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Abstract

Background: Podoplanin (PDPN) is a sialylated membrane glycoprotein that binds to C-type 

lectin-like receptor 2 (CLEC-2) on platelets resulting in platelet activation. PDPN is expressed 

on lymphatic endothelial cells, perivascular fibroblasts/pericytes, cancer cells, cancer-associated 

fibroblasts, and tumor stromal cells. PDPN’s expression on malignant epithelial cells plays a role 

in metastasis. Furthermore, the expression of PDPN in brain tumors (high-grade gliomas) was 

found to correlate with an increased risk of venous thrombosis.

Objective: We examined the expression of PDPN and its role in tumor progression and venous 

thrombosis in ovarian cancer.

Methods: We used mouse models of ovarian cancer and venous thrombosis.

Results: We showed that ovarian cancer cells express PDPN and release PDPN-rich extracellular 

vesicles (EVs) and that cisplatin and topotecan (chemotherapies commonly used in ovarian cancer) 

increase the expression of podoplanin in cancer cells. We also show that expression of PDPN 

in ovarian cancer cells promotes tumor growth in a murine model of ovarian cancer and that 

knockdown of PDPN gene expression results in smaller primary tumors. Both PDPN-expressing 
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ovarian cancer cells and their EVs cause platelet aggregation. In a mouse model of venous 

thrombosis, PDPN-expressing EVs released from HeyA8 ovarian cancer cells produce more 

frequent thrombosis than PDPN-negative EVs derived from PDPN-knockdown HeyA8 cells. 

Blood clots induced by PDPN-positive EVs contain more platelets than those in blood clots 

induced by PDPN-negative EVs.

Conclusions: In summary, our findings demonstrate that the expression of PDPN by ovarian 

cancer cells promotes tumor growth and venous thrombosis in mice.
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Introduction

Podoplanin is a membrane sialoglycoprotein with a serine/threonine-rich extracellular 

domain that contains four tandemly repeated platelet-aggregation stimulating (PLAG) 

domains and a short cytoplasmic tail [1]. Podoplanin binds to CLEC-2 on platelets and 

activates platelets [2–4]. Unlike PDPN that can be detected on various cell types [5], 

CLEC-2 is mainly expressed on platelets and megakaryocytes and to a much lesser degree 

on Kupffer cells in the liver [6]. PDPN is the only known ligand for CLEC-2 and 

activates platelets via signaling of CLEC-2 through Src /Syk/BTK/PLCγ2 [1, 7]. During 

embryogenesis, the interaction between PDPN and CLEC-2 has an important role in 

separating lymphatics from blood vessels. Deleting the gene encoding CLEC-2 in mice 

results in a perinatal defect in vascular development and is lethal [8–11].

Under physiologic conditions, PDPN is expressed on lymphatic endothelial cells, podocytes 

in kidneys, type I alveolar epithelial cells, and fibroblastic reticular cells in lymphoid organs. 

PDPN is not expressed on normal endothelium but can be detected in the wall of thrombosed 

veins [12]. Under pathologic conditions, PDPN is expressed on cancer cells, including 

squamous cell cancer, seminomas, osteosarcoma, and glioblastoma, on cancer-associated 

fibroblasts [1, 13–15]. Expression of PDPN on cancer cells mediates binding of cancer cells 

to platelets and promotes hematogenous metastasis in murine models [16, 17].

The interaction between PDPN and CLEC-2 plays a role in the development of venous 

thrombosis. Mice with CLEC-2-deficient platelets were protected against inferior vena cava 

(IVC) stenosis-induced thrombosis [12]. CLEC-2 deficiency reduced salmonella-induced 

thrombosis in hepatic vasculature [18, 19]. There is evidence that PDPN is also involved 

in cancer-induced thrombosis [13, 20–22]. In a study on brain tumors from patients with 

high-grade gliomas, increased expression of PDPN was associated with low platelet counts 

and an increased risk of venous thrombosis (hazard ratio for high vs. no PDPN expression: 

5.71; 95% confidence interval, 1.52–21.26; P =010) [23]. In another study, injection of 

extracellular vesicles (EVs) from PDPN-expressing glioblastoma cells to mice resulted in 

platelet activation, as detected by the increase in serum concentration of platelet factor-4 

(PF4) [21]. In a subcutaneous xenograft murine model of squamous cell cancer, expression 

of PDPN by cancer cells was associated with intra-tumor vascular thrombosis [22]. In 
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a recent study, mixing melanoma cells with anti-PDPN antibodies before subcutaneous 

injection reduced venous thrombosis induced by IVC ligation in mice [20].

This study aimed to investigate the impact of PDPN on tumor progression and venous 

thrombosis in a murine model of ovarian cancer. We hypothesized that PDPN expression 

promotes tumor growth and enhances thrombogenicity via EVs released by ovarian cancer 

cells.

