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The hypoxia-inducible factor-1� (HIF-1�) is amaster regulator
of the cellular response to decreased oxygen levels. This transcrip-
tion factor is highly unstable at normal oxygen concentrations
and is rapidly stabilized by hypoxia. At normoxia two specific
proline residues (Pro402 and Pro563) of mHIF-1� are hydroxy-
lated and recognized by the von Hippel-Lindau E3 ubiquitin
ligase (pVHL) complex, which upon binding mediates degrada-
tion of the protein. Previous studies have demonstrated that
these twoproline residues are critical for high affinity binding to
pVHL.We have performed a detailed analysis of a mutant form
of HIF-1�, where both these proline residues have been
mutated, and we have uncovered a novel degradation pathway,
to which theHIF-1�mutant protein is not resistant. Our results
show that the HIF-1� double proline mutant undergoes ubiq-
uitination and proteasome-dependent degradation, and retains
the ability to be stabilized in response to hypoxia and CoCl2
treatment. However in contrast to the wild-type protein, sta-
bilization of the mutant was only observed within short peri-
ods of hypoxia exposure (1–2 h). Degradation assays in the
presence of the expressed prolyl hydroxylases (PHDs) 1–3
showed that, unlike the wild-type protein, the HIF-1� mutant
was resistant to these hydroxylases. However, experiments
knocking-down expression of pVHL by RNA interference
showed that the HIF-1� mutant is degraded and ubiquiti-
nated by a pVHL-mediated mechanism. In conclusion, we
show the first evidence of a novel mechanism of degradation
of HIF-1� at normoxia that involves pVHL but is not medi-
ated by PHDs 1–3 or by degradation boxes surrounding
Pro402 and Pro563.

Prokaryotic and eukaryotic cells have the ability to sense and
adapt to changes in oxygen concentration. In metazoans, oxy-
gen homeostasis is regulated by the hypoxia-inducible factor-1
(HIF-1)2 that activates gene expression in response to hypoxia.

HIF-1 target genes encode proteins critical for anaerobic
metabolism (e.g. glycolytic enzymes and glucose transporters),
angiogenesis (e.g. vascular endothelial growth factor), and
erythropoiesis (e.g. erythropoietin). HIF-1 heterodimers consist
of a constitutively expressed subunit, Arnt, and an oxygen-regu-
lated factor, HIF-1�. Both HIF-1� protein stability and transcrip-
tional activity are regulated by oxygen levels. At normoxia, two
specific proline residues, Pro402 andPro564 (Pro564 in humanHIF-
1�, Pro563 inmouseHIF-1�), have been shown tobehydroxylated
by a new family of prolyl hydroxylases (PHDs) (1–6). Thesemod-
ified residues are recognizedby thevonHippel-Lindau tumor sup-
pressor protein (pVHL) as part of a complex with E3 ubiquitin
ligase activity that leads to ubiquitination and proteasome-
dependent degradation of HIF-1� (7–12). The transcriptional
activity of HIF-1� is also regulated by another hydroxylase, the
factor inhibitingHIF-1� (FIH-1) that at normoxia hydroxylates an
asparagine residue leading to inhibition ofCBP recruitment to the
HIF-1� C-terminal transactivation domain (C-TAD) (13, 14).
Molecular oxygen is used as a cosubstrate by the different hydrox-
ylases that regulate HIF-1� activity, and therefore these enzymes
have been proposed to function as cellular oxygen sensors (15).
In the present work, we show that mutation to alanine of

both the Pro402 and Pro563 residues does not result in inhibition
of HIF-1� degradation. Thus, this HIF-1� mutant was still
degraded at normoxia, and showed hypoxia-induced stabiliza-
tion. Furthermore, the HIF-1� mutant underwent ubiquitina-
tion and was stabilized in response to inhibition of the protea-
some proteolytic activity. Although we observed that this
mutant was resistant to PHD-dependent degradation, the pro-
tein could be stabilized following siRNA-mediated knock-
down of pVHL expression levels. These results indicate that, in
addition to the previously identified proline residues, addi-
tional structures of HIF-1� are involved in the regulation of
protein degradation at normoxia.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—pFLAG-PHD1 and pFLAG-PHD3
were cloned from cDNAs generated by RT-PCR using RNA
from HeLa cells. The PCR products, flanked by EcoRI/SmaI
restriction sites, were inserted into pFLAG-CMV2 (Eastman
Kodak Co). pFLAG-PHD2 was cloned by amplification of the
PHD2-encoding region from the PHD2-GFP plasmid (16)
using PCR. The PCR product carrying EcoRI and BamHI ends
was inserted into pFLAG-CMV2. pFLAG-mHIF-1�(391�628)
(�oxygen-dependent degradation (ODD) domain) was gener-
ated by cloning a PCR fragment spanning amino acids 629–822
carrying a AflII in the 5�-end and KpnI in the 3�-end into
pFLAG-mHIF-1� (17) previously digested with AflII (amino
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acid 390) andKpnI. pFLAG-mHIF-1�.puro andpFLAG-mHIF-
1�(P402A/P563A).puro were generated by blunt insertion of a
BstXI/BamHI fragment from pGEM-T-FLAG-mHIF-1� (17)
or the corresponding mutant into a blunted EcoRI site in
pEFIRESpuro (a kind gift from Dr. Murray Whitelaw). The
frame orientation was analyzed by restriction digestion. Con-
structs generated by PCRwere completely sequenced using the
DYEnamic sequencing kit (Amersham Biosciences). All amino
acid mutations were introduced using the QuikChange site-
directed mutagenesis kit (Stratagene) according to the manu-
facturer’s instructions, and subsequently screened by sequenc-
ing. The hemagglutinin (HA)-tagged ubiquitin expression
plasmid, pMT123, was obtained from Dr. D. Bohmann. The
pMyc-Arnt was a kind gift from Dr. Katarina Gradin. pT81/
HRE-luc, pFLAG-mHIF-1�, and pFLAG-mHIF-1�(P402A/
P563A) are described elsewhere (11, 17–18).
Cell Culture and Transient Transfection Experiments—Hu-

