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Oncostatin M promotes proliferation of ovarian cancer cells
through signal transducer and activator of transcription 3
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Abstract. Oncostatin M (OSM), a pleiotropic cytokine, has
been shown to have distinctive effects in different tissues.
In ovarian carcinoma, it is commonly co-expressed together
with its receptors but its precise role and the underlying
molecular mechanism governing its activity remains unclear.
The aim of the present study was to investigate the function
of the recombinant human OSM (rH-OSM) in human ovarian
cancer. The study demonstrated that rH-OSM promotes the
proliferation of SKOV3 ovarian cancer cells. Western blot
analysis showed that phosphorylated-signal transducer and
activator of transcription 3 (p-STAT3), phosphorylated-
extracellular signal-regulated protein kinase 1/2 (p-ERK1/2)
and p-p38 protein levels increased in the cell lines treated
with rH-OSM. Proliferation in SKOV3 cells induced by
rH-OSM was suppressed by inhibitors of p-p38 or p-ERK1/2.
Western blot analysis showed that p-STAT3 protein levels
decreased in SKOV3 cells treated with inhibitors of p-p38
prior to treatment with rH-OSM. Also, p-STAT3 levels did
not increase in cells treated with inhibitors of ERK1/2 prior
to treatment with rH-OSM. Cell proliferation was moderately
increased, and p-ERK1/2 and p-p38 protein expression were
similarly affected in STAT3-RNAi knocked-down SKOV3
cells treated with rH-OSM compared to the control group.
The data demonstrate that the growth-promoting activity of
rH-OSM may be mediated through different signaling path-
ways. ERK1/2 and p38 proteins regulate STAT3 expression in
SKOV3 cells, while STAT3 may be pivotal to the proliferation
of SKOV3 cells in vitro.
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Introduction

Oncostatin M (OSM) belongs to the family of interleukin
(IL)-6 type cytokines produced by monocytes, macrophages,
T cells, neutrophils and several other cell types (1,2). OSM
elicits many different biological responses in various cell
types, among which the ability to regulate cell growth and
differentiation is most notable. OSM has been shown to
inhibit the proliferation of a number of cell lines derived from
human tumors, including breast tumors and melanomas (3,4).
OSM also stimulates the growth of normal fibroblasts (3),
normal rabbit vascular smooth muscle cells (5), myeloma cells
(6) and AIDS-related Kaposi's sarcoma cells (7).

Increasing evidence suggests that OSM promotes tumor
growth and metastasis. Recently, it was demonstrated that
OSM could contribute to the proliferation and development
of a metastatic phenotype in murine mammary tumors of the
carcinoma cell lines M6 (adenocarcinoma) and M6c¢ (meta-
static adenocarcinoma) in vivo (8). Furthermore, OSM induced
vascular endothelial growth factor (VEGF) production in
breast cancer MDA-MB-231 and T47D cells, and increased
breast cancer cell detachment and invasive capacity (9). OSM
was also shown to down-regulate various melanocyte-lineage
(MU, MU-X and EW) antigens targeted by tumor-specific
cytotoxic T lymphocytes, resulting in resistance to immune
cytotoxic therapies (10). These data suggest that OSM is
unsuitable as a cancer therapeutic drug and suggest that the
biological actions of OSM, at least in vitro, may depend on the
cell type and context.

Signal transduction by OSM is mainly mediated through
the canonical Janus kinase (Jak)/signal transducer and acti-
vator of transcription (STAT) pathway (11), by activation of the
mitogen-activated protein kinase (MAPK) cascade (12) and
through activation of the phosphatidylinositol (PI) 3-kinase
pathway (13). Previous studies examined the signaling path-
ways of OSM in Ba/F3 cells (14), myeloid leukemia M1 cells
(15) and MG6 osteoblast cells (16). In Ba/F3 cells, stimulation
of gpl130 led to cell proliferation. This proliferative response
was found to depend on both STAT3 activation and the
activation of MAPK and extracellular signal-regulated kinase
(ERK). However, in M1 cells, STAT3, but not ERK, was
involved in M1 cell differentiation induced by the IL-6 family
of cytokines. Similarly, the IL-6 and OSM-induced differen-
tiation of osteoblast MG63 cells was dependent on STATS3,
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but not on ERK activation. Inhibition of activation of the
ERK signaling pathway completely abrogated OSM-induced
growth inhibition in MDA-MB231 cells, whereas blocking
this ERK signaling pathway had little effect on OSM activity
in MCF-7 cells (17). These studies demonstrated that different
signaling pathways can be utilized by OSM to regulate cell
growth in a cell-type specific manner. However, OSM has
recently been shown to activate the protein kinase p38 (18,19),
which is generally known to be activated by environmental
stressors such as UV exposure, oxidative stress and exposure
to pro-inflammatory cytokines (e.g., IL-1 and TNFa) (20).

