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Hypoxia-inducible factor 1 (HIF-1) is a transcriptional activator composed of HIF-1ae and HIF-1f3 subunits.
Several dozen HIF-1 targets are known, including the gene encoding vascular endothelial growth factor
(VEGF). Under hypoxic conditions, HIF-1a expression increases as a result of decreased ubiquitination and
degradation. The tumor suppressors VHL (von Hippel-Lindau protein) and p53 target HIF-1« for ubiquiti-
nation such that their inactivation in tumor cells increases the half-life of HIF-1«. Increased phosphatidyl-
inositol 3-kinase (PI3K) and AKT or decreased PTEN activity in prostate cancer cells also increases HIF-1a
expression by an undefined mechanism. In breast cancer, increased activity of the HER2 (also known as neu)
receptor tyrosine kinase is associated with increased tumor grade, chemotherapy resistance, and decreased
patient survival. HER2 has also been implicated as an inducer of VEGF expression. Here we demonstrate that
HER?2 signaling induced by overexpression in mouse 3T3 cells or heregulin stimulation of human MCF-7
breast cancer cells results in increased HIF-1a protein and VEGF mRNA expression that is dependent upon
activity of PI3K, AKT (also known as protein kinase B), and the downstream kinase FRAP (FKBP-rapamycin-
associated protein). In contrast to other inducers of HIF-1 expression, heregulin stimulation does not affect the
half-life of HIF-lao but instead stimulates HIF-la synthesis in a rapamycin-dependent manner. The 5'-
untranslated region of HIF-1ao mRNA directs heregulin-inducible expression of a heterologous protein. These
data provide a molecular basis for VEGF induction and tumor angiogenesis by heregulin-HER2 signaling and

establish a novel mechanism for the regulation of HIF-1a expression.

Angiogenesis is essential for tumorigenesis as well as metas-
tasis (11, 16, 64), and vascular density is an important prog-
nostic factor in breast cancer (19, 27, 58, 59). Vascular endo-
thelial growth factor (VEGF) plays a major role in tumor
angiogenesis (10), and its expression in breast cancer is in-
versely correlated with patient survival (29, 30). VEGF expres-
sion can be induced by exposure of tumor cells to hypoxia or
growth factors and, in both cases, this expression is due in part
to increased VEGF gene transcription that is mediated by
hypoxia-inducible factor 1 (HIF-1) (6, 9, 12, 22, 44, 63, 65).

HIF-1 is a heterodimer composed of HIF-1a and HIF-1B
subunits (56, 57). Whereas HIF-1p is constitutively expressed,
the expression and activity of the HIF-1a subunit are induced
by exposure of cells to hypoxia or growth factors (reviewed in
reference 49). HIF-1 activates the transcription of genes whose
products are required for critical aspects of tumor progression
including angiogenesis (plasminogen activator inhibitor 1 and
VEGF), iron homeostasis (transferrin and transferrin recep-
tor), and metabolic adaptation (glucose transporters and gly-
colytic enzymes), as well as several factors that affect tumor cell
survival or proliferation (endothelin 1, inducible nitric oxide
synthase, and insulin-like growth factor 2).

HIF-1a is overexpressed in primary and metastatic human
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tumors (1, 4, 5, 53, 62, 66). In breast cancer, HIF-1a overex-
pression can be detected in ductal carcinoma in situ but not in
benign ductal hyperplasia (5), i.e., in early-stage cancer prior to
invasion but concomitant with increased angiogenesis (15).
HIF-1 activity is increased both by intratumoral hypoxia and by
genetic alterations, including loss-of-function mutations in the
tumor suppressor genes encoding p53, PTEN, and VHL (von
Hippel-Lindau protein) as well as gain-of-function mutations
in oncogenes that activate the phosphatidylinositol 3-kinase
(PI3K), SRC, and mitogen-activated protein (MAP) kinase
signal-transduction pathways (24, 34, 40, 41, 47, 48, 65, 66, 68).
Loss or gain of HIF-1 activity is negatively and positively cor-
related, respectively, with tumor growth and angiogenesis in
xenograft assays (6, 24, 28, 33, 40, 44, 45).

