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Inactivation of the von Hippel-Lindau (VHL) tumor suppressor gene leads to the development of central nervous
system hemangioblastomas, pheochromocytomas and renal cell carcinomas. The biological role of the VHL
gene during development is poorly understood because of early lethality of VHL-null embryos. To overcome
early embryo lethality observed in the conventional knockout mouse, we introduced a tamoxifen-inducible Cre
(CreERTM) transgene for the stage specific inactivation of the VHL gene. Acute tamoxifen-induced inactivation of
the VHL gene at E10.5 resulted in embryonic lethality between E14.5 and E15.0 with extensive hemorrhage and
necrosis, while littermate controls showed normal development. Examination of the VHL-inactivated embryos
between E10.5 and E14.5 revealed dilated blood vessels, hemorrhage and necrotizing liver damage.
Concomitant with severe hemorrhage and abnormal vasculature at E15.0, blood circulation in the yolk sac
was impaired in the VHL-inactivated embryos, which may be the cause of embryo death. Placental development
looked normal before embryo death (E14.5); however, at E16.5 following embryo death, we observed reduced
growth of the placental labyrinthine layer. Inactivation of the VHL gene resulted in hypoxia-inducible factor
(HIF)-1a stabilization and induction of its target genes, VEGF and CAIX, in mouse embryonic fibroblasts (MEFs).
In addition, we observed lactate overproduction and acidification of culture media by the inactivation of the VHL
gene. Thus, by using a novel conditional VHL knockout mouse model, we could show that the VHL gene plays
an important role in the developing vasculature and liver during embryogenesis through regulation of HIF-1a
and its target genes. This mouse model will be useful for the screening of anti-HIF or anti-VEGF drugs in vivo.
Additionally, this acute VHL inactivation system may provide a useful tool for the in vivo study of genes that
cause early embryonic lethality.
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von Hippel-Lindau (VHL) disease is a hereditary
cancer syndrome, which is transmitted in an
autosomal dominant manner and affects approxi-
mately 1 in 36 000 individuals.1 The VHL gene was
mapped to 3p25 and isolated by positional clon-
ing.1,2 VHL germline mutations are responsible for
the development of highly vascular tumors includ-
ing hemangioblastomas of the retina and central
nervous system, pheochromocytomas and renal
cell carcinomas (RCC). pVHL is a component of an

E3 ubiquitin ligase complex that recognizes and
degrades the alpha subunits of hypoxia-inducible
factor (HIF) under normoxic conditions.3,4 Type 1,
type 2A and type 2B VHL mutations, which disrupt
regulation of HIF, lead to the accumulation of HIF
under normoxic conditions.5 HIF target genes, such
as vascular endothelial growth factor (VEGF), Glu-
cose transporter 1 (Glut-1) and carbonic anhydrase
IX (CAIX) are upregulated in response to the
inactivation of the HIF regulatory activity of
pVHL.6–8 It is likely that the HIF regulatory activity
of pVHL is related to the development of hemangio-
blastomas and RCC in VHL patients. However, type
2C mutations in the VHL gene, which are respon-
sible for pheochromocytoma development, retain
the HIF regulatory activity, but are defective in
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promoting fibronectin matrix assembly.9 Recently
pVHL has also been shown to bind microtubules
and stabilize their structure.10 This activity is
disrupted only in the type 2A VHL mutants that
have diminished but not defective HIF regulatory
activity. These biochemical analyses of pVHL func-
tion provide possible molecular clues to explain the
phenotype–genotype correlations evident in VHL
disease.

HIF regulation under normoxic condition is the
most well-described function of pVHL. Oxygen is
essential for oxidative phosphorylation, which
satisfies the high energy demand of multicellular
organisms. Cells maintain oxygen homeostasis and
also generate necessary energy metabolites. HIF is a
transcription factor that plays an essential role in
modulating both cellular and systemic responses to
changes in oxygen concentration. It regulates the
expression of genes involved in angiogenesis,
hematopoiesis, pH regulation and energy metabo-
lism (glucose transporter and glycolytic enzymes).
VHL inactivation results in oxygen-independent
accumulation of HIF and thus, upregulation of its
target genes under normoxic conditions. It has been
demonstrated that HIF and its target genes are
important for tumor progression.11

Several VHL-knockout (KO) mouse models have
been developed to investigate the biological role of
pVHL. Vascular hepatic tumors developed in the
heterozygous VHL-KO mice and also in b-actin-
promoter driven Cre-mediated conditional VHL-KO
mice.12,13 Upregulation of HIFs and their target genes
were reported in these mouse models. Additional
roles for pVHL in different organs have been
suggested through the use of Cre-mediated VHL
inactivation. VHL inactivation resulted in defects in
spermatogenesis, thymus cell survival and bone
development due to reduced cell proliferation and/
or increased cell death.13–15 Contrary to expectation,
VHL-inactivation did not increase cell proliferation
in somatic and germ cells. Teratomas derived from
VHL null embryonic stem (ES) cells displayed a
highly vascular phenotype but showed severe
reduction of tumor volume compared with hetero-
zygous null ES cells.16 Reintroduction of VHL into
VHL null ES cells restored tumor growth, so that the
tumor volume was comparable to that of VHL
heterozygous null ES cells. Specifically this growth
disadvantage of teratomas was shown to be related
to VHL type 2A mutations.17 Thus, it is likely that
additional mutations in unknown gene(s), which
can facilitate cell growth, might be necessary for the
development of tumors in VHL patients.

