EXPERIMENTAL and MOLECULAR MEDICINE, Vol. 35, No. 5, 350-357, October 2003

Hypoxia activates signal transducers and activators of
transcription 5 (STATS) and increases its binding activity
to the GAS elementin mammary epithelial cells
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Abstract

STATs (signal transducers and activators of trans-
cription) are proteins with dual functions: signal
transducers in the cytoplasm and transcriptional
activators in the nucleus. STAT proteins act as
transcription factors activated by phosphorylation
on its tyrosine residues upon stimulation by vari-
ous cytokines. The phosphorylated STAT mole-

cules then form homo- or heterodimers through
SH2-mediated interaction and translocate into the
nucleus to activate the transcription of various
target genes. STAT5 recognizes the interferon-y
activated site TTCNNNGAA (GAS sequence) in the
promoter region of the B-casein gene. Except for
prolactin-dependent B-casein production in mam-
mary gland cells, the biological consequences of
STAT5a activation in various systems are not
clear. Here we showed that STAT5a was phos-
phorylated 10 min after desferrioxamine (DFO)
treatment, and reached a maximum induction at 4
h in mammary epithelial cells (HC11) and trans-
fected COS-7 cells. Under hypoxic conditions (2%
0;), a maximal phosphorylation of STAT5a was
observed within 6 h. EMSA (electrophoretic mobili-
ty shift assay) showed that DFO or hypoxia en-
hanced the binding activities of STAT5a DNA to
B-casein gene promoter in mammary epithelial
cells (HC11) and transfected COS-7 cells. These
results showed that DFO or hypoxia induces ty-
rosine phosphorylation of STAT5a and also in-
creases the binding activity of STAT5a DNA in
mammary epithelial cells. Our data suggest that
the STAT5 may act as a mediator in hypoxia-
mediated gene expression.
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Introduction

Hypoxia initiates transcription of a number of gene
products that help to sustain the supply of O, to
tissues and to enhance cell survival during severe O,
deprivation. Gene products that augment O, supply
at the tissue level include erythropoietin (Epo), which
increases the proliferation of erythrocytes, tyrosine
hydroxylase, which is necessary for the synthesis of
the neurotransmitter dopamine in the carotid bodies,
and the angiogenic factor VEGF (vascular endothelial
cell growth factor), which stimulates growth of new
capillaries (Chandel et al., 2000; Koh et al., 2002).
Oxygen homeostasis is primarily controlled by a cel-
lular oxygen-sensing transcription factor, hypoxia-indu-



