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Abstract: Cholangiocarcinoma (CCA) is an aggressive tumour with a poor prognosis due to its late clinical presenta-
tion and the lack of effective non-surgical therapies. Previous studies have reported that platelets are implicated in
tumour invasion and metastasis, while their role and the underlying mechanism in CCA remain unclear. Here, we
show that platelets are hyperactivated in patients with CCA and that platelet-derived growth factor (PDGF) promotes
the migration of CCA tumour cells both in vitro and in vivo. Further investigations revealed that PDGF can upregulate
the expression of MMP2/MMP9 and induce epithelial-mesenchymal transition (EMT) by activating the p38/MAPK
signalling pathway in CCA cells. In addition, the expression of MMP2/MMP9 was associated with lymph node me-
tastasis and poor prognosis in CCA patients after surgical resection. In conclusion, our findings demonstrate that
platelets play an important role in facilitating the invasion and metastasis of CCA cells by secreting PDGF, which may
provide a novel target for CCA treatment.
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Introduction dation, and induction of cell movement [6, 7].

Studies have reported that matrix metallopro-

Cholangiocarcinoma that originates from bile
duct epithelial cells is famous for its high recur-
rence rate and high mortality rate [1, 2]. Itis the
second most common liver malignancy after
hepatocellular carcinoma (HCC) [3]. Because of
the difficulty of early diagnosis and the higher
possibility of lymph node metastasis, many pa-
tients miss the opportunity for surgical resec-
tion [4, 5]. Even if patients can undergo surgical
resection and liver transplantation in the early
stage, the clinical prognosis is also poor, and
the 5-year survival rate is still very low [4].
Therefore, there is an urgent need to find effec-
tive treatments and strategies.

Tumour cell metastasis and invasion involve
multiple different processes, including loss of
cell adhesion, extracellular matrix (ECM) degra-

teinases (MMPs) released from tumour cells
play a key role in tumour invasion and migration
during the process of ECM degradation [8, 9].
For example, a study found that MMP9 pro-
motes the invasion and metastasis of colon
cancer [10, 11]. On the other hand, the epithe-
lial-mesenchymal-like transition (EMT) is a criti-
cal step in distant tumour metastasis [12, 13].
In the process of EMT, tumour cells change
from a polarized epithelial phenotype to a depo-
larized and migratory phenotype [14, 15]. Me-
anwhile, the expression of E-cadherin is down-
regulated, and the expression of N-cadherin,
vimentin, slug and snail is upregulated, which
reduces tumour cell adhesion [16]. However,
the exact mechanism of CCA invasion and
metastasis has not been fully uncovered.
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A large number of studies have shown that
platelets are a stimulative factor for distant
tumour metastasis in the early stage [17, 18].
The interaction between tumour cells and
platelets allows histocompatibility complexes
on platelets to adhere to tumour cells, which
prevents natural killer (NK) cells from recogniz-
ing and killing them and promotes EMT, thereby
promoting tumour progression [19, 20]. Studies
have reported that multiple cytokines present
in the tumour microenvironment mediate the
metastasis and invasion of tumour cells [21,
22]. It has been well established that platelets
are the main source and carrier of vascular
growth factors, such as transforming growth
factor-B (TGF-B), vascular endothelial growth
factor (VEGF) and platelet-derived growth fac-
tor (PDGF) [23, 24]. However, the role and
underlying mechanism of platelets in CCA inva-
sion and metastasis have not been explored.

In this study, we mainly investigated the effect
of platelets on CCA. First, we found that plate-
lets can secrete PDGF to promote the migration
metastasis of CCA tumour cells. Furthermore,
we confirmed that PDGF promotes the invasion
and metastasis of CCA by upregulating MMP2/
MMP9 expression and inducing EMT via the
p38/MAPK signalling pathway. Collectively, th-
ese findings provide a new clue for the develop-
ment of effective strategies for the treatment
of CCA.

Materials and methods
CCA tissue specimens

Pathological specimens were obtained from
107 patients with hilar cholangiocarcinoma
who underwent surgical treatment in the De-
partment of Hepatobiliary Surgery at the Sou-
thwest Hospital Affiliated with the Third Military
Medical University (Chongging, China) from
January 2011 to December 2015. In total, 56
pairs of cancer and adjacent tissues were
included in the study. All patients were re-
examined using upper abdominal colour Do-
ppler ultrasound and computed tomography
angiography (CTA) every three months after dis-
charge. Overall survival was calculated from
the date of surgery until the date of last con-
tact. All patients provided written informed con-
sent for the collection of samples and subse-
quent analyses. The present study was app-
roved by the local ethics committee of the Third
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Military Medical University following the guide-
lines of the Declaration of Helsinki.

Animals

Male BALB/c-nu mice were purchased from the
Institute of Laboratory Animal Sciences of the
Chinese Academy of Sciences. A total of 15
male nude (BALB/c-nude) mice (age, 4-6 weeks;
weight, 18-22 g) were randomly divided into 3
groups and housed under specific pathogen
free conditions (temperature, 24-26°C; humid-
ity, 40-60%,; ventilation, 15 times/h; 12:12-h
light/dark cycle; free access to food and water).
The animal experimental protocols were app-
roved by the Institutional Animal Care and Use
Committee of the Third Military Medical Uni-
versity.