Material and Methods

All animal studies on mice were conducted according to the Institutional Animal Care and 

Use Committees of the University of Texas M. D. Anderson Cancer Center.

Cell culture

The human ovarian cancer cell lines (A2780, CAOV3, HeyA8, IGROV1, OVCAR3, 

OVCAR4, OVCAR5, OVCAR8, OVCAR432, SKOV3, and OV8) were cultured in 

RPMI-1640 media, supplemented with 15% heat-inactivated fetal bovine serum (FBS), 

and 1% penicillin-streptomycin. The human fibroblast cancer cell line (HT1080) was 

cultured in Dulbecco modified Eagle medium (DMEM), supplemented with 10% FBS, 

and 1% penicillin-streptomycin. The human endothelial cell line (G1S1) was cultured 

in EBM-2 media, supplemented with 5% FBS, and growth factors (CC-4147; Lonza, 

Basel, Switzerland). The murine ovarian cancer cells line (ID8 and IG10) were maintained 

in DMEM, supplemented with 10% FBS, 1% penicillin-streptomycin, and 0.1% insulin-

transferrin–sodium selenite. The murine pericyte-like cell line (10T1/2) was kept in DMEM, 

supplemented with 10% FBS, 1% penicillin-streptomycin, and 10 ng/mL of basic fibroblast 

growth factor. Cells were kept at 37°C in a humidified incubator infused with 20% O2 and 

5% CO2.

Human ovarian cancer HeyA8 cells were incubated with cisplatin (232120; 6μM; Millipore 

Sigma, Burlington, MA, USA) or topotecan (T2705; 5nM; Millipore Sigma, Burlington, 

MA, USA) for periods of 0, 24, 48, and 72 hr; lysed and analyzed by Western blotting.

The proliferation of HeyA8 cells in vitro was evaluated by counting cells at regular intervals. 

2.5 × 104 Hey A8-shControl or Hey A8-shPDPN were seeded per well in 6-well culture 

plates. The number of cells per well was quantified after 24, 48, 72, and 96 hr. For 

quantifying cells at each time point, cells were detached from the well and mixed with 

acridine orange (F23001; 1:10; Logos Biosystems, Gyeonggi-do, South Korea). The live 

cells concentration was measured using a LUNA-FX automated cell counter (Gyeonggi-do, 

South Korea).

Extracellular vesicles (EVs) isolation

We followed the “minimal information for studies of extracellular vesicles 2018 

(MISEV2018) guidelines” by the International Society for Extracellular Vesicles and 

established sequential centrifugation methods to isolate extracellular vesicles from cancer 

cells [24, 25]. Cancer cells were cultured in optimal media until reaching 70–80% 

confluence. Then, cells were washed once with phosphate-buffered saline (PBS) and 
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incubated for 48 hr in media supplemented with 2% exosome-depleted FBS (Thermo Fisher 

Scientific, Waltham, MA, USA). The supernatant was collected and spun down 5 min at 

200 g, followed by 10 min at 1,500 g to remove residual cellular debris and cells. Medium 

and large EVs were isolated by centrifuging supernatant for 70 min at 14,000 × g in 4°C. 

The pellets containing medium and large EVs were washed and resuspended in PBS. The 

supernatant obtained from centrifuge at 14,000 × g was centrifuged for 3 hr at 100,000 × g 

in 4°C to isolated small EVs. The pellets containing EVs were washed and resuspended in 

PBS. The protein concentration of EVs was measured using a Qubit fluorometer (Thermo 

Fisher Scientific, Waltham, MA, USA). EVs’ size distribution was determined using the 

NanoSight NS300 (Malvern Panalytical, Malvern, UK). Nanoparticle tracking analysis 2.2 

analytical software was used to process the data.

To investigate the impact of chemotherapy on the production of EVs by cancer cells, 

OVCAR8, CAOV3, and HeyA8 cells were incubated with 6μM cisplatin (232120; Millipore 

Sigma, Burlington, MA, USA) for 12, 24, or 48 hr in 2% exosome-depleted FBS media. The 

number of generated EVs was determined as described above.

Western-blotting

Protein lysates prepared from cancer cells or EVs were electrophoresed using gradient 

4–20% SDS-PAGE gels and electrotransferred onto nitrocellulose membrane for 

immunoblotting. Membranes were blocked using 5% fat-free milk prepared in PBS 

containing 0.05% Tween 20 and incubated at 4°C overnight with the primary antibodies: 

anti-PDPN (SC-376695; 1:500; Santa Cruz Biotechnology, Dallas, TX, USA), anti-Alix 

(92880; 1:1,000; Cell Signaling Technology, Danvers, MA, USA), anti-Vinculin (V4139; 

1:1,000; Millipore Sigma, Burlington, MA, USA), and anti-β actin (ab119716; 1:20,000; 

Abcam, Cambridge, UK). Membranes were incubated with horseradish peroxidase-

conjugated (HRP) secondary anti-rabbit (NA9340; Cytiva, Marlborough, MA, USA) or 

anti-mouse (NA931; Cytiva, Marlborough, MA, USA) antibody. Bands were detected 

using supersignal west femto chemiluminescence HRP substrate (Thermo Fisher Scientific, 

Waltham, MA, USA).

