
New functions of C3G in platelet
biology: Contribution to
ischemia-induced angiogenesis,
tumor metastasis and TPO
clearance

Luis Hernández-Cano1,2, Cristina Fernández-Infante1,2,
Óscar Herranz1,2, Pablo Berrocal1,2, Francisco S. Lozano2,3,
Manuel A. Sánchez-Martín2,4,5, Almudena Porras6,7* and
Carmen Guerrero1,2,5*
1Instituto de Biología Molecular y Celular del Cáncer (IMBCC), USAL-CSIC, Salamanca, Spain, 2Instituto
de Investigación Biomédica de Salamanca (IBSAL), Salamanca, Spain, 3Departamento de Angiología y
Cirugía Vascular, Hospital Universitario de Salamanca, Universidad de Salamanca, Salamanca, Spain,
4Servicio de Transgénesis, Nucleus, Universidad of Salamanca, Salamanca, Spain, 5Departamento de
Medicina, Universidad de Salamanca, Salamanca, Spain, 6Departamento de Bioquímica y Biología
Molecular, Facultad de Farmacia, Universidad Complutense de Madrid, Madrid, Spain, 7Instituto de
Investigación Sanitaria del Hospital Clínico San Carlos (IdISSC), Madrid, Spain

C3G is a Rap1 guanine nucleotide exchange factor that controls platelet

activation, aggregation, and the release of α-granule content. Transgenic

expression of C3G in platelets produces a net proangiogenic secretome

through the retention of thrombospondin-1. In a physiological context, C3G

also promotes megakaryocyte maturation and proplatelet formation, but

without affecting mature platelet production. The aim of this work is to

investigate whether C3G is involved in pathological megakaryopoiesis, as

well as its specific role in platelet mediated angiogenesis and tumor

metastasis. Using megakaryocyte-specific C3G knockout and transgenic

mouse models, we found that both C3G overexpression and deletion

promoted platelet-mediated angiogenesis, induced by tumor cell

implantation or hindlimb ischemia, through differential release of

proangiogenic and antiangiogenic factors. However, only C3G deletion

resulted in a higher recruitment of hemangiocytes from the bone marrow.

In addition, C3G null expression enhanced thrombopoietin (TPO)-induced

platelet production, associated with reduced TPO plasma levels. Moreover,

after 5-fluorouracil-induced platelet depletion and rebound, C3G knockout

mice showed a defective return to homeostatic platelet levels, indicating

impaired platelet turnover. Mechanistically, C3G promotes c-Mpl

ubiquitination by inducing Src-mediated c-Cbl phosphorylation and

participates in c-Mpl degradation via the proteasome and lysosome systems,

affecting TPO internalization. We also unveiled a positive role of platelet C3G in

tumor cell-induced platelet aggregation, which facilitated metastatic cell

homing and adhesion. Overall, these findings revealed that C3G plays a

crucial role in platelet-mediated angiogenesis and metastasis, as well as in

platelet level modulation in response to pathogenic stimuli.
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Introduction

C3G (RapGEF1) is a ubiquitously expressed GEF (guanine

nucleotide exchange factor) with important functions in

megakaryocyte (MK) and platelet biology, where it acts

primarily through Rap1b GTPase. C3G regulates platelet

activation and aggregation in response to most platelet

agonists (Gutiérrez-Herrero et al., 2012; Martín-Granado

et al., 2017; Gutiérrez-Herrero et al., 2020). It also contributes

to MK differentiation and proplatelet formation (Ortiz-Rivero

et al., 2018).

Platelets are essential mediators of ischemia-induced

neoangiogenesis. In response to hypoxia, VEGF (vascular

endothelial growth factor), released by platelets and

endothelial cells, induces platelet secretion of SDF-1 (stromal-

derived factor-1, also known as CXCL12). VEGF and SDF-1

facilitate the recruitment of proangiogenic progenitor cells

(hemangiocytes) from the bone marrow (BM) (Jin et al., 2006;

Massberg et al., 2006). Hemangiocytes release angiogenic factors

at the ischemic site that promote the incorporation and assembly

of endothelial progenitor cells and the stabilization of new blood

vessels (Feng et al., 2011; Amano et al., 2015).

Additionally, platelets induce tumor vascularization, thus

contributing to tumor growth and metastasis (Li, 2016; Huong

et al., 2019). They also promote adhesion of tumor cells to the

endothelium of target tissues, facilitating extravasation and

homing (Bambace and Holmes, 2011; Li, 2016). Reciprocally,

tumor cells secrete cytokines that stimulate thrombopoiesis and

contribute to the development of thrombocytosis (Kaser et al.,

2001). This phenomenon, known as TCIPA (tumor cell-induced

platelet aggregation), allows tumor cells to escape from the

immune system (Bambace and Holmes, 2011).

On the other hand, numerous solid tumors generate

abnormal thrombopoietin (TPO) levels and other

thrombopoietic factors, leading to reactive thrombocytosis

(Gastl et al., 1993; Werynska et al., 2003). TPO is

constitutively produced in the liver and its plasma

concentration inversely correlates with the number of

platelets, which remove it by clearance, thus, modulating their

own mass (Kaushansky and Drachman, 2002; de Graaf and

Metcalf, 2011). In addition, TPO promotes the recovery of

hematopoietic stem cell and platelet levels after 5-FU (5-

fluorouracil)- or irradiation-induced myelosuppression (Li and

Slayton, 2013). In platelets, TPO binds to its receptor, c-Mpl, and

induces its endocytosis, recycling and degradation (Hitchcock

et al., 2008). This mechanism is driven by the E3 ubiquitin ligase

c-Cbl, responsible for the ubiquitination of c-Mpl and its

degradation by the proteasome and lysosome systems (Saur

et al., 2010; Marklin et al., 2020). C-Cbl is phosphorylated

and activated by SFKs (Src family kinases), such as Lyn

(Murphy et al., 2013), Fyn (Hunter et al., 1999) and Src

(Yokouchi et al., 2001).

It has been proposed that TPO-c-Mpl engages CrkL-C3G-

Rap1 signaling pathway to induce sustained activation of ERKs,

which is required for MK differentiation (Garcia et al., 2001;

Stork and Dillon, 2005). An interaction between C3G and c-Cbl

has been detected in K562 cells (Maia et al., 2013), an

erythromegakaryoblastic cell line that, upon stimulation with

phorbol 12-myristate 13-acetate (PMA), acquires MK markers,

including c-Mpl expression (Jacquel et al., 2006; Ortiz-Rivero

et al., 2018).

In this work, we have uncovered a new relevant role for C3G

in ischemia-induced angiogenesis and tumor metastasis, as well

as its participation in platelet recovery following BM depletion or

TPO stimulation, through inducing c-Cbl-dependent c-Mpl

ubiquitination and degradation.

Materials and methods

Mouse models

The transgenic (tgC3G, expressed under the PF4 promoter)

and conditional knockout (Rapgef1flox/flox;PF4-Cre, hereinafter

C3G-KO) mouse models for C3G used in this work have been

described and characterized in previous works. Briefly, tgC3G

mice show increased platelet activation and aggregation in

response to thrombin, ADP, PMA and collagen, accompanied

by increased thrombus formation (Gutiérrez-Herrero et al.,

2012), while C3G-KO mice show the opposite phenotype

(Gutiérrez-Herrero et al., 2020). TgC3G platelets also present

alterations in α-granule secretion, with retention of VEGF, bFGF

and specially TSP-1, which favors tumor growth and metastasis

(Martín-Granado et al., 2017). In addition, transgenic C3G

expression under the PF4 promoter favors MK differentiation

and proplatelet formation (Ortiz-Rivero et al., 2018). See

additional information in Supplementary Table S1.

WtC3G was the control mice for tgC3G mice, while C3G-wt

was the control mice for the C3G-KO model. All mice used were

8-12 weeks old.

Tumor cell implantation-induced
ischemia

We followed the protocol previously published (Martín-

Granado et al., 2017). Briefly, mice were injected

subcutaneously with 5 × 105 3 LL murine Lewis lung
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carcinoma cells, diluted in 100 μl of PBS. Tumors were harvested

by detaching the surrounding connective tissue 15 days after

implantation, weighed, and processed for

immunohistochemistry.

Hindlimb ischemia

A unilateral hindlimb ischemia was generated following the

protocol described in (Feng et al., 2011). Blood flow was

monitored by Laser Doppler 0, 1, 2 and 14 days post-surgery,

as described in Niiyama et al. (2009).

Detection of hemangiocytes

EDTA-anticoagulated blood samples or BM cells were

incubated with anti-CXCR4-PE and anti-VEGFR-APC

antibodies and analyzed by flow cytometry, as described (Feng

et al., 2011). Data are presented as percentage of hemangiocytes

in the total blood cell count.

