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Hypoxia upregulates Hsp90a expression
via STATSD in cancer cells
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Abstract. Hsp90a is a molecular chaperone protein involved
in the structural maturation of oncogenic signaling proteins.
Hsp90 was recently identified as an anticancer target; various
studies are ongoing to find ways for managing cancer through
Hsp90a. However, this approach is limited by reported side-
effects. Hypoxia is a hallmark of solid tumors, including those of
breast cancer and the extent of tumor hypoxia is associated with
resistance to treatment and poor prognosis. One of the major
signaling pathways in cancer cells, the Jak2/STAT5b pathway,
has been found to be closely correlated with hypoxia. The objec-
tive of this study was to investigate the role of Jak2/STATSb in
the regulation of Hsp90a expression so that Hsp90a targeting
can be achieved indirectly by modulating the Jak2/STATSb
pathway. We examined the role of the Jak2/STATS5b pathway in
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the expression of Hsp90a under hypoxic conditions by immu-
noblotting, reporter gene assays, EMSA and RNA interference
analysis. With the help of in vivo models, we also analyzed the
expression of Hsp90a in different parts of solid tumor tissues.
We found a close association between hypoxic stress and
Hsp90a expression. We also determined that STATSb regulates
the expression of Hsp90a during hypoxic stimulation. Under
hypoxic conditions the expression of Hsp90a and STAT5b were
proportional. siRNA analysis and nucleotide analysis showed
that the promoter of Hsp90a has a STATSb binding domain.
Our work confirmed that STATS5b is one of the transcription
factors that regulate Hsp90a. We, therefore, concluded that
under hypoxic conditions, the Jak2/STAT5b pathway regulates
Hsp90a expression and it could serve as a promising target for
the treatment of solid tumors.

Introduction

Chaperons are a class of proteins involved in the proper folding,
intracellular localization, maturation, proteolytic turnover and
prevention of improper association of several proteins (1). In
most cell types, the heat shock protein (Hsp) or stress protein
levels increase dramatically after exposure to environmental
stress. These Hsp can act as molecular chaperons (2). Hsp
is expressed normally at a basal level, is involved in protein
folding and protects against misfolding and aggregation. Under
various stress conditions, the expression level of Hsp increases
and enhances cell survival (2). In this sense, chaperones seem
to serve at the phenotypic level as biochemical buffers against
numerous genetic lesions that are characteristic of most human
cancers. These genetic lesions cause almost all cancer cells to
acquire different characteristics such as growth signaling self-
sufficiency, insensitivity to anti-growth signaling and apoptosis,
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persistent angiogenesis and the ablity to invade, metastasize and
continually replicate (2,3). Hsp90 plays a primitive role in all
of these processes. Two major cytoplasmic isoforms of Hsp90,
Hsp90a (inducible) and Hsp90p (constitutive), have been identi-
fied in mammalian cells including those of humans (4).

STAT proteins have pivotal role in proliferation, differentia-
tion and apoptosis. These proteins may affect proliferation by
regulating the expression of immediate-early genes, such as
c-myc and c-fos, as well as those of cell cycle regulators such
as cyclins (5). After ligands bind to the cognate receptors on
the cell surface, STAT molecules are recruited to the cytoplasm
and activated by the phosphorylation of specific tyrosine resi-
dues in the C-terminus. This activation can be mediated by the
Tyr kinase activity of growth factor receptors or by cytoplasmic
non-receptor kinases such as Src, Jak and Abl. Most human
cancers are associated with anomalous activation of certain
STAT proteins, predominantly STAT3 and STATS (5-8). As to
STATS, there are two isotypes, STAT5a and STAT5b. In the
Hsp90a and Jak/STAT pathway, we paid attention to STATSb,
but not STAT5a. Because, in the results of the previous experi-
ment, it was the fact that the correlation of the STATSb with
hypoxia is higher than STAT5a (9-12).

