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ARTICLE INFO ABSTRACT

Keywords: Aim: Hepatocellular carcinoma (HCC) is a primary liver cancer that usually develops in a background of chronic
Platelets liver disease and prolonged inflammation. A major contributor in the complex molecular pathogenesis of HCC is
P2yl2 . the highly intertwined cross-talk between the tumor and the surrounding stromal cells, such as hepatic stellate
:T)I;Z::euular carcinoma cells, endothelial cells, macrophages and other immune cells. These tumor-stroma interactions actively fuel

tumor growth and modulate the hepatic microenvironment to benefit tumor invasion and disease progression.
Platelets have been reported to interact with different cell types in the tumor microenvironment, including tumor
cells, stellate cells and macrophages.

Materials and methods: Mice were treated with hepatocarcinogenic compound diethylnitrosamine for 25 weeks to
induce HCC in the background of fibrosis and inflammation. From week 10, anti-platelet drug Clopidogrel was
added to the drinking water and mice were given ad libitum access.

Key findings: In this study, we show that activated platelets promote tumor cell proliferation and contribute to the
adverse tumor-stroma cross-talk that fuels tumor progression. We also show that inhibiting platelet activation
with the P2Y12-inhibitor Clopidogrel decreases the number of tumors in a chemically induced mouse model for
HCC.

Significance: These results suggest an important role for platelets in the pathogenesis of HCC and that the use of
anti-platelet drugs may be therapeutically relevant for patients with liver cancer.

progression occurs during liver damage, when stellate cells transition to
an activated myofibroblast-like phenotype [3]. This results in an
increased deposition of ECM proteins and release of cytokines, growth

1. Introduction

Hepatocellular carcinoma (HCC) is a primary liver cancer that usu-

ally develops in a background of chronic liver disease. In most cases, it is
diagnosed at a late stage which limits therapeutic options, making it the
second leading cause of cancer-related death worldwide [1,2]. Up to
90% of HCCs are characterized by underlying chronic inflammation,
fibrosis and/or cirrhosis, which induces a microenvironment that ben-
efits tumor growth and is a major contributor in its molecular patho-
genesis [2,3]. Key players in this environment include endothelial cells,
hepatic stellate cells (HSC), resident macrophages or Kupffer cells,
extracellular matrix (ECM) and a variety of infiltrating immune cells.
The dynamic cross-talk between these factors is believed to actively fuel
tumor initiation, proliferation and metastasis. A crucial event in HCC

factors, and products of oxidative stress and ultimately facilitates cancer
progression [4]. It has been widely demonstrated that activated hepatic
stellate cells engage in a bi-directional cross-talk with tumor cells and
thereby directly promote tumor cell proliferation and metastasis [5].
Platelets are an important source of platelet-derived growth factor-beta
(PDGF-p) and transforming growth factor beta (TGF-p), which are well
described activators of hepatic stellate cells, with key roles in pro-
fibrotic signaling [6]. Several studies have reported on platelet-
derived factors such as PDGF-f, TGF-p and serotonin playing impor-
tant roles in initiating and mediating pro-fibrotic signaling in the liver,
and that anti-platelet therapy could ameliorate fibrosis in vivo [6-8].

Abbreviations: CLO, Clopidogrel; DEN, diethylnitrosamine; DMEM, Dulbecco modified eagle medium; FBS, fetal bovine serum; HCC, hepatocellular carcinoma;
H&E, hematoxylin-eosin; TBS, tris-buffer saline; PDGF-, platelet-derived growth factor-beta; TGFf, tumor growth factor ; VEGF, vascular endothelial growth factor.
* Corresponding author at: Department of Medical Cell Biology, BOX 571, Husargatan 3, 75123 Uppsala, Sweden.

