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Abstract

Introduction

Transforming growth factor-B superfamily has been
implicated in tumorigenesis. We have recently shown
that Nodal, a member of transforming growth factor-B
superfamily, and its receptor, activin receptor-like kinase
7 (ALK7), inhibit proliferation and induce apoptosis in
human epithelial ovarian cancer cell lines. In this study,
we further investigated the cellular mechanisms
underlying the apoptotic action of ALK7 using an
immortalized ovarian surface epithelial cell line,
IOSE397, and an epithelial ovarian cancer cell line,
OV2008. Infection of these cells with an adenoviral
construct carrying constitutively active ALK7
(Ad-ALK7-ca) potently induced cell death; all cells died
after 3 and 5 days of Ad-ALK7-ca infection in IOSE397
and OV2008 cells, respectively. ALK7-ca induced the
expression of proapoptotic factor Bax but suppressed
the expression of antiapoptotic factors Bcl-2, Bcl-XL, and
Xiap. Silencing of Bax by small interfering RNA in
IOSE397 cells significantly reduced ALK7-ca-induced
apoptosis as measured by terminal deoxynucleotidyl
transferase – mediated dUTP nick end labeling assay but
partially blocked ALK7-ca-induced caspase-3 activation
and did not affect the down-regulation of Xiap by
ALK7-ca. Dominant-negative Smad2, Smad3, and Smad4
blocked ALK7-ca-regulated Xiap and Bax expression
and caspase-3 activation. Thus, ALK7-induced
apoptosis is at least in part through two
Smad-dependent pathways, Bax/Bcl-2 and Xiap.
(Mol Cancer Res 2006;4(4):235 – 46)

Ovarian carcinoma is the most fatal gynecologic malignancy and is the fourth leading cause of cancer death in women
(1-3). The epithelial ovarian cancer (EOC), arisen from the
ovarian surface epithelium (OSE), constitutes f90% of cases
of ovarian cancer (4). The transforming growth factor-h (TGFh) superfamily has been implicated in many developmental,
physiologic, and pathologic processes, including tumorigenesis
(5-8). Several members of the TGF-h superfamily, including
TGF-h, activin/inhibin, and bone morphogenetic protein-4,
have been shown to regulate proliferation and apoptosis in
OSE and EOC cells (7, 9-12). Recently, we showed that
Nodal, which is known as an important regulator of
embryogenesis (13, 14), inhibits proliferation and induces
apoptosis in several EOC cell lines (15), suggesting a role for
Nodal in ovarian tumorigenesis.
Members of TGF-h superfamily exert their functions by
interacting with type I and II serine/threonine kinase receptors
(5-8). They bind to the type II receptors and then combine
with the type I receptors to form a complex. The type I
receptors are subsequently phosphorylated by the type II
receptors and in turn activate intracellular substrates, such as
Smad proteins (5-8, 16). Receptor-regulated Smads are
activated by type I receptors through phosphorylation, form
complex with Smad4, and translocate into the nucleus to
regulate gene transcription (5-8, 16). Currently, seven type I
receptors, called activin receptor-like kinase (ALK) 1-7, have
been characterized in mammals (6, 7). ALK4, ALK5, and
ALK7 form a subgroup of the type I receptors that activate
Smad2 and Smad3 (7, 17).
ALK7 was first discovered in the rat as an orphan receptor
(18, 19). The human ALK-7 cDNA was subsequently cloned
(20, 21). Our laboratory has also identified additional isoforms
of ALK7, including two soluble isoforms and a transmembrane
isoform, which is truncated by 50 amino acids in the NH2
terminus, generated by alternative splicing (21). Thus far, three
ligands have been identified for ALK7: Nodal (22) and activin
AB and activin B (23). Nodal was found to signal through
activin receptor type IIB (ActRIIB) and ALK4 or ALK7
during embryonic development (22). Recently, ALK7 was
also reported to form a complex with active receptor type IIA
to transmit activin B and activin AB signals in pancreatic
cells (23).
Several studies have suggested a role for ALK7 in regulating
various cellular functions. Activation of ALK7 has been
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reported to inhibit cell proliferation and induce morphologic
differentiation in a rat pheochromocytoma cell line, PC12
(24). Overexpression of constitutively active ALK7 (ALK7ca) induced apoptosis in rat and human hepatoma cell lines
(25). Our laboratory has shown that the overexpression of
Nodal or ALK7-ca decreased cell proliferation and increased
apoptosis in human trophoblast (26) and EOC (15) cell lines.
The effect of Nodal was blocked by dominant-negative ALK7,
indicating that Nodal acts through ALK7 to regulate cell
proliferation and apoptosis (15, 26).
In mammalian cells, apoptosis is mediated by the death
receptor and the mitochondrial pathways (27, 28). The
death receptor pathway mainly activates caspase-8, which in
turn activates downstream effector caspases, including
caspase-3, caspase-6, and caspase-7. In the mitochondrial
pathway, cytochrome c from the mitochondria binds and
activates apoptosis protease activating factor-1, which in turn
activates caspase-9 (27, 28). Similar to caspase-8, caspase-9
also activates the same effector caspases. Bcl-2 and
Bcl-XL are antiapoptotic factors that inhibit apoptosis by
associating with proapoptotic factors, Bak and Bax, at the
mitochondrial membrane to prevent the release of cytochrome c (27, 28). Xiap is a key member of the inhibitor
of apoptosis protein family, which blocks apoptosis by
inhibiting the activity of caspase-9, caspase-3, and caspase-7
(29). ALK7 has been reported to trigger cytochrome c
release in hepatoma cells (25). In ovarian cancer cells, we
have shown that ALK7 activation elevated caspase-9 activity
and down-regulated Xiap expression (15). These findings
suggest that ALK7 induces apoptosis through the mitochondrial pathway. However, the precise molecular and cellular
mechanism by which ALK7 induces apoptosis remains
largely unknown.
The aim of this study was to explore the cellular and
molecular mechanisms underlying ALK7-induced apoptosis
in normal and malignant ovarian epithelial cells. We
identified several molecules specifically the Bcl-2 family
and Xiap that are important in mediating ALK7-induced
apoptosis.

