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Background: Podoplanin (PDPN) is a transmembrane glycoprotein that mediates tumor cell-

induced platelets aggregation in different cancer types. Emerging data indicate that PDPN

is a marker for poor prognosis of human oral squamous cell carcinoma (OSCC). However,

the functional impacts of PDPN on cancer formation and disease progression of OSCC

remain to be elucidated.

Methods: The sublines of the OECM-1 oral cancer cells with PDPN knockdown or over-

expression were established. The cellular characteristics and the ability to induce platelet

aggregation of these cells lines were analyzed. An ectopic xenograft animal model by

inoculating cancer cells into the anterior neck region of nude mice was established to

investigate the functional impact of PDPN on disease progression and cancer-associated

thrombosis of OSCC.

Results: PDPN promoted OSCC cell migration and invasion, but had no effect on cell pro-

liferation in vitro and tumor growth in vivo. Co-incubation of PDPN-positive (PDPNþ) OSCC

cells with platelets induced platelet activation and aggregation. The mice bearing PDPNþ

tumor had a decrease in overall survival despite that there was no gross appearance of

distant metastasis. A speckled immunofluorescence staining pattern of platelet marker
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At a glance of commentary

Scientific background on the subject

Cancer-associated thrombosis is one of

of death in patients with oral cancer an

issue to investigate. An ectopic xenogr

was established to address whether po

sion links to an increase in thrombotic

progression of oral cancer.

What this study adds to the field

Podoplanin expression in oral cancer is

unfavorable overall survival. Cancer-a

bosis but not distant metastasis contr

fects of podoplanin on the poor progn

This study provides new insights into

podoplanin in cancer-associated throm

pathophysiology of oral cancer.
mCD41 was defined in the PDPNþ tumor sections and the intensity was greater than in the

PDPN-low or negative tumor sections. Co-immunofluorescence staining of the tumor

sections with mCD41 and the endothelial cell marker mCD31 further demonstrated that

platelet aggregates were located in the lumen of blood vessel and were also distributed

intratumorally in the mice bearing PDPNþ tumors.

Conclusions: These data demonstrated that PDPN expression in the cancer cells is associ-

ated with high risk of thrombosis, leading to unfavorable overall survival of the mice. This

study provides new insights into the functions of PDPN in cancer-associated thrombosis

and in the pathophysiology of OSCC.
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Oral squamous cell carcinoma (OSCC) is a life-threatening

disease with an estimated 202,000 newly diagnosed cases

annually. Papillomavirus infection and the consumption of to-

bacco, alcohol and areca nut are themajor etiological factors for

the initiation and promotion of OSCC cells [1]. Despite the

advancement of surgery and radiation therapy, the overall

survival of patients is not improved significantly during thepast

decades. Distant metastasis and locally advanced disease with

cancer cells infiltrating into lymph nodes contribute mainly to

the death of patients with OSCC [2]. There is an unmet need to

illustrate the cellular properties of cancer cells and the mech-

anistic insight attributing to disease progression of OSCC.

The 38e40 KDa transmembrane glycoprotein Podoplanin

(PDPN), which induces platelet aggregation by binding to the

platelet C-type lectin-like receptor 2 (CLEC-2) [3,4], is among

the most frequently upregulated genes in OSCC cells [5].

Under physiological condition, PDPN regulates blood-

lymphatic vessel separation [6], cerebrovascular patterning

and integrity [7], the maintenance and integrity of high

endothelial venules in lymph nodes [8], megakaryocyte pro-

liferation, proplatelet formation [9], wound healing [10], and

efficient T-cell priming [11]. In the pathological condition such
as cancer, PDPN is implicated in the progression of squamous

cell carcinoma, mesothelioma, testicular seminoma, and

brain tumors [12]. With protein expression mainly in the

invasive front of tumor, PDPN promotes cancer progression by

increasing cell spreading and collective and single cell

migration and invasion [13], induction of RhoA activity and

modulation of actin cytoskeleton [13,14].

Most PDPN studies in OSCC also indicate that PDPN is

involved in tumor invasion, cell migration, cell adhesion to

extracellular matrix [15], and functional invadopodia forma-

tion [16]. In the clinical aspects, PDPN expression correlates

with tumor lymphangiogenesis, lymph node metastasis [17],

less response to neoadjuvant chemoradiotherapy [18], and

poor clinical outcome of patients with OSCC [19,20]. The

relative number of circulating tumor cells (CTCs) expressing

PDPN and epithelial cell adhesion molecule also correlates

with poor progression-free survival and overall survival of

cancer patients [21]. However, whether or not PDPN induces

cancer-associated thrombosis contributing to the pathogen-

esis of OSCC has not yet been elucidated.

Acquiring platelet aggregation activity by platelet mim-

icry and expression of proteins capable of inducing platelet

aggregation represent the hallmarks of cancer cells with

hematogenous dissemination [22]. With the capability of

inducing platelet aggregation, PDPN enhances metastatic

foci formation in the lung and decreases the overall survival

of the animals when CHO cells overexpressing PDPN were

injected intravenously into the nudemice [3]. PDPN-Fc fusion

protein generated in the transgenic mice under the control of

keratin 14 promoter enters the bloodstream and induces

disseminated intravascular coagulation [23]. Intravascular

thrombosis and increased risk of venous thromboembolism

have also been reported in patients with brain tumors

expressing PDPN [24]. However, there is still a lack of in vivo

animal study to confirm the link between PDPN expression in

the cancer cells and thrombotic risk, which were addressed

in this study.

We demonstrated that PDPN promoted OSCC cell migra-

tion and invasion in vitro, but had no effect on cell proliferation

in vitro and tumor growth in an ectopic xenograft nude mouse

model. Notably, OSCC cells with PDPN expression caused an

increase in intravascular platelet aggregation and platelet

infiltration to the OSCC tumors contributing to the poor sur-

vival of mice. The findings of this study provide new insights

into the functions of PDPN in cancer-associated thrombosis

and in the pathophysiology of OSCC.

https://doi.org/10.1016/j.bj.2019.07.001
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Material and methods

Ethical statement

The use of human platelets in this study was approved by the

Institutional Review Board (IRB) of Chang Gung Memorial

Hospital (CGMH). All experiments were performed in accor-

dance with the guidelines and regulations by the IRB at CGMH.

Prior to sample collection, written informed consent was ob-

tained from all volunteers. The animal protocol was reviewed

and approved by the Institutional Animal Care and Use Com-

mittee of the Laboratory Animal Center, Chang Gung Univer-

sity, in accordance with the guidelines of the Animal Welfare

and Animal Protection Law of Council of Agriculture, Taiwan.
Materials

The culture medium, Lipofectamine™ 2000 reagent, Cell-

Trace™ Calcein Red-Orange, AM, Calcein, AM and rat anti-

mouse CD41 (mCD41) antibody were purchased from

Thermo Fisher Scientific (Waltham, Massachusetts, USA). BD

Matrigel™ basement membrane matrix was purchased from

BD Bioscience (San Jose, CA, USA). Rat anti-human PDPN

antibody (NZ-1) was purchased from AngioBio (San Diego, CA,

USA). Fluorescein isothiocyanate (FITC)-conjugated goat anti-

rat antibody, Alexa Fluor 488 (AF488)-conjugated rat anti-

human PDPN (NC-08) antibody, AF488-conjugated rat IgG2

antibody, phycoerythrin (PE)-conjugated anti-human CD62P

(p-selectin) antibody, PE-conjugated anti-mouse IgG1 anti-

body, biotin-conjugated anti-mouse Ter119 antibody, Mojo-

Sort™ streptavidin nanobeads, and MojoSort™ mouse CD45

nanobeads were purchased from BioLegend (San Diego, CA,

USA). Rabbit anti-mouse CD31 (mCD31) antibody and the

mouse thrombin-anti-thrombin (TAT) complexes enzyme-

linked immunosorbent assay (ELISA) kit were purchased

from Abcam (Cambridge, UK). The anti-human PDPN mono-

clonal antibody (LpMab-12), which specifically binds to the

glycosylated Thr52, was a kind gift from Professor Yukinari

Kato (Tohoku University School of Medicine, Sendai, Miyagi,

Japan). The in vivo grade VivoGlo™ Luciferin was purchased

from Promega (Madison, Wisconsin, USA). ASSERACHROM®
Table 1 The oral cancer cell lines used in this study.