OSM-specific receptors are expressed by a wide variety
of cell types, including endothelial-, hepatic-, lung- and bone
marrow, and many tumor cell lines (21-23) including those
of ovarian cancer (24). However, the role and molecular
mechanism of OSM in ovarian cancer remains unknown. The
purpose of this study was to investigate the possible suppres-
sive or stimulatory role of OSM in the ovarian cancer model
of SKOV3 cells, as well as the involvement of the ERK1/2,
p38 and STAT3 signaling pathways.

Materials and methods

Cells and reagents. The human epithelial ovarian cancer cell
line, SKOV3, which expresses the OSM specific receptor
OSMR/LIFR/gp130 (24), was generously provided by the
Central Laboratory of the First Hospital of Jilin University.
All cells were cultured in RFC,, [RPMI-1640 with 10% fetal
bovine serum (FBS)] medium and 1% penicillin and strepto-
mycin in a 5% CO,-humidified atmosphere at 37°C. Purified
recombinant human (tH)-OSM was obtained from PeproTech
(Rocky Hill, NJ, USA). The MAPK/ERK kinase (MEK)
inhibitor, U0126, was purchased from the Beyotime Institute
of Biotechnology (Jiangsu Province, China). The mouse mono-
clonal antibody against activated p-ERK1/2 and the rabbit
polyclonal antibodies to detect inactive STAT3 and p-STAT3
and p-p38 were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The anti-glyceraldehyde 3-phosphate
dehydro-genase (GAPDH) antibody was purchased from
the Beyotime Institute of Biotechnology. The p38 inhibitor,
SB202190, was purchased from Sigma (St. Louis, MO, USA).

Cell growth curve. Cell proliferation was measured in mono-
layer cultures grown in Costar 24-well cluster plates. Cells
were plated at an initial density of 2.5x10° cells/well in 0.5 ml
RFC,,. The cells were treated with rH-OSM (100 ng/ml) in
0.5 ml medium with 2% FBS, 24 h after initial seeding. Cells
of the control group were treated with an equal volume of
RPMI-1640 in 0.5 ml medium with 2% FBS. The culture
medium was refreshed every 2 days. After 6 days of treatment,
cells were trypsinized and viable cell numbers were counted.

Cell cycle analysis. Cell cycle distribution was analyzed from
monolayer cultures in 6-well Costar cluster plates by flow
cytometry. Cells were plated at an initial density of 1x10°
cells/well in 2 ml RFC,,. rtH-OSM (100 ng/ml) was added
in 2 ml medium supplemented with 2% FBS, 24 h after
initial seeding. Cells of the control group were treated in an
equal volume of RPMI-1640 in 2 ml medium with 2% FBS.
For measurements, cells were trypsinized, rinsed with PBS,
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fixed with 70% ethanol at 4°C overnight and treated with
ribonuclease (RNase) A (0.02 mg/ml) in the dark, at room
temperature, for 30 min. Cells were resuspended in propidium
iodide (PI) (0.05 mg/ml) and analyzed with flow cytometry
(Becton-Dickinson). DNA histograms were analyzed using
the ModFit LT V2.0 software. For each sample, at least 10*
events were recorded.