Among the genetic alterations identified in human breast
cancer, one of the most important is the increased activity of
the HER?2 receptor tyrosine kinase encoded by the ERBB2
gene on chromosome 17q21, which occurs in approximately
one-third of breast tumors and is associated with increased
tumor grade, chemotherapy resistance, and decreased rates of
patient survival (36, 43, 50, 51). Overexpression of HER2
transforms human mammary epithelial and mouse 3T3 cells
and imparts resistance against the chemotherapeutic agents
tamoxifen and Taxol (32, 39, 61). Treatment of breast cancer
cells with a neutralizing antibody against HER2 results in a
dose-dependent inhibition of VEGF expression (38). A hu-
manized monoclonal antibody to HER?2 inhibits breast cancer
growth and has been approved for treatment of HER2-over-
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FIG. 1. Effect of HER2 overexpression on HIF-1 activity and VEGF mRNA levels. (A) Analysis of HIF-1 expression and activity. Mouse NIH
3T3 and 3T3/neu (NEU) cells were incubated in complete media under hypoxic (1% O,) or nonhypoxic (20% O,) conditions for 6 h prior to
nuclear extract preparation. Aliquots were subjected to immunoblot assay using anti-HIF-1la (top) or anti-HIF-1B (middle) antibodies. An
electrophoretic mobility shift assay (bottom) was also performed which detected HIF-1 and constitutively expressed (C) DNA-binding activities.
(B) Analysis of VEGF and HIF-1a. RNA expression. Cells were incubated under hypoxic or nonhypoxic conditions for 16 h prior to total RNA
preparation. Aliquots were fractionated by agarose gel electrophoresis and subjected to serial blot hybridization using rat VEGF (top) and human
HIF-1a (middle) cDNA probes. The agarose gel was stained with ethidium bromide prior to transfer to demonstrate equivalent quantity and
quality of RNA (28S and 18S rRNA species are indicated) in each lane (bottom). (C) Analysis of HIF-1 transcriptional activity. 3T3 and NEU cells
were cotransfected with control reporter pSV-Renilla, containing Renilla luciferase coding sequences under the control of an SV40 promoter, and
p2.1, which contains a 68-bp HRE from the human ENOI gene inserted upstream of a minimal SV40 promoter and firefly luciferase coding
sequences, or pVEGF, which contains a 2.7-kb human VEGF promoter fragment inserted upstream of firefly luciferase coding sequences.
Luciferase activities were measured 48 h after transfection. For each condition, the ratio of firefly to Renilla luciferase was determined and
normalized to the value obtained for 3T3 cells transfected with p2.1 (Relative Expression).

expressing tumors (35). Unlike other members of the epider-
mal growth factor receptor (EGFR) family, HER?2 has tyrosine
kinase activity in the absence of any known ligand. HER2
heterodimerizes with the EGFR family members HER3 and
HER4, which bind the ligand heregulin (55). In breast cancer
cells, heregulin activates AKT (also known as protein kinase B)
via the PI3K pathway (31). HER2 overexpression is also asso-
ciated with increased AKT activity (67). Recently, HER2 over-
expression or heregulin stimulation has been shown to induce
VEGF mRNA and protein expression in cancer cell lines (3,
60).

Because HIF-1 has been shown to lie downstream of EGFR
and PI3K-AKT signaling and upstream of VEGF expression in
tumor cells (9, 65, 68), we have analyzed HIF-1 activity in
HER2-overexpressing 3T3 cells and heregulin-stimulated
MCEF-7 cells. Our results indicate that HIF-1 contributes to the
induction of VEGF expression in these cells. Because hypoxia
(52) and mutations in the tumor suppressor genes VHL (7, 54)
and p53 (40) induce HIF-1 activity by inhibiting the ubiquiti-
nation and proteasomal degradation of HIF-1a (20, 26, 46), it
was assumed that receptor tyrosine kinase signaling induced
HIF-1a expression by the same mechanism. However, our
results demonstrate that HER?2 signaling induces HIF-1a pro-
tein synthesis rather than inhibiting its degradation, thus rep-
resenting a novel mechanism for the regulation of HIF-1 and
VEGEF expression.

MATERIALS AND METHODS

Materials. AG825, cycloheximide, 1Y294002, PD098059, and rapamycin were
purchased from Calbiochem. Heregulin-a was from Oncogene Research Prod-
ucts and Sigma. Anti-HIF-1a monoclonal antibody H1a67 (66) was from Novus
Biologicals, Inc. Anti-AKT, anti-phospho-AKT (phosphoserine-473), anti-p70 s6
kinase (anti-p70°°*), anti-phospho-p70*°* (phosphothreonine-389), and anti-4E-
BP1 (phosphoserine-65) antibodies were from New England Biolabs. Plasmid
pCMVS5/AKT(K179M) was a gift from Tung Chan, Thomas Jefferson University.

The rat HER2 cDNA in pcDNA3 and 3T3/NEU cells (ATCC CRL-1915) were
gifts from Elizabeth Jaffee, Johns Hopkins Oncology Center. MCF-7 cells were
a gift from Dominic Scudiero, Developmental Therapeutics Program, National
Cancer Institute.

Tissue culture. NTH 3T3 cells were cultured in high-glucose Dulbecco’s mod-
ified Eagle’s medium with 10% fetal bovine serum (FBS), 1% glutamine, 1%
pyruvate, 1% nonessential amino acids, and penicillin-streptomycin. 3T3/neu
cells (21) were cultured in the same medium with the addition of 125 ng of
methotrexate (Sigma)/ml. MCF-7 cells were cultured in high-glucose RPMI 1640
supplemented with 10% FBS and penicillin-streptomycin. Unless otherwise
stated, cells were maintained at 37°C in a humidified 5% CO,-95% air incubator.