Cell line Cancerous tissue Isolated from

Sex

Ca9-22 Gingiva Primary site M

OECM-1 Gingiva Primary site M

OC2 Buccal mucosa Metastatic site M

OC3 Buccal mucosa Primary site M

TW2.6 Buccal mucosa Primary site M

HSC-3 Tongue Metastatic site M

SAS Tongue Primary site n.a.

SCC-4 Tongue Primary site M

CAL27 Tongue Primary site M

Abbreviation: n.a.: not available.
D-DI ELISA kit was purchased from Stago (Asni�eres sur Seine,

France). The rabbit anti-fibrin(ogen) antibody was purchased

from Agilent (Santa Clara, California, USA). The mouse anti-

human b-actin monoclonal antibody, Hoechst 33342 and

KAPA2G Robust PCR kit were purchased from SigmaeAldrich

(St. Louis, Missouri, USA). The lentivirus-based short hairpin

RNA (shRNA) plasmids targeting on b-galactosidase and PDPN

were purchased from the RNAi Core Lab of Academia Sinica

(Taiwan).

Cell culture

Oral cancer cell lines Ca9-22, SAS and CAL27 were maintained

in Dulbecco's Modified Eagle's medium (DMEM) supplemented

with 1% glutamate. The OECM-1 and OC2 cells were main-

tained in Roswell Park Memorial Institute 1640 (RPMI-1640)

medium. The TW2.6, HSC-3 and SCC-4 cells were maintained

in DMEM/F-12 medium. HEK-293T cells were maintained in

DMEM. All aforementioned culturemedia were supplemented

with 10% fetal bovine serum (FBS) and 1% penicillin-

streptomycin (P/S) solution. OC3 cells were maintained in

keratinocyte serum-free medium and DMEM/10% FBS (2:1

ratio) supplemented with 1% P/S solution. The origin and the

relative information of these OSCC cell lines were described in

[Table 1]. C6-lung, a subline of rat glioblastoma C6 cells

collected from cells metastasizing to lung [25], was main-

tained in Ham's F-12Kmedium supplemented with 2.5% horse

serum, 10% FBS and 1% P/S solution. All cells weremaintained

in a humidified atmosphere at 37 �C with 5% CO2.

Cell growth assay

Cells were seeded into the 6-well culture plate at the density of

5 � 104 cells/well. At the indicated time points, the cells were

harvested by trypsinization and the cell suspension was

mixed with trypan blue for counting using the

hemocytometer.

Flow cytometry analysis

For fluorescence-activated cell sorting (FACS), OECM-1 cells

were immunostained with the rat anti-human PDPN antibody
Donor information

Age Country Areca nut chewing Smoking

n.a. Japan n.a. n.a.

n.a. Taiwan Yes No

51 Taiwan Yes Yes

n.a. Taiwan Yes No

48 Taiwan Yes Yes

64 Japan n.a. n.a.

n.a. Japan n.a. n.a.

56 USA n.a. n.a.

56 France n.a. n.a.

https://doi.org/10.1016/j.bj.2019.07.001
https://doi.org/10.1016/j.bj.2019.07.001
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(NZ-1) followed by FITC-conjugated goat anti-rat antibody.

The cells were re-suspended in 1X phosphate-buffered saline

(PBS) for cell sorting using FACSAria II Cell Sorter (BD Biosci-

ence, San Jose, CA, USA). The cells with high PDPN expression

(top 20%) and the PDPN-negative cells were collected and

cultured to form the Pþ and P� sublines, respectively.

For analysis of cell surface PDPN expression, the cells were

immunostained with AF488-conjugated rat anti-human PDPN

antibody. Surface expression of platelet activation marker

CD62P (P-selectin) was analyzed by immunostaining the

cancer cell-platelet mixed aggregates with PE-conjugated

mouse anti-human CD62P antibody. Immunostaining with

the AF488-conjugated rat IgG2 antibody or PE-conjugated

mouse IgG1 was used as the negative control, respectively.

These samples were analyzed by using BD Accuri™ C6 Cy-

tometer (BD Bioscience, San Jose, CA, USA).

Generation of recombinant lentiviruses

HEK-293T cells (2 � 106) were seeded into a 6-cm culture dish

for 24 h followed by co-transfection of 4 mg of HIV-1-based

lentiviral packaging plasmid pCMVd 8.91, 0.4 mg of VSV-G

expression plasmid pMD.G, and 4 mg of lentivirus expression

plasmids using the Lipofectamine 2000 reagent. The lentivirus

expression plasmids encoded either luciferase, human PDPN,

shRNA targeting on b-galactosidase (shLacZ: 50-TGTTCGCAT-
TATCCGAACCAT-30) which was not expressed in the eukary-

otic cells, or shRNA targeting on human PDPN (shPDPN clone

1: 50-CAACAACTCAACGGGAACGAT-30; and shPDPN clone 7:

50-GCAACAAGTGTCAACAGTGTA-30). The cell medium was

replaced with fresh DMEM supplemented with 10% FBS at 5 h

post-transfection. The supernatants containing the lentiviral

particles were harvested at 24 h and 48 h post-transfection.

After passing through a 0.22-mm filter, the lentiviral particles

were aliquot and stored at �80 �C until use.

Establish Pþ and P� sublines with luciferase gene
expression

The Pþ and P� cells were seeded into a 6-well tissue culture

plate (2 � 105 cells/well) and were infected the following day

with the recombinant lentivirus encoding luciferase mRNA

(24 h and 48 h viral supernatants in a 1:1 ratio) in RPMI-1640

supplemented with 10% FBS and 8 mg/ml of protamine sul-

fate. The virus-containing medium was replaced with fresh

RPMI-1640 supplemented with 10% FBS at 12 h post-infection.

At 48 h after viral infection, the cells were cultured in RPMI-

1640 containing 100 mg/ml hygromycin for two weeks to

select for PþLucþ and P�Lucþ cells which were Pþ and P� cells

expressing luciferase gene, respectively.

Generation of luciferase-expressing Pþ and P� sublines with
knockdown or overexpression of PDPN

PþLucþ cells were infected with the recombinant lentiviruses

encoding shLacZ, shPDPN1 and shPDPN7, respectively, by the

protocols as described in previous section. At 48 h after viral

infection, cells were cultured in RPMI-1640 containing 4 mg/ml

puromycin for two weeks to select for PþLucþ cells with PDPN
knockdown (Pþ-shPDPN1 and Pþ-shPDPN7) and their corre-

sponding control (Pþ-shLacZ) cells. On the other hand, the

PþLucþ and P�Lucþ cells were infected with the recombinant

viruses carrying human PDPN cDNA or vector control to

establish PDPN-overexpressing (Pþ-PDPN and P�-PDPN) and

vector control (Pþ-vector and P�-vector) cells. Noted that all

sublines with PDPN knockdown or overexpression were lucif-

erase-positive. For simplicity purpose, “Lucþ” was omitted for

the nomenclature of these sublines.

Human washed platelet preparation

The peripheral blood of healthy volunteers was drawn into a

collection tube containing 3.18% sodium citrate in a ratio of

9:1. Washed platelets were prepared as described previously

[26] and were re-suspended in Tyrode's buffer (137 mM NaCl,

2.65 mM KCl, 12 mM NaHCO3, 0.43 mM NaH2PO4, 2 mM CaCl2,

1 mM MgCl2, 5 mM glucose, 5 mM HEPES, pH 7.35, and 0.35%

bovine serum albumin) to a final concentration of 1 � 109/ml.

Western blot analysis

Protein lysates were prepared as described previously [27].

