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The hypoxia-inducible factors 1o (HIF-1at) and 2o« (HIF-2a) have extensive structural homology and have
been identified as key transcription factors responsible for gene expression in response to hypoxia. They play
critical roles not only in normal development, but also in tumor progression. Here we report on the differential
regulation of protein expression and transcriptional activity of HIF-1a and -2« by hypoxia in immortalized
mouse embryo fibroblasts (MEFs). We show that oxygen-dependent protein degradation is restricted to HIF-
1o, as HIF-2a protein is detected in MEFs regardless of oxygenation and is localized primarily to the cyto-
plasm. Endogenous HIF-2« remained transcriptionally inactive under hypoxic conditions; however, ectopically
overexpressed HIF-2a translocated into the nucleus and could stimulate expression of hypoxia-inducible
genes. We show that the factor inhibiting HIF-1 can selectively inhibit the transcriptional activity of HIF-1«
but has no effect on HIF-2a-mediated transcription in MEFs. We propose that HIF-2a is not a redundant
transcription factor of HIF-1a for hypoxia-induced gene expression and show evidence that there is a cell
type-specific modulator(s) that enables selective activation of HIF-1a but not HIF-2« in response to low-oxygen

stress.

Animals respond to low oxygen tension by increasing the
transcription of a number of genes, including many of those
involved in glycolysis, oxygen delivery, and vasculogenesis (3).
A master intracellular regulator responsible for induction of
these genes is the hypoxia-inducible factor (HIF), a hetero-
dimeric transcription factor consisting of HIF-a and -B (40).
The first isoform of HIF-a, HIF-1a, was originally discovered
as a high-affinity DNA binding protein localized to the 3’
hypoxia-responsive element (HRE) of the erythropoietin gene
(45). Two additional HIF-a subunits have subsequently been
cloned and named HIF-2a (also EPAS-2, HLF, HRF, and
MOP2) (5, 7, 15, 43) and HIF-3a (10). HIF-1a and -2« have
high sequence identity and similar organization of their func-
tional domains; both contain basic helix-loop-helix and proline
active site (PAS) domains in their N termini as well as two
transcription activation domains and an inhibitory domain in
their C termini (5, 43).

Biochemical analyses with ectopic overexpression and in
vitro DNA binding analysis have demonstrated that HIF-1a
and HIF-2a can function as indistinguishable transcriptional
factors that enhance the expression of the same sets of target
genes (43, 47). One prominent difference between HIF-1o and
-2a is observed in their spatial expression patterns. HIF-1a is
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believed to be a universal master regulator for hypox-
ia-inducible gene expression along with its partner, HIF-1p, as
they are expressed in a wide range of cell types (46). In con-
trast, HIF-2a transcription is highest in certain tissues; the
highest expression of HIF-2a mRNA is observed in alveolar
epithelial cells in lung, but the mRNA is also seen in endothe-
lial cells of various tissues, such as brain, heart, kidney, and
liver (5, 7). HIF-1a~'~ embryos die before embryonic day 11.5
(E11.5) and display defects in neural fold formation, cephalic
vascularization, and the cardiovascular system, whereas HIF-
2a~’~ embryos die between E13.5 and E16.5 and sometimes
survive postnatally (19, 34, 36, 44). These results suggest that
the two HIF-« isoforms play separate but essential roles during
embryonic development. Moreover, a number of studies have
shown that inactivation of HIF-1a completely abolishes induc-
tion of HIF target genes (2, 36). One possible explanation is a
recent suggestion that HIF-2« is primarily responsible for hy-
poglycemia-induced gene expression (2).

It is well documented that HIF-1 activity is determined pri-
marily by the protein stability of the a subunits. HIF-a subunits
are constitutively expressed at the mRNA level, but their pro-
teins are usually present at low levels in normoxia due to
oxygen-dependent ubiquitination, leading to protein degrada-
tion by the 26S proteasome (16, 22). Hydroxylation on specific
proline residues (Pro-402 and Pro-564) within the oxygen-
dependent degradation domain (ODD) of HIF-«a proteins is
catalyzed by several isoforms of proline hydroxylases in nor-
moxia and is the rate-limiting step for interaction with the von
Hippel-Lindau protein (VHL)—-elongin B and C-Cullin 2 com-
plex (VBC); this interaction leads to ubiquitination and pro-
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tein degradation (6, 18, 20, 21). HIF-a E3 ligase activity can be
reconstituted with purified VHL, elongin B and C, and Cul-
lin-2 proteins (24). However, it is still unknown exactly how
many proteins compose the actual HIF-a E3 ligase complex
within the cell, as an increasing number of proteins are being
identified as constituents of VBC complexes (4, 12). For in-
stance, recent work has shown that interaction of HIF-a sub-
units with VHL is mediated by two separate domains within
the ODD, each containing a conserved proline residue (Pro-402
in the N-terminal ODD and Pro-564 in the C-terminal ODD)
for enzyme-mediated hydroxylation (32). The two domains re-
quire different components for efficient interaction with VHL
and subsequent ubiquitination. Evidence for this comes from
the demonstration that additional factors are needed for in-
teraction of the N-terminal ODD with VHL; these are present
in RCC4 cell extracts but not in reticulocyte lysates (32).

HIF-a subunits have a conserved asparagine residue (Asn-
803) within the C-terminal activation domain. This residue is
hydroxylated by an asparaginyl hydroxylase, termed factor in-
hibiting HIF-1 (FIH-1), under normoxic conditions (27, 28).
Dehydroxylation of this site enhances recruitment of the p300/
CBP coactivator, a critical component for HIF-dependent
transcriptional activation (27, 31). Decreasing cellular oxygen
levels lead to a retardation of hydroxylation on the proline
residues in the ODD and on the asparagine residue in the
C-terminal activation domain. By this mechanism, intracellular
oxygen concentrations can control both the expression level
and transcriptional activity of HIF-a proteins.