man embryonic kidney (HEK) 293A and H cells were main-
tained in Dulbecco’s modified Eagle’s/F12 (1:1) medium con-
taining glutaMAX I supplementedwith 10% fetal calf serum, 50
international units/ml penicillin, and 50 mg/ml streptomycin
sulfate. SKRC-7, SKRC-17, and HepG2 cells were grown in
RPMI 1640 medium containing L-glutamine supplemented as
forHEK293 cells. Allmedia and growth factorswere purchased
from Invitrogen. Transient transfections of HEK 293A cells
were performed using Lipofectamine (Invitrogen) while trans-
fection of HepG2, and HEK 293H cells was achieved using
FuGene 6 (Roche Applied Sciences) according to the manufac-
turers’ instructions. For reporter gene assays, HEK 293A cells
were seeded in 6-well plates and allowed to grow for 24 h prior
to transfection with 500 ng of pT81/HRE-luc and 100 ng of
pFLAG-mHIF-1� or pFLAG-mHIF-1�(P402A/P563A). After
transfection, cells were allowed to recover for 18 h and subse-
quently exposed for 24 h to normoxia (21% O2), hypoxia (1%
O2), or CoCl2 (200 �M). Cells were then harvested, and extracts
were prepared and analyzed for luciferase activity. The total
protein concentration of whole cell extracts was determined by
a colorimetric method (Bio-Rad). A pCMV vector was used to
keep the DNA concentration constant. For degradation assays,
HEK 293A cells were transfected with 1.2 �g of pFLAG-mHIF-
1�, or pFLAG-mHIF-1�(P402A/P563A), and increasing
amounts of pFLAG-PHD1, pFLAG-PHD2, or pFLAG-PHD3,
as detailed in the figure legends. After a recovery period of 24 h,
cells were kept at normoxia, or treated with 200 �M CoCl2 for
an additional 12-h period. When indicated in figure legends,
transfected cells were concomitantly treated with 10 �M of a
proteasome inhibitor (MG132, Sigma), during the last 12-h
period.Whole cell extracts were prepared usingmodified RIPA
buffer. 25 �g of whole cell extract proteins were separated by
SDS-PAGE and analyzed by immunoblotting. For immunopre-
cipitation experiments, HEK 293A cells were transfected with
50 ng of pFLAG, 500 ng of pFLAG-mHIF-1�, 500 ng of pFLAG-
mHIF-1�(P402A/P563A), or 500 ng of pFLAG-mHIF-
1�(392�622) (�ODD), together with 900 ng of pVHL, and 100
ng of pHA-ubiquitin. 24 h after transfection, cells were treated
with 10 �M MG132 and harvested 12 h later.
WholeCell Extracts—Cell extractswere prepared usingmod-

ified RIPA buffer (150 mM NaCl, 50 mM Tris-Cl pH 8.7, 1%

Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM di-
thiothreitol, 1 mM phenylmethylsulfonyl fluoride, 0.2 mM
N-ethylmaleimide) containing a protease inhibitor mixture
(Roche Applied Science), vortexed for 1 min followed by clari-
fication at 14,000 rpm for 30 min at 4 °C.
Stable Transfections—HEK 293H cells were transfected

with pFLAG-mHIF-1�.puro, pFLAG-mHIF-1�(P402A/
P563A).puro, or pEFIRESpuro using Lipofectamine. 24 h after
transfection, cells were expanded, and selection was initiated
adding 1 �g/ml of puromycin (Sigma). Surviving cells were
selected for monoclonal expansion and assayed by Western
blot under normoxic or CoCl2 (200 �M) treatment as indicated
in figure legends. For time course assays, cells were exposed to
hypoxia, CoCl2 (200 �M), dimethyloxallyl glycine (DMOG, 1
mM), 2,2�-dipyridyl (200 �M), deferoxamine mesylate (200
�M) (all chemical from Sigma), or kept at normoxia, for con-
stant end-point experiments. Whole cell extracts were pre-
pared using modified RIPA buffer. 25 �g of whole cell extract
proteins were separated by SDS-PAGE and analyzed by
immunoblotting.
Ubiquitination Assays—HEK 293A cells were cultured for

24 h in 10-cm diameter dishes prior to transfection of 4.5 �g of
pFLAG, pFLAG-mHIF-1� or pFLAG-mHIF-1�(P402A/
P563A), and 0.25 �g of pHA-ubiquitin (pMT123). After 24 h of
transfection, cells were kept at normoxia or treated with CoCl2
(200�M) for 12 h in the presence or absence ofMG132 (10�M).
Whole cell extracts were prepared using modified RIPA buffer
as described previously. Protein G-Sepharose beads were
blockedwith 1% bovine serum albumin in TBS (150mMNaCl,
50 mM Tris-Cl, pH 7.4) before immunized with anti-FLAG
antibodies (Sigma). 300 �g of whole cell extract protein was
immunoprecipitated onto the immunized beads at 4 °C for
16 h. After washing three times with RIPA/TBS (1:1), pro-
teins were eluted at room temperature for 90 min with 2.5
�g/�l of FLAG-peptide (Sigma). Eluates and 25 �g of whole
cell extract proteins were separated by SDS-PAGE and ana-
lyzed by immunoblotting.
RNA Interference Assays—Stable cell lines expressing FLAG-