E-mail address: femke.heindryckx@mcb.uu.se (F. Heindryckx).
1 Shared authorship.

https://doi.org/10.1016/.1f5.2021.119612

Received 7 April 2021; Received in revised form 30 April 2021; Accepted 30 April 2021

Available online 12 May 2021

0024-3205/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:femke.heindryckx@mcb.uu.se
www.sciencedirect.com/science/journal/00243205
https://www.elsevier.com/locate/lifescie
https://doi.org/10.1016/j.lfs.2021.119612
https://doi.org/10.1016/j.lfs.2021.119612
https://doi.org/10.1016/j.lfs.2021.119612
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lfs.2021.119612&domain=pdf
http://creativecommons.org/licenses/by/4.0/

N. Pavlovic et al.

Another important factor in the hepatic stroma is the resident macro-
phage population, the Kupffer cells. Macrophages play an important role
in regulating the hepatic immune status and maintaining homeostasis of
the liver [2]. However, in the context of HCC initiation and progression,
macrophages have been established as key contributors in tumor growth
and progression, through producing excessive amounts of growth factors
such as TGF-p, PDGF-p and vascular endothelial growth factor (VEGF)
[9]. Hepatic macrophages thereby also provide a great source of pro-
fibrotic and immunosuppressive signaling, which further benefits can-
cer progression [3]. Studies have demonstrated that pro-inflammatory
Kupffer cell activation is crucial in the early stages of tumor develop-
ment, while infiltrating macrophages play a more prominent role in HCC
progression [9]. Platelets have been reported to play a key role in im-
mune cell recruitment and in modulating the hepatic immune response
[1,10]. Serotonin and microparticles released from platelets have been
shown to inhibit a pro-inflammatory macrophage phenotype and prime
macrophages for pro-tumoural signaling, which has been associated
with poorer survival in liver cancer [10,11]. In the context of HCC
initiation, where the diseased hepatic microenvironment is character-
ized by leaky, dysfunctional blood vessels, activated platelets release
various inflammatory mediators and express adhesive and immune re-
ceptors which recruit immune cells to site of injury [5]. The role of
platelets in mediating the immune response during hepatocellular car-
cinoma remains unclear.

A growing number of studies describes platelets as active mediators
in the HCC microenvironment. Both in vitro and in vivo studies have
reported on their involvement in pro-fibrinogenic signaling, mediating
the hepatic inflammatory response and promoting HCC proliferation,
thereby contributing to a more aggressive and metastatic tumor
phenotype [12,13]. In this study, we show that platelets play an essen-
tial role promoting tumor cell proliferation and actively engage in the
tumor-stroma cross-talk to further benefit tumor growth and progres-
sion. This would mean that anti-platelet therapy could prevent the for-
mation of tumors in patients with liver cirrhosis.

2. Material and methods
2.1. Mouse model

A chemically induced mouse model for HCC was used, as previously
described [14,15]. From week 10, 0,5 mg/mL Clopidogrel was added to
the drinking water and mice were allowed ad libitum access. After 25
weeks samples were taken for subsequent analysis. This method was
approved by the ethical committee for animal experimentation (C45/13
and C46/13).

2.2. Cell culture and reagents

The HCC-cell line (HepG2, ATCC) was routinely cultured in DMEM
supplemented with 10% FBS (Gibco). Cells were cultured at 37 °C with
5% CO2. For starvation and stimulation, growth medium without FBS
was used. For in vitro experiments, HepG2 cells were detached using
trypsin-EDTA (Gibco), resuspended in growth medium and plated at a
density of 5 x 10° cells/cm?. Cells were allowed to attach and left un-
disturbed for 8 h before being starved for 4 h. Afterwards, fresh star-
vation medium supplemented with 20% platelet lysate (#06961,
Stemcell Technologies). Heparin (#07980, Stemcell Technologies) was
added to the platelet lysate at a concentration of 2 IU/mL to prevent
coagulation. Cells were then incubated for 24 h.