Determination of apoptosis by Hoechst 33342/PI staining.
Cells were treated with 100 ng/ml rH-OSM in medium with
2% FBS for 72 h in a 6-well plate. Cells of control group were
treated with an equal volume RPMI-1640 in 0.5 ml medium
with 2% FBS. The cells were harvested by trypsinization,
washed and resuspended in RPMI-1640 medium at a density
of 1x10° cells/ml. Next, the cell suspension was incubated
with Hoechst 33342 (1 ug/ml) at 37°C for 5 min and then with
PI (5 pg/ml) in the dark at 4°C for 30 min, and analyzed by
flow cytometry (Becton-Dickinson).

Growth inhibition assay. SKOV3 cells were plated at 3000
cells/well in 96-well plates in RFC,, with 1% penicillin and
streptomycin in a 5% CO,-humidified atmosphere at 37°C.
The following day, the media were replaced by RPMI-1640
with 2% FBS and the cells were treated with 100 ng/ml
rH-OSM. Cells of the control group were treated with an equal
volume of RPMI-1640 in 0.5 ml medium with 2% FBS. Cell
proliferation was assessed by the methylthiazoletetrazolium
(MTT) assay. At the desired experimental time points, 20 ul
of 5 mg/ml MTT were added to the cells, which were then
incubated for 4 h in a humidified/5% CO, atmosphere at 37°C.
After vigorous pipetting, 200 ul of DMSO was added to each
well (to dissolve the formazan salt produced by respiring cells
upon metabolizing MTT) and the absorbance was measured
at 570 nm using a microplate reader.

Western blot analysis. SKOV3 cells were plated at 1x10°
cells/well in 6-well plates in RFC,, with 1% penicillin and
streptomycin in a 5% CO,-humidified atmosphere at 37°C.
The following day, the media were replaced by RPMI-1640
with 2% FBS and the cells were treated with 100 ng/ml
rH-OSM for different lengths of time. Cells of the control
group were treated with an equal volume of RPMI-1640 in
0.5 ml medium with 2% FBS for different periods of time.
Cell protein preparations were run on a 10% denaturing poly-
acrylamide gel and transferred to a nitrocellulose membrane.
The membrane was incubated for 80 min at 4°C with 5%
non-fat dry milk in Tris buffer (Tris 30 mmol, pH 7.6, NaCl
140 mmol and 0.1% Tween-20) and then incubated overnight
with monoclonal antibody. The membrane was then incubated
with the secondary antibody and diaminobenzidene (DAB)
was used for protein detection.

Transient transfections. Approximately 1x10° SKOV3 cells
were transiently transfected with 10 g plasmid DNA linking
Sh-STAT3 (STAT3-1S: 5'-CACCGCAGCAGCTGAACA
ACATGTTCAAGAGACATGTTGTTCAGCTGCTGCT
TTTTTG-3'; STAT3-1A: 5'-GATCCAAAAAAGCAGC
AGCTGAACAACATGTCTCTTGAACATGTTGTTCA
GCTGCTG C-3") with 10 pl Lipofectamine 2000 (lip-2000)
in Opti-MEM I reduced serum medium (Invitrogen, CA,
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Figure 1. Apoptosis measurement in SKOV3 cells after treatment with rH-OSM, using Hoechst 33342/PI staining. SKOV3 cells were stimulated with or
without 100 ng/ml rH-OSM for 72 h. The resulting cell suspension was incubated with Hoechst 33342 (1 ug/ml) at 37°C for 5 min and then with PI (5 pg/ml)
in the dark at 4°C for 30 min, prior to flow cytometry. The Hoechst positive rate of the cells treated with rH-OSM was similar to that of the control without

rH-OSM.

USA) according to the manufacturer's instructions. Transfected
cells were named RNAi-vector (control plasmid) and RNAi-
STAT3 cells. The cells were incubated under their normal
growth conditions and monitored for gene silencing 48 h after
transfection by Western blot.

Statistical analysis. Experiments were performed indepen-
dently three or more times. The two-tailed Student's t-test
and one-way ANOVA (SPSS software version 11.5) were
used to analyze statistical significance. P-values <0.05 were
considered to indicate statistical significance.

