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Abstract
Signal transducer and activator of transcription 3 (STAT3) is activated in a variety of human cancers,
including ovarian cancer. The molecular mechanism by which the STAT3 is activated in cancer cells
is poorly understood. We observed that human ovarian xenograft tumors (A2780) in mice were
severely hypoxic (pO2 ∼ 2 mmHg). We further observed that hypoxic exposure significantly
increased the phosphorylation of STAT3 (pSTAT3) at the Tyr705 residue in A2780 cell line. The
pSTAT3 (Tyr705) level was highly dependent on cellular oxygenation levels, with a significant
increase at <2% O2, and without any change in the pSTAT3 (Ser727) or total STAT3 levels. The
pSTAT3 (Tyr705) elevation following hypoxic exposure could be reversed within 12 hr after
returning the cells to normoxia. The increased level of pSTAT3 was partly mediated by increased
levels of reactive oxygen species generation in the hypoxic cancer cells. Conventional
chemotherapeutic drugs cisplatin and taxol were far less effective in eliminating the hypoxic ovarian
cancer cells suggesting a role for pSTAT3 in cellular resistance to chemotherapy. Inhibition of
STAT3 by AG490 followed by treatment with cisplatin or taxol resulted in a significant increase in
apoptosis suggesting that hypoxia-induced STAT3 activation is responsible for chemoresistance.
The results have important clinical implications for the treatment of hypoxic ovarian tumors using
STAT3-specific inhibitors.
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Hypoxia, defined as subnormal levels of tissue oxygenation, has long been implicated in the
development of resistance to radio- or chemotherapeutic treatment in several types of tumors.
1 Clinical investigations have shown that most of the tumors are hypoxic and that the degree
of hypoxia increases with tumor size. 1–3 Hypoxic tumor cells can be locally and systemically
aggressive, with a decreased sensitivity to apoptotic and other cell-death signals, and increased
signaling to promote angiogenesis, proliferation and systemic metastasis capacity.4
Experimental and spontaneous metastatic capacity is increased when tumor cells are subjected
to hypoxia, and this can be secondary to genetic instability.3 Furthermore, hypoxia results in
increased generation of reactive oxygen species (ROS) and several studies have suggested that
ROS can act as secondary messengers and control various signaling cascades.5 Moreover,
oxidative stress caused by ROS was reported to be a potent activator of nuclear factor κB (NF-
κB), which is involved in the signaling pathways of many growth factors and cytokines.6
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Several constitutively activated signal transducers and activators of transcription 3 (STAT3)
proteins have been observed in a wide number of human cancer cell lines and primary tumors,
including blood malignancies and solid ovarian cancers. 7–10 STAT3 is activated by
phosphorylation at the Tyr705 residue, which induces dimerization, nuclear translocation and
DNA binding.11 The resulting signal-transduction pathways permit them to play different roles
in normal physiological cell processes, such as differentiation, proliferation, apoptosis and
angiogenesis.9 However, aberrant activation of STAT3 signaling gives rise to different
pathological events. Many studies suggest that STAT3 proteins could participate in
tumorigenesis through upregulation of genes encoding apoptosis inhibitors (Mcl-1, Bcl-xL),
cell-cycle regulators (cyclin D1/D2, c-Myc), and inducers of vascular endothelial growth factor
(VEGF).2,12–15 It is reported using a human renal carcinoma cell line that hypoxia-mediated
STAT3 activation was responsible for transcriptional activation of the VEGF promoter.16

Furthermore, active STAT3 interacted with HIF-1α, and increased HIF-1α accumulation in
hypoxic cells.16,17 However, how the STAT3 is activated in hypoxic cancer cells is an
intriguing question, and has not been studied.

Because activation of STAT3 directly regulates both cell-proliferation and survival genes that
provide growth advantages to tumor cells by blocking proapoptotic genes, it is possible that
the STAT3 could be activated by the tumor microenvironment, including growth under hypoxic
conditions. Hence, the goal of this study was to determine the effect of hypoxia on the induction
of STAT3 activation in human ovarian cancer cells. We observed that STAT3 activation was
significantly increased by hypoxia, which was accompanied by increased ROS generation. The
hypoxia-mediated STAT3 activation might be contributing to cellular resistance to anticancer
drug-induced apoptosis, which would present a further and considerable clinical obstacle. Our
results provide a rationale for new clinical perspectives on the development of future therapies
for hypoxic ovarian cancers.

