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Abstract: Nodal is a member of the transforming growth factor β (TGF-β) superfamily that plays critical roles during 
embyogenesis.  Recently, we have demonstrated that Nodal induces apoptosis and inhibits proliferation in human 
trophoblast and epithelial ovarian cancer cells.  To further determine the role of Nodal in controlling cellular 
activities, we examined the action of Nodal and its type I receptor, activin receptor-like kinase 7 (ALK7), on breast 
cancer cell lines.  Using RT-PCR, we detected Nodal and ALK7 transcripts in MDA-MB-231 and MCF-7 cells.  
Overexpression of Nodal or activation of constitutively active ALK7 (ALK7-ca) resulted in a significant decrease in 
the number of live cells and a significant increase in the number of dead cells.  This effect was observed for both 
cell lines; however, Nodal and ALK7-ca had a much stronger effect in MDA-MB-231 cells than in MCF-7 cells.  The 
effect of Nodal was blocked by dominant negative mutants of ALK7, suggesting that Nodal acts through ALK7 to 
inhibit cell growth/survival.  Nodal and ALK7-ca inhibited proliferation in both cell lines; however, while Nodal and 
ALK7-ca induced apoptosis in MDA-MB-231 cells, they only had a minor effect on MCF-7 cells. In addition, Nodal 
activated caspase 3 in MDA-MB-231 cells, but had no effect on caspase 3-deficient MCF-7 cells.  The effect of 
Nodal on apoptosis in MDA-MB-231 cells was blocked by a caspase 3 inhibitor. These findings demonstrate that 
the Nodal-ALK7 pathway exerts anti-proliferative and proapoptotic effects in breast cancer cells and suggest that 
caspase 3 is important for Nodal-ALK7-induced apoptosis. 
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Introduction 

 
The transforming growth factor  (TGF-) 
superfamily has been shown to regulate a 
variety of cellular processes ranging from cell 
proliferation, differentiation, adhesion and 
migration to apoptosis and plays key roles in 
development and carcinogenesis [1-3]. The 
TGF-  superfamily encompasses more than 
35 members of structurally related polypeptide 
growth factors including TGF-s, activins, bone 
morphogenetic proteins (BMPs), growth and 
differentiation factors and other factors such 
as Nodal and its related proteins [1-3]. The 
TGF- superfamily transmits their signals from 
the cell surface via transmembrane 
serine/threonine kinase receptor complexes 
consisting of type I and type II receptors. In 

mammals, five type II receptors and seven 
type I receptors (referred to as activin 
receptor-like kinase, ALK1-7) have been 
identified [3-6]. Upon ligand binding, the type II 
receptors recruit and transphosphorylate type I 
receptors. The latter, in turn, phosphorylate 
the receptor activated Smad proteins (R-
Smads). Activated R-Smads then form a 
protein complex with the common Smad 
(Smad4) and translocate into the nucleus 
where they interact with additional 
transcription factors and co-activators or co-
repressors to regulate target gene expression 
[1-3].  

Nodal is an important regulator of embryonic 
development. It plays crucial roles in 
mesoderm formation and left-right axis 
patterning [7-9].  During early embryogenesis, 
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Nodal signals through type II activin receptors, 
ActRIIA or ActRIIB [10]  and ALK4 or ALK7 [11]. 
ALK7 was first cloned from adult rat central 
nervous system as an orphan receptor [12, 
13].  Studies have shown that it can bind with 
Nodal and mediates the effect of Nodal in 
mesoderm formation [11]. The human ALK7 
cDNA has also been cloned [14, 15].  
Furthermore, our laboratory  has discovered 
three additional ALK7 transcripts, derived from 
alternative splicing of the ALK7 gene, that 
encode for truncated and soluble ALK7 
isoforms [14].  

 
Activation of ALK7 has been shown to inhibit 
cell proliferation and to induce morphological 
differentiation in the rat neuronal cell line 
PC12 [16].  Similarly, ALK7 has been reported 
to inhibit proliferation in human trophoblast 
cells [17] and ovarian cancer cells [18].  ALK7 
also induces apoptosis in a variety of cell 
types, such as hepatoma [19], trophoblast 
[17], epithelial ovarian cancer cells [18, 20], 
pancreatic β cells [21] and ovarian follicles 
[22].  Nodal has similar growth inhibiting and 
apoptosis inducing effects as ALK7 in 
trophoblast [17] and ovarian cancer [18, 20, 
23] cells and the effects of Nodal can be 
blocked by dominant negative ALK7 [17, 18, 
20].  These findings suggest that the Nodal-
ALK7 pathway plays an important role in 
regulating cellular activities such as 
proliferation and apoptosis.   
 
