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ABSTRACT: Detection of disease biomarkers constitutes a major challenge for development of personalized and predictive diag-
nostics as well as companion assays. Protein kinases (PK) involved in coordination of cell cycle progression and proliferation that
are hyperactivated in human cancers constitute attractive pharmacological targets and relevant biomarkers. Although it is relatively
straightforward to assess the relative abundance of PKs in a biological sample, there is not always a direct correlation with enzymatic
activity, which is regulated by several posttranslational mechanisms. Studies of relative abundance therefore convey limited infor-
mation and the lack of selective, sensitive and standardized tools together with the inherent complexity of biological samples makes
it difficult to quantify PK activities in physio-pathological tissues. To address this challenge, we have developed a toolbox of fluo-
rescent biosensors that report on CDK activities in a sensitive, selective, dose-dependent, and quantitative fashion, which we have
implemented to profile CDK activity signatures in cancer cell lines and biopsies from human tumours. In this study we report on a
standardized and calibrated biosensing approach to quantify CDK1,2,4 and 6 activities simultaneously through combination of four
different biosensors in a panel of 40 lung adenocarcinoma and 40 follicular lymphoma samples. CDK activity profiling highlighted
two major patterns which were further correlated with age, sex of patients, tumour size, grade, genetic and immunohistochemical
features of the biopsies. Multiplex CDKACT biosensing technology provides new and complementary information relative to current
genetic and immunohistochemical characterization of tumour biopsies, which will be useful for diagnostic purposes, potentially guid-
ing therapeutic decision. These fluorescent peptide biosensors offer promises for personalized diagnostics based on kinase activity

profiling.

Protein Kinases (PKs) are important and established game-
players in biological signalling pathways and a wide variety of
genetic, transcriptomic and proteomic studies point to PK
dysregulation and rewiring of kinase networks in disease [1-9].
PK signalling pathways, activities and functions undergo nu-
merous alterations in disease. A large body of evidence has re-
vealed significant rewiring within PK networks and altered
crosstalk between signalling pathways [5-9]. PKs involved in
coordination of cell proliferation are notoriously hyperactivated
in cancer [10-14]. As such they constitute attractive pharmaco-
logical targets for an arsenal of FDA-approved inhibitors and
established biomarkers in human cancers [15-21]. In particular
PKs involved in cell cycle regulation are often amplified, over-
expressed or hyperactivated in cancer, due to constitutively ac-
tivating mutations or modulators from upstream regulatory
pathways [10, 13, 14].

Detection of disease biomarkers for diagnostics and compan-
ion assays is of major importance for improving early and per-
sonalized therapeutics. Despite their attractivity as pathological
targets, PKs remain largely underexploited as biomarkers for
diagnostics. Indeed, although it is relatively straightforward to
assess the relative abundance of PKs in biological samples
through antigenic approaches such as Western blotting or
ELISA, there is not always a direct correlation between PK pro-

tein expression levels and their functional activity, which is sub-
ject to numerous posttranslational modifications, interactions
with regulatory partners, and stimuli from upstream signalling
pathways [22]. The lack of selective and sensitive tools ena-
bling direct quantification PK activities in complex samples,
such as patient biopsies, constitutes a serious limitation to ex-
ploitation of PK activities as cancer biomarkers, for predictive
diagnostics and therapeutic purposes.

Technologies that report on PK activity are essential for com-
plete appreciation of their behaviour in physio-pathological set-
tings [23-25]. Tools tailored to profile the activity of PKSs in tu-
mour biopsies and precancerous lesions could provide precious
functional information which cannot be obtained by genetic,
transcriptomic or immunohistochemical analysis of samples.
Moreover, since cancers are not monofactorial diseases and re-
sult from combinations of molecular alterations, technologies
that would report on a panel of relevant PK activities in the
same sample would not only be cost- and time-effective, but
also enable identification of more global biomarker signatures
associated with disease.

Fluorescent Biosensors constitute attractive tools for probing
biomolecules in complex environments and are well suited for
highlighting biomarkers and molecular alterations associated
with pathological disorders [26-32]. In particular, a wide variety



of fluorescent biosensors have been developed to report on PK
activities in vitro or in cell-based assays, thereby enabling to
monitor the dynamics and quantify the activity of these en-
zymes [30-37]. Genetically-encoded biosensors have been de-
scribed for imaging oncogenic kinase activities in living cells
and tumours and for multiplex imaging in cultured cells [34,
35]. Likewise multiplex assays based on synthetic biosensors
have been designed to assess PK activities in cell extracts by
several groups [36-40]. However, so far, no multiplex approach
has been implemented to profile PK activities in pathological
samples, such as human biopsies from patients with cancer,
with a diagnostic perspective.

