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via hypoxia-inducible factor-2a. signaling
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The R200W mutation in the von Hippel-Lindau (VHL) tumor suppressor protein (pVHL) is unique in that
it is not associated with tumor development, but rather with Chuvash polycythemia, a heritable disease char-
acterized by elevated hematocrit and increased serum levels of erythropoietin and VEGF. Previous studies
have implicated hypoxia-inducible factor-1a. (HIF-10) signaling in this disorder, although the effects of this
mutation on pVHL function are not fully understood. In order to explore the mechanisms underlying the
development of this polycythemia, we generated mice homozygous for the R200W mutation (VAI®/R). VHIR/R
mice developed polycythemia highly similar to the human disease. The activity of HIF proteins, specifically the
HIF-20 isoform, was upregulated in ES cells and tissues from VhI®/R mice. Furthermore, we observed a striking
phenotype in VhI¥/R spleens, with greater numbers of erythroid progenitors and megakaryocytes and increased
erythroid differentiation of VhI®/R splenic cells in vitro. These findings suggest that enhanced expression of key
HIF-20. genes promotes splenic erythropoiesis, resulting in the development of polycythemia in VAIR/R mice.
This mouse model is a faithful recapitulation of this VHL-associated syndrome and represents a useful tool for

studying polycythemias and investigating potential therapeutics.

Introduction

The von Hippel-Lindau (VHL) tumor suppressor protein (pVHL)
is best-characterized as the substrate recognition component
of an E3 ubiquitin ligase complex that targets hypoxia-induc-
ible factors (HIFs) for degradation in an O,-dependent manner
(1-5). HIF proteins mediate cellular adaptation to low O, or
hypoxia, by activating the expression of genes essential for pro-
cesses including increased glucose uptake, enhanced red blood
cell production, and angiogenesis. HIFs are heterodimers con-
sisting of an o and a 3 subunit (also known as aryl hydrocarbon
receptor nuclear translocator) that bind to conserved sequences
within the promoters or enhancers of target genes (6). The 2
primary HIF-a isoforms, HIF-1a and HIF-2a, share many target
genes but selectively activate others. For example, HIF-1a regu-
lates glycolytic enzymes such as phosphoglycerate kinase (PGK),
whereas HIF-2a regulates genes encoding Oct-4 and erythropoi-
etin (EPO) (7-10). The expression of other targets, including
VEGF, glucose transporter-1 (GLUT-1), and plasminogen acti-
vator inhibitor-1 (PAI-1), is preferentially activated by HIF-2a. in
certain cell types (7, 11, 12).
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Germline mutation of 1 VHL allele is associated with a heredi-
tary cancer syndrome known as VHL disease, in which patients are
predisposed to highly vascular tumors that develop upon inacti-
vation of the remaining VHL allele in somatic tissue (13). VHL is
also mutated in a majority of sporadic hemangioblastomas and
renal clear cell carcinomas (14). Loss of pVHL function mimics a
hypoxic state in which HIF is constitutively stabilized and inap-
propriately activates genes that mediate increased cell prolifera-
tion and angiogenesis (4). In addition, pVHL has been proposed
to mediate HIF-independent functions that may be important for
tumor suppression, including regulation of extracellular matrix
assembly via direct binding of pVHL to fibronectin and suppres-
sion of JunB activity to promote apoptosis (15-18).