To further determine the role of Nodal in 
controlling cellular activities and its underlying 
mechanisms, especially the role of caspase 3 
in Nodal-induced apoptosis, we examined the 
effect of Nodal and ALK7 on proliferation and 
apoptosis in two breast cancer cell lines, MDA-
MB-231 and MCF-7.   
 
Materials and Methods 
 
Cell Lines and cell culture 
 
Human breast cancer cell lines, MDA-MB-231 
and MCF-7 were obtained from American Type 
Cell Collection (Rockville, MD, USA).  Caspase 
3 expressing MCF-7 cells (MCF7/Casp3, 30) 
and its empty vector-transfected control cell 
line (MCF7/neo) were kindly provided by Dr. B. 
Fang (University of Texas M. D. Anderson 
Cancer Center, Houston, Texas) [24].  Cells 
were maintained in DMEM (Invitrogen Canada 
Inc., Burlington, ON) supplemented with 10% 

fetal bovine serum (FBS) (Hyclone, Logan, UT), 
100 IU/ml penicillin and 100µg/ml 
streptomycin (Invitrogen) and 1mM Sodium 
pyruvate (Sigma-Aldrich, Oakville, ON).  
 
Reagents, plasmids and transient transfection 
 
Recombinant mouse Nodal and caspase 3 
inhibitor, Z-DEVD-FMK, were purchased from R 
& D Systems (Minneapolis, MN) and 
Calbiochem (San Diego, CA), respectively.  
Expression constructs for Nodal, constitutively 
active ALK7 (ALK7-ca), and kinase defective 
ALK7 (ALK7-kd) have been previously 
described [17, 18].  Transient transfection was 
performed as described previously [25].  
Briefly, cells were seeded at about 50% cell 
density onto tissue culture dishes (Sarstedt, 
Inc., Montreal, Quebec, Canada) and allowed 
to adhere and grow overnight.  After washing 
the cells, the culture medium was replaced 
with Opti-MEM (Invitrogen) and the cells were 
incubated for 1h prior to transfection.  Plasmid 
DNA and 0.18mM 25kDa polyethyleneimine 
(PEI, Sigma) (0.28µl for each µg of DNA) were 
diluted into 150mM NaCl.  After incubation at 
room temperature for 5 minutes, these two 
solutions were mixed and further incubated at 
room temperature for 12 min. The PEI/DNA 
mixture was then diluted into Opti-MEM 
medium and added to the cells.  After 
incubation for 4h at 37˚C, the culture medium 
was changed to DMEM medium supplemented 
with 10% FBS and cells were recovered for 
different length of time as specified in each 
experiment.  Transfection efficiency, estimated 
by transfecting cells with a GFP containing 
plasimd (pEGFP-N1, BD Biosciences, 
Mississauga, ON), was approximately 40% for 
MDA-MB-231 and 60% for MCF-7 cells.  
 
Determination of cell growth and viability 
 
Cell growth was determined by manual cell 
counting.  MDA-MB-231 and MCF7 cells were 
seeded in 6 well plates at a density of 2x105 

cells/well.  After overnight culture, cells were 
transiently transfected with 2.5µg of pcDNA4, 
ALK7-ca and Nodal plasmid DNA (n=3).  At 
24h, 48h and 72h after transfection, floating 
cells were collected by centrifugation and 
adherent cells were trypsinized.  The number 
of living and dead cells was determined by 
manual cell counting using trypan blue 
exclusion.  Each experiment was repeated two 
times.  
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Cell viability was determined by 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 
bromide (MTT) assay.  Cells were seeded in 96 
well plates at a density of 104cells/well.  Cells 
were transiently transfected with different 
constructs (total amount of DNA was 
0.3µg/well) as indicated in the figure legends 
(n=8 wells).  The number of metabolically 
active cells was measured at 24, 48 and 72h 
post-transfection, using the MTT cell 
proliferation kit I (Roche Diagnostics, Laval, 
QC) following the manufacturer’s instruction.  
To determine if Nodal acts through ALK7, 
Smad2 and Smad3, MDA-MB-231 cells were 
transfected with 0.15 µg of Nodal, either alone 
or in combination with ALK7-kd, DN-Smad2 or 
DN-Smad3.  Vector DNA was used to equalize 
the total amount of DNA in each well.  Forty-
eight hours after transfection, MTT assays 
were performed.   
 
