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The secreted protein augurin, the product of the tumor suppressor gene £crg4, has been identified as a peptide hor-
mone in the human proteome in 2007. Since then, a number of studies have been carried out to highlight its struc-
ture and processing and its potential roles in physiopathology. Although augurin has been shown to be implicated

in a variety of processes, ranging from tumorigenesis, inflammation and infection to neural stem cell proliferation,
hypothalamo-pituitary adrenal axis regulation and osteoblast differentiation, the molecular mechanisms of its biologi-
cal effects and the signaling pathways it regulates are still poorly characterized. Here we provide a comprehensive
overview of augurin-dependent signal transduction pathways. Because of their secreted nature and the potential

to be manipulated pharmacologically, augurin and its derived peptides represent attractive targets for diagnostic
development and discovery of new therapeutic agents for the human diseases resulting from the deregulation of the
signaling cascades they modulate. From this perspective, the characterization of the precise nature of augurin derived
peptides and the identification of the receptor(s) on the cell surface conveying augurin signaling to downstream
effectors are crucial to develop agonists and antagonists for this protein.

Background

Synchronous and regulated messaging within our body
contributes to maintain physiological homeostasis. Hor-
mones, endogenous peptides and growth factors are
key actors in conveying this message flow between dif-
ferent cellular types and organs. An altered or improp-
erly regulated secretion of those agents could initiate a
disease condition or worsening an existing one. Peptide
hormones are processed and secreted as small proteins
that signal via membrane receptors and play important
roles in virtually every aspect of physiology. Together
with their receptors, they can be considered as important

*Correspondence:

Carmen Ruggiero

cruggiero@ipmc.cnrs.fr

nstitut de Pharmacologie Moleculaire et Cellulaire CNRS UMR 7275,
Valbonne, France

2 Universite Cote d’Azur, Valbonne, France

? Inserm, Valbonne, France

B BMC

diagnostic and therapeutic targets. Indeed, as intrin-
sic signaling molecules for several physiological func-
tions, peptide hormones represent an opportunity for
therapeutic interventions that closely mimic physiologi-
cal pathways. Augurin, the product of the tumor sup-
pressor gene Ecrg4, was identified as a novel peptide
hormone in the human proteome by Mirabeau and co-
workers [1]. Since then, a number of studies have been
carried out to highlight its precise structure, processing
and potential roles in physiological and pathological pro-
cesses. Although a wide number of functions in health
and disease have been assigned to augurin, the mecha-
nisms of its biological effects and the signaling pathways
it regulates are still poorly characterized. Here we pro-
vide a comprehensive overview of the signaling cascades
in which augurin has been shown to be involved.
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Discovery and protein processing

Esophageal cancer-related gene 4 (ECRG4), the gene cod-
ing for augurin, is highly conserved among vertebrates
and is located on the chromosome 2q12.2. It was first
cloned by Su and colleagues and described as a tumor
suppressor in human esophageal epithelium [2]. Since
this discovery, several studies have been carried out to
better understand the biological functions of augurin.
In 2007, Mirabeau and co-workers [1] in the attempt to
identify genes encoding peptide hormones in the human
genome, described one potential candidate encoded by
C20rf40, which lies in the same locus as ECRG4. They
were the first to show that this gene codes for a protein of
17 kDa which displays all the features of a secreted neuro-
peptide hormone precursor, containing a leader peptide
(aa. 1-30), a putative furin-like cleavage site (aa. 68—71)
and a predicted thrombin cleavage site (aa. 130—134) [3,
4]. Different potential protein products have been pre-
dicted by algorithms to be generated from the processing
of the augurin precursor ECRG4 (aa. 1-148): the leader
sequence (see above), augurin (aa. 31-148, originated
from the cleavage of the leader peptide sequence); ecilin
(aa. 31-68); argilin (aa. 71-148), ecilin and argilin being
produced by the cleavage of augurin at the putative furin-
like cleavage site (see above); the A16C-terminal cleaved
homologs CAl6-augurin (aa. 31-130) and CA1l6-argilin
(aa. 71-130); the A16 peptide itself (aa 134—148) [1, 3, 4]
(Fig. 1).