HIF-1a and -2« have been used interchangeably for in vitro
hydroxylation analysis, and there appears to be no difference
between them in terms of oxygen-dependent regulation in pub-
lished studies (6, 18, 20, 27). Here, we report on cell type-
specific differential regulation of protein stabilization and
transcriptional activation of endogenous HIF-1a and -2« in
response to hypoxia in genetically manipulated mouse embryo
fibroblasts (MEFs). We show that hypoxia exclusively regulates
the expression and transcriptional activity of HIF-1a in these
cells. We demonstrate that endogenous HIF-2a is expressed at
constant levels regardless of oxygenation and is primarily lo-
calized to the cytoplasm. In MEFs, endogenous HIF-2a is not
capable of stimulating transcription of the known HIF-1 target
genes phosphoglycerate kinase (PGK), Glut-1, and vascular
endothelial growth factor (VEGF) in response to hypoxia or
hypoglycemia; however, transiently overexpressed HIF-2a has
potent transcriptional activity on these targets. We show that
the inhibitory effect of FIH-1 overexpression is restricted to the
transcriptional activity of HIF-1a and does not affect HIF-2a.
These data suggest that activation of HIF-2a signaling path-
ways is determined by control elements other than intracellular
oxygen concentration and that these differ from the factors
controlling HIF-1a function.

MATERIALS AND METHODS

Materials. Cobalt chloride, deferoxamine mesylate, sodium azide, sodium
orthovanadate, insulin, actinomycin D, and MG-132 were purchased from Sig-
ma-Aldrich (St. Louis, Mo.). Geldanamycin was from Calbiochem (San Diego,
Calif.).

Cell cultures. The immortalized wild-type and HIF-1a null MEFs were pre-
pared as previously described (37). To generate HIF-2a null MEFs, embryos
were collected at E12.5 from HIF-2a™'~ heterozygous crosses (44). Each embryo
was genotyped separately for the experiment. VHL null MEFs were generated
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from conditionally targeted mouse embryos homozygous for the VHL condi-
tional allele (11) and infected with adenovirus expressing Cre recombinase as
previously described (37). Unless otherwise noted, cells were maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, Calif.) with high
glucose, supplemented with 10% fetal bovine serum, 100 U of penicillin, and 100
pg of streptomycin per ml of medium. For hypoxic treatment, cells were exposed
to 10% CO, and 0.5% O, balanced with N, in a Sanyo 3 gas incubator.

Plasmids. Murine HIF-2a cDNA was amplified from C57BL/6 mouse brain
c¢DNAs with the forward primer 5'-TCGGAGGGCCACGGCGACAATGACA
G-3',and the reverse primer 5'-AAGTGAAGCTGGCAGGTCAAGACGGC-3’
and cloned into the pGEM-T vector. A mammalian expression vector for Myc-
tagged HIF-2a was generated by subcloning of HIF-2a cDNA into the pcDNA3.1/
Myc-His plasmid (Invitrogen). The correct HIF-2a ¢cDNA was confirmed by
sequencing the entire coding sequence.

A luciferase reporter with the p35*” promoter (pGL-SRJ) was generated by
ligation of double-stranded oligonucleotides (sense sequence, 5'-CTAGCTAG
CTAGGTGTGCGCGTGGTGCCATACGGGACGTGCAGCTACGTGCCCA
CCCCGCTCGAGCGG-3'; the hypoxia response element is underlined) into the
pGL3 promoter after digestion with Nhel and Xhol (1). The DNA encoding the
C terminus of HIF-2a was amplified with the forward primer 5'-CCCCTTAAG
GCCCCCACCCCAGGAGAT-3'" and the reverse primer 5'-TGCTCTAGAGC
ATCAGGTGGCCTGGTCCAGAGC-3', digested with Af/II and Xbal, and then
ligated into the similarly digested p(HA)HIF-1a to generate p(HA)HIFIN2C.

To generate the expression vector for the fusion protein of the N terminus of
HIF-2a and the C terminus of HIF-1a, p(Flag)HIF2N1C, the HIF-2a N-termi-
nal coding sequence was amplified with the forward primer 5'-CGGGGTACC
CCGATGGACTACAAGGACGACGATGACAAGATGACAGCTGACAAG
GAG-3' and the reverse primer 5'-CCCCTTAAGC-AACTGGGCCAGTTCC
TCG, digested with Kpnl and AfIII, and ligated into the similarly digested
p(HA)HIF-1a. The mammalian expression vector for FIH-1 was generated by
cloning PCR products with the primer set 5'-CCGCTCGAGATGGCGGCGA
CGGCAGCC-3" and 5'-CGGGGTACCGTTGTAACGGCCTTTAATCATG-
3’ from mouse brain cDNA into the pcDNA3.1/Myc-His vector.

Western blot analysis. Cells were harvested in ice-cold phosphate-buffered
saline and centrifuged down to the pellet, which was frozen in liquid nitrogen and
transferred into a —80°C freezer until needed. The cytoplasmic fraction was
obtained from the supernatant of cell lysates in hypotonic lysis buffer (20 mM
HEPES [pH 7.9], 1.5 mM MgCl,, 0.2 mM EDTA, 25% glycerol, 1 mM dithio-
threitol, 1 mM Na;VO,, 10 mM NaF, 1 mM phenylmethylsulfonyl fluoride, and
protease inhibitor cocktails). The nuclear pellet was resuspended in high-salt
buffer (hypotonic lysis buffer with 0.42 M NaCl) and extracted for 20 min on ice
with occasional vortexing. Nuclear extracts were obtained from the supernatant
after centrifugation. A total of 50 pg (for whole-cell extract) or 25 pg (for either
the cytoplasmic or nuclear extract) of protein was separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by West-
ern blotting with a mouse anti-HIF-1a or rabbit anti-HIF-2a antibody (Novus
Biologicals, Littleton, Colo.). Typically, the transferred membrane was probed
with anti-HIF-2a antibody and then the same membrane was reprobed with
anti-HIF-1a. The specificity of polyclonal anti-HIF-2« antibody was confirmed
with mouse HIF-2a expressed by with the T7-coupled TNT in vitro transcription
and translation system (Promega, Madison, Wis.).

