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Patients with germ line mutations in the VHL tumor suppressor gene are predisposed to the development of
highly vascularized tumors within multiple tissues. Loss of pVHL results in constitutive activation of the
transcription factors HIF-1 and HIF-2, whose relative contributions to the pathogenesis of the VHL phenotype
have yet to be defined. In order to examine the role of HIF in von Hippel-Lindau (VHL)-associated vascular
tumorigenesis, we utilized Cre-loxP-mediated recombination to inactivate hypoxia-inducible factor-1� (Hif-1�)
and arylhydrocarbon receptor nuclear translocator (Arnt) genes in a VHL mouse model of cavernous liver
hemangiomas and polycythemia. Deletion of Hif-1� did not affect the development of vascular tumors and
polycythemia, nor did it suppress the increased expression of vascular endothelial growth factor (Vegf) and
erythropoietin (Epo). In contrast, phosphoglycerokinase (Pgk) expression was substantially decreased, pro-
viding evidence for target gene-dependent functional redundancy between different Hif transcription factors.
Inactivation of Arnt completely suppressed the development of hemangiomas, polycythemia, and Hif-induced
gene expression. Here, we demonstrate genetically that the development of VHL-associated vascular tumors in
the liver depends on functional ARNT. Furthermore, we provide evidence that individual HIF transcription
factors may play distinct roles in the development of specific VHL disease manifestations.

Germ line mutations in the VHL tumor suppressor gene
result in von Hippel-Lindau (VHL) disease, a familial tumor
syndrome that predisposes affected patients to the develop-
ment of highly vascularized neoplasms. These include heman-
gioblastomas of the retina and central nervous system (CNS),
renal-cell carcinomas (RCC) of the clear-cell type, and endo-
crine and exocrine pancreatic tumors, as well as pheochromo-
cytomas (34). In addition, VHL has also been found to be
inactivated in the majority of sporadic RCC (8, 13).

VHL deficiency leads to constitutive activation of hypoxia-
inducible factor (HIF) and increased expression of its target
genes irrespective of the oxygen concentration (38). The VHL
gene product (pVHL), together with elongins B and C (6, 25),
Cullin-2 (43), and Rbx1 (23), forms an E3 ubiquitin ligase (19),
which targets the hydroxylated, oxygen-sensitive � subunits of
HIF-1, -2, and -3 for ubiquitination and subsequent degrada-
tion by the 26S proteasome (18, 20, 39). As a normal physio-
logical response to hypoxia, HIF-1 and HIF-2 facilitate both
oxygen delivery and adaptation to oxygen deprivation by reg-
ulating genes that are involved in glucose uptake and metab-
olism, angiogenesis, erythropoiesis, cell proliferation, and ap-
optosis (50, 62). HIFs belong to the PAS (Per-Arnt-Sim)
family of basic helix-loop-helix (bHLH) transcription factors
that bind to DNA as heterodimers composed of an oxygen-

sensitive � subunit and a constitutively expressed � subunit,
also known as the arylhydrocarbon receptor nuclear transloca-
tor (ARNT). ARNT is the general binding partner for the
bHLH/PAS domain-containing proteins. In addition to form-
ing heterocomplexes with HIF, ARNT also heterodimerizes
with single minded (SIM), which is involved in neural devel-
opment, and with the arylhydrocarbon receptor (AhR), which
is involved in the xenobiotic response to environmental toxins
(for a review, see reference 24).

The expression patterns of the HIF subunits differ within
embryonic and adult tissues. In the adult, Hif-1� mRNA is
ubiquitously expressed, and Hif-1� protein can be detected at
baseline levels within multiple cell types in various tissues un-
der normoxia and is significantly enhanced under conditions of
hypoxia (55). In contrast, while Hif-2� mRNA expression has
been detected within many tissues, Hif-2� protein has been
found to be restricted to specific cell types within various tis-
sues. In addition to being expressed in endothelial cells, Hif-2�
is also expressed in glial cells of the brain, type II pneumocytes
of the lung, cardiomyocytes, fibroblasts of the kidney, intersi-
tial cells of the pancreas and duodenum, and hepatocytes (26,
63). Arnt expression is ubiquitous, and it seems to be the only
Hif-� subunit present in the liver (21).

pVHL appears to have multiple functions besides regulating
HIF, and its contributions to the development of VHL-asso-
ciated tumors are presently subject to intense investigations.
As a result of these efforts, it has been shown that pVHL plays
an important role in fibronectin extracellular-matrix assembly
(41) and microtubule stabilization (12). The importance of
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proper pVHL function during development and in the adult is
illustrated by the fact that homozygous deletion of the murine
Vhl gene (Vhlh) results in embryonic lethality. Mice homozy-
gously deficient in Vhlh die in utero between embryonic days
10.5 and 12 due to a defect in embryonic vasculogenesis of the
placenta (9). We and others have previously shown that mice
with a heterozygous germ line deletion of Vhlh have a predis-
position to develop cavernous hemangiomas of the liver (10,
32). These hepatic vascular tumors display some of the histo-
logical features observed in VHL hemangioblastomas, which
can also be found at low frequency in the livers of patients with
VHL disease (10). Tissue-specific deletion of floxed Vhlh via
Albumin-Cre mediated recombination in hepatocytes recapit-
ulated the vascular phenotype found in Vhlh heterozygotes and
suggested that loss of pVhl function in hepatocytes was respon-
sible for the development of vascular tumors (10).

