
INTRODUCTION

Oral squamous cell carcinoma (OSCC) is the most common 
type of head and neck squamous cell carcinoma (HNSCC), 
accounting for 3% of all cancer types and approximately 1.5% 
of cancer-related deaths in the United States (Chow, 2020). It 
is well known that patients with HNSCC with locally advanced 
features such as local invasion and lymph node metastasis 
often show relapse and thus, poor prognosis (Braakhuis et al., 
2012). Therefore, understanding the locoregional characteris-
tics of OSCC is important to identify prognostic markers and 
therapeutic targets.

Platelets are megakaryocyte-derived anucleated cells re-

sponsible for maintaining hemostasis (Jurk and Kehrel, 2005). 
Although platelets lack genomic DNA, they secrete numerous 
granular constituents including serotonin, transforming growth 
factor-β1, and platelet-derived growth factor, which regulate 
signal transduction in nearby cells (Flaumenhaft, 2003). Plate-
lets can confer invasiveness and metastatic potential to can-
cer cells either via direct interactions or their releasates (Gay 
and Felding-Habermann, 2011; Labelle et al., 2011). During 
invasion, an initial stage in the metastatic cascade, cancer 
cells show dramatic changes in their plasticity and morphol-
ogy, such as epithelial-to-mesenchymal transition (EMT) (van 
Zijl et al., 2011). Co-culturing with platelets induces the ex-
pression of EMT markers and enhances the invasiveness of 
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Oral squamous cell carcinoma (OSCC) is mostly diagnosed at an advanced stage, with local and/or distal metastasis. Thus, 
locoregional and/or local control of the primary tumor is crucial for a better prognosis in patients with OSCC. Platelets have long 
been considered major players in cancer metastasis. Traditional antiplatelet agents, such as aspirin, are thought to be potential 
chemotherapeutics, but they need to be used with caution because of the increased bleeding risk. Podoplanin (PDPN)-expressing 
cancer cells can activate platelets and promote OSCC metastasis. However, the reciprocal effect of platelets on PDPN expression 
in OSCC has not been investigated. In this study, we found that direct contact with platelets upregulated PDPN and integrin β1 at 
the protein level and promoted invasiveness of human OSCC Ca9.22 cells that express low levels of PDPN. In another human 
OSCC HSC3 cell line that express PDPN at an abundant level, silencing of the PDPN gene reduced cell invasiveness. Analysis 
of the public database further supported the co-expression of PDPN and integrin β1 and their increased expression in metastatic 
tissues compared to normal and tumor tissues of the oral cavity. Taken together, these data suggest that PDPN is a potential 
target to regulate platelet-tumor interaction and metastasis for OSCC treatment, which can overcome the limitations of traditional 
antiplatelet drugs. 
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human and murine cancer cell lines (Wang et al., 2013; Guo 
et al., 2019). Moreover, platelet injection further promotes the 
formation of metastatic nodules in murine cancer metastasis 
models, suggesting that platelets play a crucial role in can-
cer cell invasion and metastasis (Haemmerle et al., 2017; 
Ichikawa et al., 2020). In line with these data, meta-analyses 
have revealed that higher platelet-to-lymphocyte ratios and/or 
platelet counts are significantly correlated with poorer overall 
survival (OS) in patients with HNSCC and OSCC (Rachidi et 
al., 2014; Bardash et al., 2019; Lee et al., 2020b; Wu et al., 
2021).

Podoplanin (PDPN) is a transmembrane glycoprotein se-
lectively expressed in lymphatic endothelial cells and renal 
podocytes (Astarita et al., 2012). PDPN is crucial for embry-
onic development and the lymphatic vascular system (Astarita 
et al., 2012). Cumulative evidence suggests that elevated 
PDPN expression, particularly at the invasive front, is associ-
ated with poor prognosis in various types of cancers, including 
OSCC (Yuan et al., 2006; Krishnan et al., 2018). Consistent 
with this data, PDPN has been reported to mediate cancer 
cell metastasis in vivo and in vitro. PDPN overexpression fa-
cilitates EMT marker expression and cell migration (Grau et 
al., 2015; Scholl et al., 2000). Notably, keratinocyte-specific 
ablation of PDPN leads to reduced tumor cell invasion in a 
two-stage skin carcinogenesis mouse model (Sesartic et al., 
2020). These data suggest that PDPN is crucial for tumor in-
vasion and metastasis. 