Flow cytometry

Transfected HeyA8-shControl and HeyA8-shPDPN cells and their EVs were incubated with 

PDPN-PE antibody (337003; 1:100; Biolegend, San Diego, CA, USA) for 30 minutes at 

room temperature. In addition, HCS CellMask Deep Red Staining (H32721; 1:128,000; 

Invitrogen, Waltham, MA, USA) was used to separate the EVs from cellular debris or 

solution particles (EVs were PDPN-PE and CellMask double positive). An isotype-matched 

IgG-PE (402303; 1:400; Biolegend, San Diego, CA, USA) control antibody was used with 

all experimental samples. Samples were examined using the Cytek Aurora flow cytometry 

system (Cytek Biosciences, Fremont, CA, USA). Data were analyzed using FlowJo 10.8 

software (BD Biosciences).

Generation of PDPN knockdown human ovarian cancer cell line

HeyA8 cells were transduced using lentivirus conjugated with diverse expression 

pGIPZ-lentiviral shRNA vectors targeting human PDPN gene: shRNA-1 (clone 
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ID: V2LHS_197169), shRNA-2 (clone ID: V2LHS_196451), shRNA-3(clone ID: 

V3LHS_401024), and shRNA-Combo (all three targeting sequences). Control HeyA8 

cells were transduced with a vector containing scrambled shRNA (pGIPZ non-silencing 

shRNA [clone ID: RHS4346]). Transduced cells were selected using puromycin (0.6 μg/

mL). shRNA vectors were purchased from the MD Anderson Cancer Center shRNA and 

ORFeome Core.

Platelet isolation and aggregation

Fresh blood samples were collected from healthy donors in ACD (acid-citrate-dextrose) 

anticoagulant, centrifuged for 10 min at 60 × g to isolate the platelet-rich plasma (PRP). 

Platelets were isolated from PRP using a sepharose column (2B300; Millipore Sigma, 

Burlington, MA, USA) with a 10-μm nylon net filter (NY1002500; Millipore Sigma, 

Burlington, MA, USA). Human platelets were diluted to 5 × 108 platelets/mL using PPP 

containing 250 μM CaCl2 and 50 μM MgCl2. In some experiments, PPACK (Cayman 

Chemical, Ann Arbor, MI, USA) at a final concentration of 80 μM was added to PRP to 

prevent coagulation and thrombin-induced platelet aggregation [26]. Platelet aggregation 

was induced by ovarian cancer cells (5 × 106 cells) or their EVs (100 ng). Platelet 

aggregation at 37°C with continuous stirring (1,200 rpm) was monitored in a PAP-8E optical 

aggregometer (Bio/Data Corporation, Horsham, PA, USA).

Murine model of ovarian cancer

Orthotopic murine model of ovarian cancer was generated by intraperitoneal injection 

of human ovarian cancer cells, HeyA8-shPDPN (combo) or HeyA8-shControl cells, into 

athymic nude mice (Nu/Nu, 002019; The Jackson Laboratory, Bar Harbor, ME, USA). 

Two million cancer cells were resuspended in 200 μl of Hank’s balanced salt solution and 

injected into 6–8 week-old female Nu/Nu mice. Six weeks after the injection of cancer cells, 

mice became moribund and were sacrificed. Tumor nodules were resected, weighed, and 

fixed in formalin.

RNA isolation and RT-qPCR

RNA was extracted from the resected murine ovarian tumor nodules using RNeasy 

Mini Kit (74104; Qiagen, Hilden, Germany) and reverse-transcribed with verso 

cDNA synthesis kit (AB1453; Thermo Fisher Scientific, Waltham, MA, USA). 

Human and murine PDPN mRNA were quantified by amplifying cDNA using 

amfiSure qGreen Q-PCR Master Mix (Q5602; GenDepot, Barker, TX, USA) and the 

following specific primers: mouse 18s (forward 5’-GCAATTATTCCCCATGAACG-3’; 

reverse 5’-GGCCTCACTAAACCATCCAA-3’), human 18s (forward 5’-

GAGGTAGTGACGAAAAATAACAAT-3’; reverse 5’-TTGCCCTCCAATGGATCCT-3’), 

mouse PDPN (forward 5’-CACCTCAGCAACCTCAGAC-3’; reverse 5’-

AAGACGCCAACTATGATTCCAA-3’), and human PDPN (forward 5’-

CGAAGATGATGTGGTGACTC-3’; reverse 5’-CGATGCGAATGCCTGTTAC-3’). 