Fifteen mg of the protein lysates were fractionated on a 10%

SDS-PAGE and electrotransferred onto a polyvinylidene

difluoride membrane. After blocking the membrane with 5%

fat-free milk prepared in 1X PBS containing 0.1% Tween 20

(PBST) for 30 min, the membrane was incubated with the

indicated primary antibody for 1.5 h. After washing with 1X

PBST, the membrane was incubated with the horseradish

peroxidase (HRP)-conjugated secondary antibody (1:10000) for

1 h. Specific protein bands were detected by using the Milli-

pore Immobilon Western Chemiluminescent HRP substrate

(Millipore, Burlington, MA, USA). The band intensity was

quantified by ImageJ software (National Institute of Health).

Migration and invasion assay

Transwell was used for cell migration and invasion assays.

The transwell membrane was pre-coated with 5%matrigel for

invasion assay. The cells (1 � 105) in 300 ml of RPMI-1640 me-

dium containing 1% FBS were seeded on the upper well of the

transwell, while 600 ml of RPMI-1640 medium containing 20%

FBS was added into the lower chamber. After incubation for

the indicated time, the transwell was washedwith 1X PBS and

the cells were fixed with 100% methanol for 10 min. Giemsa

stain was used for cell staining. Cells adhered to the upper

surface of the membrane were carefully removed by cotton

swab. The images of each transwell membrane were exam-

ined and acquired by using a Zeiss Primo Starmicroscope (Carl

Zeiss, Gottingen, Germany) with 100X magnification. The

number of migrated and invaded cells on the transwell

membrane was counted manually.

Tumor cell-induced platelet aggregation (TCIPA)

Washed platelets (480 ml with the density of 1 X 109 platelets/

ml) were incubated in an aggregometer (Chrono-Log Corp.,

Havertown, PA, USA) at a constant stirring (37 �C, 900 rpm) for

https://doi.org/10.1016/j.bj.2019.07.001
https://doi.org/10.1016/j.bj.2019.07.001
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2 min. Platelet aggregation was induced by adding 20 ml of

cancer cells (1 � 106 or 3 � 106). Platelet aggregation pattern

was recorded for 30 min using the Aggro/Link processing

software (Chrono-Log Corp., Havertown, PA, USA). For obser-

vations of tumor cell-platelet mixed aggregates under fluo-

rescence microscopy, platelets and cancer cells were pre-

labeled with CellTrace™ Calcein Red-Orange AM (red) and

Calcein AM (green), respectively. Aftermixing cancer cells and

platelets under constant stirring at 900 rpm, the reaction

mixtures were placed on a slide and were observed by the

Zeiss Axiovert 200M fluorescence microscopy (Carl Zeiss,

Gottingen, Germany) at 100X magnification.

Ectopic xenograft mouse model

The OECM-1 cells (1 � 106 in 100 ml 1X PBS) were inoculated

into the anterior neck region of nude mice. The body weight

of nude mice was recorded every 2e3 days. The survival time

was monitored for 50 days. During the period of experiment,

the tumor size was monitored by using the In vivo imaging

system (IVIS)-200 (Xenogene cooperation, Berkeley, CA, USA).

In this regard, the mice were first anesthetized by inhalation

of 2.5% isoflurane for 5 min and were subcutaneously injec-

ted with D-luciferin (150 mg/kg) to the dorsal midline,

midway between the head and tail of the mouse. The images

were acquired 8 min post-D-luciferin injection. The sum of

luminescence intensity of the region of interest was

determined.

Isolation of CTCs

Isolation of CTCs from mouse blood was performed by using

the modified PowerMag system [28], which has been estab-

lished and validated in our previous study. Mouse blood was

collected into a tube containing the anticoagulant, K2-EDTA,

via cardiac puncture. Erythrocytes were lysed by mixing

whole blood with RBC lysis buffer (0.15 M NH4Cl and 10 mM

NaHCO3) in the ratio of 1:10 for 5 min at room temperature.

After centrifugation for 3 min, the cell pellets were resus-

pended in 1 ml of cell culture medium and the erythrocytes

lysis step was performed one more time. The nucleated cells

were then washed and subsequently resuspended in 100 ml of

cell culture medium. The MojoSort™ mouse CD45 nanobeads

and the biotin anti-mouse Ter119 antibody were mixed with

the collected cell pellets and incubate at room temperature for

15 min. The mixture was then loaded into the PowerMag

column to deplete CD45þ-leukocytes and the remaining

erythrocytes. Cell eluates were collected for further analysis.

Detection of CTCs by PCR

The presence of genomic DNA containing the luciferase gene

fragment in the cell eluates was used as an indicator for the

existence of CTCs in the peripheral blood of mice bearing

luciferase-expressing OECM-1 tumor. Briefly, PCR was per-

formed to amplify the luciferase gene fragment in a 40 ml re-

action mixtures containing 18 ml of cell eluates lysed by

sonication, 1X KAPA2G Buffer A, 1X KAPA Enhancer 1, 0.2 mM
dNTPs, 0.5 mM Luc forward primer (50-CAACTGCA-
TAAGGCTATGAAGAGA-30), 0.5 mM Luc reverse primer (50-
ATTTGTATTCAGCCCATATCGTTT -30), and 0.5 U KAP2G

Robust DNA polymerase. The cycling condition was 1 cycle at

95 �C for 3 min, 50 cycles at 95 �C for 15 s, 60 �C for 15 s, and

72 �C for 15 s, followed by 1 cycle at 72 �C for 2 min. The length

for the PCR product of luciferase gene is 153 base pair.

Thrombin-anti-thrombin (TAT) complex and D-dimer ELISA
assay

Mouse blood was collected into a tube containing the antico-

agulant sodium citrate via cardiac puncture (blood: 3.18% so-

dium citrate ¼ 9:1). Plasma was collected by centrifugation of

whole blood at 3000 g for 10 min and was subject to TAT and

D-dimer assays using the TAT ComplexesMouse ELISA kit and

ASSERACHROM® D-DI ELISA kit, respectively, as described by

the manufacturers.

Fibrin(ogen) deposition analysis by immunohistochemistry

For analysis of fibrin(ogen) deposition in the blood vessel,

lung and kidney of the tumor-bearing mice were fixed with

10% neutral-buffered formalin overnight and embedded in

paraffin. The paraffin-embedded sections (5 mm) on the

slides were subject to dewaxing, hydration and heat-

induced epitope retrieval by using 1X Trilogy pretreatment

solution (Cell Marque, Rocklin, CA, USA). After rinsing in 1X

Tris-buffered saline with 0.1% Tween 20 (TBST), the slides

were incubated with 3% H2O2 for 10 min to inhibit the ac-

tivity of endogenous peroxidase and Rodent Block M for 2 h

to block non-specific antibody binding. The slides were then

incubated with primary anti-fibrin(ogen) antibody (1:500) at

4 �C overnight. After washing with 1X TBST several times,

the slides were incubated with HRP-conjugated anti-rabbit

antibody (1:500) at room temperature for 1 h. After several

washes with 1X TBST, the slides were incubated with 3,30-
diaminobenzidine for immunohistochemical staining fol-

lowed by counterstaining with hematoxylin. The sections

were mounted and the images were acquired by using a

Zeiss Primo Star microscope (Carl Zeiss, Gottingen, Ger-

many). The quantitative data of fibrin(ogen) positive pul-

monary vasculature were acquired by analysis of 40e50 high

power field (200X) images obtained from 5 mice in each

group.

