
Review

For reprint orders, please contact: reprints@futuremedicine.com

How Rap and its GEFs control liver
physiology and cancer development. C3G
alterations in human hepatocarcinoma
Celia Sequera*,1,2, Sara Manzano1,2, Carmen Guerrero3,4,5 & Almudena Porras**,1,2

1Departamento de Bioquı́mica y Biologı́a Molecular, Facultad de Farmacia, Universidad Complutense de Madrid, Madrid, Spain
2Instituto de Investigación Sanitaria del Hospital Clı́nico San Carlos (IdISSC), Madrid, Spain
3Instituto de Biologı́a Molecular y Celular del Cáncer, USAL-CSIC, Salamanca, Spain
4Instituto de Investigación Biomédica de Salamanca (IBSAL), Salamanca, Spain
5Departamento de Medicina, Universidad de Salamanca, Salamanca, Spain
*Author for correspondence: Tel.: +34 913941785; celiasequera@ucm.es
**Author for correspondence: Tel.: +34 913941627; maporras@ucm.es

Rap proteins regulate liver physiopathology. For example, Rap2B promotes hepatocarcinoma (HCC)
growth, while Rap1 might play a dual role. The RapGEF, Epac1, activates Rap upon cAMP binding, regu-
lating metabolism, survival, and liver regeneration. A liver specific Epac2 isoform lacking cAMP-binding
domain also activates Rap1, promoting fibrosis in alcoholic liver disease. C3G (RapGEF1) is also present in
the liver, but mainly as shorter isoforms. Its function in the liver remains unknown. Information from dif-
ferent public genetic databases revealed that C3G mRNA levels increase in HCC, although they decrease in
metastatic stages. In addition, several mutations in RapGEF1 gene are present, associated with a reduced
patient survival. Based on this, C3G might represent a new HCC diagnostic and prognostic marker, and a
therapeutic target.
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Rap & C3G
Rap is a member of the Ras family of small GTPases, with five different isoforms: Rap1A, Rap1B, Rap2A, Rap2B
and Rap2C expressed in mammalian cells [1]. Rap proteins play a relevant role in cell adhesion [2,3], junction
formation [4–6], migration, invasion [7], cell polarity [8,9], exocytosis [10], apoptosis [11] and proliferation [12]. As a
consequence, they are important for carcinogenesis [13,14] and cardiovascular function [15]. Rap switches from an
inactive conformation, bound to GDP, to an active conformation, bound to GTP. This activation is regulated by
different GEFs that mediate the dissociation of GDP from Rap, favoring the binding of GTP, which is much more
abundant than GDP within the cell. On the other hand, GAPs activate Rap GTPase activity, promoting GTP
hydrolysis leading to the inactive, GDP-bound, form [1]. Therefore, the activation and inactivation of Rap proteins
by specific GEFs and GAPs regulates the duration of Rap activation and its localization (Figure 1).

The main GEF for Rap1 is C3G, also known as RapGEF1 [2]. C3G is a 140 kDa protein, although several
other isoforms, generated by alternative splicing, has been described in human and other species [16]. In particular,
a truncated isoform, called p87C3G, that lacks the first 305 amino acids from the N-terminus, has been associated
with myeloid leukemia [17]. C3G structure is composed by three well differentiated modules. A GEF-catalytic unit
at the C-terminal region that includes the Ras exchange motif domain and a Cdc25 homologous domain [16]. A
central proline rich (or SH3-binding) domain that interacts with SH3 domains from other proteins, such as Crk,
p130Cas, Grb2, c-Abl or Hck, and harbors a tyrosine residue (Tyr504) susceptible of being phosphorylated by
different kinases, leading to C3G activation [18]. Finally, an N-terminal region with an E-cadherin binding domain,
which negatively regulates the GEF activity (Figure 2B) [6,19]. C3G is ubiquitously expressed, although there are
some tissue-specific differences. In humans, C3G levels are higher in adult skeletal muscle, brain, heart, kidney,
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Figure 1. Schematic representation of Rap1 activation by GEFs. Rap switches from an inactive form, bound to GDP,
to an active conformation, bound to GTP. GEFs, such as C3G or Epac, mediate GDP dissociation, favoring GTP binding
to Rap. To inactivate it, GAPs activate Rap intrinsic GTPase activity, promoting GTP hydrolysis.