Immunoblot and electrophoretic mobility shift assays. MCF-7 cells were se-
rum starved for 20 h in medium lacking FBS and then exposed to FBS, kinase
inhibitors, and/or heregulin for 6 h. 3T3 and 3T3/neu cells were exposed to
inhibitors and/or hypoxia (1% O,~5% CO,-94% N,) for 6 h. Thirty or 100 pg of
nuclear (57) or whole-cell (52) extracts, respectively, was fractionated by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, transferred to a nitro-
cellulose membrane, and analyzed with anti-HIF-1a mouse monoclonal antibody
H1a67 at a 1:1,000 dilution (66), affinity-purified anti-HIF-1pB rabbit polyclonal
antibodies at a 1:2,000 dilution (56), or anti-AKT, anti-phospho-AKT, anti-
p70%°K, anti-phospho-p70°°%, and anti-phospho-4E-BP1 rabbit polyclonal anti-
bodies at a 1:1,000 dilution. Horseradish peroxidase-conjugated rabbit anti-
mouse and goat anti-rabbit secondary antibodies were used at a 1:2,500 dilution.
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FIG. 2. Effect of heregulin stimulation on HIF-1a expression. Hu-
man MCF-7 breast cancer cells were serum starved for 20 h and then
exposed to no treatment, 10% FBS (serum), or 25 to 100 ng of heregu-
lin/ml for 6 h, prior to nuclear extract preparation and immunoblot
assay using anti-HIF-1a (top) or anti-HIF-1B (bottom) antibodies.
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FIG. 3. Effect of heregulin stimulation on HIF-1 transcriptional activity. Transfected cells were serum starved and exposed to no growth factor
(—), 10% FBS, heregulin (HRG) or FBS and HRG for 24 h, under either nonhypoxic (20% O.,) (top panels) or hypoxic (1% O,) (bottom panels)
culture conditions, prior to preparation of cell lysates for dual luciferase assays. (A) Analysis of HIF-1-mediated reporter gene transcription.
MCEF-7 cells were cotransfected with pSV-Renilla and p2.1 or p2.4, which contain a wild-type and mutated HRE, respectively. The ratio of firefly
to Renilla luciferase expression was determined and normalized to the value obtained from nonhypoxic cells transfected with p2.1 (Relative
Expression). (B) Analysis of HIF-1la transactivation domain function. MCF-7 cells were transfected with: pSV-Renilla; pG5E1bLuc, which
contains five copies of a GAL4 DNA-binding site upstream of the Elb promoter and firefly luciferase coding sequences; and either pGal0 or pGalA,
which encodes the GAL4 DNA-binding domain either alone or fused to HIF-1a amino acids 531 to 826, respectively. The ratio of firefly to Renilla
luciferase expression was determined and normalized to the value obtained from nonhypoxic cells transfected with pGal0 (Relative Expression).

The signal was developed with ECL reagents (Amersham). Electrophoretic mo-
bility shift assays were performed on nuclear extracts as previously described
(57).

Transfection assays. Plasmid pSV-Renilla was constructed by replacing the
HindIII/BglII fragment containing the thymidine kinase promoter of TK-Renilla
(Promega) with the HindIII/Bg/II fragment containing the sivian virus 40 (SV40)
promoter from pGL2-Promoter (Promega). A total of 4 X 10* 3T3 cells were
plated per well of a 24-well dish and 24 h later were transfected with 20 ng of
pSV-Renilla; 200 ng of reporter p2.1, p2.4 (24), or pVEGF-KpnI (12); and 200
ng of expression vector pPCMV5/AKT(K179M) encoding kinase-dead AKT (13),
pcDNA3/HER2neu encoding rat HER2, or empty vector, in the presence of
Fugene-6 (Boehringer Mannheim). Lysates were prepared 48 h after transfec-
tion. A total of 2 X 10* MCF-7 cells were plated per well and transfected with 10
ng of pSV-Renilla and 100 ng of pG5E1bLuc (plus 100 ng of pGalA or pGal0)
(25) or 100 ng of p2.1 or p2.4, with Lipofectamine Plus (Life Technologies, Inc.).
Twenty hours after transfection the cells were serum starved for 20 h and then
treated with 10% FBS, 100 ng of heregulin-a/ml, or FBS plus heregulin for 24 h.
3T3 and MCF-7 cell lysates were analyzed with the Dual Luciferase Reporter
Assay system (Promega). Relative luciferase expression was determined as the
ratio of firefly to Renilla luciferase activity. Transfections were performed in
triplicate, and the mean and standard error were calculated for each condition.

RNA blot-hybridization assays. Cells were plated at 50% confluence and 24 h
later were exposed to 1% O, or heregulin for 16 h. Total RNA was isolated using
TRIzol reagent (Life Technologies, Inc.), and 15-pg aliquots were fractionated
by agarose gel electrophoresis, transferred to nitrocellulose membranes, and
hybridized with a 3>P-labeled human (GenBank accession number H95344; IM-
AGE clone 234423 [Research Genetics]) or rat (12) VEGF cDNA fragment or
a PCR product encoding amino acids 330 to 528 of human HIF-1a that was
amplified from cDNA clone pBluescriptSK-HIF-1a3.2-3 (56).

Pulse-chase assays. A total of 2 X 10° MCF-7 cells were plated in a 10-cm
dish, and 24 h later the cells were serum starved for 20 h. The cells were
pretreated with 100 ng of heregulin-a/ml, 100 pM cobalt chloride, or 100 nM
rapamycin for 30 min in methionine-free RPMI 1640. [*>S]Met-Cys was added to
a final concentration of 0.3 mCi/ml, and the cells were pulse-labeled for 20 to 40
min and then harvested. To chase, the cells were rinsed after pulse-labeling,
incubated in the presence of media containing nonradioactive Met-Cys for 25
min in the presence or absence of heregulin, and then harvested. Whole-cell
extracts were prepared with RIPA buffer (52). One milligram of extract was
precleared with 60 pl of protein A-Sepharose for 1 h. Twenty microliters of
anti-HIF-1a antibody H1a67 was added to the supernatant and rotated over-
night at 4°C. Forty microliters of protein A-Sepharose was added, rotated for 2 h
at 4°C, pelleted, and washed five times with 1 ml of RIPA buffer. An equal
volume of 2X SDS loading buffer was added, and the samples were boiled and
fractionated by SDS-polyacrylamide gel electrophoresis (52). The gel was dried
and exposed to X-ray film.