Cyclin-dependent kinases (CDK/Cyclins) form a family of
heterodimeric Ser/Thr protein kinases that were initially identi-
fied for their roles in cell cycle progression [41, 42]. They are
notoriously dysregulated in many human cancers, due to ge-
netic amplification of CDK or cyclin genes, to truncation, point
mutation or protein overexpression, which generally leads to
constitutive hyperactivation of CDK activity, and several drugs
have been approved by the FDA as targeted therapeutics [43,
44]. In order to monitor CDK/Cyclin activities in complex bio-
logical samples, our group has developed a toolbox of fluores-
cent biosensors through conjugation of environmentally-sensi-
tive probes to synthetic peptide scaffolds derived from CDK
substrates, associated with a short phospho amino acid binding
domain (PAABD) derived from a WW domain [45, 46]. Upon
phosphorylation by an active kinase, these biosensors convert
from an open to a closed conformation in which the PAABD
binds the phosphorylated substrate moiety, thereby altering the
local environment of the fluorescent dye, and consequently pro-
moting a significantly detectable and quantifiable change in flu-
orescence emission. Specifically, we have engineered a CDK4-
specific biosensor which enables quantification CDK4 hyper-
activity in skin cancer cell lines, biopsies and melanoma xeno-
grafts [47], a CDK®6 biosensor, derived from which was imple-
mented to compare CDK6 and CDK4 activities in lung cancer
[48], a CDKS5 biosensor for neuronal disorders such as glioblas-
toma [49], and a CDK1 biosensor conjugated to carbon nano-
tubes for in vivo imaging in tumour xenografts in mice [50].
These biosensors were not only carefully designed and engi-
neered from substrates that are selective for each kinase of in-
terest, their selectivity and sensitivity were thoroughly charac-
terized using recombinant CDKSs, and a combination of sSiRNA
and of CDK and PK inhibitors. CDKs are present at subnano-
molar concentrations in cultured cell lines and the exquisite sen-
sitivity of these biosensors enables detection of CDK activities
in 40-100 ug total protein lysates from cultured cells, with a dy-
namic range between 20-60% fluorescent enhancement. These
synthetic biosensors offer straightforward means of quantifying
differences in PK activities between healthy and cancer cells
and report on alterations in response to therapeutics in a sensi-
tive and selective fashion. Moreover, we have successfully
shown that we could combine two different fluorescent peptide
biosensors to characterize CDK2 and CDK4 activites in psoria-
sis, on the one hand [51], and to quantify the relative CDK4 and
CDKG® activities in cell lines derived from patients with meso-
thelioma on the other [48].

In the present study, we have combined an ensemble of
CDKACT biosensors to profile CDK1, 2, 4 and 6 activities sim-
ultaneously first in lysates from cultured cell lines to establish
a proof-of-concept for a multiplex approach, which we then
implemented to profile these four kinase activities in a panel of
human lung adenocarcinoma and lymphoma biopsies.

RESULTS and DISCUSSION

Multisensing CDK activities in lysates from different cell
lines. In order to monitor several CDK activities simultaneously
in the same sample and establish a proof-of-concept for multi-
plexing PK activities in lysates derived from cell extracts, we
first developed an assay enabling implementation of four
CDKACT biosensors we previously engineered and validated
[45-51] to quantify relative CDK1, 2, 4 and 6 activities simul-
taneously in one same cell extract (Figure 1A). To this aim, 150
nM TAMRA-labelled CDKACTL, 2, 4 and 6 were incubated
with 100ug lysates from different cell lines (A375, A549, PC9,
H1299, HelLa, MCF7, MDA, HCT116) and relative fluores-
cence enhancement was monitored over time. Statistical anal-
yses of n=5-8 activity assays revealed differences in CDK ac-
tivity profiles in different cell lines of different origins, as well
as between cell lines with different genetic backgrounds, as
summarized in the bar plots in Figure 1B (Suppl. Fig. S1-5).
For instance, comparison of three different lung cancer cell
lines, A549, PC9 and H1299 reveals different CDK activity
profiles, with significantly greater CDK4 hyperactivity in A549
cells (>40% enhancement of CDKACT4 fluorescence), relative
to CDK1 and 2 activities (<20%), and an intermediate level of
CDKG activity (25%). In PC9 and H1299 cells, CDK1 activities
were greater than in A549 cells, and in PC9 cells CDK2 activity
was much greater than in A549, in which CDK2 activity was
similar to that of H1299. The melanoma A375 cell line dis-
played similar CDK4 and 6 activities to PC9 cells, with how-
ever lower CDK1 and intermediate CDK2 activities. In the
HCT116 cancer colorectal, cell line CDK1,4,6 activities were
all quite high (30-35% fluorescence enhancement), whilst
CDK2 activity was somewhat lower, resembling that of H1299
and A549 cells. In HeLa cells, CDK2 activity was very low,
whereas CDK4 and CDKG activites were very high and similar
profiles were found in breast cancer cell lines MCF7 and MDA.

Tumours and cancer cells are characterized by a significantly
different metabolism. We therefore addressed whether
CDKACT biosensors might respond differently to CDK activi-
ties in the presence of metabolites in cancer cells. To this aim,
we compared overall CDKACT fluorescence enhancement in-
cubated with A549 and A375 cell lysates in the presence of
100uM, 1mM or 10mM glucose, CaCl2, glucose, lactate or glu-
tamate. However, there were no significant differences in fluo-
rescence emission (Suppl. Fig. S6).

To establish the most adapted protocol for profiling CDK ac-
tivities and calibrate response relative to background, we per-
formed dose-dependent fluorescence-based assays in which
TAMRA-labelled CDKACT biosensors were incubated with
different protein concentrations of A549 cell extracts. BSA was
used as a negative control in these experiments, to verify there
was little if any non-specific fluorescence emission. Moreover,
incubation of TAMRA-labelled peptide substrates of CDK1, 2,
4 and 6 derived from each biosensor did not induce any signif-
icant fluorescence enhancement (Figure 2A). The best response
for all four CDK biosensors was observed with 60-100pg total
cell extract. The lack of significant fluorescence enhancement
of the labelled peptide substrates makes them ideal probes to
normalize response of the biosensors in complex samples.

Profiling CDK activities in biopsies from human patients
with lung adenocarcinoma Human biopsies were obtained
from the Biobank of Montpellier Hospital (CRB-CHU). We