Cell culture

The human CCA cell lines RBE and HCCC-9810
were obtained from the Cell Bank of Type
Culture Collection of the Chinese Academy of
Sciences. The cells were cultured in RPMI 1640
(Gibco; Thermo Fisher Scientific, Inc.) medium
containing 10% foetal bovine serum (FBS; Zeta
Life) and maintained in a humidified incubator
containing 5% CO, at 37°C.

Reagents and inhibitors

The P38MAPK inhibitor SB203580 (cat. no.
HY-10256, MCE) and the PDGFR inhibitor CP-
673451 (cat. no. HY12050, MCE) were pur-
chased from MedChemExpress. The SB203580
and CP-673451 doses used in the present
study were 20 ymol/I.

Immunoblotting

Total protein was extracted from cells and CCA
tissue samples using RIPA lysis buffer (Sigma-
Aldrich; Merck KGaA) containing protease inhib-
itors (Roche Diagnostics); the protein concen-
tration was measured using a BCA reagent kit
(Beyotime Institute of Biotechnology). Immuno-
blotting Specific analyses were performed as
described previously [25]. Antibodies against
MMP2 (ab92536; Abcam), MMP9 (ab38898;
Abcam), phospho-p38MAPK (Cell Signaling Te-
chnology, Inc.; #4451), p38MAPK (Cell Sig-
naling Technology, Inc.; #8690), E-cadherin
(Cell Signaling Technology, Inc.; #3195), N-
cadherin (Cell Signaling Technology, Inc.;
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#13116), ZEB1/TCF8 (Cell Signaling Tech-
nology, Inc.; #3396), Snail (Cell Signaling
Technology, Inc.; #3879), Slug (Cell Signaling
Technology, Inc.; #9585) and vimentin (Cell
Signaling Technology, Inc.; #5741) were used at
1:1,000 dilution. Membranes were washed
with TBST for 30 min and incubated with an
HRP-conjugated anti-rabbit secondary antibody
(1:4,000; cat. no. ab6721; Abcam) for 2 h at
room temperature.

Platelet isolation from human blood

Blood samples were collected from healthy vol-
unteers who had not taken any drugs known to
affect platelet function for at least 14 days
prior to the study. This study was conducted
according to the principles of the Declaration of
Helsinki. The study was approved by the
Committee of the Third Military Medical Uni-
versity. All patients signed informed consent
forms for the collection of blood and the analy-
sis of clinical data. Blood from 67 cholangiocar-
cinoma patients and 60 healthy volunteers was
collected in ACD buffer and centrifuged at
1500 g for 20 minutes. The obtained platelet-
rich plasma was added to modified Tyrode-
HEPES buffer (137 mM NaCl, 2.8 mM KCI, 12
mM NaHCO,, 5 mM glucose, 0.4 mM Na,HPO,,
10 mM HEPES, 0.1% BSA, pH 6.5). After cen-
trifugation at 900 g for 10 minutes and removal
of the supernatant, the resulting platelet pellet
was resuspended in Tyrode-HEPES buffer (pH
7.4, supplemented with 1 mM CaCl,).

Tumour cell invasion and migration assay

Tumour cell invasion assays were performed
using Transwell chambers (8 pym, 24-well for-
mat) (Corning Costar, NY) coated with 30 pl of
Basement Membrane Matrigel (diluted 1:6 in
1640; Corning Life Science, USA) for 5 hina 37
C incubator. Tumour cells (2x10°%) in 0.2 ml
serum-free medium were seeded in the insert
(upper chamber). The lower chamber was sup-
plemented with 0.8 ml medium containing 10%
FBS. Additionally, tumour cells (2x10°%) in 0.2 ml
serum-free medium were seeded in the insert
(upper chamber) and treated with 1.5x108
platelets per ml in the absence or presence of
the inhibitor. The lower chamber was not
changed. After 24 h (RBE) or 36 h (HCCC-9810),
cells remaining in the upper part of the Transwell
insert were removed with a cotton swab. Mi-
grated cells were then stained with 0.5% crys-
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tal violet, and the number of cells was counted
per high field (x200) with an Olympus micro-
scope.

Tumour cell migration assay: Transwell migra-
tion assays were performed according to the
protocol of the cell invasion assay, except that
the 24-well chambers (Corning Costar, NY)
were not coated with Matrigel. HCCC-9810 and
RBE cells were incubated for an additional 12 h
for migration studies. Migrated cells were then
stained with 0.5% crystal violet, and the num-
ber of cells per field was determined using a
light microscope (Olympus Corporation; magni-
fication, x200).

Immunohistochemistry (IHC)

Haematoxylin and eosin (H&E) staining of liver
tumour tissue sections from mice was per-
formed as previously described [26]. Each
immunostained slide was scored by two pathol-
ogists in a double-blind manner using a light
microscope.

