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Abstract

TGF-β/Smads signaling plays a significant role in the regulation of growth of normal and prostate 

cancer cells. Smad proteins function as important mediators of intracellular signal transduction of 

transforming growth factor-β (TGF-β). TGF-β signaling pathway is known to regulate cell 

proliferation, differentiation, apoptosis and play a major role in some human diseases and cancers. 

Following their phosphorylation by TGF-β receptor-I, Receptor-regulated Smads (including 

Smad2 and Smad3 proteins) form a heteromeric complex with co-Smad (Smad4) and then 

translocate into the nucleus where they bind and regulate the expression of target genes. ERG (Ets 

Related Gene) belongs to the ETS family of transcriptional factors. Chromosomal rearrangement 

of TMPRSS2 gene and ERG gene has been found in majority of prostate cancers. Over-expression 

of full length or truncated ERG proteins have been shown to associate with a higher rate of 

recurrent and unfavorable prognosis of prostate cancer. In order to understand how ERG 

oncoprotein regulates TGF-β/Smads signaling pathway, we have studied the effect of ERG on 

TGF-β/Smad3 signaling pathway. In this study, we demonstrate that ERG oncoprotein physically 

interacts with Smad3 protein and stabilizes phospho-Smad3 protein and thereby enhance TGF-β/

Smad3 signaling pathway in prostate cells. Thus, ERG oncoprotein plays an important role in 

prostate tumorigenesis by using a novel mechanism to activate TGF-β/Smad3 signaling pathway.
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INTRODUCTION

ERG (ETS Related Gene), an ETS family of transcriptional factor was discovered by Drs. 

Reddy and Rao in 1987 (Rao, 1987, Reddy, 1987). ERG was shown to function as a specific 

DNA transcriptional activator (Reddy, 1991, Siddique, 1993). ERG (DNA binding protein) 

was shown to be fused with RNA binding proteins resulting in fusion proteins that function 

as transcriptional activators in some Ewing tumors and leukemias (Ohno, 1994, Prasad, 

1994, Rao, 1988, Tsuzuki, 2011). The gene fusion between ERG and the androgen 

responsive gene TMPRSS2 (transmembrane protease, serine 2) is a common genetic event 

on chromosome 21 in prostate cancer (Tomlins, 2005). Approximately 50% of prostate 

cancer patients are “fusion-positive” (Furusato, 2008, Shah, 2009). After the gene 

rearrangement, ERG gene expression is up regulated significantly by the androgen-

responsive promoter of TMPRS2. TMPRSS2-ERG fusions accelerate prostate cancer 

progression by promoting cell invasion, activating C-MYC oncogene and abrogating 

prostate epithelial differentiation (Yin, 2011). Recently, Dr. Reddy’s group has shown that 

antiepileptic drug targets ERG-positive prostate cancer cells through activation of tumor 

suppressors and nuclear receptors (Fortson, 2011). Similar results were also observed in the 

Ewing family of tumors (Kayarthodi et al. 2014).

Transforming growth factor-β1 (TGF- β1) signaling pathway is involved in key biological 

processes including cell proliferation, apoptosis, differentiation, human diseases, and 

tumors. TGF-β1 binds to the TGF-β receptor type II (TGF-β RII) and recruits TGF-β 

receptor I (TGF-βRI) and makes a heterodimeric receptor complex. TGF-βRII 

phosphorylates TGF-βRI which in turn phosphorylates Smad2 and Smad3 proteins. 

Phosphoryated Smd2 and Smad3 interact with Smad4 and shown translocate into the 

nucleus as a complex where they bind to transcriptional co-factors and regulate transcription 

of target genes (Feng, 2005, Massague, 2012, Sakaki-Yumoto, 2013). TGF-β signaling 

pathway has been accepted to have a dual role in tumor progression, which is a tumor 

suppressor for normal epithelial and early stages of cancer cells, and the other is a tumor 

promoter in last steps of the metastatic disease (Kocic, 2012, Miles, 2012).

