hence CK2 inhibition has received special
attention in these cancers.

Rationale for use of CK2 inhibition in cervical cancer: CK2 gene transcripts are deregulated
in cervical cancer, and the CK2α pseudogene, CK2αP, could be a prognostic marker in cervical
cancer [65]. To our knowledge there are no studies showing expression of CK2 proteins in cervical
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cancer, nonetheless, CK2 activity is higher in HPV-immortalized cell lines compared to normal
keratinocytes [113]. Conversely, CK2 regulates HPV through the HPV-16 E7 viral oncoprotein [113,114].

CK2 inhibitors affect cervical cancer cells. Thus, CIGB-300 inhibits cervical cancer cell line
proliferation [60]. Moreover, CIGB-300 synergized with paclitaxel and doxorubicin, and was additive
in combination with cisplatin (CDDP) [60]. CK2 could also play a role in cervical stem cancer cell
maintenance, as apigenin inhibits HeLa tumorsphere formation and self-renewal capacity while,
conversely, CK2α overexpression increases self-renewal capacity [115]. The tumorsphere assay is an
analysis of the self-renewal capability of cancer stem cells, which is a population with tumor initiation,
drug resistance, and metastasis properties.

Integration into clinical care of cervical cancer and by extension other HPV related cancers: CK2
could be a potential therapeutic target in cervical cancer. The efficacy of CK2 inhibitor in cervical
tumor remission was first tested on mouse xenograft models. CIGB-300 diminished tumor growth,
even after cessation of treatment [43,60]. In addition, CIGB-300 plus cisplatin significantly reduced
tumor growth and increased mouse survival in a cervical mouse xenograft model [60].

Moreover, the first human clinical trial of the CK2 inhibitor CIGB-300 demonstrated potential
clinical benefit for cervical cancer [116]. In this study, thirty-one women with cervical cancer were
administered CIGB-300 intralesionally at four increasing doses over five consecutive days. Side effects
were minimal even with the highest dose, and 75% of patients had significant lesion reduction.
Strikingly, 19% of patients had full histological regression and 48% of patients who were previously
HPV DNA-positive were negative at the end of the trial [116]. At the one-year follow up, there were
no recurrences or adverse events. Interestingly, four patients conceived, of which two were infertile
prior to the intervention. Pharmacokinetic studies with CIGB-300 have established a treatment plan
for phase II trials [117]. Therefore CK2 inhibition is tolerable in humans, and is a promising treatment
for cervical cancers, alone or in combination with chemotherapeutic agents [60].

There is currently an open clinical trial in Argentina, where investigators are using CIGB-300
in patients with squamous cell carcinoma or adenocarcinoma of the cervix stage IIA and IIB FIGO
classification in a concurrent fashion with external radiotherapy, endocavitary brachytherapy and
weekly systemic cisplatin (trial designation: NCT01639625)

2.1.4. Other Solid Tumors: Glioblastoma, Melanoma, Ovarian Cancer, Prostate Cancer, Breast Cancer
and Renal Cell Carcinoma

Glioblastoma

Glioblastoma (GBM) is a highly lethal cancer and there are limited treatment options once it
recurs after surgery and radiation (combined with chemotherapy). Cure rates for this cancer are low
and there is a strong need for new therapies.

Rationale of CK2 inhibition: Numerous reports have recently shown a role for CK2 in GBM
tumorigenesis. First, CK2 transcripts and proteins are overexpressed in GBM samples. Thus,
CK2α transcript and protein levels and staining are elevated in GBM tumor samples [21,65,118–120].
The increase in CK2α transcripts may be due to changes in gene dosage. CK2α had gene dosage gains
in more than fifty percent of human GBM cases [21]. CK2α’ gene dosage gains have also been reported
in GBM [21]. Expression of CK2α transcripts correlates with lower survival [119], although this may
be controversial [65]. In addition, CK2α but not CK2β is overexpressed in tumors from a preclinical
model of GBM (GL261 cells) compared to normal tissue. The authors suggest that the unbalance in the
ratio CK2α/CK2β in GL261 tumors should be considered in preclinical studies [121].

Second, CK2α or CK2β overexpression is sufficient to increase GBM cell proliferation and colony
formation in GBM cell lines [119].

Third, CK2 is necessary in GBM for cellular processes and signaling pathway activation. Thus,
CK2 inhibition (CX-4945, siRNA, RNAi, TBB, DMAT, DRB, apigenin, etc.) in GBM cell lines leads to
increased apoptosis, S or G2/M cell cycle phase arrest, and decreased adhesion, migration and colony
formation [20,21,118,119,122–124]. The downstream mechanism by which CK2 inhibition causes these
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effects in GBMs is still being studied. Among the proposed mechanisms are the downregulation of the
Wnt/β-catenin, JAK/STAT-3, NF-κB and PI3K/Akt pathways, and enhanced DNA-PK activity and
autophagy [20,21,119,120,125].

CK2 inhibition sensitized GBM cells to TNFα-induced apoptosis, through mechanisms involving
NFκB, p53 and SIRT1 [118]. This is relevant because GBM cells are often resistant to TNFα-induced
apoptosis mediated through NF-κB activation [118]. Recently a phospho-proteomic study indicated
that a constitutively active epidermal growth factor receptor (EGFRvIII) overexpressed in GBM may
regulate the activity of CK2α in GBM [126].

In addition, CK2α is necessary for expression of Oct4 and Nanog, two genes involved in
glioblastoma-initiating cell proliferation, in cells and tumor spheres from GBM patient cell lines [119].
These data suggests that CK2 activity is required to maintain stem cell phenotypes and self-renewal in
GBM [119]. Therefore, CK2 could be a potential target for the treatment of GBM.

Integration of CK2 inhibition into treatment of glioblastoma: Preclinical GBM xenograft models
show that several CK2 inhibitors are effective in inhibiting glioblastoma tumor growth and increasing
the survival of mice [21,119,123,124,127]. In addition, CK2 knockdown alone or in combination with
EGFR knockdown increased mouse survival and necrosis in the tumor tissue of GBM xenograft mouse
models [127]. CK2 inhibition in xenograft GBM tumors lead to decreased activation of STAT-3, NF-κB,
c-myc and AKT, and decreased EGFR expression, suggesting that CK2 controls several pro-survival and
pro-proliferative signals in vivo [21,127]. Hence, CK2 inhibitors may have a role in preventing recurrence
after surgical resection along with radiotherapy with concurrent and adjuvant Temozolomide.

Melanoma

Therapy for advanced melanoma has been improving with use of signal transduction inhibitors
for tumors expressing BRAF mutations. The other recent major advance in therapy of advanced
melanoma or melanoma at high risk of recurrence after surgery is the use of immune checkpoint
inhibitor antibodies. However, melanoma is still an aggressive and often lethal disease and its incidence
is increasing.

Rationale of CK2 inhibition: CK2α transcript is upregulated in 15% of melanoma tumor
samples [128]. To our knowledge there is no data on expression of CK2 proteins in melanoma. However,
CK2 activity is elevated in metastatic melanoma samples compared to dermal nevus [129], suggesting
that there is aberrant expression of CK2 transcripts and/or proteins in melanoma. Strengthening this
notion, protein levels of CK2α are increased in melanoma cell lines [128].

CK2 inhibition with 7,7’-Diazaindirubin diminishes proliferation in melanoma cell lines [130].
Importantly, CK2 has been linked to sensitivity to BRAF inhibitors. First, CK2α overexpression in
BRAF-mutant melanoma cells decreased sensitivity to BRAF inhibitors (vemurafenib, dabrafenib) and
MEK inhibitor (trametinib) [128]. Conversely, CK2α knockdown sensitized BRAF-mutant melanoma
cells to vemurafenib. Interestingly, combination of CK2 inhibitor CX-4945 and BRAF inhibitor
vemurafenib additively inhibited proliferation in BRAF mutant patient-derived melanoma cell
lines [131]. This is significant because patients with BRAF mutations become resistant to vemurafenib,
and the novel therapies being explored aim to target several signaling pathways. One interesting finding
is that the effect of CK2α overexpression in melanoma is not dependent on its catalytic activity [128].

Integration of CK2 inhibition into clinical care of melanoma: It is still true that most patients
with metastatic melanoma succumb to their disease, therefore trials in advanced melanoma either
as single agents or in combination with signal transduction inhibitors or immunotherapy will be of
great interest.

Ovarian Cancer

Ovarian cancer is hard to detect in early stages and difficult to cure with current modalities in
advanced stages.
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Rationale for CK2 inhibition in ovarian cancer: CK2α transcript expression is elevated in 518 serous
cystadenocarcinomas samples as compared to 8 fallopian tube sample controls [132]. In a culture
model of epithelial ovarian tumorigenesis, CK2α protein expression is highest in a metastatic cell line
compared to a neoplastic and tumorigenic cell line, and to the control (normal and pre-neoplastic,
non-tumorigenic) cell lines [133], suggesting a role for CK2 in ovarian cancer progression.

CK2 may play a role in the maintenance of cancer stem cells, as CK2α protein levels are higher
in the tumorspheres from SKOV3 cells that are contain only cancer-stem cells, compared with the
parental cells that are a mix of cancer stem and non-stem cells. In addition, CK2α overexpression
increases the sphere formation of SKOV3 cells over two fold, and inhibition of CK2 (apigenin and
CK2α siRNA) decrease sphere forming efficiency. These two effects correlate with increased and
decreased expression of Gli1, which is amplified in ovarian cancer stem-like cells respectively [134].

Integration of CK2 inhibitors into treatment of ovarian cancer: Combination therapies with CK2
inhibitors have studied in cell cultures and xenograft models. In cell cultures, CX-4945 synergizes with
cisplatin and gemcitabine to increase apoptosis in p53 WT (A2780) but not in p53 null (SKOV-3) cells,
and to increase mitotic catastrophe in SKOV-3 cells [135].

CX-4945 in combination with dasatinib, a tyrosine kinase inhibitor of the Src-family kinases,
promote apoptosis in a panel of human epithelial ovarian carcinoma cell lines. Cell lines with low
CSNK2A1 transcript expression had lower viability in the presence of dasatinib, therefore CSNK2A1
transcript levels are proposed to be a predictor for dasatinib sensitivity. Indeed, a 3:1 ratio of
CX-4945:Dasatinib were better in cell lines with low CSNK2A1 transcript expression, while a 8:1
or 20:1 ratio was synergistic for cell lines with high transcript levels of CSNK2A1. Authors suggest that
CSNK2A1 levels should be analyzed before treatment with dasatinib [132].

In a mouse xenograft model of non-high grade ovarian cancer (IGROV-1 cells), CX-4945 treatment
prevented tumor growth, decreased vascular area and proliferative index, and prevented mRNA
expression of TNF, IL-6, and VEGF. CK2 inhibition reduces the release of these factors in IGROV-1 and
SKOV3ip1 cells, and in primary ovarian cancer cells from ascites [136].

In a xenograft model of high-grade ovarian cancer (A2780 cells), a combination of CX-4945 with
three drugs (cisplatin, Carboplatin, and gemcitabine) extended the time-to-endpoint two fold as
compared to the untreated mice. Specifically, carboplatin synergizes with CX-4945 while cisplatin
and gemcitabine had an additive effect on tumor growth inhibition However, the combination of
cisplatin and CX-4945 resulted in mouse weight loss [135]. Hence, CK2 inhibitors could be used for
the treatment of advanced ovarian cancer.

Prostate Cancer

Prostate cancer is the second most common cancer in men (after lung cancer) and remains lethal
in advanced stages despite recent advances in therapy.

Rationale for CK2 inhibition in prostate cancer: CK2 protein levels and activity are deregulated in
prostate cancer and prostate cancer-derived cells. Human benign prostatic hyperplasia (BPH; n = 31)
and prostate cancer (n = 30) tissue sections had higher staining for CK2α and NF-κB compared to
normal prostate tissue specimens [137]. Furthermore, CK2α staining in sections is higher in malignant
compared to normal human prostate glandular cells. Total CK2α immunostaining correlated with
poorly differentiated tumors (high Gleason scores) and locally aggressive tumors (high cT). In both
normal and tumoral glands, there is higher staining in the nucleus than in the cytoplasm. However,
nuclear, but not cytoplasmic, staining of CK2α in prostate cancers correlates with high cT stages,
higher Gleason scores, and more potential capsular involvement (lymphatic or perineural invasion).
All these are established prognostic factors for prostate cancer, therefore CK2α nuclear staining can be
a prognostic marker [138].

In contrast, decreased CK2α and CK2α’ protein levels are observed in xenograft tumors relative
to cultured cells from cell lines including C4-2 cells, a metastatic subline of LNCaP (androgen-sensitive
human prostate adenocarcinoma cells) and PC3-LN4 cells, a lymph node derived cell line from
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repeated orthotopic injections of PC-3 cells (bone-metastatic derived prostate adenocarcinoma cells).
Intriguingly, the transcript levels in the xenograft tumors doubled compared to their respective
cultured cell lines. Authors speculate that this decrease in CK2α/α’ protein levels in xenograft tumors
is due to the presence of mouse stromal cells within the lysate. Intriguingly, CK2α’ protein levels
were greater in BPH-1 cells compared to prostate cancer cell lines [139]. It is possible that CK2α’
overexpression explains the intense staining in human BPH tissue sections compared to controls found
by other authors [140]. As it is found in other tumor types, despite having the same amount of CK2α
protein and mRNA levels, some prostate cell lines show different CK2 activity. For example, PC-3
(bone-metastatic derived prostate adenocarcinoma) cells have 8 times more CK2 activity than RWPEI
(normal prostate) cells and 3 times more activity than LNCaP cells (androgen-sensitive human prostate
adenocarcinoma cells) [141]. Importantly, CK2 activity levels correlate with increased of invasion
potential (matrigel invasion assay) in these cell lines [141].

CK2 inhibition (DMAT, TF, TBB, TBCA, siRNA, apigenin, and KI-CK2α) reduces cell proliferation
in prostate cancer cell lines [49,142–146], and TF, CX-4945, DMAT, TBB, TBCA, and apigenin
increase apoptosis [49,142,146–150]. CX-4945, apigenin, and TBCA induced cell cycle arrest in G2/M
phase [146,148]. Interestingly, only when DMAT and CK2α/α’ siRNA are nanoencapsulated, they
specifically decreases proliferation in prostate cancer cell lines (PC3-LN4), but not benign cell lines
(BPH-1) [144]. In addition to PC3-LN4, nanoencapsulated CK2α/α’ siRNA also affects prostate cancer
cell line C4-2, but not normal prostate epithelial cell lines (PrEC) [144].

A number of mechanisms are proposed to underlie the role of CK2 in prostate cancer. For example,
apigenin, TBCA, and CK2α or CK2α’ siRNA decrease nuclear translocation of AR (androgen-receptor)
and AR-mediated gene expression in response to an AR agonist, R1881, treatment [146]. TBB sensitizes
cells to TRAIL (tumor-necrosis factor-related ligand)/induced apoptosis and glycolysis inhibitors
(2-DG) in PC-3 and ALVA-41 cells in a synergistic manner [150,151]. Conversely, overexpression
of CK2α partially blocks TRAIL-induced apoptosis, caspase activity and caspase protein levels in
ALVA-41 and PC-3 cells [152]. In addition, reactive oxygen species were detected after 6 h of DMAT
but not with TBB treatment. After 24 h of TBB or DMAT treatment, γH2AX levels increase in LNCaP
cells [142].

Integration of CK2 inhibition into clinical care of prostate cancer: Xenograft models show
that CK2 inhibition can decrease tumor burden in mice. Nanoencapsulated-CK2α/α’ siRNA and
RNAi [139], and CX-4945 [148] decreased tumor volumes in metastatic PC-3 derived-xenograft tumors.
Nanoencapsulated-DMAT, decrease proliferation and CK2α and CK2α’ proteins levels in PC3-LN
4 cells derived-xenograft tumors [143].

To date there are no reported human trials of CK2 inhibitors in prostate cancer, but such trials
would be reasonable in patients with advanced disease that have progressed on other approved lines
of therapy (which include various anti-androgen therapies and chemotherapy). In addition, CK2α
nuclear staining may be tried as a prognostic factor in patients with early disease to tailor how closely
they should be monitored.

Breast Cancer

Breast cancer treatment is now very complex and in many ways highly successful, especially
in early stage disease. There are many agents available for treatment of advanced, metastatic breast
cancer and molecular typing is key in deciding on the appropriate therapy. Estrogen receptor positive
(ER+) breast cancer is largely approached with anti-estrogen therapies which can result in years of
disease control even in metastatic disease. Many patients with metastatic, ER+ breast cancer eventually
develop resistance to anti-estrogenic approaches, representing a challenge for treatment. HER2 positive
(HER2+) breast cancers can be targeted with a range of agents directed against this receptor. Finally,
patients lacking receptors for estrogen, progesterone and also lacking over-expression of HER2 (triple
negative breast cancer) have currently fever options for therapy apart from chemotherapy and, more
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recently, PARP inhibitors for some patients. Hence, there are several areas of need for new therapy in
advanced or metastatic breast cancer as nearly all such patients eventually succumb to their disease.

Rationale for CK2 inhibition: There is strong evidence for a role for CK2 in the pathophysiology
of breast cancer as CK2 is overexpressed or mutated in breast cancer. In general, human breast tumors
show high levels of CK2α and CK2β and low levels of CK2α’ transcripts [19,153–155]. CK2α and
CK2β transcripts were higher in basal tumors while CK2α’ was lower in luminal A and B and HER2
tumors [155]. These aberrations in CK2 gene transcript expression correlate with changes in copy
number variation [153]. In particular, basal tumors had higher gain on CK2β and Luminal A tumors
show higher loss on CK2α’ [153,155]. High levels of CK2α and CK2β transcripts predict lower survival
rates [19]. In addition, high CK2α transcript expression correlates with increased risk of relapse among
breast cancer patients with ERα+ grade 1 or 2 tumors and those receiving hormonal therapy [156].
Moreover, CK2α is part of an “invasiveness” gene signature associated with overall survival and
metastasis-free survival in breast cancer patients [157].

CK2α activity and protein are elevated in human breast tumors [158,159]. CK2α staining is
increased prominently in the nucleus and also in the cytoplasm in breast tumor sections [154,159–161].
Importantly, high CK2α staining is an independent prognostic indicator of patient survival and
relapse-free survival [154]. High CK2α staining is also associated with distant metastatic relapse and
HER2 expression, and negatively correlated with progesterone receptor (PR) expression [154].

Similar alterations in expression can be found in breast cancer cell lines. CK2α, CK2α’ and CK2β
proteins are expressed in variable levels in breast cancer cell lines [44,153,155]. CK2 transcript and
protein expression levels do not correlate in a number of cell lines suggesting that post-transcriptional
mechanisms regulate CK2 expression [155]. Similar to tumors samples, breast cancer cell lines
(MDA-MB-231 and MCF7) show loss of heterozygosity on CK2α’, however, CK2α’ protein was still
expressed at high levels [153]. Immunostaining show CK2α and CK2α’ located in the nuclei and
cytoplasm in the non-transformed immortalized triple-negative breast cell line MCF10A [155].

Elevated levels on CK2α could play an important role in breast cancer, since elevated levels
of CK2α have been show to be oncogenic in mouse models. Thus, transgenic overexpression of
CK2α in mammary glands causes mammary gland tumors with upregulated β-catenin and c-myc
protein levels and NF-κB reporter activity [158]. In addition, CK2α activity and protein are elevated in
carcinogen-induced mammary tumors in rats and mice [158,162].

CK2 inhibition alters cellular processes and blocks important signaling cascades. Thus, CK2
inhibition and knockdown of CK2 lead to decreased cell numbers due to G2/M or G0/G1 arrest,
apoptosis or senescence [44,153,154,163–165]. CK2 inhibition and knockdown of CK2 also lead to
changes in cell morphology, migration and invasion [153,154]. In addition, unbalanced expression
of CK2 genes promotes epithelial to mesenchymal transition in cell lines [13]. Importantly, CK2α/α’
downregulation in triple negative (SUM-149) and HER2 negative (MCF-7L) breast cancer cell lines
resulted in increased apoptosis [155]. In addition, CK2α/α’downregulation lead to decreased clonal
survival in triple negative SUM-149 and MDA-MB-231 [155]. These suggest that CK2 could be a
therapeutic target even in triple negative breast tumors.

CK2 could act through several signaling pathways and mechanisms in breast cancer such as NF-κB,
JAK/STAT, MAPK, Akt/MTOR, SIRT6, and miRNA expression [5,44,153,154,166,167]. Intriguingly,
CK2α is among the targets of miR-125b, a miRNA that is decreased in breast tumor tissue. miR-125b
inhibition promotes proliferation and reduced anchorage-independent proliferation [159].

CK2 also has links to breast cancer relevant proteins. For example, levels of CK2α and ERα
proteins show a positive correlation in human breast cancer samples, human breast cancer cell lines
and tumors from DMBA-treated rats [161]. Intriguingly, estrogen increases CK2α transcript and
protein levels in an ERα-dependent manner through ERE sites in the CK2α promoter [161]. In turn,
CK2α upregulation leads to increase proliferation, migration and anchorage-independent proliferation,
and to PML degradation and AKT activation [161]. Additionally, CK2 phosphorylates PR, and this

76



Pharmaceuticals 2017, 10, 18

phosphorylation is necessary for anchorage-independent proliferation and expression of specific PR
target genes [168].

Integration of CK2 inhibitors into treatment of breast cancer: The most likely clinical usage
of CK2 inhibitors in the near future will be in the setting of hormone refractory or triple negative
metastatic breast cancer. Thus far, there have not been dedicated breast cancer studies in humans
but the pre-clinical data suggests strong potential for this approach. Thus, preclinical studies show
that CK2 inhibitors reduce tumor burden. CX-4945 reduces tumor growth in orthotopic xenograft
mouse models of breast cancer but did not affect mouse body weight or lead to overt toxicity [44].
Interestingly, CK2 activity decreased in tumors from a breast cancer xenograft model (MCF-7 cells)
treated with dexamethasone, a chemosensitizer for breast cancer [169].

Importantly, CK2 inhibition has an effect in triple negative breast cancer xenograft models.
Thus, nanocapsulated CK2α/α’ siRNA treatment reduces tumor growth in a mouse xenograft model
correlating with reduced proliferation rates, but did not affect mouse body weight [155]. In addition,
CX-4945 reduced IL-6 expression in a triple negative inflammatory breast cancer patient, in a xenograft
model and triple negative breast cancer cell lines [170].

CK2 inhibition could help prevent resistance to anti-tumor drugs in breast cancer. Thus,
overexpression of CK2α inhibits tamoxifen induced-senescence [165]. DMAT reduced cell numbers,
increased apoptosis and changed morphology of tamoxifen-resistant breast cancer cells more efficiently
than anti-estrogen sensitive MCF-7 parental line [171]. However, there were no differences in
the protein levels of CK2α, CK2α and CK2β in tamoxifen-resistant versus nonresistant cells [171].
In contrast, breast cancer cell lines resistant to high levels of the antineoplastic agent VP-16 had CK2α
transcript and protein elevated correlating with increase levels of phospho-topoisomerase IIα [172].
All together these data indicate that CK2 inhibitors could be used as potential therapeutics for triple
negative and anti-estrogen resistant breast cancer.

Renal Cell Carcinoma

Renal cell carcinoma is a highly vascular cancer, which is responsible for approximately
14,000 deaths per year in the USA (out of approximately 61,000 cases). Clear cell carcinoma is the most
common subtype of renal cell carcinoma and it is frequently accompanied by loss of expression of the
Von Hippel-Lindau (VHL) gene which is a tumor suppressor gene that suppresses hypoxia-inducible
factor (HIF) resulting in down-regulation of vascular growth factor (VEGF) production. When VHL
expression is lost either through inherited or sporadic mutations, marked rise in VEGF and PDGF
occurs which is major factor promoting growth and survival of renal cell carcinoma. Chemotherapy
and radiation therapy have minimal benefit in advanced renal cell carcinoma; however, survival
is extended by treatment with tyrosine kinase inhibitors targeting VEGF, MTOR inhibitors, and
immunotherapy. There is unmet need for patients who progress on these therapies.

Rationale for CK2 inhibition in renal cell carcinoma: There is strong rationale for exploring CK2
inhibition in renal cell carcinoma. Renal cell carcinoma (RCC) samples show high expression of CK2α,
CK2α’ and CK2β transcripts [65,173,174]. Higher CK2α transcript expression correlated with higher
grade and stage and with rate of metastasis [173,174]. Higher CK2α’ transcript expression correlated
with higher grade [173]. High CK2α transcript levels were a strong indicator of a poor overall survival,
disease specific survival and progression free survival (n = 96) [173].

RCC samples show high CK2α, CK2α’ and CK2β protein levels [173,175] and high levels of CK2
activity [173,176]. Importantly, in half of the samples there is unbalanced CK2α-α’/CK2β ratio that
is due to increased CK2α-α’ expression and/or decreased CK2β expression. High nuclear CK2α
staining was a strong indicator of a poor overall survival, disease specific survival and progression free
survival (n = 40) [173]. In one study, the increase in CK2 proteins in RCC samples did not correlate with
increased transcript levels; indeed, transcript levels decreased 1.5–16 times [175]. This is in contrast
with the microarray data presented above.
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CK2 can regulate VHL directly. CK2 inhibition stabilizes VHL, and therefore decreases HIF
levels, although the mechanism is not yet defined [177,178]. CK2 phosphorylates VHL specifically at
3 N-terminal serine residues and stabilizes it [177,179]. Mutation of these 3 serine residues prevents the
N-terminal protease cleavage that seems required for further proteasomal degradation of VHL [178].
However, mutation of the 3 serine residues only increased VHL half-life by 30% [177,178]. This suggests
that additional mechanisms could be contributing to the increased VHL stability by CK2 inhibition.
Importantly, expression of this mutation of these 3 serine residues delayed tumor onset by 6 weeks in
a xenograft model [179].

Importantly, in VHL-deficient cells, CK2 inhibition results in decreased cell numbers and cell
survival, correlating with decreased phosho-Akt and phosho-p21 and with increase phosho-p38
MAPK [173,175]. Together, these demonstrate a potential role for CK2 as a therapeutic target in renal
cell carcinoma.

Integration in clinical care of renal cell carcinoma: The most active areas of clinical investigation
in renal cell carcinoma of late include targeted drugs and immunotherapy. However, there remains
an unmet need for patients who progress after use of these therapies. CK2 inhibition would be
worth exploring in these patients and perhaps as well as a combination therapy with currently
approved agents.

2.2. Hematological Malignancies

There has been a dramatic increase in new therapies for lymphomas and myeloma, and it may
be harder for CK2 inhibitors to find niche in this setting. However there is rationale for use in these
cancers (see below). In particular, acute leukemia has a greater need for new options since progress
has been slower in this area.

2.2.1. Leukemia

There is good evidence for a role for CK2 in acute myeloid leukemia (AML), acute lymphoid
leukemia (ALL), and in chronic lymphocytic leukemia (CLL).

Rationale for CK2 inhibition: CK2 protein levels and activity are also deregulated in leukemias.
B-ALL cell lines and primary B-ALL cells show upregulation of CK2 activity and CK2α and CK2α’
protein levels [180,181]. Primary T-ALL cells, show increased CK2 activity and CK2α and CK2β
protein levels [182]. Primary AML cells and leukemia cell lines show increased levels of CK2 activity
and CK2α protein [183,184]. Importantly, in patients with AML, high CK2α protein levels were a
predictor of decreased overall and disease-free survival [183]. Primary CLL cells show increased CK2
activity and CK2α and CK2β proteins [185]. In summary, oncomine transcript expression and CK2
protein expression do not always correlate.

CK2 inhibition with CX-4945 resulted in increased apoptosis in B-ALL cell lines and primary
B-ALL cells but, importantly, not primary normal bone marrow cells [180]. CK2 inhibition with
CX-4945 resulted in decreased proliferation [186]. Two potential mechanisms have been proposed for
the effect of CK2 inhibition in B-ALL: decreased PTEN and phospho-PTEN levels [180] and decreased
expression of target genes of the tumor suppressor gene ikaros [186]. Importantly, xenograft models of
primary B-ALL cells and cell lines, show that CX-4945 inhibits leukemia cell growth and increased
mouse survival [186].

CK2 inhibitors TBB and DRB decreased cell viability in primary T-ALL cells while normal T-cells
were unaffected [182]; CX-4945 also decreased cell viability [187]. CK2 overexpressed in T ALL cell lines
and this correlates with increased Notch1 and myc activity in these cells. CX-4945 inhibits CK2 activity
and has pro-apoptotic effect on these cells. CX-4549 promotes proteosomal degradation of Notch1 and
decreases myc transcripts in the cells. Myc is downstream of Notch, hence CK2 inhibition could be an
mechanism to inhibit myc. The target of CK2 action may be PTEN as CK2 can phosphorylate PTEN [32],
CK2α overexpression correlates with PTEN phosphorylation in T-ALL primary cells, inhibition of CK2
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led to increased PTEN activity, and subsequently decreased Akt phosphorylation [182,187]. CX-4945
decreased tumor growth in a xenograft model [187].

In AML cell lines, overexpression of CK2α leads to decreased proportion of cells in G0/G1
while inhibition of CK2 with apigenin, K27 and CX-4945 or with CK2α siRNA resulted in increased
apoptosis [183,184]. Importantly, normal bone marrow cells were almost unaffected by apigenin [183].
In addition, CK2 inhibitors or CK2α/β siRNA sensitized AML cells to daunorubicin, an AML
chemoterapeutic agent [184].

In CLL, CK2 inhibition with TBB and DRB led to decreased cell viability while leaving normal T
and B cells unaffected [185]; CX-4945 also decreased cell viability [188]. Similar to ALL, primary CLL
cells show phospho-PTEN upregulation, and CK2 knockdown or inhibition decreased phospho-PTEN
and PTEN expression [185].

Integration of CK2 inhibitors in treatment of leukemias: CIGB-300 promotes activation of
the tumor suppressor PTEN and abrogates PI3K-mediated downstream signaling in CLL cells. In
accordance, CIGB-300 decreases the viability and proliferation of CLL cell lines, promotes apoptosis of
primary leukemia cells and displays antitumor efficacy in a xenograft mouse model of human CLL [187].

These experiments indicate a potential role for CK2 as a target for therapy in leukemia. Researchers
have determined that two Phase 1 drugs (CX-4945 and JQ1) can work together to efficiently kill
T-cell acute lymphoblastic leukemia cells while having minimal impact on normal blood cells.
Despite treatment improvement, T-cell leukemia remains fatal in 20 percent of pediatric and 50 percent
of adult patients. Both CX-4945 and JQ1 are currently in clinical trials as single agents to treat solid
and hematological cancers. Based on a recent in vitro study it has been suggested that the combination
treatment of CX-4945 and JQ1 could be an effective strategy to refractory/relapsed T-cell leukemia.

2.2.2. Non-Hodgkin Lymphoma (NHL)

Many new agents are emerging for treatment of NHL, but there remains a strong need for new
therapies. There are many variants of NHL so our discussion can only highlight specific findings
relevant to CK2. T cell lymphomas are particularly difficult to treat.

Rationale of CK2 inhibition: Interestingly, overexpression of CK2α in lymphocytes of transgenic
mice leads to T cell lymphoma [33,189,190]. A recently published study demonstrated increased CK2α
and CK2β protein levels by immunoblot in follicular lymphoma, Burkitt’s lymphoma, and DLBCL,
and in lymphoma cell lines [191].

Integration of CK2 inhibitors in treatment of lymphomas: Pharmacological inhibition of CK2
activity with CX-4945 led to dose-dependent increase in apoptosis in both Burkitt’s lymphoma and
DLBCL cell lines [191]. In contrast, normal peripheral blood mononuclear cells were not affected by
CX-4945. These data indicate a role of CK2 in NHL, and suggest that CK2 inhibitors could be used to
diminish the survival of NHL tumor cells.

2.2.3. Myeloma

The therapeutic options for multiple myeloma have expanded dramatically in recent years.
However, this remains a very important malignancy, which is ultimately fatal in most cases. Hence,
new options for therapy are still needed.

Rationale for CK2 inhibition: CK2α protein levels and CK2 kinase activity are increased in
plasma cells from patients with multiple myeloma and in cell lines [192,193], and higher CK2α
and CK2β staining in multiple myeloma tissues [192]. Furthermore, CK2 inhibition with TBB,
IQA, a TBB-derivative K27 (2-amino-4,5,6,7-tetrabromo–1H-benzimidazole) and apigenin [194] led to
decreased viability and increased apoptosis of myeloma cells. This indicates a role for CK2α in cell
survival in myeloma [193–195]. CK2 inhibitors could be acting through decreasing NF-κB activation
and transactivation activity [193]. CK2 inhibitors also decrease the endoplasmic reticulum (ER)-stress
response leading to increased apoptosis [196]. The ER-stress/unfolded protein response is need for
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myeloma cells survival, due to the fact that myeloma cells produce abnormally large amounts of
protein antibodies.

Integration of CK2 inhibitors into treatment of myeloma: CK2 inhibitors synergize with
melphalan, the conventional chemotherapeutic agent used in myeloma treatment, to increase
cytotoxicity [193]. CK2 inhibitors have an additive effect to geldanamycin, an antitumoral drug,
to increase apoptosis [196]. Therefore, CK2 inhibitors may increase sensitivity (i.e., decrease dosage) to
chemotherapy for myeloma [193].

3. Conclusions

CK2 is overexpressed in many cancers and often overexpression is associated with worse
prognosis, although the opposite may be true in some cancer types as reviewed above [19]. CK2 can be
used as a diagnostic and prognostic marker in certain malignancies, such as prostate cancer [19,137].
However, we the potential for CK2 expression as a prognostic and diagnostic marker could be greater
as only a few studies analyze all three CK2 proteins, CK2 activity and localization. In addition, only
a few studies analyze levels of CK2αP transcript that, as it was reviewed above, in some cancers are
proposed as a prognostic marker. Analysis of all these parameters in future studies in cancer will
realize the potential for CK2 as a diagnostic and prognostic marker. The mechanisms underlying
the increases in CK2 transcript and protein levels are still unknown in many cancer types, although
gene dosage alterations, epigenetic mechanisms and post-translational regulation have been proposed.
In addition, in some cancers there are differences in CK2 activity without changes in levels of CK2α
expression [93,144], suggesting additional post-translational mechanisms. Importantly, CK2 protein
localization in the nucleus is found in a number of tumors, in some cases correlating with clinical
parameters. This suggests that phosphorylation of nuclear target proteins is important for CK2’s role
in cancer. However, we know less about the nuclear targets of CK2 during tumorigenesis compared to
the cytoplasmic targets.

Individual knockdown of the CK2 genes result effects on cellular processes, signaling pathway
activation and gene expression that are qualitatively different in diverse tumors [37,38]. Therefore it
will be important to develop CK2 inhibitors that could target specifically the monomeric or tetrameric
complexes [197]. The development of specific inhibitors of the different CK2 forms for clinical use is
being paralleled by targeted drug delivery methods, such as nanocapsules that are targeted to cancer
cells [79].

CK2 has emerged as a potential anticancer target. As discussed above, an ample variety
of cell-permeable CK2 inhibitors have been developed, and two of these CX-4945 and CIGB-300
have made into preclinical and clinical trials. This review shows how these inhibitors are already
being employed in phase I/II trials in certain malignancies like lung, head and neck cancer,
cholangiocarcinoma, cervical cancer and multiple myeloma with promising results for the future.
With respect to the toxicity observed so far in clinical trials, CIGB-300 was fairly well tolerated
in clinical trial of cervical cancer. The most frequent local events were pain, bleeding, hematoma
and erythema at the injection site. The systemic adverse events were rash, facial edema, itching,
hot flashes and localized cramps. CX-4945 was also fairly well tolerated in a phase 1 trial at MD
Anderson cancer center involving patients with various advanced solid tumors and multiple myeloma.
Diarrhea and hypokalemia were the dose limiting toxicities, and these toxicities were reversible with
drug discontinuation, antidiarrheal use, and potassium supplementation.

These data also gives future perspective on how these two inhibitors can potentially be deployed
for further clinical studies. They can be used as a single agent approach, like other signal transduction
protein inhibitors in some cancers. They can also be combined with other signal transduction inhibitors,
as CK2 regulates several signaling pathways that are key for tumorigenesis. They can be combined
with chemotherapy or radiation therapy to prevent repair of DNA damage and increase cancer cell
death. They can potentially be used either independently or in combination with other treatment
modalities like immunotherapy and even with other Phase 1 drugs like JQ1. These two inhibitors
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have shown to enhance anti-proliferative effects as well as overcome resistance to the established
chemotherapeutic agents, requiring much lower dosage, thus also possibly decreasing the toxic side
effects, though not yet studied. CK2 inhibitors are also highly promising for specific use in HPV-related
cancers and perhaps incorporation with other therapies for hematological malignancies.
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Abstract: Protein kinase CK2 demonstrates increased protein expression relative to non-transformed
cells in the majority of cancers that have been examined. The elevated levels of CK2 are involved
in promoting not only continued proliferation of cancer cells but also their resistance to cell death;
thus, CK2 has emerged as a plausible target for cancer therapy. Our focus has been to target
CK2 catalytic subunits at the molecular level using RNA interference (RNAi) strategies to achieve
their downregulation. The delivery of oligonucleotide therapeutic agents warrants that they are
protected and are delivered specifically to cancer cells. The latter is particularly important since
CK2 is a ubiquitous signal that is essential for survival. To achieve these goals, we have developed
a nanocapsule that has the properties of delivering an anti-CK2 RNAi therapeutic cargo, in a protected
manner, specifically to cancer cells. Tenfibgen (TBG) is used as the ligand to target tenascin-C
receptors, which are elevated in cancer cells. This strategy is effective for inhibiting growth and
inducing death in several types of xenograft tumors, and the nanocapsule elicits no safety concerns
in animals. Further investigation of this therapeutic approach for its translation is warranted.

Keywords: CK2; nanocapsules; nanoparticles; anti-CK2; RNAi; siRNA; tenfibgen; TBG;
TBG-RNAi-CK2; therapy; cancer; targeting; cancer-specific; tumor-specific; prostate cancer; breast
cancer; HNSCC

1. Introduction

Protein kinase CK2 (acronym for the former casein kinase II or 2) is a ubiquitous protein
serine/threonine kinase consisting of two catalytic subunits (42 kDa α and 38 kDa α’) linked through
two regulatory subunits (28 kDa β). The kinase is present in the nuclear and cytoplasmic fractions of
the cell, including numerous cellular organelles. The distribution of the kinase in normal cells is diffuse
in both the nuclear and cytoplasmic compartments; however, in cancer cells the overall expression and
nuclear localization of CK2 is significantly enhanced [1–4].

Over time, several investigations recognized the association of protein kinase CK2 with cell
growth and proliferation in normal and cancer cells (reviewed in, e.g., [1,4–7]). However, its link to
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cancer biology was firmly established only when it was discovered that CK2 not only promotes cell
growth and proliferation but also is an effective suppressor of cell death, originally revealed by this
laboratory [8–11]. Likewise, it was recognized that the treatment of cells with antisense to CK2 resulted
in potent cell death, thus prompting the notion, for the first time, that CK2 downregulation might
serve as cancer therapy strategy [12]. The potential of CK2 as a druggable target for cancer therapy
has been documented with several recent studies on its targeting primarily using small molecular
inhibitors or by peptide-mediated inhibition of its phosphorylation site(s), (see, e.g., [13–15]).

2. Discussion

2.1. Features of CK2 Pertinent to Cancer

CK2 is present in all cells and its activity appears to be stable at a certain level depending on the
organ. CK2 (activity/level) is elevated in cells during proliferation, and in normal cell proliferation
the CK2 activity returns to the basal level on cessation of proliferation. The basal CK2 activity is
involved in a wide range of cellular activities as has been reviewed in several publications (e.g., [2,3]).
The possible involvement of CK2 in cancer is supported by a wide range of observations. First, CK2 has
been found to be elevated in the vast majority of cancers that have been examined [5,7,16]. Its elevation,
however, is not simply an indicator of cell proliferation but rather indicates a state of dysplasia [17]
and contributes to transformation [18–20]. The intracellular distribution of CK2 proteins in cancer
cells is also distinct from that in normal cells such that the level of CK2 in the nuclear compartment of
cancer cells is much higher than that in normal cells [7,17,21].

Second, CK2 is a potent regulator of cell death such that its elevation serves as a potent suppressor
of apoptosis while its downregulation results in the induction of cell death—this characteristic of
CK2 may be regarded as the key functional link of this enzyme to the cancer cell phenotype [5,8–10].
A number of hallmarks of cancer have been described [22]. However, two consistent characteristics of
cancer cells are a dysregulation of cell growth and proliferation as well as a resistance to cell death. Thus,
it is reasonable to surmise that up-regulation of CK2 in cancer cells not only provides the environment
for their continued proliferation but also contributes to their suppression of cell death [8–10,23].
Considering the dysregulation of CK2 in all cancers that have been examined, we previously presented
discussions of the studies suggesting involvement of CK2 in several of the hallmarks of cancer (besides
the two mentioned above) [24,25]. It is also important to note that the level of CK2 dysregulation in a
given cancer has been linked to prognosis (e.g., [26–30]). Here we present further discussion on the
roles for CK2 in proliferation and malignancy, and the results of molecular targeting of CK2 in cancer,
based on our recent research publications.

2.2. CK2 Elevation in Benign Prostate Proliferation versus in Prostate Cancer

The aforementioned observations describe that CK2 elevation has been uniformly observed
in various cancers. In general, CK2 level/activity is elevated during normal cell proliferation as
well [1,4,31]; however, there are cases of benign pathologic cell proliferation where CK2 is present at an
elevated level as observed, e.g., in benign prostatic hyperplasia (BPH) [27,30,32]. This raises a question
as to the nature of functionality of CK2 in prostatic cancer (PCa) versus BPH. To address this issue, we
examined the combined expression of CK2α and NFκB p65 in PCa and BPH, considering that both are
elevated in each of these diseases and that NFκB p65 is a known substrate of CK2α [33,34]. We thus
wanted to determine if there was a differential expression of CK2α and NFκB p65 that may provide a
means of distinction between the two diseases. An analysis of both of these signals in human PCa and
BPH specimens revealed a number of observations. First, the amount of nuclear staining for CK2α
and NFκB p65 was much higher in PCa than BPH. Second, expression levels of nuclear NFκB p65
and nuclear CK2α were correlated in both disease states. Correlation between CK2α and NFκB p65
expression observed at the protein level was generally not evident at the mRNA level in PCa based on
comparison of mRNA expression for CSNK2A1 and RELA (information for mRNA expression in BPH
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was not readily available [35–37]). Third, increased nuclear CK2α protein expression in cancer was at
least partially responsible for increased nuclear localization of NFκB p65 in PCa. Fourth, we found
that PCa specimens demonstrated higher proliferation (Ki-67 immunostaining) than BPH specimens.
Interestingly, nuclear NFκB p65 levels correlated with cytoplasmic NFκB p65 as well as Ki-67 signals in
BPH, but not in PCa. It is noteworthy that these various correlations were apparent at the protein level
and require the ability to determine nuclear and cytoplasmic localization of the signals [33]. Together,
these observations suggest that with respect to their combined activity CK2 and NFκB have different
modes of functionality in the biology of benign prostate growth and malignancy.

2.3. CK2 as a Target of Cancer Therapy

As mentioned, CK2 expression and activity are altered in most cancers that have been examined,
and its molecular downregulation results in potent induction of cell death in cancer cells in culture
or in vivo [7,12,38,39]. These observations from our laboratory prompted us to propose the notion
that CK2 may serve as a target for cancer therapy, provided means for its effective targeting are
developed (discussed subsequently). Since that time, CK2 has gained general acceptance as a target for
cancer therapy, and currently diverse methods to achieve this targeting are being investigated [40,41].
Among the various approaches to targeting CK2 are the use of small molecule inhibitors, use of
a peptide to block CK2 phosphorylation sites, and molecular downregulation employing RNAi to
catalytic subunits of CK2 [13,42–48]. CK2 as a therapy target is particularly appealing because of its
potent and rapid effect on activation of the apoptotic machinery [49], while also likely affecting the
activity of a large number of downstream intracellular substrates and pathways as a consequence of
its downregulation [6,50].

The nature of CK2 as ubiquitous and essential for cell survival has raised concerns regarding its
targeting for cancer therapy, as its inhibition or loss might result in considerable toxicity to the host [12].
However, it has been observed that normal cells are significantly more resistant to CK2 inhibition
or molecular downregulation [38,44]. These observations would suggest a pharmacological window
for using CK2 as a target for cancer therapy. Regardless, we have been focused on the therapeutic
targeting of CK2 in a cancer cell-specific manner, as discussed subsequently.

2.4. Desirability of Targeting CK2 Specifically in Cancer Cells and Utility of the TBG Nanocapsule to
Accomplish This Goal

The relative resistance of normal cells to downregulation of CK2 has prompted considerable
interest in the possible utility of small molecule inhibitors (such as CX-4945) as therapeutic agents.
However, since CK2 is a ubiquitous survival signal, it would seem appropriate to employ strategies
that are specific for downregulating CK2 in cancer cells, avoiding normal cells in vivo. Secondly,
cancer cells may eventually develop drug resistance by various mechanisms, as has been a common
observation in cancer chemotherapy (see, e.g., [22,51]). To avoid such a situation for CK2 targeted
therapy, we have focused on blocking the production of CK2 by employing anti-CK2 RNAi strategies
designed to block the generation of the two catalytic subunits. Such an approach warrants that systemic
RNAi delivery is achieved in a protected manner and further that this delivery mechanism is cancer
cell-specific. To that end, we have developed a nanocapsule that satisfies these requirements.

Our nanocapsule is based on a protein shell containing tenfibgen (TBG) peptide which is the
C-terminal fibrinogen globe domain of the 225 kDa fibronectin-like extracellular matrix protein
tenascin-C (TN-C) (Figure 1, with permission of Springer [52]). The preparation of the TBG
nanocapsules incorporating various types of anti-CK2 oligonucleotide molecules as well as dysprosium
(Dy) has been described previously [47,48,53,54]. These nanocapsules are generally between 14 to
28 nm in size, and display uniform morphology (appearing as uniform single capsules) as determined
by atomic force microscopy and transmission electron microscopy. They carry neutral or slightly
negatively charge. The targeting of the TBG nanocapsules is based on the knowledge that TN-C
receptors are elevated in cancer cells and thus the TBG nanocapsules hone to cancer cells but not to
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normal/benign cells [55–61]; this malignant cell specificity has been demonstrated in cultured cells
as well as in xenograft models of PCa, breast cancer, and head and neck squamous cell carcinoma
(HNSCC) [24,47,48,54,62–64]. The uptake of the nanocapsules into the cancer cells is via the lipid raft
pathway [47]. Of note, the TBG nanocapsules are also capable of delivering their cargo effectively
to tumor cells metastasized to lymph node and spleen [47,64]. A microscopy approach using
TBG-encapsulated Dy (TBG-Dy), which takes advantage of the innate fluorescence of this lanthanide
element, established that the nanocapsule was detected in xenograft tumor localized to tibia but not in
normal counterpart tibia [64]. Further, analysis of several normal tissues in tumor-bearing animals
treated with various types of TBG nanocapsules demonstrated the accumulation of the nanocapsule in
primary and metastatic tumors, but not in tissue such as liver, brain, and kidney where no tumor was
present, consistent with an absence of nonspecific uptake or trapping of the nanocapsule [40,47,63,64].

Figure 1. Nanocapsule concept and design and functional aspects are depicted.

2.5. Response of Xenograft Tumors to TBG-RNAi-CK2

We investigated CK2 molecular downregulation for several types of cancer xenograft models
by utilizing TBG nanocapsule based delivery of anti-CK2 oligomers (such as double-stranded
siRNA or single-stranded RNAi) that target both of the catalytic subunits of CK2. Comparison
of oligomer types was carried out because it is possible that single-stranded or double-stranded RNAi
oligomers might show differential efficacy in vivo as they might distinctively employ lalternate RNAi
processing mechanisms. For controls in these studies, TBG nanocapsules carrying non-targeted siRNA
(TBG-siCON1) or carrying oligomers targeting mouse factor VII (TBG-RNAi-F7) were employed [46].
The siCON1 control oligomer is a non-targeting double-stranded siRNA, which was rigorously
established [65]. The mouse factor VII sequence was chosen as a negative control for single-stranded
oligomer as this sequence was previously shown to engage the RNAi machinery in mouse liver and
because factor VII is not expressed in prostate tumor [66]. Studies on acute dose-response in prostate
PC3-LN4 xenograft tumors suggested that TBG-RNAi-CK2 was most effective at reducing tumor
growth in the dose range of 0.01 to 0.1 mg/kg given three times over a period of 10 days. Under similar
experimental conditions, the TBG-siCK2 nanocapsules demonstrated the most effective dose level to
be 0.01 mg/kg. In the castration-resistant prostate cancer (CRPC) 22Rv1 model, the most effective
dose of TBG-RNAi-CK2 was 0.1 mg/kg. TBG-siCK2 treatment using 0.01 mg/kg also reduced tumor
growth in the MDA-MB-231 model of triple negative breast cancer [48]. In all of these studies, the
nanocapsule was delivered by intravenous tail vein injection. These data are summarized in Table 1.
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Table 1. Comparison of oligomer-based anti-CK2 TBG nanocapsule effects on tumor volumes in
multiple cancer models.

Tumor Model Treatment Tumor Volume on Final Day a p-Value

PC3-LN4
TBG-RNAi-CK2—0.01 mg/kg 5.2 ± 3.2

0.005TBG-RNAi-F7—0.01 mg/kg 12.2 ± 4.2

PC3-LN4
TBG-siCK2—0.01 mg/kg 4.0 ± 2.5

0.007TBG-siCON1—1.0 mg/kg 10.6 ± 5.5

22Rv1
TBG-RNAi-CK2—0.1 mg/kg 2.5 ± 1.5

0.11TBG-RNAi-F7—1.0 mg/kg 4.0 ± 1.5

MDA-MB-231
TBG-siCK2—0.01 mg/kg 1.4 ± 0.32

0.026TBG-siCON1—0.01 mg/kg 2.1 ± 0.55
a Tumor volume at sacrifice (days 10 or 11) relative to start of treatment (mean ± standard deviation).

In examining the tumor volume changes over time for both TBG-RNAi-CK2 and TBG-siCK2 dose
response studies in the PC3-LN3 model, we noted that the time period from days 5 through 7 showed
a dramatic separation in tumor growth rates between the anti-CK2 treated and the control treated
mice (Figure 2). We set up another therapy study in which mice were treated with TBG-RNAi-CK2
or TBG-RNAi-F7 nanocapsules at 0.01 mg/kg on days 1 and 4, and tumors were collected on days
5, 6 and 7. These tumors were then used to examine the molecular and cellular responses within the
treated tumors over the time course.

Figure 2. Comparison of xenograft tumor volumes over time in anti-CK2 and control TBG nanocapsule
treated mice. The changes in PC3-LN4 tumor volumes relative to day 0 are shown following three
nanocapsule drug treatments. Nanocapsule doses were 0.01 mg/kg for anti-CK2 and F7 nanocapsules
and 1 mg/kg for TBG-siCON1 nanocapsules. Means + standard error of the mean are presented.
Group sizes TBG-RNAi-CK2 n = 9; TBG-RNAi-F7 n = 8; TBG-siCK2 n = 9. TBG-siCON1 n = 8. Arrows
indicate days that nanocapsule treatment injections occurred. Statistical significance for day 10 is given
in Table 1.

After performing immunoblot analyses on nuclear and cytosolic fractions from the time course
tumors, we noted a biphasic response (Figure 3). On day 5, 24 h following the TBG-RNAi-CK2
treatment on day 4, CK2α and CK2α’ protein levels were notably reduced in both the nuclear and
cytosolic compartments. At the same time, there was loss of NFκB p65 phosphorylation on S529, a CK2
phosphorylation site, as well as decreased levels of full length caspase 3 and the survival protein Bcl-xL.
These markers indicate that some cell death was occurring, as well as loss of CK2 signaling. On day 6,
there were decreased CK2α and CK2α’ protein levels in cytosol, although not statistically significant.
On day 7, 72 h after TBG-RNAi-CK2 treatment, a second wave of cell death markers was noted. These
markers included loss of total NFκB p65 as well as NFκB p65 P-S529, decreased nuclear survivin and
cytosolic Bcl-xL. A further marker was loss of pro-caspase 3, suggesting probable activation of caspase
3 through cleavage. In addition to these events, immunohistochemical Ki-67 analysis demonstrated
a dramatic decreased in proliferative cells in day 7 TBG-RNAi-CK2-treated tumors relative to day
5 tumors [46].
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In the TBG-RNAi-CK2 dose response studies using the prostate models PC3-LN4 and 22Rv1,
several interesting observations were made [46]. For example, we observed that the higher dose level
(0.1 mg/kg) required for best repression of 22Rv1 tumor growth compared with PC3-LN4 tumor
response (0.01 mg/kg) related to the higher levels of caveolin 1 in PC3-LN4 tumors compared with that
in 22Rv1 tumors, suggesting more effective uptake of the drug in the PC3-LN4 model. Other factors
influencing the tumor response to TBG-RNAi-CK2 in these two prostate models related to the levels
of argonaute 1 (Ago 1), Ago 2, and GW182, which were present in higher amounts in the PC3-LN4
xenograft tumors compared with 22Rv1. In these in vivo studies of the TBG-RNAi-CK2 therapy of
xenograft tumors, there was no evidence of the uptake of the nanocapsules in non-cancer tissues such
as liver and spleen. Likewise, there was no evidence of a change in the blood serum chemistry for urea
nitrogen, creatinine, total serum protein, alanine aminotransferase, and aspartate aminotransferase.
Finally, no tissue damage to liver, spleen, or kidney has been observed in multiple studies [46,63].

Figure 3. Protein expression response over time to TBG-RNAi-CK2 treatment in PC3-LN4 xenograft
tumors. Immunoblot analysis of nuclear and cytosol fractionated PC3-LN4 tumor lysates following
intravenous treatments of 0.01 mg/kg TBG-RNAi-CK2 or TBG-RNAi-F7 was performed. Protein
signals were quantitated and means and standard deviations are graphed for (A) day 5, (B) day 6,
and (C) day 7 following initiation of nanocapsule treatments. Group sizes TBG-RNAi-CK2 n = 3;
TBG-RNAi-F7 n = 6 (days 5 and 6) or 7 (day 7). The grey line at expression level of “1” marks the
expression for control treated tumors.
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Direct quantitative analysis of the entry of TBG nanocapsules into tumor cells was undertaken by
testing the uptake of TBG encapsulated dysprosium (TBG-Dy). The presence of dysprosium cargo
(a fluorescent lanthanide element) in dissociated tumor cells was detected by fluorescence activated cell
sorting (FACS) analysis. The results revealed that more than 46% of the cells demonstrated the presence
of the nanocapsules in LNCaP orthotopic tumor cells examined at 20 h after just one nanocapsule
injection via either intravenous or intraperitoneal routes [46]. Uptake of TBG-Dy nanocapsules was
also analyzed by FACS in two models of triple negative breast cancer, demonstrating an average of
33.9% positive cells in SUM-149 tumors and 11% positive cells in one MDA-MB-231 tumor [48].

A complimentary analysis was undertaken to quantify the amount of bioavailable oligomer that
is released into tumor cells following nanocapsule entry and proteolytic breakdown. In this study,
mice carrying PC3-LN4 xenograft flank tumors were injected with TBG-RNAi-CK2 nanocapsules or
with a combination of naked RNAi-CK2 oligomer plus TBG-erythritol. The naked oligomer/sugar
nanocapsule combination was used to formally test that the RNAi-CK2 oligomers are entering tumor
cells due to TBG encapsulation and not due to non-specific association with TBG. Released RNAi-CK2
oligomer was measured in RNA purified from tumor homogenates using quantitative stem-loop
reverse transcriptase PCR. The results demonstrated that six of six tumors from mice receiving
TBG-RNAi-CK2 contained an average of 152 fmols of released oligomer per gram of tumor. In contrast,
none of the six tumors from mice receiving naked RNAi-CK2/TBG-erythritol contained detectable
oligomer, indicating the utility and necessity of the TBG encapsulation. Taking the TBG-Dy uptake
data together with the oligomer release data, and using the generally accepted value of 109 cells per
gram of tumor, we calculate that approximately 197 RNAi-CK2 oligomers were contained per tumor
cell. The nanocapsule uptake and oligomer release data from prostate cancer xenograft tumors is
summarized in Figure 4.

Figure 4. Quantitative analyses for TBG nanocapsule delivery to tumor and for release of RNAi-CK2
oligomer within tumors. Mice carrying LNCaP orthotopic xenograft tumors were injected via tail vein
or intraperitoneal routes with TBG-Dy nanocapsules. The tumors were collected 20 h post-injection, the
cells were dissociated, and the Dy signal was detected by FACS. For detection of oligomer within tumors,
mice carrying PC3-LN4 xenograft flank tumors were treated once by tail vein injection at 1 mg/kg
dose. Twenty-four hours after injection, RNAi-CK2 oligomer with a standard 3’-OH chemistry was
detected by quantitative stem-loop RT-PCR on RNA purified from tissues. The number of oligomers
released per cell was based on the mean percentage of Dy(+) prostate cells per tumor, the mean fmols
of oligomer released per gram of tumor, and the mean theoretical number of cells per gram of tumor
as 109. q-SL-RT-PCR, quantitative stem-loop reverse transcriptase polymerase chain reaction. FACS,
fluorescence activated cell sorting.
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The above-described studies clearly established the potential of the TBG-based nanocapsule
as a means of delivering the anti-CK2 RNAi therapy in a protected and cancer-cell-specific manner.
We have also examined the effects of TBG nanoencapsulated anti-CK2 therapy in HNSCC. Similar
to the data discussed for prostate and breast cancer, short-term studies in HNSCC demonstrated
the efficacy of TBG nanoencapsulated RNAi-CK2 in multiple models of HNSCC [62]. A significant
reduction in tumor growth was demonstrated concordant with modulation of CK2 targets including
NFκB regulated molecules, TP53 protein, and apoptosis pathway proteins [62]. In follow-up studies,
evidence was produced to show that TBG nanocapsule-delivered RNAi-CK2 co-opted the Ago 2/RISC
pathway to target the CK2α/α’ mRNAs. The TBG-RNAi-CK2 nanocapsules reduced the growth
of three different xenograft models of HNSCC affecting not only the primary tumor but also the
metastases [47]. In these studies, a 6-month host survival was achieved at relatively low doses of
the therapeutic agent without any apparent adverse effect in normal tissues, further supporting the
translational potential of the TBG-RNAi-CK2 therapeutic for diverse cancers.

2.6. Phase I Trial of TBG-RNAi-CK2 in Large Animal Patients

Recently, we demonstrated that feline oral squamous cell carcinoma (FOSCC) and feline breast
cancer cell lines have high expression of CK2 and that downregulation of CK2 in these cells resulted in
induction of apoptosis analogous to observations on various cancer cell lines of human origin [7,67].
For the TBG-RNAi-CK2 nanocapsule to enter human clinical translation, an important step is to test
its effects in large animals. FOSCC is commonly observed in domestic cats and has many features
in common with human HNSCC; accordingly, FOSCC has been proposed as a large animal model
for human HNSCC [68]. We decided to undertake a preclinical phase I trial of TBG-RNAi-CK2 use
in FOSCC patients. The primary goal of this trial was to evaluate safety of the nanocapsule use, and
a secondary goal was to assess for evidence of anti-CK2 targeting and tumor response. RNAi-CK2
oligomers were designed to specifically target feline CK2α and α’ and were formulated into TBG
nanocapsules. Our study involved nine FOSCC patients with advanced disease and these patients
were given two intravenous treatments per week of the therapeutic agent over a total period of three
weeks. Two dose levels of the therapeutic were employed for two groups divided between the nine
enrolled cats. Tumor and normal oral mucosal tissue biopsies were collected zero to seven days before
treatment was initiated and again three to four days after the last treatment. Tumors were measured at
treatment initiation and completion, and blood was collected for analyses at treatment start, once per
week during treatment, and after treatment ceased. Tumor response was evaluated by RECIST criteria.
Results from this initial large animal study are promising (our unpublished data), and together with
the mouse studies provide a strong impetus for the pursuit of the TBG-RNAi-CK2 based nanomedicine
approach for further studies to enter human clinical trials.

3. Conclusions

We have provided a brief overview of our work that contributed to the linking of CK2 to the
cancer cell phenotype. Overexpression of CK2 in cancer cells at the protein level is a consistent
observation, and much evidence now supports the notion that CK2 is a desirable target for cancer
therapy. The elevation of CK2 in benign proliferation, as observed in BPH compared with PCa,
suggests a complex role and possible involvement of other signals (such as NFκB p65) in the biology
of CK2 in benign growth versus cancer cell growth. Since CK2 is essential for cell survival, one would
surmise that loss of its physical presence and/or its lack of function would result in an effective
mode of cancer therapy. Chemical or molecular downregulation of CK2 results in potent induction of
cell death in cancer cells but normal cells tend to be somewhat resistant to downregulation of CK2,
suggesting a possible therapeutic window that may be utilized for use of small molecule inhibitors
of CK2 as chemotherapeutic agents. However, therapeutic targeting of CK2 through its molecular
downregulation (using RNAi methods) warrants that the anti-CK2 therapeutic agent delivery is
achieved in a protected and cancer cell-specific manner. Towards that end, we have described the
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application of a TBG nanocapsule that has the properties of delivering CK2 RNAi oligomers to primary
and metastatic sites in several types of xenograft tumor models resulting in inhibition of tumor growth.
The TBG-RNAi-CK2 drug has essentially no adverse effects in normal cells, and in a small study of
naturally occurring feline oral cancer we found the drug to be well tolerated without any serious
adverse events. Our studies on PCa therapy have highlighted the observation that downregulation
of CK2 is effective in treatment of the therapy resistant form of prostate cancer, namely, CRPC, thus
highlighting the utility of this therapeutic approach to hormonal cancers regardless of the activity of
various receptors present therein.

Based on our observations in cultured cells, where precise and/or very short timed effects are more
feasible, and in xenograft tumor models, we propose that loss of CK2 holoenzyme proteins and/or
enzymatic activity induces cell death in at least two ways. First, acute loss of CK2 function (greater
than 30% loss) causes rapid induction of cell death via decreased mitochondrial health, induction of
reactive oxygen species (ROS), and loss of survival proteins such as Bcl-xL. Second, sustained but
less severe loss of CK2 function over time causes cell cycle arrest, decreased proliferative signaling
such as NFκB p65 activation and localization, induction of cell death through loss of survival proteins
such as survivin and Bcl-xL, and through caspase 3 activation. This general theory on the function of
the TBG-CK2-RNAi nanocapsules as a cancer therapeutic is described in the following flow diagram
(Figure 5), and references for this diagram are found here [46–49,62–64,69–76].

Figure 5. Flow chart illustrating proposed timeline of response and mechanisms of drug action and
cell death within tumors. Notes: translational block of CK2αα’ mRNAs is inferred; loss of Δψ m
(mitochondrial membrane potential) and induction of ROS in tumors on day 5 are based on data in
cultured cells, not tumor data; decreased proliferation is based on published Ki-67 data in tumors; cell
cycle arrest is based on cultured cell data.

Thus, based on the various observations described in the foregoing we propose that the TBG
nanocapsule delivery of RNAi-CK2 specifically to cancer cells merits further consideration as a
therapeutic agent for various cancers. Future work will broaden our elucidation of the timing and
steps in death pathway mechanisms induced by acute and chronic CK2 signaling loss.

Acknowledgments: This work was supported by Merit Review research funds BX001731 awarded by the
Department of Veterans Affairs (K.A.); research grant CA150182 awarded by the National Cancer Institute,
NIH, Department of Health and Human Services (K.A.); University of Minnesota Clinical and Translational
Sciences Award 1UL1-RR033183-01 (K.A.); research grants CA158730 and DK067436 awarded by NCI
and NIDDK, respectively, NIH, Department of Health and Human Services (B.T.K.); and research grants
HHS-N261-2008-00027/N42CM-2008-00027C, CA99366, and CA119556 awarded by National Cancer Institute,
NIH, Department of Health and Human Services (G.M.U.).

Author Contributions: J.H.T. designed and performed experiments, analyzed data, and wrote the manuscript;
B.T.K. designed and performed experiments, analyzed data, and edited the manuscript; M.J.A. designed and
performed experiments; R.I.V. performed statistical analyses and edited the manuscript; C.M.C. designed and
performed experiments, responsible for all clinical aspects of the cat study; G.M.U. designed and performed

100



Pharmaceuticals 2017, 10, 25

experiments and synthesized the nanocapsules; K.A. advised on experimental design, discussed results, and
wrote the manuscript.

Conflicts of Interest: G.M. Unger has ownership interest (including patents) in GeneSegues Therapeutics.
Other authors declare no conflict of interest. The views expressed in this article are those of the authors and do
not necessarily reflect the position or policy of the U.S. Department of Veterans Affairs or the U.S. government.

References

1. Guerra, B.; Issinger, O.-G. Protein kinase CK2 and its role in cellular proliferation, development and
pathology. Electrophoresis 1999, 20, 391–408. [CrossRef]

2. Guerra, B.; Issinger, O.-G. Protein kinase CK2 in human diseases. Curr. Med. Chem. 2008, 15, 1870–1886.
[CrossRef] [PubMed]

3. Pinna, L.A. Protein kinase CK2: A challenge to canons. J. Cell Sci. 2002, 115, 3873–3878. [CrossRef] [PubMed]
4. Ahmed, K. Significance of the casein kinase system in cell growth and proliferation with emphasis on studies

of the androgenic regulation of the prostate. Cell. Mol. Biol. Res. 1994, 40, 1–11. [PubMed]
5. Ruzzene, M.; Pinna, L.A. Addiction to protein kinase CK2: A common denominator of diverse cancer cells?

Biochim. Biophys. Acta 2010, 1804, 499–504. [CrossRef] [PubMed]
6. Meggio, F.; Pinna, L.A. One-thousand-and-one substrates of protein kinase CK2? FASEB J. 2003, 17, 349–368.

[CrossRef] [PubMed]
7. Tawfic, S.; Yu, S.; Wang, H.; Faust, R.; Davis, A.; Ahmed, K. Protein kinase CK2 signal in neoplasia.

Histol. Histopathol. 2001, 16, 573–582. [PubMed]
8. Guo, C.; Yu, S.; Davis, A.T.; Wang, H.; Green, J.E.; Ahmed, K. A potential role of nuclear matrix-associated

protein kinase CK2 in protection against drug-induced apoptosis in cancer cells. J. Biol. Chem. 2001, 276,
5992–5999. [CrossRef] [PubMed]

9. Ahmed, K.; Gerber, D.A.; Cochet, C. Joining the cell survival squad: An emerging role for protein kinase
CK2. Trends Cell Biol. 2002, 12, 226–230. [CrossRef]

10. Ahmad, K.A.; Wang, G.; Unger, G.; Slaton, J.; Ahmed, K. Protein kinase CK2—A key suppressor of apoptosis.
Adv. Enzyme Regul. 2008, 48, 179–187. [CrossRef] [PubMed]

11. Trembley, J.H.; Qaiser, F.; Kren, B.T.; Ahmed, K. CK2—A global regulator of cell death. In Protein Kinase CK2
Cellular Function in Normal and Disease States; Ahmed, K., Issinger, O.-G., Szyszka, R., Eds.; Springer: Cham,
Switzerland, 2015; Volume 12, pp. 159–181.