Reverse transcription and quantitative PCR. First-strand cDNA was synthe-
sized from 1 pg of total RNA isolated with Trizol reagent (Invitrogen) by the
SuperScript first-strand synthesis system (Invitrogen) with the oligo(dT) primer.
For real-time PCR analysis, the diluted cDNAs were amplified in TagMan
Universal PCR Master Mix by with the ABI Prism 7700 sequence detector (PE
Applied Biosystems, Branchburg, N.J.) with the following primer and probe sets:
for PGK, the primer sequences were CAAATTTGATGAGAATGCCAAGACT
and TTCTTGCTGCTCTCAGTACCACA and the probe sequence was 6-car-
boxyfluorescein (FAM) TATACCTGCTGGCTGGATGGGCTTGGACT-black
hole quencher (BHQ); for Glut-1, the primer sequences were GGGCATGT-
GCTTCCAGTATGT and ACGAGGAGCACCGTGAAGAT and the probe se-
quence was 6-FAM-CAACTGTGCGGCCCCTACGTCTTC-BHQ; for VEGF,
the primer sequences were AGTCCCATGAAGTGATCAAGTTCA and ATC
CGCATGATCTGCATGG and the probe sequence was 6-FAM-TGC-
CCACGTCAGAGAGCAACATCAC-BHQ; and for hypoxanthine phosphori-
bosyltransferase (HPRT), the primer sequences were TTATCAGACTGAAGA
GCTACT and TTACCAGTGTCAATTATATCTTCAACAATC and the probe
sequence was 6-FAM-TGAGAGATCATCTCCACCAATAACTTTTATGTCC-
BHQ.

Transient transfection for reporter gene assay. The hypoxia response ele-
ment-luciferase (HRE-Luc) reporter gene (41) was transfected into MEFs with
FuGene6 (Roche, Indianapolis, Ind.) according to the manufacturer’s protocols
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along with pRL-CMV for normalization (Promega). After recovery from trans-
fection, the cells were treated with either hypoxia or no-glucose medium for 22 h.
Firefly and Renilla luciferase activities were measured with the dual luciferase
assay system (Promega).

Immunofluorescence analysis. Cells were grown on Lab-Tek II chamber slides
(Nalge Nunc International, Naperville, Ill.) overnight and then treated with
either normoxia or 0.5% O, for 4 h. At the end of the treatment, the cells were
washed three times with ice-cold phosphate-buffered saline, fixed with methanol,
and probed with a 1:250 dilution of polyclonal anti-HIF-2« (Novus). The primary
antibody was located with fluorescein isothiocyanate-labeled goat anti-rabbit
immunoglobulin G (Vector Laboratories, Inc., Burlingame, Calif.).

RESULTS

Constitutive expression of HIF-2a in mouse embryo fibro-
blasts. Northern blot analyses have shown that induction of
most hypoxia-responsive genes is abolished in HIF-1a null
MEFs (37). This might result from a lack of expression of
HIF-2« in these fibroblasts. In order to confirm expression of
HIF-2a, expression of its mRNA was verified by reverse tran-
scription-PCR, and the resulting product was sequenced to
ensure the presence of wild-type transcript (Fig. 1A). Expres-
sion of HIF-2«a protein was examined by Western blot analysis
with polyclonal anti-HIF-2a antibody. The specificity of this
antibody was confirmed by immunoblot analysis with in vitro-
transcribed and -translated HIF-2a (Fig. 1B) and whole-cell
extracts from wild-type and HIF-2a null MEFs (44) (Fig. 1C).
Similar levels of HIF-2a protein were then detected in whole-
cell extracts of wild-type and HIF-1a null MEFs (Fig. 1D).
Surprisingly, expression of HIF-2a protein was evident under
normoxic conditions regardless of the presence of HIF-1a, and
cobalt chloride treatment did not further increase its level,
although HIF-1a was upregulated in cobalt-treated wild-type
MEFs (Fig. 1D). HIF-1p (also called ARNT) is also expressed
in these cells, and its expression was not affected by cobalt
chloride or the presence of HIF-1q, in agreement with pub-
lished data (Fig. 1D, bottom panel).

It has been reported that normoxic HIF-2a expression levels
in HeLa cells at or near confluence is much higher than that in
cells seeded at low density (47). Thus, we investigated whether
inducible expression of HIF-2a depends on cell density in
MEFs. Figure 1E shows that HIF-2a induction was similar
regardless of cell density, although cells at higher densities
expressed more HIF-2a. Taken together, these data suggest
that MEFs express significant amounts of HIF-2a message and
protein and that expression is not regulated by hypoxia mimet-
ics in these cells.

Lack of induction of HIF target genes in response to hypoxia
or hypoglycemia in HIF-1a null cells. Recently, Brusselmans
et al. suggested that HIF-1la and -2a have different roles in
stimulating expression of hypoxia-inducible genes in response
to hypoxia or hypoglycemia (2). They found that in murine
embryonic stem (ES) cells, glucose deprivation increased the
expression of a number of hypoxia-inducible genes and deter-
mined that HIF-2« plays a role in hypoglycemia-induced ex-
pression of Glut-1 and VEGF (2). To determine if these find-
ings also held in MEF cells, we examined the effect of glucose
deprivation on HIF-2a expression in these cells. Interestingly,
HIF-2a protein expression was not changed by glucose depri-
vation in MEFs (Fig. 1C).