In order to examine the role of HIF in the development of
VHL-associated vascular tumors, we utilized Cre-loxP-medi-
ated recombination to inactivate either Hif-1� or Arnt in Vhlh-
deficient hepatocytes. In this report, we show that loss of Arnt
is sufficient to suppress the development of liver hemangiomas
and erythrocytosis in Vhlh mutant mice, while loss of Hif-1� is
not. We also provide evidence that in regard to HIF-regulated
gene expression, target gene-dependent functional redundancy
exists between different HIF homologues. Based on our data,
we propose that in patients, the development of VHL-associ-
ated hemangiomas is mediated by increased HIF transcrip-
tional activity and that the different HIF homologues may play
distinct roles in the development of certain clinical features
associated with VHL disease.

MATERIALS AND METHODS

Generation and genotyping of mice. The generation of mice carrying the Vhlh,
Hif-1� 2-lox, and Arnt 3-lox alleles and the Albumin-Cre transgenes has been
described (10, 45, 48). Phosphoenolpyruvate carboxykinase-Cre (PEPCK-Cre)
transgenic mice were generated by targeted single-copy transgenesis in embry-
onic stem cells (Rankin and Haase, unpublished data). Mutant mice were in a
mixed genetic background (BALB/c, 129Sv/J, and C57BL/6). All procedures
involving mice were performed in accordance with the National Institutes of
Health guidelines for the use and care of live animals and were approved by the
University of Pennsylvania Institutional Animal Care and Use Committee.

The following primers were used to detect 2-lox, 1-lox, and wild-type alleles of
Vhlh: FwdI (5�-CTGGTACCCACGAAACTGTC-3�), FwdII (5�-CTAGGCACC
GAGCTTAGAGGTTTGCG-3�), and Rev (5�-CTGACTTCCACTGATGCTT
GTCACAG-3�). The Vhlh 2-lox allele was identified by the 460-bp band, the 1-lox
allele was identified by a 260-bp band, and the wild-type allele was identified as
a 290-bp band. The Hif1-� 2-lox, 1-lox, and wild-type alleles were detected with
the following primers: FwdI (5�-TTGGGGATGAAAACATCTGC-3�), FwdII
(5�-GCAGTTAAGAGCACTAGTTG-3�), and Rev (5�-GGAGCTATCTCTCT
AGACC-3�). The Hif-1� 1-lox allele was identified as a 270-bp band, the 2-lox
allele was identified as a 260-bp band, and the wild-type allele was identified as
a 240-bp band. The Arnt 3-lox, 1-lox, and wild-type alleles were identified with the
following primers: Fwd (5�-GCAACTTTGACAAGGCAGCATTTA-3�), RevI
(5�-GGCAGGGGGAATCTCTGAGTTCT-3�), and RevII (5�-ACACCCTTCT
TTCACTTCACAG-3�). The 1-lox allele band was identified as a 400-bp band,
the 3-lox allele was identified as a 174 bp, and the wild-type allele was identified
as a 140-bp band.

DNA and RNA isolation. Mouse tail DNA was isolated according to the
method of Laird et al. (31) and was used for genomic PCR. DNA and RNA from
mouse livers were isolated using Trizol reagent (Invitrogen) according to the
manufacturer’s guidelines.

Protein preparation and immunoblot analysis. Cytoplasmic and nuclear pro-
tein fractions were isolated using the protocol described by Camenisch et al. (1).
Mouse liver was homogenized and lysed in buffer A. Cytoplasmic protein frac-
tions were collected, and nuclei were lysed in buffer C to obtain nuclear protein

extracts. Nuclear proteins were then dialyzed twice for 2 h each time at 4°C in
buffer D. Protein concentrations were determined using the Bio-Rad Protein
Assay. Twenty micrograms of each protein extract was size separated by 3 to 8%
gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Invitrogen)
and transferred to nitrocellulose membranes (Amersham Pharmacia Biotech).
The membranes were stained with Ponceau S solution (Sigma) to determine
equal protein loading. After being blocked in 10% nonfat dry milk (Carnation)–
Tris-buffered saline–Tween 20 solution, the blots were incubated with 5% nonfat
dry milk–Tris-buffered saline–Tween 20 solutions containing rabbit anti-mouse
Hif-2� (raised against amino acids 580 to 693) or monoclonal Hif-1� (Novus
Biologicals). The blots were then washed and incubated with horseradish per-
oxidase-conjugated goat anti-rabbit (Bio-Rad Laboratories) or sheep anti-mouse
(Amersham Pharmacia Biotech) secondary antibodies according to the manu-
facturers’ instructions. Enhanced chemiluminescence reagents obtained from
Amersham Pharmacia Biotech were used as a detection system according to the
manufacturer’s instructions. Blots were stripped in a 2� 7 M guanidine HCl–50
mM Tris-HCl (pH 7.4) solution for 30 min at room temperature, followed by a
1� solution for 30 min, before being blocked and reprobed.