Platelet and MK purification and detection

Platelets were purified from blood collected by cardiac

puncture, and counted by flow cytometry as previously

described (Gutiérrez-Herrero et al., 2020). Bone marrow

cells (BMCs) were obtained from the femora and tibiae of

mice and MKs were purified by BSA density gradient as

described (Gutiérrez-Herrero et al., 2020). Alternatively,

MKs were obtained in vitro by culturing BMCs in RPMI

with 10% horse serum, supplemented with 50 ng/ml

recombinant TPO, 10 ng/ml IL-3 (Interleukin-3,

Invitrogen), 10 ng/ml SCF (Stem Cell Factor), 10 ng/ml IL-

11 and 10 ng/ml IL-6 (Miltenyi) for 6 days. MKs were detected

by flow cytometry with anti-CD41-FITC (MWReg30) and

anti-CD61-PE (2C9.G3) antibodies, or anti-CD42b-FITC

antibody, previous gate with anti-CD61-PE antibody.

Ploidy analysis was performed as described (Ortiz-Rivero

et al., 2018; Gutiérrez-Herrero et al., 2020).

Gene expression analysis in tissue
homogenates

For RT-qPCR analysis of VEGFA, CD31 and SDF-1

(muscle) or TPO (liver), total RNA was isolated from

50 mg of tissue in NZYol (NZYTech), using a GentleMac

Dissociator (Miltenyi). Single-strand cDNA was generated

with NZY First-Strand cDNA Synthesis Kit (NZYTech),

according to the manufacturer’s instructions. qPCR was

performed in triplicate. Gene expression results were

normalized to β-actin (ACTB). Primer sequences are

depicted in Supplementary Table S2.

Histology and immunohistochemistry

Vessel formation was quantified morphologically by

immunohistochemical detection with anti-CD31 antibody

(Abcam, ab28364) in paraffin embedded sections of tumors or

ischemic skeletal muscle, as previously described (Martín-

Granado et al., 2017).

Analysis of platelet releasate

Platelets (1 × 109), were stimulated with 0.2 U/ml thrombin

and releasate purified as previously described (Martín-Granado

et al., 2017). The level of SDF-1 in the releasate was measured

using the Proteome Profiler Mouse Angiogenesis Array Kit

(R&D Systems), following the manufacturer´s instructions.

Capillary tube formation assay

Angiogenic capacity of secretomes was determined using

Ibidi µ-Slide Angiogenesis (Ibidi 81506) plates by analyzing

three parameters: 1) number of master segments (segments

bounded by two branches), 2) total length of master segments

and 3) number of internal meshes. These parameters were

acquired with the Skeleton Analyzer plug-in (Arganda-

Carreras et al., 2010) and the Angiogenesis Analyzer Macro

(Carpentier G, Angiogenesis Analyzer for ImageJ (2012)

available online: http://imagej.nih.gov/ij/macros/toolsets/

Angiogenesis%20Analyzer.txt).

Short-term metastasis

Mice were injected retro-orbitally with 2 × 106 GFP-

expressing B16-F10 melanoma cells in 150 μl PBS, and killed

1 h after injection. The left lung lobes were digested 45 min at

37°C with a mixture of collagenase/dispase (0.1 mg/ml) and cell

suspension filtered through a 70 μm strainer. Viable GFP-

positive tumor cells were counted per 1,000,000 lung cells by

flow cytometry. The right lung lobes were fixed and sections

assessed microscopically by immunofluorescence or

immunohistochemistry with anti-GFP (FL) antibodies.

Adhesion of tumor cells

Adhesion of B16-F10 cells, incubated with platelets, to

poly-L-lysine-coated glass coverslips was performed as
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described (Becker et al., 2017). Fixed cells were stained with

anti-P-selectin + anti-goat Cy3 antibodies and phalloidin.

Cells on the coverslip were analyzed with a Leica

SP8 fluorescence microscope.

Platelet activation and aggregation

Platelet activation was determined by flow cytometry via

measuring the high-affinity conformation of the integrin

αIIbβ3 with Alexa FluorTM-488-labeled fibrinogen, as

described (Gutiérrez-Herrero et al., 2012). Platelet

aggregation was induced by the addition of 3 × 104 B16-

F10 cells (in 30 μl) and determined by flow cytometry as

described (Gutiérrez-Herrero et al., 2020).

Platelet and MK production in vivo

Mouse TPO (Innovative Research) was administered

intravenously (0.5 μg per mouse in 100 μl PBS). Platelet

number was determined at the indicated time points. BMCs

were harvested at the final point of the experiment and the

percentage of MKs analyzed by flow cytometry with anti-

CD41-FITC and anti-CD61-PE antibodies.

Depletion of cycling hematopoietic cells

Based on (Li and Slayton, 2013), mice were injected

intraperitoneally with 150 mg/kg 5-fluorouracil (5-FU, Merck)

and platelet rebound monitored at days 0, 4, 7, 10, 14, 18, and

21 post-injection. 5-FU was prepared in 0.9% NaCl containing

6.75% DMSO.

c-Mpl surface expression and
internalization

Analysis of c-Mpl levels on the surface was performed by flow

cytometry in non-stimulated or TPO-stimulated platelets (25 ng/

ml, 30 min), as described (Marklin et al., 2020), using anti-c-Mpl

antibody (AMM2 clone), followed by staining with anti-CD41-

FITC and anti-rat Cy5 antibodies.

TPO measurements

Plasma was obtained from individual mice using Microvette®

500 Serum Gel (Sarstedt), and TPO levels were measured by

ELISA (Quantikine, R&D). In vitro detection of TPO uptake was

performed after 30 min incubation, as described (Marklin et al.,

2020).

Confocal immunofluorescence
microscopy

Platelets from three mice were pooled and activated with

agonists (0.5 U/ml thrombin, 1 min; 25 μM ADP, 5 min or 25-

100 ng/ml TPO, 5 min). Inhibitors (10 μM PP2, 30 μM

MG132 or 20 mM NH4Cl) were added prior agonists (5 min

PP2, 1 h MG132 and NH4Cl). Platelets were fixed and

permeabilized as previously described (Gutiérrez-Herrero

et al., 2020). Incubation with primary antibodies against

VEGF, TSP-1, SDF-1, C3G (Guerrero et al., 1998), c-Cbl,

phospho-c-Cbl, phospho-Src Y418, c-Mpl and Ubiquitin was

performed at RT for 2 h, followed by incubation (1 h at RT) with

secondary antibodies: Alexa Fluor™-568-conjugated goat anti

rabbit and Alexa Fluor™-647-conjugated goat anti mouse.

Phalloidin was used for actin detection. Antibody details are

depicted in Supplementary Table S3.

Immunofluorescence was quantified with ImageJ software.

Colocalization was determined by Pearson´s Correlation

Coefficient (P) analysis, using ImageJ with the Coloc2 plugin,

as described (Peters et al., 2012).

Western blot and immunoprecipitation

Platelet andMK protein extracts were prepared by lysing cells

directly in sample loading buffer, as described (Shankar et al.,

2006).

For immunoprecipitation, platelets were lysed in standard

RIPA buffer (Martín-Granado et al., 2017). Immunocomplexes

were pulled-down with anti-C3G (G-4) antibody and purified

with protein G agarose resin four rapid run (ABT). Antibodies

used for western blot were against: VEGF, TSP-1, c-Cbl, Rap1,

c-Mpl, β-actin and β-tubulin (details in Supplementary

Table S3).

Rap1 activation assay

The activated, GTP-bound form of Rap1 was pulled-down

using GST-RalGDS RBD immobilized on glutathione-sepharose

beads, as described previously (Gutiérrez-Herrero et al., 2012).

Statistics

Data are represented as the mean ± SD (standard deviation)

or SEM (standard error of the mean) as indicated. The

Kolmogorov-Smirnov test was performed to determine if data

fit a normal distribution. To compare two experimental groups

for which the data were normally distributed, the unpaired

Student’s t-test was carried out. The nonparametric

Mann–Whitney U-test was carried when the data were not
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FIGURE 1
Platelet C3G regulates ischemia-induced angiogenesis. (A) Representative images of 3 LL tumor sections, from C3G-wt and C3G-KO mice,
showing vessel density detected by CD31 staining. Bar: 200 μm. (B) Quantification of the number of vessels per field (0.65 mm2) in tumor sections
(Mean ± SEM). (C) Mean ± SEM of the tumor mass (in grams). (D). Mean ± SEM of the percentage of hemagiocytes (CXCR4/VEGFR double-positive
cells). (E)Doppler values represented as themean ± SEM of the percentage of blood flow (n = 6 tgC3G andwtC3G, n = 3 C3G-KO and C3G-wt).
(F) Representative Doppler images at the indicated times. The color scale represents the blood flow values. (G) Mean ± SEM of the percentage of

(Continued )
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normally distributed. Differences were considered significant

when p < 0.05.

Antibodies used for flow cytometry, confocal

immunofluorescence microscopy, immunohistochemistry,

immunoprecipitation and western blot are listed in

Supplementary Table S3.

