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Abstract

Purpose—Transforming growth factor β1 (Tgfβ1) plays an important role in cancer. Most of 

Tgfβ1 in plasma is from platelets, thus we studied whether platelet Tgfβ1 has any role in the 

progression of ovarian cancer, and whether this role is limited to metastasis or also involves the 

growth of primary tumors.

Experimental Design—We compared the growth of murine ovarian cancer cell-induced tumors 

in platelet-specific Tgfβ1 deficient mice and wild-type mice. Using resected tumor nodules, we 

studied the effect of platelet Tgfβ1 on neoangiogenesis and on platelet extravasation into tumors. 

To investigate the effect of Tgfβ1 at different stages of ovarian cancer, we reduced expression of 

Tgfβ1 receptor (its TgfβR1 component) in tumors at different time points after injection of cancer 

cells, and compared the final tumor size.

Results—Lack of platelet Tgfβ1 in mice reduced tumor growth, neoangiogenesis, and platelet 

extravasation. Ovarian cancer tumors in platelet-specific Tgfβ1 deficient mice reached less than 

half of their size in wild-type littermates. Knockdown of TgfβR1on cancer cells in the first 2 

weeks after their injection reduced tumor growth, but was less effective if initiated after 3 weeks.
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Conclusions—We showed that platelet Tgfβ1 increased the growth of primary tumors in murine 

models of ovarian cancer. We also showed that inhibition of TgfβR1 is more effective in reducing 

the growth of ovarian cancer if initiated earlier. Our results supported a therapeutic benefit in 

preventing platelet activation, degranulation, and release of Tgfβ1 in ovarian cancer.
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Introduction

Platelets interact with cancer cells and play an important role in metastasis by inducing 

angiogenesis, promoting epithelial-mesenchymal transition (EMT), enhancing survival of 

circulating tumor cells (CTC), and facilitating extravasation of cancer cells to seed 

metastatic foci (1,2). Tgfβ1 secreted from activated platelets is involved in many steps of 

this process; Tgfβ1 enhances EMT in cancer cells through activation of Tgfβ/Smad and NF-

kB pathways (3), and inhibits natural killer (NK) cells’ antitumor activity by downregulating 

natural killer group 2 member D (NKG2D) on NK cells (4). We have shown that platelets, in 

addition to facilitating metastasis, also promote tumor growth in ovarian cancer by 

increasing proliferation of cancer cells (5). We demonstrated that the pro-proliferative effect 

of platelets on ovarian cancer cells is at least partially mediated by platelet-secreted Tgfβ1 

(6). Blockade of Tgfβ1 by anti-Tgfβ1 antibodies or knockdown of Tgfβ1 receptor on 

ovarian cancer cells, reduced proliferation of ovarian cancer cells incubated with platelets in 
vitro. However, the in vivo effect of platelet-secreted Tgfβ1 on tumor growth is unknown. 

Platelets are the major source of Tgfβ1 in plasma and contain 40–100 times higher 

concentration of Tgfβ1 than other cells (7,8). In this study, we investigated the in vivo effect 

of Tgfβ1 originated from platelets on the growth of ovarian cancer by using conditional 

Tgfβ1 deficient mice that lack Tgfβ1 in platelets (3) in a murine model of orthotopic ovarian 

cancer (5,6,9). We compared the growth of tumors induced by injection of murine ovarian 

cancer cells into the peritoneum of mice with complete platelet-specific Tgfβ1 deficiency 

(Tgfβ1fl/fl;Pf4-Cre), mice with half-reduced platelet Tgfβ1 (Tgfβ1fl/+;Pf4-Cre), and wild-

type control mice. Because of the role of Tgfβ1 in cell proliferation and angiogenesis (10–

12), we also compared new blood vessel formation and proliferation of cancer cells in 

tumors resected from these mice.

There are two possible routes for platelet-secreted Tgfβ1 to reach cancer cells and tumor 

microenvironment (TME). First, platelets can directly interact with the endothelium of 

tumor microvasculature and release Tgfβ1 along with other proangiogenic factors (13) that 

subsequently reach TME through the fenestrated endothelium. Alternatively, platelets can 

extravasate into tumor microenvironment, where they become activated after interaction with 

cancer cells and with collagen in the extracellular matrix, and release a repertoire of growth 

factors including angiogenic factors (5,9,14). In this study, we investigated the effect of 

platelet Tgfβ1 on extravasation of platelets into TME.
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We found that deficiency of platelet Tgfβ1 or blockade of TgfβR1 on tumor cells reduced 

the growth of the primary tumors, impaired neoangiogenesis, and reduced platelet 

extravasation into TME in murine models of ovarian cancer.

Material and Methods

All of the studies were conducted according to the protocols approved by the Institutional 

Review Board and Institutional Animal Care and Use Committee of the University of Texas 

MD Anderson Cancer Center.

Cell lines and culture conditions

All cell lines used in this study were obtained from the institutional Cell Line Core 

laboratory, authenticated every year per MD Anderson Cancer Center institutional policy 

ACA #1044, and routinely tested for mycoplasma contamination using the MycoAlert Kit 

(Lonza, Walkersville, USA). Human ovarian cancer cell line SKOV3ip1, which displays a 

higher degree of migration potential than its parental cell line SKOV3, was established from 

ascites from Nu/Nu mice given an intraperitoneal (i.p.) injection of SKOV3 cells. The 

SKOV3ip1 cells were cultured in RPMI-1640 supplemented with 10% to 15% FBS and 

0.1% gentamicin sulfate; murine ovarian cancer cell lines IG10 and ID8 (15) were grown in 

DMEM medium supplemented with 5% FBS, 0.1% gentamicin sulfate, and 1% Insulin-

Transferrin-Sodium Selenite (Roche, Indianapolis, USA). Cells were maintained at 37°C in 

a humidified incubator infused with 20% O2 and 5% CO2.

Mice and murine model of ovarian cancer

Female athymic nude (NU/NU) mice and syngeneic C57BL/6 WT mice were purchased 

from the Department of Veterinary Medicine and Surgery, M D Anderson Cancer Center. 