lung and liver, as well as in placenta, fetal heart, and brain [20,21]. C3G is essential for embryonic development [2],
due to its role in integrin-mediated adhesion [5,22–24] and migration [25]. It regulates several cellular functions such
as cytoskeleton remodeling [16], vesicle traffic [26], differentiation [27], death [28–31], proliferation [29,32], and platelet
clotting [33]. However, the role of C3G in cancer remains uncertain as it can act either as a tumor suppressor or
promoter [16,17,34,35]. C3G inhibits migration of highly invasive breast carcinoma cells [36] and its expression is
reduced in cervical squamous cell carcinoma [37]. In HCT116 colon carcinoma cells, C3G knockdown promotes
migration and invasion through Rap1-mediated p38α hyperactivation, while it favors in vitro and in vivo tumor
growth [7]. C3G expression increases in human non-small-cell lung cancer [38] and in the papillary thyroid carcinoma,
C3G is also implicated [39]. In addition, transgenic expression of C3G in platelets promotes tumor angiogenesis and
metastasis [40]. Finally, chronic myeloid leukemia is associated with a high expression of the p87C3G isoform [17].

Another Rap-GEF family is Epac, consisting of three members: Epac1 (cAMP-GEFI or RapGEF3), Epac2
(cAMP-GEFII or RapGEF4) and Repac (Related to Epac, also known as RapGEF5). Like C3G, Epac proteins have
its GEF-catalytic domain in the C-terminus, although its structure differs by the presence of a cyclic nucleotide-
binding domain, a docking site for cAMP, in the N-terminal region, which is necessary for its allosteric regulation [1].
Epac family members play relevant functions related to cell adhesion and junction formation [41] such as in the
vascular endothelial barrier [42–44] or for neuronal polarization [45].

The liver & the hepatocarcinogenesis
The liver is the organ in charge of important physiological functions such as the homeostasis of energetic metabolism
(controlling the synthesis and distribution of nutrients), detoxification of metabolites and other substances. In
addition, it acts as an endocrine and paracrine gland. Hence, the importance of its proper functioning.

In response to damage, including partial hepatectomy, the liver has the property to regenerate. Initially, hep-
atocytes restore liver mass. However, during more extensive and severe liver damage, bipotential progenitor cells
(hepatoblasts) are activated and expanded from the portal area through the liver parenchyma and contribute to
regenerate the liver leading to hepatocytes and cholangiocytes. Hepatoblasts are the stem cells of the liver that
retain the ability to self-renew and proliferate to provide hepatic progenitor cells. Malignant transformation of
hepatoblasts could generate liver cancer stem cells (CSCs). Liver cancer is the sixth most common malignancy
(the fifth in men and the ninth in women), the second in mortality, and its prognosis is very poor [46] according
to the International Agency for Research on Cancer from the WHO. Hepatocellular carcinoma (HCC) is the
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Figure 2. Tissue-specific pattern of RapGEF1 (C3G) mRNA expression.(A) Histogram showing RapGEF1 mRNA
expression in fetal liver, adult liver, lung, colon, kidney, pancreas, prostate, ovary, whole brain and whole blood,
expressed as the average normalized expression. The dotted line marks the median. These data were extracted from
BioGPS platform using GeneAtlas U133A datasets composed of 176 samples of different human tissues. (B) Histogram
showing RapGEF1 mRNA expression in liver, lung, colon, breast, kidney, ovary, pancreas, prostate, uterus and whole
blood, expressed as the median TPM. These data were extracted from GTExportal (GTEx Analysis Release V6P), with a
dataset composed of 175 liver samples.
TPM: Transcript per kilobase million.