Results

Platelet C3G regulates ischemia-induced
angiogenesis

Our previous published data showed that transgenic

expression of C3G in platelets induces neovascularization in

two models of syngeneic heterotopic tumor cell

transplantation: murine Lewis lung carcinoma (3LL) and B16-

F10 mouse melanoma cells (Martín-Granado et al., 2017).

Interestingly, we have now found that ablation of C3G in

platelets also resulted in larger and more vascularized 3LL

tumors (Figures 1A–C and Supplementary Figure S1A). Fast

tumor growth generates hypoxia, which promotes the release of

SDF-1 from platelets and the subsequent recruitment of

CXCR4+/VEGFR+ cells (hemangiocytes) from the BM (Jin

et al., 2006; Feng et al., 2011). To analyze if this mechanism is

behind the role of platelet C3G in angiogenesis, we measured the

presence of hemangiocytes in peripheral blood (PB) of tgC3G

and C3G-KO mice and their controls upon implantation of 3LL

cells. C3G-KO mice showed a significant increase in the

percentage of hemangiocytes at day 15 after implantation

(Figure 1D; Supplementary Figure S1B), which correlates with

in vivo tumor growth. In contrast, recruitment of hemangiocytes

to PB tends to decrease in tgC3G mice, especially at day 15

(Figure 1D; Supplementary Figure S1B).

To corroborate these findings, we analyzed angiogenesis in a

model of hindlimb ischemia. As shown in Figures 1E,F, blood

flow was recovered slightly faster in both tgC3G and C3G-KO

mice, compared to their controls. However, as in the tumor

ischemia model, only in C3G-KO mice this correlated with a

slightly higher recruitment of hemangiocytes at days 2 and 14

(Figure 1G; Supplementary Figure S1C).

SDF-1 is also produced by the hypoxic tissues (Feng et al.,

2011). Hence, there was a significant increase in SDF-1 levels in

the ischemic muscle of tgC3G animals (day 14 post-ischemia)

(Figure 1H). This is in agreement with the increased expression

of CD31 (Figure 1H) and could explain the faster recovery of

blood flow in these animals. A significant increased

CD31 expression was also found in the ischemic muscle of

C3G-KO mice (Figure 1H), in agreement with its greater

vascularization (Figure 1I).

Transgenic C3G promotes the retention of
SDF-1 in platelets, while deletion of C3G
enhanced SDF-1 and VEGF release and
TSP-1 retention in response to thrombin

The above results suggest that C3G could regulate the

release of SDF-1 from platelets in response to distant hypoxia.

Indeed, SDF-1 content was reduced in thrombin-stimulated

C3G-KO platelets, indicating a higher release, while the

opposite was found in tgC3G platelets (Figure 2A). In

agreement, higher levels of SDF-1 were found in thrombin-

induced secretomes from C3G-KO platelets, while slightly

lower amount of SDF-1 was found in tgC3G platelet

secretomes (Supplementary Figure S1D). These results

suggest that C3G plays a negative role in SDF-1 secretion,

in parallel with the retention of VEGF and bFGF in thrombin-

stimulated tgC3G platelets previously described (Martín-

Granado et al., 2017). In addition, deletion of C3G

increased VEGF release and TSP-1 retention in response to

thrombin (Figure 2B). Accordingly, lower levels of VEGF were

found in the cytosolic fraction of C3G-KO platelets, while a

higher accumulation of TSP-1 was observed in the plasma

membrane (Supplementary Figure S1E). Supporting these

findings, thrombin-induced secretome from C3G-KO

platelets showed an increased ability to induce capillary-

tube formation in HUVEC (Figure 2C), similarly to tgC3G

platelets (Martín-Granado et al., 2017).

All these data back up the proangiogenic effect of both tgC3G

and C3G-KO platelets seen in the in vivo ischemia models.

Platelet C3G stimulates short-term
melanoma metastasis through regulation
of melanoma cell adhesion

Platelet C3G stimulates long-term lung metastasis of B16-

F10 melanoma cells, in agreement with the higher

angiogenesis observed in the implanted tumors (Martín-

FIGURE 1 (Continued)
CXCR4/VEGFR-double positive cells in blood from C3G-KO and control mice at the indicated times post-ischemia. (H) RT-qPCR analysis of
VEGFA, SDF-1 and CD31 mRNA expression in homogenates of murine muscle from the indicated genotypes at day 14 post-ischemia. Values are
relative to β-actin expression and were normalized against the corresponding value in the contralateral (non-ischemic) leg. (I) Left: representative
images of ischemic leg sections of C3G-wt and C3G-KOmice, showing vessel density detected by CD31 staining. Bar: 200 μm. Right: mean ±
SD of the percentage of positive pixels for CD31 staining, relative to the total number of pixels. *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 2
C3G deletion enhances SDF-1 and VEGF release, while C3G overexpression retains SDF-1. (A) Representative immunofluorescence images of
tgC3G, C3G-KO and control platelets, untreated or treated with thrombin (TH, 0.5 U/ml, 5 min) and stained with anti-SDF-1 + Alexa Fluor™-647
(red) and phalloidin-488 (green), taken at the same exposure time. Bar: 2.5 µm. Histograms represent themean± SD of SDF-1 fluorescence intensity.
(B) Representative immunofluorescence images of C3G-KO and control platelets untreated or treated with thrombin (TH, 0.5 U/ml, 5 min) and
stained with anti-TSP-1 + Alexa Fluor™-647 (red) or anti-VEGF + Alexa Fluor™-647 (red) and phalloidin-488 (green). All images were taken at the

(Continued )
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FIGURE 2 (Continued)
same exposure time. Bar: 2.5 μm. Histograms represent the mean ± SD of VEGF (upper) and TSP-1 (lower) fluorescence intensity. (C)
Representative images showing the capillary-like structures formed by HUVECs supplemented with releasates from thrombin-stimulated C3G-KO
and C3G-wt platelets. Images were taken every 15 min for 17 intervals. Intervals t0, t7 and t16 are shown, t0 corresponds to 1.5 h after releasate
supplementation. Bar: 200 μm. Graphics show the mean ± SEM of different network characteristics determined at 2.5 h. Two independent
experiments were performed. *p < 0.05; ***p < 0.001. a.u, arbitrary units.

FIGURE 3
Platelet C3G favors an early onset of melanoma metastasis through regulation of melanoma cell adhesion and TCIPA. (A) Representative flow
cytometry plots of lung homogenates from wtC3G and tgC3G animals injected with EGFP-expressing B16-F10 melanoma cells. CT: lung
homogenates from untreated mice. Histogram represents the mean ± SEM of the number of EGFP+ cells in 1,000,000 lung cells. (B) Representative
sections of lung tissue from tgC3G mice analyzed by immunofluorescence (IF, left) or immunohistochemistry (IHC) with anti-GFP antibodies
(right). Presence of B16-F10 cells is indicated with asterisks. Bar: 5 μm. (C) Mean ± SEM of the number of EGFP+ cells in 1,000,000 lung cells from
C3G-KO and C3G-wt mice. (D,E) Representative immunofluorescence images of B16-F10 cells adhered to poly-L-Lysine-coated plates, after co-
culturingwith tgC3Gor wtC3G platelets (D) or C3G-KO andC3G-wt platelets (E), stainedwith anti-P-selectin + anti-goat Cy3 antibodies (to visualize
platelets) and phalloidin-488 to detect actin. Arrows indicate the presence of B16-F10 cells. Bar: 50 μm. Histograms represent the mean ± SD of the
number of B16-F10 cells per field. (F,I)Mean ± SEM of the number of platelet aggregates from the indicated genotypes upon stimulation with B16-
F10 cells for the indicated time periods. (G,J) Mean ± SEM of the percentage of platelets with activated integrin αIIbβ3. (H,K) Platelets from the
indicated genotypes were stimulated with 1 × 103 B16-F10 cells and Rap1-GTP levels determined by pull-down assay. Left: representative western
blots. Right: line/scatter plots of Rap1 levels (n=3). Values (mean ± SEM) are relative to those in non-stimulated wild-type platelets and were
normalized to total Rap1 levels. *p < 0.05, **p < 0.01.
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FIGURE 4
C3G regulates platelet levels after TPO injection or 5-FU-induced platelet rebound. (A). Line/scatter plots of themean ± SEMof platelet count in
C3G-KO and C3G-wt mice at the indicated time points after TPO injection (n=9 C3G-KO and C3G-wt). (B) Differences in platelet number between
two consecutive measurements in each genotype, as an indication of the increased or decreased rate. (C,D) Mean ± SD of the percentage of total
(CD41+/CD61+) MKs (C) or mature (CD42+) MKs (D) in BM cultures of C3G-KO and control mice, at the indicated time points. (E,G) Line/scatter
plots of the mean ± SEM of platelet count in C3G-KO and C3G- wt mice (E) or in tgC3G and wtC3Gmice (G) at the indicated time points after 5-FU-
injection (n=8 C3G-KO and C3G-wt; n=12 tgC3G, n=13 wtC3G). (F,H) Differences in platelet number between two consecutive measurements in
each genotype, as an indication of the increased or decreased rate. *p < 0.05, **p < 0.01.
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Granado et al., 2017). Based on that, we analyzed whether

platelet C3G also participates in the initial adhesion and

establishment of melanoma cells in the metastatic niche.

