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Abstract
BACKGROUND—Nodal, a TGFβ like growth factor, functions as an embryonic morphogen that
maintains the pluripotency of embryonic stem cells. Nodal has been implicated in cancer
progression; however, there is no information on expression and functions of Nodal in prostate
cancer. In this study, we have investigated the expression of Nodal, its receptors, and its effects on
proliferation and migration of human prostate cells.

METHODS—RT-PCR, qPCR, and Western blot analyses were performed to analyze expression
of Nodal and Nodal receptors and its effects on phosphorylation of Smad2/3 in prostate cells. The
effects on proliferation and migration were determined by 3H-Thymidine incorporation and cell
migration assays in the presence or absence of Nodal receptor inhibitor (SB431542).

RESULTS—Nodal was highly expressed in WPE, DU145, LNCaP, and LNCaP-C81 cells with
low expression in RWPE1 and RWPE2 cells, but not in PREC, PC3 and PC3M cells. Nodal
receptors are expressed at varying levels in all prostate cells. Treatment with exogenous Nodal
induced phosphorylation of Smad2/3 in WPE, DU145, and PC3 cells, which was blocked by
SB431542. Nodal dose-dependently inhibited proliferation of WPE, RWPE1 and DU145 cells, but
not LNCaP and PC3 cells. Nodal induced cell migration in PC3 cells, which was inhibited by
SB431542; Nodal had no effect on cell migration in WPE and DU145 cells. The effects of Nodal
on cell proliferation and migration are mediated via ALK4 and ActRII/ActRIIB receptors and
Smad 2/3 phosphorylation.

CONCLUSIONS—Nodal may function as an autocrine regulator of proliferation and migration
of prostate cancer cells.
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INTRODUCTION
Transforming growth factor-β (TGF-β) superfamily is composed of nearly 30 growth factors
including TGFβ proteins, bone morphogenetic proteins (BMPs), activins, inhibins, Nodal
and its related proteins (1–4). These growth factors are involved in a variety of physiological
processes that are essential for tissue development and homeostasis. There are two types of
membrane serine/threonine kinase receptors that are required for the functions of TGFβ-like
growth factors. Seven members of the type I receptors (activin receptor like kinase (ALK)
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1–7) and five members of the type II receptors have been characterized in mammals (5).
TGFβ superfamily ligands bind to type II receptors which then associate with specific type I
receptors resulting in phosphorylation and activation of type I receptors (1–7).
Consequently, the activated type I receptor phosphorylates the appropriate Smad proteins.
Smad2 and Smad3 respond to Nodal, TGFβs, and activins, whereas Smad1, Smad5, and
Smad8 mediate BMP signaling (6). Phosphorylated Smads interact with the co-Smad
protein, Smad4, and then translocate to the nucleus to regulate expression of target genes (1–
4).

TGFβ superfamily members are expressed in both embryonic and somatic stem cells (7) and
several studies have implicated these ligands in the maintenance of pluripotency and self-
renewal of embryonic stem (ES) cells and differentiation of various types of somatic stem
cells (7,8). Nodal is a novel member of the TGFβ superfamily; it inhibits differentiation,
maintains the pluripotency of human embryonic stem cells (hESCs), and promotes the self-
renewing capacity of mouse ES cells (9). Nodal also plays an important role in the induction
of dorsal mesoderm, anterior patterning, and formation of left-right asymmetry during early
embryonic development (10–15). Gene Expression Omnibus Database shows that Nodal
expression is restricted to embryonic tissues and hESCs, but re-emerges during
tumorigenesis in certain types of cancers (http://www.ncbi.nlm.nih.gov/sites/entrez).

Recently, studies of neoplastic tissues have revealed evidence of self-renewing, stem-like
cells within tumors called cancer stem cells (CSCs) (16), which exhibit characteristics
similar to normal stem cells such as the capacity to perform self-renewal and differentiation
(16–18). So far, CSCs have been identified in a variety of human cancers including
leukemias (19–21), prostate (22–26), breast (27), colon (28), brain (29), ovarian (30), and
pancreatic cancer (31). The first putative CSC subpopulation was identified in breast
carcinoma which was isolated and characterized by high CD44 and low CD24 (CD44+/
CD24−/low) expression levels (27). However, CSCs also express many of the same markers
used to identify and isolate normal stem cell populations such as CD133, CD44, integrins,
breast cancer resistance proteins (BCRPs), and stem cell antigen-1 (Sca1) (32). In addition,
Gu et al. (33) reported direct evidence of a putative prostate CSC originating from a single
cell, which differentiates into luminal and neuroendocrine epithelial cells as well as basal
cells in vivo.