Immunofluorescence staining

For immunofluorescence staining, tissue cryosections (5 mm)

were fixed in CellCover fixation buffer for 30 min, and then

blocked with Rodent Block M prepared in 1X TBST for 1 h. The

tissue sections were incubated with the rat anti-human PDPN

antibody (NZ-1) (1:50), the rat anti-mCD41 antibody (1:100) or

the rabbit anti-mCD31 antibody (1:100) for 1 h followed by the

AF555-conjugated goat anti-rat antibody (1:250, for PDPN and

mCD41) or the AF488-conjugated goat anti-rabbit antibody

(1:300, for mCD31). The nuclei were counterstained with

Hoechst 33342 for 1 h. The sections were mounted in

https://doi.org/10.1016/j.bj.2019.07.001
https://doi.org/10.1016/j.bj.2019.07.001
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fluorescent mounting medium and the fluorescence signal

was determined by fluorescence microscopy Zeiss Axiovert

200M (Carl Zeiss, Gottingen, Germany) at 100X magnification.

For quantification of fluorescent signals, images of the whole

cryosection were acquired by using the IN Cell Analyzer 1000

(GE Healthcare, England). The average fluorescence intensity

of the target protein per unit area of the tissue section was

then determined by using the software of IN Cell Investigator

(GE Healthcare, England).
Statistical analysis

IBM SPSS Statistics V22.0 (Armonk, New York, USA) and

Prism version 5.0 (San Diego, CA, USA) software packages

were used for statistical analysis. Animal survival analysis

was performed by using the KaplaneMeier survival curve

followed by log-rank test. The in vivo assays were analyzed by

nonparametric methods. The fluorescence signals of tumor

sections, the data of TAT and D-dimer assays and the

immunohistochemistry assay were analyzed by the
Fig. 1 Characterization of PDPN expression in the OSCC cell lines

Western blot using the anti-PDPN (NZ-1) antibody and anti-b-act

rat anti-human PDPN antibody followed by FITC-conjugated anti-

cell sorter. The cells with high PDPN expression (top 20%; red) and

as Pþ and P� cells, respectively. Isotype control (dot line) was use

without PDPN expression (left panel). PDPN expression of the sor

cytometry after sorting (right panel). (C) PDPN expression in the P

PDPN (NZ-1) antibody. The expression of b-actin was used as the

shPDPN1 and Pþ-shPDPN7 cells was analyzed by Western blot. (E)

sublines was labeled with Alexa Fluor 488-conjugated anti-PDPN

cells) followed by flow cytometry. The histogram representing th

panel). (Blue: Pþ-shLacZ; green: Pþ-shPDPN1; red: Pþ-shPDPN7; bla

the indicated cells was determined and used as an indicator of PDP

PDPN expression is shown with PDPN on the cell surface of Pþ-sh

independent experiments is shown. ***, p < 0.001.
ManneWhitney U-test; the platelet counts and MPV were

analyzed by the KruskaleWallis test. All in vitro experiments

were analyzed by the parametric unpaired Student's t-test or

one-way ANOVA. Data were considered statistically signifi-

cant when p < 0.05.
Results

Establish a PDPN knockdown cell model for studying the role
of PDPN in disease progression of OSCC

The cell lysates of nine OSCC cell lines derived from the gingiva

(Ca9-22 andOECM-1), the buccalmucosa (OC2, OC3 andTW2.6),

and the tongue (HSC-3, SAS, SCC-4 and CAL27) were analyzed

by Western blot to determine the expression levels of PDPN in

OSCC cells [Fig. 1A]. PDPNwas expressed in five of the nine cell

lines including OECM-1, OC2, TW2.6, HSC-3, and CAL27. A

slightly different molecular mass of 45e55 kDa was noted

among these cell lines. It is likely that PDPN undergoes various
. (A) The lysates of the indicated cell lines were analyzed by

in antibody, respectively. (B) OECM-1 cells were labeled with

rat antibody and subjected to cell sorting using the FACSAria

the PDPN-negative cells (blue) were collected and designated

d as a negative control to define the fluorescence signal

ted P� and Pþ cells were re-analyzed immediately by flow
� and Pþ cells was analyzed by Western blot using the anti-

loading control. (D) PDPN expression in the Pþ-shLacZ, Pþ-
The cell surface of Pþ-shLacZ, Pþ-shPDPN1, and Pþ-shPDPN7

antibody or the isotype control (incubated with Pþ-shLacZ
e fluorescence intensity of the indicated cells is shown (left

ck: isotype control) The mean fluorescence intensity (MFI) for

N expression on the cell surface. The relative ratio of surface

LacZ arbitrarily set as 1 (right panel). The mean ± SEM of 3
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post-translational modifications such as glycosylation and

phosphorylation [29,30] in different cell lines.

Most of the oral cancer in Taiwan is related to the

consuming of areca nut which is not common in Western

country. Among the PDPN-expressing cell lines isolated from

patients with history of areca nut chewing (OECM-1, TW2.6,

and OC2), OECM-1 was the most commonly used cell model

[31,32] for investigating oral cancer pathogenesis and there-

forewas selected for our study. Flow cytometry analysis of cell

surface PDPN revealed that PDPN was not homogenously

expressed on each individual OCEM-1 cell. Some cells

expressed high levels of PDPN, while the others had no

detectable PDPN. OECM-1 cells with high PDPN expression

(top 20%) and the PDPN-negative cells were collected by cell

sorting and were cultured as the Pþ and P� cells, respectively.

The levels of PDPN expression for Pþ and P� cells were

confirmed by re-analyzing the cells immediately after sorting

[Fig. 1B]. Western blot analysis of the cell lysates from these

two populations of OECM-1 cells showed that PDPN was

highly expressed in Pþ cells, butminimally or not expressed in

P� cells [Fig. 1C]. There was no difference in cell morphology

between Pþ and P� cells (see Supplementary Fig. S1A). PDPN

expression in Pþ cells and the phenotype of the Pþ and P� cells

were stable throughout the study.
Fig. 2 PDPN expression is crucial in promoting in vitro cell migra

proliferation curves of Pþ-shLacZ, Pþ-shPDPN1, and Pþ-shPDPN7

experiments is shown. n.s. ¼ no significance. (B and C) Transwell m

Pþ-shPDPN1, and Pþ-shPDPN7 sublines. Representative fields of t

magnification (left panel of B and C). The relative number of cell

number for Pþ-shLacZ arbitrarily set at 1 (right panel of B and C).

p < 0.01; ***, p < 0.001.
Pþ subline with luciferase expression was first generated by

infection of Pþ cells with recombinant lentiviruses carrying

luciferase gene. The control Pþ-shLacZ cells and the PDPN

knockdown sublines (Pþ-shPDPN1 and Pþ-shPDPN7) were

established by infecting luciferase-expressing Pþ cells with

recombinant lentiviruses carrying shRNA targeting on the

mRNA sequences of b-galactosidase and PDPN, respectively.

Western blot analysis of the cell lysates from these sublines

revealed that PDPN expressionwas diminished in Pþ-shPDPN1

and Pþ-shPDPN7 cells when compared to Pþ-shLacZ cells

[Fig. 1D]. These data are consistent with the findings of flow

cytometry analysis, showing that cell surface expression of

PDPN for Pþ-shPDPN1 and Pþ-shPDPN7 cells was 18.3 ± 2.5%

and 28.0 ± 3.6% of Pþ-shLacZ cells, respectively (p < 0.001)

[Fig. 1E]. There was no difference in cell morphology among

Pþ-shLacZ, Pþ-shPDPN1, and Pþ-shPDPN7 cells (see

Supplementary Fig. S1B).
Effects of PDPN knockdown on cellular properties and
in vitro platelet aggregation activity of OSCC cells

The effects of PDPN knockdown on the cellular properties of

OSCC cells were characterized in the following experiments.

