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Abstract

Background—Transforming growth factor -β (TGF-β) acts as a tumor suppressor in normal 

epithelial cells but as a tumor promoter in advanced prostate cancer cells. PI3-kinase pathway 

mediates TGF-β effects on prostate cancer cell migration and invasion. PTEN inhibits PI3-kinase 

pathway and is frequently mutated in prostate cancers. We investigated possible role(s) of PTEN in 

TGF-β effects on proliferation and migration in prostate cancer cells.

Methods—Expression of PTEN mRNA and proteins were determined using RT-PCR and 

western blotting in RWPE-1 and DU145 cells. We also studied the role of PTEN in TGFβ effects 

on cell proliferation and migration in DU145 cells after transient silencing of endogenous PTEN. 

Conversely, we determined the role of PTEN in cell proliferation and migration after over-

expression of PTEN in PC3 cells which lack endogenous PTEN.

Results—TGF-β1 and TGF-β3 had no effect on PTEN mRNA levels but both isoforms increased 

PTEN protein levels in DU145 and RWPE1 cells indicating that PTEN may mediate TGF-β 
effects on cell proliferation. Knockdown of PTEN in DU145 cells resulted in significant increase 

in cell proliferation which was not affected by TGF-β isoforms. PTEN overexpression in PC3 cells 

inhibited cell proliferation. Knockdown of endogenous PTEN enhanced cell migration in DU145 

cells, whereas PTEN overexpression reduced migration in PC3 cells and reduced phosphorylation 

of AKT in response to TGF-β.

Conclusion—We conclude that PTEN plays a role in inhibitory effects of TGFβ on cell 

proliferation whereas its absence may enhance TGF-β effects on activation of PI3-kinase pathway 

and cell migration.
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Introduction

Prostate Cancer is the second leading cause of cancer deaths among men especially in the 

United States and in all racial groups 1, and the fourth most common tumor type worldwide 
2. Major processes and molecular events are believed to represent important contributing 

factors in prostate carcinogenesis and have been associated with possible roles in cancer 

initiation and progression. Of these molecular mechanisms, tumor suppressor genes, which 

normally inhibit cell growth and prevent tumor formation, become functionally inactive in 

cancer cells through various mechanisms in the process of tumorigenesis. Insights into the 

molecular function of tumor suppressors could aid in understanding pathways and barriers 

that prevent the process of tumor progression 3. Phosphatase and tensin homolog (PTEN), a 

tumor suppressor gene, is frequently mutated in a variety of human cancers including 

prostate cancer4,5. PTEN negatively regulates the PI3-kinase pathway, a critical oncogenic 

signaling pathway, which regulates diverse cellular processes such as survival, proliferation, 

growth and cell migration. Several ligands acting through different receptors activate PI3-

kinase which then converts PIP2 to PIP3. 6 AKT (also known as protein kinase B), an 

important downstream effector of PIP3 is then recruited to the membrane via PIP3 and is 

phosphorylated by phosphoinositide dependent protein kinase-1 (PDK1) at threonine 308. 

Mammalian target of rapamycin complex 2 (mTORC2) has been shown to be involved in 

phosphorylating AKT at serine 473 which, along with phosphorylation at threonine 308 by 

PDK1, is required for full activation of AKT which in turn activates mTORC1 complex6,7. 

PTEN negatively regulates the PI3-kinase/AKT/mTOR pathway by dephosphorylating PIP3 

to PIP2 and directly opposes the action of PI3-kinase. PTEN has a crucial role in controlling 

cell death, cell proliferation, cell migration, and considerable evidences indicate that PTEN 

loss of function results in up-regulation of the PI3-kinase/AKT/mTOR signaling pathway in 

prostate cancer, primarily through the activation of AKT 8–11. Activating mutations of the 

PI3-kinase pathway and loss of PTEN are extremely common in advanced cancer tumor 

progression 12, and has been previously shown that PTEN mutations in prostate cancers have 

led to higher basal levels of phosphorylated AKT (pAKTSer473) and increased survival of 

cells 12–14.

Transforming growth factor-β (TGF-β) is a secreted cytokine and a major regulator of many 

cellular processes implicated as factors in cancer formation and progression such as 

proliferation, survival, migration/invasion and metastasis 15. TGF-β acts as a tumor 

suppressor inhibiting proliferation in normal epithelial cells and early stages of many 

cancers, while in later stages, it exerts pro-oncogenic roles by promoting epithelial to 

mesenchymal transformation (EMT) which converts static epithelial cells into highly 

invasive mesenchymal cells, a necessary pre-requisite for tumor cell metastasis 16–18. The 

three TGF-β isoforms, TGF-β1, TGF-β2, and TGF-β3 have been identified in mammalian 

cells and share a 70%–80% sequence homology in most organisms and play redundant roles 

in cancer cells 19–21. All three TGF-β isoforms signal by binding to TGF-β Receptor II 

(TGF-βRII) which activates TGF-β Receptor I (TGF-βRI) which in turn, recruit and 

phosphorylates receptor associated- Smads (R-Smads), Smad2 and Smad3,which then form 

heterodimeric complexes with Smad4 that are then translocated into the nucleus where it 

functions to regulate transcriptional target genes 20,22. It has been suggested that TGF-β1 
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and TGF-β3 share a similar receptor binding affinity to TGF-βRII and can exert similar 

biological effects on target cells. TGF-β2, on the other hand binds to TGF-βRII with an 

affinity that is 100–1,000 fold lower, and requires TGF-β Receptor III (TGF-βRIII) (β-

glycan) to promote receptor assembly 19,23,24.