ELISA

Total protein was extracted from CCA tissue
samples using RIPA lysis buffer (Sigma-Aldrich;
Merck KGaA) containing protease inhibitors
(Roche Diagnostics); the protein concentration
was measured using a BCA reagent Kkit
(Beyotime Institute of Biotechnology). MMP2
and MMP9 levels in the CCA tissue samples
were determined using an ELISA kit (cat. no.
MMP200; R&D Systems, Inc.) and (cat. no.
DMP900; R&D Systems, Inc.), according to the
manufacturer’'s instructions. Samples were
divided into two groups (high and low expres-
sion) based on the mean expression levels of
MMP2 and MMP9.

Immunohistochemical staining and platelet
adhesion assay

In brief, RBE or HCCC-9810 cells preloaded
with  VybrantTM DIO cell-labelling solution
(V22886, Invitrogen by Thermo Fisher Scientific)
for 15 min at 37°C following the manufactur-
er’'s instructions were seeded in a 24-well plate
(black with clear bottom; Corning, NY) at a con-
centration of 5x10* per 100 pl and grown until
confluent. The platelets (1.5x108 per ml) were
preloaded with VybrantTM DIO cell-labelling
solution (V22885, Invitrogen by Thermo Fisher
Scientific) for 15 min at 37°C and then washed
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three times with PBS; then they were allowed to
adhere to the cells for 45 min at 37°C. Next,
the cells were washed three times with PBS
and fixed with 4% formaldehyde. The adherent
platelets around tumour cells were photo-
graphed with a Leica confocal microscope.

Platelet-derived microparticle (PMP) detection

Platelet-free plasma was prepared using serial
centrifugation as previously reported [27].
Then, the plasma was diluted with annexin V
binding buffer and incubated with antibodies
against annexin V (eBioscience) and CD41.
Equal amounts of 1 um beads (Invitrogen) were
added to the sample as a size standard and
analysed by a FACSVerse flow cytometer. PMPs.
particles less than 1 um in size that stained
positive for CD41 and annexin V, were detect-
ed. Data were converted to the number of
PMPs per 2 uL of whole blood.

Tumour cell-platelet co-incubation experiments

Platelets (1.5x108 platelets/ml) were added to
1640 medium containing subconfluent RBE
and HCCC-9810. Platelets were allowed to
interact with RBE and HCCC-9810 cells for 24 h
and 12 h in the presence or absence of inhibi-
tors. Both platelets and tumour cells produce
MMPs, but only tumour cells can synthesize
new MMPs. We used the p38MAPK pathway
inhibitor SB203580 (20 uM) to selectively in-
hibit the p38 pathway to detect changes in the
expression of MMPs when tumour cells (RBE or
HCCC-9810) activated platelets. Afterwards,
the conditioned media were discarded, and the
attached cells were rinsed (phosphate-buff-
ered saline x3), detached and homogenized.
Finally, tumour cell proteins were extracted. In
addition, using the same procedure, we used
the PDGFR inhibitor CP-673451 (20 uM) to
selectively inhibit PDGF to detect changes in
the expression of MMPs when tumour cells
(RBE or HCCC-9810) activated platelets.

In addition, morphology and EMT expression
analyses were carried out in CCA cells, platelet-
stimulated CCA cells, and platelet-stimulated
CCA cells in the presence of CP-673451 and
SB203580 inhibitors at 12 hours (HCCC-9810)
and 24 hours (RBE).

In vivo experiments

After anaesthetizing with 1% sodium pentobar-
bital 75 mg/kg (Sigma-Aldrich; Merck KGaA) by
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intraperitoneal injection, a median abdominal
incision of 1 cm was made under the xiphoid of
nude mice. To assess experimental liver metas-
tasis, RBE cells were trypsinized and resus-
pended in PBS, and 5x10° cells or the indicated
number of cells (in 0.1 ml of PBS) were injected
into the spleen of the mice. Mice were sacri-
ficed at 45 days after injection (before, we per-
formed the time course of tumorigenesis in
mice), and livers were isolated and fixed in 10%
neutral-buffered formalin for 24 h at room tem-
perature and then dehydrated and embedded
in paraffin. Metastatic foci on the surface of the
livers were counted under a dissecting micro-
scope, and the nodule size was measured.

To assess tumour volumes, the longest (length)
and shortest (width) diameters of the metastat-
ic tumour foci in the liver were measured, and
the volumes were calculated using the follow-
ing formula: Length x width? x0.52. The maxi-
mum volume of liver tumours was 87 mm?2, and
the maximum diameter was 6 mm.

In vivo assay of tumour cells pretreated with
platelets

RBE cells were seeded in a 10-cm plate. After
growth to 60-70% confluence, purified platelets
(1.5x108 mlt) were added to the plate, coincu-
bated for 40 h in vitro, and then washed away.
A suspension of tumour cells (5x10° ml?) in
PBS (0.1 ml) was injected into the spleen of
mice. In addition, before injection, RBE cells
were treated with or without the PDGFR inhibi-
tor CP-673451 for 24 h. To further block PDGF,
mice were injected with 1 mg kg* CP-673451 1
h before tumour cell infusion. Washed platelets
(1.5%x10° in 0.2 ml PBS) and 1 mg kg*
CP-673451 were injected into mice via the lat-
eral tail vein every 5 days [28].

