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Induction of the von Hippel-Lindau Tumor Suppressor
Gene by Late Hypoxia Limits HIF-1 Expression
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Abstract Hypoxia—inducible factor (HIF) remains the central focus of oxygen sensing during hypoxia. HIF is a
heterodimeric transcription factor consisting of an oxygen-regulated alpha- and a constitutively expressed beta subunit.
The von Hippel-Lindau tumor suppressor (pVHL) is a component of the E3 ubiquitin ligase complex and targets HIF-o to
proteasomal degradation, but also is known to exert a significant control on HIF transactivation activity. However,
the understanding of the full interaction between HIF and pVHL has been hindered by a lack in the understanding of
pVHL regulation. Here, we report that pVHL itself is induced in prolonged hypoxia in a kinetic that parallels the observed
downregulation of HIF-1a protein under such conditions. In addition, we document direct HIF-1a binding to the VHL
promoter and identify a functional hypoxia response element (HRE) within the VHL promoter. Such induction of pVHL in
hypoxia furthermore has functional implications for the HIF dependent hypoxic response, implicating a physiologically
relevant feedback mechanism. These results provide an intriguing model, whereby HIF self-regulates expression through
VHL and highlight the role of pVHL as a unifying mechanism of HIF regulation. J. Cell. Biochem. 95: 1264-1275, 2005.
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As a pivotal component in the maintenance
of oxygen homeostasis, the hypoxia—inducible
factor (HIF) is a heterodimeric transcription
factor consisting of an oxygen-regulated alpha
subunit (HIF-1a and -20) and a constituitively
expressed beta subunit. HIF regulates the
activity of growing number of target genes which
convey systemic and cellular hypoxia adaptive
responses including erythropoiesis, angiogen-
esis, and glycolytic metabolism (reviewed by
Semenza [1999]). The major pathway for HIF
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regulation is constituted by post-translational
mechanisms which effectively ensure that HIF-
1o and -2a protein is virtually undetectable with
adequate oxygen supply, but allows a robust
and rapid response when oxygen becomes limit-
ing [Jewell et al., 2001]. Oxygen sensing is
achieved through prolyl hydroxylation [Ivan
et al., 2001; Jaakkola et al., 2001], which is a
prerequisite for binding of the a-subunit to an
ubiquitin-E3 ligase complex. This complex
comprises the von Hippel-Lindau gene product
(pVHL), the elongins B and C, cullin-2 and rbx-1
[Kaelin and Maher, 1998; Ivan and Kaelin,
2001], where ensuing ubiquitination and pro-
teasomal degradation depend critically on the
functional integrity of pVHL [Ohh et al., 1998;
Maxwell et al., 1999; Cockman et al., 2000].

It is well established that pVHL is a central
component to limit HIF activation. For example,
functional inactivation of pVHL has been shown
to lead to dysregulated HIF response observed
in familial VHL disease, a disorder character-
ized by the development of variety of typically
hypervascular tumors (reviewed by Kaelin and
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Maher [1998]). Moreover, biallelic VHL muta-
tions have been shown to play a role in the
oncogenesis of renal carcinomas [Linehan et al.,
1995] and haemangioblastomas of the central
nervous system [Lee et al., 1998]. These exam-
ples, and the fact that the HIF pathway seems
to contribute to malignant tumor phenotypes
[Paul et al., 2004; Semenza, 2004], underline
the necessity for regulatory mechanisms that
limit HIF activity. Furthermore, it has been
shown that reintroduction of VHL into renal
cancer cell lines normalizes efficiently the expres-
sion of several hypoxia-inducible genes [Iliopoulos
et al., 1996; Mukhopadhyay et al., 1997]. This
has lead to speculations whether HIF and VHL
form a degradation-transactivation loop similar
to p53 and Mdm-2 [Blagosklonny, 2001]. In sup-
port of this hypothesis, recent evidence indi-
cates that hypoxia selectively induces pVHL in
renal cell lines through mechanisms involving
Rho kinase [Turcotte et al., 2004].

It has been previously observed that HIF
activation becomes limited following prolonged
exposure to hypoxia [Wang and Semenza, 1995;
Stroka et al., 2001], yet the mechanism(s) which
repress HIF expression in late periods of hy-
poxia remain incompletely understood. It is
generally accepted that HIF-1a activation occurs
predominantly through post-translational me-
chanisms [Wang and Semenza, 1995; Huang
etal., 1996; Kallio et al., 1999]. Here, we present
work, which establishes pVHL as a unifying
regulatory element for HIF activity and indicate
that VHL induction in late hypoxia occurs
through HIF-dependent transcriptional me-
chanisms. As a consequence, increased expres-
sion of pVHL by hypoxia provides a feedback
mechanism to limit expression of HIF.