Results
Expression of ALK7 and Its Related Signaling Molecules
in Ovarian Epithelial Cells
We have shown previously the mRNA expression of Nodal,
ALK7, and their downstream mediators, Smads, in several EOC
cell lines (15). To determine whether IOSE397 cells also
express Nodal-ALK7 signaling molecules, reverse transcription-PCR (RT-PCR) was done. Using primers that span exons
III and IV of the ALK7 gene (15, 21), three DNA fragments
corresponding to the expected sizes of three ALK7 transcripts,
ALK7-1, ALK7-3, and ALK7-4, were detected in both
IOSE397 and OV2008 cells (Fig. 1). The expression of
ALK7-2 was also observed after RT-PCR using a sense primer
that is specific for transcript 2 and an antisense primer common
to all transcripts. Furthermore, RT-PCR with specific primers
detected the expression of Nodal, ActRIIB, Smad2, Smad3, and
Smad4 in both cell lines (Fig. 1).
Activation of ALK7 Induces Apoptosis in IOSE397 and
OV2008 Cells
Infection of IOSE397 and OV2008 cells with various
adenovirus constructs, Ad-GFP, wild-type ALK7 (Ad-ALK7wt), or Ad-ALK7-ca, yielded f95% efficiency as estimated by
the green fluorescent protein (GFP) expression. Cells infected
with Ad-GFP and Ad-ALK7-wt had a similar growth rate,
whereas Ad-ALK7-ca significantly increased the number of
dead cells when compared with Ad-GFP-infected and AdALK7-wt-infected groups in both cell lines at all time points
tested. On the other hand, Ad-ALK7-ca significantly decreased
the number of live cells starting at 48 hours postinfection. All
Ad-ALK7-ca-infected IOSE397 cells died at 72 hours postinfection, whereas some of the OV2008 cells stayed alive until
120 hours after infection (Fig. 2). When compared with the
mock-infected control, Ad-GFP also caused some cell death
(Fig. 2), suggesting that the adenoviral vector has some toxicity
in these cells.
To determine if the cell death induced by Ad-ALK7-ca was
due to apoptosis, several experiments were done. Using
Hoechst staining technique, we observed that ALK7-ca induced

FIGURE 1. Expression of
four ALK7 transcripts and
mRNAs of Nodal, ActRIIB,
Smad2, Smad3, and Smad4
in IOSE397 and OV2008 cells.
Total RNA was extracted from
both cell lines and subjected
to RT-PCR using specific
primers. Glyceraldehyde-3phosphate dehydrogenase
(GAPDH) was used as an internal control. Representative
experiment.
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FIGURE 2. Effect of ALK7-ca on ovarian
epithelial cell growth and viability. IOSE397
and OV2008 cells were seeded into 6-cm
dishes and infected with Ad-GFP, Ad-ALK7wt, or Ad-ALK7-ca for 4 hours. The number of
live and dead cells was determined by trypan
blue exclusion at different time points after
infection. Cells without infection were used as
an internal control. Points, mean (n = 5
dishes); bars, SE. *, P < 0.05 versus noninfected control, Ad-GFP, and Ad-ALK7-wt at
the same time point. The experiment was
repeated twice with similar results.

typical apoptotic nuclear morphology, such as nuclear shrinkage, condensation, and fragmentation, in IOSE397 and OV2008
cells (Fig. 3A). MitoShift assays and Western blot analyses
were done to determine if there is a disruption of mitochondrial
membrane potential and a release of cytochrome c. IOSE397
and OV2008 cells were infected with Ad-GFP, Ad-ALK7-wt,
or Ad-ALK7-ca, and at 24 hours (IOSE397) or 48 hours
(OV2008) after infection, cells were subjected to MitoShift
assays or protein extraction. In control cells, the dye was
located in the mitochondria and appeared as a punctate,
perinuclear, red staining of fluorescence (Fig. 3B). In cells
infected with Ad-ALK7-ca, the dye shifted out of the
mitochondria to the cytoplasm, where it produced a diffuse
fluorescence, indicating the disruption of the mitochondrial
membrane potential (Fig. 3B). Western blots of cytosolic and
mitochondrial proteins probed by anti – cytochrome c antibody
revealed that there was an increase in cytochrome c in the
cytosolic fraction after Ad-ALK-ca infection (Fig. 3C). Finally,
the activation of caspase-9 and caspase-3 was determined by
Western blot analyses. In both cell lines, the level of cleaved
fragments of caspase-3 and caspase-9 was increased at 24 hours
after infection with Ad-ALK7-ca, whereas the procaspase-3 and
procaspase-9 levels were slightly decreased (Fig. 3D). To
confirm the activation of caspases, the blots were reprobed with
an antibody against poly(ADP-ribose) polymerase (PARP), a
substrate of caspase-3, and an increase in PARP cleavage was
observed in Ad-ALK7-ca-infected cells (Fig. 3D).
Effects of Ad-ALK7-ca on Bcl-2 Family and Xiap
Expression
Because the Bcl-2 family plays major roles in regulating
apoptosis by controlling the release of cytochrome c from
mitochondria and interfering with mitochondrial membrane
functionality, we next investigated whether ALK7 alters the
expression of Bcl-2, Bcl-XL, and Bax at mRNA and protein
levels. Infection with Ad-ALK7-ca resulted in a decrease in