Proliferation assay  
 
Cell proliferation was determined by the 
measurement of 5-bromo-2-deoxyuridine 
(BrdU) incorporation in newly synthesized 
cellular DNA using a cell proliferation ELISA kit 
(Roche). MDA-MB-231 and MCF-7 cells were 
seeded onto 96-well plates at a density of 
104cells/well and incubated overnight at 37˚C 
prior to transfection.  Cells were then 
transfected with different constructs 
(0.3µg/well) as indicated in the figures for 4h.  
The assay was performed as described in the 
manufacturer’s instructions.  Briefly, 10µl/well 
of BrdU labeling solution was added to cells at 
24h, 48h or 72h post-transfection.  Following 
overnight incubation, cells were fixed with 
100µl/well of fixing solution for 30 min at 
room temperature and incubated with anti-
BrdU antibody conjugated with peroxidase for 
90 min.  A substrate solution was then added 
into each well and absorbance was measured 
using the ELISA plate reader. 
 
RNA extraction and RT-PCR 
 
Total RNA was extracted using Trizol reagent 
(Invitrogen) following the manufacturer’s 
protocols.  The RT-PCR was performed as 
described previously [18, 20].  Primers for 
ALK7, Nodal and glyceraldehydes-3-phosphate 
dehydrogenase (GAPDH), p27 and p21 have 
been previously reported [17, 26].  Primers for 
BRCA2 are: forward, AAGACACGCTGCAACAAA 
GC ; reverse, GGACAGGAAACATCATCTGC. 
 

Protein extraction and Western blotting 
 
MDA-MB-231 and MCF-7 cells cultured in 60-
mm dishes were transfected with 5µg of 
plasmid DNA (pcDNA4, Nodal and ALK7-ca). At 
various time points after transfection, cells 
were washed twice with ice-cold PBS and lysed 
with an assay buffer containing 50mM Tris-
HCl, 150mMNaCl, 1% Triton X-100, 0.5% 
deoxycholate, 1% SDS, 1mM dithiothreitol, 
1mM Na3VO4, 5mM NaF, 100mM EDTA, 
10mg/ml aprotinin and 100mM 
phenylmethylsulfonyl fluoride.  Protein 
samples were subjected to SDS-PAGE and 
transferred to a nitrocellulose membrane.  
After blocking with 5% milk in TBS-T for 1h, the 
membrane was then incubated overnight at 
4˚C with a primary antibody:  mouse anti-c-
Myc(1:1000, Santa Cruz); rabbit anti-cleaved 
Caspase 3 (Asp 175, 1:1000, Cell Signaling), 
rabbit anti-human phospho-Smad2(1:1000, 
Cell Signaling), mouse anti-human Bcl-2 and 
Bcl-XL (both at 1:1000, Cell Signaling), or 
mouse anti-human β-actin (1:5000, Sigma).  
The membranes were subsequently incubated 
with horseradish peroxidase-conjugated anti-
mouse or anti- rabbit secondary antibody 
(1:5000, Amersham) for 1h at room 
temperature.  Signals were detected using an 
ECL kit (Amersham) according to the 
instructions of the manufacturer.  
 
DNA fragmentation assay 
 
MDA-MB-231 and MCF-7 cells were plated on 
60-mm dishes and transfected with 5µg of 
pcDNA4, ALK7-ca or Nodal constructs.  48h 
after transfection, floating and adherent cells 
from each dish were combined, pelleted, and 
washed twice with ice-cold PBS.  The pellet 
was re-suspended in 0.2ml lysis buffer 
[100mM NaCl, 10mM Tris-HCl(pH8.0), 1mM 
EDTA, 0.5% Sodium doclecyl sulfate, 
0.20mg/ml Proteinase K and 200µg/ml 
RibonucleaseA].  The cell lysates were 
incubated at 37˚C for 2h.  The genomic DNA 
was extracted and visualized through 
electrophoresis using a 1.5% agarose gel.  
 