Amplification and data acquisition was carried out using the CFX Connect Real-Time PCR 

Detection System and software (Bio-Rad, Hercules, CA, USA)
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Immunostaining

Formalin-fixed paraffin-embedded samples were sectioned at 4 μm thickness. Slides were 

deparaffinized with xylene and decreasing concentrations of ethanol and rehydrated with 

PBS. Diva decloaker (pH 6; Biocare Medical, Pacheco, CA, USA) was used as a heat-

induced antigen retriever. For immunohistochemistry, endogenous peroxidases were blocked 

with 3% hydrogen peroxide, and nonspecific binding was blocked using 5% horse serum. 

Anti-PDPN (SC-376695; 1:500; Santa Cruz Biotechnology, Dallas, TX, USA) or Ki-67 

(ab15580; 1:500; Abcam, Cambridge, UK) primary antibody was diluted in blocking 

serum and added for overnight incubation at 4°C in a humidified chamber. A secondary 

biotinylated antibody was added, and the signal was amplified using a streptavidin 

horseradish peroxidase label kit (PK-4002 or PK-4100; Vector Laboratories, Burlingame, 

CA, USA). Slides were then incubated with DAB (SK-4100; Vector Laboratories, 

Burlingame, CA, USA) and counterstained with hematoxylin. Slides were imaged using 

an Olympus BX60 upright microscope. The Ki-67 labeling index of a tumor speciemen 

was determined by dividing the number of Ki-67 positive cells by the total number of cells 

counted in that tumor specimen.

For immunofluorescence examination of blood clots, nonspecific binding was blocked 

using 1% bovine serum albumin in PBS. CD42b primary antibody (SC-7070; 1:100; 

Santa Cruz Biotechnology, Dallas, TX, USA) was diluted in blocking serum and incubated 

overnight at 4°C in a humidified chamber. Slides are then incubated with a Cy3 conjugated 

secondary donkey anti-goat IgG (705-165-147; 1:1,000; Jackson ImmunoResearch, West 

Grove, PA, USA) and 4’,6’-diamidino-2-phenylindole DAPI (D9542; 1:1,000; Millipore 

Sigma, Burlington, MA, USA). Slides were imaged using either Olympus FV1000 confocal 

microscope. Each clot was imaged using a 10X objective lens, and composite images were 

generated using Image J Stitching plugin [27]. Platelet area from clots was quantified by 

measuring Cy3 fluorescence signal using ImageJ software.

Murine model of IVC thrombosis

An IVC stenosis model was generated as described previously [28–30]. Briefly, after 

anesthesia induction with isoflurane and skin sterilization with ethanol, a ventral midline 

abdominal incision was made. Using blunt dissection, the infrarenal IVC was isolated from 

the aorta. Surgical silk size 4–0 was placed securely around the IVC just caudal to the 

lowest renal vein. A 27G needle was temporarily placed over the IVC while the ligature was 

tied to provide a small lumen and prevent complete IVC ligation. The skin and abdominal 

wall were then closed with running sutures. The mice were then administered the EVs 

(or vehicle only) via tail vein catheterization. Twenty-four hours later, digital subtraction 

angiography was performed to evaluate the formation of IVC thrombus. Under anesthesia, 

iodinated contrast (Visipaque) was injected via tail vein catheterization. Digital subtraction 

angiography was performed using a commercial angiography system (Artis-Q, Siemens) at a 

frame rate of 7.5 frames/sec during contrast injection. Thrombus length measurements were 

then obtained from the uncompressed, diagnostic quality images using a standard PACS 

software platform (IntelliSpace PACS).
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Statistical analysis

All statistical analysis was performed by using GraphPad Prism 8 Software. A One-

way ANOVA, Holm-Sidak test, two-tailed Student t-test, or Welch’s t-test was used to 

determining the statistical significance of comparisons. Results are presented as the mean 

and its standard error of the mean (s.e.) for all statistical analyses, and statistical significance 

was considered for p ≤ 0.05.

Results

PDPN is expressed by ovarian cancer cells

We detected the expression of PDPN in several human and murine ovarian cancer cell 

lines by Western blotting. Among human ovarian cancer cell lines examined, OVCAR4, 

HeyA8, and CAOV3 expressed a significant amount of PDPN protein as compared to 

IGROV1, SKOV3, A2780, OVCAR3, OVCAR5, OVCAR8, and OVCAR432 cell lines 

(Figure 1A). Similarly, murine ovarian cancer cell lines ID8 and IG10 expressed high 

levels of PDPN. (Figure 1B). Significantly, exposure to chemotherapy agents cisplatin and 

topotecan increased the expression of PDPN in HeyA8 human ovarian cancer cells in 
vitro in a time-dependent fashion (Figure 1C). However, chemotherapy reagents did not 

affect the number of EVs released from ovarian cancer cells (Supplementary Figure 1). 