Augurin was initially shown to undergo trafficking
into dense core granules of the secretory pathway [1],
a common characteristic of peptide hormones. Sev-
eral studies have provided evidence for the presence
of ECRG4-derived peptides in normal tissue lysates,
biological fluids, like the cerebrospinal one, and in the

Page 2 of 11

conditioned media of cells that have been transfected
with an expression vector for ECRG4 [4-9].

However, differently from traditionally secreted neu-
ropeptide precursors, ECRG4 was shown to localize to
the surface of epithelial cells and to remain tethered after
secretion [4], its releasing from tethering appearing to be
cell-type dependent [4]. ECRG4 thus seems not to act as
a pre-pro-neuropeptide protein precursor but is rather
reminiscent of a growth factor or a cytokine/chemokine,
which are cell membrane-associated proteins that are
released after cell surface processing [8—10].

Expression pattern
The ECRG4 gene is expressed in a wide range of normal
human and rodent tissues like bone marrow, brain, eye,
heart, intestine, kidney, lung, placenta, skeletal muscle,
skin, spleen, esophagus, prostate [1, 2, 11-13]. Its expres-
sion has been identified to be the highest in adrenal
glands, ovaries, retina and trachea in mice, and in thy-
roid, pituitary, testis and adrenal glands in humans [14].
In the mouse central nervous system (CNS) the Ecrg4
gene and its product augurin have been predomi-
nantly localized to the choroid plexus [3]. They are also
expressed in the olfactory bulb, the cerebellum, the hypo-
thalamus and the amygdala in humans as well as in mice
[14]. Ecrg4/augurin expression has so far been essentially
reported in epithelial cells, including more specialized
epithelial-derived ones, both in the CNS [pituicytes [15],
oligodendrocytes [16], astrocytes [6], choroid plexus
epithelium [17] and ventricular ependymal cells [18,
19]] and outside the CNS [mucosal [20], epidermal
[21], corneal [7], airway epithelial cells [21] and chon-
drocytes [5]]. Finally, Ecrg4/augurin expression has also
been reported on the surface of circulating neutrophils

ECRG4
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Fig. 1 Predicted processing of ECRG4. Schematic representation of the potential protein products which have been predicted by algorithms to
originate from ECRG4: intact ECRG4 (aa. 1-148), its leader sequence (aa. 1-30), augurin (aa. 31-148), ecilin (aa. 31-68), argilin (aa. 71-148) and their
respective A16C-terminal cleaved homologs: CA16-augurin (aa. 31-130), CA16-argilin (aa. 71-130) and the A16 peptide itself (aa. 133-148) [3]. A
putative furin-like cleavage (aa. 68-71) and a predicted thrombin cleavage site (aa. 130-134) are shown
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and lymphocytes [22]. This wide pattern of distribution
suggests that augurin has important functions, being
involved in development and tissue homeostasis.

Functions

A number of studies have been carried out with the aim
of better characterizing the role of augurin in physi-
opathology. They have highlighted the involvement of
augurin in several crucial processes at the interface of
inflammation, immunity, tumorigenesis, neurobiology,
and endocrinology.

Remarkably, ECRG4 is downregulated in the vast
majority of cancer types compared to the correspond-
ing normal tissues, displaying the characteristics of a
tumor suppressor gene [23]. It has been shown that the
ECRG4 promoter undergoes aberrant methylation which
causes extinction of its expression in a variety of differ-
ent human cancers, such as esophageal [24] and colo-
rectal cancer [25], malignant glioma [26, 27], breast [28]
and prostate cancer [29]. Indeed, the tumor suppressor
function of augurin has been well described in vitro by
overexpressing the protein in cancer cells, producing an
increased apoptosis and a decreased proliferation rate
[27, 30]. In vivo studies have also provided evidence of
important antitumorigenic effects of augurin [23, 31-33].

The role of augurin in injury, inflammation and infec-
tion has been widely documented [34, 35]. Indeed, Ecrg4
expression has been shown to decrease after CNS injury
in zebrafish embryos [3], as well as after brain injury in
rats [19]. A rapid decrease of Ecrg4 expression after
injury has been reported to coincide with neural pro-
genitor cell (NPCs) proliferation, suggesting an inhibi-
tory function for augurin in normal CNS. On the other
hand, the decreased expression of Ecrg4 after injury has
been described to promote proliferation [3]. Ecrg4 gene
expression was also downregulated after infection in qui-
escent middle ear mucosa, concomitantly with increased
cell proliferation [20]. Furthermore, increased Ecrg4
gene expression has been observed in models of chronic
inflammation [5, 20] and in skin after cutaneous burn
injury [22]. Overall, those data indicate that augurin is
involved in maintaining epithelium homeostasis via a
potential sentinel role by coordinating the proliferative
and inflammatory responses.