cible factor 1 (HIF-1), which induces the transcription
of more than 40 proteins, including VEGF (Choi et
al., 2003). Desferrioxamine (DFO), an iron chelator,
has been shown to activate HIF-1 in vitro, with kine-
tics similar to those associated with hypoxia, and to
increase expression of HIF-1 target genes, including
Epo (Wang and Semenza, 1993). Like hypoxia, DFO
stabilizes HIF-1o subunits, and it has been suggested
that the O-sensing mechanism might involve O-
dependent radical production by a local Fenton re-
action (Ren et al., 2000). As we have shown pre-
viously, desferrioxamine, mimics hypoxia and a similar
oxygen sensor in the hypoxia regulation induces
hypoxic condition (Tazuke et al., 1998; Park et al.,
2000; Park et al, 2001). The analysis of hypoxia-
inducible factor-1 (HIF-1) and STAT (signal trans-
ducers and activators of transcription) seems a priori
less justified because these transcription factors were
initially associated with the response to lowered oxy-
gen tension HIF-1 (Choi et al., 2003) and to cytokines
STAT5 (lhle, 1996). But, more recently, both the JAK
(janus kinase)-STAT pathway (Simon et al., 1998)
and HIF-1 (Chandel et al., 2000) have been shown
to be activated by reactive oxygen species (ROS)
(Tacchini et al., 2002). Accumulating evidence sup-
ports a critical role for oxidative stress in the path-
ogenesis of atherosclerosis, cancer, and other human
diseases (Halliwell, 1989). High levels of reactive
oxygen species damage DNA and inactivate proteins,
resulting in chronic cellular dysfunction (Shacter et al.,
1998). Many cell types have also harnessed ROS,
albeit in lower concentrations, as intracellular signaling
molecules to mediate growth factor and cytokine
responses (Sundaresan et al.,, 1995). Modulation of
growth responses by ROS has been demonstrated in
a number of cell types, including vascular smooth
muscle cells (VSMCs) (Madamanchi et al., 2001). The
signal transducer and activator of transcription (STAT)
factors were originally described as growth factor- and
interferon-inducible DNA binding complexes (Levy et
al., 1988). Subsequently, the STAT factors have been
shown to be induced by a wide variety of growth fac-
tors and cytokines (lhle, 1996). These factors parti-
cipate in the regulation of many genes, including the
c-fos protooncogene, caspases, and the cell cycle
regulator, which can also respond to oxidative stress
(Kumar et al., 1997). The STAT factors are unique,
in that they are phosphorylated on tyrosine residues
in response to a variety of growth factors and cyto-
kines (Silvennoinen et al., 1993; Shin et al., 2002).
On phosphorylation, the STATs dimerize via SH2-
phosphotyrosine interactions and become competent
to bind DNA (Shuai et al., 1994). Before phospho-
rylation the STATs are found in the cytoplasm and
translocate to the nucleus upon activation (Simon et
al., 1998). STAT5a was first identified as a DNA
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binding protein in tissue extracts from lactating mam-
mary gland (Schmitt-Ney et al., 1991; Wakao et al.,
1994). Molecular cloning and extensive molecular
biological analysis of different tissues at various
stages of differentiation revealed that STAT5a was
not only expressed in mammary epithelial cells
(HC11) and activated by prolactin, but that many
hormones, growth factors, and cytokines use STAT5a
as a signal transducer (Groner, 2002).

Here we report that DFO or hypoxia activates
STAT5 and its binding activities to the GAS se-
quence in the B-casein gene promoter in mammary
epithelial cells and transfected COS-7 cells.

Materials and Methods

Materials

Dulbecco's modified Eagle's medium (DMEM) and
RPMI 1640 were purchased from Gibco-BRL (Grand
Island, NY). Fetal calf serum (FCS), insulin, epidermal
growth factor (EGF), prolactin (PRL) and desferrioxa-
mine (DFO) were obtained from Sigma Chemical Co.
(St. Louis, MO). FuGene 6 transfection reagent was
purchased from Roche (Basel, Switzerland). Anti-
STAT5a and STAT3 antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). Horsera-
dish peroxidase-conjugated donkey anti-rabbit 1gG,
enhanced chemiluminescence (ECL) detection kit and
[*?P]JATP were purchased from Amersham Phar-
macia Biotech. (Piscataway, NJ). Restore™ Western
Blot Stripping Buffer was purchased from Pierce
(Rockford, IL). Anti-phospho-STAT5a/b (Y694/Y699)
antibody was obtained from Upstate Biotechnology
(Lake Placid, NY). The oligonucleotide electrophoretic
mobility shift assay (EMSA) kit was purchased from
Promega (Madison, WI). The oligonucleotide probe
(5-AGATTTCTAGGAATTCAAATC-3") for EMSA analy-
sis was synthesized from Bioneer (Daejeon, Korea).

Expression vector

The expression vector for mouse STATS5a (pMX-
STAT5a; kindly provided by Dr. Koichi Ikuta, Kyoto
University, Japan) was constructed as previously des-
cribed (Onishi et al., 1996). cDNA for mouse STAT5a
was inserted into the EcoR | and Not| sites of the
pMX vector.

Cell culture

HC11, mouse mammary epithelial cells, were grown
to confluency in RPMI 1640 medium containing 10%
fetal bovine serum, insulin (5 pg/ml), and epidermal
growth factor (10 ng/ml). COS-7 cells were cultured
in Dulbecco's modified essential medium containing
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10% fetal bovine serum, 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), which
were flushed with a 5% carbon dioxide/95% nitrogen
mixture until the oxygen concentration was 2%.

Transient transfection

Transfections were performed using the FuGene 6
according to the manufacturer's and the electro-
porator (Bio-Rad, Hercules, CA). For signal trans-
duction studies, subconfluent COS-7 cells in 35 mm
culture dishes were transfected with 1.3 pug of pMX-
STAT5a. After 24 h the cells were starved by serum
deprivation overnight.