Cell growth rate was comparable among Pþ-shLacZ, Pþ-
tion and invasion, but not cell proliferation. (A) The cell

sublines are shown. The mean ± SEM of 4 independent

igration (panel B) or invasion (panel C) assays for Pþ-shLacZ,
he cells that have migrated and invaded are shown at 100X

s that have migrated and invaded are shown with the cell

The mean ± SEM of 3 independent experiments is shown. **,
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shPDPN1, and Pþ-shPDPN7 cells (p > 0.05) [Fig. 2A]. In the

transwell migration assay, the number of Pþ-shPDPN1 and Pþ-
shPDPN7 cells migrated through the transwell membrane was

25.2 ± 8.2% (p < 0.001) and 47.8 ± 17.4% (p < 0.01) of Pþ-shLacZ
cells, respectively [Fig. 2B]. In the transwell invasion assay, the

number of Pþ-shPDPN1 and Pþ-shPDPN7 cells invaded

through the transwell membrane was 20.3 ± 15.0% (p < 0.001)

and 27.0 ± 13.1% (p < 0.001) of Pþ-shLacZ cells, respectively

[Fig. 2C]. These results indicate that PDPN expression is crucial

in promoting in vitro cell migration and invasion but not cell

proliferation.
Fig. 3 Qualitative and quantitative characterization of PDPN expr

aggregation assay was performed by incubation of the indicated

lung cells were used as a positive control. (B) O-Glycosylation on T

using the LpMab-12 antibody. (C) PDPN expression in the indicat

PDPN antibody which recognizes both human and rat PDPN. (D) Pþ

488-conjugated anti-PDPN antibody or the isotype control (incuba

histogram representing the fluorescence intensity of the indicate

black: isotype control) The MFI was used as an indicator of PDPN

PDPN expression is shown with PDPN expression on the cell surf

mean ± SEM of 3 independent experiments is shown. *, p < 0.05. (E

of the indicated cell lines with human washed platelets. (F) The

from the platelet aggregation assay were observed by fluorescenc

relative ratio of cell with platelet-aggregates were quantified (righ

aggregation assay were stained with a PE-conjugated anti-human

microscopy at 1000X magnification (left panel) or flow cytometry

determined, and the relative ratio of CD62P expression is shown w

1. The mean ± SEM of 3 independent experiments is shown. *, p
TCIPA assay was performed to analyze whether or not

PDPN expression in OECM-1 causes platelet aggregation in the

absence of plasmausing a platelet aggregometer. Based on our

previous finding that C6-lung cells expressed PDPN and

induced platelet aggregation [25], C6-lung cells were used as a

positive control for TCIPA assay [Fig. 3A]. Under the same

assay condition, in vitro platelet aggregation was not observed

when humanwashed platelets were incubated with either Pþ-
shLacZ or Pþ-shPDPN1 cells ([Fig. 3A], left panel). Increasing

the cell number in the assays did not facilitate platelet ag-

gregation induced by the sublines of OECM-1 ([Fig. 3A], right
ession in the sublines of OECM-1 cells. (A) The platelet

cell lines with human washed platelets (109/mL). The rat C6-

hr52 of PDPN in Pþ-shLacZ cells was detected byWestern blot

ed cells was analyzed by Western blot using the rabbit anti-

-Vector and Pþ-PDPN cells were labeled with the Alexa Fluor

ted with Pþ-PDPN cells) followed by flow cytometry. The

d cells is shown (left panel). (Blue: Pþ-Vector; red: Pþ-PDPN;

expression on the cell surface. The relative ratio of surface

ace of the Pþ-Vector arbitrarily set at 1 (right panel). The

) The platelet aggregation assay was performed by incubation

platelet (calcein-orange/red) - cell (clacein-green) aggregates

e microscopy at 100X magnification (left panel), and the

t panel) **, p < 0.01. (G) Activated platelets from the platelet

CD62P antibody (red), and were observed by fluorescence

(right panel). The MFI of CD62P in activated platelets was

ith its expression in resting platelets (mock) arbitrarily set at

< 0.05.
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panel). Sequencing of the full-length PDPN transcripts ob-

tained from Pþ-shLacZ cells revealed only a silent mutation at

the amino acid Ser161 of PDPN (see Supplementary Fig. S2).

Western blot analysis using an antibody (LpMab-12) recog-

nizing O-glycosylated Thr52 of PDPN [33], which is crucial for

human PDPN-induced platelet aggregation [30], showed that

Thr52 of PDPN from Pþ-shLacZ cells underwent typical O-

glycosylation [Fig. 3B]. These data indicate that genemutation

and impaired post-translational modification of Thr52 does

not account for not observing platelet aggregation induced by

Pþ-shLacZ cells.

Western blot analysis of the lysates from Pþ-shLacZ and

C6-lung cells revealed that C6-lung cells had a four-fold higher

PDPN expression when compared to the Pþ-shLacZ cells

[Fig. 3C]. We therefore investigated whether the expression

level of PDPN in the sublines of OECM-1 cells is critical for

inducing in vitro platelet aggregation in the assay using

aggregometer. The Pþ sublines with PDPN overexpression (Pþ-
PDPN) and its vector control cells (Pþ-Vector) were established.

Pþ-PDPN cells had a significant increase in total PDPN protein

when compared to the Pþ-shLacZ and C6-lung cells [Fig. 3C].

On the other hand, Pþ-PDPN cells had a 43.3-fold increase in

cell surface PDPN when compared to the Pþ-Vector control

cells (p < 0.05) [Fig. 3D]. Similar to the Pþ-shLacZ cells, Pþ-
Vector control cells did not induce platelet aggregation. Pþ-
PDPN cells, which expressed significant amounts of PDPN,

were able to induce platelet aggregation in the assays using

aggregometer [Fig. 3E]. These data indicate that a sufficient
Fig. 4 Tumor growth and overall survival of the mice bearing PD

xenograft mouse model was measured periodically by using IVIS.

post-tumor cell inoculation are shown (upper panel). The relative

calculated and plotted (lower panel). The mean ± SEM of the ind

(p ¼ 0.98). (B) CD45- cells were collected from the indicated mice f

The amplicon of the luciferase gene is 153 bp. The control mouse

control for CTC isolation and detection. The genomic DNA from

amplification of the luciferase gene. No template control was a neg

of the mice bearing Pþ-shLacZ, Pþ-shPDPN1, and Pþ-shPDPN7 tum
amount of PDPN expression is required for observing platelet

aggregation in the aggregometer.

With the limited sensitivity of platelet aggregometer in

detecting small platelet or cancer cell-platelet aggregates,

TCIPA was performed by incubating fluorescence-labeled

tumor cells (Pþ-shLacZ or Pþ-shPDPN1 cells) with platelets

under constant stirring. The reactionmixture was then placed

on a slide to examine whether there is any cancer cell-platelet

mixed aggregates by fluorescencemicroscopy. Pþ-shLacZ cells

usually caused the formation of large platelet and cancer cell-

platelet aggregates. The relative ratio for cancer cells forming

mixed aggregates (10 mm) with platelets was 14.6 ± 5.8% and

1.3 ± 0.9% (p < 0.01) for Pþ-shLacZ and Pþ-shPDPN1 cells,

respectively [Fig. 3F]. Consistent with these observations, flow

cytometry analysis further revealed that Pþ-shLacZ cells

caused an 11.9-fold increase in platelet surface expression of

CD62P when compared with the Pþ-shPDPN1 cells [Fig. 3G].

These data indicate that Pþ-shLacZ cells are able to induce

platelet activation and promote the formation of cancer cells-

platelets mixed aggregates.

The impact of PDPN knockdown on the overall survival of
nude mice bearing ectopic xenograft OSCC tumors

An ectopic xenograft nude mouse model was established to

elucidate the effects of PDPN knockdown on OSCC tumor

growth and the survival of tumor-bearing mice. The Pþ-

shLacZ, Pþ-shPDPN1, and Pþ-shPDPN7 cells were inoculated
PN-knockdown OSCC tumors. (A) Tumor size in the ectopic

Representative bioluminescence images of the mice at day 13

luminescent intensity of the tumor-bearing mice was

icated number of mice is shown. n.s. ¼ no significance

ollowed by PCR amplification of the luciferase gene fragment.