MATERIALS AND METHODS
Cell Culture and Hypoxia

The intestinal epithelial cell lines T84 and
Cacos were cultured as previously described
[Colgan et al., 1996]. Hela cells were used for
promoter analysis and immunostaining using
culture methods described [Comerford et al.,
2002]. Cells were exposed to hypoxia (i.e., to an
atmosphere of pOs 20 torr and pCO, 35 torr,
balance being made up with Ny and water
vapor) as described previously [Colgan et al.,
1996]. Normoxic controls were exposed to same
protocols under conditions of atmospheric O2
(pOg 147 torr; pCO4 35 torr).

Gene Array Analysis

Gene array analysis was carried out as de-
scribed [Taylor et al., 2000]. T84 cells were
exposed to hypoxia (0, 6, 18 h), total RNA was ex-
tracted, mRNA was isolated, and DNase treated.
The mRNA profile was assessed by using quanti-
tative gene chip expression arrays (Affymetrix,
Santa Clara, CA [Lockhart et al., 1996]).

Transcriptional Analysis

For transcriptional analysis, cells were har-
vested in TRizol (Invitrogen, Carlsbad, California)
and RNA isolated by phenol-chloroform ex-
traction. After DNAse digestion (GenHunter,
Nashville, Tennessee), reverse-transcription
was performed using the Omniscript RT kit
(Qiagen, Hilden, Germany) and oligo (dT) primers
(Invitrogen). For amplification on an i-Cycler
1Q real-time PCR detection system (BioRad
Laboratories, Hercules, California) we used
the following gene specific primers: HIF-1:
Forward-5-CTATGTAGTTGTGGAAGTTTAT-
GC, Reverse-5'- ACTAGGCAATTTTGCTAAG-
AATGC; B-Actin: Forward-5-ACTGGAACGG-
TGAAGGTGACAG, Reverse-5'- GGTGGCTTT-
TAGGATGGCAAG; VHL: Forward-5-GCCGA-
GGAGGAGATGGAG, Reverse-5'-GTCGAAGT-
TGAGCCATACG. Comparison of gene expression
in a semi-quantitative manner was performed
based on the mathematical model of Pfaffl [2001].

Western Blot Analysis

Nuclear and cytoplasmic fraction of cell cul-
ture samples were isolated using reagents
provided by Pierce (Rockford, IL). Samples were
normalized for protein content and resolved
by non-reducing SDS-PAGE as described pre-
viously [Taylor et al., 1999]. Antibodies used for
Western blotting included monoclonal mouse
anti-HIF-1a (123-105, 1 pg/ml, Novus Biologi-
cals, Littleton, CO), rabbit polyclonal anti-VHL
(FL-181, 1 pg/ml, Santa Cruz Biotechnology,
Santa Cruz, CA), and goat polyclonal anti-actin
(C-11, 1 pg/ml, Santa Cruz Biotechnology). Blots
were washed and species-matched peroxidase-
conjugated secondary antibody added. Labeled
bands from washed blots were detected by en-
hanced chemiluminescence (Amersham Phar-
macia Biotech, Piscataway, NJ).

Immunofluorescence Microscopy

Hela cells were grown to confluence on acid
washed 12 mm glass coverslips. Monolayers
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were washed once in phosphate buffered saline
and fixed for 10 min at room temperature in 1%
paraformaldehyde in cacodylate buffer (0.1M
sodium cacodylate; pH 7.4, 0.72% sucrose).
Monolayers were permeabilized for 10 min in
PBS containing 0.2% Triton X-100 and 3% BSA.
After washing twice with PBS, the cells were
stained for 1 h with anti-VHL (12.5 pg/ml). After
washing, the monolayers were incubated with
goat anti-mouse Texas Red (1 pg/ml, Molecular
Probes, Eugene, OR).

Plasmids and Antisense Oligonucleotides

The luciferase gene reporter assay was used
for functional analysis of the VHL promoter
as well as for investigation of transcriptional
events regulated by the hypoxia response ele-
ment (HRE). The VHL promoter constructs
were a kind gift from Dr. I. Kuzmin (National
Cancer Institute, Frederick, MD). As a control
for hypoxia, cells were transfected with a PGL3-
based HRE plasmid containing four tandem
HIF-1 enhancer sequences from the 3'-region
of the erythropoietin gene [Sheta et al., 2001]
(kindly provided by Dr. Dan Theodorescu,
Univeristy of Virginia, Charlottesville, VA).

Directed overexpression of full-length VHL
was achieved using the VHL-pFLAG plasmid
(kind gift from Dr. V. Haase, University of
Pennsylvania, Philadelphia, PA). HIF-1 depletion
in epithelial cells was accomplished by using
antisense oligonucleotide loading as described
previously [Caniggia et al., 2000] using phos-
phorothioate derivatives of antisense (5'-GCC
GGC GCC CTC CAT-3) and control sense (5'-
CCT GGA GTG ATG CCT AAT AT-3') oligonu-
cleotides. Transfection of either plasmid or
oligonucleotides was performed using PolyFect
transfection reagent (Qiagen, Hilden, Germany)
and standard protocols. Experiments were
initiated after overnight transfection and media
change. Overexpression of oxygen-stable HIF-
loo was achieved through infection with an
adenovirus (a kind gift from K. Vincent, Genzyme
Corporation) containing a constitutively stable
hybrid form of HIF-1« [Jiang et al., 2002].