There is a strong genotype-phenotype correlation in VHL dis-
ease, such that the location of the mutation site in VHL determines
the type of tumors that arise (13, 14). Most VHL point mutations
result in dysregulation of the HIF pathway, either by disrupting
the formation of the E3 ubiquitin ligase complex or by impairing
the ability of pVHL to bind HIFs (14). In contrast to these muta-
tions however, germline homozygosity for the 598C—T mutation
in exon 3 of VHL does not predispose to tumor formation, but
instead is linked to an autosomal-recessive disease known as Chu-
vash polycythemia (19-21). Interestingly, polycythemia is not fre-
quently observed in VHL disease, although it can occur secondary
to EPO production by tumors and in mice with hepatic Vhl deletion
or constitutive expression of HIF-2a (12, 13, 22, 23). This polycy-
themia is endemic to the Chuvash region of Russia and the Italian
island of Ischia, but has also been identified in diverse ethnic back-
grounds (24-28). The disease is characterized by elevated hemo-
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Generation of Vh/R/R ES cells. (A) Schematic representation of human pVHL showing the location of the R200W mutation (asterisk). (B) Tar-
geting construct used to introduce the R200W mutation in murine ES cells by homologous recombination. (C) Southern blot genotyping of ES
cells using the probe indicated in B, showing heterozygous mutant Vh/f*+ (R/+) and homozygous mutant Vh/"’? (R/R) clones. (D) Northern blot
analysis using the probe indicated in B, confirming that the Vh/ transcript in VhIR/R cells was the same size as that in WT cells. (E) Western blot
demonstrating that expression of pVHL in VhIF/R cells was decreased compared with WT cells. As quantitated below, mutant pVHL levels were
30%—40% those of WT. *ns, nonspecific band for loading control. (F) Expression of mutant pVHL was also significantly decreased in the kidney,

liver, and spleen of VhIF/R mice compared with WT and Vh/f* littermates.

globin and hematocrit, hypersensitivity of erythroid progenitors
to EPO, and increased serum levels of EPO, VEGF, endothelin-1,
and PAI-1 (19, 21, 25, 26, 28, 29). In addition, this unique type of
polycythemia is associated with an increased risk of thrombotic
complications, cerebral vascular events, pulmonary hypertension,
and premature mortality (21, 25, 30, 31).

The 598C—T mutation results in a substitution of tryptophan
for arginine at codon 200 (R200W in humans) at the extreme C
terminus of pVHL (Figure 1A) (19, 20). This region of the protein
is composed of an o helix that stabilizes the interaction between
pVHL and its substrate and is required for complete HIF-o. ubiqui-
tination (32). Studies using B lymphocytes isolated from patients
have demonstrated that this mutation diminishes, but does not
completely abolish, the ability of pVHL to efficiently bind to and
regulate HIF-o activity. Therefore, HIF-o. proteins are moderately
stabilized under normoxic conditions and upregulate the expres-
sion of genes such as EPO that likely contribute to the disease phe-
notype (19). However, previous studies have been limited to the use
of transformed cells from humans, and multiple questions remain,
including the extent to which dysregulation of HIF contributes to
the polycythemic phenotype and which tissues are affected by this
mutation. Furthermore, it is not clear how this mutation results in
polycythemia without inducing tumor formation.

In order to elucidate the mechanisms underlying this disease
and better understand how the Chuvash mutation affects pVHL
function, we generated mice homozygous for the R200W muta-
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tion (VhIRR). The phenotype of VhIRR mice faithfully recapitu-
lates many aspects of human Chuvash polycythemia, including
elevated hematocrit and serum VEGF and EPO levels, and pro-
vides the most accurate murine model of a VHL-associated syn-
drome to date. Analysis of VAIRR mice supported the importance
of increased HIF signaling, in particular HIF-2a, and upregulation
of key genes, such as those encoding VEGF, EPO, GLUT-1, and
PAI-1, in the development of polycythemia. Moreover, erythroid
differentiation was enhanced specifically in VAR spleens, offering
important insights into the pathology of Chuvash polycythemia
and potential therapeutic implications.