(without tumor cell inoculation) was used as the negative

Pþ-shLacZ cells was used as the positive control for PCR

ative control for PCR amplification. (C) The survival fractions

ors at the indicated time points were plotted.
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into the anterior neck region of themice, respectively, and the

tumormass was real-timemonitored by IVIS. Consistent with

the in vitro cell growth data, there was no difference in the

luminescent intensity among Pþ-shLacZ, Pþ-shPDPN1, and Pþ-
shPDPN7 cells (p > 0.05) [Fig. 4A]. As revealed by IVIS, a com-

mon method to detect gross appearance of metastasis, all

mice did not present obvious distant metastasis. Enrichment

of CD45- cells from the peripheral blood followed by PCR

detection of cancer cells-specific luciferase gene DNA fragment

revealed that CTCswere present in some of the tumor-bearing

mice regardless the tumors were formed by Pþ-shLacZ or Pþ-
shPDPN1 cells [Fig. 4B]. Notably, the overall survival of the

mice with Pþ-shLacZ tumors was shorter than the mice with

Pþ-shPDPN1 and Pþ-shPDPN7 tumors (p < 0.001). At the 50th

day after inoculation of tumor cells, 47.1% (8 out of 17 mice)

and 100% of the mice bearing Pþ-shLacZ and Pþ-shPDPN1/Pþ-
shPDPN7 tumors was alive, respectively [Fig. 4C]. These data

indicate that PDPN is a marker for poor prognosis with mini-

mum effect on OSCC tumor growth in vivo.

Effects of PDPN knockdown on intratumoral platelet
infiltration, intravascular platelet aggregation and
coagulation state in tumor-bearing mice

With the presence of CTCs in the bloodstream of mice [Fig. 4B]

and the potential activity of PDPN in the induction of platelet

aggregation, we next investigated whether platelet aggrega-

tion were visible in the tumor sections of the experimental

animals. Primary tumors at 3 weeks after inoculation of
Fig. 5 Intravascular and intratumoral mCD41 expression in nude

sections were obtained from mice at day 21 after inoculation of th

staining was determined by incubation with the anti-mouse plat

antibody (panel B), followed by staining the cells with the Alexa

Hoechst 33342 DNA staining dye (blue). The control sections repr

signal was determined by fluorescence microscopy at 100X magni

on the tissue sections of Pþ-shLacZ and Pþ-shPDPN1/Pþ-shPDPN7

median with an interquartile range for the relative ratio of mCD41

unit area of the tissue section is indicated by the horizontal lines

sections was arbitrarily set at 1.*, p < 0.05; **, p < 0.01. (C) Co-imm

platelet integrin mCD41 (red) and the endothelial marker mCD31

(blue). Immunofluorescence was observed by fluorescence micro
cancer cells were collected for immunofluorescence analysis

of mouse platelet integrin CD41 (mCD41). A speckled staining

pattern of mCD41 was defined in the PDPN-expressing Pþ-
shLacZ tumors [Fig. 5A, B]. The median fluorescence intensity

of mCD41 in Pþ-shLacZ tumors was 2.4-fold greater than the

Pþ-shPDPN1 and Pþ-shPDPN7 tumors, which had a 73%

reduction of PDPN expression. Co-immunofluorescence

staining of the tumor sections with mCD41 and the endothe-

lial cell marker mCD31 further demonstrated that mCD41 was

located in the lumen of blood vessel and was also distributed

intratumorally in themice bearing Pþ-shLacZ tumors [Fig. 5C].

We next investigated whether the mice inoculated with Pþ-

shLacZ cells had an increase in intravascular coagulation state.

The platelet counts and the markers for intravascular throm-

bosis activity (TAT and D-dimer) were first examined. Themice

bearing Pþ-shLacZ, Pþ-shPDPN1, and Pþ-shPDPN7 tumors had

comparable platelet counts [Table 2]. Themedian plasma levels

of TAT complex and D-dimer was 13.2 ng/ml (interquartile

range 11.2e22.3 ng/ml) and 7.4 ng/ml (interquartile range

7.3e8.0 ng/ml) for the mice bearing Pþ-shLacZ tumors, which

were significantly higher when compared to 10.0 ng/ml (inter-

quartile range 7.3e12.1 ng/ml, p < 0.05) and 4.2 ng/ml (inter-

quartile range 2.9e6.8 ng/ml, p < 0.01) for the mice bearing Pþ-

shPDPN1/Pþ-shPDPN7 tumors, respectively [Fig. 6A, B].

Fibrin deposition in small blood vessels was used as

another indicator for intravascular thrombosis [34]. Immu-

nohistochemical assay was performed to analyze fibrin

deposition in the pulmonary vasculature and kidney glomer-

ulus of the mice bearing Pþ-shLacZ, Pþ-shPDPN1, and Pþ-
mice bearing PDPN-positive tumors. (A, B and C) Tumor

e indicated cancer cells. The degree of immunofluorescence

elet integrin mCD41 antibody (panel A) or anti-human PDPN

Fluor 555-conjugated secondary antibody in the presence of

esent no primary antibody-staining group. The fluorescence

fication (panel A and B). Human PDPN and mCD41 expression

tumors were quantified by using an IN Cell Analyzer. The

(panel A) and human PDPN (panel B) fluorescence signal per

. The mean fluorescence intensity for Pþ-shLacZ tumor

unofluorescence staining of tumor tissue with the mouse

(green) in the presence of Hoechst 33342 DNA staining dye

scopy at 200X magnification.
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Table 2 The platelet counts of the mice bearing OSCC tumors.

Parameter Pþ-shLacZ (n ¼ 8) Pþ-shPDPN1 (n ¼ 4) Pþ-shPDPN7 (n ¼ 6) p-value

PLTa (K/ml) 1098.8 ± 392.7b 1396.0 ± 825.5 1092.8 ± 510.6 0.755

MPVa (fl) 6.7 ± 0.6 6.5 ± 0.4 6.6 ± 0.3 0.721

a PLT: platelet; MPV: mean platelet volume.
b Data represents mean ± S.D.
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shPDPN7 tumors. Fibrin deposition was prominently observed

in the pulmonary vasculature of the mice bearing Pþ-shLacZ
tumors (3.3 ± 0.4 pulmonary vasculature per 200X power field

of the lung section) when compared to the mice bearing Pþ-
shPDPN1/Pþ-shPDPN7 (1.7 ± 0.2 pulmonary vasculature per

200X power field of the lung section, p < 0.001) tumors [Fig. 6C].

In addition, the number of glomerulus with fibrin deposition

was higher in mice bearing Pþ-shLacZ tumors than in mice

bearing Pþ-shPDPN1/Pþ-shPDPN7 tumors [Fig. 6D]. These data

indicate that themice bearing PDPN-knockdown tumors were

less susceptible to the development of intratumoral infiltra-

tion of platelet, and intravascular platelet aggregation and

thrombosis.
Fig. 6 Intravascular coagulation state and fibrin(ogen) deposition

and B) Plasma was collected from mice at day 50 after tumor cel

anti-thrombin (TAT) complex (panel A) and the D-dimer (panel B

levels of TAT and D-dimer in mice bearing Pþ-shLacZ and Pþ- shPD
*, p < 0.05; **, p < 0.01. (C and D) Lung (panel C) and glomerular tiss

Pþ-shPDPN7 tumors were obtained at day 50 after inoculation of

staining of fibrin(ogen). The images of the pulmonary and glome

light microscopy. (Red arrows: fibrin(ogen)-positive signals; yellow

represented the median (box middle line) and an interquartile ran

in 40e50 fields (200X magnification). ***, p < 0.001.
Effects of PDPN overexpression on the overall survival,
intratumoral platelet infiltration, intravascular platelet
aggregation and coagulation state in tumor-bearing mice

To further investigate whether PDPN expression in the tumor

cells has adverse effects on the survival of tumor-bearing

mice, P� cells expressing ectopic PDPN (P�-PDPN) and vector

control (P�-Vector) were established. Western blot analysis

revealed that PDPN was overexpressed in P�-PDPN cells when

compared to the P�-Vector cells [Fig. 7A]. The amount of cell

surface PDPN in P�-PDPN cells was 222.1-fold of the P�-Vector
control cells as measured by flow cytometry [Fig. 7B]. The cell

growth rate of P�-PDPN cells was comparable to P�-Vector
were increased in the mice bearing PDPN-positive tumors. (A

ls were inoculated for quantifying the level of the thrombin-

) by ELISA. The median with an interquartile range for the

PN1/Pþ-shPDPN7 tumors is indicated by the horizontal lines.