TGF-β/Smad3 signaling pathway regulates many genes at the transcription level in various 

cell types. Although both ERG and Smad3 have been shown to exert differential biological 

effects on prostate cells, intracellular relationships of the two proteins in TGF-β/Smad3 

signaling pathways remain unknown. In this study, we have studied the effect of ERG on 

TGF-β/Smad3 signaling pathway. We demonstrate that ERG induces the transcriptional 

activity of TGF-β/Smad3. In addition, we demonstrate that ERG binds to Smad3 protein and 

stabilizes phospho-Smad3 protein. These results suggest that ERG can induce either 

endogenous or exogenous TGF-β/Samd3-mediated transcriptional activity through 

interaction and stabilization of phosphorylated Smad3 protein. Thus, it appears that ERG 

may play an important role in regulating TGF-β/Smad3 pathway in ERG-positive prostate 

cancer cells.
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MATERIAL AND METHODS

Plasmids and Antibodies

ERG2 expression plasmid (pSG5/erg2) and β-galactosidase expression plasmid pCMVβ 

were described previously. Luciferase reporter plasmid p3TP and pCMV5B/Flag/Smad3 

was obtained from Addgene. Horseradish peroxidase (HRP)-conjugated antibodies to mouse 

or to rabbit IgG was obtained from GE healthcare. Erg 1/2/3 (c-20) rabbit polyclonal IgG 

antibody, Smad1/2/3 (H-2) mouse monoclonal antibody, and β-actin(C-4) mouse 

monoclonal IgG1), and p-Smad3 (Ser 208) rabbit polyclonal antibody was obtained from 

Santa Cruz. Anti-flag-M2-peroxidase (HRP) cloneM2 and anti-Flag-M2-affinity gel was 

obtained from Sigma. Anti-phospho-Smad3 (ser423/425) rabbit serum and anti-Smad3 

(clone EP568Y) rabbit monoclonal antibody was obtained from Milipore.

Cell Culture and Treatments

PNT1A cells (Immortalized normal prostate epithelium cells) were obtained from Sigma-

Aldrich and were cultured in RPMI 1640 (Cellgro) and supplemented with 10% fetal bovine 

serum (American Type Culture Collection). Cells were treated with TGF-β and SB431542 

as described previously (Halder, 2005, Mordasky Markell, 2010). SB431542, TGF-β type I 

receptor inhibitor (from Tocris) was dissolved in DMSO and used at 10 μM. Recombinant 

Human TGF-β1 from R&D system, Inc, was dissolved in sterile 4 mM HCl containing 1 

mg/ml human or bovine serum albumin and made stock solution at 2 μg/mL and used at 5 

ng/ml concentration.

Reporter Gene Assays

Cells were plated into 24-well plates 24 hours prior to transfection and were co-transfected 

with p3TP reporter gene (0.02 μg), a pCMVβ (0.01 μg) and expression plasmids as 

indicated. The expression plasmid pSG5/erg2 (0.08 to 0.64 μg) and pCMV5B/Flag/Smad3 

(0.08 to 0.32 μg) were co-transfected into cells using Lipofectamine TM 2000 (Invitrogen) 

according to the manufacturer’s protocol. The total amount of DNA in all transfection 

experiments was kept constant using appropriate parent empty vector expression plasmids. 

Cells were treated with or without TGF-β1 (5 ng/ml) for 20 hours before harvesting the 

cells. Reporter activity was measured at 48 hours after transfection. The reporter activity is 

expressed as light units. Luciferase activity was measured using the Dual luciferase reporter 

100 assay system (Promega). These values were normalized against β-galactosidase activity. 

All reporter activity was expressed as mean ± S.E. from three duplicate samples. 

Experiments were done at least three times.