Statistical analysis

Statistical analyses were conducted by SPSS
19.0 (SPSS Inc., USA) for Windows and Prism 7
(GraphPad, USA). Student’s t-test was used to
determine the signifcance of differences in
platelet hyperactivation of CCA, platelets pro-
mote the invasion and metastasis of CCA cells
and MMP2/MMP9 expression levels. Pearson’s
chi-square analysis or Fisher’'s exact test was
performed to analyze the correlation between
MMP2/MMP9 expression level and the clinico-
pathological parameters. Survival was ana-
lyzed by Kaplan-Meier method, while factors

Am J Transl Res 2020;12(7):3577-3595



PDGF facilitates cholangiocarcinoma metastasis

400 -

5JQ1 Q2 r5_;0‘1
3168 349 3612

Annexin V
Annexin V

PMPs per ul of blood

PLT MERGE

PLT MERGE

Figure 1. Platelet hyperactivation is detected in CCA and CCA cell-platelet aggregates. A. Flow cytometric analysis
of the concentration of PMPs in whole blood. The plasma was diluted with annexin V binding buffer and incu-
bated with antibodies against annexin V (eBioscience) and CD41. Equal amounts of 1 ym beads (Invitrogen) were
added to the sample as a size standard and analysed by a FACSVerse flow cytometer. B. Representative immuno-
fluorescence staining of HCCC-9810 and RBE cell-platelet aggregates as described in the Materials and Methods.

*#%%pP<(0.0001.

associated with survival were identifed by the
Cox proportional hazard regression model.
Statistical comparisons were performed using
a one-way ANOVA of qualitative data to com-
pare differences between groups. P<0.05 was
considered to indicate a statistically significant
difference.

Results
Platelet hyperactivation is detected in CCA

To detect the activation of platelet microparti-
cles in patients with CCA, we extracted plate-
lets from patients’ peripheral venous blood for
flow cytometry. The circulating level of PMPs
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significantly increased in the blood of CCA, indi-
cating a hyperactivation state of platelets in
CCA (Figure 1A). These data indicate that plate-
let activity is enhanced significantly in CCA, and
we speculate that platelet activation may play a
role in the progression of cholangiocarcinoma.
In addition, we found that CCA cell lines adhered
well to platelets (Figure 1B).

Platelets promote the invasion and metastasis
of CCA cells

Platelets are highly activated in patients with
CCA, and we speculate that platelets may be an
important factor in the invasion and metastasis
of CCA. Previous studies have reported that
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platelets can promote tumour invasion and
metastasis [28]. Therefore, we wanted to con-
firm this hypothesis in vitro. HCCC-9810 and
RBE cells with or without treatment with plate-
lets were allowed to migrate and invade in
Transwell chambers for 12 h and 24 h, respec-
tively, and then the numbers of migrated cells
were determined by microscopy (maghnification,
x200). In vitro Transwell assays revealed that
HCCC-9810 and RBE cells treated with plate-
lets displayed a significant increase in invasion
and migration ability compared with that in con-
trol cells (Figure 2A-D).

PDGF upregulates MMP2/MMP9 in platelet-
stimulated CCA cells

Several signalling molecules, including TGFf,
PDGF, VEGF and angiopoietin, are abundant in
platelets and may therefore impact tumour cell
invasion and metastasis. In addition, previous
studies have shown that PDGF can promote the
invasion and metastasis of malignant tumours
[29, 30]. We next investigated whether plate-
lets promote invasion and metastasis in a
PDGF-dependent manner. We added a PDGFR
inhibitor (CP-673451) to the co-culture of tu-
mour cells and platelets. We found that the
PDGF inhibitor CP-673451 completely abrogat-
ed platelet-induced invasion and metastasis
(Figure 3A and 3B).

MMP2/MMP9 is an important step in the inva-
sion and metastasis of malignant tumours. The
present study next evaluated MMP2/MMP9
expression levels in patient tissues. The results
demonstrated that MMP2/MMP9 was more
highly expressed in CCA tissues than in adja-
cent normal tissues from patients with CCA
(Figure 3C). Univariate and multivariate analy-
sis results showed that MMP2/MMP9 expres-
sion was also significantly associated with
lymph node metastasis and poor prognosis in
patients with CCA following surgical resection
(Tables 1-4). In accordance with this finding,
MMP2/MMP9 expression levels were also sig-
nificantly associated with poor prognosis in
patients with CCA following surgical resection,
as evaluated by multivariate Cox proportional
hazards regression analysis (Tables 2 and 4). In
addition, Kaplan-Meier survival analysis reve-
aled that high MMP2/MMP9 expression was
associated with a significant decrease in the
overall survival of patients with CCA (Figure 3D
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and 3E). Furthermore, multivariate Cox propor-
tional hazards regression analyses revealed
that combined high MMP2 and high MMP9
expression levels were significantly associated
with poor prognosis in patients with CCA follow-
ing surgical resection (Table 5).