12. Wang, H.; Davis, A.; Yu, S.; Ahmed, K. Response of cancer cells to molecular interruption of the CK2 signal.
Mol. Cell. Biochem. 2001, 227, 167–174. [CrossRef] [PubMed]

13. Perea, S.E.; Baladron, I.; Garcia, Y.; Perera, Y.; Lopez, A.; Soriano, J.L.; Batista, N.; Palau, A.; Hernández, I.;
Farina, H.; et al. CIGB-300, a synthetic peptide-based drug that targets the CK2 phosphoaceptor domain.
Translational and clinical research. Mol. Cell. Biochem. 2011, 356, 45–50. [CrossRef] [PubMed]

14. Pinna, L.A.; Allende, J.E. Protein kinase CK2 in health and disease: Protein kinase CK2: An ugly duckling in
the kinome pond. Cell. Mol. Life Sci. 2009, 66, 1795–1799. [CrossRef] [PubMed]

15. Pierre, F.; Chua, P.C.; O’Brien, S.E.; Siddiqui-Jain, A.; Bourbon, P.; Haddach, M.; Michaux, J.; Nagasawa, J.;
Schwaebe, M.K.; Stefan, E.; et al. Discovery and SAR of 5-(3-chlorophenylamino)benzo[c][2,6]naphthyridine-
8-carboxylic acid (CX-4945), the first clinical stage inhibitor of protein kinase CK2 for the treatment of cancer.
J. Med. Chem. 2011, 54, 635–654. [CrossRef] [PubMed]

16. Ortega, C.E.; Seidner, Y.; Dominguez, I. Mining CK2 in cancer. PLoS ONE 2014, 9, e115609. [CrossRef]
[PubMed]

17. Faust, R.A.; Niehans, G.; Gapany, M.; Hoistad, D.; Knapp, D.; Cherwitz, D.; Davis, A.; Adams, G.L.;
Ahmed, K. Subcellular immunolocalization of protein kinase CK2 in normal and carcinoma cells. Int. J.
Biochem. Cell Biol. 1999, 31, 941–949. [CrossRef]

18. Dominguez, I.; Sonenshein, G.E.; Seldin, D.C. Protein kinase CK2 in health and disease: CK2 and its role
in Wnt and NF-κB signaling: Linking development and cancer. Cell. Mol. Life Sci. 2009, 66, 1850–1857.
[CrossRef] [PubMed]

19. Seldin, D.C.; Landesman-Bollag, E.; Farago, M.; Currier, N.; Lou, D.; Dominguez, I. CK2 as a positive
regulator of Wnt signalling and tumourigenesis. Mol. Cell. Biochem. 2005, 274, 63–67. [CrossRef] [PubMed]

101



Pharmaceuticals 2017, 10, 25

20. Zhang, H.-X.; Jiang, S.-S.; Zhang, X.-F.; Zhou, Z.-Q.; Pan, Q.-Z.; Chen, C.-L.; Zhao, J.-J.; Tang, Y.; Xia, J.-C.;
Weng, D.-S. Protein kinase CK2α catalytic subunit is overexpressed and serves as an unfavorable prognostic
marker in primary hepatocellular carcinoma. Oncotarget 2015, 6, 34800. [PubMed]

21. Ahmed, K.; Davis, A.T.; Wang, H.; Faust, R.A.; Yu, S.; Tawfic, S. Significance of protein kinase CK2 nuclear
signaling in neoplasia. J. Cell. Biochem. Suppl. 2000, 35, 130–135. [CrossRef]

22. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
[PubMed]

23. Wang, G.; Ahmad, K.A.; Ahmed, K. Modulation of death receptor-mediated apoptosis by CK2.
Mol. Cell. Biochem. 2005, 274, 201–205. [CrossRef] [PubMed]

24. Trembley, J.H.; Wang, G.; Unger, G.; Slaton, J.; Ahmed, K. Protein kinase CK2 in health and disease: CK2:
A key player in cancer biology. Cell. Mol. Life Sci. 2009, 66, 1858–1867. [CrossRef] [PubMed]

25. Trembley, J.H.; Wu, J.; Unger, G.M.; Kren, B.T.; Ahmed, K. CK2 suppression of apoptosis and its implications
in cancer biology and therapy. In Protein Kinase CK2; the Wiley-IUBMB Series on Biochemistry and Molecular
Biology; Pinna, L.A., Ed.; Wiley: Hoboken, NJ, USA, 2013; pp. 319–333.

26. Gapany, M.; Faust, R.A.; Tawfic, S.; Davis, A.; Adams, G.L.; Ahmed, K. Association of elevated protein kinase
CK2 activity with aggressive behavior of squamous cell carcinoma of the head and neck. Mol. Med. 1995, 1,
659–666. [PubMed]

27. Yenice, S.; Davis, A.T.; Goueli, S.A.; Akdas, A.; Limas, C.; Ahmed, K. Nuclear casein kinase 2 (CK-2) activity
in human normal, benign hyperplastic, and cancerous prostate. Prostate 1994, 24, 11–16. [CrossRef] [PubMed]

28. Faust, R.A.; Gapany, M.; Tristani, P.; Davis, A.; Adams, G.L.; Ahmed, K. Elevated protein kinase CK2 activity
in chromatin of head and neck tumors: Association with malignant transformation. Cancer Lett. 1996, 101,
31–35. [CrossRef]

29. Giusiano, S.; Cochet, C.; Filhol, O.; Duchemin-Pelletier, E.; Secq, V.; Bonnier, P.; Carcopino, X.; Boubli, L.;
Birnbaum, D.; Garcia, S.; et al. Protein kinase CK2α subunit over-expression correlates with metastatic risk
in breast carcinomas: Quantitative immunohistochemistry in tissue microarrays. Eur. J. Cancer 2011, 47,
792–801. [CrossRef] [PubMed]

30. Laramas, M.; Pasquier, D.; Filhol, O.; Ringeisen, F.; Descotes, J.L.; Cochet, C. Nuclear localization of protein
kinase CK2 catalytic subunit (CK2α) is associated with poor prognostic factors in human prostate cancer.
Eur. J. Cancer 2007, 43, 928–934. [CrossRef] [PubMed]

31. Ahmed, K.; Yenice, S.; Davis, A.; Goueli, S.A. Association of casein kinase 2 with nuclear chromatin in
relation to androgenic regulation of rat prostate. Proc. Natl. Acad. Sci. USA 1993, 90, 4426–4430. [CrossRef]
[PubMed]

32. Rayan, A.; Goueli, S.A.; Lange, P.; Ahmed, K. Chromatin-associated protein kinases in human normal and
benign hyperplastic prostate. Cancer Res. 1985, 45, 2277–2282. [PubMed]

33. Qaiser, F.; Trembley, J.H.; Sadiq, S.; Muhammad, I.; Younis, R.; Hashmi, S.N.; Murtaza, B.; Rector, T.S.;
Naveed, A.K.; Ahmed, K. Examination of CK2α and NF-κB p65 expression in human benign prostatic
hyperplasia and prostate cancer tissues. Mol. Cell. Biochem. 2016, 420, 43–51. [CrossRef] [PubMed]

34. Wang, D.; Westerheide, S.D.; Hanson, J.L.; Baldwin, A.S. Tumor necrosis factor α-induced phosphorylation
of RelA/p65 on Ser529 is controlled by casein kinase II. J. Biol. Chem. 2000, 275, 32592–32597. [CrossRef]
[PubMed]

35. Taylor, B.S.; Schultz, N.; Hieronymus, H.; Gopalan, A.; Xiao, Y.; Carver, B.S. Integrative genomic profiling of
human prostate cancer. Cancer Cell 2010, 18, 11–22. [CrossRef] [PubMed]

36. Robinson, D.; Van Allen, E.M.; Wu, Y.M.; Schultz, N.; Lonigro, R.J.; Mosquera, J.M.; Montgomery, B.;
Taplin, M.E.; Pritchard, C.C.; Attard, G.; et al. Integrative clinical genomics of advanced prostate cancer. Cell
2015, 161, 1215–1228. [CrossRef] [PubMed]

37. Cancer Genome Atlas Research Network. The molecular taxonomy of primary prostate cancer. Cell 2015,
163, 1011–1025.

38. Slaton, J.W.; Unger, G.M.; Sloper, D.T.; Davis, A.T.; Ahmed, K. Induction of apoptosis by antisense CK2 in
human prostate cancer xenograft model. Mol. Cancer Res. 2004, 2, 712–721. [PubMed]

39. Wang, G.; Unger, G.; Ahmad, K.A.; Slaton, J.W.; Ahmed, K. Downregulation of CK2 induces apoptosis
in cancer cells—A potential approach to cancer therapy. Mol. Cell. Biochem. 2005, 274, 77–84. [CrossRef]
[PubMed]

102



Pharmaceuticals 2017, 10, 25

40. Trembley, J.H.; Chen, Z.; Unger, G.; Slaton, J.; Kren, B.T.; Van Waes, C.; Ahmed, K. Emergence of protein
kinase CK2 as a key target in cancer therapy. Biofactors 2010, 36, 187–195. [CrossRef] [PubMed]

41. Sarno, S.; Pinna, L.A. Protein kinase CK2 as a druggable target. Mol. Biosyst. 2008, 4, 889–894. [CrossRef]
[PubMed]

42. Sarno, S.; Ruzzene, M.; Frascella, P.; Pagano, M.A.; Meggio, F.; Zambon, A.; Mazzorana, M.; Di Maira, G.;
Lucchini, V.; Pinna, L.A. Development and exploitation of CK2 inhibitors. Mol. Cell. Biochem. 2005, 274,
69–76. [CrossRef] [PubMed]

43. Cozza, G.; Zanin, S.; Sarno, S.; Costa, E.; Girardi, C.; Ribaudo, G.; Salvi, M.; Zagotto, G.; Ruzzene, M.;
Pinna, L.A. Design, validation and efficacy of bisubstrate inhibitors specifically affecting ecto-CK2 kinase
activity. Biochem. J. 2015, 471, 415–430. [CrossRef] [PubMed]

44. Siddiqui-Jain, A.; Drygin, D.; Streiner, N.; Chua, P.; Pierre, F.; O’Brien, S.E.; Bliesath, J.; Omori, M.; Huser, N.;
Ho, C.; et al. CX-4945, an orally bioavailable selective inhibitor of protein kinase CK2, inhibits prosurvival
and angiogenic signaling and exhibits antitumor efficacy. Cancer Res. 2010, 70, 10288–10298. [CrossRef]
[PubMed]

45. Siddiqui-Jain, A.; Bliesath, J.; Macalino, D.; Omori, M.; Huser, N.; Streiner, N.; Ho, C.B.; Anderes, K.;
Proffitt, C.; O’Brien, S.E.; et al. CK2 inhibitor CX-4945 suppresses DNA repair response triggered by
DNA-targeted anticancer drugs and augments efficacy: Mechanistic rationale for drug combination therapy.
Mol. Cancer Ther. 2012, 11, 994–1005. [CrossRef] [PubMed]

46. Ahmed, K.; Kren, B.T.; Abedin, M.J.; Vogel, R.I.; Shaughnessy, D.P.; Nacusi, L.; Korman, V.L.; Li, Y.;
Dehm, S.M.; Zimmerman, C.L.; et al. CK2 targeted RNAi therapeutic delivered via malignant cell-directed
tenfibgen nanocapsule: Dose and molecular mechanisms of response in xenograft prostate tumors. Oncotarget
2016, 7, 61789–61805. [CrossRef] [PubMed]

47. Unger, G.M.; Kren, B.T.; Korman, V.L.; Kimbrough, T.G.; Vogel, R.I.; Ondrey, F.G.; Trembley, J.H.; Ahmed, K.
Mechanism and efficacy of sub-50-nm tenfibgen nanocapsules for cancer cell-directed delivery of anti-CK2
RNAi to primary and metastatic squamous cell carcinoma. Mol. Cancer Ther. 2014, 13, 2018–2029. [CrossRef]
[PubMed]

48. Kren, B.; Unger, G.; Abedin, M.; Vogel, R.; Henzler, C.; Ahmed, K.; Trembley, J. Preclinical evaluation of cyclin
dependent kinase 11 and casein kinase 2 survival kinases as RNA interference targets for triple negative
breast cancer therapy. Breast Cancer Res. 2015, 17, 19. [CrossRef] [PubMed]

49. Qaiser, F.; Trembley, J.H.; Kren, B.T.; Wu, J.J.; Naveed, A.K.; Ahmed, K. Protein kinase CK2 inhibition induces cell
death via early impact on mitochondrial function. J. Cell. Biochem. 2014, 115, 2103–2115. [CrossRef] [PubMed]

50. Girardi, C.; Ottaviani, D.; Pinna, L.A.; Ruzzene, M. Different persistence of the cellular effects promoted by
protein kinase CK2 inhibitors CX-4945 and TDB. Biomed. Res. Int. 2015, 2015, 185736. [CrossRef] [PubMed]

51. Cree, I.A.; Charlton, P. Molecular chess? Hallmarks of anti-cancer drug resistance. BMC Cancer 2017, 17, 10.
[CrossRef] [PubMed]

52. Ahmed, K.; Unger, G.M.; Kren, B.T.; Trembley, J.H. Targeting CK2 for Cancer Therapy Using A Nanomedicine
Approach. In Protein Kinase CK2 in Cellular Function in Normal and Disease States; Ahmed, K., Issinger, O.-G.,
Szyszka, R., Eds.; Springer International Publishing Switzerland: Gewerbestrasse, Switzerland, 2015;
Volume 12, pp. 299–315.

53. Unger, G.; Trembley, J.; Kren, B.; Ahmed, K. Nanoparticles in cancer therapy. In Encyclopedia of Cancer:
SpringerReference; Schwab, M., Ed.; Springer: Heidelberg, Germany, 2012; pp. 1–4.

54. Trembley, J.H.; Unger, G.M.; Korman, V.L.; Tobolt, D.K.; Kazimierczuk, Z.; Pinna, L.A.; Kren, B.T.; Ahmed, K.
Nanoencapsulated anti-CK2 small molecule drug or sirna specifically targets malignant cancer but not
benign cells. Cancer Lett. 2012, 315, 48–58. [CrossRef] [PubMed]

55. Tuxhorn, J.A.; Ayala, G.E.; Rowley, D.R. Reactive stroma in prostate cancer progression. J. Urol. 2001, 166,
2472–2483. [CrossRef]

56. Erickson, H.P.; Bourdon, M.A. Tenascin: An extracellular matrix protein prominent in specialized embryonic
tissues and tumors. Annu. Rev. Cell Biol. 1989, 5, 71–92. [CrossRef] [PubMed]

57. Chiquet-Ehrismann, R.; Chiquet, M. Tenascins: Regulation and putative functions during pathological stress.
J. Pathol. 2003, 200, 488–499. [CrossRef] [PubMed]

58. Yokoyama, K.; Erickson, H.P.; Ikeda, Y.; Takada, Y. Identification of amino acid sequences in fibrinogen
gamma -chain and tenascin C C-terminal domains critical for binding to integrin αvβ3. J. Biol. Chem. 2000,
275, 16891–16898. [CrossRef] [PubMed]

103



Pharmaceuticals 2017, 10, 25

59. Desgrosellier, J.S.; Cheresh, D.A. Integrins in cancer: Biological implications and therapeutic opportunities.
Nat. Rev. Cancer 2010, 10, 9–22. [CrossRef] [PubMed]

60. Guttery, D.; Shaw, J.; Lloyd, K.; Pringle, J.; Walker, R. Expression of tenascin-C and its isoforms in the breast.
Cancer Metastasis Rev. 2010, 1–12. [CrossRef] [PubMed]

61. Oskarsson, T.; Acharyya, S.; Zhang, X.H.; Vanharanta, S.; Tavazoie, S.F.; Morris, P.G.; Downey, R.J.;
Manova-Todorova, K.; Brogi, E.; Massague, J. Breast cancer cells produce tenascin C as a metastatic niche
component to colonize the lungs. Nat. Med. 2011, 17, 867–874. [CrossRef] [PubMed]

62. Brown, M.S.; Diallo, O.T.; Hu, M.; Ehsanian, R.; Yang, X.; Arun, P.; Lu, H.; Korman, V.; Unger, G.; Ahmed, K.;
et al. CK2 modulation of NF-κB, TP53, and the malignant phenotype in head and neck cancer by anti-CK2
oligonucleotides in vitro or in vivo via sub-50-nm nanocapsules. Clin. Cancer Res. 2010, 16, 2295–2307.
[CrossRef] [PubMed]

63. Trembley, J.H.; Unger, G.M.; Gomez, O.C.; Abedin, J.; Korman, V.L.; Vogel, R.I.; Niehans, G.; Kren, B.T.;
Ahmed, K. Tenfibgen-DMAT nanocapsule delivers CK2 inhibitor dmat to prostate cancer xenograft tumors
causing inhibition of cell proliferation. Mol. Cell. Pharmacol. 2014, 6, 15–25. [PubMed]

64. Trembley, J.H.; Unger, G.M.; Korman, V.L.; Abedin, M.J.; Nacusi, L.P.; Vogel, R.I.; Slaton, J.W.; Kren, B.T.; Ahmed, K.
Tenfibgen ligand nanoencapsulation delivers bi-functional anti-CK2 RNAi oligomer to key sites for prostate
cancer targeting using human xenograft tumors in mice. PLoS ONE 2014, 9, e109970. [CrossRef] [PubMed]

65. Bartlett, D.W.; Davis, M.E. Impact of tumor-specific targeting and dosing schedule on tumor growth
inhibition after intravenous administration of sirna-containing nanoparticles. Biotechnol. Bioeng. 2008, 99,
975–985. [CrossRef] [PubMed]

66. Kren, B.T.; Korman, V.L.; Tobolt, D.K.; Unger, G.M. Subcutaneous delivery of hepatocyte targeted sub-50 nm
nanoencapsulated sirna mediates gene silencing. Mol. Ther. 2011, 19, S319–S320.

67. Cannon, C.M.; Trembley, J.H.; Kren, B.T.; Unger, G.M.; O’Sullivan, M.G.; Cornax, I.; Modiano, J.F.; Ahmed, K.
Protein kinase CK2 as a promising new therapeutic target in feline squamous cell carcinoma. Am. J. Vet. Res.
2017, in press.

68. Wypij, J.M. A naturally occurring feline model of head and neck squamous cell carcinoma. Pathol. Res. Int.
2013, 2013, 7. [CrossRef] [PubMed]

69. Hanif, I.M.; Ahmad, K.A.; Ahmed, K.; Pervaiz, S. Involvement of reactive oxygen species in apoptosis
induced by pharmacological inhibition of protein kinase CK2. Ann. N. Y. Acad. Sci. 2009, 1171, 591–599.
[CrossRef] [PubMed]

70. Tapia, J.C.; Torres, V.A.; Rodriguez, D.A.; Leyton, L.; Quest, A.F. Casein kinase 2 (CK2) increases
survivin expression via enhanced beta-catenin-T cell factor/lymphoid enhancer binding factor-dependent
transcription. Proc. Natl. Acad. Sci. USA 2006, 103, 15079–15084. [CrossRef] [PubMed]

71. Wang, H.; Yu, S.; Davis, A.T.; Ahmed, K. Cell cycle dependent regulation of protein kinase CK2 signaling to
the nuclear matrix. J. Cell. Biochem. 2003, 88, 812–822. [CrossRef] [PubMed]

72. Ahmad, K.A.; Wang, G.; Ahmed, K. Intracellular hydrogen peroxide production is an upstream event in
apoptosis induced by down-regulation of casein kinase 2 in prostate cancer cells. Mol. Cancer Res. 2006, 4,
331–338. [CrossRef] [PubMed]

73. Ahmad, K.A.; Harris, N.H.; Johnson, A.D.; Lindvall, H.C.; Wang, G.; Ahmed, K. Protein kinase
CK2 modulates apoptosis induced by resveratrol and epigallocatechin-3-gallate in prostate cancer cells.
Mol. Cancer Ther. 2007, 6, 1006–1012. [CrossRef] [PubMed]

74. Yu, S.; Wang, H.; Davis, A.; Ahmed, K. Consequences of CK2 signaling to the nuclear matrix.
Mol. Cell. Biochem. 2001, 227, 67–71. [CrossRef] [PubMed]

75. Wang, G.; Ahmad, K.A.; Harris, N.H.; Ahmed, K. Impact of protein kinase CK2 on inhibitor of apoptosis
proteins in prostate cancer cells. Mol. Cell. Biochem. 2008, 316, 91–97. [CrossRef] [PubMed]

76. Trembley, J.H.; Unger, G.M.; Tobolt, D.K.; Korman, V.L.; Wang, G.; Ahmad, K.A.; Slaton, J.W.; Kren, B.T.;
Ahmed, K. Systemic administration of antisense oligonucleotides simultaneously targeting CK2α and α’
subunits reduces orthotopic xenograft prostate tumors in mice. Mol. Cell. Biochem. 2011, 356, 21–35.
[CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

104



pharmaceuticals

Article

Targeting Protein Kinase CK2: Evaluating CX-4945
Potential for GL261 Glioblastoma Therapy in
Immunocompetent Mice

Laura Ferrer-Font 1,2,3, Lucia Villamañan 1, Nuria Arias-Ramos 1,2, Jordi Vilardell 4, Maria Plana 1,

Maria Ruzzene 4, Lorenzo A. Pinna 4,5, Emilio Itarte 1, Carles Ar ús 1,2,3

and Ana Paula Candiota 2,1,3,*

1 Departament de Bioquímica i Biologia Molecular, Unitat de Bioquímica de BiociÙncies, Edifici C, Universitat
AutÈnoma de Barcelona, Cerdanyola del VallÙs 08193, Spain; Laura.Ferrer@uab.cat (L.F.-F.);
Lucia.Villamanan@uab.cat (L.V.); Nuria.Arias@uab.cat (N.A.-R.); Maria.Plana@uab.cat (M.P.);
Emili.Itarte@uab.cat (E.I.); Carles.Arus@uab.es (C.A.)

2 Centro de Investigación Biomédica en Red en Bioingeniería, Biomateriales y Nanomedicina (CIBER-BBN),
Cerdanyola del VallÙs 08193, Spain

3 Institut de Biotecnologia i de Biomedicina (IBB), Universitat AutÈnoma de Barcelona,
Cerdanyola del VallÙs 08193, Spain

4 Department of Biomedical Sciences, University of Padova, Padova 35131, Italy;
jordivilardellvila@gmail.com (J.V.); maria.ruzzene@unipd.it (M.R.); lorenzo.pinna@unipd.it (L.A.P.)

5 Consiglio Nazionale delle Ricerche (CNR), Neuroscience Institute, Padova 35131, Italy
* Correspondence: AnaPaula.Candiota@uab.cat; Tel.: +34-93-581-4126; Fax: +34-93-581-1264

Academic Editor: Marc Le Borgne
Received: 30 November 2016; Accepted: 6 February 2017; Published: 12 February 2017

Abstract: Glioblastoma (GBM) causes poor survival in patients even with aggressive treatment.
Temozolomide (TMZ) is the standard chemotherapeutic choice for GBM treatment but resistance
always ensues. Protein kinase CK2 (CK2) contributes to tumour development and proliferation in
cancer, and it is overexpressed in human GBM. Accordingly, targeting CK2 in GBM may benefit
patients. Our goal has been to evaluate whether CK2 inhibitors (iCK2s) could increase survival in
an immunocompetent preclinical GBM model. Cultured GL261 cells were treated with different
iCK2s including CX-4945, and target effects evaluated in vitro. CX-4945 was found to decrease CK2
activity and Akt(S129) phosphorylation in GL261 cells. Longitudinal in vivo studies with CX-4945
alone or in combination with TMZ were performed in tumour-bearing mice. Increase in survival
(p < 0.05) was found with combined CX-4945 and TMZ metronomic treatment (54.7 ± 11.9 days, n = 6)
when compared to individual metronomic treatments (CX-4945: 24.5 ± 2.0 and TMZ: 38.7 ± 2.7,
n = 6) and controls (22.5 ± 1.2, n = 6). Despite this, CX-4945 did not improve mice outcome when
administered on every/alternate days, either alone or in combination with 3-cycle TMZ. The highest
survival rate was obtained with the metronomic combined TMZ+CX-4945 every 6 days, pointing to
the participation of the immune system or other ancillary mechanism in therapy response.

Keywords: glioma; preclinical brain tumour; GBM therapeutic target; CK2 inhibitors; CX-4945;
metronomic therapy; immune system

1. Introduction

Glioblastoma (GBM) is the most common aggressive glial primary brain tumour with an average
survival of 14–15 months, even after aggressive treatment [1,2]. Temozolomide (TMZ) plus radiotherapy is
the standard therapeutic choice for GBM treatment and, at present, produces the best survival rates [3].
TMZ is an alkylating agent with a mechanism of action based in damaging DNA through methylation
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of guanine residues, finally leading to cell death. Methylation of the O6 of guanine (O6-MeG) accounts
for only about 5%–10% of DNA adducts, but is the primary responsible for the cytotoxic effects of
TMZ. The O6-MeG lesion leads to DNA double-strand breaks (DSBs) and subsequent cell death via
apoptosis and/or autophagy [4]. In our group, GL261 GBM tumour-bearing mice treated with TMZ
showed a survival rate of 33.8 ± 8.7 days [5] versus control mice, 20.0 ± 4.1 days. Unfortunately,
cancer stem cells (CSCs) are known to mediate chemoresistance, indicating GBM CSCs persistence
even after standard treatment [6]. In addition, cellular exposure to DNA damaging agents (such as
TMZ) may cause mutations and clastogenic effects, potentially resulting in additional malignant
transformation [7]. Due to the poor outcome and resistance to standard therapy, efficient alternative
non-mutagenic treatments are urgently needed for these tumours.

Inhibition of protein kinases has become a standard of modern clinical oncology, and it could
improve GBM patients’ survival. Protein kinase CK2 (CK2), an oncogenic protein kinase, contributes to
tumour development, proliferation, and apoptosis suppression in cancer [8]. It is a constitutively active
serine-threonine kinase and elevated CK2 expression levels have been demonstrated in several cancer
types in comparison with normal tissue [9–11]. Its overexpression has been also proved in human
GBM biopsies compared to adjacent normal tissue [12], regulating signalling pathways involved in
tumour cell survival, proliferation, migration and invasion [13]. Furthermore, we have demonstrated
that CK2 catalytic subunit (CK2α) expression level was higher in preclinical GL261 GBM tumour
and in contralateral brain parenchyma than in wild type C57BL/6 brain parenchyma [14]. These
characteristics identify CK2 as an active therapeutic target, and targeting CK2 in GBM treatment could
benefit patients.

Different CK2 inhibitors (iCK2) have been studied for cancer applications, such as 4,5,6,7-
tetrabromobenzotriazole (TBB) [15,16] or apigenin (APG) [17,18]. Additionally, a more specific CK2
inhibitor, 5-(3-chlorophenylamino)benzo[c][2,6] naphthyridine-8-carboxylic acid (CX-4945) [19–23] has
been reported as the first CK2 inhibitor in clinical stage [24,25]. In vitro studies of breast cancer [21]
and studies with an intracranial xenograft murine glioma model [23] have also presented successful
results for CX-4945. In addition, it has been reported that CX-4945 decreases GBM initiating cell growth
and stemness through β-catenin [26]. Moreover, other promising CK2 inhibitors are in development,
such as tetrabromo-deoxyribofuranosyl-benzimidazole (TDB), a dual inhibitor of CK2 and proviral
integration of Moloney virus (PIM-1) [27]. These results highlight the relevance of CK2 and its
interwoven signalling targets in tumour growth and progression.

Moreover, new therapeutic schedules are being investigated using chemotherapeutic drugs in
a metronomic-like approach, referring to administrations of low and equally spaced doses of
chemotherapeutics without long rest periods in between [28,29], to try to activate immune responses
to potentiate tumour regression and avoid regrowth [29]. For instance, cyclophosphamide (CPA)
metronomic therapy has been shown to activate antitumour CD8+ T-cell response, and also induce
specific long-term T-cell tumour memory in GL261 GBM tumours growing subcutaneously in
immunocompetent mice [30].

The use of animal models in tumour research is mandatory in the search for new therapeutic
targets due to obvious ethical restrictions related to human patients. One of the most investigated
immunocompetent murine brain tumour models is GL261 growing into C57BL/6 mice, used for more
than 20 years in different therapy evaluation approaches [5,31,32].

In this work, we have evaluated iCK2 effects over cultured GL261 cells viability to select the
best candidates for in vivo preclinical studies. Also, preliminary in vivo work with preclinical GBM
was performed, regarding maximum tolerated doses (MTD), tumour targeting effects assessment and
survival rate evaluation in longitudinal studies with C57BL/6 mice bearing GL261 tumours treated
with iCK2.
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2. Results

2.1. GL261 Cell Viability under CK2 Inhibition Treatment

Cultured GL261 cells sensitivity to different treatments was assessed. Figure 1A,B showed a low
half maximal effective concentration (EC50) (12.9 ± 2.3 μM) for APG, similar to CX-4945 (16.5 ± 5.5 μM),
but the final viability reached with APG was only up to 40% of the initial value. Instead, TBB and
CX-4945 both decreased viability to about 20% of the initial value. Regarding to TBB, a concentration of
91.4 ± 8.3 μM produced a 50% viability decrease, whereas for CX-4945, a concentration of 16.5 ± 5.5 μM
produced the same results. In the case of TDB, it showed the lowest EC50 (8.1 ± 1.5 μM), and the final
viability obtained was similar to CX-4945. TMZ EC50 was 747.6 ± 63.3 μM.

Figure 1. GL261 cells viability after treatment; (A) GL261 cells viability (%) “XTT assay” after 72 h of
treatment with temozolomide (TMZ): 0 μM, 0.8 μM, 4 μM, 20 μM, 100 μM, 200 μM, 500 μM, 1000 μM,
5000 μM and 10,000 μM, apigenin (APG) and tetrabromobenzotriazole (TBB): 0 μM, 0.8 μM, 4 μM,
20 μM, 100 μM, 200 μM and 500 μM, CX-4945 and tetrabromo-deoxyribofuranosyl-benzimidazole
(TDB): 0 μM, 0.2 μM, 2 μM, 5 μM, 20 μM, 50 μM, 100 μM, 200 μM and 500 μM); 100% cell viability
was assigned to control cells treated with 0.8% dimethyl sulfoxide (DMSO) (v/v). Experiments were
performed with n = 3–9, and mean ± SD values are shown; (B) EC50 (Half maximal, 50% viability
decrease, effective concentration) mean ± SD values obtained with the different treatments to GL261
cells after 72 h of incubation with the drug; (C) Boxplot of GL261 cells viability after TMZ and CX-4945
treatment. GL261 cells viability (%) “MTT assay” after 72 h of treatment. On the left side, control
(n = 4), CX-4945 30 μM (n = 4), TMZ 1 mM (n = 4) and CX-4945 30 μM plus TMZ 1 mM (n = 3); on the
right side, control (n = 4), CX-4945 50 μM (n = 4), TMZ 1.5 mM (n = 4) and CX-4945 50 μM and TMZ
1.5 mM (n = 3); 100% cell viability was assigned to control cells treated with 0.8% DMSO (v/v). As both
experiments were performed at the same time, controls were acquired only once and, accordingly, the
same control cells results are shown for both experimental conditions. Experiments were performed
with n = 3–4, and mean ± SD values are shown. Boxplot (the limits of the box represent quartiles 1 (Q1)
and 3 (Q3) of the distribution, the central line corresponds to the median (quartile 2). The whiskers
symbolize the maximum and minimum values in each distribution.
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Additionally, an in vitro experiment with combined treatment of GL261 cells was outlined, and
as it can be seen in Figure 1C, we could demonstrate that the combined administration of CX-4945
and TMZ to GL261 cultured cells presented an increased efficacy in comparison with treatments of
single substances alone. TMZ alone reduced cell viability to 82.8% ± 5.6% (at 1 mM) and 59.2% ± 3.2%
(at 1.5 mM) in comparison to controls, whereas CX-4945 alone reduced cell viability to 52.0% ± 1.4%
(at 30 μM) and 31.9% ± 2.1% (at 50 μM). The combined administration of both therapeutic agents
resulted in a cell viability reduction to 35.6% ± 4.7% (TMZ 1 mM + CX-4945 30 μM), and to 21.5% ± 1.0%
(TMZ 1.5 mM + CX-4945 50 μM) in comparison to controls, being clearly superior to the efficacy of each
substance separately. Concentrations chosen were above the EC50 (Figure 1A,B), to ensure enough cell
viability reduction. In the remainder of this study, we decided to focus first on CX-4945, one of the
two most effective CK2 inhibitors tested on GL261 cell viability (Figure 1) because unlike the other
one, TDB, it has been already used in clinical trials [24,25].

2.2. CK2 Activity in GL261 Cells Treated with CX-4945

CK2 activity was analysed in GL261 cells treated with CX-4945 and in control, non-treated cells.
As a reporter of endocellular CK2 activity, the phosphorylation state of the well-known CK2 target
Akt (S129) [33] was analysed. In Figure 2A, p-Akt (S129) normalized to total Akt1 expression was
obtained (at 8 h and 24 h post-treatment) and CX-4945 presented a dose-scale response, being p-Akt
(S129) lower when higher concentrations of the inhibitor were applied. In addition, Figure 2B,C shows
that p-Akt (S129), normalized to total Akt1, is significantly (p < 0.05) less phosphorylated in GL261
cells treated with 67.2 μM CX-4945 compared to control cells. No differences were found for CK2α and
CK2β expression (p > 0.05) between treated and non-treated cells. CK2 activity was also measured
in cell lysates, exploiting a highly specific peptide substrate [34] and significant differences (p < 0.05)
were found between CX-4945 treated cells (Figure 2D) and control cells (pre-treatment). These results
indicate that CX-4945 reduces endogenous CK2 activity when used to treat cultured GL261 cells,
but not the total amount of CK2 subunits present in those cells.

2.3. CX-4945 Mice Tolerability

Before starting longitudinal in vivo treatment experiments, tolerability evaluation was performed
for CX-4945 and TMZ. As it can be observed in Figure S1A, in the first phase, an MTD of 920 mg/kg was
estimated for TMZ and of 1200 mg/kg for CX-4945. These MTD values were chosen because the doses
of 1840 mg/kg (TMZ) and 2400 mg/kg (CX-4945) produced toxicity/adverse effects to the treated mice.
In phase 2, when n = 3 mice where administered with a dosage of 920 mg/kg of TMZ, 9 days after this
single TMZ administration, noticeable body weight decrease was detected in all mice. For this reason,
the experiment was repeated with an n = 3 at the next lower dose, 480 mg/kg (Figure S1B). A similar
situation was observed for CX-4945 when 1200 mg/kg of CX-4945 were administered per n = 3, one
mouse was found dead, the day after administration so the experiment was repeated at 600 mg/kg
(Figure S1C). These results indicate that the MTD (acute dose) is 480 mg/kg for TMZ and 600 mg/Kg
for CX-4945, under our experimental conditions.

2.4. CK2 Activity in CX-4945 Treated Mice

In preliminary in vivo target validation studies, CK2 activity was found significantly (p < 0.05)
reduced in all samples analysed, in comparison to controls (Figure 2E). Values obtained at the different
time points (2 h, 6 h and 24 h) did not present significant differences when compared (p > 0.05), and
results were grouped in n = 6 treated and n = 6 control mice. These results indicate that CX-4945
successfully reached tumours and exerted the expected effect on its target.
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Figure 2. CK2 activity in GL261 cells and tumour samples. (A) Western blot for GL261 cell protein
extracts (25 μg) treated with increasing doses of CX-4945 (from left to right: control (C) and CX-4945
treated cells 5 μM, 10 μM, 20 μM, 30 μM and 60 μM). This experiment was performed with n = 1 for
each condition and for 8 h (upper part) or 24 h (lower part). p-Akt(S129), Akt1 total and β-Tubulin
proteins were analysed; (B) Western blot for GL261 cell protein extracts (25 μg) treated with 67.2 μM
CX-4945 (from left to right: control (C) and CX-4945 treated cells for 1 h, 4 h, 8 h, 12 h and 24 h).
The experiment was performed with n = 3 for each condition. p-Akt(S129), Akt1 total, CK2α, CK2β
and β-Actin proteins were analysed; (C) Quantification of western blot (WB) for GL261 cell protein
extracts (25 μg) treated with CX-4945 (n = 3 per each condition). Ratio (%) of p-Akt(S129) content
divided by Akt1 total content, while the control values (C) for this ratio are taken as the 100% start
value. * = p < 0.05 for Student’s t-test for the comparison of control and treated groups; (D) CK2 activity
measured on a CK2-specific synthetic peptide in lysates from GL261 cells treated with 67.2 μM CX-4945
(n = 3 for each condition). Treatment during 1 h, 4 h, 8 h, 12 h and 24 h. * = p < 0.05 for Student’s t-test
for the comparison of control (100% initial value) and treated groups; (E) Boxplot of CK2 activity in
CX-4945 treated mice compared to control mice. CX-4945 was administered to treated mice during
3 days (a total of 150 mg/Kg/day split into two administrations per day) and mice were euthanized
2 h, 6 h and 24 h after the last CX-4945 administration. As no CK2 activity differences (p > 0.05) were
detected between euthanization time points (2 h, 6 h and 24 h), they were grouped in a single CX-4945
treated group. (* = p > 0.05 for Student’s t-test for the comparison of control and treated groups). CK2
activity was measured on tissue homogenates by means of radioactive assays towards a CK2-specific
peptide. Boxplot features as in Figure 1 legend.
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2.5. Metronomic Longitudinal Treatments with CX-4945 and/or TMZ in Tumour-Bearing Mice

Three metronomic (every 6 days) administration treatments were performed: CX-4945 (n = 6),
TMZ (n = 6) and a combination of CX-4945 and TMZ (n = 6), Figure 3. For the CX-4945 metronomic
treatment, a survival rate of 24.5 ± 2.0 days was found, whereas for TMZ treatment, the survival rate
was 38.7 ± 2.7. For the combined TMZ and CX-metronomic treatment, a provisional survival rate (right
censored data) of 54.7 ± 11.9 days was found (three mice were still alive at day 65 p.i.). All groups
offered significantly higher survival rate (p < 0.05) compared to control mice group (22.5 ± 1.2 days),
Figure 3A. Besides, TMZ alone produced better survival than CX-4945 alone, while combined TMZ
and CX-4945 was better than any of the two alone. Moreover, tumour volume evolution (Figure 3B–E)
was significantly different (p < 0.05) when comparing treated groups with control group. Body weight
was also inspected every day (Figure S3D). At the time of comparing the different treated groups,
significant differences were found regarding weight, tumour volume evolution and survival rate,
being the best results always obtained with the metronomic treatment combining TMZ with CX-4945.

 

Figure 3. Tumour volumes and survival rates for 6-day metronomic treatment. (A) Survival Kaplan-Meier
curve for metronomic CX-4945 treated mice (n = 6), blue line, metronomic TMZ treated mice (n = 6),
red line, CX-4945 and TMZ metronomic treated mice (n = 6), green line, and control mice (n = 6),
black line. Significant differences (p < 0.05) were observed between all treatment groups analysed in
comparison with control mice; (B) Tumour volumes of control mice (n = 6); (C) Tumour volumes of
metronomic CX-treated mice (n = 6); (D) Tumour volumes of metronomic TMZ-treated mice (n = 6);
(E) Tumour volumes of metronomic CX and TMZ- treated mice (n = 6). Significant differences were
found between groups (p < 0.05) when comparing control mice with treated mice, and when comparing
different treatments between them (TMZ, CX-4945 and combined TMZ and CX-4945). The dashed
lines indicate therapy administration points. Cxxxx corresponds to a unique alpha-numeric animal
identifier code in the GABRMN group.

110



Pharmaceuticals 2017, 10, 24

2.6. Non-Metronomic Longitudinal Treatments with CX-4945 and/or TMZ in Tumour-Bearing Mice

Despite having demonstrated that CX-4945 produces a better effect in GL261 implanted mice
when administered in combination with TMZ and administered every 6 days, additional results of
longitudinal mice experiments must be taken into account to better understand its causes, as in some
cases, antagonistic effects can be observed.

 

Figure 4. Tumour volumes, survival rates and CK2 activity and expression in CX-4945 treated mice.
Tumour volumes (recorded at days 5, 11 and 16 p.i.) of treated (n = 6, black line) and control non-treated
bearing tumour mice (n = 6, red line) for (A) CX-4945 treated every day GL261 implanted mice
and (B) CX-4945 treated alternated days GL261 implanted mice. No significant differences were
observed between groups (p > 0.05). The dashed blue line indicates the CX-4945 therapy start point;
(C) Survival Kaplan-Meier curve for CX-4945 treated every day mice (n = 6) and control mice (n = 6);
(D) Survival Kaplan-Meier curve for CX-4945 treated alternated days mice (n = 6) and control mice
(n = 6). No significant differences were found between groups (p > 0.05). The dashed blue line indicates
the CX-4945 therapy start point; (E) Tumour CK2 activity (%) in mice treated with CX-4945, n = 3,
compared with control mice, n = 3. (* = p < 0.05 for Student’s t-test for the comparison of control
and treated groups); (F) Western blot for tumour total protein homogenate (40 μg) from different
mice treated with CX-4945, n = 3, compared with control mice, n = 3. p-Akt(S129), Akt1 total, CK2α,
and α-tubulin proteins were analyzed; (G) Quantification of Western blot for tumour total protein
homogenate (40 μg) from mice treated with CX-4945, n = 3, compared with control mice, n = 3. Ratio
(%) of p-Akt (S129) content divided by Akt1 total content. * = p < 0.05 for Student’s t-test for the
comparison of control and treated groups.
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In this respect, CX-4945 treatment (either every day or alternated days administration at the
classical dose/schedule described by others [21–23]) was performed in GL261 tumour-bearing mice,
and no improvement was detected regarding tumour evolution (Figure 4A,B) or survival rate (p > 0.05,
Figure 4C,D) in comparison with control mice. Figure 4C,D show the survival rate for every day
CX-4945 treatment (20.5 ± 2.0 vs. 20.0 ± 2.1 days for control mice) and for alternated days CX-4945
treatment (20.5 ± 1.8 days vs. 20.5 ± 1.6 days for control mice). Body weight was inspected every
day and no significant differences (p > 0.05) were observed between groups (Figure S3A). Examples
of T2w images for CX-4945 treated mice are shown in Figure S4. To ensure that CX-4945 reached the
tumour, even when no effect on survival could be detected, 6 arbitrarily chosen tumour samples from
the CX-4945 treatment every day (n = 3 treated, n = 3 controls) were analysed for CK2 activity and
p-Akt (S129) WB. The CK2 activity was more than seventeen-fold reduced in CX-4945 treated tumour
compared to control tumour after 10.0 ± 2.0 days of treatment (Figure 4E) and p-Akt (S129)/Akt1
ratio (Figure 4F,G) was found around 20% reduced in CX-4945 treated mice, indicating that CX-4945
had reached the desired target and inhibited CK2 activity, despite no increase of the survival rate
was observed.

An additional experiment with three cycles TMZ and CX-4945 combined administered every day,
produced significantly worse results than TMZ treatment alone (see [5] and Figure S5). In other words,
CX-4945 treatment in vivo, in these conditions, seems to inhibit the beneficial effect produced by TMZ.
Tumour volume curves are shown in Figure 5A. As stated in Figure S3B, three out of the six treated
mice died around day 16 p.i., without noticeable weight reduction. Control mice weight evolution can
be observed in Figure S3C. To compare survival rates between groups, Kaplan-Meier survival curves
were elaborated, and no significant differences were found between TMZ 3 cycles + CX-4945 every day
treated group and control group (p > 0.05, Figure 5B). The average survival rate was 21.3 ± 9.0 days
for treated mice (TMZ 3 cycles + CX-4945 every day) vs. 19.8 ± 1.5 days for control mice, while for
TMZ three cycles only treated mice from previous work (Figure S5) average survival time found
was 33.9 ± 11.7 days. In addition, no significant differences were found when comparing TMZ 3
cycles+CX-4945 every day and CX-4945 everyday alone (survival rates of 19.8 ± 1.5 vs. 20.5 ± 2.0 days,
respectively). C984 mouse was proven to be an outlier both in Grubbs’ and Dixon’s tests for single
outliers (survival rate of 39 days, p < 0.05), but still it was maintained for survival analysis calculations.
Overall average survival for control (untreated) GL261 harbouring mice was 20.8 ± 1.8 days, n = 18,
while previous work from our group had obtained 21.5 ± 3.7 days, n = 61 (Figure S5), without
significant difference (p > 0.05) with the present cohort of mice.

 

Figure 5. Tumour volume and Kaplan-Meier survival curve of mice treated with TMZ combined with
CX-4945; (A) Tumour volumes (recorded at days 6, 11, 14, 17, 19 and 21 p.i.) of control GL261 implanted
mice (n = 6, blue line) and combined TMZ-CX-4945 cycles in GL261 implanted mice (n = 5, red line).
The dashed blue line indicates TMZ and CX-4945 therapy start point. No significant differences were
observed between groups for comparisons of control and treated mice tumour volumes at each time
point (p > 0.05). C984 has been excluded from tumour volume comparisons because it has been proven
an outlier with Grubb’s and Dixon’s tests; (B) Survival Kaplan-Meier curves for TMZ and CX-4945
treated mice (n = 6) and control mice (n = 6). No significant differences were found between groups
(p > 0.05). The dashed blue line indicates TMZ and CX-4945 therapy start point.
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3. Discussion

3.1. Effect of iCK2 on GL261 Cultured Cells

GL261 cultured cells sensitivity was variable for the different iCK2 evaluated. CX-4945 decreased
cell viability to about 20% of the control value. The EC50 found for CX-4945 (16.5 ± 5.5 μM) is similar
to the EC50 found in breast cancer cell lines by others [21], who reported values between 1.7 and 20 μM.
The lowest EC50 (8.1 ± 1.5) was found for TDB, concurring with a previous study [27], where a half
maximal cell death concentration (DC50) of 2.45 ± 0.84 μM was observed for the human HeLa cell line
and of 3.45 ± 0.2 μM for human T lymphoblastoid cells. The standard GBM chemotherapeutic agent,
TMZ, reached the EC50 at 747.6 ± 63.3 μM, which agrees with high values of half maximal inhibitory
concentration (IC50) found by others [35].

In addition, the combined TMZ and CX-4945 treatment carried out with GL261 cells in vitro
presented increased efficacy regarding cell viability reduction, in comparison with both therapeutic
agents administered separately (Figure 1C). The low EC50 of CX-4945 and TDB, combined with
a significant decrease in cell viability, indicated that they should be suitable for future preclinical
evaluation with GL261 tumours in vivo. CX-4945 was eventually chosen because it has been already
described in clinical and preclinical studies [24,25].

As expected, we observed a significant reduction of CK2 activity in CX-4945 treated GL261 cells
(Figure 2D). This was accompanied by the decrease of the phosphorylation of the CK2 target Akt (S129)
(Figure 2B,C), similarly to [22] in prostate PC3 cancer cells. In addition, the Akt phosphorylation was
found reduced as the CX-4945 concentration was increased, in a dose-dependent manner (Figure 2A).
It has been described that the antiapoptotic effect of CK2 can be partially mediated by upregulation
of the Akt/PKB pathway [33], thus the reduced viability found in GL261 cultured cells treated with
CX-4945 can be also related to the down-regulation of this pathway, although the involvement of other
pathways could also have an effect in the overall results observed [36]. These results reinforced the
idea that CX-4945 could be a promising candidate for non-mutagenic brain tumour therapy in our
preclinical GBM model.

3.2. Effects of CX-4945 in In Vivo Studies

In in vivo studies, CX-4945 was described to inhibit the activation of STAT-3, NF-κB p65 and Akt,
in nude mice with intracranial human GBM X1046 xenografts [23]. In our work, we could demonstrate
that 3 days of CX-4945 administration to GL261 tumour-bearing mice caused a decrease in CK2 activity
of tumour samples analysed to 35% of control values (Figure 2E). This confirms that CX-4945 reached
the target organ and caused the expected effect, as also reported in [23], although no further detailed
study of the affected pathway was performed in our case. Regarding CX-4945 pharmacokinetics,
described extensively elsewhere [37], it has a long half-life (more than 5 h) and high oral bioavailability
(20%) in mice, without detectable mutagenicity, genotoxicity or cardiac toxicity. The results described
in our work agree with this, showing that CX-4945 was well tolerated in mice as assessed by minimal
changes in body weight during the course of treatment compared to control vehicle (Figure S3A).

3.3. Non-Metronomic CX-4945 Longitudinal In Vivo Studies

Although in vitro results indicated that CX-4945 should be a promising candidate for preclinical
GBM therapy, unexpectedly, the non-metronomic in vivo treatment of GL261 tumour-bearing mice did
not produce a better outcome. No tumour growth arrest and no survival improvement were detected
(Figure 4A–D). This is in contrast to a previous in vivo study [23] with intracranial human xenografts
treated with CX-4945 which showed significant effects in mice survival (50.2–67.8 days for treated mice,
versus 35.6–40.4 days for control mice). However, there are relevant differences between work reported
in [23] and our work, which could explain, at least partially, the differences observed. In [23], athymic
nude mice were used, while in our experiment, immunocompetent C57BL/6 mice have been used,
because we consider that they mimic better the clinical patient situation. Moreover, despite authors
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in [23] inoculated more cells for tumour generation (5 × 105 cells vs. 105 cells, in our study), their
tumour growth pattern was much slower (survival rate for their control mice, 35.6–40.4 days, whereas
our control mice survived 17–21 days). In this sense, it is widely accepted that small, slow-growing
tumours are easier to treat than established, fast-growing tumour [38,39].

It is also worth mentioning that longitudinal in vivo studies reported by other authors did not
present satisfactory results with CX-4945 alone in the same doses used in this work, although they
studied other tumour types [36]. In this sense, using a drug combination for therapy involving CX-4945
was already suggested by authors in [36,40], with an additive effect recorded, which is also in line with
our decision to study a drug combination (CX-4945 and TMZ) in order to perhaps improve the therapy
response results produced by CX-4945 alone.

3.4. Non-Metronomic Combined CX-4945 and TMZ Longitudinal In Vivo Studies

Thus, the unexpected result obtained with the in vivo longitudinal study using CX-4945 alone
in GL261 tumour-bearing mice lead us to hypothesize that a combined therapy with CX-4945
superimposed with TMZ could produce better results. The TMZ treatment in preclinical GBM mice
has been proved useful in our group [5] with an average survival of 33.9 ± 11.7 days for treated
animals (see also Figure S5), significantly higher than control mice (21.5 ± 3.7 days). TMZ cytotoxicity
is predominantly mediated by O6-methylguanine (O6-MG) DNA lesions, which are repaired by
the DNA repair protein O(6)-methylguanine-DNA methyltransferase (MGMT) [41]. Consequently,
GBM patients whose tumours express low MGMT level, due to promoter hypermethylation, are
more responsive to TMZ based therapy [42,43]. Protein Kinase CK2 is a novel interaction partner of
JAK1/2, potentiating janus kinase (JAK) and signal transducer and activator of transcription (STAT-3)
activation [44]. A CK2 inhibitor could reduce STAT-3, which has been implicated in the resistance
of GBM to TMZ, downregulating MGMT and diminishing TMZ resistance [45], highlighting the
potential of use of iCK2 combined with standards of care like TMZ. Nevertheless, the combined
treatment (standard 3-cycle TMZ described by our group [5] superimposed with non-metronomic
schedule for CX-4945) did not produce the expected improvement, except by case C984, classified as
an outlier (Figure S3C), which followed an evolution pattern similar to TMZ-treated cases described
in [5]. Except for this case, the combined TMZ+CX-4945 therapy showed similar results than control
mice (survival of 17.8 ± 2.8 days for treated mice vs. 19.8 ± 1.5 days for control mice), reversing the
beneficial effect of TMZ 3 cycles treatment. However, the combined TMZ and CX-4945 treatment
carried out with GL261 cells in vitro presented increased efficacy regarding cell viability reduction,
in comparison with both therapeutic agents administered separately (Figure 1C). This reinforced the
idea that an increased efficacy, instead of an antagonistic effect, should have been observed in vivo
with the combined therapy.

One of the possible explanations for those results could be due to dramatic CX-4945 ‘off target’
effects, e.g., leading to strong splicing inhibition [46]. We cannot discard that these effects, rather than
CK2 inhibition, are responsible for reversing TMZ efficacy. Another explanation could be related to
the role of the immune system in therapy response [47] (see below), which would help to explain
why a synergistic effect was observed with GL261 treated in vivo cells but it was not seen in our early
non-metronomic in vivo approach.

3.5. Metronomic CX-4945 and/or TMZ Longitudinal In Vivo Studies and Possible Implication of the
Immune System

The disappointing results obtained with non-metronomic administration schedules of CX-4945
both alone or in combination with TMZ lead us to raise the hypothesis that a possible interference with
the host immune system was taking place, and it was the cause of the unfavourable outcome. Thus,
we decided to move to a metronomic approach to discard or confirm this hypothesis. The so-called
“metronomic therapy” [28], referring to equally spaced, low doses of chemotherapeutic drugs without
extended rest periods, has been studied by several groups in the preceding years. Also, new therapeutic
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regimens with conventional drugs have been evaluated in order to activate immune responses that
enhance tumour regression and prevent tumour regrowth. Recent studies with cyclophosphamide
(CPA) metronomic therapy proved that this type of administration not only activates antitumour
CD8+ T-cell response, but also induces long-term, specific T-cell tumour memory in GL261 tumours
growing subcutaneously in immunocompetent mice [30,48]. These authors have also proven that
a 6-day intermittent was the optimum timing for this therapy and this could agree with the 7-day
cycle for immune cell recruitment described in [49], and accordingly this was the schedule chosen
for our metronomic treatments. Indeed, the metronomic (every 6 days) therapy carried out in our
study offered a better mice outcome, being the best results produced by CX-4945 and TMZ combined
(54.7 ± 11.9 days) metronomic therapy, which was better than CX-4945 or TMZ metronomic therapies
alone. These results reinforce the idea of the role of the immune system in therapy response [47] in
GBM, and could explain the variation in our results depending on the therapy administration protocol
used. Regarding the immune system cycle involved in tumour response, we should consider that
the cytotoxic T-lymphocytes (CTLs) have a relevant role in the defence against cancer recognizing
antigens presented on the surface of transformed cells, following a complex cycle described in [50].
Also, the whole cycle for immune cell response could take around 7 days in mouse brain [49], which is
in agreement with the 6-day interleave that we have used in our work. It was also described the need of
a functional CD5-dependent CK2 signalling for efficient differentiation of naive CD4+ T cells into Th2
and Th17 cells [50,51], involved in monocytes differentiation into dendritic cell subsets [52]. Moreover,
authors in [53] have recently described impairment of Th17 cells development by CK2 inhibition with
CX-4945 in a C57BL/6 mouse model of experimental autoimmune encephalomyelitis. Accordingly,
CK2 inhibition (which could take place in every day or alternated days CX-4945 administration) could
impair proper attraction of immune response triggered by immunogenic cell death signals. In this
respect, several authors have described immunogenic death caused by TMZ therapy in GBM [54,55]
and it could explain the reversal of beneficial effects observed in the non-metronomic combined
therapy. Additionally, CK2 inhibition in vitro has been shown to compromise normal T-cell viability of
cultured peripheral blood T-lymphocytes harvested from chronic lymphocytic leukemia patients [56],
while other authors [36] demonstrated cytotoxic effects of CX-4945 administration, alone, in head
and neck cancer cultured cell lines and xenograft models. Further work will be needed to clarify,
in vitro and in vivo, the extent of immunogenic cell death produced by TMZ and CX-4945, alone or in
combination, in the GL261 GBM model.

In summary, it is tempting to speculate that when CX-4945 is administered every day or in alternated
days, it could cause an impairment of immune system elements needed for tumour response.
Furthermore, when it is administered combined with TMZ (three cycles of therapy), CX-4945 reversed
the beneficial effect of TMZ. When TMZ and CX-4945 are administered in a metronomic scheme every
6 days, the activation of the immune cell recruitment and response, which can take around 7 days [49],
would not be significantly compromised. Accordingly, a word of caution should be said when treating
immunocompetent preclinical tumours with CX-4945: the continued administration of a drug could
impair the proper attraction of immune response contributing to therapeutic effects being evaluated.

4. Materials and Methods

4.1. GL261 Cells

GL261 mouse glioma cells were obtained from the Tumour Bank Repository at the National
Cancer Institute (Frederick, MD, USA) and were grown as previously described in [57].

4.2. Cell Viability Assay

GL261 cells were plated in 96-well multiwell plates (Sigma Aldrich, Madrid, Spain) and allowed
to adhere for 24 h before adding drugs to the medium (TMZ, APG, TBB, CX-4945 and TDB). Controls
included cell culture medium and 0.4%–0.8% range of dimethyl sulfoxide (DMSO). After 72 h of
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drug exposure, cell viability was measured using XTT or MTT Assay (Sigma Aldrich). Half maximal
effective concentration (EC50) was calculated using GraphPad Prism software [58] See Supplementary
Material file for further details.

4.3. Antibodies

CK2α-subunit (dil. 1:1000) rabbit antiserum was raised against (376–391) region of human protein,
corresponding to the specific C-terminal sequence. CK2β (Monoclonal, dil. 1:750, rabbit, Ref Ab76025)
and Phospho-Akt (S129) (dil. 1:1000, rabbit, Ref 133458) were purchased from Abcam (Cambridge, UK).
β-actin (dil.1:2000, mouse, Ref A2228) and α-tubulin (dil.1:2000, mouse, Ref A5441) were obtained from
Sigma-Aldrich, and β-tubulin (dil. 1:1000, rabbit, Ref 2146) and Akt1 (dil 1:500, rabbit, Ref C3H10) were
purchased from Cell Signalling Technology (Beverly, MA, USA). Secondary antibodies towards rabbit
and mouse IgG (dil.1:2000), conjugated to horse radish peroxidase, were purchased from PerkinElmer
(Waltham, MA, USA).

4.4. Target Evaluation in GL261 Cultured Cells with CX-4945 Treatment

For the CK2 expression and activity studies, a total of 18 flasks (75 cm2) of GL261 cells were
cultured (n = 3 as controls, n = 3 as CX-4945 treatment during 1 h, 4 h, 8 h, 12 h and 24 h). Cells were
cultured in flasks until 50% confluence and at that moment, CX-4945 was added to the “treatment”
flasks, and an equal amount of the vehicle (DMSO) was added to the control cells. The CX-4945
concentration used was 67.2 μM (four times the EC50, as stated by other authors [59]). Still, this
concentration was included in the range of maximum CX-4945 effect as it can be seen in Figure 1.
An in vitro dose-response study was also conducted in cultured GL261 cells in order to check for
increasing target effects. For this, 300,000 cells/well were plated in 6-well plates and concentrations
of CX-4945 of 0, 5, 10, 20, 30 and 60 μM were added. Treatments were performed during 8 and
24 h. Therapeutic agent preparations (CK2 inhibitors and TMZ) can be found in the Supplementary
Materials file.

4.5. Animal Model for In Vivo Studies

A total of 60 C57BL/6 female wild type mice weighting 21.2 ± 1.3 g were used for this study.
They were obtained from Charles River Laboratories (Charles River Laboratories International,
L’Abresle, France) and housed in the animal facility of the Universitat AutÈnoma de Barcelona.
All studies described in this paper were approved by the local ethics committee (Comissió d’ètica
en Experimentació Animal i Humana (CEEAH), [60]), according to the regional and state legislation
(protocol DMAH-8236/CEEAH-2785). Tumours were induced in C57BL/6 mice by intracranial
stereotactic injection of 105 GL261 cells with 4 μL of RPMI (Roswell Park Memorial Institute) medium
in the caudate nucleus, as previously described by us [61]. Mice were weighted every day or at
alternated days (for metronomic treatments) and tumour volumes were followed using T2-weighted
MRI acquisition as in [5] the day 6 and 10-11 after implantation. Mice with most homogeneous weights
and tumour sizes were chosen to make experimental groups after randomization (usually n = 6 per
studied condition), and therapy started. The volume and weight averages did not show significant
differences (p > 0.05) between the experimental groups (Tables S1–S4).

4.6. CX-4945 and TMZ Tolerability Assay

Two phases were performed for this study, based in the work described in [62]: in phase 1,
n = 1 was used and the starting TMZ dose was the one described by us (60 mg/kg/day) [5], and
for CX-4945, the dose was the one described in [22,59] (150 mg/kg/day), as no adverse effects have
been observed with these doses. Administrations were performed with an oral gavage. Doses were
increased (Table S5) until detection of toxicity symptoms (Table S6). Once MTD was estimated in this
first phase, a second phase took place and a group of n = 3 mice were administered with the calculated
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MTD. Mice follow-up (weight + welfare parameters for up to 30 days) was carried out every day
(Figure S1).

4.7. Use of iCK2 in Tumour-Bearing Animals

4.7.1. Preliminary Studies of Target Validation

CX-4945 therapy was administered to tumour-bearing mice (n = 2) during three days (150 mg/kg
split into two administrations per day). CX-4945 vehicle, phosphate buffer 25 mM pH 7.2 was
administered to control mice (n = 2 per each experimental time). Administrations were performed
with an oral gavage. Mice were euthanized at 2 h, 6 h and 24 h after the last administration for both
treated and control mice to assess CK2 activity compared to control mice. Tumour samples were stored
in liquid nitrogen until further processing.

4.7.2. Longitudinal Studies with iCK2 (alone or in combination)

CX-4945 therapy was administered to tumour-bearing mice, every day or in alternated days,
150 mg/Kg/day [23] (Figures S2A,B). CX-4945 total dose for every day or alternated days treatment
administered was 150 mg/Kg/day, split into two times per day (75 mg/kg at 8 h, and 75 mg/kg at
16 h) and dissolved in vehicle administration, which was phosphate buffer 25 mM pH 7.2. For the
combined CX-4945 + TMZ therapy (Figure S2C), CX-4945 was administered every day whereas TMZ
(60 mg/Kg) was dissolved in 10% DMSO in saline solution (0.9% NaCl) prepared as described in [5].
CX-4945 therapy was given until the end point of animal survival, when animals were euthanized
because of welfare parameters. For this, animals were euthanized by cervical dislocation, the brain
was removed and tumour resected. Samples were stored in liquid nitrogen until further processing for
CK2 activity analysis.

Regarding metronomic (every 6 days) administration protocol, eight doses of CX-4945 (150 mg/Kg;
75 mg/kg at 8 h and 75 mg/kg at 16 h) were administered to CX-4945 treated group (Figure S2D),
eight doses of TMZ (60mg/Kg at 12 h) were administered to TMZ treated group (Figure S2E) and
eight doses of CX-4945 (150 mg/Kg75 mg/kg at 8 h, and 75 mg/kg at 16 h) plus TMZ (60 mg/Kg at
12 h) were administered to CX and TMZ combined therapy group (Figure S2F). Control mice received
TMZ and CX-4945 vehicles. In all cases, the maximum cumulative dose administered of CX-4945 was
1200 mg/Kg and of TMZ, 480 mg/kg.

All treatments were administered using an oral gavage and the administration volume for CX-4945
and TMZ was the same that has been used in our group for the TMZ administration (10 μL/g weight
animal) [5].

4.8. CK2 Activity Assay

CK2 activity was measured in 1–2 μg of lysate proteins (total protein extract of cell lysates) and
5–10 μg (total protein extract of brain mice samples), previously incubated 10 min at 30 ◦C with 0.1 mM
CK2-tide (specific CK2 substrate peptide), by means of radioactive assays with gamma-33P ATP, in the
presence of phosphorylation reaction mixture as described in [34].

4.9. MRI Acquisition

Magnetic resonance studies were carried out at the joint NMR facility of UAB and CIBER-BBN,
Unit 25 of NANBIOSIS, with a 7T horizontal magnet (BioSpec 70/30, Bruker BioSpin, Ettlingen,
Germany). GL261 tumour-bearing mice were screened by acquiring high resolution coronal T2W images
(TR/TEeff = 4200/36 ms) using Rapid Acquisition with Relaxation Enhancement (RARE) sequence
to detect brain tumour presence and monitor its evolution stage. The acquisition parameters were as
follows: turbo factor, 8; field of view (FOV), 19.2 × 19.2 mm; matrix, 256 × 256 (75 × 75 μm/pixel);
number of slices, 10; slice thickness (ST), 0.5 mm; inter-ST, 0.6 mm; number of averages (NA), 4; total
acquisition time (TAT), 6 min and 43 s.
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4.10. Tissue Homogenization and Protein Extraction/Western Blot Analysis

Detailed information of the experimental procedures can be found in the Supplementary
Materials file.

4.11. Statistical Analysis

Variance homogeneity was assessed with the Levene’s test. A two-tailed Student’s t-test
for independent measurements was used for comparisons, for samples of equal or different
variances (depending on the Levene’s test result). Dixon’s and Grubb’s tests were used to detect
outliers. The global evolution of tumour growth curves or body weight control was evaluated
with the UNIANOVA test. Comparisons of survival rates were performed with the Log-Rank test.
The significance level for all tests was p < 0.05.

5. Conclusions

CX-4945 has a noticeable effect in decreasing GL261 GBM cell viability and CK2 activity in vitro.
Additionally, CK2 activity analysis confirmed that CX-4945 reached the target tissue in vivo. Notable
differences in mice outcome were obtained with CX-4945 every day/alternated days (alone or
combined with 3 cycles of TMZ), in comparison with metronomic administration of CX-4945 and/or
TMZ, the highest survival rates being obtained with the metronomic combining TMZ + CX-4945 every
6 days.