Steady-state mRNA levels from each cell type were analyzed
quantitatively by real-time PCR of reverse-transcribed cDNAs.
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Hypoxia did increase the mRNA expression of three genes
examined in wild-type MEFs, PGK, Glut-1, and VEGF (Fig.
2A to C). This induction pattern was totally abolished in
HIF-1a null cells, confirming that HIF-1a is the only func-
tional transcription factor for these hypoxia-inducible genes in
this cell type. In contrast to ES cells, hypoglycemia had no
effect on the expression of PGK and Glut-1 in either wild-type
or HIF-1a null MEFs (Fig. 2A and B). The only gene that we
found to be induced by hypoglycemia was that for VEGF,
which was increased by incubation with glucose-free medium
twofold in wild-type MEFs but not in HIF-1a null cells (Fig.
2C). These data indicate that neither hypoxia nor hypoglyce-
mia stimulates HIF-2a signaling pathways to accomplish HIF
target gene induction in MEFs.

The role of endogenous HIF-2a in transcriptional activation
was further investigated by a transient-transfection assay with
an HRE reporter gene (pHRE-Luc), which has six tandem
repeats of HIF-1 binding sequences from the VEGF promoter
(41). HRE-mediated transcription was activated by cobalt
chloride, iron chelators, and hypoxia in wild-type cells; none of
these induced HRE reporter gene activity when HIF-1a was
inactivated (Fig. 2D). Consistent with our mRNA analyses of
VEGF, glucose deprivation resulted in only a twofold induc-
tion of HRE reporter gene activity; this was also abolished in
HIF-1a null cells. Taken together, these data suggest that HIF-
la is regulated by the intracellular oxygen concentration, where-
as endogenous HIF-2« does not participate in hypoxic responses
through gene induction despite its significant expression in
MEFs. Furthermore, hypoglycemia itself does not initiate in-
tracellular signaling pathways involving HIF-2a in MEFs.

Endogenous HIF-2a is compartmentalized in the cytoplasm
of MEFs regardless of oxygen level. In order to elucidate the
mechanism by which these immortalized MEFs keep endoge-
nous HIF-2a inactive, we decided to examine each step of the
intracellular signaling pathway for HIF-« activation. First, the
intracellular location of HIF-2a was determined by subcellular
fractionation of MEFs. HIF-1a was localized exclusively to
nuclear extracts of wild-type MEFs after stabilization by hyp-
oxia or an iron chelator (Fig. 3A, upper panel). Surprisingly,
however, endogenous HIF-2« was detected only in cytoplasmic
extracts of these cells, and exposure to hypoxia or an iron che-
lator was unable to translocate HIF-2«a into the nucleus (Fig.
3A, lower panel).

The intracellular distribution of endogenous HIF-2a was
also investigated by immunofluorescence analysis with anti-
HIF-2a antibody, which demonstrated that HIF-2a immuno-
reactivity was detected mainly in the cytoplasm of MEFs re-
gardless of oxygen concentration (Fig. 3B). This was in sharp
contrast to the subcellular location of HIF-1a and -2« in other
well-characterized cell lines. For example, in the human em-
bryonic kidney cell line 293, HIF-1la and -2« had identical
patterns of protein expression and subcellular localization;
both proteins showed increased expression after treatment
with hypoxia or iron chelators and were localized primarily to
the nucleus following these treatments (Fig. 3C). These data
indicate that restriction of endogenous HIF-2a to the cyto-
plasm is a cell type-specific event that apparently has the ca-
pacity to discriminate between HIF-2a and HIF-1a.

Nuclear translocation of HIF-2« is dependent on a bipartite
nuclear localization signal in the C terminus (13, 30). We ex-
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FIG. 1. Constitutive expression of HIF-2a in T-antigen-transformed mouse embryonic fibroblasts. (A) Reverse transcription-PCR analysis of
HIF-2a mRNA in MEFs. Reverse-transcribed first-strand cDNAs from wild-type (WT) MEFs were amplified with primer sets covering the 5" half
(lanes 1 and 2) and the 3’ half (lane 3) of the HIF-2a open reading frame. (B and C) Specificity of mouse monoclonal anti-HIF-1a and rabbit
polyclonal anti-HIF-2« antibodies. Polyclonal anti-HIF-2a shows specificity to in vitro-transcribed and -translated (IVTT) mouse HIF-2a (B) and
endogenous HIF-2a which is present in wild-type but absent from HIF-2a null cells (C). EV, empty vector. (D) Western blot (IB) analysis of
whole-cell extracts of untreated (lanes 1 and 3) and CoCl,-treated (100 uM, 4 h; lanes 2 and 4) wild-type (lanes 1 and 2) and HIF-1a null MEFs
(lanes 3 and 4) with anti-HIF-1a (upper), anti-HIF-2« (middle), and anti-ARNT (bottom) antibodies. (E) Effect of glucose deprivation on HIF-2a
expression in MEFs at two different seeding densities. Both wild-type and HIF-1a null MEFs were incubated in either high-glucose (4.5 g/liter)
or glucose-free Dulbecco’s modified Eagle’s medium with or without deferoxamine (100 uM; lanes D) for 4 h before being harvested for whole-cell

extraction.

amined the sequence of HIF-2a ¢cDNA in these cells to deter-
mine whether any mutation had occurred in this conserved
nuclear localization sequence. The bipartite nuclear localiza-
tion signal 710-KLKI.KR-X,,-KRMKS-747 (underlining shows
the conserved bipartite nuclear localization signal) was not
altered in these MEFs, however (data not shown) (13, 30). In
addition, other crucial amino acid residues, including the two
proline residues in the ODD and the asparagine residue re-

quired for FIH-1 hydroxylation, were unmutated in these
MEFs (data not shown).

