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Abstract

Primary liver cancer usually occurs in the context of chronic liver disease (CLD), in association with fibrosis. Platelets have
emerged as important regulators of CLD and liver cancer, although their precise function and mechanism of action need
to be clarified. C3G (RapGEF1) regulates platelet activation, adhesion, and secretion. Here we evaluate the role of platelet
C3G in chemically induced fibrosis and liver cancer associated with fibrosis using genetically modified mouse models. We
found that while overexpression of full-length C3G in platelets decreased liver fibrosis induced by chronic treatment with
CCl,, overexpressed C3G lacking the catalytic domain did not, although in both cases platelet recruitment to the liver was
similar. In addition, C3G deletion in platelets (PF4-C3GKO mouse model) increased CCl,~induced liver damage and
hepatic fibrosis, reducing liver platelets and macrophages. Moreover, early liver immune response to CCl, was altered in
PF4-C3GKO mice, with a remarkable lower activation of macrophages and increased monocyte-derived macrophages
compared to WT mice. On the other hand, in response to DEN+CCl,, PF4-C3G WT mice exhibited more and larger liver
tumors than PF4-C3GKO mice, accompanied by the presence of more platelets, despite having less fibrosis in previous
steps. Liver immune cell populations were also differentially requlated in PF4-C3GKO mice, highlighting the higher
number of macrophages, likely with a pro-inflammatory phenotype, present in the liver in response to chronic DEN+CCl,
treatment. Proteins upregulated or downregulated in platelet-rich plasma from PF4-C3GKO compared to WT mice might
regulate the immune response and tumor development. In this regard, enrichment analyses using proteomic data showed
changes in several proteins involved in platelet activation and immune response pathways. Additionally, the higher
secretion of CD40L by PF4-C3GKO platelets could contribute to their antitumor effect. Therefore, platelet C3G presents
antifibrotic and protumor effects in the liver, likely mediated by changes in the immune response.

© 2025 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great Britain
and Ireland.
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Introduction common cancer [1,2]. Fibrosis, a hallmark of CLD,

can progress to cirrhosis, the main risk factor for the
Chronic liver disease (CLD), a major global health  development of hepatocellular carcinoma (HCC), the
problem, can lead to liver cancer, the sixth most most frequent liver cancer [2]. However, the causal
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relationship between fibrosis and HCC development
remains unclear [3].

Hepatic injury activates fibrogenesis, which involves
extracellular matrix (ECM) secretion [4,5] and induces
regeneration, which requires hepatocyte proliferation.
However, when liver damage becomes chronic, hepato-
cyte proliferation is impaired, and hepatic progenitor/
oval cells are activated and expanded as an alternative
regeneration mechanism [4,6].

Liver fibrosis and HCC development are complex pro-
cesses regulated by several signals such as growth factors
(e.g. TGF-B), cytokines (e.g. IL-6), and chemokines
(e.g. CCL2/5), arising from the interaction of different
liver cell types, mainly hepatic stellate cells (HSCs),
hepatocytes, Kupffer cells (KCs) (resident macrophages),
and infiltrated immune cells [2,5,7,8]. HSCs and
cancer-associated fibroblasts are the main ECM
producers [3]. During chronic injury, HSCs become
activated, transdifferentiate into myofibroblasts, express
o-smooth muscle actin («-SMA), and secrete ECM,
mainly collagen type I and III, promoting fibrosis and
chronic inflammation [4,9-11]. All this can contribute to
maintaining hepatic fibrogenesis and/or liver repair,
depending on the context.

In HCC, immune cells play a dual role depending on
the context and timing [2]. A better prognosis is associated
with the existence of immune infiltrates in HCC patients
owing to the capacity of CD8" cytotoxic T cells to kill
cancer cells [12]. However, in metabolic dysfunction—
associated steatohepatitis (MASH) [formerly nonalcoholic
steatohepatitis (NASH)] mouse models, CD8'T cells
showed a pro-inflammatory and protumorigenic role,
facilitated by platelet-mediated recruitment [13].

Platelets are key players in fibrosis, CLD, and HCC.
Under physiological conditions, platelets maintain liver
homeostasis and vascular integrity and regulate the
immune system [14,15]. In CLD, their function seems
to be dual. Higher platelet levels correlate with less
fibrosis in CLD patients [15] owing to the increased
release of antifibrotic factors (e.g. HGF) and the decrease
in TGF-B [16]. However, platelets also exacerbate local
inflammation by recruiting different immune cells [13]
and secrete pro-fibrotic factors such as TGF-p, PDGF,
and CXCL4 (also named PF4) [14].

In HCC, as in other cancers [17], platelets can also
have a dual function; thrombocytosis has been associated
with worse overall survival [18,19] and thrombocytopenia
with better outcomes of HCC patients [20]. As HCC pro-
moters, platelets can induce hepatocyte proliferation [14],
angiogenesis, and monocyte recruitment. Platelet releasates
also facilitate a switch from monocytes to pro-tumoral
macrophages, favoring HCC progression [15]. Platelets
can also exert immunosuppressive effects through interac-
tion with natural killer (NK) and T cells [14].

C3G (or RapGEF1) is a guanine nucleotide exchange
factor (GEF) for Rapl that regulates multiple cellular
functions [21-24] through mechanisms dependent or
independent of its GEF activity [25-27]. In cancer,
C3G exerts different functions depending on tumor type
and stage [23,28,29]. In HCC, C3G is upregulated [30]
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and plays a dual role promoting tumor growth while
inhibiting invasion.