An appealing explanation for this fact would be related with the immune system role in
tumour response and the possible impairment of cytotoxic T-cell maturation cycle due to continued
administration of CX-4945, which was overcome by the 6-day schedule metronomic administration.
Accordingly, due care should be exercised when treating immunocompetent mice harbouring
preclinical tumours with CX-4945 to ensure optimal results.
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Blot Analysis. Table S1: Tumor volume and body weight for mice before starting CX-4945 therapy every day,
Table S2: Tumor volume and body weight for mice before starting CX-4945 therapy in alternated days, Table S3:
Tumor volume and body weight for mice before starting combined TMZ+CX-4945 therapy, Table S4: Tumor
volume and body weight for mice before starting metronomic therapy: CX-4945, TMZ, CX-4945 and TMZ, Table S5:
Doses for CX-4945 and TMZ administration in MTD calculation experiments, Table S6: Symptoms and signals
guidance to decide the MTD, Figure S1: Mice body weight (maximum tolerated dose (MTD) studies), Figure S2:
Therapy administration scheme protocols, Figure S3: Weight averages of treated and control mice, Figure S4: MRI
images of CX-4945 treated mice, Figure S5: Survival Kaplan-Meier curve for 3 cycles of TMZ vs. control.
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Abbreviation

APG Apigenin
CK2 Protein Kinase CK2
CSCs Cancer stem cells
CX-4945 5-(3-Chlorophenylamino)benzo[c][2,6] naphthyridine-8-carboxylic acid
CPA Cyclophosphamide
DC50 Half maximal cell death concentration
DMSO Dimethyl sulfoxide
EC50 Half maximal effective concentration,
GABRMN Grup d’Aplicacions BiomÙdiques de la RMN
GBM Glioblastoma
IC50 Half maximal inhibitory concentration
iCK2 Protein Kinase CK2 inhibitors
JAK Janus kinase
MGMT O(6)-methylguanine-DNA methyltransferase
MTD Maximum tolerated dose
p.i. Post-inoculation
PIM-1 Proviral Integration of Moloney virus 1
STAT 3 Signal transducer and activator of transcription 3
TBB 4,5,6,7-Tetrabromobenzotriazole
TDB Tetrabromodeoxyribofuranosyl-benzimidazole
TMZ Temozolomide
WB Western blot.
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Abstract: Protein kinase CK2 is associated with a number of human diseases, among them cancer,
and is therefore a target for inhibitor development in industry and academia. Six crystal structures of
either CK2α, the catalytic subunit of human protein kinase CK2, or its paralog CK2α′ in complex
with two ATP-competitive inhibitors—based on either a flavonol or a thieno[2,3-d]pyrimidine
framework—are presented. The structures show examples for extreme structural deformations
of the ATP-binding loop and its neighbourhood and of the hinge/helix αD region, i.e., of two zones
of the broader ATP site environment. Thus, they supplement our picture of the conformational space
available for CK2α and CK2α′. Further, they document the potential of synthetic ligands to trap
unusual conformations of the enzymes and allow to envision a new generation of inhibitors that
stabilize such conformations.

Keywords: protein kinase CK2; casein kinase 2; ATP-competitive inhibitors; halogen bond

1. Introduction

“The conformational plasticity of protein kinases” [1] and its correlation with regulation were
described already in 2001. The authors of this review compared eukaryotic protein kinase (EPK)
structures and identified significant local structural deviations. They emphasized in that context the
activation segment and the long N-lobal helix αC as major flexible and thus regulatory key elements.
At the same time the first complex structures of EPKs with pharmacologically relevant inhibitors
were published [2,3] which demonstrated that the conformational plasticity of these enzymes is even
higher than imagined before. The three inhibitors described in those studies bind their target kinases
(c-Abl and p38 MAP kinase) in such a way that they address a region normally occupied by the
phenylalanine side chain of the “DFG” sequence motif at the N-terminal end of the activation segment.
Later these and similar local structural states were summarized as “DFG-out” conformations [4].
In subsequent years it was more and more realized that certain EPK inhibitors do not distort their
target enzymes, but rather trap them in particular conformational states that are inherent parts of
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complex conformational equilibria [5]. Thus, besides their pharmaceutical relevance EPK inhibitors are
tools to investigate the conformational space explored by the enzymes which is larger than assumed.

In this regard protein kinase CK2—a cell-stabilizing EPK [6] accumulating in cancer cells [7]
that apparently exploit CK2 activity to escape apoptosis and to assist DNA repair [8]—seemed to be
an exception. Since in all known CK2 crystal structures—irrespective of whether based on the isolated
catalytic subunit CK2α or on the heterotetrameric CK2α2β2 holoenzyme—the activation segment
and the helix αC obtain basically the same conformation which is characteristic for an active EPK [9].
Especially, conformations equivalent to the DFG-out states of other EPKs have never been observed
with CK2α and are moreover unlikely because CK2α in all of its known ortho- and paralogs contains
a DWG rather than a DFG motif at the beginning of the activation segment. The central tryptophan of
this motif is stabilized by many more interactions than the DFG phenylalanine of other EPKs [10].

Thus, the classical conformational switches of EPKs are not used by CK2α which is consistent to its
constitutively active nature [11]. However, gradually other parts of CK2α were found to be surprisingly
structurally adaptable [12,13]. Primarily for the hinge/helix αD region of human CK2α two major
conformations were described [14,15] which are in a dynamic equilibrium according to metadynamics
simulations [16]. In crystal structures the occurrence of these hinge/helix αD conformations is not
correlated to other local conformational flexibilities [17,18]; it depends on the nature of the ATP-site
ligand and on the medium used for crystallization [19]. For the glycine-rich ATP-binding loop strong
or even extreme distortions from the active conformation were found [20–22]. And in the β3/αC loop
an absolutely conserved proline was detected that is able to switch to the cis-peptide configuration
spontaneously [23].

Knowledge about the structural space the enzyme is able to explore and in particular about
special local conformations in the proximity of its active site is relevant for ongoing efforts to
develop highly potent and selective inhibitors of CK2 which might be beneficial to fight against
hematological malignancies [24,25] as well as solid tumours [26,27]. Therefore, in this study we
emphasize and extend those previous findings on local plasticities with a set of structures of both
human CK2α paralogs showing partly extreme structural peculiarities. The structures were obtained by
co-crystallization with two potent and selective (within a limited set of test EPKs [28,29]) ATP-competitive
CK2 inhibitors: 4′-carboxy-6,8-dichloroflavonol (Figure 1a), a member of the flavonoid family of
CK2 inhibitors [30] abbreviated as “FLC21” in the literature [28] and inhibiting the CK2α2β2

holoenzyme with an IC50 of 40 nM and a Ki-value of 13 nM [28], and 3-{[5-(4-methylphenyl)
thieno[2,3-d]pyrimidin-4-yl]thio}propanoic acid (Figure 1b)—referred to as “compound 6a” in
its original description [29] and “TTP22” in PUBCHEM (pubchem.ncbi.nlm.nih.gov/compound/
1536915)—with an IC50 of 100 nM and a Ki of 40 nM [29].
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Figure 1. Structures of the ATP-competitive inhibitors FLC21 [28] (a); and TTP22 [29] (b) used for
co-crystallization with human CK2α and/or CK2α′ constructs in this work. FLC26, the sister compound
of FLC21 [22,28], which is used as a reference here (see Section 2.2), contains two bromo rather than
chloro substituents at ring A attached to C-atoms 6 and 8.

2. Results and Discussion

2.1. Overview of the CK2α/CK2α′ Co-Crystal Structures

Six human CK2α/inhibitor crystal structures were determined (Table 1)—four with CK2α1–335,
a recombinant C-terminally truncated version of the main paralog CK2α [31], and two with
CK2α′Asp39Gly/Cys336Ser, a recombinant full-length construct of the isoform CK2α′ carrying
an N-terminal (His)6-tag and the two point mutations Asp39Gly and Cys336Ser [32] (it should be
noted that Bischoff et al. [32] erroneously failed to mention the mutation Asp39Gly, i.e., the construct
“hsCK2α′Cys336Ser” referred to by Bischoff et al. [32] and tested in that work is identical with respect
to the primary sequence to CK2α′Asp39Gly/Cys336Ser used in this study). Notably, the two variants
are unchanged in their active centre regions and in particular at the ATP cleft. Their KM-values
for ATP were reported to be 11.2 μM in the case of CK2α1–335 and 11.5 μM in the case of
CK2α′Asp39Gly/Cys336Ser [32]. For comparison: in an extensive review Tuazon and Traugh [33] collected
KM-values for ATP determined with 22 different non-recombinant CK2 or CK2α preparations from
natural sources (mainly mammals, but in addition other vertebrates, insects, yeasts and plants); these
KM-values range from 2 to 31 μM with an average of 13.0 μM and a standard deviation of 8.0 μM.
In other words: with respect to co-substrate affinity to ATP the recombinant and mutated CK2α/CK2α′

constructs used in this study are similar to wild-type CK2 and CK2α enzymes.
The two CK2α′Asp39Gly/Cys336Ser structures and two of the CK2α1–335 structures contain FLC21 [28]

(Figure 1a) as an ATP-site ligand which allows comparisons between the two human CK2α isoforms.
Two further CK2α1–335 structures (No. 5 and 6 in Table 1) harbour TTP22 (Figure 1b) at the co-substrate
binding site. Co-crystallization experiments of TTP22 were performed with CK2α′Asp39Gly/Cys336Ser as
well, but they did not provide crystals of sufficient quality for X-ray diffractometry.

The monoclinic CK2α′Asp39Gly/Cys336Ser/FLC21 complex crystals (No. 2 in Table 1) contain two
independent copies of the enzyme per asymmetric unit while the five other structures consists of only
one protomer. The structures are in general of high quality; in particular the bound inhibitor molecules
are clearly defined by electron density. In all cases some N- and C-terminal residues which are not
relevant for ligand binding at the ATP site are flexible and not visible in the electron density maps.
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Table 1. Crystallization, X-ray diffraction data and refinement statistics.

Structure No. 1 2 3 4 5 6

PDB Code 5M4U 5M56 5M4F 5M4I 5M4C 5M44

Crystallization

Crystallized complex CK2α′Asp39Gly/Cys336Ser + FLC21 CK2α1–335 + FLC21 CK2α1–335 + TTP22

Vapour diffusion
reservoir composition

25% PEG5000 MME,
0.2 M ammonium

sulphate, 0.1 M
MES, pH 6.5

25% PEG4000, 15%
glycerol, 0.17 M
sodium acetate,

0.08 M Tris/HCl,
pH 8.5

24% PEG3350,
0.2 M KCl

4.3 M NaCl,
0.1 M sodium
citrate, pH 5.2

24% PEG8000,
0.2 M KCl

4.2 M NaCl,
0.1 M sodium
citrate, pH 5.0

Sitting drop
composition before

equilibration

1 μL reservoir + 1 μL enzyme/FLC21
mixture (90 μL 5.5 mg/mL enzyme,

0.5 M NaCl, 25 mM Tris/HCl, pH 8.5,
mixed and pre-equilibrated with 10 μL

10 mM FLC21 in DMSO)

1 μL reservoir + 1 μL enzyme/inhibitor mixture (90 μL 6 mg/mL
enzyme, 0.5 M NaCl, 25 mM Tris/HCl, pH 8.5, mixed and

pre-equilibrated with 10 μL 10 mM inhibitor in DMSO)

X-ray Diffraction Data Collection

Wavelength (Å) 1.0000 1.0000 0.91841 0.91841 1.0000 1.54179

Synchrotron (beamline) SLS (X06DA) SLS (X06DA) HZB BESSY II
(MX-14.1 [34])

HZB BESSY II
(MX-14.1 [34]) SLS (X06DA) Home source

(rot. Cu anode)

Space group P212121 P21 P212121 P43212 P212121 P43212

Unit cell
a, b, c (Å) 46.85, 83.78, 142.34 69.34, 87.62, 72.98 48.03, 79.57,

82.14
72.59, 72.59,

133.25
48.10, 79.42,

82.34
72.06, 72.06,

131.58

α, β, γ (◦) 90.0, 90.0, 90.0 90, 109.69, 90 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0

Protomers per
asymmetric unit 1 2 1 1 1 1

Resolution (Å)
(highest res. shell)

44.50–2.195
(2.274–2.195) 1

40.94–2.237
(2.317–2.237) 1

41.12–1.519
(1.574–1.519) 1

37.89–2.218
(2.297–2.218) 1

41.14–1.935
(2.004–1.935) 1

27.84–2.710
(2.807–2.710) 1

Rsym (%) 19.1 (118.5) 1 9.3 (65.7) 1 5.9 (78.7) 1 11.1 (116.9) 1 9.8 (73.1) 1 13.1 (80.8) 1

CC1/2 0.993 (0.684) 1 0.996 (0.685) 1 0.999 (0.661) 1 0.999 (0.616) 1 0.998 (0.758) 1 0.996 (0.693) 1

Signal-to-noise
ratio (I/σI)

9.99 (1.72) 1 9.76 (1.78) 1 15.82 (1.89) 1 15.35 (1.84) 1 15.25 (2.26) 1 15.75 (2.32) 1

No. of unique refl. 29246 (2680) 1 39,108 (3544) 1 49,151 (4808) 1 18,350 (1795) 1 23,280 (1476) 1 9935 (947) 1

Completeness (%) 99.0 (93.0) 1 98.0 (90.0) 1 100.0 (99.0) 1 100.0 (100.0) 1 96.0 (62.0) 1 100.0 (98.0) 1

Multiplicity 6.4 (5.6) 1 3.3 (2.9) 1 4.1 (4.0) 1 7.9 (7.9) 1 6.3 (5.2) 1 6.9 (5.9) 1

Wilson B-fact (Å2) 21.44 29.76 15.41 36.83 21.84 40.32

Structure Refinement and Validation

No. of reflections for
Rwork/Rfree

1142 37,938/1161 48,116/1031 17,314/1034 22,177/1104 8979/956

Rwork/Rfree (%) 21.41/17.04 16.35/20.64 16.28/18.26 18.80/22.83 15.64/19.68 21.86/25.94

Number of
non-H-atoms 3175 5987 3248 2936 3069 2820

Protein 2789 5537 2821 2798 2806 2782

Ligand/ion 71 72 43 28 35 27

Water 315 378 384 110 228 11

Aver. B-factor (Å2) 28.61 38.76 20.89 52.22 28.55 52.32

Protein 27.33 38.57 19.30 52.64 28.01 52.52

Ligand/ion 43.49 40.20 26.19 45.09 27.14 44.05

water 36.62 41.20 31.95 43.45 35.37 22.12

RMS deviations

Bond lengths (Å) 0.003 0.002 0.014 0.002 0.009 0.002

Bond angles (◦) 0.570 0.50 1.28 0.46 0.96 0.45

Ramachandran plot

favoured (%) 97.0 95.9 97.9 96.4 97.6 95.4

allowed (%) 2.7 3.8 1.8 3.6 2.1 4.0

outliers (%) 0.3 0.3 0.3 0.0 0.3 0.6
1 Values in brackets refer to the highest resolution shell.
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2.2. Complex Structures with FLC21

2.2.1. General Binding Mode of FLC21 to CK2α/CK2α′

For the binding of FLC21 to CK2α two types of advance information existed:

• Golub et al. [28] modelled FLC21 bound to CK2α as shown in Figure 2a. This CK2α/FLC21
complex model is based on a set of four predicted ionic, hydrogen bond and π/π interactions
(Figure 2b). These interactions were assumed to be formed by the B and the C-ring of the flavone
framework and its substituents whereas the A-ring with the two chloro atoms were supposed to
be not involved.

• Guerra et al. [22] published two complex structures (PDB 4UBA and 4UB7) of CK2α1–335

with FLC26 [28] which is the sister compound of FLC21 containing bromo rather than chloro
substituents attached to the C-atoms 6 and 8 (Figure 1a). These structures revealed that the
inhibitor was in fact bound to the enzyme in the predicted orientation and with exactly the set of
non-covalent interactions suggested in Figure 2b.

Figure 2. Binding mode of FLC21 to the ATP site of CK2α and CK2α′. (a) Section of a modelled
CK2α/FLC21 complex as published by Golub et al. [28]. The picture is identical to Figure 6 in [28]
© Springer Science + Business Media, LLC. 2011, and is reproduced with permission of Springer;
(b) the four basic non-covalent interactions underlying the predicted model. The drawing is identical
with Figure 1 in [28], © Springer Science+Business Media, LLC. 2011, reproduced with permission
of Springer; (c) Section of a low-salt CK2α1–335/FLC21 complex (structure 3 in Table 1) drawn in an
equivalent orientation and with a similar style as in Figure 2a in order to facilitate the comparison
between the two pictures. The FLC21 ligands of structures 1, 2 and 4 (Table 1) were drawn with thin
bonds after superimposition of the respective protein matrices.

In order to characterize the binding mode of FLC21 we superimposed the five protomers of
structures 1 to 4 in Table 1. As illustrated in Figure 2c the FLC21 ligands bind in identical orientations
and very similar conformations irrespective of the CK2α paralog used, the crystallization condition
and the crystal packing. Merely, under high-salt conditions (structure 4) the carboxy group of FLC21
and its B ring are no longer nearly coplanar (as in the other structures) but rotated against one another
by about 48 degrees (magenta-coloured ligand in Figure 2c). Taken together, as observed before for
FLC26 [22] the principle position and orientation of FLC21 within the ATP site and its main interactions
with the enzyme are identical to the predictions of Golub et al. [28] (Figure 2a,b).

2.2.2. A π-Halogen Bond Enabled by an Extremely Distorted ATP-Binding Loop

4′-Carboxyflavonol, the non-halogenated precursor compound of FLC21 and FLC26, is able to
form all interactions indicated in Figure 2b and has an IC50 for CK2α2β2 holoenzyme inhibition
of 1.3 μM [28]. The introduction of halogen substituents at positions 6 and 8 lowers this value
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significantly. The reported IC50 data are 0.18 μM and 0.08 μM for the mono-halogenated compounds
6-chloro-4’-carboxyflavonol and 6-bromo-4′-carboxyflavonol as well as 0.04 μM and 0.008 μM for
the di-halogenated inhibitors FLC21 and FLC26 [28]. In other words: to substitute the 6- and the
8-position with halogen atoms increases the inhibitory power although these halogen substituents
point away from the hinge/helix αD region and are thus—unlike those of many typical halogenated
EPK inhibitors [35]—unable to form halogen bonds with the peptide backbone (Figure 2a,b); a further
conclusion from the inhibition data is that introducing bromine is more effective than chlorine.

For FLC26 these observations were rationalized with the two aforementioned complex
structures 4UB7 and 4UBA [22]. One of these structures—obtained from high-salt crystallization
conditions—showed a π-halogen bond between the Br8-atom and the aromatic ring of the Tyr50
which was only possible after a dramatic conformational change of the ATP-binding loop (Figure 3a).
With low-salt crystallization conditions this π-halogen bond was absent in the crystalline state but
kinetic studies [22] suggested that it nevertheless contributes to the inhibitory efficacy of FLC26 in the
solute state.

 

Figure 3. Formation of a kosmotropic-salt supported π-halogen bond between either FLC21 or FLC26
and CK2α1–335. (a) FLC26: Under high-salt crystallization conditions Tyr50 at the tip of the ATP-binding
loop bends down to the Br8 atom of FLC26 (π-halogen bond) and His160 (hydrogen bond); (b) In the
case of FLC21 the same phenomenon is found under high-salt conditions (structure 4 of Table 1; parts
with magenta-coloured C-atoms). Under low-salt conditions (structure 3 of Table 1; parts with yellow
C-atoms) Arg47 replaces Tyr50 in the space between FLC21 and His160 which was not observed for
FLC26; (c) ATP-binding loops in human CK2α structures obtained from various high-salt crystallization
conditions. The strong distortion of the ATP-binding loop observed in the complexes with FLC26
and FLC21 is not exclusively caused by the high salt concentration since it was never found in any
high-salt structure of CK2α published previously. Parts (a) and (c) of the figure are reprinted with kind
permission from Guerra et al. [22]. Copyright (2015) American Chemical Society.
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One aim of the study presented here was to test if FLC21 with its chloro instead of bromo
substituents can form this remarkable π-halogen bond as well. An answer to this question is given in
Figure 3: the high-salt CK2α1–335/FLC21 structure (magenta-coloured structure in Figure 3b; No. 4 in
Table 1) is very similar to the CK2α1–335/FLC26 structure (green structure in Figure 3a) and contains in
particular—and in contrast to its low-salt pendant (No. 3 in Table 1)—the π-halogen bond with Tyr50
in question. This π-halogen bond requires an extreme distortion of the ATP-binding loop (Figure 3c)
which is found—with exception of the high-salt CK2α1–335/FLC26 structure (Figure 3a)—in no other
previously reported CK2α structure, in particular in none of the known high-salt structures (Figure 3c).
Obviously, neither a properly located halogen substituent nor a high concentration of a kosmotropic
salt alone is sufficient to establish this particular arrangement. Rather, both conditions must be matched
simultaneously to capture this feature.

2.2.3. FLC21 Traps the Gly-Rich Loop Arginine of CK2α and CK2α′ in a Non-Functional Conformation

While the high-salt CK2α1–335 structures of FLC21 and FLC26 resemble each other right up to
atomic details, there is a conspicuous local difference between the two low-salt structures: in the
low-salt CK2α1–335/FLC26 structure (yellow structure in Figure 3a) the glycine-rich ATP-binding loop
adopts a stretched conformation resembling the atomic resolution CK2α apo structure 3WAR [36]
(black structure in Figure 3a); in contrast in complex with FLC21 Arg47, a loop member flanked
by two glycine residues and thus conferred with a significant adaptability, is bent down towards
the C-terminal domain (Figures 3b and 4a) where it forms hydrogen bonds to His160 and Asn161
(Figure 4b).

Figure 4. Arg47/48 and FLC21 stabilize a non-functional conformation of the ATP-binding loop.
(a) The N-terminal domain of the low-salt CK2α1–335/FLC21 complex (purple; structure 3 in Table 1)
and for comparison (in order to illustrate the functional state of the ATP-binding loop) of PDB-file 3NSZ
which contains human CK2α2–331 in complex with an ADP-analog [37]; (b) More detailed and focused
view of the low-salt CK2α1–335/FLC21 complex in which the hydrogen-bonds of Gly46, Arg47 and the
Cl8-atom of FLC21 are highlighted. The nearest atomic distance between FLC21 and Arg47 is indicated
in orange colour. Four water molecules are drawn as red balls; (c) the equivalent region in protomer B
of the monoclinic CK2α′Asp39Gly/Cys336Ser/FLC21 complex structure (No. 2 in Table 1). For comparison
the ATP-binding loop plus Arg47 side chain of the low-salt CK2α1–335/FLC21 complex (structure 3
in Table 1) is drawn in red colour. Note that due to a one residue insertion near the N-terminus the
sequence numbers in human CK2α′ are shifted by +1 compared to human CK2α.

This is a non-functional state of the ATP-binding loop because the Arg47 side chain interferes with
the ribose region of the canonical ATP site (Figure 4a). FLC21 seems to support this local conformation
since it is present in the two FLC21 complex structures with CK2α′Asp39Gly/Cys336Ser (No. 1 and 2 in
Table 1) as well albeit with more internal flexibility, i.e., less well defined electron densities. So far
this “Arg47-down” conformation did not occur in complexes with FLC26; if this reflects a significant
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difference between FLC21 and FLC26 (which cannot be clarified currently due to the limited number
of complex structures with FLC26), this would be surprising because it is the Cl8 atom of FLC21 that is
in atomic contact to the Arg47 side chain (Arg48 in CK2α′) and because bromine—the Cl8 equivalent
in FLC26—generally forms stronger halogen bonds than chlorine [38].

In fact, a closer inspection of the two best defined cases of the FLC21-Arg47/48 arrangement
shows that halogen bonding plays a role as a stabilizing factor but that it is not the only one:

• In the low-salt CK2α1–335/FLC21 structure a network of hydrogen bonds around the Cl8 atom
stabilizes the conformation; the propensity to operate as hydrogen bond acceptor is for chloro in
fact higher than for bromo substituents (Figure 4b).

• Figure 4c was drawn from one of the two protomers of the monoclinic CK2α′Asp39Gly/Cys336Ser

complex structure with FLC21. Here, the Arg48 side chain is hydrogen-bonded to His161 and
Asn162 (the CK2α′ equivalents of His160 and Asn161 in CK2α) similar to what is seen in Figure 4b.
However, in addition the Cl8 atom forms a geometrically well-established halogen bond with
a peptide oxygen of the ATP-binding loop, namely the peptide group connecting Gly47 and Arg48
(Figure 4c). There is no reason to believe that FLC26 binding cannot support such a particular
state via a halogen bond as well; co-crystallization efforts of FLC26 with CK2α′Asp39Gly/Cys336Ser

might clarify this.

A similar halogen bond, namely between an inhibitor and the backbone of the ATP-binding loop,
was not observed in any CK2α/CK2α′ structure before.

2.2.4. Prolyl cis/trans-Isomerization at the β3/αC Loop

Just like the π-halogen bonds with FLC26 and FLC21 visible in Figure 3a,b, respectively,
the unusual halogen bond illustrated in Figure 4c requires a strong deformation of the ATP-binding
loop which is only possible if the β2-strand is partly resolved from the next strand (β3) of the canonical
N-lobal β-sheet. This reduction of strands β1 and β2 and the inclination of the interconnecting
ATP-binding loop away from the canonical β-sheet are illustrated in Figure 5a.

Figure 5. Strong deformations of the ATP-binding loop of CK2α/CK2α′ can be correlated with
cis-peptide formation at the central proline residue of the β3/αC loop. (a,b) Overlay of protomer B of
the monoclinic CK2α′Asp39Gly/Cys336Ser/FLC21 complex structure (structure 2 in Table 1; green) and
a high-resolution structure of human CK2α2–331 in complex with an ADP-analogue (PDB 3NSZ [37];
magenta). The canonical β-sheet of the N-terminal domain is drawn in two different orientations;
(c) the β3/αC loop in protomer B of the monoclinic CK2α′Asp39Gly/Cys336Ser/FLC21 complex structure
covered by electron density (cutoff level 1.5 σ).

In this context the C-terminal part of the neighbouring strand β3 is particularly critical. Here,
the final residue Lys72 (Lys71 in CK2α) normally stabilizes the functional conformation of the
ATP-binding loop first by a β-sheet-typical main chain/main chain hydrogen bond and second
by stretching its side chain over the strand β2 as visible in Figure 5b. Without these contacts Lys71/72
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is free for structural alternatives. It can even force its extended side chain into a completely different
direction (Figure 5b) which is accomplished by a cis-peptide bond with the succeeding proline residue,
the central residue of the β3/αC loop (Figure 5c). A cis-peptide bond at the equivalent position was
observed only once before, namely in a CK2α1–335 structure with a cyclic peptide bound to the CK2β
interface [23]. Here, it occurs—well documented by electron density (Figure 5c)—in protomer B of the
CK2α′Asp39Gly/Cys336Ser/FLC21 complex structure, i.e., for the first time with CK2α′ and remarkably
enough in correlation with a novel halogen bond (Figure 4c) and with the strongest ATP-binding loop
deviation in any CK2α/CK2α′ structure obtained so far under low-salt crystallization conditions.

In summary, the two halogenated flavonol compounds FLC21 and FLC26 [28] dispose of
a remarkable potential to trap and stabilize CK2α/CK2α′ in extraordinary conformations characterized
by extreme deviations of the ATP-binding loop and by unusual halogen bonds between this loop
and the inhibitor. So far, this was already known for the bromo compound FLC26 [22], but only for
a single structure of human CK2α obtained from largely artificial high-salt crystallization conditions.
The results reported here confirm this impression; more important, they extend it to the chloro
compound FLC21 on the inhibitor side, to the paralog CK2α′ on the protein side, to the structural
environment of the ATP-binding loop (β3/αC-loop) and finally to low-salt crystallization conditions
that are significantly closer to the physiological milieu.

2.2.5. The Hinge/Helix αD Region Harbours a Novel αD Site

A second remarkable detail of Figure 4c—apart from the novel FLC21/Gly47 halogen bond—is
a glycerol molecule that acquires the role of a water molecule to form a hydrogen bond bridge between
FLC21 and the side chain of Arg48. At a first glance this is not more than an artefact from the cryo
solution used to prepare the monoclinic CK2α′Asp39Gly/Cys336Ser/FLC21 complex crystals for X-ray
diffractometry. However, this observation gains stronger significance in the light of Figure 6a that is
overtaken from a recent study by Brear et al. [39]. These authors crystallized a human CK2α construct
(with an N-terminal extension which is not relevant in this context) together with the small benzene
derivative 2-(3,4-dichlorophenyl)ethanamine. They found this fragment attached to several sites
(Figure 6a), among them crystal contacts but also inherent binding sites of the enzyme.

Figure 6. Molecular fragments at a novel αD site, at the ATP site and along the interconnecting path.
(a) Brear et al. [39] found 2-(3,4-dichlorophenyl)ethanamine (green balls for carbon atoms) at several
cavities of CK2α and identified in this way the αD site. The picture was taken and slightly modified
from [39], published by The Royal Society of Chemistry; (b) Section of a complex structure of CK2α with
the bivalent inhibitor CAM4066 (PDB 5CU4 [39], CAM4066 with yellow carbon atoms). After structural
superimposition elements of PDB file 3WAR [36] (ethylene glycol, magenta coloured C-atoms) and
of chain B of the monoclinic CK2α′Asp39Gly/Cys336Ser/FLC21 complex (light blue C-atoms) are drawn;
(c) The αD site is occupied by Phe121 in CK2α structures with closed hinge/helix αD conformation
(here represented by 3BQC; black) or partially by Tyr126 (Tyr127 in CK2α′; here drawn in light blue
from structure 2 of Table 1) in structures with open hinge/helix αD conformation. αD site ligands like
CAM4066 replace both of them.
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Most interesting is a novel “αD site” behind the small helix αD (Figure 6a) and with access to the
ATP site. Brear et al. [39] noticed that ethylene glycol can occupy the entrance region of the αD site
(found in PDB 3WAR [36]) and exploited all findings about molecular fragments to design the bivalent
CK2 inhibitor CAM4066. CAM4066 occupies the ATP site and the αD site simultaneously (Figure 6b).
An overlay of a CK2α/CAM4066 co-crystal structure (PDB 5CU4) with chain B of the monoclinic
CK2α′Asp39Gly/Cys336Ser/FLC21 reveals that the aforementioned glycerol molecule is attached to the
connecting path between the two sites (Figure 6b). Thus, it supplements the set of molecular fragments
that can be combined to similar bivalent inhibitors.

The αD site is a consequence of a structural flexibility of the hinge/helix αD region that was
noticed some years ago [9,12,15]. Two main local conformations were identified and interpreted in
the light of the spine concept for EPK regulation [18,40], the less frequent “closed” conformation in
which Phe121 is an integral part of a stack of hydrophobic residues called “catalytic spine” [41] and the
predominant “open” conformation with Tyr126 (Tyr127 in CK2α′) occupying at least partially the spine
region (Figure 6c). Based on these crystallographic findings Klopffleisch et al. [19] anticipated that
there is “a dynamic conformational equilibrium in solution that can be resolved by suitable ligands.”
Brear et al. [39] were the first now to identify such ligands and to demonstrate their potential for
selective inhibition of CK2. In the sense of spine concept one can say: these compounds replace either
Phe121 or Tyr126 from their catalytic spine locations, complete the catalytic spine themselves and
create thus the αD site.

2.3. Complex Structures with TTP22

2.3.1. CK2α Binds TTP22 as Predicted under Low-Salt, but Differently under High-Salt Conditions

Like FLC21, TTP22 (Figure 1b) was theoretically docked to CK2α in the original description
of the compound [29]. The carboxy group of the TTP22 molecule was assumed to form hydrogen
bonds to Lys68 and to Asp175 (Figure 7a) in a similar way as FLC21 (Figure 2a). A further predicted
anchor point was the N1-atom within the pyrimidine ring A which was supposed to be hydrogen
bonded to the hinge backbone (Val116). The thienopropionic acid substituent has an optimal length to
allow all three hydrogen bonds simultaneously [29]. In this orientation the aromatic substituent of the
B-ring points to the solvent but is nevertheless flanked by some hydrophobic side chains as visible in
Figure 7a.

 

Figure 7. Comparison of modelled and experimental complex structures of TTP22 with CK2α.
(a) In-silico model of a CK2α/TTP22 complex [29]. The picture was reproduced from Golub et al. [29]
with kind permission by Elsevier B.V; (b) The same section and orientation as in (a), but now obtained
from the experimental low-salt CK2α1–335/TTP22 complex structure (No. 5 of Table 1); (c) The
same section and orientation as in (a) and (b), but now obtained from the experimental high-salt
CK2α1–335/TTP22 complex structure (No. 6 of Table 1). Pictures (b) and (c) were designed in a similar
style as panel (a) in order to enable easy comparisons.
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A look at the low-salt CK2α1–335/TTP22 structure (No. 5 of Table 1) revealed that this prediction
including all three hydrogen bonds was essentially correct. To illustrate this fact we designed a figure
(Figure 7b) with the same orientation, structural elements and background as in Figure 7a. However,
in contrast to FLC21 the binding mode of TTP22 changes dramatically under high-salt conditions
(Figure 7c). Compared to the low-salt state the inhibitor turned by about 180 degrees around an
axis perpendicular to the plane formed by rings A and B (Figure 8a). In this way the carboxy
moiety is no longer in the proximity of Lys68, but now of the interdomain hinge member His115
(Figure 7c). Concerning the charges this makes sense because at the pH-value of the crystallization
medium (about 5.0) the His115 side chain is protonated and positively charged while the carboxy
group of TTP22 is still deprotonated. Vice versa, the methylphenyl substituent of ring B changes
its direction from outside to inside. It is now (i.e., under high-salt conditions) perfectly embedded
in a hydrophobic environment (Figure 8b). This observation fits nicely to the well-known fact that
hydrophobic interactions are supported by kosmotropic salts that interact strongly with water and
disturb thus the ordered water shell around hydrophobic patches in an aqueous environment.

 

Figure 8. Structural differences between the high-salt and the low-salt CK2α1–335/TTP22 complex.
(a) The inhibitor TTP22 bound to CK2α1–335 under low-salt conditions (structure 5 of Table 1;
magenta-coloured C-atoms) and under high-salt conditions (structure 6 of Table 1; green C-atoms)
after superimposition of the protein matrices; (b) Cage of hydrophobic side chains or side chains
with an aliphatic part (Arg172) surrounding the methylphenyl moiety of TTP22 under high-salt
conditions; (c) Comparison of the hinge/helix αD region of the low-salt (green) and the high-salt
(light blue) CK2α1–335/TTP22 structure; (d) Comparison of the hinge/helix αD region of the high-salt
CK2α1–335/TTP22 structure (light blue) and a recently published medium-salt CK2α structure with
unraveled helix αD (PDB 5CVG [39]).

2.3.2. TTP22 Traps CK2α with an Unraveled Helix αD under High-Salt Conditions

A conspicuous feature in Figure 8b is the fact that Phe121 is part of the hydrophobic cage around
the methylphenyl substituent of TTP22. This is quite surprising because it requires a movement
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of Phe121 by more than 17 Å compared to the low-salt CK2α1–335/TTP22 complex (Figure 8c).
In this low-salt structure Phe121 has its typical and well known position of an open hinge/helix
αD conformation while Tyr126 occupies—also quite usual—the catalytic spine cavity (i.e., the αD
site according to Brear et al. [39]). According to all experiences obtained so far (see in particular the
analysis of Klopffleisch et al. [19]) a change to a high-salt medium should induce a switch to the closed
hinge/helix αD conformation in which Phe121 completes the catalytic spine and harbours its side
chain in the αD site (see black side chain in Figure 6c).

In the high-salt CK2α1–335/TTP22 structure, however, something different happens: Phe121
moves as indicated in Figure 8c and gets in contact to the methylphenyl moiety of the inhibitor.
Simultaneously Leu124 occupies the catalytic spine position (αD site) (Figure 8c). These drastic changes
are only possible if the helix αD is completely unraveled as visible in Figure 8c. When we observed this
instance of “hypervariability” of the hinge/helix αD region we first considered it as an interesting but
completely artificial feature induced by the combination by the high salt concentration (>4 M NaCl)
and a suitable ligand. However, in the recent publication by Brear et al. [39] a similar conformation
with Phe121 and Leu124 at equivalent positions was reported (Figure 8d). This structure (PDB 5CVG)
was obtained from crystals grown with a non-salt precipitant albeit with a significant addition (0.75 M)
of ammonium acetate. Insofar it is possible, that such extreme conformations of the hinge/helix αD
region belong to the normal conformational space explored by CK2α and that it just requires suitable
ligands and crystallization conditions to trap them.

The hinge/helix αD region of CK2α was a discussion point already in the very first CK2 structure
publication [42]. Since that time it has caused surprises repeatedly, and it seems as if it continues to do
so. In particular, recent developments allow the vision that the unique nature of this region compared
to other EPKs can be exploited to design CK2 inhibitors of high selectivity.

3. Materials and Methods

3.1. CK2 Inhibitors

The CK2 inhibitors FLC21 and TTP22 were synthesized as described previously [28,29].

3.2. Proteins

The two enzyme constructs CK2α1–335 and CK2α′Asp39Gly/Cys336Ser were prepared as described
previously [15,32]. In the case of CK2α′Asp39Gly/Cys336Ser it should be noted that the point mutation
Cys336Ser was planed to improve the protein solubility while the Asp39Gly mutation occurred
unintendedly during PCR and was overlooked in spite of sequencing. Nevertheless the construct
CK2α′Asp39Gly/Cys336Ser was used here because it showed significant catalytic activity with a KM-value
for ATP of 11.5 μM [32] which is comparable to wild-type CK2 and CK2α preparations [33] and because
the mutated position is remote from the ATP site and its environment (see more detailled discussion in
Section 2.1). The proteins were stored in stock solutions containing 500 mM NaCl, 25 mM Tris/HCl,
pH 8.5, as a background. The final protein mass concentrations (determined via UV-absorption at
280 nm) were 6.0 mg/mL for CK2α1–335 and 5.5 mg/mL for CK2α′Asp39Gly/Cys336Ser.

3.3. Crystallization

As indicated in Table 1 the crystallization efforts began in either case with mixing 90 μL protein
solution with 10 μL 10 mM inhibitor (FLC21 or TTP22) solution in DMSO, incubating this mixture for
at least 30 min at room temperature or—in the case of structure 3 of Table 1—on ice. After incubation
precipitated material was removed by centrifucation. For crystallization according to the sitting drop
variant of the vapour diffusion method 1 μL pre-incubated protein/inhibitor solution was mixed with
1 μL, respectively, of various reservoir solutions. All CK2α1–335 crystallization drops equilibrated
at 20 ◦C and all CK2α′Asp39Gly/Cys336Ser crystallization drops at 4 ◦C. Optimal crystal growth was
observed with the reservoir compositions given in Table 1.
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3.4. X-Ray Diffractometry

The CK2α1–335/inhibitor and CK2α′Asp39Gly/Cys336Ser/inhibitor crystals were flash frozen in liquid
nitrogen and mounted for X-ray diffractometry at 100 K. The CK2α1–335 crystals grown under high-salt
conditions (structures 4 and 6 of Table 1) were directly transferred to liquid nitrogen without a special
cryo colution. In the other four cases cryo solutions were prepared which were basically the reservoir
solution, respectively, enriched with glycerol and through which the crystals were shortly drawn prior
to the transfer to liquid nitrogen. The final glycerol concentrations of the cryo solutions were 20% (v/v)
for structure 1 of Table 1, 25% (v/v) for structure 2 and 15% (v/v) for structures 3 and 5.

X-ray diffraction data were measured with a microfocus rotating copper anode X-ray
diffractometer (MicroMax-007 from Rigaku, Tokyo, Japan) and with three synchrotron beamlines
(beamline ID23-1 at the ESRF in Grenoble, France, beamline X06DA at the Swiss Light Source,
Paul Scherrer Institut, in Villigen, Switzerland, and beamline MX-14.1 of HZB BESSY II,
Helmholtz-Zentrum Berlin, Germany). Final diffraction data sets were collected as indicated in
Table 1. All diffraction data sets were processed with XDS [43] for indexing and integration and with
AIMLESS and CTRUNCATE of the CCP4 software package [44] for scaling and conversion to structure
factor amplitudes.

3.5. Structure Solution, Refinement, Validation and Deposition

The structures were solved by molecular replacement with PHASER [45] and refined and validated
with PHENIX [46]. The inhibitor ligands FLC21 and TTP22 were parameterised with PRODRG [47].
Manual corrections were performed with COOT [48]. The final structures were deposited at the Protein
Data Bank and are available under the accession codes indicated in Table 1.

3.6. Illustration

Figure 5c was drawn with COOT [48]. All other illustrations—if not taken from the sources
indicated in the respective figure legends—were prepared with PYMOL [49].

4. Conclusions

Previous analyses [9] have shown that CK2α—in spite of a conspicuous overall rigidity in
comparison to other EPKs—has structurally rather variable regions. One of them—the ATP-binding
loop—is well-known among EPKs for its conformational adaptability, another—the hinge/helix αD
region—is in this respect unique for CK2α. The results presented here intensify this picture. They
document structural snapshots reflecting, confirming and partially explaining a hypervariability in
these two zones that only emerged in recent years. These findings are undoubtedly relevant for the
development of CK2 inhibitors: they offer new strategies to improve selectivity by the combination of
binding sites as already shown [39] or by stabilizing the enzyme in unique non-functional states and
thus pave the way to a new generation of CK2 inhibitors.
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Abstract: Casein kinase II (CK2) is an ubiquitous and pleiotropic serine/threonine protein kinase
able to phosphorylate hundreds of substrates. Being implicated in several human diseases, from
neurodegeneration to cancer, the biological roles of CK2 have been intensively studied. Upregulation
of CK2 has been shown to be critical to tumor progression, making this kinase an attractive target for
cancer therapy. Several CK2 inhibitors have been developed so far, the first being discovered by “trial
and error testing”. In the last decade, the development of in silico rational drug design has prompted
the discovery, de novo design and optimization of several CK2 inhibitors, active in the low nanomolar
range. The screening of big chemical libraries and the optimization of hit compounds by Structure
Based Drug Design (SBDD) provide telling examples of a fruitful application of rational drug design
to the development of CK2 inhibitors. Ligand Based Drug Design (LBDD) models have been also
applied to CK2 drug discovery, however they were mainly focused on methodology improvements
rather than being critical for de novo design and optimization. This manuscript provides detailed
description of in silico methodologies whose applications to the design and development of CK2
inhibitors proved successful and promising.

Keywords: CK2; inhibitors; structure based drug design; ligand based drug design; cancer;
hit optimization

1. Introduction

CK2 (formerly called Casein Kinase II), was first detected, together with CK1, as early as in 1954 [1].
The conventional term “casein kinase” originally denoted a group of unrelated ser/thr protein kinases
able to phosphorylate casein. Only one of these, Fam20C/G-CK (Golgi, or “genuine”, casein kinase) is
a bona fide casein kinase in vivo, while CK2 and CK1 share the ability to phosphorylate casein only
in vitro. CK2 is an ubiquitous, highly pleiotropic and constitutively active enzyme, responsible for the
generation of a significant proportion of the human phosphoproteome [2,3]. CK2 is active as catalytic
subunit alone (α and α’) or as tetrameric holoenzyme composed by two catalytic and two regulatory (β)
subunits. The α subunit displays the common structural features of all the other member of the human
kinome; to note that, unlike many other protein kinases, CK2 displays a constitutively active state, as
its activation loop is frozen in an open and active conformation, independently of phosphorylation
events [4,5]. CK2 has been linked to a number of human diseases, such as cancer [6], but also cardiac
hypertrophy [7], multiple sclerosis [8], virus infections [9–11] and cystic fibrosis [12–14]. For this reason
CK2 is intensively studied as a therapeutic target, especially in the treatment of cancer, and one CK2
inhibitor (CX-4945) is currently in Phase II clinical trials [15–17].

Several molecules, belonging to different chemical classes, have shown to inhibit CK2 during
the last 20 years. Most of them have been isolated by traditional drug discovery methods, which rely
on “trial and error testing” of molecules against the isolated enzyme (recombinant or purified from
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tissues). More recently many compounds have been discovered and optimized through rational drug
design approaches, and in particular by computer aided drug design, combined with in vitro and in
cell methodologies supported by crystallographic analysis. Two main groups of techniques should be
mentioned, namely structure based and ligand based drug design approaches. Structure-Based Drug
Design (SBDD) exploits the three dimensional structure of the biological target, obtained from X-ray
crystallography or nuclear magnetic resonance (NMR) spectroscopy, more rarely through Homology
modeling (Figure 1). The final goal of this approach is to predict whether chemical compounds are able
to interact with a biological target and its affinity. The binding conformation of small molecules into
their target, their intermolecular interactions and the structural changes of the drug/target complexes
can be estimated through molecular mechanics and molecular dynamics. On the contrary Ligand-Based
Drug Design (LBDD) exploits the knowledge of compounds able to interact with the biological target in
order to identify a set of chemical features ensuring the molecules activities. This model can be used to
design new potent drug-like entities; the pharmacophore approach and quantitative structure-activity
relationship (QSAR) are the most used ligand-based methods (Figure 1).

 
Figure 1. Schematic representation of in silico rational drug design techniques.

2. Structure and Biological Roles of CK2

The first crystal structure of human CK2 holoenzyme (Protein Data Bank (PDB) code: 1JWH)
revealed a stable tetramer composed by two catalytic subunit (α and α’), belonging to the CMGC
subfamily of the human kinome, and two regulatory β subunit (Figure 2). The two catalytic subunits
differ only at the C-terminal domain, while sharing with all the other protein kinases, the main
structural features (e.g., the P-loop or glycine-rich loop, the catalytic loop, the activation loop and
the substrate binding site). Intriguingly, CK2 is considered a constitutive active enzyme, a rare
property among protein kinases; this peculiarity is driven by its N-terminal domain, which is able
to form a number of stable interactions with the activation loop [4], whose conformational changes
are responsible for the active or non-active state of protein kinases. Normally, the activation loop
of active conformer is triggered by single or multiple phosphorylation events. In the particular
case of CK2 the N-terminal domain is able to block the activation loop in an open and full active
conformation, by its own [4]. CK2 is an acidophilic kinase accepting substrates with the consensus
sequence Xn−1-S/T-Xn+1-Xn+2-E/D/Sp/Yp (Figure 2). Even if an acidic residue at position +3 should be
sufficient for being a CK2 substrate [18,19], at least five residues have been identified on average around
its phosphorylable sites [2]. In fact, the CK2 substrate binding site is characterized by an unique amount
of basic residues, in particular the basic stretch of the α-helix C (Lys74-Arg80) has been recognized
to be important for substrate recognition, together with the amino acidic triplet, namely Arg191,
Arg195 and Lys198 [20]. On the other hand, the mechanism by which the β subunit is able to regulate
the activity of the catalytic subunit is still not clarified; however it is known that the β subunit can
provide a recruitment surface for substrates, up- (e.g., HIV-rev [21] or eif2β [22]) or down-regulating
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(e.g., calmodulin [23]) their phosphorylation (Figure 2). Moreover, the autophosphorylation of the β

subunit at the N-terminal domain MssSEE (Ser 2 and Ser 3) [24,25] has been suggested to be linked to
the formation of multimers based on CK2 tetrameric units, which could play a role in the regulation of
CK2 activity [26] (Figure 2).

Figure 2. Representation of CK2 structure; catalytic subunits (α and α’), regulatory β dimer and the
holoenzyme structure are highlighted.

Protein kinase CK2 is present in many cellular compartments, where it is able to phosphorylate
hundreds of substrates. For this reason it has been linked to several cellular processes, being
implicated in cell cycle, transcriptional control, neuronal function and response to cellular
stress [27,28]. The role of CK2 in many pathologies is well known [27,28]; in particular it is
implicated in cardiovascular pathology (hypoxia [29–32], atherosclerosis [33,34], cardiomyocyte
hypertrophy [7]), neurodegeneration (Parkinson’s [35–37] and Alzheimer’s diseases [38–41]),
inflammation (glomerulonephritis [42], experimental autoimmune encephalomyelitis, systemic lupus
erythematosus [8,43,44], multiple sclerosis [8]), muscle diseases (cardiomyocyte hypertrophy [45,46])
as well as virus and parasite infections [9–11]. Moreover a role of CK2 in Cystic Fibrosis (CFTR) has
been recently proposed [12–14,47]. The pathology where the role of CK2 is best documented and
studied is cancer, where this kinase is almost invariably upregulated [6]; recent studies have clearly
demonstrated that abnormally elevated CK2 level is required for tumor progression, due to its role in
the regulation of almost all the processes essential for cancer development with special reference to the
suppression of apoptosis [48]. This dependency of cancer cells to higher level of CK2 in comparison to
normal cells, is called addiction, and provides a crucial argument for the development of selective CK2
inhibitors in cancer therapy [48].

A huge number of CK2 inhibitors are available, most of them belonging to the class I of
kinase inhibitors, i.e., compounds able to directly target the ATP-binding site. Benzoimidazoles,
anthraquinones, flavonoids, coumarins, and pyrazolotriazines are the most represented families of
CK2 inhibitors [27,28] (Figure 3). Many members of these chemical classes were initially found by
traditional pharmacology, exploiting trial-and error-testing against the isolated enzyme. With the
increasing knowledge of CK2 structure, alone or in complex with different inhibitors, together with the
circulation of novel, fast and optimized protocols for computer aided drug design, the rationalization
of structural modification became of particular relevance in the design of CK2 inhibitors.
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Figure 3. Schematic summary of the most representative families of CK2 inhibitors.

3. Rational Drug Design of CK2 Inhibitors: Structure Based Drug Design

The CK2 structure has been intensively studied through X-ray crystallography and homology
modeling techniques. Currently a long and growing list of crystal structures is available from the
Protein Data Bank (PDB); in particular, as summarized in the Supplementary (Table S1), a consistent
group of structures is represented by the catalytic subunit α alone, both in its apo form or in complex
with ATP analogs or inhibitors. On the contrary, only a couple of structure of the α’ (PDB codes:
3E2B, 3OFM) and of the entire tetramer are present in PDB (PDB codes: 1JWH, 4NH1, 4MD7,
4MD8, 4MD9, 4DGL). Noteworthy, among the species crystallized, CK2 from Zea mays was the
most commonly deposited till 2010 (28/40); At a later time, human CK2 has represented the first choice
for crystallization (63/75). This abundance of CK2 structures, represents an outstanding resource for
in silico drug design and in particular structure based drug design. In fact, these structures provide:
(a) high resolution representations of the active site of CK2, useful to design and optimize novel
drug-candidates; (b) detailed information about the interactions between CK2 and its inhibitors, which
have been demonstrated of particular significance in the training of in silico protocols and scoring
functions. The most commonly used SBDD approaches are represented by virtual screening, molecular
docking and molecular dynamics (Figure 1). Virtual screening and in particular structure based virtual
screening is able to evaluate large libraries of compounds by directly docking the candidates against a
structure of interest. Fast molecular docking algorithms are a central part of the procedure together
with scoring function protocols able to extract the most promising molecules from the database of
millions of compounds. To note that, despite the large number of compounds screened in silico, only a
few of them (top selection) will be actually tested and even fewer will be able to achieve a reasonable
affinity to the target molecule (see Section 3.2). More accurate molecular docking approaches are
exploited in the optimization phase of hit compounds coming from in silico or in vitro screenings, better
when combined with crystallographic data. Molecular dynamics simulations have been introduced
at a later stage of in silico drug design, with aims of confirm the stability of ligand/target complexes
generated from docking studies, and to estimate the free energy of binding between small molecules
and their biological targets.

144



Pharmaceuticals 2017, 10, 26

3.1. Protein and Ligand Preparation

SBDD approaches require on one side an accurate 3D structure of the target of intent and on the
other a small set or a large library of compounds correctly prepared for in silico calculations. The
preparation of the target structure generally starts with the addition of hydrogen atoms to the available
3D system [49,50]; this is particularly the case when crystallographic information is used to describe
the biological target, while is not necessary in the case of NMR or homology models. Hydrogen
atoms are consequently minimized to avoid contacts, keeping the heavy atoms fixed at their original
positions [49,50]. This step can be performed using different types of Force Fields, which represent
a set of parameters used to describe atoms and molecules properties (atom types, charges) and to
calculate the potential energy of a system. The Force Fields commonly used during protein preparation
and during SBDD calculations are generally based on molecular mechanics equations (e.g., Amber [51],
CHARMM [52], MMFF [53], OPLS [54]) even if some examples of quantum mechanics or hybrid Force
Fields are also available. Unwanted molecules (e.g., ions, ligands, water molecules) are generally
excluded in the preparation process, but, in special cases, some of them are considered constitutive
of the tridimensional system studied [49,50]. For example during CK2 protein structure preparation,
a constitutive water molecule located in the ATP binding site is often maintained in all the in silico
calculations [50,55]. Moreover, the selection of the most suitable CK2 crystal structure(s) for SBDD
experiments strictly depends on several factors: first of all the SBDD technique applied, the in silico
protocols involved, the crystal structure conformations, resolutions etc. In other words the target
structure selection must be performed dependently to the computational problem addressed. However,
based on the public materials available for SBDD studies on CK2, some general observations can be
made. Even if crystal structures of both CK2 α and the tetramer are available, virtual screening and
molecular docking procedures are generally based on the structures of the isolated catalytic subunits,
because of a better crystallographic resolution and the presence of several inhibitor co-crystallized,
missed, instead, in the crystal structures of the tetramer. To note that, even if recently several crystal
structures of human CK2 α are available, earlier the in silico analysis on CK2 were exclusively based
on Zea mays crystal structures. This lack in human CK2 tridimensional information was overtaken by
building the human CK2 model through homology modeling technique, exploiting the high similarity
between the ATP binding sites of Zea mays and Homo sapiens CK2 (>98%) [56]. Nowadays crystal
structures of the human catalytic subunit are generally selected for virtual screening purpose; this can
be done by testing the available protocols to isolate the most suitable structure(s) where the in silico
algorithm is able to efficiently reproduce the compounds crystallographic pose. However, Zea mays
structures remain important to retrieve the binding motif of several known inhibitors of CK2. In some
cases, to address specific computational problems, the crystal structure of CK2 tetramer has been
also considered. This is the case, for examples of protein-protein docking studies [22,57] or molecular
dynamics simulation experiments [5].

On the other side, to optimize in silico processes, special care must be taken also to the preparation
of chemical libraries; this event is primarily a manual process which starts from the direct building of
3D structure of molecules or from the 2D into 3D conversion of entire database of compounds [49,50].
Protonation states, tautomers and stereochemistry must be taken into account for all the molecules
of the chemical library, as well as any desired geometric restraints (distances, angles, dihedrals),
if necessary. Finally, partial charges are calculated and applied to the molecules together with an
energy minimization protocol with a suitable force field [49,50]. At the end of the preparation process
a database of potential candidates is ready to be tested in silico against a biological target. To note that
the chemical library is commonly “contaminated” by compounds with known activity against the
target of interest. This is of particular relevance during in silico screening campaigns, providing on
one side an internal evaluation of the computational approach, on the other an idea of how a scoring
function predicts the novel candidates activities in comparison to known ligands [49,50].
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3.2. Virtual Screening Approach

Structural-based virtual screening approaches (also defined as high-throughput docking) exploit
large libraries of compounds to identify those structures which are able to bind a biological target. The
aim of this computational technique is not necessarily linked to the number of hits found during the
process; on the contrary, the identification of novel interesting scaffolds is clearly preferable. For this
reason two important and connected steps of virtual screening approach must be mentioned: the
search algorithm and the scoring function (Figure 4) [58,59]. The search algorithm is able to explore all
the possible orientations and conformations of a small molecule within a target binding site. Most of
the protocols explore the conformational space of flexible ligands, while the protein structure remains
fixed; each final ligand conformation docked inside the protein target is called “pose”. Several search
algorithms are available based on different principles: genetic algorithm (Autodock [60], Gold [61],
MOE [62]), geometric matching (DOCK [63]), exhaustive search (Glide [64], FRED [65], eHits [66]),
incremental search (FlexX [67]). However, defining the best search protocol for virtual screening
in general, is not that easy; an evaluation of the available protocols for every case studied, instead,
is a mandatory step to identify the best solution for the virtual screening procedure. Since search
algorithms are potentially able to generate a huge number of conformations and poses, a procedure
suitable to evaluate favorable and not favorable protein/inhibitor complex and to rank one ligand
relative to another is required. This procedure is based on scoring function [58,59], which represent
an approximate mathematical method used to predict and evaluate the strength of non-covalent
interactions between small molecules and target proteins. During virtual screening, it is quite common
to use more than one scoring function for the evaluation of the best candidates [49,50]; this procedure
is known as “consensus scoring” and it is performed by combining different type of scoring functions
in an intersection-based consensus approach. The main advantage of this method is to reduce the
numbers of false positives identified by individual scoring functions and to increase the ability to
discriminate between active and inactive ligands [49,50] (Figure 4).

Figure 4. Schematic representation of the structure based virtual screening procedure leading to the
discovery of ellagic acid (left); on the (right) hit optimization of ellagic acid. Inhibition constant (Ki)
and PDB (Protein Data Bank) codes have been reported.
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3.2.1. Virtual Screening Example 1: The Discovery of Ellagic Acid

A very first example of a structure based drug design technique used to identify novel inhibitors of
CK2, was provided by the virtual screening process leading to the identification of the tannin derivative
ellagic acid as the most potent CK2 inhibitor at that time [50] (Figure 4). Starting from a relatively small
database of natural compounds (2000 molecules), enriched with 15 known CK2 inhibitors to calibrate
the high-throughput screening protocol, the authors have set up a consensus screening procedure
involving four principal steps (Figure 4). First of all the library was processed with OMEGA, adding
hydrogen atoms/Gasteiger partial charges and generating the conformers for the second phase: the
rigid body shape fitting. During this step FRED generates a pool of different rigid body poses able to
interact with CK2 binding site without generating clashes; this poses were scored and ranked with a
Gaussian shape function. Compounds, selected by FRED, that potentially fit CK2 catalytic cleft were
subjected to a flexbile docking step, using three different program, namely MOE, Glide and Gold
(third step). In the fourth and last phase, the poses generated from the docking procedure were ranked
by five scoring function (MOE-Score, GlideScore, GoldScore, ChemScore and Xscore) [50]. A cut-off
value for the top 5% compounds ranked by all possible combinations of flexible-docking/scoring
functions was selected (consensus docking and scoring), prioritizing 73 molecules for biochemical
evaluation [50] (Figure 4). Ellagic acid was selected, among others, as the best compound, resulting
the most potent ATP-competitive inhibitor isolated at that time (Ki value of 0.020 μM) [50]. From a
small selectivity panel, including 12 representative protein kinases, ellagic acid resulted to be quite
selective [50]; this selectivity profile was recently enlarged by testing the residual activity of 70 protein
kinases treated with 10μM ellagic acid (Table 1). At this concentration, ellagic acid is able to inhibit,
more than 50%, the activity of 21 protein kinases, however only 9 are remarkably affected (residual
activity <25%). Beside CK2 (13%), p38-regulated/ activated kinase (PRAK) is the most inhibited (3%)
followed by Sphingosine kinase 1 (SPK1) and dual specificity tyrosine-phosphorylation-regulated
kinase 3 (DYRK3) (9%), DYRK2 (12%), p21-activated kinase 4 (PAK4) (14%), maternal embryonic
leucine zipper kinase 2 (MELK2) (17%), BR serine/threonine-protein kinase 2 (BRSK2) (18%) and
Pim-3 proto-oncogene, serine/threonine kinase (PIM3) (21%). The moderate promiscuity of ellagic
acid is not so rare among drug candidates from natural sources and could represent the driving force
of their activity against diseases like cancer. Indeed, a cytotoxicity profile demonstrated that ellagic
acid inhibited the growth of leukemic cells SUDHL1 and FEPD with a DC50 (Death Concentration 50)
around 30–50 μM after 48-h exposure to the inhibitor [50].

Table 1. Selectivity profiles of ellagic acid on a 70 kinase panel. Residual Casein kinase II (CK2) activity
(determined at 10 μM Ellagic Acid concentration) is expressed as a percentage of the control activity
without inhibitor. Activities <25% of control are highlighted in grey. Conditions for the activity assays
are described in [68].

Kinase % Activity Kinase % Activity Kinase % Activity

PRAK 3 PDK1 66 Lck 101
SRPK1 9 PKC zeta 67 HIPK3 102
DYRK3 9 MSK1 68 ERK1 103
DYRK2 12 S6K1 68 PRK2 105

CK2 13 ROCK 2 68 JNK3 106
PAK4 14 PKA 69 P38b MAPK 107
MELK 17 PKBb 71 EFK2 111
BRSK2 18 CSK 73 CHK2 117
PIM3 21 PLK1 76 CAMKKa 118

DYRK1A 26 Src 76 SmMLCK 127
MAPKAP-K2 26 JNK1 78

PAK5 29 SGK1 80
CAMKKb 29 PKBa 80

GSK3b 30 PKCa 81
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Table 1. Cont.

Kinase % Activity Kinase % Activity Kinase % Activity

IKKb 36 CHK1 81
MAPKAP-K3 39 NEK7 82

PIM1 40 PHK 82
PAK6 42 CAMK1 82
ERK8 46 ERK2 84

AURORA C 46 AMPK 86
MARK3 47 JNK2 87

PKD1 48 HIPK2 89
PLK1 51 NEK6 91
RSK2 51 MNK2 94
CK1 58 p38s MAPK 98
RSK1 58 p38a MAPK 100
MKK1 62 MNK1 100

AURORA B 64 p38g MAPK 101
NEK2a 65 MST2 101
PIM2 65 CDK2-Cyclin A 101

3.2.2. Virtual Screening Example 2: The Discovery of Quinalizarin

An implementation of the virtual screening procedure adopted in the case of ellagic acid, led
to the identification of quinalizarin as the best anthraquinone inhibitor of CK2 [49]. Starting from
an enlarged molecular database (3000 molecules), implemented with 21 known CK2 inhibitors for
the calibration phase, a flexible ligand-docking step with four different programs (MOE, Glide, Gold
and FlexX) was performed in combination with the five scoring functions described above (cut-off
for final selection: 10%) [49]. Quinalizarin, prioritized for biochemical evaluation, resulted to be an
ATP competitive inhibitor with a Ki value of 0.052 μM (Figure 5), definitely lower as compared to
other anthraquinone derivatives previously identified through traditional pharmacology, namely
emodin (6-methyl-1,3,8-trihydroxyanthraquinone, Ki = 1.5 μM) [56], MNA (1,8-dihydroxy-4-nitro-
anthracene-9,10-dione, Ki = 0.78 μM), MNX (1,8-dihydroxy-4-nitroxanthen-9-one, Ki = 0.80 μM), DAA
(1,4-dihydroxy-5,8-diaminoanthracene-9,10-dione, Ki = 0.42 μM) [69]. Moreover, the first selectivity
evaluation of quinalizarin against a panel of 70 protein kinases disclosed a promising specificity
for CK2 [49], confirmed by a second assay against an enlarged panel of 140 protein kinases [70].
In particular, while CK2 residual activity, after treatment with 1 μM quinalizarin, resulted to be only
10%, none of the other 140 protein kinases displays a residual activity less than 50%, 132 of them
being almost unaffected [70]. Several crystal structures of quinalizarin have been solved firstly by
co-crystallization with Zea mays CK2 (PDB code: 3FL5 [10]), later with human CK2 (PDB codes: 3Q9Z
and 3Q9Y [29]). These structural resources are exploited to disclose on one side the molecular features
underlying quinalizarin selectivity and, on the other, its preference for CK2 holoenzyme over the CK2
α alone [70]. To note that, quinalizarin is readily cell permeable and very effective as pro-apoptotic
agent, having been successfully used in many studies concerning CK2 physiological and pathological
roles, as well to disclose proteomics perturbations caused by CK2 down regulation [71].
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Figure 5. Schematic representation of the structure based virtual screening procedure leading to the
discovery of quinalizarin (left); whose activity is shown in comparison with the previous discovered
anthraquinone inhibitors (right).

3.2.3. Virtual Screening: Other Examples

One of the first examples of a successful virtual screening procedure applied to the identification of
CK2 inhibitors was performed by Novartis Pharma: a fast high-throughput screening protocol (DOCK
software), combined with a pharmacophore filter, was used to screen a database of 400,000 compounds.
A dozen compounds were retrieved from the in silico procedure; of particular interest was a quinazoline
derivative (compound 4, 5-oxo-5,6-dihydroindolo- [1,2-a]quinazolin-7-yl, later named IQA), displaying
an IC50 (half maximal inhibitory concentration) of 0.080 μM against CK2 and a good selectivity towards
a small panel of 21 representative protein kinases [72]. Hereafter, IQA was profiled against 44 kinases,
confirming its selectivity and prioritized for in cell assays, showing remarkable efficacy in Jurkat
cells [73]. The crystal structure of IQA and Zea mays CK2 was solved (PDB code: 1OM1), paving the
way for further optimization of this promising scaffold [73].

Another example of a virtual screening application exploited the chemical structure of CX4945,
the only CK2 inhibitor in clinical trials; a two-steps shape based virtual screening approach was used to
retrieve novel compounds able to inhibit CK2 [74]. Firstly, a shape-based model derived from CX-4945
was built, and used to screen a database of molecules with the OMEGA/ROCS software, leading to
the identification of one quinazoline derivative (SHP01, IC50 = 4.23 μM), whose interactions with CK2
active site were later clarified through molecular docking (GOLD software). Based on SHP01 scaffold,
a second shape based model was built and a new set of compounds from the screening analysis
have been prioritized for molecular docking and biochemical evaluation. The three best compounds
SHP19, SHP26 and SHP27 (IC50 = 0.46 μM, 0.69 μM and 0.55 μM respectively) were also assayed for
their cytotoxicity in several cell lines, displaying a DC50 values around 30 μM [74]. Although this
strategy proved promising for the optimization of SHP01 inhibitory activity, it was not able to retrieve
compounds as effective as CX4945. Moreover, the selectivity of the hit molecules identified in the
virtual screening procedure remained undetermined, as well as the real contribution of CK2 to the
cytotoxic effect of these chemical entities.

Finally an in silico screening application, called Cross-Docking-based Virtual Screening, was used
to explore a database of over 300,000 compounds previously resized to around 80,000 using specific
druglike property filter [75]. Ninety six compounds were retrieved from the screening procedure and
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submitted to a toxicity prediction procedure; only seven of them were assayed in vitro, compound g

resulting to be the best inhibitor, with an activity in the micromolar range [75].

3.3. Molecular Docking, Molecular Dynamics and Hit Optimization (Hit to Lead)

Compounds selected from a virtual screening procedure (for example ellagic acid or quinalizarin)
are generally defined as hits and evaluated by means of binding affinity for their biological target as well
as for their selectivity toward unwanted off-targets. After their efficacy is validated in cell environment,
to assess their cell permeability and ability to perturb biological functions. Co-crystallization of hits and
the target protein is a crucial step in hit evaluation, since it provides significant information about the
molecular interactions and may confirm or not the poses obtained from the in silico high-throughput
screening procedure. Hit to lead represents a stage in early drug design where hits undergo a
rational optimization of their chemical scaffold to improve, among others, chemical and metabolic
stability, affinity and selectivity towards the biological target, as well as efficacy in cellular assays. Hit
optimization is generally performed by exploiting optimized docking protocols as well as molecular
dynamics simulations; these approaches are especially useful when coupled with crystallographic
information about hit/target complexes. The design of novel compounds starting from existing hits
can be evaluated through molecular docking which is able to predict the binding motif of optimized
molecules and their affinity towards the biological target, using different scoring functions. The
comparison between hit compounds binding affinity and the ones of novel designed candidates, helps
to direct new synthesis of optimized molecules. On the other hand, molecular docking can be useful to
determinate the Structure Activity Relationship (SAR) of a family of compounds variably active against
a target. In fact the knowledge of the relationship between the chemical or 3D structure of a molecule
and its biological activity, is critical to understand which kind of chemical substitutions are expected
to improve the activity of hit compounds. Similarly, molecular dynamics simulation can be used to
estimate the free binding energy of small ligands to biological macromolecules. In particular molecular
dynamics calculations are used to study target/ligand complexes, to rationalize experimental findings
and to improve the results of virtual screening and docking. Molecular mechanics (MM) energy
coming from molecular dynamics experiments are coupled with PBSA and GBSA (Poisson Boltzmann
or generalized Born and surface area continuum salvation) methods to estimate ligand binding affinities
to the biological target [76]. To note that many attempts to improve these methodologies have been
performed by exploiting for example Quantum Mechanics (QM) approaches. Liner Interaction Energy
(LIE) is another method for hit optimization coupled with molecular dynamics simulations: it consists
in a semiempirical approach that combines the advantages of Free Energy Perturbation (FEP) and
Thermodynamic Integration (TI), by calculating binding free energies of the bound and the free state
of ligands [77].