Material and methods
Materials

Dimethyl sulfoxide, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
dicarboxyfluorescein diacetate (DCF-DA), N-acetyl cysteine (NAC) and AG490 were obtained
from Sigma (St. Louis, MO). Cell-culture media (RPMI 1640, DMEM), fetal bovine serum
(FBS), antibiotics, sodium pyruvate, trypsin and phosphate-buffered saline (PBS) were
purchased from Gibco BRL (Grand Island, NY). Polyvinylidene fluoride (PVDF) membrane
and molecular weight markers were obtained from Bio-Rad. Antibodies directed against human
pSTAT3 Tyr705 and Ser727, pSTAT1, pSTAT5 and pSTAT6 were purchased from Cell
Signaling Technology (Beverly, MA). Antibodies specific for human VEGF, HIF-1α and
STAT3, as well as STAT3 siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Lipofectamine kits were purchased from Invitrogen (Carlsbad, CA). RNAse was
purchased from Promega Corporation (Madison, WI). Enhanced chemiluminescence (ECL)
reagents were obtained from Amersham Pharmacia Biotech (Buckinghamshire, UK). All other
reagents and compounds were of analytical grade.

Cell lines and culture
The human ovarian cancer cell line, A2780, that is, sensitive to treatment by the chemotherapy
drug cisplatin was used.18 Cells were grown in RPMI 1640 medium supplemented with 10%
FBS, 2% sodium pyruvate and 1% penicillin and streptomycin (PS). Cells were grown in a
100-mm dish to 70% confluence at 37°C in an atmosphere of 5% CO2 and 95% air. Cells were
routinely trypsinized (0.05% trypsin/EDTA) and counted using a Nucleo-Counter (New
Brunswick Scientific, Edison, NJ). Hypoxic exposure was achieved by incubating cells in a
humidified atmosphere of 1% O2 and 5% CO2 in a specialized environmental chamber (C-
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Chamber and ProOx Model C21, BioSpherix, USA) contained within a standard cell culture
incubator.

Cell proliferation assay
A2780 cells were seeded at a density of 1 × 104/ml (200 μl/well) into 96-well microplates with
complete RPMI-1640 medium and cultured for 24 hr. The cells were incubated under normoxic
(20% O2) or hypoxic (1% O2) conditions. After 24 hr of incubation, cell proliferation was
assessed by BrdU assay methods. The method is based on incorporation of the pyrimidine
analogue BrdU in place of thymidine into the DNA of proliferating cells. Experiments were
performed in triplicate, and data were expressed as the mean of the triplicate determinations
of a representative experiment in percentage of absorbance of samples compared with untreated
cells. The absorbance at 350 nm was evaluated using a microplate reader.

Measurement of ROS
The intracellular detection of ROS was performed using DCF-DA, as previously described.
19 A2780 cells were grown to 80% confluence on 6-mm glass cover-slips, and incubated under
normoxic or hypoxic conditions. Following DCF-DA loading, the cells were incubated in the
dark for 20 min, washed with protein-free medium and fluorescence images were immediately
captured with a Nikon Eclipse TE2000-U camera system using excitation/emission at 495/520
nm. The captured images, 5–10 per slide, were then analyzed using image analysis software
(MetaMorph).

Immunoblot analysis
A2780 cells were grown in RPMI-1640 medium under normoxic (20% O2) or hypoxic (1%
O2) conditions for 24, 48 or 72 hr. Following hypoxic exposure, cell lysates were prepared in
nondenaturing lysis buffer [10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1 mM
EDTA, 1 mM EGTA, 0.3 mM phenylmethylsulfonyl fluoride, 0.2 mM sodium orthovanadate,
0.5% NP40, aprotinin (1 μg/ml) and leupetin]. The cell lysates were centrifuged at 10,000g for
20 min at 4°C, and the supernatant was separated. The protein concentration in the lysates was
determined using a Pierce detergent-compatible protein assay kit. For Western blotting, 25–
50 μg of protein lysate per sample was denatured in 2× SDS-PAGE sample buffer and subjected
to SDS-PAGE on a 10% or 12% tris-glycine gel. The separated proteins were transferred to a
PVDF membrane and the membrane was blocked with 5% nonfat milk powder (w/v) in TBST
(10 mM Tris, 100 mM NaCl, 0.1% Tween 20) for 1 hr at room temperature, or overnight at 4°
C. The membranes were incubated with the primary antibodies mentioned previously. The
bound antibodies were detected with horseradish peroxidase (HRP)-labeled sheep anti-mouse
IgG or HRP-labeled donkey anti-rabbit IgG using an ECL detection system (ECL Advanced
kit). Protein expression was quantified using Image Gauge version 3.45 software.