HIF-2a does not undergo 26S proteasome-dependent pro-
tein degradation. It has been shown that VHL undergoes con-
stitutive nuclear-cytoplasmic trafficking in a transcription-de-
pendent but oxygen-independent manner and that this process
is required for ubiquitination, nuclear export, and subsequent
protein degradation of HIF-1a in reoxygenated cells (9). This
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FIG. 2. Lack of transcriptional activity of constitutively expressed endogenous HIF-2«a in MEFs in response to hypoxia or hypoglycemia. (A to
C) Hypoxia-inducible gene expression profile in wild-type (WT) and HIF-1a null MEFs. Total RNAs were prepared from cells incubated in
normoxia, hypoxia (0.5% O,), or hypoglycemia conditions for 24 h for reverse transcription. The first-strand cDNAs were then amplified with
primers and TagMan-labeled probes for PGK (A), Glut-1 (B), and VEGF (C) in real-time PCR analysis. Each signal was normalized against that
for HPRT and is shown on the y axis (bars represent the standard deviation of triplicate analyses). (D) HRE reporter gene assay in transiently
transfected MEFs. MEFs were transfected with the HRE-luciferase reporter and pRL-CMV and treated with normoxia, glucose-free medium, 100
uwM cobalt chloride, 100 pM deferoxamine, or hypoxia (0.5% O,) for 22 h before being harvested. The y axis shows normalized firefly luciferase
over Renilla luciferase activity relative to the wild-type normoxic response (bars represent the standard deviation of triplicate analyses).

implies that accelerated VHL-dependent nuclear export might
lead to steady-state cytoplasmic accumulation of endogenous
HIF-2a in MEFs. In order to test this possibility, subcellular
fractionation was performed following treatment with actino-
mycin D, which is known to block nuclear export of VHL and
HIF-1a upon reoxygenation (9). However, inhibition of tran-
scription did not change the subcellular location of HIF-2a,
indicating that nucleocytoplasmic shuffling of VHL is not re-
sponsible for HIF-2a accumulation within the cytoplasm of
MEFs (Fig. 4A, lanes 3 and 4).

The molecular chaperone HSP90 has been implicated as a
key component in protecting HIF-1a from VHL-independent
ubiquitination and protein degradation in VHL-deficient renal
cell carcinoma (RCC) lines (17). We thus wished to determine
whether endogenous HIF-2a is able to escape VHL-dependent
protein degradation and accumulate in the cytosol with the
assistance of HSP90s. Inhibition of HSP90 activity by geldana-
mycin has been shown to decrease the level of stabilized
HIF-1a in response to hypoxia (17, 26, 33). However, geldana-
mycin treatment failed to change the level of HIF-2a expres-

sion or its intracellular location, excluding the involvement of
HSP90 in stabilizing and anchoring endogenous HIF-2« to the
cytoplasm in these MEFs (Fig. 4A, compare lanes 5 and 6 with
lanes 1 and 2).

Next, we decided to investigate whether there is a separate
pool of endogenous HIF-2« that still undergoes oxygen-depen-
dent degradation. In order to test this possibility, 26S protea-
some-dependent protein degradation in wild-type MEFs was
blocked with a specific inhibitor, MG-132, before harvest.
Western blot analysis with cell extracts showed that 26S pro-
teasome inhibition resulted in upregulation of HIF-1a protein
in the cytoplasm in normoxic cells (Fig. 4B, upper panel).
Blocking proteasome activity failed to change the levels of
HIF-2a significantly, arguing that the majority of endogenous
HIF-2a did not undergo 26S proteasome-dependent protein
degradation (Fig. 4B, lower panel); this may account for the
constitutive accumulation of HIF-2a seen under normoxia.

Loss of VHL does not promote further accumulation and
nuclear localization of HIF-2« but does allow HIF-1a stabili-
zation and nuclear localization under normoxia. Recognition
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FIG. 3. Cytoplasmic localization of endogenous HIF-2« in MEFs even after hypoxia treatment. Subcellular fractionation of MEFs (A) and 293
cells (C). Cells were treated or not with either 0.5% O, hypoxia or 100 uM deferoxamine for 4 h before being harvested. (B) Immunofluorescence
analysis of endogenous HIF-2« in MEFs. Wild-type MEFs were grown on the glass slide chamber and treated or not with 0.5% O, for 4 h before
fixation. HIF-2at was probed with polyclonal anti-HIF-2a antibody and detected with fluorescein isothiocyanate-labeled anti-rabbit immunoglob-

ulin antibody.

of HIF-a isoforms by VHL has been regarded as a rate-limit-
ing step for their polyubiquitination and efficient degradation
by the 26S proteasome and is primarily regulated by proline
hydroxylation (21). The role of VHL in HIF-« stability has
been shown clearly in VHL-null RCCs, which exhibit deregu-
lated expression of HIF-a but regain the ability to regulate

protein stability of both endogenous HIF-2a and ectopically
expressed HIF-1a by expression of exogenous VHL (20, 21).