Site Directed Mutagenesis

Mutations were performed on a luciferase
reporter plasmid bearing the minimal hypoxia
responsive fragment of the VHL promoter (F11:
—83 to +23 bp in Kuzmin et al. [1995]) using
the QuickChange site-directed mutagenesis
kit (Stratagene, LadJolla, CA) according to the

manufacturers instructions. For the mutation
of the SP-1/AP-1 site, the original sequence
CTCCGCCCCGC (+2 to +12) was altered into
CTAAAACCCGC, a putative HIF-1 site re-
presenting the core consensus sequence (5'-
RCGTG-3'[Wang and Semenza, 1995]) on the
antisense strand was altered from GCACGC
(=6 to +1) to AATCGC. These changes resulted
in destruction of the consensus sequences of the
respective transcription factor without signifi-
cant change for the binding of other putative
transcription factor as determined by computa-
tional simulation using Matinspector (http://
www.genomatix.de).

Luciferase Reporter Assays

Reporter assays were performed using Hela
cells transfected with the respective promoter
construct and exposed to normoxia and hypoxia
as indicated. Luciferase activity was assessed
on a TD20/20 luminometer (Turner Designs,
Fresno, CA) using the dual luciferase assay
system (Promega, Madison, WI). All activity
was normalized with respect to a constituitively
expressed renilla reporter.

Chromatin Immunoprecipitation (ChIP) Assay

Chromatin immunoprecipitation was perform-
ed as previously described [Ramaswamy et al.,
2002] with minor modifications. Hela cells were
grown to confluence, fixed with 1% formalin,
and chromatin isolated, and sheared. Sheared
chromatin was incubated with either anti-HIF-
1o antibody or anit-SP-1 antibody, and immune
complexes were precipitated with Protein G
Sepharose beads. Crosslinking was then re-
versed and DNA was purified using the PCR
purification kit (Qiagen). HIF-binding to VHL
promoter DNA was quantified by standard PCR
using primers (forward: 5'-GCCTCCGTTACA-
ACAGCCTA-3 and reverse: 5-TCTTCAGG-
GCCGTACTCTTC-3) designed to amplify a
265 bp region of the VHL promoter extending
from —142 and 4132 bp with respect to the
initiation start site. Chromatin incubated with
beads without antibody were used to control for
nonspecific binding of DNA.

Data Analysis

Real-time PCR and luciferase reporter data
were compared by two-factor analysis of variance
(ANOVA) or by Student’s ¢-test, where appro-
priate values are expressed as the mean and
S.E.M. from at least three separate experiments.
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RESULTS
HIF-1a Expression Pattern in Prolonged Hypoxia

In initial studies, we sought to define potential
regulatory mechanisms of HIF protein expres-
sion responsible for the observed downregula-
tion of HIF-1a protein with prolonged periods of
hypoxia. As shown in Figure 1A, Western blot
analysis of nuclear lysates derived from two
separate epithelial cell lines (Hela and Cacos)
revealed rapid induction of HIF-la, and a
graded loss of expression with prolonged hy-
poxia (i.e., >24 h), with nearly complete loss of
expression by 48 h.

At present, mechanisms of HIF repression
during hypoxia are incompletely understood.
Therefore, we approached this issue from a
global perspective. First, we determined whether
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Fig. 1. Kinetics of Hypoxia inducible factor (HIF)-1o protein
expression in hypoxia. A: Representative Western blot of nuclear
lysates from Caco, and Hela cell lines subjected to indicated
periods of hypoxia (pO, 20 torr). HIF-1a displays a rapid
induction in early hypoxia and declines with prolonged exposure
to hypoxia. B: Influence of general transcription inhibitor
actinomycin D (ActD) on the repression of HIF-1a in prolonged
hypoxia. Shown here is a representative HIF-1o. Western blot of
nuclear lysates derived from Caco, cells exposed to indicated
periods of hypoxia in the presence and absence of ActD (1 pg/ml).
C: Magnitide of HIF-1a expression during hypoxic precondition-
ing. Represetaive HIF-1a Western blot of nuclear lysates derived
from Caco, cells subjected to a combination of hypoxia (24 h),
reoxygenation (4 h), followed by hypoxia (4 h). Note the decrease
in HIF-1a levels upon exposure to a second period of hypoxia.