The Jak/STAT pathways are activated by various factors
and cytokines leading to the activation of Jak tyrosine kinase
followed by tyrosine phosphorylation of the receptors.
These receptors then activate STATS transcription factors.
Phosphorylated STATs then dimerize and translocate to the
nucleus. Once inside the nucleus, these factors activate target
genes by binding to promoter STAT response elements and
induce the tumor physiological function. Jak2 mediates cell
growth regulation through two STATs with a 95% homology:
STATS5a and STATSb (13). Activated STAT molecules regulate
gene transcription through the interaction with IFN-y activation
site (GAS) or DNA binding domains (14). We have previously
reported that the Jak2/STATSb pathway regulates the transac-
tivation of cyclin D1 and IGF-I signal pathways in solid tumor
cells, especially under hypoxic conditions (9-12,15,16), thus
making STATSb a promising target for blocking tumor growth.

Hypoxic stress is a common phenomenon observed in all
solid tumors that inhibits cell survival. Cells respond to this
stress by expressing a group of proteins known as hypoxia
inducible factors (HIFs). HIF-1a is a nuclear transcription
factor involved in the transactivation of a number of target
genes. This factor induces angiogenesis as an adaptation to
hypoxia by triggering the expression of its target genes (17).
Hsp90 interacts with HIF-1a (18), induces the necessary
conformational changes to HIF and recruits different cofac-
tors (19). Recently, we also reported that STAT3 modulates
VEGF through HIF-1a (20). HIF-1a is associated with VEGF
expression and metastasis of different cancers.

Targeted cancer therapy is an approach for selectively
acting upon different key regulators of cancer progression
and metastasis, thereby making it possible to manage these
deadly diseases. Different small molecule drugs are under
trial for targeting Hsp90 in various cancers. Targeting Hsp90
will provide additional advantages since this can disrupt
the activity of numerous receptors and transcription factors
involved in oncogenesis. In the present study, we explored the
mechanical role of STATSb in the induction of Hsp90a during
hypoxia.

PAK et al: Hsp90a REGULATION UNDER HYPOXIA BY STATSb

Materials and methods

Ethics statement. All procedures for animal experiment were
approved by the Committee on the Use and Care on Animals
(Institutional Animal Care and Use Committee, Seoul, Korea)
and performed in accordance with the institution guidelines.

Antibodies and reagents. Penicillin-streptomycin solution
and fetal bovine serum (FBS) were purchased from Hyclone
(Logan, UT). Dulbecco's modified Eagle's medium (DMEM),
RPMI-1640 medium and trypsin-EDTA were purchased from
Gibco-BRL (Grand Island, NY). Anti-actin antibody and phos-
phate buffered saline (PBS) (pH 7.4) were obtained from Sigma
Chemical Co. (St. Louis, MO). Hsp90a. polyclonal antibodies
was purchased from Streesgen (Ann Arbor, MI). Anti-STAT5b,
HIF-1a antibodies and secondary antibody (goat anti-mouse
and goat anti-rabbit IgG-horseradish peroxidase) were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Chemiluminescence (ECL) detection kit was purchased from
Amersham Pharmacia Biotech (Piscataway, NJ). Restore™
western blot stripping buffer was purchased from Pierce
(Rockford, IL). Qiaprep spin miniprep kit was purchased from
Qiagen (Hilden, Germany). Luciferase assay (LUC assay)
cell lysis kit and substrate were purchased from Promega
Corp. (Madison, WI). The electrophoretic mobility shift assay
(EMSA) kitand oligonucleotide probes (STATS) were purchased
from Pamomics (Fremont, CA). FuGene6 transfection reagent
was from Roche (Basel, Switzerland), Paraformaldehyde and
mounting solution in immunohistochemistry (IHC) were
purchased from Dae Jung Chemicals & Metals Co. (Shiheung-
city, Korea) and Life Science (Mukilteo, WA). Triton X-100
was obtained from Sigma Chemical Co.