Platelet-specific Tgfβ1-deficient (complete knockout) mice (Tgfβ1fl/fl;Pf4-Cre or briefly 

pTgfβ1−l−) were a gift from Richard O. Hynes (MIT, Cambridge, MA, USA) (3). Platelet-

specific Tgfβ1 half knockout mice (Tgfβ1fl/+;Pf4-Cre or briefly pTgfβ1+l−) were generated 

by crossing C57BL/6 WT with pTgfβ1−l− mice. Genotyping was carried out following the 

previously described protocol (3). Orthotopic murine models of ovarian cancer were 

generated by intraperitoneal (i.p.) injection of cancer cells to 8–10 weeks old females (16). 

In the syngeneic model, 1 × 106 IG10 or ID8 murine ovarian cancer cells were resuspended 

in 200 μl of Hank’s balanced salt solution and injected into the peritoneum of the mice 

consisting of 3 genotypes, i.e., C57BL/6 WT, pTgfβ1+l−, and pTgfβ1−l−. Mice maintained 

for 8–10 weeks after injection became moribund and were sacrificed. In the athymic nude 

model, the same number of human ovarian cancer cells (SKOV3ip1) were injected 

intraperitoneally to NU/NU mice. In this model, mice were treated every 3 days (starting at 

different time points as shown in Figure 3) for different durations with either scrambled 

siRNA or human (h)TgfβR1 siRNA. About 6 weeks after injection of cancer cells, mice 

became moribund and were sacrificed. Tumor nodules were resected from the peritoneum, 

counted, and weighed. Some tumor nodules were fixed in formalin, and others were saved as 

fresh frozen samples by embedding in optimum cutting temperature (O.C.T.) compound.
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siRNA transfection and in vivo delivery

Predesigned or customized human -specific small interfering RNAs (siRNAs), and 

scrambled siRNA were purchased from Sigma-Aldrich (The Woodlands, USA). Three 

hTgfβR1 siRNAs reduced TgfβR1 mRNA level in SKOV3ip1 cells in vitro. The sequences 

of siRNAs were 5′-GGUCAAUUGUUCUACCUCATT-3′ (sense), 5′-

UGAGGUAGAACAAUUGACCTT-3′ (anti-sense); 5′-

CUGUGAAGCCUUGAGAGUATT-3′ (sense), 5′-UACUCUCAAGGCUUCACAGTT-3′ 
(anti-sense); and 5′-GGGUCUGUGACUACAACAUTT-3′ (sense) and 5′-

AUGUUGUAGUCACAGACCCTT-3′ (anti-sense). We used the most efficient TgfβR1 

siRNA (underlined) for in vivo delivery to the tumor-bearing mice. For in vitro transfections, 

2μl of 75.2 μM or a total of 2 μg TgfβR1 siRNA and 3 μl Lipofectamine (Thermo Fisher, 

Carlsbad, USA) were each first diluted in 100 μl of serum free media, then mixed and 

incubated for 30 min. The mixture was added to 5 × 105 cells in a six-well plate in serum-

free media (1 ml) and incubated for 6 h. The final concentration of the siRNA was 125.3 

nM. Transfected cells were maintained for 2 d in complete media. For in vivo delivery, 

siRNAs were incorporated into DOPC-based liposomes. Briefly, siRNAs were mixed with 

DOPC in the p11.3resence of excess tertiary butanol (1:10 w/w siRNA/DOPC), then mixed 

with Tween 20 (1:19 v/v Tween 20/siRNA-DOPC), and finally lyophilized and stored at 

−80°C until use. Immediately prior to i.p. injection, the lyophilized preparation was hydrated 

with 0.9% saline (16). In each injection, 11.3 nmol (150 μg)/kg/mouse TgfβR1 siRNA was 

administered.

Mouse platelet isolation

Mice were anesthetized and laparotomy was performed. Whole blood was drawn from the 

inferior vena cava into a 1 ml syringe preloaded with 130 μl of 3.8% sodium citrate, and 

mixed 1:1 (vol/vol) with Tyrodes buffer lacking Mg2+ and Ca2+. Blood was centrifuged at 

1,100 rpm (200 × g) for 6 minutes at room temperature. At the same time, Sepharose 2B 

beads (Sigma-Aldrich, St. Louis, USA) were prepared by washing once in an equal volume 

of acetone and twice in an equal volume of cold PBS. The platelet-rich plasma fraction was 

passed through a filtration column of Sepharose 2B beads loaded into a siliconized glass 

column with a 10-μm nylon net filter (Millipore, Billerica, USA). Cloudy eluents, which 

contained platelets, were collected. Platelets were counted with a hemocytometer by phase-

contrast microscope at ×400 magnification and immediately used for subsequent 

experiments (9).

Intravital fixation

Mice were anesthetized with isoflurane, and an incision was made in the chest cavity to 

expose the left heart. A 21-gauge needle in connection with a solution-filled syringe was 

then used to slowly deliver PBS and 4% paraformaldehyde (9).

Western blot analysis

Cultured cells were washed with cold phosphate buffered saline (PBS) and lysed in a buffer 

consisting of 1% Triton X-100, 50mM HEPES, pH 7.4, 150mM NaCl, 1.5mM MgCl2, 1mM 

EGTA, 100mM NaF, 10mM Na pyrophosphate, 1mM Na3VO4, 10% glycerol, and freshly 
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added protease and phosphatase inhibitors from Roche Applied Science (Indianapolis, 

USA). Protein concentrations of the lysates were determined by a BCA Protein Reagent Kit 

(Pierce Biotech., Rockford, USA), and 25 μg of proteins were subjected to gel 

electrophoresis on 10% SDS-PAGE gels. Antibodies used were against TgfβR1 (Santa Cruz, 

Dallas, USA, sc-398, at 1:200 dilution), and β-ACTIN (Sigma-Aldrich, St. Louis, USA, 

A5316, 1:5000) (17).