Short-term metastasis analysis (Erpenbeck et al., 2010)

revealed a more efficient arrest of GFP-labeled B16-F10

cells in the lungs when C3G is overexpressed in platelets

(Figure 3A), indicating a role of C3G in this process. The

implantation of tumor cells in the lungs was confirmed by

immunofluorescence and immunohistochemistry (Figure 3B).

This was supported by the lower number of GFP-expressing

B16-F10 cells in lung homogenates from C3G-KO mice

(Figure 3C).

The above results suggest that transgenic expression of

C3G in platelets may potentiate the adhesive properties of

melanoma cells. Indeed, B16-F10 cells showed a significant

higher adhesion when co-cultured with tgC3G platelets

(Figure 3D), while the opposite was found in cells co-

cultured with C3G-KO platelets (Figure 3E).

These results support a role for platelet C3G in the early

stages of metastasis, favoring tumor cell adhesion to the

metastatic niche.

Platelet C3G promotes TCIPA

We next studied the contribution of C3G to TCIPA. TgC3G

platelets showed significantly greater aggregation than control

platelets after incubation with B16-F10 cells (Figure 3F), which

was accompanied by a higher activation of integrin αIIbβ3
(Figure 3G) and correlated with increased Rap1 activation

(Figure 3H). We found no significant alterations in either

TCIPA (Figure 3I) or integrin αIIbβ3 activation (Figure 3J) in

C3G-KO platelets, although Rap1 activation was impaired

(Figure 3K), as described in response to other stimuli

(Gutiérrez-Herrero et al., 2020).

These results support the notion that C3G contributes to

platelet-mediated tumor growth and metastasis, including cell

adhesion to the metastatic niche and platelet-tumor cell

communication, in agreement with previous findings (Martín-

Granado et al., 2017).

C3G ablation promotes an increase in the
number of platelets after TPO stimulation

Another factor linking platelets to malignancy is TPO, whose

levels are elevated in the serum of patients with various solid

tumors, including lung adenocarcinoma (Werynska et al., 2003).

TPO is the main cytokine that regulates megakaryopoiesis and

we have previously described the participation of C3G in

different steps of this process (Ortiz-Rivero et al., 2018).

Strikingly, neither the overexpression nor the absence of C3G

in platelets modified MK/platelet counts or platelet parameters

under physiological conditions (Gutiérrez-Herrero et al., 2012;

Ortiz-Rivero et al., 2018), Supplementary Figures S2A,B;

Supplementary Table S4). However, platelet count increased

in tgC3G mice after injection of TPO (Ortiz-Rivero et al.,

2018), which suggests a contribution of C3G to pathological

megakaryopoiesis.

We used our C3G-KO mouse model to further investigate

the putative role of C3G in megakaryopoiesis and

thrombopoiesis. After intravenous injection of TPO, C3G-

KO mice showed a greater increase in platelet levels than

control animals (Figure 4A). In addition, after reaching the

peak, C3G-KO mice failed to downregulate platelet levels

(Figures 4A,B). No differences were found in the number

of MKs of the treated mice or in their ploidy status

(Supplementary Figure S2C). However, we observed a

slightly, but significant, increase in the percentage of

mature MKs in BM cultures of C3G-KO mice, after 6 days

of stimulation with TPO plus a cocktail of cytokines (Figures

4C,D), which is consistent with the increased platelet counts

detected in vivo.

C3G-KO mice failed to recover
homeostatic platelet levels after 5-FU-
induced myelosuppression

Next, we studied C3G contribution to platelet rebound after

5-FU-induced myelosuppression. 5-FU induces platelet

depletion around day 7 after injection, which is followed by a

profound platelet rebound 10–15 days after treatment (Li and

Slayton, 2013). Platelet rebound was slower in C3G-KO mice

compared to C3G-wt siblings (Figures 4E,F). In addition, after

peaking, platelet levels remained elevated in C3G-KO mice,

indicating an impaired downregulation. Opposite results were

obtained in tgC3Gmice (Figures 4G,H). Differences were not due

to changes in platelet half-life [(Ortiz-Rivero et al., 2018) and

data not shown], nor to differences in the percentage of BMMKs

or in their maturation (Supplementary Figures S2D,E).

Overall, these results suggest that C3G could be required to

maintain homeostatic platelet levels.

C3G regulates c-Mpl levels

TPO promotes MK differentiation and platelet production

via the TPO-c-Mpl signaling pathway (Kaushansky and

Drachman, 2002). Since C3G appears to play a role in

platelet maintenance, we investigated its involvement in the

regulation of c-Mpl levels. C3G-KO platelets showed reduced

levels of c-Mpl protein, while a small increase was found in

tgC3G platelets, compared to wild-type ones (Supplementary

Figure S3A). No differences were found in MKs

(Supplementary Figure S3A). Moreover, while wild-type
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platelets exhibited a consistent time-dependent decrease in

c-Mpl levels in response to TPO, tgC3G platelets showed a

faster c-Mpl degradation than their controls. In contrast,

C3G-KO platelets presented a delay in c-Mpl degradation

(Figure 5A). This indicates that changes in the levels and/or

functionality of C3G disrupt c-Mpl normal turnover.

Furthermore, we found lower levels of c-Mpl on the surface

of resting C3G-KO platelets and an impaired c-Mpl

internalization in response to TPO (Figure 5B), a

phenotype resembling that of c-Cbl-KO platelets (Marklin

et al., 2020). The analysis of c-Mpl ubiquitination supported

this. C3G-KO platelets showed significantly lower levels of

ubiquitinated c-Mpl than control platelets, both at resting and

in response to 5 min TPO (Figure 5C and Supplementary

Figures S3B,C). Moreover, total ubiquitinated protein levels

dropped drastically in resting, thrombin- (used as a positive

control of ubiquitination) and TPO-stimulated C3G-KO

platelets (Supplementary Figures S3B,C). This is supported

by results in tgC3G platelets showing the opposite phenotype

(Supplementary Figures S3D,E).

In addition, TPO injection resulted in a modest decrease

in plasma TPO levels in C3G-KO mice (Figure 5D), which

was in line with the enhanced platelet count observed in the

same experimental settings (Figure 4A), according to the

previously described inverse correlation between platelet and

TPO levels (de Graaf and Metcalf, 2011). However, TPO

uptake was significantly reduced in C3G-deficient platelets

after 30 min incubation (Figure 5E), which correlates with

the observed lower c-Mpl levels and its delayed

internalization and degradation (Figures 5A,B). TPO

mRNA expression in the liver was comparable in C3G-KO

and C3G-wt mice (Figure 5F).

All this suggests that in C3G-KO platelets, the negative

feedback regulation of c-Mpl signaling might be altered.

FIGURE 5
C3G regulates c-Mpl internalization and degradation. (A) Platelets from the indicated genotypes were stimulated with 25 ng/ml (tgC3G lineage)
or 100 ng/ml (C3G-KO lineage) TPO for the indicated times and c-Mpl and β-tubulin (β-Tub) or β-actin detected by western blot. Values are relative
to β-tubulin or β-actin expression and were normalized against untreated-wild-type platelets or against untreated platelets of each genotype (lower
line). (B) Platelets of C3G-KO and control mice were treated 30 min with TPO and stained for c-Mpl surface expression with anti-c-Mpl
(AMM2 clone) + anti-rat-Cy5 (Mean ± SD). Representative flow cytometry plots of c-Mpl internalization in each genotype are shown. CT: non-
stimulated control. (C) Lysates from C3G-KO and C3G-wt platelets, resting or treated with TPO (100 ng/ml, 5 min were immunoprecipitated with
anti-c-Mpl antibody and the levels of ubiquitinated-c-Mpl determined by western blot with anti-ubiquitin antibodies. IP: immunoprecipitation, WB:
western blot. L: total cell lysates. IgG and lysate + agarose beads (L+B) were used as negative controls. Values are relative to those in non-stimulated
C3G-KO platelets and were normalized to total c-Mpl. (D) C3G-KO and C3G-wt mice were injected with 0.5 μg TPO in 100 μl PBS. TPO was
measured in plasma by ELISA at the indicated times (Mean ± SD). (E) C3G-KO and C3G-wt platelets were stimulated with TPO (2 ng/ml) for 30 min
TPO levels in supernatant were measured by ELISA and TPO uptake was calculated as follows: TPO t0 pg/ml− TPO t30 pg/ml (Mean ± SEM). (F) TPO
mRNA levels in livers fromC3G-KO and C3G-wtmice were analyzed by RT-qPCR and normalized to β-actin (Mean ± SEM). *p < 0.05, **p < 0.01. a.u,
arbitrary units.
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FIGURE 6
C3G interacts with c-Cbl and promotes c-Cbl phosphorylation by Src. (A) Lysates from tgC3G platelets, untreated or treated with TPO (100 ng/ml,
5 min were immunoprecipitated with anti-C3G antibodies and the levels of c-Cbl determined by western blot. IP: immunoprecipitation, WB: western
blot. IgG and lysate + agarose beads (L+B)were used as negative controls. (B) tgC3G and C3G-KOplatelets, and their controls were stimulatedwith TPO
for the indicated timepoints. Intracellular phospho-c-Cbl levels were determined in fixed cells byflowcytometry, as described (Marklin et al., 2020).
Left: representative flow cytometry plots. Right: Histograms represent themean± SDof theMFI value, calculated relative to themean value of untreated