Total cell lysis and Western blot

HC11 cells and transiently transfected COS-7 cells
were stimulated with DFO time-dependently or under
hypoxic conditions (2% O,). Cells were lysed on ice
for 10 min in RIPA lysis buffer, containing protease
and phosphatase inhibitors (50 mM Tris-HCI, pH 7.5,
5 mM EDTA, 150 mM NaCl, 10 mM sodium phos-
phate, 10 mM sodium fluoride, 1 mM sodium ortho-
vanadate, 1% Triton X-100, 1 mM phenylmethylsulfo-
nylfluoride, and 2 ug/ml leupeptin, 4 pg/ml aprotinin,
1 ug/ml pepstatin). Cells were disrupted by aspiration
through a 23 gauge needle, and centrifuged at 15,000
rom for 10 min at 4°C to remove cellular debris. Pro-
tein concentration was measured using the Bradford
method (Bradford, 1976). Equal amounts of protein
obtained by total lysis were loaded and run on an
8% SDS-PAGE. The proteins were transferred onto
a nitrocellulose membrane. The membrane was block-
ed for 1 h in T-TBS buffer (20 mM Tris-HCI pH 7.6,
137 mM NaCl, 0.1x Tween 20) plus 5% non-fat milk,
and incubated with a polyclonal anti-STAT5a antibody
at room temperature overnight. The membrane was
washed three times with T-TBS and incubated with
anti-rabbit IgG-conjugated with horseradish peroxidase
for 1 h at room temperature. After washing three
times in T-TBS, the membrane was developed employ-
ing the enhanced chemiluminescence (ECL) system.
Then, the membrane was stripped for 15 min at room
temperature using RestoreTM Western Blot Stripping
Buffer (Pierce). Subsequently, the membrane was re-
probed with anti-phospho-STAT5a/b (Y694/Y699) anti-
body (Upstate Biotechnology), which recognizes an
epitope that is present in both STAT5 protein.

Electrophoretic mobility shift assay

STAT5a DNA binding activity was detected using an
electrophoretic mobility shift assay (EMSA), in which
a labeled double-stranded DNA sequence was used
as a DNA probe to bind active STAT5a protein in
nuclear extracts. The STAT5a-DNA complex and free
DNA were separated using polyacrylamide gel elec-
trophoresis and visualized by autoradiography. The
STAT5a binding site (5-AGATTTCTAGGAATTCAAATC-
3") of the bovine B-casein promoter was used to
design the probe. This oligonucleotide was hybridized
with its complementary oligonucleotide (5'-GATTT
GAATTCCTAGAAATCT-3") at 45-55°C for 10 min
using annealing buffer. The double-stranded DNA
probe was end-labeled using T4 polynucleotide kina-
ses and [y*PJATP and used in all EMSAs. Radio-
labeled oligonucleotides were incubated for 20 min at
room temperature in a total volume of 20 pl contain-
ing 2.5-5.0 ug of nuclear protein, and radiolabeled
oligonucleotide. Electrophoresis through a 6% poly-
acrylamide gel was carried out in 0.5x TBE buffer
for 1.2 h at 300 V. The gel was then dried and ex-
posed to X-ray film. Sequence specificity of nuclear
protein binding to all oligonucleotides was confirmed
by competition studies in which nuclear extracts were
incubated for 5 min at room temperature with a 50-
fold molar excess unlabeled competitor oligonucleo-
tide before the addition of radiolabeled oligonucleo-
tide. STAT5a proteins bound to the GAS element
were identified by supershift with antibodies specific
for STAT5a (Santa Cruz Biotechnology). Nuclear pro-
teins were incubated with 1 ug/ul of the anti-STAT5a
polyclonal antibody for 20 min on ice before the addi-
tion of radiolabeled oligonucleotide.