VHL homozygous null mouse embryos died in
utero at E10.5 to E12.5 due to defects in placental
vasculogenesis.18 As a result of early embryo
lethality, little is known about the role of the VHL
gene in embryo development. Here, we explored the
functions of the VHL gene during embryogenesis by
inactivating the VHL gene at mid-gestation. We used
an inducible system in which tamoxifen induced

Cre recombinase (CreERTM)19 to inactivate the floxed
VHL gene in an acute manner during embryo
development. VHL inactivation occurred in a mosaic
pattern and produced vascular defects and liver
damage in the VHL inactivated embryos.

Materials and methods

Generation and Genotyping of VHLf/d/CreERTM

Embryos

Previously, we generated mice harboring floxed (f)
and deleted (d) VHL alleles on a C57BL6/129 mixed
background.13 VHLd/þ mice were crossed with mice
carrying a CreERTM transgene obtained from Dr
Corrinne Lobe (University of Toronto) to produce
VHLd/þ/CreERTM mice. VHLd/þ /CreERTM mice used
in this study were either VHLd/þ/CreERTM(tg/0) or
VHLd/þ/CreERTM(tg/tg) since they were maintained by
backcrossing with either the CreERTM(tg/0) or
CreERTM(tg/tg) transgenic mice. VHLd/þ /CreERTM mice
were crossed with VHLf/f mice to produce VHLf/d/
CreERTM (VHLf/d/CreERTM(tg/0)) embryos, in which
the floxed VHL allele could be excised by tamoxifen
induced Cre recombinase activity. Tamoxifen dis-
solved in corn oil was injected intraperitoneally (0,
0.1, 1, 2, 4 and 8mg) into pregnant females (25–30 g)
at mid-gestation. Embryos and their placentas were
collected 2–6 days after tamoxifen injection, photo-
graphed and fixed in neutral formalin for histologi-
cal examination. For genotyping, genomic DNAs
were isolated from the yolk sacs after proteinase
K digestion. For VHL genotyping, three primers
were used to amplify wild type (244 bp PCR
product), floxed (277 bp PCR product) and deleted
(161 bp PCR product) VHL alleles; P1 50-GGCAAG
CACTCTGTCACTGTTC-30, which is specific to
genomic sequence upstream of the 50-loxP sequence;
P2 50-GGCTATGGCATTGGGTGAGCTA-30, which
is upstream of 30-loxP sequence; P3 50-CACC
AGGACTCCTCTCGGACAT-30, which is downstream
of 30-loxP sequence. For Cre genotyping, the forward
(50-GCAACATTTGGGCCAGCTAAAC-30) and the
reverse (50-CCGGCATCAACGTTTTCTTTTTC-30)
primers were used for PCR amplification. DNAs
isolated from embryos and their placentas were used
for Southern blot analysis using a PCR-generated
250 bp probe specific to sequence upstream of the 50

loxP site of VHL as described.13 Briefly, genomic
DNAs were digested with HindIII restriction en-
zyme, electrophoresed in 0.8% agarose, blotted
onto a HybondNþ membrane and probed with the
32P-labeled probe.

Evaluation of Cre Activity in the CreERTM

Transgenic Embryos

Tamoxifen induced Cre activity was evaluated in
embryos from crosses of the CreERTM transgenic
mice with ROSA26 reporter mice,20 in which
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excision of the floxed neomycin cassette by Cre
recombinase allows lacZ gene expression. Tamox-
ifen (2mg/30 g mouse) was injected into pregnant
females at E10.5 and embryos were harvested at
E13.5 or E14.5. b-galactosidase activity was mea-
sured in situ in whole embryos, in dissected organs
or in frozen sections using standard staining
techniques. Tissue sections were counterstained
with nuclear fast red (Sigma).

Generation of MEFs and Cell Culture

Mouse embryonic fibroblasts (MEFs) were generated
from E13.5 mouse embryos. Embryos were har-
vested, minced and trypsinzed (0.25% trypsin) for
10–20min at 371C. Tissue culture media (DMEM
containing 10% fetal bovine serum and penicillin/
streptomycin) was added to cell suspensions and
pipetted up and down for further disaggregation.
Cell suspensions were cultured in T75 flasks
containing 10ml media in a CO2 incubator at 371C.
Confluent cultures were trypsinized and replated
onto two 150mm dishes. After 3 days of culture,
cells were trypsinized and resuspended in DMEM
containing 10% FBS and 10% DMSO for liquid
nitrogen storage. Frozen vials were subsequently
thawed and passaged every 3 days. Cells were
seeded at 7.5� 105 cells per 100mm dish or
equivalent. Early passage MEFs (P3–P10) were used
for the experiments. 4-hydroxy tamoxifen (4OHT)
dissolved in ethanol was used to induce CreERTM

activity during MEF culture.