Since Nodal-related signaling components are upregulated in many human cancers (34–36),
it has been suggested to play a role in cancer progression. Xu et al. (37) have demonstrated
that Nodal induces apoptosis and inhibits proliferation via ALK7 in human ovarian
epithelial cancer cells and human trophoblast cells. The zebrafish embryo model has been
used to study the interaction between human melanoma cells and embryonic progenitor
cells; Nodal was shown to be secreted by aggressive melanoma cells and eventually induced
ectopic formation of the zebrafish embryonic axis (38). The expression of Nodal in human
metastatic carcinomas (melanoma and breast) is correlated with cancer progression;
inhibition of Nodal signaling decreases cell invasiveness, colony formation, and
tumorigenicity (35).

Several studies have investigated the role of TGFβ superfamily members such as TGFβ
(39,40), activins (41–44), and bone morphogenetic proteins (BMPs) (45–48) in prostate
cancer cells; however, the expression and role of Nodal in prostate cancer development and
progression have not been investigated. In this study, we have used prostate stem cells and
established prostate cancer cell lines to investigate the expression of both Nodal and its
cognate receptors and the biological effects of Nodal on prostate cell proliferation and
migration.
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MATERIALS AND METHODS
Chemicals and reagents

Recombinant human Nodal and TGFβ1 were purchased from R&D systems (Minneapolis,
MN). Anti-Nodal and anti-ActRIIB antibodies were purchased from Abcam Inc.
(Cambridge, MA). The antibodies against phospho-Smad2 and phospho-Smad3 were
purchased from Cell Signaling Technology, Inc. (Danvers, MA). Anti-Smad2/3, anti-
ActRIB, and anti-ActRII antibodies were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Anti-β-Actin antibody was purchased from Sigma-Aldrich (St. Louis,
MO). The anti-rabbit and anti-mouse immunoglobulins coupled to horseradish peroxidase
(IgG-HRP) were obtained from Promega (Madison, WI) and donkey anti-goat IgG HRP was
obtained from Santa Cruz Biotechnology, Inc. SB431542 (inhibitor of activin receptor like
kinase (ALK) 4/5/7) was purchased from Tocris Bioscience (Ellisville, MO). Okadaic acid
potassium salt (specific inhibitor of protein phosphatases PP1and PP2A) was purchased
from Sigma-Aldrich.

Cell Culture and Cell Treatments
Normal prostate epithelial cells (PREC) were obtained from Lonza (Walkersville, MD).
Prostate stem cells with high expression of cytokeratin 5, 14 and MMP-2 but low expression
of cytokeratin 18, androgen-independent for growth and survival cell line (WPE),
immortalized prostate luminal epithelial cell line (RWPE1), k-ras transformed RWPE1 cell
line (RWPE2), prostate cancer cell lines (LNCaP, DU145 and PC3) were obtained from
American Type Culture Collection (ATCC, Rockville, MD). LNCaP is an androgen-
dependent cell line isolated from a lymph node lesion. Androgen-independent derivative of
LNCaP cells (C-81) were provided by Dr. Ming-Fong Lin (University of Nebraska). DU145
and PC3 are androgen-independent cell lines derived from brain and bone metastatic sites,
respectively. PC3M cells, derived from a PC3 xenograft were obtained from Dr. Girsh Shah
(University of Louisiana). PREC were cultured in prostate epithelial basal medium (Lonza
Inc., Walkersville, MD). WPE, RWPE1, and RWPE2 were maintained in keratinocyte
serum free medium containing 50 μg/ml gentamycin, 0.05 mg/ml bovin pituitary extract
(BPE), and 5 ng/ml epidermal growth factor (EGF) (Invitrogen, Carlsbad, CA). LNCaP and
C-81 cells were routinely maintained in RPMI 1640 containing 4 mM glutamine, and 50 μg/
ml gentamycin. DU145, PC3, and PC3M cells were cultured in Eagle's 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 also 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.
Both MEM and RPMI media (Mediatech, Herndon, VA) were supplemented with 5% fetal
bovine serum (HyClone, South Logan, Utah).

To determine the effects of Nodal on phospho-Smad2/3, prostate cells were cultured in 6-
well plates at the density of 4 × 105 cells/well, pretreated with okadaic acid (10 μM) for 10
min or SB431542 (10 μM) for 1 h, and followed by treatment with 100 ng/ml of rhNodal for
10, 20 or 30 minutes. The cells were washed with ice-cold phosphate-buffered saline and
lysed in lysis buffer (Cell Signaling Technology, Beverly, MA) containing 20 mM Tris–HCl
(pH 7.5), 150 mM NaCl, 1mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg/ml leupeptin and 1×
protease inhibitor cocktail (Calbiochem, San Diego, CA). Protein concentrations were
determined by the Lowry HS assay using the Bio-Rad DCProtein Assay kit (Bio-Rad,
Hercules, CA) according to the instruction provided by the manufacturer.
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RNA isolation, Reverse Transcription (RT), PCR and Quantitative Real Time PCR
Total RNA was isolated from prostate cells using TRIzol (Invitrogen, Carlsbad, CA) and the
resulting RNA samples were quantified by optical density reading at 260 nm as described
previously (49); OD260/OD280 ratio for RNA samples was between 1.8 and 2.0. Total RNA
(2 μg) were 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 h.
The reaction was terminated by heating the samples at 70°C for 5 min and subsequently
cooled to 4°C.