mHIF-1� or FLAG-mHIF-1�(P402A/P563A) were transfected
with 200 nM negative control siRNA (Qiagen, AllStars negative
control siRNA) or VHL siRNA (Qiagen, SI02664550; Dharma-
con, J-003936–11) using Oligofectamine (Invitrogen) accord-
ing to the manufacturer’s instructions. 60 h after transfection,
cells were treated with CoCl2 (200 �M) or kept at normoxia for
an additional 12-h period. For protein analysis, whole cell
extracts were prepared usingmodified RIPA buffer, and immu-
noblotting assays were performed using 50 �g of whole cell
extract protein. For ubiquitination assays, stably transfected
HEK 293H were cultured for 24 h in 10-cm diameter dishes
prior to transfection with 200 nM negative control or VHL
siRNAs. Cells were allowed to recover for 24 h prior to trans-
fection of 1.2 �g of pHA-ubiquitin. 36 h after transfection with
pHA-ubiquitin cells were treated for 8 h with 15 �M of MG132
and harvested.Whole cell extracts were prepared by sonication
with a buffer containing 200 mM KCl and 0.05% Nonidet P-40.
For precipitation of ubiquitinated-HIF-1� proteins, 5 �l of
anti-FLAG antibody was incubated with 25 �l of protein
G-Sepharose beads after blocking with 1% bovine serum albu-
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min and followed by incubation with 1.0 mg of whole cell
extract overnight at 4 °C. Subsequent washing was carried out
in a buffer containing 300 mM KCl and 0.1% Nonidet P-40.
Precipitated complexes were eluted from the beads using 2.5
�g/�l of FLAG-peptide in a buffer containing 100 mM KCl and
0.1% Nonidet P-40. Eluates were analyzed by SDS-PAGE and
immunoblotting.
RT-PCR Experiments—Total RNAs were isolated using

PureLinkTM (Invitrogen) under different conditions as depicted
in the figure legends. First-strand cDNA was generated from 1
�g of total RNA, using random primers by SuperScriptTM II
Reverse Transcriptase (Invitrogen). PCR was performed using
Platinum�PfxDNAPolymerase (Invitrogen), and 1�l of cDNA
as template. All protocols were preformed according to the
manufacturer’s instructions. Specific primers for the different
cDNAs were as follows: (5�-3�): FLAG_F (GGACTACAAA-
GACGATGACGAC); HIF-1�_R (CGTCATCTGTTAGCAC-
CATC); VHL_F (TCTTCTGCAATCGCAGTC); VHL_R
(CAAAGGTGACCTCGGTAG); PGK-1_F (TGTGGCTTCT-
GGCATACCTG); PGK-1_R (AGGAGCTCCAAACTGGC-
ACC); actin_F (GACAGGATGCAGAAGGAGAT); actin_R
(TTGCTGATCCACATCTGCTG).
Immunoprecipitation Assays—Cells were lysed using sonica-

tion in a buffer with 180 mM KCl and 0.05% Nonidet P-40. For
precipitation of HIF-1� protein/pVHL complexes, 5 �l of anti-
FLAG antibody was incubated with 25 �l of protein G-Sepharose
beads after blockingwith 1%bovine serumalbumin, and followed
by incubation with 1.5 mg of whole cell extracts overnight at
4 °C. Subsequent washingwas carried out in a buffer containing
250 mM KCl and 0.1% Nonidet P-40. Precipitated complexes
were eluted from the beads using 2.5 �g/�l of FLAG-peptide in
a buffer containing 100mMKCl and 0.1%Nonidet P-40. Eluates
were analyzed by SDS-PAGE and immunoblotting.
Immunoblotting Assays—After separation by SDS-PAGE,

samples were blotted onto nitrocellulose filters, and blocking
was performed using 5% nonfat milk in TBS (nfm/TBS). Filters
were then incubated with primary antibodies: anti-FLAG
(1:500) in 5% nfm/TBS (Sigma), anti-VHL (1:500) in 5% nfm/
TBS (Abcam, ab 28434), anti-hemagglutinin (1:500) in 5% nfm/
TBS (Santa Cruz Biotechnology), anti-Myc (1:500) in 1%
nfm/TBS (Clontech), anti-HIF-1� (1:500) in 1% nfm/TBS
(Abcam, ab 6489), anti-Ubiquitin (1:50) in 5% nfm/TBS (Dako),
and anti-actin (1:2500) in 5% nfm/TBS (Abcam). Secondary
antibodies were used at a 1:2000 dilution in 1% nfm/TBS of
anti-mouse or anti-rabbit IgG-horseradish peroxidase conju-
gates (Amersham Biosciences). Extensive washings were per-
formed after both incubations with primary or secondary anti-
bodies using TBS containing 0.05% Tween-20. Proteins were
visualized using enhanced chemiluminescence (Amersham
Biosciences).

RESULTS

Mutation of Both Pro402 and Pro563 Does Not Render HIF-1�
Protein Stable at Normoxia—Hydroxylation of specific proline
residues has been shown to mediate recognition of HIF-1� by
pVHL. pVHL belongs to a multiprotein complex with E3 ubiq-
uitin ligase activity that mediates ubiquitination of HIF-1�
leading to its proteasome-dependent degradation. Previous

studies have identified two independent degradation boxes sur-
rounding Pro402 and Pro564 (Pro563 on mouse HIF-1�) on
human HIF-1�. Mutation of these two residues was suggested
to render the HIF-1� protein stable at normoxia (3, 20). Here
we have investigated the protein levels of HIF-1� mutants
expressed in HEK 293 and HepG2 cells to evaluate how the
critical proline residues affect protein stability. Cells were
treatedwithCoCl2, an iron antagonist that is known to act as an
hypoxia-mimicking agent because Fe(II) is a critical cofactor
required for the reactions performed by the different hydroxyl-
ases that regulate HIF-1� activity (1, 2). As expected (11), wild-
type HIF-1� expressed in both HEK 293 (Fig. 1A) and HepG2
(Fig. 1B) cells was degraded at normoxia and stabilized after
treatment of cells with CoCl2. In analogy to the wild-type pro-
tein, levels of expressed HIF-1�(P402A/P563A) were lower in
cells kept at normoxia than in cells treated with CoCl2, indicat-
ing that the mutant underwent degradation in non-treated
cells. In contrast with theHIF-1�mutant, expression of Arnt in
HEK 293 cells showed not to be regulated by CoCl2 treatment
(Fig. 1C).
To evaluate the transactivation potency mediated by the