Results and Discussion

DFO induces tyrosine phosphorylation of
STAT5a in mammary epithelial cells

To confirm the activation of STAT5a by DFO, we
examined the tyrosine phosphorylation state in tyro-
sine-694 of STAT5a with a phosphotyrosine-specific
antibody (anti-phospho-STAT5a/b) by Western blotting
after DFO treatment. Phosphorylation of tyrosine-694
is known to be responsible for STAT5a dimerization
and activation of DNA binding (Zhong et al., 1994).
We investigated the tyrosine phosphorylation of
STAT5a in DFO-treated, transfected COS-7 cells and
HC11 cells.

For this purpose, the proteins were analyzed by
sodium dodecyl sulfate (SDS)-gel electrophoresis and
visualized with a phosphotyrosine-specific antibody
(anti-phospho-STAT5a/b). As shown in Figure 1A and
1B, STAT5 was phosphorylated 10 min after DFO
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Figure 1. Time course phosphorylation of STAT5a in transfected
COS-7 cells and HC11 cells in response to desferrioxamine (DFO).
Cells were treated with DFO (200 uM) for various durations (0,
02, 05 1, 2, 4, 6, and 12 h). Cell lysates were separated on
8% SDS-PAGE and transferred to nitrocellulose membrane. The me-
mbrane was blotted with the anti-phospho-STAT5a/b, then stripped
and reprobed with the anti-STAT5a antibody. (A) Transfected COS-7
cells, (B) Mammary epithelial cells (HC11). Y694, tyrosine-694.

treatments, and the STAT5a phosphorylation was
sustained for 6 h. The tyrosine phosphorylation of
STAT5a by DFO treatments in HC11 cells was ac-
tivated and reached maximum after 2 to 4 h. Whereas
maximal phosphorylation of STAT5a in COS-7 cells
was observed within 4 h (Figure 1A). The tyrosine
phosphorylation of STAT5a was strongly downregul-
ated after 6 h (Figure 1B). These results indicate that
DFO induces tyrosine phosphorylation of STAT5 in
mammary epithelial cells. STAT5 was originally iden-
tified as mammary gland factor (MGF), a prolactin tar-
get gene, by the Groner laboratory (Wakao et al,
1994). Other investigations by several laboratories
demonstrated that STAT5 was actually expressed as
two co-localized genes, STAT5a and STAT5b, with
high similarity (Mui et al., 1995). Furthermore, a multi-
tude of cytokines activate STAT5 including IL-2 (Lin
et al,, 1996), LI-3 (Mui et al., 1995), IL-5 (Mui et al.,
1995), IL-7 (Ye et al, 1999; Ye et al, 2001), IL-9
(Demoulin et al., 1996), IL-15 (Johnston et al., 1995),
G-CSF (Nicholson et al., 1996), GM-CSF (Mui et al.,
1995), EPO (Damen et al., 1995), growth hormone
(Goulleux et al., 1995) and prolactin (Wakao et al.,
1994; Halupa and Barber, 2000).

Hypoxia induces tyrosine phosphorylation
of STAT5a in mammary epithelial cells

We investigated the tyrosine phosphorylation of STAT5a
under hypoxic conditions in transfected COS-7 and
HC11 cells at 1 and 6 h. Under hypoxic conditions,
the tyrosine phosphorylation of STAT5a reached a
maximum at 6 h in two cell lines (Figure 2A and 2B).
These results show that STAT5a phosphorylation is
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Figure 2. (A), (B) Time course phosphorylation of STAT5a in
transfected COS-7 cells and HC11 cells in response to hypoxia.
Cells were treated with hypoxic conditions (2% 0O) for various
durations (0, 1, and 6 h). (C) Comparison of STAT5a tyrosine phos-
phorylation from HC11 cells under normoxia, DFO (desferrioxamine)
treatment, hypoxia (2% O) or PRL (prolactin) treatment. Cell lysates
were separated on 8% SDS-PAGE and transferred to nitrocellulose
membrane. The membrane was blotted with the anti-phospho-STATS-
alb, then stripped and reprobed with the anti-STAT5a antibody. Y694,
tyrosine-694.