ue (panel D) from mice bearing Pþ-shLacZ and Pþ- shPDPN1/

cancer cells and were subjected to immunohistochemical

rular vasculature were observed by low and high power field

arrows: fibrin(ogen)-negative signals). (panel C) Boxplots

ge (box width) for the number of fibrin(ogen)-positive vessels
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Fig. 7 Tumor growth and overall survival of the mice bearing PDPN-overexpressing OSCC tumors. (A) PDPN expression in the

indicated cells was determined by Western blot using the anti-PDPN antibody. The expression of b-actin was used as the

loading control. (B) P�-Vector and P�-PDPN cells were labeled with the Alexa Fluor 488-conjugated anti-PDPN antibody or the

isotype control (incubated with P�-PDPN cells) followed by flow cytometry. The histogram representing the fluorescence

intensity of the indicated cells is shown (left panel) (Blue: P�-Vector; red: P�-PDPN; dot line: isotype control). The MFI for the

indicated cells was determined and was used as an indicator of PDPN expression on the cell surface. The relative ratio of

surface PDPN expression is shown with PDPN expression on the P�-Vector cell surface arbitrarily set at 1 (right panel). The

mean ± SEM of 3 independent experiments is shown. **, p < 0.01. (C) The tumor size in the ectopic xenograft mouse model was

measured periodically by using IVIS. Representative bioluminescence images of the mice at day 13 post-inoculation of the

tumor cells are shown (left panel). The relative luminescent intensity of the tumor-bearing mice was calculated and plotted

(right panel). The mean ± SEM of the indicated number of mice is shown. n.s. ¼ no significance (p ¼ 0.42). (D) The survival

fraction of the mice bearing P�-Vector and P�-PDPN tumors at the indicated time points.
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cells (see Supplementary Fig. S3A). P�-PDPN cells expressed a

significant amount of PDPN and therefore were able to induce

platelet aggregation in vitro in the platelet aggregometer assay

(see Supplementary Fig. S3B).

To elucidate the effects of PDPN overexpression on

OSCC tumor growth and the survival of tumor-bearing

mice, the P�-Vector and P�-PDPN cells were inoculated

into the anterior neck region of the mice, respectively. The

tumor mass was real-time monitored by IVIS. There was

no difference in the luminescent intensity among P�-Vec-

tor and P�-PDPN tumors (p > 0.05) [Fig. 7C]. Consistent with

the data of Pþ cells [Fig. 4C], the overall survival of the

mice bearing P�-PDPN tumors was shorter than the mice

with P�-Vector tumors (p < 0.05). At the 50th day after

inoculation of tumor cells, 20% (1 out of 5 mice) and 100%

of the mice bearing P�-PDPN and P�-Vector tumors was

alive, respectively [Fig. 7D].
Similar to the findings of Pþ-shLacZ tumors, a speckled

staining pattern of mCD41 indicating platelet aggregation

was also defined in the P�-PDPN tumor sections [Fig. 8A].

The median fluorescence intensity of mCD41 in P�-PDPN

tumors was 8.3-fold greater than the P�-Vector tumors

[Fig. 8B]. Co-immunofluorescence staining of the tumor

sections with mCD41 and the endothelial cell marker

mCD31 further demonstrated that mCD41 was located in

the lumen of blood vessel and was also distributed intra-

tumorally in the mice bearing P�-PDPN tumors [Fig. 8C].

The plasma levels of TAT complex and D-dimer and fibrin

deposition in the pulmonary vasculature and kidney

glomerulus of the mice bearing P�-PDPN and P�-Vector
tumors were also examined [Fig. 9]. The plasma levels of

TAT but not D-dimer and the number of pulmonary

vasculature with fibrin deposition were slightly increased,

although not statistically significant, in the mice bearing
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Fig. 8 Intravascular and intratumoral mCD41 expression in nude mice bearing PDPN-overexpression tumors. (A, B and C)

Tumor sections were obtained from mice at day 21 after inoculation of the indicated cancer cells. The degree of

immunofluorescence staining was determined by incubation with the anti-mouse platelet integrin mCD41 antibody (panel A)

or anti-human PDPN antibody (panel B), followed by staining the cells with the Alexa Fluor 555-conjugated secondary antibody

in the presence of Hoechst 33342 DNA staining dye (blue). The control sections represent no primary antibody-staining group.

The fluorescence signal was determined by fluorescence microscopy at 100X magnification (panel A and B). Human PDPN and

mCD41 expression on the tissue sections of P�-Vector and P�-PDPN tumors were quantified by using an IN Cell Analyzer. The

median with an interquartile range for the relative ratio of mCD41 (panel A) and human PDPN (panel B) fluorescence signal per

unit area of the tissue section is indicated by the horizontal lines. Themean fluorescence intensity for P�-Vector tumor sections

was arbitrarily set at 1. **, p < 0.01; ***, p < 0.001. (C) Co-immunofluorescence staining of tumor tissue with the mouse platelet

integrin mCD41 (red) and the endothelial marker mCD31 (green) in the presence of Hoechst 33342 DNA staining dye (blue).

Immunofluorescence was observed by fluorescence microscopy at 200X magnification.
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P�-PDPN tumors when compared to the mice bearing P�-
Vector tumors.
Discussion

PDPN is implicated as a marker of poor prognosis in patients

with OSCC and attributed as an oncogene by promoting in vitro

cancer cell growth, migration, invasion, and epithelial-

mesenchymal transition [5]. An animal model by inoculating

OECM-1 cells on the anterior neck region of mouse was

established in this study to unveil that, in contrast to the

conception revealed by this and most prior in vitro studies

[13,35], PDPN does not contribute to in vivo tumor growth and

distant metastasis of OSCC cells. Oral cancer cells with PDPN

expression instead cause an increase in intravascular platelet

aggregation and, through unknown mechanisms, the infil-

tration of platelets or platelet-related components to the

extravascular tumor environment. The aforementioned ef-

fects are correlated to the unfavorable overall survival of the

animals. These findings provide a link between PDPN-

expressing OSCC and thrombotic risk and lay the foundation

for uncovering novel molecular basis for the pathophysiology

of OSCC.

In this study, nearly 50% of the mice bearing Pþ-shLacZ
tumors died within 50 days after inoculation of cancer cells.

All mice bearing Pþ-shPDPN1 or Pþ-shPDPN7 tumors were
alive during the same period of time. Consistent with these

observations, 80% of the mice bearing P�-PDPN tumors died

within 50 days after inoculation of cancer cells, while all mice

bearing P�-Vector tumors were alive. These observations are

consistent with the data obtained from clinical studies which

revealed that PDPN expression correlates with mortality in

OSCC patients [20,21]. The five year overall survival and dis-

ease free survival for patients with tumors with undetectable

PDPN expression was 86% and 100%, while for patients with

tumors exhibiting high PDPN expression was 23% and 37%,

respectively [5]. The animal model as reported herein repre-

sents a suitable model to investigate the pathophysiology of

OSCC.