HIF1A reporter assays. Nucleotides —572 to +284 and —572 to +32 from the
human HIFIA gene were amplified from plasmid PAC-RI (23) by PCR with
Platinum Tag DNA Polymerase High Fidelity (Life Technologies) and ligated
into pGL2-Basic (Promega). MCF-7 cells were seeded onto 24-well plates at 4 X
10* cells/well and the following day were exposed to 200 ng of pGL2/HIF1A
(—572/+284) or pGL2/HIF1A(—572/+32) and 40 ng of pSV-Renilla for 3 h in
the presence of Lipofectamine Plus (Life Technologies, Inc.). After 24 h, the
cells were serum starved for 24 h, treated with 100 ng of heregulin-a/ml for 22 h,
and harvested for firefly and Renilla luciferase activity with the Dual Luciferase
Reporter system (Promega). Duplicate wells were washed with phosphate-buff-
ered saline and lysed in TRIzol (Life Technologies), and total RNA was ex-
tracted. Three micrograms of total RNA from each well was used as a template
for reverse transcription (RT) of cDNA with the Superscript Preamplification
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system (Life Technologies). Firefly and Renilla luciferase cDNA sequences were
amplified by PCR (primer sequences and PCR conditions available upon re-
quest), and the products were analyzed by 1.5% agarose gel electrophoresis and
ethidium bromide staining.

RESULTS

HIF-1a protein and VEGF mRNA levels increase in re-
sponse to HER2 overexpression. Stable transfectants of mouse
NIH 3T3 cells expressing HER2 (21) and parental 3T3 cells
were incubated under nonhypoxic and hypoxic conditions (20
and 1% O,, respectively), and nuclear extracts were prepared.
The control 3T3 cells demonstrated modest levels of HIF-1a
protein (Fig. 1A, top) and HIF-1 DNA-binding activity (Fig.
1A, bottom) under nonhypoxic conditions and a marked
induction in response to hypoxia. The expression of HIF-1a
protein and HIF-1 DNA-binding activity was significantly
higher in the subclone overexpressing HER2 (hereafter re-
ferred to as 3T3/NEU cells) under nonhypoxic conditions.
HER?2 overexpression was also associated with increased
VEGF mRNA expression (Fig. 1B, top). HER2 overexpres-
sion did not affect HIF-la. mRNA levels (Fig. 1B, middle),
indicating that the increased expression of HIF-1a protein in
3T3/NEU cells was due to either increased synthesis or de-
creased degradation.

To determine whether the effect of HER2 on VEGF expres-
sion was mediated by HIF-1-dependent gene transcription,
3T3 and 3T3/NEU cells were transfected with reporter genes
in which luciferase expression was driven either by the human
VEGF promoter encompassing nucleotides —2274 to +379
relative to the transcription start site (pVEGF) or by a 68-bp
HIF-1-dependent hypoxia-response element (HRE) cloned
upstream of a basal SV40 promoter (p2.1). The expression of
both reporters was increased approximately threefold in 3T3/
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FIG. 4. Involvement of PI3K and AKT in signaling from HER?2 to
HIF-1a. (A) Analysis of AKT activity. 3T3 and 3T3/NEU (NEU) cells
were incubated under nonhypoxic or hypoxic conditions, and cell ly-
sates were prepared. Aliquots were subjected to immunoblot assay
with antibodies that recognize only phospho-AKT (top) or total AKT
(bottom). (B) Effect of kinase inhibitors on HIF-1a expression. 3T3
and NEU cells were pretreated with no drug, 100 pM AGS825, 100 pM
LY294002, 100 uM PD098059, or 100 nM rapamycin for 30 min and
incubated under nonhypoxic or hypoxic conditions for 6 h prior to
HIF-1a immunoblot assay. (C) Effect of dominant-negative AKT on
HER?2-induced HIF-1 transcriptional activity. 3T3 cells were cotrans-
fected with pSV-Renilla; wild-type p2.1 or mutant p2.4 reporter gene;
and either empty vector (E) or expression vector encoding HER2 (N)
in the presence or absence of expression vector encoding kinase-dead
AKT (AKT-KD). Cell lysates were subjected to dual luciferase assays.

NEU cells relative to that in 3T3 cells under nonhypoxic con-
ditions (Fig. 1C). These results indicate that HER2 overex-
pression induces HIF-1-mediated VEGF gene transcription.