first performed three sets of experiments with 10 lung adeno-
carcinoma biopsies using three different concentrations: 20, 60
and 100ug total protein, which were incubated with CDKACT
biosensors and each of their cognate control peptides derived
from the substrate moiety, so as to subtract any non-specific en-
vironmental perturbations of fluorescence unrelated to kinase
activities (Figure 2B, Suppl. Fig. S7, Table 1). These experi-
ments revealed that 60ug yielded optimal results. Based on
these results, we established a systematic protocol to measure
response of 200nM CDKACT-TAMRA biosensors to CDK ac-
tivities in 60ug total protein lysates, from which we subtracted
fluorescence emission of 200nM cognate substrate peptides in-
cubated with the same concentration of total protein, as shown
for biopsy n°® 16 (Figure 3A, B, Suppl. Fig. S8). Signals were
measured in triplicate for CDKACT biosensors and control sub-
strate peptides and overall response and standard deviation were
calculated from the averages of CDKACT biosensor responses
from which averages of control peptides were subtracted (Fig-
ure 3B, C Suppl. Fig. S9 and Table 2). CDKACT responses
in lung adenocarcinoma biopsies were ranked to represent rela-
tive CDK activity in heatmaps as shown in Tables 1 and 2. Pro-
filing CDK activities in human lung adenocarcinoma biopsies
with CDKACT biosensors revealed that most samples pre-
sented high levels of CDK4 activity, low levels of CDK1 and 2,
and low to intermediate CDKG6 activities, in line with the activ-
ities observed in A549 cell lines. Whilst high CDK4 activity
was detected most of the time, high CDK1 was more rarely de-
tected. Comparative analysis of CDK activity profiles revealed
two distinct patterns found in a majority of samples. Average
and representative examples are shown in Figure 3 (all profiles
shown in Suppl. Fig. S10-12). The first most frequent profile,
in which all CDK activities were detected, ie “All CDKs” were
observed in 11 biopsies (Figure 3D and Suppl. Fig S10). The
second profile, in which CDK1 was very low or undetectable
compared to CDK2,4,6 activity, ie “No CDK1” was observed
in 15 biopsies (Figure 3E and Suppl. Fig S11). Other samples
yielded signatures that were not observed frequently and there-
fore considered outliers with unique patterns, either lacking
CDK2 activity (3 biopsies, Suppl. Fig S12A), only displaying
CDK2 and CDK4 activities (3 biopsies, Suppl. Fig S12B),
lacking CDKG® activity (2 biopsies, Suppl. Fig S12C), display-
ing CDK2 and CDKG6 activities (2 biopsies, Suppl. Fig S12D)
as well as three individual biopsies with unique profiles, pre-
senting respectively no CDK4 activity, CDK1 and CDKG® activ-
ities, and CDK1 and CDK2 activities (Suppl. Fig. 12E).

Patient age and sex, medical history from individual case re-
ports and associated molecular profiles for EGFR, and KRAS
mutations were compiled and correlations between CDK activ-
ities were plotted in box-plots shown in Figure 4 (summarized
in Table 3, Suppl. Table S1, 2, 3). 41% of adenocarcinoma
samples were from female patients, 59% from male patients.
However, 73% of samples with “All CDK” activity were fe-
male, and only 33% of samples from the “No CDKI1” group
were female, indicating that more males lacked CDK1 activity.
Samples were grouped into patient age groups younger than 50
years old, between 51-60, 61-70, and older than 70. The per-
centage of samples with “All CDK” activities reflected the
overall percentage of samples per group, indicating a fairly even
distribution of CDK activity profiles, irrespective of age. In
contrast there was a lower percentage of “No CDK1” samples
in the two younger groups (<50 and 51-60) and a much higher
percentage of samples from patients aged 61 and above, indi-
cating that the lack of CDK1 activity was associated with age.

Lung adenocarcinoma biopsies from tumours smaller than
3mm lacked CDK1 activity, whereas most samples from 3-
Smm tumour group (55% of all samples) exhibited “all CDK”
activities and very few lacked CDK1 activity. In all larger tu-
mours the relative percentage of “All CDK” activities reflected
the proportion of tumours. Moreover, the larger proportion of
tumours with “all CDK” activities had metastasized to distal
sites and there was also a correlation between the lack of CDK1
activity in tumours that had not metastasized.

Finally, analysis of genetic mutations in EGFR and K-RAS
did not reveal any obvious correlations with CDK activities. In
fact, only 10% of adenocarcinoma samples had EGFR muta-
tions, but these did not exhibit significantly different “all CDK”
or “no CDK1” activities; likewise for 41% of samples with a K-
RAS mutation.

Profiling CDK activities in biopsies from human patients
with follicular B lymphoma. Total extracts were prepared
from follicular lymphoma tumours and CDK activities were
measured in triplicate with 200nM CDKACT 1,2, 4 or 6 and
60ug total protein (Figure 5, Suppl. Fig S13, 14, Tables 4 and
5). The response of 200nM CDKACT-TAMRA biosensors to
CDK activities in 60ug total protein lysates, from which we sub-
tracted fluorescence emission of 200nM cognate substrate pep-
tides incubated with the same concentration of total protein, is
shown for biopsy n° 28 (Figure 5A, Suppl. Fig S13). Signals
were measured in triplicate for both CDKACT biosensors and
control substrate peptides and overall response and standard de-
viation were calculated from the average fluorescence of
CDKACT biosensor responses from which average fluores-
cence of control peptides were subtracted (Figure 5B Suppl.
Fig S14 and Tables 4 and 5).

CDKACT responses in lymphoma biopsies were ranked to
represent relative CDK activity in heatmaps summarized in Ta-
bles 4 and 5 (Table 4: 9 follicular lymphoma biopsies without
substrate subtraction; Table 5: follicular lymphoma biopsies
following subtraction). As observed for lung adenocarcinoma
biopsies, two large groups with distinctive CDK profiles were
identified in follicular lymphoma samples. Most samples were
either characterized with “all CDK” activities or “no CDK1”
activity, the latter group comprising a subset of “high
CDK2,4,6” and another subset of “low CDK2,4,6” activities,
which was not observed in lung adenocarcinoma biopsies. Av-
erage and representative examples of these most frequent CDK
activity profiles are shown in Figure 5 (all profiles shown in
Suppl. Fig. S15-17). A first group of 9 biopsies displayed all
CDKs activities (Figure 5C and Suppl. Fig S15). A second
group of 14 biopsies did not display any CDK1 activity and was
subdivided into 2 subgroups: with either high CDK2, CDK4 or
CDKG activity (7 biopsies) or low CDK2, CDK4 or CDK®6 ac-
tivity (7 biopsies) (Figure 5D and Suppl. Fig S16). Outlier pro-
files, that were not frequently observed, include a lack of CDK2
activity (3 biopsies, Suppl. Fig S17A), no CDKG6 activity (3 bi-
opsies, Suppl. Fig S17B), only CDK4 and CDK® activities (3
biopsies, Suppl. Fig S17C), and only CDK2 and CDK4 activi-
ties (3 biopsies, Suppl. Fig S17D), as well as three individual,
unique CDK activity profiles, one with only CDK2 and CDK6
activities, another with only CDK4 activity, and one altogether
lacking any significant CDK activity (Suppl. Fig. S17E).