STAT3 siRNAs study
A2780 cells were transfected with STAT3 siRNA and negative control siRNA using
Lipofectamine 2000 (Invitrogen) according to the manufacturer's recommended protocol. The
negative control siRNA, which uses sequences that do not target any gene product, is essential
for evaluating transfection efficiency and determining the effects of siRNA delivery on cells.
One day after transfection, the complexes were removed and replaced with fresh culture
medium. The cells were incubated for 24 hr in the hypoxic environment (1% O2), after which
cell lysates were prepared, and subjected to immunoblot analysis for pSTAT3 and STAT3.
The transfected cells were also subjected to cell proliferation assessment using BrdU
incorporation, as mentioned previously in the cell proliferation assay. Cell viability was
determined using the conversion of MTT to formazan via mitochondrial oxidation. One day
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after transfection, the transfection complexes were removed and replaced with culture medium,
followed by incubation with cisplatin (100 μM) or taxol (50 μM) for 24 hr.

pO2 measurements in tumors
Human ovarian cancer xenograft tumors were grown in the hind limb of BALB/c nude mice
by injecting cisplatin-sensitive (A2780) or cisplatin-resistant (A2780 cDDP) human ovarian
cancer cells (5 × 106 cells in 60 μl of PBS) subcutaneously (s.c.), as we have reported.20

Similarly, radiation-induced fibrosarcoma (RIF-1) tumors were grown in C3H mice, as we
have reported.2,21 When the tumors reached about 10–12 mm size in the largest dimension,
tumor tissue oxygenation (pO2) was measured by electron paramagnetic resonance (EPR)
oximetry using lithium octa-n-butoxy-naphthalocyanine (LiNc-BuO) microcrystals (10–30
μm size) as probe.22 Mice were anesthetized with 1.5% isoflurane-air mixture and LiNc-BuO
crystals were implanted into the tumor or in the gastrocnemius muscle tissue of control
(nontumor) C3H mice at a depth of about 3 mm. In vivo EPR measurements were performed
48 hr after implantation of the probe by using an L-band (1.2 GHz) EPR spectrometer
(Magnettech, Germany) with a bridged loop-gap resonator.21 The peak-to-peak width of the
EPR spectrum of the probe in the tissue was used to determine pO2 values using a precalibrated
standard curve.22 The pO2 values are expressed as a mean ± standard error (SE) of data obtained
from 5 mice per group.

Statistical analysis
All data were expressed as mean ± SE. Comparisons among groups were performed by a
Student's t-test. The significance level was set at p < 0.05.

Results
Ovarian tumors are severely hypoxic

Hypoxic microenvironments are frequently found in many solid tumors, including ovarian
tumors.1 However, the precise value of oxygenation in ovarian tumors is not known. We used
EPR oximetry to measure oxygenation (pO2) in ovarian tumors. A2780 cells were transplanted
and grown as a solid tumor in mice. When the tumor size reached about 12 mm in diameter,
tumor oxygen levels were measured using EPR oximetry. The in vivo data (Fig. 1) showed that
the murine ovarian tumor xenografts were severely hypoxic (A2780: 2.0 ± 0.7 mmHg; A2780
cDDP: 2.2 ± 1.1 mmHg) when compared RIF-1 tumor (7.8 ± 1.4 mmHg) or gastrocnemius
muscle tissue (15.1 ± 1.6 mmHg).