Quantitative real-time PCR

Total RNA was isolated from ovarian cancer cell lines (SKOV3ip1, ID8) using mirVana 

miRNA Isolation Kit (ThermoFisher Scientific, Austin, USA). Following a previously 

described method (18), mRNA level was quantified by one-step SYBR Green assays (2 

assays and triplicate per each sample) using the Vii™ 7 Rea-Time PCR System (Applied 

Biosystem of ThermoFisher Scientific, Foster City, USA) The following RT-PCR primers 

were used: TgfβR1 (human), 5′-TGG CTC AGG TTT ACC ATT GC-3′ (forward), and 5′-

TTC TCC AAA TCG ACC TTT GC-3′ (reverse); TgfβR1 (mouse), 5′-TGC CAT AAC 

CGC ACT GTC A-3′ (forward), and 5′-AAT GAA AGG GCG ATC TAG TGA TG-3′ 
(reverse); GAPDH (human), 5′-GGT CTC CTC TGA CTT CAA CA-3′ (forward), and 5′-

GTG AGG GTC TCT CTC TTC CT-3′ (reverse); Gapdh (mouse), 5′-CGA CTT CAA CAG 

CAA CTC CCA CTC TTC C-3′ (forward), and 5′-TGG GTG GTC CAG GGT TTC TTA 

CTC CTT-3′ (reverse).

Cell proliferation analysis

Fifty thousand cells IG10 or ID8 were plated in 6-well plates and grown in serum-free media 

(SFM) for 24 h. Mouse platelets (20 × 106 per well) isolated as described above were added 

to the cells. After 48 h of incubation, cell proliferation was analyzed using the BrdU labeling 

and Detection Kit (Roche, Indianapolis, USA) according to the manufacturer’s instructions. 

Briefly, cells were pulse-labeled with 10 μM BrdU for 90 min, washed three times with PBS, 

detached with 0.25% Trypsin-EDTA, fixed with 70% ethanol fixative for 20 min, 

immunostained with mouse anti-BrdU primary antibody and anti-mouse Ig-fluorescein 

secondary antibody, and finally analyzed using flow cytometry (EPICS XL 4-Color 

Cytometer; Beckman Coulter, Brea, USA). The assay was performed for 3 times.

Immunohistochemical staining

Immunohistochemical analysis on Ki67 for tumor proliferation assessment was carried out 

using a Vectastain ABC (avidin-biotin-peroxidase) kit (Vector Laboratories, Burlingame, 

USA) as recommended by the manufacturer. Briefly, 5-μm formalin-fixed and paraffin-

embedded tumor sections were deparaffinized with xylene and decreasing concentrations of 

ethanol and rehydrated with PBS. Antigen retrieval was performed using 1× Borg-decloaker 

(BioCare Medical, Pacheco, USA) under steamer cooker at 65°C for 45 min followed by 

natural cool-down to room temperature. Endogenous peroxidases were blocked with 3% 

hydrogen peroxide in PBS. Nonspecific binding was blocked with 5% normal horse serum 

and 1% normal goat serum in PBS for 30 min. Primary anti-Ki67 polyclonal antibody 

(Abcam, ab15580, 1:200) (Cambridge, USA) was incubated for 1 h. After being washed 

three times with PBS, the sections were incubated with the biotinylated secondary antibody 

(Vector Laboratories, Burlingame, USA) for 45 min at room temperature. After incubation 
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with the avidin-biotin-peroxidase complex for 45 min, the sections were washed with PBS. 

The color was developed with 3,3′-diaminobenzidine (DAB) substrate. The sections were 

dehydrated and mounted with Permount (Fisher Scientific, Pittsburg, USA) and examined 

with a Leica DMR epifluorescence microscope, and images were captured by a Hamamatsu 

C5810 charge-coupled device camera. To quantify Ki67 positivity, from each group 5 mice, 

and from each mouse 3 tumor nodules, and from each tumor nodule 2 sections were studied. 

In each section, 6 random fields (200 X magnification) were examined. In each field the 

number of Ki67 positive cells was divided by the total number of cells and multiplied by 100 

to obtain the %Ki67 positivity in that field. The average %Ki67 positivity of all examined 

fields in each group of mice was calculated and used for comparisons between different 

groups.

Co-immunofluorescence analyses for measurement of blood vessel density and 
quantification of extravascular platelets

Co-immunofluorescence analyses for CD42b1 and CD31 were performed on 5-μm O.C.T. 

compound-embedded fresh frozen tumor sections. Slides were fixed and permeabilized with 

acetone and acetone:chloroform and rehydrated with PBS. Nonspecific binding was blocked 

with 5% normal donkey serum (DS) and 1% BSA in PBS for 20 min. Primary goat anti-

CD42b1 (Santa Cruz) and rat anti-CD31 (BD Pharmingen, San Diego, USA) were diluted in 

2.5% DS and 1% BSA by 1:100 and 1:400, respectively. The antibodies were sequentially 

incubated for 1 h each at room temperature. After washing with PBS × 3 times, each wash 

for 5 min, appropriate fluorescence-labeled secondary antibodies (ThermoFisher Scientific, 

Eugene, USA) along with 4′,6-diamidino-2-phenylindole (DAPI) were incubated for 1 h in 

dark at room temperature. After 3 washes with PBS, a ProLong antifade reagent 

(ThermoFisher Scientific) was used to complete the mounting of the coverslip. Images were 

then acquired with a Leica DMR epifluorescent microscope and the Metamorph software 

program (Universal Imaging). To assess the density of mature blood vessels, a previously 

described method which takes into account the heterogeneity of tumor blood vessels was 

followed (16,17). Stained slides were scanned at low power (×40) to locate areas of highest 

vascularity. Over 10 high powered (×200) fields within these areas were randomly selected 

and mature blood vessel densities were determined by counting CD31-positive structures 

which displayed lumen or tubular anatomy. Similarly, to quantify extravascular platelets, 

areas with impressive platelets staining and high vascularity were first located at low power 

scanning (×40) and over 20 high powered (×400) fields were randomly selected within these 

areas. The number of extravasated platelets was determined by counting them in the selected 

fields.

Statistics

Statistical analysis was performed using Microsoft Excel. One-way ANOVA analysis was 

performed to compare a variable across ≥ 3 groups. F-test with p < 0.05 was considered to 

be significant. Comparisons between two groups were made using the Student’s t-test with p 
< 0.05 being considered statistically significant. All data for measured variables were 

expressed as means ± SEM. All of ANOVA analyses showed a p < 0.005. The F-test and t-

test results were reported as indicated.
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Results

Platelet-secreted Tgfβ1 promotes tumor growth

To determine the in vivo role of platelet-specific Tgfβ1 on tumor growth, we used mice with 

3 genotypes (WT, pTgfβ1+l−, and pTgfβ1−l−) in syngeneic orthotopic ovarian cancer models 

induced by the intraperitoneal injection of murine ovarian cancer cells (IG10 and ID8). 