Moreover, in our CCA cell lines, we further stud-
ied whether the expression of MMP2/MMP9
was upregulated in platelet-stimulated RBE and
HCCC-9810 cells. Our immunoblotting results
showed that the expression of MMP2/MMP9
was significantly upregulated in platelet-stimu-
lated RBE and HCCC-9810 cells compared to
control cells (Figure 3F and 3G). In addition, to
further confirm whether platelet PDGF plays a
major role in this process, we used the PDGFR
receptor inhibitor CP-673451 to pretreat the
CCA cell lines before co-incubation with plate-
lets and found that selective inhibition of plate-
let PDGF also significantly reduced the expres-
sion of MMP2/MMP?9 (Figure 3F and 3G).

PDGF induces EMT in platelet-stimulated CCA
cells

Platelets were previously reported to promote
EMT in epithelial cells [17, 24]. We speculate
that PDGF plays an important role in the induc-
tion of EMT in CCA. To further confirm this fea-
ture of platelets in CCA cell lines, we used plate-
lets with RBE and HCCC-9810 cells to incubate
in serum medium 1640 for 24 hours and 12
hours, respectively. Platelet induction of EMT in
RBE and HCCC-9810 cells was confirmed at the
protein level by protein expression analysis of
the mesenchymal markers N-cadherin, vimen-
tin, Slug, Snail and ZEB1 after 24 and (Figure
4A and 4B). Immunoblotting analysis revealed
that compared with that at O h, N-cadherin,
vimentin, Slug, Snail and ZEB1 expression was
significantly higher at 12 h after platelet cocul-
ture with HCCC-9810 cells (Figure 4A) and was
significantly higher at 24 h after platelet cocul-
ture with RBE cells (Figure 4B). However, the
epithelial marker E-cadherin expression was
significantly lower at 12 h and 24 h after plate-
let coculture with HCCC-9810 and RBE, respec-
tively (Figure 4A and 4B). Altogether, these
results show that platelets induce EMT in both
HCCC-9810 and RBE cells in vitro. In addition,
we investigated whether platelet-derived PDGF
could be activated in the co-culture of tumour
cells and platelets. Interestingly, adding a
PDGFR inhibitor (CP-673451) to block PDGF
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HCCC-9810 cells incubation for 12 h and 36 h. C and D. Transwell migration and invasion assays of control RBE and platelet-stimulated RBE cells incubation for
12 h and 24 h. *P<0.05 and **P<0.01.
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Figure 3. PDGF upregulates MMP2/MMP9 in platelet-stimulated CCA cells. (A) Transwell migration and invasion assays of control HCCC-9810 and platelet-stim-
ulated HCCC-9810 cells with or without CP inhibitors (20 pmol/l) incubation for 12 h and 36 h. (B) Transwell migration and invasion assays of control RBE and
platelet-stimulated RBE cells with or without CP inhibitors (20 umol/I) incubation for 12 h and 24 h. (C) Protein expression levels of MMP2 and MMP9 were detected
by western blotting in 56 tumour tissues and adjacent normal tissues from patients with CCA. Representative blots from 4 paired samples are shown. (D) Kaplan-
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Meier plot of the overall survival of 107 patients with CCA with low or high MMP2 or (E) MMP9 expression. Patients
were divided into two groups based on the mean expression level. (F) MMP2 and MMP9 protein expression levels
were determined by western blotting in control HCCC-9810 and platelet-stimulated HCCC-9810 cells with or without
CP inhibitors (20 pmol/I) incubation for 12 h. (G) MMP2 and MMP9 protein expression levels were determined by
western blotting in control RBE and platelet-stimulated RBE cells with or without CP inhibitors (20 pmol/l) incubation

for 24 h. *P<0.05; **P<0.01; ***P<0.001 and ****P<0.0001.

Table 1. Association between MMP2 expression levels and
clinicopathological features in 107 patients with cholangio-
carcinoma

MMP2 Expression

Features - P-value
Low 48 (%)  High 59 (%)

Gender 0.172
Male 29 (60%) 43 (73%)
Female 19 (40%) 16 (27%)

Age (years) 0.732
<55 22 (46%) 29 (49%)
>55 26 (54%) 30 (51%)

Differentiation 0.004
Poorly 9 (19%) 23 (39%)
Moderately 33 (69%) 36 (61%)
Highly 6 (12%) 0 (0%)

Vascular invasion 0.314
Yes 15 (31%) 24 (41%)
No 33 (69%) 35 (59%)

Lymph node metastasis 0.011
Yes 20 (42%) 39 (66%)
No 28 (58%) 20 (34%)

MMP2, Matrix metalloproteinase-2.