HIF repression in prolonged hypoxia was trans-
criptionally regulated. To do this, the expres-
sion pattern of Hela cell HIF-1a protein in late
hypoxia (>8 h) was examined in the presence
and absence of the general transcription inhi-
bitor actinomycin D (1 pg/ml). As shown in
Figure 1B, these studies revealed that at 8 h of
hypoxia, HIF-1a expression was enhanced by
nearly fourfold in the presence of actinomycin
D. Moreover, these studies revealed that the
loss of HIF-1a at 24 h was nearly abolished by
actinomycin D treatment (Fig. 1B). Consistent
with previous reports in Hep3B cells [Iyer et al.,
1998], our analysis in both Hela cells and Cacos
cells have indicated that HIF-1« is not signifi-
cantly controlled on the transcription level by
hypoxia (data not shown), strongly suggesting
that the loss of HIF-1¢ in late hypoxia involves
transcriptional regulation of genes others than
HIF-1o.

We next determined whether protein(s) pro-
duced in late hypoxia are responsible for the
kinetic loss of HIF-1a. To do this, we utilized a
strategy wherein Cacos cells were exposed to
an initial prolonged period of hypoxia (HIF-1a
activation), followed by a period of reoxygena-
tion (to repress HIF-1a expression), followed by
an additional period of hypoxia (HIF-1a reacti-
vation). Our logic being that proteins produced
during hypoxia should limit reactivation of HIF-
1o, with the assumption that these HIF regu-
latory protein(s) are not rapidly degraded with
reoxygenation. As shown in Figure 1C, nuclear
HIF-1o protein was evident after the initial
period of prolonged hypoxia (24 h), and reox-
ygenation (4 h) resulted in a significant loss of
such expression. Reintroduction of such “pre-
conditioned” cells to hypoxia (4 h) resulted in a
significantly attenuated HIF-1la activation
response compared to naive cells exposed to a
similar period of hypoxia (4 h). Such results im-
plicate the induction of HIF repressing pro-
tein(s) during late hypoxia.

Identification of Hypoxia-Inducible VHL

In order to identify candidate genes for the
observed repression of HIF-lo in prolonged
hypoxia, a transcriptional profiling approach
was utilized. Here, mRNA patterns were com-
pared between epithelial cells exposed either to
normoxia or to hypoxia for 6 (standard hypoxia)
and 18 h (late hypoxia). With this analysis, we
sought to identify genes induced in late hypoxia.
Results from this analysis revealed an interest-
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Fig. 2. The von Hippel-Lindau tumor suppressor (VHL) is
induced in late hypoxia. A: Transcriptional profiling of mRNA
derived from T84 cells exposed to normoxia, 6 or 18 h hypoxia
(PO 20 torr). Microarray analysis (n=3 each) was utilized to
profile hypoxia influences on expression of the E3 ubiquitin
ligase genes VHL, cullin 2, elongin B and related genes cullin 1
and elongin A. Only VHL was significantly induced by hypoxia,

ing mRNA expression pattern for members of
the E3 ubiquitin ligase complex of proteins
involved in the degradation of HIF-1a, namely,
VHL, Cullin, and Elongin family members. As
shown in Figure 2A, this screening approach
identified a 9.2 + 1.1-fold induction of the VHL
gene in late hypoxia, with no significant change
with standard hypoxia exposure (1.2 4 0.3-fold
after 6 h of hypoxia). This pattern of VHL induc-
tion was relatively specific, since no significant
changes were evident in the expression of cullin
1, cullin 2, elongin A, or elongin B (Fig. 2A).
These findings make VHL a suitable candidate
as a late hypoxia HIF-1a repression factor both
by virtue of its known involvement in HIF
regulation and because of the parallel dynamics
with the observed downregulation of HIF.

We next confirmed these transcriptional pro-
file results using PCR analysis. As shown in
Figure 2B, standard PCR of mRNA derived from
T84 epithelial cells confirmed VHL hypoxia-
inducibility, particularly, at later periods of
hypoxia (4.3 +0.3 and 3.9+ 1-fold increase at
24 and 48 h, respectively). Real-time PCR
analysis of mRNA derived from Hela cells
subjected to a hypoxia time course revealed an
expression pattern similar to T84 cells, namely,
the significant VHL induction at late periods of
hypoxia (24 and 48 h). Of note, these results
were more obvious in some cell types (e.g.,
epithelia, endothelia) compared to others (leu-
kocyte cell lines such as HL-60).

0 6 24

Hypoxia, hrs

48

andonly at 18 h of hypoxia (where * indicates P < 0.01 compared
to either normoxia of 6 h hypoxia). Induction of VHL (relative to
B-actin) in late hypoxia is further documented by conventional
PCR of mRNA generated from T84 cells (B) and in real-time PCR
of MRNA generated from Hela cells (C) exposed to the indicated
time in hypoxia (where *P=0.05 compared to normoxia).