Previous studies also demonstrated that TGF-β3 increased the invasiveness of endometrial 

carcinoma cells via a Phosphatidylinositol-3 Kinase (PI3-kinase) –dependent pathway, 

which were distinct from TGF-β1 25,26. Our laboratory has shown TGF-β effects on 

migration and invasion of prostate cancer cells, and these effects are dependent on both 

TGF-βRI and Smad3, and are mediated via the PI3-kinase pathway 19. In our studies, TGF-

β3 was found to be more potent than TGF-β1 in these effects. On the other hand, TGF-β1 

and TGF-β3 isoforms have similar effects on proliferation of different prostate cancer cell 

lines 19,27–30. Both isoforms inhibit proliferation in DU145 cells, however PC3 cells do not 

respond to the inhibitory effects of either of the two isoforms 19,27–30, which indicates TGF-

β differential effects on cell proliferation depending on the context of the cell. The specific 

roles of individual TGFβ isoforms in development and progression of prostate cancer in vivo 

have not been investigated.

Previous evidence has clearly suggested the involvement of the PI3-kinase signaling 

pathway mediating TGF-β effects on cancer cell invasion and metastasis 19,31,32. A recent 

report confirmed an isoform-specific role of TGF-β in the migration and invasion of the 

metastatic PC3 prostate cancer cells, which are dependent on the activation of the PI3-kinase 

pathway 19. However in DU145 prostate cancer cells, the effects of TGF-β isoforms on the 

activation of PI3-kinase and the phosphorylation of AKT were not observed 19. This 

suggests that one possible contributor of differential effects of TGF-β on the activation of 

PI3-kinase may be PTEN. PTEN is expressed in the DU145 prostate cancer cell line, but is 

deleted in PC3 cells 33–36. Another study indicated that the loss of PTEN expression in 

human cancers may contribute to a role for TGF-β as a tumor enhancer with specific effects 

on cellular motility and invasion 37.

Although previous studies confirmed a role of TGF-β in migratory and invasive behavior in 

metastatic prostate cancer cells, which are dependent on the activation of the PI3-kinase 

pathway, the role of PTEN in TGF-β effects on the activation of PI3-kinase in prostate 

cancer cells remains to be elucidated. In this study, we investigated the effects of TGF-β on 

PTEN expression in prostate cancer cells, and whether PTEN plays a role in TGF-β-induced 

effects on proliferation, migration, and the activation of PI3-kinase/AKT pathway.

Materials and Methods

Chemicals and Reagents

Recombinant human TGF-β1 and TGF-β3 were purchased from PeproTech (Rocky Hill, 

NJ). Mammalian expression vectors pcDNA3 GFP PTEN (plasmid # 10759), and pcDNA3 

GFP (plasmid #20738) were obtained from Addgene (Cambridge, MA). Human PTEN 

siRNA (sc-29459) and control non-silencing siRNA (sc-37007) were purchased from Santa 

Cruz Biotechnology (Dallas, TX). Matrigel, rat tail collagen and transwell inserts were 

purchased from BD Biosciences (Bedford, MA). DAPI (4′, 6-Diamidine-2-phenylindole 
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dihdochloride) was purchased from Roche Diagnostics, (Indiana, IN). The antibodies against 

PTEN, pAKTSer473, AKT (pan), pSmad2, pSmad3, and Smad2/3 were purchased from Cell 

Signaling Technology (Danvers, MA). Antibody against β-Actin (clone AC-15) was 

purchased from Sigma-Aldrich (St. Louis, MO). Goat anti-rabbit IgG HRP was obtained 

from Life Technologies (Grand Island, NY). Anti-mouse IgG HRP was obtained from GE 

Healthcare (Piscataway, NJ).

Cell Lines and Cell Culture

Prostate epithelial and prostate cancer cell lines were obtained from American Type Culture 

Collection (ATCC) (Rockville, MD), which include RWPE1 (immortalized human prostate 

epithelial cell line) 38, and prostate cancer cell lines isolated from distinct metastatic sites 

from prostate cancer patients such as androgen-dependent cell line LNCaP (derived from a 

lymph node lesion), and androgen-independent cell lines DU145 (derived from brain) and 

PC3 (derived from bone) 39. RWPE1 cells were maintained in keratinocyte serum free 

medium containing 50μg/ml gentamycin, 0.05mg/ml bovine pituitary extract (BPE), and 

5ng/ml epidermal growth factor (EGF) (Invitrogen, Carlsbad, CA). LNCaP cells were 

maintained in RPMI-1640 medium containing 4mM L-glutamine, and 50μg/ml gentamycin. 

DU145 and PC3 cells were cultured in Eagles minimum essential medium with Earle’s salts 

with 0.1 mM of the following amino acid supplements: L-alanine, L-asparagine, L-aspartic 

acid, L-glutamic acid, L-proline, L-serine and L-glycine. The medium contained 4 mM L-

glutamine, 2.5 g/l NaHCO3, 1.5 mM HEPES, 100 U/ml penicillin, 100 μg/ml streptomycin, 

0.25 μg/ml amphotericin B and 50 μg/ml gentamycin. MEM and RPMI media (Mediatech, 

Herndon, VA) were supplemented with 5% fetal bovine serum (HyClone, South Logan, 

Utah).

RNA isolation, cDNA synthesis, and RT-PCR

Total RNA was isolated from normal prostate and prostate cancer cells using TRIzol 

(Invitrogen, Carlsbad, CA). The RNA samples were quantified by optical density reading at 

260nm as described previously 40; OD260/OD280 ratio for RNA samples were between 1.8 

and 2.0. Total RNA (2 μg) was reverse transcribed in a 50 μl reaction mixture containing 0.5 

mM dNTP (Fisher Scientific, Pittsburgh, PA), 0.5 mM dithiotreitol (Bio-Rad, Hercules, CA), 

0.5 μg of oligo dT, and 400 U of M-MLV Reverse Transcriptase (Promega, Madison, WI) at 

37°C for 1.5 hours. The reaction was terminated by heating the samples at 60°C for 5 min 

and subsequently cooled to 4°C. Polymerase chain reaction (PCR) was performed to detect 

mRNA levels of PTEN and L-19. The sequences of primer pairs that were used are as 

follows: human PTEN (forward 5′AGCTTCTGCCATCTCTCTCC-3′ and reverse 

5′AATATTGTTCCTGTATACGCCTTC-3′) and L-19 (forward 

5′GAAATCGCCAATGCCAACTC-3′ and reverse 5′TCTTAGACCTGCGAGCCTCA-3′). 