Results
Generation of VHIR'RES cells. To better study the effect of the Chuvash
mutation on pVHL function and polycythemia development, we
first generated murine ES cells expressing the R200W mutation
(R166W in the mouse). This mutation is located at the extreme C ter-
minus of pVHL, in a region important for HIF-a binding (Figure 1A)
(32). Figure 1B shows the targeting construct used to introduce this
point mutation in exon 3 of the endogenous Vhl locus by homolo-
gous recombination. Heterozygous (VhI®*) clones were identified
by both PCR (data not shown) and Southern blot analysis with
the indicated probe (Figure 1, B and C). Selection of ES cells with
increasing concentrations of G418 produced homozygous R200W
clones (VhI¥R; Figure 1C) (33). The Vhllocus was sequenced to ensure
that no additional mutations were introduced, and Northern blot-
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Figure 2

HIF activity is increased in Vh/RR ES cells. (A) Western blot analysis for HIF-10. and HIF-2c in WT or 2
VhIF/R clones (R/R' and R/R?2) grown under either normoxia (N) or 1.5% hypoxia (H). HIF-1a protein was
not detectably stabilized under normoxia; however, normoxic HIF-2a protein levels were greater in VhIF/R
cells than in WT cells. (B) Stable clones of 786-O human renal carcinoma cells expressing murine WT Vh/
or Vh/R200w (R200W) were generated and screened by Western blot for equivalent expression of WT and
R200W pVHL. These samples were run on the same gel but were noncontiguous, as indicated by black
lines. Normoxic levels of HIF-20. were increased in R200W, but not WT, clones. (C) Secretion of VEGF by
ES cells as measured by ELISA. Hypoxic induction of VEGF protein was maintained in VA/RR cells, similar
to control heterozygous (+/-) cells. However, normoxic VEGF protein levels were increased 2- to 3-fold
in 3 independent VhIF/R clones compared with control heterozygous cells. **P < 0.0006. (D) WT or VhIR/R
ES cells were grown in methylcellulose and allowed to differentiate into EBs for 9 days. The expression of
Vegf and Pgk was analyzed by TagMan real-time PCR. VEGF mRNA levels were increased 1.5- to 2-fold
in VhIR/R EBs over WT, while PGK was upregulated 1.3-fold. *P < 0.03.
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stable and more susceptible to
degradation compared with WT
(Supplemental Figure 1D).
Analysis of HIF regulation in VhIR/®
ES cells. To determine the effect of
the R200W mutation on the HIF
pathway, we examined HIF-1a
and HIF-2a protein levels. As
shown in Figure 2A, hypoxic
induction of both HIF-1a and
HIF-2a in VhIRR ES cells was
similar to that seen in WT cells.
However, although normoxic
HIF-1a protein was not detect-
ably increased in VHIRRES cells,
we noted a reproducible increase
in the level of normoxic HIF-2a
(Figure 2A). In order to exclude
the possibility that increased
HIF-2a was simply the result of
reduced pVHL levels, we generat-
ed stable clones of 786-O human
renal carcinoma cells (which lack
functional pVHL) stably express-
ing either WT or R200W pVHL
at similar levels (Figure 2B).
Importantly, normoxic HIF-2a.
protein was exclusively detected
in cells expressing R200W pVHL,
demonstrating that aberrant
HIF regulation results from the
effects of this point mutation on

ting confirmed the integrity of the targeted mRNA (Figure 1D).
The neomycin resistance (neo®) cassette was removed in vitro by
electroporation of a Cre recombinase-expressing plasmid followed
by PCR and Southern blot screening.