Interestingly, platelets can interact with PDPN via its recep-
tors, such as C-type lectin-like receptor 2 (CLEC2), and pro-
mote its metastatic potential (Lowe et al., 2012). Moreover, 
it has been reported that PDPN-positive OSCC cells induce 
platelet activation and aggregation in co-culture experiments 
(Lee et al., 2020a). However, whether platelets can regulate 
PDPN expression in OSCC cells has not yet been investigat-
ed. Here, we found that PDPN-positive oral tumors were con-
comitantly detected with CD42b-positive platelets in human 
OSCC tissues. Therefore, we sought to determine whether 
and how platelets regulate PDPN expression in OSCC cells. 

MATERIALS AND METHODS

Reagents
The following antibodies were used for western blot analysis 

and immunohistochemical (IHC) staining: PDPN (sc-376695), 
integrin β1 (ITGB1; sc-8978), and β-actin (sc-47778) from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA); CD42b 
(ab183345) from Abcam (Cambridge, MA, USA); and PDPN 
(M3619) from Dako (Santa Clara, CA, USA). 

Hematoxylin and eosin (H&E) and IHC staining
Formalin-fixed paraffin-embedded (FFPE) sections of 

OSCC tissues were obtained from Yonsei University Dental 
Hospital (Seoul, Korea). All samples were approved by the 
Institutional Review Board of Yonsei University Dental Hos-
pital (2-2021-0080). H&E and IHC staining were performed 
on FFPE sections as previously described (Zhu et al., 2019).

Public database analyses
RNA sequencing (RNA-seq) and clinical data from The 

Cancer Genome Atlas (TCGA) cohorts were retrieved from 
the UCSC Xena browser (Goldman et al., 2020). To analyze 

pan-cancer cohorts, TCGA cohorts of 33 different cancer types 
were used to compare PDPN gene expression. For survival 
analysis, TCGA pan-cancer cohorts were stratified into PDPN-
high and -low groups or ITGB1-high and -low groups, based 
on median expression levels. Then, Kaplan-Meyer plots were 
generated using the UCSC Xena browser.

For HNSCC cohort analysis, genomic data commons 
(GDC) TCGA HNSC and/or HNSC (Puram, 2017) cohorts 
were utilized. HNSC cohorts were divided into tumor and 
non-tumor cells to compare PDPN and ITGB1 gene expres-
sion levels. Co-expression analysis was performed using the 
UCSC Xena browser.

Comparison of PDPN or ITGB1 expression between nor-
mal, tumor, and metastatic tissues was performed using gene 
chip data derived from the oral cavity using TNMplot (http://
tnmplot.com) (Bartha and Gyorffy, 2021). 

Platelet preparation
Blood was collected from ICR mice (OrientBio, Gyeonggi, 

Korea) in a syringe filled with acid-citrate-dextrose buffer (Sig-
ma-Aldrich, St. Louis, MO, USA) by cardiac puncture. Plate-
lets were prepared as previously described (Aurbach et al., 
2019). Briefly, pooled murine blood was centrifuged at 180×g 
for 10 min. The platelet-rich plasma at the bottom was then 
rinsed three times with wash buffer and centrifuged at 1,800×g 
for 10 min. Platelet pellets were resuspended at the desired 
density. All animal procedures were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of the Yonsei 
University (Seoul, Korea) (2019-0292).