RT-PCR reactions were performed according to procedures described previously 41. L-19 (a 

ribosomal protein) was used as an internal control. The PCR products were visualized on 

1.5% agarose gels (Amresco, Solon, OH) stained with ethidium bromide.

Cell Treatments

To determine the effects of TGF-β isoforms on PTEN, pAKTSer473, pSmad2, and pSmad3, 

cells were cultured in 6 well plates at a density of 2 × 105 cells/well in culture media with 
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5%FBS and allowed to attach overnight. Before each experiment, the cells were incubated in 

a serum free or supplement free media for 2 hours, followed by treatment with TGF-β1 or 

TGF-β3 (5ng/ml) over various time points. Cells were washed with ice-cold phosphate-

buffered saline (PBS) and lysed in lysis buffer (Cell Signaling Technology, Beverly, MA) 

containing 20mM Tris-HCL (pH 7.5), 150mM NaCl, 1mM Na2 EDTA, 1mM EGTA, 1% 

Triton, 2.5mM sodium pyrophosphate, 1mM β-glycerophosphate, 1mM Na3VO4, 1μg/ml 

leptin and 1X protease inhibitor cocktail (Calbiochem, La Jolla, CA). Protein concentrations 

were determined by the Lowry HS assay using the Bio-Rad DC Protein Assay kit (Bio-Rad 

Laboratories, Inc., Hercules, CA).

Western Blot Analysis

Cell lysates (35–50μg protein) were subjected to SDS-PAGE in 8% or 10% gels and 

transferred to PDVF membranes (Millipore, Billerica MA). The membranes were blocked in 

5% fat free milk in TBST (50mM Tris, pH 7.5, containing 0.15M NaCl, 0.05% Tween 20) 

for 1 hour at room temperature. The blots were then incubated overnight at 4°C in TBST 

containing 5% bovine serum albumin (BSA) with appropriate dilutions of specific primary 

antibodies (1:1000 dilution for anti-PTEN; anti-pAKTSer473, anti-Total AKT (pan), anti-

pSmad2, anti-pSmad3, anti-Total Smad2/3; 1:5000 dilution for anti-β-Actin). After washing, 

blots were then incubated with anti-rabbit or anti-mouse IgG-HRP (dilution 1:20,000) for 1 

hour. The blots were developed in Millipore Luminata Forte (EMD Millipore, Billeria, MA) 

for 5 minutes, exposed by using Syngene PXI 6 imaging system (Syngene, Feerick, MD). 

The density of specific protein bands was determined by ImageJ Software (NIH ver1.48) 

and values were normalized using β-actin.

Transwell Cell Migration Assay

In vitro cell migration assay was performed using a 24-well plate transwell inserts (8 μm) as 

previously described 42. Cells were washed with MEM and harvested from cell culture 

dishes by EDTA-trypsin into 50 ml conical tubes. The cells were centrifuged at 1000 RPM 

for 3 min at room temperature; the pellets were resuspended in MEM supplemented with 

0.2% bovine serum albumin (BSA) at a cell density of 3 × 105 cells/ml. The outside of the 

transwell insert membrane was coated with 50 μl total volume. Chemoattractant solutions 

were made by diluting TGF-β1 and/or TGF-β3 (5ng/ml) or combination of both (TGF-β1 

and TGF-β3), and EGF (10 ng/ml) in MEM for DU145 and PC3 cells, and RPMI for 

LNCaP cells supplemented with 0.2% BSA. MEM containing 0.2% BSA served as a 

negative control. EGF was used as a positive control 43. Migrated cells were counted from 

ten random fields. The results were expressed as migration index defined as: the sum of ten 

random fields for test substance/the sum of ten random fields for the medium control 41.

Invasion Assay

The invasive properties of DU145 cells were measured using the BD BioCoat Matrigel 

Invasion inserts. Inserts were coated with 50μl of a 1:4 Matrigel/medium dilution and 

allowed to solidify at 37 °C for 48 hours. Cells were resuspended (3 × 104 cells/ml) in MEM 

with 0.1% FBS and 500μl of cell suspension were added to each insert. Cells were treated 

with TGF-β1 and TGF-β3 (5ng/ml), or EGF (10ng/ml) and were allowed to invade through 

the porous membrane coated with Matrigel for 48 hours. Matrigel and non-invading cells 
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were removed via cotton swabs. Invading cells on the membrane were fixed in 3.7% 

paraformaldehyde and stained using DAPI (Roche Diagnostics, Indiana, IN). Images were 

taken in ten different fields for sum of invading cells. The results were expressed as invasion 

index defined as: the sum of ten random fields for test substance/the sum of ten random 

fields for the medium control.

Cell Proliferation Assay

The cell growth assay was performed by counting the number of cells. Cells were seeded at 

a density of 1 × 105 cells overnight in 6 well plates and treated the next day with TGF-β1 or 

TGF-β3 (5ng/ml) or combination of both (TGF-β1 and TGF-β3), in culture media 

containing 1% FBS for specific time points. Cells were then trypsinized and counted using 

the Cellometer Vision System (Nexcelom Bioscience LLC, Lawrence, MA).

Transfection with specific plasmids and small interfering (si) RNAs

Cells were seeded at a density of 1 x105 cells in 6 well plates in 2ml of antibiotic-free 

normal growth medium supplemented with 5% FBS, and incubated overnight at 37°C. 

Plasmids (pcDNA3 GFP or pcDNA3 GFP PTEN) were transfected in PC3 cells using 

FuGene® HD transfection reagent (Promega, Madison, WI) following manufacturer’s 

instructions. Small interfering RNAs (60nM) for the PTEN or Control siRNA were 

transfected into DU145 cells using transfection reagent (Santa Cruz Biotechnology, Dallas, 

TX) following manufacturer’s recommendations. Forty-eight to seventy-two hours after 

transfection, cells were either treated with TGF-β1 or TGF-β3, or subjected to different 

functional analyses.