To study further whether VHL function differentially affects
the relative protein stability and localization of HIF-1a and
HIF-2a, we generated primary MEFs with a conditional dele-
tion of VHL (11, 37) and examined the expression pattern of
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FIG. 4. (A) Protein expression level and subcellular location of
endogenous HIF-2a are not affected by inhibition of transcription or
heat shock protein 90 activity. Wild-type MEFs were untreated (lanes
1 and 2) or treated with 10 pg of actinomycin D per ml (ActD, lanes
3 and 4) or 10 uM geldanamycin (GA, lanes 5 and 6). Then 25 pg of
either cytoplasmic (lanes C) or nuclear (lanes N) protein was analyzed
by Western blot (IB) analysis with anti-HIF-2«a (upper panel) or anti-
IkB (lower panel) antibodies. (B) Endogenous HIF-2a escapes 26S
proteasome-dependent protein turnover in normoxic MEFs. Wild-type
(WT) MEFs were treated with 50 pM MG-132 for 4 h before being
harvested. Then 25 pg of either cytoplasmic or nuclear protein was
analyzed for Western blot analysis with anti-B-actin (lower panel) or
anti-HIF-2a (middle panel), and the same membrane was reprobed
with anti-HIF-1a (upper panel). (C) Expression and subcellular loca-
tion of HIF-1a and -2« in wild-type and VHL null primary MEFs. Cell
extracts from wild-type and VHL null primary MEFs were analyzed by
Western blot analysis with anti-HIF-1a (upper panel), anti-HIF-2a
(middle panel), and anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (lower panel).

HIF-1a and -2« in these cells (Fig. 4C). As in RCCs, ablation
of VHL expression in fibroblasts led to the stabilization of
HIF-1la in normoxic cells (Fig. 4C, upper panel). However,
VHL deletion altered neither the expression level nor the
subcellular location of HIF-2a (Fig. 4C, middle panel), indi-
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cating that oxygen-independent expression of HIF-2a results
from an inability of VHL to recruit HIF-2« for ubiquitination
in MEFs. These data, together with those in Fig. 4B, support
the notion that HIF-2a does not conform to the well-charac-
terized VHL-mediated signaling pathway that HIF-1a adopts.
Moreover, in MG-132-treated cells, HIF-1a became stabilized
but remained in the cytoplasm under normoxic conditions,
whereas, in contrast, HIF-1a in VHL null MEFs accumulated
within the nucleus regardless of the oxygenation status. This
indicates that VHL and, by extension, ubiquitination can neg-
atively influence the nuclear localization of HIF-1a, probably
via a constitutive nucleocytoplasmic shuffling (11); it further
implies that hypoxic signaling is not required for nuclear lo-
calization of HIF-1a. Taken together, these data suggest that
VHL does indeed play a key role in regulating oxygen-depen-
dent protein stability and subcellular location of HIF-1a but
affects HIF-2a differently.

Hypoxia-independent transcriptional activity of overex-
pressed HIF-2« in immortalized MEFs. We next asked wheth-
er murine HIF-2a has hypoxia-inducible transcriptional activ-
ity in immortalized MEFs when it is overexpressed. Cells were
transfected with an HRE reporter gene together with either an
empty, HIF-1a, or HIF-2a expression vector. Consistent with
published findings, transfection of 293 cells with HIF-2« led to
a hypoxia-induced increase in HRE reporter gene activity at a
level similar to that induced by HIF-1a (Fig. 5A). Unexpect-
edly, in HIF-1a null MEFs, overexpressed HIF-2a exhibited
very strong constitutive transcriptional activity under normoxic
conditions; this activity was comparable to hypoxic HIF-la
transcriptional activity (Fig. 5B and C). Hypoxic treatment was
unable to further induce transcriptional activity of overex-
pressed HIF-2a from two different HRE reporter genes (Fig.
5B and C), verifying that murine HIF-2« is a functional but
hypoxia-independent transcriptional factor for HRE-contain-
ing promoters in these cells. Overexpression of HIF-1la and
-2« also gave rise to similar patterns of expression in endoge-
nous HIF-1 target genes (Fig. SE to G).

As overexpressed HIF-2a has transcriptional activity com-
parable to that of HIF-1a in fibroblasts, it is tempting to hy-
pothesize that endogenous HIF-2a is also a functional tran-
scription factor that is activated by stimuli other than hypoxia
and utilizes a separate signaling pathway. In fact, there have
been many reports of nonhypoxic activators of HIF-1. These
include insulin, vanadate, nitric oxide, and reactive oxygen spe-
cies generated by mitochondrial inhibition (8, 39, 48). In ad-
dition, some kinase-mediated signal transduction pathways
have been suggested to be involved in HIF signaling; mitogen-
activated protein kinase and p38-dependent phosphorylation
on HIF-1a enhances transcriptional activity, and activation of
phosphatidylinositol 3-kinase/AKT signaling is also known to
activate HIF signaling (35, 42, 49). Therefore, we decided to
investigate whether constitutively expressed HIF-2a is acti-
vated by any one of these stimuli in MEFs.

HIF-1a null MEFs were transfected with an HRE reporter
and then treated with various reagents known to activate
HIF-1. As shown in Fig. 5D, most of the reagents tested failed
to stimulate HRE reporter gene activity except phorbol myris-
tate acetate (PMA), which induced activity approximately two-
fold over that in untreated cells. However, this induction level
was very low compared to that of wild-type cells treated with
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FIG. 5. Potent transcriptional activity of ectopically overexpressed HIF-2a. (A and B) HIF-1la and -2« were overexpressed along with the
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hypoxia. Likewise, cotransfection of HIF-1a null MEFs with
various kinase expression vectors (mitogen-activated protein
kinase kinases 1 and 3, p38, and AKT) did not stimulate HRE
reporter gene activity (data not shown).

Nuclear localization of ectopically overexpressed HIF-2a.
We then determined the intracellular location of overex-
pressed HIF-2a. Full-length murine HIF-2a was tagged with
the c-Myc epitope at the C terminus and transfected into
wild-type MEFs for immunofluorescence analysis (Fig. 6A).
Anti-c-Myc antibody detection recognized exogenous HIF-2a
only in transfected MEFs (Fig. 6A, panels a and b). Examina-
tion under higher magnification revealed that overexpressed
Myc-tagged HIF-2a was localized to the nucleus (marked with
arrows in Fig. 6A, panel c). Double staining with anti-HIF-2a
and anti-Myc antibodies demonstrated that endogenous HIF-
2o remained in the cytoplasm in untransfected cells (marked
with arrowheads in Fig. 6A, panel d), while much more intense

signals for both HIF-2« and the c-Myc tag were observed in the
nucleus of cells transfected with exogenous HIF-2a expression
vectors (arrows in Fig. 6A, panel d). These data suggest that
nuclear localization may be a rate-limiting step that determines
activation of HIF-2a as a functional transcriptional factor for
HIF-1 target genes. It also suggests that overexpressed HIF-2a
can bypass this step and facilitate expression of HIF target
genes regardless of oxygen status.