 Cell culture and co-culture with platelets
Cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) containing 10% (v/v) fetal bovine serum and antibiot-
ics. For direct co-culture, Ca9.22 cells were seeded in 100 
mm dishes at 2×106 cells per well. The next day, the platelet 
suspension (5×106 cells per well) was directly added to the 
growing cells. After 24 h of direct co-culture, the conditioned 
medium (CM) was collected and centrifuged at 1,800×g for 10 
min to remove platelets. Another batch of Ca9.22 cells was 
then treated with 70% CM for 24 h.

Western blot analysis
Cell lysates were loaded on an acrylamide gel, and protein 

expression levels were determined by western blot analysis 
as described previously (Song et al., 2018). Briefly, cell lysates 
(10-20 μg) were suspended in a protein gel loading buffer 
(Bio-Rad Laboratories, Hercules, CA, USA), heated at 95°C 
for 5 min, and then resolved using 7%-12% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The 
separated proteins were transferred to polyvinylidene fluoride 
membranes and analyzed using the indicated antibodies. 
Chemiluminescence reactions were performed using an HRP 
substrate (Amersham, GE Healthcare, Little Chalfont, UK), 
and the signal was detected and recorded using an image 
analyzer (Amersham).

Invasion assay
Transwell invasion assay was performed using Matrigel-

coated inserts (Corning Costar, Cambridge, MA, USA). 
Ca9.22 cells (1×103 per well) were placed in the insert 2 h 
prior to the addition of platelets (1×105 per well). Ca9.22 cells 
in contact with or without platelets were allowed to invade for 
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24 h. The invasive cells were stained with Mayer’s hematoxy-
lin (Cancer Diagnostics Inc., Durham, NC, USA) and counted 
under a light microscope. 

siRNA-mediated knockdown of PDPN and invasion assay
HSC3 cells were transfected with scrambled or PDPN 

siRNAs (Origene Technologies, Rockville, MD, USA) using 
Lipofectamine™ RNAi-MAX transfection reagent (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. The cells were then placed in a Matrigel-coated insert 
(Corning Costar) for the transwell invasion assay. HSC3 cells 
transfected with scrambled or PDPN siRNA were allowed to 
invade for 24 h. The invasive cells were stained with Mayer’s 
hematoxylin (Cancer Diagnostics Inc.) and counted under a 
light microscope.

Statistical analysis
Statistical analyses were performed using the GraphPad 

Prism software (GraphPad Software, San Diego, CA, USA). 
Pearson and Spearman analyses were used to determine the 
correlation between the two different gene expression levels. 
Student’s t-test was used for comparisons between groups. 
Statistical significance between groups was determined using 
the Kruskal-Wallis’s test, Welch’s test, or one-way analysis of 
variance (ANOVA). Kaplan-Meier analysis and log-rank test 
were used for survival analysis. All experiments were per-
formed in triplicate and the results are presented as the mean 
± standard deviation (SD). In all tests, statistical significance 
was set at p<0.05. 

RESULTS

PDPN-positive tumors and CD42b-positive platelets are 
detected in human oral cancer tissues

First, we examined PDPN expression profile in various 
types of cancers in the TCGA pan-cancer cohort. Among the 
33 cancer types, HNSCC presented relatively higher PDPN 
expression than the other types of cancers (top 4, Supple-
mentary Fig. 1). Moreover, PDPN expression was significantly 

elevated in tumor tissues compared to that in normal tissues 
in the HNSCC cohort (Fig. 1A). These data support a strong 
association between PDPN expression and OSCC.

Lee et al. (2020a) demonstrated that PDPN-positive tumors 
contain more platelets than PDPN-low or PDPN-negative tu-
mors in a xenograft mouse model. Therefore, we examined 
the relationship between PDPN expression and platelets in 
human OSCC tissues. An antibody against CD42b, a plate-
let surface membrane glycoprotein, was used to identify the 
platelets (Ishikawa et al., 2016). Tumor cells stained positively 
for PDPN in human OSCC tissues (Fig. 1B). CD42b-positive 
platelets were also detected in human OSCC tissue sections 
and were found to particularly aggregate within blood vessels 
(Fig. 1B). IHC analyses indicated that intravascular platelet 
aggregation was concomitant with PDPN-positive OSCC tu-
mors. 