Western Blotting Analysis

Cells were transiently transfected with various expression plasmids or parental expression 

vectors using transfection reagent Lipofectamine 2000 (Invitrogen). Forty-eight hours after 

transfection, cell lysates were prepared using lysis buffer [(20 mM Hepes (pH 7.5), 100 mM 

KCl, 0.4 mM EDTA (pH 8.0), 0.2% Igepal CA630, 10 mM β-mercaptoethanol, 0.5 mM 

phenylmethylsulfonyl fluoride (PMSF), and PI Cocktail (Roche Complete Mini EDTA-

free)]. The cell lysates were homogenized by passing through a 27-gauge needle for several 
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times and subjected to centrifugation at 13,000 rpm in a bench top Eppendorf centrifuge. 

Protein concentration was determined using the Bradford method (Bio-Rad). Proteins were 

separated on 4–12% SDS-PAGE gel and transferred to nitrocellulose membranes. 

Membrane was blocked with membrane blocking solution (Invitrogen) and incubated with 

appropriate primary antibodies. Proteins were revealed using the ECL detection kit (GH 

Healthcare). The density of the protein bands were compared using Multi gauge software.

Immunoprecipitation

Cells cultured in a 10 cm dish were harvested in 500 μl of lysis buffer (50 mM Tris, pH7.5, 

150 mM NaCl, 0.1% Nonidet P-40, 1 mM EDTA, 0.25% sodium deoxycholate) containing 

1 mM phenylmethylsufony fluoride (PMSF), protease inhibitor cocktail, and phosphatase 

inhibitor cocktail 2, then passed through 27-gauge needle for several times. Cell lysate were 

incubated for 30 min on ice and then centrifuged at 13,000 rpm in a bench top Eppendorf 

centrifuge. The supernatant was incubated with specific antibodies or control sera and 

protein A/G-agarose beads for overnight at 4 °C. Immunoprecipitates were washed four 

times in lysis buffer, solubilized with SDS sample buffer and separated on 4–12% SDS-

polyacryamide gels followed by Western blotting.

Statistical Analysis

Transcriptional activity analysis results shown by column were from three different 

experiments. Means and standard deviation were calculated. Data were analyzed by 

student’s t-test. P values < 0.05 were considered as statistically significant.

RESULTS

The Transcriptional Activity of TGF-β/Smad3 was Enhanced by ERG

We have investigated that effect of ERG on TGF-β/Samd3 transcriptional activity using the 

reporter gene p3TP which contains three consecutive TPA response elements (TREs) and a 

portion of the plasminogen activator inhibitor 1 (PAI-1) promoter region. In PNT1A cell, the 

endogenous activity of TGF-β/Samd3 was increased by increasing amounts of ERG (Fig. 

1(a)) and also by Smad3 (Fig. 1(c)). Further, the reporter activity induced by TGF-β/Samd3 

was significantly enhanced by the expression of both ERG and Smad3 proteins (Fig. 1(b)). 

These results suggest that ERG can induce either endogenous or exogenous TGF-β/Samd3-

mediated transcriptional activity.

Phosphorylated Smad3 Protein was Increased by ERG

Smad3 proteins are known to be phosphorylated by TGF-β receptor and thereby regulate 

target gene expression. The level of phospho-Smad3 protein is increased in the presence 

TGF-β as expected (Fig. 2(a)). Interestingly, we observed that the expression level of 

phospho-Smad3 protein was increased significantly by ERG in presence of TGF-β (compare 

lane 4 to lane 2, the p-Smad3 protein was increased by 44% in Fig. 2(a)).

Furthermore, we tested the levels of phospho-Smad3 protein at different time points after 

treatment with TGF-β in presence or absence of ERG (Fig. 2(b)). The level of phospho-

Smad3 protein was significantly increased in the presence of ERG (Compared to control, 
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ERG increased the p-Smad3 protein by 89.5% and 95.9% at 4 hours and 6 hours 

respectively) and these higher levels remained in the presence of ERG even after six hour 

treatment with TGF-β. These results indicate that ERG can increase and/or stabilize the 

phospho-Smad3 protein.