Results

RH-OSM does not induce apoptosis of SKOV3 cells. Previous
studies showed that OSM may induce apoptosis of some cell
lines derived from human tumors, such as breast, melanoma
and lung carcinoma cell lines. To determine whether rH-OSM
also induced apoptosis in SKOV3 ovarian cancer cells, we
measured the apoptosis rate after treatment with 100 ng/ml
rH-OSM for 72 h by double staining using Hoechst 33342/PI
staining. As shown in Fig. 1, Hoechst 33342 positive nuclear
staining of cells treated with 100 nmol of rH-OSM was almost
similar to the control group treated without rH-OSM (P>0.05,
Fig. 1). This result showed that rH-OSM can not induce
apoptosis in SKOV3 ovarian cancer cells.

RH-OSM induces proliferation of SKOV3 cells. Our results
showed a dose-dependent and time-dependent increase in the
proliferation of SKOV3 cells treated with rH-OSM. SKOV3
cells were treated with rH-OSM from 0-200 ng/ml for 72 h
and a higher proliferation rate was observed in SKOV3 cells
treated with 50-200 ng/ml rH-OSM compared to those treated
with 0 ng/ml (P<0.05, Fig. 2A). Cells, from days 3 to 6 after
treatment with 100 ng/ml rH-OSM, demonstrated a higher
proliferation rate, as assessed by the MTT assay (P<0.05,
Fig. 2B). In addition, cell counting revealed that the number of
SKOV3 cells increased from 3 to 6 days after treatment with
rH-OSM (P<0.05, Fig. 2C). Cell cycle analysis showed that

rH-OSM caused a significant increase of cells in G2/M and S
phases at 18 h and 42 h, as compared to the untreated control
cells (P<0.05 for both, Fig. 2D).

Protein expression changes in SKOV3 cells induced by
rH-OSM. Although activation of ERK1/2, p38 and STAT3 by
rH-OSM has been shown in several cell types (as discussed in
the introduction), it remains unknown whether rH-OSM could
induce ERK1/2, p38 and STAT3 activation in ovarian cancer
cells. Thus, p-ERK1/2, p-p38 and p-STAT?3 protein levels were
examined in SKOV3 cells. When stimulated with 100 ng/ml
of rH-OSM for different lengths of time, p-ERK1/2, p-p38
and p-STAT3 levels were found to be increased by rH-OSM
stimulation . Increase of p-ERK1/2 was detected after 15 min,
reached a maximal level at 30 min and slowly declined after
2 h. The levels of p-STAT3 and p-p38 were found to increase
gradually by rH-OSM stimulation over time (Fig. 3).

An ERKI1/2 inhibitor blocks the rH-OSM-induced STAT3
expression and proliferation of SKOV3 cells. Induction of
ERK1/2 activation was observed in SKOV3 cells exposed to
rH-OSM (Fig. 3). We assessed whether ERK1/2 activation
induced by rH-OSM had an effect on SKOV3 proliferation. To
that end, the MEK inhibitor, U0126, which was found to specif-
ically block ERK activation (17), was used. U0126 was utilized
to assess the role of the MEK/ERK pathway in rH-OSM
induced growth of SKOV3 cells. After treatment of cells with
U0126 for 40 min the levels of p-ERK were decreased (Fig. 4A
and B). MTT assays showed that U0126 alone had a notable
growth inhibitory effect, and the number of cells after treat-
ment with U0126 could not be increased by rH-OSM (P>0.05,
Fig. 4C). Western blot analysis showed that the level of ERK1/2
activation was suppressed by U0126, while p-p38 protein levels
were increased after co-stimulation with rH-OSM and U0126
(Fig. 4A and B). The protein levels of p-STAT3 were increased
at 15 and 30 min, but the levels at other time points did not
change, as compared to the control. These results demonstrate
that the rH-OSM-induced STAT3 expression and proliferation
in SKOV3 cells is regulated by ERK1/2.
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Figure 2. rH-OSM induces proliferation of SKOV3 cells. (A) SKOV3 cells treated with 0-200 ng/ml rH-OSM for 72 h or (B and C) with 100 ng/ml rH-OSM

for 1-6 days. MTT assay (A and B) or cell growth curve (C) after cell treatment with rH-OSM. Cell cycle analysis (D) after cells were treated with 100 ng/ml
rH-OSM for 6, 18, 30 or 42 h.
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Figure 3. P-ERK1/2, p-p38, and p-STAT?3 protein expression levels induced by rH-OSM in SKOV3 cells. SKOV3 cells were treated with 100 ng/ml rH-OSM
for different lengths of time. Cells of the control group were treated with an equal volume RPMI-1640 in 0.5 ml medium with 2% FBS for different periods of
time. The protein levels of p-ERK1/2, p-p38, and p-STAT3 were examined though Western blot analysis.