Heregulin stimulation of MCF-7 cells specifically induces
HIF-1« protein expression. Heregulin stimulation of MCF-7
cells induces AKT activity via signaling of HER2-HER3 het-
erodimers (31). HIF-1a protein expression was induced in a
dose-dependent manner by exposure of serum-starved MCF-7
cells to heregulin-a (Fig. 2). The induction of HIF-1a did not
simply represent a nonspecific response of serum-starved cells
to growth factor, since refeeding serum did not induce a com-
parable level of HIF-1a expression (Fig. 2, lane 2; see also Fig.
4B). VEGF mRNA expression was also induced by heregu-
lin-o stimulation of MCF-7 cells (data not shown), similar to
results recently reported for heregulin-p stimulation of MCF-7
and other cancer cell lines (3, 60).

Treatment of serum-starved MCF-7 cells with heregulin
stimulated transcription of the HRE-containing p2.1 reporter
gene fivefold under nonhypoxic conditions, and this effect was
dependent upon the presence of an intact HIF-1 binding site in
the reporter (Fig. 3A). Heregulin also stimulated reporter gene
expression twofold under hypoxic conditions (Fig. 3A). The
degree of reporter gene expression in response to hypoxia
(17-fold) was considerably greater than in response to heregu-
lin stimulation (Fig. 3A). Treatment of serum-starved cells
with FBS resulted in an even more modest stimulation of
reporter gene expression under nonhypoxic conditions (<3-
fold) and had no effect under hypoxic conditions.

Previous studies have demonstrated that a fusion protein
(GalA) consisting of the DNA-binding domain of the yeast
protein GAL4 fused to HIF-1a amino acids 531 to 826 acti-
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FIG. 5. Involvement of the PI3K-AKT-FRAP pathway in heregulin-induced HIF-1a expression. (A) Stimulation of AKT activity and HIF-1a
expression by heregulin. Serum-starved MCF-7 cells were exposed to vehicle or heregulin for 6 h and analyzed for phospho-AKT (top), total AKT
(middle), or HIF-1a protein (bottom) by immunoblot assay. (B) Effect of serum and heregulin stimulation on S6 kinase activity. Serum-starved
cells were treated with serum or heregulin for 6 h prior to immunoblot assay with antibodies specific for phosphorylated p70°* and its p85 isoform
(top) or total p70°°* protein (bottom). (C) Effect of kinase inhibitors on heregulin-stimulated HIF-1a expression. Serum-starved cells were
pretreated for 30 min with vehicle or inhibitor (AG825, PD98059, rapamycin, or LY294002) and then exposed to no treatment, 10% FBS (Serum),
or 100 ng of heregulin/ml for 6 h prior to HIF-1a immunoblot assay of whole-cell lysates. (D) Analysis of HIF-la« mRNA expression. MCF-7 cells
were serum starved and exposed to heregulin in the absence or presence of rapamycin for 6 h. Total RNA was isolated, and blot hybridization was
performed with a HIF-la ¢cDNA probe (top). A photograph of the ethidium bromide-stained gel demonstrates equal loading of RNA as

determined by the intensity of the 18S and 28S rRNA bands (bottom).

vates transcription of a luciferase reporter gene containing five
GALA4 binding sites upstream of a basal promoter due to the
presence of two transactivation domains, TAD-N (residues 531
to 575) and TAD-C (residues 786 to 826) (25). Furthermore,
reporter gene transactivation is mediated by GalA in a hy-
poxia-inducible manner, as demonstrated in Fig. 3B. In con-
trast, heregulin stimulation of MCF-7 cells did not affect trans-
activation mediated by GalA under nonhypoxic or hypoxic
conditions (Fig. 3B). FBS, in either the presence or absence of
heregulin, also did not stimulate reporter gene transactivation
mediated by GalA. Taken together, the results presented in
Fig. 1 to 3 demonstrate that, like hypoxia, heregulin-HER2
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FIG. 6. Effect of hypoxia, cobalt, and heregulin stimulation on
HIF-1a« stability. HIF-1a expression was induced by exposure of MCF-
7 cells to 1% O, (Hypoxia), 100 uM CoCl, (Cobalt), or 100 ng of
heregulin/ml for 6 h. Cycloheximide (CHX) was added to a final
concentration of 100 wM, and the cells were harvested after being
incubated for the indicated time in the presence of CHX and the
inducer. Nuclear extracts were analyzed for the expression of HIF-1a
(top) and HIF-1B (bottom) by immunoblot assay.

signaling induces expression of HIF-la protein and HIF-1
DNA-binding activity. HER2 signaling under nonhypoxic con-
ditions induces more modest expression of VEGF mRNA or a
HIF-1-dependent reporter gene because whereas hypoxia also
induces the HIF-1a transactivation domain function, heregulin
does not. However, HER2 signaling also amplifies HIF-1-me-
diated gene transcription under hypoxic conditions.