In situ cell death detection (TUNEL assay) 
 
Apoptosis at the single cell level was detected 
and quantified using an In Situ Cell Death 
Detection, TMR red kit (Roche Diagnostics) 
following the manufacturer’s protocols.  
Briefly, at 48h following transfection (as 
described in DNA fragmentation assay), 
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floating and attached cells were collected and 
adjusted to the concentration of 2x107 

cells/ml.  An aliquot (100µl) of cell suspension 
was transferred into a tube, and an equal 
amount of a freshly prepared 
paraformaldehyde (4% in PBS, pH 7.4) was 
added.  Following incubation at room 
temperature for 1h, the fixative was removed 
and cells were washed.  Cells were incubated 
in TUNEL reaction mixture for 60 min at 37˚C 
in the dark, washed, re-suspended in PBS and 
examined by fluorescence microscopy.  To 
quantify apoptotic cells, the number of total 
cells and TUNEL positive cells in 5 random 
areas were counted and expressed as % 
apoptotic cells.  To test the caspase 3 inhibitor 
on Nodal-induced apoptosis, MDA-MB-231 
cells were incubated with or without 
recombinant mouse Nodal (rmNodal, 
500ng/ml) in the presence or absence of Z-
DEVD-FMK (50 µM) for 48h and TUNEL 
positive cells counted.  

Statistical analysis 
 
All data were expressed as mean ± SEM from 
a representative experiment.  Each experiment 
was repeated 2-3 times.  Differences among 
multiple groups were determined by one-way 
ANOVA, followed by Student-Newman-Keul’s 
test using GraphPad InStat software.  P<0.05 
was considered significant.  
 
Results 
 
Nodal and related signaling molecules are 
expressed in human breast cancer cells 
 
Expression of mRNAs for Nodal and ALK7 was 
determined by RT-PCR.  Using primers 
spanning exons III and IV, three DNA 
fragments corresponding to the expected sizes 
of ALK7-1, ALK7-3 and ALK7-4 were detected 
in both MDA-MB-231 and MCF7 cells.   
Expression of ALK7-2 was detected by primers 

Figure 1. Expression of four ALK7 transcripts and Nodal mRNA in breast cancer cells.  Total RNA was extracted 
from cells and subjected to RT-PCR using specific primers.  18S (lower panel) was used as an internal control.  
A representative experiment is shown.  bp, base pair. 
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located in exon Ia and exon 2.  Nodal mRNA 
was also observed in both cell lines (Figure 1).  
Both ALK7 and Nodal mRNAs were also 
detected in MCF7-caspase 3 expressing cells 
or its control cell line (Figure 1).  
 
Nodal and ALK7 inhibit human breast cancer 
cell growth and survival 
 
To determine if Nodal and ALK7 exert any 
effects on breast cancer cell growth and 
survival, MDA-MB-231 cells and MCF-7 cells 
were transiently transfected with Nodal, ALK7-
ca, or their vector control, pcDNA4.  Both live 

and dead cell numbers were counted at 24, 
48 and 72h after transfection.  At all time 
points tested, there was a significantly higher 
number of living cells in the control group than 
those in either Nodal or ALK7-ca-transfected 
group.  On the other hand, the number of dead 
cells was significantly higher in Nodal and 
ALK7-ca groups than that in the control group 
(Figure 2).   Although an increase in dead cell 
number and a decrease in living cell number 
following Nodal and ALK7-ca transfection were 
observed in both MDA-MB-231 and MCF-7 
cells, Nodal and ALK7-ca have a much more 
potent effect on inducing cell death in MDA-

Figure 2.  Effect of Nodal and constitutively active ALK7 (ALK7-ca) on breast cell growth and viability.  MDA-
MB-231 (A) and MCF-7 (B) were seeded into 6-cm dishes and transfected with control vector (EV), Nodal (N), 
or ALK7-ca (CA).  The number of live and dead cells was determined by trypan blue exclusion at different time 
points after transfection.  Data represent mean ± SEM (n=3 dishes). * P<0.05 vs other groups at the same 
time point.   
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MB-231 than in MCF-7 cell lines.  Similar 
results were obtained from MTT assays.  
Transient transfection with Nodal and ALK7-ca 
induced a significant reduction in the number 
of metabolically active cells in both cell lines.  
The maximal decrease in MDA-MB-231 cells 
was 35-40% (Figure 3B) while only 10% 
reduction was observed in MCF-7 cells (Figure 
3D).   
 