Platelets promote PDPN expression and cell invasion via 
direct contact in Ca9.22 cells

PDPN mediates tumor-induced platelet activation (Suzuki-
Inoue et al., 2007; Ward et al., 2019). Conversely, we inves-
tigated whether platelets induced PDPN expression in OSCC 
cells. Based on screening of PDPN expression in different hu-
man OSCC cell lines, Ca9.22 cells were selected because of 
their low level of PDPN expression (Supplementary Fig. 2). 
Two different culture methods were adopted to distinguish 
between the direct and indirect effects of platelets on OSCC 
cells. As illustrated in Fig. 2A, Ca9.22 cells were directly co-
cultured with platelets or incubated with platelet releasate-
containing CM. Direct co-culture with platelets markedly up-
regulated PDPN expression, which was not altered by CM 
treatment (Fig. 2B, 2C). These data suggest that platelets pro-
mote PDPN overexpression in human OSCC Ca9.22 cells via 
physical contact rather than by their releasates. 

Because PDPN can induce invasion of OSCCs (Hwang et 
al., 2012; Retzbach et al., 2018), we examined whether direct 
contact with platelets can regulate the invasiveness of Ca9.22 
cells. Indeed, the number of invading cells was significantly 
increased by physical contact with platelets, suggesting that 
physical interaction with platelets is crucial for the induction of 
PDPN expression and invasiveness of Ca9.22 cells (Fig. 2D). 

PDPN correlates with ITGB1 expression and promotes 
invasion in human OSCC

Next, we investigated whether direct contact with platelets 
or platelet releasates affects the expression levels of proteins 
responsible for cell invasion and EMT. Neither direct co-culture 
nor CM treatment altered the expression of EMT markers such 
as E-cadherin, N-cadherin, and vimentin (data not shown). 
However, we observed that direct contact with platelets led 
to upregulation of ITGB1 and PDPN in Ca9.22 cells (Fig. 2B, 
2C). Elevated levels of ITGB1 and PDPN are associated with 
increased metastatic potential in patients with HNSCC and/
or OSCC (Hwang et al., 2012; Tsuneki et al., 2013; Lin et al., 
2014; Shrivastava et al., 2015). Similar to PDPN expression 
(Fig. 1A), HNSCC cohort analysis showed that ITGB1 ex-
pression levels were markedly higher in tumor tissues than 
in normal tissues (Supplementary Fig. 3A). Moreover, PDPN 
expression was positively correlated with ITGB1 expression in 
the two HNSCC datasets (Fig. 3A, Supplementary Fig. 3B). It 
is well documented that ITGB1 contributes to EMT and inva-
sion of cancer cells (Bhowmick et al., 2001; Shibue and Wein-
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berg, 2009; Cooper and Giancotti, 2019). In line with these 
data, TNM plot analysis using gene chip data revealed that 
gene expression of PDPN (Fig. 3B) and ITGB1 (Fig. 3C) was 
higher in metastatic tissues than in normal and tumor tissues 
in oral cancer. Taken together, these data suggest that the 
co-expression of PDPN and ITGB1 is closely associated with 
metastasis in OSCC. 

To validate the metastatic potential of PDPN in OSCC, we 

used HSC3 cells that express high levels of PDPN compared 
to Ca9.22 cells with low PDPN expression (Supplementary 
Fig. 2). Knockdown of PDPN reduced the invasiveness of 
HSC3 cells (Fig. 3D, Supplementary Fig. 3C), implying that 
platelet-induced PDPN expression promotes metastatic po-
tential in human OSCC.
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Overexpression of PDPN and ITGB1 is associated with 
poor prognosis in pan-cancer cohort

We then examined the prognostic values of PDPN and 
ITGB1 by analyzing OS in TCGA datasets. In TCGA tumor 
samples spanning 33 cancer types, higher expression of 
PDPN or ITGB1 was strongly associated with poorer OS (Fig. 
4A, 4B). Although we did not observe any difference in OS 
based on the expression levels of PDPN or ITGB1 in the two 
HNSCC cohorts (data not shown), Retzbach et al. (2018) re-
ported that PDPN expression was inversely associated with 
OS in oral cancer patients. Taken together these data suggest 
that PDPN and ITGB1 are markers of poor prognosis in can-
cer patients, regardless of the cancer type. 