In addition to cell lines, immunostaining of tumor specimens from patients with ovarian 

cancer (Figure 1D) and tumor nodules resected from syngeneic tumors induced by ID8 

murine ovarian cancer cells in C57BL/6 mice (Figure 1E) showed the presence of PDPN. 

In human tumor specimens, the intensity of PDPN expression by ovarian cancer cells varied 

in different regions of the same tumor and between different tumor specimens. Also, the 

expression of PDPN by fibroblasts in tumor microenvironments varied between different 

tumors (Supplementary Figure 2).

PDPN expressing ovarian cancer cells and their EVs induce platelet aggregation

We examined whether PDPN on ovarian cancer cells can induce platelet aggregation. One 

million platelets isolated from blood using sepharose column and resuspended in platelet-

poor-plasma (PPP) were co-incubated with 5 × 106 ovarian cancer cells or 100 ng EVs. The 

formation of platelet aggregates was monitored using an optic aggregometer. While PDPN-

positive HeyA8, OVCAR4, and CAOV3 cells aggregated platelets, PDPN-negative A2780 

and OVCAR3 did not induce platelet aggregation (Figures 2A and 2B). EVs extracted from 

PDPN-positive HeyA8, CAOV3, and OVCAR4 cells induced platelet aggregation with a 

shorter lag time than EVs from PDPN-negative A2780 and OVCAR3 cells (Figures 2C and 

2D). To further determine the role of PDPN in cancer cell-induced platelet aggregation, we 

reduced the expression of PDPN in PDPN-positive HeyA8 by knocking down PDPN gene 

expression using PDPN shRNA. We used HeyA8 cells for additional experiments because 

HeyA8 cells and their EVs, despite expressing PDPN express very little to no TF and have 

low TF activity compared to some other ovarian cancer cell lines [31]. Combining three 

different PDPN-shRNA (1+2+3) was the most effective in reducing PDPN expression in 

HeyA8 cells (Figures 3A and 3B). HeyA8-shControl cells induce more platelet aggregation 

as compared to HeyA8-shPDPN cells (Figures 3C and 3D). These aggregation studies 

were conducted in the presence of PPACK to reduce the impact of thrombin on platelet 
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aggregation induced by cancer cells. There was no statistically significant difference in the 

lag time to the initiation of platelet aggregation induced by HeyA8-shcontrol and HeyA8-

shPDPN cells or their EVs.

PDPN is also expressed on EVs generated from ovarian cancer cells (Figures 3E and 3F). 

We showed the presence of PDPN on EVs from HeyA8-shControl cells and its reduction 

on EVs from HeyA8-shPDPN by Western blotting and flow cytometry (Figures 3E and 

3F). We compared the ability of EVs extracted from media of HeyA8 cells transduced with 

PDPN-shRNA (shPDPN) to those from PDPN-scrambled shRNA (shControl) in inducing 

platelet aggregation. EVs from HeyA8-shPDPN were less efficient in inducing platelet 

aggregation as compared to EVs from HeyA8-shControl (Figures 3G and 3H).

PDPN promotes the growth of ovarian cancer in mice and is associated with a worse 
prognosis in humans.

We examined the effect of PDPN expressed by ovarian cancer cells on the growth of tumors 

in an orthotopic murine model of ovarian cancer. We injected human ovarian cancer cells 

(HeyA8-PDPN-shRNA or control HeyA8 cells) into the peritoneum of Nu/Nu mice. After 

6 weeks, tumor nodules were resected, weighed, and processed for RNA extraction. We 

first established that shRNA against human PDPN effectively reduced expression of human 

PDPN mRNA in the tumors, but it had no effect on the murine PDPN mRNA in non-cancer 

cells inside tumor nodules (Figure 4A). We also observed a reduction in PDPN protein 

expression in tumor nodules induced by HeyA8-shPDPN compared to those induced by 

HeyA8-shControl (Figure 4B). PDPN knockdown significantly reduced the size of tumor 

nodules induced by HeyA8-shPDPN as compared to HeyA8-shControl cells (0.6 ± 0.2 g 

and 1.90 ± 0.5 g, respectively) (Figure 4C) and less ascites (0.2 ± 0.1 ml and 4.9 ± 1 ml, 

respectively) (Figure 4D).

We examined the effect of PDPN expression on the proliferation of ovarian cancer cells 

in vivo and in vitro. HeyA8-shControl cells did not proliferate faster than HeyA8-shPDPN 

cells in vitro, as measured by cell count over four days (Supplementary Figure 3A), but 

the presence of PDPN was associated with a higher proliferation index in tumor nodules 

resected from tumor-bearing mice, as measured by the percentage of Ki-67 positivity 

(Supplementary Figure 3B).

