
Abstract. Activin has a wide variety of biological functions,
including the regulation of cell proliferation and inhibition
of tumor cells. We have studied whether activin regulates
apoptosis by investigating the effects of activin A on cell
proliferation, cell cycle, apoptosis, apoptosis-related gene
expression, and caspase activity in SNU-16 cells. Activin A
significantly inhibited DNA synthesis and growth suppression
in a time-dependent manner in SNU-16 cells. Apoptosis
fraction was increased at cell cycle with an accompanying
DNA fragmentation. Activin A resulted in a significant time-
dependent decrease in Bcl-2 mRNA levels and increase in
caspase-3 mRNA levels in SNU-16 cells. No significant
difference was observed in Bax mRNA levels. Exposure of
cells to activin A induced caspase-3, -8 and -9 activation in
SNU-16 cells. Furthermore, co-treatment of activin with the
pan-caspase inhibitor Z-VAD-FMK, caspase-3 inhibitor Z-
DEVE-FMK, caspase-8 inhibitor Z-IETD-FMK, and caspase-
9-inhibitor Z-LEHD-FMK blocked apoptosis of SNU-16
cells. Taken together, our results revealed that activin inhibits
the growth of SNU-16 cells by inducing apoptosis through
caspase activation.

Introduction

Activin, a member of the transforming growth factor-ß
(TGF-ß) superfamily has been implicated in the regulation of
cellular growth and differentiation. Activins are either
heterodimers or homodimers of inhibin ß subunits (ßAßA,
ßBßB and ßAßB) (1-3).

Apoptosis is a form of programmed cell death that is
characterized by specific morphological and biochemical
properties (4). It has been demonstrated that activin A
inhibits cell growth and induces apoptosis in many cell lines,
including mouse B cell leukemia, androgen-dependent
prostate cancer cells, mouse B cell hybridoma, hepatoma
HepG2 cells, and immortalized ovarian surface epithelium
(IOSE-29) cell lines (5-9). Activin-induced arrest of cellular
growth is accompanied by the altered expression and the
resultant altered activities of cell cycle nuclear factors. For
instance, activin A causes cells to arrest in G1 phase before
the appearance of apoptotic cells in mouse B cell hybridoma
(10,11).

Caspases are a family of highly specific proteases that
play key roles during the apoptotic cell death. Caspases,
constitutively expressed as inactive zymogens, are activated
in a proteolytic cascade, in which initiator caspases, such as
caspase-8 and -9, are activated by autoproteolysis in response
to apoptotic cell stimulation. Initiator caspases then
proteolytically activate downstream executioner caspases,
such as caspase-3, which target a restricted set of structural
and signaling proteins. Cleavage of these substrates accounts
for cell death, as well as the phenotypic alterations chara-
cteristic of apoptosis (12). Caspase-3 is the major apoptotic
executioner protease and directly cleaves most of the proteins
that are proteolyzed during apoptosis (13,14). Caspase
activation can be mediated by intrinsic factors such as Bcl-2
on the mitochondrial membrane. Bcl-2 is normally found
associated with Apaf-1. Damage causes Bcl-2 to disassociate
from Apaf-1 leading to the release of cytochome c into the
cytosol. Overexpression of Bcl-2 suppresses activin-mediated
apoptosis in B-cell hybridoma (15). Therefore, activin-induced
apoptosis in B cell hybridoma may be mediated through the
suppression of Bcl-2 activity. The overexpression of Bcl-2 has
been shown to inhibit the activation of cytoplasmic caspases
after apoptotic stimuli in several cell system (16-19).
Previous studies have shown that inhibition of cell growth by
activin is regulated by the activin signaling pathway and the
p21CIP1/WAF1 activation in human gastric cancer SNU-16 cell
lines (20). Activin-induced apoptosis has not been reported in
human gastric cancer cells.