2.3. Proliferation

Cell proliferation was monitored via resazurin reduction assay. A 1%
solution of resazurin sodium salt (Sigma) in PBS was filtered through a
0,22 pM filter. The filtered resazurin solution was added in 1/80 dilution
to the cells and incubated for 6 h, after which fluorescent signal was
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measured with a 540/35 excitation filter and a 590/20 emission filter on
a Fluostar Omega plate reader.

2.4. Stainings and immunohistochemistry

Tissue samples were fixed in 4% paraformaldehyde for 24 h and
subsequently embedded in paraffin. 8 pm slides were cut and dried
overnight. Sections were de-paraffinized and rehydrated prior to stain-
ing. Collagen deposition was assessed with a 30-min picrosirius red
staining, followed by 10 min of washing in distilled water. Hematoxylin-
eosin (H&E) staining was done according to standard laboratory prac-
tice. For immunohistochemical stainings, antigen retrieval was done at
95 °C in sodium citrate buffer and a specific antibody binding was
blocked by 1-h incubation with 1% BSA. Slides were incubated with
primary antibodies against Ki67 (1:100), alpha-SMA (1:200), F4/80
(1:50) or CD41 (1:100) overnight at 4 °C (Supplementary Table 1),
followed by a 40-min incubation for the secondary antibody (Alexa
Fluor 488, ThermoFisher). Slides were washed in TBS-T (0.1% Tween-
20) 3 x 10 minutes after primary and secondary antibody incubations.
Cell nuclei were stained with Hoechst staining for 5 min.

Images were acquired using a Nikon eclipse 90i microscope equipped
with a DS-QilMc camera and Nikon plan Apo objective. NIS-Elements
AR 3.2 software was used to save and export the images. The different
channels (RGB) of immunofluorescent images were merged using
ImageJ software. Quantifications were performed blindly with ImageJ
software by conversion to binary images for each channel and auto-
mated detection of staining on thresholded images using a macro.

2.5. Engyme-linked immune sorbent assay (ELISA)

Serum levels of TGFj were measured via ELISA (88-8350-22, Ther-
moFisher, Stockholm, Sweden), following manufacturer's guidelines.
The averages from five biological replicates and two technical replicates
were used for calculations.

2.6. Quantitative RT-PCR of mRNA

RNA was isolated from tissue or cell culture using the EZNA RNA
isolation Kit according to the manufacturer instructions. Briefly, 500 ng
of mRNA was reverse transcribed using iScript cDNA synthesis kit (Bio-
rad). Then, amplifications were done using primers summarized in
Supplementary Table 2. Normalization was done using Beta-actin and
GAPDH.

2.7. Proximity extension assay

Protein from animal samples was isolated using RIPA-buffer. Protein
concentration was measured using the BCA kit (ThermoFisher). Finally,
all supernatants were diluted to 1 mg/mL protein in RIPA. Samples from
three biological replicates per group were analyzed with a multiplex
proximity extension assay (PEA) for 92 biomarkers in the Mouse
exploratory panel (Olink Bioscience, Uppsala, Sweden). For categorizing
the markers, the publicly available Human Protein Atlas database was
first consulted to check the marker's prognostic value in HCC [16,17]. If
the marker was not identified as prognostic in HCC, its potential role in
HCC pathogenesis was evaluated through literature search.

2.8. Statistics

Data are presented as mean + s.e.m. An unpaired, two-tailed Stu-
dent's t-test was used to compare different groups; a P < 0.05 was
considered statistically different.
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Fig. 1. Blocking platelet activation decreases size and number of tumors in
vivo. (A) Number of macroscopic tumors on the liver surface. (B) Body weight
of mice. (C) Number of tumors per 100 mmz, quantified on H&E stained liver
sections. (D) Average size of tumors quantified on H&E stained liver sections.
(E) Representative images of H&E stained liver slides. (F) Representative im-
ages of Ki67 stained liver slides. (G) Percentage of Ki67 " nuclei in tumors in
mice with HCC. (H) mRNA expression of proliferation marker PCNA in mice.
Asterisks represent statistical significance, * = P < 0,05. Scale bars represent 20
uM. p-Values were calculated via student t-test from 5 biological replicates
per group.