Gel shift. Nuclear proteins were isolated, and an electrophoretic mobility shift
assay (EMSA) was performed using the erythropoietin (Epo) hypoxia response
element (HRE) as previously described (1). The Epo sense oligonucleotide
5�-GCCCTACGTGCTGTCTCACACAGC-3� was annealed to the antisense oli-
gonucleotide 5�-GCTGTGTGAACAGCACGTA-3� in 1� annealing buffer con-
taining 10 mM Tris-Cl (pH 7.8) and 50 mM NaCl by heating them to 95°C for 3
min and slowly cooling them to room temperature. Similarly, the AP-1 compet-
itor sense (5�-TTCCGGCTGACTCATCAAGCG-3�) and antisense (5�-CGCTT
GATGAGTCAGCCGGAA-3�) oligonucleotides were annealed together. The
annealed Epo oligonucleotides were then labeled with 50 �Ci of �-dCTP and
�-dGTP (Amersham) using Klenow (Promega). The labeled oligonucleotides
were then run through a G-50 microcolumn (Amersham), counted on a scintil-
lation counter, and diluted to 30,000 cpm/�l in Tris-EDTA buffer. Protein bind-
ing reactions and electrophoresis were performed as previously described (Ca-
menisch et al. [1]). Supershift reactions were performed using either monoclonal
Hif-1� (Novus Biologicals) or monoclonal Hif-2� (Novus Biologicals) antibody
and were incubated with the protein AP-1 (activator protein 1) competitor
oligonucleotide and probe for 2 h at 4°C prior to electrophoresis.

Blood and histological analysis. For the determination of the blood hemoglo-
bin (Hgb) concentration and red blood cell (RBC) numbers, blood was collected
and analyzed with a Hemavet 1500 CBC analyzer (CDC Technologies). For
histological analysis, tissues were fixed in 10% phosphate-buffered formalin over-
night at 4°C and processed for routine embedding in paraffin. Sections of 6-�m
thickness were stained with hematoxylin and eosin using standard staining pro-
cedures. LacZ staining was performed on tissue sections frozen in optical cutting
temperature (OCT; Tissue-Tek) according to the method of MacGregor et al.
(33).

Reverse transcription-PCR. cDNA was synthesized from 4 �g of DNase
(Invitrogen)-treated RNA isolated from mouse liver using the SuperScript first-
strand synthesis system for reverse transcription-PCR (Invitrogen). One micro-
liter of cDNA was subjected to PCR amplification using either SYBR GREEN
PCR Master Mix or Taqman Universal PCR Master Mix (Applied Biosystems).
The following primer and probe sets were used to amplify specific target genes:
SYBR GREEN primers, Vhlh (Fwd, 5�-GCCTATTTTTGCCAACATCACA-3�;
Rev, 5�-TCATTCTCTCTATGTGCTGGCTTT-3�), Hif-1� (Fwd, 5�-CAAGAT
CTCGGCGAAGCAA-3�; Rev, 5�-GGTGAGCCTCATAACAGAAGCTTT-
3�), Hif-2�, Fwd (5�-CAACCTGCAGCCTCAGTGTATC-3�; Rev, 5�-CACCAC
GTCGTTCTTCTCGAT-3�), VegfA (Fwd, 5�-CCACGTCAGAGAGCAACAT
CA-3�; Rev, 5�-TCATTCTCTCTATGTGCTGGCTTT-3�), Epo (Fwd, 5�-CATC
TGCGACAGTCGAGTTCTG-3�; Rev, 5�-CACAACCCATCGTGACATTTT
C-3�), Bnip3 (Fwd, 5�-GACGAAGTAGCTCCAAGAGTTCTCA-3�; Rev, 5�-C
TATTTCAGCTCTGTTGGTATCTTGTG-3�), Pgk (Fwd, 5�-GGAAGCGGGT
CGTGATGA-3�; Rev, 5�-GCCTTGATCCTTTGGTTGTTTG-3�; Taqman
primers and probes, 18S (Human 18S rRNA Taqman set [Applied Biosystems]),
Arnt (Fwd, 5�-CGAAAACCAGACAAGCTAACCA-3�; Rev, 5�-TGTTGCCAG
TTCCCCTCAAG-3�; Probe, 5�-CTTACGCATGGCCGTTTCTCACATGAA-
3�). PCR amplification was performed on the Prism 7700 Sequence Detection
System (Applied Biosystems). The thermal-cycling profile used was denaturation
at 50°C for 2 min and 95°C for 10 min, followed by cycles of denaturation at 95°C
for 15 s and 60°C for 1 min. 18S was used to normalize mRNA. Relative
quantitation of mRNA expression levels was determined using the relative stan-
dard curve method according to the manufacturer’s instructions (Applied Bio-
systems).

Statistical analysis. For statistical analysis and comparison of numbers of liver
hemangiomas in Vhlh and Vhlh/Hif-1� mutant mice, the chi-square test was
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performed. For statistical analysis of gene expression data, red blood cell num-
bers, and hemoglobin concentrations, analysis of variance, followed by the un-
paired Student’s t test, was performed. P values of �0.05 were considered
statistically significant.

RESULTS

Efficient deletion of Hif-1� and Arnt in Vhlh-deficient hepa-
tocytes. We have previously reported that mice that are het-
erozygously deficient for Vhlh are predisposed to develop cav-
ernous hemangiomas of the liver with high phenotypical
penetrance at old age (10). Vascular lesions can be reproduced
by Cre-mediated recombination of a Vhlh conditional allele
(2-lox allele) in hepatocytes (10). To examine the requirement
for HIF in VHL-associated vascular tumorigenesis, we used
two Cre-transgenic lines, Albumin-Cre (45) and PEPCK-Cre,
to inactivate both Vhlh and Hif-1� or Vhlh and Arnt in hepa-
tocytes. In the Vhlh conditional allele, deletion of exon 1 and
the promoter by Cre-mediated recombination results in a Vhlh
null allele (1-lox allele) (Fig. 1A) (10). In the Hif-1� and Arnt
conditional alleles, Hif-1� exon 2 and Arnt exon 6, which both
encode the bHLH domain, undergo Cre-mediated out-of-
frame deletion, resulting in the absence of Hif-1� or Arnt (Fig.
1A) (48, 60). Inactivation of Hif-1� results in the inability to
form functional Hif-1, while it does not affect the formation of
Hif-2 heterocomplexes (48, 53), whereas inactivation of Arnt
prevents the formation of functional Hif-1 and Hif-2, but not
nuclear translocation of Hif-� homologues (2).