STAT3 regulates ovarian cancer cell proliferation under hypoxic conditions
To understand the effect of hypoxia on the signaling proteins involved in the tumor progression
and treatment, we performed in vitro experiments using ovarian cancer cell lines in culture.
A2780 cells were grown under hypoxic (1% O2) and normoxic (20% O2) conditions. Western-
blot assays revealed higher levels of HIF-1α, VEGF and pSTAT3 (Tyr705) in cells cultured
under hypoxic conditions, when compared with cells grown under normoxic conditions (Fig.
2a). HIF-1β, total STAT3, and pSTAT3 (Ser727) levels were unchanged. The increase in
pSTAT3 (Tyr705) level was 3-fold higher than increases in the expression of HIF-1α and
VEGF (Fig. 2b). Ovarian cancer cell proliferation was not significantly affected by hypoxia
treatment (Fig. 2c). Next, we determined whether inhibition of STAT3 had any effect on cell
proliferation under hypoxic conditions. Suppression of STAT3 level by using STAT3 siRNA
significantly affected cell proliferation when grown under hypoxic conditions when compared
with cells grown under normoxic conditions (Fig. 2d). These results suggested that STAT3
may play a key role in the regulation of ovarian cancer cell proliferation under hypoxic
conditions.
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STAT3 activation in ovarian cancer cells is both time- and O2-dependent
We determined the effect of oxygen concentration and exposure time on the activation of
STAT3 (Tyr705) in ovarian cancer cells. Figure 3a shows the increased levels of pSTAT3 in
cells exposed to 1% O2 for 12, 24 and 48 hr. We also investigated the effect of hypoxic exposure
on other pSTAT proteins (pSTAT1, pSTAT5 and pSTAT6), and did not observe any significant
changes in the expression of these proteins (Fig. 3b). Furthermore, we checked pSTAT3 level
in ovarian cancer cells cultured under increasingly hypoxic conditions (5, 2, 1 and 0.5% O2),
and observed that the level was significantly increased in cells grown at 2% O2 or lower (Fig.
3c). In addition, we observed that the increase in pSTAT3 level could be reversed within 12
hr on returning the cells to a 20% O2 environment following hypoxic exposure (Fig. 3d). The
results suggested that the hypoxia-induced activation was specific to STAT3 protein and
modulated by the oxygen concentration in a time-dependent manner.

Hypoxic exposure increases ROS production in A2780 cells
ROS regulate angiogenesis and tumor growth through VEGF and STAT3 expression/
upregulation.5 The increase in pSTAT3 level in cells cultured under hypoxic conditions
prompted us to examine the cellular ROS levels using DCF-DA staining. We observed
significantly increased fluorescence intensity by intracellular ROS in cells exposed to hypoxic
conditions for 12 hr, when compared with cells grown under normoxic conditions (Fig. 4a).
The ROS levels were significantly higher in the hypoxic cells than the normoxic cells, as
determined by quantification of fluorescence intensity (Fig. 4b). We determined whether the
inhibition of ROS by NAC would affect pSTAT3 levels in hypoxic ovarian cancer cells. Figures
4c–4d shows that cells cultured under hypoxic (1% O2) conditions and treated with 100 μM
NAC had significantly lower pSTAT3 levels than untreated controls. The results implicated
the involvement of hypoxia-mediated ROS generation in the activation of STAT3.

Hypoxic exposure increases drug resistance in A2780 cells
Activated STAT3 has been known to be associated with drug resistance in ovarian cancer cells.
7 To determine the effect of hypoxia-induced activation of STAT3 on ovarian cancer therapy,
we treated A2780 cells grown under hypoxic conditions using cisplatin (100 μM) or taxol (50
μM) for 48 hr. Flow cytometry determination of the subG1 population (Fig. 5) showed that
cells grown under hypoxic (1% O2) conditions were more resistant to treatment than cells
grown under normoxic culture conditions. The results suggested that hypoxic exposure of
A2780 cells increased drug resistance to conventional chemotherapeutics.