Cell culture and transient transfection. MDA-MB 231, human
breast cancer cells and COS-7, monkey kidney cells were
grown to confluency in DMEM containing 10% FBS, 2 mM
glutamine and 100 U/ml penicillin and streptomycin at 37°C
in 5% CO,. MCF-7 and SK-BR3, human breast cancer cells,
HepG2, human liver cancer cells and 253J-BV and T24 human
bladder cancer cells were grown to confluency in RPMI-1640
containing 10% FBS, 2 mM glutamine and 100 U/ml penicillin
and streptomycin at 37°C in 5% CO,. At the initiation of each
experiment, the cells were resuspended in the medium at a
density of 2.5x10° cells/ml. For hypoxic conditions, the cells
were placed in airtight chambers (NuAire, Plymouth, MN) that
were flushed with a 5% carbon dioxide/95% nitrogen mixture
until the oxygen concentration was <2%. For transfection,
MDA-MB 231 or COS-7 cells into 35-mm culture dishes were
transfected with RNA or DNA constructs (RNA interference
20 pM/ml, reporter gene assay 1.0 ug) using the FuGene6
according to the manufacturer's recommendation.

Total cell lysis and immunoblots. MDA-MB 231 cells and other
cells, respectively, were induced under normoxic and hypoxic
condition for determined times. Cells were lysed ice on with
radioimmunoprecipitation assay (RIPA) lysis buffer, containing
protease and phosphatase inhibitors. Cells were disrupted
by aspiration through a 23-gauge needle and centrifuged at
15,000 rpm for 10 min at 4°C to remove cellular debris. All
processes for extracting total protein were at 4°C. The extracted
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protein concentrations were measured using the Bradford
method. An equivalent amount of protein extract from each
sample was electrophoresed by 10% SDS-PAGE and trans-
ferred to nitrocellulose. Membranes were blocked for 1 h with
5% non-fat milk or 5% bovine serum albumins (BSA) in T-TBS
buffer (20 mM Tris-HCI pH 7.6, 137 mM NacCl, 0.1X Tween-
20) and incubated overnight at 4°C with primary antibodies.
The membranes were probed with primary antibodies followed
by HRP conjugated secondary antibodies. Antibody detection
was done by using enhanced chemiluminescence (ECL) plus
detection kit.

Tumorigenicity. MDA-MB 231 tumor xenografts were
established by subcutaneously inoculating 1x107 cells into
the right flank of 5-week-old BALB/c nude mice (Orient Bio,
Seongnam-Si, Korea). Animals were sacrificed when the
diameter of tumors reached 2 cm or after 30 days. In our
experiments, no mouse was observed dead due to tumor load.
All available breast cancer specimens collected from in human
breast cancer xenograft mice were reviewed and included in
the study. Mice were euthanized and the tumors were removed.
The tumors were fixed with 4% paraformaldehyde followed by
paraffin-embedding and sectioning (5 ym).

Immunohistochemistry. Formalin-fixed paraffin-embedded
xenografts were sliced into 5 ym thick tissue sections. The
tissue sections were deparaffinized with xylene (100%), rehy-
drated with decreasing concentrations (100%, 90%, 80% and
70%) of ethyl alcohol, permeabilized with Triton X-100 (0.1%)
and blocked with NGS (10% normal goat serum in PBS), then
incubated in a closed humid chamber with the Hsp90a, STATSb
and HIF-1a antibody followed by secondary antibody, Alexa
Fluor 488 (rabbit) and Alexa Fluor 594 (mouse) (Invitrogen,
Carlsbad, CA). For nuclear staining, tissue sections were incu-
bated with DAPI for 1 min and rinsed with PBS. The slides were
then observed under a fluorescent microscope.

Co-transfection and luciferase reporter assay. COS-7 cells were
transiently co-transfected with Hsp90a. (kindly provided by Dr
Carrie Shemanko, Calgary University, Calgary, AB, Canada)
in 35-mm culture dishes and STAT5b (pMX/STATS5b; kindly
provided by Dr Koichi Ikuta, Kyoto University, Japan) recom-
binant DNA constructs (1 xg) using the FuGene6 according
to the manufacturer's recommendation. Transfected cells were
washed twice with ice-cold PBS and 120 pl of cell culture lysis
buffer reagent was added to each dish. Lysates were then used
directly to measure luciferase activity. For luciferase assays,
25 pl of cell lysates was mixed with 25 ul of luciferase assay
substrate. Luciferase activity of each sample was determined
by measuring Veritas™ Microplate Luminometer (Turner
Biosystems Inc., Sunnyvale, CA) then the mixture of lysates
and substrate was loaded in Lumitrac™ 96-well microplates
(Greiner Bio-One, Frickenhausen, Germany). The experiments
were performed in triplicate and similar results were obtained
from at least three independent experiments.