In the present study, we demonstrate that activin leads to
the growth inhibition of human gastric cancer SNU-16 cell
lines by inducing an apoptosis through the caspase activation.
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Materials and methods

Cell culture and reagents. Human gastric cancer SNU-16
cell lines were supplied from the Korean Cell Line Bank
and were cultured in RPMI-1640 medium (Gibco, Grand
Island, NY, USA) containing 10% fetal bovine serum (FBS),
100 U/ml penicillin and 100 μg/ml streptomycin. Cells were
incubated at 37˚C in a humidified atmosphere of 5% CO2 in
95% air. The recombinant human activin A (activin A) was
purchased from R & D systems (R&D Systems, Minneapolis,
MN, USA).

DNA synthesis assay. For the [3H]thymidine incorporation
assay, cells were plated at a density of 5x103 cells/well in
96-well plates and incubated with 100 ng/ml of activin A for
24, 48 and 72 h, respectively. During the last 6 h of incubation,
0.5 μCi of [3H]thymidine was added to each well. Cells were
harvested on a cell harverster onto a glass filter and mixed
with Aqualuma Plus solution (Lumac-LSC, Groningen, The
Netherlands). The incorporation of radioactivity was deter-
mined with a ß-liquid scintillation counter (LS 3000,
Beckman Coulter, Fullerton, CA, USA).

Determination of cell doubling time. Cells (5x104 cells/ml)
were treated with 100 ng/ml of activin A and cultured for 5
days and then changed with fresh medium and drug every 2
days. Untreated cells were analyzed under similar conditions
as a control. Cell number was counted by the trypan blue
exclusion method each day for 5 consecutive days using
hemocytometer. The average cell number from two plates
was determined, and the mean cell numbers were plotted to
define the cell population doubling times. The cell population
doubling time was calibrated by a formula of Kuchler (21).

Cell cycle analysis. Cells were plated at a density of 5x104 cells/ml
in 6-well plates and incubated with 100 ng/ml of activin A
for 24, 48 and 72 h, respectively. After incubation, the cells
were harvested and washed with PBS. Cell pellets were
resuspended in 1 ml of hypotonic solution (3.4 mM sodium
citrate, 1 mM Tris, 0.1 mM EDTA, 0.1% Triton X-100),
stained with propidium iodide (50 μg/ml), and analyzed by a
FACScan (Becton Dickinson Immunocytometry System, San
Jose, CA, USA).

Analysis of DNA fragmentation. Cells were treated with
100 ng/ml of activin A for 24, 48 and 72 h, respectively. After
treatment, the cells were washed twice with PBS and incubated
with 500 μl of DNA lysis buffer [10 mM Tris (pH 7.4), 5 mM
Na2EDTA, 1% Triton X-100] for 20 min on ice and then
centrifuged at 14000 x g for 20 min at 4˚C. The supernatants
containing fragmented DNA was digested with 20 μg/ml of
RNase A for 1 h at 37˚C and incubated for overnight with
100 μg/ml of proteinase K. The DNA was extracted by
phenol/chloroform, precipitated in 2 volume ethanol, and
centrifuged at 14000 x g for 15 min at 4˚C. The DNA was
dissolved in 10 μl TE buffer, and the entire DNA sample was
electrophoresed in a 1.5% agarose gel containing 0.5 μg/ml
ethidium bromide and visualized by image analysis (Gel Doc
1000 gel document system, Bio-Rad, Hercules, CA, USA).

RNA extraction and RT-PCR procedures. Total RNA was
purified from cultured cells using the RNA-Bee solution kit
following the manufacturer's protocol (Tel-test, Friendswood,
TX, USA). First-strand cDNA synthesis was then made on 1 μg
of RNA using a reverse transcriptase system (Promega,
Madison, WI, USA). Reverse transcription was primed using
random hexamers. The polymerase chain reaction (PCR) was
performed with 2 μl of cDNA in a 50 μl reaction mixture of
1X PCR buffer, 200 μM of each dNTP, 20 pmol each primer,
and 1 Units of AmpliTaq Gold DNA polymerase (Roche,
Applied Biosystems, Foster City, CA, USA). Primer sequences
are shown in Table I. The condition for amplification were
as follows: first denaturation at 95˚C for 14 min, then
denaturation at 95˚C for 1 min, annealing at 55-65˚C for 1 min,
and extension at 72˚C for 1 min for 22-30 cycles and final
extension at 72˚C for 7 min. PCR product (10 μl) was
separated by electrophoresis on a 2% agarose gel containing
ethidium bromide and visualized by image analysis. The
results were shown as the ratio of relative absorbance of
Bcl-2, Bax and caspase-3/ß-actin detected by densitometry.