Table 2. Multivariate Cox proportional hazards regression
analysis for MMP2 expression levels and overall survival in
107 patients with cholangiocarcinoma

Overall survival

Hazard ratio (95%
confidence interval (Cl))

Factors P-value

Expression of MMP2 (Low/High) ~ 1.743 (1.103-2.756)  0.017

Gender 0.810 (0.511-1.283) 0.369

Age (years) 1.197 (0.788-1.819) 0.399

Differentiation 0.995 (0.651-1.521) 0.982

Vascular invasion 0.425 (0.268-0.675) <0.001
)

Lymph node metastasis 0.423 (0.264-0.677) <0.001

MMP2, Matrix metalloproteinase-2; Cl, confidence interval.

abolished platelet-induced EMT in RBE and
HCCC-9810 cells (Figure 4A and 4B).

whether platelet-induced EMT is a
feature of CCA cells. We cultured
both CCA cell lines HCCC-9810 and
RBE and observed morphological
changes reminiscent of epithelial-
mesenchymal transition (EMT) when
treated with platelets for 12 and 24
h. Compared with the control group,
the tumour cells treated with plate-
lets had significantly increased
branches and intercellular space
instead of a spindle shape (Figure 4C
and 4D). To detect morphological
changes induced by PDGF, we added
a PDGFR inhibitor (CP-673451) to the
co-culture of tumour cells and plate-
lets. We found that the PDGF inhibi-
tor CP673451 completely abrogated
the platelet-induced morphological
changes (Figure 4C and 4D).

PDGF upregulates the expression of
MMP2/MMP9 and induces EMT by
activating the p38MAPK pathway

Alarge number of studies have shown
that the p38MAPK signalling pathway
is significantly related to the invasion
and metastasis of malignant tumours
[32, 33]. We next investigated wheth-
er the promotion of invasion and
metastasis is dependent on P38-
MAPK signalling. We added a P38-
MAPK inhibitor (SB203580) to the
co-culture of CCA cells and platelets.
We found that the P38MAPK inhibitor
(SB203580) completely abrogated
platelet-induced invasion and metas-
tasis of RBE and HCCC-9810 cells
(Figure 5A and 5B).

In addition, previous studies found that the
p38MAPK pathway upregulates MMP9 and

induces EMT [33, 34]. Moreover, our immunob-

Furthermore, platelets were previously report-
ed to promote EMT epithelial cells [20, 31]. To
verify this finding in our cell lines and to address
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lotting results showed that the expression of
MMP2/MMP9 was significantly upregulated in
platelet-stimulated RBE and HCCC-9810 cells
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Table 3. Association between MMP9 expression levels and effect was completely affected by
clinicopathological features in 107 patients with cholangio- SB203580 inhibitors in the presence
carcinoma of platelets (Figure 5C and 5D).
Features MMP9 EXpre.SS'On P-value We next investigated whether plate-
Low 51 (%)  High 56 (%) let-induced tumour cell EMT is de-
Gender 0.587 pendent on P38MAPK signalling. We
Male 33 (65%) 39 (70%) added a P38MAPK inhibitor (SB20-
Female 18 (35%) 17 (30%) 3580) to the co-culture of tumour
Age(years) 0.905 cells and platelets. We found that
<55 24 (47%) 27 (48%) the P38MAPK inhibitor (SB203580)
>55 27 (53%) 29 (52%) completely abrogated platelet-in-
Differentiation 0.019 d.uced EMT (Figure 5E and 5F). Con-
Poorly 12 (23%) 20 (36%) §|stently, our study res'ults. aIsp con-
Moderately 33 (65%) 36 (64%) fi rmed that platelet activation indeed
_ stimulated p38MAPK phosphoryla-
Highly 6 (12%) 0 (0%) tion, and this effect was completely
Vascular invasion 0.523 affected by SB203580 inhibitors in
Yes 17 (33%) 22 (39%) the presence of platelets (Figure 5E
No 34 (67%) 34 (61%) and 5F).
Lymph node metastasis 0.017 ] ]
Yes 22 (43%) 37 (66%) PDGF caq promote.the. invasion and
No 29 (57%) 19 (34%) metastasis of CCA in vivo

MMP9, Matrix metalloproteinase-9.

Table 4. Multivariate Cox proportional hazards regression
analysis for MMP9 expression levels and overall survival in

107 patients with cholangiocarcinoma

To investigate whether platelet PDGF
increases CCA metastasis in vivo, a
liver experimental metastasis model
was established in mice. Control RBE
and platelet-stimulated RBE cells in
the absence and presence of the CP

Overall survival

Factors Hazard ratio (95% con-
fidence interval (Cl))

inhibitors were injected into the

Expression of MMP9 (Low/High) 1.869 (1.196-2.922)
Gender 0.879 (0.558-1.385)
Age (years) 1.188 (0.782-1.806)
Differentiation 1.009 (0.663-1.534)
Vascular invasion 0.400 (0.249-0.642)
Lymph node metastasis 0.438 (0.272-0.704)

P-value spleens of wild-type mice (specific
experimental steps in Materials and

0.006 Methods), and then, liver metastasis
0.578 was monitored. Both RBE cells and
0.42 treated RBE cells formed metastatic

0.968 foci in the liver, but treatment of RBE
<0.001 cells co-incubated with platelets
0.001 resulted in significantly increased

MMP9, Matrix metalloproteinase-9; Cl, confdence interval.