C3G also induces megakaryocytic differentiation and
pro-platelet formation [31] and regulates platelet biology
[32-35]. Acting through Raplb, C3G mediates signal-
ing cascades triggered by several agonists to induce
platelet activation, aggregation, and thrombus forma-
tion. C3G also regulates platelet a-granule release via
Rap1-dependent and independent mechanisms, favoring
angiogenesis and metastasis in melanoma and lung can-
cer models [35,36]. Based on C3G functions on platelets
and the key role of platelets in liver fibrosis and HCC, we
evaluated how platelet C3G regulates these processes
using genetically modified mouse models. Our results
suggest that platelet C3G protects from liver fibrosis,
favors chemically induced tumor development, and reg-
ulates immune response to liver damage.

Materials and methods

Genetically modified mouse models

Transgenic mice overexpressing human full-length
C3G (tgC3GFL) or C3G lacking the catalytic domain
(tgC3GACat) in megakaryocytes and platelets and a
conditional megakaryocyte/platelet C3G knockout
(PF4-C3GKO) mouse, previously described and char-
acterized [31-36], were used. Each transgenic and
knockout mouse had a different WT control, which
may show behavior differences since they have different
genetic backgrounds.

Induction of liver fibrosis and HCC associated with
fibrosis

Liver fibrosis was induced with CCl, [37] and HCC
associated with fibrosis with DEN (diethylnitrosamine)
and CCl, [38].

All animal experiments were carried out in compli-
ance with the European Community Council Directive
2010/63/EU, following guidelines for animal research
from Complutense University Ethical Committee and
approved by Comunidad de Madrid (Spain) with refer-
ences PROEX226.5/20 and PROEX176.0/24.

To analyze liver fibrosis, dewaxed liver paraffin
sections were stained with Picro-Sirius Red.

Isolation and analysis of nonparenchymal liver cells
by flow cytometry

Nonparenchymal cells (NPCs) were isolated as described
previously [39,40].

Preparation of platelet-rich plasma, platelet
stimulation with ADP, and secretome generation
Blood collected in EDTA-pretreated tubes was cen-
trifuged twice at 100x g to obtain platelet-rich plasma

(PRP). PRPs were centrifuged at 1300x g to isolate
platelets, which were stimulated with ADP and
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centrifuged at 2500% g, collecting the supernatant with
the secretome.

Isolation and stimulation of peritoneal macrophages

Mice were treated with 3% thioglycolate, and 4 days
later the peritoneum fluid was aspirated to isolate
macrophages. Cultured macrophages were stimulated
with LPS or platelet secretomes.

Wide proteomic analysis

PRP protein extracts from PF4-C3GKO and WT mice
treated with DEN+CCl, or the vehicle for 14 weeks
were digested with trypsin and analyzed using nano-
liquid chromatography coupled to a high-resolution
mass spectrometer. Data were subjected to Gene Ontology
(GO) enrichment [41] and additional analyses.

Statistical analysis

Data are represented as the mean + SEM (n = 3-8 mice).
Unpaired Student’s t-test, one-way or two-way ANOVA,
followed by Tukey or Bonferroni multiple-comparison tests
were used. Differences were considered significant
at p <0.05. Additional details are provided in
Supplementary materials and methods.

Results

Platelet C3G promotes platelet recruitment to the
liver in response to CCl,, protecting from fibrosis

Considering platelets” involvement in CLD, regulating
fibrosis and liver cancer [14,15], and the important func-
tions of C3G in platelets [32—-36], we explored the role of
platelet C3G in CCly-induced liver fibrosis using genet-
ically modified mouse models.

Treatment of mice with CCl, for 4 weeks led to similar
collagen accumulation in livers from mice overexpressing
C3GFL (tgC3GFL) or C3GACat (tgC3GACat) in platelets
and WT (supplementary material, Figure S1). However,
after 8 weeks of treatment with CCly less collagen was
accumulated in livers from tgC3GFL compared to WT
mice, while no differences between livers of tgC3GACat
mice and their WT counterparts were found (Figure 1A and
supplementary material, Figure S2A and Table S2). In
contrast, in PF4-C3GKO mice treated with CCl, for
8 weeks, collagen accumulation in the liver was signifi-
cantly higher than in WT animals (Figure 1A). Similarly,
liver a-SMA levels, which increased in response to CCly
(8 weeks) in mice from all genotypes, were lower in
tgC3GFL, reaching the highest levels in PF4-C3GKO mice
(Figure 1B and supplementary material, Figure S2B),
which resulted in an increased activity of alanine amino
transferase (ALT) and aspartate amino transferase
(AST), indicative of liver damage (supplementary
material, Figure S3). This suggests that platelet C3G
protects against liver fibrosis and chronic damage after
CCl, treatment.

© 2025 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
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Next, we analyzed liver platelets. Figure 1C shows a
higher number of platelets (CD417) in livers from
untreated tgC3GFL or tgC3GACat mice than in their
WT counterparts. However, treatment with CCl, for
8 weeks only increased liver platelets in WT mice.
In agreement with this, the number of liver platelets in
PF4-C3GKO mice did not increase in response to CCly,
remaining lower than in WT animals. This indicates that
platelet C3G overexpression promotes platelet recruitment
to the liver, even in untreated mice, while deletion of C3G
in platelets prevents this recruitment in response to CCly.

Macrophages contribute to HSC activation and pro-
gression of liver fibrosis [42]. Therefore, we quantified
liver macrophages (F4/80+). Untreated tgC3GFL and
tgC3GACat mice had more liver macrophages (Figure 1D),
which decreased upon treatment with CCl, for 8 weeks in
tgC3GFL mice, remaining unchanged in tgC3GACat
animals. Moreover, the increase in liver macrophages
induced by CCl; in WT mice was impaired in
PF4-C3GKO animals. All this suggests that the number
of liver macrophages is regulated by platelet C3G.