Electrophoretic mobility shift assay (EMSA). STAT5b DNA
binding activity was detected using the electrophoretic mobility
shift assay (EMSA), in which a labeled double-stranded DNA
sequence was used as DNA probe to bind with active STAT5b
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protein in nuclear extracts. Nuclear protein extracts were
prepared with the Nuclear Extract Kit (Panomics, AY2002).
EMSA experiment is performed by incubating a biotin-labeled
transcription factor (TF-STATS) probe with induced and not
induced nuclear extracts. EMSA was performed under the
following conditions: MDA-MB 231 cells were grown to 90%
confluence. Reactions were resolved on a nondenaturing 4%
to 20% PAGE gel (Bio-Rad, Korea) and mobility shifts were
detected by chemiluminescence. The proteins gel is transferred
to a nylon membrane and detected using strepatvidin-HRP and
achemiluminescent substrate. The shifted bands corresponding
to the protein/DNA complexes visualized were related to the
unbound dsDNA.

RNA interference. MDA-MB 231 cells were transfected with
ON-TARGETplus SMARTpool siRNA targeting human
STATSb and ON-TARGETplus Non-targeting siRNA
(ON-TARGETplus SMARTpool siRNA, ON-TARGETplus
Control) purchased from Dharmacon (Lafayette, CO).
Transfections were performed by using the FuGene6 according
to the manufacturer's recommendation. MDA-MB 231 cells
were plated at 5x10° and transfected with STAT5b siRNA
(20 pM/ml) or control siRNA (20 pM/ml) using the FuGene6
in a 35-mm culture dish on the serum-free media. Forty-eight
hours after transfection, cells were placed in hypoxia chamber
for inducing hypoxic condition.

Statistical analysis. The results of the experiments are
expressed as mean + SEM. Statistical analysis was done with
Student's t-test or ANOVA test of the SAS program. These
were compared by one-way analysis of variance followed by
Duncan's multiple range test.

Results

Hsp90a. expression is increased more in aggressive cancer cell
lines under hypoxic conditions than in non-aggressive cancer
cell lines. The role of hypoxia in the expression of Hsp90a was
evaluated using six different human cancer cell lines (aggressive
cell lines: MDA-MB 231, SK-BR3, 253J-BV; non-aggressive
cell lines: MCF-7, HepG2, T24). The expression patterns of
Hsp90a were determined in both aggressive (Fig. 1A) and
non-aggressive (Fig. 1B) cancer cells. We found that hypoxia
upregulated the expression of Hsp90a regardless of cell type.
In comparison, aggressive cancer cell lines expressed greater
amounts of Hsp90a, showing that they are more sensitive to
hypoxic stress than non-aggressive cancer cell lines.

Hypoxia upregulates Hsp90a. expression in vivo. The role of
hypoxia in the upregulation of Hsp90a, STAT5b and HIF-1a
expression was analyzed in vivo. Breast tumor xenografts were
established in Balb/c athymic nude mice and maintained for
30 days. After this, the xenografts were surgically removed and
subjected to protein expression profiling. The tumor xenograft
was split into small pieces and marked as inner and outer areas
according to the site that they were obtained. The samples
were assayed separately as they were believed to have different
grades of angiogenesis. The tissue samples were subjected to
immunohistochemistry with primary antibodies specific for
STATSb, Hsp90a. and HIF-1a.. The samples were also stained
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Figure 1. Hsp90a expression is increased more in aggressive cancer cell lines under hypoxic conditions than in non-aggressive cancer cell lines. (A) The expression
of Hsp90a in aggressive cancer cells under normoxic and hypoxic condition in 24 h (human breast cancer cells: MDA-MB 231, SK-BR-3; human bladder cancer
cells: 253J-BV). (B) The expression of Hsp90a in non-aggressive cancer cells normoxic and hypoxic condition in 24 h (human breast cancer cells: MCF7; human
liver cancer cells: HepG2; human bladder cancer cells: T24). The whole cell extracts were separated by 10% SDS-PAGE and immunoblots were performed as
described in experimental procedures. (3-actin was used as a control for protein loading. Data are one representive of three independent experiments.
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Figure 2. Hypoxia upregulates Hsp90o. expression in vivo. The xenografts were sliced to 5 ym thickness and treated with primary antibodies specific for STATSb,
Hsp90a and HIF-1a.. Detection was done using secondary antibody, Alexa Fluor 488 (rabbit) and Alexa Fluor 594 (mouse). Studies confirmed the increase in expres-
sion of STATS5b, Hsp90a and HIF-1a with no much alteration in the nucleus level. (A) IHC specific for STAT5b/Hsp90a and (B) IHC specific for STATS/ HIF-1a.
(C) Immunoblotting of tissue extracts specific for Hsp90a and HIF-1a. (D) The relative expression levels of proteins (density/actin). Data represent the mean of at