major pathological type accounting for around 80% of liver cancers. Emerging evidence indicate that CSCs, also
termed tumor-initiating cells, are present in solid tumors, including HCC [47] and are responsible for cancer relapse,
metastasis, and chemoresistance, although the origin of liver CSCs remains controversial. One possible origin is
the transformation of liver stem/progenitor cells [46]. However, they can also derive from transformed hepatocytes.
In fact, transformed murine hepatoblasts, hepatic progenitor cells and adult hepatocytes can all acquire stem cell
properties and can be converted into CSCs after genetic/epigenetic alterations [48]. Thus, the etiology of HCC
remains to be fully characterized, as well as the understanding of which signaling pathways and mechanisms are
implicated. This is a complex issue as HCC involves multiple genetic aberrations [49]. In a normal liver, environ-
mental factors as hepatitis virus B or C infection or alcoholism, as well as autoimmune disorders can initiate a
process of chronic inflammation and angiogenesis, which can lead to liver fibrosis. When inflammation and fibrosis
persists, a liver loss of function is produced, resulting in cirrhosis, which can further progress to the irreversible
development of HCC. Nowadays, there are few therapies available to treat HCC, which includes liver resection
or transplantation, sorafenib treatment or local-regional therapies such as chemoembolization or radiofrequency
ablation [50]. The limited knowledge of molecular pathogenesis and treatment of HCC supports the great effort
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made by the researchers to create liver cancer models in rodents [51]. Moreover, thanks to the bioinformatic tools
and gene array studies that allow a large scale analysis of a big number of samples and targets, we are now closer to
uncovering the molecular biomarkers of HCC generation and progression [52].

In this brief review we will first explore the literature in search for information about Rap family members and its
GEFs in liver physiology and pathology such as hepatocarcinoma (HCC). Then, we will use different databases in
order to compare C3G mRNA levels and mutations in HCC. Finally, we will discuss these data and get conclusions,
proposing some future research perspectives.

Results
Role of Rap family members & its GEFs in liver physiology
Data available in the literature point out to some members of the Rap small GTPase family and its GEFs as
important players in liver physiology through regulation of metabolism, proliferation, survival, and other cellular
processes. A liver specific Epac2 (cAMP-GEFII) isoform of 79 kDa, lacking the first cAMP-binding domain, has
been detected in mouse liver lysates, which is different from the 110 kDa isoform, present in the brain [53]. The
presence of a shorter Epac2 mRNA of 3.5 kb was confirmed both in human and mouse liver tissue by northern blot.
This liver specific Epac2 isoform presents GEF activity toward Rap1 and may have a distinctive role in liver [53].
In addition, another RapGEF, C3G, is expressed in E16.5 mouse embryonic liver. Although the C3G full-length
isoform showed a major enrichment in the brain as compared with liver [54], other shorter isoforms are present in
the liver. Specifically, data from both RNAseq and protein analysis uncovered a great representation of C3G variants
in embryonic liver as compared with brain. These liver isoforms harbor the C-terminal GEF catalytic domain,
but lack the N-terminal E-cadherin binding region. This suggests that C3G differences in RNA processing would
confer different tissue-specific functional capabilities. For example, in embryonic liver C3G could be important for
the regulation of Rap1 signaling and the recruitment of CrkL or other SH3 binding proteins, whereas in embryonic
brain it could be more implicated in E-cadherin binding and focal adhesion localization [54].

In fasted mouse primary hepatocytes, glucagon-dependent cAMP generation induces Epac-mediated Rap1
activation, which leads to the induction of SOCS3. SOCS3 negatively regulates the JAK/STAT cascade and other
signal transduction pathways such as PKA [55], preventing CREB phosphorylation in the nucleus. Therefore, it acts as
an inhibitory feedback loop for the cAMP/PKA/CREB pathway, which induces the transcription of gluconeogenic
genes. Therefore, the cAMP/Epac/Rap1/SOCS3 pathway would be a mechanism to prevent hyperglycemia in
fasted mice through inhibition of gluconeogenesis [56].

In primary rat hepatocytes, the activation of the cAMP/Epac/Rap1/PI3K/Akt pathway confers a survival ef-
fect against Fas/bile acid-induced apoptosis. On the other hand, the cAMP/Epac/Rap1 cascade protects from
TNF-α induced apoptosis through a PI3K independent pathway [57]. In addition, in rats Epac/Rap activa-
tion leads to hepatocyte cytoprotection through two pathways: cAMP/Epac/Rap1–2/Src/EGFR/PI3Kα/Akt
pathway and a cAMP/Epac/Rap1–2/Src/PI3Kβ/Akt pathway [58]. Ulterior studies showed us that the
cAMP/Epac/Rap1/PI3K/Akt/GSKβ pathway also protects rat hepatocytes and human Huh7-NTPC cells against
bile acid-induced apoptosis [59]. Therefore, cAMP/Epac/Rap constitute an important pro-survival signaling path-
way in the liver, and its further characterization could lead to the identification of potential novel therapeutic targets
to slow down the progression of chronic hepatopathies [58]. These findings indicate that the Epac/Rap cascade
plays a relevant role in liver physiology, although it remains to be better characterized. Thus, deeper functional and
mechanistic studies are required to further understand the distinctive role played by this pathway in liver.