The real-time PCR was performed with iCycler (Bio-Rad, Hercules, CA, USA) in 96-well
plates. A SYBR-Green Master Mix (Bio-Rad) was used in a volume of 25 μl/well. The
thermal profile for the real-time PCR was as follows: 1, 95°C for 3 min; 2, 95°C for 15s; 3,
60°C for 1 min; 4, repeating steps 2 and 3 for 40 times; 5, 95°C for 1min; 6, 55°C for 1 min;
7, 55°C for 10 s; 8, repeating step 7 for 100 times. Melting curves were examined for the
quality of PCR amplification of each sample. Relative quantification of Nodal mRNA
expression was determined using the 2−ΔΔCt method (50) with L-19 as an internal control.

Polymerase chain reaction (PCR) was performed to detect mRNA levels of Nodal, ALK4,
ALK7, ActRII, ActRIIB, Smad2, Smad3, Smad4, Smad7, and L-19. The PCR reaction
mixture was composed of 0.1 mM dNTPs, 0.5 U Taq DNA polymerase, 10× PCR buffer
with 3 mM MgCl2 and 25 pM of the specific primers in a total volume of 15 μl. Primer
information and the size of expected amplicons for individual genes are shown in Table 1.
L19 (a ribosomal protein) was used as a template control. RNA samples processed without
RT and PCR amplified by L-19 primers were used as negative controls. Amplification was
performed at 94°C for 15s, 60°C for 15s, and 72°C for 15s for 40 cycles for Nodal; at 94°C
for 20s, 60°C for 30s, 72°C for 45s for 35 cycles (for ALK4, ALK7, ActRII, ActRIIB, and
L-19); at 94°C for 15s, 60°C for 15s, 72°C for 45s for 35 cycles (for Smads 2, 3, 4, and 7).
For all PCRs, an initial step was at 95°C for 2 min and a final extension was at 72°C for 10
min. The PCR products were separated on 1.5–2% agarose gels or 4% super fine resolution
(SFR) agarose gels (Amresco, Solon, OH) stained with ethidium bromide.

Western blot analysis
Western blot analyses were performed as described previously (49). Briefly, cell lysates
were mixed with Laemmeli buffer (62.5 mM Tris, pH 6.8, 2% SDS, 5% β–mercaptoethanol,
and 10% glycerol). Individual samples (30–35 μg protein) were subjected to SDS-PAGE in
8% –10% gels and transferred to PVDF membranes (Millipore). After blocking the
membranes with 5% fat free milk in TBST (50 mM Tris, pH 7.5, containing 0.15 M NaCl,
and 0.05% Tween–20) for 1h at room temperature, the membranes were incubated with
appropriate dilutions of specific primary antibodies (1:1000 for anti-p-Smad2, anti-p-Smad3,
anti-Smad2/3, and anti-Nodal antibodies; 1:200 for anti-ActRII antibody; 1:500 for anti-
ActRIB and anti-ActRIIB antibodies; 1:20,000 dilution was used for anti-β-actin antibody)
overnight at 4°C. After washing, the blots were incubated with anti-rabbit or anti-mouse IgG
HRPs at a dilution range of 1:2000–1:20,000 for 1 h. The blots were developed in ECL
mixture (Thermo Fisher Scientific Inc., Rockford, IL) and the density of specific protein
bands were determined by QuantityOne image analysis software.

Cell proliferation assay
The effects of Nodal on cell proliferation were determined using 3H-thymidine incorporation
assay as described previously (49). Briefly, prostate cells were plated in 24-well plates at the
density of 4 × 104 cells/well and maintained with 5% FBS. Cell cycle synchronization was
performed by serum starvation for 24h. The cells were treated at various concentrations (10,
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100, and 500 ng/ml) of rhNodal in the presence of 5% FBS for 18h. The media were then
removed and fresh media containing 1 μci/ml 3H-Thymidine (GE-Amersham, Piscataway,
NJ) were added and the cells were incubated for 4 h prior to determining the incorporation
of 3H-thymidine into DNA. The radiolabelled medium was replaced with cold distilled
water and the cells were lysed by ultrasonication. The cell lysates were allowed to pass
through DE81 ion-exchange filter membrane using Millipore vacuum module and washed
twice with distilled water. The filters were transferred to scintillation vials containing
scintillation cocktail (Fisher Scientific, Pittsburgh, PA) and the radioactivity was determined
by a scintillation counter (Beckman Instruments). Each treatment group was assayed in
replicates of four and each experiment was repeated at least three times.