least three separate experiments, mean + SEM. ™ p<0.001 indicates a statistically significant decrease by ANOVA test. Scale bar, 50 gm. O, outer part of breast
cancer xenografts; I' and I2, separated inner part of breast cancer xenografts.

with nuclear-specific DAPI. Our results showed an increase in Immunoblotting of these samples showed that the inner
the expression of STAT5b, Hsp90a and HIF-1a. in the inner part  hypoxic counterpart (I' and I?) of the tissue samples had higher
of the tissue compared to the outer part (Fig. 2A and B). expression levels of Hsp90a, STATSb and HIF-1a than the
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Figure 3. Hypoxia upregulates the expression of Hsp90a, STATSb and HIF-1a in a time dependent manner. (A and B) The expression of Hsp90a, STATSb and
HIF-1a under hypoxic condition of MDA-MB 231 and MCF-7 cells in a time course manner. Both cells were treated under normoxic (20% O,) and hypoxic condi-
tions (less 2% O,) for 0 (Nor), 1, 3, 6, 12 and 24 h. Immunoblots were performed as described above. (C) The relative expression levels of proteins (density/actin) in
time course manner. Data are one representative of three independent experiments. 0 h, normoxia.

peripheral regions (Fig. 2C). The relative expression also showed
a statistically significant reduction in the expression of STAT5b
and Hsp90a in the outer part of the xenograft compared to the
interior (Fig. 2D, ““p>0.001). This difference in expression may
be due to the lesser degree of angiogenesis in the interior of the
tumors. The comparatively peripheral regions of the tissue had
well-established capillaries that supplied oxygen and nutrients.
In the interior of the tumors, the tissues were oxygen-starved
due to the small number of capillaries. This might have induced
hypoxic stress in the xenograft that led to the upregulation of
Hsp90a and related molecular expression.

Hypoxia upregulates the expression of Hsp90a, STAT5b and
HIF-1a in a time-dependent manner. Increased expression of
Hsp90a under hypoxic condition has been reported in breast
cancer (21-23). We found that hypoxia led to the upregulated
expression of Hsp90a, STATSb and HIF-1a in MDA-MB
231 cells (Fig. 3A). To confirm that hypoxia has a consistent
effect on the expression of survival and oncogenic proteins, we
evaluated the impact of hypoxia in the non-aggressive breast
cancer cell line MCF-7 (Fig. 3B). The cell lines were kept
under hypoxic condition, defined as 2% O, for 0, 1, 3, 6, 12 and
24 h. We observed a time-dependent upregulation of protein
expression irrespective of cell line characteristics (Fig. 3). We
also determined that the level of Hsp90a expression increased
steadily until 12 h in aggressive cancer cells whereas Hsp90a
levels increased until 6 h and then decreased in non-aggressive
cancer cells (Fig. 3C). These results indicate that the expression
of Hsp90a increases together with that of STATSb. This may
occur because STATSb binds to the GAS promoter region of
Hsp90a and thereby promotes Hsp90a. expression.