Relevance of Rap proteins & its GEFs in liver pathologies & HCC
The nature of rap genes as oncogenes or tumor suppressors is controversial, with different groups finding paradoxical
results, which may be dependent on the cellular context. In human Hep3B cells, Rap1 expression reduces saturation
density at confluence. Moreover, in nude mice xenograft assays, Rap1 suppresses their intrinsic tumorigenic
capacity [59]. Rap1 also acts as a suppressor of tumorigenesis by inhibiting TPA-(phorbol ester) or insulin-induced
Ras/Raf/MEK/ERK activation and cell proliferation in Hep3B cells [60]. In contrast, experiments developed in
other human liver cancer cell lines (HepG2, HepG2.2.15 and SMMC-7721) support the involvement of Rap1 in
hepatitis B virus (HBV)-related HCC pathogenesis. In particular, HBV increases Rap1b expression through the
inhibition of miR-101-3p, which leads to an enhanced growth and migration of HCC cells. miR-101-3p is known
to be downregulated in HCC, impairing its proapoptotic and antitumorigenic activities [61]. Thus, miR-101-3p
would be a potential therapeutic target in HBV-related HCC [62].
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On the other hand, Rap2B is upregulated in HCC samples and in some human HCC lines such as HepG2,
MHCC97H and HCCLM3, favoring cell proliferation, migration and invasion through mechanisms involving
FAK activation and increased levels of matrix metalloproteases MMP2 and MMP9. Accordingly, in vivo xenograft
assays in nude mice using HepG2 cells showed a reduced tumor growth and weight upon Rap2B silencing. This
indicates that Rap2B acts as an oncogene promoting the development and progression of HCC and it could be a
potential therapeutic target for the treatment of HCC [63].

Rap1 also plays a role during liver regeneration. The compensatory hyperplasia of rat liver following
two-thirds partial hepatectomy is a well-known paradigm of coordinated DNA synthesis. During the regen-
erative growth response, the levels of rap1A mRNA and Rap1A protein in liver membranes decreased at
24 h, which corresponds to the peak of DNA synthesis. This effect is reverted after 48 h, which indicates
that rap1A transcription and/or transcript stability is cell-cycle regulated. Moreover, rap1A expression would
be inversely correlated with DNA synthesis, as well as with ras and raf expression [64]. More recently, a study
dissected the proliferative response during liver regeneration in the different liver cell types in adult rats. At
the priming stage (2–6 h after partial hepatectomy), two proliferative promoting pathways, initiated with
the engagement of G protein-coupled receptor, (GPCR)/Gsα/AC/cAMP/Epac/Rap1/Raf/MEK/ERK
and GPCR/Gsα/AC/cAMP/PKA/Rap1/Raf/MEK/ERK were activated in hepatic stellate cells
(HSCs). During the progression phase of liver regeneration (6–72 h after partial hepatectomy),
GPCR/Gsα/Epac/Rap1/Raf/MEK/ERK cascade activation increased, being implicated in biliary epithe-
lial cell proliferation [65]. In the late phase of liver regeneration, (120 h after hepatectomy), in hepatocytes, the
Gαs/AC/Epac/Rap1 pathway was less active, which reduces the expression of genes involved in hepatocyte
proliferation by decreasing ERK1/2 activity [66].

Epac may be also involved in the regulation of liver fibrosis. Thus, pentoxifylline (an Epac activator) has shown
in vitro hepatic antifibrotic actions by increasing cAMP levels in HSCs [67]. In agreement with this, TGF-β1, a
profibrotic signal, decreases Epac1 mRNA levels in mouse and human HSCs [68]. Taking all this into account,
potential liver antifibrotic therapies could be focused on increasing cAMP levels or Epac expression and/or its
activation [69].

Epac and Rap also play a role in alcoholic liver disease, which is one of the most common etiologies involved
in the generation of liver disorders, including alcoholic hepatitis, fibrosis, cirrhosis and HCC. HSCs are activated
by acetaldehyde, the main metabolite of ethanol [70], inducing a change from quiescent vitamin A-storing cells
to proliferating activated myofibroblast-like cells that stimulate the deposition of extracellular matrix [71]. In a
rat model of alcoholic liver fibrosis, where acetaldehyde activated HSCs, an increase in the levels of Epac2 and
GTP-bound Rap1 and a decrease of Epac1 was produced [72]. It was proven that Epac1/Rap1 had a protective
effect by suppressing the activation and proliferation of HSCs, while Epac2/Rap1 promoted a profibrotic response.
These results support the potential use of an Epac-based therapy for alcohol-induced liver fibrosis.