Patient age and sex, medical history from individual case re-

ports and associated immunohistochemistry analyses of cyclin
D, E and p16 expression were compiled and correlations with



CDK activities were plotted in box-plots Figure 6 and summa-
rized in Table 6, Suppl. Table S4-6). 50% of lymphoma sam-
ples were from female patients, 50% from male patients. In con-
trast to lung adenocarcinoma, the relative proportion of biopsies
from males and females was not significantly different in the
“All CDKs” group (56% female, 44% male) and in the “No
CDKI1” group (50% female and 50% male). As for lung adeno-
carcinoma biopsies, samples were grouped into four age
groups: less than 50 years old, between 50-60, 60-70, and older
than 70. Amongst all lymphoma biopsies, 30% of samples were
from patients younger than 50, 18% between 51-60, 25% be-
tween 61-70, 28% aged over 70. In the “All CDKs” group, 44%
of samples were from patients aged <50, 33% between 51-60,
11% between 61-70, 11% aged over 70, indicating greater CDK
activities in younger patients. Conversely, the lack of CDK1
was more often found in older patient groups; since 29% of
samples in the “No CDK1” group were from patients aged <50,
7% between 51-60, 36% between 61-70, 29% aged over 70. In
the “No CDK 1 low CDK2,4,6” subgroup, 14% of samples were
from patients aged <50, none between 51-60, 57% between 61-
70, 29% aged over 70. In the “No CDK1 high CDK2,4,6” sub-
group, 43% of samples were from patients aged <50, 14% be-
tween 51-60 and 14% between 61-70, 29% aged over 70. Re-
garding tumour staging of follicular lymphoma biopsies, we
found that grade 1 samples (10% of all samples) did not exhibit
any “All CDKs” activities, and constituted 29% of samples with
“No CDKI1” activity. Grade 1-2 samples (63% of samples) con-
stituted 67% of samples with “All CDK” activity and 43% sam-
ples with “No CDK1” activity. Grade 2 samples (5% samples)
constituted 7% of "No CDK1” activity. Grade 3 samples (15%)
constituted 33% of samples with “All CDK” activity, and 7%
of “No CDK1” activities. These results did not reveal any sig-
nificant correlation between tumour grade and CDK activity
profiles.

Immunohistochemical analysis of samples revealed that 60%
of follicular lymphoma biopsies did not express p16; they con-
stituted 78% samples with “All CDK” activities and 64% of
samples with “No CDK1” activity. Samples expressing low lev-
els of pl6 (25% samples) constituted 11% samples with “all
CDK” activities and 29% samples with “No CDK1”. Samples
expressing higher levels of p16 (8%) constituted a minority of
all activity groups, ie 11% “all CDK” activities and only 7%
“No CDK1”. These results are consistant with CDK4/6 activi-
ties being greater in cancer patients in which p16 is deleted. In-
terestingly 88% of samples did not express cyclin D1; yet they
constituted 78% samples with “All CDK activities” and 93%
samples with “No CDK1” activity. Cyclin E expression was
more variable and there did not appear to be any significant cor-
relation with the proportion of “All CDK” or “No CDK1” sam-
ples.

Unsupervised principal component analysis (PCA) per-
formed on all samples, then on adenocarcinoma samples and
lymphoma samples, separately, with the aim of highlighting
correlations between CDK activities, sex and age, did not reveal
any major differences in CDK activities overall between tumour
types, nor between sexes, nor age groups (Suppl. Fig S18), nor
between CDK activities, sexes or age groups within lung ade-
nocarcinoma biopsies, or within lymphoma biopsies, respec-
tively (Suppl. Fig S19 and S20). PCA analysis was further per-
formed for tumour size, metastasis, KRAS mutation and EGFR
mutation in the adenocarcinoma group (SuppL Fig. S19) and
for grade, p16 cyclin D and cyclin E expression in the lym-
phoma group (Suppl. Fig. S20). Unsupervised PCA did not

identify any of these factors as variables impacting CDK activ-
ities, as shown in the heatmap representations (Suppl. Fig S21).
However, comparison of the differences in “All CDK” and “No
CDKI1” profiles in lung adenocarcinoma and follicular lym-
phoma samples revealed a net difference between female and
male biopsies in lung adenocarcinoma samples (Figure 7A).
Moreover, comparison of CDK1 activities in both lung adeno-
carcinoma and follicular lymphoma revealed a net reduction in
older patients (Figure 7B). In agreement with this observation,
PCA of lymphoma samples revealed an inverse correlation be-
tween age and CDK1 activity (Figure 7C and Suppl. Fig S22).

Several reports have examined CDK protein levels or tran-
scripts in cancer. Liu et al. [52] investigated 108 proteins and
phosphoproteins in 30 paired non-small cell lung cancer
(NSCLC) samples with the aim of identifying protein signatures
for prognosis. They report differential expression of CDK1 and
CDK4 between NSCLC and benign lung tumour. Another
study by Hou et al. 2010 [53] addressed gene expression-based
classification of non-small cell lung carcinomas and survival
prediction. Two more recent studies by Liu et al. [54] and Yang
et al. [55] performed an integrative human pan-cancer analysis
of CDKU. In these studies CDK1 upregulation was observed in
a wide variety of tumours, including lymphoma and lung can-
cers. However, these studies do not account for the functional
activity of CDKs.