DISCUSSION

Early detection of cancer is the most important factor in 
improving patient survival rates. The entire mouth is highly 
accessible for visual examination to screen for oral cancers. 
However, most OSCC cases are not detected at the early 
stage, but rather diagnosed at the advanced stages with lymph 
node and distant metastasis (Bugshan and Farooq, 2020). 
Distant metastasis from OSCC is relatively rare but strongly 
correlated with poor prognosis (Irani, 2016). Thus, successful 
locoregional control of the primary tumor is a key factor in im-
proving the outcome and survival rate of patients with OSCC. 

A large body of evidence supports that an increased plate-
let count is strongly associated with worse prognosis in many 
types of cancers, including OSCC (Ikeda et al., 2002; Yu et 
al., 2013; Rachidi et al., 2014). Platelets directly interact with 
tumors and promote cancer metastasis (Gay and Felding-
Habermann, 2011; Labelle et al., 2011, 2014). Co-incubation 
with platelets increases invasive mesenchymal-like pheno-
types and metastatic potential in mouse breast and colon can-
cer cell lines (Labelle et al., 2011). However, PDPN deficiency 
downregulated platelet-induced expression of EMT markers 
in human esophageal squamous carcinoma cells, suggesting 
that PDPN is crucial for cancer metastasis induced by tumor-
platelet interaction (Watanabe et al., 2020). In this study, we 
found that direct contact with platelets promotes PDPN ex-
pression and cell invasion in human OSCC cells. Consistent 
with previous reports, PDPN silencing was found to reduce 

the motility of human oral cancer cells. 
We found that PDPN expression highly correlated with that 

of ITGB1, which is involved in EMT. It has been reported that 
highly metastatic OSCC cells exhibit elevated expression of 
ITGB1 compared to less metastatic cells (Zhang et al., 2002). 
Moreover, ITGB1-high oral epidermoid carcinoma cells were 
more tumorigenic in a xenograft model than in ITGB1-low cells 
(Lin et al., 2014). Taken together, these results suggest that 
platelets can promote cancer metastasis through upregulation 
of PDPN and ITGB1. Notably, ITGB1 expression was slightly 
enhanced following CM treatment, whereas PDPN upregula-
tion was solely mediated by direct co-culture with platelets. 
Thus, PDPN expression is highly dependent on direct contact 
with platelets in OSCC cells. Together with a previous report 
on platelet activation by PDPN-positive OSCC cells, these 
data suggest that this bidirectional communication between 
OSCC cells and platelets may be a promising therapeutic tar-
get in OSCC treatment, particularly through locoregional con-
trol of OSCC (Lee et al., 2020a). 

In line with this notion, antiplatelet drug intake was asso-
ciated with prolonged survival in patients with HNSCC, sug-
gesting that antiplatelet medicines may serve as potential 
chemotherapeutics (Rachidi et al., 2014; Furlan et al., 2015). 
However, traditional antiplatelet agents, including aspirin, 
are known to increase the risk of bleeding, which limits their 
potential application as anticancer drugs (Serebruany et al., 
2015; Wojtukiewicz et al., 2017). Thus, it is necessary to iden-
tify new molecular targets that inhibit platelet-cancer interac-
tion without causing unfavorable effects, such as hemorrhage. 
It has been reported that cobalt hematoporphyrin inhibits 
lung metastasis of PDPN-expressing murine melanoma cells 
via blocking interaction between PDPN and platelet CLEC2 
(Tsukiji et al., 2018). Based on these investigations, targeting 
PDPN may be a better approach for OSCC treatment com-
pared to traditional antiplatelet agents. 
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