time-dependently up-regulated by hypoxia. To com-
pare the expression level of STAT5a protein by DFO,
hypoxia or PRL in HC11 cells, Western blot analysis
was performed with protein extracts obtained from un-
treated (normoxic condition), DFO (4 h)-, hypoxic con-
dition (6 h)- and PRL (15 min)-treated for HC11 cells
(Figure 2C). The figure showed that hypoxia induced
the higher level of STAT5a tyrosine phosphorylation
more than PRL or DFO. Recent work in many labo-
ratories has shown the activation of critical signal
transduction pathways by ROS, such as the NFx-B,
the JNK-AP-1, and the Ras/Rac mitogen-activated
protein kinase pathways (Irani et al., 1997). Although
the STAT family of transcription factors is known to
be activated by most cytokines and growth factors,
we have shown that, in addition to these agonists,
STAT family members can also be activated by
oxidative stress (Simon et al., 1998). In particular, we
have shown in transfected COS-7 cells and HC11
cells that the activation of STAT5a in response to
hypoxia occurs within hours and is independent of
new protein synthesis.



354  Exp. Mol. Med. Vol. 35(5), 350-357, 2003

DFO increases STAT5a DNA binding activity gland factor (MGF; STAT5a) recognizes the PRL res-
in mammary epithelial cells ponse element TTCNNNGAA (GAS sequence) in the

The JAK-STAT signal transduction pathway influences promoter rggion of the [3—lca'.sein (Liu .et al., 1995).
normal cell survival and growth mechanisms and may We studied the DNA-binding capacity of STAT5a

contribute to oncogenic transformation. Activated STATs by an electrophoretic mobility shift assay (EMSA).
form dimers, translocate to the nucleus, bind to spe- Expression of the B-casein gene, which contains the
cific response elements in promoters of target genes, consensus sequence for this STATSa in its promoter,
and transcriptionally activate these genes. Mammary has been assessed by the amount of the corre-
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Figure 3. (A) DNA-binding activities of STAT5a in transfected COS-7 cells and HC11 cells treated W|th DFO (desferrioxamine) concentraion
(uM) detected by EMSA. Nuclear extracts were prepared and analyzed in bandshift assays using %p_Jabeled P-casein promoter STAT5a
binding site as a probe. No extracts, negative control. Con, positive control protein (3rd lane) plus anti-STAT5a antibody. The resulting
complexes were electrophoresed in 6% non-denaturing gel. (B) DNA-binding activities of STAT5a in transfected COS-7 cells and HC11
cells treated with DFO (200 pM) by time course (h), detected by EMSA. Nuclear extracts were prepared and analyzed in bandshift assays
using 3P labeled B-casein promoter STAT5a binding site as a probe. No extracts, negative control. Con, positive control protein (3rd lane)
plus anti-STAT5a antibody. The resulting complexes were electrophoresed in 6% non-denaturing gel. (C) The competitor in EMSA analysis
was unlabeled P-casein consensus nucleotide and the nonspecific one were unlabeled SP-1, and AP-2 consensus nucleotides. Lane 1:
no competitor. Lane 2: no nuclear protein. Lane 3: 1-fold molar excess of competitor. Lane 4: 10-fold molar excess of competitor. Lane
5: 50-fold molar excess of competitor. Lane 6: 100-fold molar excess of noncompetitor (SP-1). Lane 7: 100-fold molar excess of noncompetitor
(AP-2). The resulting complexes were electrophoresed in 6% non-denaturing gel. (D) To demonstrate the identity of the complexes, anti-STAT5a
antibody was preincubated with the extracts for 30 min prior to the binding reaction with the labeled oligomer, as indicated (S.S, super
shift). Nuclear extracts were isolated from COS-7 cells treated with DFO, and 5 pg of nuclear protein were used in EMSA analysis. Lane
1: no nuclear protein. Lane 2: without antibody. Lane 3: STAT3 antibody. Lane 4: STAT5a antibody. The resulting complexes were
electrophoresed in 6% non-denaturing gel.