Measurement of Lactate Production

MEFs were plated on two 12-well plates
(3.5� 104 cells/well), and 4OHT (0, 5, 20 and
100nM) was added to the culture media 1 day after
plating. On the fourth day, media was changed and
4OHT was added again. On the seventh day, cell
numbers were counted in one of the two replicative
plates. Culture media in the second plate was
replaced with fresh media and 1 day later 50ml of
media was collected for lactate measurement.
Lactate concentration in the culture was measured
as described with minor modifications.21 Briefly, 5ml
of culture media was added to the reaction mixture
containing lactate oxidase, peroxidase and sub-
strate, ABTS (Sigma). After 10min of reaction at
room temperature, absorbance was measured at
405nm. Lactate production was normalized to the
cell number.

Isolation of RNAs from MEFs and Quantitative
RT-PCR

Total RNAs were isolated from MEFs using Trizol
reagent (Invitrogen) according to the manufacturer’s
instruction. To remove genomic DNA contamina-

tion, RNAs were digested with DNase I for 1 h at
371C followed by heat denaturation at 701C for
20min. Total RNAs (2.5 mg) were primed with 100ng
random primers and reverse-transcribed by Super-
script II reverse transcriptase (Invitrogen) at 421C for
1h. The same reactions were performed without
reverse transcriptase to generate negative controls.
The following PCR primers were generated by
using Primer 3 software:22 VEGF forward, 50-
CAGGCTGCTGTAACGATGAA-30; VEGF reverse, 50-
TATGTGCTGGCTTTGGTGAG-30; VHL forward,
50-TGTGCCATCCCTCAATGTCG-30; VHL reverse,
50-AGGCTCCGCACAACCTGAAG-30; b-actin for-
ward, 50-GACAGGATGCAGAAGGAGATTACTG-30;
b-actin reverse, 50-GCTGATCCACATCTGCTGGAA-
30; CAIX forward, 50-CCTCTCCCGGAACTGAGCC
TAT-30; CAIX reverse, 50-TGTTCTGAGCCTGGGT
GATCTG-30. Quantitative RT-PCR was performed
with SYBR-Green reagent (Applied Biosystems)
with the ABI PRISM sequence detection system
(Applied Biosystems) following the manufacturer’s
instruction. All reactions were run in triplicate
using the b-actin gene as an internal control since
b-actin mRNA levels do not change across the VHL
genotypes. The relative level of a particular gene
expression was evaluated according to the func-
tion described previously.23 All expression levels
reported were expressed relative to the expression
levels determined for VHLf/þ MEFs.

Immunoblots

MEFs incubated with tamoxifen were harvested and
lysed in RIPA buffer. Cell lysates were resolved by
8–16% SDS PAGE and blotted onto PVDF mem-
brane. Equal protein loading was confirmed by
Ponceau S staining. Antibodies for HIF-1a, HIF-2a
(Novus biologicals Inc.) and pVHL (Santa Cruz
Biotechnology Inc.) were used for Western-blot
analysis. Immunoblots were processed by ECL
(Pierce) according to the manufacturer’s instruction.

Phenotype Evaluation and Histopathology

Embryos and placentas were dissected at E12.5–
E18.5 and gross morphological changes were exam-
ined under a dissection microscope. They were
fixed in 10% formalin, embedded in paraffin, and
5mm sections were prepared. The sections were
deparaffinized and rehydrated through an ethanol
dilution series into water. Sections were stained
with hematoxylin and eosin.

Results

Evaluation of Tamoxifen Toxicity and
Tamoxifen-Induced Excision of the
Floxed Sequence

To inactivate the VHL gene during embryogenesis,
we used mice carrying the CreERTM transgene, in
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which introduction of tamoxifen induces Cre re-
combinase to excise the floxed gene. CreERTM

transgenic mice exhibit highest Cre activity in
embryos from pregnant females injected with 8mg
of tamoxifen, although some toxicity to the mother
was observed.19 To avoid any harmful effects of
tamoxifen, we determined the least toxic concentra-
tion of tamoxifen that was still effective in inducing
Cre recombination. We evaluated tamoxifen toxicity
in embryos by injecting 1, 2, 4 or 8mg of tamoxifen
into the pregnant female (25–30 g) intraperitoneally
at E10.5 and evaluating gross morphological
changes in the embryos at E13.5. We found that
8mg of tamoxifen caused hemorrhage in every
embryo examined (8/8). However, 1, 2 and 4mg of
tamoxifen induced morphological changes in only
1/20 embryos (data not shown). We selected 2mg
tamoxifen as the maximum dose that produced no
morphologic changes.