Statistical Analysis

All experiments were performed at least three times using different cell preparations. Data 

from representative experiments are presented in the figures. One-way analysis of variance 

and Duncan’s all pair-wise multiple comparison tests were employed to assess the 

significance of differences among treatment groups. SigmaPlot version 11.0 for Windows 

(Systat Software, Inc., San Jose, CA) was used for statistical analyses.

Results

Expression of PTEN in prostate cell lines

Gene expression of PTEN in prostate cells was determined using semiquantitative RT-PCR 

across four established prostate cell lines (RWPE1, LNCaP, DU145, and PC3). PTEN 

mRNA was detectable in three of the four cell lines with no detectable expression in PC3 

cells (Fig. 1A). To examine the presence of PTEN protein and pAKTSer473 in these cell 

lines, the total cell lysate proteins were analyzed using western blotting (Fig. 1B). PTEN 

protein was detected in RWPE1 and DU145 cells, however, it was absent in LNCaP and PC3 

cells. PAKTSer473 bands were detected in all cell lines with high levels of pAKTSer473 in 

PC3 and LNCaP cells compared with RWPE1 and DU145 cells.

To determine whether the knockdown of PTEN in DU145 cells increased pAKTSer473 

protein levels, we used a specific siRNA to transiently knockdown PTEN in DU145 cells 
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(Fig. 1C). Control siRNA was also transfected to serve as a negative control. Protein levels 

of PTEN and pAKTSer473 were determined by western blot analysis, which confirmed that 

pAKTSer473 protein levels increased while PTEN protein levels decreased in comparison 

with cells transfected with control siRNA (Fig. 1C).

TGF-β isoforms increase intracellular PTEN protein levels in DU145 and RWPE1 cells

Next, we investigated the effects of TGF-β isoforms on the expression of PTEN in DU145 

and RWPE1 cells. DU145 and RWPE1 cells were treated with different concentrations of 

TGF-β1 and/or TGF-β3 for specific times. As shown in Fig. 2A, TGF-β3 had no effect on 

the mRNA levels of PTEN in DU145 cells, as determined by RT-PCR analysis. We also 

confirmed the lack of TGF-β effects on PTEN mRNA levels by real time PCR (data not 

shown). However, as shown in Fig. 2B and 2C, both isoforms caused a dose dependent 

increase in PTEN protein levels at specific time points. Treatment with TGF-β3 (5ng/ml) 

significantly increased PTEN protein levels in DU145 cells at 4 hours (2.7 ± 0.34 fold; P < 

0.05) and 8 hours (2.0 ± 0.40 fold; P < 0.05); and also in RWPE1 cells at 4 hours (2.0 ± 0.14 

fold; P < 0.05) and 8 hours (1.7 ± 0.31 fold; P < 0.05) (Fig. 2B). As shown in Fig 2C, TGF-

β3 treatments significantly increased PTEN protein levels in a dose dependent manner in 

DU145 cells after 4 hours at 1ng/ml (1.7 ± 0.26 fold; P < 0.05), 5ng/ml (2.2 ± 0.12 fold; P < 

0.05), and 10ng/ml (2.15 ± 0.103 fold; P < 0.05). As shown in Fig 2B and 2C, TGF-β1 

(5ng/ml) treatment also caused an increase in PTEN protein levels in both DU145 and 

RWPE1 cells. In DU145 cells, TGF-β1 treatment significantly increased PTEN protein 

levels at 4 hours (Fig. 2B) (1.9 ± 0.10 fold; P < 0.05), and in a dose dependent manner after 

4 hours at 5ng/ml (1.38 ± 0.149 fold; P < 0.05) (Fig. 2C), however the increase in PTEN 

protein levels in TGF-β1 treated RWPE1 cells was not statistically significant (Fig.2C). 

These results suggest that both TGF-β1 and TGF-β3 increase PTEN protein levels; however 

TGF-β3 effects on both cell lines are more pronounced. TGF-β signaling is initiated by 

binding of the ligand to TGF-βRII that form heterodimers with TGF-βRI leading to Smad2 

and Smad3 phosphorylation. Therefore, we examined whether TGF-β effects on PTEN are 

mediated by this canonical signaling pathway. We determined the effects of TGF-β on the 

phosphorylation of Smad2 and Smad3 in both DU145 and RWPE1 cells. Western blot 

analysis showed that TGF-β isoforms induced both Smad2 and Smad3 phosphorylation in a 

time-dependent manner (Fig. 3A and B).

TGF-β isoforms exert differential effects on cell proliferation and migration in prostate 
cancer cells

In previous studies, TGF-β has been shown to exert differential biological effects in different 

prostate cancer-derived cell lines 27,30. To confirm these studies, we first determined the 

effects of TGF-β1 and TGF-β3 (5ng/ml) and the combination of both (TGF-β1 and TGF-β3) 

on cell proliferation in DU145 prostate cancer cells (Fig. 4A). Both TGF-β isoforms caused 

a significant inhibition of cell proliferation in DU145 cells with no differences in the 

potencies of the two isoforms. Treatment with TGF-β1 resulted in 33% (P < 0.05) inhibition, 

TGF-β3 resulted in 42% (P < 0.05) inhibition, and both TGF-β1 and TGF-β3 combined 

resulted in 44% (P < 0.05) inhibition of proliferation in DU145 cells. There was no 

synergistic or additive effect of two isoforms on cell proliferation.
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We also determined the effects of TGF-β1 and TGF-β3 (5ng/ml) on cell migration in PC3 

prostate cancer cells (Fig. 4B). Both TGF-β isoforms induced migration in PC3 cells (TGF-

β1; 1.4 ± 0.75 migration index; P < 0.05) and TGF-β3; 1.52 ± 0.13 migration index; P < 

0.05), TGF-β1 and TGF-β3; 1.54 ± 0.11 migration index; P < 0.05). The two isoforms did 

not exhibit synergistic or additive effects. Epidermal growth factor (EGF) used as a positive 

control, induced cell migration in PC3 (1.7 ± 0.05 migration index; P < 0.05) cells (Fig. 4B).