At the protein level, pVHL induction was
demonstrated by bothimmunofluorescent stain-
ing (Fig. 3A) and by Western blot (Fig. 3D).
Localization of VHL in Hela cells identified a
prominent increase in protein in late hypoxia
(48 h, Fig. 3B) relative to normoxia (Fig. 3A).
In both hypoxia and normoxia, the pVHL
staining pattern was diffuse in the cytoplasm,
with prominent localization in the nucleus.
Western blot analysis revealed this same pat-
tern of induction in late hypoxia (Fig. 3D), with
prominent pVHL expression in both the cyto-
plasmic and nuclear compartments. Taken toge-
ther, such findings identify hypoxia-inducible
pVHL as a relevant member of the E3 ubiquitin
ligase complex of proteins.

Molecular Mechanisms of VHL
Induction by Hypoxia

Previous work identified hypoxia-inducible
pVHL through RhoA-dependent mechanisms
[Turcotte et al., 2004]. Given the parallel findings
of late HIF-1 repression and transcriptional
induction of VHL, we investigated pathways
downstream of RhoA, and the possibility that
the VHL promoter is directly influenced by
hypoxia. To do this, we profiled the influence of
hypoxia in transient transfectants expressing
various length luciferase reporter constructs
(Fig. 4).

These studies revealed substantial baseline
activity and hypoxia inducibility in the full
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Fig. 3. Induction of VHL protein expression in hypoxia. Hela cells were exposed to normoxia (A) or 48 h of
hypoxia (B) and pVHL was localized using immunofluorescence. Increase of overall signal but lack of distinct
changes in expression pattern as both cytoplasmic and nuclear VHL signals are enhanced. C: Isotype
matched antibody control. D: VHL Western blot from Hela cell extracts revealed prominent induction of
VHL protein is seen in both nuclear and cytoplasmic fractions.

length promoter (F1) and in those constructs
retaining the transcriptional start region [i.e., a
3’ truncated (F2) and a 5’ and 3’ truncated (F11)
construct]. While baseline activity was reduced
in the both truncated constructs (Fig. 4A), all
three constructs displayed hypoxia-inducibil-
ity, most prominently in the 106 bp region 5’ and
3’ deletion construct (2+0.1 and 5.6 + 0.4-fold
at 24 and 48 h hypoxia, respectively, P =0.05).
This minimal promoter included the transcrip-
tion start site and the SP-1/AP-1 binding site,
previously characterized as a regulatory ele-
ment for baseline activity [Zatyka et al., 2002].
In close proximity upstream of the transcription
start site, we furthermore identified a potential
HIF-1 binding site. This HIF-1 site is somewhat
atypical as the core consensus sequence (5'-
RCGTG-3') was located on the antisense strand
and lacked the typical ancillary HIF binding
site [Kimura et al., 2001]. Sequence analysis of
this promoter region, including all three tran-
scription factor binding sites (HIF-1, AP-1, and
SP-1) showed evolutionary conservation within
primates (data not shown).

Site directed mutagenesis was used to address
the functional importance of both SP-1/AP-1
and the HIF-1 site in hypoxia-inducibility. For

these purposes, the minimal hypoxia responsive
promoter construct (F11) was used as a tem-
plate. As previously determined [Zatyka et al.,
2002], mutation of the SP-1/AP-1 site resulted
in a marked reduction of baseline activity (to
7+4.4% of the full length promoter activity,
P =0.05). When this construct was exposed to
hypoxic conditions, we observed an increase of
promoter activity greater than what was seen in
the wild type construct (11 + 1.5-fold after 48 h
hypoxia vs. 6 +£0.8-fold in WT, P=0.05), sug-
gesting that the SP-1/AP-1 site might control
the magnitude of hypoxia-inducibility. In con-
trast, functional mutations within the putative
HIF site lead to an almost complete abroga-
tion of the hypoxia response (2 4 0.6-fold in-
crease after 48 h hypoxia, P=n.s. compared to
normoxia), establishing the possibility that the
HIF may regulate VHL hypoxia-inducibility.
Interestingly, this HIF-1 site mutation also-
significantly affected baseline expression (6 +
3.2% of full length promoter activity, P =0.05).

We next determined whether this putative
HRE in the VHL promoter bound HIF-1a. For
these purposes, we utilized chromatin immuno-
precipitation (ChIP) to analyze HIF-1a binding
in live cells. As shown in Figure 4C, ChIP
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Fig. 4. Analysis of hypoxia inducible VHL promoter; role of
HIF-1. A: Map of assayed VHL promoter constructs. Hypoxia
response was targeted to a region central to the transcriptional
startsite asincluded in the full length promoter construct (F1), a5’
truncated construct (F2), and a 3/, 5" truncated minimal promoter
fragment (F11). Within this, minimal promoter was contained a
previously identified SP1/AP1 site and, in close proximity, a
previously unappreciated hypoxia responsive element (HRE).
Baseline activity of each of these deletion constructs was
compared to the full-length promoter. B: Hypoxia response of
F11 VHL promoter construct (F11) compared to HRE mutated