Augurin has also been shown to have essential func-
tions in the CNS. A study reported an increased Ecrg4
expression in oligodendrocyte precursor cells (OPCs)
and NPCs in the aged mouse brain as well as in senes-
cent OPCs [16]. Furthermore, augurin overexpression
has been shown to promote cell-cycle arrest in OPCs
and induce their senescence [16], those results suggest-
ing that augurin is a factor linking neural cell senes-
cence and aging. More recently, Nakatani and colleagues

Page 3 of 11

M\ ®

CRH -

antenor
~  pituitary
® ACTH
b} adrena
B gland
o}!
cortsol

Fig. 2 Augurin implication in the HPA axis. Upon an external

or internal stressor, the paraventricular nucleus (PVN) of the
hypothalamus induces the release of corticotropin releasing
hormone (CRH), which in turn stimulates the release of the
adrenocorticotropin hormone (ACTH) from the pituitary gland.
ACTH promotes the synthesis and release of glucocorticoids (e.g.
corticosterone in rodents and cortisol in humans) by the adrenal
gland. Augurin stimulates the activation of the HPA axis via the
release of CRH in rats [36]. A negative feedback response has been
described involving cortisol/corticosterone—mediated rapid
inhibition of HPA axis activity though inhibition of CRH and ACTH
secretion from the PVN and anterior pituitary, respectively

demonstrated recovered age-dependent decline in neural
stem cells (NSC) proliferation associated with enhanced
learning and memory [17] in an Ecrg4-deficient mouse
model.

A neuroendocrine function for augurin has also been
reported [36]. Indeed, Tadross and co-workers have
shown that augurin stimulates the hypothalamo-pitui-
tary-adrenal (HPA) axis via the release of corticotropin-
releasing hormone (CRH) in rats (Fig. 2).

Overall, those findings suggest that the pharmacologi-
cal manipulation of the augurin system might be a new
target for the modulation of the HPA axis.

We have recently shown that Ecrg4 expression is
strongly increased during the process of osteoblast dif-
ferentiation in vitro and that osteoblasts from Ecrg4 —/—
mice have an accelerated differentiation, which indicates
a role for augurin in osteoblast differentiation [37].

A detailed description of augurin functions is beyond
the aims of the present review. However, we would like
to emphasize that the molecular mechanisms underlying
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the biological functions of augurin remain largely
unexplored.

Signal transduction

As reported above, augurin is expressed in several tis-
sues, and a variety of biological functions has been
ascribed to it. Below we provide an overview of the
signal transduction pathways it regulates. It is impor-
tant to underline that for the definition of the signaling
pathways modulated by augurin the experimental strat-
egy in most of the cases has been to transfect cells to
overexpress the Ecrg4 gene and then analyze potential
changes in the expression, activation/ inhibition of spe-
cific signaling molecules. The identification of naturally
processed ECRG4-derived peptides being still elusive,
whether the pathways described below are modulated by
the full-length form of the protein or by one of the differ-
ent derived peptides has not been clearly defined, unless
specified, for each study presented.

NF-kB signaling pathway
The transcription factor nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) plays important
roles in a large variety of physiological and pathologi-
cal processes. NF-kB is the nuclear effector of signal-
ing pathways responding to various extracellular stimuli
like cytokines or growth factors. An activation of those
signaling cascades may trigger inflammation, innate and
adaptive immune responses, cell proliferation and sur-
vival [38, 39]. In mammals, the NF-kB family is com-
posed of five related transcription factors: p50, p52, RelA
(p65), c-Rel, and RelB [40]. They can bind to promoters
and enhancer regions of a wide variety of target genes
like those encoding cytokines and chemokines or those
regulating the survival, activation and differentiation of
innate immune cells and inflammatory T cells. The acti-
vation of NF-kB implicates two major signaling pathways,
the canonical and noncanonical one, both being impor-
tant for modulating immune and inflammatory responses
despite their differences in signaling mechanisms. Multi-
ple studies have reported an augurin involvement in the
modulation of the NF-«B signaling in different cell lines.
It has been shown that the soluble augurin-derived
peptide CA16 (aa. 133-148) can activate NF-kB signaling
[22]. Indeed, the phosphorylated form of p-65 (p-p65),
a marker of NF-kB activity, has been shown to increase
in mouse peritoneal macrophages treated with this pep-
tide. It has been hypothesized that both augurin and its
processed form CA16 form a complex on innate immune
cells with a candidate receptor, the Toll like receptor 4
(TLR4), activating the non-canonical NF-kB pathway
[41, 42]. Another study has proposed that augurin-medi-
ated NF-«B pathway activation relies on other receptors
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than TLR4, augurin having been recently described as a
ligand of multiple scavenger receptors [43]. Indeed, the
LOX1 scavenger receptor has been reported to facilitate
augurin internalization and lead to MyD88-dependent
NEF-kB activation in microglia [43]. The mechanisms by
which augurin activates NF-kB pathway in macrophages
have not yet been elucidated, however this activation
seems to be dependent on both scavenger receptors and
TLRs.