HIF-1� double proline mutant we performed HRE-driven
luciferase reporter gene assays in HEK 293 cells. These experi-
ments (Fig. 1D) showed that mutation of Pro402 and Pro563 in
mHIF-1� does not affect the responsiveness of the transcrip-
tional activator to hypoxia and CoCl2. Although we cannot
exclude the activity of the C-TAD, we did not observe any
decrease on transactivation induction in response to hypoxia or
CoCl2 with the expressed HIF-1� mutant when compared with
the wild-type protein. Taken together, these results indicate
that mutation of the two critical proline residues, which dis-
rupts the interaction of pVHL with the known degradation
boxes of HIF-1� (3, 20) is not sufficient to stabilize the full-
length protein at normoxia.
Generation and Characterization of Stable Cell Lines

Expressing HIF-1� or HIF-1�(P402A/P563A)—To further
study themechanism and kinetics of degradation and stabiliza-
tion of the HIF-1� double proline mutant, we generated stable
cell lines expressing either wild-type or mutant HIF-1� alleles.
Several HEK 293H cell lines were selected by analysis of protein
expression after 12 h of treatment with CoCl2. In Fig. 2A, upper
panel, we compare the expression levels of wild-type and
mutant HIF-1� proteins in four independent lines (wt 4, wt 6,
PP-A 9, and PP-A 11). In contrast to stable cell lines expressing
wild-type HIF-1�, cells expressing the HIF-1� mutant pre-
sented detectable levels of protein at normoxia. In most of per-
formed experiments we observed that the HIF-1� mutant pro-
tein could be detected at normoxia, albeit at low levels. These
indicate that, although mutation of the two critical proline res-
idues does not lead to complete stabilization of the protein, it
may yield low but yet detectable levels of protection of HIF-1�
against proteasome-mediated degradation. Wild-type or
mutant HIF-1� RNAs were analyzed by semiquantitative RT-
PCR. As presented in Fig. 2A, lower panel, HIF-1�(P402A/
P563A) mRNA levels were lower than the corresponding wild-
type HIF-1� transcript. This observation offers an explanation
for the lower protein accumulation detected in CoCl2-treated
cells expressing the HIF-1� double proline mutant (Fig. 2A,
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upper panel). In conclusion, our results show that the HIF-1�
double proline mutant expressed in stable cell lines still under-
goes degradation at normoxia, and CoCl2-dependent
stabilization.
We next analyzed mRNA expression of the HIF-1� target

gene phosphoglycerate kinase 1 (PGK-1) (21) in the different
cell lines by semiquantitative RT-PCR. As shown in Fig. 2B,
PGK-1 gene expression was up-regulated in response to
hypoxia and CoCl2 in cells transfected with an empty expres-
sion vector, showing that endogenous HIF factors upregulate
PGK-1mRNA in these cells. Induction of the PGK-1 transcript
in response to hypoxia and CoCl2 was also observed in cell lines
expressing wild-type or double proline mutant HIF-1�. How-
ever, higher levels of mRNA expression were detected in the
mutant expressing cell line when compared with wild-type
HIF-1� cell line (Fig. 2B). These results demonstrate that
inducibility of the PGK-1 mRNA is maintained in the cell line
expressing the HIF-1� double proline mutant.
HIF-1� Double Proline Mutant Is Transiently Stabilized in

Response to Hypoxia—We next wanted to investigate how
hypoxia affects HIF-1� double proline mutant stabilization. In
our first experiments we kept the cells at hypoxia or treated
them with CoCl2 for 4, 8, and 12 h (data not shown). In stable
cell lines expressing wild-type HIF-1� stabilization of the pro-
tein was observed in response to both treatments (data not
shown). In contrast, the HIF-1� double proline mutant was
stabilized in cells treated with CoCl2, but did not accumulate in
response to 4 to 12 h of hypoxia treatment (data not shown).
This unexpected result led us to investigate the impact of
hypoxia at early time-points. Exposure of cells to 1 or 2 h of
hypoxia proved to stabilize the HIF-1� double proline mutant
while at later time points the protein expression levels returned
to normoxic levels (Fig. 2C). To confirm hypoxia regulation of
the HIF-1� double proline mutant, we analyzed another stable
cell line expressing the mutant. As shown in Fig. 2D, we also
observed stabilization of the protein after 2 h of treatment with
return to normoxic levels with longer periods of hypoxia treat-
ment. Thus, in contrast to the wild-type protein, the HIF-1�
double proline mutant is only very transiently stabilized by
hypoxia treatment.
HIF-1�(P402A/P564A) Is Ubiquitinated and Degraded in a

Proteasome-dependent Fashion—We next investigated if the
double mutation of Pro402 and Pro563 affected the ubiquitina-
tion status of the protein.We transfectedHEK293 cells with plas-
mids encoding FLAG-tagged wild-type or mutant HIF-1�
together with an expression plasmid for hemagglutinin (HA)-
tagged ubiquitin and treated the cells with or without the protea-
some inhibitor MG132, as indicated in Fig. 3A. FLAG-tagged
proteins were precipitated from whole cell extracts using an
anti-FLAG antibody, and ubiquitination levels were analyzed
byWestern blot assays using an anti-HA antibody. As shown in
Fig. 3A, no ubiquitination was observed in cells expressing the
FLAG-tag alone and treated with MG132 (lanes 2 and 4). In
contrast, both HIF-1� wild-type (lane 6) and HIF-1�(P402A/
P563A) (lane 10) presented high levels of ubiquitination in cells
treated with the proteasome inhibitor and kept at normoxia.
Concomitantly, FLAG-tagged proteins proved to accumulate
in response to the inhibition of proteasome proteolytic activity