Changes in C3G expression & genetic alterations in human HCC
There is no information in the literature supporting a role for C3G in liver cancer. However, based on genomic
and mRNA data from public access databases, we can hypothesize that C3G might play a relevant function in this
pathology. Here we will briefly describe and discuss some interesting findings on the subject.

When searching for information about RapGEF1 (C3G), the first problem is the great number of databases
available with different results. This might be in part due to a limited number of samples, which does not allow
reliable conclusions to be established.

The BioGPS platform uses GeneAtlas U133A datasets, composed of 176 samples from different human tissues,
to generate a graphic showing the tissue-specific pattern of mRNA expression [73]. In Figure 3A, we observe that the
average normalized expression of C3G mRNA in the liver is 7.5 (relative units), which is above the median value,
as compared with other representative organs and tissues such as the lungs, colon, kidney, pancreas, prostate, ovary,
whole brain, or whole blood. In contrast, C3G mRNA levels are lower in fetal than in adult liver, which could be
indicative of the functional differences between fetal and adult liver. On the other hand, data from GTExportal
(GTEx Analysis Release V6P) [74] indicate that RapGEF1 gene expression in liver appears to be lower than in other
tissue samples coming from lungs, colon, breast, kidney, ovary, prostate, uterus or whole blood. Thus, the 175 liver
samples have a median transcript per kilobase million (TPM) value of 12.96, while the value for the rest of the
tissues was higher (Figure 3B). The most closed TPM (19.62) was that of the pancreas, but it is still higher than
that of the liver. Although this database allows to apply a sex filter, no significant difference between female and
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Figure 3. Comparison of RapGEF1 mRNA expression in normal versus tumoral liver tissue. (A) Boxplot showing
RapGEF1 mRNA expression in normal and tumoral liver tissue, expressed as log2 of RSEM (accurate transcript
quantification for RNA-Seq data). These data were extracted from GENT platform, derived from the analysis of 50
normal liver samples and 194 liver tumor samples using the Affymetrix GeneChip Human Genome U133 Plus 2.0 Array.
(B) Boxplots showing RapGEF1 expression in normal and tumoral liver tissues, expressed as log2 RSEM (right panel) or
log2 RPKM (left panel). These data come from Firebrowse platform, using TCGA datasets, with 50 control liver
samples and 373 hepatocellular carcinoma (HCC) tumor samples (right panel) or nine control liver samples and 17 HCC
tumor samples (left panel). A t-test statistical analysis using Graphpad 6.01 software revealed a significant difference
between tumor samples and controls (***p < 0.0001; left panel). (C) Boxplot showing RapGEF1 mRNA expression in
control (normal) liver, HCC, HCC-PDX and HCC metastatic samples, expressed as log2 RSEM. These data
were obtained from Gene Investigator software using Affymetrix Human Genome U133 Plus 2.0 Array analysis, with
a dataset of 535 control liver samples, 232 HCC samples, 30 HCC-PDX samples and 15 HCC-metastatic samples.
GENT: Gene expression across normal and tumoral tissue; PDX: Patient-derived xenograft; RPKM: Reads per kilobase
per million; RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome.
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male liver samples can be detected, the median TPM being 13.21 for females and 12.76 for males. In contrast,
when comparing normal versus tumorous liver samples from different databases, it seems to be a consensus in the
C3G mRNA expression results. The overall data indicate that C3G mRNA expression is slightly higher in tumoral
liver tissue as compared with normal liver samples, although the fold change between these two conditions depends
on the database, owing to the different origins and number of samples, among others factors. In Figure 2A, data
from GENT (Gene Expression across Normal and Tumoral Tissue) platform [75], derived from the analysis of 50
normal liver samples and 194 liver tumor samples using the Affymetrix GeneChip Human Genome U133 Plus
2.0 Array, indicate that C3G mRNA expression slightly increases in liver tumor samples as compared with normal
liver tissue. Using the Firebrowse platform, which uses many datasets from TCGA (The Cancer Genome Atlas)
to create differential plots of gene expression from normal and tumor samples from the overall human anatomy,
a similar tendency was found [76]. As shown in Figure 2B, left graph, a 2.42-fold increase in C3G mRNA levels
is observed in HCC tumor samples as compared with control liver samples using a Firebrowse analysis. To do
it, a dataset of nine control liver samples and 17 HCC tumor samples is used and the results are expressed in
RPKM (log2; Reads Per Kilobase per Million). In contrast, as shown in Figure 2B, right graph, when the same
platform uses a dataset of 50 control liver samples and 373 HCC tumor samples and the results are expressed in
RSEM(log2) (accurate transcript quantification for RNA-Seq data) [77], the increase in C3G mRNA levels in HCC
tumor samples versus control liver samples is quite limited (with a fold change of 1.18). On the other hand, the
Gene Investigator Software [78], which uses the gene expression information from multiple samples datasets derived
from Affymetrix Human Genome U133 Plus 2.0 Array analyses, give different results. As we can see in Figure 2C,
using this software to compare control liver samples versus different sets of HCC samples derived directly from
patients or from patient-derived xenografts (HCC-PDX), higher C3G mRNA levels are found in HCC samples. In
contrast, HCC samples classified as metastatic express considerably lower levels of C3G mRNA as compared with
both normal liver and HCC samples. This suggests that low levels of C3G mRNA in liver might favor migration
and invasion of HCC cells, promoting metastasis to secondary organs.