We asked whether 2mg of tamoxifen (per 25–30 g
body weight) could excise the floxed gene sequence
in the embryos by crossing CreERTM mice with
ROSA26 reporter mice and measuring b-galactosi-
dase staining in the embryos as a measure of Cre
recombinase activity. CreERTM/ROSA26 double
transgenic embryos exhibited positive lacZ staining
while their ROSA26 embryo littermates showed
negative staining (Figure 1a and b). LacZ positive
staining was observed in a mosaic pattern in most of
the tissues and organs to varying degrees (Figure 1c,
d and e). In the heart, liver and brain, approximately
50, 10 and 20% of the cells, respectively, were
positive for lacZ, indicating that the efficiency of
deletion may be 10–50% in these embryonic organs.
We also examined Cre recombinase activity in
the placenta. CreERTM/ROSA26 double transgenic
placentas exhibited lacZ positive staining primarily
in the chorionic plate and the umbilical vessels
(Figure 1f). However, a limited number of cells in
the labyrinthine layer showed lacZ staining.
CreERTM/ROSA26 placentas from the corn oil
injected (no Tam) female did not show any lacZ
positive staining (Figure 1g). Depending upon the
Cre transgene expression and the accessibility to
tamoxifen, the Cre-mediated excision rate may be
different for different organs. Based on these results,
we decided to inject 2mg of tamoxifen into pregnant
females to induce CreERTM-mediated excision of the
floxed VHL gene.

Acute Inactivation of the VHL Gene Leads to
Embryo Lethality

Previously, we developed mice harboring either a
floxed or a deleted VHL allele by using genetically
altered murine embryonic stem cells.13 The
floxed VHL allele encodes the wild-type VHL
protein but the deleted VHL allele does not produce
functional protein.13 In this study, we generated
VHLd/þ/CreERTM mice and crossed them with

VHLf/f mice to produce VHLf/d/CreERTM embryos.
Based on the CreERTM/ROSA26 results, tamoxifen
treatment was predicted to produce mosaically
distributed VHL-inactivated (VHLd/d) cells in the
VHLf/d/CreERTM embryos. In order to inactivate VHL
during the mid-gestational stage, we injected 2mg of
tamoxifen into pregnant females at E10.5. At 6 days
after tamoxifen injection (E16.5), embryos were
collected and their morphological changes were
noted. All the VHLf/d/CreERTM embryos were dead
(8/8, Figure 2a), while their littermate controls
showed normal development (7/7, Figure 2b). VHL
inactivated embryos (VHLf/d/CreERTM) were smaller
than their littermates and were pale. The diameter of
the VHLf/d/CreERTM placenta was comparable to that
of VHLf/þ/CreERTM (Figure 2a and b). However, the
thickness of the VHLf/d/CreERTM placenta, especially
the labyrinthine layer, was reduced compared with
littermate controls (Figure 2d and f). In addition,
dilated blood vessels and spongiotrophoblast cells
were frequently observed in the labyrinthine layer of
the VHLf/d/CreERTM placenta (Figure 2g).

We measured the efficiency of VHL inactivation in
the embryos and placentas by Southern blot analysis
of genomic DNAs extracted from these tissues. We
detected the deleted VHL allele in the VHLf/þ/
CreERTM embryos at about one third the band
intensity of the floxed allele band (Figure 2i). By
comparing the band intensity of the floxed VHL
allele and the deleted VHL allele in the VHLf/d/
CreERTM embryos, we determined that on average
about 25% of the floxed alleles were converted to
deleted alleles (Figure 2j), supporting a mosaic
pattern of VHL inactivation in the embryos. On the
other hand, the deleted VHL allele was barely
detectable in the VHLf/þ/CreERTM placenta suggest-
ing that VHL inactivation occurred at a much lower
frequency in placentas compared with embryos
(Figure 2i).