A variety of liver cell types, recruited immune cells,
and platelets can secrete growth factors, cytokines, and
chemokines that regulate liver fibrosis. Thus, we evalu-
ated the liver expression of some of them after 4 and
8 weeks of treatment with CCly. Hgf mRNA was
increased in livers from untreated tgC3GFL compared
to WT mice at 4 weeks, showing a tendency to decrease
upon CCl, treatment. However, no changes were found in
tgC3GACat mice (supplementary material, Figure S4).
Curiously, /l6 mRNA levels were upregulated in livers
from untreated tgC3GFL and tgC3GACat mice, and //1b
mRNA was more expressed in livers from untreated
tgC3GACat mice, decreasing after CCl, treatment for
4 weeks (supplementary material, Figure S4). After
8 weeks of treatment with CCly no significant differences
in their expression between genotypes were found, except
for the increase in /6 mRNA detected in livers from
tgC3GFL mice (supplementary material, Figure S5).
Additionally, Hgf mRNA expression was reduced in
PF4-C3GKO livers, increasing upon CCl, treatment
(8 weeks). Since changes in these mRNAs were not sig-
nificant in most cases, we determined IL-1f, IL-6, and
CCL2 protein levels in the liver under these conditions.
IL-1p protein levels decreased in livers from tgC3GFL
mice compared to their WT counterparts, while pro-1L-1
remained unchanged. IL-6 levels increased in livers from
tgC3GFL mice treated with CCl,; and in untreated
C3GACat mice compared with their corresponding
WT counterparts, while a reduction was observed in
PF4-C3GKO mice (Figure 2A and supplementary mate-
rial, Figure S6). No changes between genotypes were
observed in CCL2 in response to CCly.

Platelet C3G regulates early liver immune response
to CCl,, increasing macrophage activation
Although platelet C3G seems to protect against liver

fibrosis induced by CCl;, we only detected limited
changes in the expression of potential regulatory factors
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at either 4 or 8 weeks when comparing the different
genotypes. Early changes in cytokines and chemokines
(e.g. CXCLA4) and the subsequent platelet recruitment
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expression of IL-6, IL-1p, CCL2, and CXCL4 following
short-term treatment (24 h) with CCl, in mice from all
genotypes. With this brief CCl, treatment, //6 mRNA
levels were only significantly increased in livers from
PF4-C3GKO compared to WT mice, and CCly-induced
1116 mRNA expression was enhanced in tgC3GFL mice
(Figure 2B). Ccl2 mRNA expression was also accentu-
ated in livers from tgC3GFL and PF4-C3GKO mice
treated with CCly, while no differences between geno-
types were observed in Cxcl4 (Figure 2B). In most cases,
the expression of these cytokines was similar in WT and
tgC3GACat mice in response to CCl, (Figure 2B).
Moreover, the analysis of IL-6, IL-1f, and CCL2 protein
levels under these conditions only revealed changes in
IL-6 (Figure 2C and supplementary material, Figure S7).
IL-6 levels increased more in livers from tgC3GFL
mice treated with CCly (24 h) compared to WT mice,
although in all genotypes a rise was observed (Figure 2C
and supplementary material, Figure S7).

Early changes in the immune cell populations induced
by cytokines and other regulatory signals, some of
them secreted by platelets, are relevant for chronic
liver damage response [2,13,40]. Therefore, based on
genotype-dependent differences in the number of liver
macrophages after chronic CCly treatment (Figure 1D),
liver macrophages and platelets and serum ALT and
AST activities were analyzed after CCl, treatment for
24 h. Whereas the increase in serum ALT and AST
activities induced by CCl, was similar in tgC3GFL and
tgC3GACat compared to their WT mice, AST activity
was higher in PF4-C3GKO than in WT mice (supple-
mentary material, Figure S8A). However, CCl, induced
a similar recruitment of platelets to the liver in all geno-
types (supplementary material, Figure S8B), and liver
macrophages remained unchanged or tended to decrease
regardless of genotype (supplementary material,
Figure S8C). Therefore, to further understand the behav-
ior of immune cells, a detailed analysis of immune cells
was performed after 48 h of CCl, treatment only in
PF4-C3GKO mice and their corresponding WT coun-
terparts. Upon CCly treatment for 48 h, the number of
active macrophages only increased in the liver of WT
mice (Figure 3A), while early recruited monocytes
increased in PF4-C3GKO mice. On the other hand,
monocyte-derived macrophages increased in the liver
of both WT and PF4-C3G-KO mice treated with CCly
for 48 h, reaching higher levels in PF4-C3GKO mice.

C Baquero et al

Additionally, the number of lymphocytes and, specifically,
helper T lymphocytes decreased after CCl, treatment for
48 h only in WT mice (Figure 3A). In contrast, cytotoxic
lymphocytes did not change under any condition or geno-
type (Figure 3A). On the other hand, the number of neu-
trophils was higher in the liver of untreated WT animals
compared to PF4-C3GKO mice and decreased after CCly
treatment for 48 h only in WT mice. However, the number
of cytotoxic NK cells was significantly higher in livers
from untreated PF4-C3GKO mice, decreasing upon CCly
treatment, while increasing in WT mice (Figure 3A);
whereas the number of helper NK cells decreased after
CCly treatment only in WT mice. Therefore, the CD4+/
CD8+ NKT ratio increased in livers from PF4-C3GKO
mice treated with CCl, for 48 h.

All these data indicate that the early immune response
to CCly is altered in the liver of mice lacking C3G in
platelets, with remarkable reduced macrophage activa-
tion and enhanced monocyte/macrophage recruitment.