Bcl-XL mRNA levels at 24 hours after infection in both cell
lines (Fig. 4A). Bcl-XL protein contents were also decreased
by Ad-ALK7-ca in IOSE397 and OV2008 cells (Fig. 4A).
Similarly, Bcl-2 expression at mRNA and protein levels in both
cell lines was also reduced by Ad-ALK7-ca (Fig. 4B) at 24
hours postinfection. On the other hand, the expression of
proapoptotic factor, Bax, was increased after Ad-ALK7-ca
infection at both mRNA and protein levels (Fig. 4B). AdALK7-ca significantly reduced the ratio of Bcl-2 to Bax
(Fig. 4B). The basal expression level of antiapoptotic factors,
Bcl-2 and Bcl-XL, was higher in OV2008 cells than in
IOSE397 cells, whereas the basal level of proapoptotic
regulator Bax was higher in IOSE397 cells than in OV2008
cells (Fig. 4A and B). It has been reported that caspases can
cleave Bcl-2 and Bcl-XL (30, 31); therefore, a general caspase-3
inhibitor, Z-VAD-fmk, was used to determine whether the
decrease in Bcl-2 and Bcl-XL contents observed after AdALK7-ca infection is affected by the activation caspases. As
shown in Fig. 4C, the caspase inhibitor did not block the effect
of Ad-ALK7-ca on Bcl-2 and Bcl-XL expression, suggesting
that the decrease in Bcl-2 and Bcl-XL contents after Ad-ALK7ca infection is not due to their cleavage by caspases. Both
mRNA and protein levels of Xiap were also decreased by AdALK7-ca in IOSE397 and OV2008 cells (Fig. 4C).
Bax Silencing Partially Blocks ALK7-Induced Apoptosis
To confirm the involvement of Bax in ALK7-induced
apoptosis, we used small interfering RNA (siRNA) to silence
Bax expression. IOSE397 cells were transiently transfected
with either control-siRNA or Bax-siRNA and then infected
with Ad-GFP or Ad-ALK7-ca. As shown in Fig. 5A, ALK7ca increased Bax protein expression in mock-transfected
cells and cells transfected with the control-siRNA. BaxsiRNA greatly reduced the expression level of Bax and no
induction of Bax was observed after Ad-ALK7-ca infection.
Ad-ALK7-ca activated caspase-3 in mock-transfected and
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control-siRNA-transfected cells; however, the Ad-ALK7ca-activated caspase-3 was reduced in Bax-siRNA-treated
cells. On the other hand, silencing of the Bax gene did
not alter the effect of Ad-ALK7-ca on Xiap expression
(Fig. 5A). When apoptosis was quantified using a terminal
deoxynucleotidyl transferase – mediated dUTP nick end
labeling (TUNEL) assay, we found that the Ad-ALK7ca-induced apoptosis was significantly reduced, but not
completely blocked, in cells pretreated with Bax-siRNA
(Fig. 5B and C).
Regulation of Bax and Xiap by ALK7 Is Smad Dependent
To further define the biochemical pathways underlying
ALK7-induced apoptosis, we sought to determine whether
ALK7 induces apoptosis by activating the Smad signaling
cascade to up-regulate Bax and down-regulate Xiap. Western
blot analysis was first done to measure total and phosphorylated Smad2 and Smad3 levels. In both IOSE397 and
OV2008 cells, Ad-ALK7-ca increased Smad2 and Smad3
phosphorylation without altering total Smad2 and Smad3
levels (Fig. 6A). A noticeable difference between the two cell
lines was that the basal level of phosphorylated Smad2 was
higher in IOSE397 cells than in OV2008 cells (Fig. 6A).
Subsequently, we tested the translocation of Smad2 into the
nucleus following Ad-ALK7-ca infection or incubation with
recombinant mouse Nodal. Smad2 was mainly located in
cytoplasm of the Ad-GFP-infected cells, but it was predominantly detected in the nucleus of Ad-ALK7-ca-infected cells
(Fig. 6B). Similarly, Smad2 was mainly distributed in
cytoplasm before the treatment of the recombinant mouse
Nodal. After 5 minutes of Nodal treatment, Smad2 was
translocated from the cytoplasm into the nucleus (Fig. 6C). On
Nodal treatment for 24 hours, the level of Bax protein content
was increased, whereas Bcl-XL was decreased (Fig. 6D).
Finally, the role of Smads in ALK7-ca-regulated and Nodalregulated gene expression was examined using a dominantnegative strategy. IOSE397 cells were transiently transfected
with dominant-negative Smad2 (DN-Smad2) or Smad3
(DN-Smad3) for 5 hours and recovered overnight before
infection with the adenoviral constructs. Again, ALK7-ca
increased the expression of Bax and activated caspase-3 and
decreased the expression of Xiap. However, these effects were
abolished by cotransfection of DN-Smad2 or DN-Smad3
(Fig. 7A). Similarly, transient transfection of Nodal also
increased Bax expression and caspase-3 activation but
decreased Xiap expression. In the presence of DN-Smad4,
these effects of Nodal were diminished (Fig. 7B). The
effectiveness of DN-Smad constructs was confirmed by

examining Smad4 localization after DN-Smad2 or DN-Smad3
transfection. As shown in Fig. 7C, Nodal induces Smad4
translocation from the cytoplasm to the nucleus and the effect
of Nodal was blocked by either DN-Smad2 or DN-Smad3.

Discussion
Previously, we have reported that activation of the NodalALK7 pathway leads to the induction of apoptosis and
activation of caspase-9 and caspase-3 in ovarian cancer cell
lines (15). However, how Nodal-ALK7 signaling triggers
the activation of these caspase molecules was largely unclear.
In the present study, we investigated the mechanisms
underlying ALK7-induced apoptosis. Specifically, we have
identified Bcl-2 family and Xiap as two Smad2/3-dependent
pathways in mediating the proapoptotic action of NodalALK7.
We have characterized previously four human ALK7
transcripts derived from alternative splicing of the ALK7
gene (21). In the present study, we found that four transcripts
of ALK7, along with its ligand, Nodal, the type II receptor
partner, and their downstream signaling molecules, Smads,
were also expressed in an immortalized human OSE cell line,
IOSE397. This suggests that the Nodal-ALK7-Smad signaling pathway plays a role in IOSE cells. This notion was
further supported by findings that Nodal and/or ALK7-ca
activated Smad2, Smad3, Bax, and caspase-3 and inhibited
Xiap expression and that ALK7-ca potently induced
apoptosis in IOSE397 cells.
Using the adenovirus delivery method, we showed that
activation of ALK7 potently induced cell death. Previously, we
found a 30% decrease in cell numbers after 72 hours of
transient transfection with Nodal or ALK7-ca in EOC cell lines
(15). In this study, all IOSE397 cells died and there was >70%
decrease in OV2008 cells at 72 hours after infection with AdALK7-ca. The different potency of ALK7-ca observed in these
studies is most likely due to the use of different gene delivery
methods. The adenovirus method used in this study yielded a
95% infection rate, whereas transient transfection of plasmid
DNA used in our previous study had an efficiency of f50%.
Interestingly, we found that although ALK7-ca inhibited growth
and induced cell death in both IOSE397 and OV2008 cells,
IOSE397 cells were more sensitive to ALK7-ca than OV2008
cells as, following Ad-ALK7-ca infection, IOSE397 cells only
survived for 3 days, whereas OV2008 cells lasted for 5 days.
Several differences between the nontumorigenic IOSE397 and
the cancer cell line OV2008 were observed: (a) basal
phosphorylated Smad2 levels were higher in IOSE cells than
in OV2008 cells; (b) OV2008 had higher levels of antiapoptotic