After hit optimization, the newly generated molecules are generally called lead compounds;
they are further improved in a lead optimization phase, exploiting the acquisition of Adsorption,
Distribution, Metabolism, Excretion, Toxicity (ADMET) properties, till the development of drug
candidates ready for in vivo testing. This issue will not be considered in this paper because, although
many inhibitors of CK2 have reached in vivo studies, in silico lead optimization of this molecules has
not been performed.

3.3.1. Hit to Lead: Ellagic Acid

The optimization of the CK2 inhibitor ellagic acid is a telling example of a hit to lead
strategy starting from a compound retrieved by a virtual screening technique. Starting from the
crystallographic structures of ellagic acid and the cumarin derivative DBC (3,8-dibromo-7-hydroxy-
4-methylchromen-2-one, Ki = 0.06 μM ) in complex with the α-subunit of CK2 (PDB codes: 2ZJW and
2QC6, respectively [78,79]), an analysis of the interactions of the two compounds with CK2 catalytic
site was performed (Figure 4). Ellagic acid and DBC display a similar binding mode; however, while
ellagic acid is able to interact with both CK2 hinge region and the phosphate group binding area, DBC
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is able to directly bind only the hinge. To note that in 2008, a LIE model approach was performed on
DBC and more than 60 coumarins derivatives, to define and understand the importance of different
energy contributions to the binding free energy of this class of compounds [79].

From these observations, a molecular simplification of the ellagic acid scaffold has been proposed
leading, among others, to an hydrolysable tannin, urolithin A (IC50 = 0.39 μM) [55] (Figure 4).
Interestingly, the molecular docking experiments of urolithin A inside CK2 catalytic site, demonstrate
that ellagic acid and urolithin A share the same binding motif characterized by the two crucial
hydrogen-bonding interactions [55]. This was also confirmed by methylating, individually or
together, the hydroxy groups at position 3 and 8, resulting in two molecules with low affinity
(compound 9, IC50 = 3.5 μM) or completely inactive (compound 10, IC50 > 40 μM) [55]. Moreover, being
urolithin A a benzocoumarin derivative, it was suggested to represent a bridging scaffold between
ellagic acid and DBC (Figure 4). For this reason, the effect of electron-withdrawing substituents
(nitro and bromine), was investigated through molecular docking approach [55]. Among various
derivatives proposed in silico and prioritized for chemical synthesis and biochemical evaluation,
4-bromo-3,8-dihydroxy-benzo[c]chromen-6-one (compound 21, Ki = 0.007 μM) resulted to be even
more efficacious than ellagic acid and DBC (Figure 4) [55].

3.3.2. Hit to Lead: Benzimidazole Scaffold

The optimization of chemical entities in drug discovery can be also performed starting from
a scaffold recognized as a hit compound, even if not selected by high-throughput screening. One
of the first family of compounds identified as inhibitors of CK2 is represented by polyhalogenated
benzimidazole derivatives. DRB (5,6-dichloro-1-(β-D-ribofuranosyl)benzimidazole, Ki = 23 μM) [80],
TBB (4,5,6,7-tetrabromobenzotriazole, Ki = 0.40 μM) [81], and the first generation of benzimidazole
derivatives were discovered by traditional pharmacology (“trial and error testing”) [82]. Several
experimental data were collected for this first series of compounds, in particular focusing on the
determination of their in vitro (e.g., K25 Ki = 0.04 μM) and in cell potency, their mechanism of action
and their selectivity towards different kinases panels, as well as on the co-crystallization of some of
them with CK2 catalytic subunit (Figure 6). Such as amount of data was essential to determinate a SAR
for this starting group of compounds, and to perform additional modifications of the benzimidazole
scaffold, exploiting the crystallographic informations available. First of all, the role of different halogen
substitutions (Figure 6) was evaluated through molecular docking analysis combined with biochemical
assays, proving that tetraiodined compounds present, on average, IC50 one of magnitude lower than
the corresponding brominated ones (e.g., K88 Ki = 0.023 μM; K93 = 0.019 μM; K100 Ki = 0.027 μM) [83].

Figure 6. Schematic representation of the optimization of tetrabromobenzimidazoles.
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Secondly, the benzimidazole scaffold was further optimized to design a molecule able to inhibit
CK2 together with other protein kinases implicated in the same human disease [84] (Figures 6 and 7).
The goal of such a strategy, called Multi Target Drug Design (MTDD), is to block redundant
compensatory pathways in diseases like cancer or neurodegeneration, with consequently increase of
efficacy and the reduction of drug resistance. Compounds able to target two or more protein kinases
are called Multi Kinase Inhibitors (MKI); several example of MKI are present in literature, some of
them have been also approved by FDA, like imatinib (Gleevec) [85] and lapatinib (Tykerb) [86,87]. The
crosstalk between CK2 and PIM1 (kinase of the Proviral Integration of Moloney virus) [88] has been
recognized in a number of tumors (e.g., prostate cancer, and hematologic malignancies) where they
are implicated in the resistance to apoptosis [84]. The design of a specific dual and cell permeable
inhibitor of CK2 and PIM1 was obtained through an in silico rational optimization of the benzimidazole
scaffold, in particular by exploiting a structure based pharmacophore approach [84] (for details about
pharmacophore model see Section 4 ). Even through this method can be used also with apo protein
structures, in this case it was used to obtain pharmacophores from CK2 and PIM1 structures in complex
with different inhibitors (Table 2). In fact, beside CK2, several co-crystal structures of PIM1 and its
inhibitors are also available. Once collected, the structural data from both CK2 and PIM1 were divided
into two groups; the first one representing the training set for the pharmacophore selection, the second
one representing the test set to validate the pharmacophore model (Table 2). For both CK2 and PIM1,
one single structure was chosen to generate the pharmacophore model taking into account all the
interactions performed by CK2 and PIM1 ligands into the respective binding site, according to the
training set. At the end of the procedure a set of chemical features was retrieved and clusterized into
hydrogen donor, hydrogen acceptor, hydrophobic and aromatic features (Figure 7). Only the most
recurring features retrieved from the protein ligand interaction pattern, were selected and included in
the final generation of the pharmacophore models of CK2 and PIM1. These models were validated by
using molecules from the test set; to note that all the inhibitors of CK2 and PIM1 present in the test set
have not been used for the pharmacophore model determination, being, however, positively selected
by the two final pharmacophore models, in the validation procedure. Couriously the pharmacophore
models of CK2 and PIM1 resulted to be geometrically and qualitatively quite similar, being composed of
two acceptor features, five hydrogen/aromatic feature, while four donor features were present in CK2
instead of three in PIM1 (Figure 7). Both the validated pharmacophore models were used as 3D queries
in database searching. The chemical library represents a family of 350 tetrabromobenzimidazole
derivatives built in silico through combinatory chemistry of small chemical fragments (Figure 7).
Among others, TDB (1-β-D-2′-deoxyribofuranosyl-4,5,6,7- tetrabromo-1H-benzimidazole) resulted to
be the most promising molecule retrieved from the screening procedure [84]. As expected TDB showed
an ATP competitive inhibition with both CK2 and PIM1 (Ki values, 0.015 and 0.040 μM respectively),
and a promising selectivity, being almost ineffective against a panel of 124 protein kinases, at 1 μM
concentration [84]. The selectivity of TDB is also confirmed by the values for the Gini coefficient
(0.553) and hit rate (0.14), denoting that TDB is one of the most specific inhibitors of CK2. Only two
other protein kinase, DYRK1a and CLK2 have been shown to be affected by TDB (IC50 = 0.4 μM and
0.02 μM, respectively) [84]. To note that the overexpression of CLK2 is also implicated in many tumors,
thus the triple specificity of TDB against CK2, CLK2 and PIM1, should be considered an advantage,
rather than a weakness. The specificity of TDB towards CK2 and PIM1 was also demonstrated in
living cells, where the compound was able to inhibit the endogenous activity of both protein kinases,
and to reduce the phosphorylation level of specific substrates of CK2 and PIM1 (Akt Ser129 and Bad
Ser112, respectively) [84]. To note that, the combined efficacy of TDB against CK2 and PIM1 was
probably responsible of the remarkable cytotoxicity of the compound against cancer cells (CEM and
HeLa) compared to non-tumor (cells CCD34Lu and heK-293t), showing that TDB was even better than
CX-4945 in a comparative MTT test on CEM cells [84].
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Figure 7. Structure based pharmacophore screening applied for the discovery of TDB
(1-β-D-2′-deoxyribofuranosyl-4,5,6,7-tetrabromo-1H-benzimidazole), a CK2 and PIM1 dual inhibitor.
Spheres represent chemical features: Red for donor, blue for acceptor, orange and yellow for
hydrophobic/aromatic.

Table 2. List of CK2 and PIM1 crystal structures (PDB codes) used as training and test set for
pharmacophore building.

CK2 PIM1

Training Set Test Set Training Set Test Set

3KXM 3KXN 4ENY 3UIX
3KXH 3KXG 4A7C 3T9I
3PVG 3PWD 3R00 3R01
3NGA 3Q9Y 3R02 3R04
3AMY 3OWK 3XJ1 3XJ2
4DGN 3MB7 3JPV 3DCV
3OWL 3OWJ 3C4E 3BGP
3MB6 3RPS 3BGQ 3BGZ
1ZOH 1ZOG 3UMX 4ENX
1M2R 1M2Q 4ALW 3UMW
2OXD 2OXY 4ALU 4ALV
1OM1 1M2P 4K18 4K1B

Another modification of the benzimidazole scaffold was rationalized starting from one of its ATP
competitive derivative K137 (N1-(4,5,6,7-tetrabromo-1H-benzimidazol-2-yl)-propane- 1,3-diamine),
with the aim to design a new family of bisubstrate inhibitors able to simultaneously interact with the
ATP and the phosphoacceptor substrate binding sites [89] (Figure 8). To this purpose the extended
knowledge acquired about the interactions between CK2 and its acidic peptide substrates (e.g., TS-Tide,
RRRADDSDDDDD), together with the huge amount of crystallographic data for ATP competitive
inhibitors, was transferred to a Molecular Dynamics guided Structure Based Docking procedure [89]
(Figure 8). First of all the interaction pattern of K137 and of TS-Tide with CK2 ATP and substrate
binding site respectively was acquired, through Docking and Molecular Dynamics simulations.
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In particular K137 binding pose was retrieved through a genetic algorithm based molecular docking
(Gold software, genetic algorithm), while the CK2-peptide substrate complex was obtained through
a protein-protein docking procedure (PIPER software [90]). 1000 complexes were obtained from
protein-protein docking algorithms and clusterized using the pairwise Root Mean Square Deviation
(RMSD) into the six largest clusters. The final complex was chosen according to the energy scoring
function. Both the docking experiments were submitted to a Molecular Dynamics protocol (NAMD
2.8 [91], 100 ns of NPT, 1 atm, 300 K) to optimize the interactions within the complexes. These data were
used to propose a binding motif for K137, to identify the minimum interactions required to allocate
the acidic peptide substrate in CK2 substrate binding site, and to design the best chemical spacer to
connect the K137 moiety to the acidic peptide. From this procedure, a small group of molecules, was
prioritized for biochemical evaluation [89]; the best compound resulted to be K137-E4 (IC50 = 0.025 μM)
in which K137 was derivatized in position 3 by a chemical spacer connected to a peptidic fragment
composed by 4 glutamic acid [89] (Figure 8). From the in silico analysis, K137-E4 was predicted to
interact in the ATP binding site through the K137 moiety, and in the substrate binding region with
the peptide portion (E4). Mixed competition kinetics and mutational analysis demonstrated in vitro
that the compound is indeed able to interact simultaneously with both the ATP and substrate binding
sites [89]. In addition to a highter potency as compared to K137 (IC50 = 0.13 μM), K137-E4 is more
selective: while K137 is able to inhibit 35 out of 140 protein kinases more potently than CK2, K137-E4
is only active against CK2 [89]. This remarkable selectivity is also demonstrated by the value of the hit
rate for K137-E4 (0.05) much lower than the one for K137 (0.27) [89].

Figure 8. Schematic representation of the rational strategy leading to the design of bisubstrate inhibitors.

3.3.3. Hit to Lead: Other Examples

In the absence of crystallographic informations, molecular docking has been widely used to
determine the binding motif of CK2 inhibitors. This technique was particularly useful to explain
the SAR of several families of compounds, and to design optimized molecules starting from their
docking pose. For example, a family of pyrimidine derivatives [92] was recently further optimized,
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generating a series of novel ATP-directed compounds with variable activities against CK2; one of
them NHTP23 (3-(5-phenylthieno [2,3-d]pyrimidin-4-ylamino)benzoic acid) was extremely active
(IC50 = 0.01 μM) and selective against a small panel of eight protein kinases [93]. Likewise, a novel
family of tetrabromobenzotriazole derivatives was studied for their inhibitory activity toward CK2 and
rationalized through docking experiments. R-7b (IC50 = 0.80μM) was the best hit compound obtained,
being however effective in MCF7 adherent cells only at concentration between 50 and 100 μM [94].
To note that molecular docking was also used to clarify the binding mode of the promising peptide
inhibitor Pc, able to interfere with the interaction surface between CK2 catalytic (α) and regulatory (β)
subunits; this results could pave the way to the development of allosteric inhibitors of CK2 [95].

Many other computational studies have been performed on existing families of CK2 inhibitors.
However, most of them have been dedicated to the development of new computational strategies and
techniques, to clarify the SAR of existing families of compounds and their interaction with CK2, without
leading to novel optimized chemical entities. For example, the tricyclic quinoline compound CX-4945,
the only CK2 inhibitor in clinical trials, has been studied in silico, through molecular docking and
dynamics, to clarify the role of its acidic portion, responsible for its marked activity [96]. In particular,
the presence of non-R2 carboxylate function resulted in a different protein-ligand recognition, leading
to unfavourable electrostatic interactions with the ATP binding site of CK2 [96]. Another example is
provided by the exploration of interactions between a group of tetrabromobenzimidazole derivatives
with CK2, exploiting a QM/MM-PB/SA method [97]. This approach was used to estimate the binding
free energies of CK2-inhibitor complexes obtained through QM/MM molecular dynamics. The results
demonstrated that the contribution of solvation (PB/SA) is essential to retrieve reliable results, that
the hydrophobic contribution represents the driving force for the binding, while the electrostatic
interactions are important for the correct orientation of benzimidazole inhibitors in the CK2 active
site [97]. Moreover, the in silico methodology suggested modifications able to potentially increase the
binding affinity, however no evaluation of these hypothetical molecules is actually available.

4. Rational Drug Design of CK2 Inhibitors: Ligand Based Drug Design

The huge number of crystallographic structures available for CK2, have tipped the balance of
computational studies in favor of structure based drug design. However, some examples of efficient
Ligand-Based Drug Design (LBDD) procedures applied to the development of CK2 inhibitors are also
available in literature (discussed below). Instead of being focused on the biological target, like in the
case of SBDD, LBDD exploits the knowledge of known active molecules to predict novel chemical
entities able to affect the target of interest. To note that this approach, even if can be combined with
SBDD techniques, it is born to be independent from the structure of the target, thus can prove extremely
helpful to develop novel ligands against targets lacking tridimensional information. A huge amount
of CK2 inhibitors (>200) are available in literature, belonging to several chemical class of compounds
(e.g., anthraquinone, coumarin, flavone, quinoline) and characterized by a wide range of in vitro
activities and selectivity (see specific reviews for detailed informations [27,28]). This structure diversity
should be considered an advantage in the application of LBDD approaches for the developing and
optimization of CK2 inhibitors. For this purpose, Pharmacophore screening [98] and Quantitative
Structure–Activity Relationship (QSAR/3D-QSAR) [99,100] are the most used LBDD, the former
mainly focused on the structural geometries and characteristics of known compounds, the latter
on the correlation between calculated chemical properties of molecules and their experimentally
determined activity.

4.1. The Pharmacophore Approach

A pharmacophore can be defined as an ensemble of chemical features, generally consisting of
hydrogen bond acceptors/donors, electrostatic features and hydrophobic centroids, necessary to ensure
the molecular recognition between a ligand and its biological target. A generated pharmacophore
model could identify the minimum chemical features which different ligands should possess to bind a
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common binding site and can be used in a ligand-based virtual screening to identify new molecules
with the same features [98]. It is normally built from a training set of diverse molecules active against
the same biological target, whose low energy conformers are generated and superimposed. The 3D
alignment of the ligands is used to extract chemical properties for the pharmacophore model, assigning
the correct pharmacophoric features [98]. The final model must be validated with a set of known active
compounds against the common biological target. It is fairly common for pharmacophore approach
to be combined with SBDD techniques when tridimensional information for the biological target
is available. For example, results from a ligand-based pharmacophore model are often confirmed
through molecular docking before being validated by biochemical evaluation.

4.1.1. The Pharmacophore Approach: Applications

An interesting combination of pharmacophore hypothesis, the Bayesian model (LBDD technique)
and molecular docking was recently performed [101]. Bayesian model, a probabilistic classifier based
on applying Bayes’ theorem, is one of the most versatile machine learning algorithms. It was used
to distinguish active from non-active inhibitors of CK2, by training the protocol with a set 73 active
and 29 inactive compounds. On the other side a pharmacophore model was developed using seven
active CK2 inhibitors together with two non-active compounds; finally a docking protocol was used to
confirm the data obtained from LBDD analysis. Bayesian model, pharmacophore model and molecular
docking were sequentially used to filter more than one million molecules; 30 compounds were selected
from the in silico analysis and one of them (compound C1) resulted to be structurally unrelated to the
other known CK2 inhibitor and displayed an IC50 of 5.85 μM [101].

4.2. Quantitative Structure–Activity Relationship (QSAR)

Quantitative structure-activity relationships (QSAR) can be defined as regression or classification
models used in several scientific applications. In computational chemistry and in drug design in
general, QSAR have been applied to study the relationship between physicochemical properties of
molecules and their biological activities; QSAR aims at building reliable statistical models to predict
the activities of novel chemical entities [99,100]. The basic concept of QSAR is that structural properties
of molecules are strictly connected with their biological activities; in other words inhibition constants,
rate constants and affinities of compounds with their targets are correlated with chemical features like
electronic and steric properties, lipophilicity, polarizability. 3D-QSAR has emerged as an optimized
methodology for the design of new molecules, by exploiting the three-dimensional properties of
known compounds to predict the biological activities of novel chemical entities through chemometric
techniques such as Partial Least Squares (PLS), Principal Components Analysis (PCA), Comparative
Molecular Field Analysis (CoMFA), Molecular Similarity Indices in a Comparative Analysis (CoMSIA).

4.2.1. The QSAR Approach: Applications

By exploiting a pool of 38 CK2/inhibitors complexes a QSAR model based on Multiple Linear
Regression (MLR) was built in combination with a docking protocol (AutoDock) for the generation
of energy-based descriptors. After a cross-validation procedure, 20 analogues of ellagic acid were
subjected to the QSAR-Docking approach; intriguingly two compounds were predicted in silico to be
more potent than ellagic acid, however these results were not validated in a biochemical assays [102].
On the other hand, CoMFA and CoMSIA methodologies, based on several CK2 inhibitors, were used
in a 3D-QSAR study, generating a statistically solid model; unfortunately, the in silico analysis was
not applied for the discovery of novel compounds, but only suggested plausible substitutions in the
development of CK2 inhibitors [103]. CoMFA and CoMSIA descriptors were also applied to study
40 coumarin derivatives combined with molecular docking. The model was successfully validated
using five known inhibitors of CK2 belonging to the coumarin family of compounds [104].
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5. Discussion

CK2 is an ubiquitous and pleiotropic protein kinase, intensively studied for its biological roles
and its implication in several human diseases in particular cancer, where its upregulation favours
tumor progression. The search of CK2 inhibitors started several years ago and at the beginning it was
grounded on “trial and error testing” against the purified enzyme. With the increasing number of
crystallographic information about CK2 alone or in complex with the first isolated inhibitors, together
with the availability of in silico protocols for the design and development of active ligands, several
research groups started to merge the classical biochemical studies with computational methodologies
able to rationalize the experimental data. Later on, in silico rational drug design became even more
important for the discovery and optimization of CK2 inhibitors in particular exploiting Structure Based
Drug Design (SBDD) techniques. The abundance of crystal structure of CK2 proved very helpful for
the optimization of virtual screening and molecular docking algorithms, as well as for the building of
solid free energy binding models. Several promising compounds have been obtained through virtual
screening campaigns, like IQA, ellagic acid and quinalizarin. Moreover, rational hit optimization by
means of molecular docking, pharmacophore approaches and molecular dynamics simulations has
been shown to be able to retrieve novel potent inhibitors of CK2, with different mechanism of action
and specificity.

Special reference needs to be made for Ligand-Based Drug Design (LBDD) techniques; despite
the abundance of CK2 inhibitors available in the literature, the success of these approaches is very
limited; in fact LBDD techniques were able to suggest new scaffolds, however characterized by poor
potency and not further optimized. The general impression is that the development of CK2 inhibitors
through LBDD techniques is still in an early phase, probably restrained by the presence of validated
and efficacious SBDD protocols. This is confirmed also by the majority of published papers, where
LBDD techniques are applied for the design of CK2 inhibitors. In these cases, indeed, calibration,
validation and improvement of the methodologies are the main addressed aspects, rather than specific
applications for the development of potent and selective inhibitors of CK2.

Figure 9. Activity of CK2 inhibitors over time expressed in Ki; blue bars represent the inhibition
constant of compounds identified through random screen campaign of chemical compounds (“trial
and error testing”), red bars the ones of compounds discovered through in silico rational drug design.
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In conclusion, as summarized in Figure 9, the introduction of in silico rational drug design in
the discovery and optimization of CK2 inhibitors was of invaluable usefulness to retrieve novel hit
compounds by virtual screening and to focalize the synthesis of optimized molecules by molecular
docking and dynamics. The combination of in silico techniques with biochemical, crystallographic,
and in cell approaches has accelerated the discovery of more active and more selective inhibitors of
CK2, as compared to the traditional trials and error testing. Moreover the increasing of computational
power based not only on the Central Processing Unit (CPU) but also on the Graphics Processing Unit
(GPU), gives a promising perspective on the development of even better computational algorithms for
CK2 drug design, involving mechanics calculation in the quantum level based on larger databases
of compounds.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/10/1/26/s1,
Table S1: Summary of all CK2 crystal structures deposited in the Protein Data Bank (PDB).
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Abstract: Protein kinase CK2, initially designated as casein kinase 2, is an ubiquitously expressed
serine/threonine kinase. This enzyme, implicated in many cellular processes, is highly expressed
and active in many tumor cells. A large number of compounds has been developed as inhibitors
comprising different backbones. Beside others, structures with an indeno[1,2-b]indole scaffold
turned out to be potent new leads. With the aim of developing new inhibitors of human protein
kinase CK2, we report here on the generation of common feature pharmacophore model to further
explain the binding requirements for human CK2 inhibitors. Nine common chemical features of
indeno[1,2-b]indole-type CK2 inhibitors were determined using MOE software (Chemical Computing
Group, Montreal, Canada). This pharmacophore model was used for database mining with the aim to
identify novel scaffolds for developing new potent and selective CK2 inhibitors. Using this strategy
several structures were selected by searching inside the ZINC compound database. One of the selected
compounds was bikaverin (6,11-dihydroxy-3,8-dimethoxy-1-methylbenzo[b]xanthene-7,10,12-trione),
a natural compound which is produced by several kinds of fungi. This compound was tested on
human recombinant CK2 and turned out to be an active inhibitor with an IC50 value of 1.24 μM.

Keywords: CK2; cancer; indeno[1,2-b]indoles; pharmacophore; MOE; ZINC database

1. Introduction

Cancer remains the leading cause of death in the world and around eight million deaths related
to cancer were reported worldwide in 2012. The cancer cases are expected to increase sharply
within the coming twenty years [1]. Different strategies for the treatment of cancer, including kinase
inhibition [2] were employed and investigated to cure the disease or prolong life and increase its
quality [3]. The first known protein kinase inhibitor was developed in the early 80s, and since then
a large number of compounds has been described (for reviews see [3,4]). The first protein kinase
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inhibitor approved as drug was imatinib (Gleevec®, Novartis, Basel, Switzerland), which is used in
the treatment of myelogenous leukemia [5]. To date, around one third of all drug discovery projects
in pharmaceutical industry are related to protein kinase inhibitors [6]. Casein Kinase 2 (CK2) is
a heterotetrameric enzyme which is ubiquitously expressed in mammalian cells [7]. CK2 enhances
cancer phenotype by suppressing apoptosis and stimulating cell growth. Thus, inhibition of
this enzyme can induce the physiological process of apoptosis, leading to tumor cell death [2].
Different backbones were used as skeleton for ATP competitive CK2 inhibitors, among them
indeno[1,2-b]indoles have been identified as potent leads [8]. Several studies were published recently
describing a large number of indeno[1,2-b]indoles and their activity as CK2 inhibitors [9–13]. Some of
those compounds turned to be highly active with IC50 values in the low nanomolar range.

Molecular modeling is widely used for drug design and development, with the aim of finding
new lead structures for the treatment of different diseases. Virtual screening or “mining” of databases
is considered as an important tool in drug discovery. The aim in using in silico techniques is to
reduce the costs and time to discover new active compounds, since reducing the period of a new
drug from research laboratory to the market by one year can reduce the costs by millions of dollars.
To develop a pharmacophore model is an important concept in computer-aided drug design (CADD),
as this method can reduce the complexity of molecular interactions between compound and target
to a set of few features. This method was successfully applied in drug discovery [14–19] and many
molecular modeling software are available among them the Molecular Operating Environment (MOE).
In this study a pharmacophore model for human protein kinase CK2 was constructed on the basis of
50 indeno[1,2-b]indoles and used to identify new hits by mining the ZINC compound database [20].

2. Results

In this work we used the inhibition data obtained with a set of 50 different indeno[1,2-b]indoles
and human protein kinase CK2 [9,10,12,13]. We used these indeno[1,2-b]indoles, because they have all
been tested on inhibition of human protein kinase CK2 in our lab with the same assay under identical
conditions. We decided not to take any published inhibition data from other groups, because they
were determined under different conditions (e.g., different assay, different ATP-concentration,
substrate concentration, temperature etc.), and hence could lead to a blurred or less clear picture.
The structures of the 50 compounds under investigation and their IC50 values are presented in
Tables 1–3.

Table 1. Structures of the ketonic indeno[1,2-b]indoles and their IC50 values towards CK2, which were
used for the training and test sets, data from Alchab et al. [9] and Gozzi et al. [13].

Code R1 R2 R2′ R3 R3′ R4 R5 IC50 (μM)

1 CH(CH3)2 H H H H O–CH2CH=C(CH3)2 H 0.025
2 CH(CH3)2 CH3 H H H H H 0.17
3 CH(CH3)2 H H H H H H 0.36
5 CH(CH3)2 CH(CH3)2 H H H H H 0.61
8 CH2CH2(ortho-OMe)Ph H H H H H H 1.40
9 H H H H H H 1.44

14 CH2CH2C6H5 CH3 H H H H H 2.50
18 CH2CH2(para-OMe)Ph H H H H H H 4.10
22 CH2CH2(meta-OMe)Ph H H H H H H 5.10
23 CH2CH2 CH2C6H5 H H H H H H 6.00
24 CH2CH2C6H5 H H H H H H 7.00
26 CH(CH3)2 H H CH3 H H H 9.20
28 CH(CH3)2 H H (CH2Ph)2 CH2Ph H H >10
29 CH2(para-OMe)Ph H H H H H H >10
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Table 1. Cont.

Code R1 R2 R2′ R3 R3′ R4 R5 IC50 (μM)

32 CH(CH3)2 H H H H H O–CH2CH=C(CH3)2 >10
37 CH(CH3)2 (para-F)Ph H H H H H >10
39 CH(CH3)2 furan-2-yl H H H H H >10
40 CH2Ph H H H H H H >10
41 CH2CH2Ph Ph H H H H H >10
43 H CH3 H COOCH3 H H H >10
44 H H H H H H H >10
45 CH2Ph CH3 H COOCH3 H H H >10
46 CH(CH3)2 H H CH(CH3)2 H H H >10
47 CH2Ph CH3 CH3 H H H H >10
48 CH2Ph CH3 H H H H H >10
49 CH(CH3)2 Ph H H H H H >10
50 CH2Ph Ph H H H H H >10

Table 2. Structures of the phenolic indeno[1,2-b]indoles and their IC50 values towards CK2, which were
used for the training and test sets, data from Hundsdorfer et al. [10], and Gozzi et al. [12].

Code R1 R2 R3 IC50 (μM)

6 CH(CH3)2 CH3 H 1.27
7 CH2CH2(ortho-OMe)Ph H H 1.30

10 CH(CH3)2 CH(CH3)2 H 1.65
12 CH(CH3)2 H H 2.00
15 CH(CH3)2 (para-F)Ph H 2.77
16 CH(CH3)2 furan-2-yl H 3.63
25 CH2CH2C6H5 H H 7.50
27 CH2Ph Ph H >10
30 CH2CH2C6H5 CH3 H >10
33 CH(CH3)2 H CH3 >10
38 CH(CH3)2 H CH(CH3)2 >10
42 CH2Ph H H >10

Table 3. Structures of the quinonic indeno[1,2-b]indoles and their IC50 values towards CK2, which were
used for the training and test sets, data from Alchab et al. [9], Gozzi et al. [12].

Code R1 R2 R3 IC50 (μM)

4 CH(CH3)2 CH3 H 0.43
11 CH(CH3)2 furan-2-yl H 1.65
13 CH2C6H5 H H 2.20
17 CH2CH2C6H5 CH3, H 4.10
19 CH(CH3)2 CH(CH3)2 H 4.76
20 CH(CH3)2 H CH3 4.90
21 CH(CH3)2 H H 5.50
31 CH(CH3)2 H CH(CH3)2 >10
34 CH(CH3)2 (para-F)Ph H >10
35 CH(CH3)2 Ph H >10
36 CH2CH2Ph H H >10
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MOE software (Chemical Computing Group, Montreal, Canada) package was used to perform
this study [21]. MOE has been proved to be an effective tool for pharmacophore construction [22],
other alternative software in this field might be Catalyst, LigandScout, and Phase, which are also
effective for pharmacophore modeling.The resulting test set contained 524 conformations of these
50 compounds. Inhibitors with IC50 values of less than 10 μM were considered as moderate or highly
active compounds. All others were designated as none active. This filter resulted in a number of
26 active and 24 non active compounds.

The pharmacophore model was developed by aligning the structures of the five most active
compounds (training set), which were very well aligned as it is clear in Figure 1 were the backbones of
the compounds fits very well above each other due to structure similarity.

 

Figure 1. Alignment of compounds 1–5 from the training setof indeno [1,2-b]indole inhibitors of CK2,
carbon atoms are in gray, oxygen atoms are in red, nitrogen atom in blue and intermolecular H-bond
in dots.

The pharmacophore model derived thereof is shown in Figure 2. It is described by nine necessary
features. In particular, a π ring center on the B ring, a hydrophobic centroid, two aromatic
center/hydrophobic atoms on ring A and C, a π ring center/aromatic/hydrophobic centroid on ring D,
and two hydrogen bond acceptors on rings B and D, together with two hydrogen acceptor projections,
beside one excluded volume (no matching atom can be inside). Validity of the pharmacophore model
was analyzed by its ability to identify the medium and highly active compounds only, which are
represented by compounds 1–26. It turned out that with this pharmacophore model it was possible to
identify 22 out of the 26 designated as active compounds, which represents 85% of all. Compounds 9,
13, 17, and 20 were not identified. Only four compounds out of the 24 non active compounds were
selected and hence identified as false positive, which represents 17% of the non-active compounds.
The compounds that were selected as false positives were compounds 29, 31, 36, and 40.

The nine features of this model as described were used to search in part of the ZINC database
“All Now” (all purchasable in 2 weeks), with the aim of identifying an active CK2 inhibitor.
However, by applying all the nine features of the developed pharmacophore model, it was not
possible to identify any compound from the selected database. For that reason, the search was repeated
using only eight out of nine features together with the excluding volume. The best result obtained was
by omitting F2 (this feature is outside the main backbone of the indeno[1,2-b]indoles) and keeping all
other features, which resulted in the selection of 57 compounds. The 57 compounds selected belong
to different chemical backbones such as naphtho[2,3-b]furanedione, quino[2,3-b] acridinetetrone,
naphthacenedione, and pyrazoloquinazoline. From this set of compounds, only two pyrrolizine
based compounds were excluded from further observations, due to their inappropriate structure
for enzyme inhibitors. They are rather fragment-like compounds according to “the role of three”
filters (MW ≤ 300, cLogP ≤ 3, number of H-bond donors ≤ 3, number of H-bond acceptors ≤ 3) [23],
which can be misleading for the development of active and selective inhibitors. The structures of
the 55 selected compounds are shown in Supplementary Table S1. Surprisingly none of the selected
compounds belonged to the indeno[1,2-b]indole group of compounds. As a control, the ZINC database
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was searched on the presence of indeno[1,2-b]indole like compounds and—to our surprise—it did not
contain any.

  
(a) (b) 

 
(c) (d) 

Figure 2. The developed pharmacophore model. (a) Alignment of common feature pharmacophore
model with training set; (b) Alignment of common feature pharmacophore model with training set
with occupied volume; (c) Common feature pharmacophore model of indeno[1,2-b]indole-type CK2
inhibitors; (d) Common feature pharmacophore model with the distance constraints. Acc: H-bond
acceptor, Acc 2: H-bond acceptor projection, Aro: Aromatic center, Hyd: Hydrophobic centroid,
PiR: π ring center.

In order to select the best candidates among the hit compounds, docking studies of the selected
compounds against the ATP active site of the CK2 kinase were performed. A conformational search
for the 55 selected compounds was carried out by MOE and all the resulting 777 conformations were
used for the docking study. The conformations of all structures were docked in human CK2 enzyme
using the MOE. For this purpose, the 3D X-ray crystal structure of the catalytic subunit of protein
kinase CK2 (PDB ID: 3C13, resolution 1.95 Å [24]) was used. All conformations were sorted according
to S score (energy-based scoring method implemented in MOE) to rank the best ligand in terms of
orientation and binding to the active site, the top three ranking conformations with the minimum
S score were selected after visual 2D inspection. Visual 2D inspection is a common additional tool
in order to exclude “false positives due to assumptions and shortcomings in docking methods and
scoring function” [25], where the active site is analyzed to determine protein-ligand interaction and
show exactly which atoms have tether restraints [21]. It is important to note that scoring function
values might not always correlated with biological activity. Compound ZINC35643753 was ranked
as a top pose followed by compound ZINC44136135 and ZINC05765165 (bikaverin) with S scores of
−24.0, −23.5, and −21.1, respectively. Beside the minimum S score, each pose for each compound was
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analyzed to find hydrogen binding and π-π interactions. 2D interactions between receptor and ligands
for the three top ranked compounds were shown in Figure 3. The three best compounds fit well in
the ATP binding site as it is shown in Figure 4.

 
(a) 

(b) 

 
(c) 

 

Figure 3. 2-D interactions between the three best selected compounds and the ATP binding site.
(a) ZINC35643753; (b) ZINC44136135; (c) ZINC05765165.
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(a) 

 
(b) 

 
(c) 

Figure 4. Binding mode of the selected ligands with the binding site of CK2. (a) ZINC35643753;
(b) ZINC44136135; (c) ZINC05765165.

According to MOE docking, ZINC35643753 has direct bonding to Asp175, beside indirect bonding
with His160, Asp120, Trp176, Glu81 and Asn161 via water molecules, Figure 3a, while ZINC44136135
shows direct interaction with Asp195 and Asn118, and arene-arene interaction with Phe113, as well
as two indirect bonding with Leu45 and Asn118, via water molecules (Figure 3b). ZINC05765165
has interaction via hydrogen bonding with Asn118, as well as two indirect interactions with His160
and Asp120 via water molecules (Figure 3c). From the docking poses of the best selected compounds,
it is clear that that docking strongly proposes the interaction between some functional groups of
the compounds and some amino acid residues from the enzyme, and this is in line with known ATP
kinase inhibitors. It might indicate that the compounds fit well in the ATP binding site of the enzyme.
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Compound ZINC35643753 and compound ZINC44136135 are commercially available compounds
as all compounds included in the ZINC database, both are anthracycline analogues. This group of
compounds is among the most effective drugs used in chemotherapy for treatment of both solid tumors
and leukemia in adults and children. Nevertheless those compounds suffer from several severe adverse
effects, especially cardiotoxicity [26]. From the three compounds identified by ZINC database mining
only bikaverin (6,11-dihydroxy-3,8-dimethoxy-1-methylbenzo[b]xanthene -7,10,12-trione, Figure 5)
was chosen for further experiments. Compound ZINC35643753 and compound ZINC44136135 belong
to a group of drugs known to have severe toxicities as it is mention above, while bikaverin is a natural
compound with different biological activities. The fact that bikaverin is a natural compound with
antitumor activity encourage us to investigate whether this activity might be related to CK2 inhibitory
activity [27].

 

Figure 5. The chemical structure of bikaverin (6,11-dihydroxy-3,8-dimethoxy-1-methylbenzo[b]xanthene-
7,10,12-trione), first isolated from the culture of Fusarium vasinfectum [28].

Bikaverin was tested on inhibition with purified human protein kinase CK2 expressed in E. coli
as described before [29]. For this purpose eightconcentrations rangingfrom 0.001 μM to 100 μM
of bikaverin were used in a capillary electrophoresis (CE)-based activity assay [30] in comparison
the enzyme without inhibitor. The obtained dose-response curve is shown in Figure 6, and was used to
determine the IC50 value of bikaverin, which turned out to be 1.24 μM. The IC50 value was determined
in three independent biological replicates with basically similar results (1.29, 1.30 and 1.12 μM)
the mean value was determined. It is important to note that all attempts to achieve 100% inhibition
were not successful. This was not due to limited solubility of the compound. As it is shown in Figure 6,
maximum activity with the highest concentration of bikaverin was 80%, and the relative IC50 value
was 0.78 μM.

Figure 6. Determination of the IC50 value towards recombinant human CK2 of bikaverin
(6,11-dihydroxy-3,8-dimethoxy-1-methylbenzo[b]xanthene-7,10,12-trione), the hit compound identified
by ZINC database mining.CK2 holoenzyme was pre-incubated with different bikaverin concentrations
(0.001–100 μM) and subsequently the in vitrophosphorylation of CK2 specificsubstrate peptide was
determined by CE [30]. Relative CK2 activity at each inhibitor concentration is given in a dose-response
diagram. IC50 values were determined in three independent replications and mean values with
corresponding standard deviations are given.
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3. Discussion

In this study a pharmacophore model for ATP-competitive inhibitors of human protein kinase
CK2 was developed on the basis of known inhibitors with an indeno[1,2-b]indole scaffold. This model
has been challenged against a set of compounds and was able to select most active compounds and
excluded most nonactive ones, which indicate its validity. By using this model for database mining
using the ZINC compound database, bikaverin ZINC05765165 was identified as a hit. By testing
this natural compound with recombinant human CK2 it turned out to have an IC50 value of 1.24 μM.
Bikaverin, also known as lycopersin [31], is a reddish pigment produced by different fungal species.
Chemically it is a polyketide with a tetracyclic benzoxanthone structure.It has been reported to
possess diverse biological activities e.g., to have antibiotic, antifungal and anticancer properties [27].
Although the antitumoral activity of bikaverin has been reported, only few reports are focusing on its
mode of action and up to know, no inhibition of CK2, as a possible target, was investigated. For these
reasons we chose it for in vitro inhibition determination. Our in vitro test for this compound proved
that it is active and can clearly inhibit the CK2, which is an evidence of the validity for the developed
pharmacophore model.

In further studies bikaverin could be used for structural modification in order to improve its
inhibitory towards CK2. Further studies are necessary to test the effects of some derivatives of this
compound such as acetylated derivatives or dibromo-O-methylbikaverin, as those compounds were
more cytotoxic than bikaverin in cell lines such as EAC cells [27,32]. Also further studies to test other
selected structures from the 55 compounds and modify them accordingly is planned with the hope
of finding new highly active and selective inhibitor of CK2. Actually, the aim of this study was to
primary in silico filter the database and try to introduce new backbones serving as possible new hits
for human CK2 which was performed by discovering that bikaverin is an active CK2 inhibitor with
inhibitory activity comparable to other natural inhibitors of the target enzyme such as emodin which
has an IC50 value of 0.58 μM in our test system.

4. Materials and Methods

4.1. The Chemical Compounds

All compounds used in this study except bikaverin were described by us recently. The synthesis
procedures to access to our target indeno[1,2-b]indoles have been published previously [9,10,12,13],
bikaverin was purchased from Sigma-Aldrich (Munich, Germany).

4.2. In Vitro Assay

All indeno[1,2-b]indoles were tested for their inhibitory activity towards the human CK2
holoenzyme following the procedure described earlier [29]. The synthetic peptide RRRDDDSDDD
was used as the substrate, which is reported to be most efficiently phosphorylated by CK2. The purity
of the CK2 holoenzyme was superior to 99%. For initial testing, inhibition was determined relative to
the controls at inhibitor concentrations of 10 μM in DMSO as a solvent. Therefore, 2 μL of the dissolved
inhibitors (stock solution in DMSO) were mixed with 78 μL of CK2-supplemented kinase buffer which
was composed of 1 μg CK2 holoenzyme, 50 mM Tris/HCl (pH 7.5), 100 mM NaCl, 10 mM MgCl2 and
1 mM DTT. The reaction was started by the addition of 120 μL assay buffer, which was composed
of 25 mM Tris/HCl (pH 8.5), 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 100 μM ATP and 0.19 mM of
the substrate peptide RRRDDDSDDD. The reaction was carried out for 15 minutes at 37 ◦C and stopped
by the addition of 4 μL EDTA (0.5 M). Subsequently the reaction mixture was analyzed by a PA800
capillary electrophoresis from Beckman Coulter (Krefeld, Germany). Acetic acid (2 M, adjusted with
conc. HCl to a pH of 2.0) was used as the electrolyte for electrophoretic separation. The separated
substrate and product peptide were detected at 214 nm using a DAD-detector. Pure solvent was
used as negative control (0% inhibition), assays without the enzyme were used as positive control
(100% inhibition). Compounds with at least 50% inhibition at 10 μM were used for IC50 determinations.
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For the determination of IC50, inhibition was determined using nine inhibitor concentrations ranging
from 0.001 μM to 100 μM. IC50 were calculated from the resulting dose-response curves [30].

4.3. Computational Methods

4.3.1. Pharmacophore Generation

Molecular Operating Environment software package (MOE, Chemical Computing Group,
Montreal, QC, Canada) was used to perform this study [21] running on an Intel Core, Duo based,
2.26 GHz processor.The molecular structures of the inhibitors were built with MOE and energy was
minimized in the MMFF94x force field as implemented in the software. In order to develop a reliable
pharmacophore model to identify new CK2 inhibitors, a database of known indeno[1,2-b]indole
inhibitors was created. The structures of the inhibitors together with their inhibitory activity were
published by us as mentioned above. In total this data base contained 50 compounds (Tables 1–3).
The pharmacophore model was developed by aligning the minimized structures of the five most
active compounds in the database namely compounds 1–5 with IC50 values of 25, 170, 360, 430,
and 610 nM, respectively (training set). This alignment was obtained using MOE’s flexible alignment
and all conformations of the molecules were considered for the alignment [21]. Due to the relatively
identical backbones of the compounds, the selected compounds were very well aligned (Figure 1).
A conformational search was performed for each of the 50 compounds using the MMFF94x force field
within the MOE to generate a multi-conformer database (test set). The search was performed using
the default settings of MOE, and a query was developed based on the alignment of the five most
active compounds (training set). The Consensus query of MOE was used to create all necessary
features of the hypothetical pharmacophore model, tolerance was set at 1 and threshold was set at
80%. In order to optimize this multi features model, each individual pharmacophore feature was
removed and the test set was scanned using the remaining features. Nine features were necessary as
mentioned earlier (Figure 2), one Pi ring center on the B ring, one hydrophobic centroid, two aromatic
center/hydrophobic atoms on ring A and C, one Pi ring center/aromatic/hydrophobic centroid on
ring D, and two hydrogen bond acceptors on rings B and D, together with two hydrogen acceptor
projections, beside one excluded volume. The radius of F1 and F3 were set at 0.8 A◦, F2 was set at
0.6 A◦, F4, F9 were set on 1 A◦, F5 was set on 0.4 A◦, F6 was set on 0.5 A◦, F7 and F8 were set on
0.7 A◦, and V1 was set on 1 A◦ (Figure 2).The pharmacophore search function of MOE was used to
scan the test set using all default options of MOE.

4.3.2. Database Search

ZINC Database is a free database of commercially available compounds for virtual screening.
It contains over 35 million purchasable compounds in ready-to-dock, 3D formats. ZINC is provided
by Department of Pharmaceutical Chemistry at the University of California, San Francisco [20].
The compounds in the ZINC Database are organized in several categories namely, Standard: for
delivery within 10 weeks, including in-stock and make on demand compounds; Clean: where stricter
filtering rules have been applied, in stock: for immediate delivery; and Boutique: expensive selection
of compounds not included in the former categories, and each of these categories is also redivided into
Lead-like, Fragment-like, Drug-like and All. Since we are trying to find an active structure which can
be directly purchasable, we chose in this work the “All Now” (all purchasable in 2 weeks) database
which contains around 13 million compounds and was used to search for compounds that fit to most
features of the developed pharmacophore. The compounds from the ZINC database were downloaded
into MOE then used for the screening. The selected list of compounds from the database was docked
against CK2 enzyme using the MOE software package.
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4.3.3. Receptor Refinement

Three dimensional 3D structure of the CK2 complex with emodin was obtained from the Protein
Data Bank (PDB) using PDB ID: (3C13) having a resolution of 1.95 Å. The structure was optimized
by adding hydrogen atoms using the MOE software [21]. Then water molecules were removed from
the structure and 3D protonation was done to change the state into ionization level. In the second step,
energy minimization was performed using defaults parameters, where the force field was MMFF94x.

4.3.4. Database Generation

The selected compounds from the database were rebuilt with MOE building option implemented
in the software. The compounds were optimized by adding hydrogen atoms using the option of MOE
software. Energy of the compounds was minimized using the following parameters gradient: 0.05,
Force Field: MMFF94X, Chiral constraint and Current Geometry. The conformation methodology was
used to develop low energy conformations for each compound, applying the LowModMD method
with RMS gradient of 0.05, all other parameters were used as default. All of the compounds and their
conformations were saved in mdb database and later employed for docking studies.

4.3.5. Molecular Docking

The docking of the selected compounds from the database (compounds 1–55) into the active site
of CK2 enzyme (3C13) was achieved using MOE-Dock implemented on MOE. The docking parameters
were set as Rescoring 1: London dG, Placement: triangle matcher, Retain 30, Refinement Force field,
and Rescoring 2: London dG. Docking part of MOE can give correct conformation of the ligand to
obtain minimum energy structure. The top conformation for each compound was selected based
on the S score and visual inspection was carried out by Lgplot implemented in MOE. Compounds
showing significant interaction with the residues of binding pocket of CK2 were picked as promising
hits. Prior to dock, the initial ligand from the complex structure was extracted.For the scoring function,
lower scores indicate more favorable poses. The unit for the scoring function is Kal/mol, and the S
score refers to the final score, which is the score of the last stage that was not set to None. The Lig X
function in MOE was used for conducting interactive ligand modification and energy minimization in
the active site of the receptor.

5. Conclusions

In this study we were able to valorize the library of indeno[1,2-b]indoles designed for CK2
inhibition to determine the necessary ligand binding requirement for ATP binding CK2 inhibitors.
We were also able to use the new model for searching in ZINC database. We discovered a potential
inhibitor of CK2 and we experimentally confirmed its potency to inhibit CK2. Bikaverin can be regarded
as a hit scaffold for designing CK2 inhibitors. It is also possible to use the pharmacophore model to
further identify new inhibitors for the target enzyme from other databases, and modify the selected
structures accordingly. Finally discovering that bikaverin is a CK2 inhibitor is an important finding
and provides an important contribution toward finding active and selective CK2 inhibitors.

Supplementary Materials: The following is available online at http://www.mdpi.com/1424-8247/10/1/8/s1,
Table S1.
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Abstract: Compelling evidence indicates that protein kinase CK2 plays an important role in
many steps of cancer initiation and progression, therefore, the development of effective and
cell-permeable inhibitors targeting this kinase has become an important objective for the treatment of
a variety of cancer types including glioblastoma. We have recently identified 1,3-dichloro-6-[(E)-((4-
methoxyphenyl)imino)methyl]dibenzo(b,d)furan-2,7-diol (D11) as a potent and selective inhibitor of
protein kinase CK2. In this study, we have further characterized this compound and demonstrated
that it suppresses CK2 kinase activity by mixed type inhibition (KI 7.7 nM, KI

′ 42 nM). Incubation
of glioblastoma cells with D11 induces cell death and upon hypoxia the compound leads to HIF-1α
destabilization. The analysis of differential mRNA expression related to human hypoxia signaling
pathway revealed that D11-mediated inhibition of CK2 caused strong down-regulation of genes
associated with the hypoxia response including ANGPTL4, CA9, IGFBP3, MMP9, SLC2A1 and VEGFA.
Taken together, the results reported here support the notion that including D11 in future treatment
regimens might turn out to be a promising strategy to target tumor hypoxia to overcome resistance to
radio- and chemotherapy.

Keywords: CK2; D11; HIF-1α; glioblastoma cells; gene expression profiling

1. Introduction

Glioblastoma is the most common primary tumor of the central nervous system and one of the
most lethal types of human cancer. Patients with newly diagnosed glioblastoma have a median survival
of approximately one year and respond poorly to all treatment modalities [1,2]. A comprehensive
characterization of over 200 samples from patients diagnosed with glioblastoma has provided a detailed
map of the many genomic and transcriptional alterations that occur in this type of malignancy and that
contribute to its aggressive character [3–5]. Overexpression of the epidermal growth factor receptor
(EGFR), which is linked to aberrant phosphoinositide 3-kinase (PI3K/AKT) pathway, is among the
most frequent aberrations. However, cancer genomic studies have revealed that multiple components
of the aforementioned pathway are frequently targeted by germline or somatic mutations contributing
to tumor resistance to both radiotherapy and chemotherapy [5]. In this respect, glioblastoma has one of
the highest incidence rates of phosphatase and tensin homolog (PTEN) mutation that has been strongly
associated with a selective advantage for tumor expansion [6]. Loss of PTEN expression results in
hyperactivation of the pro-survival PI3K/AKT pathway and increased resistance to apoptosis [7].

All tumors require active angiogenesis for expansion and glioblastoma is a highly vascularized
type of cancer exhibiting increased expression of many pro-angiogenic genes such as vascular
endothelial growth factor (VEGF) and fibroblast growth factor (FGF) [8]. Despite the extended
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vascularization, glioblastoma is highly heterogeneous and dominated by areas with low oxygen
supply and compromised vascular integrity [9].

One of the major events in hypoxia adaptation is the induction of the hypoxia inducible factor 1
(HIF-1α) a transcription factor that regulates multiple intracellular processes including glycolysis,
angiogenesis, immortalization, tissue invasion and metastasis, genetic instability and cell death
(reviewed in [10]). From a therapeutic standpoint, hypoxia, genomic and tumor-tissue heterogeneity
are a major clinical hurdle emphasizing the importance to set up tailored therapeutic strategies able to
tackle the heterogeneous nature of brain cancer. Up-regulation of HIF-1α leads to a rapid response in
hypoxic cells. Thus, identification of compounds able to block HIF-1α or its target genes for inhibiting
tumor growth has become a top priority in many research laboratories.

We have recently identified 1,3-dichloro-6-[(E)-((4-methoxyphenyl)imino)methyl]dibenzo-
(b,d)furan-2,7-diol (hereafter referred to as D11) as a potent and selective inhibitor of protein kinase
CK2 [11,12]. CK2 is a highly conserved and constitutively active serine/threonine protein kinase
whose expression levels have been found invariably elevated in highly proliferating cells. CK2 is
implicated in multiple cellular functions as well as in cell transformation and tumorigenesis [13–17].
Recent data from our laboratory have demonstrated that D11 treatment induces apoptosis in brain and
pancreatic cancer cells through a mechanism involving down-regulation of the PI3K/AKT and NF-κB
signaling cascades [12]. Interestingly, inhibition of CK2 has been shown to decrease HIF-1α activity
under hypoxia through elevated p53 expression levels [18].

Since the high incidence of PTEN mutation observed in glioblastoma cells has been strongly
associated with stimulation of HIF-1α-mediated gene expression and increased apoptotic resistance [6],
we investigated whether D11-mediated cell death induction was accompanied by destabilization
and/or inhibition of HIF-1α transcription factor and, if so, how does D11 influence the expression of
genes regulated by HIF-1α under hypoxic conditions. Results shown in this study suggest that D11
may exert anti-tumor activity by negatively affecting cellular pathways that are normally up-regulated
under low oxygen tension and warrant in vivo studies for endorsing its efficacy in the treatment of
multi-drug resistant human cancers.

2. Results

2.1. D11 is A CK2 Inhibitor That Leads to Cell Death in Glioblastoma Cells

D11 was identified employing the catalytic α-subunit of protein kinase CK2 following a screening
of a small-molecule compound library of the Diversity Set III under the drug discovery and therapeutic
program (DTP) of the National Cancer Institute (NCI, Rockville, MD, USA, [11]). Kinetic measurements
revealed that this compound inhibits the catalytic activity of both CK2α and CK2 holoenzyme in the
low nM range [11]. Furthermore, the screening of 354 protein kinases revealed that D11 is a selective
inhibitor of CK2. By setting the threshold for inhibition to >98%, only three protein kinases were found
inhibited to an extent observed with CK2 [11].

In this study, we carried out experiments in order to further characterize the type of inhibition
exerted by D11 on CK2. Interestingly, increasing concentrations of co-substrate (i.e., ATP) tested
with three different concentrations of inhibitor, respectively, resulted in decreased apparent maximum
velocity (Vapp

max) and increased apparent KM (Kapp
M) values suggesting a linear mixed-type inhibition

against ATP as can be seen from the Michaelis-Menten plots (Figure 1A). Non-linear least-squares
fits of the curves in Figure 1A to rectangular hyperbolas were used to determine the apparent KM

and Vmax values resulting from the effect of different concentrations of inhibitor. From the estimated
apparent KM and Vmax values we created re-plots for the determination of KI (dissociation constant
for binding of D11 to the free enzyme, 7.7 nM, Figure 1B) and KI

′ (dissociation constant for binding of
D11 to the enzyme-substrate complex, 42 nM, Figure 1C).
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Figure 1. Kinetic mechanisms of CK2 inhibition. (A) Michaelis-Menten curves showing how velocity
varies over a range of substrate concentrations for three different concentrations of inhibitor. The velocity
equation relative to the hyperbolic curves of the graph for mixed inhibition is shown above the plots.
I: inhibitor (D11), KI: dissociation constant for binding of inhibitor to free enzyme, KI

′: dissociation constant
for binding of inhibitor to substrate-bound enzyme. (B) Apparent KM (KM

app) re-plotted against varying
concentrations of inhibitor (used for the calculation of KI). (C) Reciprocal apparent Vmax (1/Vmax

app)
re-plotted against varying concentrations of inhibitor (employed for the calculation of KI

′). The reaction
rate is expressed in pmol/min/ng. Experiments were repeated three times.

We previously showed that viability of the human glioblastoma cell line U-87 MG decreased by
50% following treatment with 25 μM D11 for 24 h [12]. Here, we carried out a cell cycle analysis by flow
cytometry and asked the question whether D11 treatment induced cell death (Figure 2). Cells were
treated with increasing concentrations of D11 for 24 h (Figure 2A, left bar graph) and 48 h (Figure 2A,
right bar graph), respectively. As compared to control experiments, cells were not significantly affected
by treatment with 50 μM D11 for 24 h (Figure 2A, left bar graph). However, incubation of cells
with 50 μM D11 for 48 h was accompanied by a modest increase in the percentage of cells in sub-G1
phase indicative of cells that have undergone DNA degradation (Figure 2A, right bar graph). Next,
Western blot analysis was carried out in order to determine the type of cell death. As shown in
Figure 2B, treatment with 50 μM D11 for 48 h was necessary for inducing cleavage of full-length
PARP, caspase 9 and caspase 3. However, a shorter incubation time (i.e., 24 h) was sufficient to induce
increased LC3-II signal as compared to control cells suggesting induction of autophagy, in a time and
concentration-dependent manner. The staining of cells with acridine orange (Figure 2C), a vital dye,
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which accumulates in acidic compartments emitting red fluorescence indicative of autophagic vacuoles
formation, further confirmed results reported above.
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Figure 2. Anti-proliferative effects of D11 in human glioblastoma cells. (A) Flow cytometry analysis
of cells vehicle-treated (Control, 0.1% DMSO) or incubated with increasing concentrations of D11 for
24 h (left bar graph) and 48 h (right bar graph), respectively. The relative amount of cells in the various
phases of the cell cycle is shown in percentage. (B) Cells were treated as described above. Whole cell
lysate was analyzed by western blot employing antibodies directed against the indicated proteins.
β-actin detection was carried out as control for equal loading. (C) Flow cytometry analysis of cells
treated as described in (A) stained with acridine orange for the determination of autophagic vacuoles
formation. Number of red-positive cells is expressed in percentage. Experiments were performed three
times obtaining similar results.

2.2. D11 Treatment Abolishes HIF-1α Transcriptional Activity and Results in Increased Activation of
Autophagy under Hypoxia in Glioblastoma Cells

HIF-1 is a heterodimeric transcription factor consisting of two subunits; i.e., HIF-1β, which is
constitutively expressed, and HIF-1α whose expression is regulated by oxygen levels. Stabilization of
HIF-1α occurs under hypoxic conditions and leads to translocation into the nucleus where it induces the
transcription of numerous genes as part to the hypoxia response (reviewed in [10]). Tumor suppressor
genes encoding proteins such as the Von Hippel-Lindau (VHL) and PTEN have been reported to
inhibit HIF-1α function. In particular, PTEN has been demonstrated to inhibit HIF-1α stabilization
by antagonizing the PI3K pathway [6,19,20]. As U-87 MG cells contain mutant PTEN [21], we asked
whether D11-mediated inhibition of CK2 resulted in HIF-1α destabilization and if this event had
implications for the activation of cell death. To accomplish this, we compared the levels of expression
of HIF-1α in cells treated with vehicle (0.1% DMSO), D11 or other known CK2 inhibitors under
normoxia and hypoxia, respectively (Figure 3A). Under hypoxic conditions, U-87 MG cells showed
induction of HIF-1α. Moreover, treatment with the indicated compounds resulted in inhibition of
endogenous CK2 to various extents as indicated by decreased phosphorylation of NF-κB/p65 at S529
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a known CK2 phosphorylation site [22]. Results shown in Figure 3A indicate that cell incubation with
D11, E9 or CX-4945 resulted in destabilization of HIF-1α indicated by the reduced HIF-1α protein
band intensity as compared to control experiments. Next, we analyzed whether D11 affected HIF-1α
transcriptional activity employing a Luciferase reporter assay (Figure 3B).
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Figure 3. Stabilization and transcriptional activity of HIF-1α under hypoxia is impaired in cells
treated with D11. (A) U-87 MG cells were treated with vehicle (Control), 50 μM D11, 50 μM E9 or
20 μM CX-4945 for 24 h under normoxia (N) and hypoxia (H), respectively. Whole cell lysate from
cells treated as shown in the figure was subjected to western blot analysis and the expression and
phosphorylation levels of the indicated proteins were analyzed. β-actin detection was used as loading
control. Experiments were performed three times obtaining similar results. (B) Cells were transfected
with a control plasmid (p-Luc) or a plasmid containing HIF-1α response element (p-HIF-Luc). 24 h
from transfection, cells were added vehicle (0.1% DMSO) or 50 μM D11 and incubated under normoxic
(N) or hypoxic (H) condition for the subsequent 24 h. HIF-1α transcriptional activity was analyzed
employing a luciferase reporter gene assay. HIF-1α activity was measured testing the ability of the
transcription factor to bind the HIF-1α response element that controls the expression of the luciferase
reporter gene. HIF-1α transcription activity is expressed in counts/s (CPS). Experiments were repeated
twice in triplicates obtaining similar results. * p < 0.005, ** p < 0.0001.

Cells were transfected with p-HIF1-Luc reporter vector able to express firefly luciferase under
the control of a HIF-1-response element (p-HIF-Luc). As a negative control, cells were transfected
with a vector lacking the specific response element (p-Luc). The transcription activity of HIF-1α
increased dramatically under hypoxic conditions (i.e., 443128 CPS) as compared to its activity under
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normoxia (i.e., 98746 CPS). Upon treatment with 50 μM D11 for 24 h, luciferase activity induced by
HIF-1α stabilization was drastically reduced (i.e., 31917 CPS) under hypoxia supporting the notion
that D11 impairs the transcriptional activity of HIF-1α. In order to determine whether destabilization
of HIF-1α had an influence on cell death, cells were incubated with D11 under normoxia and hypoxia,
respectively. As shown in Figure 4, the exposure of cells to hypoxia did not result in higher PARP
cleavage, however, it resulted in higher levels of autophagy induction as compared to cells grown
under normoxia. Experiments carried out in the absence or presence of bafilomycin A1, which blocks
fusion of autophagosomes with lysosomes, revealed that D11 treatment leads to enhanced autophagic
flux indicated by a further increase in LC3-II levels in the presence of bafilomycin A1.
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Figure 4. D11-mediated destabilization of HIF-1α under hypoxia is accompanied by higher levels of
autophagy. Cells were incubated with 0.1% DMSO, 50 μM D11 alone or in combination with 100 nM
bafilomycin A1 (Baf) under normoxia and hypoxia, respectively. Cells were treated with D11 for 24 h
while bafilomycin A1 was added in the last 6 h of incubation time. Proteins were visualized by probing
the western blot membranes with antibodies against the indicated proteins.

2.3. Cell Incubation with D11 Results in Altered Gene Expression Profile Induced by Hypoxia

Stabilization of HIF-1α in the absence of oxygen stimulates the expression of numerous
hypoxia-response genes that promote the survival of cancer cells in an unfavorable environment.
In order to investigate differential mRNA expression in glioblastoma cells resulting from D11 treatment
under hypoxic conditions, we analyzed the expression of 84 genes that respond to low oxygen
levels using the human hypoxia-signaling pathway RT2 Profiler PCR array. Cells were grown
under normoxic or hypoxic conditions for 24 h and incubated either with vehicle (0.1% DMSO)
or 50 μM D11 for the same length of time. Based on scatter plot analysis (Figure 5B, upper plot),
a number of known HIF-1α-target genes were found up-regulated in control cells in response to
hypoxia (CTH vs. CTN, fold-change ≥ 2, Table 1). In particular, the strongest up-regulation was
observed in the case of angiopoietin-like 4 (ANGPTL4), Bcl2/adenovirus E1B 19 kDa interacting
protein 3 (BNIP3), carbonic anhydrase IX (CA9), DNA-damage-inducible transcript 4 (DDIT4),
coagulation factor III (F3), insulin-like growth factor binding protein 3 (IGFBP3), lysyl oxidase
(LOX), matrix metallopeptidase 9 (MMP9), N-myc downstream regulated 1 (NDRG1), solute carrier
family 2 member 1 (SLC2A1) and vascular endothelial growth factor A (VEGFA). In contrast, when
we analyzed the genes that showed differential expression under hypoxic conditions and looked
at their up- or down-regulation in response to D11 treatment (i.e., D11H vs. CTH), we noticed
that most of them failed to become up-regulated or appeared to be partially down-regulated
(Figure 5B, lower plot and Table 1). However, strong down-regulation was observed in the case of F3,
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4 (PFKFB4), solute carrier family 16 member
3 (SLC16A3) and VEGFA (Table 1). HIF-1α protein expression levels increased under hypoxic conditions
(Figure 5A). Conversely, consisting with data reported earlier [23,24], up-regulation of HIF-1α was
not accompanied by a change in its mRNA levels in cells exposed to hypoxia as compared to cells
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incubated under normoxia. Interestingly, D11 treatment resulted in decreased expression of HIF-1α
protein but not mRNA levels under hypoxia (results not shown) suggesting alternative D11-mediated
mechanisms of regulation of HIF-1α.
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Figure 5. Genes differentially expressed in response to hypoxia and D11 treatment. (A) Western blot
analysis of whole cell lysate from cells incubated with 0.1% DMSO or 50 μM D11 for 24 h under
normoxia and hypoxia, respectively. Western blot membranes were employed for the detection of
HIF-1α and β-actin expression levels, respectively. (B) Scatter plot of changes of expression of genes in
glioblastoma cells. Upper panel: changes of gene expression between cells incubated under normoxia
(control) and cells incubated under hypoxia for 24 h. Lower panel: changes of gene expression in the
presence or absence of D11 under hypoxic conditions. The fold regulation cut-off (red dashed line)
was set on 2.
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Table 1. Gene expression analysis.

Protein Gene Symbol Fold-Change Fold-Change

CTH vs. CTN
D11H vs.