Cell migration assay
In vitro cell migration assay was performed using 24-well transwell inserts (8 μm) (51).
Briefly, cells were washed once with MEM and harvested from cell culture dishes by
EDTA-trypsin into 50 ml conical tubes. The cells were centrifuged at 500 g for 10 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 rat tail collagen (50 μg/ml) overnight at 4°C. The next
day, aliquots of rat tail collagen (50 μl) were added into the transwell inserts to coat the
inside of the membranes. The inserts were left for 1.5 hr at room temperature before being
washed thoroughly with 3 ml MEM. Chemoattractant solutions were made by diluting
rhNodal (10, 100, 500 ng/mL) or EGF (3 ng/ml) into MEM for DU145 and PC3 cells or
KSFM for WPE-stem cells supplemented with 0.2% BSA. MEM or KSFM containing 0.2%
BSA served as a negative control. EGF was used as a positive control (52). 400 μl of control
and chemoattractant solutions were added into different wells of a 24-well plate. Aliquots of
100 μl cell suspension were loaded into transwell inserts that were subsequently placed into
the 24-well plate. The transwell insert-loaded plate was placed in a cell culture incubator for
5 h. At the end of the incubation, transwell inserts were removed from the plate individually;
the cells inside transwell inserts were removed with cotton swabs. The cleaned inserts were
fixed in 300 μl of 4% paraformaldehye (pH 7.5) for 20 minutes at room temperature. Cells
on the outside of the transwell insert membrane were stained using HEMA 3 staining kit
(Fisher Scientific Inc, TX). The stained cells were counted in four non-overlapping low
power fields of a light microscope, and the average number of cells reflected the cell
migration status in each transwell insert. To avoid experimental bias, a systematic random
sampling technique was applied in the selection of representative fields, which was executed
by the comparison of representative fields selected and counted by different persons.

The results were expressed as migration index defined as: the average number of cells per
field for test substance/the average number of cells per field for the medium control. The
experiments were conducted at least three times using independent cell preparations.

Statistical analysis
All experiments were repeated at least three times using a different cell preparation. The
results are presented as means ± SEM of three independent experiments and images from a
single representative experiment are presented. ANOVA and Duncan's modified multiple
range test were employed to assess the significance of differences between treatment groups.

RESULTS
Expression of Nodal and its signaling components in prostate cell lines

Nodal mRNA and protein—Total RNAs and proteins were extracted from prostate stem
cells (WPE), normal prostate epithelial cells (PREC), immortalized prostate luminal
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epithelial cell line (RWPE1), k-ras transformed RWPE1 (RWPE2) cells, and prostate cancer
cell lines (LNCaP, LNCaP-C81, DU145, PC3 and PC3M). The mRNA levels of Nodal were
determined by RT-PCR, real time PCR and the proteins levels were determined by Western
blot analysis. As shown in Fig. 1A, RT-PCR detected Nodal mRNA in all cell lines;
however, the expression levels differed in specific cell lines. The identity of the RT-PCR
product with Nodal was confirmed by sequencing. To determine the quantitative differences
in the expression of Nodal, the levels of mRNA in the cell lines was determined using
quantitative real-time PCR. As shown in Fig. 1B, the basal levels of Nodal mRNA were
detected in PC3 and PC3M cells. In contrast, Nodal mRNA levels in WPE cells were 6.84
fold higher than those observed in PC3 and PC3M cells. Intermediate Nodal mRNA levels
were observed in LNCaP (4.48 fold), LNCaP-C81 (3.7 fold), and DU145 (2.6 fold) cells.
Nodal mRNA levels in PREC, RWPE1, and RWPE2 cells were 1.74, 2.27, and 1.83 fold
higher than those detected in PC3 and PC3M cells.

To examine the presence of Nodal protein in these prostate cell lines, the total cell lysate
proteins were separated on 10% SDS-PAGE and transferred onto PVDF membrane for
Western blot analysis with specific anti-Nodal antibody. The Western blot analysis detected
pro-Nodal protein in WPE, RWPE2, LNCaP, LNCaP-C81, and DU145 cells, but not in
PREC, RWPE1, PC3, and PC3M cells (Fig. 2). Quantitative analysis showed that Pro-Nodal
protein levels were significantly (P<0.05) higher in WPE, LNCaP, LNCaP-C81, and DU145
cells. Low levels of Nodal protein were detected in RWPE2 cells; however, it was
significantly (P<0.05) lower than that observed in other cell lines. Nodal protein was not
detected in PREC, RWPE1, PC3, and PC3M cells.