CDK1 is involved in coordination of mitosis [56, 57] and
high CDK1 activity is therefore considered as an indicator of
high mitotic index. In most of the biopsies characterized with
CDK1 biosensor however CDK1 activity was rather low, in
agreement with other reports in the literature which do not high-
light CDK1 as a biomarker upregulated in lung cancer or lym-
phoma. However, some of the biopsies did reveal high CDK1
levels. CDK1 expression has been reported to be increased in
tumours of different origins and associated with tumorigenesis.
A recent pan-cancer study by Liu et al. [54] using several well-
established databases including the Cancer Genome Atlas Da-
tabase, the Clinical Proteomic Tumor Analysis Consortium and
the Human Protein Atlas reveals that CDK1 expression in-
creases on more than 20 different tumours and is highly corre-
lated with oncogenic features as well as lower survival rates.

CDK?2 is a kinase involved in replication, associated with Cy-
clin E and A. Active phospho-CDK2 and low molecular forms
of cyclin E are considered biomarkers of aggressive breast can-
cer [58]. Moreover, CDK2 activity was previously reported to
constitute a predictive feature in several cancers [59]. Con-
versely, loss of CDK2 and cyclin A was reported to impair cell
proliferation and tumorigenesis, in line with its central function
in DNA replication and DNA repair [60-62]. Moreover, centro-
some abnormalities associated with aneuploidy and cyclin E
overexpression, inferring high CDK2 activity, are frequently
observed in non-small cell lung cancer [63]. In this respect, sev-
eral recent reviews highlight CDK2 as a challenging yet attrac-
tive therapeutic target [64, 65].

CDK4/CDKG6 hyperactivities have been associated with sev-
eral forms of cancers and in particular lung cancer and lym-
phoma. In lung cancer, amplification of the cyclin D1 locus is
observed in 5-30% of non-small cell lung cancer (NSCLC) and
high levels of cyclin D1 protein were found in 18-76% of inva-
sive NSCLC [66] and correlate with a worse outcome [67].
CDK4 overexpression in lung cancer may accelerate tumour
progression and is associated with an overall shorter survival
time in lung cancer patients [68]. In particular, KRAS-driven



NSCLC is particularly dependent on CDK4 and its targeting has
been proposed as a therapeutic strategy in KRAS-mutant lung
cancer that is resistant to conventional therapies [69]. Several
studies have also highlighted the role of CDKG6 in regulation of
lung cancer growth, metastasis and angiogenesis [70-71]. Wang
et al. [72] identified a key metabolic function of CDK6-cyclin
D3 in cancer cell survival and Bellutti et al. [73] found that
CDKG6 antagonizes p53-induced responses during tumorigene-
sis. Taken together these studies point to CDKG as an attractive
pharmacological target [74].

Whilst the CDK activity profiling studies we performed on
40 lung adenocarcinoma and 40 follicular lymphoma biopsies
led us to identify two major patterns with “All CDK” and “No
CDK1” activity profiles in both types of cancers, it also high-
lighted unique and distinctive features in individual samples
that may be informative for guiding the choice of therapeutics.
For instance, lymphoma biopsy n° 23 was from a patient who
had undergone 6 cures of R-CHOP then Rituximab. Together
with biopsies 14 and 15, this sample did not display any CDK2
activity. Likewise, adenocarcinoma biopsy n° 36 had no CDK2
activity, and this patient had undergone chemotherapy. Adeno-
carcinoma samples n°® 26 and n°® 33 did not display any CDK1
activity. Patients from which these biopsies were removed had
undergone neoadjuvant chemotherapy for the former and surgi-
cal removal of brain metastasis and radiotherapy for the latter.
Adenocarcinoma sample n° 9 did not display any CDK4 activ-
ity. This biopsy was removed from a patient who had undergone
brain surgery and chemotherapy. Biopsy n°20, removed from a
patient who had undergone radiotherapy and hormonotherapy,
presented neither CDK1 nor CDK® activity.

Taken together, these results highlight the heterogeneity of
kinase activities in biopsies from patients with different genetic
backgrounds and medical histories and emphasize the attractiv-
ity and utility of kinase activity biosensors for personalized di-
agnostics, especially in cases when cognate kinase inhibitors
are available for targeted therapy.

CONCLUSIONS and PERSPECTIVES

Several technologies are currently implemented to gain in-
sight into the pathways that contribute to cancer pathogenesis,
including genetic, transcriptomic and proteomic approaches,
with particular focus on PKs that undergo molecular alterations.
Despite the wealth of information obtained concerning PK ex-
pression levels, mutations and associated pathways that are
dysregulated in cancer, these approaches do not report directly
on PK activity. This functional information is therefore not ac-
counted for and is not implemented for diagnostic purposes.

We have developed a fluorescent peptide biosensor technol-
ogy that offers means of profiling CDK activities both qualita-
tively (dynamic curves) and quantitatively (maximal fluores-
cence emission intensity), thereby enabling identification of
characteristic signatures in complex samples such as lysates de-
rived from cultured cells or biopsies. In this study, we have im-
plemented four different CDK peptide biosensors to report on
the kinase activities of CDK1, CDK2, CDK4 and CDKG® respec-
tively, first in lysates from a panel of cancer cell lines, and then
in human biopsies from patients with lung cancer (adenocarci-
noma) and lymphoma (follicular B), respectively. We have es-
tablished a protocol to profile and quantify CDK activities in
lysates from cultured cancer cell lines in a standardized fashion,

based on an internal calibration strategy accounting for non-
specific, background fluorescence thanks to a pair of CDKACT
biosensor / CDK substrate peptide, both conjugated to the same
fluorophore, response of the latter being subtracted from the
former. Heatmap and activity profile analyses enabled us to
identified two major patterns and several outliers with unique
signatures. This multiplex optical biosensing approach high-
lights distinctive PK signatures in different cell lines and in pa-
tient samples, thereby providing entirely new information
which could be useful for diagnostics purposes, complementing
immuno-histological and genetic information, and thereby con-
tributing to improve patient stratification and guiding therapeu-
tic decision with more precision and in a more personalized
fashion.