FIH-1 exerts its inhibitory effect on HIF-1c-dependent but
not HIF-2a-dependent transactivation. It has been shown that
deletion of the ODD or mutation of the conserved proline
residues leads to constitutive expression of HIF-a isoforms,
although transcriptional activation of these mutants is still reg-
ulated by oxygen (16, 32). Recent work has shown that FIH-
1-mediated asparagine hydroxylation acts independently of
ubiquitination to regulate HIF-1a transcriptional activity in an
oxygen-dependent manner (14, 28). As in other cells, HIF-1a
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containing a deletion of the ODD (HIF-1a/AODD) still showed
hypoxia-inducible gene expression in fibroblasts (Fig. 6B) (16).
This was in contrast to the transcriptional activity of HIF-2a,
which exhibited no hypoxia inducibility (Fig. 5B and C).

This result prompted us to ask whether HIF-2a escapes the
asparagine hydroxylation-dependent regulation of transcrip-
tional activity. Two different HIF-1a and -2a fusion proteins
were generated: HIF-2N1C, a fusion protein of the N-terminal
half of HIF-2a and the C-terminal half of HIF-1«, and HIF-
IN2C, generated by fusing the N-terminal half of HIF-1a to
the C-terminal half of HIF-2«. Reporter gene assays of tran-
siently transfected HIF-1a null MEFs with constructs ex-
pressing these fusion proteins demonstrated that the lack of
hypoxia-inducible transcriptional activity seen in endogenous
HIF-2a stemmed from its C terminus. This region harbors
both its ODD and FIH-1 interaction domains (Fig. 6C).

We then tested HIF-2a response to the overexpression of
FIH-1. In agreement with published data, overexpression of FITH-
1 decreased the transcriptional activity of the endogenous HIF-as
in the human embryonic kidney 293 cell line (31) (Fig. 7A).
Overexpression of FIH-1 also inhibited the transcriptional ac-
tivity of overexpressed HIF-1a, down to the level of endoge-
nous HIF-as, but it was much less effective in suppressing ex-
ogenous HIF-2a-mediated transcription (Fig. 7A). Interestingly,
this selective inhibition pattern by FIH-1 was even more pro-
nounced in MEFs (Fig. 7B and C). The normoxic and hypoxic
transcriptional activity of overexpressed HIF-2a was only margin-
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ally affected by overexpression of FIH-1, whereas HIF-1a tran-
scriptional activity was reduced to 50% by FIH-1 overexpression
(Fig. 7B and C). These data demonstrate that FIH-1 is able to
selectively inhibit the transcriptional activity of HIF-1a in MEFs
with little effect on HIF-2a-driven transcription.

DISCUSSION

We show here that HIF-2a escapes from oxygen-dependent
protein degradation and accumulates in significant amounts in
immortalized MEFs under normoxia, whereas HIF-1« is sub-
ject to tight regulation by oxygen levels. We further demon-
strate that oxygen-independent expression of HIF-2a results
from a lack of VHL-dependent ubiquitination and protea-
some-dependent protein degradation (Fig. 4B and C).

The relationships between subcellular location and ubiquiti-
nation/degradation of HIF-as have been investigated exten-
sively but are still unclear. Initially, it was thought that hypoxia
ushers HIF-1a into the nucleus, where it is protected from pro-
tein degradation by dimerization with ARNT (23). A minute-
scale kinetic analysis of the subcellular location of HIF-a with
VHL-positive and -negative RCCs showed that a newly trans-
lated HIF-1a was imported very quickly into the nucleus and
that the primary location for HIF-a hydroxylation and ubig-
uitination was indeed the nucleus (9). During deactivation of
HIF-1a signaling upon reoxygenation, HIF-1a forms a com-
plex with VHL and becomes polyubiquitinated in the nucleus.
It is then quickly exported into the cytoplasm for degradation.
According to this model, cytoplasmic trapping of HIF-2a may
be sufficient to avoid ubiquitination and subsequent protein
degradation in normoxia.

Cytoplasmic compartmentalization of endogenous HIF-2a
under both normoxic and hypoxic conditions also appears to be
responsible for silenced transcriptional activity, as overex-
pressed HIF-2a can be translocated into the nucleus and stim-
ulate HRE-dependent gene induction (Fig. 4B and 5A). This
argues that the rate-determining step for activation of endog-
enous HIF-2a is nuclear localization. It should be noted that
the nuclear localization signal of HIF-2a overlaps the tran-
scription-inhibitory domain, and overexpression of the pep-
tides spanning this region increase the transcriptional activity
of HIF-1a, probably by titrating out the transcription-inhibi-
tory factor (38). This transcription-inhibitory factor might be
able to inhibit the transcriptional activity of HIF-as by prohib-
iting nuclear translocation, as it has the potential to mask the
nuclear localization signal. One model for the function of this
factor is that it possesses a higher affinity for the transcription-
inhibitory domain of HIF-2a than for that of HIF-1q; this
could provide the MEFs with specificity for HIF-2a.