Nodal Receptors—Nodal signals by binding to heterodimeric complexes between type I
(ALK4 and ALK7) and type II (ActRII and ActRIIB) receptors (53). This results in
activation of the Smad2/3/4 complex, which translocates to the nucleus where it regulates
gene expression (53). To determine whether Nodal signaling receptors are expressed in
prostate cells, we determined the levels of receptor mRNA and proteins in all cell lines used
above. As shown in Fig. 3, Nodal receptors (ALK4, ALK7, ActRII, and ActRIIB) and
Smads 2, 3, 4, and 7 were expressed at varying levels in prostate cell lines. The expression
of ALK4 mRNA was detected in WPE, PREC, RWPE1, RWPE2, LNCaP, LNCaP-C81,
DU145, PC3 and PC3M cells. ALK7 mRNA was undetectable in all prostate cell lines.
ActRII mRNA was expressed in all cell lines at different levels. Interestingly, ActRII
mRNA levels were highest in WPE and DU145 cells. ActRIIB mRNA was also detected in
all prostate cell lines. Additionally, Smads 2, 3, 4, and 7 are intracellular signal components
of Nodal receptors, which were expressed ubiquitously in all prostate cell lines (Fig. 3A).
The Western blot analysis showed that ALK4 and ActRII proteins were present in all
prostate cell lines; however, both receptors were highly expressed in all prostate cancer cell
lines compared to the normal cells (PREC, RWPE1) (Fig. 3B). On the other hand, ActRIIB
protein was only detected in the WPE cells and HeLa cells (used as positive controls) (Fig.
3B).

Table 2 summarizes the data on the expression of Nodal and its receptors in 9 prostate cell
lines. On the basis of the expression patterns of Nodal and Nodal receptors, we chose WPE,
RWPE1, DU145 and PC3 cells for functional studies. While all four cell lines express Nodal
receptors, WPE and DU145 cells express Nodal protein but RWPE1 and PC3 cells lack the
expression of Nodal.

Activation of Nodal signaling in prostate cell lines
Type I and Type II receptors of Nodal and related Smads are expressed in stem cells and
prostate cancer cells; therefore, we investigated whether functional Nodal receptors are
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present in prostate cell lines and whether they are coupled to Smad signaling pathway. To
achieve this, we studied the effects of exogenous rhNodal on Smad 2/3 phosphorylation in
WPE, DU145, and PC3 cells. These cells were treated with rhNodal and TGFβ1 (as a
positive control) for different time periods. Western blot analysis showed that Smad2 was
phosphorylated in a time-dependent manner in WPE (1.67 fold), DU145 (1.81 fold), and
PC3 (1.47 fold) cells in response to Nodal and TGFβ1 at 30 min after treatment (Fig. 4A,
B). Phosphorylation of Smad3 was much weaker than that of phosphorylation of Smad2.

A specific inhibitor of ALK4/5/7 (SB431542), which has previously been shown to abrogate
the effects of Nodal in target cells [10], blocked phosphorylation of Smad2 in WPE and
DU145 cells in response to rhNodal (Fig. 4C).

The effects of Nodal on cell proliferation in prostate cell lines
Nodal and TGFβ growth factors have been shown to regulate cell growth in different types
of cells (34–36). We investigated the effects of different concentrations of rhNodal on
cellular proliferation in WPE, RWPE1, LNCaP, DU145, and PC3 cells under normal growth
conditions. 3H-thymidine incorporation assay showed that treatment with rhNodal dose-
dependently decreased DNA synthesis in WPE, RWPE1, and DU145 cells (Fig. 5). On the
other hand, treatment with rhNodal had no effect on proliferation of LNCaP (data not
shown) and PC3 cells (Fig. 5).

The effects of Nodal on cell migration in prostate cell lines
Previous studies have shown that Nodal expression was considerably higher in invasive and
metastatic human cancer cells (54,55) and it has been suggested that Nodal may be involved
in the invasive and metastatic behavior of the cancer cells. To test this possibility, we
investigated the biological effects of Nodal on cell migration in WPE, DU145 and PC3 cells.
Our results showed that treatment with rhNodal stimulated cell migration in PC3 cells (1.82
fold) but not in WPE (data not shown) or DU145 cells (Fig. 6A, B). On the other hand, EGF
used as a positive control induced cell migration in both DU145 (1.71 fold) and PC3 (1.73
fold) cells (Fig. 6A, B). As shown in Fig. 6C, pretreatment with a specific inhibitor of
ALK4/5/7 (SB431542) completely blocked the stimulatory effects of Nodal on migration of
PC3 cells indicating the involvement of ALK4 in Nodal effects. The inhibitor did not
influence the EGF (3 ng/ml) induced migration of PC3 cells.

DISCUSSION
The results presented in this study demonstrate for the first time that Nodal and its receptors
are expressed in prostate epithelial stem cells (WPE) and prostate cancer cells (LNCaP,
LNCaP-C81, and DU145). All prostate cells express ALK4 and ActRII receptors and
exogenous Nodal induced a time dependent phosphorylation of Smad2 indicating the
presence of functional receptors. Nodal exerted differential effects on prostate cancer cells;
it inhibited proliferation in WPE, RWPE1, and DU145 cells while it had no effect on the
proliferation of LNCaP and PC3 cells. On the other hand, it induced migration in PC3 cells
but not in WPE or DU145 cells.