To better understand how platelet C3G regulates
macrophage phenotypes, isolated macrophages were
stimulated with secretomes from ADP-activated WT
and PF4-C3GKO platelets or LPS, an inducer of a pro-
inflammatory phenotype. As expected, Nos2 mRNA
(encoding iNOS) was markedly induced by LPS and, to
a lesser extent, by platelet secretomes, reaching higher
levels with PF4-C3GKO-derived secretomes (Figure 3B).
In addition, Argl mRNA expression (anti-inflammatory
phenotype marker) tended to be higher upon stimulation
with secretomes from WT platelets, and Cd/63 mRNA
(anti-inflammatory phenotype marker) levels remained
unchanged in all conditions (Figure 3B). These data sug-
gest that PF4-C3GKO platelets secrete factors that may
favor a pro-inflammatory macrophage phenotype.

Deletion of C3G in platelets exacerbates liver fibrosis
while restraining hepatocarcinoma development
induced by treatment with DEN plus CCl,

Since platelet C3G seems to protect from liver fibrosis,
we evaluated its function in a model of HCC associated
with fibrosis induced by treatment with DEN and CCl,
using PF4-C3GKO mice.

CCly and DEN+CCly induced a significantly higher
collagen accumulation in livers from PF4-C3GKO com-
pared to WT mice at 8 weeks (Figures 1A, 4A and
supplementary material, Table S3). DEN+CCl, also

Figure 1. Platelet C3G increases platelet recruitment to the liver and liver macrophages, reducing fibrosis. Mice overexpressing full-length
C3G (tgC3GFL) or C3G lacking the catalytic domain (tgC3GACat), as well as those lacking C3G (PF4-C3GKO0) in megakaryocytes and platelets
and their corresponding WT counterparts, were treated with CCl, or vehicle (controls) for indicated times. (A) Analysis of collagen
accumulation assessed using Picro-Sirius Red staining in liver sections. Upper panels: representative microscope images; lower panels:
graphics showing quantification of positive areas (percentage) for each sample and mean values + SEM. (B) Analysis of a-SMA levels in liver
sections. Upper panels: representative microscope images; lower panels: graphics showing quantification of a-SMA-positive areas
(percentage) for each sample and mean values + SEM. (C) Immunohistochemical analysis of liver platelets detected with CD41 antibody.
Upper panels: representative microscope images; lower panels: graphics showing number of CD41-positive cells/field for each condition and
mean values = SEM. (D) Immunohistochemical analysis of liver macrophages detected with F4/80 antibody. Upper panels: representative
microscope images; lower panels: graphics showing number of F4/80 positive cells/field for each condition and mean values + SEM.
*p < 0.05,*p < 0.01, and **p < 0.001 compared as indicated (n = 4-8). Scale bars: 20 pm.
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Figure 2. Regulation of expression of cytokines and chemokines by platelet C3G in response to chronic and acute treatment with CCl,. Mice
overexpressing full-length C3G (tgC3GFL) or C3G lacking catalytic domain (tgC3GACat), as well as those lacking C3G (PF4-C3GKO) in
megakaryocytes and platelets and their corresponding WT counterparts, were treated with CCl, or vehicle (controls) for indicated times.
(A and C) Western-blot analysis of IL-1B (pro-form and mature IL-1B), IL-6, and CCL2 in liver extracts normalized with B-actin. (B) RT-qPCR
analysis of /16, 1116, Ccl2, and Cxcl4 mRNA levels in liver samples. Histograms showing relative quantification (RQ) mean values + SEM and
individual values of each sample. *p < 0.05, **p < 0.01, and ***p < 0.001 compared as indicated (n = 3-8).
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Figure 3. Platelet C3G regulates early liver immune response induced by CCl4 and macrophage phenotype. (A) Mice lacking C3G (PF4-C3GKO)
in megakaryocytes and platelets and their corresponding WT counterparts were treated with CCl, or vehicle (controls) for 48 h. Isolated
nonparenchymal liver cells were analyzed by flow cytometry to determine the proportion of different immune cells. Histograms show the
percentage (mean values + SEM) of the different subpopulations of CD45" cells labelled as indicated. n = 4-7. *p < 0.05, *p < 0.01, and
*¥*p < 0.001 compared as indicated (n = 4-8). Scale bars: 20 um. (B) RT-qPCR analysis of Nos2, Arg1, and Cd163 mRNA levels in
macrophages treated with LPS, or secretomes from activated WT and PF4-C3GKO platelets. Histograms showing relative quantification

(RQ) mean values + SEM and individual values of each sample (n = 4).

induced visible liver tumors after 14 weeks of treatment
in both WT and PF4-C3GKO mice (Figure 4B and
supplementary material, Table S3). However, despite
the lower fibrosis observed at 8 weeks in WT animals,
the number of WT mice bearing more tumors was higher
than in PF4-C3GKO animals (Figure 4C), and tumors
were larger (Figure 4D) and less differentiated (according
to their higher Afp expression (Figure 4E).

Next, liver platelets were quantified. A significant
increase in response to CCly and DEN+CCl, was found
only in WT mice at 8 and 14 weeks, especially in CCly
treatment (Figures 2C and 4F). However, no changes
were detected upon DEN treatment.