Other regulatory mechanisms have been proposed in
cancer cell lines. Augurin overexpression inhibited the
expression of NF-kB and its nuclear translocation in
esophageal squamous cell carcinoma [23]. Furthermore,
a decreased expression of COX-2, which is a NF-kB tar-
get, was observed [23]. A more recent study shed light
on the augurin-mediated NF-kB signaling inhibition in a
panel of bladder cancer cell lines (J82, BC-5367, UMUCS3,
BIU-87, and T24) [44]. To confirm the implication of
augurin in NF-«B signaling, the effect of Ecrg4 expression
on the NF-«B transcriptional activity has been investi-
gated using an NF-kB luciferase reporter. Interestingly,
it has been shown that Ecrg4 overexpression decreased,
whereas its knockdown increased NF-«kB activity [44].
A regulatory mechanism has been described whereby
augurin upregulates nuclear factor 1 C-type (NFIC),
which can bind to the promoter region of osteoglycin
(OGN) regulating its transcription [44]. Increased OGN
causes the inhibition of NF-«B signaling in bladder can-
cer cells, resulting in repression of cell proliferation and
invasion [44]. Those results indicate that both augurin
and OGN function as tumor repressors, overexpression
of augurin inhibiting the NF-«B signaling cascade via the
stimulation of the NFIC/OGN signaling.

Altogether, those studies show that augurin is impli-
cated in NF-kB signaling regulation, the outcomes of this
modulation being cell type—dependent. The possibility
of using augurin and derived peptides to pharmacologi-
cally modulate the NF-«kB signaling cascades is promis-
ing for the control of inflammation and inflammatory
diseases. However, the precise molecular mechanisms
underlying augurin involvement in NF-kB signaling
remain to be fully elucidated.

PI3K/Akt/mTOR signaling pathway

The phosphatidylinositol-3-kinase (PI3K)/Akt and the
mammalian target of rapamycin (mTOR) signaling cas-
cades are two pathways critical for several aspects of cell
growth and survival, in both physiological and patho-
logical conditions. They are so interconnected that they
could be considered as a single, unique pathway, whose
activation depends on a variety of stimuli, such as growth
factors (like insulin-like growth factors or epidermal
growth factor), nutrients (like glucose), but also various
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cellular components (like ATP or O,). PI3Ks are lipid
kinases. Upon receptor tyrosine kinase (RTK) activation
by extracellular signals, PI3K is activated leading to the
production of the second messenger phosphatidylinosi-
tol-3,4,5-triphosphate (P13,4,5-P3), which in turn recruits
a subset of signaling proteins to the membrane. Those
proteins include the serine/threonine kinase Akt, which
on its own modulates several cellular processes involved
in cell survival and cell cycle progression. Akt regulates
several downstream molecules, including mTOR, which,
through its downstream effectors 4EBP1 and P70S6
kinase (S6K), is implicated in the initiation of riboso-
mal translation of mRNAs into proteins essential for
cell growth, cell cycle progression, and cell metabolism.
Besides being crucial for cell growth under normal con-
ditions, the pathway is critical for survival under stress
conditions. However, an aberrant activation of this sign-
aling cascade can lead to different pathological states,
including cancer [45].