sponding proteins (Tacchini et al., 2002). To test the
hypothesis that DFO increases STAT5a binding acti-
vity, we examined the DNA-binding activities of STATb5a
after dose- and time-dependent DFO treatments in
transfected COS-7 and HC11 cells. The results show-
ed that DFO enhanced STAT5a protein expression
dose- and time-dependent manner (Figure 3A and 3B).
In the DFO dose-response analysis, when compared
with untreated cells, STAT5a DNA binding activities
were markedly increased in DFO-treated two cell lines
treated with DFO (Figure 3A). As shown in Figure 3B,
STAT5a DNA binding activities were time-dependently
up-regulated by DFO treatments in two cell lines. To
investigate the binding specificity of the protein com-
plexes, competition EMSAs with unlabeled B- casein
and nonspecific SP-1, and AP-2 consensus nucleo-
tides as probe were used with nuclear extracts from
DFO-treated COS-7 cells transfected with a STAT5a
expression vector and HC11 cells. Figure 3C shows
that a B-casein consensus element efficiently inhibited
binding, whereas a nonspecific SP-1, or AP-2 oli-
gonucleotide in molar excess did not compete for
binding. To further identify the protein composition of
the STAT5a-binding complex, polyclonal antibodies to
STAT5a, and STAT3 were used in a supershift
analysis with nuclear extracts from DFO-treated COS-
7 cells. As shown in Figure 3D, the polyclonal anti-
body to STAT5a shifted the complex, whereas STAT3
had no effect.

Hypoxia increases STAT5a DNA binding activity
in mammary epithelial cells

Our results also indicate that hypoxic conditions in-
crease STAT5a DNA binding activity to the GAS se-
quence in the B-casein gene promoter in transfected
COS-7 cells and mammary epithelial cells (Figure 4).
DFO or hypoxia appears to induce the DNA binding
activity of STAT5a via a similar mechanism to pro-
lactin, requiring the phosphorylation of tyrosine-694.
To test the hypothesis that hypoxia activates STAT5a,
we examined the DNA-binding activity of STAT5a to
the B-casein promoter under hypoxic conditions (2%
O). Transiently transfected COS-7 cells and HC11
cells were stimulated under normoxic conditions (20%
0,), desferrioxamine (DFO) or hypoxic conditions (2%
0O3). The results showed that both DFO and hypoxia
increased STAT5a DNA-binding activities in trans-
fected COS-7 and HC11 cells (Figure 4).

STAT5 knockout mice have deficiencies in re-
production (Darnell, 1997; Simon et al., 1998). The
phenotypes of STAT5a and STAT5b individual knock-
outs reveal the importance of STAT5a in breast de-
velopment and lactation and the importance of
STAT5b in the development of sexually dimorphic pa-
tterns of gene expression within the liver. In addition
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DNA-
4 STAT5a
complex

free
probe

Figure 4. DNA-binding activities of STAT5a in transfected COS-7
cells and HC11 cells under normoxia (20% O,), DFO treatment,
and hypoxia (2% 0,), detected by EMSA. Nuclear extracts were
prepared and analyzed in bandshift assays using P-labeled p-
casein promoter STAT5a binding site as a probe. No extracts, nega-
tive control. Con, positive control protein (3rd lane; COS-7 normoxia)
plus anti-STAT5a antibody. The resulting complexes were electro-
phoresed in 6% non-denaturing gel.

to these phenotypes, STAT5a/b double knockouts are
abnormal in their T cell and B cell development.
Beyond these various roles in normal cellular and
physiological processes, the STAT proteins are now
known to participate in cellular transformation and
oncogenesis. We consider the evidence implicating
these molecules, particularly STATs 1, 3, and 5, in
tumor formation and progression.

STAT5 is also commonly found to be constitutively
activated in certain malignancies, especially leukemias
and lymphomas. The expression of fusion proteins
that cause heightened or unrestrained JAK2, PDGF-R
(platelet derived growth factor-receptor), or ABL (Abel-
son) signaling can lead to the constitutive activation
of STATS (Sexl et al., 2000). It is important to recog-
nize that STATSs, including STAT5a, can be persis-
tently activated under various circumstances in which
cellular transformation is not the ultimate phenotype
in macrophages within an inflamed joint, for example,
and in neuronal hypoxia (Bromberg, 2002).

In summary, this study demonstrates for the first
time that DFO or hypoxia induces tyrosine phospho-
rylation of STAT5a and then increases the STAT5a
DNA binding activity to the GAS element in mammary
epithelial cells. Our data suggest that the STAT5 may
act as a mediator in hypoxia-mediated gene expression.
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