FIGURE 3. Induction of apoptosis by ALK7 in IOSE397 and OV2008 cells. Cells were infected with Ad-GFP, Ad-ALK7-wt, or Ad-ALK7-ca. Uninfected
cells were used as an internal control. A. Hoechst staining. White arrows, apoptotic nuclei. Photographs were taken after 48 hours (IOSE ) and 72 hours
(OV2008 ) postinfection by fluorescence microscopy. Original magnification, 200. B. Assessment of mitochondrial membrane potential. MitoShift assay was
done at 24 hours (IOSE397 ) and 48 hours (OV2008) postinfection. In cells infected with Ad-GFP or Ad-ALK7-wt, the MitoShift dye was located in the
mitochondria and appeared as a punctate, perinuclear, red staining of fluorescence. In cells infected with Ad-ALK7-ca, the dye shifted out of the mitochondria
to the cytoplasm, producing a diffuse fluorescence. Original magnification, 300. C. Detection of cytochrome c by Western blot. IOSE397 and OV2008 cells
were infected with Ad-GFP (GFP ), Ad-ALK7-wt (WT), or Ad-ALK7-ca (CA ) for 4 hours. Cytosolic and mitochondrial proteins were separated and cytochrome
c was detected. D. Activation of caspase-3 and caspase-9 and cleavage of poly(ADP-ribose) polymerase (PARP). Total protein was extracted at 24 hours
after infection, subjected to SDS-PAGE, and Western blotted using caspase-3, caspase-9, and PARP antibodies. h-Actin was used as a loading control.
Representative experiment.
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FIGURE 4. Regulation of Bcl-2 family and Xiap expression by ALK7. IOSE397 and OV2008 cells were infected without (C; control) or with Ad-GFP, AdALK7-wt, or Ad-ALK7-ca for 4 hours and recovered for a period. A. Expression of Bcl-XL mRNA (24 hours postinfection) as detected by RT-PCR and protein
(8-48 hours postinfection) as measured by Western blotting. ALK7-ca decreased Bcl-XL mRNA and protein levels. B. ALK7-ca decreased Bcl-2 and
increased Bax mRNA (top ) and protein (middle ) expression at 24 hours after infection with Ad-ALK7-ca. Bottom, ratio of Bcl-2/Bax. Columns, mean of four
experiments; bars, SE. *, P < 0.05 versus other groups. C. Effect of a caspase inhibitor on ALK7-mediated Bcl-2 and Bcl-XL expression. Cells were
preincubated with Z-VAD-fmk or DMSO for 2 hours followed by infection with either Ad-GFP or Ad-ALK7-ca for 4 hours. ALK7-ca decreased the expression of
Bcl-2 and Bcl-XL expression after 16 hours and the effect of ALK7 on Bcl-2 and Bcl-XL was not influenced by pretreatment with the caspase inhibitor.
D. Expression of Xiap mRNA and protein as determined by RT-PCR and Western blotting, respectively. Both RNA and protein samples were collected at 24
hours after infection and Xiap levels were found to be suppressed by ALK7-ca. Glyceraldehyde-3-phosphate dehydrogenase and h-actin were used as
controls for RT-PCR and Western blot analysis, respectively.

factors, such as Bcl-2 and Bcl-XL, than IOSE397 cells; and (c)
the level of proapoptotic factor, Bax, was higher in IOSE cells
than in OV2008 cells. Because we have shown that Smad2,
Bax, Bcl-2, and Bcl-XL are all downstream signaling

components of the ALK7 pathway, it is possible that the
differential expression of these proteins in IOSE397 and
OV2008 cells contributes to their different susceptibility to
ALK7-induced cell death.
Mol Cancer Res 2006;4(4). April 2006
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In mammals, two basic apoptotic pathways, the cytokinemediated mitochondrial pathway and the death receptor
pathway, have been defined (27, 28, 32, 33). Previous studies
have shown that activation of ALK7 leads to cytochrome c
release in hepatoma cells (25) and caspase-9 activation in
ovarian cancer cells (15). In this study, we further examined the
involvement of the mitochondrial pathway in ALK7-mediated

FIGURE 5. Effect of Bax-siRNA on the apoptotic action of ALK7 in
IOSE397 cells. A. Detection of the expression of Bax, Xiap, and active
caspase-3 by Western Blot. Cells were transiently transfected without
(mock ) or with control-siRNA (C-siRNA ) or Bax-siRNA before the infection
of Ad-GFP or Ad-ALK7-ca. Protein samples were extracted at 24 hours
after infection and subjected to Western blot analyses with specific
antibodies for Bax, Xiap, and active caspase-3. h-Actin was used as the
loading control. Representative experiment. B. Detection of apoptotic cells
by TUNEL assay. Total cells and apoptotic cells were photographed by
phase-contrast microscopy and fluorescent microscopy, respectively. Two
images were then merged and apoptotic cells appear red. Original
magnification, 100. C. Quantification of apoptotic cells. Total cell number
and TUNEL-positive cell number were counted. Columns, mean of six
randomly selected fields; bars, SE. Different letters denote statistical
significance (P < 0.05). The experiment has been repeated and similar
results were obtained.