FIGURE 1. Mutation of the identified degradation boxes fails to stabi-
lize HIF-1�. A, HIF-1�(P402A/P563A) is degraded at normoxia in HEK 293
cells. Cells were transfected with 400 ng (�), 600 ng (��), and 800 ng
(���) of plasmids encoding mHIF-1�, or mHIF-1�(P402A/P563A) (PP-A)
and exposed to normoxia (�) or CoCl2 (�) for 12 h. Whole cell extracts
were separated by SDS-PAGE and analyzed by immunoblotting with anti-
FLAG (�-FLAG) and anti-actin (�-actin) antibodies. B, expression of mHIF-
1�(P402A/P563A) in HepG2 cells is regulated by CoCl2. HepG2 cells were
transfected with 500 ng (�), and 1000 ng (��) of pFLAG-mHIF-1� or
pFLAG-mHIF-1�(P402A/P563A), allowed to grow for 24 h at normoxia, and
then kept at normoxia (�), or treated with CoCl2 (�) for 12 h. FLAG-tagged
proteins were immunoprecipitated from whole cell extracts (500 �g) and
analyzed by SDS-PAGE and immunoblotting using an anti-FLAG antibody
(�-FLAG). C, Arnt protein expressed in HEK 293 cells. Cells were transfected
with 200 ng (�), 400 ng (��), and 600 ng (���) of pMyc-Arnt and kept
at normoxia (�), or treated with CoCl2 (�). D, mutation of Pro402 and
Pro563 does not abrogate hypoxia-inducible transactivation of mHIF-1�.
HEK 293 cells were transfected with a HRE-driven luciferase reporter plas-
mid and mHIF-1� or mHIF-1�(P402A/P563A) expression plasmids, and
exposed to normoxia (N), hypoxia (H), or CoCl2 (Co) for 24 h. Data are
presented as luciferase activity relative to cells transfected with pCMX
(CMX) and cultured at normoxia. Values represent mean � S.E. of three
independent experiments performed in duplicate.
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(Fig. 3A, upper panel). As expected (3), treatment with CoCl2
significantly reduced the levels of ubiquitination in MG132-
treated cells in bothwild-type (lane 8) andmutant protein (lane
12). Expression of HIF-1� double proline mutant in HepG2
cells was also stabilized following treatment with either CoCl2
or MG132, or both (Fig. 3B). In conclusion, these results dem-
onstrate that mutation of Pro402 and Pro563 to alanine does not
prevent HIF-1� from being ubiquitinated and degraded at nor-
moxia by a proteasome-dependent mechanism.
HIF-1�(P402A/P563A) Is Resistant to PHD-mediated

Degradation—HIF-1�Pro402 and Pro563 have been shown to be
hydroxylated by a new family of prolyl hydroxylases that share
homology with Caenorhabditis elegans EGL9 (1, 2). These
enzymes belong to a family of Fe(II), 2-oxoglutarate-dependent
dioxygenases that in mammalian cells include at least 3 mem-
bers, PHDs 1–3 (1, 2). In the present study, we investigated if
the HIF-1� double proline mutant was sensitive to PHD-medi-
ated degradation. We expressed HIF-1� or HIF-1�(P402A/
P563A) at levels that led to stabilization of the protein at nor-
moxia, presumably due to saturation of the endogenous
degradation machinery (11). Under these conditions, we ana-
lyzed the effect of expressing increasing amounts of PHDs 1–3
on HIF-1� levels. Our results showed that while expression of
PHD1 (Fig. 4A), PHD2 (Fig. 4B), or PHD3 (Fig. 4C) mediated
degradation of wild-type HIF-1�, the double proline mutant

was resistant to the action of these
hydroxylases, indicating that it is
not an enzymatic substrate of these
PHDs. Similar results were
observed in either CoCl2-treated
(Fig. 4) or hypoxia-exposed (data
not shown) cells. The results regard-
ing degradation of the wild-type
HIF-1� protein by the distinct
prolyl hydroxylases indicated that
PHD2 mediates a much more effi-
cient destruction of the protein than
PHD1 or -3, consistent with the
notion that PHD2 is the major con-
tributor for HIF-1� degradation at
normoxia (22). Interestingly, in our
study, treatment of cells with CoCl2
did not prevent PHD2-dependent
degradation of HIF-1� suggesting
that although the activity of the
enzyme can be inhibited by CoCl2 it
is not completely abolished and that
its overexpression may overcome
this inhibition. These results are in
agreement with a recent report
showing that PHD2 can be active in
degradation of HIF-1� even under
hypoxic conditions (23). Interest-
ingly, our observations showed that,
in addition to the previously
described regulation of PHD3 tran-
scription by hypoxia (24), protein
levels of the enzyme are also regu-

lated by CoCl2 (Fig. 4C) and hypoxia (data not shown). Further
studies are required to explain this new observation. In conclu-
sion, the results obtained by coexpressing the three known
prolyl hydroxylases together with HIF-1� proteins showed that
although degradation of wild-type HIF-1� can be promoted by
any of these hydroxylases, their effect is strictly dependent on
the two critical proline residues, as it is not observed on HIF-
1�(P402A/P563A).
Hydroxylases Inhibitors, Other Than CoCl2, Are Unable to

Stabilize theHIF-1�Double ProlineMutant—Our results show
that CoCl2, an iron antagonist known to inhibit hydroxylase
activity, is able to stabilize HIF-1�(P402A/P563A). However,
overexpression of PHDs had no impact onHIF-1� mutant pro-
tein levels (Fig. 4). These apparently conflicting observations
led us to speculate that the observed CoCl2-dependent stabili-
zation of the HIF-1� double proline mutant is achieved by a
PHD-independent mechanism and therefore other hydroxyl-
ase inhibitors may not be able to affect protein levels of the
mutant. To test this hypothesis, we treated stable cell lines
expressing wild-type and mutant HIF-1� with the specific hy-
droxylase inhibitor, DMOG, or with iron chelators such as 2,2�-
dipyridyl and desferoxamine, known to inactivate PHD activity
(1, 2). As shown in Fig. 5, all three compounds were able to
up-regulate wild-type HIF-1� protein levels in a time-depend-
entmanner. In contrast to these observations, the protein levels