We used the TCGA database to investigate the effect of PDPN mRNA expression in tumor 

specimens on the prognosis of 655 patients with ovarian cancer. Our findings demonstrate 

that patients with high levels of PDPN expression in their tumors had worse overall survival 

compared to those with a lower PDPN expression (Figure 4E)(https://www.cancer.gov/tcga)

[32].

PDPN expressing extracellular vesicles promotes venous thrombosis in a murine IVC 
stenosis model.

We extracted EVs from the cell culture media of HeyA8-shControl and HeyA8-shPDPN 

according to established protocols [24, 25]. The size distribution of EVs was studied with 

Nanosight (Supplementary Figure 4). Expression of PDPN on EVs originated from HeyA8-

shControl and HeyA8-shPDPN are shown in Figure 5A. We found that medium + large 
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EVs and small EVs expressed PDPN, and the inclusion of small EVs did not change the 

expression pattern of PDPN in EVs. We injected 2 × 109 EVs from HeyA8-shControl or 

HeyA8-shPDPN into the tail veins of mice with surgically-induced IVC stenosis. After 24 

hours, we assessed the development of IVC thrombosis in real-time via angiography (Figure 

5B). Subsequently, the mice were euthanized, and IVCs with their clots were dissected. 

Injection of PDPN-positive EVs resulted in IVC thrombosis in 100% of mice (13/13), while 

PDPN-negative EVs induced IVC thrombi in 46% of mice (7/15) (Figure 5C). Injection 

of the saline solution alone (negative control) resulted in IVC thrombosis in none of the 

mice. We extracted thrombi from the resected IVCs and examined the cellular composition 

of thrombi by immunofluorescence staining (Figure 5D). The surface area of the thrombus 

section covered by platelet was measured using Image J software and used to calculate the 

relative platelet-rich surface area for each thrombus (platelet rich-area/total area × 100). 

Venous thrombi induced by PDPN-positive EVs contained more platelet as compared to 

thrombi induced by PDPN-negative EVs (Figure 5E). However, this difference did not show 

a statistical significance with the available number of thrombi.

Discussion

The correlation between PDPN expression and the increased metastatic burden has been 

shown in various cancer types [13, 16]. The prometastatic effect of PDPN has been 

attributed to its ability to mediate the adhesion of cancer cells to platelets. PDPN activates 

platelets by binding to CLEC-2 on platelets. Activated platelets, in turn, protect cancer 

cells in circulation and facilitate the extravasation of cancer cells at the metastatic niche. 

In addition to an indirect effect on cancer metastasis through platelet activation, PDPN 

expression promotes an invasive mesenchymal phenotype in cancer cells [22, 33]. In our 

murine model of ovarian cancer, PDPN expression by ovarian cancer cells enhanced primary 

tumors’ growth. Tumors induced by PDPN-positive HeyA8 cells (HeyA8-shControl) in 

mice reached significantly larger sizes than those induced by PDPN-knockdown HeyA8 

cells (HeyA8-shPDPN). It is important to emphasize that reduction in tumor size in our 

tumor-bearing mice was due to a lack of PDPN on cancer cells themselves. Other cells in the 

tumor microenvironment were originated from the host (Nu/Nu mice) and expressed PDPN.

PDPN and CLEC-2 interaction play a role in venous thrombosis in murine models. Previous 

studies have demonstrated that platelet-specific or universal CLEC-2 deficiency in mice 

reduced IVC thrombi induced by IVC stenosis. However, it did not affect thrombosis 

induced by IVC ligation [34]. In addition, the use of blocking antibodies to PDPN reduced 

intra-tumor thrombosis in metastatic melanoma lesions in lungs [35], and blocking CLEC-2 

reduced venous thrombosis induced by PDPN-expressing melanoma cells in a murine model 

of IVC ligation [20]. In patients with high-grade gliomas, high expression of PDPN was 

found to be associated with a higher risk of venous thrombosis [23]. The mechanism by 

which PDPN on cancer cells induces thrombosis is not known. One possible explanation is 

that circulating cancer cells activate platelets; however, cancer cells are not present in large 

numbers in patients’ blood, particularly in patients with gliomas. Hence, a more plausible 

explanation is that EVs released from cancer cells reach the bloodstream and activate 

platelets. Injection of PDPN-expressing EVs in mice increased the concentration of PF4 in 

serum, hinting toward platelet activation [21].
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We showed that some ovarian cancer cell lines express PDPN, and PDPN-positive ovarian 

cancer cells aggregated platelets in vitro. EVs released from PDPN-positive ovarian cancer 

cells can also aggregate platelets. In mice with surgically-induced IVC stenosis, PDPN-

expressing EVs caused venous thrombosis more frequently than PDPN-negative EVs. In 

our experiments, we monitored the development of IVC thrombosis in mice by real-time 

angiography. We think this is a more accurate method for documenting thrombosis than 

postmortem examination of IVC in mice. We noticed that lack of blood circulation during 

the time lapse between sacrificing and dissecting mice might result in postmortem clot 

formation in IVC. Furthermore, the accuracy of ultrasound-based in vivo measurements 

can be diminished by variations in operator technique and acoustic shadowing by overlying 

bowel gas.