Aggregate tumor weight induced by IG10 cells in mice with complete Tgfβ1 deficiency 

(pTgfβ1−l−) was reduced by 63% as compared to that in WT mice (0.18 ± 0.04 g vs 0.48 

± 0.06 g, respectively, p < 0.001, n = 10) (Figure 1A). Growth of tumors induced by ID8 

cells in pTgfβ1−l− mice was 47% less than that in WT mice (0.49 ± 0.11 g vs 0.93 ± 0.10 g, 

p < 0.05, n = 10) (Figure 1B). Partial Tgfβ1 deficiency in platelet of pTgfβ1+l− mice, with a 

plasma Tgfβ1 level at 44% of that in WT mice (3), resulted in a significant reduction (35% 

for IG10 and 43% for ID8, respectively) in tumor weight compared to WT mice for both cell 

lines (0.31 ± 0.04 g vs 0.48 ± 0.06 g, p < 0.05 for IG10; 0.53 ± 0.09 g vs 0.93 ± 0.10 g, p < 

0.005 for ID8) (Figure 1A–B). While the effect of a partial platelet Tgfβ1 deficiency in ID8-

induced tumors was to the same magnitude as that of its complete deficiency (0.53 ± 0.09 g 

in pTgfβ1+l− mice vs 0.49 ± 0.11 g in pTgfβ1−l− mice, p = 0.82), there was a gene-dose 

effect regarding Tgfβ1 deficiency and growth of IG10-induced tumors; with tumors in mice 

reaching an intermediate size between their size in WT and pTgfβ1−l− mice. The number of 

tumor nodules, another measure of tumor growth and aggressiveness, in pTgfβ1−l− mice was 

also significantly reduced by about 2/3 in comparison to WT mice for both cell lines (Figure 

S1).

We measured the proliferation rate of cancer cells in resected tumor nodules using Ki67 

immunostaining. In IG10-induced tumors, the percentage of Ki67 positivity in pTgfβ1−l− 

mice was 46% less than WT mice (21.4% ± 1.96% vs 39.6% ± 2.2%, respectively, p < 

0.001). The Ki67 positivity in IG-10-induced tumors in pTgfβ1+l− mice (30.3% ± 1.96%) 

was 23% less than WT mice (p = 0.009) and 41% more than pTgfβ1−l− mice (p = 0.007) 

(Figures 1C & 1E). In ID8-induced tumors, the corresponding reduction in Ki67 in 

pTgfβ1−l− mice compared to WT mice was 37% (41.4% ± 3.18% vs 65.8% ± 3.16%, p < 

0.001). The Ki67 positivity in ID8-induced tumors in pTgfβ1+l− mice (43.1% ± 3.36%) was 

34% less than WT mice (p < 0.001) but was not significantly different than pTgfβ1−l− mice 

(p = 0.71) (Figures 1D & 1F).

We assessed the effect of platelet Tgfβ1 on the amount of ascites induced by IG10 and ID8 

tumors. For IG10-induced tumors, the amount of ascites in pTgfβ1−l− mice was 71% less 

than WT mice (0.83 ± 0.08 ml vs 2.85 ± 0.27 ml, p < 0.001). The amount of ascites in 

pTgfβ1+l− mice (2.05 ± 0.25 ml) was 28% less than WT mice (p = 0.05) but 2.5 folds higher 

than pTgfβ1−l− mice (p < 0.001). For ID8 tumors, the amount of ascites in pTgfβ1−l− mice 

was 63% less than WT mice (2.83 ± 0.75 ml vs 7.69 ± 1.11 ml, p = 0.002). The amount of 

ascites in pTgfβ1+l− mice (3.14 ± 0.76 ml) was 59% less than WT mice (p = 0.004) and was 

not significantly different than pTgfβ1−l− mice (p = 0.77). These data suggested that the 

effect of platelet Tgfβ1 on the amount of ascites followed a similar pattern to its effect on 

the growth of orthotopic tumors. A comparison between the two murine ovarian cancer cell 
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lines showed that ID8 cells generated 2.7 times more ascites than IG10 cells in WT mice 

(7.69 ± 1.11 ml vs 2.85 ± 0.27 ml, p = 0.002).

Platelet-secreted Tgfβ1 stimulates cancer cell proliferation in vitro

We investigated the in vitro effect of platelet Tgfβ1 on cell proliferation by incubating 

cancer cells with platelets isolated from mice with different genotypes (pTgfβ1−l−, 

pTgfβ1+l−, and WT). When WT platelets were co-cultured with murine ovarian cancer cells 

in serum free media (SFM) for 24 h, cell proliferation, as quantified by BrdU incorporation, 

increased by more than 4 folds in IG10 cells (no platelets: 6.17% ± 0.5% vs WT platelets: 

25.48% ± 1.91%, p <0.001) (Figure 2A) and ~3.5-fold for ID8 (no platelets: 9.71% ± 0.91% 

vs WT platelets: 32.39% ± 1.71%, p <0.001) (Figure 2B). Compared to wild-type platelets, 

complete Tgfβ1 deficiency reduced proliferation rate in IG10 by 73% and in ID8 cells by 

65%, respectively (Figure 2A–B). Partial Tgfβ1 deficiency in platelets resulted in reduction 

of platelet-enhanced cell proliferation by 27% in IG10 cells (WT 25.48% ± 1.91% vs half 

KO 18.66% ± 1.66%, p <0.05) and 30% in ID8 (WT 32.39% ± 1.71% vs half KO 22.75% 

± 1.58%, p <0.05). Complete deficiency of Tgfβ1 in platelets resulted in an additional 39% 

reduction in cell proliferation in IG10 cells (11.35% ± 1.06%) and ~23% reduction in ID8 

cells (17.58% ± 1.18%) compared to that achieved by partial Tgfβ1 deficiency (both 

statistically significant). These data showed a pro-proliferative effect of platelet-derived 

Tgfβ1 on IG10 and ID8 cells, and are consistent with our previous observation that TgfβR1 

knockdown on ID8 murine ovarian cancer cells reduced platelet-enhanced proliferation in 

ID8 cells (6).