It has been shown that the expression levels of ECRG4
were significantly downregulated in nasopharyngeal car-
cinoma (NC) tissues compared with normal nasopharyn-
geal epithelial tissues and highly correlated with the
prognosis of NC patients. Results of bioinformatic anal-
ysis showed that the expression of some target genes of
the PI3K/Akt/mTOR signaling pathway were negatively
correlated with ECRG4 expression in NC cells, suggest-
ing a potential contribution of augurin to the inhibition
of the PI3K/Akt/mTOR signaling cascade. Indeed, in
HONE-1 and SUNE-1 NC cells augurin overexpression
decreased the phosphorylation levels of PI3K, Akt and
mTOR and the expression levels of homologous recombi-
nant repair (HRR) proteins [32]. It has been hypothesized
that augurin inhibits the resistance of NC cells to radio-
therapy and chemotherapy and their migratory ability
through those mechanisms [32]. Overexpressed augurin
inhibited Akt phosphorylation also in M2 squamous car-
cinoma head and neck (SCCHN) cancer cells [33], which
may explain the augurin-mediated inhibition of SCCHN
cells growth rate in vitro and in vivo.

Those results then converge on a role of augurin as an
inhibitor of PI3K/Akt/mTOR signaling (Fig. 3).

Another study has provided further insight into this
regulatory mechanism. Indeed, it has been proposed
that OGN inhibits epithelial-to-mesenchymal transition
(EMT) via the PI3K/Akt/mTOR pathway. A decreased
phosphorylation of Akt and mTOR has been reported in
breast cancer cells overexpressing OGN together with a
decreased expression of the EMT-associated molecular
biomarkers N-cadherin and Snaill [46]. Those results are
consistent with the study cited in Sect.4.1, which shows
that augurin inhibits the NF-xB pathway via its action
on OGN [44]. It is thus possible to speculate that the
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Fig. 3 Augurin modulation of the PI3K/Akt/mTOR signaling pathway.
A simplified schematic representation of the PI3K/Akt/mTOR signaling
pathway is shown here. Activation of growth factor receptor protein
tyrosine kinases (RTKs) results in autophosphorylation on tyrosine
residues. PI3K is then recruited to the membrane by directly binding
to phosphotyrosine consensus residues of RTKs and activated with
subsequent production of the second messenger phosphatidylinosi
tol-3,4,5-triphosphate (PI3,4,5-P3). PI3,4,5-P3 then recruits a subset of
signaling proteins, including the Akt serine/threonine kinase, which,
once phosphorylated and activated, can in turn activate the mTOR
serine/threonine kinase. This kinase through its downstream effectors
participates to the initiation of ribosomal translation of mRNAs into
proteins, ultimately regulating cell growth and cell cycle progression.
Augurin has been described to negatively regulate this signaling
pathway [32, 33, 45], however it is still unknown at which level of the
cascade it acts, the molecular mechanisms underlying the biological
effects observed remaining to be defined

increased OGN expression mediated by augurin might
be one of the mechanisms through which augurin inhib-
its both the PI3K/Akt/mTOR and the NF-kB pathways.

BC200 IncRNA/MMP-9 and -13 signaling pathway

Long non-coding RNA-BC2000 (LncRNA-BC2000),
also known as BCYRN], is a brain-specific small cyto-
plasmic RNA. LncRNAs are defined as transcripts of
more of 200 nucleotides and containing little or no
protein-coding potential. They are involved in the
transcriptional and post-transcriptional regulation of
various biological processes involved in tumor develop-
ment [reviewed in [47]]. It has been shown that BC200
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Fig. 4 Augurin suppresses the BC200 INncRNA/MMP-9 and -13
signaling pathway. Forced expression of augurin down-regulates
the expression of the BC200 IncRNA and matrix metalloproteinases
MMP-9 and MMP-13, resulting in inhibition of cell migration/invasion
and proliferation [48]. The molecular mechanisms underlying the
augurin-mediated regulation of this signaling cascade, including the
receptor through which augurin functions, remain largely unknown

promotes the expression of matrix metalloproteinases
9 and 13 (MMP9 and MMP13) [48], two matrix met-
alloproteinases that catalyze the degradation of extra-
cellular matrix (ECM) components responsible of the
cleavage and release of biologically active molecules
stored in the ECM, such as vascular endothelial growth
factor A (VEGFA).