An emerging trend in the fields of diagnostics concerns deve-
lopment and implementation of technologies that enable rapid
screening of multiple biomarkers in one single sample, thereby
contributing to improve early detection and stratification, to
guide treatment and potentially predict outcome. PKs are noto-
riously dysregulated in human cancers. However genetic profi-
ling and immunohistochemical approaches currently imple-
mented for diagnostics do not provide any functional informa-
tion relative to PKs activities that may constitute disease bio-
markers. Hence, profiling PK activities to complement current
technologies could pave the way for the next generation of
molecular diagnostics and enable personalized detection of
functional PK alterations with therapeutic implications and
development of companion assays.

The CDKACT multisensing approach described in this study
provides unique means of profiling PK activities in human
biopsies and of highlighting PK biomarker signatures that can
be exploited for personalized predictive diagnostics. It will be
interesting to implement this approach to profile CDK activities
in biopsies from other cancers, to address whether similar si-
gnatures or different patterns of CDK activities may be identi-
fied. From a diagnostics perspective, acquisition of CDK si-
gnatures in a multisensing approach provides an overview of
the different PK biomarkers of interest which may be dysregu-
lated. Such information could be precious to guide towards po-
tential treatment options when targeted therapies are available,
such as CDK4/CDKG6 inhibitors approved by the FDA (Abema-
ciclib, Palbociclib, Ribociclib). Such an approach may also
enable to study interconnections or compensation mechanisms
that may occur following stimuli or therapeutic intervention.

Fluorescent biosensors implemented for early-stage detection
of biomarker signatures could also be used to monitor progres-
sion of disease and response to therapeutics, through develop-
ment of companion assays. Hence, beyond contributing to im-
prove molecular diagnostics through PK activity profiling to
complement genetic screens for mutations and antigenic detec-
tion of seric or tissular biomarkers, the potential of this biosens-
ing technology may further be harnessed for assessing the ben-
efits of therapeutic intervention, drug efficiency, target and off-
target response as well as emergence of resistance following
treatment. Last but not least, this technology can be expected to
evolve towards a multi-probe assay combining several biosen-
sors responding to kinase activity through fluorescence changes
in the emission of different fluorophores.
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Figure 1. Establishing a multisensing assay to profiling
CDK1,2,4 and 6 activities simultaneously in lysates from differ-
ent cell lines. (A) Design of fluorescent peptide biosensor based
multiplex detection of CDK activities: plate layout with four dif-
ferent CDKACT biosensors labelled with TAMRA. (B) Character-
ization of CDK activities in lysates from different cell lines : Rel-
ative changes in fluorescence of 150 nM TAMRA-labelled
CDKACT1 (yellow), CDKACT2 (green), CDKACT4 (blue) and
CDKACTS6 (purple) incubated with 100ug lysates from different
cell lines : A375, A549, PC9, H1299, HCT116, HeLa, MCF7,
MDA
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Figure 2. Optimization and Calibration of CDKACT biosensor
assay in A549 cells and in human lung adenocarcinoma biop-
sies. (A) Fluorescence enhancement of 150nM TAMRA-labelled
CDKACT1 (yellow), CDKACT2 (green), CDKACT4 (blue) and
CDKACT®6 (purple) or substrate peptides following incubation
with increasing concentrations of total proteins extracted from
A549 cells or 150nM CDKACT1, 2, 4 or 6 incubated with increas-
ing concentrations of BSA. (B) Relative fluorescence enhancement
of TAMRA-labelled CDKACT1, 2, 4, 6 following incubation with
20, 60 and 100pg cell human lung adenocarcinoma biopsies, from
which fluorescence response of cognate TAMRA-labelled peptide
substrates incubated with lysates was subtracted (biopsy n°8).
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Figure 3. Relative CDK1, 2, 4 and 6 activities in human lung
adenocarcinoma biopsies. (A) Relative fluorescence enhance-
ment of 150nm TAMRA-labelled CDKACT1, CDKACT?2,
CDKACT4 and CDKACTS6 following incubation with 60ug pro-
tein lysates human lung adenocarcinoma biopsies, from which flu-
orescence of cognate TAMRA-labelled peptide substrates incu-
bated with lysates were subtracted (biopsy 16): fluorescence curves
corresponding to triplicate activity assays are shown (B) Bar plot
representation of CDKACT1,2,4,6 fluorescence enhancement cor-
responding to relative CDK1 (yellow), CDK2 (green), CDK4
(blue) and CDKG® (purple) activities in human lung adenocarcinoma
biopsies 1-40 (derived from fluorescence curves as in A). (D)
CDK1, 2, 4, 6 ie “All CDKs” (11 patients) and CDK2,4,6 activity,
ie “No CDK1” (15 patients). Activity of each of the four CDKs was
not significantly different among biopsies of “All CDKs” (Kruskal
Wallis global test pvalue 0.60) , whereas in the “No CDK1” group,
CDK1 activity was different from the three other CDK activities
(Kruskal Wallis global test pvalue 2.732 e-06) (E) Representative
examples of “All CDKs”: biopsy n° 16 and “No CDK1”’: biopsy n°
38
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Figure 4. Correlation of CDK activities in adenocarcinoma bi-
opsies with age, sex, tumour size, grade and genetic mutations.
Relative fluorescence of CDKACT1 (yellow), CDKACT?2 (green),
CDKACT4 (blue) and CDKACT®6 (purple) determined in lung ad-
enocarcinoma biopsies
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Figure 5. Relative CDK1, 2, 4, 6 activities in human lymphoma
biopsies. (A) Relative fluorescence enhancement of 150nm
TAMRA-labelled CDKACT1, CDKACT2, CDKACT4 and
CDKACTS following incubation with 60ug protein lysates human
lymphoma biopsies, from which fluorescence emission of cognate