3. Results

3.1. Blocking platelet activation decreases the size and number of tumors
in a chemically induced mouse model for HCC

The effect of platelets on the progression of HCC was studied by using
a chemically induced mouse model [14,15], in which HCC occurs after
25 weeks of weekly injections with the hepatocarcinogenic compound
diethylnitrosamine (DEN). Platelet activation was inhibited from week
10, by using the P2Y12 inhibitor Clopidogrel (CLO). After 25 weeks,
samples were taken from the liver tissue and macroscopic evaluation
revealed a significant decrease in the number of tumors on the cell
surface in mice treated with CLO (Fig. 1A). The occurrence of HCC in
mice is usually accompanied by a severe drop in bodyweight, which was
also ameliorated in the CLO-treated group (Fig. 1B). To ensure that the
tumors we observed macroscopically were indeed HCC, H&E stained
liver slides were histologically assessed. This confirmed that CLO-
treated mice had fewer tumors (Fig. 1C), but only a mild effect on
tumor size (Fig. 1D) was observed.

To assess whether CLO treatment influenced the number of platelets
in the liver, a CD41-antibody was used for immunohistochemical
staining of liver tissue (Fig. 2F). This showed a significant increase of
activated platelets in both the tumor and the stroma of DEN-treated mice
compared to healthy control mice, suggesting that an accumulation of
activated platelets in the liver during HCC progression (Fig. 2G).
Treatment with CLO significantly decreased the number of platelets in
the tumor and stroma tissue of DEN-treated mice.

Tumor cells are known to have increased proliferation rates. The
effect on tumor cell proliferation was quantified using PCNA mRNA
expression. As expected, mice with HCC had a much higher mRNA
expression of the proliferation marker PCNA, compared to healthy
control mice (Fig. 1H). Treatment with CLO resulted in a slight decrease
of PCNA mRNA expression. However, this was not significant. This
result was confirmed after the liver slides were stained with an antibody
against proliferation marker Ki67 (Fig. 1F). A non-significant decrease in
the percentage of Ki67-positive nuclei in tumor tissue was observed after
CLO treatment (Fig. 1G).

To assess the effect of clopidogrel-treatment on the overall protein
expression profile of mice with HCC, we performed a PEA with the
OLINK murine biomarker panel on liver lysate and serum samples. These
results show an overall decrease in HCC promotors and unfavorable
tumor prognostic markers after treatment with CLO (Tables 1 & 2). For
instance, the protein expression of negative HCC prognostic markers
(such as Parp1, Dctn2, Epo) and growth factors known to potentiate HCC
progression (PDGF-B, TGF-f) was significantly decreased in the serum of
mice with HCC after CLO treatment. The decrease in TGF-p serum levels
was also confirmed via ELISA (Fig. 3I).

3.2. Blocking platelet activation decreases stellate cell activation and
fibrosis in vivo

Hepatocellular carcinoma usually occurs in a background of chronic
liver disease and cirrhosis, which leads to the activation of hepatic
stellate cells. These cells are responsible for the excessive deposition of
extracellular matrix proteins, such as collagen, which is typical for
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Fig. 2. Blocking platelet activation decreases tumor cell proliferation and fibrosis in vivo. (A) Representative images of Sirius Red staining of liver sections (B)
Quantification of Sirius Red staining. (C) mRNA expression of the fibrosis marker aSMA (D) Representative images of liver sections stained with aSMA -antibodies (E)
Quantification of aSMA staining (F) Representative images of liver sections stained with CD41-antibodies, showing activated platelets in tissue. (G) Quantification of
CD41 staining. Asterisks represent statistical significance, * = P < 0,05; ** = P < 0,01; *** = P < 0,001. p-Values were calculated via student ¢t-test from 5 biological
replicates per group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