Reducing TgfβR1 expression on ovarian cancer cells reduced tumor growth in vivo in a 
time-dependent manner

To dissect the early versus late effects of Tgfβ1 on the growth of ovarian cancer, we reduced 

expression of Tgfβ1 receptor on ovarian cancer cells at different time points after injection 

to mice. We used siRNA targeting TgfβR1, the signaling component of Tgfβ1 receptor, to 

reduce expression and signaling of TgfβR1 on a human ovarian cancer cell line 

(SKOV3ip1). We used human TgfβR1 siRNAs, and identified 3 siRNAs that reduced 

TgfβR1 mRNA in SKOV3ip1 by more than 75%, as compared to scrambled control siRNA. 

Transfection of the most efficient siRNAs reduced TgfβR1 mRNA by 83% and TgfβR1 

protein by 90% in SKOV3ip1, respectively (Figure 3A–B), but did not affect the expression 

of TgfβR1 mRNA in murine ovarian cancer cell lines, IG10 and ID8 (Figure S2).

Two days after i.p. injection of SKOV3ip1 cells, mice were divided into 6 groups (n=10/

group). In the first group (control), mice received scrambled siRNA by i.p. injections every 3 

days for a total of 15 injections (a total of 46 days after implanting cancer cells). In the other 

5 experimental groups, mice received i.p. injections of human (h)TgfβR1 siRNA every 3 

days starting at days 2 (G1), 8 (G2), 14 (G3), 20 (G4), and 26 (G5) post tumor cell injection, 

respectively (Figure 3C). Compared to the control group, injection of hTgfβR1 siRNA 

within 2 weeks after injection of SKOV3 significantly reduced average aggregate tumor 

weights: 1.22 ± 0.12 g for the control group vs 0.52 ± 0.07 g (G1), 0.63 ± 0.11 g (G2), 0.63 

± 0.09 g (G3); corresponding to 57% (p < 0.001), 48% (p < 0.005), and 48% (p < 0.005) 

reduction in tumor weight in the experimental groups G1–3, respectively. Injection of 
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hTgfβRI siRNA starting after day 20 in the experimental groups G4 and G5, did not change 

the final tumor size significantly compared to the control group (Figure 3D). In contrast, the 

number of tumor nodules reduced significantly in all 5 experimental groups (Figure S1). 

Cancer cell proliferation rate assessed by the percentage of Ki67 positivity was significantly 

reduced in experimental groups G1–G3, as is shown in the comparison between tumors 

resected from the control group and the experimental group G1 that received the longest 

administration of hTgfβR1 siRNA. The Ki67 positivity was 69.6% ± 3.6% in the control 

group and 37.7% ± 2.3% in the G1 group (p < 0.001) (Figure 3E & F). There was no 

significant difference between G1, G2, and G3 regarding Ki67 positivity (data not shown). 

To confirm the in vivo effectiveness of hTgfβR1 siRNA, tumor nodules resected from 

hTgfβR1 siRNA- or scrambled siRNA-treated tumor-bearing mice were examined for 

expression of TgfβR1. Both TgfβR1 protein (Figure 3E) and mRNA (Figure 3G) was 

drastically reduced in tumor nodules resected from mice treated with hTgfβR1 siRNA. 

Furthermore, phosphorylated SMAD2 (a signaling protein downstream to TgfβR1), was also 

significantly reduced (Figure 3E). hTgfβR1 siRNA reduced the relative hTgfβR1 mRNA 

level by 61% (from 100.0 ± 5.5 in scrambled siRNA nodules to 39.1 ± 4.3 in hTgfβR1 

siRNA nodules, p < 0.001) (Figure 3G).

Role of platelet-secreted Tgfβ1 in tumor angiogenesis and platelet extravasation into TME

We investigated the number and organization of CD31+ endothelial cells in tumor nodules 

resected from tumor-bearing mice with different genotypes (WT, pTgfβ1+l−, and 
pTgfβ1−l−). Immunofluorescence (IF) staining showed that the overall number of CD31+ 

endothelial cells are not significantly different in ID8- or IG10-induced tumor nodules 

between WT and Tgfβ1 deficient mice. We had a similar observation in tumors induced by 

human ovarian cancer cells (SKOV3ip1) in nude mice treated with scrambled siRNA or 

hTgfβR1 siRNA. However, in both murine and human ovarian cancer cell-induced tumors, 

platelet Tgfβ1 deficiency reduced the number of mature blood vessels, as determined by the 

number of lumens encircled by CD31+ cells. To quantify the density of blood vessels, we 

examined tumor nodules from 5 mice in each group, at least 3 nodules per mouse, one 

section per nodule, and 2 or more high-power fields (HPF) per section by IF microscopy. In 

IG10 and ID8-induced tumors, complete platelet Tgfβ1 deficiency reduced the density of 

mature blood vessels by 35% and 45% compared to tumor nodules in WT mice, respectively 

(for IG10, WT: 8.40 ± 0.88 vs Tgfβ1 KO: 5.47 ± 0.66, p < 0.05; for ID8, WT: 9.90 ± 0.77 vs 
Tgfβ1 KO: 5.41 ± 0.80, p < 0.001). In SKOV3ip1-induced tumors in Nu/Nu mice, 

knockdown of TgfβR1 resulted in 71% reduction in the density of mature blood vessels 

(scrambled siRNA: 5.90 ± 0.62 vs hTgfβR1 siRNA: 1.70 ± 0.30, p < 0.001) (Figure 4A).

To determine the number of extravasated platelets, tumor sections were immunostained for 

CD31 and CD42b, and examined with fluorescence microscopy to identify intratumor and 

extravascular platelets (CD42b+). We examined tumor nodules from 5 mice/group, ≥3 

nodule/mouse, 2 sections/nodule, and ≥2 HPF/section. In SKOV3ip1-induced tumor 

nodules, hTgfβR1 siRNA reduced the number of extravasated platelets by 51% as compared 

to scrambled control siRNA (scrambled siRNA 7.95 ± 1.12 vs hTgfβR1 siRNA 3.86 ± 0.53, 

p < 0.005) (Figure 4B). Number of extravasated platelets in IG10- and ID8-induced tumors 

in platelet-specific Tgfβ1 deficient mice decreased by 27% and 30%, respectively, compared 
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to WT mice; although the magnitude of reduction was not statistically significant (for IG10, 

WT: 5.83 ± 0.85 vs pTgfβ1−l−: 4.27 ± 0.77, p = 0.35; for ID8, WT: 6.05 ± 0.86 vs 
pTgfβ1−l−: 4.23 ± 0.67, p = 0.21) (Figure 4A).