Reduction in levels of PTEN protein leads to attenuation of inhibitory effects of TGF-β on 
proliferation in prostate cancer cells

We have previously shown that TGF-β exerts differential effects on cell proliferation of 

different prostate cancer cell lines 28,30,44. TGF-β isoforms caused a significant inhibition of 

cell proliferation in DU145 cells (Fig. 5A)..

The possible role of PTEN in proliferation of prostate cancer cells and its role in the effects 

of TGF-β on cell proliferation were determined using siRNAs to transiently knockdown 

PTEN proteins in DU145 cells (Fig. 5B). Expression of PTEN protein was determined by 

western blotting analysis, which confirmed reduced levels (~ 68 %) of PTEN protein in 

comparison with the cells transfected with control siRNA (Fig. 5B). DU145 cells were 

treated with TGF-β1 and TGF-β3 (5ng/ml) for 48 hours after transfection with PTEN 

siRNA or Control siRNA (Fig. 5B). As expected, after transfection with Control siRNA, we 

observed a significant decrease (P < 0.001) in proliferation of DU145 cells after treatment 

with both TGF-β isoforms. On the other hand, knockdown of endogenous PTEN resulted in 

a significant increase in cell proliferation which was further increased in TGF-β3 (P < 

0.001) treated DU145 cells (Fig. 5B).

To further confirm the possible role of PTEN in inhibitory effects of TGF-β, we 

overexpressed PTEN in PC3 cells. PC3 were transiently transfected using the plasmid GFP-

PTEN or empty vector and treated with TGF-β1 or TGF-β3 (5ng/ml) to determine the 

effects on cell proliferation. As shown in Fig. 5C, Expression of PTEN protein was 

determined by western blotting which confirmed PTEN overexpression in comparison with 

the cells transfected with the empty vector. TGF-β1 (70%; P < 0.05) and TGF-β3 (45%; P < 
0.05) induced a significant increase in cell proliferation in PC3 cells transfected with the 

empty vector (Fig. 5C). However, proliferation was significantly reduced in PC3 cells 

overexpressing PTEN protein and TGF-β isoforms had no effects on proliferation in these 

cells.

TGF-β isoforms exert differential effects on migratory and invasive properties in prostate 
cancer cell lines

TGF-β exerts effects on migration and invasion of specific prostate cancer cells. The effects 

of TGF-β1 and TGF-β3 on migration in selected prostate cell lines (DU145, PC3, and 

LNCaP) under identical experimental conditions were determined by using transwell cell 

migration assay. DU145, PC3, LNCaP cells were treated with either TGF-β isoforms and 

allowed to migrate according to established procedures. As shown in Fig. 6A and Fig. 6B, 

treatment with both isoforms induced cell migration in PC3 cells (TGF-β1; 1.2 ± 0.03 

migration index; P < 0.05) and TGF-β3; 1.3 ± 0.13 migration index; P < 0.05), however 
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TGF-β1 did not have any effect on migration in DU145 cells. Interestingly, TGF-β3 

treatment significantly induced migration (1.7 ± 0.20 migration index; P < 0.05) in DU145 

cells (Fig. 6A). In addition, we determined TGF-β effects on migration in LNCaP cells. It 

has been reported that LNCaP cells lack the TGF-βRII, a necessary receptor for TGF-β 
signaling 19. To confirm this notion, LNCaP cells were treated under the same experimental 

conditions and allowed to migrate. As expected, both TGF-β isoforms had no effect on 

migration in LNCaP cells (Fig. 6C). On the other hand, epidermal growth factor (EGF), used 

as a positive control, induced cell migration in DU145 (1.7 ± 0.26 migration index; P < 

0.05), PC3 (1.6 ± 0.07 migration index; P < 0.05), and LNCaP (1.6 ± 0.20 migration index; 

P < 0.05) cells (Fig. 6A, B and C).

Previous studies in our laboratory have shown that TGF-β isoforms induced invasive 

behavior in PC3 cells, but not in DU145 cells 19,31. To confirm these studies, we determined 

the effects of TGF-β isoforms on cell invasion in DU145 cells using the BD BioCoat 

Matrigel Invasion inserts. As shown in Fig. 7, both TGF-β1 and TGF-β3 had no effect on 

invasiveness in DU145 cells, however, EGF induced invasion (2.9 ± 0.66 invasion index; P < 

0.05) in DU145 cells. These results suggest that TGF-β isoforms may have differential 

effects on migration and invasion in prostate cancer cells.

Re-expression of PTEN inhibits TGF-β induced cell migration in prostate cancer cells

To determine whether PTEN plays a role in TGF-β-mediated effects on migration in prostate 

cancer cells, we performed transient knockdown of PTEN in DU145 cells using siRNA 

specific for PTEN (Fig. 8A). PTEN protein levels were determined by Western blotting 

analysis, which confirmed a 54% reduction (P < 0.05) in DU145 cells transfected with 

PTEN siRNA compared to control siRNA transfected cells (Fig. 8A). We analyzed 

migration of DU145 cells after knockdown of PTEN (Fig. 8A). DU145 cells were treated 

with TGF-β1 and TGF-β3 (5ng/ml) for 48 hours after transfection with PTEN siRNA. We 

observed that both TGF-β isoforms induced migration with a significant increase with TGF-

β3 (1.6 ± 0.23 fold; P < 0.008) and EGF (1.8 ± 0.07 fold; P < 0.008) (Fig. 8A).

Next, we investigated the effects of PTEN expression on TGF-β induced migration in PC3 

cells. We transiently overexpressed PTEN in PC3 cells (Fig. 8B). Expression of PTEN 

proteins were determined by western blotting analysis which confirmed overexpression of 

PTEN in PC3 cells. DU145 served as a positive control for PTEN protein expression (Fig. 

8B). Effects of TGF-β isoforms on cell migration were significantly reduced in these cells 

compared with PC3 cells transfected with empty vector (Fig. 8B). These results suggest that 

PTEN overexpression in PC3 cells inhibited TGF-β-mediated effects on migration.