Most previous studies focused on analyzing PDPN function

in the cellular properties and malignant progression of OSCC

and demonstrated that PDPN mainly regulates cancer cell

migration and invasion [13,35]. The potential functions of

PDPN in inducing platelet aggregation and thrombus forma-

tion have been mostly overlooked and were not analyzed. In

this study, we comprehensively analyzed and addressed the

effects of PDPN expression on bothmalignant progression and

cancer-associated thrombosis using in vitro and in vivo ap-

proaches. Based on the data reported in this study, we

demonstrated for the first time that the mice bearing OSCC

tumors exhibiting high PDPN expression is associated with

the development of intravascular platelet aggregation and

thrombosis that may contribute to the unfavorable survival of

https://doi.org/10.1016/j.bj.2019.07.001
https://doi.org/10.1016/j.bj.2019.07.001


Fig. 9 Intravascular coagulation state and fibrin(ogen) deposition were comparable between the mice bearing the P--Vector and

P--PDPN tumors. (A and B) Plasma was collected from mice at day 50 after tumor cell inoculation for quantifying the levels of

thrombin-anti-thrombin (TAT) complex (panel A) and D-dimer (panel B) by ELISA. The median with an interquartile range for

the levels of TAT and D-dimer in the mice bearing P�-Vector and P�-PDPN tumors is indicated by the horizontal lines. (C and D)

Lung (panel C) and glomerular tissue (panel D) from mice bearing the P�-Vector and P�-PDPN tumors that were obtained at day

50 after inoculation of cancer cells and were subjected to immunohistochemical staining of fibrin(ogen). The images of the

pulmonary and glomerular vasculature were observed by low and high power field light microscopy. (Red arrows: fibrin(ogen)-

positive signals). (panel C) Boxplots represented the median (box middle line) and an interquartile range (box width) for the

number of fibrin(ogen)-positive vessels in 10 fields of each lung section (200X magnification).
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themice. This notion is supported by several lines of evidence.

First, distantmetastasis was not occurred in themice with Pþ-
shLacZ tumors. Second, platelet aggregation as observed by

immunofluorescence staining of mCD41 were more often

present in the blood vessel of the mice bearing Pþ-shLacZ
tumors when compared to the mice with Pþ-shPDPN1 or Pþ-
shPDPN7 tumors. Third, the plasma levels of D-dimer and

TAT, the markers for assessing thrombosis within the blood-

stream [36], were higher in themice bearing Pþ-shLacZ tumors

when compared with the mice bearing Pþ-shPDPN1 or Pþ-
shPDPN7 tumors. Fourth, fibrin deposition was increased in

the pulmonary vasculature and kidney glomerulus of themice

bearing Pþ-shLacZ tumors. Fifth, mice bearing Pþ-shLacZ tu-

mors had a shorter overall survival and died suddenly without

any sign of weakness and weight loss (data not shown). These

findings fill the gap of previous studies by linking PDPN

expression and cancer-associated thrombosis and implicate

that PDPN expression is related to the occurrence of hemo-

static imbalance in patients with OSCC. These findings are

also in accord with the notion that cancer-associated throm-

bosis is one of the major cause of morbidity and mortality in

patients with cancer [37], with about 15e20% of cancer
patients diagnosed with venous thromboembolism (VTE) [38]

and 26.3% of OSCC patients diagnosed with VTE after major

oral andmaxillofacial surgery [39]. Increased concentration of

fibrin degradation products is also detected in the serum of

patients with advanced stage of OSCC when compares to the

normal individuals [40]. Consistent with these notions, the

synthetic small molecule compound 2CP which has been

shown to disrupt PDPN and platelet CLEC-2 interaction [25]

prolonged the overall survival of mice bearing Pþ-shLacZ tu-

mors (unpublished data). PDPN in the tumor cellsmay thereby

be considered as a contributing factor for development of

cancer-associated thrombosis. According to the findings re-

ported in this and other studies [24,35], PDPN elicits dual ef-

fects by inducing cancer-associated thrombosis and

malignant progression that account for the aggressive

phenotype associated with OSCC tumors exhibiting high

PDPN expression.

How tumors with PDPN expression induce cancer-

associated thrombosis is another issue that needs to be

addressed. CTCs with or without PDPN expression are pre-

sented in the peripheral blood of patientswith oral cancer [21].

Similar to the data of clinical studies, CTCs are presented in

https://doi.org/10.1016/j.bj.2019.07.001
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the peripheral blood of the mice bearing either Pþ-shLacZ or

Pþ-shPDPN1 tumors. However, thrombus formation promi-

nently occurs only in the mice with Pþ-shLacZ tumors. It is

likely that CTCs from the Pþ-shLacZ tumors interact directly

with and activate platelets leading to the development of

thrombosis. This is supported by our findings that Pþ-shLacZ
cells interact with platelet leading to platelet activation, sur-

face expression of CD62P and formation of cancer cell-platelet

mixed aggregates. Alternatively, exosomes released by tumor

cells might contribute to platelet activation and aggregation.

In this regard, exosomes with tissue factor (TF) expression are

released by breast cancer cells to stimulate platelet aggrega-

tion [41]. Exosomes with PDPN expression are released by

MDCK cells to participate in the induction of lymphatic vessel

formation [42]. We also found that PDPN is presented in the

exosomes released by Pþ-shLacZ cells in vitro (data not

shown). Whether Pþ-shLacZ tumors released exosomes with

PDPN expression thereby providing an additional route to

stimulate platelet activation and thrombus formation re-

mains to be elucidated.

Platelet infiltration into solid tumors is known to facilitate

tumor growth and aggressiveness [22,43]. We have noted that

the immunofluorescence staining signal of platelet integrin

mCD41 is present not only in the blood vessel but also in the

extravascular tumor environment of the Pþ-shLacZ tumors.

The extravascular/intratumoral signal of mCD41 is likely

caused by platelet extravasation through the highly perme-

able tumor blood vessels [44]. Several platelet proteins

including focal adhesion kinase and platelet factor 4 have

been implicated in platelet accumulation at tumor site [45,46].

Platelet aggregation was induced when platelets encountered

by tumor cells expressing PDPN. Alternatively, the extravas-

cular/intratumoral signal of mCD41 may represent the com-

ponents released by platelets such as microparticles and/or

exosomes. Plateletmicroparticles have been shown to present

at the tumor site and promote cancer progression by trans-

forming cells into an aggressive phenotype [47] and dissemi-

nating tumor cells into the peripheral blood [22]. Miyata et al.

reported that intratumoral platelet aggregates found in the

tumor mass of PDPN-expressing lung cancer were related to

the growth of tumor cells [48]. Unlike their findings, platelet

aggregates at the tumor site as reported in this study did not

seem to correlate with tumor growth of OSCC cells. Whether

the functional roles of the extravascular/intratumoral platelet

aggregates are cancer type-specific is worthy to be investi-

gated further.

We have noted that, unlike the mice bearing tumors

derived from Pþ-shLacZ cells, the plasma levels of thrombotic

markers and fibrin(ogen) deposition in lung were not signifi-

cantly increased in the mice bearing P�-PDPN tumors. The

discrepancy between these data has raised a question of

whether PDPN regulates these thrombosis-relative factors. Pþ

and P� cells were derived from different populations of OECM-

1. PDPN may cooperate with an undefined molecule that is

present in Pþ-shLacZ cells but not P�-PDPN cells to activate

the coagulation cascade in the mice bearing PDPN-positive

tumors. Alternatively, other proteins regulate coagulation

activation independent of PDPN leading to the increase in

plasma D-dimer and TAT, and fibrin deposition in the blood

vessels. In this regard, TF is a candidate proteinwith functions
in hemostasis and thrombosis. TF expression in tumor cells is

associated with the occurrence of VTE in cancer patients [49]

and phosphatidylserine acts synergistically with TF leading

to robust thrombin formation [50]. Hence, in addition to

causing intratumoral platelet infiltration and intravascular

platelet aggregation, whether and how PDPN regulates the

thrombotic activity associated with coagulation activation

and fibrin(ogen) deposition and whether co-expression of

PDPN and TF in cancer cells is associated with a higher risk of

VTE remain to be elucidate.
Conclusions

Understanding the molecular basis for cancer-associated

thrombosis is an emerging issue for investigation. This

study demonstrates for the first time in a mice model that

PDPN expression in the OSCC tumors activates platelet acti-

vation and promotes intravascular platelet aggregation and

intratumoral platelet infiltration which consequently leads to

an increase in coagulation state and a decrease in overall

survival of the mice bearing tumors with PDPN expression.

This study provides new insights into PDPN function in

cancer-associated thrombosis and its role in the pathophysi-

ology of OSCC.
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