ERG Protein Binds to Both Smad3 and Phospho-Smad3 Protein

To investigate whether ERG and Smad3 proteins interact with each other, we performed co-

immunoprecipitation assay after co-transfecting ERG and Smad3 expression plasmids into 

PNT1A cells (Fig. 3(a)). Anti-Flag-Smad3 brings down ERG suggesting that exogenous 

Smad3 interacts with ERG (Fig. 3(a), lane 4). Similarly, we observed that Anti-Smad3 

brings down endogenous Smad3 or phospho-Smad3 protein along with ERG in ERG 

transfected PNT1A cells (Fig. 3(b), Compare lane 8 to lane 7, ERG proteins increased more 

than 200%). These results suggest that ERG interact with Smad3 and phospho-Smad3 

protein in vivo.

ERG Inhibits the Effect of SB431542 on TGF-β/Smad3 Signaling Pathway

SB431542, a small molecular inhibitor of TGF-β type I receptor, is known to inhibit TGF-β/

Smad3 signaling pathway. It is also known to inhibit phosphorylation of Smad3 and Smad2 

(Mordasky Markell, 2010). Since above results suggest that ERG interacts with Smad3 and 

stabilizes the phosphorylation of Smad3, we tested the effect of ERG on the inhibitory 

properties of SB431542 on transcriptional activity of TGF-β/Smad3. We co-transfected 

increasing amounts ERG expression plasmid along with Smad3 expression plasmid into 

PNT1A cells and then treated the cells with SB431542. As expected, we found that the 

transcriptional activity of TGF-β/Smad3 was inhibited by SB431542. However, this 

inhibition of SB431542 on transcriptional activity of TGF-β/Smad3 was relieved by 

increasing expression of ERG (Fig. 4(a)). These results suggest that ERG counteracts the 

inhibitory properties of SB431542. It is possible that ERG may interact with TGF-β type I 

receptor and thereby interfere with the interaction of SB431542 and TGF-β type I receptor 

as shown in Figure 4(b). It is likely that ERG may also activate TGF-β type I receptor 

through its interaction.

DISCUSSION

TGF-β/Smad3 signaling plays an important role in the regulation of normal cells and cancer 

cells, but more details are still needed to understand its role in prostate and other cancers (de 

Caestecker, 2000, Tian, 2011, Yue, 2001). In the present study, we have investigated the 

role of ERG oncoprotein on Smad3, which functions as a key intracellular mediator of the 

TGF-β signaling pathway. We tested the effect of ERG on TGF-β/Smad3 signaling pathway 

in normal prostate cells (PNT1A). We show that the transcriptional activity of both 

endogenous and exogenous TGF-β/Smad3 was enhanced by ERG. We also demonstrate that 

ERG oncoprotein interacts with both Smad3 and increased phosphorylated Smad3 proteins. 

It appears that ERG induces phosphorylation of Smad3 protein by activation of TGF-β 

receptor I kinase activity (Fig. 4(b)) and also stabilizes Smad3 by direct interaction with 

Smad3 and phospho-Smad3.
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As expected SB431542, small molecule inhibitor of TGF-β receptor I decreased TGF-β/

Smad3 transcriptional activity. Interestingly, ERG reverses the inhibitory function of 

SB431542 on TGF-β/Smad3 transcriptional activity. These results suggest that ERG 

activates TGF-β receptor I activity by interaction with the receptor and stabilizes 

phosphorylated Smad3 protein by binding to Smad3 and phospho-Smad3 and thereby 

enhances TGF-β/Smad3 signaling pathway. These results strongly support that ERG 

oncoprotein plays an important role in regulating TGF-β/Smad3 pathway in ERG-positive 

prostate cancer cells (Fig. 5).

Variants of ETS gene fusions have been reported (Liu, 2013, Ohno, 1994, Sreenath, 2011). 