(Continued )
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C3G colocalizes with Cbl and facilitates its
phosphorylation by SFKs

In platelets, c-Cbl is responsible for c-Mpl ubiquitination and

degradation (Saur et al., 2010; Marklin et al., 2020). Therefore, we

studied whether C3G participates in this c-Cbl function. As in

other cell types (Reedquist et al., 1996; Maia et al., 2013), C3G

and c-Cbl interact in platelets in response to agonists, mainly

TPO (Figure 6A; Supplementary Figure S3F). Moreover, c-Cbl

phosphorylation (analyzed by confocal immunofluorescence

microscopy and flow cytometry, much more sensitive than

western blotting and allowing a substantial reduction in the

number of animals) was significantly increased in tgC3G

platelets, whereas C3G ablation resulted in a decrease in

phospho-c-Cbl levels, especially under thrombin or TPO

stimulation (Figure 6B; Supplementary Figure S4A).

Furthermore, we found higher p-Src levels (Figure 6C), and

enhanced colocalization between p-Src and p-c-Cbl in TPO-

stimulated tgC3G platelets, while the opposite effect was detected

in C3G-KO platelets (Figures 6C,D), suggesting the participation

of the three proteins in a complex. Supporting these findings,

interaction between c-Cbl and Src has been previously reported

(Song et al., 2010). Pretreatment with PP2, an inhibitor of Src

family kinases (SFKs), further decreased c-Cbl phosphorylation

and its colocalization with p-Src in C3G-KO platelets

(Supplementary Figures S4B,C). PP2 also abolished the

increase in p-c-Cbl levels observed in tgC3G platelets

(Supplementary Figure S4D). These data indicate that C3G

favors SFK-mediated phosphorylation of c-Cbl. Moreover,

PP2 also inhibited TPO-induced c-Mpl ubiquitination, which

was more evident in C3G-KO platelets, further confirming the

additive effect of C3G and SFKs on c-Cbl activation

(Supplementary Figures S3B–E).

All this points to the existence of a C3G-Src-c-Cbl pathway

that leads to c-Mpl ubiquitination and degradation.

In platelets, TPO-c-Cbl-mediated c-Mpl ubiquitination

results in its destruction via the proteasome and lysosome

systems (Saur et al., 2010; Marklin et al., 2020). We

investigated whether C3G could affect these processes by

analyzing total ubiquitination and c-Mpl levels in the presence

of the proteasome inhibitor MG132. As expected,

MG132 prevented, at least in part, TPO-induced decline in

c-Mpl levels in wild-type platelets, which correlates with an

accumulation of ubiquitinated proteins (Figures 7A,C). This

effect was more pronounced in C3G-KO platelets, suggesting

that the lysosome degradation mechanism may be hampered.

Inhibition of lysosome with NH4Cl also induced a higher

accumulation of ubiquitinated proteins and c-Mpl in C3G-KO

platelets (Figures 7B,C). The fact that in both experiments the

accumulation of c-Mpl coincided with that of ubiquitination

suggests that c-Mpl is one of the ubiquitinated proteins (Figures

7A–C). Immunofluorescence analysis revealed higher

ubiquitinated-c-Mpl levels in C3G-KO platelets treated with

MG132 or NH4Cl after 60 min of TPO treatment, which

supports these findings (Figure 7D).

These data suggest that C3G plays a role in proteasome- and

lysosome-mediated degradation of c-Mpl.

Discussion

We previously demonstrated that transgenic C3G expression

in platelets promotes tumor-induced angiogenesis (Martín-

Granado et al., 2017). Surprisingly, we found that C3G

ablation in platelets also promoted angiogenesis. In fact, both,

transgenic expression or absence of C3G in platelets induce

proangiogenic secretomes, leading to increased vascular

density in the implanted tumors (Martín-Granado et al., 2017)

and a faster vascular regeneration in the hindlimb ischemia

model, although, apparently, through different mechanisms.

C3G overexpression resulted in retention of VEGF, SDF-1

and TSP-1, with retention of TSP-1 being responsible for the

proangiogenic nature of the secretome, as described by us

(Martín-Granado et al., 2017) and others (Feng et al., 2011).

On the other hand, C3G absence in platelets also blocked TSP-1

secretion, but this was accompanied by a higher release of VEGF

and SDF-1. This suggests that C3G may inhibit the release of

proangiogenic factors, whereas the proper release of

antiangiogenic factors may be affected by changes in normal

C3G levels. Platelet C3G has been implicated in the differential

secretion of pro- and antiangiogenic factors, which is thought to

be related to its interaction with VAMP-7 (Martín-Granado

et al., 2017), a v-SNARE protein essential for proper α-granule
exocytosis (Peters et al., 2012; Koseoglu et al., 2015). Our findings

indicate that distinct regulatory mechanisms would be involved

in the release of pro- and antiangiogenic factors, which is

consistent with the storage of these factors in different

populations of α-granules within platelets, both in mice

(Martín-Granado et al., 2017) and humans (Italiano et al.,

2008; Chatterjee et al., 2011). PKC proteins, which mediate

FIGURE 6 (Continued)
wild-type controls. (C) Representative immunofluorescence images of platelets from the indicated genotypes, treated with TPO (100 ng/ml,
5 min and labeled with anti-phospho-c-Cbl + Alexa FluorTM-647 (green) and anti-phospho-Src + Alexa FluorTM-568 (red). All images were taken at
the same exposure time. Bar: 2.5 μm. Histograms represent the mean ± SD of the fluorescence intensities of phospho-c-Cbl and phospho-Src. (D)
Pearson’s Correlation Coefficients (mean ± SD) of phospho-c-Cbl and phospho-Src under the indicated experimental conditions. *p < 0.05,
**p < 0.01, ***p < 0.001. a.u, arbitray units.
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C3G phosphorylation in platelets (Gutiérrez-Herrero et al.,

2020), regulate α-granule release by phosphorylating proteins

of the secretory machinery (Harper and Poole, 2010).

Specifically, PKCδ inhibits GPVI-dependent degranulation

and release of proangiogenic factors, while it activates PAR-

dependent secretion, mainly composed of antiangiogenic

factors (Harper and Poole, 2010; Chatterjee et al., 2011).

Therefore, PKC-C3G pathway might inhibit the release of

the proangiogenic α-granules, whereas a separate signaling

pathway also involving C3G, which deserves further

FIGURE 7
C3G plays a role in proteasome- and lysosome-mediated degradation of c-Mpl. Platelets fromC3G-KO and C3G-wtmice were pre-treated 1 h
with 30 μM MG132 (A) or 20 mM NH4Cl (B) prior incubation with 100 ng/ml TPO for the indicated times. The levels of ubiquitinated proteins and
c-Mpl were measured by western blot using β-actin as loading control. (C) Histograms represent the quantification of ubiquitinated proteins (left
panel) and c-Mpl levels (right panel) relative to β-actin and normalized against the t0 value of C3G-wt. (D) C3G-KO and C3G-wt platelets were
treated with 100 ng/ml TPO for 60 min, after 1 h pre-treatment with 30 μMMG132 or 2 mM NH4Cl and labeled with anti-c-Mpl + FluorTM-568 (red)
or anti-Ubiquitin + Alexa FluorTM-647 (green). Representative immunofluorescence images of platelets of each genotype under each treatment
condition, taken at the same exposure time. Bar: 2.5 μm. The graph shows the Pearson’s Correlation Coefficients (mean ± SD) of c-Mpl and Ubiquitin
under the indicated experimental conditions. *p < 0.05, ***p < 0.001.
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investigation, would regulate the release of antiangiogenic α-
granules.

Notably, although SDF-1 was retained in thrombin-

stimulated tgC3G platelets, it accumulates primarily on the

platelet surface; therefore it could also contribute to a more

local recruitment of endothelial progenitor cells at the ischemic

site (Massberg et al., 2006). Moreover, the increased levels of

SDF-1 in the ischemic muscle of these mice could also explain the

greater recovery of tgC3G mice under hindlimb ischemia. This

extra SDF-1 present in ischemic muscle could be produced by

enhanced vascular injury-induced thrombi (Massberg et al.,

2006), since transgenic C3G promotes larger aggregation and

thrombus formation (Gutiérrez-Herrero et al., 2012; Gutiérrez-

Herrero et al., 2020). In contrast, no differences in SDF-1

expression in ischemic muscle were found between C3G-KO

and wild-type mice, likely reflecting normal C3G-KO platelet

aggregation activity, as occurs in response to melanoma cells.