(Figure 5C and 5D). We speculated whether the
MAPK pathway is involved in the upregulation
of MMP2/MMP9 in CCA cells. To further test
this hypothesis, we used the p38MAPK path-
way inhibitor SB203580 to pretreat CCA cell
lines in the presence of platelets. The results
showed that selective inhibition of the
p38MAPK pathway could significantly downreg-
ulate the expression of MMP2/MMP9 (Figure
5C and 5D). The p38MAPK pathway may con-
trol the production of MMP2/MMP9 in platelet-
stimulated CCA cells. Our study results further
confirmed that platelet activation indeed stimu-
lated p38MAPK phosphorylation, and this
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numbers of metastatic foci (Figure
6A and 6B). By contrast, inhibition of
platelet PDGF reduced the metastat-
ic ability of RBE CCA cells in vivo (Figure 6A and
6B). To investigate whether platelet PDGF
affects metastatic growth, the volumes of the
liver metastatic foci were measured, and no
significant difference was found between stim-
ulated and un-stimulated cells (data not
shown). These data suggested that PDGF may
enhance the dissemination and metastasis
ability of CCA cells in vivo.

Discussion

CCA is characterized by a high recurrence rate,
a high mortality rate and a low five-year survival

Am J Transl Res 2020;12(7):3577-3595
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Table 5. Multivariate Cox proportional hazards regression analysis for MMP2*MMP9 expression lev-
els and overall survival in 107 patients with cholangiocarcinoma

Overall survival

Factors - - - P-value
Hazard ratio (95% confidence interval (Cl))
Expression of MMP2*MMP9 (Low/High) 1.333 (1.111-1.601) 0.002
Gender 0.828 (0.525-1.306) 0.417
Age (years) 1.163 (0.766-1.765) 0.478
Differentiation 1.091 (0.708-1.683) 0.692
Vascular invasion 0.413 (0.259-0.658) <0.001
Lymph node metastasis 0.443 (0.275-0.713) 0.001

MMP9, Matrix metalloproteinase-9; MMP2, Matrix metalloproteinase-2; Cl, confidence interval.
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Figure 4. PDGF induces EMT in platelet-stimulated CCA cells. (A) E-cadherin, N-cadherin, Slug, Snail, ZEB1 and vi-
mentin protein expression levels were determined by western blotting in control HCCC-9810 and platelet-stimulated
HCCC-9810 cells with or without CP inhibitors (20 pmol/l) incubation for 12 h. (B) E-cadherin, N-cadherin, Slug,
Snail, ZEB1 and vimentin protein expression levels were determined by western blotting in control RBE and platelet-
stimulated RBE cells with or without CP inhibitors (20 pmol/I) incubation for 24 h. (C) Phase-contrast micrographs
of the morphological changes of tumour cells in control HCCC-9810 and platelet-stimulated HCCC-9810 cells with
or without CP inhibitors (20 umol/l) were observed at 12 h. Scale bar =50 uym. (D) RBE as in (C) for 24 h. Scale bar
=50 ym. **P<0.01; ***P<0.001 and ****P<0.0001.
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Figure 5. PDGF upregulates the expression of MMP2/MMP9 and induces EMT by activating the p38MAPK pathway. A. Transwell migration and invasion assays of
control HCCC-9810 and platelet-stimulated HCCC-9810 cells with or without SB inhibitors (20 umol/I) incubation for 12 h and 36 h. B. Transwell migration and inva-
sion assays of control RBE and platelet-stimulated RBE cells with or without SB inhibitors (20 pmol/I) incubation for 12 h and 24 h. C. P-P38MAPK, P38MAPK, MMP2
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and MMP9 protein expression levels were determined by western blotting in control HCCC-9810 and platelet-stim-
ulated HCCC-9810 cells with or without SB inhibitors (20 umol/I1) incubation for 12 h. D. P-P38MAPK, P38MAPK,
MMP2 and MMP9 protein expression levels were determined by western blotting in control RBE and platelet-stimu-
lated RBE cells with or without SB inhibitors (20 pmol/l) incubation for 24 h. E. P-P38MAPK, P38MAPK, E-cadherin,
N-cadherin, Slug, Snail, ZEB1 and vimentin protein expression levels were determined by western blotting in control
HCCC-9810 and platelet-stimulated HCCC-9810 cells with or without SB inhibitors (20 umol/I) incubation for 12 h.
F. P-P38MAPK, P38MAPK, E-cadherin, N-cadherin, Slug, Snail, ZEB1 and vimentin protein expression levels were
determined by western blotting in control RBE and platelet-stimulated RBE cells with or without SB inhibitors (20
pmol/1) incubation for 24 h. *P<0.05; **P<0.01; ***P<0.001 and ****P<0.0001.