It has been suggested by several studies that cancer cells reacquire characteristics of stem
cells as indicated by the expression of genes associated with ES cells (16). Nodal plays an
important role in the maintenance of pluripotency of human ES cells and its expression is
lost in differentiated cells; however, several cancer cells reacquire the expression of Nodal
and its receptors. Previous studies have shown that Nodal was expressed in human breast
(56), melamona (54), and ovarian (37,57) cancer cell lines, but is weakly expressed in
normal epithelial cells. Our results confirm the presence of Nodal in WPE, LNCaP, LNCaP-
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C81, and DU145 cells, but its expression was low or absent in PrEC, RWPE1, RWPE2 cells.
Our results indicated significant discrepancies in the levels of Nodal mRNA and Nodal
protein in various cell types. While Nodal mRNA was detected in most cell lines by RT-
PCR and real-time PCR, Nodal protein was present only in some cell lines. Both Nodal
mRNA and Nodal protein were undetectable in PC3 and its derivative PC3M cell line. These
results indicate the involvement of post-transcriptional and post-translational mechanisms in
the regulation of Nodal expression in different cell types. Our results also indicate that the
data on mRNA levels determined by gene expression analysis without simultaneous protein
measurements need to be interpreted with caution.

Our results also confirm the similarity of WPE-stem cells to ES cells. WPE-stem cells
express high levels of Nodal in addition to other ES markers such as cytokeratins 5 and 14
and MMP-2 but low expression of cytokeratin 18 (58). They are also androgen-independent
for growth and survival (58). Our data confirms the previous findings in several other cell
types and shows that Nodal is also expressed in prostate stem cells and its expression is low
or absent in differentiated prostate epithelial cells, and that Nodal expression is reacquired
by the prostate cancer cells.

Recently several studies have reported that cancers may arise from cancer stem cells (CSCs)
which exhibit characteristics similar to normal stem cells (16). CSCs have been identified in
a variety of human cancers including leukemias (19–21) and solid tumors such as prostate
(22–26), breast (27), colon (28), brain (29), ovarian (30), and pancreatic cancers (31). In
prostate, Kasper has suggested that during tumorigenesis, different types of cells in the
prostate cell lineage may acquire epigenetic modifications and genetic mutations(32,59).
The resulting tumors exhibit differentiated or undifferentiated characteristics depending
upon the stem/progenitor cell-of-origin (32,59,60). Mutations in early tissue progenitor cells
would promote development of poorly differentiated cancer and solid tumors. Gu et al. (33)
presented the first direct evidence for the existence of a putative prostate cancer stem cell. A
specific population of prostate cancer stem cells was identified with the capability of
developing into basal, luminal, and neuroendrocrine epithelial cell types in vivo, indicating
that they arise from a common stem/progenitor cell (33). We observed significant
differences in the expression of Nodal in different prostate cancer cell lines. Nodal mRNA
and protein expression was relatively high in LNCaP and DU145 cells but it was completely
absent in PC3 and PC3M cells. These differences in the expression of Nodal support the
notion that different cancer cells may originiate from cancer stem cells at different levels of
differentiation (59).

Nodal signaling is initiated by binding of the ligand to type II receptors (ActRII and
ActRIIB) which form heterodimers with type I activin-like kinase receptors (ALK 4 or
ALK7) and leading to the phosphorylation of Smad2 and Smad3 proteins (53).
Phosphorylated Smad2/3 then associate with Smad4 and translocate to the nucleus to
regulate gene expression. We observed that mRNA for Nodal receptors, especially type I
receptor (ALK4) and type II receptors (ActRII and ActRIIB) were expressed ubiquitously in
all prostate cells used in this study. The transcript of ALK7 was very low or undetectable in
all prostate cell lines, indicating that ALK7 may not be involved in the possible effects of
Nodal in prostate cancer cells. In addition, protein expression of Nodal type I (ALK4) and
type II (ActRII) receptors were detected in all prostate cells; however, ActRIIB was
expressed only in WPE and HeLa cells. Based on these results, it is logical to assume that
Nodal may signal via heterodimeric complexes composed of type II (ActRII) and type I
(ALK4) receptors in prostate cancer cell lines while WPE stem cells may also be able to
utilize ActRIIB in Nodal effects on these cells.
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The expression of functional Nodal receptors was confirmed by the ability of exogenous
Nodal to induce phosphorylation of Smad2. We treated WPE, DU145, and PC3 cells with
rhNodal and TGFβ1 (as a positive control) at various time points. We observed that Nodal
and TGFβ1 stimulation led to Smad2 and Smad3 phosphorylation at Serine 423/425 and
465/467. However, the effects of Nodal on Smad3 phosphorylation were not as significant
as those on Smad2 phosphorylation in WPE, DU145, and PC3 cells. These results indicate
that Nodal primarily employs Smad2 for intracellular signaling in prostate cell lines. Since
ALK7 expression was not detectable in prostate cell lines, it appears that Nodal activity in
prostate cells is mediated by ALK4 via a Smad2 mechanism. This finding was further
confirmed by the use of a specific ALK4/5/7 inhibitor (SB431542); Nodal effects on Smad2
phosphorylation were blocked by pretreatment with SB431542 in both WPE and DU145
cells.