TAMRA-Iabelled peptide substrates incubated with lysates was
subtracted (biopsy 28): fluorescence curves corresponding to trip-
licate activity assays (B) Bar plot representation of
CDKACT1,2,4,6 fluorescence enhancement corresponding to rela-
tive CDK1 (yellow), CDK2 (green), CDK4 (blue) and CDK® (pur-
ple) activities in human lymphoma biopsies 1-40 (derived from flu-
orescence curves as shown in A). (C) 9 biopsies have CDK1,2,4,6
activity “All CDKs”; 14 patients display CDK 2,4,6 activity “no
CDK1”, with either high activities of the other CDKs or low activ-
ities. Overall activity of each of the four CDKs was not signifi-
cantly different among biopsies of “All CDKs” (Kruskal Wallis
global test pvalue 0.42) , whereas in the “No CDK1” group, CDK1
activity was different from the three other CDK activities (Kruskal
Wallis global test pvalue 0.00125) (D) Representative examples of
“All CDKs”: biopsy n° 33 and “No CDK1” with high CDK2.4,6
activities: biopsy n° 40 and “No CDK1 low CDKs” biopsy n°32
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Figure 6. Correlation of CDK activities in lymphoma biopsies
with age, sex, tumour size and grade and immunohistochemical
features (p16, cyclin D1 and cyclin E expression). Relative fluo-
rescence of CDKACT1 (yellow), CDKACT?2 (green), CDKACT4
(blue) and CDKACT®6 (purple) determined in follicular lymphoma
biopsies
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Figure 7. Differences in CDK1 Activity according to sex and
age. (A) Percentage of female (blue) and male (orange) biopsies
with “All CDK” and “No CDK1” activities in lung adenocarcinoma
(left panel) and lymphoma (right panel) (B) Box plots of CDK1
activity in lung adenocarcinoma (left panel) and follicular lym-
phoma (right panel) according to different age groups. (C) 3D rep-
resentation of unsupervised principal component analysis for
CDK1 activity (left) and age (right) in lymphoma biopsies: projec-
tion of samples onto the 3D space generated by the first three prin-
cipal components.
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Table 1. CDKACTL, 2, 4, 6 response in 20ug, 60, 100ug first 10 lung adenocarcinoma

CDKACT1 CDKACT2 CDKACT4 CDKACT6
20pg 60pg 100ug 20ug 60ug 100ug 20ug 60ug 100ug 20pg 60pg 100ug
Adenocarcinoma N°1 5,15 14,84 14,22 6,43 7,18 5,09 0,00 7,27 0,00 0,00 10,22 0,00
Adenocarcinoma N°2 12,93 26,69 23,63 0,00 13,06 14,09 5,71 15,06 16,06 3,96 0,00 11,49
Adenocarcinoma N°3 0,00 12,15 4,24 0,00 0,00 0,00 16,14 5,60 7,44 7,18 16,53 16,32
Adenocarcinoma N°4 1,60 4,92 4,24 0,23 14,50 8,35 13,71 4,05 0,00 2,62 3,34 13,24
Adenocarcinoma N°5 0,00 9,03 19,17 9,79 16,57 7,87 0,32 7,94 9,61 0,00 5,92 6,30
Adenocarcinoma N°6 0,00 0,00 0,00 0,89 6,30 11,94 5,42 0,67 3,42 0,00 6,32 13,37
Adenocarcinoma N°7 20,47 9,10 9,03 14,32 3,50 11,44 8,14 8,45 20,53 12,52 15,66 16,00
Adenocarcinoma N°8 13,07 25,62 10,96 9,67 16,71 20,01 4,44 11,45 10,25 7,98 21,91 10,40
Adenocarcinoma N°9 1,41 27,73 13,39 27,48 9,86 3,75 0,00 0,00 0,00 11,15 7,08 14,17
Adenocarcinoma N°10 0,00 0,00 10,28 12,95 9,62 1,13 13,71 0,00 0,00 9,98 13,00 8,28
Table 2. Relative CDK activities in a Panel of Adenocarcinoma Biopsies
CDKACT1 | CDKACT?2 | CDKACT4 | CDKACT6

Adenocarcinoma N°11 6,9 11,8 10,6 7,4

Adenocarcinoma N°12 0,0 6,5 12,8 9,8

Adenocarcinoma N°13 24,0 10,8 73 0,0

Adenocarcinoma N°14 8,3 23,6 17,7 11,6

Adenocarcinoma N°15 3,8 5,0 18,1 12,1

Adenocarcinoma N°16 10,5 12,5 32,5 17,0

Adenocarcinoma N°17 22,4 6,4 6,4 9,4

Adenocarcinoma N°18 0,0 27,1 9,0 1,0

Adenocarcinoma N°19 22,0 0,0 15 22,0

Adenocarcinoma N°20 0,0 5,6 7,4 0,9

Adenocarcinoma N°21 0,0 4.9 11,8 5,7

Adenocarcinoma N°22 3,7 51 17,1 2,0

Adenocarcinoma N°23 0,0 6,7 12,4 11,4

Adenocarcinoma N°24 0,0 10,4 13,0 8,3

Adenocarcinoma N°25 0,0 8,9 8,2 6,9

Adenocarcinoma N°26 0,0 12,0 8,4 9,3

Adenocarcinoma N°27 0,6 54 16,6 7.7

Adenocarcinoma N°28 0,6 20,1 33,5 7,7

Adenocarcinoma N°29 0,8 15,3 24,7 4,9

Adenocarcinoma N°30 6,7 9,6 9,3 8,5

Adenocarcinoma N°31 2,0 13,3 16,3 14,2

Adenocarcinoma N°32 0,1 18,3 20,2 8,1

Adenocarcinoma N°33 0,0 2,3 12,7 13,2

Adenocarcinoma N°34 18,7 21,0 12,1 45

Adenocarcinoma N°35 7,4 8,1 17,6 16,3

Adenocarcinoma N°36 6,9 0,0 20,8 6,3

Adenocarcinoma N°37 4,9 15,4 13,2 4,8

Adenocarcinoma N°38 0,0 12,2 24,8 14,4

Adenocarcinoma N°39 0,0 23,0 24,9 8,8
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Table 3. Correlation CDK activities with age, sex, TNM stage and genetic profile of adenocarcinoma biopsies