Detection of apoptosis. For the determination of apoptosis
in SNU-16 cells, the quantification of apoptotic cells was
measured using the cell death detection ELISAplus kit
(Roche Molecular Biochemicals, Mannheim, Germany).
Cells were plated at a density of 5x104 cells/ml in 6-well
plates and incubated with 100 ng/ml of activin A for 24, 48
and 72 h, respectively. After incubation, the cells were
harvested and lysed with 0.1 ml (1x104 cells) lysis buffer.
Apoptotic cells in cell lysates were assayed for DNA
fragments according to the manufacturer's protocol. Cell
lysate (20 μl) was used for the cell death ELISA. DNA
fragmentation was measured at 405 nm against an untreated
control.

For the assessment of cytosolic histone-bound DNA
fragments, cell death detection ELISAplus kit was used.
Briefly, SNU-16 cells were incubated in the presence of
100 ng/ml of activin A with or without a pan-caspase
inhibitor, Z-VAD-FMK, or a caspase-3-specific inhibitor,
Z-DEVD-FMK, caspase-8-specific inhibitor, Z-IETD-FMK,
and caspase-9-specific inhibitor, Z-LEHD-FMK (R&D
Systems) for 72 h. Cells were lyzed and the lyzate was added
to streptavidin-coated 96-well plates. Also a mixture of
biotinylated antihistone and peroxidase-coupled anti-DNA
antibodies was added. Following a 2 h incubation and
washing, the amount of cytoplasmic nucleosome was
quantified by determining the peroxidase retained in the
immunocomplex. The peroxidase activity was determined
spectrophotometrically with 2,2'-azino-di[3-ethylben-
zothiazoline-sulfonate] (ABTS) as a substrate at the absor-
bance of 405 nm.

Measurement of caspase protease activity. To measure the
enzymatic activity of caspase proteases, caspase colorimetric
protease assay sampler kit (BioSource, Camarillo, CA, USA)
was used. SNU-16 cells (2x106 cells) were treated with
100 ng/ml of activin A for 24, 48 and 72 h, respectively.
Cells were harvested and cell pellets were lysed in 50 μl of
lysis buffer on ice for 10 min. The supernatant (cytosol extract)
were measured by BCA protein assay. The activities of

KIM et al:  ACTIVIN REGULATES SNU-16 CELL APOPTOSIS492

491-497  5/1/2009  12:46 ÌÌ  ™ÂÏ›‰·492



caspase-3-, -8 and -9-like proteases were measured by
proteolytic cleavage of substrates including DEVD-pNA
(caspase-3 substrate), IETD-pNA (caspase-8 substrate), and
LEHD-pNA (caspase-9 substrate) respectively. These
colorimetry substrates were solubilized in an assay buffer.
After incubated at 37˚C for 1 h in the dark, colorimetric from
the lysates was measured with a microplate reader at 405 nm.
Caspase-3, -8 and -9 activities were determined by direct
comparison to the level of the uninduced control.

Statistical analysis. Values are expressed as the mean ± SD.
Student's t-test was used to evaluate differences between the
control samples and activin A-treated samples. Inhibition of
apoptosis was estimated by the differences between the
activin A-treated sample and caspase inhibitor-treated
sample with activin A. *P<0.05 and **P<0.01 were considered
statistically significant.

Results

Effects of activin A on the DNA synthesis. The proliferative
indexes of SNU-16 cells treated with 100 ng/ml of activin A

for 24, 48 and 72 h, respectively. DNA synthesis was deter-
mined by a thymidine incorporation assay (Fig. 1). The
SNU-16 cell proliferation was decreased significantly by
activin A treatment in a time-dependent manner.