Hypoxia increases STAT5b/Hsp90a. promoter activity. The
effect of hypoxia on the post-transcriptional activation of

Hsp90a was examined using a human Hsp90o promoter-
luciferase construct (kindly provided by Dr Carrie Shemanko;
Fig.4A). For transient co-transfection, a genomic DNA fragment
was sub-cloned upstream of a promoterless firefly luciferase
reporter in the pGL2 vector. The promoter activities of these
fragments have been previously described (24). COS-7 cells
were transiently co-transfected with the Hsp90a and STATSb
constructs. They were incubated under normoxic or hypoxic
conditions for 12 h. As shown in Fig. 4B, the relative luciferase
activity of STAT5b/Hsp90a cells under hypoxic conditions
increased compared to those grown under normoxic conditions.
In particular, the relative luciferase activity (the reporter gene
expression) of the STAT5b/Hsp90a cells slightly increased in
the presence of hypoxia compared to STAT5b/Hsp90a cells
grown in normoxia (““p<0.001). These results suggest that
the STAT5b protein may be a significant regulator of Hsp90a
expression under hypoxic conditions (Fig. 4B).

Hypoxia increases the binding of STAT5 to the consensus
sequence in the Hsp90a promoter. The Jak2/STAT5b signaling
pathway contributes to oncogenic transformation. Activated
STATs form dimers, translocate into the nucleus, bind to specific
response elements in the promoters of target genes and activate
those genes (15). The DNA binding activity of aggressive cancer
cells corresponded to a supershift in the EMSA assay (Fig. 5B,
right) corresponding to the interaction of STATSb with the GAS
element (GAAaagTTC) of Hsp90a (Fig. SA). We found that
the expression as well as the binding activity of STAT5b was
increased by hypoxic stress (Fig. 5B, left). The nuclear extracts
of aggressive cancer cells also showed increased expression of
STATS5b and Hsp90a. under hypoxic conditions (Fig. 5C).

Expression of Hsp90a is significantly reduced by transfection
of cancer cells with STAT5b siRNA under hypoxic conditions.



166 PAK et al: Hsp90a REGULATION UNDER HYPOXIA BY STATSb

A B

Hsp90a Luc

2
a

W— STAT5b/Hsp90u

o)

pLUX F3

=

Relative luciferase activities (%)

[

12h

Figure 4. Hypoxia increases STATSb/Hsp90a promoter activity. (A) Map of the Hsp90a-luciferase recombinant genomic DNA construct. The recombinant
luciferase DNA construct was made including the human Hsp90a sequence for reporter gene assay. The recombination vector contained the human Hsp90a
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indicates a statistically significant increase of promoter activity by Student's t-test between normoxic condition and hypoxic condition.
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The role of STAT5b in Hsp90a expression was studied by  expression (Fig. 6A). Knock down of STATSb did not affect
siRNA analysis. The STAT5b gene was silenced by trans-  the expression of (-actin. The relative expression of STATSb
fecting MDA-MB 231 cells with human STAT5b siRNA for  and Hsp90a with respect to hypoxia was significantly reduced
12 h. This led to the efficient and specific inhibition of Hsp90a  according to ANOVA analysis (Fig. 6B, *p<0.001). These



INTERNATIONAL JOURNAL OF ONCOLOGY 41: 161-168, 2012

A
SISTATSb

Con SC 12h 24h AG490

HSPQOGIF T < - ¥

STAT5b|-ﬂ o - - - o-al

p-actin I— v e —I

167

B

1.2 ¢
® = Con
10} == sSTAT5b
e
Sos
F
® 06
[=%
x -
pe 0.4
2 -
e02F} I
n-

0.0

STATSb Hsp90a
Hypoxia (12 h)

Figure 6. Expression of Hsp90a is significantly reduced by transfection of cancer cells with STAT5b siRNA under hypoxic conditions. (A) Treatment with STATSb
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“*p<0.001 indicates statistically significant decreases of STATS5b and Hsp90a. protein expression after siRNA STAT5b by ANOVA test. The error bars represent
the standard deviation among three experiments. Con, control; SC, scramble; siSTATS5b, STATSb siRNA.

data showed that, hypoxia induced the dimerization and
binding of STAT5b to the GAS element of Hsp90a.

Discussion

STATS5b is a transcription factor essential for the proliferation
and survival of many solid tumors (25). Overexpression of
STATS5b is found in hematopoietic malignancies and solid
tumors (25). In our previous study, we confirmed that hypoxia
stimulates phosphorylation and activation of Jak2 and STAT5b
in breast cancer cells (9,12,15). The activation of and phos-
phorylation of STATS5Db is mediated by several kinases that are
overexpressed in breast cancer. Jak2 is a kinase involved in the
activation and phosphorylation of STAT. Induction of STAT
under hypoxic conditions is mediated mainly through HIF-1a.