The expression of CLD regulatory factors was also
studied. The mRNA levels of Cxcl4, a chemokine impor-
tant in fibrosis [43], increased in livers from WT and
PF4-C3GKO mice treated with DEN+CCl, for 8 weeks,
but differences were only significant in WT animals,
probably because of the higher basal levels found in
PF4-C3GKO livers (Figure 4G). Curiously, at 14 weeks,

© 2025 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

Cxcl4 mRNA expression decreased in PF4-C3GKO
livers in response to all treatments, whereas it increased
in WT animals, being significantly higher in WT mice
treated with CCly; or DEN+CCly. On the other hand,
Cxcl7 mRNA levels only increased in livers from
PF4-C3GKO mice upon treatment with DEN+CCly
(8 or 14 weeks) or DEN for 14 weeks (Figure 4G).
Ccl2 mRNA levels were also increased in livers from
PF4-C3GKO mice treated with DEN+CCl, for 8 weeks
compared to WT animals (Figure 4G), while the oppo-
site was observed at 14 weeks.

Moreover, Hgf mRNA levels decreased in the liver of
WT mice treated with DEN+CCl; for 8 weeks but
increased in PF4-C3GKO livers, being significantly higher
than in WT animals (supplementary material, Figure SOA).
Additionally, Tgfbl mRNA levels decreased in livers from
WT mice in response to all treatments (supplementary
material, Figure S9), remaining lower and unchanged in
untreated PF4-C3GKO animals. No major changes in Hgf
or Tgfbl mRNA levels were found after DEN+CCly
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treatment for 14 weeks, and 7I6  mRNA expression
remained unchanged under all conditions (supplementary
material, Figure S9A).

509

Considering all this, we can highlight that the fibrosis
degree is not directly associated with the presence
of fewer tumors of reduced size in PF4-C3GKO mice.
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The different patterns of Cxcl4, Cxcl7, and Ccl2 expression
may explain the differences in fibrosis and tumor growth.

Liver immune response is modified by the absence of
C3G in platelets in a model of hepatocarcinoma
induced by DEN plus CCl,

The differences in chemokines’ expression in livers from
WT and PF4-C3GKO mice induced by DEN+CCly
could modulate the immune response during HCC
development/progression. Therefore, different immune
cell populations were analyzed in liver tissues.

Figure 5A shows a significant increase in the number of
liver macrophages (F4/80" cells) in response to CCl, and
DEN+CCl, at 8 weeks in both WT and PF4-C3GKO
mice. However, while there were more macrophages
in livers from WT animals treated with CCly, upon
DEN+CCl, treatment more macrophages were detected
in PF4-C3GKO livers. After 14 weeks of treatment, a
tendency toward decreased liver macrophages in DEN-
and DEN+CCl,-treated WT mice was observed, while
they increased in DEN+CCly-treated PF4-C3GKO
mice. Moreover, the mRNA expression of the pro-
inflammatory phenotype marker, Nos2, diminished in
livers from WT mice treated with DEN+CCl, for
8 weeks, while remaining unaltered but significantly
higher in the livers of PF4-C3GKO mice (Figure 5B).
The mRNA levels of another marker of pro-inflammatory
macrophages, Cd68, increased in PF4-C3GKO mouse
livers treated with DEN+CCl, for 8 weeks, reaching sig-
nificantly higher levels than in WT animals. Accordingly,
the marker of protumor macrophages, Cd163, decreased
(supplementary material, Figure S9B).

On the other hand, positive cells for CD11b (highly
expressed in monocytes/monocyte-derived macrophages)
tended to increase in livers from WT animals treated with
CCly for 8 weeks and in livers from PF4-C3GKO mice
treated with DEN+CCly, reaching significantly higher
levels than in WT animals (Figure 5C). In contrast, after
14 weeks of treatment, CD11b* cells significantly
increased in livers from WT mice treated with either
CCly or DEN+CCly, reaching higher levels than in
PF4-C3GKO mice. Curiously, CD11b" liver cells
decreased upon DEN treatment in both WT and
PF4-C3GKO mice at 8 and 14 weeks.

C Baquero et al

Liver cells positive for Ly6G (highly expressed in
mature/activated neutrophils) showed a different pattern
than that of CD11b* cells. CCl, treatment induced an
increase in Ly6G+ area in livers from WT animals at
8 and 14 weeks, but in PF4-C3GKO mice only
at 14 weeks (Figure 5D). In contrast, upon DEN+CCly
treatment for 8 weeks, Ly6G* area increased only in
livers from PF4-C3GKO mice, and the opposite was
observed at 14 weeks, whereas DEN treatment had no
effect.

All these data indicate that mice lacking platelet C3G
have a different inflammatory response to chronic CCly
treatment, which is more remarkable upon DEN+CCly,
treatment. Notably, the number of macrophages (likely
pro-inflammatory) is higher in PF4-C3GKO than in WT
mice livers under this treatment.

Platelet proteomic profile is differentially requlated
in mice lacking platelet C3G treated with DEN
plus CCl,

According to the literature [14,15], proteins differen-
tially present in platelets from WT and PF4-C3GKO
mice could be involved in the regulation of liver immune
cells in CLD, controlling fibrosis and/or HCC develop-
ment upon secretion. Therefore, we performed a wide
proteomic analysis in PRP from untreated and DEN
+CCly-treated mice at 14 weeks.