Effects of activin A on growth suppression. The cell
population doubling times (PDT) was measured by a cell
counter in SNU-16 cells after activin A treatment to deter-
mine whether cell growth was suppressed (Table II). Cells
were cultured under the activin A for 5 consecutive days and
the doubling time was increased in activin A treated SNU-16
1.38-fold compared to control.

Effects of activin A on the cell population. To examine the
effect of activin on cell cycle progression, SNU-16 cells were
treated with 100 ng/ml of activin A for 24, 48 and 72 h
respectively, and flow cytometric analyses were performed
(Fig. 2). In SNU-16 cells, the apoptosis fraction was increased
15, 34 and 71% whereas the G2/M fraction was decreased
20, 12 and 6%, respectively, at the indicated culture time after
activin A treatment.

Effects of activin A on the apoptosis. To examine the role of
activin in the induction of apoptosis, SNU-16 cells were
treated with 100 ng/ml of activin A for 24, 48 and 72 h,
respectively. Then DNA fragmentation as a sign of apoptosis
was confirmed by fragmented band detection after agarose
gel electrophoresis (Fig. 3A). A ladder of fragmented DNA
was detected 48 h after incubation and increased until 72 h in
activin A treated SNU-16 cells. Using a cell death detection
ELISA, we reconfirmed the apoptosis of SNU-16 cells after
activin A treatment, resulting in a similar increase pattern of
apoptosis as described in Fig. 3A and B.
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Table I. Oligonucleotide sequences of PCR primers.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Oligo Sequences Annaling Cycles Size (bp)

temperature (˚C)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Bcl-2 5'-CTTTGAGTTCGGTGGGGTCATGTG-3' 58 30 275

5'-TGACTTCACTTGTGGCCCAGATAGG-3'

Bax 5'-ATGGACGGGTCCGGGGAGCAGC-3' 65 30 323
5'-CCCCAGTTGAAGTTGCCGTCAG-3'

Caspase-3 5'-CTCGGTCTGGTACAGATGTCGATG-3' 60 28 534
5'-GGTTAACCCGGGTAAGAATGTGCA-3'

ß-actin 5'-TCATGAGGTAGTCAGTCAGG-3' 55 22 305
5'-CTTCTCACGCCAAAGCTCACA-3'

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 1. Effects of activin A on DNA synthesis in SNU-16 cells. Cells were
cultured with activin A (100 ng/ml) for 24, 48 and 72 h. The proliferative
index was determined by a [3H]thymidine incorporation assay. Values are
the mean ± SD of three independent experiments. *P<0.05 and **P<0.01
compared to control.

Table II. Effects of activin A on growth suppression.
–––––––––––––––––––––––––––––––––––––––––––––––––

Doubling time Fold growth
–––––––––––––––––––

Cell lines activin (-) activin (+) suppression
–––––––––––––––––––––––––––––––––––––––––––––––––
SNU-16 34.2 47.3 1.38
–––––––––––––––––––––––––––––––––––––––––––––––––
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Effects of activin A on the expression of Bcl-2, Bax, and
caspase-3 mRNA. The level of Bcl-2, Bax, and caspase-3
mRNAs were examined by RT-PCR (Fig. 4). SNU-16 cells
were treated with 100 ng/ml of activin A for 24, 48 and 72 h,
respectively. The level of Bcl-2 was decreased whereas that
of caspase-3 was increased in a time-dependent manner. No
significant difference was observed in the level of Bax
mRNA in SNU-16 cells.

Involvement of caspases in activin A-induced apoptosis.
Caspases are cysteine-aspartate proteases that play critical

roles during the initiation and execution of apoptosis. To
further elucidate the mechanism involved in the observed
apoptosis, intracellular caspase-3, -8 and -9 activities were
measured in SNU-16 cells at various time points (Fig. 5). In
SNU-16 cells, caspase-3 activity increased as early as 24 h
after treatment and reached a maximal level at 72 h, which
was 3.0-fold greater than that of control. Caspase-8 and -9
activities in SNU-16 cells increased 1.8 and 1.7-fold at 72 h
respectively, compared to unstimulated cells. To confirm
whether or not the activation of caspases is involved in
activin A-induced apoptosis, apoptosis of SNU-16 cells by
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Figure 3. Effects of activin A on the induction of apoptosis in SNU-16 cells. Cells were cultured with activin A (100 ng/ml) as described in Fig. 1. (A) DNA
fragmentation was extracted from genomic DNA and resolved on 1.5% agarose gel by electrophoresis. (B) Apoptotic cells were measured using a cell death
detection ELISA. Values are the mean ± SD of three independent experiments. *P<0.05 and **P<0.01 compared to control.