Furthermore, it has been reported that P-selectin present on the

platelet surface is involved in the interaction with BM progenitor

cells during vascular repair, and that integrin αIIbβ3 activation

induces the exposure and release of SDF-1 (Massberg et al.,

2006). Both, P-selectin and activated integrin αIIbβ3, are more

abundant on the surface of tgC3G platelets, compared to wild-

type platelets (Gutiérrez-Herrero et al., 2012).

On the other hand, differences in surface levels of P-selectin

and activated integrin αIIbβ3 (Gutiérrez-Herrero et al., 2012;

Gutiérrez-Herrero et al., 2020), both playing a role in platelet-

tumor cell interaction (Chen and Geng, 2006; Erpenbeck et al.,

2010) and the latter also contributing to TCIPA (Bambace and

Holmes, 2011), are likely to be the cause of the antagonistic

metastatic potential of tgC3G and C3G-KO platelets. The

differential adhesion of melanoma cells co-cultured with

tgC3G or C3G-KO platelets is in line with this conclusion.

These results also support the previously reported

involvement of platelet C3G in long-term B16-F10 cell lung

metastasis (Martín-Granado et al., 2017). The lack of effect of

C3G ablation on platelet activation and aggregation in response

to melanoma cells is probably due to a compensatory mechanism

driven by CalDAG-GEFI.

On the other hand, we have previously described that

transgenic C3G expression enhances the ability of MKs to

form proplatelets (Ortiz-Rivero et al., 2018), but without

increasing platelet production in PB. Similar to what we

found in tgC3G platelets, deletion of C3G did not influence

the physiological platelet count, a phenotype similar to that of

single Rap1a and Rap1b platelet knockouts (Stefanini et al.,

2018).

Mechanistically, our data support a negative role of C3G

in the TPO-c-Mpl-mediated signaling that regulates platelet

levels, based on: 1) TPO induced increased platelet count in

C3G-KO mice; 2) C3G null mice were unable to return to

normal platelet levels following 5-FU-induced platelet

rebound, which is also dependent on TPO (Li and

Slayton, 2013), whereas tgC3G mice reached platelet levels

below normal; 3) C3G interacts with c-Cbl and mediates its

phosphorylation by Src or other SFKs; 4) as a consequence,

ubiquitination of c-Mpl was enhanced in tgC3G platelets and

impaired in C3G-KO platelets; 5) C3G-KO platelets showed

lower levels of c-Mpl on the surface and a deficient

internalization, indicating altered c-Mpl trafficking and

turnover. Yet, a similar phenotype was described for the

PF4-c-Cbl-KO mouse model (Marklin et al., 2020).

Deficient TPO-c-Mpl internalization in TPO-stimulated

C3G-KO platelets could lead to enhanced c-Mpl signaling in

MKs and, consequently, improved megakaryopoiesis, which

could explain the increased platelet count in C3G-KO mice

upon TPO injection. However, megakaryopoiesis requires an

intact TPO-Cbl-C3G-Rap1 pathway in MKs (Garcia et al.,

2001; Stork and Dillon, 2005); therefore, we speculate that

other Rap1 GEFs, such as CalDAG-GEF1, could take on the

role of C3G in this context. Supporting this idea, we found a

rise in CalDAG-GEF1 levels in C3G-KO MKs (data not

shown).

Inhibition of proteasome or lysosome degradation

systems induced a strong accumulation of ubiquitinated

proteins in C3G-KO platelets, indicating that C3G might

be required for proper proteasome and lysosome activity.

According to this, unpublished results from the group have

detected a significant downregulation of Rpn1 expression in

C3G-KO platelets. Rpn1 is a key subunit of the 19S

proteasome regulatory particle, essential for proteasome

assembly and function (Liu et al., 2020). A similar

disruption of proteasome/lysosome-mediated degradation

of c-Mpl has been associated with a loss of c-Cbl activity

(Plo et al., 2017). The involvement of C3G in platelet

proteasome and lysosome function will be explored in

future research.

Conclusion

In conclusion, in this work we present evidence for the

involvement of C3G in ischemia-induced platelet-dependent

angiogenesis, as well as additional data corroborating prior

findings on the role of platelet C3G in melanoma cell lung

metastasis. In addition, our data indicate that platelet C3G

could play an important role in pathological

megakaryopoiesis. This is supported by the increased platelet

counts observed in C3G-KO mice upon TPO injection or 5-FU-

induced myelosuppression. The fact that neither C3G

overexpression nor ablation modifies physiological platelet

count is compatible with a dual role of C3G: it would induce

c-Mpl degradation in platelets, regulating TPO levels, and would

participate in c-Mpl signaling in MKs leading to platelet

production. Therefore, similar to c-Mpl (Ng et al., 2014), a

tight regulation of C3G expression in platelets and MKs could
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play a role in the prevention of megakaryocytosis,

thrombocytosis and myeloproliferative disorders.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by The

Committee on the Ethics of Animal Experiments of the

University of Salamanca (ID number: 639) and the

Department of Agriculture, Livestock and Rural Development,

Regional Government of Castilla y León, Spain.

Author contributions

LH-C and CG designed the research. LH-C, CF-I, ÓH, and PB

performed the research. LH-C, MS-M, and CG analyzed the data. FL

supervised the ischemia experiments and revised the manuscript. CG

wrote the paper. AP contributed to data interpretation and critically

reviewed the manuscript. CG and AP were responsible for the

acquisition of funding. All authors read and approved the final

manuscript.

Funding

This publication is part of the R + D + i projects SAF 2016-

76588-C2-2-R and PID 2019-104143RB-C21 (CG), SAF 2016-

76588-C2-1-R and PID 2019-104143RB-C22 (AP) funded by

MCIN/AEI/10.13039/501100011033 and ERDF “A way of

making Europe”, and of the projects SA017U16 and

SA078P20 (CG) funded by the Council of Education of

Junta de Castilla y León, Spain and ERDF “A way of

making Europe”. LH-C and CF-I are recipients of

fellowships from the Council of Education of Junta de

Castilla y León, Spain. ÓH is recipient of a FPU fellowship

from The Spanish Ministry of Education. The authors’

institution is supported by the Programa de Apoyo a

Planes Estratégicos de Investigación de Estructuras de

Investigación de Excelencia co-funded by Junta de Castilla

y León and ERDF (CLC-2017-01).

Acknowledgments

We thank Isabel Ramos and Marina Jiménez (IBMCC) for

assistance with the mouse colonies and Dr. Miguel Pericacho

(Department of Physiology and Pharmacology, USAL) for his

assistance with laser Doppler.

Conflict of interest

The authors declare that the research was conducted in

the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fcell.

2022.1026287/full#supplementary-material

References

Amano, H., Kato, S., Ito, Y., Eshima, K., Ogawa, F., Takahashi, R., et al. (2015).
The role of vascular endothelial growth factor receptor-1 signaling in the
recovery from ischemia. PLoS One 10, e0131445. doi:10.1371/journal.pone.
0131445

Arganda-Carreras, I., Fernandez-Gonzalez, R., Munoz-Barrutia, A., and Ortiz-
De-Solorzano, C. (2010). 3D reconstruction of histological sections: Application to
mammary gland tissue. Microsc. Res. Tech. 73, 1019–1029. doi:10.1002/jemt.20829

Bambace, N. M., and Holmes, C. E. (2011). The platelet contribution to cancer
progression. J. Thromb. Haemost. 9, 237–249. doi:10.1111/j.1538-7836.2010.
04131.x

Becker, K. A., Beckmann, N., Adams, C., Hessler, G., Kramer, M., Gulbins, E.,
et al. (2017). Melanoma cell metastasis via P-selectin-mediated activation of acid

sphingomyelinase in platelets. Clin. Exp. Metastasis 34, 25–35. doi:10.1007/s10585-
016-9826-6

Chatterjee, M., Huang, Z., Zhang,W., Jiang, L., Hultenby, K., Zhu, L., et al. (2011).
Distinct platelet packaging, release, and surface expression of proangiogenic and
antiangiogenic factors on different platelet stimuli. Blood 117, 3907–3911. doi:10.
1182/blood-2010-12-327007

Chen, M., and Geng, J. G. (2006). P-selectin mediates adhesion of leukocytes,
platelets, and cancer cells in inflammation, thrombosis, and cancer growth and
metastasis. Arch. Immunol. Ther. Exp. Warsz. 54, 75–84. doi:10.1007/s00005-006-
0010-6

de Graaf, C. A., and Metcalf, D. (2011). Thrombopoietin and hematopoietic stem
cells. Cell Cycle 10, 1582–1589. doi:10.4161/cc.10.10.15619