It has been reported that Albumin-Cre is active in �80% of
hepatocytes and recombines floxed alleles with high efficiency
(45). High-efficiency gene deletion in Albumin-Cre mutants
(Vhlh2lox/2lox, Hif-1�2lox/2lox; Albumin-Cre or Vhlh32lox/2lox,
Arnt3lox/3lox; Albumin-Cre [referred to hereafter as Albumin-
Vhlh/Hif-1� or Albumin-Vhlh/Arnt double mutants]) is shown
in Fig. 1B and is consistent with previously reported findings
(10). Since Albumin-Cre-mediated inactivation of Vhlh results
in relatively complex liver pathology, which includes an in-
crease in nonhepatocyte cell types, such as endothelial cells
(10), genomic PCR of DNA isolated from whole livers most
likely underestimates recombination efficiency in Albumin-
Vhlh and Vhlh/Hif-1� livers. Recombination efficiency is there-
fore best assessed in Vhlh/Arnt double mutants, which have
histologically normal livers (Fig. 1B; also see Fig. 3). Due to
the high degree of Cre-mediated recombination in these mice,
Albumin-Cre mutant mice were used for gene expression stud-
ies. Albumin-Cre-mediated targeting of Vhlh results in severe
hepatic steatosis (neutral fat accumulation in hepatocytes) and
angiectasis. Mutant mice died at an early age (10), thus pre-
cluding long-term studies of adult mice.

In contrast to Albumin-Cre mutants, PEPCK-Cre Vhlh mu-
tants lived to at least 15 months of age and developed cavern-
ous liver hemangiomas (Fig. 2A). In the PEPCK-Cre transgene
Cre-recombinase is under the control of the rat PEPCK pro-
moter (42). The PEPCK-Cre transgene was generated by tar-
geted single-copy transgenesis in embryonic stem cells and is

FIG. 1. Generation of mice deficient for Vhlh, Vhlh/Hif-1�, and Vhlh/Arnt in hepatocytes. (A) Genomic maps for the targeted Vhlh 2-lox, Hif-1�
2-lox, and Arnt 3-lox alleles. Exons are depicted as rectangular boxes with the loxP floxed exon numbered. loxP sites are represented by black
triangles. The locations of primers used for genomic PCR are shown with colored arrows. All three primers were used in a single PCR to specifically
amplify the nonrecombined conditional allele (2-lox) or wild type with the red and black primers and the recombined allele (1-lox) with the blue
and black primers. Genomic maps are not complete or drawn to scale. Abbreviations: neo, neomycin selection marker; H, HindIII; N, NcoI; E,
EcoRI; P, PstI; Bgl, BglII. (B) Genotype analysis of Albumin-Cre mutant mice by genomic PCR. Abbreviations: 2, 2-lox; 3, 3-lox; �, wild type (wt)
(� for Alb-Cre indicates the presence of the Albumin-Cre transgene); T, tail; L, liver. (C) Genotype analysis of PEPCK-Cre mutant mice by
genomic PCR. (D) Qualitative analysis of PEPCK-Cre expression in the liver. LacZ staining of a liver section collected from a male PEPCK-Cre
mouse crossed with the ROSA26 LacZ reporter mouse (52). Blue staining indicates hepatocytes that have undergone Cre-mediated recombination.
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located on the X chromosome upstream of the hypoxanthine-
phosphoribosyltransferase (Hprt) gene (E. B. Rankin and
V. H. Haase, unpublished data). Since PEPCK-Cre is located
on the X chromosome, it is most likely subject to random X
chromosome inactivation (for a review, see reference 4); we
observed variable recombination efficiency in female mice that
were heterozygous for the transgene (data not shown). In or-
der to reduce experimental variability, the majority of mice
used for analysis of the PEPCK mutant phenotype were male
mice.

To determine the requirement for Hif-1� and Arnt in the
development of VHL-associated liver hemangiomas, we gen-
erated mice that were made double deficient for either Vhlh
and Hif-1� or Vhlh and Arnt by PEPCK-Cre-mediated recom-
bination. For this purpose, PEPCK-Cre transgenic mice were
bred to mice that were homozygous for either Vhlh (10) and
Hif-1� (48) or Vhlh and Arnt (60) conditional alleles to gener-
ate double-mutant mice: Vhlh2lox/2lox, Hif-1�2lox/2lox; PEPCK-
Cre or Vhlh2lox/2lox, Arnt3lox/3lox; PEPCK-Cre (hereafter referred
to as either PEPCK-Vhlh/Hif-1� or PEPCK-Vhlh/Arnt double
mutants). PEPCK-Cre-mediated recombination efficiency was
examined by genomic PCR and with the ROSA26 LacZ re-
porter (Fig. 1C and D) (52). Consistent with the expression
pattern of the endogenous gene (42), PEPCK-Cre was found
to be active in 	20 to 30% of hepatocytes. Genomic PCR
results were found to be comparable with the results from the
ROSA26 Cre reporter study (Fig. 1C and D).