Putting together, these results showed that platelet-derived Tgfβ1 is important for 

neoangiogenesis in tumors. Our data also supported a possible role for Tgfβ1 signaling in 

ovarian cancer cells, induced by sources other than platelets in TME, in promoting platelet 

extravasation into the tumor.

Discussion

In this study, we investigated the effect of platelet Tgfβ1 on the growth of ovarian cancer. 

Role of platelets in metastasis (19) and role of Tgfβ1 in tumorigenesis (20) and progression 

of cancer (21) have been studied extensively. In an elegant study, Labelle et al. have shown 

that the prometastatic effect of platelets is partially mediated by platelet Tgfβ1 activating 

Smad signaling pathway in cancer cells (3). We have previously shown that platelets not 

only promote metastasis but also enhance the growth of primary tumors in ovarian cancer by 

increasing proliferation of cancer cells (5,6). We showed that the direct effect of platelets on 

the proliferation rate of ovarian cancer cells can be reduced by Tgfβ1 blocking antibodies or 

by reducing the expression of TgfβR1 on ovarian cancer cells in vitro. In the current study, 

we evaluated the effect of platelet-derived Tgfβ1 on proliferation of cancer cells, by 

incubating platelets isolated from a conditional knockout mice deficient in platelet Tgfβ1 

with ovarian murine ovarian cancer cells (IG10 and ID8). Our data suggested that platelets 

directly increase cancer cell proliferation in a Tgfβ1 dose-dependent manner. Besides Tgfβ1 

other platelet factors also contribute to cancer cell proliferation, because even platelets 

completely deficient in Tgfβ1 increased cancer cell proliferation by 30% (p <0.005) (Figure 

2). We showed a role for platelet’s Tgfβ1 and cancer cell’s TgfβR1 in the growth of primary 

tumors in murine models of ovarian cancer, using platelet-specific Tgfβ1 knockout mice and 

siRNA-mediated reduction in TgfβR1 on ovarian cancer cells. We found that lack of Tgfβ1 

in platelets or lack of TgfβR1 on ovarian cancer cells reduced the growth of orthotopic 

ovarian cancer in mice by 50%. Although platelets are the major source of Tgfβ1 in serum 

and mice deficient in platelet Tgfβ1 have 90% reduction in Tgfβ1 concentration in serum 

(3), cancer cells and several other cellular components of tumor microenvironment 

(endothelial cells, fibroblasts, macrophages) also secrete Tgfβ1 (22) and contribute to the 

local concentration of Tgfβ1 inside tumors. However, we found that lack of Tgfβ1 

originated from platelets reduced tumor growth to the same magnitude as lack of TgfβR1 on 

cancer cells, and this might be interpreted as platelets being the main source of Tgfβ1 inside 

ovarian cancer tumors. We investigated the effect of platelet Tgfβ1 on angiogenesis and 

platelet extravasation into the tumor. Our data indicated that platelet Tgfβ1 is important for 

neoangiogenesis inside orthotopic tumors in murine models of ovarian cancer. This 

observation is consistent with a recent study reporting a reduction in endothelial cells tube 

formation after inhibition of Tgfβ1 receptor signaling in an in vitro assay (23). Tgfβ1 

regulates tumor angiogenesis by upregulating expression and activity of two potent 

proangiogenic factors, vascular endothelial growth factor (VEGF) and basic fibroblast 

growth factor (bFGF) (24–26). The effect of bFGF on angiogenesis itself is partially 

mediated through VEGF. Reduced angiogenesis in orthotopic tumors of mice in the absence 
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of platelet Tgfβ1 or in the absence of TgfβR1 on cancer cells might largely be due to a 

downregulation of VEGF inside tumors, as was shown in a study reporting a reduction in 

VEGF in SKOV3ip1-induced tumors in nude mice treated with systemic Tgfβ1 signaling 

inhibitor (27). Due to the large number of mice required for in vivo TgfβR1 knockdown 

experiments, we used only SKOV3ip ovarian cancer cell line in these experiments, but we 

also showed the pro-proliferative effect of platelet Tgfβ1 on high-grade serous ovarian 

cancer cell lines (OVCAR432 and CaOV3) in vitro (Figure S3). It is also important to 

mention that our in vivo studies on the effect of hTgfβR1 siRNA was based on examining 

the growth of human cancer cells in mice and thus was based on the interaction between 

mouse Tgfβ and human TgfβR1.

In our studies, reduction of TgfβR1 on ovarian cancer cells affected platelet extravasation 

more than lack of Tgfβ1 in platelets. Administration of hTgfβ1 siRNA reduced the number 

of platelets in orthotopic tumors induced by human ovarian cancer cells in nude mice by 

51% (p<0.005). Reduction in the number of extravasated platelets in tumors induced by 

murine ovarian cancer cells in mice deficient in platelet Tgfβ1 did not reach a statistical 

significance (30% reduction, p=0.25). This points to the possibility that Tgfβ1 in TME 

originated from sources other than platelets such as cancer cells, endothelial cells, 

fibroblasts, infiltrating or resident white blood cells (22,25) is important for platelet 

extravasation.

Effect of Tgfβ1 in development and progression of cancer differs in the early phases of 

tumorigenesis and later in tumor progression and expnasion. Tgfβ1 inhibits proliferation and 

malignant transformation of benign epithelial cells, including ovarian surface epithelium 

(28). However, after tumor development, Tgfβ1 promotes tumor progression (28,29). 

Several drugs targeting Tgfβ protein superfamily, Tgfβ receptors, or Tgfβ signaling pathway 

(mostly small molecules inhibiting the kinase activity of TgfβR1) have been used in 

preclinical and clinical studies (20). Tgfβ receptors are oligomeric complexes formed by 

TgfβR1 and TgfβR2. TgfβR3 acts as a Tgfβ protein superfamily co-receptor (30). 