Frontiers in Cell and Developmental Biology frontiersin.org16

Hernández-Cano et al. 10.3389/fcell.2022.1026287

https://www.frontiersin.org/articles/10.3389/fcell.2022.1026287/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.1026287/full#supplementary-material
https://doi.org/10.1371/journal.pone.0131445
https://doi.org/10.1371/journal.pone.0131445
https://doi.org/10.1002/jemt.20829
https://doi.org/10.1111/j.1538-7836.2010.04131.x
https://doi.org/10.1111/j.1538-7836.2010.04131.x
https://doi.org/10.1007/s10585-016-9826-6
https://doi.org/10.1007/s10585-016-9826-6
https://doi.org/10.1182/blood-2010-12-327007
https://doi.org/10.1182/blood-2010-12-327007
https://doi.org/10.1007/s00005-006-0010-6
https://doi.org/10.1007/s00005-006-0010-6
https://doi.org/10.4161/cc.10.10.15619
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1026287


Erpenbeck, L., Nieswandt, B., Schon, M., Pozgajova, M., and Schon, M. P. (2010).
Inhibition of platelet GPIb alpha and promotion of melanoma metastasis. J. Invest.
Dermatol. 130, 576–586. doi:10.1038/jid.2009.278

Feng,W., Madajka, M., Kerr, B. A., Mahabeleshwar, G. H., Whiteheart, S. W., and
Byzova, T. V. (2011). A novel role for platelet secretion in angiogenesis: Mediating
bone marrow-derived cell mobilization and homing. Blood 117, 3893–3902. doi:10.
1182/blood-2010-08-304808

Garcia, J., De Gunzburg, J., Eychene, A., Gisselbrecht, S., and Porteu, F.
(2001). Thrombopoietin-mediated sustained activation of extracellular signal-
regulated kinase in UT7-Mpl cells requires both Ras-Raf-1- and Rap1-B-Raf-
dependent pathways. Mol. Cell. Biol. 21, 2659–2670. doi:10.1128/MCB.21.8.
2659-2670.2001

Gastl, G., Plante, M., Finstad, C. L., Wong, G. Y., Federici, M. G., Bander, N. H.,
et al. (1993). High IL-6 levels in ascitic fluid correlate with reactive thrombocytosis
in patients with epithelial ovarian cancer. Br. J. Haematol. 83, 433–441. doi:10.1111/
j.1365-2141.1993.tb04668.x

Guerrero, C., Fernandez-Medarde, A., Rojas, J. M., Font De Mora, J., Esteban, L.
M., and Santos, E. (1998). Transformation suppressor activity of C3G is
independent of its CDC25-homology domain. Oncogene 16, 613–624. doi:10.
1038/sj.onc.1201569

Gutiérrez-Herrero, S., Fernandez-Infante, C., Hernandez-Cano, L., Ortiz-Rivero,
S., Guijas, C., Martin-Granado, V., et al. (2020). C3G contributes to platelet
activation and aggregation by regulating major signaling pathways. Signal
Transduct. Target. Ther. 5, 29. doi:10.1038/s41392-020-0119-9

Gutiérrez-Herrero, S., Maia, V., Gutiérrez-Berzal, J., Calzada, N., Sanz, M.,
González-Manchón, C., et al. (2012). C3G transgenic mouse models with
specific expression in platelets reveal a new role for C3G in platelet clotting
through its GEF activity. Biochim. Biophys. Acta Mol. Cell. Res. 1823,
1366–1377. doi:10.1016/j.bbamcr.2012.05.021

Harper, M. T., and Poole, A. W. (2010). Diverse functions of protein kinase C
isoforms in platelet activation and thrombus formation. J. Thromb. Haemost. 8,
454–462. doi:10.1111/j.1538-7836.2009.03722.x

Hitchcock, I. S., Chen,M.M., King, J. R., and Kaushansky, K. (2008). YRRLmotifs
in the cytoplasmic domain of the thrombopoietin receptor regulate receptor
internalization and degradation. Blood 112, 2222–2231. doi:10.1182/blood-2008-
01-134049

Hunter, S., Burton, E. A., Wu, S. C., and Anderson, S. M. (1999). Fyn associates
with Cbl and phosphorylates tyrosine 731 in Cbl, a binding site for
phosphatidylinositol 3-kinase. J. Biol. Chem. 274, 2097–2106. doi:10.1074/jbc.
274.4.2097

Huong, P., Nguyen, L., Nguyen, X.-B., Lee, S., and Bach, D.-H. (2019). The role of
platelets in the tumor-microenvironment and the drug resistance of cancer cells.
Cancers 11, 240–219. doi:10.3390/cancers11020240

Italiano, J. E., Jr., Richardson, J. L., Patel-Hett, S., Battinelli, E., Zaslavsky, A.,
Short, S., et al. (2008). Angiogenesis is regulated by a novel mechanism: Pro- and
antiangiogenic proteins are organized into separate platelet alpha granules and
differentially released. Blood 111, 1227–1233. doi:10.1182/blood-2007-09-113837

Jacquel, A., Herrant, M., Defamie, V., Belhacene, N., Colosetti, P., Marchetti, S.,
et al. (2006). A survey of the signaling pathways involved in megakaryocytic
differentiation of the human K562 leukemia cell line by molecular and c-DNA
array analysis. Oncogene 25, 781–794. doi:10.1038/sj.onc.1209119

Jin, D. K., Shido, K., Kopp, H. G., Petit, I., Shmelkov, S. V., Young, L. M., et al.
(2006). Cytokine-mediated deployment of SDF-1 induces revascularization through
recruitment of CXCR4+ hemangiocytes. Nat. Med. 12, 557–567. doi:10.1038/
nm1400

Kaser, A., Brandacher, G., Steurer, W., Kaser, S., Offner, F. A., Zoller, H., et al.
(2001). Interleukin-6 stimulates thrombopoiesis through thrombopoietin: Role in
inflammatory thrombocytosis. Blood 98, 2720–2725. doi:10.1182/blood.v98.9.2720

Kaushansky, K., and Drachman, J. G. (2002). The molecular and cellular biology
of thrombopoietin: The primary regulator of platelet production. Oncogene 21,
3359–3367. doi:10.1038/sj.onc.1205323

Koseoglu, S., Peters, C. G., Fitch-Tewfik, J. L., Aisiku, O., Danglot, L., Galli, T.,
et al. (2015). VAMP-7 links granule exocytosis to actin reorganization during
platelet activation. Blood 126, 651–660. doi:10.1182/blood-2014-12-618744

Li, N. (2016). Platelets in cancer metastasis: To help the "villain" to do evil. Int.
J. Cancer 138, 2078–2087. doi:10.1002/ijc.29847

Li, X., and Slayton, W. B. (2013). Molecular mechanisms of platelet and stem cell
rebound after 5-fluorouracil treatment. Exp. Hematol. 41, 635–645. doi:10.1016/j.
exphem.2013.03.003

Liu, X., Xiao, W., Zhang, Y., Wiley, S. E., Zuo, T., Zheng, Y., et al. (2020).
Reversible phosphorylation of Rpn1 regulates 26S proteasome assembly and
function. Proc. Natl. Acad. Sci. U. S. A. 117, 328–336. doi:10.1073/pnas.1912531117

Maia, V., Ortiz-Rivero, S., Sanz, M., Gutierrez-Berzal, J., Alvarez-Fernández, I.,
Gutierrez-Herrero, S., et al. (2013). C3G forms complexes with bcr-abl and p38α
MAPK at the focal adhesions in chronic myeloid leukemia cells: Implication in the
regulation of leukemic cell adhesion. Cell Commun. Signal. 11, 9. doi:10.1186/1478-
811X-11-9

Marklin, M., Tandler, C., Kopp, H. G., Hoehn, K. L., Quintanilla-Martinez, L.,
Borst, O., et al. (2020). C-Cbl regulates c-MPL receptor trafficking and its
internalization. J. Cell. Mol. Med. 24, 12491–12503. doi:10.1111/jcmm.15785

Martín-Granado, V., Ortiz-Rivero, S., Carmona, R., Gutiérrez-Herrero, S.,
Barrera, M., San-Segundo, L., et al. (2017). C3G promotes a selective release of
angiogenic factors from activated mouse platelets to regulate angiogenesis and
tumor metastasis. Oncotarget 8, 110994–111011. doi:10.18632/oncotarget.22339

Massberg, S., Konrad, I., Schurzinger, K., Lorenz, M., Schneider, S., Zohlnhoefer,
D., et al. (2006). Platelets secrete stromal cell-derived factor 1alpha and recruit bone
marrow-derived progenitor cells to arterial thrombi in vivo. J. Exp. Med. 203,
1221–1233. doi:10.1084/jem.20051772