FIGURE 2. HIF-1�(P402A/P563A) is transiently stabilized in response to hypoxia. A, HIF-1� double proline
mutant expressed in stable cell lines is degraded at normoxia. A, upper panel, analysis of mHIF-1� protein levels
in stable cell lines expressing wild-type (wt 4 and 6) or HIF-1�(P402A/P563A) (PP-A 9 and 11). Whole cell extracts
were separated by SDS-PAGE and analyzed by immunoblotting using anti-FLAG (�-FLAG), or anti-actin (�-Ac-
tin) antibodies. Cells were treated with CoCl2 as indicated (�). A pEFIRESpuro-transfected cell line is also shown
(p1). A, lower panel, RNA levels of mHIF-1� wild-type or double proline mutant analyzed by semiquantitative
RT-PCR. Levels of transcripts were evaluated using primers to FLAG-HIF-1�, and actin. B, RNA levels of PGK-1 are
up-regulated in cells expressing HIF-1� or HIF-1�(P402A/P563A). Levels of transcripts were evaluated by semi-
quantitative RT-PCT using primers to PGK-1, and actin. C, a transient stabilization of HIF-1�(P402A/P563A) is
observed at early time points of hypoxia treatment. Stable cell lines (wt 4 and PP-A 9) were treated with CoCl2
(Co) or hypoxia (H) during the indicated times or kept at normoxia (N). Whole cell extracts were separated by
SDS-PAGE and analyzed by immunoblotting using anti-FLAG (�-FLAG), or anti-actin (�-Actin) antibodies. D, a
different stable cell line expressing HIF-1� double proline mutant confirms the transient regulation of the
protein at hypoxia. The stably transfected cell line PP-A 11 was treated with hypoxia (H) as indicated, and
HIF-1� expression was analyzed as in C.
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of HIF-1� double proline mutant were not changed by any of
the hydroxylase inhibitors. These results led us to conclude that
the PHDs are not involved in degradation of the HIF-1�
mutant. On the contrary, another yet unknown pathway inhib-
ited by Co(II) appears to participate in this mechanism.
Degradation and Ubiquitination of HIF-1� Double Proline

Mutant Is Mediated by pVHL—At normoxia, the proline
hydroxylation event is followed by interaction of HIF-1� with
the pVHL/E3 ubiquitin ligase complex which, in turn, pro-
motes ubiquitination, and degradation of the protein. In renal
cell carcinoma cell lines expressing nonfunctional pVHL
mutants, the HIF-1� protein is known to be stable at normoxia
and therefore is not responsive to hypoxia (25). Here we inves-

tigated if up-regulation of HIF-1� in response to Co(II) is
pVHL-mediated by studying the impact of CoCl2 treatment on
endogenous HIF-1� using a pVHL nonfunctional cell line, the
renal cell carcinoma SKRC-7 (26). Cells were treated with
CoCl2 for 8 h, and protein expression was analyzed byWestern
blot. As shown in Fig. 6A stability of HIF-1� protein expressed
in this cell line is not changed by CoCl2 treatment, indicating
that functional pVHL is required for Co(II)-dependent
regulation.
To study the role of pVHL in the degradation and ubiquiti-

nation of HIF-1� double proline mutant, we used RNA inter-
ference directed against pVHL. Stable cell lines expressing
wild-type or mutant HIF-1� were transfected with siRNAs tar-

FIGURE 3. HIF-1�(P402A/P563A) undergoes ubiquitination and pro-
teasome-dependent degradation. A, mutation of Pro402 and Pro563 to alanine
does not prevent ubiquitination of HIF-1�. HEK 293 cells were cotransfected
with pHA-ubiquitin and pFLAG, pFLAG-mHIF-1�, or pFLAG-mHIF-1�(P402A/
P562A) (PP-A), and treated with CoCl2 and the proteasome inhibitor MG132 as
indicated (�). Whole cell extracts (inputs) and immunoprecipitated FLAG-
tagged proteins (IP) were analyzed by SDS-PAGE and immunoblotting using
anti-FLAG (�-FLAG), anti-hemagglutinin (�-HA), or anti-actin (�-Actin) anti-
bodies. B, HIF-1� double proline mutant expressed in HepG2 is stabilized in
response to MG132 treatment. HepG2 cells were transfected with 1 �g of
HIF-1� and mutant expression plasmids and treated for 12 h with CoCl2 and
MG132 as indicated (�). FLAG-tagged proteins were immunoprecipitated
from whole cell extracts (500 �g) and analyzed by SDS-PAGE and immuno-
blotting using an anti-FLAG antibody (�-FLAG).

FIGURE 4. Degradation of HIF-1�(P402A/P563A) is not achieved by over-
expression of PHDs 1–3. A–C, PHD1, PHD2, and PHD3 fail to induce degra-
dation of HIF-1�(P402A/P563A). HEK 293 cells were transfected with pFLAG-
mHIF-1�, or pFLAG-mHIF-1�(P402A/P563A) (PP-A) and 150 ng (�), or 300 ng
(��) of plasmids encoding FLAG-tagged PHD1 (A), FLAG-tagged-PHD2 (B),
or FLAG-tagged-PHD3 (C). Whole cell extracts were separated by SDS-PAGE
and analyzed by immunoblotting using anti-FLAG (�-FLAG), and anti-actin
(�-Actin) antibodies. Cells were treated with CoCl2 as indicated (�).
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geting endogenous pVHL mRNA expression. After siRNA
transfectionwe simultaneously analyzed protein, or ubiquitina-
tion levels following CoCl2, or MG132 treatment, respectively
(Fig. 6, B and C). As shown in Fig. 6B, upper panel, pVHL pro-
tein expression was reduced in both cell lines. These results are
in agreement with the levels of VHL transcript detected by
semiquantitative RT-PCR (Fig. 6B, lower panel). Reduction of
pVHL expression led to an increase of both wild-type and
mutant HIF-1� protein accumulation at normoxia, indicating
that they are both degraded by a pVHL-mediated mechanism
(Fig. 6B). Similar results were obtained with an additional, dis-
tinct siRNA sequence targeting pVHL expression (data not
shown) as described under “Experimental Procedures.” RNA
levels of wild-type or mutant HIF-1� were unchanged by the
presence of a siRNA sequence targeting VHL, as shown in Fig.