Hemorrhage and Liver Necrosis in the
VHL-Inactivated Embryos

To ascertain the cause of embryonic death, 64
embryos from a total of seven pregnant females
were collected at different time points between
E12.5 and E15.5 following tamoxifen-induced VHL
inactivation at E10.5. Morphological changes in the
VHLf/d/CreERTM embryos were observed from E13.5
(Figure 3a) and were distinct at E14.5 (Figure 3b),
while littermate controls, including VHLf/þ/
CreERTM embryos, showed normal development
(Figure 3e–h). Hemorrhage was found in the em-
bryos at E14.5 and became extensive afterwards. All
the affected embryos (12/12, 100%) died between
E14.5 and E15.5 with severe hemorrhage in the
dorsolateral region and extensive necrosis in the
body (Figure 3c and d), while most of littermates
showed normal development (22/24, 92%). The
head and limbs of the affected embryos turned pale
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Figure 1 Tamoxifen-induced Cre excision of floxed allele in CreERTM/Rosa26 embryos. LacZ staining of the double transgenic CreERTM/
Rosa26 embryos from a pregnant female injected with 2mg tamoxifen is shown. Tamoxifen was injected at E10.5 and embryos were
collected at E13.5 or E14.5. Positive lacZ staining was found in CreERTM/Rosa26 embryos (a), but not in Rosa26 littermate embryos (b).
LacZ staining of the brain (c), heart (d), and liver (e) of the CreERTM/Rosa26 embryo. Mosaic pattern of lacZ staining represents mosaic
deletion of floxed sequences by Cre recombinase. LacZ staining of the CreERTM/Rosa26 placentas from a tamoxifen treated female (f) and
from an untreated female (no Tam, g). LacZ positive staining was seen in the chorionic plate of the placenta and the umbilical vessels
(arrow). A mosaic pattern of lacZ staining was also seen in the yolk sac (asterisks). However, lacZ staining in the labyrinthine layer was
limited. Placentas derived from corn oil injected females exhibited no lacZ positive staining. Tissue sections were counterstained with
nuclear fast red.
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and blood circulation in the yolk sac was impaired
at E14.7 indicating embryo death (Figure 3j and k).
Corn oil injection without tamoxifen and low
tamoxifen dosage (0.1mg) did not result in patho-
logical changes in VHLf/d/CreERTM embryos dissected
at E15.5 (Figure 3i, 3/3) and E18.5 (4/4), respectively,
or in littermate controls (Figure 3m, 13/13).

Histological analysis of the VHL-inactivated em-
bryos before death (E14.5) showed blood cell leakage
from blood vessels, particularly in subcutaneous
tissues, dilated blood vessels including blood

vessels in the heart, and focal necrosis in the liver
(Figure 4). However, we did not detect significant
histological defects in the placenta of the affected
embryos. The placental vasculature and labyr-
inthine layer thickness of the VHLf/d/CreERTM

embryos were comparable to those of their littermate
controls. To look for any changes in cell prolifera-
tion or cell death preceding embryonic death, we
performed Ki-67 and TUNEL staining of the
embryos at E14.5. We did not find significant
increase in cell death or decrease in cell prolifera-

Figure 2 Embryonic lethality and abnormal placental development by the acute and mosaic inactivation of the VHL gene. Acute Cre-
mediated excision of the VHL floxed allele by the administration of tamoxifen at E10.5 resulted in lethality of the embryos at E16.5. (a)
All the VHL-inactivated VHLf/d/CreERTM embryos (8/8, from two litters) were found dead 6 days after tamoxifen administration, but (b)
their littermate VHLf/þ/CreERTM, VHLf/d, and VHLf/þ controls (7/7, from two litters) showed normal development. (c) Histological
analysis of the VHL inactivated embryos showed extensive necrosis in the brain and other parts of the body. The placentas of the VHL
inactivated embryos (f) showed a thinner labyrinthine layer (La) compared with their littermate controls (d). The labyrinthine layer of the
VHL-inactivated placentas often showed dilated blood vessels (arrow heads) and spongiotrophoblast cells (asterisks) (g), whereas the
controls showed well-organized vasculature (e). PCR genotyping of the DNAs from embryos and placentas (h) at E15.5. (*) indicates
genotyping using tail DNA from a VHLf/d mouse. Southern blot analysis of HindIII digested mouse embryo and placental genomic DNA
using a VHL probe (i and j). The VHL deleted allele (12.4 kb) was observed in the VHLf/þ /CreERTM embryo treated with tamoxifen (i, lane
2), but was not detected in the VHLf/þ /CreERTM placenta (i, lane 4). Tail genomic DNA from a VHLf/d mouse (i, lane 5) was used as a
control. Decrease of floxed (flox) and increase of deleted (del) allele intensities were observed in tamoxifen treated VHLf/d/CreERTM

embryos (j, lane 2, 3 and 4) compared with the allele intensities of the VHLf/d embryo (j, lane 1).
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tion in the affected embryos (data not shown). Thus,
it is likely that vascular leakage induced by VHL
inactivation is a major cause of embryo death.

We also inactivated VHL by tamoxifen injection to
pregnant females at E9.0 and E12.5 to see the
developmental stage specific effect of VHL-inactiva-
tion. Injection of 2mg of tamoxifen was toxic to the
embryos at E9.0 since 30% (4/12) of embryos
showed lethality irrespective of their genotypes.
When VHL was inactivated at E12.5 by injecting

2–4mg of tamoxifen, we saw no pathological defects
in dissected E17.5 or E18.5 VHLf/d/CreERTM embryos
(3/3) or in the placentas. However, 5–6mg of
tamoxifen injection induced embryo lethality in all
the VHLf/d/CreERTM embryos (4/4, 100%) at E17.5 or
E18.5 and some of the control embryos (6/15, 40%).
Gross morphological defects were also observed in
the control embryos (2/15, 13%). Thus injection of
high doses of tamoxifen at E12.5 induced toxicity to
embryos.