The expression of both Nodal and its cognate receptors in some prostate cell lines indicates
paracrine and autocrine roles of Nodal in these cells. It is interesting to note that some
cancer cell lines (LNCaP, DU145 cells) express both Nodal ligands and the signaling
receptors, while others (PC3 and PC3M) do not express the ligand but express the Nodal
receptors. These results indicate that development and progression of prostate cancer may
involve both autocrine and paracrine effects of Nodal. It is tempting to suggest that Nodal
secreted by putative cancer stem cells (33) may exert paracrine effects on cancer cells until
they acquire autocrine mechanisms. Alternatively, prostate cancer cells differing in the
expression of Nodal ligand may represent their origin from stem cells with varying degrees
of differentiation (32,59).

Earlier studies in human trophoblast cells and human epithelial ovarian cancer cells have
shown that Nodal induces apoptosis and inhibits proliferation via ALK7 and Smad2/3
(37,57,61,62). In the present study, we observed the inhibitory effects of Nodal on cellular
proliferation of WPE, RWPE1, and DU145 cells, but had no effect on the proliferation of
LNCaP and PC3 cells. These results suggest that some prostate cell lines develop resistance
to exogenous rhNodal, while other cell lines such as WPE, RWPE1, and DU145 cells are
sensitive to the growth inhibitory effects of rhNodal on their proliferation. Nodal inhibits
proliferation in more differentiated cells (WPE) while more metastatic and undifferentiated
cells (PC3) are not affected. However, Nodal induces migration of PC3 cells. Previous
studies also have shown that Nodal expression was considerably higher in invasive and
metastatic cell lines such as human ovarian, melanoma and breast cancer cells (54,55,63);
therefore, we also studied the effects of Nodal on cell migration. Interestingly, Nodal had
significant effects on migration of PC3 cells but had no effect on migration of WPE and
DU145 cells. Pretreatment with a specific inhibitor of ALK4/5/7 (SB431542) completely
blocked Nodal induced cell migration of PC3 cells. While SB431542 did not influence EGF
(3 ng/ml) induced cell migration of WPE, DU145, and PC3 cells.

Nodal exerts different biological effects on cell proliferation and migration which are
specific to different cell lines indicating that Nodal may have different effects in prostate
cancer cells depending upon the stage in cancer progression and the cell microenvironment.
Similar differential effects during different stages of cancer progression have been
demonstrated in several studies of the TGFβ superfamily members. For example, in earlier
stages of cancer development, TGFβ inhibits proliferation of prostate epithelial cells and
prostate cancer cells; however, in the later stages, TGFβ does not inhibit proliferation but is
involved in invasive and metastatic behavior of these cells (39,40). The effects of Nodal and
TGFβ on cell proliferation were comparable in prostate cell lines used in the present study.
TGFβ isoforms signal through ALK5 (Type I receptor) and our studies have not ruled out an
involvement of ALK5 in Nodal effects. Further studies are required to investigate whether
there is a cross-talk between TGFβ and Nodal signaling in prostate cancer cells. However,
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our recent results on the comparative effects of TGFβ1 and Nodal in LNCaP cells indicate
that the two cytokines use distinct cell signaling mechanisms (Vo et al., unpublished data).