Several factors simultaneously (either independently or synergistically) likely contribute to 

cancer-induced thrombosis. In our experiments, even PDPN-negative EVs induced venous 

thrombosis, possibly because of the presence of other thrombogenic factors (such as 

phosphatidylserine or tissue factor). However, PDPN-positive EVs were more efficient in 

causing IVC thrombosis. We have shown that tissue factor on ovarian cancer cells and their 

EVs contribute to venous thrombosis [31]. In a recent study, a heterogeneous expression 

of tissue factor and PDPN on glioblastoma cells within the same tumor was detected [21]. 

Injection of tissue factor expressing EVs into mice resulted in activation of the coagulation 

cascade, as shown by elevation in D-dimer; and injection of PDPN-expressing EVs resulted 

in platelet activation, as demonstrated by an increase in PF4 concentration. PDPN is not the 

only or even the main cause for platelet activation by ovarian cancer cells. Tissue Factor 

(TF) expressed by ovarian cancer cells and their EVs have an important role in platelet 

activation and venous thrombosis [31]. In the current study, our goal was to investigate 

whether PDPN on ovarian cancer cells also participates in platelet activation and venous 

thrombosis. We speculate that TF and PDPN have a synergistic effect on inducing venous 

thrombosis in ovarian cancer (and perhaps other cancers).

In our study, PDPN-expressing EVs resulted in thrombi with more platelets as compared 

to thrombi induced by PDPN-negative EVs. We speculate that thrombi composition may 

provide a clue about the dominant thrombogenic factor. For example, a fibrin-rich clot 

may point to a tissue factor-dependent mechanism, and a platelet-rich clot may point to a 

platelet-activating factor, such as PDPN, as the main culprit.

Our study on a murine model of ovarian cancer may have important clinical implications. 

Venous thrombosis is a significant complication of ovarian cancer. Different studies reported 

an incidence of VTE in ovarian cancer anywhere between 5–20%. The discrepancy in 

the results regarding the prevalence of VTE in ovarian cancer might be due to the more 

frequent use of prophylactic anticoagulation in the postoperative period [36–38]. While 

median survival for patients without VTE is about three years, it is reduced to 2 years in 

patients with VTE [39]. Because the molecular pathogenesis of cancer-associated VTE is 

poorly understood, available predictive models do not utilize cancer-specific risk factors. 

Consequently, current scoring systems are not universally accepted and have not provided 

sufficient evidence to establish a standard of care for outpatient thromboprophylaxis of 

cancer patients [40]. Although patients with more advanced stages of disease had more VTE 
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[41], the effect of VTE on survival is more pronounced if it occurred earlier during disease 

[39, 42], in the preoperative period [43], and patients with localized cancer [41]; pointing to 

tumor-specific risk factors that both promote VTE and an aggressive course of disease [39].

Chemotherapy increases the risk of VTE in patients with ovarian cancer [44, 45] [46]. 

With the more widespread use of neoadjuvant chemotherapy (NACT), the interval between 

ovarian cancer and surgery diagnosis has emerged as a particularly high-risk period for VTE 

[40]. In this study, we showed that chemotherapy agents such as cisplatin and topotecan 

increased the expression of PDPN on ovarian cancer cells in vitro. Our results raise the 

possibility that PDPN may link chemotherapy to an increased VTE risk in ovarian cancer.

Currently, advanced age, medical comorbidities (e.g., diabetes mellitus and obesity) [41, 

47], tumor histology [43, 48, 49], cancer stage (higher stages have a higher risk) [41, 49], 

elevated plasma CA125 and D-dimer levels [50], anemia, thrombocytosis, and leukocytosis 

[51, 52] have been reported as predictive risk factors for cancer-associated VTE. Whether 

the addition of predictive biomarkers such as expression level of PDPN and tissue factor in 

ovarian cancer tumor or their concentrations in serum can enhance the predictive value of 

VTE scoring system needs to be studied further in additional studies on patients.
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Essentials:

• Podoplanin is a membrane protein expressed on lymphatic endothelial cells 

under physiologic conditions but is also expressed on cancer cells, binds to 

CLEC-2 and activates platelets.

• We examined whether podoplanin is expressed on ovarian cancer cells and 

impacts tumor growth and thrombosis.

• We showed that podoplanin is expressed on ovarian cancer cells and their 

extracellular vesicles.