TMPRSS2-ERG is the most common fusion detected in prostate cancer (45–70%), with 

great diversity in the precise structure of the TMPRSS2-ERG hybrid transcript found in 

human prostates (Tomlins, 2005). The role of ETS gene fusions in prostate carcinogenesis is 

not fully understood. It is reported that there is a low or no expression of ERG in benign 

prostate cells, and high expression of ERG in prostate cancer cells because of 

TMPRSS2:ERG fusion (Huang, 2009). These studies suggest that compared with ERG-

negative prostate cancer patients, the ERG-positive patients have a low rate of high Gleason 

grade, poor prostate cancer cell differentiation, and African American ethnicity (Hu, 2008). 

Some studies suggest causal roles of ERG protein in prostate cancers. In early prostate 

cancer development, TMPRSS2-ERG gene fusions may be an initial-trigger point and 

resulted in over expression of ERG (Klezovitch, 2008, Polson, 2013). Our results suggest 

that over expressed ERG proteins bind to phospho-Smad3 protein and make phospho-Smad3 

more stabilized leading to increased amount of phospho-Smad3 in the nucleus, resulting in 

enhancing the activity of TGF-β/Smad3 signaling pathway. TGF-β/Smad3 signaling activity 

was completely abrogated by TGF-β receptor1 inhibitor SB431542 but increasing amount of 

ERG relieved the inhibitory activity of TGF-β/Smad3. These results indicated that ERG 

binds phospho-Smad3 and stabilizes it in the nucleus even though import amount of 

phospho-Smad3 from cytoplasm to nucleus is decreased because of TGF-β receptor 

inhibition (Fig. 5).

Ubiquitin-dependent protein degradation plays a key role in many biological processes. 

Smad3, a mediator for TGF-β, is degraded by the ubiquitin-proteasome pathway. In the 

nucleus, small amounts of Smad3 is dephosphorylated by phosphatase and directly exported 

from the nucleus to cytoplasm (Shi, 2003). Most of Smad3 protein in the nucleus interacts 

with a RING finger protein, ROC1, through its C-terminal MH2 domain. Smad3 bound to 

ROC1-SCFFbw1a (an E3 ubiquitin ligase complex) is then exported from the nucleus to the 

cytoplasm where it is subjected to proteasomal degradation (Fukuchi, 2001). This ubiquitin-

proteasome-mediated degradation of Smads regulates the levels of Smads in cells (Derynck, 

2003). Even though Smads are not enzymes, they still function as key regulators of TGF-β/

Smads pathway and thereby show profound effect on cellular responses with little change in 

Smad protein levels (de Caestecker, 2000).

In this study, we find that ERG can enhance the activity of Smad3, in absence or presence of 

TGF-β. Furthermore, we showed that ERG directly interacts with Smad3 and phospho-

Smad3 and also stabilized phospho-Smad3 protein levels in the nucleus. Our results 
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demonstrate that ERG can also relieve the function of SB431542 on TGF-β/Smad3 signaling 

pathway. Possible mechanism are:

(1) ERG binds to phospho-Smad3 and make latter not to bind to other proteins 

especially involved in ubiquination and reduce the amount of ubiquited Smad3;

(2) ERG bound to phospho-Smad3 and thereby inhibits the dephosphorylation of 

Smad3 and consequently decrease the amount of Smad3 exported from nucleus 

to cytoplasm;

(3) ERG activates TGF-β receptor I activity through direct or indirect interaction 

with TGF-β receptor I (Fig. 4(b)). The above-mentioned possibilities result in an 

increased amount of phosphorylated-Smad3 in the nucleus and enhanced the 

transcriptional activity of TGF-β/Smad3 (Fig. 5).

The TGF-β signaling pathway have a dual role in cancer progression, which is a tumor 

suppressor for normal epithelial and early stages of cancer cells, and also, it is a tumor 

promoter in final stages of the metastatic diseases (Kocic, 2012, Miles, 2012, Tarasewicz, 

2012). Our results provide support that ERG plays a major role in prostate cancer 

progression through the regulation of TGF-β signaling pathway. Thus, these results have 

great implications in diagnosis and treatment of ERG-positive prostate cancers (Fang, 2014).
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Figure 1. 
Effect of ERG on TGF-β/Smad3 transfection activity. PNT1A cells were transiently co-

transfected with p3TP reporter gene, pCMVβ and expression plasmids or parental empty 

expression vector as indicated. Cells were treated with or without TGF-β1 for 20 hours 

before harvest. Reporter activity was measured at 48 hours after the transfection. All 

reporter activity was shown as mean ± S.E. from three samples. The reporter activity is 

expressed as light units. (a), Endogenous TGF-β/smad3 activity is increased by ERG. 