In conclusion, we demonstrate for the first time that Nodal is expressed in prostate epithelial
stem cells and that its expression is lost in differentiated epithelial cells. However, Nodal
mRNA and protein (and its receptors) are expressed in some prostate cancer cells and
exogenous Nodal inhibits proliferation and induces migration depending upon the cellular
context and microenvironment. These studies suggest autocrine and paracrine roles of Nodal
during different stages of prostate cancer development and progression.
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FIGURE 1.
Steady-state levels of Nodal mRNA in prostate cell lines. A. Total RNAs were isolated and
semi-quantitative RT-PCR was performed to determine the mRNA expression of Nodal in
prostate cell lines. JEG3 is the human choriocarcinoma cell lines, which was used as a
positive control. L-19 was used as an internal control. A panel of No RT samples derived
from the same RNAs is also included. B. Quantitative real-time PCR was performed to
quantify the expression level of Nodal. The relative concentration of each PCR product was
determined using the 2−ΔΔCt method. L-19 was used as an internal control. Data are
expressed as Mean ± SEM (n=3), and were analyzed by ANOVA and Duncan's modified
range test. Statistically significant differences between groups in a given category (P < 0.05)
are designated with different lowercase letters.
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FIGURE 2.
Western blot analysis of Nodal protein levels in prostate cell lines (Upper panel). Total
cellular proteins were separated by SDS polyacrylamine gel electrophoresis and blotted
using an anti-Nodal antibody. Anti-β-actin blots were used as loading controls. Quantitative
analysis of Nodal protein in prostate cell lines was carried out after normalization to the
signal obtained with β-actin (Lower panel). Each bar represents Mean ± SEM (n=3).
Statistically significant differences between groups in a given category (P < 0.05) are
designated with different lowercase letters.
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FIGURE 3.
A. Steady-state mRNA levels of Nodal receptors (ALK4, ALK7, ActRII, and ActRIIB) and
Smads 2, 3, 4, and 7, in prostate cell lines. Total RNAs were extracted and semi-quantitative
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RT-PCR analyses were performed. L-19 was used as an internal control. A panel of No RT
samples derived from the same RNAs is also included. B and C. Western blot analysis of
type I (ALK4) and type II (ActRII and ActRIIB) receptors protein levels in prostate cell
lines. Total cellular proteins were separated by SDS polyacrylamine gel electrophoresis and
blotted using anti-ALK4, anti-ActRII, and anti-ActRIIB antibodies. HeLa cells were used a
positive control. Anti-β-actin blots were used as loading controls.
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FIGURE 4.
Activation of Nodal signaling in prostate cell lines. A. Western blot analyses of
phosphorylated Smad2 and 3, Smad2/3, and β-actin in WPE, DU145, PC3 cells at different
time periods after treatment with rhNodal (200 ng/ml). TGFβ (10 ng/ml) was used as a
positive control. Western blot using anti-Smad2/3 and anti-β-actin antibodies were used as
internal controls. B. Quantitative analysis of p-Smad2 and p-Smad3 in WPE, DU145, PC3
cells treated with rhNodal were relative to that of the untreated control (designated as one)
after normalization to the signal obtained with Smad2/3. Each bar represents Mean ± SEM
(n=3). *Significant differences (P < 0.05) compared to untreated controls.
C. Western blot analyses of phosphorylated Smad2 and β-actin in WPE and DU145 cells
after pre-treatment with ALK4/5/7 inhibitor (SB431542, 10 µM). Quantitative analysis p-
Smad2 in WPE and DU145 cells treated with rhNodal, after pretreatment with SB431542.
For further details, see legend to Fig. 4B. Each bar represents Mean ± SEM (n=3).
*Significant differences (P < 0.05) compared to untreated controls.
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FIGURE 5.
Effects of Nodal on DNA synthesis in WPE, RWPE1, DU145, and PC3 cells as determined
by 3H-thymidine incorporation assay. The cells were serum-starved for 24 h and treated with
different concentrations of rhNodal for 18 h in the presence of 5% FBS. The cells were then
pulse-labeled for 4 h with 1μci/ml 3H-Thymidine and radioactivity was determined by liquid
scintillation counting. Each bar represents Mean ± SEM (n=3). *Significant differences (P <
0.05) compared to untreated controls.
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FIGURE 6.
Differential effects of Nodal on migration of prostate cell lines. A. Representative images
from different treatments of DU145 and PC3 cell lines. Cells were visualized under 10×
objectives. EGF (3ng/ml) used as a positive control, induced migration in both cell lines. B.
Nodal dose-dependently induced migration in PC3 cells but not in DU145 cells in a
transwell migration assay. Each bar represents Mean ± SEM (n=3). *Significant differences
(P < 0.05) compared to untreated controls. C. Pretreatment with SB431542 (10 μM) for 30
min blocked the migration of PC3 cells induced by Nodal (500 ng/ml) but not in EGF (3 ng/
ml). The data were presented as Mean ± SEM (n=3). *Significant differences (P < 0.05)
compared to untreated controls.
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Table 1

Primers used for the detection of target mRNAs

Gene Primer Sequence (5'→3') Product size (bp)

Forward TGTTGGGGAGGAGTTTCATC

Nodal Reverse GCACAACAAGTGGAAGGGAC 98

Forward CTGACACCATTGACATTGCC

ALK4 Reverse TGTGGAGAGAGGGAGCAGTT 446

Forward GACATGAAAACATCCTTGGT

ALK7 Reverse ACTTCTGGTCACAAACAACC 585

Forward ACTTGTTCCAACTCAAGACC

ActRII Reverse ACTTTTGATGTCCCTGTGAG 463

Forward CTCCCTCACGGATTACCTCA

ActRIIB Reverse AGGGCAGCATGTACTCATCC 428

Forward CTTTTGTTGTGTAAGCTCTCACTG

Smad2 Reverse GACCTTCTACCACTTTCAGAGTTG 247

Forward GGGATACCAGCAGCAAGAGAG

Smad3 Reverse ATTGTGAAGACGGTTACCTGAAAG 202

Forward TTGCGTCAGTGTCATCGACAG

Smad4 Reverse CCAGCCTTTCACAAAACTCATCC 210

Forward AATATTTTCCTCCTGAGTGCTTGC

Smad7 Reverse ATTTCTGCTTCCCCTCTTCCTATC 215

Forward GAAATCGCCAATGCCAACTC

L-19 Reverse TCTTAGACCTGCGAGCCTCA 405
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