We also looked for somatic mutations and other genetic alteration data. In the cBioportal database [79], three
gene sets of HCC samples are available (Figure 4A). The TCGA set comprises 366 cases, where 3% present
alterations in the RapGEF1 gene (11 cases), either mutations, amplifications, or deep deletions. The AMC (Asian
Medical Centre, Seoul, South Korea; Hepatology, 2014) set is composed by 231 cases, where 2.6% present missense
mutations (six cases) in RapGEF1 gene. Finally, the Inserm (Nat. Genet., 2015) set comprises 243 cases with 2.1%
of them presenting either nonsense (truncating) or missense mutations in RapGEF1. The localization of specific
mutated amino acids in the RapGEF1 protein is shown in Figure 4B. We can observe a high concentration of
known missense mutations in the N-terminal region, which negatively regulates the GEF catalytic activity of C3G.
Thus, we could hypothesize that loss of function mutations within this region could lead to a sustained GEF activity
and a subsequent hyperactivation of the Rap1 pathway and/or other Ras GTPases. However, the greatest number
of potential missense mutations is found in the catalytic domain, located at the C-terminal region. Presumably, a
missense mutation in this catalytic domain might alter the GEF activity, which would lead to a deregulation of Rap1
pathway. Furthermore, there are two important nonsense (truncating) mutations located in relevant positions. The
first affects residue Y504, whose phosphorylation is involved in C3G activation and localization. As a consequence,
this mutation could interfere with its activation. The second one occurs in some amino acids upstream from the
Ras exchange motif domain, and could lead to a loss of its catalytic activity.

Because phenotypic alterations and diseases are not only associated with gene mutations, but also to copy number
variations, we also looked for it at the OASIS Analytics platform that compiles results from other databases [80]. In
a first liver cancer dataset (Pfizer, ACRG [Asian Cancer Research Group; Singapore]), we observed a 0.5% copy
number gain (one donor affected out of 217 donors) and 0.9% copy number loss (two donors affected out of 217
donors). In a second liver HCC data set (TCGA, MD, USA), no donors with copy number gain (from a total of
212 donors) were found, while it was a 0.6% copy number loss (one donor affected out of 165 donors). In a third
liver cancer data set (Pfizer, Samsung, Seoul, South Korea) there were no donors (from a total of 272) with copy
number changes. Therefore, we can conclude that the data concerning the copy number variation for the RapGEF1
gene points to a nonsignificant effect on HCC, based on the number of samples analyzed. However, a larger liver
cancer sample dataset should be analyzed to confirm this conclusion.