fibrosis [3]. Platelets are known to secrete PDGF and TGF-, which are
potent activators of stellate cells. We therefore wanted to assess whether
blocking platelet activation with CLO affected stellate cell activation in
vivo. We observed a significant increase of stellate cell activation marker
aSMA mRNA expression in liver tissue of mice with HCC, compared to
healthy controls (Fig. 2C). In line with this result, staining of the liver
slides with an antibody against aSMA revealed an increase of aSMA
expression in the stromal compartment of the liver tissue (Fig. 2D&E).
Treatment of mice with HCC with CLO resulted in a decrease in both the
protein and mRNA expression of aSMA. Sirius Red staining of liver tissue
slides revealed a significant increase of collagen deposition in mice with
HCC, compared to healthy controls. Inhibiting platelet activation with
CLO resulted in a significant decrease in collagen deposition in mice
with HCC (Fig. 2A&B). These results indicate that platelets contribute to
the activation of stellate cells, and perhaps also to the progression of
fibrosis in a mouse model for HCC.

3.3. Blocking platelet activation alters the inflammatory cell population in
vivo

Clinical reports have widely shown that increased macrophage
density is highly correlated with poor survival in several cancer types,
including HCC [17]. We thereby wanted to check whether the number of
macrophages in the liver would be affected in this HCC mouse model.
Indeed, immunofluorescent staining of the liver tissue with an F4/80
antibody revealed that the total F4/80" area increased after DEN
treatment, both within the tumor and in the surrounding stroma
(Fig. 3A&B). This goes in line with what has previously been shown in a
study by Wu et al.,, where the authors demonstrated that pro-
inflammatory Kupffer cell signaling was a crucial factor in DEN-
induced HCC development in mice [18]. Activated platelets have been
described as potent mediators in the inflammatory response, as they

interact with a variety of immune cells, including macrophages [19].
Interestingly, inhibiting platelet activation with CLO significantly
decreased the F4/807 area, thus suggesting a decrease in macrophage
density and a potential role of activated platelets in the recruitment of
macrophages to the liver. Macrophages can play a pro- or anti-tumoural
role in the diseased microenvironment, depending on their state of
activation. It has been reported that the upregulation of certain pro-
inflammatory/anti-tumoural genes, such as TNFa and IL6 is associated
with longer survival in patients with HCC [20]. We therefore wanted to
examine the expression of anti-tumoural macrophage markers. Treat-
ment with CLO increased the expression of several anti-tumoural
markers, including CD40, IL-1, TNFa, iNOS and Fpr-2 (Fig. 3, C-G)
and decreased the expression of the pro-tumoural marker Arginase-1
(Fig. 3H). The mRNA expression IL-1, a known regulator of chronic
liver inflammation which precedes and drives HCC development, was
found to be increased in DEN-induced livers compared to healthy livers,
while treatment with CLO significantly increased the expression of IL-1
in mice with HCC. It should be noted that this pro-inflammatory marker
could play different roles in disease progression at early stages of cancer-
related inflammation, compared to advanced stages of HCC where it
may exert anti-tumoural potency [21,22]. Furthermore, treatment with
CLO led to a decrease in TGF-p levels in the serum of mice with HCC.
This could be a result of less tumors, and macrophages, being present in
mice treated with CLO, as tumor cells and tumor-associated macro-
phages are known sources of TGF-f (Fig. 3I) [23]. Overall, these results
suggest that activated platelets could modulate the inflammatory
response in HCC, and that inhibiting their activation promotes an anti-
tumoural cell population.
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Table 1
A proteomics assay using the Olink Mouse Exploratory assay on liver lysates.
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Protein DEN St. dev DEN-+CLO St. dev Statistical significance Biological process
Average Average