Inhibition of STAT3 increases chemosensitivity in hypoxic A2780 cells
To determine if the induction of chemoresistance in hypoxic cells was due to the activated
STAT3, we studied the effect of AG490, an indirect inhibitor of STAT3, on chemosensitivity.
A2780 cells were grown under hypoxic (1% O2) conditions to 80% confluence, and incubated
for 12 hr in the presence of 50 μM AG490. After this period, we added cisplatin (100 μM) or
taxol (50 μM) and incubated the cells for an additional 24 hr. The cells were then collected and
analyzed by flow cytometry to determine the subG1 (apoptotic) levels. The suppression of
STAT3 by AG490, followed by treatment with cisplatin or taxol, resulted in a significantly
higher level of apoptosis when compared with cells that were not treated with AG490 (Figs.
6a and 6b). Further, we used siRNA transfection studies to see whether STAT3 suppression
would increase the chemosensitivity in hypoxic cells. A2780 cells transfected with STAT3
siRNA showed 80–90% suppression of STAT3 levels (data not shown). Silencing of STAT3
by STAT3 siRNA followed by treatment with cisplatin or taxol under hypoxic conditions
showed a significantly decreased (>70%) cell viability when compared with control cells
treated with cisplatin or taxol alone (Fig. 6c). These results confirmed that induction of
chemoresistance in hypoxic cells was due to STAT3 activation in the hypoxic cells.

Selvendiran et al. Page 5

Int J Cancer. Author manuscript; available in PMC 2010 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
Tumor hypoxia is not only a major problem for radiation anticancer therapy, it has also been
implicated in the development of resistance to many conventional chemotherapeutic agents.
4,23 Because hypoxia is an inherent characteristic of many solid tumors, hypoxic stress may
provide a common signal that induces a prolonged increase in angiogenic gene expression
during tumorigenesis through the activation of oncogenes, including STAT3.12,24 We observed
that solid tumor xenografts of ovarian cancer were severely hypoxic and that ovarian cancer
cells grown under hypoxic conditions exhibited significantly activated STAT3 (Tyr705) and
higher levels of ROS generation when compared with ovarian cancer cells grown in normoxic
culture. We further observed that activation of STAT3 is partially regulated by ROS induction
and inhibition of STAT3 leads to reduced cellular proliferation and increased induction of
apoptosis following treatment with anticancer compounds.

An intriguing observation of the presence study was the oxygen level of the ovarian xenograft
tumors, which were severely hypoxic (∼2 mmHg) when compared with RIF-1 tumor (∼8
mmHg), a representative case of hypoxic tumors. The pO2 data were obtained by EPR
oximetry, which used a paramagnetic oxygen-sensing probe (LiNc-BuO) that was surgically
implanted in the tumor 48 hr before the measurements were made. The waiting time was
necessary for the tissue to recover from any trauma associated with the surgical procedure.25

The probe is biocompatible and stable in tissues, thus enabling subsequent measurements to
be made noninvasively and repeatedly over long periods of time, if desired.22 Over the years,
EPR oximetry has been used to measure pO2 in the heart, brain, and tumor of a variety of
animal models and diseases.26 However, this is the first report of pO2 measurement in an
ovarian xenograft tumor. Oxygenation of RIF-1 tumors has been extensively studied by several
methods, including EPR oximetry, and the results were found to be fairly consistent.21,25,27–
29 Our present data on RIF-1 tumor is in good agreement with a recent report by Hou et al.,
30 who used EPR oximetry with a similar probe. However, it should be noted that the same
method and probe may give a range (distribution) of pO2 values up on EPR imaging of oxygen,
as we have reported.2 Although heterogeneity in the oxygen levels is known for solid tumors,
this study used only a single-point measurement and hence may not rule out the possibility of
any heterogeneous distribution of oxygen concentration in the ovarian tumor.

We have reported, for the first time, that constitutive activation of STAT3 (Tyr705) was
detected in ovarian cancer cells grown under hypoxic conditions, and that pSTAT3 (Ser727)
levels remained unchanged. Tyrosine phosphorylation has been considered to be more
important than serine phosphorylation in the activation of STAT3.9,24 Recent evidence has
shown that STAT3, through hypoxia-induced tyrosine phosphorylation, directly binds to
HIF-1α and upregulates HIF-1α stability by delaying protein degradation and accelerating
protein synthesis in human renal carcinoma cells.16 The activation of STAT3 also promotes
angiogenesis through the induction of VEGF.31 In this study, we observed that the increase in
STAT3 activation was 3 times higher than increases in the more traditional hypoxia markers
HIF-1α and VEGF in ovarian cancer cells grown under hypoxic conditions. In addition, this
work demonstrated that STAT3 is required for ovarian cancer cell proliferation and that the
blocking of STAT3 expression by siRNA significantly reduces cell proliferation capacity under
hypoxic conditions. The exact mechanism by which the expression and regulation of STAT3
play a role in ovarian cancer cell proliferation and migration under hypoxic conditions remains
unclear.