Finally, we studied the survival Kaplan–Meier curves for RapGEF1 gene in HCC, processed by cBioportal
platform using the TCGA database [81]. As shown in Figure 5, the overall survival of the group of patients with
alterations in RapGEF1 is nearly five-times smaller (4.83) than that of the group with no alterations. Specifically,
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Figure 4. Somatic mutations and other genetic alteration in RapGEF1 gene. Data from cBioportal database, using three gene sets: TCGA
with 366 cases, the AMC (Hepatology, 2014) with 321 cases and Inserm (Nat. Gent., 2015) with 243 cases. (A) Piled histogram showing
RapGEF1 deep deletion, amplification, missense mutation, or truncating mutation, expressed as the percentage of alterations in the gene
set. (B) Schematic representation of C3G domains, from N- to C-terminal: negative regulatory domain of GEF activity, E-cadherin binding
domain, SH3-binding domain (rich in prolines), Y504 (site of phosphorylation) and GEF catalytic domain composed of REM and
Cdc25-Homologous Ras GEF domain. Dots above C3G scheme represent nonsense mutations (dark dot) or missense mutations (grey dot)
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from 11 cases, eight patients died, the median survival being 14.39 months. In contrast, in the group with no
alterations in this gene, composed by 354 cases, 119 died, the median survival being 69.51 months. Therefore, we
can conclude that the above mentioned RapGEF1 mutations have a relevant impact on mortality and they would
be considered as a bad prognosis factor in HCC. However, it would be essential to know in which moment and
context these mutations take place, as well as the type of mutation, in order to understand how they control HCC
initiation, progression, and metastasis.
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Figure 5. Survival of patients with alterations in RapGEF1 gene as compared with patients with no alterations. Kaplan–Meier survival
curves for both patients without alterations in RapGEF1 (blue curve, 354 cases) and with alteration(s) in RapGEF1 (red curve, 11 cases),
expressed as the percentage of alive patients along the time (expressed in months). These data and the graphic (with modifications) were
extracted from cBioportal platform using TCGA database.

Potential use of Rap regulators as therapeutic agents for HCC & other liver diseases
Taking into account that targeting different members of the Rap subfamily (Rap1 or Rap2) may have opposite
outcomes in the liver context, it is essential to design very specific drugs as a potential therapy for HCC and other
liver diseases. However, no specific or selective inhibitors for Rap have been identified yet. There are only either pan
inhibitors which target small GTPases, or indirect approaches involving GEF inhibitors or GAP activators, which
are all useful for laboratory research, but not for patients’ treatment because of their non-specific effects. In fact, the
attempt to generate specific Ras inhibitors also failed for the same reason: a lack of specificity of the compounds.

The design of small molecules that can disrupt protein to protein interactions for Ras family of GTPases has
been particularly challenging due to the structure of their hydrophobic pocket (not sufficiently deep and large).
Thus, there are only a few pan-GTPase inhibitors and only some of them have a potential therapeutic effect. For
example, a multiple site targeting, pan-Ras inhibitor, named 3144, exhibited antitumoral activity in xenograft
assays, as it disrupted the Ras/Raf/MEK/ERKs signaling pathway [82], but lacks of specificity. Another compound,
CID1067700, a small molecule pan-GTPase inhibitor, was shown to act as a reversible competitive inhibitor that
binds to the guanine nucleotide binding site of the GTPases from Ras, Rho and Rab subfamilies, having the
additional problem of being cytotoxic and, therefore, useless as a therapy [83].

As a complementary approach, small molecule inhibitors of GEF catalytic activities toward GTPases have
been identified. In particular, a SOS1 chemical inhibitor was found using a combined structure-based virtual
and fluorescent guanine nucleotide exchange assays screening that could be used for identifying other GEFs
inhibitors [84].

Different Epac antagonist and agonist-based therapies have been also tested in the last years looking for a potential
pharmacological application. Some antagonists with promising properties have been found [85]. In particular, two
noncyclic nucleotide Epac2-specificic antagonists, ESI-05 and ESI-07, that inhibit Rap1 activation showed a high
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Figure 6. Functions of Rap proteins and its GEFs in hepatocellular carcinoma or other liver pathologies. This scheme
summarizes the most relevant actions of Rap1/2 and their main GEFs, Epac and C3G, in different liver pathological
contexts. Upper left panel shows both the anti- and pro-tumorigenic effect of Rap1, as well as that of Rap2B
promoting tumor growth and migration in human HCC cell lines. The potential implication of Ras/ERKs cascade and
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included. Lower panel shows the antagonist contribution of Epac1 and Epac2 proteins in ALF and other effects of
Epac1/Rap1 in the partial hepatectomy response.
ALF: Alcoholic liver fibrosis; HCC: Hepatocellular carcinoma.

potency in vitro. These two small compounds bind to a newly reported allosteric site located in the interface of the
two cAMP binding domains, which is not present in Epac1 [86]. Another compound, ESI-09, specifically blocks
Epac-mediated Rap1 activation and impaired migration and invasion of pancreatic cancer cells [87]. However, it
lacks isoform selectivity [88,89].