Age group | % adenocarcinomasamples | % samples with "All CDK" activities | % samples with "No CDK1" activity

<50 10 9 7

51-60 3l 36 20

61-70 36 36 47

>70 23 18 21
SEX

F 11 73 33

M 59 21 67

Tumour Size

<3 13 0 13

35 38 55 3

5-7 36 36 40

27 10 9 7

Metastasis

None 38 27 a7

Proximal 15 9 13

Distal 41 55 33

EGFR Mutation
None 88 91 80
Mutation 10 9 20
KRAS Mutation
None 59 73 53
Mutation 4 27 47
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Table 4. CDKACT1,2,4,6 fluorescence response in 60ug first 9 lymphoma biopsies (triplicate)

CDKACT1 | CDKACT2 | CDKACT4 | CDKACT6
Lymphoma N°1 6,38 18,88 12,88 5,00
Lymphoma N°2 3,27 19,62 8,40 4,67
Lymphoma N°3 0,00 15,67 20,93 7,52
Lymphoma N°4 13,56 36,07 6,01 0,00
Lymphoma N°5 26,46 10,64 16,28 15,91
Lymphoma N°6 9,88 8,74 18,90 7,96
Lymphoma N°7 0,00 31,40 46,12 23,81
Lymphoma N°8 25,04 9,05 22,32 27,90
Lymphoma N°9 20,52 17,40 571 0,67

Table 5. Relative CDK activities in a Panel of Lymphoma Biopsies
CDKACT1 | CDKACT2 | CDKACT4 | CDKACT®6

Lymphoma N°10 13 8,3 0,6 16,0
Lymphoma N°11 0,0 18,4 10,6 30,1
Lymphoma N°12 0,0 5,6 314 9,5
Lymphoma N°13 0,0 0,0 11,5 0,0
Lymphoma N°14 8,3 0,0 27,6 11,6
Lymphoma N°15 14,6 0,0 11 5,6
Lymphoma N°16 1,9 6,4 15,3 9,2
Lymphoma N°17 0,0 1,6 0,0 0,9
Lymphoma N°18 0,0 23,6 10,5 0,0
Lymphoma N°19 0,0 0,0 7,5 37,0
Lymphoma N°20 0,0 6,4 55 1,6
Lymphoma N°21 0,0 16,5 10,5 8,7
Lymphoma N°22 0,0 10,4 14,2 10,6
Lymphoma N°23 12,3 0,0 16,8 8,8
Lymphoma N°24 31 15,6 10,7 8,8
Lymphoma N°25 0,0
Lymphoma N°26 0,0
Lymphoma N°27 0,0 14,6 15,8 8,0
Lymphoma N°28 11,0 14,4 26,8 12,5
Lymphoma N°29 0,0 0,7 115 22,8
Lymphoma N°30 0,0 13,3 14,1 21,4
Lymphoma N°31 0,0 21,0 19,5 3,4
Lymphoma N°32 0,0 5,8 4,8 6,3
Lymphoma N°33 10,2 12,2 18,4 24,3
Lymphoma N°34 13,3 10,3 8,7 21,1
Lymphoma N°35 0,0 15,8 4,6 12,0
Lymphoma N°36 5,5 20,2 12,8 17,1
Lymphoma N°37 0,2 0,0 19,0 8,0
Lymphoma N°38 10,6 8,9 3,6 0,3
Lymphoma N°39 15,1 12,6 17,4 59
Lymphoma N°40 0,0 12,9 25,2 353
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Table 6. Correlation CDK activities with age, sex, TNM stage, immunohistochemical features of lymphoma biopsies

Age group % lymphoma samples |"AI| CDK" activities  "No CDK1" activity "No CDK1-low CDK2,4,6" "No CDK1 - high CDK2,4,6"
<50 30 44 29 14 43
51-60 18 33 7 0 14
61-70 25 11 36 57 14
>70 28 11 29 29 29
SEX
F 50 56 50 43 57
M 50 44 50 57 43
TNM Staging
1 10 0 29 29 29
12 63 67 43 43 43
2 5 0 7 0 14
3 15 33 7 14 0
p16 expression
No expression 60 78 64 86 43
1-10 25 11 29 14 43
> 20 8 11 7 0 14
cyclin D1 expression
No expression 88 78 923 86 100
> 10 13 22 7 14 0
cyclin E expression
No expression 23 4 0 0 0
>5% 30 0 36 57 14
10-20% 20 11 43 29 57
> 30 28 44 21 14 29
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Multiplexed Profiling of CDK Kinase Activities in Tumour Biopsies with Fluorescent
Peptide Biosensors.

Chloé Royet!, Sébastien Diot*, Mélanie Onofre!, Lennard Lecki', Manuela Pastore?, Christelle Reynes?,
Frederique Lorcy®, Vanessa Lacheretzszablewski®, Isabelle Serre® and May C. Morris'*

Detection of disease biomarkers constitutes a major challenge for development of personalized and predictive diagnostics as well as
companion assays. Protein kinases (PK) involved in coordination of cell cycle progression and proliferation that are hyperactivated
in human cancers constitute relevant biomarkers. In this study we have implemented four fluorescent biosensors that report on CDK
activities to establish a standardized and calibrated multiplex assay to profile CDK activity signatures in biopsies from human lung
adenocarcinoma and follicular lymphoma tumours
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