• We showed that the expression of podoplanin enhances tumor growth in a 

murine model of ovarian cancer and venous thrombosis in a mouse model of 

inferior vena cava stenosis.
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Figure 1. PDPN expression in ovarian cancer cells and tumors.
(A) Human [fallopian tube epithelium (FTE), endothelial cell line G1S1, fibrosarcoma 

cell line HT1080, ovarian cancer cell lines A2780, CAOV3, HeyA8, IGROV1, OVCAR3, 

OVCAR4, OVCAR5, OVCAR8, OVCAR432, and SKOV3] and (B) murine (pericyte-like 

cell line10T1/2, ovarian cancer cell lines ID8, and IG10) whole-cell lysates were Western 

blotted for PDPN. PDPN protein band is ~37 kDa, while GAPDH (~35 kDa) and β actin 

(~42 kDa) were used as loading controls. (C) PDPN expression on HeyA8 after incubation 

for various time intervals with cisplatin (6μM) and topotecan (5nM). Vinculin (~120 kDa) 

was used as a loading control. Representative immunohistochemistry (IHC) for PDPN in 

(D) human ovarian cancer tumor specimen and (E) a section of syngeneic tumor nodules 

induced by ID8 murine ovarian cancer cells in mice (Scale bar, 50 μm).
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Figure 2. Effect of PDPN-positive human ovarian cancer cells and their EVs on platelet 
aggregation.
Representative platelet aggregation tracing induced by incubating (A) ovarian cancer cells (5 

× 106 cells) or (C) their EVs (100 ng) in platelet-rich plasma (5 × 108 platelets/mL). The 

mean maximum platelet aggregation was compiled from several aggregation studies with 

(B) ovarian cancer cells and (D) their EVs (n ≥ 7 and * = p ≤ 0.05).
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Figure 3. Effect of PDPN knockdown on platelet aggregation induced by cells and EVs.
Expression of PDPN on HeyA8, HeyA8-shControl, and HeyA8-shPDPN as detected by 

Western blotting of (A) the whole cell–lysate or (E) lysate from their EVs. PDPN 

protein band is ~37 kDa, while Vinculin (~120 kDa) and Alix (~96 kDa) were used as 

loading controls. PDPN expression on (B) HeyA8-shControl and HeyA8-shPDPN and (F) 
their EVs were detected by flow cytometry. Aggregation of human platelets induced by 

HeyA8-shPDPN and HeyA8-shControl cells (5 × 106 cells) or their EVs (100 ng). (C,G) 
Representative optical aggregation tracings and (D,H) mean maximum platelet aggregation 

(n ≥ 6 and * = p ≤ 0.05).
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Figure 4. Role of PDPN on tumor growth in a murine model of ovarian cancer.
(A) Human and murine PDPN mRNA was quantified relative to 18s rRNA by RT-qPCR 

of RNA samples extracted from tumor nodules induced by human HeyA8 cells in Nu/Nu 
mice (n = 4 tumor nodules/group). (B) Representative IHC for PDPN in tumor nodules 

resected from tumor-bearing mice. Scale bar = 50 μm. (C) Average tumor nodules’ total 

weight and (D) ascites volume was compared between mice injected with HeyA8-shControl 

and HeyA8-shPDPN ovarian cancer cells. n = 9–10 mice/ group. (E) Kaplan Meier plot 

comparing the overall survival in ovarian cancer patients with low (n=469) or high (n=186) 

PDPN expression. HR=1.49 (1.2–1.84), p = 0.00029. * = p ≤ 0.05.
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Figure 5. PDPN expression on EVs promotes venous thrombosis.
(A) Western blot analysis of PDPN expression in EVs collected from media of transduced 

HeyA8 cells. Cell media was centrifuged at different speeds to isolate small EVs and 

medium + large EVs. Alix (~96 kDa) was used as a loading control for small EVs. 

(B) Representative angiographic images of IVC stenosis and thrombosis. (Ba) Following 

IVC stenosis surgery, severe stenosis of the infrarenal IVC is notable on angiography (red 

asterisk). (Bb) Thrombus formation and (Bc) extension in this model recapitulates the 

clinical imaging findings of a filling defect within the IVC (green lines) and formation of 

collateral veins (Bb, Bc). Red dot: IVC stenosis; green line: thrombus length. (C) Frequency 

of IVC thrombosis induced by injection of EVs from HeyA8-shControl (13 out of 13) 

and HeyA8-shPDPN (7 out of 15). (D) Representative clot structure and composition were 

detected by immunofluorescence microscopy after staining thrombi for platelets (red), and 

RBCs (green autofluorescence). (E) Quantification of thrombus area covered by platelets in 

blood clots induced by injection of EVs from HeyA8-shControl and HeyA8-shPDPN.
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