HER2- and heregulin-induced HIF-1a expression requires
PI3K, AKT, and FRAP activity. AKT activity, as measured by
phosphorylation at Ser-473, was increased in HER2-overex-
pressing 3T3 cells (Fig. 4A) as previously reported (67). Hyp-
oxia did not induce AKT activity in 3T3 or 3T3/NEU cells, in
agreement with previous studies of prostate cancer cells (65).
To determine whether activity of the PI3K-AKT pathway was
required for HER?2 signaling to HIF-1«, 3T3/NEU cells were
treated with AG825, LY294002, or rapamycin, which inhibits
the kinase activity of HER2, PI3K, FKBP-rapamycin-associ-
ated protein (FRAP; also known as a mammalian target of
rapamycin), respectively. Treatment with AG825, LY294002,
or rapamycin was associated with decreased HIF-la expres-
sion, particularly under nonhypoxic conditions (Fig. 4B, com-
pare lanes 3 and 5). In contrast to the effects of these inhibi-
tors, PD098059, at concentrations that effectively inhibit the
MAP kinase kinase MEK1, did not alter HIF-1a expression in
3T3/NEU cells. Expression of the HIF-1-dependent reporter
gene p2.1 was stimulated by cotransfection of a HER2 expres-
sion vector in 3T3 cells, and this effect was blocked by cotrans-
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FIG. 7. Metabolic labeling experiments. (A) Pulse-labeling of
MCEF-7 cells. Serum-starved cells were pretreated with no drug,
heregulin, or heregulin plus rapamycin for 30 min in Met-free medium.
[>°S]Met-Cys was added, and the cells were incubated for 20 or 40 min
prior to preparation of cell lysates and immunoprecipitation of HIF-
la. (B) Pulse-chase. Serum-starved MCF-7 cells were pretreated with
100 wM cobalt chloride (C) or 100 ng of heregulin/ml (H) for 30 min
in Met-free medium. [**S]Met-Cys was added, and then the cells were
incubated for 40 min and either harvested directly for analysis of
pulse-labeling (P) or rinsed and incubated in medium containing un-
labeled Met-Cys for 25 min in the presence or absence of heregulin for
pulse-chase analysis (P/C) of immunoprecipitated HIF-1c.

HIF-laa —

fection of a vector encoding a dominant-negative (kinase-
dead) form of AKT (Fig. 4C). Neither the stimulatory effect of
HER2 nor the inhibitory effect of kinase-dead AKT on re-
porter gene transcription was observed when the reporter
(p2.4) contained an HRE that was mutated to prevent HIF-1
binding.

AKT activity was also increased by heregulin stimulation of
serum-starved MCF-7 cells as demonstrated by an increase in
AKT phosphorylation at Ser-473 (Fig. 5A, top). The induction
of HIF-1a protein expression by heregulin (Fig. SA, bottom)
occurred without any change in HIF-la mRNA expression
(Fig. 5D), indicating an effect on HIF-1a protein synthesis or
stability. Treatment of serum-starved MCF-7 cells with serum
or heregulin induced phosphorylation of p70°°%, a downstream
target of FRAP (Fig. 5B). The translational regulatory protein
4E-BP1 (also known as PHAST1), another downstream target of
FRAP, showed a similar pattern of phosphorylation (data not
shown). Heregulin-induced expression of HIF-1a was blocked
by AG825, LY294002, and rapamycin, but not by PD098059
(Fig. 5C). Rapamycin blocked heregulin-induced HIF-1a pro-
tein expression without altering HIF-la«. mRNA expression
(Fig. 5D). These results demonstrate that increased levels of
HIF-1a protein in response to HER2 overexpression or
heregulin stimulation are dependent upon HER2, PI3K, AKT,
and FRAP kinase activity. Furthermore, the modest levels of
AKT activity in 3T3/NEU cells and the modest levels of
heregulin-a to which MCF-7 cells were exposed suggest that
the effects on HIF-1a expression demonstrated in these studies
are physiologically relevant.
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HER2 overexpression and heregulin stimulation induce
HIF-1a protein synthesis, not stability. Although the PI3K-
AKT-FRAP pathway was previously shown to regulate HIF-1a
levels in human prostate cancer cells (65), the molecular basis
for this effect was not delineated. In cells that are subjected to
hypoxia, or in which p53 or VHL function has been lost,
HIF-1a expression is induced as a result of decreased ubig-
uitin-dependent proteasomal degradation (7, 40, 52, 54). To
investigate whether a similar mechanism was activated by
HER2-PI3K-AKT-FRAP signaling, the kinetics of HIF-1a de-
cay in MCF-7 cells treated with cycloheximide to block protein
synthesis were determined. In cells exposed to hypoxia or co-
balt chloride, HIF-1a levels remained constant over 60 min
despite the lack of ongoing protein synthesis (Fig. 6, top),
which is consistent with the known effects of these stimuli on
inhibiting the ubiquitination and degradation of HIF-1a (20,
26, 34, 40, 46, 52). These results were in marked contrast to
heregulin-treated cells, in which HIF-la protein was com-
pletely degraded within 60 min after cycloheximide addition.
The effects of hypoxia, CoCl,, and heregulin were specific for
HIF-1«, as HIF-1B levels remained constant under all condi-
tions (Fig. 6, bottom). Inhibition of protein synthesis by expo-
sure of MCF-7 cells to 50 pg of anisomycin/ml, a protein
synthesis inhibitor with a different mechanism of action, also
resulted in rapid decay of HIF-1a levels in heregulin- but not
in cobalt-treated cells (data not shown). These results indicate
that heregulin stimulation does not inhibit HIF-1a degradation
to the same degree as hypoxia or CoCl, treatment.