Progesterone decreases expression of TgfβR1 and increases TgfβR2/R3 on normal epithelial 

cells and that might explain the protective effect of progesterone against ovarian cancer (31). 

TgfβR3 suppresses ovarian tumorigenesis and its expression is reduced or lost on malignant 

ovarian epithelium (32). Tgfβ ligand proteins bind to TgfβR2 that activates TgfβR1. 

TgfβR1, in turn, interacts with Smad proteins and propagates intracellular signaling. We 

studied the effect of TgfβR1 signaling on the progression of cancer by reducing expression 

of TgfβR1 on ovarian cancer cells in a murine model of ovarian cancer. In order to compare 

the effect of earlier versus later inhibition of Tgfβ signaling, we injected tumor-bearing mice 

with TgfβR1 siRNA at different time intervals after injection of cancer cells. To differentiate 

the effect of Tgfβ1 on ovarian cancer cells from its effect on the other components of the 

tumor microenvironment, we used human-specific TgfβR1 siRNA to reduce expression of 

TgfβR1 only on SKOV3ip human ovarian cancer cells injected into nude mice. Earlier 

initiation of hTgfβR1 siRNA therapy (i.e. during the first 2 weeks after injection of cancer 

cells) reduced the growth of tumors significantly, but the initiation of therapy after 3 weeks 

did not significantly affect tumor growth. Because injected ovarian cancer cells were already 

malignant, these results would not alleviate the concerns about a possible risk for promoting 

tumorigenesis by inhibiting Tgfβ signaling, but showed a possible therapeutic benefit of 
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inhibiting Tgfβ1 signaling from the earliest stage of tumor progression. However, this would 

limit the use of Tgfβ inhibitors because many ovarian cancer patients are diagnosed in the 

later stages of their disease. Our data also raises the possibility of a therapeutic benefit for 

using anti-platelet reagents in early stages of ovarian cancer to prevent release of Tgfβ from 

platelets.

The effect of Tgfβ1 on tumor growth has been attributed to its effect on different cellular 

components of the tumor (cancer cells, fibroblast, endothelial cells, and leukocytes). We 

investigated whether the effect of platelet Tgfβ1 has any direct effect on ovarian cancer cells, 

by incubating murine ovarian cells with platelets from pTgfβ1+l−, or pTgfβ1−l− mice in 
vitro. We found that Tgfβ1 from platelets directly increases proliferation in ovarian cancer in 

a gene dose-dependent manner. However, even Tgfβ1 deficient platelets increased 

proliferation rate in ovarian cancer cells compared to buffer, showing that other platelet 

factors besides Tgfβ1 also contribute to the pro-proliferative effect of platelets. In summary, 

our study provides the first evidence supporting an in vivo pro-growth effect of platelet-

derived Tgfβ1 on primary tumors in ovarian cancer, mediated by increasing cancer cell 

proliferation. Platelet Tgfβ1 promoted neoangiogenesis in tumors by regulating the 

formation of mature blood vessels. Platelet extravasation into ovarian cancer tumors was 

partly regulated by the effect of Tgfβ1 on cancer cells. Inhibition of Tgfβ1 signaling if 

initiated early during the course of tumor progression reduced tumor growth in vivo.

Tgfβ inhibitors that trap Tgfβ (ligand), block Tgfβ receptors, or inhibit TgfβR kinase 

activity have been used in pre-clinical and clinical trials (20,24,33,34). These trials have 

provided information about the side effects of Tgfβ inhibitors, including detected side 

effects, and expected but non-detected side effects. Tgfβ is an important regulator of 

immune tolerance and inhibition of Tgfβ was expected to cause autoimmune disorders and 

inflammation, which were not detected in patients and mice treated with Tgfβ inhibitors. 

Due to a dual role of Tgfβ in cancer, acting as a tumor suppressor in the early stages of 

tumorigenesis and as a pro-growth and pro-metastatic factor in the later stages of 

tumorigenesis, a main concern was that inhibiting Tgfβ pathway would result in progression 

of premalignant lesions to cancer (34,35). In a clinical trial using a humanized anti-pan-Tgfβ 
monoclonal antibody in patients with malignant melanoma, dose-related skin lesions 

including non-malignant keratoacanthomas and squamous cell carcinoma on sun damaged 

skin were reported, but subsequent evaluation of the non-melanoma lesions were interpreted 

to be mostly non-malignant, which often resolved or improved after discontinuation of 

treatment (33). Another important finding in the preclinical trials was that the long-term use 

of a TgfβR kinase inhibitor in murine models of skin cancer resulted in an acquired 

resistance to this reagent (36). Intermittent and short term use of Tgfβ inhibitors in 

combination with cytotoxic reagents or radiotherapy can be a rational design for utilizing 

these reagents. One possible interpretation of our data is that inhibiting platelets, as a main 

source of Tgfβ for ovarian cancer cells, by anti-platelet reagents can also be used as a 

therapeutic approach circumventing side effects associated with Tgfβ inhibitors. Preventing 

platelet activation reduces platelet degranulation and release of Tgfβ1 in ovarian cancer. 

However, our data in murine models of ovarian cancer need to be confirmed by additional 

studies in the future in models closer to the human high-grade serous ovarian cancer that is 

the most common type of ovarian cancer in women.
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Translational Relevance

Our studies showed that Tgfβ1 released from platelets increases proliferation rate of 

cancer cells and neoangiogenesis in the tumor, and promotes the growth of ovarian 

cancer. Anti-platelet reagents by preventing activation and degranulation of platelets, and 

hence by decreasing Tgfβ1 released from platelets may have therapeutic benefits in 

ovarian cancer. Inhibitors of the Tgfβ receptor (TgfβR) complex reduce the pro-growth 

effects of platelets on ovarian cancer and diminish tumor growth. The therapeutic benefit 

of TgfβR inhibitors is more pronounced if initiated earlier during the course of cancer 

treatment. Our results raise the possibility of a clinical benefit for using anti-platelet 

reagents in conjugation to surgery and chemotherapy in patients with ovarian cancer. 