To confirm that the response observed after 
Nodal transfection was the result of an 
increase in Nodal expression, Western blot 
analysis with anti-c-myc antibody was 
performed using protein samples extracted 
from EV- Nodal- or ALK7-ca-transfected cells.  
Expected size bands corresponding to Nodal 
propeptide and ALK7 were detected in Nodal 
and ALK7-ca transfected samples (Figure 3A, 
C).  Using an antibody specific for phosphor-

Smad2, it was observed that transfection with 
Nodal and ALK7-ca resulted in activation of 
Smad2 (Figure 3A, C).   
 
Nodal and ALK7-ca inhibit breast cancer cell 
proliferation 
 
To determine if the decrease in cell number 
was in part due to the inhibitory effect of Nodal 
and ALK7-ca on cell proliferation, BrdU assays 
were carried out.  In both MDA-MB-231 and 
MCF-7 cells, overexpression of Nodal and 
ALK7-ca resulted in a significant decrease in 
cell proliferation when compared to the vector 
control at 48h after transfection and the effect 
of Nodal was blocked by co-transfection with 
ALK7-kd (Figure 4A, B).  Nodal and ALK7-ca 
had similar effects on inhibiting proliferation in 
both cell lines (Figure 4A, B).  Nodal and ALK7-
ca also increased mRNA levels of p27, p21 

Figure 3. Effects of Nodal and ALK7-ca on breast cancer cell growth.  MDA-MB-231 (A, B) and MCF-7 (C, D) 
cells were transfected transiently with pcDNA4 (EV), Nodal, or ALK7-ca.  At 48h post-transfection, proteins 
were extracted and probed with anti-c-myc antibody to confirm the expression of transgenes, anti-
phosphoSmad2 to confirm the activation of Smad2, and anti-β-actin as a loading control (A, C).  The number 
of metabolically active cells was measured by MTT assays (B, D).  Data represent means ± SEM (n=8 wells). 
Experiments have been repeated twice and similar results obtained.  * p<0.05 vs. the respective pcDNA 
control.   
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and BRCA2 in both MDA-MB-231 and MCF-7 
cells (Figure 4C).  
 
Nodal and ALK7-ca induce apoptosis  

To determine whether the Nodal-ALK7 
pathway also plays a role in regulating 
apoptosis, MDA-MB-231 and MCF-7 cells were 
transfected with Nodal, ALK7-ca or vector 

Figure 4.  Nodal and ALK7-ca inhibited cell proliferation.  A, B) BrdU assays.  MDA-MB-231 (A) and MCF-7 (B) 
cells were transfected with pcDNA4, ALK7-ca, ALK7-kd, Nodal (N) or Nodal plus ALK7-kd.  BrdU assays were 
performed at 48h after transfection. C) RT-PCR measurement of p21, p27, and BRCA2 mRNA levels.  Total 
RNA was extracted from pcDNA4 (EV), Nodal (N) and ALK7-ca (CA) transfected cells at 6 and 24h after 
transfection and RT-PCR performed.  A typical PCR gel picture was shown along with graphs showing 
quantified data (means ± SEM of three independent transfection and RT-PCR experiments). Different letters 
denote statistical significance (P<0.05).   
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control.  The effect of Nodal and ALK7-ca on 
cell apoptosis was determined by DNA 
fragmentation and TUNEL assay.  DNA 
fragmentation results showed that Nodal and 

ALK7-ca transfection 
induced a DNA laddering in 
MDA-MB-231 but not in 
MCF-7 cells (Figure 5A).  
TUNEL assays revealed that 
Nodal and ALK7-ca induced 
apoptosis in MDA-MB-231 
cells.  In contrast, MCF-7 
cells showed a small 
response to Nodal and 
ALK7-ca (Figure 5B). 
 