A total of 48 proteins were differentially present in
PRPs from untreated PF4-C3GKO versus WT and
177 proteins in DEN+CCl, treated mice, 11 in common
to both conditions (supplementary material, Figure S10A).
Functional enrichment analyses (GO and Kyoto
Encyclopedia of Genes and Genomes databases) of
identified up- and/or downregulated proteins in PRPs
from untreated or DEN+CCl,-treated PF4-C3GKO ver-
sus WT mice (supplementary material, Figures SI0B-E
and S11A-C) revealed their involvement in different bio-
logical functions. Among them, in PRPs from untreated
PF4-C3GKO mice the upregulation of proteins acting in
stress response, catabolic processes, motility, defense
response, endocytosis, proteolysis regulation, inflammatory
response, and actin filament polymerization pathways is
remarkable. Immune system proteins were downregulated
in these PRPs (supplementary material, Figure S10B). In
addition, in PRPs from DEN+CCl,-treated PF4-C3GKO

Figure 4. Platelet C3G protects from fibrosis while favoring liver tumor growth. Mice lacking C3G (PF4-C3GKQ) in megakaryocytes and
platelets and their corresponding WT counterparts were treated with CCl,, DEN, DEN+CCl,, or vehicle (control) for indicated times
(8 or 14 weeks). (A) Analysis of collagen accumulation assessed using Sirius Red staining in liver sections. Upper panels: representative
microscope images; lower panels: graphics showing quantification of positive areas (percentage) for each sample and mean values + SEM.
(B) Macroscopic (left panels) and microscopic H&E (right panels) images of liver tumors induced by DEN+CCl, treatment and their
corresponding controls. (C) Histograms showing percentage of mice (mean values + SEM) with indicated number of tumors. (D) Graphic
showing area (mean values = SEM) occupied by tumors. (E) RT-qPCR analysis of Afp mRNA levels in liver samples. Histograms showing
relative quantification (RQ) mean values + SEM and the individual values of each sample after 8 (left panel) or 14 weeks (right panel) of
treatment. (F) Immunohistochemical analysis of liver platelets detected with anti-CD41 antibody. Left panels: representative microscope
images; right panels: graphics showing number of CD41-positive cells for each condition and mean values £ SEM. *p < 0.05, *p < 0.01, and
**p < 0.001 compared as indicated (n = 4-8). Scale bars: 20 pm. (G) RT-qPCR analysis of Cxc/4, Cxc/7, and Ccl2 mRNA levels in liver samples.
Histograms showing RQ mean values + SEM and individual values of each sample after 8 (upper panel) or 14 weeks (lower panel) of
treatment. *p < 0.05, *p < 0.01, and **p < 0.001 compared as indicated (n = 4-8). Scale bars: 20 pm.
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mice versus WT, an upregulation of proteins involved in
response to stimulus, chemicals and stress, and metabolic
processes was observed. A downregulation of proteins from
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PF4-C3GKO mice compared to WT (supplementary
material, Figure S10C). Additional analyses pointed
to the regulation of more specific functional pathways
such as platelet activation, adhesion, and aggregation
(supplementary material, Figure S11A-C), functions pre-
viously shown to be regulated by C3G [32,34]. This
confirms the validity of this study. We also found proteins
implicated in integrin signaling, actin cytoskeleton regu-
lation, cell migration, or immune response, among other
processes regulated by C3G-Rap1 [34].

Among the proteins differentially present in PRPs from
PF4-C3GKO versus WT mice treated with DEN+CCly,
we found upregulation of Rapla/b, GPV, CXCLA4, a2 and
B1 integrin, LECT2, Syntaxin 17, Rasa3, IGF1, Serpin
bl, Argl, BMP1, CXCL7, or Thbsl (Figure 6A,B and
supplementary material, Figure S12A,B). Others were
downregulated such as IGFBP2, Syntaxin 11 (Stx11),
Ngp, Saa2, Fibulin 5, Serpin 1c, SOD1, Fibronectin, or
SOD3. In PRPs from untreated PF4-C3GKO versus WT
mice (supplementary material, Figure S12A,B), examples
of proteins upregulated were Slamfl, Rackl, VASP,
Serpinlc, Ngp, Saa2, Snap23, and Cdc42, while among
those downregulated were Collagen Al, Plecktrinl,
Serpin3k, Rasgrp2 (also named CALDAG-GEF]),
L-selectin, a6 integrin, AFP, GP1bb, and CD177.

CXCL7, GPV, and Stx11 protein levels were ana-
lyzed by western blotting in platelets to validate the wide
proteomic analysis (Figure 6C). GPV and CXCL7 levels
were higher in PF4-C3GKO than in WT platelets
from untreated or treated mice with CCl,, DEN, or
DEN+CCly. On the other hand, Stx11 levels were
downregulated in platelets from PF4-C3GKO mice
treated with DEN or DEN+CCl, compared to WT
platelets. These results validate data from wide pro-
teomic analysis.

Some of the proteins differentially regulated in PRPs
from DEN+CCl,-treated PF4-C3GKO mice might play
a role regulating liver cancer growth and/or fibrosis,
although other proteins secreted by platelets could
also be relevant. For example, CD40L, released by
ADP-activated platelets, has recently been revealed
as an antitumor signal in liver diseases [44]. Hence,
we determined its levels in the secretome of WT
and PF4-C3GKO platelets stimulated with ADP.
Figure 6D shows a tendency to increase CD40L
release by PF4-C3GKO compared to WT platelets.
Therefore, it could contribute to decreasing liver
tumor growth.