To analyze the rate of HIF-la synthesis, serum-starved
MCEF-7 cells were pretreated with heregulin in the presence or
absence of rapamycin for 30 min and then pulse-labeled with
[*°S]Met-Cys for 20 or 40 min, followed by immunoprecipita-
tion of HIF-1a (Fig. 7A). In contrast to control serum-starved
cells (Fig. 7A, lane 1), **S-labeled HIF-1a was clearly demon-
strated in heregulin-treated cells (lanes 2 and 3), whereas in
the presence of rapamycin, the amount of labeled HIF-1a
protein was significantly diminished (lanes 4 and 5). To com-
pare the effects of heregulin and CoCl, on HIF-1a synthesis,
serum-starved MCF-7 cells were pretreated with heregulin or
CoCl, for 30 min and then pulsed with [**S]Met-Cys for 40 min
(Fig. 7B). **S-labeled HIF-1a was detectable in heregulin- but
not in CoCl,-treated cells (Fig. 7B, compare lanes 2 and 3),
demonstrating that heregulin stimulates HIF-1a synthesis,
whereas CoCl, has no effect on synthesis but instead inhibits
HIF-1a degradation (as shown in Fig. 6). To analyze the effect
of heregulin on HIF-1a protein stability, cells were pulsed with
[>*S]Met-Cys for 40 min in the presence of heregulin, and then
the radioactivity was chased with unlabeled Met-Cys for 25 min
in either the presence or the absence of heregulin (Fig. 7B).
There was no detectable *°S-labeled HIF-1a in either case
(lanes 4 and 5), indicating that heregulin treatment does not
prevent HIF-1a degradation. Thus, both the cycloheximide
addition and pulse-chase experiments provide no evidence for
increased HIF-1a stability in heregulin-treated MCF-7 cells,
whereas pulse-labeling studies demonstrate that heregulin
stimulation increases the rate of HIF-1a synthesis.

To determine whether the 5" untranslated region (5'-UTR)
of HIF-1a« mRNA mediates the induction of protein synthesis
by heregulin, two reporter plasmids were constructed in which
5’-UTR and 5'-flanking sequences (5'-FS) from the HIFI1A
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FIG. 8. Effect of HIF1A 5’-UTR on luciferase expression. (A) MCF-7 cells were cotransfected with pSV-Renilla and firefly luciferase (LUC)
reporter genes containing 572 bp of 5'-FS from the human HIF1A4 gene, followed by either 284 or 32 bp of the 5'-UTR. (B) Transfected cells were
exposed to heregulin or vehicle for 24 h, and the ratio of firefly luciferase to Renilla (Relative Luciferase) activity was determined. The mean and
standard deviation for each condition are shown based upon three independent transfections. (C) Expression of Renilla (Ren) and firefly luciferase
(Luc) mRNA in transfected cells was determined by RT-PCR. The ratio of Renilla to firefly luciferase expression was determined by densitometry
for the 20- and 24-cycle PCR but was not determined (N/D) for the 16-cycle PCR due to the low levels of product.

gene (23) were inserted 5’ to firefly luciferase coding sequences
(Fig. 8A). Compared to the activity of Renilla luciferase en-
coded by the cotransfected pSV-Renilla reporter, the activity
of firefly luciferase encoded by the reporter containing 572 bp
of 5’'-FS and the complete 284-bp 5'-UTR increased >8-fold in
heregulin-treated cells (Fig. 8B). However, in cells transfected
with a reporter in which all but 32 bp of the 5'-UTR were
removed, the response to heregulin treatment was lost. RT-
PCR analysis revealed that expression of mRNA encoding
firefly and Renilla luciferase was constant under all four exper-
imental conditions (Fig. 8C). Thus, the 5'-UTR of HIF-1la
mRNA mediates heregulin-induced expression of a heterolo-
gous protein at the translational level.

DISCUSSION

Clinical and experimental data indicate that increased
HER?2 activity is an important step in breast cancer progres-
sion that impacts negatively on patient survival (36). HER2
signaling provides increased resistance against apoptosis (in-
duced by adverse conditions in the tumor microenvironment or
chemotherapy) that is mediated by the PI3K-AKT pathway
(31, 67). Another important consequence of HER2 signaling is
increased VEGF expression (38, 60). We have demonstrated
that HER2 signaling in nonhypoxic cells induces transcrip-
tional activation of the VEGF gene by HIF-1 that is dependent
upon PI3K and AKT activity (Fig. 9). Furthermore, activity of
the downstream kinase FRAP is also required for HIF-la
expression under nonhypoxic conditions. The clinical relevance

of these results is underscored by the recent demonstration
that HIF-la overexpression is significantly associated with
HER?2 and VEGF expression and with microvascular density
in human ductal carcinoma in situ and invasive breast cancer
(5).

The most surprising result of the present study is the novel
finding that activation of the PI3K-AKT-FRAP pathway by
heregulin stimulation of MCF-7 human breast cancer cells
does not affect HIF-1a stability but instead dramatically in-
creases the rate of HIF-1a protein synthesis, as determined by
three independent experimental approaches involving cyclo-
heximide addition, pulse-chase labeling, and reporter gene
transfection assays. The effect of heregulin-HER?2 signaling is
therefore similar to the forced expression of recombinant
HIF-1la in transient transfection experiments (12) in which
VHL becomes limiting (54), resulting in failure to degrade all
of the HIF-1a that is expressed under nonhypoxic conditions.
In contrast, previous studies have demonstrated that hypoxia
and loss of p53 or VHL activity affect HIF-1a protein stability
via altered ubiquitination (Fig. 9). Whereas hypoxia increases
both the stability of HIF-1a protein and its specific transcrip-
tional activity (25), heregulin-HER? signaling induces HIF-1a
protein synthesis, such that the combination of HER2 overex-
pression and hypoxia has a synergistic effect on VEGF gene
expression (Fig. 1B).