Inactivation of Arnt is required to suppress the development
of liver hemangiomas in Vhlh mutants. To determine the re-
quirement for Hif-1� and Arnt in the development of liver
hemangiomas, we examined the livers of PEPCK-Vhlh/Hif-1�
and PEPCK-Vhlh/Arnt double-mutant mice macroscopically
and histologically. Mice were divided into two age groups, 2 to
6 months of age (group 1) and �6 months of age (group 2).
The oldest mice analyzed were 15 months of age. We observed
that, similar to PEPCK-Vhlh mutants, 6 of 17 Vhlh/Hif-1� dou-
ble mutants developed large cavernous hemangiomas com-

pared to 5 of 17 PEPCK-Vhlh mutants, resulting in no signif-
icant difference in the number of hemangiomas that developed
between the two mutants, as determined by the chi-square test
(P 
 0.71) (Fig. 2A and B). Although the number of large
cavernous hemangiomas per individual liver was usually lim-
ited to �5, we observed focal microscopic changes throughout
the liver that were similar to those previously reported for Vhlh
heterozygotes and Albumin-Cre mutants (10). Typically, those
microscopic vascular lesions consisted of hepatocellular steato-
sis, angiectasis, and endothelial cell proliferation (Fig. 3). The
frequencies of mice that exhibited only focal microscopic le-
sions were similar for the Vhlh single mutant (8 of 17) and for
the Vhlh/Hif-1� double mutant (6 of 17). Strikingly, we did not
observe any of the same lesions (microscopic or macroscopic)
in PEPCK-Vhlh/Arnt livers, which at an early age were histo-
logically identical to control livers (Fig. 2B). Moderate steato-
sis without angiectasis or cellular proliferation was found in
Vhlh/Arnt double mutants (three of nine) at older ages (�9
months), which may be a result of the inability to form Hif-2
heterodimers, as hepatic steatosis has been reported in Hif-2�
germ line knockout mice (49).

Similar to PEPCK mutants, Albumin-Vhlh single mutants
did not differ significantly from Albumin-Vhlh/Hif-1� double
mutants and developed severe hepatic steatosis associated with
angiectasis and endothelial cell proliferation, as previously re-
ported (10). Albumin-Vhlh/Arnt double mutants appeared his-
tologically normal at the age used for this study (4 to 6 weeks
of age) (Fig. 3). We conclude from our data that the inability
to generate transcriptionally active Hif-1 is not sufficient to
prevent the development of VHL-associated vascular tumors
and that inactivation of Arnt is sufficient to suppress the VHL
phenotype in mice.

Inactivation of Hif-1� is not sufficient to suppress the de-
velopment of VHL-associated polycythemia. A subset of VHL
patients with renal cell carcinoma and capillary hemangioblas-
tomas develop polycythemia, which correlates with upregula-
tion of Epo expression in tumors (5, 30). Epo is a classic

FIG. 2. Inhibition of vascular-tumor development in Vhlh/Arnt mutant mice. (A) Photographs of gross cavernous liver hemangiomas observed
in PEPCK-Vhlh and PEPCK-Vhlh/Hif-1� mutant mice. Hemangiomas are indicated by arrows. (B) Incidence of macroscopic liver hemangiomas
and microscopic vascular lesions observed in PEPCK-Cre mutant mice. Mice from the indicated genotypes were divided into two age groups for
analysis, mice 2 to 6 months of age (group 1) and mice �6 months of age (group 2). Each bar represents the number of mice from the indicated
genotype with macroscopic hemangiomas, microscopic vascular lesions in the liver, and normal liver. A chi-square test revealed that there were
no significant differences between the distributions of macroscopic and microscopic liver hemangiomas in the Vhlh- and Vhlh/Hif-1�-deficient mice.
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hypoxia-inducible gene, and investigations aimed at the iden-
tification of transcription factors responsible for hypoxic induc-
tion of Epo mRNA eventually led to the purification of HIF-1
(for a review, see reference 51). We previously reported that
inactivation of Vhlh in the mouse liver also results in polycy-
themia as a result of increased serum Epo levels (10). Simi-
larly, we observed that PEPCK-Vhlh mutant mice developed
erythrocytosis that clinically manifested as redness of the paws
and muzzle (Fig. 4A). To determine whether the development
of VHL-associated erythrocytosis was exclusively dependent
on increased Hif-1 transcriptional activity, we compared RBC
numbers and total Hgb concentrations in PEPCK-Vhlh mu-
tants to those in PEPCK-Vhlh/Hif-1� and PEPCK-Vhlh/Arnt

mice. We found that PEPCK-Vhlh- and Vhlh/Hif-1�-deficient
mice developed similar degrees of erythrocytosis, with average
RBC counts and Hgb values of 11.17 � 106 � 0.9 � 106/mm3

and 20.05 � 2.81 g/dl for Vhlh mutants and 10.77 � 106 � 1.22
� 106/mm3 and 19.38 � 1.76 g/dl for Vhlh/Hif-1� double mu-
tants (n 
 6 in all groups). In contrast, Vhlh/Arnt double-
mutant mice had normal RBC counts, with average RBC num-
bers and Hgb values of 8.21 � 106 � 0.82 � 106/mm3 and 12.8
� 0.635 g/dl, respectively, compared to values of 9.3 � 106 �
0.62 � 106/mm3 and 13.24 � 0.48 g/dl in control mice (Fig. 4B).