Evidence provided by Huang and coworkers shows
that augurin impacts the BC200 IncRNA/MMPs sign-
aling pathway in the TCA8113 tongue carcinoma cell
line [49]. A forced expression of ECRG4 decreased the
expression of BC200, which in turn decreased MMP13
and MMP9 levels (Fig. 4).

This resulted in an inhibition of cell proliferation and
transmigration with a suppression of the malignant
phenotype of TCAS8113 cells. Restoration of BC200
IncRNA rescued augurin-mediated down-regulation
of MMP-9 and -13 and cell proliferative and migra-
tory properties [49]. However, how BC200 and ECRGY,
which are both located on chromosome 2, regulate
each other is still poorly explored and the regulation of
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this signaling cascade by augurin remains to be better
elucidated.

Apoptotic pathway

Apoptosis is a natural physiological phenomenon of pro-
grammed cell death, which is crucial for the maintenance
of cellular homeostasis. We distinguish an extrinsic and
an intrinsic apoptotic pathway. The extrinsic apoptotic
pathway is mediated by cell surface death receptors that
are members of the tumor necrosis factor (TNF) recep-
tor superfamily such as the FAS receptor. Ligand bind-
ing to these death receptors induces a signaling cascade
including the initiator caspases 8, which, once activated,
will in turn activate other effector caspases such as cas-
pase 3, ultimately leading to apoptosis. The intrinsic
apoptotic pathway is mediated by the mitochondria and
relies on the balance between anti- and pro- apoptotic
proteins members of the Bcl-2 superfamily. The intrinsic
pathway, when activated by cellular stress signals, leads
to the up regulation of pro-apoptotic proteins such as
BAD or BID. Those pro-apoptotic signals then induce the
homo-oligomerization of BAK and BAX proteins and the
permeabilization of mitochondria, which in turn release
cytochrome c and lead to apoptosis via caspase 3. Activa-
tion of caspase 8 also results in the cleavage and activa-
tion of BID, which promotes BAX/BAK assembly, thus
linking the intrinsic and extrinsic apoptosis pathways
[reviewed in [50]].

Several studies have shown a role for augurin in regu-
lating apoptotic pathways. One of them has provided
evidence for augurin as a novel regulator of caspase-
8-dependent apoptotic signal in human Jurkat and SUP
T-13 T cells [51]. In this study, the authors first identi-
fied a VDAC2-like domain in augurin that can be asso-
ciated with an apoptotic signal in the mitochondria and
confirmed the augurin presence in those organelles by
confocal microscopy. They then showed that when over-
expressed in Fas-sensitive Jurkat cells, augurin inhibits
the mitochondrial membrane permeability transition,
leading to resistance to Fas-induced apoptosis, which
suggests an inhibitory role for augurin towards this apop-
totic mechanism. They also showed by immunoprecipi-
tation that augurin is associated with procaspase-8 and
suppresses the activation of caspase-8, thus leading to
BID cleavage inhibition (Fig. 5).

Other studies have shown a pro-apoptotic role for
augurin. Its overexpression activated caspase-3 and
PARP, ultimately inducing apoptosis through the upreg-
ulation of the proapoptotic protein Bax and the down-
regulation of the antiapoptotic protein Bcl-2 (Fig. 5)
in the laryngeal carcinoma Hep-2 and LSC-1 cell lines
[30]. Similar observations were made in the hepatocel-
lular carcinoma SMMC-7721 cell line [52]. Those results
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Fig. 5 Augurin-mediated regulation of apoptotic signaling pathways. The activation of the FAS receptor induces the cleavage of procaspase

8 into caspase 8, which in turn induces the cleavage of procaspase 3 into caspase 3, finally leading to cell death. Caspase 8 can also promote

the cleavage of BID, which is a pro-apoptotic molecule that induces Bax/Bak assembly, outer mitochondria membrane permeabilization and
cytochrome c release, triggering the mitochondrial apoptotic pathway. Bcl2 is an anti-apoptotic factor which counteracts those actions. Augurin
negatively regulates Fas-induced apoptosis in human T-leukemia cells by associating to procaspase 8 and preventing its cleavage to caspase 8 and
consequently BID cleavage [50] (left panel). In other cellular models augurin seems to play a pro-apoptotic function increasing the expression levels
of cleaved-PARP, cleaved-caspase-3 and Bax, while decreasing the expression levels of the anti-apoptotic factor Bcl2 (right panel), all those actions

stimulating the mitochondrial apoptotic pathway [27, 32, 51]

are consistent with another study performed in the M2
SCCHN cell line, where augurin was shown to increase
the expression of Bax while decreasing the expression of
Bcl-2 [33]. Overall, those findings revealed that augurin
can trigger the mitochondrial apoptotic pathway through
Bax/Bcl-2.