CTH
Adrenomedullin ADM 4.358 1.226

Angiopoietin-like 4 ANGPTL4 7.646 −7.888
Ankyrin repeat domain 37 ANKRD37 2.880 −2.106

Basic helix-loop-helix family member e40 BHLHE40 3.229 −2.275
Bloom syndrome, RecQ helicase-like BLM −1.904 −1.549

Bcl2 interacting protein 3 BNIP3 5.984 1.282
Bcl2 interacting protein 3-like BNIP3L 3.364 −1.058

Carbonic anhydrase IX CA9 10.768 −2.924
Cyclin G2 CCNG2 3.367 2.445

DNA-damage-inducible transcript 4 DDIT4 7.233 −4.314
Egl nine homolog 1 (C. elegans) EGLN1 1.953 −2.032

Early growth response 1 EGR1 −2.474 54.951
Erythropoietin EPO 2.150 1.275

ERO1-like (S. cerevisiae) ERO1A 2.033 −1.566
Coagulation factor III F3 5.802 −41.328

Glucan branching enzyme 1 GBE1 2.523 −2.082
Glycogen synthase GYS1 2.051 −2.645

Hypoxia inducible factor 3 α subunit HIF3A 3.719 −3.992
Hexokinase 2 HK2 3.152 1.100

Insulin-like growth factor binding protein 3 IGFBP3 67.054 −11.170
Lactate dehydrogenase A LDHA 2.602 −2.361

Lectin, galactoside-binding, soluble, 3 LGALS3 2.363 −2.141
Lysyl oxidase LOX 5.199 −4.730

Macrophage migration inhibitory factor MIF 1.986 −1.040
Matrix Metallopeptidase 9 MMP9 6.044 −2.535

MAX interactor 1 MXI1 4.017 −1.462
N-myc downstream-regulated 1 NDRG1 15.150 −3.611

Ornithine decarboxylase 1 ODC1 −2.231 11.551
Prolyl 4-hydroxylase, α 1 P4HA1 3.362 1.053

Pyruvate dehydrogenase kinase PDK1 2.946 −1.522
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 PFKFB3 2.394 1.146
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4 PFKFB4 3.304 −14.057

Phosphofructokinase, liver PFKL 2.452 −2.309
Placental growth factor PGF 2.242 2.089

Phosphoglycerate kinase 1 PGK1 3.159 −1.581
Plasminogen activator, urokinase PLAU −2.926 1.674

Serpin peptidase inhibitor, clade E member 1 SERPINE1 1.911 1.744
Solute carrier family 16 member 3 SLC16A3 2.454 −4.346

Solute carrier family 2 member 1 (GLUT1) SLC2A1 5.890 −1.162
Solute carrier family 2 member 3 (GLUT 3) SLC2A3 2.462 2.460

Thioredoxin interacting protein TXNIP 3.422 1.559
Vascular endothelial growth factor A VEGFA 5.367 −11.028

CTH: control cells (vehicle-treated) grown under hypoxia, CTN: control cells (vehicle-treated) grown under
normoxia, D11H: D11-treated cells under hypoxia.

3. Discussion

Hypoxia is a critical condition for many types of cancers because it signals adaptation of cells
to an anaerobic environment achieved by induction of gene expression. Limited oxygen diffusion is
frequently observed in the glioma microenvironment and it has been associated with poor prognosis,
increased metastasis, angiogenesis and resistance to radio- and chemotherapy. The stabilization of
HIF-1α transcription factor is one of the most critical events occurring under hypoxia, as it is the
primary factor responsible for many of the effects observed in aggressive tumors. Hence, it is not
surprising that HIF-1α has become an important target for drug development in recent years as
blocking HIF-1α activity would help starve growing tumors of oxygen and nutrients.
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Our in vitro data show that treatment of cells with D11, a small-molecule inhibitor of protein
kinase CK2, results in destabilization of HIF-1α protein under hypoxic conditions. Similar results were
also reported in the case of other CK2 inhibitors (i.e., E9, CX-4945 and quercetin, [25]). It has been
demonstrated that HIF-1α mRNA levels do not vary under hypoxic conditions [23,24]. Accordingly,
the analysis of gene expression data did not reveal any significant differences in the expression
of HIF-1α in cells growing under normoxia or exposed to hypoxia in the absence and presence of
D11, respectively, suggesting that regulation of HIF-1α expression occurs at the post-translational
level. Apart from CK2 inhibitors, other compounds can induce HIF-1α destabilization. The small
molecule inhibitor YC-1 [3-(-5′-hydroxymethyl-2′-uryl)-1-benzylindazole] was shown to reduce HIF-1α
levels and xenograft growth of various human tumors through mechanisms yet to be elucidated [26].
Under hypoxic conditions, HIF-1α stability is dependent on its interaction with the chaperone HSP-90
and cell incubation with the HSP-90 inhibitor 17-allylamino-17-demethoxygeldanamycin (17-AAG)
has been shown to induce HIF-1α degradation in a VHL-independent manner [27–29].

The activity of chaperone proteins is dependent on their interaction with co-chaperone proteins
and co-activators [30]. Compelling evidence has indicated that CK2-mediated phosphorylation
of the co-chaperone CDC37 is essential for stabilization of HSP-90-CDC37 heterocomplex and its
interaction with client protein kinases (reviewed in [31]). Hence, HIF-1α degradation observed in cells
incubated with D11 under hypoxia might result from disruption of HSP-90-CDC37 interaction as cell
treatment with this inhibitor has been reported to reduce CDC37 phosphorylation [11] and destabilize
HSP-90-CDC37 heterocomplex [12].

Induction of autophagy was found significantly enhanced in U-87 MG cells following incubation
with D11 for 24 and 48 h, respectively. At presence, it is not possible to assert whether induction
of autophagy constitutes a stress adaptation conferring cytoprotection or an alternative cell death
mechanism. However, the fact that PARP cleavage becomes visible after 48 h of incubation with D11
does not exclude that autophagy might develop as a primary response to stress stimuli in the first 24 h
of incubation with the inhibitor and triggers apoptosis to kill cancer cells following a longer incubation
time. This sequence of events has been shown to occur in the case of CD4/CXCR4-expressing T cells
after binding of HIV-1 envelope proteins [32].

The hypoxic response includes the induction of a variety of pro-angiogenic genes. Specifically,
the gene expression analysis identified strong up-regulation of ADM, ANGPTL4 and VEGFA (Table 1).
Conversely, the expression of these genes was found down-regulated in cells treated with D11
under hypoxia suggesting that D11 antagonizes the transcription of pro-angiogenesis genes through
mechanisms that may be dependent or not on HIF-1α expression status.

Under hypoxic conditions, cells use glycolysis as a primary mechanism of ATP production.
This metabolic switch is encouraged by stabilization of HIF-1α, which induces the expression of
genes involved in metabolic adaptation including glucose uptake and the glycolytic pathway. Indeed,
the expression of several of the genes involved in glucose metabolism (i.e., HK1 and -2, GLUT1 and
-3, GYS1, LDHA, PDK1, PFKFB3 and -4) was found up-regulated under hypoxia and marginally
or largely down-regulated when cells were additionally treated with D11 (Table 1). This suggests
that D11 treatment severely deprives cancer cells of oxygen and nutrient supply by suppressing the
oxygen-independent metabolic pathway.

There is ample evidence that changes in metabolic activity observed in cancer cells influence
the intracellular pH. Glycolysis is thought to be the major mechanism responsible for lowering
the pH. Evidence indicates that the activity of carbonic anhydrase (CA9), which converts carbon
dioxide and water to carbonic acid, is strongly induced in hypoxia contributing to low pH of the
tumor. High expression levels of CA9 have been associated with poor prognosis [33]. Our results are
consistent with previous studies investigating gene expression in response to hypoxia. Accordingly, the
expression of CA9 was found largely up-regulated under hypoxia (i.e., 10.768 fold-change as compared
to CTN), however, treatment of cells with D11 resulted in a −2.924 fold-change of CA9 with respect to
CTH suggesting that D11 compromises another important adaptation of tumor cells which seems to be
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essential for promoting tumor invasion. In this respect, it has been shown that many proteases are
activated under acidic conditions promoting tumor invasion of surrounding tissue [34].

N-myc downstream-regulated gene 1 (NDRG1) is a member of the NDRG gene family, which
is expressed ubiquitously in tissues in response to various stress conditions including cellular
differentiation, tumor progression and metastasis, DNA damage and hypoxia. Expression of NDRG1
in response to low oxygen concentrations is HIF-1α-regulated, as induction of NDRG1 does not occur
in HIF-1α−/− mouse embryo fibroblasts. However, an increase in intracellular Ca2+ seems to be
sufficient to induce NDRG1 mRNA expression in HIF-1α-deficient cells under hypoxia (reviewed
in [35]). A number of research groups have shown that NDRG1 over-expression decreases tumor
growth, reduces invasion and suppresses metastasis [36,37]. However, Salnikow et al., demonstrated
that NDRG1 expression is dramatically increased in aggressive prostate cancer cells [38]. In our
study, NDGR1 expression was found elevated (15.150 fold-change) under hypoxia while additional
incubation with D11 resulted in a −3.6 fold-change (Table 1). There appears no clear connection
in the effect of Ca2+ and HIF-1α on NDRG1 induction in cancer cells. Hence, it is likely that when
oxygen levels decrease, NDRG1 induction is linked to intracellular mechanisms somewhat unrelated
to metastasis and cell growth yet to be elucidated.

Finally, analysis of the gene expression array also revealed that two hypoxia-responsive genes
involved in cell adhesion, invasion and vascular remodeling (i.e., ANKRD37 and MMP9) were found
largely down-regulated in D11 treated cells. Suppression of ANKRD37 and MMP9 expression may
explain, at least in part, D11-mediated impaired migration of glioblastoma and pancreatic cancer
cells reported previously [12] and indicates that treatment of glioblastoma cells with this compound
compromises cell migration and invasion by suppressing the expression of proteins that are crucial in
the metastatic process.

4. Materials and Methods

4.1. Cell Culture and Hypoxia

The human glioblastoma cell line U-87 MG was purchased from the American Type Culture
Collection (ATCC, Rockville, MD, USA) and cultivated at 37 ◦C under a 5% CO2 atmosphere
in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Taastrup, Denmark) supplemented
with 10% fetal bovine serum (FBS, Biochrom AG, Berlin, Germany). Cells were treated with
4-[(E)-(fluoren-9-ylidenehydrazinylidene)-methyl] benzoic acid (referred to as E9, [25]), D11 (both from
DTP, NIH/NCI, Rockville, MD, USA) or CX-4945 (Selleck Chemicals, Houston, TX, USA) as indicated in
the figure legends. Hypoxia (1% O2) experiments were carried out according to [39]. Where indicated,
cells were treated with 100 nM bafilomycin A1 (Sigma-Aldrich, Brøndby, Denmark) for 6 h.

4.2. Radioactive Kinase Assay

The kinase activity of human recombinant CK2α1−335
2β2 was determined in the presence of the

CK2 synthetic peptide RRRADDSDDDDD (100 μM), increasing concentrations of ATP (i.e., 5, 10, 50,
100, 200, 300 and 400 μM) and inhibitor as indicated in the figure legends and essentially as described
elsewhere [40]. Kinetic parameters (i.e., KM and Vmax) were calculated using GraphPad Prism version
6.0 computer software (GraphPad Software Inc., San Diego, CA, USA) based on the Michaelis-Menten
plots. KI values were determined from the re-plots where apparent KM values and apparent Vmax

values were plotted against inhibitor concentration, respectively.

4.3. Cell Cycle Analysis by Flow Cytometry

Propidium iodide staining of cells and flow cytometry analysis were performed essentially as
previously described [41]. Autophagy was analyzed by staining cells with 1 μg/mL acridine orange
(Sigma-Aldrich) for 15 min prior harvesting by trypsinization and flow cytometry analysis.
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4.4. Preparation of Whole Cell Lysate, Western Blot Analysis and Antibodies

Western blot analysis of whole cell lysate was performed as reported in [41]. The following
primary antibodies were employed in the study: rabbit monoclonal anti-NF-κB/RelA and rabbit
monoclonal anti-LC3 (both from Cell Signaling Technology, Beverly, MA, USA); mouse monoclonal
anti-β-actin (Sigma-Aldrich); rabbit polyclonal anti-phospho-NF-κB/p65 (S529, Abcam, Cambridge,
MA, USA); mouse monoclonal anti-PARP and mouse monoclonal anti-HIF-1α (both from BD
Biosciences, San Jose, CA, USA).

4.5. Luciferase Reporter Assay

Determination of the transcriptional activity of HIF-1α was carried out with whole cell lysate
(10 μg) from cells transfected with a luciferase reporter vector (Panomics, Affymetrix, Santa Clara, CA,
USA) carrying a control sequence or HIF-1α consensus element. Transfection of cells was performed
with Lipofectamine 2000 according to the manufacturer’s (Invitrogen) guidelines. After 24 h from
transfection, cells were added 50 μM D11 for additional 24 h before harvesting. Cells were grown under
normoxia or hypoxia in the last 24 h of incubation time as indicated in the figure legends. Determination
of luciferase activity was performed employing the Luciferase Assay System kit (Promega, Stockholm,
Sweden) according to the manufacturer’s recommendations. Luminescence was measured with
a Perkin Elmer Victor Light 1420 luminescence counter (Perkin Elmer, San Diego, CA, USA).

4.6. Gene Expression Analysis by Quantitative RT-PCR Array

Total RNA samples preparation from cells treated as described in the figure legends was
carried out by phenol-chloroform extraction and subsequent silica-membrane-based purification
in combination with on-column DNAse digestion with the miRNeasy kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions. RNA integrity was assessed by agarose gel analysis.
The cDNA was prepared using the RT2 First strand kit (Qiagen). The expression analysis of 84 genes
associated with hypoxia was carried out with the Qiagen RT2 Profiler PCR array according to
the manufacturer’s guidelines in 96-well plates with a StepOnePlusTM real-time cycler (Applied
Biosystems, Nærum, Denmark). Data were normalized to five housekeeping genes included in the kit.
Normalized data were analyzed using the ΔΔCt method with the equation ΔΔCt = ΔCt (experimental
sample group) − ΔCt (control group), and the fold-change was calculated based on ΔΔCt with 2−ΔΔCt

for positive changes or with −1/2−ΔΔCt for negative changes [42,43].

4.7. Statistical Analysis

Statistical significance of differences between means of two groups was determined by the
two-tailed t-test (student’s t-test). The levels of significance are indicated in the figure legends.

5. Conclusions

Hypoxic adaptation is a frequently occurring event in tumor growth and it is associated to a
more invasive phenotype and resistance to conventional treatment. This has been unequivocally
demonstrated in the case of brain cancer. Hence, the identification of new therapeutic strategies
targeting HIF-1α represents an attractive alternative option to the current treatment modalities.
Our data show that incubation of glioblastoma cells with D11 results in rapid HIF-1α destabilization
and impaired transcriptional activity. Gene expression analysis show that reduced HIF-1α expression
in response to D11 treatment is accompanied by down-regulation of genes involved in angiogenesis,
glucose metabolism, pH regulation, cell adhesion and invasion. Collectively, these results suggest
that the combination of D11, or more potent derivatives, with existing treatments may prove to be an
effective strategy in the clinics for the cure of brain cancer in the future.
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Abstract: Human protein kinase CK2 has emerged as promising target for the treatment of neoplastic
diseases. The vast majority of kinase inhibitors known today target the ATP binding site, which is
highly conserved among kinases and hence leads to limited selectivity. In order to identify non-ATP
competitive inhibitors, a 12-mer peptide library of 6 × 105 variants was displayed on the surface of
E. coli by autodisplay. Screening of this peptide library on variants with affinity to CK2 was performed
by fluorophore-conjugated CK2 and subsequent flow cytometry. Single cell sorting of CK2-bound
E. coli yielded new peptide variants, which were tested on inhibition of CK2 by a CE-based assay.
Peptide B2 (DCRGLIVMIKLH) was the most potent inhibitor of both, CK2 holoenzyme and the
catalytic CK2α subunit (IC50 = 0.8 μM). Using different ATP concentrations and different substrate
concentrations for IC50 determination, B2 was shown to be neither ATP- nor substrate competitive.
By microscale thermophoresis (MST) the KD value of B2 with CK2α was determined to be 2.16 μM,
whereas no binding of B2 to CK2β-subunit was detectable. To our surprise, besides inhibition of
enzymatic activity, B2 also disturbed the interaction of CK2α with CK2β at higher concentrations
(≥25 μM).

Keywords: autodisplay; human protein kinase CK2; non ATP-competitive inhibitor; peptide

1. Introduction

Human protein kinase CK2 is a heterotetrameric enzyme, consisting of two catalytic (CK2α or
CK2α′) and two regulatory subunits (CK2β). The interaction between the CK2 subunits is highly
dynamic and the balance between separation and interaction of the subunits to create a functional
holoenzyme is crucial in the control of many cellular processes [1]. CK2 has a key role in cell signaling
networks. It influences cell growth and proliferation, as numerous growth related proteins are
substrates of CK2 [2]. The highly pleiotropic serine/threonine-kinase CK2 is constitutively active and
present in nearly all tissues, cell types and most cell compartments. There is growing evidence for
the involvement of deregulated CK2 activity in a variety of human cancers such as breast cancer [3],
prostate cancer [4] and colorectal cancer [5]. Elevated CK2 activity has been associated with the
malignant transformation of several tissues [6] and is supposed to serve as prognostic marker in several
diseases such as acute myeloid leukemia [7] or Parkinson’s disease [8]. Therefore CK2 has emerged as
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a potential therapeutic target for cancer treatment [9]. Drug discovery programs were launched aiming
at the identification of specific inhibitors of CK2 reducing the elevated CK2 activity in cancer cells to
a non-pathogenic level. To date, several lead structures of small molecule CK2 inhibitors are known,
which in nearly all cases are competitive with respect to the co-substrate ATP [10]. One relevant
representative is the halogenated benzimidazole derivative 4,5,6,7-tetrabromo-benzotriazole (TBB)
with a Ki of 0.4 μM [11]. The flavonoid quercetin (IC50 = 0.55 μM) and the anthraquinone emodin
(Ki = 1.85 μM) [10] are representatives of natural compounds which show CK2 inhibition. Other
potent inhibitors with IC50 values in the nanomolar range have a pyrazolotriazine scaffold [12] or
an indoloquinazoline scaffold such as IQA (IC50 = 0.39 μM) [13]. To date one inhibitor was able to
complete successfully phase I clinical trials. Silmitasertib (CX-4945) is an oral small molecule inhibitor
of CK2, showing a selective anti-proliferative activity [14]. Currently silmitasertib is in phase II
clinical trials for the treatment of cholangiocarcinoma. The high degree of conservation of the ATP
binding site throughout the human kinome [2] is often a disadvantage of ATP-competitive inhibitors.
As a consequence, ATP competitive kinase inhibitors, including those targeting CK2, are poorly specific
and also affect other kinases. The development of inhibitors with a different mode of action promises to
impact CK2 activity more selectively. The first studies revealed CK2 inhibiting compounds not directly
competing with ATP. By screening of highly diverse chemical libraries it was found that inorganic
polyoxometalates (POMs) are nanomolar inhibitors of the CK2 holoenzyme and CK2α subunit [15].
However the active structure of the most potent POM with an IC50 of 5 nM) was not identified so
far. The authors speculated that POMs target an exosite of the CK2α subunit as allosteric inhibitors.
Other approaches are the development of inhibitors which interfere with the assembly of the subunits.
It was found that—at least in vitro—the free catalytic subunit and the holoenzyme exhibit divergent
substrate preferences [16]. The disassembly and reassembly of the CK2 holoenzyme seems to be a likely
point of regulation of many cellular processes [16]. An inhibitor (W16) of the CK2 subunit interaction
(IC50 = 40 μM) was found by screening a library of podophyllotoxine indole-analogs [17]. The kinase
activity of the CK2 holoenzyme was not affected by W16, but the activity of CK2α (IC50 = 20 μM) was
inhibited. The authors assumed that W16 docks to the CK2α/CK2β interface inducing an allosteric
conformational change in CK2α that affects its activity. For azonaphthalene derivatives a non-ATP
competitive inhibition of both the α-subunit and the heterotetrameric CK2 holoenzyme was shown
(most potent inhibitor: IC50 = 0.4 μM) [18]. Azonaphthalene derivates were shown to decrease
tumor genesis in vitro and in vivo. The exact binding site on CK2 is not known, but it was shown
that the inhibitor caused a large conformational change of CK2α, thereby blocking the binding of
substrates. A different class of emerging non-ATP competitive inhibitors is comprised of peptides.
Among peptides a binding at the ATP cave is unlikely, taking into account the rigid structure of
ATP-competitive inhibitors, usually consisting of heterocycles [19]. The Pc peptide is a cyclic 11-mer
identified by a screening of conformational constrained peptides mimicking the binding interface
of CK2β with CK2α. It is able to antagonize (IC50 = 3 μM) and to disassemble (IC50 = 6.5 μM) the
formation of the CK2 holoenzyme complex [20]. In contrast to W16 the Pc peptide shows no inhibition
of CK2α, but it acts as CK2β antagonist, inhibiting phosphorylation of CK2β dependent substrates.
Another peptide-derived inhibitor is CIGB-300. It consists of two domains, the cyclic 9-mer P15,
which inhibits CK2-catalyzed phosphorylation by blocking the interaction with the substrate and
the Tat-peptide for enabling membrane translocation [21]. Antitumor effects were shown, among
others, on patients with cervical malignancies [22] and meanwhile CIGB-300 has also entered phase II
clinical trials. Nevertheless the interaction of CIGB-300 and CK2 is not understood on a molecular
level. The 18-mer peptide P1 was isolated by screening of a combinatorial peptide aptamer library.
It binds to an N-terminal domain on CK2β (KD = 0.4 μM) [23]. The interaction of P1 with CK2β
neither dissociates the CK2 holoenzyme complex nor prevents its formation and did not inhibit the
phosphorylation of two protein substrates exclusively targeted by the CK2 holoenzyme. The authors
assumed that binding of P1 to the N-terminal domain of CK2β compete for a common binding site on
the protein for unknown endogenous ligands or protein kinase substrates that are essential for cell
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survival [24]. In different mammalian cell lines apoptosis through the recruitment of a p53-dependent
apoptosis pathway was induced.

The aim of this study was to screen a surface displayed library of peptides for a non-ATP
competitive CK2 inhibitor. A major advantage of screening randomized libraries is that new structures
for specific targets can be identified without needing to know the exact peptide-surface interaction.
Since the invention of phage display twenty years ago, display technologies have turned out to be
a successful tool for broad biotechnology applications [25,26]. By surface display of libraries on cell
surfaces the variants are available for screening without a purification step. It is possible to create
a high number of cells with every single cell carrying a different peptide on the surface in high
numbers. After selection the sequence of the peptide or protein can be easily determined, due to the
fact that every cell carries an internal label, the DNA sequence. Surface display systems have shown
to be a promising tool in the development of peptide inhibitors. They were used for identification
of protease inhibitors [27,28], as also for discovery of antiviral peptides [29,30]. Autodisplay which
was used in this study was shown to be a flexible surface display system for presenting polypeptide
libraries on the surface of E. coli cells [31–33]. In combination with flow cytometry it yielded a new
lead structure for human cathepsin G inhibitors (IC50 = 11.7 μM) [31]. Autodisplay based transport of
peptides or proteins is facilitated by the natural autotransporter secretion mechanism of Gram negative
bacteria [34] (Figure 1).

In the present study a 12-mer peptide library of up to 6 × 105 variants was displayed on the surface
of E. coli cells via autodisplay. A flow cytometry-based screening based on the affinity of fluorescence
coupled CK2 yielded a new allosteric inhibitor of CK2 with an IC50 value in the submicromolar range.

Figure 1. Secretion mechanism of library variants by autodisplay.The autotransporters are synthesized
as precursor proteins containing all structural requirements for the transport to the cell surface. With the
aid of the signal peptide, the polyprotein precursor is translocated across the inner membrane. Arriving
at the periplasm, the precursor folds as a porin-like structure, the so called β-barrel within the outer
membrane and the passenger is transmitted to the cell surface. To obtain full surface exposure, a linker
region between the passenger and the β-barrel is required. SP: Signalpeptide.

2. Results

2.1. Autodisplay of Human αS1-Casein and Cellular Labeling with CK2-FITC

Casein was one of the first substrates reported for CK2 [35]. Previous western blot experiments
with an anti-phosphoserine antibody proved that human αS1-casein is a substrate of CK2 (data not
shown). Due to the fact that a target enzyme has affinity to its substrate it was expected that CK2
would show affinity to human αS1-casein. The binding of surface displayed human αS1-casein by
fluorophore-coupled CK2 was supposed to be detectable in vitro via flow cytometry. Therefore,
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αS1-casein was inserted as passenger into an autotransporter-fusion protein and presented on the cell
surface of E. coli (encoded by plasmid pKP10, Figure 2C).

 

Figure 2. Structure of the autotransporter fusion proteins encoded by plasmid pCRBib (12mer
peptide library, A), plasmid pKP6 (αS1-casein peptide, B) and plasmid pKP10 (αS1-casein, C) used for
autodisplay. (A) The autodisplay passenger of plasmid pCRBib consists of 36 randomized nucleotides.
The passenger region, the fusion sites to the signal peptide and the linker region of the autotransporter
are given as DNA-sequences. The oligonucleotides CR21 and CR22 were hybridized and filled up to
a double strand and then inserted by the underlined restriction sites. The fusion protein has a calculated
molecular weight of 50.2 kDa after cleavage of the signal peptide. (B) Human αS1-casein as autodisplay
passenger of plasmid pKP10 has a length of 510 nt. (C) The autodisplay passenger of plasmid pKP6 is
αS1-casein peptide encoded by 48 nt. The passengers encoding sequences were inserted in frame into
the autotransporter encoding gene. SP = signal peptide.

The surface display of αS1-casein was proven by protease accessibility and immunofluorescence
using a polyclonal rabbit serum against αS1-casein [36]. The αS1-casein displaying cells were incubated
with fluorescein-isothiocyanate (FITC) coupled CK2 holoenzyme. The amount of bound CK2
determined the overall fluorescence intensity of αS1-casein-displaying cells. Cells with increased
fluorescence could be detected by flow cytometry indicating high affinity of CK2 to the surface
presented αS1-casein. As can be seen in Figure 3A, cells displaying human αS1-casein on their
surface (E. coli UT5600(DE3) pKP10) showed a tenfold higher fluorescence intensity than control
cells (E. coli UT5600(DE3).

The tenfold higher amount of CK2 bound to surface displayed αS1-casein cells indicated the
affinity of human αS1-casein to CK2. For the screening of a peptide library, it was indispensable
to show that the affinity of CK2 to a surface-displayed peptide is detectable by flow cytometry
as well. Therefore, as an additional control, a 16mer αS1-casein derived peptide known to bind
CK2 (αS1-casein peptide) was surface displayed and analyzed by fluorescence labeled CK2 and
flow cytometry as well (Figure 3B). For this purpose plasmid pKP6 was constructed (Figure 2B).
After verification of expression and surface display (data not shown), cells of E. coli UT5600(DE3)
pKP6 were incubated with fluorophore coupled CK2 and subjected to flow cytometry as done before
for full-length αS1-casein. As shown in Figure 3B, αS1-casein peptide-displaying cells indeed had
a significantly higher fluorescence than host cells without plasmid. This indicated that autodisplay of
a peptide is sufficient for affinity labeling of cells by fluorophore coupled CK2.
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Figure 3. Flow cytometer analysis of E. coli cells displaying αS1-casein (170 aa) (A) and αS1-casein
peptide (16 aa) (B) after incubation with fluorophore coupled CK2. By the use of a FACSAria flow
cytometer 50,000 cells were analyzed with an exication wavelength of 488 nm and an emission
wavelength between 527 and 530 nm. The host strain E. coli UT5600(DE3) was outlined in the same
manner (grey line). (A): E. coli UT5600(DE3) pKP10; (B): E. coli UT5600(DE3) pKP6.

2.2. Design of a Bacterial Surface Display Library

For the construction of the peptide library, a PCR primer containing a fully random sequence
of 12 codons was designed (Figure 2A). A 12-mer random peptide library was chosen, because the
already known peptidic inhibitors of CK2 had a length of nine, eleven and eighteen amino acids.
Beyond the random sequence the oligonucleotide primer of 82 nt length (CR22) contained a 5′- as well
as a 3′-extension. The 3′-entension was complementary to a shorter oligonucleotide primer (CR21),
which was used to fill up the random sequence of CR22 to a double strand by Klenow fragment
DNA polymerization. The 5′-extension of CR22 finally led to a double stranded DNA fragment that
could be easily identified in an agarose gel, to control the reaction. The XhoI/Acc65I restriction sites
flanking the random sequence were used to insert the library cassette into the open reading frame
of an autotransporter artificial gene construct in plasmid pCR19 (Figure 2A). E. coli UT5600(DE3)
electrocompetent cells were transformed with the resulting plasmid library, yielding a library size
of 6 × 105 colony forming units.

2.3. Selecting Peptides with Affinity towards CK2 by FACS

The E. coli surface display library was grown for 1 h after transformation in SOC-medium. Protein
expression was induced with 1 mM IPTG. Subsequently, the complete library was incubated with
fluorophore coupled CK2 and subjected to flow cytometry as described above. In the histogram
plot of 10,000 cells analyzed, two populations were clearly visible, one with a strongly increased
fluorescence and one with low fluorescence (Figure 4). A sorting gate was defined in order to isolate
single cells with the highest values of increased fluorescence from the positive subpopulation, finally
comprising 0.54% of all cells (Figure 4).

Using this sort gate 22 single cell variants were placed on an agar plate for further analysis.
Out of this 22 variants, six variants (B1–B6) exhibited an increased affinity to fluorophore coupled CK2
when reanalysed by flow cytometry (Figure 5), indicating that 16 single cell variants appeared to be
false positives.
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Figure 4. Flow cytometer analysis of E. coli cells displaying library peptides and sorting of cells with
increased fluorescence. The analysis of 10,000 cells was accomplished with a FACSAria Cytometer with
an integrated sorting module. The cells were incubated with fluorophore coupled CK2 and analyzed at
a excitation wavelength of 488 nm and an emission wavelength between 527 and 530 nm. A sort gate
was drawn around the population with an increased green fluorescence, which represent 0.54% of all
events. These cells were selected out and grown on a agar plate for further analysis.
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Figure 5. Flow cytometer based reanalysis of E. coli cells bearing library peptides (B1–B4) selected
from the surface display library by FACS. The single cell variants, selected as single cell colonies,
were incubated with fluorophore coupled CK2 as described. 50,000 cells were analyzed at a excitation
wavelength of 488 nm and an emission wavelength between 527 and 530 nm by the use of a CyFlow
Space (filled histograms). The host strain E. coli UT5600(DE3) was treated identically (unfilled
histogram). (A): B1, E coli UT5600(DE3) pCR31; (B): B2, E. coli UT5600(DE3) pCR33; (C): B3, E. coli
UT5600(DE3) pCR34; (D): B4; E. coli UT5600(DE3) pCR36.
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2.4. Peptide Expression and Sequence Analysis

The peptide encoding sequence of the four variants (B1–B6) was subjected to DNA sequence
analysis. The derived peptides all had different aa sequences with no apparent consensus motif,
however, the peptide sequence of B5 and B6 contained stop codons. After growing the cells and
induction of the protein expression with IPTG, bacterial outer membrane fractions containing the
autotransporter fusion proteins were isolated and analyzed by SDS-PAGE. Whereas B5 showed
expression of a protein of correct size, no protein expression was detectable in variant B6. In all other
samples, a protein band with a molecular weight of 50.2 kDa—as expected—was detectable. Western
blot with an AIDA-I-β-barrel specific antibody labelled the same band in all samples, indicating the
successful expression the peptide autotransporter fusion protein.

In outer membrane fractions of E. coli UT5600(DE3) pCR31 (B1), UT5600(DE3) pCR33 (B2) and
UT5600(DE3) pCR36 (B4) a protein band double the size of the expected molecular weight of the fusion
protein could be recognized under non-reducing conditions. These three variants contained a cysteine
residue (Table 1). The dimer band disappeared when reducing conditions in the SDS-PAGE sample
buffer were used and an increase of the band corresponding to the monomer of the expected fusion
protein was observed (data not shown). The β-barrel of the autotransporter is flexible within the outer
membrane, hence a dimerization of passengers on the cell surface is possible and has been shown by
many examples before [37].

Table 1. Inhibition of CK2 by peptides from bacterial surface display library screening.

Peptide Sequence Inhibition* (%) IC50 Value (μM)

B1 KHTKGPTAYCPL < 5 n.d.
B2 DCRGLIVMIKLH 79 0.8
B3 YRKPHWFIHTRI < 5 n.d.
B4 PCPAPRAPKLSI 29 n.d.

n.d. = not determined, * 10 μM final concentration.

2.5. CK2 Inhibitor Testing by Capillary Electrophoresis (CE)-Assay

Based on the aa sequences of variants B1–B4 (Table 1), the free peptides were synthesized and
tested on inhibition of CK2 holoenzyme. For this purpose a CE-based CK2 inhibition assay was
used as described before [38]. For initial testing CK2 was pre-incubated with the peptide in a final
concentration of 10 μM for 10 min at 37 ◦C. After addition of the substrate and ATP, the reaction ran
for 7 min and the amount of product was determined by CE. The amount of product obtained with
inhibitor was set into relation to the amount obtained with the enzyme without inhibitor. At 10 μM,
two of the peptides showed no inhibition (B1 and B3), one showed a weak inhibition of 29% (B4),
whereas peptide B2 could be identified as a strong CK2 inhibitor with an inhibition of 79% (Table 1).

Apparently three of the peptides bound CK2 holoenzyme, but had no or almost no effect on
enzymatic activity. For peptide B2 the IC50 value was determined using different concentrations
ranging from 0.001 μM to 100 μM for inhibition of CK2 holoenzyme, which turned out to be 0.8 μM
(Figure 6A). The IC50 value of B2 with the catalytic subunit CK2α alone was determined in a similar
manner and turned out to be identical (0.8 μM, Figure 6B). This was a first indication that B2 interacted
with CK2α directly and not via a conformational change of CK2β.
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(A) (B) 

Figure 6. IC50 value determination of B2 by capillary electrophoresis measurements using CK2
holoenzyme (A) and the catalytic subunit CK2α (B). (A) Inhibition of recombinant CK2 holoenzyme by
peptide B2 was measured after incubation with eight different compound concentrations ranging from
0.01 to 31.6 μM. (B) Inhibition of CK2α was tested using nine different inhibitor concentrations ranging
from 0.001 μM to 100 μM. Samples were analyzed by CE. The resulting fractional inhibition values
were plotted versus inhibitor concentrations in a semi-logarithmic diagram. The individual data points
represent means of an experiment run in triplicates, the error bars indicate the standard deviation.
In both cases an IC50 value of 0.8 μM was obtained by extrapolation the compound concentration
at a residual CK2 activity of 50%. The dotted line marks the concentration at the midpoint (50%) of
CK2 inhibition.

2.6. Mode of Inhibition

In order to investigate whether B2 is competitive or non-competitive with respect to ATP the IC50

values were determined using six different concentrations of ATP (1 mM to 100 mM) [39]. However,
as shown in Figure 7A, there was no linear increase of the IC50 values in dependence of the ATP
concentration detectable, indicating that B2 is non-competitive with respect to ATP.

(A) (B) 

Figure 7. Graphical determination of the IC50 values of B2 in dependence of the ATP concentration
and the substrate concentration. (A) Determination of IC50 values for the inhibition of CK2 by B2 with
various concentrations of ATP. IC50 values were plotted against the corresponding ATP concentrations
(ranging from 1 mM to 100 mM); the abscissa was plotted on a logarithmic scale. The individual
data points represent means of an experiment run in triplicates, the error bars indicate the standard
deviation. (B) Lineweaver-Burk inhibition plots of CK2 by B2 at different substrate concentrations.
A double reciprocal plot of reaction velocity against the substrate concentration was done. CK2 kinase
activity was determined in the absence (0 μM) or in the presence of 0.5 μM and 1 μM B2 with various
concentration of peptide substrate. The individual data points represent means of an experiment run
in triplicates, the error bars indicate the standard deviation.
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In the next step it was investigated, whether B2 could have a substrate competitive mode of action.
Therefore the reaction velocity for three different inhibitor concentrations (0 μM, 0.5 μM and 1 μM B2)
and varying substrate concentrations (11.4 μM, 22.8 μM, 57 μM and 228 μM peptide RRRDDDSDDD)
was determined. As shown in Figure 7B, the resulting diagram with the corresponding best-fit lines
intersected at a single point left from the y-axes. This is characteristic for a non-competitive mode of
inhibition [39]. The conclusion was that peptide B2 is non-competitive with respect to the substrate
peptide RRRDDDSDDD and non-competitive with respect to ATP. In this situation two dissociation
constants can be defined, one for the binary enzyme-inhibitor complex (Ki) and one for the ternary
enzyme-substrate-inhibitor complex (αKi). The best-fit lines in diagram 8 nearly converge at the x-axis.
In this case both dissociation constants are equal, hence α = 1. This means the inhibitor displays equal
affinity for both, the free enzyme and the enzyme-substrate complex. According to the Cheng and
Prusoff equation [40], in the case of non-competitive inhibition with α = 1, the dissociation constant is
equal to the IC50 value (Ki = IC50) [39].

2.7. In Vitro Pull Down Assay

An in vitro pull down analysis with GST-tagged CK2α and in vitro translated [35S]-labelled CK2β
was performed in order to get a hint of whether B2 could disturb the interaction of both CK2 subunits.
GST or GST-CK2α were expressed in E. coli, purified and immobilized on a GSH Sepharose resin.
The GST tag without CK2α served as a control for unspecific binding. To analyze the effect of the B2
peptide on the assembly of the subunits to a holoenzyme, the catalytic α-subunit was pre-incubated
with 25 or 100 μM peptide B2 before adding the labelled CK2β-subunit.

(A) (B) 

Figure 8. B2 interferes with the assembly of CK2α and CK2β. About 10 μg GST or GST-CK2α were
incubated with 7.5 μL in vitro translated and [35S]methionine labelled CK2β protein in the presence
or the absence of 25 or 100 μM B2 peptide, respectively. The formed complex was coupled to GSH
sepharose. Proteins eluted from the affinity resins were analyzed on a 12.5% SDS polyacrylamide gel,
stained with Coomassie blue (A) and afterwards subjected to autoradiography (B).

Bound proteins were eluted subsequently with sample buffer and separated by SDS
polyacrylamide gel electrophoresis. The gel was stained with Coomassie brilliant blue and afterwards
subjected to autoradiography to visualize [35S]-labelled CK2β. The Coomassie stained gel showed that
equal amounts of GST-CK2α were applied in all lanes (Figure 8A). The autoradiography of the same gel
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also demonstrated that the GST control did not bind to the in vitro translated CK2β (Figure 8B, lane 1).
GST-CK2α interacted effectively with CK2β. However, in case B2 peptide was added, the interaction
was severely disturbed, resulting in significantly reduced amounts of CK2β eluted from the resin
bound to GST-CK2α (compare lanes 3 and 4 with lane 2 in Figure 8B). Thus, it was concluded that the
B2 peptide in concentrations of 25 μM and beyond interfered with the assembly of the holoenzyme.

2.8. MST Measurements

In order to support the idea that B2 binds to the catalytic CK2α subunit, the microscale
thermophoresis (MST) method was applied [41]. Based on a different thermophoresis of a fluorescent
protein after binding to an unlabeled interaction partner, it is possible to determine the dissociation
constant (KD). For this approach CK2α-pAzF, which exhibited the unnatural amino acid
p-azidophenylalanine (pAzF), was purified and coupled to the fluorophore DBCO-Sulfo-Cy5 by
click chemistry as described before [42].

 

Figure 9. MST-measurements with B2 and CK2α or CK2β, respectively. For each subunit three
independent measurements were performed and analyzed by the MO. Affinity Analysis v2.1.3 software
(NanoTemper Technologies GmbH, München, Germany). (A) B2 was titrated in different concentrations
ranging from 7.6 nM to 125 μM to a constant amount of CK2α (100 nM). The relative fluorescence
signals of the thermophoresis of 15 different dilutions of B2 were recorded. (B) To a constant amount
of CK2β (100 nM) concentrations of B2 ranging from 7.6 nM to 250 μM were added. A change in the
relative fluorescence signals of the thermophoresis could only be detected in higher concentrations
(above 62.5 μM). (C) The change in the thermophoresis led to a sigmoidal plot based on an unbound
and a bound state of CK2α. This was done in three independent replicates. A mean KD value of
2.16 ± 0.79 μM was determined. (D) The normalized fluorescence signals of the thermophoresis of
CK2β1-193-Flu were plotted against the concentrations of B2 in three independent replicates.
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Afterwards, different concentrations of B2 ranging from 7.6 nM to 125 μM were titrated to
a constant amount of CK2α-DBCO-Sulfo-Cy5 (100 nM). A concentration dependent change in
thermophoresis of CK2α was observed, which clearly indicated binding of B2 to CK2α (Figure 9A).
The sigmoidal plot obtained by the differences in thermophoresis of the unbound state and the B2
bound state of CK2α was used to determine the KD value, which turned out to be 2.16 ± 0.79 μM
(Figure 9C). This was in good accordance with the inhibition of B2, either with CK2α or heterotetrameric
CK2 holoenzyme (α2β2). As a control the interaction between the regulatory CK2β subunit and B2 was
investigated by MST. For this purpose a truncated version of CK2β (CK2β1–193) was applied [43]
and the unnatural amino acid pAzF was incorporated in CK2β1–193 at position 174 instead of
tyrosine, based on the method of Chin et al. [44]. Purification of CK2β1–193-pAzF was performed
according to the purification of CK2α-pAzF [42] and subsequently CK2β1–193-pAzF was coupled to
fluorescein (Flu) by click chemistry. B2 was added in concentrations ranging from 7.6 nM to 250 μM
to constant a concentration of CK2β1–193-Flu (100 nM) and applied to MST measurements. Only in
very high concentrations (beyond 62.5 μM) a change in thermophoresis was detectable (Figure 9B,D).
The determination of a KD value was not possible by this strategy, and a KD value, if any at all would
be higher than 100 μM. In consequence the MST measurements clearly indicated the binding of B2 to
CK2α and not to CK2β.

3. Discussion

By surface display library screening a potent peptidic inhibitor of CK2 holoenzyme and
the α-subunit was identified. It was the 12-mer peptide B2, with the amino acid sequence
DCRGLIVMIKLH. By a blast search in the UniProt protein database, no protein containing a similar
sequence could be identified. B2 inhibited the catalytic activity of the α-subunit and the CK2
holoenzyme with an identical IC50-value of 0.8 μM. By microscale thermophoresis measurements it
was possible to determine the KD value of B2 with the catalytic α-subunit experimentally and it turned
out to be in the same order of magnitude. At higher concentrations beyond 25 μM, the peptide also
disturbed the interaction of the catalytic α-subunit with the β-subunit of CK2 to form the holoenzyme.
The question arises whether these two effects are facilitated by binding to the same allosteric binding
site or by binding of two different sites at the α-subunit. Comparison of the dose-response curves
used for the IC50-value determination with the α-subunit and the holoenzyme (Figure 6A,B) reveals
that—despite identical IC50 values—complete inhibition was only obtained with the α-subunit, but not
with the holoenzyme (max. 80% for the highest concentration of B2). This could be seen as an indication
for a second binding site. Nevertheless, co-crystallization experiments of B2 with the α-subunit would
help answering this question and are on the way at current.

The first step in the development of this new inhibitor was the surface display of a random
12-mer peptide library on the cell surface of E. coli by autodisplay. Beside the well-established
phage-display, surface display on bacteria and yeast has emerged to a promising tool in drug
discovery [45]. One advantage of bacteria in comparison to phage particles is that they are a big enough
for flow cytometry analysis. The combination of library display on E. coli and subsequent fluorescence
activated cell sorting is a powerful and rapid method, successfully applied in the development of new
antibodies [46–48] and in the identification of high affinity peptides for different target proteins [49,50].
In this study the strategy for identifying new non-ATP competitive inhibitors of CK2 based on
autodisplay, as autodisplay has been proven before suitable for the identification of new inhibitors
of drug targets [31]. With the presented strategy, it was possible to create surface-displayed peptide
libraries with up to 6 × 105 cell variants. After incubation with fluorescence-coupled CK2 the library
could be directly used for a screening with whole cells by fluorescence activated cell sorting by which
cells with increased green fluorescence were selected. After sorting, the coding sequences of the
peptides presented on the cell surface could be easily determined by DNA sequence analyses of the
co-selected plasmids. Within the selected variants, six peptide sequences were identified and four
were tested on inhibition of the kinase activity of CK2 holoenzyme. Peptide B2 is a potent inhibitor
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of CK2 with a Ki value of 0.8 μM. The other peptides showed no inhibition or only weak inhibition.
This was expectable, because the peptides were selected by their affinities towards CK2. Peptides
binding to the target enzyme without influencing the activity of the enzyme can be selected by this way
as well. Not expected was the high number of false positives selected by this strategy. False positives
in this sense means that cells forming colonies on the agar plates after FACS selection, turned out to
be negative after growing and re-labelling with CK2. This could have been due to several reasons
and needs optimization. For example, a positive and a negative cell could have passed the laser beam
in the detector so close that discrimination between the two was not possible, and both would have
been selected. A mutant variant, not displaying any peptide could have been selected in one event
with an active variant, and could have overgrown the peptide bearing strain during re-culturing.
It could have been possible as well, that a peptide mutant selected had some extent of toxicity for the
cells displaying it, again resulting in an overgrowing by cells not displaying it anymore. This will
require systematic investigation and optimization, using mixtures of positive and negative variants
with statistical analysis.

The ATP binding site is highly conserved throughout the human kinome. Thus most of the
known ATP competitive inhibitors of CK2 exhibit a low selectivity across human protein kinases.
By choosing a library of peptides, the development of a non-ATP competitive inhibitor was anticipated
expecting a higher selectivity. Up to now three peptides interacting with CK2 are known, two of them
are cyclic peptides, the Pc—peptide consist of 11 amino acids [20] and P15 is a 9-mer peptide [51]
and one peptide (P1) which consists of 19 amino acids [23]. They all act as non-ATP competitive
inhibitors thereby each showing a different mode of inhibition and inhibitory potency. Due to the
fact that in the present study an inhibitor of the CK2 holoenzyme was identified, a comparison of
effects of B2 to other described peptides with inhibitory activity towards CK2 is difficult. In the case of
peptide P15 there are no in vitro data existing about the inhibition of the CK2 holoenzyme catalyzed
phosphorylation of substrates [38] and it is not known if the inhibition is mediated by an interaction of
the peptide with the CK2 or other effects in the cells. The Pc-peptide just inhibits the phosphorylation
of CK2β-dependent substrates [17] and the peptide P1 shows no inhibition of CK2 holoenzyme activity
at all [20]. In this study for the first time a potent peptidic inhibitor of the CK2 holoenzyme could be
identified. The identified inhibitor B2 with a Ki value of 0.8 μM is the most potent peptidic non-ATP
competitive inhibitor of CK2 known until now. Peptide B2 also inhibits the kinase activity of the
alpha subunit with an IC50-value of 0.8 μM, thus we concluded that B2 targets the alpha subunit. CK2
exhibits different exosites distinct from the catalytic cavity that may be targeted by small molecules [52].
Based on the fact that B2 inhibits the CK2 holoenzyme and the alpha subunit with the same IC50 value,
it is rather unlikely that B2 targets the subunit interface in or near the CK2β binding pocket on CK2α.
The existence of two different classes of compounds targeting the CKα/CKβ interface is described [53].
For the podophyllotoxine W16, targeting the CKα/β interface, an inhibition of the alpha subunit
but no inhibition of the holoenzyme was observed. The authors assumed that unlike CK2β, docking
of W16 into this binding site might induce an allosteric conformational change of CK2α thereby
blocking a productive binding of substrates [17]. The Pc peptide is also targeting the CK2α/CK2β
interface, but showing another mode of inhibition. It acts as CK2β antagonist thereby inhibiting the
phosphorylation of CK2β dependent substrates by the holoenzyme [20]. Thus the Pc peptide is not
influencing the catalytic activity of CK2α. By sequence comparison of B2 with Pc, a similarity of less
than 30% was obtained. Based on these results it can be concluded, that B2 is belonging to neither
of the two classes. It is more likely that B2 binds to an allosteric cavity of CK2α, thereby changing
its conformation resulting in a decrease in activity of CK2α. This mode of inhibition was already
described for azonaphthalene derivatives [18] and POMS [15], both small-molecule inhibitors of CK2.
Azonaphthalene derivatives act as non-ATP competitive inhibitors, affecting the kinase activity of
CK2 holoenzyme and the alpha subunit in each case with the same IC50 value (0.4 μM). The exact
binding site of azonaphthalene derivatives is still unknown, but mutation analysis indicated that
they induce a conformational change of CK2α, resulting in a non-productive binding of substrates.
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POMs inhibit the kinase activity of CK2 holoenzyme and alpha subunit in the nanomolar range.
The authors identified inhibitor-interacting domains consisting of key structural elements of CK2α,
like the activation segment. They assume that by binding of the inhibitor the alpha subunit is locked in
an inactive conformation. Regarding the results for the binding studies performed for azonaphthalene
derivatives and POMs it can be hypothesized, that B2 docks to a similar exosite of CK2α. With B2
the first peptide could be identified which is supposed to bind to an allosteric binding site of CK2α,
thereby showing a potent inhibition of the activity of catalytic CKα and also of the CK2 holoenzyme.

4. Materials and Methods

4.1. Chemicals and Reagents

Glycerol, sodium dodecyl sulfate (SDS), Tris, skimmed milk powder, Tween 20, tryptone, yeast
extract and isopropyl β-D-1-thiogalactopyranoside (IPTG) were purchased from Roth (Karlsruhe,
Germany), bromphenol blue, NaCl and acetic acid from Fisher Scientific (Schwerte, Germany),
Coomassie brilliant blue R250 from Serva (Heidelberg, Germany), MgCl2, NaOH, kanamycin
and carbenicillin from Fluka (Buchs, Switzerland), polyvinylidene difluoride membranes from
Schleicher & Schuell (Dassel, Germany) and 1,4-dithiothreitol and goat-anti-rabbit IgG secondary
antibody (10.5 mg/mL) from Sigma (Deisenhofen, Germany). AIDA-I-β-barrel specific immune serum
was purchased from Davids Biotechnology (Freiburg, Germany), PageRuler™ Prestained Protein
Ladder and Klenow fragment from Fermentas (St. Leon-Rot, Germany), Mung-Bean-Nuclease, XhoI
and KpnI from New England Biolabs (Frankfurt, Germany). Plasmid pET-11d and pCOLA-duet1TM

were purchased from Merck KGaA (Darmstadt, Germany). Primers RM2, KP9, CR17 and CR18 were
purchased from Sigma Aldrich (St. Louis, MO, USA) and primers CR21 and CR22 from Eurofins
MWG Operon (Ebersberg, Germany). Peptides B1, B2, B3 and B4 for capillary electrophoresis (CE)
measurements were ordered at JPT (Berlin, Germany). CK2 substrate peptide (RRRDDDSDDD)
was synthesized by the biological medicinal research center Düsseldorf (Germany). Peptides had
a purity >90% and were analyzed by HPLC & MS. The peptides delivered freeze dried and were
resuspended in DMSO to a final concentration of 10 mM, subsequently they were stored at −20 ◦C.
Human CK2α was prepared as described before [54].

4.2. Bacteria, Plasmids, and Culture Conditions

E. coli strain UT5600(DE3) [F−, ara-14, leuB6, secA6, lacY1, proC14, tsx-67, Δ(ompT-fepC)266,
entA403, trpE38, rfbD1, rpsL109(Str), xyl-5, mtl-1, thi-1, λ(DE3)] was used for surface display of
the peptide library, of αS1-casein and the N-terminal shortened sequence of αS1-casein (αS1-casein
peptide). E. coli strain BL21(D3) [B, F−, dcm, ompT, lon, hsdS(rB

− mB
−), gal, λ(DE3)] was used

for the recombinant expression of human CK2 holoenzyme. Plasmid pET-Adx encodes all AIDA-I
autotransporter domains needed for surface display as described for plasmid pET-SH7 [55] and directs
Adrenodoxin [37], the passenger domain to the cell surface. The backbone is based on pET-11d.
Plasmid pKP10 was used for the autodisplay of αS1-casein [36]. The autotransporter region of plasmid
pCR3 derived from plasmid pET-Adx, the passenger was exchanged against the coding region for
MS-S1 [56] and the backbone is based on pCOLA-duet1TM.

The design and construction plasmid pCK2αY239Stop encoding for CK2α-pAzF was described
before [42]. For pCK2β1-193,Y176Stop, the plasmid pT7-7CK2β was used as template in PCR. Site directed
mutagenesis was performed by the use of the QuickChange protocol (Stratagene, San Diego, CA, USA).
For the truncation of CK2β to CK2β1–193 in order to avoid aggregation problems usually obtained
with full length CK2β, the primers 5′-G-CTG-GTA-GGC-CAT-TTA-ATG-GAT-CTT-GAA-ACC-G-3′

and 5′-C-GGT-TTC-AAG-ATC-CAT-TAA-ATG-GCC-TAC-CAG-C-3′ were used (mutation in bold).
For the incorporation of the stop codon at position 174 the primers 5′-GG-TCT-CTT-GGG-CCG-
CTA-CTC-GGG-ATG-CAC-CAT-G-3′ and 5′-C-ATG-GTG-CAT-CCC-GAG-TAG-CGG-CCC-AAG-AGA-
CC-3′ were applied (mutations in bold). Plasmid pCK2β1-193,Y176Stop as obtained after both
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sites directed mutagenesis was verified by DNA-sequence analysis (Seqlab, Göttingen, Germany).
The plasmid pEVOL-pAzF (Addgene plasmid #31186) [44], which was used for the incorporation
of the unnatural amino acid pAzF, was a gift from Peter G. Schultz (The Scripps Research Institute,
La Jolla, CA, USA).

Bacteria were routinely cultivated at 37 ◦C in lysogeny broth (LB medium, 10 g tryptone, 5 g yeast
extract, and 10 g NaCl per liter) with vigorous shaking (200 rpm). Depending on the vector backbone,
the medium contained 30 mg/L kanamycin or 100 mg/L carbenicillin.

For flow cytometer experiments and outer membrane isolation cells were grown overnight and
diluted 1:1000 in a freshly prepared medium. Cells were cultured at 37 ◦C with shaking at 200 rpm
until the optical density (OD578) reached 0.5–0.7. Protein expression was induced by the addition of
1 mM IPTG and subsequent incubation for 1 h at 30 ◦C with vigorous shaking (200 rpm).

4.3. Plasmid Construction Using Restriction Sites

For the construction of the plasmid directing αS1-casein peptide to the cell surface the
autotransporter framework of pET-Adx was used. The passenger was replaced by a 48 bp fragment
coding for the αS1-casein peptide. Plasmid pHaS1C2 [57] was amplified with primers KP9 (5′-GCC-
TCG-AGC-CCA-CTG-CTC-ATG-AAA-ATT-ATG-3′) and RM2 (5′-CGG-TAC-CCC-ACT-GTA-GCA-
TGA-CG-3′) which contained overlapping ends suitable for an insertion in a XhoI/KpnI digested
pET-SH7 vector, the resulting plasmid was named pKP6.

4.4. Synthesis of Double Stranded DNA (dsDNA)

For generating artificial dsDNA two oligonucleotides were synthesized. The oligonucleotides
CR17 (5′-CAT-TCC-ATG-GTT-AAA-TTA-AAA-TTT-GGT-GTT-TTT-TTT-ACA-GTT-TTA-CTA-TC-3′)
and CR18 (5′-TGC-CCT-CGA-GTG-TTC-CAT-GTG-CAT-ATG-CTG-AAG-ATA-GTA-AAA-CTG-TAA-
AAA-AAA-C-3′) were used for the construction of a shortened sequence between the restriction
site of the signal peptide and the passenger. For creation of the library CR21 (5′-GCA-CTA-TCG-
CAT-CGT-CAG-CAC-ATG-GAA-CAC-TCG-AG-3′) and CR22 (5′-CTA-TCA-TTT-GTA-GGA-TTA-AGG-
GTA-CC-(NNN)12-CTC-GAG-TGT-TCC-ATG-TGC-TG-3′) were used. The oligonucleotides were
rehydrated (each 100 μM in water), mixed and hybridized by incubation at 95 ◦C for 5 min, followed by
a cooling down to 36 ◦C within 10 min. Hydrogen bonds between 23 bp (CR17 and CR18) respectively
20 bp (CR21 and CR22) at the 3′-ends of the oligonucleotides were built. The overhanging ends were
filled up with Klenow fragment and the resulting dsDNA was digested with NcoI/XhoI (CR17 and
CR18) or by XhoI and Acc65I (CR21 and CR22).

4.5. Construction of the Plasmid Used for Surface Display of the Library

Plasmid pCR3 contained all structural elements for autodisplay. In order to remove seven
dispensable amino acids between the cutting site of the signal peptidase and the passenger of plasmid
pCR3, we used primers CR17 and CR18, which coded for the shortened sequence between a NcoI
and a XhoI restriction site. In order to generate this artificial dsDNA, they were treated as described
above and inserted into a NcoI/XhoI digested pCR3 vector. The resulting plasmid was named pCR13.
The backbone of this plasmid is derived from pCOLA-duet1TM. In the second multiple cloning
site, the Acc65I restriction site was deleted by a restriction digest with BlpI/NotI, treatment with
Mung-Bean-Nuclease and religation of the vector. The new created plasmid was named pCR18.
The passenger DNA of pCR18, which could be replaced by the DNA encoding the library was too
short (36 bp) to be analyzed by agarose gel electrophoresis before the following cloning reaction.
In consequence it was replaced by the larger passenger sequence encoding for Adx (394 bp) by the use
of the XhoI and Acc65I restriction site [36]. The resulting plasmid was named pCR19, which served as
backbone for the peptide library.
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4.6. Ligation

The ligation reaction contained T4-DNA ligase (1 Weiss unit/10 μL), the DNA fragments which
should be ligated and 1 × T4-DNA-ligase-puffer in water. The vector to insert molar ratio was 1:3 in
a volume of 10 μL, thereby comprising 0.25 ng DNA. In the case of a ligation in library construction
a vector: insert ratio of 7:1 was used in a volume of 90 μL, thereby comprising 2.5 μg DNA. The ligation
reaction was incubated for 16 h at 16 ◦C and the reaction stopped by incubation at 65 ◦C for 10 min.
The product of ligation was desalted via dialyses and used for transformation of electrocompetent
E. coli strains. The ligation mixture of a library transformation was concentrated to a volume of 20 μL
by the use of a rotational vacuum concentrator prior to transformation of cells.

4.7. Transformation of E. coli by Electroporation

Fifty μL of electrocompetent cells (2–3 × 1010 cells/mL) were used for transformation of 10 μL
ligation product. The full reaction was placed into a chilled electroporation cuvette and exposed to
a voltage of 1800 V by the use of electroporator 22510 (Eppendorf, Hamburg, Germany). Immediately
after 1 mL of preheated SOC media (20 g/L Trypton, 5 g/L, Yeast extract, 0.5 g/L NaCl, 2.5 mM/L
KCl, 20 mM D-Glucose, 10 mM MgCl2) was added and the reaction was carried into a sterile micro
reaction tube. Subsequently the transformation reaction was incubated for 60 min at 37 ◦C and 100 rpm.
Respectively 1:50, 1:500 and 1:5000 dilutions in a volume of 100 μL LB media were platted on antibiotics
containing agar plates for estimation of transformation efficiency.

4.8. Outer Membrane Preparation

Differential cell fractionation was performed according to the rapid isolation method of
Hantke [58] using modifications by Schultheiss et al. [59] without resuspending in N-Lauryl sarcosine
sodium salt and the following centrifugation step.

4.9. SDS-PAGE and Western Blot Analysis

For SDS-PAGE outer membrane preparations were diluted with sample buffer (100 mM Tris/HCl
pH 6.8, 4% SDS, 0.2% bromphenol blue, 20% glycerol). If reducing conditions were used additional
dithiothreitol (0.2 M) was added. Samples were boiled for 10 min, analyzed by SDS-PAGE and the
proteins were visualized with Coomassie brilliant blue R250 staining. Prestained protein ladder
was used to determine the apparent molecular weight of the separated proteins. For western blot
analysis gels were electroblotted to polyvinylidene difluoride membranes and were blocked in TBS
with 3% skimmed milk powder for 1 h. Membranes were incubated with the AIDA-I-β-barrel specific
immune serum, diluted 1:500 in TBS with 3% skimmed milk powder, overnight at 4 ◦C. The blots
were washed three times with TBST, the secondary antibody (10.5 mg/mL horseradish peroxidase
linked goat-anti-rabbit IgG secondary antibody, diluted 1:10,000 in TBS with 3% dried milk powder)
was added, and the blots were incubated for 1 h at room temperature. Proteins were visualized
via chemiluminescence.

4.10. Preparation of Recombinant Human Protein Kinase CK2

Recombinant human CK2 holoenzyme was expressed and purified according to a protocol by
Grankowski et al. [54] with modifications described in Gratz et al. [38]. CK2 activity was determined
by radiometric filter assay as described earlier [60,61]. This protocol resulted in an amount of 50 mg
CK2 holoenzyme with a concentration of 1 mg/mL. Fractions containing active CK2 were pooled and
stored in aliquots at −70 ◦C.

4.11. Coupling of CK2 with Fluorescein Isothiocyanate (FITC)

Purified CK2 holoenzyme (1 mg/mL) was covalently coupled to 5(6)-fluorescein isothiocyanate
(FITC) using the “FITC labeling Kit” from Calbiochem (San Diego, CA, USA) according to the
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instructions provided by the manufacturer. Before the labeling reaction CK2 solution was dialyzed
against carbonate buffer which is recommended for the labeling reaction. The FITC labeled CK2 was
stored in aliquots in PBS puffer with sodium azide (0.1%) at −20 ◦C.

4.12. Flow Cytometer Analysis and Sorting

Cells were harvested and washed three times with reaction buffer (50 mM Tris/HCl, pH 7.4,
100 mM NaCl, 10 mM MgCl2, 1 mM DTT) and resuspended in reaction buffer with 200 μm ATP to
a final OD578 of 1. Subsequently, 40 μL of this solution were incubated with 10 μL Fluorescein-coupled
CK2 (1 mg/mL) for 30 min at 37 ◦C with exclusion of light. After adding reaction buffer (with
200 μM ATP) to a final volume of 500 μL, an additionally incubation for 5 min at 37 ◦C occurred.
Accordingly cells were sedimented and washed three times with 200 μL reaction buffer (with 200 μM
ATP) and resuspended in 200 μL of this buffer for flow cytometer analysis. For each experiment at least
10,000 cells were analyzed with a FACSAria III instrument (Becton-Dickinson, Heidelberg, Germany)
with a ACDV option for sorting experiments or with a CyFlow Space (Partec, Münster, Germany)
for analysis. In all cases an excitation wavelength of 488 nm and a 527/30 nm filter for monitoring
fluorescence was used. Cytometry data were visualized by FlowJow 9.4.10 (Tree Star, Ashland, OR,
USA). In the case of sorting, single bacteria cells were deposited to LB agar plates containing 30 mg/L
kanamycin and were grown over night.

4.13. Capillary Electrophoresis (CE)-based CK2 Assay

The inhibitory activity of the selected peptides on the CK2 holoenzyme and the CK2α subunit
was determined using a non-radiometric capillary electrophoresis (CE) assay of Gratz et al. [38] with
slight modifications. As substrate the common CK2 peptide RRRDDDSDDD was used. In the case
of CK2α the amount of NaCl in the kinase and assay buffer was reduced to 20 mM, since the CK2α
subunit without β is salt sensitive. The incubation time of CK2 holoenzyme reaction was reduced
to 7 min, to keep the reaction within the linear range. Due to the reduced activity of the CK2α
subunit and the different temperature optimum, the reaction of CKα was performed at 25 ◦C for
30 min. A ProteomeLab PA800 System (Beckman, Coulter, Krefeld, Germany) was used for separation.
Detection of the phosphorylated and the unphosphorylated peptide was possible by the absorption
maximum of the peptide (195 nm) measured by its shoulder at 204 nm. The 32 karat 9.1 software
(Beckman Coulter) served for operating the measurement and analyzing the results.

For determination of IC50 values a concentration-response analysis of the compound of interest
was performed as described in Gratz et al. [38]. Concentrations ranging from 0.001 to 100 μM were
used. The calculation of the date occurs by GraphPad Prism 5 (GraphPad, La Jolla, CA, USA). The IC50

value represents the concentration at the midpoint (50%) of CK2 inhibition on a semi logarithmic
dose-response plot.

4.14. Mode of Inhibition

To figure out the mode of inhibition the previously described CK2 assay was used. For testing if
the inhibitor is competitive with respect to ATP, IC50 values were estimated as described before and
plotted versus the ATP concentration. Thereby measurements were performed using six different ATP
concentrations, ranging from 1 mM to 100 mM.

For testing if the inhibitor is competitive with respect to the substrate peptide, the rate of the
substrate peak at three different inhibitor concentrations (0 μM, 0.5 μM and 1 μM) were measured.
The reaction time of CK2 was reduced from 7 to 6 min, so the reaction is within the linear range for
substrate concentrations, which are lower than under standard conditions (114 μM). These data were
plotted in a Lineweaver-Burk diagram against four varied substrate concentrations (11.4 μM, 22.8 μM,
57 μM and 228 μM) [39].
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4.15. Expression and Purification of GST-CK2α

The cDNA of human CK2α was cloned in frame in the BamH1 site of pGEX4-T-1 (GE Healthcare,
Freiburg, Germany). GST-CK2α was expressed in E. coli XL1Blue according to the protocol of
Aberle et al. [62]. Bacteria were harvested by centrifugation at 5000× g and 4 ◦C for 10 min.
The bacterial pellet from 500 mL culture was resuspended in 25 ml buffer R1 (100 mM Tris-HCl, pH 7.8,
100 mM NaCl, 10 mM MgCl2, 0.1% Tween 20) supplemented with protease inhibitor (Complete®,
Roche Diagnostics, Mannheim, Germany) and 1 mg/mL lysozyme. Cells were lysed on ice by stirring
for 15 min, followed by subsequent sonification. After centrifugation at 20,000× g and 4 ◦C for
10 min, the supernatant was subjected to affinity purification with 300 μL glutathione sepharose beads
(GE Healthcare) pre-equilibrated with cold Buffer R1. The cell lysate was incubated with the beads
under slight agitation at 4 ◦C for 90 min. The resin was washed with at least 30 beads volumes of
Buffer R1. For pull-down experiments immobilized GST-fusion protein was left on the resin.

4.16. In Vitro Translation of CK2β

The cDNA of human CK2β in a pRSET A plasmid [63] was used for the T7-polymerase
dependent in vitro translation by a reticulocyte lysate. CK2β was in vitro translated in the presence
of [35S]methionine according to the manufacturer´s recommendations (TNT T7 coupled reticulocyte
lysate system, Promega GmbH, Mannheim, Germany).

4.17. Pull Down Assay with Recombinant Proteins

The pull down assay was essentially done as described by Sun et al. [64]. Purified GST or
GST-CK2α (10 μg) were immobilized on GSH-sepharose and equilibrated with PBS-T binding buffer
(PBS, pH 7.4, 1% Tween 20). Immobilized proteins were pre-incubated with 25 or 100 μM B2 peptide
for 1 h at 4 ◦C under slight agitation. Then 7.5 μL of in vitro translated CK2β was added to the mixture
and incubation was continued over night at 4 ◦C. After washing three times with cold PBS-T, bound
proteins were eluted with SDS sample buffer (65 mM Tris-HCl, pH 6.8, 2% SDS, 5% β-mercaptoethanol,
10% glycerol, 0.01% bromophenol blue) and analysed by SDS polyacrylamide gel electrophoresis,
followed by protein staining with Coomassie blue and autoradiography.

4.18. Click Reaction of CK2α-pAzF and CK2β1-193-pAzF

The biosynthesis and purification of CK2α-pAzF was performed as described before [42]. For the
recombinant expression of CK2β1-193-pAzF, plasmids pCK2β1-193,Y176Stop and pEVOL-pAzF were used
to transform E. coli BL21(DE3). CK2β1-193-pAzF was obtained and purified referring to the process of
CK2α-pAzF [42] with the exception that before purification the cell lysate was stirred overnight at 4 ◦C
in order to extract CK2β1-193-pAzF [54].