analysis of nuclei derived from Hela cells
exposed to late hypoxia (24 h) revealed a
dominant band of 165 bp in hypoxic, but not
normoxic samples. In contrast, ChIP performed
with an SP-1 antibody produced bands of almost
identical density both in normoxia and hypoxia.
No bands were evident in beads only controls,
and input samples (pre-immunoprecipitation)

construct (F1TAHRE). Results are expressed as mean +S.E.M.
luciferase activity (normalized to Renilla control), where
*indicates P<0.025 compared to normoxia. C: Chromatin
immunoprecipitation (ChIP) from Hela cells subjected to either
normoxia (Nx) or hypoxia (Hx, 24 h). Untreated chromatin
samples show predicted band irrespective of treatment (input),
while negative controls for PCR (PCR Co) and immunoprecipita-
tion (IP Co) remain empty. Samples for immunoprecipitation
were subdivided and incubated with either anti-SP-1 or anti-HIF-
1o antibodies.

revealed the predictable 265 bp band equally
under conditions of hypoxia and normoxia. Such
results indicate that hypoxia induces HIF-1a
binding to the VHL promoter region within
—142 to +132 bp relative to the primary site of
VHL transcription initiation, while suggesting
that SP-1 binding to the VHL promoter is
independent of hypoxia.
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Role of HIF-1« in Hypoxia Inducible VHL

To verify the significance of HIF-1o for VHL
promoter control, we next depleted cells of HIF-
1 using antisense oligonucleotides, a condition
we have previously shown to decrease HIF-1a
protein expression by greater than 60% [Furuta
et al., 2001; Synnestvedt et al., 2002]. With this
approach, we were able to attenuate the hypoxia
response both on the VHL-promoter construct
(by 48 +14.0% at 48 h hypoxia, P < 0.05 com-
pared to sense control) and in a HRE-reporter
construct (by 50+3.9% after 48 h hypoxia,
P < 0.05 compared to sense control), which we
used as positive control. HIF-1o antisense oligo-
nucleotides did not influence promoter activity
in normoxia (P =not significant compared to
sense control).

Additional insight was gained by over-expres-
sion of oxygen-stable HIF-1a in normoxia. For
these purposes, we transduced Hela cells with
an adenovirus bearing a constitutively active
HIF-1a [Jiang et al., 2002]. As shown in Figure 5B,
adenovirus expressing HIF-1o readily activated
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Fig. 5. Role of HIF-1 in VHL induction. A: Influence of HIF-1a
antisense on VHL promoter activity. Hela cells were loaded with
either HIF-1o antisense or HIF-Ta sense oligonulceotides,
transfected with VHL F11 luciferase constructs, exposed to
indicated periods of hypoxia and assayed foe luciferase activity.
Results are presented as percent antisense inhibition +S.E.M.
(relative to sense oligonucleotides), where * indicates P=0.025
compared to normoxia. As a control positive for hypoxia, a
parallel set of cells were transfected with a luciferase construct
containing four tandem HIF binding sites of the EPO promoter
(HRE). B: Assay of VHL promoter (F11 construct) activity with
oxygen-stable HIF-1o.. Forced overexpression of oxygen-stable

both the VHL promoter and the HRE construct
in normoxia (3+0.6 and 4 £ 0.8-fold increase,
respectively, P < 0.025 compared to empty virus
controls). Such results provide strong evidence
that HIF-1a critically controls hypoxia-inducible
VHL.
Influence of Increased pVHL in
Functional HIF-1« Transactivation

As afinal series of experiments, we examined
whether increased levels of VHL protein might
influence HIF-1a transactivation, and thereby
function as a control point for HIF-1a signaling.
To do this, we cotransfected Hela cells with a
full-length VHL expression vector (VHL-pFLAG)
and HRE reporter plasmid, and exposed cells for
48 h of hypoxia (based on our above findings
with late hypoxia). As shown in Figure 5C,
transfection with increasing plasmid concen-
trations resulted in dose dependent repression
of HIF-1a transactivation, as determined by
HRE luciferase activity (maximum reduction of
hypoxia response 54.2 +9.8% for lug/rx VHL-
pFLAG, P=0.05).

— *

Relative HIF activity

T 1

F11  HRE 1 05 0.1 cCtl
Construct pVHL, ug
Plasmid

HIF-1o was achieved using an adenovirus expressing constitu-
tively active HIF-Ta.. Results are presented as fold-increase in
activity = S.E.M. (relative to empty virus), where * indicates
P=0.05 compared to PGL3. Empty PGL3 was used as a negative
control and the HRE construct was used as a positive control for
hypoxia. C: Influence of forced VHL expression on HRE activity.
Hela cells were co-transfected with HRE (1 pg) and with
indicated amounts of plasmid expressing full-length VHL and
subjected to hypoxia. Results are presented as HRE activity +
S.E.M. (relative to mock transfected control), where * indicates
P=0.05 vs. control treated.
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DISCUSSION

Hypoxia is a common physiologic and patho-
physiologic occurrence. The rapid induction of
the HIF constitutes a critical control point for
adaptation to hypoxia at many levels. Conver-
sely, uncontrolled expression of HIF-regulated
genes is central to the development of a plethora
of pathological states. For this reason, an under-
standing of mechanisms for HIF repression
during ongoing hypoxia are important to under-
stand the dynamics of appropriate hypoxia
transcriptional responses. Our findings here
contribute to the evolving understanding of HIF
biology, and identify hypoxia-induced VHL as a
compensatory mechanism to repress HIF activ-
ity in late periods of hypoxia.