p38 inhibition of the rH-OSM-induced increases in STAT3  an effect on SKOV3 proliferation. To that end, an inhibitor of
expression and proliferation in SKOV3 cells. Activation of p38  p38 kinase, SB202190, was used. SB202190 (50 nmol/ml) was
was seen in SKOV3 cells after exposure to rH-OSM (Fig. 3).  able to specifically block p38 activation (25,26). Treatment
We assessed whether p38 activation induced by rH-OSM has  of cells with SB202190 for 40 min lowered the levels of p38
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(Fig. 5A and B). Incubation of SKOV3 cells with rH-OSM for
4 days in the presence of 50 nmol/ml SB202190, demonstrated
that p38 itself has a growth inhibitory effect. Interestingly,
the number of SKOV3 cells after 3 days of co-treatment with
rH-OSM and SB202190 was lower than with treatment with
SB202190 alone (P<0.05, Fig. 5C). Therefore, the prolif-
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Figure 4. U0126 was utilized to assess the role of p-ERK1/2 in the rH-OSM-
induced alterations in the growth and protein expression levels in SKOV3
cells. (A and B) Western blot analysis of the expression levels of p-ERK1/2,
p-p38 and p-STAT3 in SKOV3 cells treated with U0126 for 40 min before
treatment with 100 ng/ml rH-OSM. (C) MTT assays assessing the number
of live cells after treatment with U0126 for 40 min prior to treatment with
100 ng/ml rH-OSM.
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Figure 5. SB202190 was utilized to assess the role of p-p38 in the rH-OSM-
induced alterations in the growth and protein expression levels in SKOV3
cells. (A and B) Western blot analysis of the expression levels of p-ERK1/2,
p-p38 and p-STAT3 in SKOV3 cells treated with SB202190 for 40 min prior
to treatment with 100 ng/ml rH-OSM. (C) MTT assay assessing the number
of live SKOV3 cells after treatment with SB202190 for 40 min prior to treat-
ment with 100 ng/ml rH-OSM.

eration of SKOV3 cells induced by rH-OSM was reversed by
SB202190. Western blot analysis showed (Fig. 5A and B), that
the level of p38 activation was lowered by SB202190 stimula-
tion compared to the control. The increase in p-ERK1/2
caused by rH-OSM and SB202190 co-stimulation, was similar
to the rH-OSM treatment alone. Interestingly, the protein
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levels of p-STAT3 in response to treatment with rH-OSM
in the presence of SB202190 gradually decreased over time
(Fig. 5A and B). These results demonstrate that p38 regulates
the rH-OSM-induced alterations in STAT3 expression and
proliferation in SKOV3 cells.

STAT3 regulates rH-OSM-induced proliferation in SKOV3
cells. An increase of p-STAT3 expression was seen in SKOV3
cells cultured in the presence of rH-OSM (Fig. 3). We investi-
gated whether the rH-OSM-induced proliferation is mediated
by activation of STAT3 in the SKOV3 ovarian cancer cell line
model. To this end, STAT3 was silenced by RNAi. Western
blot analysis demonstrated that the protein levels of STAT3
were markedly suppressed (Fig. 6A and B). However, the
MTT assay showed that rtH-OSM did not have an effect on the
proliferation of SKOV3 cells in which STAT3 was suppressed
(Fig. 6C). Protein levels of p-ERK1/2 and p-p38 in STAT3-
suppressed cells did not change after incubation with rH-OSM
(Fig. 6A and B), which suggests that rH-OSM may induce the
growth of SKOV3 cells though the STAT3 pathway.