apoptosis. Ad-ALK7-ca induced an up-regulation of Bax and a
down-regulation Bcl-2 and Bcl-XL expression and caused a
disruption of the mitochondrial membrane potential as well as
an increase in cytochrome c content in the cytosol. It is well
documented that Bax translocates from cytosol to the outer
membrane of mitochondria and regulates mitochondrial
membrane permeability, allowing the passage of cytochrome
c through the membrane (33). Bcl-2, on the other hand, inhibits
apoptosis by preventing the release of cytochrome c via
heterodimerization with Bax (34, 35). It is possible that, as
the result of a decreased Bcl-2/Bax ratio following ALK7
activation, mitochondrial membrane potential is disrupted and
this triggers the release of cytochrome c, leading to caspase-9
and caspase-3 activation and finally apoptosis. The importance
of Bax in ALK7-induced apoptosis was further confirmed using
the siRNA-mediated gene silencing technique. When Bax was
knocked down, the effect of ALK7 on caspase-3 activation and
apoptosis was significantly reduced but not completely blocked.
This finding supports a role for Bax in ALK7-regulated
apoptosis but also suggests that other molecules, independent of
the Bax pathway, are also important for ALK7-induced
apoptosis. Given that Ad-ALK7-ca also suppressed Xiap and
Bcl-XL expression in IOSE397 and OV2008 cells, it is likely
that they also mediate the proapoptotic action of ALK7 in these
cells.
Xiap inhibits apoptosis via inhibition of caspase-3, caspase-7,
and caspase-9 activation (29) and is an important cell survival
factor in human ovarian cancer cell lines (36). Overexpression
of Xiap significantly prevented OV2008 cell apoptosis (36).
Consistent with our previous studies in A2780 cells (15),
we now found that ALK7-ca inhibited Xiap expression at
both mRNA and protein levels in IOSE397 and OV2008 cells.
In addition, we have also shown that down-regulation of
Xiap expression by Nodal and ALK7-ca was reversed by
DN-Smad2, DN-Smad3, or DN-Smad4, indicating that the
Smad2/3 pathway is involved in Nodal/ALK7-regulated Xiap
expression. Although TGF-h has been reported to inhibit Xiap
expression in human hepatoma cell line HuH-7 (37) and in rat
endometrial stromal decidual cells (38), to our knowledge, this
is the first demonstration that Smads are involved in the
regulation of Xiap expression. Because Smads are known to
regulate gene transcription, it is likely that the decrease in Xiap
mRNA and protein levels following ALK7 activation is due at
least in part to the inhibition of Xiap gene transcription.
Previous studies have shown that TGF-h1 stimulated ARTS, a
protein that induces apoptosis by binding directly to Xiap and
promoting its degradation (39). In addition, Xiap has also been
shown to interact directly with type I TGF-h receptors, such
as ALK1 (40), ALK4, ALK5, and, to a less extent, ALK2 and
ALK3 (40), and functions as a Smad cofactor to activate Smaddependent signaling (41, 42). It remains to be determined
whether the Nodal-ALK7 pathway also acts through ARTS to
decrease Xiap content in the ovarian cells and Xiap can interact
directly with ALK7.
ALK7 has been shown to use a similar Smad2/3 signaling
pathway as ALK4 and ALK5, which mediate signaling by
activin and TGF-h, respectively (7, 17). In this study, we
found that Nodal and ALK7-ca induced translocation of
Smad2 into the nucleus and activated Smad2 and Smad3. The
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FIGURE 6. Activation of Smad2/3 by Nodal and ALK7. A. Cells were infected without or with Ad-GFP, Ad-ALK7-wt, or Ad-ALK7-ca for 4 hours and
recovered for 24 hours. Total protein was subjected to SDS-PAGE. Phosphorylated Smad2 (P-Smad2 ), total Smad2, phosphorylated Smad3 (P-Smad3 ),
and total Smad3 were detected using specific antibodies. h-Actin was used as the loading control. Representative experiment. B. Detection of the cellular
localization of Smad2 in Ad-GFP-infected and Ad-ALK7-ca-infected cells. Photographs were taken by phase-contrast microscopy and fluorescence
microscopy at 4 hours after infection. C. Detection of Smad2 translocation in Nodal-treated cells. Cells were incubated with recombinant Nodal (500 ng/
mL) for 5 or 15 minutes and cellular localization of Smad2 was examined by fluorescence microscopy using specific antibody against Smad2. Original
magnification, 300. D. Detection of Bax and Bcl-XL expression. IOSE397 and OV2008 cells were treated with Nodal (500 ng/mL) for 24 hours and
protein was extracted and subjected to Western blot. Bax and Bcl-XL were detected using specific antibodies. h-Actin was used as the loading control. C, control;
N, Nodal.

involvement of Smad2/3 pathway in ALK7-induced apoptosis was further supported by the finding that DN-Smad2,
DN-Smad3, and DN-Smad4 blocked caspase-3 activation by
ALK7-ca or Nodal. This finding is consistent with a recent
report that knockdown of Smad3 attenuated ALK7-induced
apoptosis in hepatoma cells (25). Although acting through a
common Smad2/3 pathway, Nodal, activin, and TGF-h seem
to have somewhat different functions in ovarian cells. TGF-h
has antiproliferative and proapoptotic effects in early
neoplastic and tumorigenic OSE cell lines (9) and EOC
cells from patients (10, 11). However, some ovarian
carcinoma cells have become resistant to growth inhibitory
effect of TGF-h (43). In contrast, activin has been reported
to promote cell proliferation in several EOC cell lines, such
as CaOV4, SKOV3, and OVCAR3 (9, 44). However, activin
had no effect on normal OSE cells (9) but inhibited cell
proliferation in early neoplastic and tumorigenic OSE cells
(45). In IOSE cell lines, Choi et al. (9) observed a decrease
in Bcl-2 and no change in Bax protein levels after TGF-h