To determine if erythrocytosis correlated with increased Epo
expression, we measured Epo mRNA levels in whole-liver ho-
mogenates. PEPCK-Vhlh and PEPCK-Vhlh/Hif-1� mice exhib-

FIG. 3. Inactivation of Arnt suppresses Vhlh-associated vascular lesions and steatosis. Hematoxylin and eosin staining of PEPCK-Cre (left; �6
months of age) and Albumin-Cre (right; 4 to 6 weeks of age) mutant liver sections (magnification, �100). Note that large vascular spaces (stars)
and steatosis (arrows) were observed in both Vhlh and Vhlh/Hif-1� mutant mice. The black boxes outline areas that are shown at higher
magnification (�1,000) in the upper right corners.
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ited increased Epo mRNA expression, whereas PEPCK-Vhlh/
Arnt and control mice did not express detectable levels of Epo
mRNA transcripts, as determined by real-time PCR (Fig. 4C).
We conclude that increased production of Epo in Vhlh-defi-
cient livers is not dependent on Hif-1, suggesting that loss of
Hif-1 can be compensated for by other Hif heterocomplexes.

Differential suppression of Hif target genes in Vhlh/Hif-1�
double-mutant mice. The liver expresses at least two Hif ho-
mologues that have been shown to function as hypoxia-respon-
sive transcriptional activators, namely, Hif-1 and Hif-2 (26, 55,
63). In order to determine to what degree Hif target gene
expression in the liver is Hif-1 dependent, we examined Vegf,
Epo, phosphoglycerokinase (Pgk), and Bnip3 mRNA levels in
wild-type and Vhlh-, Vhlh/Hif-1�-, and Vhlh/Arnt-deficient liv-
ers. For these studies, we analyzed Albumin-Cre mutants due
to the limited expression of PEPCK-Cre in the liver. We first
determined mRNA expression levels for the loxP targeted
genes in each of the mice analyzed. Real-time PCR analysis
revealed a robust reduction of Hif-1� and Arnt mRNA expres-
sion in all Albumin-Cre mutant mice homozygous for the
Hif-1� (groups 2 and 5) or Arnt (groups 4 and 6) floxed alleles
(Fig. 5A). Reduction of Vhlh mRNA in whole-liver homoge-
nates from Vhlh mutants (Fig. 5A, group 1) was less pro-
nounced, probably due to the presence of nonrecombined
cells, such as proliferating endothelial and other nonhepato-
cyte cell types (Fig. 3), which also may have resulted in a
relative increase in Hif-1� and Arnt mRNA levels. Consistent
with the increased presence of the Vhlh 1-lox allele (Fig. 1B) is
the reduction of Vhlh mRNA levels by 	75% in Vhlh/Arnt
double mutants (Fig. 5A, group 4). In addition, we determined
the relative expression levels of Hif-2� in the Albumin-Cre
mutant livers. We observed that, similar to Arnt, expression of
Hif-2� was significantly increased in Vhlh and Vhlh/Hif-1� mu-
tants (P � 0.001; groups 1 and 2). This may be either a result
of Vhlh deletion, as induction of HIF-2� mRNA expression in
VHL-deficient renal cell carcinoma cells has been described
(29), or the result of the increased presence of nonrecombined
cells.

Real-time PCR analysis of HIF target genes revealed that
mRNA transcripts for Vegf and Epo were increased in both
Vhlh- and Vhlh/Hif-1�-deficient livers, whereas Vhlh/Arnt dou-
ble-mutant livers expressed transcript levels comparable to
those in control mice (Fig. 5B). Similarly, Pgk and Bnip3
mRNA transcripts were increased in Vhlh- and Vhlh/Hif-1�-
deficient livers and were expressed at baseline levels in the
Vhlh/Arnt mutant livers. However, expression levels of Pgk in
Vhlh/Hif-1� double mutants were significantly reduced com-
pared to those in Vhlh mutants (P � 0.01), while Bnip3 mRNA
levels were less affected (Fig. 5B). These results suggest that
the functional redundancy between different Hif transcription
factors is target gene dependent. The inability to form Hif-1
heterodimers had little effect on Vegf and Epo gene expression,
which is consistent with the persistence of excessive erythrocy-
tosis in Vhlh/Hif-1� double mutants and their predisposition to

FIG. 4. Inactivation of Vhlh and Vhlh/Hif-1� in hepatocytes in-
duces erythrocytosis. (A) Control (Cre�) and PEPCK-Vhlh muzzles
and paws. Note the increased red coloration of the skin in the PEPCK-
Vhlh mutant mouse. (B) Elevated hemoglobin and red blood cell
numbers in PEPCK-Vhlh- and PEPCK-Vhlh/Hif-1�-deficient mutant
mice. The results shown are average hemoglobin concentrations and
RBC numbers in blood collected from PEPCK-Cre mutant mice de-
termined by a CBC analyzer. Note that Vhlh/Arnt mutant mice and
control mice have similar hemoglobin concentrations and red blood
cell numbers (no statistical differences as determined by t test). Vhlh-,
Vhlh�/�/Hif-1��/�, and Vhlh�/�/Arnt�/� mice exhibited increased levels
of hemoglobin and red blood cells compared to control and Vhlh�/�/
Arnt�/� mice (*, P � 0.05). Six mice from each genotype were analyzed
and are represented by individual dots. (C) Liver erythropoietin expres-
sion correlates with erythrocytosis. Shown are Epo mRNA expression
levels from PEPCK-Cre mutant livers determined by real-time

PCR. Each bar represents the average of three values obtained for an
individual mouse. The error bars represent standard deviations. 18S
was used to normalize mRNA. Two representative mice from an n of
3 are shown for each genotype.
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the development of vascular tumors. Our data demonstrate
that inactivation of Arnt is sufficient to suppress Hif target
gene induction in Vhlh-deficient livers and suggest that another
Arnt binding partner is responsible for Vegf and Epo target
gene induction in Vhlh-deficient livers.