Foxol 0,82 0,12 1,15 0,23 Favorable HCC prognostic marker

Ccl20 1,57 0,23 1,59 0,35 Unfavorable HCC prognostic marker

Axinl 1,77 0,13 2,26 0,18

Parpl 5,11 0,22 5,26 0,21

Tppl 0,50 0,03 0,73 0,43

Dctn2 4,50 0,15 4,54 0,16

Cxcll 0,73 0,18 1,17 0,41 HCC promoters of tumor proliferation, invasion, metastasis [33-46]

Yesl 1,31 0,18 1,59 0,14

Ahr 4,28 0,08 4,47 0,25

Pak4 1,45 0,29 0,57 0,17 *

Ddah1l 5,71 0,21 5,82 0,16

Lgmn 0,61 0,06 0,89 0,03 i

Flil 0,90 0,21 1,08 0,33

Ccl2 1,04 0,07 1,69 0,50

Gfral 2,01 0,10 2,26 0,17

Fas 7,78 0,12 8,02 0,11

Ppplr2 1,08 0,05 1,19 0,12 Not prognostic in HCC

Riox2 6,10 0,09 6,22 0,09

Qdpr 5,29 0,08 5,31 0,11

Cntn4 0,41 0,12 0,54 0,28

Nadk 6,40 0,25 6,90 0,10

Snap29 3,97 0,09 4,71 0,03 kel

Map2k6 2,34 0,17 2,24 0,12

Fst 3,99 0,12 4,06 0,07

Prdx5 7,59 0,60 8,17 0,10

Ccl3 0,50 0,09 0,79 0,31 Pro-inflammatory

11a 2,05 0,07 2,43 0,38

Cxcl9 1,48 0,07 2,27 0,50

Hgf 1,64 0,12 1,86 0,23 Growth factors

Tgfa 1,32 0,20 1,49 0,29

Pdgfb 0,24 0,12 0,41 0,10

Casp3 4,40 0,26 4,51 0,32 Tumor suppressors
Asterisks represent statistical significance, * = P < 0,05; ** = P < 0,01 =P < 0,001.

p-Values were calculated via student t-test from 3 biological replicates per group.

3.4. Platelet lysate promotes HCC cell proliferation and tumor stemness in
vitro

In order to further assess the effect of platelet-derived factors on the
HCC cell phenotype, we incubated HCC cell line HepG2 with growth
medium supplemented with platelet lysate for 24 h. This resulted in a
significant increase in cell proliferation (Fig. 4A), as observed via the
resazurin reduction assay. Furthermore, culturing HepG2 cells with
platelet lysate significantly increased mRNA expression of tumor stem
cell marker Ck19, while not affecting the expression of proliferation
marker PCNA and stemness markers Epcam and Ck7 (Fig. 4B). These
results could indicate that platelet-derived factors induce increased
proliferation of HCC cells, and promote HCC carcinogenesis via a Ck19-
dependent pathway.

4. Discussion

Hepatocellular carcinoma (HCC) is a primary liver cancer that usu-
ally develops in the setting of chronic hepatitis or cirrhosis. The chronic
inflammation induces a microenvironment that actively drives tumor
growth and is a major factor in its pathogenesis [24]. This inflammatory
environment includes hepatic stellate cells, macrophages or Kupffer
cells, endothelial cells, the extracellular matrix (ECM) and a variety of
immune cells. The complex interplay between these factors is believed
to promote tumor initiation, proliferation and metastasis [3]. In this
study, we identify an important role for platelets in creating a pro-
tumoral hepatic microenvironment.

Tumor progression is closely linked to the activation of blood coag-
ulation [25]. The multifactorial pathogenesis of hemostatic disorders
includes the activation of the coagulation and fibrinolytic systems, as
well as the vascular endothelium, leukocytes and platelets. Tumor cells

have the capacity to interact will all of these components, which could
explain the involvement of the hemostatic system in cancer progression
[26].