Murphy, A. J., Bijl, N., Yvan-Charvet, L., Welch, C. B., Bhagwat, N., Reheman, A.,
et al. (2013). Cholesterol efflux in megakaryocyte progenitors suppresses platelet
production and thrombocytosis. Nat. Med. 19, 586–594. doi:10.1038/nm.3150

Ng, A. P., Kauppi, M., Metcalf, D., Hyland, C. D., Josefsson, E. C., Lebois, M., et al.
(2014). Mpl expression on megakaryocytes and platelets is dispensable for
thrombopoiesis but essential to prevent myeloproliferation. Proc. Natl. Acad.
Sci. U. S. A. 111, 5884–5889. doi:10.1073/pnas.1404354111

Niiyama, H., Huang, N. F., Rollins, M. D., and Cooke, J. P. (2009). Murine model
of hindlimb ischemia. J. Vis. Exp. 23, e1035. doi:10.3791/1035

Ortiz-Rivero, S., Baquero, C., Hernandez-Cano, L., Roldan-Etcheverry, J. J.,
Gutierrez-Herrero, S., Fernandez-Infante, C., et al. (2018). C3G, through its
GEF activity, induces megakaryocytic differentiation and proplatelet formation.
Cell Commun. Signal. 16, 101. doi:10.1186/s12964-018-0311-5

Peters, C. G., Michelson, A. D., and Flaumenhaft, R. (2012). Granule exocytosis is
required for platelet spreading: Differential sorting of alpha-granules expressing
VAMP-7. Blood 120, 199–206. doi:10.1182/blood-2011-10-389247

Plo, I., Bellanne-Chantelot, C., Mosca, M., Mazzi, S., Marty, C., and Vainchenker,
W. (2017). Genetic alterations of the thrombopoietin/MPL/JAK2 Axis impacting
megakaryopoiesis. Front. Endocrinol. (Lausanne) 8, 234. doi:10.3389/fendo.2017.
00234

Reedquist, K. A., Fukazawa, T., Panchamoorthy, G., Langdon, W. Y., Shoelson, S.
E., Druker, B. J., et al. (1996). Stimulation through the T cell receptor induces Cbl
association with Crk proteins and the guanine nucleotide exchange protein C3G.
J. Biol. Chem. 271, 8435–8442. doi:10.1074/jbc.271.14.8435

Saur, S. J., Sangkhae, V., Geddis, A. E., Kaushansky, K., and Hitchcock, I. S.
(2010). Ubiquitination and degradation of the thrombopoietin receptor c-Mpl.
Blood 115, 1254–1263. doi:10.1182/blood-2009-06-227033

Shankar, H., Garcia, A., Prabhakar, J., Kim, S., and Kunapuli, S. P. (2006).
P2Y12 receptor-mediated potentiation of thrombin-induced thromboxane
A2 generation in platelets occurs through regulation of Erk1/2 activation.
J. Thromb. Haemost. 4, 638–647. doi:10.1111/j.1538-7836.2006.01789.x

Song, J. J., Kim, J. H., Sun, B. K., Alcala, M. A., Jr., Bartlett, D. L., and Lee, Y. J.
(2010). c-Cbl acts as a mediator of Src-induced activation of the PI3K-Akt signal
transduction pathway during TRAIL treatment. Cell. Signal. 22, 377–385. doi:10.
1016/j.cellsig.2009.10.007

Stefanini, L., Lee, R. H., Paul, D. S., O’shaughnessy, E. C., Ghalloussi, D., Jones, C.
I., et al. (2018). Functional redundancy between RAP1 isoforms in murine platelet
production and function. Blood 132, 1951–1962. doi:10.1182/blood-2018-03-
838714

Stork, P. J., and Dillon, T. J. (2005). Multiple roles of Rap1 in hematopoietic cells:
Complementary versus antagonistic functions. Blood 106, 2952–2961. doi:10.1182/
blood-2005-03-1062

Werynska, B., Ramlau, R., Podolak-Dawidziak, M., Jankowska, R., Prajs, I.,
Usnarska-Zubkiewicz, L., et al. (2003). Serum thrombopoietin levels in patients
with reactive thrombocytosis due to lung cancer and in patients with essential
thrombocythemia. Neoplasma 50, 447–451.

Yokouchi, M., Kondo, T., Sanjay, A., Houghton, A., Yoshimura, A., Komiya, S.,
et al. (2001). Src-catalyzed phosphorylation of c-Cbl leads to the interdependent
ubiquitination of both proteins. J. Biol. Chem. 276, 35185–35193. doi:10.1074/jbc.
M102219200

Frontiers in Cell and Developmental Biology frontiersin.org17

Hernández-Cano et al. 10.3389/fcell.2022.1026287

https://doi.org/10.1038/jid.2009.278
https://doi.org/10.1182/blood-2010-08-304808
https://doi.org/10.1182/blood-2010-08-304808
https://doi.org/10.1128/MCB.21.8.2659-2670.2001
https://doi.org/10.1128/MCB.21.8.2659-2670.2001
https://doi.org/10.1111/j.1365-2141.1993.tb04668.x
https://doi.org/10.1111/j.1365-2141.1993.tb04668.x
https://doi.org/10.1038/sj.onc.1201569
https://doi.org/10.1038/sj.onc.1201569
https://doi.org/10.1038/s41392-020-0119-9
https://doi.org/10.1016/j.bbamcr.2012.05.021
https://doi.org/10.1111/j.1538-7836.2009.03722.x
https://doi.org/10.1182/blood-2008-01-134049
https://doi.org/10.1182/blood-2008-01-134049
https://doi.org/10.1074/jbc.274.4.2097
https://doi.org/10.1074/jbc.274.4.2097
https://doi.org/10.3390/cancers11020240
https://doi.org/10.1182/blood-2007-09-113837
https://doi.org/10.1038/sj.onc.1209119
https://doi.org/10.1038/nm1400
https://doi.org/10.1038/nm1400
https://doi.org/10.1182/blood.v98.9.2720
https://doi.org/10.1038/sj.onc.1205323
https://doi.org/10.1182/blood-2014-12-618744
https://doi.org/10.1002/ijc.29847
https://doi.org/10.1016/j.exphem.2013.03.003
https://doi.org/10.1016/j.exphem.2013.03.003
https://doi.org/10.1073/pnas.1912531117
https://doi.org/10.1186/1478-811X-11-9
https://doi.org/10.1186/1478-811X-11-9
https://doi.org/10.1111/jcmm.15785
https://doi.org/10.18632/oncotarget.22339
https://doi.org/10.1084/jem.20051772
https://doi.org/10.1038/nm.3150
https://doi.org/10.1073/pnas.1404354111
https://doi.org/10.3791/1035
https://doi.org/10.1186/s12964-018-0311-5
https://doi.org/10.1182/blood-2011-10-389247
https://doi.org/10.3389/fendo.2017.00234
https://doi.org/10.3389/fendo.2017.00234
https://doi.org/10.1074/jbc.271.14.8435
https://doi.org/10.1182/blood-2009-06-227033
https://doi.org/10.1111/j.1538-7836.2006.01789.x
https://doi.org/10.1016/j.cellsig.2009.10.007
https://doi.org/10.1016/j.cellsig.2009.10.007
https://doi.org/10.1182/blood-2018-03-838714
https://doi.org/10.1182/blood-2018-03-838714
https://doi.org/10.1182/blood-2005-03-1062
https://doi.org/10.1182/blood-2005-03-1062
https://doi.org/10.1074/jbc.M102219200
https://doi.org/10.1074/jbc.M102219200
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1026287

	New functions of C3G in platelet biology: Contribution to ischemia-induced angiogenesis, tumor metastasis and TPO clearance
	Introduction
	Materials and methods
	Mouse models
	Tumor cell implantation-induced ischemia
	Hindlimb ischemia
	Detection of hemangiocytes
	Platelet and MK purification and detection
	Gene expression analysis in tissue homogenates
	Histology and immunohistochemistry
	Analysis of platelet releasate
	Capillary tube formation assay
	Short-term metastasis
	Adhesion of tumor cells
	Platelet activation and aggregation
	Platelet and MK production in vivo
	Depletion of cycling hematopoietic cells
	c-Mpl surface expression and internalization
	TPO measurements
	Confocal immunofluorescence microscopy
	Western blot and immunoprecipitation
	Rap1 activation assay
	Statistics

	Results
	Platelet C3G regulates ischemia-induced angiogenesis
	Transgenic C3G promotes the retention of SDF-1 in platelets, while deletion of C3G enhanced SDF-1 and VEGF release and TSP- ...
	Platelet C3G stimulates short-term melanoma metastasis through regulation of melanoma cell adhesion
	Platelet C3G promotes TCIPA
	C3G ablation promotes an increase in the number of platelets after TPO stimulation
	C3G-KO mice failed to recover homeostatic platelet levels after 5-FU-induced myelosuppression
	C3G regulates c-Mpl levels
	C3G colocalizes with Cbl and facilitates its phosphorylation by SFKs

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