Hif target gene expression data from Vhlh/Hif-1� double-
deficient mice suggest that Hif-2 is transcriptionally active in
hepatocytes. To examine Hif-2� protein levels and nuclear
localization, we performed immunoblot analysis on nuclear
protein fractions isolated from Albumin-Cre mutants. Nuclear
Hif-2�, as well as Hif-1�, was easily detectable in livers from
Vhlh and Vhlh/Arnt mutants, while only Hif-2� was easily de-
tectable in Vhlh/Hif-1� mutants (Fig. 6A). In addition, we
found that both Hif-1 and Hif-2 complexes bound to the Epo
HRE in Vhlh-deficient livers, whereas only Hif-2 heterocom-
plexes were detected in Vhlh/Hif-1�-deficient livers (Fig. 6B).

Neither Hif-1�- nor Hif-2�-containing complexes were bound
to the Epo HRE in the Vhlh/Arnt and control livers. Taken
together, our data suggest that in Vhlh-deficient livers, Hif-2�
is able to translocate to the nucleus, where it is transcription-
ally active only when Arnt is present. These data are consistent
with the observation that Arnt is the only Hif-� subunit ex-
pressed in the liver at significant levels (21).

DISCUSSION

In this report, we have used a conditional knockout mouse
model of VHL-associated vascular tumors and erythrocytosis
to investigate the contributions of HIF hetercomplexes to the
development of the VHL phenotype. Typically, patients with
VHL disease suffer from a variety of highly vascularized tu-
mors, which include retinal and CNS hemangioblastomas, as

FIG. 5. Inactivation of Arnt is sufficient to suppress Hif target gene induction in Vhlh-deficient livers. (A) Suppression of targeted gene (Vhlh,
Hif-1�, and Arnt) expression in Albumin-Cre mutant livers. Shown are relative mRNA transcript levels normalized to 18S levels determined by
real-time PCR. Note that Albumin-Cre-mediated inactivation of Vhlh is best represented in the Vhlh/Arnt double-mutant mice. Each bar represents
the average mRNA expression level of four individual mice for each genotype. The error bars represent the standard deviations. Asterisks indicate
a significant increase or decrease in target gene expression compared to control mice (Cre�) (*, P � 0.05; **, P � 0.001) as determined by the
t test. (B) Relative mRNA expression levels for HIF target genes (Vegf, Epo, Pgk, and Bnip3) determined by real-time PCR. Each bar represents
the average mRNA expression level of four individual mice for each genotype. The error bars represent standard deviations. Asterisks indicate a
significant increase or decrease in target gene expression compared to Vhlh�/� mice (*, P � 0.05; **, P � 0.001) as determined by the t test. 18S
was used to normalize mRNA.
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well as RCC of the clear-cell type (for a review, see reference
34). While the biological behaviors of these tumors are very
different—hemangioblastomas are usually benign and do not
metastasize, whereas RCC are malignant—they share several
molecular features. In both cases, mutant pVHL lacks the
ability to target HIF for proteasomal degradation, resulting in
constitutively active HIF (3, 15). VHL tumors express high
levels of HIF target genes that regulate angiogenic growth
factors, such as VEGF; glucose uptake and metabolism; and
erythropoiesis (17, 30, 64). Besides regulating HIF, pVHL is
involved in microtubule stabilization and extracellular-matrix
fibronectin assembly and other non-HIF-related cellular pro-

cesses (for a review, see reference 22). While the biology of
VHL-associated hemangioblastomas can more easily be attrib-
uted to dysregulated HIF, VHL-associated renal carcinogene-
sis is more complex. Although HIF can modulate RCC meta-
static potential through regulation of the chemokine receptor
CXCR4 (54) and tumor growth is HIF2 dependent in nude-
mouse xenograft models of RCC (27, 28, 65), RCC tumorigen-
esis most likely requires genetic events in addition to loss of
pVHL function (36, 44).

In mice with germ line deficiency for one copy of the murine
VHL homologue Vhlh, the liver seems to be the preferred
organ site for vascular-tumor development. In contrast to mice,
hepatic vascular tumors are rare manifestations of VHL dis-
ease in humans (11, 40, 46). Despite several microscopic fea-
tures shared with VHL-associated CNS hemangioblastomas,
VHL-associated vascular tumors in the murine liver are histo-
genetically distinct (57). Nevertheless, our model provides a
genetic tool to study the role of HIF transcription factors and
their individual contributions to the development of VHL-
associated vascular tumorigenesis and alterations of gene ex-
pression.

Our data suggest that in regard to HIF-regulated gene ex-
pression, the level of redundancy among different HIF hetero-
complexes is target gene dependent. While the inability to
form Hif-1 heterodimers does not affect VHL-mediated angio-
genesis or polycythemia, Pgk, a gene involved in glycolysis, was
significantly reduced with the loss of Hif-1 heterodimers. Con-
sistent with this finding is a report by Hu et al. that demon-
strates that in genetically modified 786-0 cells, glycolytic gene
expression is preferentially regulated by HIF-1 and not HIF-2
(16). Hepatocytes express the Hif-� homologues Hif-1�, Hif-
2�, and Hif-3� (26, 55, 63). Both Hif-1� and Hif-2� form
transcriptionally active heterocomplexes in hepatocytes, while
the role of Hif-3�, another target for pVHL-mediated prote-
olysis (39), in hypoxic signaling of hepatocytes is unclear.
Based on our studies, Arnt appears to be the only functional
Hif-� subunit expressed in hepatocytes, which is consistent
with previously published observations (21, 37).