To determine the possible 
mechanism involved in 
Nodal-ALK7 induced breast 
cancer cell apoptosis, 
Western blot analysis was 
conducted to examine the 
effect of Nodal and ALK7-
ca on the expression of two 
anti-apoptotic proteins, 
Bcl2 and Bcl-XL, as well as 
caspase3 activation.  As 
shown in Figure 5C, Nodal 
and ALK7-ca decreased 
Bcl2 and Bcl-XL levels in 
both cell lines and 
activated caspase 3 in 
MDA-MB-231 cells, 
however, consistent with 
previous reports that MCF-7 
cells lack caspase 3 [27], 
no caspase 3 activation 
was detected in MCF-7 
(Figure 5C).   
 
To further examine the 
involvement of caspase 3 
in Nodal/ALK7-induced 
apoptosis, we tested the 
effect of Nodal and ALK7-
ca on a MCF-7 cell line 
stably transfected with 
caspase 3 (MCF-7/Casp3) 
and its control cell line, 
MCF-7/neo.  Expression of 
caspase 3 was confirmed 
in MCF7/Casp3 cells 
(Figure 6A, B); however, 
while Nodal and ALK7-ca 
down-regulated Bcl2, they 
did not activate caspase 3 
(data not shown) and there 

was no difference in the number of TUNEL 
positive cells between the MCF-7/neo and 
MCF-7/Casp3 cells (Figure 6C).  We then 
tested if a caspase 3 inhibitor would block the 

Figure 5. Nodal and ALK7-ca induced apoptosis.  A) DNA fragmentation 
assays.  MDA-MB-231 and MCF-7 cells were transfected with control vector 
(EV), Nodal (N) and ALK7-ca (CA) and 48h later, DNA extracted and analyzed.   
B) TUNEL assays.  Cells were transfected as in A and apoptotic cells were 
identified by TUNEL staining.  C) Western blot analysis of Bcl2, Bcl-XL, and 
active caspase 3.  Bcl2 and Bcl-XL levels were determined at 24h after 
transfection whereas active caspase 3 was measured at 48h after 
transfection.  
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effect of Nodal.  Treatment of MDA-MB-231 
cells with rmNodal significantly increased 
apoptotic cell numbers and the effect was 
reduced in the presence of Z-DEVD-FMK 
(Figure 7).  

Discussion 
 
Previously, we have shown that Nodal, acting 
through ALK7 and Smad2/3, exerts 
antiproliferative and apoptoic effects in human 

Figure 6. Effects of Nodal and ALK7-ca on apoptosis of caspase 3-expressing MCF-7 cells.  Control 
(MCF7/neo) or caspase 3-expressing MCF-7 (MCF7/Casp3) cells were transfected with Nodal (N), ALK7-ca 
(CA) or their empty control vector (EV) and 48h later, mRNA and protein extracted and TUNEL assays 
performed.  A) RT-PCR detected the expression of caspase 3 in MCF7/Casp3 cells.  B) Western blot showed 
the expression of caspase 3 in MCF7/Casp3 cells and the down regulation of Bcl-2 by Nodal and ALK7-ca in 
both cell lines.  C) TUNEL assays revealed similar effects of Nodal and ALK7-ca on apoptosis between the 
control and MCF-7/Casp3 cells.  *, p<0,05 vs the respective control.  
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trophoblast [17] and ovarian cancer cells [18, 
20, 23].  The present study extends these 
findings to breast cancer cells and 
demonstrates that caspase 3 is required for 
the apoptosis-inducing effect of Nodal/ALK7.   
 
Using RT-PCR, we detected both Nodal and 
ALK7 transcripts in MDA-MB-231 and MCF-7 
cells.  Expression of Nodal mRNA in mammary 
tissues has been reported in mice [28], 
however, to our knowledge, this is the first 
time the expression of ALK7 transcripts have 
been observed   in breast cancer cells.  We 
have previously cloned four ALK7 transcripts 
derived from alternative splicing of the ALK7 
gene[15].  Transcripts 1, 2, 3, and 4 encode, 
respectively, for a full-length receptor, a 
truncated receptor that is missing part of the 
ligand binding domain, and two soluble 
proteins that lack the transmembrane and GS 
domains [15].  Similar to our previous findings 
in trophoblast [17] and epithelial ovarian 
cancer cells [18, 20], the breast cancer cell 
lines we examined also expressed all four 
ALK7 transcripts.  Expression of type IIB activin 
receptor, the known partner of ALK7, and 
Smads in breast cell lines has been previously 
reported [29, 30].  Expression of Nodal and its 
signaling molecules in breast cancer cells 
suggests that Nodal may play an 
autocrine/paracrine role in regulating breast 
cancer cell functions.  
 