PTEN overexpression inhibit TGF-β effects on the phosphorylation of AKT in prostate 
cancer cells

To determine whether or not overexpression of PTEN will affect TGF-β effects on the 

activation of PI3-kinase in PC3 cells treated with TGF-β3 (5ng/ml) (Fig. 9). Western blot 

analysis revealed that in response to TGF-β3, PTEN overexpressing PC3 cells had 

significantly lower levels (0.73 ± 0.06 fold: P < 0.05) of pAKTSer473 as compared to those 
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transfected with empty vector (Fig. 9). These results suggest that overexpression of PTEN in 

PC3 cells attenuates TGF-β effects on the activation of PI3-kinase.

Discussion

In this study we investigated the role of PTEN in TGF-β effects on proliferation and 

migration of prostate epithelial cancer cells. We report that TGF-β has differential effects on 

PTEN protein and RNA levels in prostate cancer cells. We also show that PTEN may 

mediate anti-proliferative effects of TGF-β in prostate epithelial cells. Our results also 

revealed that lack of PTEN may enhance TGF-β effects on cell migration in prostate cancer 

cells.

Prostate cancer transpires and progresses as a result of accumulated genomic mutations that 

lead to unchecked cellular growth and survival of the mutated and dividing cells 45. The 

principle problem arising from prostate cancer and its high rate of mortality, is due to 

metastasis of the primary tumor to secondary sites 46. Cellular migration and invasion play 

fundamental roles in cancer metastasis. Among multiple growth factors, TGF-β has been 

implicated in the regulation of prostate cancer cell proliferation, progression and/or 

metastasis 28–30,44,47–50 TGF-β is a multiple functional protein that acts as a tumor 

suppressor in normal epithelial cells and in early stages of epithelial cancers by inhibiting 

proliferation and inducing apoptosis 51. However in later stages of cancer, cells become 

resistant to growth inhibitory effects of TGF-β, in which TGF-β acts as a tumor promoter 

due to its role in epithelial to mesenchymal transformation (EMT) or promoting the 

degradation of ECM; all of which aid invasion and metastasis 19,52–54 In addition, previous 

studies also show that TGF-β effects on migration and invasion of metastatic prostate cancer 

cells are dependent on activation of the PI3-kinase pathway 19,55 by TGF-β, as shown by 

increased phosphorylation of AKT 55–59. However, the intracellular mechanisms involved in 

TGF-β activation of PI3-kinase pathway are largely unknown. The PI3-kinase pathway 

mediates cellular processes such as proliferation, cell survival, and migration, and is 

negatively regulated by PTEN which inhibit those cellular functions. Therefore, PTEN may 

play a role in differential effects of TGF-β on proliferation, and migratory behavior by 

antagonizing PI3-kinase activity in prostate cancer cells.

PTEN mutations and deletions in prostate cancer cells 60–63 lead to the loss of PTEN and 

constitutive activation of the PI3-kinase/AKT pathway. Several prostate cancer derived cell 

lines have also been shown to lack expression of PTEN such as a homozygous deletion in 

PC3 cells and frame shift mutation in LNCaP cells 63. Other cell lines derived from normal 

or cancer cells such as RWPE-1 and DU145 cells maintain normal expression of PTEN. 

These cell lines provide convenient model systems to study the role of PTEN and PI3-kinase 

pathway in prostate cancer cell proliferation, migration and invasion. Our results showed 

higher constitutive levels of pAKTSer473 in LNCaP and PC3 cells as a consequence of PTEN 

loss, but not in RWPE1 and DU145 cells. On the other hand, knockdown of endogenous 

PTEN by specific siRNA in DU145 and RWPE1 cells resulted in increased levels of 

pAKTSer473, indicating enhanced activation of PI3-kinase pathway.
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Earlier studies have addressed the interaction of the PI3-kinase/PTEN pathway and TGF-β 
signaling pathways in various cell types. Previous reports have shown that TGF-β1 regulates 

PTEN expression in keratinocytes 4 and causes a reduction of PTEN mRNA levels in 

pancreatic cancer cells 64. Moreover, inactivation of TGF-β signaling and loss of PTEN 

cooperate to induce colorectal cancer formation and progression by suppressing cell cycle 

inhibitors 65. Although it is known that loss of PTEN expression seems to be more frequent 

in many human tumors, the expression of PTEN has been associated with inhibitory effects 

on proliferation, migration, and induction of apoptosis in vitro and in vivo 64,66,67. In the 

current study, we studied the effects of TGF-β1 and TGF-β3 on PTEN expression in DU145 

and RWPE1 cells. Our results show that while TGF-β isoforms had no effect on PTEN 

mRNA levels; they induced an increase in PTEN protein in both DU145 and RWPE1 cells. 

TGF-β induced increase in PTEN protein levels may suggest that the level of PTEN may be 

regulated by TGF-β via other mechanisms such as protein stability and protein degradation. 

It has been reported previously that PTEN activity may be highly regulated on many levels 

by posttranscriptional and posttranslational mechanisms 68. It has also been demonstrated 

that TGF-β can regulate protein stability via posttranslational modifications 69–72. One study 

revealed that TGF-β increases nuclear p27 levels by preventing proteasomal degradation, 

specifically by downregulating ubiquitin E3 ligase subunits in endometrial carcinoma cells 
72. Therefore, it is possible that TGF-β may stabilize PTEN protein levels by inhibiting the 

proteasomal degradation pathway in prostate cancer cells.

Our results suggest that increased PTEN protein levels in DU145 cells and RWPE1 cells, in 

response to TGF-β, may lead to a reduction in cell proliferation in these cells. Our 

laboratory has previously shown that TGF-β inhibits cell proliferation in RWPE1 and 

DU145 cells, whereas PC3 (PTEN null) prostate cancer cells are resistant to these growth 

inhibitory effects 28. Our results show that PTEN knockdown by specific siRNA resulted in 

a significant increase in cell proliferation in the presence of TGF-β1 and TGF-β3 isoforms. 