Inactivation of Vhlh in hepatocytes results in excessive eryth-
rocytosis from increased Epo production. We have previously
shown that serum Epo levels are increased up to 40-fold over
normal values (10). Despite the very high hematocrits, we have
not observed that PEPCK mutants are prone to thromboem-
bolic complications. Although PEPCK mutants are able to live
for at least 15 months, several mice have died at a younger age
when exposed to stressful situations. The cause of death in
these situations is unclear. Similar observations were made in
transgenic mice that express a human EPO transgene under
the control of the PDGF-B chain promoter (59). EPO trans-
genic mice develop similar levels of erythrocytosis and are able
to adapt to high hematocrits by increasing eNOS activity, re-
sulting in vasodilatation. Higher blood viscosity from increased
erythrocyte flexibility at physiological shear rates appears to be
an additional mechanism to prevent cardiovascular complica-
tions in these mice (47, 56). Although it has not been formally
examined, it is very likely that PEPCK-Cre mutants adapt to
erythrocytosis by similar mechanisms. EPO transgenics do not
develop liver angiectasis or cavernous hemangiomas (M. Gass-
mann, personal communication), which makes the involve-
ment of high systemic Epo levels and erythrocytosis in the

FIG. 6. Hif-2� protein stabilization and HRE binding in Vhlh-de-
ficient livers. (A) Nuclear protein (N) extracts were isolated from livers
of Albumin-Vhlh, Albumin-Vhlh/Hif-1�, and Albumin-Vhlh/Arnt mu-
tant and control mice (Cre�). Immunoblot analysis for Hif-2� revealed
that Hif-2� protein was stable and nuclear in all Vhlh-deficient livers.
Hif-1� protein was also detectable above baseline levels in Vhlh- and
Vhlh/Arnt-deficient livers. Ponceau S staining is shown to demonstrate
equal protein loading. Abbreviations: 2, 2-lox; 3, 3-lox; �, wild type (�
or � for Alb-Cre indicates the presence or absence of the Albumin-Cre
transgene). (B) Hif-1 and Hif-2 HRE binding activity by EMSA. Nu-
clear protein extracts isolated from Albumin-Vhlh, Vhlh/Hif-1�, Vhlh/
Arnt, and Cre� livers were tested for Hif binding to the Epo HRE in
vitro by EMSA. Supershifts with Hif-1� and Hif-2� antibodies re-
vealed that both Hif-1 and Hif-2 form heterocomplexes at the Epo
HRE in Vhlh-deficient livers. Note that Hif-2 binding to the Epo HRE
was still observed in Albumin-Vhlh/Hif-1� nuclear extracts despite a
decrease in total Hif HRE binding. Abbreviations: n.s., nonspecific;
s.s., supershift; CREB, cAMP response element binding protein.
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development of vascular tumors in PEPCK-Cre mutants un-
likely. This notion is supported by the fact that Vhlh heterozy-
gotes in which polycythemia is not a clinical feature are still
prone to develop vascular tumors in the liver.

It is surprising that the development of erythrocytosis and
Epo expression in Vhlh mutants is not affected by the inability
to form functional Hif-1 heterodimers in Vhlh/Hif-1� double-
knockout animals. This finding suggests that Hif-2 is able to
fully compensate for the loss of Hif-1 in regard to Epo expres-
sion in the liver. Based on recently published studies, it has
been speculated that the HIF-2 heterodimer may be the more
relevant HIF in the transcriptional regulation of EPO in ex-
perimental retinopathy of prematurity and in human hepatoma
and neuroblastoma cell lines (14, 61). By EMSA, we found
significant binding of both Hif-1�- and Hif-2�-containing het-
erocomplexes to the Epo HRE in Vhlh-deficient liver protein
extracts, suggesting that qualitative rather than quantitative
differences between Hif-1 and Hif-2 may affect Epo expression
in the liver. Efforts in our laboratory are under way to deter-
mine whether inactivation of Hif-2� in contrast to Hif-1� de-
letion will lead to a more significant attenuation of VHL-
associated erythrocytosis.

The pharmacological disruption of HIF signaling may be an
important therapeutic adjunct for the successful treatment and
prevention of VHL-associated vascular tumors that are diffi-
cult to manage surgically, such as multifocal CNS hemagio-
blastomas (for a recent review of clinical management issues,
see reference 14). To what degree the different HIF isoforms
(HIF-1 versus HIF-2) contribute to the development of specific
VHL-associated tumors is still under investigation. Both
HIF-1� and HIF-2� are constitutively expressed in RCC (29,
64), where HIF-2 in particular seems to have a tumor-promot-
ing effect even in the presence of wild-type pVHL (27, 28, 35,
65). High levels of HIF-2� have been found in stromal cells
(the neoplastic component of VHL hemangioblastomas) (58)
and correlate well with VEGF mRNA levels, while correlation
of HIF-1� expression with tumor VEGF levels was less obvious
(7). Taken together, these findings and our data suggest that
therapeutic intervention strategies aimed at HIF signaling
must be designed to efficiently target both HIF homologues.
We have shown genetically in mice that inactivation of Arnt in
a Vhlh-deficient background is sufficient to suppress the devel-
opment of VHL-associated vascular tumors in the liver. Our
results should stimulate future investigations into targeting
either ARNT directly or its ability to dimerize with HIF-�
subunits as a therapeutic strategy in the treatment of VHL
vascular tumors.

In summary, our data suggest that in a mouse model of
VHL-associated liver hemangiomas, vascular tumorigenesis is
mediated by dysregulation of HIF transcription factors. We
further propose that different HIF heterocomplexes may play
distinct roles in the development of certain clinical features
linked to VHL disease.
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