The present study demonstrates that Nodal 
exerts an antiproliferative effect on breast 
cancer cells.  Overexpression of Nodal 

decreased live cell numbers and inhibited DNA 
synthesis as measured by BrdU incorporation 
assays.  The finding that Nodal inhibits cell 
proliferation is in  agreement with findings 
from our previous studies in human 
trophoblast cells [17] and ovarian cancer cells 
[18].  The effect of Nodal on cell growth was 
mimicked by ALK7-ca but blocked by dominant 
negative ALK7, suggesting that Nodal acts 
through ALK7 and then activates Smad2/3 to 
inhibit cell proliferation.  Since it has been 
shown that Nodal mainly signals through ALK4 
during embryogenesis [11, 31, 32], the 
involvement of ALK4 in the action of Nodal on 
breast cancer cells can not be excluded.  
Similarly, ALK7 is capable of mediating not 
only Nodal, but also Activin-B and Activin-AB, 
signaling [26, 33].  However, while activin-A 
has been shown to exert growth-inhibitory 
effects on MCF-7 cells [34], but has no effect 
on MDA-MB-231 cells [35], the role of activin-B 
and activin-AB in these cell lines is not known.  
Whether ALK4 and Activin B/AB are involved in 
Nodal/ALK7-regulated breast cancer cell 
proliferation/apoptosis remains to be 
investigated. 
 
In both MDA-MB-231 and MCF-7 cells, we 
observed that Nodal and ALK7-ca up-regulates 
cell cycle inhibitors such as p27 and p21. Our 
recent studies in human trophoblast cells also 
demonstrate that activation of the Nodal-ALK7 
pathway leads to an inhibition of cell cycle 
progression from G1 to S phase and this is 
caused in part by activation of p27 and 
inhibition of cdk2 [17].  Similarly, ALK7 was 
found to up-regulate p15 and p21 in PC12 
cells [16].  These findings suggest that the cell 
cycle inhibitors may be involved in ALK7-
induced cell growth arrest.  Interestingly, we 
found that BRCA2 was transiently up-regulated 
by Nodal and ALK7-ca. Since BRCA2 has been 
found to suppress cell proliferation [36, 37], it 
is possible that it may in part mediate the 
antiproliferative effect of Nodal/ALK7 in breast 
cancer cells. 
 
The results from cell counting and MTT assays 
show that Nodal and ALK7-ca have more 
potent effects on MDA-MB-231 cells than in 
MCF-7 cells.  The different responsiveness 
between the two cell lines is not due to 
different transfection efficiency because 
transfection efficiency in MCF-7 cells was 
higher than that in MDA-MB-231 cells.  In both 
TUNEL and DNA fragmentation assays, we 
found that Nodal and ALK7-ca potently 

Figure 7.   Caspase 3 inhibitor blocked Nodal 
induced apoptosis.  TUNEL assay was performed 
after MDA-MB-231 cells were incubated with 
recombinant mouse Nodal (rmNodal, 500 ng/ml) 
for 48 h with or without 2 hour pretreatment with a 
caspase 3 inhibitor, Z-DEVD-FMK. Data represent 
Mean±SEM (n=3).  Different letters denote 
statistical significance. 
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induced apoptosis in MDA-MB-231 cells but 
only had minor effects in MCF-7 cells.  On the 
other hand, BrdU assays revealed that Nodal 
and ALK7-ca have similar effects in inhibiting 
proliferation in both cell lines.  Therefore, we 
further examined the mechanisms underlying 
the action of Nodal and ALK7 and the steps in 
the apoptosis pathway that are responsible for 
the decrease in response to the pro-apoptotic 
effect of Nodal and ALK7-ca.   Proteins from 
the Bcl-2 family are key regulators of caspase 
activation and apoptosis. The functional 
blockade of some members of this family, 
notably Bcl-2 and Bcl-XL, can lead to apoptosis 
in breast cancer cells [38, 39].  We measured 
Bcl-2 and Bcl-XL protein levels after Nodal and 
ALK7-ca transfection and found that Nodal 
and ALK7-ca decreased Bcl-2 and Bcl-XL levels 
in both cell lines.  Furthermore, we found 
caspase-3 was activated significantly by both 
Nodal and ALK7-ca in MDA-MB-231 cells, 
however, consistent with previous reports [27] 
that MCF-7 cells lack caspase 3, no caspase 3 
activation was detected in MCF-7.  These 
results suggest that in MDA-MB-231 cells, 
activation of the Nodal-ALK7 pathway down-
regulates Bcl-2 and Bcl-XL expression, which in 
turn activates caspase-3, to induce apoptosis.  
This notion is further supported by the finding 
that a caspase 3 inhibitor blocked Nodal-
induced apoptosis.  However, it is unclear why 
expression of caspase 3 failed to restore the 
response to Nodal and ALK7.  Since we did not 
detect active caspase 3 in these cells following 
Nodal and ALK7-ca transfection (data not 
shown), it is possible that other mediator(s) of 
Nodal, which are required for caspase 3 
activation, are also defective in MCF-7 cells. 
 