Figure 3 Time course experiment shows lethality of the VHL inactivated embryos between E14.5 and E15.0. Embryos were collected at
different time points between E12.5 and E15.5 after tamoxifen (2mg) injection of pregnant females at E10.5. No significant changes were
observed in the VHLf/d/CreERTM embryos (a, 4/4 from two litters) before E14.5. Hemorrhage was observed in the VHLf/d/CreERTM embryos
at E14.5 (b, 2/2 embryos) and became extensive at E14.7 (c, 5/5 embryos) and later (d, 7/7 embryos). All the VHLf/d/CreERTM embryos (12/
12 embryos from four litters) were dead after E14.5. However, most of their littermate controls showed normal development (22/24
embryos from four litters, 92%). Blood circulation was normal in the VHLf/d/CreERTM yolk sac up to E14.5 (j), but was impaired at E14.7
(k) and later (l). The VHLf/þ /CreERTM controls showed normal development (e–h) and normal blood circulation in the yolk sac (n–p).
Higher magnification of the VHLf/d/CreERTM embryo at E14.7 showed abnormal vasculature in the body (box in c). Both VHLf/d/CreERTM

and VHLf/þ/CreERTM embryos at E15.5 from the tamoxifen untreated (corn oil only) females showed normal development (i and m,
respectively).

Figure 4 Histological analysis of the embryos showed hemorrhage, dilated blood vessels and necrotizing liver damage in the VHL-
inactivated embryos. H&E staining of VHLf/d/CreERTM embryos (b, e, and h) and placenta (k) before embryo death (E14.5) and comparison
with VHLf/þ/CreERTM controls (a, d, g and j). Dilated blood vessels (arrow head), vascular lesion (arrow head) and blood cell leakage to
surrounding tissues were often observed in the dorso-lateral region of the embryo (b and c). Focal necrotizing liver damage (asterisks in e
and g), dilated blood vessels in heart (arrow head in h and i) and hemorrhage in the forebrain (white arrow in l) were observed. No
significant developmental defects were observed in the VHLf/d/CreERTM placenta (k) compared with the VHLf/þ/CreERTM placenta (j).
VHL-inactivated embryo immediately following death (E14.7) displays large distended blood vessels (arrow heads in n) and hemorrhage
(n) while the control (VHLf/þ/CreERTM) shows normal development (m). Higher magnification of the spinal cords in ‘n’ reveals extensive
necrosis (o).
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Upregulation of HIF-1a and VEGF by the Inactivation
of the VHL Gene

In order to study biochemical changes induced by
homozygous VHL inactivation, we established and
analyzed mouse embryo fibroblast (MEF) cell
lines from E13.5 embryos harboring different VHL
genotypes (VHLf/þ , VHLf/þ /CreERTM, VHLf/d and
VHLf/d/CreERTM). During MEF cell culture, we
inactivated the VHL gene in an acute manner in
the VHLf/d/CreERTM cells by addition of 4-hydroxy
tamoxifen (4OHT) to the culture media. The VHL
gene was inactivated in more than 90% of the cells
by the action of CreERTM recombinase after 3 days of
culture with tamoxifen (Figure 5a). As a result of
VHL inactivation, VHL protein and mRNA expres-
sion were greatly reduced (Figure 5c left panel). As
expected, HIF-1a accumulated in the VHL-inacti-
vated cells (Figure 5b). However, we could not
detect HIF-2a in the MEFs (data not shown). HIF-1a
accumulation resulted in upregulation of its down-
stream target, VEGF, in MEFs (Figure 5c right panel).
Thus, we have established primary cells, in which
the VHL gene could be inactivated in an acute
manner by 4OHT providing an in vitro system for
dissecting biochemical changes resulting from VHL
inactivation.

Acidification of Culture Media by the Inactivation of
the VHL Gene in the MEFs

We found that VHL inactivation of VHLf/d/CreERTM

MEFs by 4OHT induced acidification of the culture
media based on phenol red indicator color change
observed 7 days after tamoxifen addition. However,
the media pH of the control MEFs (VHLf/þ /CreERTM)
was maintained neutral with or without 4OHT
treatment (Figure 5d). Upregulation of HIF mimics
the hypoxic state, and glycolytic rate and lactate
production were shown to be elevated in VHL�/�

embryonic stem cells.16 As in the VHL�/� embryonic
stem cells, lactate production was increased in MEFs
with VHL inactivation (Figure 5e). Lactate produc-
tion was not related to increased cell growth of the
VHL-inactivated MEFs. Cell growth, determined by
cell count 7 days after tamoxifen treatment, was
actually decreased by VHL inactivation (Figure 5f).
Decreased cell growth of the VHL�/� MEFs has also
been reported.24 In addition to lactate production,
the expression of CAIX, which regulates extracellu-
lar pH and is a target gene of HIF, was increased after
VHL inactivation in the MEFs (Figure 5g).