treatment and no effect of activin on either Bcl-2 or Bax
expression. In our studies using IOSE397 and several EOC
cell lines, including OV2008, C13*, A2780-s, and A2780-cp
(this study and ref. 15), we have consistently observed an
inhibition of cell growth and induction of apoptosis by the
Nodal-ALK7 pathway. These findings suggest that activin,
Nodal, and TGF-h may have distinct targets in the OSE and
EOC cells. This further supports the complex nature of the
Smad pathway. Interestingly, in addition of the Smad
pathway, the mitogen-activated protein kinase pathways also
mediate the apoptotic action of ALK7 in hepatoma cells
(25). Similarly, p38 and c-Jun NH2-terminal kinase pathways
have been shown to be involved in TGF-h-induced apoptosis
(46). Whether these pathways also play a role in ALK7mediated apoptosis in ovarian cells will be examined in the
future.
Taken together, we have shown that normal and malignant
ovarian epithelial cell lines, IOSE397 and OV2008, expressed
the signaling molecules of the Nodal-ALK7 pathway, including
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the ligand, receptors, and Smads. ALK7-ca-induced ovarian
epithelial cell apoptosis was due at least in part to the
disruption of mitochondrial membrane potential through the
regulation of Bcl-2 family, such as Bax, Bcl-2, and Bcl-XL.
Silencing of Bax gene partially blocked the action of
ALK7-ca, indicating the involvement of multiple pathways
in ALK7-induced apoptosis. In addition, Xiap expression
was down-regulated by ALK7 through a Smad2/3-dependent
pathway. Based on these findings and the known function
of Bax and Xiap, we proposed that Bax/Bcl-2 and Xiap are
in part involved in Nodal/ALK7-induced apoptosis (Fig. 8).
Nodal acts through ActRIIB and ALK7 to induce Smad2/3
activation, which in turn regulates the expression of Bax,
Bcl-2, and Xiap. The decrease in Bcl-2/Bax ratio results
in the release of cytochrome c and subsequent activation of
caspase-3. The decrease in Xiap expression also leads to
caspase-3 activation and apoptosis. Future studies are
necessary to verify this and to identify additional pathways
mediating the apoptotic action of Nodal and ALK7.

Materials and Methods
Cell Lines and Cell Culture
A human immortalized OSE cell line, IOSE397, was
developed by transfecting normal OSE cells with SV40 large
T antigen, similar to the establishment of IOSE29 cell line (9).
The cell line exhibits no tumorigenic behavior. IOSE397 cells
were cultured in M199 and MCDB105 (1:1; both from Sigma,
Oakville, Ontario, Canada) supplemented with 5% fetal
bovine serum (HyClone, Logan, UT) and 50 Ag/mL
gentamicin (Sigma). OV2008 cells were cultured as described
previously (15).

FIGURE 7. Involvement of Smad2/3 in Nodal and ALK7 actions.
A. IOSE397 cells were transiently transfected with empty vector (EV ), DNSmad2 (DN-Sd2 ), or DN-Smad3 (DN-Sd3 ) followed by infection with AdGFP or Ad-ALK7-ca. Proteins were extracted at 24 hours after infection
and subjected to Western blotting using antibodies specific for cleaved
caspase-3, Bax, and Xiap. DN-Smad2 and DN-Smad3 blocked the effect
of ALK7-ca on Bax and Xiap expression and caspase-3 activation.
B. IOSE397 cells were cotransfected with pcDNA3.1-Nodal-V5 (Nodal ),
and either the control vector (EV) or DN-Smad4 (DN-Sd4 ). Proteins were
prepared at 24 hours after transfection and analyzed by Western blotting.
Nodal increased the activation of caspase-3 and Bax but decreased the
expression of Xiap and this effect was blocked by dominant-negation
Smad4. h-Actin was used as the loading control. Representative
experiment. C. Immunofluorescence staining of Smad4. IOSE397 cells
were transfected with empty vector, DN-Smad2, or DN-Smad3 followed by
recombinant Nodal (500 ng/mL) treatment. Cellular localization of Smad4
was examined by fluorescence microscopy using a specific antibody
against Smad4. DN-Smad2 and DN-Smad3 both blocked Nodal-induced
Smad4 translocation to the nucleus. Original magnification, 300.

RNA Extraction and RT-PCR
Total RNA was extracted from cells using Trizol reagent
(Invitrogen, Burlington, Ontario, Canada) and reverse transcribed as described previously (15). Primers of Nodal, ALK7,
and its isoforms, ActRIIB, Smad2, Smad3, Smad4, Xiap,
and glyceraldehyde-3-phosphate dehydrogenase, have been
reported (15). Primers of Bcl-2 family are sense 5V-GGATTGTGGCCTTCTTTGAG-3V and antisense 5V-CCAAACTGAGCAGAGTCTTC-3V for Bcl-2, sense 5V-AAGGGACAGAATCGGAGATG-3V and antisense 5V-TCTCCTTGTCTACGCTTTCC-3V
for Bcl-XL, and sense 5V-AGACAGGGGCCCTTTTGCTTC-3V
and antisense 5V-TGCAGCTCCATGTTACTGTCC-3V for Bax.
PCR was done for 18 to 40 cycles, with annealing temperatures
from 55jC to 60jC depending on the target genes.
Generation of Expression Constructs
Human Nodal expression plasmid, pcDNA3.1-Nodal-V5His, was subcloned from pcDNA4-Nodal-myc (15). DN-Smad4
was kindly provided by Dr. Rik Derynck (University of
California at San Francisco, San Francisco, CA) and subcloned
into pcDNA3.1 (Invitrogen). Adenoviral construct with GFP
carrying a ALK7-ca (Ad-ALK7-ca) or ALK7-wt (Ad-ALK7wt) was generated using AdEasy System (47). Recombinants
were selected by kanamycin resistance and further confirmed
by multiple restriction enzyme analyses.
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Hoechst Staining of Nuclei
Hoechst-33258 (bisbenzimide, Sigma) staining was carried
out as reported previously (15) with slight modifications.
Briefly, IOSE397 and OV2008 cells were plated into 6-cm
dishes and infected with various adenoviral constructs for
4 hours and then cultured in complete medium for 48 and
72 hours, respectively. Cells were fixed in situ with 10%
phosphate-buffered formalin for 5 minutes and stained with
Hoechst at 37jC for 30 minutes. Typical apoptotic nuclear
morphology (nuclear shrinkage, condensation, and fragmentation) was viewed under a fluorescent microscope (TE2000,
Nikon Canada, Inc., Mississauga, Ontario, Canada).
Photographs were taken using a Qimaging Digital Camera
(Nikon) with SimplePCI Imaging Software (Compix Inc.,
Township, PA).