A

RBE+PLT+CP &

RBE RBE+PLT

B Liver metastases

RBE RBE+PLT RBE+PLT+CP
Figure 6. Platelet PDGF can promote the invasion and metastasis of CCA in vivo. A. Representative photographs of
liver metastasis foci in mice 45 days after splenic injection of RBE cells and platelet-stimulated RBE cells in the ab-
sence and presence of CP inhibitors (n=5 per group). Quantification of the numbers of liver metastatic foci is shown
on the right. B. Representative images of metastatic foci (magnification, x100 and x400) in haematoxylin and
eosin-stained liver tissue sections from mice injected with control or platelet-stimulated RBE cells in the absence
and presence of CP inhibitors. **P<0.01.

rate, threatening the lives of human beings
worldwide [1, 35]. Although many advances
have been made, the prognosis of this disease
is still unsatisfactory [36, 37]. Therefore, it is
necessary to find more effective strategies to
prevent CCA and to detect and treat CCA early.
In this paper, we show for the first time that
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platelet-derived PDGF upregulates MMP2/
MMP9 expression and induces EMT to promote
the invasion and metastasis of cholangiocarci-
noma via the p38/MAPK signalling pathway.

Increasing evidence has shown that the inter-
action between platelets and tumour cells pro-
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motes the metastasis of cancer cells to distant
sites [19, 38], but the specific mechanism of
metastasis is not completely clear. In our study,
we found that platelets are hyperactivated in
patients with CCA. Consistently, in vitro experi-
ments showed that RBE and HCCC-9810 cells
can induce platelet activation and promote
platelet aggregation. These data suggest that
platelet hyperactivation may be involved in CCA
progression. Further investigations revealed
that platelets can secrete PDGF, which is
involved in the invasion and metastasis of CCA
both in vitro and in vivo. As previous studies
reported, PDGF can promote the invasion and
metastasis of malignant tumours [39, 40],
which is consistent with our results. It is well
accepted that invasion and migration are the
main causes of tumour deterioration. Hence,
the inhibition of platelet hyperactivation or
PDGF secretion may be a potential therapeutic
measure for CCA.

It was found that the upregulation of MMP9
was an early event in colon cancer progression
and that MMP9 activity was positively correlat-
ed with the size of colon polyps [34]. MMP2 and
MMP9 are proteolytic enzymes involved in
extracellular matrix degradation [41, 42]. These
studies highlight a critical role of MMPs in pro-
moting tumour invasion and migration [42, 43].
However, the role of MMPs in CCA is unknown.
In the present study, we observed that platelet-
derived PDGF significantly upregulated the
expression of MMP2/MMP9 in CCA cell lines.
Notably, MMP2/MMP9 expression was higher
in CCA tissues than in adjacent normal tissues.
At the same time, we also found that MMP2/
MMP9 expression levels were significantly
associated with lymph node metastasis and
poor prognosis in patients with CCA following
surgical resection. Of note, the survival rate of
patients with high MMP2/MMP9 expression
was significantly lower than that of patients
with low MMP2/MMP9 expression. Therefore,
these data suggest that the upregulation of
MMP2/MMP9 is closely associated with CCA
progression. On the other hand, we found that
EMT-associated proteins, including N-cadherin,
vimentin, Slug, Snail and ZEB1, were signifi-
cantly increased in CCA cells after culture in
platelet-containing medium. However, the ex-
pression of the epithelial marker E-cadherin
was significantly lower. Interestingly, these
effects were partly abrogated by the PDGF
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inhibitor, which suggests that platelets can
induce EMT by secreting PDGF.

MAPK, a proline-directed serine/threonine ki-
nase, is activated by a dual phosphorylation
reaction to extracellular stimulation [44]. The
MAPK family includes extracellular signal-regu-
lated kinase (ERK), p38 and c-Jun NH(2)-
terminal kinase (JNK) [45]. MAPKs are the main
signal transduction molecules involved in regu-
lating cell responses, including proliferation,
differentiation, survival and apoptosis [46, 47].
Notably, the p38MAPK pathway plays an impor-
tant role in promoting the growth, survival and
invasion of tumour cells [48]. In this study, we
show that platelet-derived PDGF can signifi-
cantly activate the p38MAPK pathway. More
importantly, the inhibition of the p38MAPK pa-
thway significantly abolished the upregulation
of MMP2/MMP9 expression and EMT. These
results indicate that platelet-derived PDGF con-
tributes to CCA invasion and metastasis, at
least in part, by activating the p38MAPK path-
way, which is consistent with previous studies.
However, whether other pathways also play a
role still needs further research.

In summary, our results demonstrate that pl-
atelets play an important role in upregulating
MMP2/MMP9 expression and inducing EMT
through the secretion of PDGF, therefore pro-
moting the invasion and metastasis of CCA.
These data provide further evidence that plate-
let-tumour cell interaction supports the hae-
matogenous dissemination of cancer cells to
sites of distant metastasis. In addition, this
finding provides new evidence for the subse-
quent exploration of the pathogenesis and
treatment of CCA.
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