Discussion

In this study, we inactivated the VHL gene at the
mid-gestational stage of embryogenesis using a
tamoxifen-inducible CreERTM system to avoid the
early embryo lethality (E10.5–E12.5) seen in con-
ventional VHL-KO mouse models. The conventional

VHL-KO mouse reported by Gnarra et al18 died
during early embryogenesis due to placental defects.
Using the inducible CreERTM system, we have
overcome early embryonic lethality by inactivating
the VHL gene at mid-gestation (E10.5), circumvent-
ing early placental defects, and have observed
the effect of VHL inactivation specifically in the
embryos at E14.5 or later.

We saw differential effects of tamoxifen-induced
VHL inactivation in the embryo and in the placenta.
Although we observed dramatic pathological
changes in the embryos, we were unable to detect
gross placental defects at the time of embryo death.
One possible explanation is the restricted Cre
recombinase expression in the placenta. Cre recom-
binase activity was primarily observed in the
chorionic plate and umbilical vessels, and was
nearly absent from the labyrinthine layer (Figure
1f), where VHL expression was high.18 In support of
these observations the overall VHL-allele excision
rate was much lower in the placenta compared with
the embryo (Figure 2i). Thus, the phenotypes in the
embryos most likely resulted from inactivation of
the VHL gene in the embryo rather than from the
indirect effect of VHL inactivation in the placenta.
However, we cannot completely exclude possible
involvement of the placenta in the defects of the
embryos. Although we could not observe significant
pathological changes at the time of embryo death,
dilated blood vessels were often observed in the
labyrinthine layer in the VHL-inactivated placenta
at E16.5 (Figure 2g). Thus, it is likely that the limited
effect of VHL-inactivation on the placenta at the
time of embryo death becomes more pronounced
later following a longer duration of time.

As in the conventional VHL-KO mouse model,
VHL inactivation at mid-gestation led to embryonic
death. However, in contrast to the conventional
mouse model, VHL-inactivation at mid-gestation
delayed embryo death until E14.5 and caused
extensive hemorrhage, vascular defects and liver
damage in the embryos but did not cause placental
defects prior to embryo death. The technical
improvement provided by the inducible CreERTM

system allowed us to evaluate for the first time
specific VHL-null-associated defects observed in the
mid-gestational stage embryos. As with the VHL
gene, inactivation of a number of genes has been
found to cause early embryo lethality. Therefore,
it is difficult to study the function of these genes
at later stages of embryo development. However, as
we report in this study, early embryonic lethality
may be overcome by inactivating the gene of interest
at mid-gestation through the use of inducible
Cre/lox technology. To our knowledge, this is
the first study showing the application of the
CreERTM system to the analysis of a gene’s function
during embryogenesis. We found the CreERTM

system to be useful for the study of genes, specifi-
cally VHL, which cause embryonic lethality when
inactivated in mice.
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In addition, we established MEF cell lines, in
which the VHL gene could be inactivated in an acute
manner. In vitro analysis of the VHL-null MEFs

revealed HIF-1a accumulation and VEGF overpro-
duction. We also could observe metabolic and
physiological changes in the VHL-null MEFs. VHL-null

Figure 5 VHL inactivation in MEFs. (a) The VHL gene was inactivated in VHLf/d/CreERTM MEFs but not control MEFs by addition of
4OHT (1 mM) as revealed by Southern blot analysis of the genomic tail DNA with a VHL-specific probe. (b) HIF-1a accumulated in the
VHL inactivated MEFs. (c) VHL protein and mRNA expression were abolished and VEGF mRNA expression was induced by VHL
inactivation. (d) Culture media was acidified upon inactivation of the VHL gene by 5–400nM 4OHT treatment as indicated by the color
change of the phenol red indicator in media. MEFs were plated on six-well plates (7� 104 cells/well) and 4OHT was added 24h later.
Media color change was monitored 7 days after 4OHT treatment. (e) 24h lactate accumulation in the culture media was measured 7 days
after 4 OHT treatment and normalized to cell number as described in the Materials and methods. Lactate production (per 1�106 cells)
was increased upon inactivation of VHL. (f) However cell growth, based on cell counts performed 7 days after 4OHT addition and
normalized to untreated control cultures, was decreased upon VHL inactivation. (g) CAIX mRNA expression was induced by the
inactivation of VHL as revealed by semi-quantitative RT-PCR. flox, floxed VHL allele; del, deleted VHL allele; þ , wild-type.
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MEFs produced more lactate, indicating increased
glycolysis, and overexpressed CAIX, which contrib-
uted to acidification of the culture media. The
biochemical analyses of the VHL-inactivated
MEFs provide indirect evidence that the VHL gene
plays an important role in the maintenance of
vascular structure and integrity, and in protecting
against liver damage during embryogenesis by
regulating HIF-1a and its target genes. However, a
more direct way to test whether the highly vascular
phenotype in the VHL-inactivated embryos is a
consequence of HIFa activation would be to perform
these experiments in a conditional VHL knockout
mouse model in which HIF activation was con-
ditionally suppressed during VHL inactivation and
observe the subsequent effects on the vascular
phenotype.