C Baquero et al

Discussion

Platelets are key players in CLD, regulating fibrosis and
liver cancer. However, their functions and the underlying
mechanisms need to be further characterized since oppo-
site roles for platelets have been described [14,44—46].
Hence, based on the relevance of C3G protein as a regu-
lator of platelet activation, spreading, secretion, and other
nonhemostatic functions [32-36], we have studied the
role of platelet C3G in liver fibrosis and HCC associated
with fibrosis in genetically modified mouse models. We
describe here for the first time that platelet C3G promotes
the recruitment of platelets to the liver in a context of fibrosis
induced by CCly or DEN+CCl, (Figures 1C and 4F),
exerting a protective role. The lower platelet recruitment to
the liver in PF4-C3GKO mice might be due to a lower
adhesion, owing to reduced surface levels of P-selectin
and activated integrin ollbp3 [32,34]. Moreover, actin
polymerization alterations that prevent their spreading,
favoring kiss-and-run exocytosis, could play a role [33].
It is also notable that both overexpression of full-length
C3G and C3GACat increase liver platelets in the absence
of treatment at 8 weeks (Figure 1C), suggesting that C3G
acts through both GEF-dependent and GEF-independent
mechanisms to facilitate platelet recruitment to the liver.
Platelets can exert both antifibrotic [15,47,48] or pro-
fibrotic actions by secreting different regulatory factors
through their interplay with liver and immune cells
[13,43,49]. The higher expression of Hgf mRNA in the
liver of untreated and CCly-treated WT compared to
PF4-C3GKO mice after 8 weeks (supplementary material,
Figure S5) could facilitate an antifibrotic response [16].
IL-6, whose levels increased more in livers from
tgC3GFL mice than from tgC3GACat or PF4-C3GKO
mice compared to their corresponding WT mice under
these conditions (Figure 2A), might also contribute to
restraining fibrosis, limiting the differentiation of cirrhotic
macrophages [50]. Moreover, the increased expression of
Ccl2 mRNA induced by DEN+CCly at 8 weeks in livers
from PF4-C3GKO mice (Figure 4G) might enhance
monocyte recruitment and differentiation into macro-
phages, in agreement with previous studies on CLD and
patient data [51,52]. Thus, upon liver damage, liver cells
(hepatocytes, KCs, and HSCs) and platelets [8] secrete
CCL2, promoting the generation of pro-inflammatory/
fibrogenic macrophages that can induce HSCs’ transdiffer-
entiation into myofibroblasts. Hence, CCL2 blockade
improved liver fibrosis in mice [52]. Supporting this role

Figure 5. Effect of platelet C3G on liver immune cells upon chemically induced liver cancer associated with fibrosis. Mice lacking C3G
(PF4-C3GKO) in megakaryocytes and platelets and their corresponding WT counterparts were treated with CCl,, DEN, DEN+CCl,, or vehicle
(control) for indicated times (8 or 14 weeks). (A) Immunohistochemical analysis of liver macrophages detected with F4/80 antibody. Left
panels: representative microscope images; right panels: graphics showing number of F4/80-positive cells for each condition and mean values
+ SEM. (B) RT-gPCR analysis of mRNA levels of markers of pro-inflammatory macrophages, Nos2 and Cd68, in liver samples. Histograms
showing relative quantification (RQ) mean values + SEM and individual values of each sample after 8 or 14 weeks of treatment as indicated.
(C) Immunohistochemical analysis of CD11b-positive cells. Left panels: representative microscope images; right panels: graphics showing
number of CD11b-positive cells/field for each condition and mean values + SEM. (D) Immunohistochemical analysis of Ly6G-positive cells.
Left panels: representative microscope images; right panels: graphics showing Ly6G-positive area for each condition and mean values + SEM.
*p < 0.05,*p < 0.01, and **p < 0.001 compared as indicated (n = 4-8). Scale bars: 20 pm.
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Figure 6. Deletion of C3G in platelets induces changes in proteins present in PRP upon chemically induced liver cancer associated with
fibrosis. Mice lacking C3G (PF4-C3GKO) in megakaryocytes and platelets and their corresponding WT counterparts were treated with DEN
+CCl, for 14 weeks. A wide proteomic analysis of PRP was performed, and then PRPs from PF4-C3GKO mice were compared with WT ones.
(A) Volcano plot and (B) bar graphic showing proteins upregulated (red), downregulated (blue), or unchanged (gray) in PF4-C3GKO versus WT
PRPs. The names of some proteins are included. The —log10 of p-value obtained from the applied statistical method is represented.
(C) Western-blot analysis for GPV, CXCL7, and STX-11 protein levels normalized with Rho-GDI or B-actin in PRPs from mice treated with CCl,,
DEN, DEN+CCly, or vehicle (control) for 14 weeks. Quantification of band intensity versus Rho-GDI is shown. (D) Western blot analysis for
CD40L in platelets and platelet secretome after activation of platelets with ADP normalized with Rho-GDI. Upper panels: representative
western blots of WT and PF4-C3GKO samples. Membrane was cut, as indicated by dashed line. Lower panel: histograms show levels of CD40L
in platelets and in secretomes (individual and mean values + SEM), expressed as fold increase of WT versus PF4-C3GKO values.

of CCL2 in PF4-C3GKO mice, we found that thrombin-
activated PF4-C3GKO platelets secreted more CCL2
than C3G transgenic platelets (supplementary material,
Figure S12C). Additionally, immune cells could contrib-
ute to enhancing fibrosis. For example, the lower number of
neutrophils present in the liver of untreated PF4-C3GKO
mice (Figure 3A) might facilitate fibrosis as specific sub-
types of neutrophils can degrade collagen [53].

© 2025 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
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Our data also suggest that C3G effects on fibrosis
would be at least partially dependent on its GEF activ-
ity, as transgenic overexpression of C3G lacking the
catalytic domain in platelets did not protect from fibro-
sis as it did C3GFL overexpression (Figure 1A,B).
However, considering the increased liver fibrosis
found in PF4-C3GKO mice treated with CCl, (8 weeks)
compared to tgC3GACat animals, GEF-independent
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mechanisms may contribute to the antifibrotic effect
of platelet C3G.

CXCL4 (PF4) synthesized and secreted by platelets
and cancer cells can also promote CCly-induced liver
fibrosis in mice [43]. The tendency to increase Cxcl4
mRNA levels in livers from PF4-C3GKO compared to
WT mice treated with CCl, or DEN+CCl, for 8 weeks
(Figure 4G) supports it. CXCLA4 protein levels were also
upregulated in platelets from PF4-C3GKO compared
to WT mice treated with DEN+CCl, for 14 weeks
(Figure 6A,B). Moreover, thrombin-activated C3GKO
platelets secrete more CXCL4 than C3G transgenic
platelets (supplementary material, Figure S12C).