Furthermore, in patients with ovarian cancer and thrombocytosis, the addition of TgfβR 

inhibitors to the other therapeutic modalities may enhance the response rate.
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Figure 1. 
Platelet Tgfβ1 and growth of orthotopic murine ovarian cancer. 8–10 weeks after i.p. 

injection of murine ovarian cancer cells (IG10 and ID8) tumor nodules were resected from 

moribund mice. (A) Aggregate weight of IG10-induced tumor nodules in 3 groups of mice 

(n=10/group): WT, pTgfβ1+l−, and pTgfβ1−l−. (B) Aggregate weight of ID8-induced tumor 

nodules in 3 groups of mice (n=10/group): WT, pTgfβ1+l−, and pTgfβ1−l−. (C) 

Representation of Ki67 immunostaining of sections of IG10-induced tumor nodules. (D) 

Representation of Ki67 immunostaining of sections of ID8-induced tumor nodules. Scale 

bars in panels C & D are 200 μm. (E) Quantification of Ki67 positivity (proliferation index) 
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in IG10-induced tumors (n=10). (F) Quantification of Ki67 positivity (proliferation index) in 

ID8-induced tumors (n=10). Ascites volume associated with (G) IG10 and (H) ID8 cell-

induced tumors in WT, pTgfβ1+l−, and pTgfβ1−l− mice (n=10 mice/group).

The ANOVA analysis was performed on the experimental results represented in A–H. The 

corresponding p values of the F-test were 0.002 (A), 0.001 (B), 0.00001 (E), 0.00001 (F), 

<0.00001 (G), and 0.007 (H). Student’s t-test was carried out for statistical analysis, and 

significance levels were as follows: p < 0.05 for *, p < 0.01 for **, p < 0.001 for ***. 

Averaged data are presented as the mean ± SEM.
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Figure 2. 
Effect of platelet Tgfβ1 on cancer cell proliferation in vitro. Fresh platelets isolated from 

whole blood of mice were coincubated with murine ovarian cancer cells (IG10 and ID8) and 

the cell proliferation rate was measured by quantifying BrdU incorporations (A) 

Proliferation rate of IG10 cells coincubated with platelets isolated from WT, pTgfβ1+l−, or 
pTgfβ1−l− mice. IG10 cells incubated in buffer were used as controls. (B) Proliferation rate 

of ID8 cells coincubated with platelets from WT, pTgfβ1+l−, or pTgfβ1−l− mice. ID8 cells 

incubated in buffer were used as controls. n=3 mice per each genotype and each assay was 

performed in duplicate. The ANOVA analysis was performed on the results of both 

experiments. The corresponding p values of the F-test were 0.00006 (A), and < 0.00001 (B). 

Student’s t-test is carried out for statistical analysis and significance levels indicated are as 

follows: p < 0.05 for *, p < 0.01 for **, p < 0.001 for ***. Averaged data are presented as 

the mean ± SEM.
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Figure 3. 
Expression of TgfβR1 on ovarian cancer and growth of orthotopic tumors in mice. 

Expression of TgfβR1 on human ovarian cancer cells (SKOV3ip1) after injection to mice 

was reduced using human (h) TgfβR1 siRNA at different time points, and final growth of 

orthotopic tumors was compared between different groups. (A) Quantification of TgfβR1 

mRNA level in SKOV3ip1 cells incubated with scrambled siRNA or hTgfβR1 siRNA in 
vitro for 48 hours by qRT-PCR (n=6). (B) Effect of hTgfβR1 siRNA and scrambled siRNA 

on the expression of TgfβR1 at the protein level in SKOV3ip1 cells. A representative 
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Western-blot is shown (n=3). (C) Experimental design for reducing expression of TgfβR1 on 

SKOV3ip1 cells in tumor-bearing nude mice at different time points using in vivo delivery 

of hTgfβR1 siRNA by DOPC-based liposomes. Each experimental group (n=9 mice/group) 

received i.p. injection of hTgfβR1 siRNA every 3 days, starting at day 2(G1), day 8 (G2), 

day 14 (G3), day 20 (G4), or day 26 (G5) after injection of cancer cells that continued until 

day 46. Tumor-bearing mice in control group (scrambled) received i.p. injection of 

scrambled siRNA every 3 days starting on day 2 until day 46. (D) Aggregate weight of 

SKOV3ip1-induced tumor nodules in different treatment and control groups. (E) 

Representation of Ki67, TgfβR1, and phosphorylated SMAD2 (pSMAD2) immunostaining 

of sections of SKOV3ip1-induced tumor nodules. Scale bars are 100 μm. (F) Quantification 

of Ki67 positivity (proliferation index) in SKOV3ip1-induced tumors (n=10, 5 mice per 

group, 1 nodule from each mouse, and 2 sections per nodule). Scale bars are 200 μm. (G) 

Quantification of TgfβR1 mRNA level in SKOV3ip1-induced tumors resected from mice 

treated with scrambled siRNA or hTgfβR1 siRNA. The ANOVA analysis was performed on 

the results in D and the p value was <0.00001. Student’s t-test was carried out for statistical 

analysis, and significance levels were as follows: p < 0.05 for *, p < 0.01 for **, p < 0.001 

for ***. NS: no significance. Averaged data are presented as the mean ± SEM.
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Figure 4. 
Effect of platelet’s Tgfβ1 and ovarian cancer cell’s TgfβR1 on neoangiogenesis and platelet 

extravasation. Sections of IG10, ID8, and SKOV3ip-induced tumor nodules were stained 

with DAPI (nuclei of cancer cells), CD31 (endothelial cells) and CD42b (platelets) and 

analyzed by immunofluorescence microscopy. (A) The left side panel shows representative 

of micrographs from sections of tumor nodules. Blood vessels were detected by lumens 

encircled with CD31+ cells. The right side panel shows quantification of blood vessel 

density in each group of mice (5 mice/group, at least 3 tumor nodules per mouse, 1 section 

per nodule, and 2 or more HPF per section). Scale bars are 200 μm. (B) The left side panel 

shows representative micrographs of sections of tumor nodules. Extravasated platelets were 

detected by intratumor and extravascular CD42b+ cells. The right side panel shows 

quantification of extravasated platelets in each group of mice (5 mice/group and at least 3 
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tumor nodules per mouse, 2 random sections per nodule and 2 or more HPF per section). 

Scale bars are 100 μm. Student’s t-test is carried out for statistical analysis and significance 

levels indicated are as follows: p < 0.05 for *, p < 0.001 for ***. Averaged data are 

presented as the mean ± SEM.
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