The liver plays a central role in coagulation and fibrinolysis, but is
also closely intertwined with the function and number of blood platelets.
Platelets have been reported to interact with different cell types in the
hepatic tumor microenvironment, including stellate cells, inflammatory
cells, cancer cells and macrophages [12,13]. The potent effect platelets
have been shown to exude in a tumor microenvironment could be
explained by the content of the granules they release upon activation.
This includes various growth factors and pro-mitogenic cytokines, such
as PDGF-p, TGF-B, VEGF, Interleukin-1, and serotonin [10].

In this study, we show that activated platelets support HCC pro-
gression in vivo, by stimulating tumor cell proliferation and modulating
the surrounding hepatic microenvironment. We show that platelets
mediate macrophage accumulation to the liver, and modulate the he-
patic inflammatory cell population phenotype towards a pro-tumoural
state. Furthermore, we show that activated platelets induce pro-
fibrotic signaling and hepatic stellate cell activation. This goes in line
with various reports of platelets releasing factors such as CXCL4 and
serotonin to actively fuel fibrosis progression [10]. Moreover, patients
with cardiovascular disease receiving P2Y12r antagonists were shown to
have a lower risk of developing liver fibrosis, further suggesting a pro-
fibrotic role of platelets in liver disease [27].

The proliferative effect of platelets on HCC cells was further
confirmed in vitro, and goes in line with previous findings on platelet
lysate inducing HCC cell proliferation and invasion [28]. Furthermore,
we show that platelet extracts strongly stimulate the mRNA expression
of stem cell marker and liver progenitor Ck19 in HCC cells in vitro.
Expression of Ck19 has been widely shown to correlate with a more
aggressive HCC phenotype and poor patient outcome, while it's also
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Table 2

A proteomics assay using the Olink Mouse Exploratory assay on serum samples.
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Protein DEN St. dev DEN+CLO St. dev Statistical significance Biological process
Average Average
Matn2 1,24 0,07 0,87 0,02 s HCC promoters
Cpe 2,86 0,30 2,76 0,09
117a 1,44 0,29 1,66 0,70
Tnfrsf11b 1,41 0,08 1,56 0,11
Ccl2 5,65 0,12 5,77 0,39
Cxcll 3,21 0,31 3,78 0,33
Lgmn 1,42 0,21 1,36 0,34
Mia 0,67 0,21 0,42 0,04
Fas 1,28 0,11 1,08 0,06
s100a4 1,13 0,16 1,31 0,02
Fstl3 2,16 0,14 1,54 0,12
Cyr61 2,18 0,24 1,91 0,17
DIl1 0,87 0,11 0,65 0,11
Fst 2,16 0,14 1,54 0,12 *
DIk1 0,68 0,24 0,50 0,08
Tnsf12 1,22 0,24 0,97 0,22
Tnfrsfl2a 1,06 0,14 0,68 0,05
Cntnl 4,55 0,14 4,32 0,03
Notch3 1,97 0,12 1,83 0,13
Lpl 1,46 0,17 1,35 0,29
Ccl20 3,75 0,34 3,84 0,47 Unfavorable HCC prognostic marker
Igsf3 1,03 0,12 1,04 0,09
Tppl 2,27 0,21 2,15 0,22
Eno2 2,68 0,14 2,11 0,04
Parpl 1,84 0,31 0,96 0,19
Dctn2 3,11 0,05 1,46 0,08
Epo 0,84 0,11 0,56 0,12
Prdx5 4,13 0,35 1,94 0,38 ok Not prognostic in HCC
Map2k6 2,67 0,30 2,46 0,39
Cntn4 0,92 0,12 0,83 0,10
Tnr 1,38 0,15 1,16 0,08
Crim1l 2,72 0,21 2,12 0,19
Pla2g4a 2,61 0,18 1,59 0,26 *
Flrt2 0,87 0,16 0,61 0,10
Nadk 1,83 0,42 1,36 0,31
Tnni3 0,93 0,53 1,06 0,53
Qdpr 2,27 0,19 1,19 0,03 e
Wfikkn2 1,71 0,21 1,46 0,16
Sez612 2,22 0,12 1,79 0,10 *
1123r 2,49 0,08 2,46 0,14
Tgfbr3 0,75 0,13 0,72 0,07
Eda2r 1,50 0,21 1,07 0,17
Clmp 2,34 0,18 1,85 0,19
Snap29 1,19 0,57 0,85 0,66
Hgf 5,72 0,25 5,44 0,21 Growth factors
Tgfa 1,39 0,13 1,29 0,20
Tgfbl 2,42 0,16 2,01 0,21
Pdgfb 8,25 0,35 7,41 0,16
Vegfd 0,71 0,09 0,66 0,03
Ccl3 1,83 0,50 0,57 0,05 * Pro-inflammatory/anti-tumoural
Illa 4,50 0,25 3,29 0,44
Cxcl9 1,07 0,13 1,24 0,25
Erbb4 1,80 0,11 1,65 0,12 Tumor suppressors
Cdh6 0,42 0,00 0,56 0,01
Casp3 4,02 0,21 2,03 0,40
Wispl 1,55 0,11 1,09 0,09
Asterisks represent statistical significance, * = P < 0,05; ** = P < 0,01; *** = P < 0,001.