Data from cycloheximide-addition experiments suggest that
activation of the PI3K-AKT-FRAP pathway by other receptor
and nonreceptor tyrosine kinases, including EGFR and V-
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FIG. 9. Dual mechanisms for induction of HIF-1a protein and VEGF mRNA expression. Signal transduction from HER2 (and possibly other
tyrosine kinases such as EGFR and V-SRC) to PI3K, AKT, and FRAP increases the rate of HIF-1a synthesis, whereas hypoxia and loss of VHL or

p53 activity decrease the rate of HIF-1a degradation by reducing its ubiquitination (VHL and p53-recruited MDM2 are ubiquitin-protein ligases).

SRC, also induces HIF-la protein synthesis (K. Chiles, E.
Laughner, P. Taghavi, and G. L. Semenza, unpublished data),
although this conclusion will need to be confirmed by pulse-
chase analyses. The PI3K-AKT-FRAP pathway may also be
activated by physiological stimulation of normal cells, such as
the induction of HIF-1a expression in vascular smooth muscle
cells exposed to angiotensin II, platelet-derived growth factor
BB, or thrombin (42). Thus, stimulation of HIF-1a synthesis by
the PI3K-AKT-FRAP pathway is likely to represent a major
mechanism for induction of HIF-1 and its downstream target
genes in a variety of physiological and pathophysiological con-
ditions.

The pulse-chase studies demonstrate a requirement for
FRAP activity, as rapamycin markedly inhibited heregulin-
induced HIF-1a protein synthesis (Fig. 7A). How does FRAP
regulate the rate of HIF-1a synthesis? One possible mecha-
nism involves the phosphorylation of 4E-BP1 by FRAP (14, 17,
37). The eukaryotic translation initiation factor 4F (eIF-4F)
performs the rate-limiting function of recruiting the 40S ribo-
somal subunit to mRNA, with the eIF-4E subunit binding di-
rectly to the 5’ cap structure. 4E-BP1 binds eIF-4E and inhibits
its activity. Phosphorylation of 4E-BP1 by FRAP decreases its
ability to bind eIF-4E. Thus, FRAP activity positively regulates
translation. The other major downstream targets of FRAP are
the p70 and p85 kinases, which phosphorylate the S6 protein of

the 40S ribosomal subunit. S6 kinases have been shown to
control the translation of mRNAs that containing polypyrimi-
dine tracts within their 5’-UTR (8). The HIF-1a 5'-UTR con-
tains tracts of 8, 9, and 17 pyrimidines downstream of nucleo-
tide +32 (23). However, 4E-BP1, p70°°%, and p85*°" were
highly phosphorylated in MCF-7 cells exposed to either serum
or heregulin, whereas only heregulin markedly induced HIF-
la expression (Fig. 5). Thus, further studies are required to
determine whether phosphorylation of 4E-BP1 or S6 kinases is
necessary for HIF-1a induction. Phosphorylation of the trans-
lation initiation factor eIF-2a has recently been shown to con-
trol stress-induced protein synthesis (18), but the PI3K-AKT-
FRAP pathway has not been implicated in this process.
Recent studies have revealed that a consequence of dysregu-
lated expression of multiple tumor suppressor proteins and
signal transduction pathways is an increase in HIF-1 transcrip-
tional activity that occurs via three different molecular mech-
anisms. First, loss of pS3 or VHL increases HIF-1a protein
expression by interfering with its ubiquitination and proteaso-
mal degradation (7, 34, 40, 54). Second, RAF/MEK/extracel-
lular signal-regulated kinase signaling stimulates transcription
of HIF-1-dependent target genes but does not increase HIF-1a
expression, suggesting a direct effect on transactivation (41).
Third, PI3K-AKT-FRAP signaling increases the rate of HIF-
la synthesis, as demonstrated in this study. The consequences
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of activating signal transduction pathways may be cell type
specific, since treatment of mouse embryo fibroblasts with the
organomercurial compound mersalyl induces HIF-1a protein
expression via a signaling pathway that requires MAP kinase
activity (2). In addition to genetic alterations involving onco-
gene and tumor suppressor gene products, HIF-1la protein
stability and transcriptional activity are also induced by intra-
tumoral hypoxia which, as in the case of HER?2 overexpression,
is associated with poor clinical outcome (reviewed in reference
49). The molecular data indicating that multiple genetic and
physiological stimuli induce HIF-1 in human cancers are con-
sistent with immunohistochemical data indicating that HIF-1a
overexpression occurs frequently in breast and other common
human cancers (5, 53, 66) and correlates with tumor grade and
vascularization (5, 62) and patient survival (1, 4). Thus, HER2
overexpression does not activate HIF-1-dependent gene tran-
scription in isolation but rather in combination with other
tumor-specific genetic and physiological alterations. Taken to-
gether, the clinical and molecular studies suggest that in-
creased HIF-1a expression may contribute to tumor progres-
sion by mediating angiogenesis, metabolic adaptation, and
other aspects of invasion and metastasis that define the lethal
cancer phenotype.
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