PNT1A cells were transiently transfected with increasing amount of expression plasmid 

ERG. (b), The activity of TGF-β/Smad3 is increased by ERG. PNT1A cells were transiently 

co-transfected with expression plasmids ERG and Smad3. (c), The TGF-β/Smad3 activity is 
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increased by increasing amount smad3 transfection. PNT1A cells were transiently 

transfected with increasing amount of expression plasmid Smad3. *, p<0.05; **, p < 0 01
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Figure 2. 
Endogenous phospho-Smad3 increased by ERG. (a) and (b), PNT1A cells were transfected 

with expression plasmid pSG5/ERG or parental empty expression vector. The cells were 

treated with or without TGF-β1 as shown for 2 hours (a) and for 30 minute, 1 hour, 2 hours, 

4 hours 6 hours (b) before harvest. Total cell extracts were prepared and subjected to SDS-

PAGE followed by western blot analysis using anti-ERG, anti-phospho-Smad3, anti-Smad3, 

and anti β-actin antibody.
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Figure 3. 
ERG protein binds to Smad3 and phospho-Smad3 protein in PNT1A cells. (a), ERG 

interacts with exogenous Smad3 proteins. PNT1A cells were transiently co-transfected with 

expression plasmids Smad3 and ERG or parental empty expression vector. Total cell 

extracts were prepared and subjected to immunoprecipitation (IP) using antibody against 

Flag (anti-Flag-M2-affinity gel). Immunoprecipitates were subjected to western blot analysis 

using anti-ERG antibody. (b), ERG protein binds to endogenous Smad3 and phospho-Smad3 

protein. PNT1A cells were transiently transfected with expression plasmid ERG2 or parental 

empty expression vector. Cells were treated with TGF-β for 2hours before harvest. Total cell 

extracts were prepared and subjected to immunoprecipitation (IP) using normal mouse IgG 

and antibody against anti-Smad3. Immunoprecipitates were subjected to western blot 

analysis using anti-p-Smad3, anti-Smad3, and anti-ERG antibody.
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Figure 4. 
ERG relieves the effect of SB431542, small molecule inhibitor of TGF-β receptor I on TGF-

β/Smad3 signaling pathway. (a) PNT1A cells were transiently co-transfected with p3TP 

reporter gene, pCMVβ and the expression plasmids for ERG and Smad3 or parental empty 

expression vector. The cells were treated with or without SB431542 at 10 μM for 24 hours 

as shown and with TGF-β1 for 6 hours before harvesting the cells. Reporter activity was 

measured at 48 hours after transfection. All reporter activity was shown as mean ± S. E. 

from 3 samples. *, p < 0 05; **, p < 0 01. (b) Possible mechanism of action by ERG on 

SB431542. Smad3 is phosphorylated by TGF-β binding to its receptor. SB431542 inhibits 

the activity of TGF-β receptor I and decrease the amount of phosphorylated Smad3. ERG 

activates TGF-β receptor I activity through direct or indirect interaction with TGF-β receptor 

I. (P: Phosphorylated group).
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Figure 5. 
Phosphortlated Smad3 is stabilized by ERG in prostate cells. Smad3 is phosphorylated by 

TGF-β through binding to its receptor. Phosphorylated Smad3 forms a complex with 

phosphorylated Smad2 and the co-Smad (Smad4) and translocates to the nucleus. 

Phosphorylated Smad3 is stabilized by binding to ERG in nucleus. (CF: Co-factor; P: 

Phosphorylated group).
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