Taking all this into account, we are still far away from having specific inhibitors of Rap and/or its GEFs. However,
efforts should be put on the screening of new selective GEF inhibitors that could specifically block Rap activation,
and, therefore, they could be used for HCC treatment or other liver diseases.

Conclusion
Although there is not much information in the literature about the function of Rap in the liver and in HCC,
a number of data indicate that Epac-mediated activation of Rap is involved in the regulation of different liver
physiopathological processes (Figure 6). However, the precise function of C3G remains to be established. The
information derived from different databases points out to an increased expression of C3G mRNA in HCC, which
would be reduced in metastatic tumors. In addition, several mutations have been found in some patients (Figure 6).
However, all this information comes from genetic data. Therefore, it remains to be determined how these changes
might impact on C3G protein expression and/or a selective enrichment, in particular isoforms in samples derived
from HCC patients. It would also be interesting to determine which specific C3G mutations correlate with an
adverse prognosis in HCC patients. Moreover, it would be essential to perform in vitro studies using HCC cell lines
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in order to determine which C3G isoforms are present and in which amount. In addition, the effect of C3G on
tumor growth and migratory/invasive properties of HCC cells, as well as the potential requirement of Rap, needs
to be established using knockdown approaches. The particular effect of C3G mutations might be also determined
in vitro using C3G knockdown HCC cell lines expressing the mutated C3G forms.

Future perspective
Although there are still many open questions about the function of Rap and Rap GEFs in liver physiopathology
and, in particular, in HCC, a number of issues will be solved in the next few years. Firstly, in vitro studies using
human HCC cell lines will allow the characterization of the role played by Rap and C3G (the main RapGEF)
in tumor growth and migration/invasion. Moreover, the use of mice models to induce subcutaneous tumors by
xenograft assays and/or HCC through chemical and genetic approaches will contribute to define their functions in
HCC. In addition, it is expected that public databases will highly increase the number of available data derived from
patients, so that a good statistical correlation could be established between Rap and C3G (mRNA and protein)
levels or mutated C3G and HCC development, progression, and patient survival. In this way, and taking into
account the results derived from in vitro studies, C3G levels and/or certain mutations will likely be used as new
diagnostic and prognostic markers.

Executive summary

Role of Rap family members & its GEFs in liver physiology
• Rap proteins, activated by the RapGEF and Epac, regulate liver physiology.

• The liver presents a specific Epac2 isoform (lacking the first cAMP-binding domain), and an enrichment in shorter
isoforms of C3G (lacking the E-caherin domain).

• Rap proteins regulate the hepatic glucose metabolism through a cAMP/Epac pathway.

• The cAMP/Epac/Rap cascade constitutes an important pro-survival signaling pathway for hepatocytes.
Relevance of Rap proteins & its GEFs in liver pathologies & hepatocellular carcinoma
• The Epac/Rap1 cascade is involved in liver regeneration induced by partial hepatectomy.

• The Epac1/Rap1 cascade induces an antifibrotic effect, suppressing hepatic stellate cell activation and
proliferation.

• Epac2/Rap1 pathway activates a profibrotic response in rat alcoholic liver disease.

• Rap2B upregulation promotes tumor growth and progression of hepatocellular carcinoma (HCC), while Rap1
appears to play a dual role.

Changes in C3G expression & genetic alterations in human hepatocellular carcinoma
• According to different genetic databases, C3G mRNA levels are increased in hepatocellular carcinoma, although

in metastatic stages they are lower than in normal tissue.

• Several mutations in the rapGEF1 gene have been found in HCC patients.

• Survival of patients with rapGEF1 gene alterations is smaller than that of the group without alterations.
Conclusion
• Although C3G mRNA levels are altered in HCC, its effect on protein levels and/or the pattern of expression of the

different isoforms remains to be determined.

• The function of C3G and Rap in tumor growth and migration/invasion of HCC cells needs to be established by in
vitro and in vivo studies.

• C3G might represent a new diagnostic and prognostic marker of HCC, as well as a new therapeutic target.
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