VEGF, one of the most studied targets of HIF, is
a key regulator of vasculogenesis, angiogenesis,
hematopoiesis and recruitment of leukocytes to
inflammation sites.25 The VEGF gene family consists
of at least five members, including VEGF-A, VEGF-
B, VEGF-C, VEGF-D and placental growth factor
(PlGF). These ligands bind distinct receptor tyrosine
kinases, including VEGFR-1 (Flt-1), VEGFR-2
(Flk-1/KDR), VEGFR-3 (Flt-4) and Neuropilin-1.
VEGF receptors are expressed by both hematopoietic
stem cells and angioblasts, which are precursors of
blood cells and endothelial cells, respectively. VEGF
signaling was shown to be critical to both hemato-
poiesis and vasculogenesis in studies with knockout
mouse models of the ligand and its receptors.
Embryos heterozygous for the VEGF gene die in
utero between E11 and E12 showing defective
vascular development and reduced blood cells
within the blood island in the yolk sac.26,27

Gene targeting of the VEGFR-2 displayed a pheno-
type similar to the VEGF mutant with
almost complete lack of endothelial cells and
hematopoietic cells.28

In this study, we inactivated the VHL gene at mid-
gestation (E10.5) in an acute manner. Vasculogenesis
and hematopoiesis begin as early as E7.5 and blood
circulation in the embryo and yolk sac can be seen
from E9.0. During mid-gestation the pre-existing
vasculature, through which nutrients and oxygen
are supplied to the developing embryo, becomes
extensive by means of active angiogenesis. VHL
inactivation at mid-gestation affected vascular
stability and vascular structure in the developing
embryos. VEGF, known as vascular permeability
factor (VPF), increases vascular permeability during
pathogenic blood vessel growth.29 Increased perme-
ability leads to leakage of small and large molecules,
and often blood cells, into adjacent tissues. Hemor-
rhage is a consequence of blood cell leakage from
blood vessels. Thus, the extensive hemorrhage of the
VHL-inactivated embryos is most likely a result of
increased vascular permeability by overproduced
VEGF. The dilated blood vessels and disorganized
vasculature are also probable consequences of

uncontrolled growth of endothelial cells by over-
produced VEGF.

In addition to the vascular phenotype, we ob-
served focal liver damage in the developing embryos
after VHL inactivation. Such localized focal damage
can be explained by the low Cre activity seen in the
liver of the CreERTM/ROSA26 transgenic embryos.
During embryogenesis, hematopoiesis shifts from
yolk sac to liver by E11.5. Thus, fetal liver generates
blood cells as well as hepatocytes. As VEGF
receptors are expressed by hematopoietic stem cells,
it is intriguing to consider whether unbalanced
production of VEGF induces this phenotype through
VEGF signaling. We cannot rule out the possibility
that other HIF-regulated cytokines, such as EPO,
PDGF and TGF-a, are involved in liver damage. Of
note, VHL heterozygous null mice develop heman-
giomas in the liver spontaneously.12,13 Thus, the
liver appears to be the organ most susceptible to
VHL inactivation.

A common characteristic of tumors is their acidic
environment. It has been shown that the low pH of
the tumor environment is caused by excessive
lactate production in tumor cells as well as by
hydration of CO2 to carbonic acid by carbonic
anhydrase. As glycolysis is a dominating metabolic
pathway in cancer cells, lactate is produced even
under aerobic conditions. Generally tumors are in a
hypoxic state, in which the glycolytic rate is
increased by upregulation of the expression of
glycolytic enzymes. CAIX and CAXII are induced
by hypoxia.8 HIF is responsible for the expression of
glycolytic enzymes and carbonic anhydrases under
hypoxic conditions. Thus, acidification of culture
media by VHL inactivation is regarded as a con-
sequence of HIF stabilization in the MEFs caused by
lactate overproduction and increased CAIX expres-
sion in these VHL-inactivated MEFs.

The results of our study support a role for the
VHL gene in maintenance of vascular integrity
and protecting liver function for hematopoeisis
during mouse embryogenesis. This report is the first
to provide a functional analysis of the VHL gene in
the embryo during development. As many patho-
logical processes involve increased vascular perme-
ability and angiogenesis, our study suggests a
possible involvement of the VHL gene in those
processes. This inducible VHL-inactivation system
should prove useful as an in vivo model for
evaluating drugs that can inhibit vascular perme-
ability and/or target HIF and HIF-regulated genes
such as VEGF.
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