FIGURE 8. Proposed mechanisms underlying the apoptotic action of
Nodal/ALK7 in ovarian epithelial cells. Nodal binds to a receptor complex
consisting of ActRIIB/ALK7 and activates Smad2/3. The activated Smads
in turn suppress Xiap and Bcl-2 expression but increase Bax expression.
The decrease in Bcl-2/Bax ratio allows the release of cytochrome c ,
leading to caspase-3 activation. The decrease in Xiap expression also
enhances caspase-3 activation. Thus, Xiap and Bax/Bcl-2 are two Smaddependent pathways, which mediate at least in part the apoptotic action of
Nodal/ALK7 in ovarian epithelial cells.

Transient Transfection and Adenoviral Infection
IOSE397 and OV2008 cells were seeded into six-well
plates at a density of 2  105 per dish and cultured for
24 hours before transfection or infection. Transient transfection was done as described previously (15). For adenoviral
infection, IOSE397 and OV2008 cells were incubated without
(control) or with Ad-GFP, Ad-ALK7-wt, or Ad-ALK7-ca for
4 hours and then switched to a complete medium for additional
24 to 120 hours. The adenoviral construct was used at a
concentration of 3  109 plaque-forming units/mL (f10
multiplicities of infection). In experiments involving the use of a
caspase inhibitor, cells were first treated with 50 Amol/L of a
general caspase inhibitor, Z-VAD-fmk (BD Biosciences,
Mississauga, Ontario, Canada), for 2 hours before adenoviral
infection. DMSO was used as a vehicle control. Cells were then
infected with Ad-GFP or Ad-ALK7-ca for 4 hours and
recovered for 16 hours.
Determination of Cell Growth and Viability
Cell survival/death was assessed by 0.2% trypan blue
staining (Invitrogen). At 1 to 5 days following infection with
various adenoviral constructs, floating cells were collected
from culture medium and attached cells were trypsinized.
The two cell populations were then combined and cell
number was determined by manual cell counting using
hemocytometry.

MitoShift Assay
The mitochondrial membrane potential was determined
using a MitoShift kit (Trevigen, Inc., Gaithersburg, MD)
according to the manufacturer’s instructions. Briefly, IOSE397
and OV2008 cells were infected with adenoviral constructs
as described above and recovered for 24 and 48 hours,
respectively. After washing with the reaction buffer, cells
were incubated with a MitoShift dye (tetramethylrhodamine
methylester) for 60 minutes at room temperature followed
by two washes with the reaction buffer. Cells were
then viewed under the fluorescence microscope and photographed.
Protein Extraction and Western Blot Analysis
Whole-cell lysates were prepared as described previously
(15). Fractionation of cytosolic and mitochondrial proteins was
prepared according to a previous report (35). Briefly, cells were
trypsinized and collected by centrifugation. Following two
washes with ice-cold PBS, the cell pellet was resuspended in
300 AL extraction buffer containing 20 mmol/L HEPES-KOH
(pH 7.5), 10 mmol/L KCl, 1.5 mmol/L MgCl2, 1 mmol/L
EDTA, 1 mmol/L EGTA, 1 mmol/L DTT, 0.1 mmol/L
phenylmethylsulfonyl fluoride, and 250 mmol/L sucrose. The
cells were then homogenized with a Teflon homogenizer and
centrifuged at 750  g for 10 minutes at 4jC. The supernatants
were centrifuged at 10,000  g for 30 minutes at 4jC to pellet
mitochondria. The collected supernatant was further centrifuged
at 100,000  g for 1 hour to obtain cytosol. The mitochondrial
pellets were washed twice and dissolved in the extraction buffer
followed by sonication to disrupt the membrane of mitochondria. Protein samples subjected to SDS-PAGE and blotted
as described previously (15). Rabbit anti-human cleaved
caspase-3 and caspase-9, Xiap, and mouse anti-human h-actin
antibodies have been described previously (15). Mouse antihuman caspase3 and caspase-9 and rabbit anti-human Bcl-2,
Bcl-XL, Bax, cytochrome c, PARP, Smad2, phosphorylated
Smad2, and phosphorylated Smad3 were purchased from Cell
Signaling Technology/New England Biolabs Ltd. (Pickering,
Ontario, Canada) and used at 1:1,000 to 1:2,000 dilution.
Rabbit anti-human Smad3 (1:500) was obtained from Zymed
Laboratories, Inc. (South San Francisco, CA). Mouse antihuman Smad4 was purchased from Santa Cruz Biotechnology
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(Santa Cruz, CA). Signals were detected using an Enhanced
Chemiluminescence Plus kit (Amersham, Baie d’Urté, Québec,
Canada) and visualized after exposure to a Bioflex Econo film
(Clonex Corp., Markham, Ontario, Canada).

ANOVA followed by a Tukey-Kramer multiple group comparisons test using the GraphPad InStat Software (GraphPad,
Inc., San Diego, CA). Differences were considered significant
at P < 0.05.