In addition to the caspase 3-dependent 
pathway, Nodal/ALK7 may also induce 
apoptosis in a caspase 3-independent 
manner.  Although the basal level of apoptosis, 
as detected by TUNEL assay, was low, Nodal 
and ALK7-ca increased the number of TUNEL 
positive cells.  The number of dead cells as 
measured by trypan blue exclusion was also 
increased by overexpression of Nodal or 
activation of ALK7.   Previous studies have 
suggested that Bax can induce apoptosis 
through caspase 3-independent mechanisms 
[24].  Since we have recently shown that Bax 
partially mediates the apoptosis-inducing 
effect of Nodal/ALK7 [20], it is possible that 
Nodal/ALK7 upregulates Bax in breast cancer 
cells and this leads to the induction of 

apoptosis through a caspase 3-independent 
pathway.  
 
Based on our observation that activation of the 
Nodal-ALK7 pathway results in the inhibition of 
cell proliferation and induction of apoptosis in 
breast cancer cells, it appears that Nodal has 
tumor-suppressing activities in breast cancer 
cells.   This is somewhat at odds with the 
findings that Cripto, a co-receptor of Nodal, 
has oncogenic effects in mouse mammary 
epithelial cells and human breast cancer cells.  
Overexpression of Cripto-1 has been shown to 
induce tumor formation, cell migration and 
invasion, as well as tumor angiogenesis [40-
43].  While it is well-documented that Cripto is 
required for Nodal signaling through ALK4 
during embryogenesis [11, 32], Nodal 
signaling through ALK7 is not dependent on 
Cripto [11].  Cripto also has functions 
independent of Nodal signaling.  For example, 
Cripto inhibited activin signaling through ALK4 
and antagonized the growth-inhibitory effect of 
activin-B in human breast cancer cells [43].  In 
addition, Cripto activated MAPK and PI3K 
pathways in a Nodal-independent manner [28, 
44, 45].  Whether or not Cripto plays a role in 
Nodal-inhibited cell growth and survival in 
breast cancer and other cells remains to be 
determined.     
 
While our studies in breast cancer and ovarian 
cancer cells support a role for Nodal/ALK7 
signaling in inhibiting proliferation and 
inducing apoptosis, a recent study has shown 
that Nodal signaling increased melanoma 
aggressiveness, indicating that Nodal has 
tumorigenic activities [46].  Thus, the role of 
Nodal in cancer may be very complex 
depending on the type and/or stage of the 
cancer.  It is well established that TGF-β plays 
dual roles in cancer development.  At early 
stages of tumorigenesis, TGF-β acts as a 
suppressor of tumor growth.  However, as the 
tumor progresses, changes in TGF-β 
expression and cellular responses allow TGF-β 
to stimulate tumor progression, invasion and 
metastasis [47-50].  More studies are required 
to investigate the role of Nodal in 
tumorigenesis. 
 
Taken together, these results demonstrated 
that the Nodal-ALK7 signaling pathway exerts 
antiproliferative and proapoptotic effects in 
breast cancer cells and that caspase 3 is 
important for Nodal-ALK7-induced apoptosis.  
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These findings suggest that Nodal may play a 
role in breast carcinogenesis and further 
studies are required to understand the 
involvement and signaling events of Nodal in 
breast cancer.   
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