Since many hypoxia responses consist of
persistent, prolonged periods of low oxygen
availability, initial studies were done to identify
the dynamic range of HIF-1o protein stability in
early and late hypoxia. Consistent with pre-
vious observations [Wang and Semenza, 1995;
Stroka et al., 2001], HIF is rapidly activated,
and gradually diminishes during prolonged
exposure to hypoxia. Subsequent studies shed
some light on potential mechanisms of HIF
repression in late periods of hypoxia. First,
actinomycin D significantly blocked HIF repres-
sion in late hypoxia, implicating the necessity
for new transcriptional activity for such HIF
repression. Our own analysis revealed no
measurable change in HIF-1lo mRNA levels
under these conditions, suggesting that tran-
scriptional changes in HIF-1a by hypoxia do not
account for this finding. Second, a hypoxia/
reoxygenation model addressing the expression
of potential HIF regulatory protein(s) predicted
an oxygen-stable HIF repressor produced late
in the hypoxia response, likely requiring the
initial period of hypoxia for induction of this
repressor activty. Third, microarray analysis
examining transcripts regulated in late hypoxia
(i.e., >18 h) revealed an interesting profile for
members of the E3 ubiquitin ligase complex
necessary for the degradation of HIF-1q,
namely, VHL, Cullin 2, Elongin B, and related
proteins. This screen identified a profound and
selective induction of VHL during late periods
of hypoxia.

Oxygen availability influences multiple steps
in HIF activation, leading to the control of HIF
protein levels [Schofield and Ratcliffe, 2004].
However, one of the persistent issues related

to the pVHL/HIF interaction remains as to
why the loss of VHL function in vivo results in
complete and persistent activation of HIF
[Iliopoulos et al., 1996], which implicates pVHL
as unifying regulator of HIF activity. In support
of this hypothesis, we demonstrate that tran-
sient transfection of wild-type VHL results in a
concentration-dependent loss of functional HIF
activity under hypoxic conditions. It is well
established that pVHL critically regulates HIF
expression through post-translational modi-
fication of its alpha subunit [Ohh et al., 1998;
Maxwell et al., 1999; Cockman et al., 2000].
Current views maintain that this pVHL/HIF
interaction occurs dependent on the availabi-
lity of hydroxylated HIF-a, though it is not
clearly to what extent cellular levels of pVHL
and prolyl hydroxylase contriubute to the rate
limiting aspects of this reaction. Interestingly
though, recent data suggest that the prolyl-
hydroxylases are themselves induced in hypoxia
through, at least in part, HIF dependent mecha-
nisms [Cioffi et al., 2003; D’Angelo et al., 2003;
Marxsen et al., 2004]. Such an induction could
counteract the otherwise low binding efficiency
these enzymes have for oxygen [Schofield and
Ratcliffe, 2004]. In this regard, prolonged
hypoxia and the low K, of mitochondrial
cytochrome c oxidase for oxygen (relative to
the proly-hydroxylases) should keep the enzyme
inactive, and thus HIF dehydroxylated. If,
however, respiration decreases in prolonged
hypoxia (e.g., through increased production of
NO via HIF-1-dependent induction of iNOS),
there may, in fact, be an increase in available
oxygen due to decreased oxygen consumption.
Under such circumstances, NO could facilitate
the degradation of HIF-1 in hypoxia. This would
likely be due to redistribution of intracellular
oxygen by the evolving mechanism of NO-
inhibited respiration [Hagen et al., 2003]. In
support of this hypothesis, subsets of our own
experiments have indicated that NO produc-
tion (as measured by nitrite intermediates)
increases with increasing time in hypoxia (data
not shown), particularly, when assessing endo-
thelial cells. In this regard, it is likely that
highly vascularlized tissues (i.e., more NO
generation) may be relatively more influenc-
ed by this response than less vascularlized
tissues in vivo. Further studies will be neces-
sary to determine the exact contribution of
NO to limitation of HIF activation in prolonged
hypoxia.
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Conversely, pVHL is shown to be highly
involved as a checkpoint of HIF-transcriptional
activity. In addition to regulating coactivator
recruitment [Lando et al., 2002a,b], the aspar-
aginyl hydroxylase, factor inhibiting HIF-1
(FIH-1), forms a ternary complex containing
HIF-1o and VHL, which results to the recruit-
ment of histone deacetylases 1—3 [Mahon et al.,
2001] and ensuing transcriptional repression.
It has yet to be determined whether oxygen-
dependent interaction of HIF-lo and VHL is
required for recruitment of FIH-1. Further-
more, other mechanisms of transcriptional
repression involving pVHL have also become
evident. For example, pVHL recruits a KRAB-A
domain protein termed VHLaK in conjunction
with the known enhancer of transcriptional
repression KAP1/TTF-1f to inhibit HIF-1 trans-
activation [Li et al., 2003] and interacts directly
with SP-1 to inhibit, e.g., VEGF promoter
activity [Mukhopadhyay et al., 1997] thereby
providing additional levels of regulation. While
our data strongly suggest that hypoxia depen-
dent induction of VHL serves as a negative
feedback for HIF activation, we did not address
the specific mechanisms involved nor whether
the effect of VHL induction is restricted on HIF
regulation. As such, a number of VHL target
genes have been identified [Wykoff et al., 2000],
the majority are not regulated by oxygen levels.