Purified CK2α-pAzF (130 μg/mL) in buffer P50 (25 mM Tris/HCl (pH 8.5), 50 mM NaCl) was
incubated with 50 μM DBCO-Sulfo-Cy5 (Jena Bioscience, Jena, Germany) for 1 h in the dark at room
temperature (RT). By SPAAC reaction the specific labeled CK2α-DBCO-Sulfo-Cy5 was obtained. For the
site-specific labeling of CK2β1-193, purified CK2β1-193-pAzF in buffer P100 (25 mM Tris/HCl (pH 8.5),
100 mM NaCl) was treated with fluorescein alkyne (0.25 mM), TCEP (Tris(2-carboxyethyl)phosphine,
1 mM), TBTA (Tris(benzyltriazolylmethyl)amine, 0.17 mM) and CuSO4 (1 mM) for for 1 h in the dark
at RT. By CuAAC reaction the specific labeled CK2β1-193-Flu was obtained. For MST measurements
an additional ultrafiltration step using vivaspin500 columns (Sartorius, Göttingen, Germany) was used
to remove unbound fluorophore and additives of the click reaction.

4.19. MST Measurements

For MST measurements CK2α-DBCO-Sulfo-Cy5 and CK2β1-193-Flu were applied to the Monolith
NT.115 (NanoTemper Technologies GmbH, München, Germany). The concentration of the proteins
were determined in triplicate by NanoPhotometer Pearl (Imlpen, München, Germany). For KD value
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determination, 10 μL of CK2α-DBCO-Sulfo-Cy5 (100 nM) or CK2β1-193-Flu (100 nM) in kinase buffer
(50 mM Tris/HCl (Ph 7.5), 25 mM NaCl, 20 mM MgCl2) supplemented with 0.1% Tween-20 were
mixed with 10 μL B2 (50 mM Tris/HCl (pH 7.5), 25 mM NaCl, 20 mM MgCl2, 5% DMSO) in different
concentrations. Fluorescence (red filter (CK2α-DBCO-Sulfo-Cy5), blue filter (CK2β1-193-Flu)) and
thermophoresis (MST power 60%) were recorded at 37 ◦C for 30 s. The KD value was determined
from three independent measurements using MO.Affinity Analysis v2.1.3 software (NanoTemper
Technologies GmbH).

5. Conclusions

Human protein kinase CK2 plays an important role in the genesis of cancer. Up to date several
CK2 inhibitors were developed. Most of them target the highly conserved ATP cavity and show a weak
selectivity throughout human protein kinases. Hence, there is increasing interest in the development
of inhibitors with a different mode of inhibition. In the present study a potent peptidic non-ATP
competitive inhibitor (B2) of CK2 holoenzyme and the α-subunit was identified with an IC50 value of
0.8 μM. At higher concentrations (≥ 25 μM) it disturbed also the interaction between the α-subunit
and the β-subunit of CK2 to form the holoenzyme. No peptidic inhibitor of CK2 has been described
before exhibiting these characteristics. B2 could serve as starting point in the design of new libraries in
order to find a lead structure for the development of a new class of CK2 inhibitors.
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Abstract: Protein kinase CK2 is a tetrameric holoenzyme composed of two catalytic (α and/or
α’) subunits and two regulatory (β) subunits. Crystallographic data paired with fluorescence
imaging techniques have suggested that the formation of the CK2 holoenzyme complex within
cells is a dynamic process. Although the monomeric CK2α subunit is endowed with a constitutive
catalytic activity, many of the plethora of CK2 substrates are exclusively phosphorylated by the CK2
holoenzyme. This means that the spatial and high affinity interaction between CK2α and CK2β
subunits is critically important and that its disruption may provide a powerful and selective way to
block the phosphorylation of substrates requiring the presence of CK2β. In search of compounds
inhibiting this critical protein–protein interaction, we previously designed an active cyclic peptide
(Pc) derived from the CK2β carboxy-terminal domain that can efficiently antagonize the CK2 subunit
interaction. To understand the functional significance of this interaction, we generated cell-permeable
versions of Pc, exploring its molecular mechanisms of action and the perturbations of the signaling
pathways that it induces in intact cells. The identification of small molecules inhibitors of this critical
interaction may represent the first-choice approach to manipulate CK2 in an unconventional way.

Keywords: protein kinase CK2; subunit interface; cyclic peptides; protein–protein interaction;
cell death

1. Introduction

Protein Kinase CK2 exhibits a heterotetrameric quaternary structure composed of two catalytic
(α and/or α’) subunits linked to a stable dimer of two regulatory (β) subunits. In contrast to
other multi-subunit protein kinases, the free catalytic α/α’ subunits are constitutively active, and
the regulatory β subunits act as targeting subunits controlling the substrate specifity and cellular
localization of the holoenzyme complex. As a pro-survival kinase, CK2 has emerged as a relevant
therapeutic target being dysregulated in various cancers and several human pathologies, therefore
supporting the development of chemical inhibitors as promising drug candidates [1–4]. Most CK2
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inhibitors identified during the last two decades are ATP-competitive molecules [5,6] with one of them,
CX-4945, being investigated in phase I and II clinical trials [7–9]. CK2 is endowed with a peculiar
molecular architecture suggesting the existence of different exosites distinct from the catalytic cavity
that can be targeted by small molecules to achieve functional effects [10]. The inter-subunit flexibility
suggested by X-ray crystallography studies [11] and live-cell fluorescent imaging [12], together with the
imbalance in the expression of CK2 subunits in various tumors [13], suggest that their interaction is a
key point of regulation. This offers attractive opportunities for the identification of small molecules that
modulate this interaction. Therefore, we focused our attention on the CK2α/CK2β interface [11,12],
which is relatively small (832 Å2), and harboring a suitable binding pocket for small molecules [14].
In the CK2 holoenzyme structure, a segment located in the CK2β tail points away from the protein
core and forms a β-hairpin loop that inserts deep into a shallow hydrophobic groove present in the
β4/β5 sheets of CK2α [11] (Figure 1A). Notably, the sequence of this C-terminal hairpin loop of CK2β
is highly conserved in different species (Figure 1B). Site-directed mutagenesis and functional assays
have revealed that only a small set of primary hydrophobic residues (Tyr188 and Phe190) present in
this CK2β hairpin loop dominates affinity [15]. Further characterization of these hotspots led to the
structure-based design of CK2β-derived peptides that were cyclized through two cysteines forming
one disulfide bridge. One of these conformationally constrained cyclic peptides, initially termed Pc,
was able to efficiently antagonize the assembly of the CK2 holoenzyme complex and to strongly affect
its substrate preference [15], indicating that this peptide adopts an energetically favorable state. This
13-mer peptide (GCRLYGFKIHGCG) was the first small antagonist that binds to the CK2 interface and
inhibits its high affinity subunit interaction. Based on CK2β sequence, alanine scanning mutagenesis
of Pc revealed a cluster of residues (Tyr188 and Phe190) essential for its bioactivity [15]. Moreover, a
structural rationalization of the CK2β-competitive potential of Pc was provided by the X-ray structure
of a Pc-CK2α complex [16]. Recently, comparative molecular dynamics simulations performed on this
complex highlighted, among the hydrophobic residues, the prominent role of Phe190 for a stable and
active conformation of Pc [17]. Thus, as a high affinity subunit interaction inhibitor, Pc is a promising
CK2 antagonist candidate. However, structural modifications of this cyclic peptide, such as attachment
to cell-permeant adducts, head-to-tail cyclization or biotin conjugation, are respectively required to
confer in vivo activity or for its detection in cell extracts. We performed these studies with the aim
to characterize the molecular mechanisms of action of Pc in intact cells and to investigate how this
different mode of CK2 inhibition, through the perturbation of signaling pathways, will translate
into phenotypes.

2. Results and Discussion

2.1. Structure and Mode of Binding of CK2β on CK2α

The high-resolution structure of the CK2 holoenzyme has revealed that the subunit interface
is composed of: (1) hydrophobic residues in a groove located N-terminally at the outer surface
formed by the juxtaposition of the antiparallel β4/β5 sheets of CK2α and (2) a cluster of well-defined
hydrophobic residues present on the CK2β chain. This cluster, which contains highly conserved
residues (R186LYGFKIH193) in different species (Figure 1B), exhibits a specific structural feature:
it points away from the protein core and forms a 90◦ β-hairpin loop with Tyr188 at its top, which
binds into a shallow hydrophobic groove present in the β4/β5 sheets of CK2α [11]. The interface
relies on the steric complementarity between this CK2α groove and the hydrophobic face of the
CK2β hairpin loop and, in particular, on a triad of CK2β amino acids, Tyr188, Gly189 and Phe190,
which inserts deep into the CK2α groove (Figure 1A). The existence of this potential druggable pocket
within the interface area of CK2 was corroborated by a structural study showing that a CK2 inhibitor,
5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB), binds, in addition to the canonical ATP cleft,
to the CK2α/CK2β interface [14].
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Figure 1. (A) surface representation of the binding pocket of CK2α interacting with a short C-terminal
hairpin loop of CK2β adapted from [15]. Crystal structure of the CK2 holoenzyme shows that
a C-terminal fragment of the CK2β1chain encompassing residues 186–193 (green) forms a loop inserting
into a deep hydrophobic pocket of CK2α [11]. Surface representation of the CK2α cleft in grey highlights
its pocket-like characteristics. The phenol and phenyl rings of the two non-polar and aromatic CK2β
residues Tyr188 and Phe190, respectively, (red) are in quasi-planar opposite orientation and fit tightly
into it; and (B) a highly conserved cluster in the C-terminal domain of CK2β in different species.

2.2. Rational Design of CK2β-Derived Cyclic Peptides

In a previous study, we used the X-ray structure of CK2β in the holoenzyme complex as a template
for the design of a conformationally constrained 13-mer peptide (Pc 13) derived from the CK2β
C-terminal domain and centred around the Tyr188 and Phe190 hotspots. Pc 13 is an eight-residue
peptide (Arg186–His193) that contains a cluster of hydrophobic residues (Leu187, Tyr188 and Ile192)
and three additional glycine residues, cyclized via two cysteine residues to ‘staple’ its conformation and
to mimic the binding face of CK2β with CK2α [15]. A comparative analysis of the effect of varying the
length from 11 to eight amino acids in a series of cyclized peptide analogues was performed by testing
their effect on the phosphorylation of a peptide substrate (eIF2β peptide) whose phosphorylation relies
on the holoenzyme formation [18]. Although most length variants inhibited the CK2β-dependent
phosphorylation of this peptide to the same extent (IC50 = 1–3 μM), the 8-residue peptide (Pc 8 (CC))
was inactive (Figure 2A). Noteworthy, a linear form of Pc 11 (CC) or an inverted sequence were without
effect (not shown), indicating that both the sequence and the constrained conformation of the peptide
are essential for its antagonist activity. The cyclized structure of Pc 11 (CC) peptide that was used in
the following experiments is shown in Figure 2B. A functional assay of the Pc 11 (CC) peptide was
also performed testing its effect on the phosphorylation of the Olig-2 transcription factor, which relies
exclusively on the tetrameric form of CK2 [19]. Figure 2C shows that the presence of Pc 11 (CC) led to
a strong decrease of the original Olig-2 phosphorylation. Similarly, the phosphorylation of CK2β in
the holoenzyme, an indicator of CK2 oligomerization [20], was significantly affected by the presence of
Pc 11 (CC), reflecting a Pc-induced dissociation of the catalytically active CK2 holoenzyme complex.
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Figure 2. CK2β-derived cyclic peptides inhibit CK2 activity in vitro. (A) a series of cyclized
CK2β-derived peptide analogues varying in length from eight to 11 amino acids were tested for
their effect on the phosphorylation of eIF2β-derived peptide substrate whose phosphorylation relies
on the holoenzyme formation. Representative data shown from two independent experiments;
(B) structure of Pc 11 (CC); (C) antagonist effect of Pc 11 (CC) on CK2-mediated phosphorylation
of the CK2β-dependent substrate Olig2. CK2α was incubated alone or with CK2β in the absence or
presence of 25 μM random Pc 11 (CC) or Pc 11 (CC) for 15 min at 4 ◦C, followed by the addition of GST
(Gluthatione S-Transferase)-Olig2 (5 μg) and 25 μM [γ-32P]ATP/MgCl2 for 5 min at room temperature.
Phosphorylated proteins were separated by SDS/PAGE (Sodium dodecylsulfate/ Polyacrylamide
gel electrophoresis) and analyzed by autoradiography. The gel was stained with coomassie blue to
visualize GST-Olig2.

2.3. Pc Binds to CK2β in CK2β-Deficient Cell Extracts

We designed a covalent head-to-tail cyclic Pc 11 analogue linked to biotin through a 4-bAla linker
to circumvent any sterical hindrance. This Biot-(bAla)4-Pc 11 analogue was suitable for a pull-down
assay using streptavidin-coated beads (Figure 3A). Recombinant CK2α was incubated with increasing
concentrations of bead-bound Biot-(bAla)4-Pc 11 and after several washes, CK2 activity associated
with the beads was determined. Figure 3B shows that, in this pull-down assay, the immobilized
Pc peptide was efficient for a productive high-affinity interaction with CK2α. This interaction was
strongly impaired by the presence of increasing concentrations of CK2β, showing that Pc 11 binds
tightly to CK2α and behaves as an antagonist of the CK2 subunits interaction (Figure 3C). We then
incubated Biot-(bAla)4-Pc 11-coated beads with WT (Wild Type) or CK2β-depleted MCF-10A cell
extracts (Figure 3D upper panel). Western blot analysis showed that the free CK2α/α’ subunits present
in CK2β-depleted MCF-10A cell extracts were recovered associated with the beads indicating a tight
binding. In contrast, CK2 was not detected on beads incubated with WT cell extracts in which CK2β
behaves as a Pc antagonist (Figure 3D lower panel).
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Figure 3. Pc binds to CK2α. (A) Biot-(bAla)4-Pc: Head-to-tail cyclic Pc 11 analogue linked to biotin
through a 4-Ala linker; (B) aliquots of streptavidin-agarose beads were incubated with increasing
concentrations of Biot-(bAla)4-Pc 11 in the presence of CK2α (100 ng) for 2 h at 4 ◦C. After three
washes, CK2 activity assays were carried out for 5 min on the beads pellets. Representative data
shown from two independent experiments. Results are presented as mean ± s.d. of triplicates;
(C) aliquots of streptavidin-agarose beads were loaded with 25 μM Biot-(bAla)4-Pc 11 and incubated
with CK2α (100 ng) in the presence of increasing amounts of CK2β for 2 h at 4 ◦C. After three washes,
CK2 activity assays were carried out for 10 min on the beads pellets; (D) Pc binds to CK2α in cell
extracts. Aliquots of streptavidin-agarose beads loaded with 25 μM Biot-(bAla)4-Pc 11 were incubated
with WT or CK2β-depleted MCF-10A cell extracts (upper panel) for 2 h at 4 ◦C. After three washes,
CK2 subunits retained on the beads were determined by Western blot (middle panel). CK2 activity was
also determined in the bead pellets with the CK2β-independent peptide substrate (lower panel).

2.4. Design and Characterization of a TAT-Conjugated Pc Analogue

The successful transport of peptides/proteins to intracellular targets was accomplished by the
use of a sequence derived from the HIV transactivator of transcription protein (TAT), which, when
fused to cargo, facilitates receptor- and energy-independent transport across cell membranes [21].
As disulfide bonds are very sensitive to intracellular reductive conditions, head-to-tail cyclization is
intuitively expected to improve bioactivities by increasing stability and lowering flexibility as well as
sensitivity to proteolytic attack. Therefore, we fused the TAT sequence to the N-terminus of a covalent
head-to-tail cyclized Pc 13 analogue (TAT-Pc 13, Figure 4). The biological properties of this peptide
were first evaluated in vitro in a kinase assay using two different CK2 peptide substrates. As shown in
Figure 4A, the CK2β-dependent phosphorylation of the eIF2β-derived peptide was strongly inhibited
by increasing concentrations of TAT-Pc 13 (IC50 = 5 μM), whereas, as previously described [16],
the CK2β-independent peptide phosphorylation was significantly stimulated at high TAT-Pc 13
concentrations. The bioactivity of TAT-Pc 13 was also tested in a CK2 subunit interaction assay.
At a 50 μM concentration of TAT-Pc 13, the subunit interaction was inhibited by 80%. Interestingly,
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the addition of TAT-Pc 13 to a pre-formed α/β complex led to a significant reduction of CK2α binding
(by more than 40%), suggesting a partial dissociation of the complex. In this assay, a TAT-conjugated
random Pc 13 was without effect (Figure 4B). Thus, the TAT-conjugated Pc peptide retains inhibitory
binding activity in vitro.

Figure 4. Inhibitory activity of a TAT-Pc analogue in vitro. (A) CK2 holoenzyme (100 nM) was
incubated in the presence of increasing concentrations of TAT-Pc 13 for 15 min at 4 ◦C. CK2 activity
was then determined with CK2β-dependent or independent peptide substrates; (B) [35S]-labeled CK2α
was incubated with biotinylated MBP-CK2β immobilized on streptavidin coated plates (preformed
complex) in the absence (1) or presence (2) of TAT-Pc 13. Alternatively, [35S]-labeled CK2α was
incubated with TAT-Pc 13 (3) or random TAT-Pc 13 (4) and then with immobilized biotinylated
MBP-CK2β. After washing, the amount of [35S]-labeled CK2α remaining in the complex was
determined by radioactivity counting. Representative data shown from two independent experiments.
Results are presented as mean ± s.d. of triplicates.

2.5. Bioactivity of TAT-Pc 13 in Cell Extracts

Thermal shift assay (TSA) is based on the biophysical principle of ligand-induced thermal
stabilization of target proteins. This assay can be used to detect protein–ligand interactions in complex
cell extracts. Therefore, we have generated thermal melting curves from cell extracts, in which the
extent of CK2 unfolding was measured. The assays were performed on WT or CK2β-depleted MCF-10A
cell extracts incubated with 50 μM of TAT or TAT-Pc 13 and exposed to increasing temperatures.
Figure 5A shows that an obvious shift (4 ◦C) in the melting curves was detected in CK2β-depleted cell
extracts incubated with TAT-Pc 13. Similarly, a significant shift (3 ◦C) was observed in cell extracts
incubated with recombinant CK2β as compared to controls (Figure 5B). Of note, in extracts from
WT MCF-10A cells expressing stoechiometric amount of CK2β, no thermal shift was observed upon
incubation with TAT-Pc 13 (not shown). Thus, the ligand-induced stabilization of CK2α shows its
engagement as a target for TAT-Pc 13 or CK2β in CK2β-depleted cell extracts.
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Figure 5. Thermal shift assay in cell lysates. CK2β-depleted MCF-10A cell lysates were treated with
50 μM TAT or TAT-Pc 13 (A), or with PBS (Phosphate-buffered saline) or CK2β (B) for 30 min at
room temperature. The respective lysates were divided into 20 μL aliquots and heated individually at
different temperatures for 3 min. After centrifugation, the supernatants were assayed for CK2 activity
with the CK2β-independent peptide substrate. Representative data shown from two independent
experiments in duplicate.

In a second set of experiments, WT or CK2β-depleted MCF-10A cell extracts incubated with 50 μM
of TAT or TAT-Pc 13 were immunoprecipitated with a TAT antibody and the presence of CK2α in the
immunoprecipitates was evaluated by both Western blotting and CK2 kinase assays. In CK2β-depleted
MCF-10A cell extracts, a higher amount of CK2α protein (Figure 6A) or CK2 activity (Figure 6B) were
found associated with immunoprecipitated TAT-Pc 13 compared to TAT immunoprecipitates. In WT
MCF-10A cell extracts, CK2α present in TAT-Pc 13 immunoprecipitates was not significantly different
compared to TAT immunoprecipitates.

Altogether, these experiments show that TAT-Pc 13 can form a stable complex with CK2α in
CK2β-depleted MCF-10A cell extracts, whereas, in WT cell extracts, this interaction was hampered by
the presence of endogenous CK2β.

Figure 6. Physical binding of CK2α to TAT-Pc 13 in cell extracts. WT or CK2β-depleted MCF-10A
cell lysates were incubated with 50 μM TAT or TAT-Pc 13 for 30 min at room temperature and
immunoprecipitated with a TAT antibody. CK2α protein and CK2 activity were evaluated by Western
blot (A) and CK2 kinase assay (B), respectively. Representative data for CK2 activity shown from
two independent experiments. Results are presented as mean ± s.d. of triplicates.
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2.6. Uptake and Cellular Effects of TAT-Pc

To assess the cell-penetrating properties of TAT-Pc 13, we used a tetramethylrhodamine-conjugated
TAT-Pc 13 analogue (TAMRA-TAT-Pc 13). The cellular uptake of this fluorescently labeled peptide was
very rapid: only 2 min after incubation, the peptide was detectable in MCF-10A cells and plateauing
after 5 min (Figure 7A). The impact of TAT-Pc 13 cell uptake on the expression of the CK2 subunits in
WT and CK2β-depleted MCF-10A cells was evaluated by Western blot. This analysis showed that,
after an 8 h-treatment with TAT-Pc 13, the level of CK2 subunits was not significantly changed in both
cell types (Figure 7B). We next evaluated the effect of TAT-Pc 13 on the CK2 subunit association using
two independent strategies. First, CK2β was immunoprecipitated in extracts of MCF-10A cells treated
with TAT or TAT-Pc 13 and the amount of CK2α recovered in the immunoprecipitates was analyzed
by Western blot. Figure 7C shows that CK2β immunoprecipitates from cells incubated with TAT-Pc
13 contained significantly less CK2α than cells treated with TAT, thus demonstrating that TAT-Pc 13
impaired CK2α/CK2β interaction in living cells.

Figure 7. Uptake and cellular effects of TAT-Pc 13. (A) kinetic of TAMRA-TAT-Pc 13 uptake in MCF-10A
cells; (B) WT or CK2β-depleted MCF-10A cells were incubated with 50 μM TAT or TAT-Pc 13 for 8 h
and the expression of CK2 subunits was evaluated by Western blot; (C) anti-CK2β immunoprecipitates
were prepared from WT MCF-10A cells incubated with 50 μM TAT or TAT-Pc 13 for 2 h. Presence
of CK2 subunits in the corresponding immunoprecipitates was determined by Western blot; (D) in
situ proximity ligation images of MCF-10A cells incubated with 50 μM TAT (a,b,d) or TAT-Pc 13
(c) for 6 h. WT cells were incubated with CK2α antibody alone (a) or CK2α and CK2β antibodies
(b,c). CK2β-depleted cells (ΔCK2β) were incubated with 50 μM TAT and then with CK2α and CK2β
antibodies (d). Actin staining in green, scale bar 10 μm.

To confirm these results, the effect of TAT-Pc was evaluated in MCF-10A cells, using the in situ
proximity ligation assay (PLA). PLA is an antibody-based method representing a reliable readout of
molecular proximity of two antigens located on two distinct proteins. In this method, two different
proteins of interest are recognized by their respective specific primary antibody and then with a
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corresponding pair of secondary antibodies conjugated to complementary oligonucleotides. In close
proximity (<40 nm), the oligonucleotides hybridize and are ligated and amplified. The fluorescent
signal from each pair of PLA probes confirms a close proximity and not simply subcellular
colocalization and can then be detected and quantified as fluorescent spots in microscopic images of
the cells [22]. Our results illustrated in Figure 7D indicate a clear proximity between CK2α and CK2β
subunits, attested by several fluorescent interaction dots in cells incubated with antibodies against
both proteins (panel b, positive control, 4.8 ± 1.5 dots/cell), but not in a negative control sample
(panel a) in which the CK2β primary antibody has been omitted. The specificity of the signal was also
confirmed by turning down the expression of CK2β through RNA interference (see Figure 3D, upper
panel). No signal was detected in CK2β-depleted cells (panel d). Remarkably, incubation of the cells
with TAT-Pc 13 for 6 h strongly reduced the number of interaction dots (panel c, 2.2 ± 1.1 dots/cell).
Collectively, these results show that TAT-Pc 13 has suitable properties to gain intracellular access and
to disrupt the dynamic CK2 subunit interaction in living cells.

2.7. Inhibition of Cell Viability by TAT-Pc 13

TAT-Pc 13 was found to be an unusually rapid inducer of cell death. Three hours after TAT-Pc 13
was introduced into the cultures, more than 50% of the cells rounded up and shrank, suggesting cell
death (Figure 8A upper panel). This was confirmed using the LIVE&DEADTM cell viability assay that
provides a visual readout of cell integrity (Figure 8A lower panel). This cellular effect was also analyzed
after treatment of WT or CK2β-depleted MCF-10A cells with increasing concentrations of TAT-Pc 13.
TAT-Pc 13 caused a cell death in both cell types, which was already detectable at a concentration
of 25 μM and became massive at 50–60 μM (Figure 8B). Compared to WT cells, CK2β-depleted
MCF-10A cells were more sensitive to cell death (IC50 = 60 μM and 48 μM, respectively) suggesting
that TAT-Pc 13-induced cell death is partially antagonized by CK2β present in WT cells. Notably, this
cell death was insensitive to the pan-caspase inhibitor, z-VAD-FMK, indicating that the cytotoxic effect
of TAT-Pc 13 relies on the induction of a caspase-independent cell death irrelevant to cell apoptosis
(Figure 8C). Moreover, TAT-Pc 13 was found to induce cell death of various cancerous cell lines (HeLa,
MDA MB-231, 786-0) indicating activity across a wide variety of cell lines (Supplementary Materials
Figure S1). In order to investigate the intracellular events induced by TAT-Pc 13, MCF-10A cells were
incubated with increasing concentrations of TAT-Pc 13 and analyzed by Western blot. Figure 8D shows
no sign of AKT activation, whereas TAT-Pc 13 induced the phosphorylation of the tumor suppressor
p21 on Thr145 and a decrease of survivin expression in a dose-dependent manner (EC50 = 15 μM).
In contrast, phosphorylation of p21 was strongly inhibited in presence of CX-4945 (Supplementary
Materials Figure S1).

Figure 8. Cont.
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Figure 8. Cellular effects of TAT-Pc 13. (A) MCF-10A cells were incubated with 25 μM of TAT-Pc 13 for
3 h and imaged with phase microscopy (upper panel) or with increasing concentrations of TAT-Pc 13
for 2 h and cell viability was evaluated using the LIVE&DEAD™ assay. Live cells fluoresce bright green
(530 nm), whereas dead cells fluoresce red-orange (645 nm) (lower panel, scale bare: 100 μm); (B) WT
(�-�) or CK2β-depleted ( - ) MCF-10A cells were incubated for 4 h with increasing concentrations
of TAT-Pc 13 and cell death was evaluated using the LIVE&DEAD™ assay recording fluorescence at
645 nm. Representative data shown from two independent experiments in duplicate; (C) MCF-10A
cells were pre-treated in the absence or presence of 20 μM z-VAD for 5 h and then incubated for 4 h
with 25 μM random TAT-Pc 13 or TAT-Pc 13 and cell viability was evaluated as in (A) (scale bare:
100 μm); and (D) intracellular events induced by increasing concentrations of TAT-Pc 13. After 12 h of
treatment, 786-O cells were lysed and analyzed by Western blot.

3. Materials and Methods

3.1. Materials

The antibodies used for Western blotting were: rabbit anti-Akt and rabbit anti-anti-HSP90 (Cell
Signaling Technology, Danvers, MA 01923, USA), rabbit anti-phospho-Akt (Ser129) from Abgent
(San Diego, CA 92121, USA), rabbit anti-p21 and mouse anti-TAT were from Santa Cruz Biotechnologies
(Dallas, Texas 75220, USA), rabbit anti-phospho-p21 (Thr145) from Abcam (Paris, 75010, France), and
rabbit anti-Survivin (Novus Biologicals, Littleton, CO 80120, USA). Mouse anti-CK2β and rabbit
anti-CK2α were previously described [13,23].

HRP (Horse Raddish Peroxidase)-conjugated secondary goat anti-rabbit IgG antibodies were
from Jackson Immunoresearch (West Grove, PA 19390, USA). Wild type (WT) MCF-10A cells were
obtained from ATCC (Middlesex, TW11, UK). Stable CK2β silencing in MCF-10A cells (ΔCK2β)
was accomplished by transduction with pLKO1 lentivirus (Sigma-Aldrich, St. Louis, MO 63178,
USA), followed by puromycin selection as previously described [13]. The cells tested negative from
mycoplasma contamination were grown as described [24].

3.2. Peptide Synthesis

Cystein-bridged cyclic peptides and biotinylated cyclic peptides were obtained from Genosphere
Biotechnologies (Paris, France). TAT-Pc 13 was obtained from GeneCust (Dudelange, Luxembourg).
TAMRA-TAT-Pc 13 was synthesized by VCPBIO (Shenzhen, China).

3.3. Proteins

Production and purification of recombinant CK2α and CK2β proteins were described
previously [25–27].
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3.4. In Vitro Kinase Assays

CK2 kinase assays were performed in a phosphorylation buffer containing recombinant CK2α
(36 ng) or recombinant CK2 holoenzyme (50 ng) and a mixture containing 10 mM MgCl2 and 1 μCi
of [γ-32P]ATP and 0.15 M NaCl in the presence of 0.2 mM of the CK2β-independent substrate
RRREDEESDDEE [28] or the CK2β-dependent substrate MSGDEMIFDPTMSKKKKKKKKP [18].
The final concentration of ATP was 100 μM and assays were performed under linear kinetic conditions
for 5–10 min at room temperature. Kinase reactions were terminated by the addition of 60 μL of 4%
trichloroacetic acid and sample adsorption on phosphocellulose P81 paper, which were washed in
0.5% phosphoric acid and counted in a scintillation counter.

3.5. In Vitro Pull-Down Assay

Streptavidin-agarose beads (Fluka #85881) were equilibrated in binding buffer A (50 mM Tris-HCl
pH 7.5, 0.2 M NaCl, 0.1% Tween 20) containing 1 mg/mL BSA. After several washes in buffer B (50 mM
Tris-HCl pH 7.5, 0.4 M NaCl, 0.1% Tween 20), beads were incubated with 10–100 μM Biot-(bAla)4-Pc
11 for 1 h at room temperature and washed twice in buffer B. Beads were then incubated with 100 ng
recombinant CK2α in 100 μL of buffer A for 2 h at 4 ◦C . After three washes in 250 μL of buffer B,
CK2 associated with Biot-(bAla)4-Pc 11 beads was evaluated using the CK2 kinase assay. Alternatively,
Biot-(bAla)4-Pc 11 beads were incubated with extracts from WT or CK2β-depleted MCF-10A cells for
1 h at 4 ◦C. After 3 washes, beads were used in the CK2 kinase assay or analyzed by Western blot to
detect the CK2 subunits.

3.6. In Vitro CK2α–CK2β Interaction Assay

The CK2α–CK2β interaction assay involved competition between plate-bound biotinylated
MBP–CK2β and various cyclic peptides for binding to [35S] methionine-labelled CK2α. The assay was
performed as previously described in [15].

3.7. Thermal Shift Denaturation Assay

CK2β-depleted MCF-10A cell lysates prepared in 50 mM Tris-HCl pH 7.5, 150 mM NaCl, and
2% glycerol supplemented with Complete Protease Inhibitor Cocktail (Sigma, #P8340) were divided
into four aliquots with two being treated with 50 μM TAT or TAT-Pc 11 and the other two aliquots
with CK2β or PBS (control). After 30 min incubation at room temperature, the respective lysates
were divided into small (20 μL) aliquots in 0.2 mL microtubes and heated individually at different
temperatures for 3 min (Thermocycler, Biometra) followed by cooling for 3 min in ice. WT MCF-10A
cell lysates were heat-treated similarly. The heated lysates were centrifuged at 14,000× g for 20 min
at 4 ◦C in order to separate the soluble fractions from precipitates. The supernatants were assayed for
CK2 activity with the CK2β-independent peptide substrate.

3.8. Proximity Ligation Assay

In situ PLAs were performed using a Duolink kit (Olink Bioscience, Uppsala, Sweden)
according to the manufacturer’s instructions with some modifications. MCF-10A cells were fixed
in 4% paraformaldehyde for 10 min. The cells were then permeabilized with 0.1% Triton in
Tris-buffered saline (TBS; 50 mM Tris, pH 7.6, 150 mM NaCl) and incubated with 100 mM glycine
in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4,
pH 7.4) for 20 min. Permeabilized cells were incubated overnight at 4 ◦C with primary antibodies
diluted as follows: mouse CK2α 1:250 and rabbit CK2β 1:50. Cells were washed three times in TBS
with 0.05% Tween-20 for 5 min each with gentle agitation. Secondary antibodies conjugated with
oligonucleotides, PLA probe anti-mouse MINUS and PLA probe anti-rabbit PLUS, were added to the
cells and incubated for 90 min at 37 ◦C in a humidity chamber. Finally, after ligation and amplification
steps, cells were counterstained with the DNA-binding dye Hoechst and Phaloïdine-488 for actin
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staining (Molecular Probes, Thermo Fisher Scientific, Courtaboeuf, France). Images were observed
using a Zeiss Apotome microscope and analyzed using a Zen Pro imaging software (Zeiss, Oberkochen,
Germany). Quantification was performed using the BlobFinder software (V3.2, Swedish University of
Agricultural Sciences, Uppsala University) [29]. Negative controls were one primary antibody with
both of the secondary antibodies.

3.9. Cell Viability Assay

Cells were seeded in 96-well microtiter plates at a concentration of 1 × 105 cells/mL and were
allowed to attach for 24 h at 37 ◦C in 5% CO2. Cells were then exposed to different concentrations
of TAT-Pc 13 for the indicated time. Cell viability was evaluated using the fluorescence-based
LIVE&DEAD™ assay (Molecular Probes, Thermo Fisher Scientific, Courtaboeuf, France) according
to the manufacturer. Images were taken with an Apotome-equipped Zeiss Axioimager microscope
(Zeiss, Oberkochen, German) recording the fluorescence at 530 nm (Live cells) and 645 nm (dead cells)
respectively using a FluoStar Optima plate reader (BMG LabTech, Ortenberg, Germany).

Alternatively, cell viability was measured using the PrestoBlue® assay (Invitrogen, Carlsbad, CA,
USA). The microtiter plates containing the treated cells were incubated for 1 h with 10 μL PrestoBlue.
The fluorescence was recorded at 580 nm using a FluoStar Optima plate reader (BMG LabTech,
Ortenberg, Germany).

4. Conclusions

The irreversible nature of the CK2 holoenzyme formation has been challenged by both its crystal
structure [11] and live-cell imaging studies [12]. In addition, free populations of each CK2 subunit
have been identified in several organs [30], and differential subcellular localizations have also been
reported for CK2α and CK2β. Since the free catalytic subunit and the holoenzyme exhibit divergent
substrate preferences, it could be predicted that such a balance is crucial to control the numerous
cellular processes that are governed by this multifaceted enzyme [31]. The ability to interfere with
specific protein–protein interactions has already provided powerful means of influencing the functions
of selected proteins within the cell [32]. Consequently, it is expected that perturbating the CK2α/CK2β
interface with artificial ligands might suppress specific CK2 holoenzyme functions providing a less
toxic approach than total CK2 enzymatic inhibition. In a previous study, the presence within this
interface of a small hydrophobic cavity on CK2α led us to a structure-based design of a CK2β-derived
Pc peptide that can efficiently antagonize in vitro the high-affinity CK2 subunit interaction. To evaluate
the potency and impact of the selective disruption of CK2α/CK2β interaction in a biologically
relevant context, we describe here a cell-permeable version of Pc (TAT-Pc 13), exploring its molecular
mechanisms of action and the perturbations of the signaling pathways that it induces in intact cells.
Our study shows that TAT-Pc 13 rapidly accumulates into living cells, promoting the disruption of the
CK2 subunit interaction, thereby antagonizing specific functions of CK2β. Intriguingly, cell treatment
with TAT-Pc 13 rapidly induces dramatic cellular perturbations leading to caspase-independent cell
death. In particular, we observed that TAT-Pc 13 induced a phosphorylation on Thr145 of the p21
protein, associated with its nuclear accumulation. It has been reported that p21 is regulated by
phosphorylation and several protein kinases such as AKT [33], Pim1 [34] or the death-associated
protein kinase DAPK3 [35,36] have been shown to stabilize p21 through phosphorylation of Thr145.
A functional relationship between CK2 and the Pim1 kinase has not been reported yet. Moreover, since
we could not detect any AKT activation, this kinase is probably not implicated in TAT-Pc 13-induced
p21 phosphorylation. DAPK3, also called ZIP kinase (ZIPK), has been implicated in interferon γ-and
TNFα/Fas-induced cell death [37] and low ZIPK expression was correlated with increased migration
and invasion in breast cancer cells [38]. Interestingly, a potential link between CK2 and the ZIPK
has been established. The transcription and splicing factor CDC5 was shown to be an interacting
partner of ZIPK and both proteins co-localize with CK2 in speckle-like structures. Moreover, CDC5 is
associated with and efficiently phosphorylated by CK2 suggesting a potential CK2-CDC5-ZIPK-p21
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axis in triggering cell death [39]. Nevertheless, further investigations in this direction will be beneficial
in understanding the implication of p21 in the specific cellular mechanisms leading to cell death upon
TAT-Pc 13 treatment. Unexpectedly, in contrast to the cytotoxic effect of CX-4945, TAT-Pc 13-induced
cell death did not require caspase activation. Therefore, future studies will focus on defining the cell
death modality activated following disruption of the CK2 subunit interaction. As a preliminary clue,
the results illustrated in Supplementary Materials Figure S2 show that TAT-Pc 13-induced cell death
was prevented by Necrostatin-1, a selective small molecule inhibitor of necroptosis [40].

In summary, TAT-Pc 13 can significantly facilitate functional studies, in particular to identify
CK2β-targeted CK2 substrates in living cells using phosphoproteomic approaches. Selective disruption
of CK2α/CK2β interaction could also find important applications to pharmacologically test the
importance of this interaction in normal and tumor cell biology. With the help of structure-based
rational design, TAT-Pc 13 may also serve as a lead for the rational design of function-specific drugs
that disrupt some actions of CK2. It is expected that such compounds will be substrate selective,
inhibiting through an unconventional way the activity of the kinase against a subset of its substrates
but leaving others intact.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/10/1/16/s1,
Figure S1: Cellular effects of TAT-Pc 13, Figure S2: Inhibition of TAT-Pc-induced cell death.
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Abstract: CK2 is a Ser/Thr protein kinase that is highly conserved amongst all eukaryotes. It is a
well-known oncogenic kinase that regulates vital cell autonomous functions and animal development.
Genetic studies in the fruit fly Drosophila are providing unique insights into the roles of CK2 in cell
signaling, embryogenesis, organogenesis, neurogenesis, and the circadian clock, and are revealing
hitherto unknown complexities in CK2 functions and regulation. Here, we review Drosophila CK2
with respect to its structure, subunit diversity, potential mechanisms of regulation, developmental
abnormalities linked to mutations in the gene encoding CK2 subunits, and emerging roles in multiple
aspects of eye development. We examine the Drosophila CK2 “interaction map” and the eye-specific
“transcriptome” databases, which raise the prospect that this protein kinase has many additional
targets in the developing eye. We discuss the possibility that CK2 functions during early retinal
neurogenesis in Drosophila and mammals bear greater similarity than has been recognized, and that
this conservation may extend to other developmental programs. Together, these studies underscore
the immense power of the Drosophila model organism to provide new insights and avenues to
further investigate developmentally relevant targets of this protein kinase.

Keywords: CK2; Drosophila; Notch; eye development; neurogenesis

1. General Overview

Protein phosphorylation is recognized to be a fundamental and evolutionarily conserved
regulatory mechanism that controls virtually all aspects of cell and developmental biology. Despite
knowledge of the existence of phospho-proteins, the nature of the participatory enzymes remained
unknown until the early 1950s, when the laboratory of Eugene Kennedy described, for the first
time, the presence of an enzyme, which they called a protein “phosphokinase” [1]. This enzyme
possessed the capacity to transfer a phosphate group from ATP to proteins and resulted in the
formation of phospho-serine, known to be highly enriched in casein. In addition, they demonstrated
that this enzyme preferentially phosphorylated α-casein, as compared to β-casein. In a sense,
these seminal studies of Burnett and Kennedy not only revealed the enzymatic basis for the covalent
attachment of phosphate to proteins, but also raised the possibility that this type of enzyme exhibited
substrate-specificity, now acknowledged to be a fundamental and defining feature of all members of
the protein kinase family. Despite the profound implications of their findings, further studies on this
“phosphokinase” were not pursued. Just four years later, Edwin Krebs and Edmond Fischer reported
the seminal and landmark discovery that phosphorylation controls enzymatic activity [2], subsequently
recognized by the Nobel Prize in 1992 [3]. Recalling the decision to not pursue further studies on
“phosphokinases”, and in a perspectives article in 1992, Eugene Kennedy stated that “I dropped the study
of protein kinases, and like the base Indian, cast a pearl away, else richer than all his tribe” [4]. The identity of the
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protein kinase(s) described by Burnett and Kennedy remained unknown. Subsequent purification and
identification of the participatory enzymes resulted in their naming as “casein kinase(s)”, a misnomer
because these enzymes do not reside in the Golgi apparatus, a prerequisite for phosphorylation of
the secreted protein casein. These aspects will not be discussed here, given the detailed and excellent
historical perspectives (for reviews on CK2, see References [5–9]). The casein-modifying activity has
now been definitively linked to the Fam20C protein kinase, that not only phosphorylates casein but
is also responsible for the generation of most of the secreted phospho-proteome [10,11]. To remove
confusion, the two enzymes Casein Kinase I and II were renamed protein kinase CK1 and CK2.
We use this more recent nomenclature, but note that many reports and genome/proteome databases
still use the old name.

This review focuses on protein kinase CK2 from the fruit fly Drosophila melanogaster, a preeminent
animal model, which has illuminated many fundamental principles underlying cell signaling,
regulation of gene expression and animal development. We review the subunit composition of
Drosophila CK2, the complexity of its gene structure, the multiplicity of its physiological targets that
are supported by genetic analyses, physiological/developmental processes revealed by analysis of
CK2 mutant flies, large scale screens that have identified proteins that interact with individual CK2
subunits, and conclude with its emerging roles in multiple aspects of eye development.

2. Biochemical Properties and Regulation of Dm-CK2

Drosophila CK2 (henceforth abbreviated as Dm-CK2) was first purified to homogeneity by
Glover and co-workers, who demonstrated that the enzyme purified from 0 to 18 h old embryos,
like its mammalian counterpart [12–14], is composed of two catalytic Dm-CK2-α and two regulatory
Dm-CK2-β subunits that form a hetero-tetrameric (α2β2) holoenzyme. This enzyme utilizes ATP
or GTP with almost equal efficiency, appears to be messenger-independent, auto-phosphorylates
Dm-CK2-β, modifies Ser or Thr residues in its targets, and is inhibited by Heparin [15,16]. In addition,
Dm-CK2 modifies hyper-acidic regions in target proteins, a property that was first described for the
mammalian enzyme from various sources [17–20]. However, unlike mammalian CK2, which contains
two distinct catalytic subunits (α and α′ [21,22]), Dm-CK2 contains a single α isoform. In contrast,
metazoan organisms generally contain a single isoform of CK2-β, which was thought to also be the
case with Dm-CK2 purified from embryos [15]. However, more recent studies are revealing that the
Drosophila genome encodes for the greatest diversity of CK2-β subunit isoforms (see below). These
features are also associated with CK2 purified from the yeast Saccharomyces cerevisiae [14,16,23–29].
The first evidence that CK2 is conserved through evolution came from the findings that antibodies
raised against mammalian (bovine) CK2 strongly cross-reacted with the corresponding subunits of
Dm-CK2 [30]. The cloning of cDNAs encoding Dm-CK2-α and CK2-β subunits by the laboratory of
Claiborne Glover [31] revealed the primary sequences of these two subunits, thereby enabling the
characterization of the cDNAs of the corresponding subunits from diverse species including budding
yeast [32,33], fission yeast [34], nematodes [35–37], plants [38], amphibians [39], and mammals [40–43].
Together, these studies not only reinforced the high conservation of CK2 throughout eukaryotic
evolution, but revealed subunit heterogeneity that is unique to each taxonomic group.

Despite a search for regulation through second messengers, small ligands, or phosphorylation,
the mechanisms influencing CK2 activity have remained unknown. Consequently, CK2 is generally
regarded as a second-messenger independent and constitutively active protein kinase. Regulation
through holoenzyme (α2β2 tetramer) dissociation seems unlikely, because monomeric Dm-CK2-α
(generated by biochemical or recombinant approaches) displays approximately 25% of the activity seen
with the holoenzyme [44–46], and addition of CK2-β stimulates activity four-fold concomitant with
reconstitution of the tetrameric holoenzyme. Similar findings have been reported for monomeric CK2-α
subunits from other sources [27,47]. Regulation through polyamines has been well described [48–52];
these compounds affect Dm-CK2 activity against specific target proteins in vitro, generally act through
interactions with the CK2-β subunits [44], and have now been proposed to link CK2 activity to the
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EGFR/MAPK signaling pathway [53]. However, the broader implications of these findings and their
physiological relevance remain unresolved. The findings that CK2 levels and activity respond to
mitogen signaling, e.g., Epidermal Growth Factor [54,55], led to broad interest because CK2 functions
could be linked to EGFR signaling, a pathway known to be intricately linked to cancer and animal
development [56–58]. However, a detailed reevaluation reveals that these earlier findings on induction
by mitogens were artefactual [59]. Further interest stemmed from the findings that CK2 levels/activity
correlate to leukemic transformations [60,61], and other cancers, but whether this involves aberrant
CK2 regulation remains unknown.

A novel regulatory mechanism has been recently proposed, and extends an observation, first
reported by Claiborne Glover, that Dm-CK2 undergoes polymerization involving an ordered but
reversible association of the tetrameric holoenzyme into a filamentous state [62]. Filament formation is
favored at physiological ionic strengths, and the filaments dissociate into the tetrameric holoenzyme
at ionic strengths that are optimal for CK2 activity in vitro. This property is not seen with the
monomeric Dm-CK2-α subunit either expressed in bacteria, yeast or insect cell culture (Bidwai,
unpublished), suggesting that tetramer–tetramer associations involve the regulatory CK2β subunit.
Indeed, it has recently been demonstrated that human CK2 also undergoes polymerization [63] in
a CK2β subunit-dependent manner, raising the prospect that the earlier findings on Dm-CK2 may
have broader impact. CK2 filaments do not appear to involve structural rearrangements akin to a
“prion-type” polymerization, and the filamentous state is proposed to down-regulate CK2 activity.
However, the biological relevance of the CK2 filaments in their native (in vivo) milieu remains to be
investigated. A robust in vivo evaluation of this property is now possible given the availability of null
and hypomorphic mutants for the Dm-CK2-α/β genes (see below) and the identification of interfacial
residues that mediate filament formation.

3. Substrates of Dm-CK2

The first substrate for Dm-CK2 to be identified was DNA Topoisomerase II [64,65],
whose activity was stimulated three-fold upon phosphorylation. This post translational modification
(PTM) occurs in vitro and in vivo (Drosophila embryonic Kc cells in culture), findings that have
been corroborated for DNA Topoisomerase II from the yeast S. cerevisiae [66–68]. The application of
high throughput whole cell proteomic strategies has enabled detailed analysis of the CK2-dependent
cellular phospho-proteome. This approach has successfully been applied to mammalian cells or
yeast expressing heterologous proteins upon treatment with high-affinity and -specificity inhibitors
of CK2 [69,70], and reveals a multitude of proteins whose phosphorylation is stimulated as well
as inhibited, and includes many proteins with cell-autonomous roles. While such information can
illuminate the extent of the CK2 phospho-proteome, analyses of cell lines do not reveal targeting of
developmentally important genes, whose expression is often restricted to a specific cell-type, a region
of the developing embryo/animal, or is under temporal control. Accordingly, Giot and coworkers
used the yeast two hybrid strategy to evaluate Drosophila protein–protein interactions at a global
level [71], but these interactions have not been subject to follow-up studies. These latter two aspects
have restricted our understanding of the CK2 “phospho-proteome” relevant to animal (Drosophila)
development, and much of our knowledge of specific targets has emerged on a case-by-case basis
(see below).

Compared to mammalian cell-based strategies, studies in Drosophila have identified a smaller
cohort of CK2 substrates, and many of these have revealed important roles in development. We used
the Drosophila database (Flybase, release date of 18 October 2016), and identified proteins whose
interaction with CK2 was revealed by studies that combined direct biochemical with reverse-genetic
approaches. We note that the role of Dm-CK2 has also been inferred based on genetic screens
using RNAi against Dm-CK2-α/β subunits or via dominant-negative (DN) constructs against
Dm-CK2-α, and these studies implicate roles in cell signaling, development, tissue morphogenesis and
organogenesis. However, we have excluded these from consideration in this review, because molecular
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target(s) cannot be discerned solely by “reverse-genetic” approaches. We correlated known targets to
the Drosophila-Protein-Interaction-Map (DPIM) database [72,73], an LC-MS based approach in which
Dm-CK2 interacting proteins were identified following its expression and co-immunoprecipitation
from Drosophila S2 cells (see below). It should, however, be noted that follow-up studies to identify
which of these proteins is an interacting partner and/or a substrate for phosphorylation are generally
lacking, and therefore only those proteins for which direct biochemical evidence has been reported are
included in Table 1.

Table 1. CK2 targets from FlyBase (November 2016).

Protein Function Effect of Phosphorylation

Ankyrin-2 Cytoskeletal Adaptor Maintenance of synaptic stability
Antennapedia Transcription Factor Spatial restriction of activity
Armadillo Transcription Factor Phosphorylation triggers degradation

Cactus Transcription Factor Required for activity during axis
formation

Clock Transcription Factor Stabilizes Clock
CREB2 Transcription Factor Inhibits DNA binding
Dishevelled (dsh) Transcription Factor Influences Wg/Wnt signaling
dMi-2 (DPIM) Chromatin Structure Inhibits nucleosome-stimulated ATPase

E(spl)-M8/M5/M7 Transcription Factor Phosphorylation required for repressor
activity

Engrailed Transcription Factor Phosphorylation enhances
DNA-binding

Enhancer of Rudimentary Transcription Factor Promotes and inhibits activity
FMR1 (DPIM) RNA-Binding Affects dimerization and RNA-binding
GAGA factor (519) Transcription Factor Reduced DNA binding affinity
Groucho Transcription Factor Stimulates short range repression
Hairy Transcription Factor Promotes repressor activity
Heterochromatin protein HP1 Chromatin Structure Stimulates DNA binding
mushroom body miniature Ribosome Biogenesis Promotes nucleolar localization
NAP1 Chromatin Structure Affects degradation and cellular locale

Odd Transcription Factor Inhibits Groucho binding and
repression

Orb (CPEB-family) RNA-Binding Promotes Orb activity
P element Somatic Inhibitor
(PSI) Splicing factor Modulates interactions with splicing

factors
Period Circadian Clock Promotes nuclear entry
Raf Protein Kinase Required for ERK activation
Ribosomal S6 kinase Protein Kinase Required for activity
RPL-22 Ribosome Structure Unknown

Smoothened Signaling Stabilizes and promotes Hedgehog
signaling

Syntaxin-1 Membrane Protein Stimulates interaction with Dopamine
Transporter

Timeless Circadian Clock Promotes nuclear entry
Topoisomerase II (DPIM) DNA-replication Stimulates activity

Warts Protein Kinase Indirectly promotes Warts suppression
of Yorkie

DPiM (in red) denotes proteins identified in the Drosophila Protein Interaction Map.

As shown in Table 1, this list of bona fide Dm-CK2 target proteins is not as extensive as that
in mammals. Nevertheless, this list includes numerous developmentally important transcription
factors, proteins involved in regulation of cytoskeletal and chromatin structure, ribosome structure
and biogenesis, DNA-replication, circadian rhythms, etc. With few exceptions (such as CREB2 [74],
Raf [53], Topo-II [64], and rPL22 [75]), most of the proteins in this list serve well-established roles
in development. Examples are, Ankyrin-2 [76], Antennapedia [77], Armadillo [78], Cactus [79],
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Clock [80], Dishevelled [81], dMI-2 [82], E(spl)-M5/M7/M8 [83,84], Engrailed [85], Enhancer of
Rudimentary [86], FMR1 [87], GAGA factor-519 [88], Groucho [89], Hairy [90], Heterochromatin
protein HP1 [91], mushroom body miniature [92], NAP1 [93], Odd [94], Orb [95], P element Somatic
Inhibitor [96], Ribosomal S6 kinase [97], Smoothened [98], Syntaxin-1 [99], and Warts [100]. Remarkably,
only three proteins from this list, dMi-2, FMR1 and DNA-Topo-II, have been also identified in the DPiM
database (Table 1 and see below). The low overlap between genetically analyzed proteins targeted by
CK2 to those identified in the DPiM database reveals limitations inherent to cell-based assays. Although
the S2-cell line is of embryonic origin, it does not fully recapitulate gene expression patterns across a
developing embryo/animal. Consequently, many genes whose expression is controlled in a spatially
and/or temporally restricted manner are not captured in S2-based assays. For example, although the
Notch effector proteins E(spl)-M8/M5/M7 were identified in a yeast two-hybrid screen of a Drosophila
(0–18 h) embryo cDNA library [101], and the consequences of CK2-mediated phosphorylation of
E(spl)-M8 during neurogenesis (eye and bristle development) are well understood [83], these proteins
appear to not be endogenously expressed in S2 cells. This is, perhaps, the greatest weakness of
high-throughput proteomic methods to reveal the extent of the CK2 “interactome” that regulates
animal development.

4. Drosophila Genes Encoding Catalytic (α) and Regulatory (β) Subunits

Unlike most metazoan organisms, Drosophila harbors a single Dm-CK2-α gene [31]. On the other
hand, and unique to Drosophila, is the presence of multiple genes, both X-linked and autosomal,
that encode proteins with high homology with metazoan CK2-β subunits (Table 2), which are
functionally non-redundant (see below). These are the X-linked Dm-CK2-β [102] and Stellate (Ste)
genes [103–105], and the autosomal genes Dm-CK2-β′ [106] and Suppressor of Stellate Like (SSL,
also called Dm-CK2-βTes) [107,108]. The Stellate locus is unusual in that it harbors multiple copies of
the Ste gene; this appears to vary between strains, with perhaps the highest number (~200) in the
D. melanogaster strain Oregon R. This multi copy Ste locus, located in a heterochromatic region of
the X-chromosome, is unique in that its expression is testis-specific and normally repressed through
the action of a Y-linked Su(Ste) gene cluster [109]. Consequently, in X/O males (those lacking the
Y chromosome), Ste undergoes massive de-repression and the Ste protein accumulates at levels
sufficient to form crystalline aggregates that disrupt spermatocyte maturation resulting in loss of
fertility. Ste gene copy number seems to influence the type of crystals; needle-shaped crystals in
strains with low copy number but star-shaped crystals in strains with high copy number. The reasons
underlying these differences are unresolved, and it is also unknown if sterility in XO males involves
Ste-dependent impairment of endogenous Dm-CK2. In a similar manner, SSL/Dm-CK2-βTes was
thought to be testis-specific [110]. However, SSL transcripts are present in the embryo, although
levels markedly increase in a male-specific manner in third-instar-larvae, pupae, and adults [107].
These results demonstrate that SSL/Dm-CK2-βTes expression encompasses a greater developmental
window, and raise the possibility that this alternative Dm-CK2 subunit may confer distinct functions
to CK2 in a sex-specific manner.
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Table 2. Subunit diversity and non-redundancy of Dm-CK2β isoforms.

Genes Encoding CK2 Subunits in Drosophila

Gene (Chromosome) Isoforms Alleles Nature

CK2α (III) Single

CK2α-Tik M161K + E165D
CK2α-TikR Loss of Function
CK2α-MB00477 Hypomorphic
CK2α-G703 W279G
CK2α-H3091 D212N

CK2β (X) Multiple
CK2βAndante M166I
CK2βmbuP1 Hypomorphic
CK2βmbuΔA26-2L Loss of Function

Stellate (X) Single None N/A

CK2β′ (II) Single None N/A

SSL/CK2-βTes (II) Single None N/A

Phenotypes of Ectopic Expression

Isoform Tissue Overexpression Phenotype

CK2α-WT Proneural
cluster No Effect

CK2α-Tik Proneural
cluster Impaired Notch Signaling (eye & bristle)

CK2α-M161K Proneural
cluster Impaired Notch Signaling (eye & bristle)

CK2α-E165D Proneural
cluster Impaired Notch Signaling (eye & bristle)

CK2β-VII-a Ubiquitous No Effect Rescues CK2βΔA26

CK2β-VII-b Ubiquitous Dominant Lethal Rescues CK2βΔA26

CK2β-VII-c Ubiquitous No Effect Rescues CK2βΔA26

CK2β-VII-d Ubiquitous Dominant Lethal No rescue of
CK2βΔA26

CK2β-VII-d-VI Ubiquitous No Effect No rescue of
CK2βΔA26

Stellate Not Tested N/A Not tested

CK2β′ Ubiquitous Dominant Lethal No rescue of
CK2βΔA26

SSL/CK2-βTes Ubiquitous Dominant Lethal No rescue of
CK2βΔA26

Yellow box highlights ability to complement the lethality of CK2βΔA26 mutants. CK2-β isoforms that fail to
rescue loss of the X-linked CK2-β gene are indicated in red.

In contrast to Dm-CK2-β′, Ste, and SSL/CK2-βTes, all of which encode for a single protein isoform,
the Dm-CK2-β gene encodes for multiple isoforms due to alternative transcription and splicing.
These include five transcripts named CK2-β type-VIIa, -VIIb, -VIIc, -VIId and -VII-VI (Table 2, and see
References [102,111]). This diversity of transcript types has so far not been reported for other metazoan
organisms. All five transcripts encode the highly conserved core of CK2-β, which includes the well
characterized (N-terminal) auto-phosphorylation site and the zinc-finger [112], but differ in the length
and sequence heterogeneity of ~15–20 C-terminal residues [111]. Consequently, these variations do not
affect interaction with Dm-CK2-α, but significantly impact in vivo activities of the encoded proteins
(see below). In a similar vein, Dm-CK2-β′, Ste, SSL/CK2-βTes also interact with Dm-CK2-α and appear
competent for forming the tetrameric holoenzyme in vitro, but these alternative Dm-CK2-β proteins
do not act in a functionally redundant manner with the X-linked Dm-CK2-β gene (see below).
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5. Mutations in Catalytic (α) and Regulatory (β) Subunits

Mutations in Dm-CK2-α were isolated in a genetic screen for dominant modifiers of the circadian
clock and resulted in the identification of the first mutant allele called Timekeeper (Tik). Specifically,
Tik/+ animals display an aberrant circadian clock, whereas Tik-homozygotes (Tik/Tik) die at the first
larval stage ([113], and see Figure 1). A spontaneous and partial revertant of the clock phenotype was
also identified; this allele called TikR is also lethal at the first larval stage in the homozygous state
(Figure 1). The Tik allele harbors two missense mutations, M161K+E165D, and encodes an inactive
form of Dm-CK2-α, which retains proper folding because its ability to interact with Dm-CK2-β is
indistinguishable from wild-type Dm-CK2-α. In addition, Rasmussen and coworkers have reported
that, compared to the wild type enzyme, human CK2-α containing the M161K + E165D mutations
exhibits a ~40-fold reduction of activity towards exogenous substrates [47]. The Tik mutation thus
acts as a CK2 dominant-negative (CK2-DN) allele, and its ability to perturb the circadian clock
reflects incorporation into and downregulation of the α2β2 holoenzyme [114]. In addition to the
M161K + E165D mutations, the TikR protein harbors an in-frame deletion of nine amino acids that
are invariant between Drosophila and human CK2-α (Figure 1) and localize to a highly structured
region of the protein [115,116]. This deletion compromises folding and abrogates interaction with
Dm-CK2-β, consequently preventing incorporation of the TikR protein into the α2β2 holoenzyme.
This is supported by the identical “effective lethal phase” of Tik/Tik, TikR/TikR or Tik/TikR flies
(see Figure 1). Thus, the partial reversion of the clock phenotype by the TikR mutation does not
reflect restored CK2 activity, but instead reflects an inability of the mis-folded TikR protein to act as a
CK2-DN. In line with this interpretation, over-expression of the Tik mutant (in otherwise wild-type
flies) elicits defects in the clock, and perturbs development of the eye and bristles, a characteristic
of impaired Notch signaling (see Table 2 and Reference [83]). A similar impairment of Notch
signaling manifests upon targeted over-expression of the single mutants, CK2α-M161K or CK2α-E165D;
the former acts as a CK2-DN, whereas the latter through its ability to elicit a gain in activity of
the phosphatase PP2A. Tik should therefore be considered a “double hit” with respect to Notch
signaling. It remains to be clarified if this applies to CK2 functions in other developmental programs.
No eye/bristle defects manifest upon overexpression of TikR protein or wild-type Dm-CK2-α
(Bidwai, unpublished, and see below).

Other than defects in the circadian clock, neither Tik/+ nor TikR/+ flies display any other
developmental abnormalities (Figure 1). The normal development of Tik/+ animals is surprising,
given the DN nature of this allele and the large number of targets of this protein kinase (Table 1).
These findings raise the prospect that the circadian clock is more sensitive to levels of CK2 activity, i.e.,
a 50% reduction in TikR/+ animals elicits minor defects, whereas further reductions in Tik/+ (<50%)
become rate-limiting. The absence of overt phenotypes in TikR/+ animals could be reconciled with the
findings that only a few developmental processes are haplo-insufficient, and because development is
often “buffered” against fluctuations in gene-dosage (see below).
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Figure 1. (A) Drosophila life cycle stages and effective lethal phase of CK2 mutants. Abbreviations
are; E, Embryo; L1, 1st larval stage; L2, 2nd larval stage; L3, 3rd larval stage; P, pupal stage;
A, adult. Note that Dm-CK2-α mutants Tik and TikR arrest at the L1 stage, whereas CK2αMB mutants
die at the P-to-A transition. In contrast, CK2βAnd and CK2βmbuP1 are viable, whereas CK2βΔA26

die during embryogenesis. Dashed green line denotes stage of life cycle when eye development
initiates; black lines denote normal development, whereas red lines denote effective lethal phases of
indicated mutant combinations; (B) Alignment of CK2-α from D. melanogaster (Dm) and H. sapiens (Hs).
LoF denotes loss-of-function, whereas Ts denotes Temperature-sensitive. The locations of the Tik and
TikR mutations are boxed and yellow highlighting denotes conservation of residues between Dm and
Hs CK2α subunits.

Additional mutations such as CK2-α-G703 and CK2-α-H3091 have also been identified, but
analysis of these alleles in eye/bristle development or clock functions has not been reported.
It is of interest to note that the CK2-α-H3091 allele replaces a highly conserved Asp212 with Asn
(Figure 1). Remarkably, the first temperature-sensitive (ts) alleles of CK2, which were isolated
in the laboratory of Claiborne Glover, include a D220N mutation in the CKA2 gene encoding the
yeast CK2-α′ subunit [117]. Asp220 of yeast CKA2 corresponds to Asp212 in Dm-CK2-α (and Asp214

in Hs-CK2-α, see Figure 1), and the targeted introduction of a D212N mutation also engenders a
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ts-behavior upon Dm-CK2-α in a yeast complementation assay [118]. The D220/212 site resides in the
C-lobe of CK2-α, is close to the active site, and points towards the core of this region, making it likely
that this is a permissive site for destabilizing CK2 structure, thereby rendering the mutant protein
temperature-sensitive in yeast as well as flies. Additionally, as seen in Figure 1, many of the mutations
that abrogate CK2-α activity or perturb its structure appear to reside in highly structured regions.
Recent advances in evolutionary statistical coupling [119] may offer a route to better understand the
clustering of these mutations, and provide new insights into the evolutionary relationships between
CK2-α subunits across the tree of life. Given these findings, it will be of interest to determine if
CK2-α-H3091 mutant flies display overt developmental defects (such as defects in embryogenesis,
or eye/bristle development) in a temperature-sensitive manner. If so, it will provide the first bona
fide ts-allele of Dm-CK2-α, which should enhance our ability to better define the Dm-CK2 dependent
phospho-proteome, and the multitude of developmental programs that are controlled by this protein
kinase. In contrast, the CK2-α-G703 allele harbors a W279G mutation, affecting a residue conserved in
both yeast CK2-α genes (CKA1/CKA2 [32]) as well as Hs-CK2-α (Figure 1, and not shown); but the
mechanism underlying the lethality of this allele remains unclear. The only hypomorphic allele that has
been identified to date is CK2α-MB00477 (CK2αMB). This allele results from the insertion of a P-element
(a transposon) in the 5′ control region. Consequently, CK2αMB is lethal when homozygous, and these
animals die at the pupal-to-adult transition (see Figure 1A). Importantly, pupal lethality is also seen in
CK2αMB/Tik or CK2αMB/TikR animals, confirming that CK2αMB is a new unique hypomorphic mutation
in Dm-CK2-α. As expected, CK2αMB/+ animals display normal eye development. However, unlike
Tik or TikR homozygotes, which die prior to the onset of retinal development (dashed green line in
Figure 1A), CK2αMB homozygotes progress normally through the third larval stage, which is a critical
juncture marking the onset of retinal neurogenesis and eye development. We discuss the nature of this
allele and highlight its utility to better understand the roles of CK2 in eye development later in this
review (see below).

The first mutant of Dm-CK2-β was the Andante allele (see Table 2), originally identified by Ron
Konopka [120,121]. This mutation, which was mapped to the 10E1-E7 region of the X-chromosome,
is in close proximity to the Dm-CK2-β gene [102] and was characterized by the lengthening of the
circadian period and locomotor activity rhythms by 1.5–2.0 h. The nature of the mutation and the
affected gene remained unknown until the laboratory of F. Rob Jackson identified it as a mis-sense
mutation in Dm-CK2-β. This mutation called Dm-CK2-βAnd [122] replaces M166I, a residue that lies in
helix α-F [112], which is positioned close to the interface between CK2-α and CK2-β. Consequently,
it was thought that CK2-βAnd is impaired for proper assembly into the α2β2 holoenzyme or destabilizes
this ternary state. However, human CK2-β with the M166I mutation interacts with CK2-α as efficiently
as wild-type CK2-β and forms the holoenzyme with normal activity [47], raising questions on its
proposed relevance to the clock defects of CK2-βAnd flies. Consistent with these latter findings,
CK2-βAnd flies are viable as hemizygous males or homozygous females. A second hypomorphic allele,
CK2-βmbuP1, was reported by the laboratory of Thomas Raabe. Remarkably, Jauch and co-workers
demonstrated that CK2-βmbuP1 impairs proliferation of Kenyon cells thus affecting development of the
mushroom body, a structure key to learning and memory. Their studies also identified an excision
allele, Dm-CK2-βmbuΔA26, that disrupts the CK2-β coding region and results in embryonic lethality when
homozygous. Together with earlier findings from the mouse model [123], these studies demonstrate
that CK2-β is an essential gene in Drosophila.