Bax-siRNA and TUNEL Assay
Cells were cultured into six-well plates at a density of
2  105 per well for 24 hours before transfection. After transient transfection with control-siRNA or Bax-siRNA (Cell
Signaling Technology) at a final concentration of 100 nmol/L
for 16 hours, cells were infected with Ad-GFP or Ad-ALK7-ca
for 4 hours and then recovered in the complete medium for
24 hours. Mock transfection without siRNA was also done. The
expression of target genes was determined by Western blot.
Apoptotic cells were quantified by TUNEL assays (Roche
Diagnostics, Laval, Quebec, Canada) following the manufacturer’s suggested protocol. Briefly, cells were trypsinized and
washed with PBS thrice before fixation in 4% paraformaldehyde. After permeabilization with 0.1% Triton X-100 in 0.1%
sodium citrate for 4 minutes on ice, cells were incubated with
the TUNEL assay reagent for 1 hour at 37jC. Cells were then
washed with PBS twice and viewed under microscope. Total
cell number was determined using phase-contrast microscopy,
whereas apoptotic cells labeled by TUNEL were identified by
fluorescence microscopy. Six randomly selected fields in each
sample were scored for both total and TUNEL-positive cell
numbers. At least 800 cells were counted in each preparation.
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Immunofluorescence Staining
Immunofluorescence staining of Smad2 was done as
described previously (48) with slight modifications. Briefly,
IOSE397 and OV2008 cells were cultured for 24 hours before
infection with adenoviral constructs or treatment with recombinant mouse Nodal (R&D Systems, Minneapolis, MN). After
infection without (control) or with Ad-GFP or Ad-ALK7-ca for
4 hours and recovered for 4 hours or incubation without
(control) or with 500 ng/mL Nodal for 5 or 15 minutes, cells
were washed and fixed with 4% paraformaldehyde. Following
permeabilization with 0.2% Triton X-100 and blocking with 1%
bovine serum albumin, cells were incubated with rabbit antihuman Smad2 antibody (1:200 dilution; Cell Signaling
Technology) at 4jC overnight. Control staining was carried
out with nonimmune IgG used at the same concentration as
the primary antibody. Subsequently, cells were incubated with
fluorescent dye-conjugated goat anti-rabbit IgG (1:200 dilution;
Molecular Probes, Burlington, Ontario, Canada) and signals
were detected by the fluorescence microscopy. For immunostaining of Smad4, IOSE397 cells were cultured for 24 hours
before transfection. After transient transfection with an empty
vector, DN-Samd2, or DN-Smad3 for 5 hours and recovered
for 4 hours, cells were treated with 500 ng/mL Nodal for
15 minutes. Cells were then fixed and stained.
Statistical Analysis
Data are mean F SE of replicate samples in one experiment
or replicate experiments as indicated in the figure legends.
Student’s t test was used for the comparison between two
groups. Multiple group comparison was done by one-way
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Asselin E. TGF-h expression during rat pregnancy and activity on decidual cell
survival. Reprod Biol Endocrinol 2005;3:20 – 37.
39. Gottfried Y, Rotem A, Lotan R, Steller H, Larisch S. The mitochondrial
ARTS protein promotes apoptosis through targeting XIAP. EMBO J 2004;
23:1627 – 35.
40. Yamaguchi K, Nagai S, Ninomiya-Tsuji J, et al. XIAP, a cellular member of
the inhibitor of apoptosis protein family, links the receptors to TAB1-1 in the
BMP signaling pathway. EMBO J 1999;18:179 – 87.
41. Reffey SB, Wurthner JU, Parks WT, Roberts AB, Duckett CS. X-linked
inhibitor of apoptosis protein functions as a cofactor in transforming growth
factor-h signaling. J Biol Chem 2001;276:26542 – 9.
42. Lewis J, Burstein E, Reffey SB, Bratton SB, Roberts AB, Duckett CS.
Uncoupling of the signaling and caspase-inhibitory properties of X-linked
inhibitor of apoptosis. J Biol Chem 2004;279:9023 – 9.
43. Yamada SD, Baldwin RL, Karlan BY. Ovarian carcinoma cell cultures are
resistant to TGF-h1-mediated growth inhibition despite expression of functional
receptors. Gynecol Oncol 1999;75:72 – 7.
44. Di Simone N, Crowley WF, Jr., Wang QF, Sluss PM, Schneyer AL.
Characterization of inhibin/activin subunit, follistatin, and activin type II receptors
in human ovarian cancer cell lines: a potential role in autocrine growth regulation.
Endocrinology 1996;137:486 – 94.
45. Choi KC, Kang SK, Nathwani PS, Cheng KW, Auersperg N, Leung PC.
Differential expression of activin/inhibin subunit and activin receptor mRNAs in
normal and neoplastic ovarian surface epithelium (OSE). Mol Cell Endocrinol
2001;174:99 – 110.
46. Sánchez-Capelo A. Dual role for TGF-h1 in apoptosis. Cytokine Growth
Factor Rev 2005;16:15 – 34.
47. He TC, Zhou S, da Costa LT, Yu J, Kinzler KW, Vogelstein B. A simplified
system for generating recombinant adenoviruses. Proc Natl Acad Sci U S A 1998;
95:2509 – 14.
48. Xu G, Chakraborty C, Lala PK. Expression of TGF-h signalling genes
in the normal, premalignant, and malignant human trophoblast: loss of
Smad3 in choriocarcinoma cells. Biochem Biophys Res Commun 2001;
287:47 – 55.

Mol Cancer Res 2006;4(4). April 2006

Downloaded from mcr.aacrjournals.org on November 15, 2019. © 2006 American Association for Cancer
Research.

Activin Receptor-Like Kinase 7 Induces Apoptosis through
Up-Regulation of Bax and Down-Regulation of Xiap in
Normal and Malignant Ovarian Epithelial Cell Lines
Guoxiong Xu, Hong Zhou, Qinghua Wang, et al.
Mol Cancer Res 2006;4:235-246.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://mcr.aacrjournals.org/content/4/4/235

This article cites 48 articles, 14 of which you can access for free at:
http://mcr.aacrjournals.org/content/4/4/235.full#ref-list-1
This article has been cited by 8 HighWire-hosted articles. Access the articles at:
http://mcr.aacrjournals.org/content/4/4/235.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://mcr.aacrjournals.org/content/4/4/235.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from mcr.aacrjournals.org on November 15, 2019. © 2006 American Association for Cancer
Research.