In this present study, we observed the overexpression of
HIF-1a in response to hypoxia. Overexpression of HIF-1a is
associated with angiogenesis and tumorigenesis via the tran-
scriptional activation of VEGF (26). Erythropoietin (Epo) is a
major target of HIF-1a, which stimulates Jak2 phosphorylation
of I-xB. This will in turn release NF-xB (27) which is then trans-
located into the nucleus and regulates the Hsp90a promoter (4).

In order to determine whether the effect of hypoxia was cell
line-specific or not, we conducted protein expression analysis
in different aggressive and non-aggressive cancer cell lines. We
observed a time-dependent increase in STATSb expression. We
also found that the expression of Hsp90a was comparatively
higher in aggressive cancers cells than that in non-aggressive
cancers cells (Fig. 1). We observed the same effects of hypoxia
in solid tumors. In our experimental animal models, we found
an inverse relationship of hypoxia and Hsp90a expression.
When oxygen availability in the inner area of the tumor was
reduced, the expression levels of Hsp90a.,, STAT5b and HIF-1a
increased (Fig. 2).

We previously reported that hypoxia activates STATS
and enhances its binding to the GAS sequence in mammary
epithelial cells (15). In the present study, we found that hypoxia
upregulated the expression of STATSb regardless of aggressive

cell type in breast cancer (Fig. 3). To identify the effects of
elevated STAT5b on Hsp90a gene expression in the presence
of hypoxic stress, promoter activities of Hsp90oa gene were
determined. Our luciferase assay showed that STATS5b has
a statistically significant effect on the modulation of Hsp90a.
expression under hypoxic conditions (Fig. 4B, ““p<0.001). This
finding indicated that there is another pathway which regulates
Hsp90a expression apart from NF-kB signaling, the major
mechanism of Hsp90a regulation under hypoxic conditions.

When analyzing the DNA sequence of the human Hsp90a
gene promoter (NCBI GenBank U25822gi/793941/gb/
U25822.1/HSU25822, TESS), we identified a STATSb binding
motif. This GAS element was present between the sequences
140-148. We subsequently performed a DNA binding assay
specific for STATSb in the Hsp90a gene promoter. The results of
this assayed show a high level of interaction of STAT5b and the
Hsp90a promoter (Fig. 4B). STATSb-specific RNA interference
studies highlighted the importance of STATS5b interaction with
GAS element for the regulation of Hsp90a. expression (Fig. SA
and B). These experiments confirmed the role of STAT5b in
regulating the expression level of Hsp90a under hypoxic condi-
tions. The role of STAT]1 in regulating the expression of Hsp90a
under heat stress has already been confirmed (28). This study,
along with the results from the present study, indicates that
members of STAT family are important target molecules for the
regulation of stress-related factors.

Interaction of STAT5b with the promoter site of the Hsp90a.
gene is the basic requirement for appropriate expression of
Hsp90a under hypoxic conditions. Therefore, regulating
STATSb expression and activation by Jak2 is promising for
different therapeutic measures. Hsp90a is a molecular chap-
eron associated with protein folding along with inhibition of
protein misfolding and aggregation (1). Expression of Hsp90a
also associated with different stress factors and leads to tumor
progression, invasion and metastasis (29). The association of
Hsp90a with VEGF through HIF-1a is found in many solid
tumors (2). VEGF is the important pro-angiogenenic factor
expressed in all forms of malignancies and under different
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physiological condition leading to arteriogenesis (30). Hence,
we suggest that targeting the Jak2/STATSb pathway is the most
suitable approach for breast cancer management. Therapies
targeting STATSb may effectively control breast cancer through
modulating Hsp90a.

In conclusion, we have shown for the first time that STATSb
is a functional regulator of Hsp90a under hypoxic conditions.
The efficiency of STATSb induction in response to hypoxic
stress depends on the duration of the stress. Based on our find-
ings, we propose that this represents an alternative pathway
independent of NF-kB dependent activation for the regulation
of Hsp90a under hypoxic conditions.
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