6B, lower panel. Interestingly, reduced pVHL expression also
contributed to an increase of wild-type and mutant HIF-1�
protein levels in CoCl2-treated cells (Fig. 6B) showing that
pVHL is able to interact and mediate degradation of HIF-1�
even in cells treated with an inhibitor of the prolyl hydroxylase-
dependent (23) and -independent mechanisms. Ubiquitination
levels of wild-type or mutant HIF-1� after transfection with a
VHL-specific siRNA were analyzed has shown in Fig. 6C. A
reduction in ubiquitination levels was observed in cells trans-
fected with VHL siRNA in both wild-type (Fig. 6C, upper panel,
lanes 3 and 4) and mutant (lanes 5 and 6) HIF-1�-expressing
cells, indicating that bothproteins areubiquitinatedby apVHL-
dependent mechanism. Analysis of VHL mRNA expression
showed that transfection with the specific siRNA led to
decreased pVHLmRNA levels (Fig. 6C, lower panel). In conclu-
sion, these data show that mutation of Pro402 and Pro563 to
alanine does not rescue HIF-1� from degradation by a pVHL-
mediated mechanism and that pVHL regulates the ubiquitina-
tion levels of HIF-1�(P402A/P563A). It is therefore plausible
that pVHL works as an HIF-1� E3 ubiquitin ligase via proline
hydroxylation-dependent and -independent mechanisms.
Deletion of the Oxygen-dependent Degradation (ODD)

Domain of HIF-1�, Encompassing Pro402 and Pro563, Does Not
Abrogate Interaction of pVHL with HIF-1�—To show that
interaction of pVHL with HIF-1� can occur independently of
the two critical proline residues, we investigated the binding of
pVHL to different HIF-1�mutants using immunoprecipitation
assays. FLAG-tagged wild-type and mutant HIF-1� together
with pVHL were expressed in HEK 293 cells. An anti-FLAG
antibody was used to precipitate HIF-1� proteins from whole
cell extracts, and interaction with pVHLwas analyzed byWest-
ern blot. These experiments were performed in the presence of
coexpressed ubiquitin and upon treatment with MG132, con-
ditions that were shown to contribute to an efficient binding of
pVHL to HIF-1� (data not shown). As shown in Fig. 7A, pVHL
was able to interact with similar affinity with either wild-type
HIF-1� or the HIF-1� double proline mutant. Another HIF-1�
mutant lacking the oxygen-dependent degradation domain
(HIF-1� �ODD) (7) that encompasses the two critical proline
residues also showed positive binding to pVHL. In these exper-
iments, ubiquitination was observed for all the expressed
HIF-1� proteins including theHIF-1� �ODDmutant (Fig. 7A).
These results indicate that additional pVHL-interaction inter-
faces are present within the HIF-1� protein and mediate inter-
action with pVHL independently of the Pro402 and Pro563 resi-
dues. In excellent agreement with the results obtained in the
immunoprecipitation assays, HIF-1� �ODD that bound pVHL
was degraded at normoxia and stabilized by CoCl2 treatment
(Fig. 7B). Taken together, these observations show that addi-
tional pVHL-interacting interfaces are present on the HIF-1�
protein and are correlated with degradation of this protein at
normoxia.

DISCUSSION

Here we show that mutation of HIF-1� Pro402 and Pro563 to
alanine generates a protein that is still degraded at normoxia
and is transiently stabilized in response to hypoxia. Further-
more, we present evidence that degradation of this protein is

FIGURE 5. DMOG and iron chelators, such as 2,2�-dipyridyl and deferox-
amina, are unable to up-regulate the HIF-1� double proline mutant.
A and B, stable cells expressing mHIF-1� (wt 4), or mHIF-1�(P402A/P563A)
(PP-A 9) were treated with DMOG, 2,2�-dipyridyl (Dp), or deferoxamine (DFX)
for the indicated times, or kept at normoxia (N) or treated with CoCl2 (Co) for
constant end-point experiments. Whole cell extracts were separated by SDS-
PAGE and analyzed by immunoblotting using anti-FLAG (�-FLAG), or anti-
actin (�-Actin) antibodies.
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mediated by a pVHL-dependent mechanism and does not
involve the participation of any of the previously characterized
PHDs.
Previous studies using proteins expressed in transiently

transfected cells have suggested that mutation of prolines
Pro402 and Pro564 of hHIF-1� renders the protein stable at nor-
moxia (3). However, in transient transfections, protein expres-
sion may easily reach stabilization levels at normoxia due to
saturation of the endogenous degradation machinery (11). In
this context, we assessed the ability of the HIF-1� double pro-
line mutant to be degraded at normoxia by titrating the expres-
sion levels of the proteins in transient transfections and by eval-
uating protein stability in stable cell lines. In both these
experimental approaches, HIF-1�(P402A/P563A) showed deg-

radation in cells kept at normoxia
and was stabilized by inhibition of
proteasome activity and treatment
with CoCl2. A recently published
report showed that, in contrast to
the authors’ expectations, expres-
sion of the HIF-1� double proline
mutant in keratinocytes could not
reconstitute the phenotype observed
with pVHL inactivation (28). The
results presented in our study show-
ing that the HIF-1� double proline
mutant still undergoes degradation at
normoxia offer an explanation to the
phenotype observedbyKim et al. (28)
in keratinocytes.
Our study showed that some

aspects of the mechanism underlying
HIF-1�double prolinemutant degra-
dationare sharedbetween themutant
and the wild-type proteins. Both pro-
teins are stabilized in response to
inhibition of proteasome activity,
ubiquitinated, degraded by a pVHL-
mediated mechanism and stabilized
in response to CoCl2 treatment. The
observation that mutation of Pro402
and Pro564 in hHIF-1� generated a
protein that could still be stabilized in
response to MG132, has been previ-
ously indicated (28). However, with-
out further investigation of the
mechanism, these authors pro-
posed a pVHL-independent deg-
radation process. Contrastingly, in
our study the participation of
pVHL in degradation and ubiquitina-
tion of HIF-1�(P402A/P563A) was
clearly indicated by RNA interfer-
ence experiments. Furthermore, the
observed interaction of pVHL with
HIF-1�(P402A/P563A) and with a
HIF-1� mutant lacking the domain
encompassing the critical proline

residues indicates the existence of additional HIF-1�/pVHL-
interaction interfaces. The role of pVHL in degradation of
HIF-1� is visibly demonstrated in studies with animal mod-
els where phenotypes associated with VHL inactivation in
tissues can be rescued by inactivation of HIF-1� (29–31)
showing that pVHL plays a major role in the degradation of
HIF-1� in these tissues. In other tissues, the pVHL pheno-
type is reversed by inactivation of HIF-2� or Arnt (31)
depending on which target genes are responsible for the
observed phenotype and on HIF-2� function in the tissue.
Taken together, these observations suggest that pVHL is the
major player as an E3 ubiquitin ligase in degradation of HIF
protein and if other mechanisms do exist, they do not over-
come pVHL function.