p-Values were calculated via student t-test from 3 biological replicates per group.

been demonstrated that Ck19 positivity is acquired along cancer pro-
gression in hepatocarcinogenesis [29]. We could therefore speculate
that the platelet-imposed effect on the HCC phenotype is particularly
relevant during disease progression and in facilitating the malignant
process. This goes in line with reports on platelets driving epithelial to
mesenchymal transition in cancer cells and fueling metastasis in a TGF-
f/Smad dependent manner [12,30]. While the effect we show in vitro
demonstrates the result of direct signaling between platelets and tumor
cells, it is also known that platelets play an active role in mediating the
existing, vicious cross-talk between HCC cells and different stromal cell
populations, such as stellate cells, endothelial cells, and macrophages

[10].

Finally, fully assessing the effects of platelet activation in standard in
vitro set-ups is presented with different short-comings. In a physiolog-
ical environment, the biological functions of activated platelets, such as
adhesion and clot formation are finely tuned by blood flow. Further-
more, platelet activation and the coagulation cascade involve multiple
steps, from platelet exposure to vascular injury to thrombus formation,
which are largely influenced by microenvironmental stimuli [31].
Therefore, in vitro experiments involving addition of isolated platelets
or platelet-derived factors to cell cultures in the absence of blood flow
and relevant ECM components do not offer a fully representative model
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to study and assess the effects of platelet activation on different cell
populations' phenotypes and behavior.

While targeting platelet activation with Clopidogrel has shown that
platelets contribute to HCC disease progression in vivo, it is important to
note that the Clopidogrel-targeted P2Y12r is expressed by a variety of
other cell types present in the HCC microenvironment. Our group has
recently reported that hepatic macrophages in mouse models for liver
cirrhosis and HCC express P2Y12r [32]. In vitro studies have revealed
that inhibiting P2Y12 in THP1-differentiated macrophages results in
decreased macrophage viability, and promotes an anti-tumoural

macrophage phenotype. Furthermore, targeting P2Y12 significantly
increased the macrophages' capacity to phagocytose HCC cells [32].
Therefore, a possible off-target effect of Clopidogrel, whereby inhibition
of P2Y12 would promote an anti-tumoural hepatic macrophage popu-
lation, should not be overlooked in the present study.

Overall, the data in this study show that platelets play an important
role in the progression of HCC, possibly by interacting with tumor cells,
macrophages and pro-fibrotic signaling in HCC microenvironment. This
would suggest that anti-platelet therapy could prevent or slow down the
progression of HCC in patients with chronic liver disease.
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