The induction of ROS production has long been associated with tumor progression. It has been
suggested that the elimination of excessive ROS by chemicals or antioxidants may decrease
the metastatic potential of various types of cancer, and this information has opened up new
areas of research for cell biologists.32 In this study, we observed increased ROS production in
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ovarian cancer cells cultured under hypoxic conditions. High levels of ROS production have
also been observed in other human cancer cells.5,33 However, the biological role of ROS in
cancer cells has yet to be determined. We have shown that hypoxia-induced ROS activates
STAT3, which may lead to downstream proliferative responses. The multiple effects mediated
by ROS could account for tumorigenesis through STAT3 activation, as well as DNA mutation.
34 We have also shown that inhibition of ROS by NAC was unable to completely inhibit STAT3
activation, implying that additional signaling mechanisms may also be at work. Another
possible mechanism for STAT3 activation in hypoxic ovarian cancer cells may be through
activation of MAPK pathways.35

Because inhibition of STAT3 activation causes tumor cell apoptosis, STAT3 is considered to
be a promising target for anticancer therapy.36 Pharmacologic inhibitors of STAT3, such as
AG490, have been shown to significantly suppress cellular pSTAT3 levels and induce
apoptosis in a variety of human cancer cells, including breast, prostate, colon and ovarian
cancers.37–39 Traditional chemotherapeutic agents commonly used for ovarian cancer
treatment, such as cisplatin or taxol, often become ineffective due to chemoresistance,
particularly under hypoxic conditions.40,41 The exact mechanism for this hypoxia-induced
chemoresistance has not yet been well established. Given the results of our study, one possible
mechanism may be through activation of the STAT3-signaling pathway. In in vitro
experiments, we have demonstrated that an indirect STAT3 inhibitor, AG490, partially
overcame this hypoxia-induced chemoresistance to cisplatin or taxol treatment.

Recent evidence indicates that STAT3 inhibitors are potentially powerful therapeutic agents
for various cancers, including ovarian cancer.15,36,42,43 Our findings suggest a new, novel
function of activated STAT3 as a key promoter of hypoxia-induced resistance to common
anticancer drugs in human ovarian cancer cells. Therefore, the inhibition of STAT3 may be of
particular use in clinical therapeutics for patients with solid tumors, particularly those that have
become resistant to chemotherapeutic intervention. Further, through the use of antioxidant
compounds, it may be possible to decrease the levels of oxidative stress incurred by cells and
tissues, further reducing STAT3 activation in hypoxic tumor cells. Our study clearly supports
the hypothesis that by targeting and reducing STAT3 activation in cancer cells, it may be
possible to regulate angiogenic protein expression, reduce or overcome chemotherapeutic
resistance in hypoxic tumors, and to reduce tumor growth, not only in ovarian cancer, but in
other cancers as well.
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Abbreviations