Thus, we propose that in certain cell types, HIF-2a activity
is not regulated by a the classical hypoxia sensing pathway, i.e.,
the newly identified proline hydroxylases and VBC complex,
but rather by a novel regulatory mechanism that exploits the
intracellular spatial distribution of HIF-2« as an on-off switch.
Indeed, modulation of nuclear localization is a very common
strategy for mammalian cells to control gene expression. One
of the clearest examples is the signaling pathway for activation
of NF-kB, which is anchored in the cytosol as an inactive
component of an IkB-containing complex in unstimulated cells
(25). Activation of cells with proinflammatory cytokines, vi-
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FIG. 6. (A) Nuclear accumulation of overexpressed HIF-2a. Wild-type MEFs were grown on a glass slide chamber and transfected with
pcDNA3.1/mHIF-2a-Myc-His. After fixation, the cells were double stained with monoclonal anti-c-Myc and polyclonal anti-HIF-2« antibodies,
which were located by fluorescein isothiocyanate-labeled anti-mouse immunoglobulin G and Texas Red-labeled anti-rabbit immunoglobulin G,
respectively. Low magnification of anti-Myc staining of untransfected (a) and Myc-tagged, HIF-2a-transfected (b) MEFs. Higher magnification of
MEFs transfected with Myc-tagged HIF-2a shows the nuclear location of overexpressed Myc-tagged HIF-2a (indicated by arrows) only in
transfected cells (¢) and cytoplasmic compartmentalization of endogenous HIF-2a (marked with arrowheads, d). (B) Constitutively expressed
HIF-1a still requires the hypoxic signal to further induce an HRE reporter gene. HIF-1a null MEFs were transiently transfected with either the
empty vector (EV), full-length HIF-1a (HIF-1aFL), or ODD-deleted HIF-1a (HIF-1«AODD) together with an HRE-luciferase reporter. (C) The
C-terminal half of HIF-2« is responsible for the lack of hypoxia-inducible gene expression. HIF-1a null MEFs were transiently transfected with
a vector expressing either full-length HIF-1a (HIF-1aFL), full-length HIF-2a (HIF-2aFL), a fusion protein of the N-terminal half of HIF-2a and
the C-terminal half of HIF-1a (HIF-2N1C), or a fusion protein of the N-terminal half of HIF-1a and the C-terminal half of HIF-2a (HIF-1N2C)
together with an HRE-luciferase reporter. Values above bars are factors of difference between hypoxic treatment and normoxia.
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ruses, or bacteria initiates the intracellular signaling pathways
leading to the activation of IkB kinase. Phosphorylation of IkB
by IkB kinase enables E3RS™® ligase to recognize and poly-
ubiquitinate IkB for degradation. This leads to liberation of
NF-«B for nuclear localization and subsequent activation of its
target genes (25). It would be interesting to see if an HIF-2«
nuclear localization blocker is also regulated by ubiquitin-de-
pendent protein degradation in a similar manner.

All of the nonhypoxic HIF activators that we tested failed to
stimulate HRE reporter gene activity in HIF-1a null MEFs. It
has been suggested that HIF-2a functions as a transcription
factor responding to the availability of glucose rather than
oxygen, which can cause apoptosis under hypoglycemic condi-
tions (2). However, since there was no evidence of accumula-
tion of HIF-2a protein after glucose deprivation in ES cells in
the study of Brusselmans et al. (2) that first proposed this role
for the transcription factor, it is not clear how this type of
HIF-2a-dependent regulation occurs. We show that glucose
deprivation influences neither HIF-2a protein levels nor gene
expression in fibroblasts, arguing against the role of HIF-2a-
mediated gene induction during glucose deprivation in this cell
type.

A surprising finding is that modulation of HIF-« transcrip-
tional activity by FIH-1 has specificity. Our data indicate that

the FIH-1-mediated asparagine hydroxylation signaling path-
way controls HIF-1a but not HIF-2a in immortalized MEFs.
This may result from a lower affinity of HIF-2a for FIH-1,
although this needs to be determined. Unexpectedly, we found
that FIH-1 overexpression can repress HIF-1a-mediated gene
induction in hypoxia and normoxia; this suggests that there
might be a mechanism other than cofactor recruitment by
which FIH-1 modulates HIF-1a transactivation.

Recently, it was proposed that binding of VHL to the pro-
line-hydroxylated HIF-1ae ODD facilitates the recruitment of
FIH-1 to the HIF-1a C-terminal activation domain and assem-
bly of an HIF-a—~VHL-FIH-1 ternary complex, which allows
asparagine hydroxylation (29). In this model, the oxygen-sens-
ing capability of FIH-1 is not built into the FIH-1 active site but
rather depends on an interaction of VHL with the HIF-1a
ODD (29). This model is in good agreement with the results
that we describe. We have shown that HIF-2« expression is not
dependent on the presence of VHL or proteasome activity; this
presumably reflects the selectively decreased interaction of
VHL with the HIF-2a ODD. Currently, we are investigating
whether normoxic HIF-2a is modified by hydroxylation at its
conserved proline and/or arginine residues to determine how
the differential activation of this molecule occurs.

We have shown here that HIF-1a and -2« undergo differ-
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ential regulation of their expression and activation in fibro-
blasts, although both are capable of induction of a similar set
of downstream target genes. HIF-1a functions as a hypoxia-
sensing transcription factor in mammalian cells; HIF-2a regu-
lates hypoxia-inducible genes in a more complicated manner.
There is clearly evidence for multiple signaling pathways
regulating the protein expression and activation of HIF-2a.
HIF-2a functions as a hypoxia-inducible transcription factor in
the RCC and 293 cell lines, but in other cells, such as the MEFs
described here, HIF-2a is no longer a hypoxia-inducible factor
and escapes oxygen-dependent protein degradation and FIH-
1-dependent transcription inhibition. This appears to be mod-
ulated by an unidentified factor which constrains HIF-2a sub-
cellular location. Thus, it is essential to evaluate the differential
programs of expression and activation of HIF-1a and -2« in
order to understand the full range of hypoxia-induced gene
expression.
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