It is currently unclear why loss of the Dm-CK2-α gene results in lethality at the first larval stage,
whereas that of Dm-CK2-β is embryonic lethal (see Figure 1). Maternal contribution of Dm-CK2
could account for the larval lethality of Dm-CK2-α mutants, but how does one reconcile the earlier
lethality of Dm-CK2-β mutants. One possibility is differential half-life of individual subunits or their
mRNAs, such that Dm-CK2-β protein/transcripts have a higher turnover-rate compared to Dm-CK2-α.
This issue is unlikely to be resolved by pulse-chase analysis in S2-cells, because free subunits have not
been detected in this embryonic cell type [46], and factors that regulate differential turnover and/or
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holoenzyme assembly might well be present only in an intact developing embryo. An alternative
possibility is that differential turnover is spatially and/or temporally controlled. Current technologies
do not allow us to evaluate/distinguish between these possibilities. However, the development and
refinement of genome editing technologies may allow the differential tagging of Dm-CK2-β protein or
transcripts to resolve these issues.

6. Multiple Non-Redundant Variants Encoded by the Dm-CK2-β Gene

As mentioned above, the Dm-CK2-β coding region encodes for five distinct protein isoforms,
some of which reflect distinct splicing events and are likely produced in a tissue-specific
manner. In all cases, the isoforms differ only in their C-terminal tail, which becomes appended
with ~15–20 amino acids unique to each isoform. In the crystal structure of the human CK2 holoenzyme
(PDB code 1 JWH, [115]), the CK2-β subunit is truncated such that it lacks the penultimate 10 amino
acids. Consequently, the structural constraints on the C-terminus of CK2-β are unclear. Nevertheless,
the region preceding these missing residues is a well-defined helix, which does not contribute to the
CK2-β/CK2-α interaction interface, but projects away from the core holoenzyme structure. Given
that CK2-β subunits generally display length and sequence heterogeneity in their C-terminal tail,
one might expect that these would have minimal impact on CK2 functions. To the contrary,
the laboratory of Thomas Raabe has individually tested all five Dm-CK2-β variants in an exceptionally
robust in vivo functional complementation assay, i.e., their ability to rescue the lethality of the
Dm-CK2-βmbuΔA26 mutation. Remarkably, only three out of five Dm-CK2-β isoforms (CK2-β-VIIa,
-VIIb, -VIIc) rescue lethality [111], leading to the view that these alternative C-termini alter in vivo
functionality of Dm-CK2-β variants (see Table 2). In addition, they also conducted tests for phenotypic
outcomes of ubiquitous expression of each isoform in otherwise wild-type flies using the tubulin
(tub) promoter, and find that only two Dm-CK2-β isoforms, VIIb and VIId, elicit dominant lethality.
The dominant lethality of these two isoforms may reflect competition for limiting amounts of
Dm-CK2-α that is available to form the holoenzyme. Together, these in vivo results are strong indicators
that these variants bias the Dm-CK2-β “interactome”, perhaps by regulating target protein specificity,
cellular locale, turnover rates, etc. Alternatively, these C-terminal variations may result in holoenzyme
isoforms that differ in their ability to form ternary complexes. As shown by the laboratory of Roberto
Battistutta, the C-terminus of CK2-β impacts the ability of CK2 tetramers to form ternary complexes, i.e.,
filaments [63]. In a new trimeric ring-like structure, which they call α2β2new, the C-terminus of CK2-β
competes with ATP for binding to CK2-α, and appears to stabilize a nonproductive conformation upon
insertion into the ATP-binding pocket. Additionally, they demonstrate that this interaction impairs
pairing of residues in CK2-α that are critical for catalysis and are a generally conserved feature of
protein kinases. If so, this could represent a novel structural basis for CK2 downregulation. Given these
findings, it is likely that CK2 holoenzymes containing Dm-CK2-β isoforms with alternative C-terminal
sequences differ in their propensity to form trimeric ring-like structures. The possibility thus arises
that the dominant lethality of the alternative Dm-CK2-β isoforms (VIIb and VIId) revealed by the
studies of Jauch and coworkers [111] may, in fact, involve aberrant in vivo regulation of Dm-CK2.
It would hence be worthwhile to investigate which of the five Dm-CK2-β isoforms favor or disfavor
the formation of ring-like states.

In the same study, Raabe and coworkers also tested and demonstrated that neither Dm-CK2-β′

nor SSL/CK2-βTes rescue the lethality of the Dm-CK2-βmbuΔA26 mutation, and both elicit dominant
lethality upon ubiquitous expression in wild type flies (Table 2). These findings are of interest, because
even though Dm-CK2-β′ and SSL/CK2-βTes are structurally similar to Dm-CK2-β, they exhibit two
differences. (1) Unlike the auto-phosphorylation site in Dm-CK2-β (M1SSSEE), Dm-CK2-β′ harbors
the motif M1TDSDE, whereas it is M1SCPRS in SSL. Consequently, Dm-CK2-β′ may resemble a
constitutively phosphorylated protein, while SSL would be refractory; (2) The acidic micro-domain is
also different such that the rank order of acidity is Dm-CK2-β > SSL/CK2-βTes > Dm-CK2-β′. Given the
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findings of Jauch and coworkers, it will be of interest to determine if rescue of the Dm-CK2-βmbuΔA26

mutation by Dm-CK2-β requires an intact auto-phosphorylation site and/or acidic micro-domain.
As of the writing of this review, no mutants of the Dm-CK2-β′ or SSL/CK2-βTes genes are available,

precluding predictions of their biological functions. In a yeast-based assay, these two proteins appear
to partially compensate for phenotypes elicited by loss of the yeast CK2-β genes [107], but this
may not be an appropriate assay for in vivo functions. However, considering their tissue-specificity
and/or male-specificity and dominant lethality, it is reasonable to speculate that if these isoforms
were to downregulate CK2 activity, alter its target specificity, or impact formation of trimeric rings,
these functions may be tied to male development. Nevertheless, the studies of the Raabe laboratory
make it likely that the diverse CK2-β like proteins in Drosophila (splice variations and distinct genes)
serve unique tissue, developmental stage, or sex-specific functions or confer unique regulation upon
the enzyme itself. To our knowledge, this level of complexity in CK2-β subunits has not been described
for any metazoan organism, but is not without precedence. For example, the laboratory of Marc Vidal
has reported that the “interactome” of a protein is significantly altered by splicing variations, almost
as if the alternative products are encoded by distinct genes [124]. It would hence be worthwhile to
determine the extent of overlap and non-overlap of proteins that interact with alternative isoforms
that are encoded by the Dm-CK2-β gene versus those that interact with Dm-CK2-β′ or SSL/CK2-βTes.

7. The DPiM Database Provides New Insights into the Dm-CK2 Interactome and Subunit
Specific Interactions

Whole cell proteomics affords an unbiased route to identify interacting partners.
Such an approach has been taken using Drosophila S2 cells [72,73]. In this comprehensive study,
Guruharsha and coworkers expressed ≥5000 individual FLAG-HA epitope-tagged Drosophila proteins,
which was followed by co-affinity purification coupled to mass spectrometry analysis. This study has
enabled the determination of a vast number of protein complexes, which they call the ‘Drosophila
protein interaction map (DPiM, https://interfly.med.harvard.edu). Given the structural and functional
diversity of CK2-β isoforms, we analyzed the DPiM database for all five Dm-CK2 subunits, i.e., CK2-α,
CK2-β, CK2-β′, Stellate, and SSL/CK2-βTes (see Table 3). Although the DPiM database includes
analysis of only three, CK2-α, CK2-β, CK2-β′, new insights nevertheless emerge.

Table 3. The DPiM database reveals novel insights into the Dm-CK2 interactome.

Dm-CK2-α Interactors in Drosophila S2-Cells (DPiM)

Protein Function Protein Function

CK2-α CK2 Catalytic Subunit Lasp Cytoskeletal organization
CK2-β CK2 Regulatory Subunit Rump RNA-binding
AGO2 RNA-binding Ran Small GTPase
pAbp Poly-A binding protein Rack1 Receptor for activated PKC
glo mRNA binding Topo2 (Genetic) DNA Topoisomerase 2
FMR1 (Genetic) Fragile-X syndrome p38b MAP-kinase
Dek (CK2-β) Homeodomain Wmd Wing morphogenesis
Rasputin RNA-binding Mts PP2A catalytic subunit
Dre4 (CK2-β) Chromatin-binding Scf (CK2-β) Chromatin Organization
Vig2 RNA-binding Su-var(3)9 Chromatin regulator
Ssrp HMG Box Domain 14-3-3 pSer binding

Interactions between Dm-CK2-α, Dm-CK2-β and Dm-CK2-β′

FLAG-HA-Fusion (Bait) Interacting Proteins Interactions Not Detected

CK2-α CK2-α, CK2-β CK2-β′
CK2-β CK2-α, CK2-β CK2-β′
CK2-β′ CK2-α, CK2-β′ CK2-β

Interactions shared with CK2-β in the DPiM database or those revealed by genetic studies are highlighted in red.
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7.1. Interactions between Dm-CK2 Subunits

As expected (see Table 3), these studies identified the canonical interactions between
CK2-α + CK2-β and CK2-α + CK2-β′, consistent with previous studies using the yeast two hybrid
approach [101,106,125]. Given the tetrameric structure of the human/Drosophila CK2 holoenzyme,
the co-purification of CK2-α using FLAG-HA-CK2-α is unlikely to reflect direct interactions, but
instead “bridged” by CK2-β. Surprisingly, even though S2-cells endogenously express both CK2-β and
CK2-β′, the only interactions that were detected were CK2-β + CK2-β and CK2-β′ + CK2-β′ (Table 3).
The absence of cross-CK2-β subunit interactions in S2 cells suggests that the CK2-holoenzyme cannot
be generated using mixed CK2-β dimers, such as CK2-β + CK2-β′. Whether this also applies to the
Stellate, and SSL/CK2-βTes proteins remains unknown. The CK2-β-vs.-CK2-β′ subunit-specific bias
(for dimerization) makes it likely that sector analysis [126,127] may provide new insights into the
evolution and diversity of the CK2-β family in Drosophila. The possibility that this aspect of CK2
structure impacts in vivo functionality is exciting, and may represent a unique mode of regulation,
which has remained the most elusive aspect of CK2 functions across all eukaryotes.

7.2. Dm-CK2-α Interactors

In large part, the proteins that interact with Dm-CK2-α are unique, and encompass a multitude of
functions. Notably absent from this list are proteins whose targeting by CK2 has been confirmed by
combined biochemical and genetic studies (see Table 1). The only proteins for which such evidence
exists are Topo-II and FMR1. Interestingly, four of the interacting proteins, Dek, Dre4, Scf, and
Ssrp, were also identified as interactors of Dm-CK2-β (see below). It is of interest that the DPiM
database reveals interactions of CK2-α with Mts, the catalytic subunit of the phosphatase PP2A [128].
This phosphatase plays multiple essential roles in metazoan cell/organismal biology; it is a known
tumor suppressor that is involved in oncogenesis [129,130], and regulates the Notch and Hedgehog
signaling pathways [131–133], autophagy [134] and the cell-cycle [133,135]. Consequently, loss of Mts
activity is lethal in Drosophila. Of interest, the CK2-α + PP2A interaction was originally reported for
the human proteins, and occurs via the M161IDHE165NRKL motif [136], also present in the oncogenic
virus SV-40. Intriguingly, this very motif is mutated in the Dm-CK2-α allele Tik (see Figure 1),
and functional studies in Drosophila reveal that the CK2α-E165D mutation elicits phenotypes
that mimic overexpression of PP2A-Mts or its regulatory subunit PP2A-Widerborst [114,131].
These studies make it likely that the CK2-PP2A interaction serves to downregulate phosphatase
activity. The remaining proteins fall into four classes; chromatin organization, RNA binding proteins,
transcription factors, and others regulating signaling and the cytoskeleton. It will be of interest to
determine if these proteins are targets of CK2 in vitro, and the consequences of phosphorylation
during development.

Interactors of Dm-CK2-β and Dm-CK2-β′ are listed in Table 4, and are sorted by those that are
unique to each subunit and those that overlap. In each case, the DPiM database includes several
ribosomal proteins. Although these interactions may involve regulation of “sentinel-like” functions of
ribosomal proteins [137], we have not considered this class of proteins as bona fide CK2 interactors
because they often appear in large scale proteomic and yeast two-hybrid screens and can represent
potential artefacts.
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Table 4. Dm-CK2-β and Dm-CK2-β′ interactors in Drosophila S2-cells (DPiM).

Interacting Partners Unique to Dm-CK2-β

Protein Function Protein Function

Dek (CK2-α) Homeodomain dMi-2 (Genetic) Nucleosome binding
CG13800 Actin-Binding Tango7 Neuron morphogenesis
Dre4 (CK2-α) Chromatin Binding CG3817 rRNA processing
Ssrp (CK2-α) HMG Box Domain CG1677 Zinc Finger Protein
eIF-3-S8 Translation Factor CG5525 HSP60-family

CDK12 Protein Kinase Xpc/mus210 Xeroderma
pigmentosum-C

CG7033 HSP60-family Cpb (CG17158) Actin Capping Protein
CG8258 Unknown Prp38 pre-mRNA processing

Arp14D Actin related protein 2 D1 Chromosomal
Protein Satellite DNA-binding

Sop2 Actin related protein 2/3 CycK Cyclin K
Cct5 T-complex Chaperonin 5 Hyd (Hyperplastic Disc) E3-Ub-Ligase
Int6 Proto-oncogene Scf/DCB-45 (CK2-α) Chromatin Organization

Tcp1-ζ HSP60-family CG6724 WD40 repeats similar to
Gβ

Arc-p34 Neuronal development XNP Neuronal development

Smg5 Nonsense mediated
decay

Interacting Partners Unique to Dm-CK2-β′

Protein Function Protein Function

Porin Mitochondrial OM
channel

awd/abnormal wing
discs Nucleotide Kinase

Chd64 Juvenile Hormone
Signaling EB1 Myosin Binding

Fimbrin Female meiosis Smt3/SUMO SUMO family
FK506-bp2 DNA Damage Response Nlp/CRP1 Nucleoplasmin
Annexin B10 Annexin Family PCNA/Mus209 DNA-Replication

Interacting Partners Common to Dm-CK2-β and Dm-CK2-β′

Protein Function Protein Function

Fax Axon connectivity Nopp140 Cajal body protein

EloB/Elongin-B Wing cell identity Otefin Germline stem cell
renewal

Interactions shared with CK2-α in the DPiM database or those revealed by genetic studies are highlighted in
red. Unnamed genes are indicated by their annotation symbol (CG#).

7.3. Interactors of Dm-CK2-β

Unique interactors of Dm-CK2-β encompass proteins involved in protein folding and turnover,
chromatin structure and transcriptional control, cytoskeleton, cell cycle progression, RNA-processing,
and neuronal development. Remarkably, only, dMi-2, a protein involved in nucleosome remodeling,
has also been identified as a target for CK2 in genetic studies (see Tables 1 and 4). In contrast,
four interactors of Dm-CK2-β, i.e., Dek, Dre-4, Ssrp and Scf, have also been isolated as interactors of
Dm-CK2-α (see Table 3). It will be of interest to determine if these four proteins directly interact with
Dm-CK2-α or Dm-CK2-β, or represent proteins that interact with the reconstituted holoenzyme in
S2 cells. The remaining proteins interact exclusively with Dm-CK2-β, consistent with the view that
some targets of CK2 such as Hairy [90], Raf [138], etc., can interact only through interaction with this
regulatory subunit.

7.4. Interactors of Dm-CK2-β′

The interactors of Dm-CK2-β′ are not as extensive as those for Dm-CK2-β (Table 4), and include
regulators of signaling, chromatin structure, DNA-replication/damage-response, etc. It is somewhat
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unexpected that proteins that interact with Dm-CK2-β and Dm-CK2-β′ do not overlap extensively.
This preferential interaction partner specificity may underlie the ability of Dm-CK2-β′ to elicit
dominant lethality upon ubiquitous expression (see above), whereby the inappropriate (spatial
and/or temporal) presence of this subunit results in the formation of the CK2-β′-containing
holoenzyme (α2β′2) due to competition for a common pool of CK2-α. Given the distinct
“interactome”, this alteration in the CK2 holoenzyme could diminish phosphorylation of proteins by
the endogenous α2β2 holoenzyme or redirect activity to substrates incompatible with normal cellular
and organismal viability.

7.5. Interactors Shared between Dm-CK2-β and -β′

Of the interacting proteins identified in the DPiM database, only four (Fax, Elongin-B, Otefin and
Nopp140) are shared between Dm-CK2-β and -β′. Of interest is Nopp140 (see Table 4). Nopp140 is
a highly conserved phosphoprotein that shuttles cargo between the nucleolus and the cytosol [139],
and is thought to be critical in proliferative cells for Cajal body functions. While this protein has a native
mass of ~70 kDa (as predicted from its gene structure), it appears as a 140 kDa polypeptide, primarily
due to CK2-dependent phosphorylation. It has been estimated that Nopp140 may be phosphorylated
at ≥70 sites within its C-terminal region, which is rich in Ser and Asp residues, and is conserved
between Drosophila and mammals. These modifications, which confer a highly negative charge
to the C-terminal domain, appear necessary for in vivo functioning of Nopp140, i.e., binding cargo
proteins that contain nuclear localization signals (NLS). Interestingly, Nopp140 was not identified in
the DPiM database as an interactor of Dm-CK2α (see Table 3), suggesting that CK2 targets this protein
in a β/β′-dependent manner. Its identification as an interactor of both Dm-CK2-β and Dm-CK2-β′
strongly suggests that Nopp140 is modified by CK2 in all cells regardless of the expression patterns of
these two CK2-β homologues, which would not be surprising given cell autonomous roles for this
phospho-protein, and because loss of Nopp140 is cell lethal.

Together, the interactors of CK2 identified through combined biochemical/genetic approaches
and the DPiM database reveal that our current knowledge of the Dm-CK2 “interactome” is, at best,
partial, and the absence of developmentally important/relevant targets suggests that a case-by-case
approach may still be required to identify its targets in Drosophila.

8. Roles of CK2 in Drosophila Eye Development

The functions of CK2 in other developmental programs have been inferred from tissue-specific
and ectopic overexpression of the CK2-DN (Tik) mutant protein, RNAi against CK2 subunits in
otherwise wild-type flies, or upon expression of CK2 target proteins harboring Ala/Asp mutations at
known sites for phosphorylation. This has been achieved in large part due to the availability of the
tissue-specific binary Gal4-UAS system [140–142], which enables genotype/phenotype relationships
to be evaluated with mutants that would otherwise be dominantly lethal. Using this approach,
it has been found that CK2 plays an important role in Notch signaling during development of two
sensory organs (eye and bristle), through its targeting of the bHLH transcription factors E(spl)-M8,
-M7, and -M5 [84], which are terminal effectors of this pathway [143–145]. In the following section,
we review key findings on the roles of CK2 in eye development with an emphasis on its functions
in early retinal neurogenesis, the potential implications on early neurogenesis in the mammalian
retina, emerging data supporting the likelihood that this protein kinase plays additional roles in the
developing eye, and conclude with a review of potentially new targets for this protein kinase.

Studies from our laboratory are revealing the importance of CK2 to the Notch signaling pathway
during Drosophila eye development, with direct implications for a similar process in mammals,
i.e., the specification of the Retinal Ganglion Cells (RGCs). Here, we focus on the Notch pathway in
Drosophila, a preeminent genetic model that has been instrumental in the identification of the core
components and regulators of this pathway, and has laid the foundations for our understanding
of the mechanisms of Notch signaling [146–150], its importance to the development of other
animals [148,151] and its association with disease states [152–156]. Although Notch signaling regulates

244



Pharmaceuticals 2017, 10, 4

diverse developmental programs, studies from our laboratory have primarily focused on its regulation
by CK2 in early eye development.

The Drosophila eye has served as a model for understanding cell proliferation, cell signaling,
polarity, specification and differentiation [157–159]. The compound eye of Drosophila is composed of
~750 units called ommatidia (also known as facets) which are patterned in a precise pseudo-crystalline
array. Each facet is composed of eight photoreceptor neurons (Retinula cells, R1–R8), 12 accessory
non-neuronal cells, and one sensory inter-ommatidial bristle (IOB). The precise hexagonal geometry of
the adult eye and its constituent cell types are both essential for proper visual perception, reasons for
which these features are highly conserved across all insects.

Eye development initiates during the third larval stage (see Figure 2), and involves progressive
stages of cell specification and morphogenesis of a monolayer neuro-epithelium called the
eye/antennal disc (eye anlagen). This onset of retinal neurogenesis is marked by the specification of the
first photoreceptors, the R8 cells, and occurs in a wave of cell specification called the Morphogenetic
Furrow (MF, see Figure 2A). In contrast to the specification of the R8 cells in the MF, recruitment of
all secondary photoreceptors (R1–R7) occurs posterior to it. The MF therefore represents a 48-hour
window of development that covers all retinal neurogenesis. For a more detailed description of R8 cell
specification and roles in this sensory organ, see Reference [160]. In Drosophila, the bHLH transcription
factor Atonal (Ato) specifies the R8 photoreceptors [161], which subsequently recruit all later retinal
cell types’ characteristic of the ommatidium (see above). The R8s are not clonally derived, and each is
the outcome of inductive recruitment that occurs in a precise spatial/temporal manner. Hence, in the
absence of Ato, no R8s or other retinal cells form, thus ablating the eye. Likewise, a defect in human
Atoh7 elicits blindness due to a loss of RGCs and the optic nerve [162], suggesting that lessons learned
from fruit flies are applicable to mammals. R8/RGC patterning demands controlled repression of
Ato/Atoh7 by the Enhancer of split (E(spl)) proteins (called Hes in vertebrates [163,164]), which also
pattern other tissues and whose regulation by CK2 is now well understood (see below). Hence,
the regulation of E(spl) activity during R8 patterning is broadly applicable and relevant to
understanding Notch-dependent human developmental disorders.

During R8 ontogeny, Ato expression initiates as a stripe at the leading edge (stage-1) of the
MF (Figure 2A). Cell-autonomous ato auto-activation [165] then produces pre-R8 cell clusters [166],
the intermediate groups (IGs, see Figure 2A). Notch signaling through E(spl) proteins then acts to
repress Ato (non-autonomously) at stage-2/3 in all but one cell from each IG [167]. That cell continues
to maintain senseless (sens) expression and differentiates as an R8 [168,169]. The other cells of each IG
remain in a non-neural (undifferentiated) state. This binary cell fate determination is termed lateral
inhibition, and functions similarly during bristle patterning [170,171]. Repression of Ato by E(spl)
proteins is therefore key to generating patterned R8s posterior to the MF (Figure 2A). One unusual
aspect of Notch signaling during R8 ontogeny is that Notch is necessary for proper expression of the
proneural protein Ato at stage-1, as well as that of the E(spl) repressors at stage-2/3 [172]. Given that
the MF is a moving wave, cells at stage-1 are separated from those at stage-2/3 by ~5–10 min [173].
How Notch achieves these two mutually antagonistic functions within this short time frame remains
unclear. In canonical Notch signaling, receptor activation elicits cleavage of the Notch intracellular
domain (NICD) and its translocation to the nucleus to effect target gene activation [174]. It is difficult
to envision how this mode of gene regulation rapidly switches from proneural to repressive modes.
Our work (see below) suggests that CK2 plays a crucial role in enforcing a short temporal delay
such that the repressive effects of Notch only manifest at stage-2/3 of the MF (Figure 2B). In a sense,
CK2 may thus “decouple” these two phases of Notch signaling.
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Figure 2. (A) R8 birth; Ato (pink/red), Sens (blue) and secondary R cells (grey); (B) CK2 and Mitogen
Activated Protein Kinase (MAPK) activate M8 at stage-2/3 of the MF, and after R8 selection, PP2A and
CK1 + Slimb mediate inactivation and/or destruction; (C) Eye phenotypes of CK2 and M8 mutants;
(D) Functional domains in M8, and location of the phosphorylation domain (PD) in the C-terminal
domain (CtD). The WRPW motif in M8 binds the essential co-repressor Groucho, and M8* (the product
of the E(spl)D mutation) eliminates the CtD; (E) Regulation of cis-inhibited M8 by CK2 and MAPK.
Note that in cis-inhibited M8, the PD blocks either HLH (blue) or Orange domains preventing
interaction with Atonal; (F) Conservation of the PD in Drosophila M8/M5/M7/Mγ and human/mouse
Hes6; (G) Model for CK2 regulation of Drosophila M8 and mammalian Hes6. Dotted line denotes
non-canonical mode of Hes6 action.

As mentioned above, E(spl) protein expression is necessary to resolve a single R8 from each IG.
The E(spl)Complex encodes seven homologous and highly conserved bHLH repressors [144,145],
of which M8, Mγ and Mδ are expressed in the MF [175]. While loss of the E(spl)C elicits the
abnormal specification of extra (“twinned”) R8s from an IG [167], over-expression of M8/Mγ/Mδ

(at stage-2/3) does not dominantly repress Ato or the R8 fate [172,176,177]. The importance of M8
in Ato repression is highlighted by the E(spl)D mutation. This mutation, serendipitously identified
in the 1950s [178,179], encodes M8* lacking its C-terminal domain (CtD, Figure 2C,D) and potently
represses Ato, thus ablating R8s and the eye [177,180]. The mechanism underlying the hyperactivity
of M8* remained an enigma, until we discovered that the E(spl) proteins are targeted by CK2 [84].
Specifically, CK2 interacts with and phosphorylates E(spl)-M8, -M7 and -M5; this modification targets a
highly conserved phosphorylation domain (PD) located within the CtD (see Figure 2D,F). Remarkably,
replacement of the CK2 phosphoacceptor of M8, Ser159, with Asp (Figure 2D) results in a variant that
ablates eye development via a mechanism virtually identical to that of M8* (Figure 2C, and see [84]).
Phosphorylation displaces the autoinhibitory CtD, to expose the Orange domain and permit binding
and repression of Ato (Figure 2E), a regulation that is circumvented by CtD deletion in M8* [181].
Consistent with a role in M8 repression of Ato, reduced CK2 activity elicits “twinned” R8s [182],
as occurs upon excessive expression of Ato [183] or upon loss of E(spl)C [167]. These findings thus
demonstrate that CK2 is a key participant of Notch signaling at the onset of eye development.
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More recent studies are revealing that regulation of M8 activity involves multi-site PTM of the
P-domain, and this involves activation of M8 by the kinases CK2 + MAPK [184], whereas inactivation
involves the phosphatase PP2A, either alone or in combination with CK1 plus Slimb (βTrCP,
see Figure 2B). Such a model posits that controlled activation and inactivation ensures that repressive
effects of M8 occur in a spatially and/or temporally controlled manner. This mode of regulation could
enable Notch to signal in a “pulsatile” manner, akin to that during genesis of somites. We believe that
this mode of signal regulation may have direct implications on birth of RGCs in mammals, where
Math5 (murine Ato homolog 5) expressivity is refined through Hes repressors (the homologues of fly
E(spl) proteins). Specifically, previous studies have demonstrated that Hes6 (the homologue of fly M8)
harbors a highly conserved P-domain that is targeted by CK2 and MAPK [185,186], and conserves
sites for CK1 and βTrCP (Figure 2F). Furthermore, CK2 phosphorylation of mouse Hes6 also mediates
its interaction with Hes1, the repressor of Math5/Atoh7 [187–190]. The role of Hes6 phosphorylation
during RGC birth remains unknown; a possible model is discussed in the next section.

9. Lessons from Drosophila R8 Cells Applied to Birth of Mammalian RGCs

The striking parallels between the fly R8 and mammalian RGC [191], and the conserved P-domain
(Figure 2F,G) begs the question of the role(s) of CK2, CK1 and βTrCP in the regulation of Hes6.
Like the R8 cell, RGC patterning requires repression of Math5/Atoh7 by Hes1 [189,190,192–194].
This activity of Hes1 is, in turn, antagonized by Hes6 through protein–protein interactions,
which (in cultured neuronal cells) requires phosphorylation of Hes6 by CK2 [187]. Post-translational
regulation of Hes6 may have two distinct outcomes (Figure 2G). In the canonical mode (Figure 2G,
blue box), CK2 would promote Hes6 inhibition of Hes1, thereby favoring Math5 activity and the RGC
fate. In contrast, CK1 + βTrCP would promote Hes6 degradation, thereby permitting Hes1 to repress
Math5 and the RGC fate. If so, the signaling circuit in the mammalian retina would be the inverse of
that in flies. In a less likely alternative, Hes6 directly antagonizes Math5. If so, CK2 would promote
Hes6 inhibition of Math5 and the RGC fate, while CK1 + βTrCP would promote, a mechanism akin
to that in flies. However, this latter model would require that Hes6 has altered partner preference
during RGC patterning. We predict that the expression of normal and mutant Hes6 (refractory to or
mimicking CK2, MAPK, CK1 or βTrCP sites) in the early embryonic mouse retina may resolve the role
and regulation of Hes6 during RGC birth and which of these two models is correct. In addition to the
retina, post-translational regulation of Hes6 may occur elsewhere, given that Hes6 plays roles in late
embryogenesis, myogenesis [195–197], and postnatal development [198,199], and its overexpression is
linked to gliomas and breast and prostate cancer [200–202]. Our findings in Drosophila may aid efforts
to answer similar questions in the more complex mouse model, and determine if mis-regulated Hes6
activity is linked to disease states.

10. Additional Roles of CK2 during Drosophila Eye Development

Unlike the role of CK2 during (Notch-dependent) birth of R8 cells, its roles later in eye
development, i.e., the recruitment of R1–R7 photoreceptors have not been forthcoming. For example,
after birth of R8s, Notch signaling is required in a reiterative manner for the specification of the R1–R7
cells, which are born in a precise order. These include, in order, the R2/R5, R3/R4, R1/R6 followed
by the R7 cell. The hypomorphic allele of Dm-CK2-α called CK2α-MB00477 (abbreviated as CK2αMB,
see Table 2) is the first mutation that directly implicates roles for CK2 at multiple stages of eye
development. Importantly, this mutation provides “forward” genetic evidence, which is generally
considered to be a benchmark in the field of Drosophila genetics. Our analyses of this mutation
(Figure 1A) reveal that CK2MB homozygous animals, or those that are trans-heterozygous with
Tik or TikR, complete the third larval stage and die at the mid-pupal transition. As these animals
are competent to transition through these two critical stages of development (relative to the onset
of retinal neurogenesis, see Figure 1A), the compound eyes can be evaluated (for patterning and
size) following their dissection from the pupal case. These animals display a highly perturbed eye,
which is both rough in appearance and significantly (~50%) reduced in size (Figure 2C), and these
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defects are completely rescued by expression of a tub-Dm-CK2-α construct (Bandyopadhyay and
Bidwai, in preparation). The former (rough eye) phenotype results from impaired lateral inhibition,
i.e., the defective refinement of a single R8 from an IG. On its own, a defect in lateral inhibition cannot
account for the reduced eye field, raising the likelihood that this phenotype may arise from defective
recruitment of secondary photoreceptors due to defective (reduced) phosphorylation of additional
CK2 targets in the developing eye.

11. Potential CK2 Targets Identified Via the Transcriptome of the Developing Eye

The complex eye defects of CK2MB/CK2MB homozygous animals raise the prospect that CK2
plays additional roles in eye development, beyond that required for controlling R8 patterning through
its regulation of E(spl)-M8 (see above). To reveal eye-specific proteins that may be regulated by CK2,
we analyzed the “transcriptome” of the developing eye disc to identify additional targets of CK2.
This sequence based prediction for high likelihood CK2 targets is facilitated by earlier studies that
defined the substrate specificity of CK2, the consensus recognition, and the impact of amino acids
vicinal to the phospho-acceptor (Ser/Thr). The following general principles have emerged for CK2;
(1) it is an acidophilic protein kinase; (2) the substrate specificity is best described as S/T-E/D-x-D/E;
(3) the presence of additional Asp/Glu residues either N- or C-terminal to the phosphoacceptor(s)
further enhances phosphorylation of target proteins; (4) phosphorylation is negatively impacted by
basic residues such as Arg/Lys since the presence of these residues within the consensus abrogates
targeting by CK2; and (5) the presence of phospho-Ser/Thr (pSer/pThr) C-terminal to the primary
phosphoacceptor augments targeting by CK2, revealing that this enzyme can participate in hierarchical
phosphorylation either alone or in concert with other protein kinases. It should, however, be noted
that some sites may be solvent exposed, but inaccessible in the tertiary structure, so this approach is,
at best, predictive.

Eye disc specific gene expression patterns were identified from Flybase (flybase.org), and queried
for proteins predicted to harbor CK2 consensus sites. Although protein abundance, regions of intrinsic
disorder and stoichiometry appear to correlate with phospho-site conservation [203–205], we did not
incorporate these principles into our analyses, because much of this information is still lacking for
the proteome of the developing eye anlagen. The first round of analysis only included sequences
from D. melanogaster, and this identified ~180 genes. Subsequently, homologous proteins were
identified from 11 other fully sequenced and annotated Drosophila species (flybase.org) that encompass
~60 × 106 years of evolution [206,207], with the expectation that only high probability CK2 target
sites with functional importance should be resilient through this time frame. The list of potential
targets (Table 5) therefore only includes homologous proteins in which the CK2 site is conserved in
all 12 species.

As is evident from Table 5, this list of high likelihood targets of CK2 includes 58 proteins regulating
diverse aspects of eye development. Here, we review these proteins in accordance with their structural
classification, biochemical functions and mutant phenotypes.
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Table 5. Genes expressed in the developing eye with conserved CK2 sites.

Gene WebLogo of CK2 Site(s) Function

Acinus (Acn) RNA splicing

Anterior Open (Aop) Transcription Factor

Asteroid (Ast) EGFR signaling

AXIN1 upregulated 1 (Axud1) Cell proliferation

Cadherin 86C (Cad86C) Cell adhesion/signaling

Cadherin N (CadN) Cell adhesion/signaling

Capicua (Cic) HMG family Transcription
Factor

Claspin ATR-Chk1 checkpoint
pathway

Cubitus Interruptus (Ci) Transcription Factor

Cullin 1 (Cul1) Ubiquitin Ligase

Cullin 3 (Cul3) Ubiquitin Ligase

Decapo (Dap) CDK inhibitor

Daughter of Sevenless (Dos) Sevenless RTK signaling

Decay Regulator of apoptosis

Distal Antenna (Dan) Transcription Factor

Distal antenna related (Danr) Transcription Factor

Domino (Dom) SNF2/RAD54 helicase family

Ebi Chromatin binding

EGF-Receptor (EGFR) RTK signaling

ELAV Neurogenesis

Eyegone (Eyg)  Pax family transcription factor

Eyeless (Ey) Transcription factor

Eyes Absent (Eya) Transcription factor

Fat Facets (Faf) Ubiquitin Ligase

Garnet (G) Clathrin coatomer adaptor

Glass (Gl) Transcription factor

Golden Goal (Gogo) Axon guidance

GP150 Eye development

Head involution defective (Hid) Cell death
Homeodomain interacting Kinase
(HipK) Eye development

IP3-Receptor Inositol 1,4,5-tris-phosphate
Receptor

Kismet (Kis) Transcription factor

Klarsicht (Klar) Kinesin binding

Klumpfuss (Klu) Zinc finger protein

Liprin-γ Sterile α motif

Liquid Facets (Lqf) Ubiquitin binding and eye
development

Neuralized (Neur) E3 ubiquitin ligase

Osa Transcription coactivator
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Table 5. Cont.

Gene WebLogo of CK2 Site(s) Function

PDGF/VEGF related factor 1 Cell signaling

Pointed (Pnt) Transcription factor

Prickle (Pk) Regulates planar cell polarity

RapGAP1 GTPase activating protein
Regulator of eph expression
(Reph) Ephrin signaling

Ret Oncogene (Ret) RTK signaling

Scribbler (Sbb) Transcription factor

Serrate (Ser) Notch signaling

Seven in absentia (Sina) Regulation of R7
differentiation

Shaven (dPax2) D-Pax2 family transcription
factor

Snf5-related 1 (Snr1) Chromatin structure
Sine Oculis (SO) Transcription factor

SoxNeuro (SoxN) Transcription factor

Spineless Regulates Rhodopsin
expression

Spinster Regulates TGF-β/BMP
signaling

Star EGF signaling and eye
development

Sugarless Signaling in eye development

Target of wit (Twit) Eye development

Terribly reduced optic lobe (Trol) Cell polarity and signaling

Tolkin (Tok) Negative regulator of gene
expression

α-catenin Actin binding

11.1. Transcription Factors

Of the ~60 interactors, >30% (21 out of 58) represent transcription factors or proteins that impact
gene expression through modification of chromatin structure. Notably, two of these, e.g., Eyeless
(Ey) and Eyegone (Eyg), are transcription factors that lie at the apex of the retinal neurogenesis
hierarchy, a class of proteins called the “retinal determination” (RD) genes (for reviews, see [208–210]).
This view reflects the remarkable findings from the laboratory of the late Walter Gehring (Basel)
that ectopic expression of the Ey gene induces the formation of ectopic eyes in non-retinal tissues
such as the wings, legs, and antenna [211]. This remarkable ability reflects the fact that Ey induces
the transcription of additional RD-genes such as Sine Oculis (SO) and Eyes Absent (Eya) [212–214].
Both SO and Eya are predicted to be targets of CK2 (see Table 5), and studies from our laboratory
have now confirmed this to be the case for SO (Majot and Bidwai, unpublished). The possibility that
CK2 may regulate four critical eye-determination transcription factors (Ey, Eyg, SO and Eya) may
underlie the complex eye defects of CK2MB/CK2MB animals (Figure 2C). The potential targeting of
Eyg is an excellent example for evaluating the emergence of orthologues. The Drosophila genome
encodes two such genes, Eyg and Twin of Eyegone (Toe). Eyg harbors the CK2 consensus site DSDEEINV
(bold residue is likely to be targeted by CK2), whereas the corresponding site on Toe is EEEEVINV.
Because the D/E residues mimic SerP04, it raises the possibility that Eyg is CK2-regulated whereas Toe
is CK2-independent. It will therefore be of interest to determine if Eyg is modified by CK2, identify
the site(s) of phosphorylation, and determine the in vivo activities using its ability to elicit ectopic
eye formation. Conversely, it would also be of interest to conduct domain swapping experiments to
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determine if Toe can be rendered CK2-dependent. Such studies could better illuminate the relevance
of CK2 to these critical eye-specific TFs.

11.2. Signaling Pathways

Cell signaling is vital for most developmental programs. Two important and intersecting
pathways are Notch and EGFR. While our previous work has revealed the centrality of CK2 to
Notch pathway output in the developing eye and bristle (Section 8, see above), the role of this kinase
in EGFR/Sevenless (Sev) signaling has not heretofore been suspect. While CK2 regulation of Raf,
a mediator of EGFR/Sev signaling in flies is known [53] and shares many similarities to that in
mammals, if/how Raf phosphorylation fine-tunes signaling has remained obscure. In addition to
EGFR itself, CK2 consensus sites are conserved in several components regulating this pathway such as
Asteroid, Daughter-of-Sevenless, Ret, and Sina, across ~60 × 106 years of Drosophila evolution. While
Notch and EGFR have been generally thought to play opposing roles during development [215,216],
our findings that EGFR/MAPK signaling is necessary for activity of the Notch effector E(spl)-M8
(Section 8, see above) make it likely that the former proposal is an oversimplification. If CK2 were to
stimulate EGFR/MAPK signaling, it would place CK2 at the heart of the repressive effects of Notch
signaling, without which R8 photoreceptors could not be patterned in the developing eye, which would
perturb all subsequent steps of retinal neurogenesis, adult eye architecture, and vision. Given this
possibility, a full and proper biochemical and genetic investigation of these RTK signaling components
seems warranted.

11.3. Protein Turnover

Controlled protein turnover lies at the heart of eye development, wherein controlled degradation
of transcription factors such as E(spl)-M8 seems necessary to allow timely termination of Notch
signaling. We think that degradation, in principle, could be broadly applicable to all aspects of
Notch signaling. Among the proteins identified as potential targets of CK2 are Neuralized (Neur),
Fat-Facets (Faf), and Liquid-Facets (Lqf). Neur, a member of the RING family E3 ubiquitin ligase, is a
key component of Notch signaling pathway, wherein it regulates activation of the Notch ligand via
endocytosis [217,218]. In contrast, Faf is a de-ubiquitination (DUB) enzyme that negatively regulates
RTK/Ras/MAPK signaling [219,220], whereas Lqf possesses Ubiquitin-interaction motifs [221].
Mutations in all three, Neur, Faf and Lqf, are associated with defects in eye development, and thus it
will be of interest to determine how CK2 phosphorylation regulates these three proteins.

11.4. Regulators of the Cell Cycle, Cell Death, Cell Polarity and Cytoskeleton

Eye development hinges upon controlled proliferation of the eye anlagen, coordination of planar
cell polarity that regulates photoreceptor positioning, cell death to remove excess non-specified and
non-differentiated cells, and regulation of the cytoskeleton, which is necessary for formation of the
MF, the apico-basal constriction that marks the initiation of retinal neurogenesis. Members controlling
each of these aspects appear in the list of putative, highly conserved, targets for CK2. These include,
proteins regulating the cell cycle such as the CDK inhibitor Decapo (Dap), the ATR-Chk1 checkpoint
pathway component Claspin, and AXIN1 upregulated 1 (Axud1), and the well-known regulator of
apoptosis Head involution defective (Hid). Other proteins regulating the cytoskeleton include Terribly
reduced optic lobe (Trol), and Prickle, a key regulator of planar cell polarity in the developing eye.

Given the diverse array of potentially new targets of CK2 and the complex eye defects of CK2MB

flies, a proper investigation of the proteome of the developing eye that is targeted by this kinase is
warranted. Such studies will not only illuminate the extent to which CK2 regulates retinal neurogenesis
in flies, but may also reveal new insights into its roles in mammalian eye development.
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12. Summary and Future Perspectives

Many aspects of CK2 functions in Drosophila have emerged from studies from several
laboratories. These include mutants, subunit diversity, functional non-redundancy of CK2-β
homologues, interacting proteins and, importantly, the diverse roles played by this protein kinase
during development. Many of these processes are likely to represent conserved features of animal
development. The challenge before us is to decipher which roles are universally applicable, and which
are specific to taxonomic groups. The availability of CK2 mutants with a perturbed eye now enables
the application of phospho-proteomic studies, such as through the use of Phos-Tag to identify all
phosphoproteins in the developing eye disc [222], rescue CK2MB/CK2MB homozygous animals with
a CK2α-Apex fusion [223,224] enabling direct identification of the CK2 “interactome”, and finally
through genome editing of individual CK2 target genes. Such studies, will, in due course, reveal the
development-specific targets of DmCK2, and provide insights and routes to similar analysis in other
vertebrate model organisms.
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Abstract: The atypical kinase Rio1 is widespread in many organisms, ranging from Archaebacteria to
humans, and is an essential factor in ribosome biogenesis. Little is known about the protein substrates
of the enzyme and small-molecule inhibitors of the kinase. Protein kinase CK2 was the first interaction
partner of Rio1, identified in yeast cells. The enzyme from various sources undergoes CK2-mediated
phosphorylation at several sites and this modification regulates the activity of Rio1. The aim of this
review is to present studies of the relationship between the two different kinases, with respect to
CK2-mediated phosphorylation of Rio1, regulation of Rio1 activity, and similar susceptibility of the
kinases to benzimidazole inhibitors.

Keywords: protein kinase CK2; protein kinase Rio1; phosphorylation; protein-protein interaction;
benzimidazoles

1. Introduction

Protein kinases play important roles in key cellular processes, including the cell cycle, metabolism,
and cell death [1,2]. The protein kinase superfamily with its 518 members comprises one of the
largest protein superfamilies identified in the human genome [3]. In addition to their key roles in cell
physiology, several protein kinases are linked to pathological states, including cancer [4,5]. This fact
makes kinases attractive targets for therapeutic interventions.

The objective of the review article is to present a representative of the RIO family, namely the
atypical protein kinase Rio1. The special intention is to emphasize the relationship of Rio1 from
humans and yeast, with probably the most pleiotropic cellular kinase—CK2. Although the interaction
between these two remarkably different kinases (Figure 1) has not been widely reported to date, we
focus on some common aspects of their activity, namely protein-protein interaction, CK2-mediated
Rio1 phosphorylation, and similar susceptibility to some benzimidazoles.
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Figure 1. Differences and similarities between protein kinases Rio1 and CK2 [6–16]. (A) Comparison of
the 3D structures of hRio1 and hCK2α visualised in PyMOL. The N-terminal β-sheets are coloured
blue, the β-hairpin is coloured orange, the αC-helix is coloured yellow, the hinge is coloured magenta,
the C-lobe α-helices are coloured cyan, the αR-helix is coloured red, the “flexible loop” is represented
by blacked dashed line, and the activation loop is coloured green. (B) Comparison of other features of
the two kinases.

2. Protein Kinase Rio1

RIO kinases comprise an atypical kinase family composed of four subfamilies: Rio1, Rio2, RioK3,
and RioB. The members of the RIO family are evolutionarily conserved and are present in all three
domains of life. RIO kinases exhibit a trimmed version of the domain present in the canonical
eukaryotic protein kinases, which lack the activation loop and the substrate recognition region [7,17,18].
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To date, only one crystal structure of human Rio1 has been developed (PDBID:4OTP). Like canonical
eukaryotic kinases (ePKs) (including CK2), Rio1 consists of two main lobes called the N-terminal and
C-terminal lobes. The N-terminal lobe consists of a 5-stranded antiparallel β-sheet (β1-5) and a single
α-helix (αC), which is located between β3 and β4.

The N-terminal lobe is connected via a “hinge region” to a C-terminal lobe, containing three
α-helices (αE, αF, and αG) and a β-hairpin (β6-7) [12]. In contrast to canonical ePKs, the N-terminal
lobe of Rio1 contains a RIO-kinase-specific α-helix called αR. Another specific structural feature of Rio1
is the presence of a “flexible loop” located between β3, and the density of this region is not observed
in the crystal structure of hRio1. Moreover the Rio1 structure lacks the activation or the “APE” loop
and the substrate recognition motif located within subdomain VIII of the canonical ePKs C-terminal
lobe [7,12,19] (Figure 1).

The enzyme is involved in processes critical for cellular proliferation, including ribosome
biogenesis, cell cycle progression, and chromosome maintenance [12,20,21]. Both in yeast and in
humans, Rio1 is required for the last cytoplasmic step of processing 20S pre-rRNA to mature 18S rRNA,
i.e. the RNA component of the 40S ribosome subunit [12,22–24]. Depletion of Rio1 results in strong
cytoplasmic accumulation of 20S pre-rRNA, a severe decrease in the 18S rRNA level, and finally cell
cycle arrest [20]. Moreover, in humans, the kinase activity of the enzyme is essential for the recycling
of endonuclease hNob1 and its binding partner hDim2 from cytoplasmic pre-40S and the translocation
of the proteins into the nucleus [24]. As far as the process of ribosome biogenesis is concerned, Rio1
can act as a kinase as well as ATPase. Studies on yeast have revealed that Rio1‘s ATPase activity is
required for late 40S biogenesis to regulate its dynamic association with pre-40S particles [12].

While the cytoplasmic functions of Rio1 are well characterized, little is known about its role in
the nucleus, where it is also present. Recent studies have revealed that, Rio1 downregulates RNA
polymerase I (Pol I) during anaphase by targeting its subunits Rpa43, thereby causing the polymerase
to dissociate from rDNA; thus, Rio1 integrates rDNA replication and segregation with ribosome
biogenesis [13].

Interestingly, the protein kinase Rio1 is characterized as an essential enzyme involved in cell
viability; on the one hand; on the other hand only one physiological protein substrate (Rpa43) for
this kinase is known. There are several proteins that undergo Rio1-mediated phosphorylation in vitro,
namely, myelin basic protein, casein, histones H1 and H2A, enolase, Tomato mosaic virus MP, and the
recently discovered subunit of RNA Pol I—Rpa43 [6,8,10,13,25].. The enzyme exhibits a capability of
autophosphorylation at serine residues, but the physiological significance of the modification remains
elusive [6,8]. It has been reported that autophosphorylation reduces oligomerization of Rio1 and
promotes the most active monomeric form of the kinase [10].

3. Rio1 as an Interacting Partner and Target for CK2

There are 18 phosphorylated amino acids within the hRio1 sequence listed at PhosphoSitePlus
(www.phosphosite.org). All the sites mentioned have been revealed by High Throughput Screening,
but not confirmed by site-specific methods. Among all these phosphosites, there are three (S21, S22, and
T509) located within two sequences that fulfil the minimal consensus for phosphorylation by protein
kinase CK2 [11] (Figure 2). Another phosphoproteome analysis project (PHOSIDA) revealed that hRio1
undergoes phosphorylation within the sequence QFDDADS21S22DSENRDL [26,27]. In turn our
recent unpublished data have confirmed serines 21 and 22 as the only sites modified in vitro within
the human kinase Rio1 by protein kinase CK2 (Figure 2).

Interestingly, protein kinase CK2 was the first interaction partner of Rio1, identified in yeast.
By means of co-immunoprecipitation, Angermayr and coworkers revealed that Rio1 preferentially
interacted with CK2α´, but not with the remaining yeast CK2 subunits: CK2α, CK2β, and CK2β´.
Further mutagenesis studies have shown that the C-terminal domain of Rio1 is essential and sufficient
for this interaction [28]. Moreover, with the use of mutant yeast strains, the authors showed Rio1 as a
target of CK2 in vivo, which was phosphorylated mainly by a CK2 heterotetramer containing both
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CK2α and CK2α’ subunits. In vitro kinase assays revealed a total of six clustered serine residues as the
CK2 phosphorylation sites of yeast Rio1 (Figure 2) [28].

Although the physiologically important CK2-mediated phosphorylation of Rio1 affects the serine
cluster, which is present exclusively in the yeast kinase (Figure 2) and has been proven to date in
yeast cells only, it is the relevant starting point for further studies on regulation of the Rio1 via
CK2-mediated phosphorylation.

Figure 2. Alignment of human (Q9BRS2) and yeast Rio1 (Q12196). The alignment was performed using
a Clustal Omega tool on the uniprot.org website. CK2 phosphorylation sites are marked in yellow,
catalytic amino acid residues are marked in red, and the autophosphorylation site is marked in green.
Two putative CK2-phosphorylation sequences in hRio1 are marked with boxes. Identical amino acids
are marked with asterisks, similar amino acids are marked with colons, and different amino acids are
marked with dots.
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4. Regulation of Rio1 via CK2-Mediated Phosphorylation in Yeast

Studies in yeast have revealed that CK2-mediated Rio1 phosphorylation can stimulate the activity
of the atypical kinase in vitro. Six serines (S402, S403, S409, S416, S417, and S419) were identified as
CK2 phosphorylation sites by means of site-directed mutagenesis. Consecutive mutation of the listed
residues resulted in a decreased phosphorylation level, up to total abrogation of the signal in the case
of mutation of all six serines. A Rio1 mutant mimicking the permanently phosphorylated enzyme,
with the serines replaced with aspartic acids, showed approximately two fold higher phosphorylation
activity toward histone H2B in comparison with the wild-type kinase and a Rio1 mutant lacking
CK2-phosphorylated sites (S > A). In order to examine the possible biological importance of the in vitro
studies, yeast cells harbouring a Rio1 mutant lacking serines modified by CK2 or a Rio1 mutant
mimicking the state of permanent CK2-mediated phosphorylation were employed. The former yeast
cells showed a significantly reduced growth rate, while the latter cells behaved indistinguishably from
the wild-type yeast. The results show that phosphorylation of CK2-modified serines is essential
for full activity of the kinase Rio1, and lack of the phosphorylation is disadvantageous for cell
proliferation. Further, the authors revealed that the yeast cells harbouring the Rio1 mutant, which are
not phosphorylated by CK2, had difficulties entering the S phase. Moreover, it has been shown that
the S > A mutant shows low susceptibility to proteolytic degradation in contrast to the wild-type Rio1
and the S > D mutant [28].

In other studies, recombinant tobacco CK2-mediated phosphorylation of Rio1 from Nicotiana
tabacum inhibited the interaction between Rio1 and the Movement Protein from Tomato Mosaic Virus.
The authors suggest that phosphorylation occurs in the region of protein-protein interaction, and the
process disrupts protein binding through changes in the protein conformation of Rio1 [25].

5. Collective Inhibition of CK2 and Rio1 by Benzimidazole Derivatives

Although the possible role of Rio1 in pathogenesis is not well established in comparison to
many other kinases, it has been reported that the enzyme is upregulated in colon cancer, and
there is a direct link between deregulation of ribosome biogenesis and tumor development [16].
In other studies, Read et al. showed that Rio1 and Rio2 were overexpressed in glioblastoma cells in an
Akt-dependent manner and promoted tumorigenesis [29]. Taking this and the essential role of the Rio1
into consideration, the enzyme appears to be an attractive target in the fight against cancer. Therefore,
selective and potent inhibitors of Rio1 are needed.

Currently there are not selective compounds targeting Rio1. The first small-molecule inhibitor of
protein kinase Rio1 discovered is an antibiotic toyocamycin (TOYO). It is capable of inhibiting both
ribosome biogenesis and kinase activity of Rio1 [10]. The antibiotic binds more tightly to Rio1 than
ATP and exhibits mixed inhibition of the enzyme. Toyocamycin affects the kinase by stabilizing its
less active oligomeric form. In other studies, a series of pyridine caffeic acid benzyl amides (CABA)
were tested for their ability to inhibit the autophosphorylation activity of Rio1 [30]. Although three
promising chemicals have been found, their activity starting from IC50 of 48 μM (AG490), at the ATP
concentration of 1 μM which is optimal for Rio1, is rather low.

Derivatives of benzimidazoles are widely reported inhibitors of protein kinase CK2 from
different sources, which show pro-apoptotic properties in tests on cancer cell lines and mouse
xenografts [6,31–35]. While most benzimidazole chemicals show the highest potency against CK2,
many of them can also affect other protein kinases, e.g., PIM, DYRK, or HIPK [31].

Our recent studies have revealed that Rio1 is inhibited in vitro by selected benzimidazoles with
potency similar to that of CK2 (Table 1). The compounds with nanomolar activity against Rio1 appeared
to be the most potent in vitro inhibitors of the kinase identified to date [9].

Interestingly, Rio1 has not been tested before with other kinases in studies on the selectivity of
benzimidazole inhibitors of CK2. Our data have shown that the most potent compound, i.e., TIBI,
can act as a strict ATP-competitive inhibitor of the atypical kinase. Since the first inhibitor of Rio1
discovered, i.e., toyocamycin was reported to stabilize the less catalytically active oligomer and to
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enhance the thermostability of the kinase, we attempted to verify if these phenomena are general
properties of the ATP-competitive inhibitors of Rio1. The results obtained have shown that TIBI does
not influence the ternary structure of Rio1 but enhances the thermostability of the kinase. Molecular
docking calculations have revealed that TIBI binds to the ATP-binding pockets of both kinases in a
similar manner (Figure 3).

Table 1. Inhibitors of protein kinase Rio1 [9,10,30].

TIBI K92 DMAT TBI TBB TCI TOYO AG490

 

Rio1, IC50 [μM]

0.09 0.19 0.19 0.33 1.74 1.9 3.66 47.88

CK2, IC50 [μM]

0.083 0.066 0.19 0.44 0.19 9.7 54.78 n.d. *

*n.d.—not determined.

Although the nanomolar activity of some benzimidazoles against Rio1 could be a promising
starting point in designing novel inhibitors of the kinase, the fact that these compounds target also
many other kinases creates a serious barrier to reaching reasonable selectivity. On the other hand,
taking into consideration the activity of toyocamycin against Rio1 and its selectivity with respect to
CK2, the derivatization of the antibiotic appears to be a more attractive approach in designing potent
and selective Rio1 inhibitors.

Figure 3. Docked binding modes obtained for TIBI in the ATP-binding pocket of (A) Rio1 and (B)
CK2 [9].
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6. Conclusions

Summing up, there are some relationships between Rio1 and CK2. The enzymes can interact
with one another. Rio1 undergoes CK2-mediated phosphorylation and this modification can regulate
Rio1 activity. Although the articles reviewed here clearly show the importance of CK2 activity
in Rio1 regulation, further studies should be carried out, mainly on human cells, in order to
elucidate this interaction. However, the most intriguing aspect of their relationship is the shared
susceptibility to benzimidazole inhibitors. This issue should be taken into consideration when new
benzimidazole-based biologically active chemicals are designed. Considering the limited selectivity of
benzimidazoles, the chemicals are not promising candidates for selective Rio1 inhibitors. However,
benzimidazoles targeting a variety of kinase overexpressed in some pathological states, are widely
used as anti-kinases agents. The novel anti-Rio1 activity of benzimidazoles discovered recently should
be taken into consideration whenever new compounds are tested against a panel of protein kinases,
and in such a case the atypical protein kinase Rio1 cannot be disregarded.
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Abstract: The homeodomain protein PDX-1 is a critical regulator of pancreatic development and
insulin production in pancreatic β-cells. We have recently shown that PDX-1 is a substrate of
protein kinase CK2; a multifunctional protein kinase which is implicated in the regulation of various
cellular aspects, such as differentiation, proliferation, and survival. The CK2 phosphorylation
site of PDX-1 is located within the binding region of the E3 ubiquitin ligase adaptor protein
PCIF1. To study the interaction between PDX-1 and PCIF1 we used immunofluorescence analysis,
co-immunoprecipitation, GST-pull-down studies, and proximity ligation assay (PLA). For the analysis
of the stability of PDX-1 we performed a cycloheximide chase. We used PDX-1 in its wild-type form
as well as phosphomutants of the CK2 phosphorylation site. In pancreatic β-cells PDX-1 binds to
PCIF1. The phosphorylation of PDX-1 by CK2 increases the ratio of PCIF1 bound to PDX-1. The
stability of PDX-1 is extended in the absence of CK2 phosphorylation. Our results identified protein
kinase CK2 as new important modulator of the stability of PDX-1.

Keywords: pancreatic and duodenal homeobox protein PDX-1; PDX-1 C-terminus interacting factor
PCIF1; protein kinase CK2; protein stability

1. Introduction

Protein kinase CK2 is a multifunctional and pleiotropic protein kinase that plays critical roles in
cell differentiation, proliferation, and survival [1–3]. CK2 is a multi-subunit protein kinase which is
generated by the association of two catalytic α- and/or α’- subunits (38–42 kDa) with a dimer of the
27 kDa non-catalytic β-subunit. Up to now CK2 is known to phosphorylate more than 400 different
proteins and the number is rapidly increasing [4]. CK2 phosphorylation of proteins can modulate
the subcellular localization, change DNA binding and transcription factor activities, to mention but a
few [4]. There are several reports that CK2 also affects the stability or break-down of proteins [5–10].

Recently, we identified the transcription factor PDX-1 as a new substrate for protein kinase
CK2 [11]. The pancreatic duodenal homeobox 1 protein (PDX-1), also known as IPF-1, IDX-1, STF-1,
GSF, and IUF-1, is expressed in the region of the developing foregut that later becomes the duodenum,
distal stomach, and pancreas [12,13]. As development proceeds, PDX-1 expression gets restricted to
mostly the hormone-producing β and δ cells of the endocrine pancreas. Murine PDX-1 is a 284 amino
acid-long protein with a central homeodomain flanked by proline-rich N- and C-terminal domains.
A transactivation domain maps to the N-terminus. The homeodomain contains the DNA binding
domain as well as a nuclear localization signal [14,15]. Although the function of the C-terminus is
poorly understood, there is some indication that the C-terminus has an inhibitory function whereas
other data showed, that the C-terminus is required for full transactivation function [16–18]. PDX-1 is
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a phosphoprotein and a number of different kinases is known to phosphorylate PDX-1 (for review
see [19]). Recently, we identified two phosphorylation sites for protein kinase CK2 in the C-terminus
of PDX-1, namely threonine 231 and serine 232 [11] and found that the transcription factor activity of
PDX-1 is modulated by the CK2 phosphorylation. Moreover, both phosphorylation sites are in the
center of the binding domain for PCIF1 (PDX-1 C terminus interacting factor 1) [20], a protein which
targets PDX-1 for ubiquitination and proteasomal degradation [21]. PCIF1, or the human homologue
SPOP (Speckle type POZ (pox virus and zinc finger protein)), acts as E3 ubiquitin ligase adaptor which
binds the Cullin moiety of the E3 ubiquitin ligase complex to their unique substrate binding adaptor
proteins [22]. In the present study, we have analyzed whether the stability of PDX-1 and its interaction
with PCIF1 might be affected by the phosphorylation of CK2 within the PCIF1 binding region.

2. Results

We have previously shown that PDX-1 is a substrate for protein kinase CK2 [11]. Phosphorylation
sites were identified as threonine 231 and serine 232 of mouse PDX-1. We further showed that
the transcription factor activity of PDX-1 is modulated by CK2 phosphorylation. Since the CK2
phosphorylation site of PDX-1 lies in the middle of the interaction domain with the E3 ubiquitin ligase
adaptor protein PCIF1 we wanted to know whether the interaction with and the stability of PDX-1
might be affected by CK2 phosphorylation.

A prerequisite for a physical interaction is the co-localization of two proteins. In a first experiment
we performed an in situ immunofluorescence analysis with PDX-1 and PCIF1 specific antibodies in
mouse pancreatic MIN6 β-cells. Figure 1a shows the localization of PDX-1 (red) and the localization of
PCIF1 (green). Merging both images (yellow color) revealed that PDX-1 and PCIF1 colocalize mostly
in the nucleus. The fact that both proteins are present in the same place does not necessarily mean
that they interact. In a further experiment we, therefore, performed a co-immunoprecipitation with
a PDX-1 specific antibody. As there is a lower abundance of PCIF1 in β insulinoma cells ([20], and
our observation), we transfected MIN6 cells with eukaryotic expression constructs for PDX-1 and
PCIF1. After transfection, cell extracts were incubated with a PDX-1 specific antibody. Proteins of
the immunocomplex were separated by SDS polyacrylamide gel electrophoresis and analyzed by
immunoblot analysis with a PDX-1 specific and a FLAG-tag antibody against PCIF1. The result
shown in Figure 1b demonstrates that both proteins were immunoprecipitated with the PDX-1 specific
antibody (lane IP).

A more refined type of analysis to study the interaction of proteins in situ, is the proximity
ligation assay PLA [23]. To analyze the role of a CK2 phosphorylation of PDX-1 we inhibited the
CK2 activity with the at present most specific CK2 inhibitor CX-4945 [24]. By incubating MIN6 cells
for four hours in the presence of 10 μM CX-4945, CK2 activity was reduced to 20% of the activity of
untreated cells (−) (Figure 2b). As the transcription factor activity of PDX-1 is glucose responsive [25]
and as the interaction with PCIF1 might also be affected by glucose we used glucose concentration
of 5 and 25 mM. MIN6 cells were seeded on coverslips, glucose was withdrawn from the medium
for 5 h and then added again in a concentration of 5 mM (normoglucose) or 25 mM (high glucose) to
stimulate glucose-dependent processes. MIN6 cells were subjected to a PLA analysis with a PDX-1
and a PCIF1 specific antibody. A positive interaction was visualized by red fluorescent dots (Figure 2c).
Counting the dots in three different independent areas demonstrated that glucose had no influence
on the interaction (average 177 vs. 173 dots/50 cells). However, when cells were treated with the
CK2 inhibitor, the mean value decreased to 150 dots/50 cells (85%) under normoglucose and even
to 79 dots/50 cells (45%) under high glucose (Figure 2d). Thus, the interaction of both proteins is
significantly reduced in the presence of the CK2 inhibitor; the reduction is most obvious under high
glucose conditions.
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Figure 1. PDX-1 and PCIF1 interaction in MIN6 cells. (a) Immunofluorescence analysis of endogenous
PDX-1 and PCIF1. MIN6 cells were cultured on coverslips and stained with a polyclonal rabbit
antiserum against PDX-1, a goat polyclonal antiserum against PCIF1 (SPOP K-13) and DAPI for
nuclei staining. As secondary antibodies, ALEXA-FluorTM488 or ALEXA-FluorTM594 were used.
Immunofluorescence was analyzed using a Zeiss Axioskop fluorescence microscope (Zeiss, Jena,
Germany). Magnification: 400×; and (b) co-immunoprecipitation of PDX-1 and PCIF1 from transfected
MIN6 cell extracts. MIN6 cells were transfected with PDX-1 and FLAG-tagged PCIF1 for 24 h. Two mg
of cell extract were precleared twice with a mixture of protein A sepharose beads and CL 4-B agarose
beads over a period of 1 h. The supernatants were incubated with a rabbit PDX-1 antibody for 2 h.
The immunoprecipitated proteins were separated by 12.5% SDS polyacrylamide gel electrophoresis,
transferred to a polyvinylidenfluoride (PVDF) membrane and analyzed by Western blot with the
mouse monoclonal M2 antibody against the FLAG-tag of PCIF1 and the polyclonal rabbit antiserum
against PDX-1. WE: whole cell extract (20 μg), input: 10% of cell extracts used for immunoprecipitation,
C: control without antibody, IP: immunoprecipitate, two independent precipitations.

To prove that the interaction of both proteins is phosphorylation-sensitive we performed a
GST-pull-down assay with wild-type and phosphomutant proteins [26]. PCIF1 is not a known CK2
substrate; by in silico scanning of the polypeptide chain no sequence with the known consensus motif
for CK2 (S/TxxD/E [27]) was found. Thus, we used in vitro translated [35S]-methionine labeled PCIF1
in its wild-type form and incubated it with GST-tagged PDX-1 wild-type and the CK2-phosphodeficient
(PDX-1T231A/S232A) or the CK2-phosphomimicking (PDX-1T231D/S232E) mutant. GST-tagged PDX-1 and
bound PCIF1 were pulled-down with GSH sepharose, complexes were eluted and separated on an
SDS polyacrylamide gel. Proteins were stained with Coomassie blue and subjected to autoradiography.
The result is shown in Figure 3a. The Coomassie blue staining demonstrated that we used equal
amounts of GST-PDX-1 forms. All PDX-1 variants bound to PCIF1, however, the phospho-mimicking
mutant PDX-1T231D/S232E bound considerably more PCIF1. After evaluation of four independent
experiments the binding capacity of the D/E mutant was calculated to be 1.5 fold better than for
wild-type or the AA mutant (Figure 3b). Thus, we conclude that the CK2 phosphorylated form of
PDX-1 binds better to the E3 ubiquitin ligase adaptor protein PCIF1.
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Figure 2. Influence of glucose and CK2 inhibitor CX-4945 on the interaction of PDX-1 and PCIF1.
(a) Chemical structure of CX-4945 (Silmitasertib); (b) in vitro phosphorylation assay in the absence and
presence of CX-4945. MIN6 were treated with DMSO as control (0 μM) or with 10 μM CX-4945 for
24 h. Kinase activity of CK2 in the cell extracts was measured with the synthetic CK2 specific peptide
substrate, RRRDDDSDDD, in the presence of [32P]γATP. Results from three individual experiments are
shown; the activity in the control cells was set to 100%; (c) Duolink® in situ proximity ligation assay
(PLA) of PDX-1 and PCIF1 in MIN6 cells. MIN6 cells were incubated with 5 mM or 25 mM glucose
for 4 h after 5 h starvation and simultaneously with 10 μM CX-4945 (+) or an equal volume DMSO
for control (−). Cells were subjected to Duolink® in situ proximity ligation assay using antibodies
against PDX-1 (polyclonal rabbit antiserum) and PCIF1 (mouse monoclonal antibody SPOP B-8).
Immunofluorescence was analyzed using a Zeiss Axioskop fluorescence microscope (Zeiss, Jena,
Germany); and (d) quantification of the interaction. Single dots were counted in 50 cells of three
different areas. Experiments in the absence of CX-4945 were used as reference (100%). The bar graph
shows the median results of three independent counts.
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Figure 3. Interaction of PDX-1 and PCIF1 as a function of CK2 phosphorylation. (a) GST pull-down
analysis of the PCIF1/PDX-1 interaction. About 10 μg GST-PDX-1WT, GST-PDX-1T231A/S232A,
or GST-PDX-1T231D/S232E were incubated with 7.5 μL of in vitro translated and [35S]-methionine labeled
PCIF1 protein. The formed complex was coupled to GSH sepharose. Proteins eluted from the affinity
resins were analyzed on a 12.5% SDS polyacrylamide gel, stained with Coomassie blue and afterwards
subjected to autoradiography; and (b) after densitometric analysis of the PDX-1 and PCIF1 signals the
PCIF1/PDX-1 ratio was calculated and the relative values were presented as bar graphs referred to the
interaction of wild-type PDX-1 and PCIF1.