Augurin thus appears to be implicated in programmed
cells death signaling pathways by playing a pro- or an
anti- apoptotic role depending on the specific cell type.

Wnt/B-catenin signaling pathway

The Wnt signaling pathway plays a major role in devel-
opment and is also essential for stem cell regulation and
tissue homeostasis. Because of its crucial role in epithe-
lial cell homeostasis, mutations in certain players of the
Wnt pathway have been found in several cancers [53—55].
In the canonical Wnt/ B-catenin signaling pathway, the
main player is B-catenin, whose stability is mediated by
a destruction complex composed of Axin, that acts as a
scaffolding protein interacting with B -catenin, the APC
(Adenomatosis polyposis coli) tumor suppressor protein
and two serine-threonine kinases, CK1 (casein kinase-1)
and GSK3-B (glycogen synthase kinase 3-p) which is

stabilized in its phosphorylated form [56]. In the absence
of a Wnt ligand, the destruction complex mediates the
degradation of P-catenin (Fig. 6). As soon as Wnt binds
both the Frizzled (Fzd) receptor and coreceptors low-
density lipoprotein receptor-related proteins 5 and 6
(LRP5/6) the destruction complex function is disrupted.
This is due to Wnt causing the translocation of the nega-
tive Wnt regulator Axin and the destruction complex to
the plasma membrane. This allows B-catenin to accumu-
late and localize to the nucleus and subsequently trigger
a cellular response via gene regulation through the TCF/
LEF (T-cell factor/lymphoid enhancing factor) transcrip-
tion factors (Fig. 6).

We have first identified Ecrg4 as a gene differentially
expressed in the adrenal gland of Kcnk3 mutant mice, a
model of sexually dimorphic primary hyperaldosteron-
ism [57]. In the rat [58] and mouse adrenal gland, augurin
is specifically localized in the cortex zona glomeru-
losa, an area of active Wnt signaling [59]. Remarkably,
Ecrg4 is one of the most significantly repressed genes
in a mouse model of Wnt signaling downregulation in
the adrenal gland [60]. Overall, these data led us to the
hypothesis that augurin might be implicated in the Wnt
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Fig. 6 Augurin is an inhibitor of the canonical Wnt/ 3-catenin signaling pathway. In the absence of WNT ligand, 3-catenin is retained in a complex
with axin, APC, CK1a and GSK-3(3 (destruction complex). Phosphorylation by CK1a and GSK-3(3 prepares 3-catenin to undergo proteasomal
degradation (left panel). Upon Wnt binding to Frizzled (Fzd) and LRP5/6, the destruction complex function is disrupted. The suppression of
GSK-3 activity leads to 3-catenin accumulation into the cytoplasm and translocation to the nucleus, where it interacts with the TCF/LEF
transcription factors to activate the transcription of their target genes (right panel). Augurin specifically represses the canonical Wnt/B-catenin
signaling pathway, however through which receptor it exerts its action and the precise mechanisms of Wnt signaling repression remain to be

unveiled [37]

signaling pathway. Indeed, we have recently provided evi-
dence that augurin is a novel physiological modulator of
canonical Wnt signaling involved in osteoblast differen-
tiation [37]. We have shown that osteoblasts from Ecrg4
—/— mice displayed an accelerated differentiation com-
pared to wild-type and upregulation of Wnt activation
markers [37]. Furthermore, we could demonstrate that
Ecrg4 is itself a negative Wnt target gene, being mark-
edly downregulated by the treatment of osteoblast-like
mouse MC3T3-E1 cells with Wnt3a and RSPO1 [37]. In
transient transfection assays in MC3T3-E1 cells, both
mouse (mAug) and human augurin (hAug) significantly
and specifically repressed activity of the Wnt-responsive
TOPFLASH promoter upon stimulation with Wnt3a/
RSPO1, the mutation of the putative furin cleavage site
(R67A/K69A) in both mAug and hAug having no effects
on the repression of TOPFLASH [37]. This evidence has
been corroborated by data indicating that mAug also
specifically repressed Wnt-stimulated TOPFLASH when
expressed both as a secreted protein in CHO cells and

as a recombinant protein in E. coli. As reported before,
augurin was described to bind to LOX1 and other mem-
bers of the scavenger receptor family [43]. We confirmed
the binding of both mAug and hAug, expressed as alka-
line phosphatase (AP) fusion proteins, to LOX1, while
they did not bind to the Wnt and R-spondin corecep-
tors LRP5, LRP6 and LGR4. However, we could provide
evidence that Wnt signaling inhibition by augurin is not
mediated by its binding to scavenger receptors.