Figure 2. Cell cycle analysis by FACScan of SNU-16 cells treated with activin A. Cells were cultured with activin A (100 ng/ml) as described in Fig. 1. Cells
were harvested and stained with propidium iodide. The DNA content was analyzed by flow cytometry. The percentage of cells in apoptosis, G0/G1, S, and
G2/M phases was calculated.
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activin A was determined by ELISA in the presence of a
pan-caspase inhibitor, Z-VAD-FMK, a caspase-3-specific
inhibitor, Z-DEVD-FMK, a caspase-8-specific inhibitor, Z-
IETD-FMK, and a caspase-9-specific inhibitor, Z-LEHD-
FMK. As shown in Fig. 6, apoptosis of SNU-16 cells by
100 ng/ml of activin A was inhibited by 10-50 μM Z-VAD-
FMK, 10-50 μM Z-DEVD-FMK, 10-50 μM Z-IETD-FMK,
and 10-50 μM Z-LEHD-FMK respectively. At 50 μM, the
effect of Z-DEVD-FMK was greater than other inhibitors on
the apoptosis of SNU-16 cells.

Discussion

Activins are known to be involved in many cellular events,
such as cell proliferation, differentiation, and apoptosis. In
previous studies, ten human gastric cancer cell lines showed
cell proliferation after activin treatment. Inhibition of cell
growth by activin observed only SNU-16 cell lines and
altered the expression of the activin receptor and Smad
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Figure 5. Caspase activation induced by activin A. Cells were cultured with
activin A (100 ng/ml) as described in Fig. 1. The enzymatic activity of
caspase proteases was measured by caspase colorimetric assay. Control cells
were assigned a value of 1 and other values were expressed relative to these
and were plotted against the time after activin A treatment. Values are the
mean ± SD of three independent experiments. *P<0.05 and **P<0.01
compared to control.

Figure 4. Effects of activin A on Bcl-2, Bax, and caspase-3 mRNA expression in SNU-16 cells. Cells were cultured with activin A (100 ng/ml) as described in
Fig. 1 and mRNA levels were measured by RT-PCR. Values are mean ± SD of three independent experiments, and reported as the ratio of Bcl-2, Bax, and
caspase-3 to ß-actin signals. *P<0.05 and **P<0.01 compared to control.

Figure 6. Effects of caspase inhibitors on activin A-induced apoptosis. SNU-16 cells were treated with activin A (100 ng/ml) in presence or absence of each
Z-VAD-FMK (10-50 μM), Z-DEVD-FMK (10-50 μM), Z-IETD-FMK (10-50 μM), and Z-LEHD-FMK (10-50 μM) for 72 h. Then, the cells were measured
using a cell death detection ELISA. Values are the mean ± SD of three independent experiments. *P<0.05 and **P<0.01 compared to activin-treated cells vs.
caspase inhibitor-treated cells with activin.
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mRNA. However, activin is regulated the activin signaling
pathway and activated the p21CIP1/WAF1 in human gastric
cancer SNU-16 cell lines (20). Activin has been found to
significantly inhibit cell proliferation within 24 h at con-
centrations of 5 ng/ml or 50 ng/ml activin in prostate LNCaP
cells. This growth inhibition was more pronounced at 48 h,
with even the lowest dose studied (0.5 ng/ml) inhibiting
cell proliferation (22). In HepG2 hepatoma cells, activin
(300 U/ml) resulted in cell growth inhibition, with decreased
in thymidine incorporation and cell numbers, which started
at 24 h and continued for 5 days (23). In the present study,
treatment with activin A (100 ng/ml) also significantly
decreased the DNA synthesis of SNU-16 cells in a time-
dependent manner. Activin leads to a substantial increase in
doubling times of SNU-16 cells. Taken together, these results
suggest that activin may act as a growth inhibitor that
prevents inappropriate proliferation of SNU-16 cells.