In the next step we asked whether binding of PDX-1 to PCIF1 might have an influence on
the stability of PDX-1. To determine the stability of PDX-1 wild-type, as well as of the CK2
phosphorylation mutant PDX-1T231A/S232A, MIN6 cells were transfected with PDX-1 constructs and
30 h after transfection cells were treated with cycloheximide for an inhibition of protein synthesis. Cells
were either extracted immediately (0 h) or after 3, 6, 12, or 24 h of treatment. The cell extracts were
analyzed on an SDS polyacrylamide gel followed by Western blot with an anti-FLAG-tag-antibody.
As shown in Figure 4a, over a time course of 24 h, wild-type PDX-1 degraded more rapidly than the
mutant PDX-1T231A/S232A. The experiment was done in triplicate, the resulting bands for PDX-1 were
scanned, quantified and normalized to the corresponding α-tubulin loading control. The mean ratios
(PDX-1/ α-tubulin) +/- standard deviation of the densitometric quantification are shown in Figure 4b.
The calculated half-life of wild-type PDX-1 was 12 h, which is in the range of published data [28,29]
whereas, the half-life of mutant PDX-1T231A/S232A was about 24 h. Thus, PDX-1, which can no longer
be phosphorylated by CK2, is much more stable than the corresponding wild-type form.
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Figure 4. Stability of PDX-1WT and PDX-1T231A/S232A in MIN6 cells. (a) MIN6 cells were transfected
with FLAG-PDX-1WT or the double mutant FLAG-PDX-1T231A/S232A. Thirty hours post transfection,
cells were treated with 100 μg/ml cycloheximide (CHX) to inhibit the protein synthesis. Cells were
either extracted immediately (0 h) or after 3, 6, 12, and 24 h of treatment. The cell extract was
analyzed on a 12.5% SDS polyacrylamide gel and transferred to a PVDF membrane followed by
Western blotting with anti-FLAG tag- and anti-α-tubulin- antibodies. α-tubulin was used as a
loading control. One representative blot out of three is shown; (b) densitometric quantification of
the PDX-1 protein after normalization to the loading control at each time point. Mean ± S.D. stands
for three independent experiments; (c) MIN6 cells transiently transfected with plasmids encoding
FLAG-PDX-1WT or FLAG-PDX-1S232A/T231A were treated 48 h post transfection with (+) or without
(−) 5 μM MG132 for 11 h. Cells were then lysed and the whole cell extracts were analyzed by Western
blotting using anti FLAG-tag and anti-α-tubulin antibodies. α-tubulin was analyzed as a loading
control. A quantification of the relative FLAG-PDX-1 protein level (FLAG-PDX-1/α-tubulin) is shown
in (d). The results were the mean ± S.D. of three independent experiments.

It was shown that PCIF1 and Cullin 3 target PDX-1 for ubiquitination [21]. Therefore, we
next tested whether the CK2 phosphorylation of PDX-1 might have an influence on its proteasomal
degradation. MIN6 cells were transfected with FLAG-tagged wild-type PDX-1 or with mutant
PDX-1S232A/T231A for 48 h. Cells were treated with or without 5 μM MG132, a proteasome inhibitor,
for another 11 h and lysed. PDX-1 protein levels were analyzed on a 12.5% SDS polyacrylamide
gel and transferred to a PVDF membrane followed by Western blotting using anti-FLAG tag and
anti-α-tubulin antibodies.

As shown in Figure 4c, treatment with MG132 led to a distinct accumulation of wild-type PDX-1
protein, whereas no significant change was observed in the PDX-1 double alanine mutant protein level.
After quantification of the expression of both forms from three independent experiments the increase
for the wild-type protein turned out to be more than 50% (Figure 4d). This observation meant that the
phosphorylation mutant was less sensitive than wild-type PDX-1 to MG132 treatment, which indicated
that the non-phosphorylated form was more resistant to proteasomal degradation whereas wild-type
PDX-1 was targeted for degradation by the proteasome machinery.
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From these various results we conclude that CK2 phosphorylation of PDX-1 has a massive
influence on the stability of PDX-1 and this phosphorylation confers susceptibility of PDX-1 protein to
proteasomal degradation.

3. Discussion

Protein kinase CK2 is classified as a serine/threonine kinase with more than 400 different
substrates, which indicates the pleiotropic functions of CK2 [4]. We have recently identified PDX-1
as a substrate of CK2. PDX-1 is phosphorylated by CK2 at threonine 231 and serine 232 in the
C-terminus [11]. By using CK2 inhibitors as well as by using PDX-1 where the threonine and the serine
residues were mutated to alanine, it was shown that the CK2 phosphorylation of PDX-1 regulates its
transcription factor activity. Here, we show that CK2 phosphorylation of PDX-1 regulates its stability.
Furthermore, we demonstrated that CK2 phosphorylation influences the binding of PDX-1 and PCIF1,
a factor which targets PDX-1 for proteasomal degradation. Our observations are summarized in
Figure 5.

 

Figure 5. Model of the PDX-1-PCIF1 interaction (a) CK2 phosphorylates mouse PDX-1 at threonine 231
and serine 232. This site is located in the middle of a phosphodegron, which binds the E3 ubiquitin
ligase protein PCIF1 in a phosphorylated form. PCIF1 targets PDX-1 to the proteasome where it is
ubiquitinated and subsequently degraded; and (b) upon CK2 inhibition, T231 and S232 of PDX-1 are
not phosphorylated. As these important residues of the phosphodegron are not phosphorylated, the
interaction with PCIF1 is reduced and PDX-1 is more stable.

The stability of some proteins, such as myc [7], ataxin-3 [30], SAG-SCFE3 ubiquitin ligase [31],
PML [8], PTEN [9], VHL [10], and NKX3.1 [32], is regulated by CK2 phosphorylation. Here, we
show that the use of PDX-1, which could no more be phosphorylated by CK2 resulted in an elevated
stability of PDX-1. There are some other reports showing that the stability of PDX-1 is regulated by
phosphorylation. PDX-1 is phosphorylated in vivo on serine 61 and/or serine 66 by glycogen synthase
kinase 3 (GSK3) in pancreatic β-cells [29]. This phosphorylation targets the protein for degradation by
the proteasome, which results in a decreased half-life for the PDX-1 protein. In contrast, treatment of
cells with a proteasome inhibitor led to distinct accumulation of GSK3 phosphorylated PDX-1 protein
at serine 61/serine 66, whereas no significant change was observed for total PDX-1 protein. PDX-1 is
also phosphorylated by the DNA-dependent protein kinase (DNA PK) and by the mammalian sterile
20-like kinase-1 (MST1) in the N-terminus at threonine 11 [33,34]. This phosphorylation resulted in the
ubiquitination and degradation of PDX-1. It is of interest that under diabetic conditions, MST1 was
strongly activated in β-cells of human and mouse islets. An et al. [35] recently reported that murine
PDX-1 is phosphorylated at serine 269 by the homeodomain interacting protein kinase 2 (HIPK2).
Treatment of β-cells with high glucose concentrations resulted in an enhanced phosphorylation at
serine 269. It was further shown that HIPK2 phosphorylation at this site affected neither the stability
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of PDX-1 nor its transactivation potential. However, this phosphorylation affected the subcellular
distribution of PDX-1 in MIN6 cells. The same site is also target of p38 MAPK phosphorylation [36].
p38 interacted with PDX-1 and phosphorylated the human protein at serine 268, which resulted
in an increased expression and decreased ubiquitination of PDX-1. In βTC3 insulinoma cells this
phosphorylation is induced upon a stimulus with glucagon like peptide GLP1 and acts as a positive
regulator of PDX-1. In line with these observations we found that the PDX-1 stability was also affected
by the CK2 phosphorylation of PDX-1 at threonine 231 and serine 232.

For the ubiquitination and subsequent proteasomal degradation of proteins a highly controlled
orchestra of activating E1 enzymes, E2 conjugating enzymes and E3 ubiquitin ligase enzymes is
necessary [36]. Targeting the substrates for ubiquitin-mediated degradation is the responsibility
of adaptor proteins. Murine PCIF1, or its 100% human homologue SPOP, was identified as such
an adaptor protein, which bridges the Cullin 3 moiety of an E3 ligase and its substrate [22];
PDX-1 was identified as one of these PCIF1-binding substrates [20]. Zhuang et al. [37] published
a characteristic PCIF1 binding consensus motif which consists of Π-π-S-S/T-S/T (Π = nonpolar,
π = polar). In SRC-3, another PCIF1-binding substrate, the binding region was defined as DVSST,
where the polar and nonpolar residues occur in a reversed order [38]. For the interaction of PDX-1
and PCIF1, amino acids 210–238 of mouse PDX-1 are essential amino acids [20]. When checking
this region (RSSGTPSGGGGGEEPEQDCAVTSGEELLA), we noticed the sequence 229AVTS232 which
is quite similar to the SRC-3 binding motif of PCIF1. The threonine and serine residue within this
consensus motif are the phosphorylation sites for protein kinase CK2. We found that the binding of
PDX-1 to PCIF1 was enhanced upon using phospho-mimicking mutants where T231 and S232 were
exchanged by an acid residue; on the other hand, PDX-1 binds weaker to PCIF1 upon inhibition of
CK2. There are several examples that binding of E3 ubiquitin ligases, like β-TRCP or FBW7, to their
substrates is modulated by phosphorylation [39–41]. So-called phosphodegrons were also found for
the PCIF1 substrates SRC-3 [38] and the ERG oncoprotein [42]; in both cases serine residues within the
consensus motif are phosphorylated by CK1. The phosphorylation triggers the interaction between
the E3 ligase adaptor protein PCIF1 and its substrate and thereby activates degradation.

PCIF1 is a nuclear protein with a speckled pattern of nuclear staining [20], PDX-1 and PCIF1
co-localize in the nucleus [20] and our observation). PCIF1 together with Cullin 3 mediates the
ubiquitination of PDX-1 which was shown in ubiquitin overexpression systems [20,43]. Here, we
have shown the influence of CK2 phosphorylation of PDX-1 upon its ubiquitination and proteasomal
degradation by using the proteasome inhibitor MG132 [44]. We observed that the phosphorylation
mutant of PDX-1 had a significant prolonged half-life (24 h) compared with the wild-type PDX-1 (12 h).
Furthermore, the wild-type PDX-1, rather than the mutant form of PDX-1, accumulated in response
to treatment with the proteasome inhibitor MG132 in β-cells. Thus, all these findings let us conclude
that CK2-phosphorylated PDX-1 underwent rapid degradation in β- cells by the proteasomal pathway,
further supporting the idea that modification by CK2 phosphorylation served as an important part to
regulate the stability of the PDX-1 protein.

Some studies suggested a stimulatory effect of glucose on PDX-1 phosphorylation [16,22,32],
whereas others showed that glucose stimulation of β-cells decreases PDX-1 phosphorylation [15].
Moreover, a decrease in C-terminal phosphorylation of PDX-1 was associated with an increase
in protein stability. Here, we demonstrated a decrease in binding of PDX-1 to PCIF1 upon CK2
inhibition, which may be the reason for the enhanced stability of the phospho-deficient alanine mutant.
The significance of phosphorylation of PDX-1 for the interaction is more obvious under high glucose
conditions, a situation where the presence of a fully functional PDX-1 is extremely important for the
regulation of insulin transcription, secretion and regulation of blood glucose homeostasis. Therefore,
inhibition of CK2 seems to be an option to increase the stability of PDX-1 and subsequently, the level
of insulin. A CK2 inhibitor is currently under clinical investigation for the treatment of cancer [24].
It may be an interesting question whether this inhibitor can also be used to treat Diabetes mellitus.
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4. Materials and Methods

4.1. Cell Culture and Treatment

The mouse cell line MIN6 [45] was maintained in Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich, Munich, Germany) containing 5.5 mM D-glucose and 2 mM glutamine supplemented
with 15% (v/i) fetal bovine serum and 100 μM β-mercaptoethanol in humidified 5% CO2/95%
air at 37 ◦C.

The CK2 inhibitor CX-4945 (SelleckChem, Munich, Germany) was dissolved in dimethyl
sulfoxide (DMSO) to a 10 mM stock solution, which was used to treat the cells with the given final
concentration. In control experiments we used the same volume of the solvent DMSO alone. To check
the stability of the PDX-1 protein, MIN6 cells were transfected with FLAG-tagged PDX-1WT or with
mutant PDX-1T231A/S232A and then further incubated for 30 h. The proteasome inhibitor MG132
(Calbiochem, Darmstadt, Germany) was dissolved as 10 mM stock solution in DMSO and applied on
transfected cells 48 h post transfection in a final concentration of 5 μM for 11 h.

4.2. Plasmids

Full-length mouse PDX-1 was subcloned into the mammalian expression vector p3xFLAG/
CMV-7.1 (Sigma-Aldrich, Munich, Germany) using the BamH1 site. PDX-1 phosphorylation
mutants were generated using a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA, USA) according to the manufacturer’s protocol. As another eukaryotic expression vector we used
pcDNA3.1-PDX-1WT [11]. PDX-1WT and mutants were also ligated with the bacterial expression vector
pGEX-4T-1 (GE Healthcare, Freiburg, Germany) via its BamH1 site [11]. For mammalian expression
of human PCIF1 we used pFLAG-CMV-2-SPOP, a kind gift of C. H. Chung, Seoul, South Korea [46].
The cDNA of human PCIF1 was also cloned into the BamH1/Xho1 sites of pET28a. All constructs
generated by cloning and mutagenesis were verified by DNA sequencing.

4.3. Extraction of Cells and Western Blot Analysis

For harvesting, cells were scraped off the plate and sedimented by centrifugation (7 min, 4 ◦C,
400× g). Cells were washed with cold phosphate-buffered saline (PBS) and lysed with the double
volume of RIPA buffer (50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 0.5% sodium desoxycholate,
1% Triton X-100, 0.1% sodium dodecylsulfate) supplemented with the protease inhibitor cocktail
completeTM (Roche Diagnostics, Mannheim, Germany). After lysis, cell debris was removed by
centrifugation. The protein content was determined according to a modified Bradford method
(BioRad, Munich, Germany). SDS polyacrylamide gel electrophoresis and Western blot analysis
was performed essentially as described [11]. PDX-1 was detected using a polyclonal antiserum from
rabbit. The mouse monoclonal antibody FLAG M2 (F1804) and the mouse monoclonal antibody
β-tubulin (clone DM1A) were from Sigma-Aldrich (Munich, Germany).

4.4. Co-Immunoprecipitation

For co-immunoprecipitation experiments, MIN6 cells were transfected with pcDNA3.1-PDX-1 and
pFLAG-CMV-2-SPOP using Effectene™ according to the provider (Qiagen, Hilden, Germany). 24 h
after transfection, cells were extracted and 4 mg of total protein was subjected to immunoprecipitation.
The cell lysates were pre-cleared twice with a mixture of protein A sepharose beads and CL 4-B
sepharose beads (GE Healthcare, Freiburg, Germany) over a period of 1 h. The supernatant was
incubated with a rabbit anti PDX-1 antibody for 2 h. Beads were washed four times with PBS (137 mM
NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4). Bound proteins were eluted with SDS
sample buffer (130 mM Tris-HCl, pH 6.8, 0.02% bromophenol blue (w/v), 10% β-mercaptoethanol, 20%
glycerol (v/v), and 4% SDS), and analyzed by Western blot with the M2 FLAG-antibody for PCIF1 and
the polyclonal rabbit antiserum against PDX-1. Proteins were visualized by the ECL Lumilight system
of Roche Diagnostics (Mannheim, Germany).
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4.5. Cycloheximide Chase

MIN6 cells were either transfected with FLAG-PDX-1wt or FLAG-PDX-1T231A/S232A mutant using
Effectene™ (Qiagen, Hilden, Germany) as recommended by the manufacturer. Thirty hours after
transfection, MIN6 cells were cultured in growth medium containing 100 μg/mL cycloheximide
(Sigma-Aldrich GmbH, Munich, Germany) for 0, 3, 6, 12, or 24 h. Cells were harvested and lysed with
RIPA buffer as described earlier and extracts were subjected to SDS polyacrylamide gel electrophoresis
and Western blot analysis. The experiment was performed in triplicate. The PDX-1 signals were
scanned and densitometrically quantified using the Quantity One (version 4.6.7.) software from
BioRad (Munich, Germany). The values were normalized to an α-tubulin loading control which was
analyzed on the same gel. The mean values +/- standard deviation of three independent experiments
were represented in the corresponding graphs.

4.6. Immunofluorescence Analysis

MIN6 cells were seeded in a 6 cm plate on coverslips, cultured overnight, and immunofluorescence
analysis was performed as described [47]. For identification of the PDX-1 protein, a rabbit polyclonal
antiserum generated against the C-terminus of PDX-1 was used. PCIF1 was detected with a
goat polyclonal antibody (SPOP K-13 from Santa Cruz Biotechnologies, Heidelberg, Germany).
Secondary antibodies were goat anti rabbit AlexaFluorTM594 and donkey anti goat AlexaFluorTM488
(Invitrogen, Karlsruhe, Germany). Nuclei were visualized by 4,6-diamino-2-phenylindole (DAPI)
staining. Analysis was carried out by fluorescence imaging performed on an Axioskop fluorescence
microscope (Zeiss, Jena, Germany).

4.7. Duolink® in Situ Proximity Ligation Assay

For detection of the interaction between the PDX-1 protein and PCIF1, we used the Duolink®

in situ Proximity Ligation Assay (PLA, Sigma-Aldrich GmbH, Munich, Germany) according to
the manufacturer’s protocol with MIN6 cells. PDX-1 was detected with the polyclonal rabbit
antiserum, PCIF1 with a mouse monoclonal antibody (SPOP B-8, Santa Cruz Biotechnologies,
Heidelberg, Germany). Detection of the interaction signals was carried out by fluorescence imaging
performed on an Axioskop fluorescence microscope (Zeiss, Jena, Germany).

4.8. GST-Pull Down Assay

The pull-down assay was essentially done as described by Sun et al. [48]. Purified GST-tagged
proteins (10 μg) were immobilized on GSH-sepharose and equilibrated with PBS-T binding buffer
(PBS, pH 7.4, 1% Tween 20). Immobilized proteins were incubated for 2 h at 4 ◦C with 7.5 μL of PCIF1
product from an in vitro translation reaction. The translation from a pET28a-PCIF-1 plasmid was done
as recommended by the manufacturer (Promega GmbH, Mannheim, Germany). After washing with
cold PBS-T, bound proteins were eluted with SDS sample buffer (65 mM Tris-HCl, pH 6.8, 2% SDS,
5% β-mercaptoethanol, 10% glycerol, 0.01% bromophenol blue) and analyzed by SDS polyacrylamide
gel electrophoresis, followed by protein staining with Coomassie blue and autoradiography.

4.9. In Vitro Phosphorylation

To determine the activity of CK2 after its inhibition, cells were treated with CX-4945 or left
untreated, lysed, and the extracts were used in a kinase filter assay. In this assay we measured
the incorporation rate of [32P]-phosphate into the synthetic CK2 specific substrate peptide with the
sequence RRRDDDSDDD [14]. Twenty microliter kinase buffer (50 mM Tris/HCl, pH 7.5, 100 mM
NaCl, 10 mM MgCl2, 1 mM dithiotreitol (DTT)) containing 30 μg protein were mixed with 30 μL CK2
mix (25 mM Tris/HCl, pH 8.5, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 50 μM ATP, 0.19 mM substrate
peptide) containing 10 μCi/500 μl [32P]γ ATP. The mixture was spotted onto a P81 ion exchange paper.
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The paper was washed three times with 85 mM H3PO4. After treatment with ethanol, the paper was
dried and the Čerenkov radiation was determined in a scintillation counter.
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Abstract: Protein kinase CK2 as a holoenzyme is composed of two catalytic α- or α’-subunits and
two non-catalytic β-subunits. Knock-out experiments revealed that CK2α and CK2β are required for
embryonic development. Little is known about the role of CK2 during differentiation of stem cells.
Mesenchymal stem cells (MSCs) are multipotent cells which can be differentiated into adipocytes
in vitro. Thus, MSCs and in particular C3H/10T1/2 cells are excellent tools to study a possible role of
CK2 in adipogenesis. We found downregulation of the CK2 catalytic subunits as well as a decrease in
CK2 kinase activity with progression of differentiation. Inhibition of CK2 using the potent inhibitor
CX-4945 impeded differentiation of C3H/10T1/2 cells into adipocytes. The inhibited cells lacked the
observed decrease in CK2 expression, but showed a constant expression of all three CK2 subunits.
Furthermore, inhibition of CK2 resulted in decreased cell proliferation in the early differentiation
phase. Analysis of the main signaling cascade revealed an elevated expression of C/EBPβ and
C/EBPδ and reduced expression of the adipogenic master regulators C/EBPα and PPARγ2. Thus,
CK2 seems to be implicated in the regulation of different steps early in the adipogenic differentiation
of MSC.

Keywords: adipogenesis; transcription factors; protein kinase; kinase inhibitor

1. Introduction

Mesenchymal stem cells (MSCs) are multipotent progenitor cells which can differentiate into
adipocytes, chondrocytes, osteocytes, myocytes, and many other cell types [1]. Therefore, MSCs
are promising therapeutic tools for tissue regeneration and repair. Understanding the molecular
mechanisms underlying MSC differentiation seems to be important. Over the last few years, protein
kinase CK2 turned out to play a key role in cell differentiation [2–5]. The serine/threonine kinase
CK2 is implicated in a wide variety of different cellular processes including regulation of cell growth,
cell proliferation, and apoptosis [6]. The cellular functions of CK2 are vital for proper cell function,
organogenesis, embryogenesis, and organ homeostasis. In mammalian cells, CK2 is composed of two
catalytic α- or α’-subunits and two non-catalytic β-subunits which form a tetrameric holoenzyme.
In addition, there is increasing evidence for individual activities of the α- or β-subunits aside from the
holoenzyme [7–9]. This notion is supported by the observation that various types of tissues express
different levels of CK2α, CK2α’, or CK2β [9,10].

In mice CK2α knock-out is lethal by embryonic day 11 [3,11]. Knock-out mice for CK2β die at
embryonic day 6 [12], whereas knock-out mice for CK2α’ are viable, but male mice are infertile due to
a defective spermatozoa morphogenesis [13]. During mouse development, CK2 expression is high
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during organogenesis and considerably lower by birth [14]. Furthermore, earlier studies have shown a
distinct role of CK2 during differentiation in several stem cell models for neuronal, osteogenic and
hematopoietic differentiation [15–20]. Little is known about a role of CK2 in the differentiation of
established mesenchymal stem cells to adipocytes [21].

The observation that the CK2 level and the CK2 kinase activity are elevated in cancer cells
compared to normal, healthy cells has fuelled the search for specific inhibitors of the kinase activity
in order to find tools for pharmacological treatment of cancer. There is a steadily increasing number
of CK2 inhibitors published over the last 10 years, which can be classified as ATP analog, substrate
analog, or compounds that inhibit the association of the CK2α and the CK2β subunit (for review
see: [22,23]).

CX-4945 (5-(3-chlorophenyl)amino)benzo[c][2,6]naphthyridine-8-carboxylic acid), also known
as Silmitasertib®, is a potent new-generation, orally available ATP-competitive inhibitor with a high
specificity for CK2 [24,25]. CX-4945 has anti-proliferative activity in many cancer cell lines and is under
clinical trials for cancer therapy [26,27].

Here, we have analyzed the effect of CX-4945 on the differentiation of the multipotent
mesenchymal stem cell line C3H/10T1/2 into adipocytes. We conclude that CK2 positively affects
adipogenesis in several ways early during differentiation.

2. Results

2.1. Characterization of CK2 and Adipogenic Transcription Factors during C3H/10T1/2 Differentiation

There is a limited number of models to study the differentiation of MSCs into adipocytes.
One of the elegant model systems for this type of analysis is the MSC cell line C3H/10T1/2 [28].
To study adipogenesis in cell culture models like mouse embryo fibroblasts or the pre-adipocyte
cell line 3T3-L1, a hormonal mixture—consisting of insulin, the glucocorticoid dexamethasone, and
the phosphodiesterase inhibitor isobutyl-methyl-xanthine (IBMX)—is used. In order to set up the
experimental conditions for the differentiation of C3H/10T1/2 cells, cells were treated with the same
differentiation mix and monitored after a period of 12 days for the appearance of lipid droplets.

As shown in Figure 1a there were no signs of lipid droplets in untreated cells, whereas cells
treated with the hormonal mix were full of droplets. These data show that the mixture of insulin,
dexamethasone and IBMX is sufficient to induce differentiation of C3H/10T1/2 cells into adipocytes
within 12 days. Next, we wondered whether there is an alteration in the expression of the CK2
subunits in the course of the differentiation process. Thus, differentiation was started as described
above. Immediately before the start of differentiation (day 0) and then every two days, cells were lysed
and the proteins in the cell extract were analyzed on a 12.5% SDS polyacrylamide gel followed by a
transfer onto a PVDF membrane and Western blot with CK2α-, CK2α’-, and CK2β-specific antibodies.
An antibody against GAPDH was used as a loading control. At day 4 there seems to be a slight increase
in all three CK2 subunits, from day 6 on there was a continuous decrease in the level of CK2α and
CK2β. CK2α’ was even faster downregulated after day 4 until the end of differentiation at day 12
(Figure 1b). The protein bands for CK2α, CK2α’, and CK2β were quantified from several experiments
and the results are shown in Figure 1c. There was an increase for CK2α at days 4 and 6, whereas
there was a continuous decrease in CK2α’. There was a slight increase in CK2β at day 6 followed by a
decrease in the level of CK2β for the rest of the differentiation process. In order to analyze whether the
decrease in the level of CK2 subunits might also correlate with a decrease in the protein kinase activity,
we measured the CK2 kinase activity in the cell extract using the CK2 specific peptide substrate with
the sequence RRRDDDSDDD [29]. As shown in Figure 1d, protein kinase activity at days 2 and 4 are
mainly constant, whereas from day 6 onwards the kinase activity dropped to around 50% of the level in
undifferentiated cells (day 0). Thus, in parallel to the decrease in the level of CK2α and CK2α’ proteins,
the CK2 kinase activity also decreased. These results indicate that CK2 seems to be dispensable at late
stages of adipogenesis.
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Figure 1. C3H/10T1/2 cells were differentiated for 12 days using IBMX, dexamethasone and insulin.
(a) Bright field images showing the differentiation status at day 12 of differentiation. Control cells
(without differentiation mix) were compared to cells differentiated with the mix. Lipid droplets were
stained red with Oil Red O. Magnification 200×; (b,e) Cells were harvested at given time points
during differentiation and protein expression was detected with specific antibodies using a Western
Blot approach. GAPDH was used as loading control; (c) Quantification of the protein expression of
CK2α, CK2α’, and CK2β normalized to GAPDH; (d) CK2 activity during adipogenic differentiation
of C3H/10T1/2 cells over time shown by the incorporation of [32P]phosphate into the CK2 specific
substrate peptide RRRDDDSDDD.

It is well-known that adipocyte differentiation is largely controlled by two families of
transcription factors, namely the CCAAT/enhancer binding proteins (C/EBPs) and the peroxisome
proliferator-activated receptors (PPARs) [30]. Adipogenesis is characterized by a cascade expression
of C/EBPα, C/EBPβ, C/EBPδ, PPARγ1, and PPARγ2. In order to analyze the influence of the CK2
level and its enzyme activity on the expression of these different transcription factors, we repeated the
experiment described above but in this case cell extracts were analyzed for the expression of C/EBPs
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and PPARγ. GAPDH expression was analyzed as a loading control. C/EBPδ and C/EBPβ were
transiently expressed between day 2 and day 8 of the differentiation process (Figure 1e). C/EBPα
showed a constant increase in the expression in the course of the differentiation process. The expression
of PPARγ2 increased from day 2 on, whereas PPARγ1 showed a maximal expression between day 2
and day 6.

From these results, we conclude that CK2 expression is high at the beginning of differentiation.
Moreover, a programmed expression of different transcription factors is initiated from early time
points of differentiation.

2.2. Inhibition of CK2 Kinase Activity with CX-4945 Influences Differentiation, Proliferation, and CK2
Protein Expression

From the experiments described above, it is tempting to speculate that CK2 might be necessary at
the beginning of the differentiation process, but not in the second part of the differentiation. To prove
this hypothesis, we attempted to study the influence of the inhibition of CK2 on the differentiation.
We chose the inhibitor CX-4945 because it is highly specific for CK2, orally available and in clinical
trials for the treatment of cancer [26,31,32]. The optimal concentration of the CK2 inhibitor has to be
tested for every cell line. Therefore, we incubated proliferating C3H/10T1/2 cells either with DMSO
alone (which is the solvent for CX-4945) or with 5, 10, 15, or 20 μM CX-4945. Kinase activity was tested
with the synthetic substrate peptide [29].

As shown in Figure 2a, there was a concentration-dependent reduction in the CK2 kinase activity
ranging from 60% (5 μM CX-4945) up to 90% (20 μM CX-4945). For the following experiments we
decided to use a concentration of 15 μM CX-4945, which resulted in a residual kinase activity of
around 12%. To make sure, that CX-4945 was able to reduce the CK2 kinase activity during the
whole differentiation process, we determined the activity from day 2 to day 12 of the differentiation.
We found that the kinase activity was reduced by 75% to 85% in the presence of CX-4945 compared to
cells without inhibitor over the whole period of differentiation (Figure 2b). In the next step, cells were
incubated with the differentiation mix either in the presence or absence of 15 μM CX-4945 and the
appearance of lipid droplets was monitored on day 12 of differentiation. As shown in Figure 2c, cells
treated with the hormonal mix exhibited multiple lipid droplets, whereas in the presence of CX-4945
there were virtually no droplets. Thus, inhibition of CK2 by CX-4945 inhibits differentiation of the
MSC cell line C3H/10T1/2 into adipocytes. Furthermore, cells looked healthy after treatment with
CX-4945 and no morphological changes associated with apoptosis could be observed. This observation
is in contrast to the effect of CX-4945 in many cancer cells [26,32].

It is known that 3T3-L1 pre-adipocytes respond to the treatment with the differentiation mix with
mitotic clonal expansion (MCE) and that it is crucial for differentiation [33]. On the contrary, human
MSC do not need MCE [34] and nothing is known about it in C3H/10T1/2 cells. Therefore, we asked
whether CK2 inhibition might have an influence on the proliferation of C3H/10T1/2 cells. Cells were
grown in the absence or presence of CX-4945 and counted at 0, 24, 48, and 72 h after the start of
differentiation. The growth curve analysis, which is shown in Figure 2d, revealed a growth reduction
in the presence of CX-4945. Thus, there seems to be an effect of CK2 inhibition on cell growth before
the entrance into differentiation. A reduction in proliferation due to CX-4945 treatment could be the
result of disturbances in cellular metabolism or apoptosis induction. So subsequently, we used an MTT
assay to analyze metabolic activity 24 and 48 h after start of differentiation. As presented in Figure 2e,
the metabolism of the cells was only marginally influenced by CX-4945-treatment compared to DMSO
control. Apoptosis induction was examined by the detection of caspase-3 and one of its substrates poly
[ADP-ribose] polymerase (PARP), which are cleaved in the event of apoptosis. Figure 2f shows that
a part of caspase-3 and PARP full length proteins were cleaved 48 h after the start of differentiation,
independently of the kind of treatment. Treating the cells with CX-4945 did not significantly enhance
cleavage. From this experiment we conclude that the observed reduction of proliferation is not caused
by metabolic disturbance or apoptosis, but by CK2 inhibition.
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Figure 2. C3H/10T1/2 cells were differentiated in the presence of DMSO or CX-4945. (a) Proliferating
C3H/10T1/2 cells were treated with 5, 10, 15, or 20 μM CX-4945 or DMSO as a control for 24 and 48 h.
CK2 kinase activity was determined in an in vitro phosphorylation assay; (b) Cells were differentiated
with differentiation mix containing DMSO or 15 μM CX-4945 and harvested at given time points.
CK2 activity was determined in the protein extracts to confirm the inhibition over the complete
differentiation process; (c) Differentiation status at day 12 of differentiation in cells treated with DMSO
or 15 μM CX-4945. Lipid droplets were stained with Oil Red O and bright field images were recorded
at 200× magnification; (d) Proliferation of DMSO- or 15 μM CX-4945-treated cells was determined
at 0, 24, 48, and 72 h after the start of differentiation. Cell numbers were normalized to 0 h and are
presented half-logarithmic; (e) Metabolic activity was examined in C3H/10T1/2 cells using MTT assay
after differentiation of DMSO- or 15 μM CX-4945-treated cells for 24 or 48 h. Results were normalized
to DMSO control values; (f) Differentiating cells were harvested 24 or 48 h after start of differentiation
and cleavage of caspase-3 and PARP indicating apoptosis was examined using Western blot analysis
−: untreated, D: DMSO-treated, CX: 15 μM CX-4945-treated, F: full length, Cl: cleavage product;
(g) Western blot images of protein extracts from cells differentiated in the presence of DMSO (D) or
15 μM CX-4945 (CX) using specific antibodies for the CK2-subunits. GAPDH was used as loading
control for all Western blots.
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Since we have shown above that CK2 inhibition by CX-4945 resulted in impaired adipogenic
differentiation, we wondered whether this had an influence on CK2 subunit expression. C3H/10T1/2
cells were treated with the hormonal mix to induce differentiation in the presence or absence of the
CK2 inhibitor CX-4945. Proteins were extracted at different time points up to day 12 of differentiation
and analyzed for CK2α, CK2α’, and CK2β subunits. The Western blot shown in Figure 2g shows
that there is a reduction in CK2α, CK2α’, and CK2β expression during the differentiation, which is in
agreement with the results shown in Figure 1b, whereas in the presence of the CK2 inhibitor (CX) no
reduction could be observed. These results show that downregulation of CK2 subunits is accompanied
with adipogenic differentiation. Inhibition of the kinase activity of CK2 prevents differentiation. In this
case, the levels of the CK2 subunits remain constantly high.

2.3. Inhibition of CK2 Activity with CX-4945 Influences Expression of Important Adipogenic
Transcription Factors

In Figure 1e, we have shown that differentiation of C3H/10T1/2 cells is accompanied by a
specific expression of transcription factors. Therefore, in the next experiment we asked whether
inhibition of CK2 with CX-4945 might influence the expression of these transcription factors. Thus,
C3H/10T1/2 cells were incubated with the differentiation mix either in the presence or absence of
CX-4945. Cells were harvested at different time points after the start of differentiation and proteins
in the cell extracts were analyzed by SDS-polyacrylamide gel electrophoresis followed by Western
blot with specific antibodies against C/EBPα, C/EBPβ, C/EBPδ, and PPARγ2. In this experiment, we
focused on the PPARγ2 isoform, because this is the one responsible for adipogenesis [35,36].

As shown in Figure 3, in the presence of CX-4945, we observed an elevated and prolonged
expression of C/EBPβ and C/EBPδ as well as a reduced expression of C/EBPα and PPARγ2 compared
to the regular differentiation (DMSO). Thus, in addition to the influence on cell growth at early stages
of differentiation, these results point to an influence of the CK2 kinase activity on the expression
of the early transcription factors C/EBPβ and C/EBPδ, which then influence C/EBPα and PPARγ2
expression, leading finally to a block in differentiation.

 

Figure 3. C3H/10T1/2 cells were differentiated in the presence of DMSO (D) or 15 μM CX-4945 (CX)
and harvested at given time points during differentiation. Proteins were extracted and separated on a
12.5% SDS-polyacrylamide gel and transferred to a PVDF-membrane. C/EBPβ, C/EBPδ, C/EBPα, and
PPARγ2 were detected with specific antibodies. GAPDH was used as a loading control.
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3. Discussion

Obesity is a common health problem in industrialized countries, which is closely associated
with other diseases such as hypertension, cancer, diabetes, and atherosclerosis just to mention a
few. Therefore, there is an acute need for new and effective strategies to reduce obesity. Here, we
have used the mouse embryo mesenchymal stem cell line C3H/10T1/2 which was first described
in 1973 [28]. These cells behave in a manner similar to that of mesenchymal stem cells, making
C3H/10T1/2 cells a useful model for cell differentiation. C3H/10T1/2 cells were stimulated either
with BMP2 or with peptides derived from different regions of the bone morphogenetic protein receptor
type Ia (BMPRIa) and then evaluated for their chondrogenic and osteogenic potential. The peptides
were identified as inhibitors of the binding of CK2 to BMPRIa [16]. These peptides activate the BMP
signaling in the absence of BMP [37]. Here, we have used a mix of dexamethasone, IBMX, and
insulin to induce adipogenic differentiation. This process can be monitored by the appearance of lipid
droplets which is more or less completed at day 12 after the start of differentiation. The differentiation
process is governed by the regulated expression of several transcription factors such as C/EBPα,
C/EBPβ, C/EBPδ, and PPARγ. In addition to the regulated expression of these transcription factors
we also observed changing levels of the CK2 subunits. Interestingly, the catalytic CK2α’ subunit
was downregulated rapidly during differentiation whereas CK2α and CK2β initially increased and
then slowly decreased. These results indicate that at least CK2α’ is not necessary for differentiation.
The reduction of the level of the CK2 subunits is accompanied by a decrease in the protein kinase
activity. Therefore, we conclude that neither the CK2 subunits nor the enzymatic activity of CK2 is
required towards the end of differentiation. The CK2 protein levels as well as the CK2 kinase activity
are high at the beginning of differentiation. By immunohistochemistry and by in situ hybridization
CK2 protein levels as well as mRNA levels for the individual subunits were found to be elevated in
mouse embryogenesis [38]. Similar observations were made for rat, chicken, and C. elegans embryonic
development [39–41]. An enhanced expression of CK2 goes along with an elevated CK2 kinase
activity with a maximum at day 11 [14]. Knock-out experiments revealed that CK2α−/− as well as
CK2β−/− mice are embryonically lethal [3,12]. The role of CK2 during differentiation of stem cells is
less clear [17–19]. It was recently shown that in the pre-adipocyte cell line 3T3-L1 CK2 is necessary for
early steps in differentiation which is in agreement with our present observation with C3H/10T1/2
cells [42]. An early step in differentiation of 3T3-L1 cells is one or two rounds of cell division prior
to differentiation and it may well be that CK2 is necessary for this early step. Our present analysis
of the cell growth properties showed that there is indeed an influence of CX-4945 on cell growth.
This observation is compatible with the role of CK2 in proliferation. It is well known that the CK2
level and CK2 activity is high in rapidly proliferating cells such as tumour cells and low in healthy
normal cells [43,44]. Over the last 10 years this particular observation has fuelled the search for specific
inhibitors of the CK2 kinase activity in order to find a new therapeutic approach for the treatment of
cancer. Among the numerous inhibitors now published for CK2 we have chosen CX-4945 because this
inhibitor is bioavailable and used in clinical trials for the treatment of cancer [24,32]. As shown here,
CX-4945 inhibits the differentiation of C3H/10T1/2 cells into adipocytes. This inhibition goes along
with an early induction of the level of C/EBPδ and C/EBPβ. C/EBPδ interacts with C/EBPβ to induce
C/EBPα and PPARγ2 expression during adipogenesis [45]. Our data, however, show that an elevated
level of C/EBPβ and C/EBPδ is not sufficient to stimulate the expression of C/EBPα and PPARγ2,
which are the master regulators of adipogenesis [35,46]. In contrast, there is a reduction in the level of
C/EBPα and PPARγ2 in the presence of the CK2 inhibitor. One reason for this observation may be a
missing CK2 phosphorylation of C/EBPδ and/or C/EBPβ. It was indeed recently shown that C/EBPδ
is phosphorylated by CK2 [47]. Although the binding of C/EBPδ to C/EBPβ is not influenced by the
CK2 phosphorylation of C/EBPδ, it was shown that the CK2 phosphorylated C/EBPδ transactivated
the PPARγ2 promoter better than the non-phosphorylatable C/EBPδ mutant. This observation is in a
good agreement with the results shown here and may explain them.
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In summary, we would like to propose the model shown in Figure 4. CK2 seems to have a triple
influence on early steps during the differentiation of mesenchymal stem cells. First, inhibition of
the CK2 kinase activity reduced cell proliferation; second, CK2 inhibition increased the level of the
two transcription factors C/EBPβ and C/EBPδ; and third, CK2 inhibition leads to a reduction in the
expression of PPARγ2 and C/EBPα, two transcription factors, which are absolutely necessary for the
differentiation into adipocytes.

 

Figure 4. Schematic outline of the observations on adipogenic differentiation after inhibition of CK2
with CX-4945.

4. Materials and Methods

4.1. Cell Culture, Differentiation, and Treatment of Cells

The C3H/10T1/2 cell line (ATCC: CCL-226™) was isolated from a line of C3H mouse embryo
cells [28]. This cell line was kindly provided by Angelika Barnekow, Münster. C3H/10T1/2 cells
can be induced to terminally differentiate into adipocytes by the addition of different hormones or
chemical agents. Cells are maintained in Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher
Scientific, St. Leon-Rot, Germany) supplemented with 10% (v/v) fetal calf serum (FCS) in a humidified
atmosphere containing 5% CO2 at 37 ◦C.

To differentiate C3H/10T1/2 cells into adipocytes, cells were seeded at a density of
2 × 104 cells/cm2. When cells were two days post-confluent, medium was removed and substituted by
the differentiation mix I (DMEM + 10% FCS, 0.5 mM IBMX, 0.25 μM dexamethasone, 5 μg/mL insulin)
(corresponds to day 1 of the differentiation). After three days, mix I was replaced by fresh medium.
From day six on, cells were incubated with differentiation mix II (DMEM + 10% FCS, 5 μg/mL insulin),
which was replaced every three days.

The CK2 inhibitor CX-4945 (Selleckchemicals, Munich, Germany) was dissolved in dimethyl
sulfoxide (DMSO; Merck, Darmstadt, Germany) to a 10 mM stock solution, which was used to treat
the cells in a final concentration of 15 μM throughout the entire differentiation unless otherwise stated.
In control experiments we used the same volume of the solvent DMSO alone.

4.2. Determination of Proliferation and Metabolic Activity

Cells were seeded in 24-well plates (5 × 104 cells/well). After three days, cells were differentiated
in the presence of DMSO or 15 μM CX-4945. To determine proliferation, cells were counted in triplicates
using a Neubauer chamber (factor: 104) at 0, 24, 48 and 72 h after start of differentiation. Cells were
trypsinized and resuspended in a small amount of cell culture medium. A small amount of the
cell suspension was mixed with an equal amount of the diazo dye trypan blue to stain dead cells.
To determine the proliferation rate, only living cells were counted. The cell number determined for 0 h
was set to 1.

To determine metabolic activity, cells were incubated for 1 h with 3-[4,5-dimethylthiazol-2-yl]
2,5-diphenyl tetrazolium bromide (MTT) reagent (1 mg/mL solved in PBS) at 24 and 48 h after start of
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differentiation. Subsequently, cells were lysed with solubilization solution (10% SDS, 0.6% acetic acid
in DMSO) and absorption was measured at 595 nm. Results were normalized to DMSO.

4.3. Extraction of Proteins

Cells were washed with cold PBS, scraped off the plate, centrifuged (250× g, 4 ◦C) and the pellet
was extracted with RIPA-buffer (50 mM Tris-HCl, 160 mM NaCl, 0.5% sodium desoxycholate, 1% Triton
X-100, 0.1% SDS, pH 8.0) in the presence of protease inhibitors (Complete™, Roche Diagnostics,
Mannheim, Germany). After 30 min on ice, cells were sonicated (3 × 30 s). After lysing, the cell debris
was removed by centrifugation at 13,000× g. The protein content was determined with the BioRad
reagent dye (BioRad, Munich, Germany). Protein extracts were immediately used for Western Blot
analysis or for in vitro phosphorylation.

4.4. SDS–Polyacrylamide Gel Electrophoresis and Western Blot Analysis

Proteins were analyzed by SDS-polyacrylamide gel electrophoresis according to the procedure of
Laemmli [48]. Proteins dissolved in sample buffer (130 mM Tris-HCl, pH 6.8, 0.02% bromophenol blue,
10% β-mercaptoethanol, 20% glycerol, 4% SDS) were separated on a 12.5% SDS- polyacrylamide gel in
electrophoresis buffer (25 mM Tris-HCl, pH 8.8, 192 mM glycine, 0.1% SDS) and transferred onto a
PVDF membrane (Roche Diagnostics, Mannheim, Germany) in a buffer containing 20 mM Tris-HCl,
150 mM glycine, pH 8.3. The membrane was blocked with 5% dry milk in TBS-Tween 20 for one hour
and then incubated with appropriate primary antibodies diluted in TBS-Tween 20 with 1% dry milk or
5% bovine serum albumin (BSA) according to the supplier’s instructions. The membrane was washed
twice with the incubation buffer and incubated with the peroxidase-coupled secondary antibody
(anti-rabbit 1:30,000 or anti-mouse 1:10,000 in incubation buffer) for 1 h. Signals were visualized by the
Lumilight system of Roche Diagnostics (Mannheim, Germany).

For the detection of protein kinase CK2 we used rabbit anti-peptide sera #26 (α-subunit),
#30 (α’-subunit) and #32 (β-subunit) [49] and the mouse monoclonal antibody 6D5 (β-subunit) [50]
or antibody 1A5 (α-subunit) [51]. C/EBPβ- (#3087), PPARγ- (#2430), caspase-3- (#9662), and PARP-
(#9542) specific antibodies were from Cell Signalling Technology, the C/EBPδ-specific antibody (sc-151)
was purchased from Santa Cruz Biotechnology Inc. (Heidelberg, Germany) and the C/EBPα- (ab40764)
and PPARγ2- (ab45036) specific antibodies from Abcam (Cambridge, UK). Furthermore, we used a
GAPDH specific antibody (sc-25778) from Santa Cruz Biotechnologies as loading control.

4.5. CK2 In Vitro Phosphorylation Assay

To determine the kinase activity of CK2, cells were lysed and the extracts were used in a kinase
filter assay. In this assay, we measured the incorporation rate of [32P]phosphate into the synthetic
CK2 specific substrate peptide with the sequence RRRDDDSDDD [29]. Twenty μL kinase buffer
(50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl2, 1 mM DTT) containing 30 μg proteins were
mixed with 30 μL CK2 mix (25 mM Tris-HCl, pH 8.5, 150 mM NaCl, 5 mM MgCl2, 1 mM dithiothreitol
(DTT), 50 μM ATP, 0.19 mM substrate peptide) containing 10 μCi/500 μL [32P]-γ-ATP. The mixture
was spotted onto a P81 ion exchange paper. The paper was washed with 85 mM H3PO4 three times.
After treatment with ethanol the paper was dried and the Čerenkov-radiation was determined in a
scintillation counter.

4.6. Staining of Lipid Droplets in C3H/10T1/2 Cells

For staining lipids with Oil Red O (Sigma Aldrich, Munich, Germany), cells were grown in
six-well plates and left untreated or differentiated into adipocytes as described above. After removing
the medium and washing with PBS, cells were fixed in 3.7% formaldehyde in PBS for 2 min at
room temperature and then washed three times with PBS. Oil Red O was dissolved in isopropanol
(0.5 g/100·mL). A 60% solution of Oil Red O was prepared with bi-distilled water, incubated for
10 min at room temperature, and subsequently filtered through a folded filter (3MM, Whatman, UK).
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Cells were incubated with Oil Red O (2 mL/well) for one hour at room temperature. After incubation,
the Oil Red O was removed and cells were washed twice with distilled water. The staining of the lipid
droplets was analyzed by phase contrast microscopy.
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Abstract: The tetrameric protein kinase CK2 was identified playing a role at neuromuscular junctions
by studying CK2β-deficient muscle fibers in mice, and in cultured immortalized C2C12 muscle cells
after individual knockdown of CK2α and CK2β subunits. In muscle cells, CK2 activity appeared
to be at least required for regular aggregation of nicotinic acetylcholine receptors, which serves as
a hallmark for the presence of a postsynaptic apparatus. Here, we set out to determine whether
any other feature accompanies CK2β-deficient muscle fibers. Hind limb muscles gastrocnemius,
plantaris, and soleus of adult wildtype and CK2β-deficient mice were dissected, cross-sectioned,
and stained histochemically by Gomori trichrome and for nicotinamide adenine dinucleotide (NADH)
dehydrogenase and succinate dehydrogenase (SDH) enzymatic activities. A reduction of oxidative
enzymatic activity was determined for CK2β-deficient muscle fibers in comparison with wildtype
controls. Importantly, the CK2β-deficient fibers, muscle fibers that typically exhibit high NADH
dehydrogenase and SDH activities, like slow-type fibers, showed a marked reduction in these
activities. Altogether, our data indicate additional impairments in the absence of CK2β in skeletal
muscle fibers, pointing to an eventual mitochondrial myopathy.

Keywords: protein kinase CK2; skeletal muscle; C2C12; myopathy

1. Introduction

CK2 is a highly conserved, ubiquitously expressed serine/threonine kinase present in all
eukaryotes [1,2]. It is involved in many biological processes, such as proliferation, apoptosis,
differentiation, and tumorigenesis. The CK2 holoenzyme consists of a tetramer of two catalytic
(α/α′) and two regulatory (β) subunits. Ablation studies have demonstrated the inability of CK2α
to compensate for the loss of CK2α′ during mouse spermatogenesis [3,4], suggesting functional
specialization. In mice, disruption of the gene encoding the CK2β subunit is lethal at a very early
embryonic stage [5]. The precise mode of regulation of CK2 activity is poorly defined; i.e., as to whether
CK2 is constitutively active or modulated in response to stimuli [1]. Recently, the involvement of CK2
in Wnt signaling, namely the canonical Wnt/β-catenin signaling pathway, has been reported [6,7].
Non-canonical Wnt signaling, like the planar-cell polarity pathway, is implicated in post-synaptic
cytoskeletal reorganization. Members of Wnt signaling pathways, such as β-catenin, disheveled,
and the tumor suppressor protein adenomatous polyposis coli, directly associate with proteins
assembling the post-synaptic apparatus [8–10]. Canonical Wnt signaling is even active in adult
skeletal muscle fibers [11]. Previously, CK2 was identified in mammalian skeletal muscle cells
phosphorylating glycogen synthase from rabbit skeletal muscle [12]. Later, CK2 was reported
being linked to the aggregation of nicotinic acetylcholine receptors and interacting with several
components of the postsynaptic machinery, regardless whether in cultured immortalized C2C12
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cells or in mice [13,14]. CK2β was shown to strongly interact with the phosphorylated intracellular
domain of the muscle-specific receptor tyrosine kinase MuSK at the neuromuscular junction (NMJ) [13].
This interaction requires the entire intracellular MuSK domain with the exception of the C-terminal
PDZ-binding motif, as well as the positive regulatory domain of CK2β [13]. Further, phosphorylation of
serine residues within the kinase insert domain of MuSK by CK2 was demonstrated [13]. Importantly,
phosphorylation of MuSK by CK2 prevents fragmentation of the NMJs [13]. Generation and
characterization of myotube-specific CK2β knockout mice corroborated in vitro data and showed
loss of muscle grip strength in an age-dependent fashion [13]. Later, at the NMJ CK2 was shown
to additionally interact with the α and β subunits of the nicotinic acetylcholine receptors (AChR),
disheveled, and strongly with Rapsyn, Rac1, 14-3-3γ, and Dok-7 [14]. It turned out that CK2
phosphorylates 14-3-3γ and Dok-7, but not Rapsyn or Rac1, at several serine residues [14]. Importantly,
phosphomimetic Dok-7 mutants aggregate AChRs in C2C12 myotubes with a significantly higher
frequency than wildtype Dok-7 [14]. In another report, 34 muscle biopsies of human patients with
different muscle pathologies were analyzed regarding CK2 transcript amount and enzymatic activity.
Interestingly, holoenzyme CK2 kinase activity was highly variable in limb girdle muscular dystrophy
(LGMD) patients and appeared to be lower in mitochondrial myopathy patients [15].

Here, we set out to determine whether different histochemical stainings of hind limb muscle
cross-sections of CK2β-deficient mice can enable us to gain more insight into potential extra-synaptic
impairments of their skeletal muscle fibers. In comparison with wildtype controls, accumulated
aggregates were detectable at the subsarcolemmal membrane of CK2β-deficient skeletal muscle fibers
and accompanied by a lack of oxidative enzymatic activities of nicotinamide adenine dinucleotide
(NADH) dehydrogenase and succinate dehydrogenase (SDH).

2. Results

CK2 is ubiquitously expressed and was reported to be further accumulated at the postsynaptic
apparatus of skeletal muscle fibers [13,14]. We wondered about the subcellular localization of
extra-synaptic CK2 within muscle fibers. After transfection of protein fusions of individual CK2
subunits with GFP into primary cultured muscle cells and their differentiation to myotubes, the
GFP fluorophore was detected all along the myotubes, indicating that CK2 might be also necessary
at extra-synaptic sites (data not shown). To look for extra-synaptic changes, mutant hind limb
muscle fiber cryosections of adult (>6–8 months) wildtype and mutant mice were stained with
hematoxylin and eosin. Gastrocnemius, plantaris, and soleus muscle cross sections possessed fibers
of smaller and variable diameters, containing a significantly higher number of central nuclei and
partly subsarcolemmal aggregations (data not shown). We set out to determine whether other types of
histochemical stainings might elucidate potential changes comparing wildtype and CK2β-deficient
muscles. We decided to choose the hind limb muscles, gastrocnemius, plantaris, and soleus, which
represent examples of both glycolytic and oxidative skeletal muscles. While gastrocnemius is mostly
composed of glycolytic fibers, plantaris contains some oxidative fibers. The soleus muscle in mice
is mainly composed of glycolytic and oxidative fibers in a similar ratio. Low-resolution images of
different histochemical stainings demonstrated subsarcolemmal aggregates on cryosections from
mutant, but not wildtype muscles (Figure 1). Further, a high number of tiny little speckles were visible
on mutant sections and not on the wild types, especially at high-resolution (Figures 1–3). We proceeded
to examine histochemical stainings of the hind limb muscles by high-resolution microscopy and
densitometrical quantifications of staining patterns (Figures 2 and 3).
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Figure 1. Typical images of full size hind limb cross sections after application of different types
of histochemical stainings show gastrocnemius (G), plantaris (P), and soleus (S) of wildtype and
CK2β-deficient (CK2Δ/Δ HSA-Cre) muscles of mice. Histochemical stainings by Gomori trichrome and
for detection of NADH dehydrogenase and SDH enzyme activities are indicated.

2.1. Gomori Trichrome Staining Revealed Impairments in CK2β-Deficient Muscle Fibers

Gomori trichrome is a staining procedure that combines the plasma and connective fiber stain
in a phosphotungstic acid solution to which glacial acetic acid has been added [16]. It is commonly
used to identify potential metabolic impairments in human muscle pathologies, likely indicating
mitochondrial myopathies. Skeletal muscle fibers containing structurally abnormal mitochondria
below the sarcolemmal membrane and within the fiber itself that stain red with Gomori trichrome
staining are occasionally seen in mitochondrial myopathies and in other myopathy disorders. Cross
sections of plantaris and soleus muscle from adult wildtype and CK2β-deficient mice were stained with
Gomori trichrome and imaged by high-resolution microscopy (Figures 2 and 3). Interestingly, muscles
from CK2β-deficient mice in comparison with wildtype controls contained red-colored subsarcolemmal
aggregates within their muscle fibers (Figures 2 and 3). Most likely, these aggregates indicate abnormal
mitochondria which accumulated at the subsarcolemmal membrane (Figures 2 and 3).
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Figure 2. Typical images of hind limb cross sections after different histochemical stainings show
plantaris muscles of wildtype and CK2β-deficient mice at high resolution. Note that mitochondria
appear accumulated at the subsarcolemmal membrane of CK2β-deficient muscle fibers (red-colored
in Gomori trichrome-stained muscle sections), while after NADH dehydrogenase and SDH stainings
dark-colored slow type muscle fibers in wildtype cross sections are less dark-colored in CK2β-deficient
muscle fibers. Further, in comparison with wildtype muscles fiber diameters are significantly reduced
on mutant muscle cross sections. The scale bar shown is representative for all images of muscle
cross-sections in this figure.

2.2. Nicotinamide Adenine Dinucleotide (NADH) Dehydrogenase Staining Detected a Diminished Enzymatic
Activity in CK2β-Deficient Muscle Fibers

NADH tetrazolium reductases are flavoprotein enzymes that have the property of
transferring hydrogen from a reduced nicotinamide adenine dinucleotide (NADH) to various
dyes. Usually, tetrazolium compounds function as the hydrogen acceptor when these reductases
are being demonstrated histochemically, and the product of the reduction is the water-insoluble
purple-blue formazan pigment marking the site of enzyme activity [17]. Accordingly, this staining
detects the activity of the enzyme NADH dehydrogenase, which is also called NADH/coenzyme
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Q-Oxidoreductase; or briefly NADH reductase. Here, we will use the term NADH dehydrogenase
or NADH dehydrogenase staining. We continued investigating cross sections of plantaris and
soleus muscle from adult wildtype and CK2β-deficient mice by NADH dehydrogenase staining
(Figures 2 and 3). By Gomori trichrome staining, we observed that muscles from CK2β-deficient
mice appear to be accompanied by abnormal mitochondria (Figures 2 and 3). We wondered
whether changes in the oxidative capacity of CK2β-deficient skeletal muscle fibers were reflected
in NADH dehydrogenase staining. We detected a significant number of dark-colored fibers in
wildtype muscle cross sections, pointing to slow fiber types known to contain a high number of
mitochondria (Figures 2 and 3). In comparison, CK2β-deficient skeletal muscle fibers did not possess
these dark-colored NADH dehydrogenase stained fibers. Instead, CK2β-deficient muscles contained
fibers which were only slightly more colored compared to neighboring fast fibers (Figures 2 and 3).
The loss of color intensity of slow type fibers was densitometrically examined and compared between
wildtype and CK2β-deficient skeletal muscle fibers (Figures 2 and 3). CK2β-deficient slow type muscle
fibers were 0.74-fold less dark-colored in plantaris and 0.76-fold less dark-colored in soleus muscles in
comparison with wildtype controls (Table 1).

Figure 3. High-resolution images of hind limb cross sections after different histochemical stainings
show soleus muscles of wildtype and CK2β-deficient mice. Note that, in comparison with wildtype
controls, cross sections of CK2β-deficient muscle fibers are of more granular appearance after NADH
dehydrogenase and SDH staining, and there are a significant number of fibers with lower diameter.
The scale bar shown is representative for all images of muscle cross-sections.
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Table 1. Densitometry measurement of NADH dehydrogenase and SDH staining intensities in slow
type fibers of plantaris and soleus muscle of wildtype and CK2β-deficient mice.

Densitometry Wildtype CK2βΔ/Δ HSA-Cre

Plantaris

NADH dehydrogenase 221.6 ± 1.37, N = 43 165.9 ± 2.97, N = 46
SDH 186.4 ± 2.24, N = 50 109.8 ± 1.88, N = 46

Soleus

NADH dehydrogenase 221.4 ± 0.87, N = 37 169.5 ± 2.46, N = 47
SDH 193.8 ± 1.30, N = 35 141.0 ± 2.90, N = 42

2.3. Succinate Dehydrogenase Activity Is Reduced in CK2β-Deficient Muscle Fibers

Succinic dehydrogenase (SDH) catalyzes the oxidation of succinic acid to fumaric acid.
The histochemical activity of this enzyme is detectable as a change in color of muscle fibers after
incubation of muscle tissue sections with a succinate substrate in the presence of a tetrazolium
compound, a water-soluble compound employed in histochemistry as a redox indicator [17]. The rest
of this staining chemistry is comparable to the NADH dehydrogenase staining procedure [17].
Cross sections of adult muscles from wildtype and CK2β-deficient mice were made and stained to
reveal SDH activity and determine oxidative capacity of respective skeletal muscle fibers. Importantly,
slow fiber types of CK2β-deficient muscles were significantly less intensively dark-colored compared
to slow fiber types of wildtype muscles. The change in oxidative capacity of slow type fibers of
CK2β-deficient muscles was quantified densitometrically and turned out to be 1.37-fold higher in
wildtype, in comparison with CK2β-deficient soleus, and 1.69-fold in comparison with CK2β-deficient
plantaris muscle fibers (Table 1).

3. Discussion

Up to now, protein kinase CK2 was shown in muscle cells most likely responsible for the
maintenance, rather than the formation, of NMJs [13,14]. Interestingly, analyzing CK2 transcript
distribution and enzyme activity in human skeletal muscle biopsies from patients suffering either
from LGMD of unknown classification, mitochondrial myopathy, or neurogenic muscular atrophy,
and normal controls, no significant changes were observed [15]. However, a high variation of
CK2 activity was detected in biopsies from LGMD patients [15]. In the case of the mitochondrial
myopathy patients, in three out of four biopsies, a decrease of CK2 activity was detected [15].
Here, we examined hind limb muscle cross sections of wildtype and CK2β-deficient mice and looked
for additional extra-synaptic impairments by different type of histochemical stainings. By regular
hematoxylin and eosin staining, we detected smaller and variable fiber diameters and central nuclei
on CK2β-deficient muscle cross sections in comparison with wildtype controls (data not shown).
These findings encouraged us to investigate in more detail potential changes between CK2β-deficient
and wildtype muscles by applying Gomori trichrome staining and stainings that allow for the
measurement of the oxidative capacity of CK2β-deficient muscle fibers by detecting the activities of
NADH dehydrogenase and SDH (Figures 2 and 3). It turned out that, by Gomori trichrome, NADH
dehydrogenase, and SDH stainings (Figures 2 and 3), mutant fibers were on average reduced in
diameter, as detected by hematoxylin and eosin stainings (data not shown). Importantly, Gomori
trichrome staining detected accumulations at the subsarcolemmal membrane, most likely pointing to
mitochondria and indicating changes in the oxidative capacity of the CK2-deficient skeletal muscle
fibers (Figures 1–3). During development, several weeks after birth muscle fibers gradually mature
into adult muscle fibers. Slow type fibers are known to possess more mitochondria and a higher
oxidative capacity. They become dark-colored after NADH dehydrogenase and SDH staining. In this
study, we investigated gastrocnemius, plantaris, and soleus muscles by histochemical stainings and
detected the oxidative fibers of CK2β-deficient muscle fibers less intensely stained in comparison with
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wildtype controls (Figures 1–3). These less colored fibers in CK2β-deficient muscles appear to be the
remains of previously dark-colored oxidative fibers (Figures 2 and 3).

Our data indicate a potential role of the protein kinase CK2 regarding oxidative metabolism in
adult skeletal muscle fibers. Further experiments are required to identify the molecular mechanism
and understand the potential impact of CK2 regarding human myopathies.

4. Materials and Methods

4.1. Mice Mating and Genotyping

Mice mating and genotyping were performed as described previously [5,13,18]. Mouse
experiments were performed in accordance with animal welfare laws and approved by the
responsible local committees (animal protection officer, Sachgebiet Tierschutzangelegenheiten, FAU
Erlangen-Nuremberg, AZ: I/39/EE006 and TS-07/11) and government bodies (Regierung von
Unterfranken). Mice were housed in cages that were maintained in a room with temperature 22 ± 1 ◦C
and relative humidity 50%–60% on a 12 h light/dark cycle. Water and food were provided ad libitum.

4.2. Dissecting of Skeletal Muscles and Tissue Sections

Hind limb muscles were dissected and then quick-frozen in prechilled isopentane as described [13].
Muscles were cryotome-sectioned (10 μm). Cryotome sections were used for histochemical stainings.
Sections were embedded in DPX or mowiol (Sigma-Aldrich Chemie GmbH, München, Germany) as
earlier described [11,19].

4.3. Histochemical Stainings, Immunohistochemistry, Imaging, and Data Analysis

Modified Gomori trichrome staining was perfomed by incubation of muscle sections in Shandon
hematoxylin (Fisher Scientific GmbH, Schwerte, Germany) for 15 min, followed by a 15 min wash in
tap water and 45 min incubation in Gomori solution (Sigma-Aldrich Chemie GmbH), washed in tap
water, and incubated in 100% ethanol.

For nicotinamide adenine dinucleotide (NADH) dehydrogenase staining, sections were incubated
for 30 min at 37 ◦C in a solution containing NBT (Sigma-Aldrich Chemie GmbH), 50 mM Tris/HCl,
and NADH (Sigma-Aldrich Chemie GmbH), then washed in distilled water.

For succinate dehydrogenase (SDH) staining sections were incubated for 45 min at 37 ◦C in a
solution containing Tris 0.2 M pH 7.2, cobalt (II)-chloride, MTT (methylthiazolyldiphenyl-tetrazolium
bromide), and NADH. Afterwards, sections were incubated for 30 min in 4% PFA and washed in H2O.

Stained cryosections were analyzed and documented using a Zeiss Axio Examiner Z1 microscope
equipped with an AxioCam MRm camera and ZEISS AxioVision Release 4.8 (Carl Zeiss MicroImaging,
Göttingen, Germany). Densitometric quantifications were done using ImageJ [20].

4.4. Statistical Analysis

Data are presented as the mean values, and the error bars indicate ± standard deviation.
The number of biological replicates per experimental variable (n) is usually n > 5 or as indicated
in the figure legends. The significance was calculated by an unpaired two-tailed t test, or as indicated
by the figure legends, and are provided as real p-values that are believed to be categorized for different
significance levels. *** p < 0.001, ** p < 0.01, or * p < 0.05.
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