As reported above, augurin can either activate or
repress NF-kB signaling depending on the cell type [22,
23, 43, 44]. Both positive and negative crosstalk between
the NF-«xB and Wnt signaling pathways has been reported
[61], the possibility existing that the effects of augurin
on Wnt signaling in osteoblastic cells may be mediated
by NF-kB activity modulation. However, the activity of a
transfected NF-kB reporter by treatment of MC3T3-E1
cells with recombinant augurin was not modulated [37].
Those results suggest that in MC3T3-E1 cells augurin
represses Wnt-stimulated transcription independently
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from NF-«B. However, further experiments are needed to
elucidate the mechanisms of Wnt signaling repression by
augurin in osteoblastic cells.

In line with those findings, a recent study has described
an inhibitory action for augurin on the Akt/GSK3f /
[-catenin pathway in NC cells [62]. Augurin overexpres-
sion in NC cells resulted in the downregulation of the
expression levels of PB-catenin and its downstream tar-
gets cyclin D1 and Akt and phosphorylation of Akt (on
Tyr308/450 and Ser473) and of GSK3-p (on Ser9). Oppo-
site results were observed in augurin-depleted NC cells.
Those findings correlated with reduced mRNA expres-
sion levels of the downstream Wnt targets Cyclin E, Cyc-
lin D1, c-Myc, c-Jun and Axin2 in augurin-overexpressing
NC cells.

Considering the expression pattern of ECRG4/augurin
in several tissues under physiological conditions and
its alterations in disease, the novel role of augurin as a
canonical Wnt signaling inhibitor might underpin many
of its described effects on cancer cell proliferation and
tumor growth [23, 25], cell senescence [16], stem cell
renewal [3, 17], and inflammation/response to tissue
injury [20, 21].

Concluding remarks

Augurin has emerged over the last few years as an
intriguing protein, whose physiological roles include
functioning as a tumor suppressor protein, a neuropep-
tide, a sentinel molecule, a cytokine-chemokine, all those
roles converging to support its implication in cancer,
injury, inflammation, infection, stem cell renewal and
tissue homeostasis. An interesting aspect concerning
augurin biology is represented by its activity resembling
cytokines-chemokines-growth factors, all molecules that
need proteolytic processing for activity. Further, augurin
processing, which is cell type-dependent, produces mul-
tiple peptides, which, like several neuropeptide precur-
sors, can play synergistic or even opposing biologically
activities, leading to antagonistic responses (e.g. pro- or
anti- apoptotic, pro- or anti-inflammatory).

Here we have tried to provide a picture as complete
as possible of the signaling pathways that augurin regu-
lates to exert its functions. However, it clearly emerges
from this picture that most of the studies carried out
so far lack an in-depth characterization of the molec-
ular mechanisms underlying the biological actions of
augurin and derived peptides and of the modulation of
the expression and/or activity of augurin downstream
signaling molecules. The understanding of those mech-
anisms is crucial to provide the essential background
for the development of specific agonists and antagonists
able to modulate augurin-dependent signaling cas-
cades. Considering the involvement of those pathways
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in known human pathologies, like cancer, inflammatory
and immunological diseases, neurological disorders,
the definition of the molecular mechanisms through
which augurin contributes to their modulation is of
utmost importance.

To this end, the characterization of the precise nature
of augurin-derived peptides and the identification of the
receptor(s) on the cell surface conveying augurin sign-
aling to downstream effectors are crucial and represent
the critical prerequisite for the development of agonists
and antagonists for this protein. Indeed, their secreted
nature and the potential to be manipulated pharmaco-
logically make augurin and its peptides attractive tar-
gets for diagnostic development and discovery of new
therapeutic agents for human diseases resulting from the
deregulation of the signaling pathways where augurin is
implicated.
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