FIGURE 6. pVHL mediates degradation of HIF-1�(P402A/P563A). A, Co(II) does not upregulate HIF-1� pro-
tein levels in a nonfunctional pVHL-expressing cell line. SKRC-17 (not expressing HIF-1�) and SKRC-7 (express-
ing HIF-1�) cell lines were treated with CoCl2 for 8 h, and whole cell extracts were prepared. Endogenous
HIF-1� protein levels were analyzed (150 �g of extracts) by immunoblotting using anti-HIF-1� (�-HIF-1�), or
anti-actin (�-Act) antibodies. As a positive control, 25 �g of extracts from HEK 293A (A) cells transfected with
pFLAG-mHIF-1� and treated with CoCl2 were used. B, knocking-down pVHL expression by RNA interference
leads to accumulation of HIF-1�(P402A/P563A). Stable cells expressing wild-type (wt 4) or the mHIF-1� double
proline mutant (PP-A 9) were transfected with negative control (C) or VHL (V) siRNA. B, upper panel. Whole cell
extracts were separated by SDS-PAGE and analyzed by immunoblotting using anti-FLAG (�-FLAG), anti-VHL
(�-VHL), or anti-actin (�-Actin) antibodies. Cells were treated with CoCl2 as indicated (�). B, lower panel, RNA
level analysis following siRNA experiments targeting VHL expression. Semiquantitative RT-PCR was performed
using primers to FLAG-HIF-1�, VHL, and actin. C, pVHL mediates HIF-1�(P402A/P563A) ubiquitination. Stable
cells expressing p1 (puromycin control), wild-type HIF-1� (wt 4), or HIF-1� mutant (PP-A 9) were transfected
with siRNA as in B, and exposed to MG132. C, upper panel, whole cell extracts (Inputs) and immunoprecipitated
FLAG-tagged proteins (IP) were analyzed using anti-FLAG (�-FLAG), anti-ubiquitin (�-Ub), or anti-actin (�-Ac-
tin) antibodies. C, lower panel, analysis of VHL mRNA levels following RNAi experiments. Semiquantitative
RT-PCR was performed using primers to VHL and actin.
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The mechanism of HIF-1� stabilization in response to
CoCl2 is not fully understood. Co(II) is an iron antagonist
and therefore it has been proposed to inhibit prolyl hydrox-
ylases by competing with Fe(II) required for the activity of
these enzymes (1, 2). However, inhibition of prolyl hydrox-
ylases by Co(II) has been shown to be rather ineffective (32),
and other mechanisms have been suggested. One study pro-
posed binding of Co(II) directly to N-terminal domains of
HIF-1� by a pVHL-independent mechanism (33), while
another report suggested direct binding of Co(II) to the
ODD domain (34), resulting in inhibition of pVHL-mediated
degradation. Moreover, a third mechanism involving the
generation of reactive oxygen species in response to CoCl2
treatment (35) has been proposed. It is tempting to speculate
that, in addition to inhibition of prolyl hydroxylase activity,
CoCl2 may inhibit another protein that requires divalent
metal ions to be functional.

Analysis of the degradation mechanism of HIF-1�(P402A/
P563A) indicated some noticeable differences between the
mutant and the wild-type protein. Although both proteins are
stabilized in response to CoCl2, the HIF-1� mutant showed a
transient accumulation of the protein to hypoxia andwas resist-
ant to PHD1–3-mediated degradation. Our experiments using
overexpressed PHDs and PHD inhibitors other than CoCl2
showed that the HIF-1� mutant is insensitive to the hydroxyl-
ase activity and does therefore not appear to be a substrate of
these enzymes. The observation that CoCl2 and hypoxia could
lead to stabilization of the HIF-1� double proline mutant sug-
gests that the activity of a protein inhibited by either CoCl2 or
hypoxia is required for the binding of pVHL to the HIF-1�
mutant. It has been shown that expression levels of PHD2 and
PHD3 increase at hypoxia (23, 24, 36), and this event has been
correlated with decreased stability of HIF-1� observed at lon-
ger periods of hypoxia exposure. The transient accumulation of
the HIF-1� mutant observed at hypoxia leads us to speculate
that a similar negative feedback mechanism may regulate pro-
tein(s)mediatingHIF-1�mutant degradation.Newly identified
factors (27, 37) have been proposed to participate in the mech-
anism of pVHL-mediated degradation of HIF-1�. Although
these proteins have been suggested to not affect the expression
of the HIF-1� double proline mutant, further studies are
required before their involvement can be completely excluded
from the presently described mechanism. Another recent pub-
lication proposes that VHL can bind to SUMOylated HIF-1�
double proline mutant (19); however, this mechanism was sug-
gested to be only relevant at hypoxia.
In conclusion, our studies show that regions of HIF-1� other

than those spanning Pro402 and Pro563 may contribute to nor-
moxia-dependent degradation of the protein and that this
mechanism requires the participation of pVHL. It remains to be
elucidated what are the molecular targets for CoCl2- and tran-
sient hypoxia-dependent stabilization of HIF-1�(P402A/
P563A) against degradation.Obviously, thesemolecular targets
do not comprehend PHDs 1–3, and it will be challenging to
examine this mechanism of regulation of pVHL activity in
closer detail. Finally, this alternative mechanism of pVHL-me-
diated degradation ofHIF-1�may be relevant under conditions
of inhibition of PHD 1–3 activity by pharmacological means, a
therapeutic approach that is presently gaining attention.
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