Curiously, despite the higher fibrosis observed in
mice lacking C3G in platelets, liver tumors were smaller
(Figure 4B) and more differentiated (Figure 4E). The
higher levels of IL-6 present in the liver of WT versus
PF4-C3GKO mice after treatment with CCl, for 8 weeks
could support it (Figure 2A), as persistent activation of
IL-6 signaling pathway promotes tumor growth [54]. It
is also worth mentioning that, although 90% of HCC
cases develop in a context of CLD [2], specific somatic
mutations occurring in hepatocyte premalignant lesions
of patients with liver cirrhosis can promote liver regen-
eration rather than HCC [55]. In addition, during a
regenerative response to chronic liver damage, prema-
lignant nodules can be surrounded by fibrotic septa,
limiting tumor cell dissemination [56]. Hence, collagen
accumulation in the liver correlates with less and smaller
tumors in some studies [57], as occurs in PF4-C3GKO
mice treated with DEN+CCl,. ECM stiffness also plays
arole. Hence, a higher matrix stiffness promotes a stem-
like phenotype that could favor HCC development [58].

Concerning platelet function in HCC, a high platelet
count has been associated with poor prognosis of HCC
patients [18,20]. Hence, antiplatelet therapy reduces
HCC risk in patients with viral hepatitis [19,45] and
HCC development in a chronic hepatitis B mouse model,
while having no effect on chemically induced HCC [59].
Tumor-associated platelets can protect HCC cells from
immune cell recognition and by the release of their granule
content facilitate their proliferation and transendothelial
migration [15,60]. Platelets also induce proliferation
of liver sinusoidal endothelial cells and hepatocytes,
liver regeneration, and immune cell recruitment [14].
Therefore, the presence of more platelets in livers from
WT compared to PF4-C3GKO mice treated with DEN
+CCl, would explain the increased size of liver tumors
and the differences in liver immune cell populations.
On this point, C3G regulates the selective secretion of
components from platelet granules [33,35,36], promoting
tumor growth and metastasis in lung cancer and mela-
noma mouse models. In this regard, Syntaxin 11, which
is required for platelet secretion and extension [61]
and interacts with C3G [33], is downregulated in PRPs
from PF4-C3GKO mice treated with DEN+CCl, for
14 weeks (Figure 6A—C). This further supports the
implication of C3G-regulated platelet secretion. In
this line, the upregulation of CXCL7 protein in
PRPs from PF4-C3GKO treated with DEN+CCl, for
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14 weeks (Figure 6A—C) could result in its higher
secretion, although different immune cells can also
express CXCL7 [62]. In cholangiocarcinoma, its levels
increase [63], promoting proliferation and invasion [64].
High CXCL7 levels are also associated with inflammation
and poor prognosis in hepatoblastoma [65]. In contrast,
lower Cxcl7 mRNA levels were detected in HCC [66]. In
this study, the high levels of CXCL7 in PF4-C3GKO plate-
lets and its high expression in livers from DEN+CCly-treated
PF4-C3GKO mice do not correlate with HCC progression.
Hence, CXCL7 could protect from HCC development/
progression through regulation of immune cells.

On the other hand, the higher release of CD40L by
PF4-C3GKO platelets stimulated with ADP (Figure 6D)
could contribute to the antitumor effect based on the
proved platelet-mediated enhancement of CDS8 + T-cell-
dependent antitumor immune response in MAFLD
(formerly NAFLD) mouse models through P2Y12-induced
CDA0L release [44]. Hence, platelet C3G, through fine-
tuning of the secretion of components from platelet gran-
ules, could regulate HCC by controlling the immune
response. In this regard, the higher number of macrophages
(likely pro-inflammatory) and CD11b"* cells (monocytes/
monocyte-derived macrophages) (Figure 5C) in livers
from PF4-C3GKO mice treated with DEN+CCl, for
8 weeks might facilitate an antitumor response by releasing
pro-inflammatory and repair-associated cytokines [8]. In addi-
tion, changes in Ly6G* population (likely neutrophils) upon
DEN+CCl, treatment (Figure SD) might play either a bene-
ficial or deleterious role [67] depending on their subtype [68]:
antitumoral N1 tumor-associated neutrophils (TANs) or
protumor N2 TANs [67,69]. Hence, the larger Ly6G+ area
detected in livers from WT compared to PF4-C3GKO mice
treated with DEN+CCl, for 14 weeks and the higher Cc/2
mRNA expression might support a higher presence of N2
TANSs that might secrete CCL2, favoring tumor growth.

Platelet C3G could also regulate HCC and fibrosis
through LECT2, whose expression is downregulated in
HCC, favoring HCC development and the accumulation
of immature inflammatory monocytes with immunosup-
pressive characteristics [70]. LECT2 can also enhance
fibrosis [71]. Therefore, LECT2 upregulation in PRPs
from DEN+CCly-treated PF4-C3GKO mice could
reduce HCC development while increasing fibrosis.

In conclusion, in this work we have revealed a new
function of the protein C3G from platelets in a model of
liver fibrosis and HCC associated with fibrosis. While platelet
C3G protects against fibrosis, it accelerates HCC develop-
ment and/or progression (see schematic in supplementary
material, Figure S13). All this might be mediated by changes
in the liver inflammatory response (supplementary material,
Tables S4 and S5) and the expression of growth factors,
cytokines, and chemokines dependent on platelet C3G.
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