These results indicate that reduced PTEN protein levels in DU145 cells enhanced TGF-β 
effects and that PTEN may be required for inhibitory effects of TGF-β on cell proliferation 

in these cells. The possible role of PTEN in cell proliferation was also confirmed by our 

experiments where we transiently overexpressed PTEN in PC3 cells, which led to inhibition 

of cell proliferation. Our results are very similar to recently reported findings indicating that 

the overexpression of PTEN in PC3 cells inhibited cell proliferation, and decreased IGF-I-

induced phosphorylation of IRS-1, the downstream substrate of IGF-IR 73.

Previous studies have shown that TGF-β1 and TGF-β3 exert differential effects on migration 

and invasion in prostate cancer cells 19,27,50,74–81. It has been indicated that TGF-β3 exerts 

more potent effects on migratory and invasive behavior. Although both TGF-β isoforms 

induced migratory and invasive behavior in PC3 cells 19,27, both isoforms had no effects on 

migratory behavior in DU145 cells 19. In another study, TGF-β1 induced cell migration and 

invasion in PC3 cells but not in in DU145 cells using the transwell insert cell migration 

assay 27,31; TGF-β3 was not investigated in these studies. Interestingly, our results show that 

while TGF-β1 had no effects on migration in DU145 cells, TGF-β3 significantly induced 

migration in both DU145 and PC3 cells. These results support previous findings that TGF-

β3 and TGF-β1 exert differential effects on invasive behavior in prostate and other cancer 

cells 19,27,31. This could either be because of differential potencies of individual isoforms or 
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due to inherent specific signaling pathways utilized by TGF-β1 and TGF-β382. However, the 

exact mechanisms involved in these differential effects remain unknown. Interestingly, TGF-

β3 had no effects on invasive behavior in DU145 cells although it induced cell migration in 

these cells. These data indicate that TGF-β3 may exert differential effects on intracellular 

mechanisms which are involved in induction of cell migration and/or invasion which may 

play significant role in the progression of invasive and metastatic disease 19,20,32. These 

observed effects in both DU145 and PC3 cells are specific to TGF-β, since LNCaP cells 

(used as negative controls due to lack of TGF-βRII) were unresponsive to both isoforms of 

TGF-β 19,83. Similar differential role of TGF-β isoforms is also supported in breast 

carcinomas, where high expression of TGF-β3 correlates with decreased overall survival rate 
84,85. It has been confirmed that the isoform specific roles of TGF-β on cell migration and 

invasion are mediated by TGF-βRI and Smad3 dependent activation of PI3-kinase pathway 

in metastatic prostate cancer cells 19. Previous studies have implicated a role for PTEN in 

repressing the pro-tumorigenic effects of TGF-β; reconstitution of PTEN expression in 

PTEN-null cells blocked TGF-β-induced invasion, but did not modulate TGF-β-mediated 

growth regulation 37. Similarly, in keeping with these studies, our results show that TGF-β 
induced migration in PTEN knockdown DU145 cells, whereas TGF-β reduced migratory 

behavior in PTEN overexpression PC3 cells. These results indicate PTEN may play a role in 

TGF-β mediated effects in regulating tumor cell metastasis. In PC3 cells, overexpression of 

PTEN has been shown to be associated with a decrease in the levels of pAKTSer473 73. 

Previously, it has been shown that TGF-β can activate PI3-kinase pathway in prostate cancer 

cells as shown by increased phosphorylation of AKT 55–59, and activation of this pathway is 

required for its effects on increased migration and invasion of these cells 32. Here, we show 

that overexpression of PTEN in PC3 cells reduced the phosphorylation of AKT and invasive 

behavior in response to TGF-β3. These results suggest that PTEN inhibits PI3-kinase 

dependent AKT phosphorylation, and that the ability of TGF-β to activate PI3-kinase 

signaling may be inhibited in the presence of PTEN. Our results indicate that PTEN may 

play a role in differential effects of TGF-β on proliferation and invasion of prostate cancer 

cells during different stages of disease progression. Hence a loss of PTEN which is 

extremely common in prostate cancers may lead to enhanced effects of TGF-β on cell 

migration and invasion in advanced stages of cancer and loss of TGF-β effects on cell 

proliferation. PTEN mutations in prostate cancer, and TGF-β’s pro-oncogenic functions in 

advanced stages of the disease, are positively correlated with tumor aggressiveness and poor 

prognosis, which may suggest that PTEN may modulate the “switch” of TGF-β from anti- to 

pro-tumorigenic in prostate cancer.

Conclusion

In conclusion, our results demonstrate that TGF-β increases protein levels of PTEN in 

prostate cancer cells; however, TGF-β has no effect on mRNA levels of PTEN in these cells. 

We also show that lack of PTEN led to increased TGF-β effects on migration in prostate 

cancer cells, whereas overexpression of PTEN, in PTEN null prostate cancer cells, inhibited 

TGF-β effects on cell migration. In addition, overexpression of PTEN in these cells 

decreased TGF-β-induced phosphorylation of AKT, as a result of inhibition of the PI3-

kinase/AKT signaling pathway. Increased proliferation and enhanced TGF-β effects on cell 
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migration and invasion after knockdown of endogenous PTEN could explain the 

upregulation of TGF-β signaling and increased tumor growth and metastatic behavior in 

prostate cancer cells that have deletions or inactivating mutations of PTEN. Therefore 

advancing the knowledge of molecular mechanisms involved in enhanced TGF-β effects on 

proliferation and migration and loss of PTEN may lead to the identification of therapeutic 

strategies for prostate cancer patients.
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Figure 1. Basal expression of PTEN and the levels of pAKTSer473 in prostate cell lines
(A) RT-PCR was performed using total RNA from RWPE1, LNCaP, DU145, and PC3 cells 

to determine mRNA levels of PTEN. L-19 served as a loading control and was used to 

normalize mRNA levels in all cell line samples. No reverse transcriptase (RT) samples 

derived from the same RNAs were also included. (B) Levels of PTEN protein and 

pAKTSer473 as determined by western blotting analysis. β-actin and total AKT (tAKT) were 

used as loading controls. (C) Western blot analysis was performed to determine relative 

protein levels of PTEN and pAKTSer473 in DU145 cells after transfection with control 

siRNA or PTEN siRNA. Total AKT (tAKT) and β-actin were used as loading controls.
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Figure 2. TGF-β isoforms increase PTEN protein levels in DU145 and RWPE1 cells
(A) RT-PCR analysis of PTEN gene expression in DU145 cells after treatment with TGF-β3 

(5ng/ml) at specific time points and different doses of exogenous TGF-β3 for 4 hours. L-19 

was used as a loading control. No reverse transcriptase (RT) samples derived from the same 

RNAs were also included. (B) Western blot analysis of PTEN protein levels in RWPE1 

(upper panel) and DU145 (lower panel) cells after treatment for specific time periods with 

exogenous TGF-β1 and TGF-β3 (5ng/ml). Each bar represents mean ± SEM (n=3). 