DCF-DA dicarboxyfluorescein diacetate

EPR electron paramagnetic resonance

HIF-1 hypoxia-inducible factor 1

LiNc-BuO lithium octa-n-butoxy-naphthalocyanine

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NAC N-acetyl cysteine

NF-κB nuclear factor-κB

pO2 partial pressure of oxygen

RIF-1 radiation-induced fibrosarcoma-1

ROS reactive oxygen species

STAT3 signal transducer and activator of transcription 3

VEGF vascular endothelial growth factor
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Figure 1.
Partial pressure of oxygen (pO2) in A2780 xenograft tumors in mice. Shown are pO2 values
obtained from A2780 (human ovarian), A2780 cDDP (cisplatin-resistant variant of A2780)
and RIF-1 (radiation-induced fibrosarcoma) tumors grown by subcutaneous implantation of
respective cells in the hind limb of mice. The measurements were performed by in vivo EPR
oximetry when the tumor size was about 12 mm in diameter. For comparison, the pO2 value
measured from the gastrocnemius muscle tissue of control (nontumor) mice is also shown.
Data represent mean ± SE from 5 mice per group. The results show that the ovarian xenograft
tumors are severely hypoxic when compared with RIF-1 tumor or muscle tissue.
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Figure 2.
Effect of hypoxia on STAT3 activation in human ovarian cancer cells. Cells were cultured
under normoxic (20% O2) or hypoxic (1% O2) conditions. (a) Representative Western blots
of HIF-1α, VEGF, pSTAT3 (Tyr705), pSTAT3 (Ser727) and STAT3 are shown. (b)
Quantification of HIF-1α, VEGF and pSTAT3 blots from triplicate experiments. All 3 protein
levels were significantly upregulated (*p < 0.05) in the hypoxic cells. (c) Cell-proliferation
data obtained using anti-BrdU assay at 24- and 48-hr exposure to hypoxia. (d) Effect of STAT3
siRNA transfection on the proliferation of cells cultured under normoxic and hypoxic
conditions. STAT3 siRNA significantly (*p < 0.05) reduced cell proliferation in the hypoxic
cells.
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Figure 3.
Activation of STAT proteins in ovarian cancer cells cultured under hypoxic conditions. (a)
Phosphorylated STATs after exposure to hypoxia for 0 (normoxia), 12, 24 and 48 hr. There
was no change in the levels of pSTAT1, pSTAT5 and pSTAT6 when compared with cells
cultured under normoxic conditions, whereas pSTAT3 level was enhanced in a time-dependent
manner. (b) Quantification of band density of pSTATs from triplicate experiments. (c)
Magnitude of pSTAT3 as a function of hypoxic exposure level. The pSTAT3 level was
significantly enhanced in cells cultured at 2, 1 and 0.5% O2. (d) After 48 hr of incubation under
hypoxia (H, 1% O2), cells were returned to normoxic culture (20% O2) for 72 hr. The level of
pSTAT3 was reversed after 12 hr or more on return to normoxic culture.

Selvendiran et al. Page 13

Int J Cancer. Author manuscript; available in PMC 2010 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
ROS levels in ovarian cancer cells cultured under normoxic (20% O2) and hypoxic (1% O2)
conditions for 24 hr. (a) Dicarboxy-fluorescein diacetate (DCF-DA) fluorescence images of
normoxic and hypoxic-cultured cells. (b) DCF-DA fluorescence intensity showing the ROS
level in hypoxic cells was significantly (*p < 0.05) greater than normoxic cells. (c) Western
blots of pSTAT3 in cells cultured under hypoxic conditions in presence of N-acetyl cysteine
(NAC), a known ROS inhibitor. (d) Quantification of band density of C from triplicate
experiments. Inhibition pSTAT3 upregulation was significant at 100 μM NAC concentration
(*p < 0.05).
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Figure 5.
Effect of cisplatin or taxol exposure on the subG1 population of ovarian cancer cells cultured
under normoxic or hypoxic conditions for 24 hr. Cells were treated with cisplatin (100 μM) or
taxol (50 μM) for 48 hr. The cells were then collected and analyzed for subG1 levels using
flow cytometry. (a) Representative flow-cytogram of cells. (b) Quantification of subG1 level
as a percentage of total cells in triplicate experiments. The data show a significant difference
in the chemotherapeutic efficacy between the hypoxic and normoxic cells. *p < 0.05 versus
corresponding normoxic group.
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Figure 6.
Effect of STAT3 inhibition on the subG1 population and viability of ovarian cancer cells
cultured under hypoxic conditions for 24 hr. AG490 (50 μM), an indirect inhibitor of STAT3,
was used to inhibit STAT3. Cells were treated with AG490 alone, cisplatin (100 μM), taxol
(50 μM), cisplatin + AG490 or taxol + AG490 for 24 hr in hypoxic culture (1% O2). (a)
Representative flow cytogram of cells. (b) Quantification of subG1 level as a percentage of
total cells in triplicate experiments. (c) The effect of STAT3 suppression, achieved by
transfection with STAT3 siRNA, on the viability (by MTT assay) of cells treated with cisplatin
(100 μM) or taxol (50 μM) under hypoxic conditions.
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