Activin causes cell cycle arrest in G1 phase. In mouse B
cell hybridoma, activin-sensitive cells increased the population
of nuclei with reduced DNA content, representing apoptotic
nuclei (15). On the other hand, previous reports have
demonstrated that activin induced apoptosis in androgen-
dependent prostate cancer cells and hepatoma (6,8). Activin
A mediates growth inhibition and cell cycle arrest through
Smads in human breast cancer cells (24). In the present
study, activin treatment increased the apoptosis fraction at
cell cycle in SNU-16 cells in a time-dependent manner.
Treatment with activin A (100 ng/ml) resulted in an increase
in DNA fragmentation and apoptotic cells of SNU-16 cells.
These results suggest that activin not only inhibits SNU-16
cell growth and blocks cell cycle progression at the G1
phase, but also induces apoptosis.

The Bcl-2 gene family members have been widely
considered to be regulators of cell death (25,26). Among pro-
and anti-apoptotic genes, Bax and Bcl-2 are dominant
regulators of apoptosis in that the ratio of Bcl-2 to Bax is
important in determining susceptibility to apoptosis (25).
Activin-induced apoptosis in B cell hybridoma cells may be
mediated through the suppression of Bcl-2 activity, whereas
activin up-regulated Bcl-X expression (27). The up-regulation
of Bcl-2 in these cells suppressed activin-mediated apoptosis.
Overexpression of the anti-apoptotic factor Bcl-2 suppressed
activin-mediated apoptosis in B cell hybridoma, and the
expression of the pro-apoptotic Bax were unchanged, after
activin treatment (15). The expression level of Bcl-2 mRNA is
higher in IOSE-29EC cells than in IOSE-29 cells, whereas no
difference was observed in the expression levels of Bax
mRNA between IOSE-29 and IOSE-29EC cells (9). In SNU-
16 cells, Bcl-2 mRNA levels decreased in a time-dependent
manner after activin stimulation, and caspase-3 mRNA levels
were increased. No difference was observed between Bax
mRNA levels in SNU-16 cells. These results suggest that both
the decrease of Bcl-2 expression and the increase of caspase-3
expression mediate the apoptotic activation of activin.

Many genes are involved in the progression of apoptosis.
Activin not only regulates cell growth and differentiation, but
it also induces programmed cell death in several types of
cells. It appear that activin induces apoptosis by activating
caspases, the proteases responsible for cell death (28). To
investigate the molecular mechanism underlying apoptosis of

human gastric cancer cells, we assessed the status of several
members of the caspase family, the key molecules of
apoptosis, during activin-mediated apoptosis of SNU-16
cells. We found that treatment of SNU-16 cells with activin
produced increases in intracellular caspase-3, -8 and -9
activities. This finding was confirmed by experiments using
the pan-caspase inhibitor Z-VAD-FMK, the caspase-3-
specific inhibitor Z-DEVD-FMK, the caspase-8-specific
inhibitor Z-IETD-FMK, and caspase-9-specific inhibitor Z-
LEHD-FMK, which attenuated activin-mediated apoptosis.
The decrease of activities of caspase-3, -8 and -9 after 72 h
treatment with activin seems to be due to the considerably
advance in cell death. These results suggest that apoptosis of
SNU-16 cells that is induced by activin is mediated by
caspase activation. In SNU-16 cells, induction of apoptosis
by activin occurs through mitochondrial pathway involving
initiator caspase-8 and -9 and effector caspase-3.

In conclusion, we demonstrated that activin inhibits the
growth of SNU-16 cells by induction of apoptosis, which
involve caspase activation. The study of the growth-inhibitory
effect of activin will contribute to increased understanding of
the critical signaling pathway for SNU-16 cells.
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