*Significantly different (P < 0.05) compared with untreated controls. (C) DU145 cells were 

treated with different doses of TGF-β1 or TGF-β3 for 4 hours. β-actin was used as a loading 

control. Each bar represents mean ± SEM (n=3). *Significantly different (P < 0.05) 

compared with untreated controls.
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Figure 3. TGF-β induces phosphorylation of Smad proteins in DU145 and RWPE1 cells
(Western blot analyses of phosphorylated Smad2 (pSmad2) and Smad3 (pSmad3) in (A) 

DU145 cells and (B) RWPE1 cells after treatment with TGF-β1 or TGF-β3 (5ng/ml) for 15 

and 30 minutes. Total Smad (Smad2/3) and β-actin were used as loading controls. Each bar 

represents mean ± SEM (n=3). Different letters denote significant differences among various 

groups (P < 0.05).
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Figure 4. TGF-β isoforms have no synergistic or additive effect on cell proliferation and cell 
migration in different cell types
(A) DU145 cells were treated with TGF-β1 or TGF-β3 (5ng/ml) or combined (TGF-β1 and 

TGF-β3) to determine cell proliferation. Each bar represents mean ± SEM (n=3). 

*Significantly different (P < 0.05) when compared with appropriate controls. (B) Cell 

migration of PC3 cells across transwell membranes were assayed in response to TGF-β1 

(5ng/ml), TGF-β3 (5ng/ml), TGF-β1 and TGF-β3 combined, or EGF (10ng/ml) treatments. 

EGF was used as a positive control. Each bar represents mean ± SEM (n=3). Different letters 

denote significant differences among various groups (P < 0.05).

Kimbrough-Allah et al. Page 21

Prostate. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. PTEN is required for inhibitory effects of TGF-β on cell proliferation in DU145 cells
(A) DU145 cells were treated with TGF-β1 or TGF-β3 (5ng/ml) to determine cell 

proliferation. Each bar represents mean ± SEM (n=3). *Significantly different (P < 0.05) 

when compared with appropriate controls. (B) Cell proliferation in DU145 cells after 

transfection with control siRNA or PTEN siRNA, and (C) PC3 cells after transfection with 

pcDNA3 GFP empty vector or pcDNA3 GFP PTEN vector, treated with TGF-β1 or TGF-β3 

(5ng/ml) for 3 days. Each bar represents mean ± SEM (n=3). Different letters denote 

significant differences among various groups (P < 0.05). Levels of PTEN proteins after 

transfection with control siRNA or PTEN siRNA in DU145 cells, and empty vector or 

PTEN vector in PC3 cells were determined by western blotting analysis (inset).
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Figure 6. TGF-β isoforms exert differential effects on migratory properties in different prostate 
cancer cells
(A–C) Cell migration of DU145, PC3, and LNCaP cells across transwell membranes were 

assayed in response to TGF-β1 (5ng/ml), TGF-β3 (5ng/ml), or EGF (10ng/ml) treatments. 

EGF was used as a positive control. Each bar represents mean ± SEM (n=3). *Significantly 

different (P < 0.05) compared with untreated controls. Representative images of 

immunofluorescent cells using DAPI to stain the nucleus of the cells. Cells were visualized 

under 10X objective.
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Figure 7. TGF-β isoforms do not induce invasive behavior in DU145 cells
Invasive properties of DU145 cells treated with TGF-β1 (5ng/ml), TGF-β3 (5ng/ml), or EGF 

(10ng/ml) were determined by an invasion assay. Cells were allowed to invade through a 

Matrigel coated porous membrane for 48 hours. Each bar represents mean ± SEM (n=3). 

*Significantly different (P < 0.05) compared with untreated controls.
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Figure 8. Endogenous PTEN inhibits effects ofTGF-β on cell migration in prostate cancer cells
(A) DU145 cells transfected with control siRNA or PTEN siRNA were treated with TGF-β1 

or TGF-β3 (5ng/ml), or EGF (10ng/ml) to determine migratory properties in a transwell cell 

migration assay. Levels of PTEN proteins after transfection with control siRNA or PTEN 

siRNA in DU145 cells were determined by western blotting analysis (inset). Each bar 

represents mean ± SEM (n=3). *Significantly different (P < 0.05) compared with untreated 

controls. (B) PC3 cells after transfected with pcDNA3 GFP empty vector or pcDNA3 GFP 

PTEN vector were treated with TGF-β1 or TGF-β3 (5ng/ml), or EGF (10ng/ml) to 

determine migration using a transwell migration assay. Each bar represents mean ± SEM 

(n=4). *Significantly different (P < 0.05) when compared with untreated controls. Levels of 

PTEN proteins and β-actin (used as a loading control) after transfection with empty vector 

or PTEN vector, in the presence or absence of TGF-β3 or EGF in PC3 cells were determined 

by western blotting analysis (inset). DU145 was used as a positive control.
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Figure 9. Overexpression of PTEN leads to reduced phosphorylation of AKT in response to 
TGF-β3 in PC3 cells
Western blot analysis showing levels of phosphorylation of AKT (pAKTSer473) with or 

without TGF-β3 (5ng/ml) treatment in PC3 cells after transfection with pcDNA3 GFP empty 

vector or pcDNA3 GFP PTEN vector. Total AKT (tAKT) was used as a loading control. 

Each bar represents mean ± SEM (n=4). *Significantly different (P < 0.05) when compared 

with untreated controls.
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