Discussion

The expression of OSM and its receptors has been studied in
several human malignancies and cell types. OSM elicits many
different biological responses in different cell types. Previous
studies suggested the presence of an autocrine loop involving
OSM and its receptors in the growth of ovarian carcinoma
cells (24), but it was not clear what function such a loop might
have. Our findings suggest that rH-OSM does not induce apop-
tosis, but may promote proliferation of SKOV3 cells in vitro
(Fig. 2A-C), making rH-OSM a potential survival factor in
these cells. Also, as previously mentioned, OSM can serve as
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Figure 6. RNAi was utilized to assess the role of STAT3 in the rH-OSM-
induced alterations in the growth and protein expression levels in SKOV3
cells. (A and B) Western blot analysis of the expression levels of p-ERK1/2,
p-p38, p-STAT3 in SKOV3 cells treated with 100 ng/ml rH-OSM in which
STAT3 was silenced by RNAI treatment. (C) MTT assays assessing the
number of live cells after treatment with 100 ng/ml rH-OSM and STAT3
silencing by RNAI transfection.

an autocrine growth factor for Kaposi's sarcoma cells (7,27)
and certain myelomas, plasmacytomas and prostate cancer
cells as well (28-30). Thus, the biological actions of OSM, at
least in vitro, may depend on the cell type and context.

Previous studies have shown that in certain cell lines
OSM induces the activation of STAT3, p38 and ERK. In the
present study we demonstrated that in SKOV3 cells, STATS3,
p38 and ERK were activated after exposure to rH-OSM.
ERK1/2 seems to be important for the rH-OSM-induced
STATS3 activation. This notion is supported by the observation
that the rH-OSM-induced alteration of STAT3 expression
is regulated by exposure to U0126. Our data suggest that
STATS3 is positively regulated by ERK1/2 activation in
SKOV3 cells. Previous studies have shown that ERK either
positively or negatively regulates the activation of STAT3
(31,32). In addition, in our study OSM-induced proliferation
and p-STAT3 protein expression was blocked by U0126 in
SKOV3 cells. This suggests that OSM-induced proliferation
is regulated by ERK1/2 itself or by the signaling cascades of
ERK1/2-STAT3.

The activation of the MAPK, p38, was also correlated with
the STATS3 response in SKOV3 cells. RH-OSM could induce
p38 protein activation in SKOV3 cells. However, the induction
of STAT3 activation was counteracted by rH-OSM and even
shifted to a decrease when the p38 inhibitor was used. This
implies that expression of STAT3 is also mediated by p38.
Previous studies have shown that p38 MAPK regulates the
activation of STAT3 (33,34). Our data do not completely rule
out the possibility that other signaling pathways, in addition
to STAT3, ERK and p38, are involved. Whether the rH-OSM-
induced p38 increase maintained STAT3 activation through
inhibiting other proteins, or whether other rH-OSM-induced
pathways are stimulated remains unclear.
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Inhibition of ERK1/2 activation leads to loss of the
rH-OSM-mediated proliferative response and an increased
protein level of p-STAT3 in SKOV3 cells. After inhibiting
p38 MAPK activation, the rH-OSM-mediated proliferative
response also disappeared and was even reversed, while the
protein levels of p-STAT3 gradually decreased. The data
demonstrate that ERK1/2 and p38 co-regulate the activation
of STAT3 and the proliferation in SKOV3 cells. However, we
found that alterations in the protein levels of STAT3 occured
after treatment with ERK or p38 inhibitors. Therefore,
we presume that STAT3 may be a key factor for inducing
proliferation of SKOV3 cells in response to rtH-OSM. To
test this hypothesis, we inhibited STAT3 gene expression
by RNAi. The rH-OSM-induced proliferative response of
SKOV3 cells disappeared, as expected, and the level of p-p38
and p-ERK1/2 remained the same after rH-OSM stimula-
tion. STAT3 is therefore, considered an important factor for
induction of proliferation (or delay of apoptosis) in SKOV3
cells by rH-OSM. These data demonstrate that the growth-
promoting activity of rH-OSM can be mediated through
different signaling pathways, such as the ERK-STAT3 or
the p38-STAT3 signaling pathways. The ERK1/2 and p38
proteins regulate STAT3 expression in SKOV3 cells, while
STAT3 may be pivotal for the proliferation of SKOV3 cells
in vitro.
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