This complex involvement of VHL in HIF
signaling suggests the existence of regulatory
mechanisms that ensure a balance between the
necessary HIF activation needed for adaptive
responses and HIF repression to prevent auto-
nomous growth. In this regard, it has been
previously hypothesized that pVHL and HIF-1
form a degradation-transactivation loop similar
to p53 and Mdm-2 [Blagosklonny, 2001], yet,
to date, little is known about the regulation
of VHL to answer this question conclusively.
We show here multiple levels of evidence to
demonstrate that VHL is a HIF target gene.
These data including increased promoter activ-
ity in hypoxia, direct HIF-10 binding to the VHL
promoter, a loss of activity with site-directed
mutagenesis, and both loss and gain of VHL
expression proportional to HIF-1a expression
levels. Such findings extend recent work indi-
cating pVHL regulation by hypoxia involving
RhoA, and to a lesser extent c-Jun and p38 MAP
kinases [Turcotte et al., 2004]. Taken together,
these results provide an intriguing model,
whereby HIF-1a self-regulates expression

through the VHL intermediate, similar to the
currently accepted model of I-«B/NF-kB [D’Angio
and Finkelstein, 2000].

A lingering question is what controls the
late hypoxia expression pattern(s) of VHL?
We consistently observed VHL induction by
sustained hypoxia, showing a characteristic
late induction both at the mRNA and protein
level. These observations are similar to previous
work indicating the induction of VHL in high
density cell culture [Baba et al., 2001], a condi-
tion that is known to induce HIF-1 likely due to
the development of a hypoxic microenviron-
ment [Shetaetal.,2001]. In contrast, Berraet al.
[2001] suggested that decreased HIF-1a stabi-
lity by hypoxic preconditioning was not likely
due to induction of VHL following exposure to
hypoxia. These differences are likely explained
by their relatively short period of hypoxic
stimulation (8 h) compared to our characteristi-
cally late hypoxia response (>24 h). Nonetheless,
such observations allow for the existence of
VHL-independent mechanisms that influence
HIF stability (e.g., HIF-1 dependent induction of
the prolyl-hydroxylases [Marxsen et al., 2004]),
whose time frame overlaps more readily the
observation of Berra et al. [2001]. This late
induction of VHL is, indeed, somewhat surpris-
ing as our data shows that the transcriptional
regulator of this induction is HIF-1, a transcrip-
tion factor that otherwise regulates a rapid
response in target genes. In this context, it is of
note that the HIF-1 site in close geographical
association with a previously established Sp-1
site. The fact that mutation of the Sp-1 site
enhanced the hypoxic induction of VHL promo-
ter activity suggests the possibility for func-
tional crosstalk between HIF-1 and Sp-1, where
Sp-1 regulates baseline activity of VHL while
also limiting the hypoxic response. At this point,
the nature of this crosstalk is unclear and may
depend either on Sp-1 blocking of the HIF-1 site
itself due to the close proximity of both sites
or heterotypic interactions between Sp-1 and
HIF-1 that are known to take place between Sp-
1 and other transcription factors [Suske, 1999].
Alternatively, AP-1 could play an important
role in such regulation, particularly, since AP-1
has been shown to cooperate with HIF-1 in the
regulation of the VEGF and Cap43 genes in
hypoxia [Salnikow et al., 2002].

Taken together, the work presented here
supports a negative feedback loop via HIF-
dependent VHL induction. The finding that
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HIF-1a self-regulation constitutes a novel dy-
namic aspect of the interplay between adaptive
gene expression in hypoxia and prevention of
autonomous growth. While distinct mechan-
isms still need clarification, our work provides
a critical link previously postulated by Blago-
sklonny [Blagosklonny, 2001] essential to the
understanding of the relationship between HIF
and VHL.
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