Surprisingly, mutant R200W pVHL levels were decreased to
approximately 30% those of WT in multiple independent ES clones
(Figure 1E), and also in tissues from VAR mice (Figure 1F). The
half-life of mutant pVHL was also reduced compared with the WT
protein (Supplemental Figure 1A; supplemental material available
online with this article; doi:10.1172/JC132614DS1). To examine
possible reasons for this reduction, we performed a number of con-
trol assays. To confirm that the perceived decrease did not result
from loss of an antibody epitope, we compared the ability of 2
different antibodies to detect in vitro transcribed and translated
pVHL. Whereas an antibody generated against the C terminus of
pVHL was unable to detect R200W pVHL as efficiently as WT, an
antibody to full-length pVHL recognized both proteins equivalent-
ly (Supplemental Figure 1B). Therefore, we used this full-length
antibody for all subsequent experiments. In addition, we compared
levels of in vitro transcribed and translated WT and R200W pVHL
labeled with 3°S and found no difference, arguing against a deficit
in translation (Supplemental Figure 1C). Treatment of WT or VAR
ES cells with various proteasome inhibitors (ALLN, lactacystin, and
MG132), however, resulted in somewhat increased mutant pVHL
levels, suggesting that the R200W mutation renders pVHL less
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pVHL function (Figure 2B).
HIF target gene expression was
also increased in VhI®/R cells under
normoxia, further indicating that the R200W mutation results in
enhanced HIF activity. Normoxic secretion of VEGF protein by VHIF/R
ES cells was approximately 2- to 3-fold greater than that of con-
trol heterozygous cells (Figure 2C). The effect of the R200W point
mutation on HIF and VEGF regulation was less severe than loss of
Vhl (4,13), and VHIRRES cells maintained the ability to hypoxically
induce VEGF expression similar to that of controls (Figure 2C).
To further investigate HIF target gene expression, WT or VAIRRES
cells were cultured in methylcellulose and allowed to differentiate
into embryoid bodies (EBs). TagMan real-time PCR analysis per-
formed on EB RNA demonstrated that Vegfand Pgk expression were
approximately 1.5- to 2-fold and 1.3-fold greater, respectively, in
VhIRR EBs (Figure 2D). These findings provide evidence that in the
presence of mutant pVHL, stabilized HIF-20. is competent to mod-
erately activate transcription of target genes in vitro.

Table 1
Genotypic frequencies of mice and embryos

WT Vhir~ VhIFR Total
Live-born pups 62 109 38 209
Expected 52.25 104.5 52.25

The frequency of live-born Vh/A’R pups compared with the expected fre-
quency was not significant (P > 0.1).

Volume 117 Number 12 December 2007 3881
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VhI¥Rmice develop polycythemia. VhI¥'* ES cells were injected into blas-
tocysts to generate founder mice, which were genotyped by the same
PCR and Southern blot methods used for ES cells. These mice were
then crossed to E2A Cre transgenics to remove the neo® cassette (34).
Interbreeding of heterozygous mice yielded viable homozygous VAIR/R
pups, although at a slightly lower frequency than expected (Table 1),
suggesting that this VAl point mutation has deleterious, but variable,
effects during mouse embryogenesis. However, we focused our atten-
tion on phenotypic characterization of live-born VH¥R mice.

VhI¥R mice developed redness in their snouts and paws, as shown
in Figure 3A. This was similar to other mice with polycythemia
(12, 23) and suggested that VhI®R mice may be polycythemic.
To confirm this, we measured hematocrits of age-matched WT,
VhIR*, and VhHIRR mice at various ages. At 5-6 weeks there was no
difference in hematocrit levels based on genotype, but a significant
increase in hematocrits of VhI®® mice became apparent as the mice
aged (Figure 3B). VAI®R mice first developed elevated hematocrits
by approximately 10-14 weeks after birth, and levels continued to
increase to nearly 55% on average by 26 weeks (Figure 3B). In con-
trast, hematocrits of both WT and VhI®* mice remained relatively
constant over time (averaging 47%; Figure 3B). Therefore, VHIR/R
mice are in fact polycythemic, with a moderate increase in hemato-
crit similar to that seen in humans with this mutation (21, 25). As
is also the case for human R200W homozygotes (21), we observed
no increased predisposition to tumor formation in VhIFR mice.
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In addition to elevated hematocrits, red blood cell numbers and
hemoglobin levels were significantly increased in VhIR® animals
relative to WT and VhI®* litctermates (Figure 3, C and D). Reticu-
locyte counts, however, were not changed in VAI®® mice (data not
shown). The R200W mutation may also have a more general effect
on hematopoietic differentiation, at least in mice: circulating
white blood cell numbers were slightly higher (P < 0.059; trending
toward significance) in VhIR® mice (Figure 3E), although platelet
counts appeared normal (Figure 3F).

HIF target genes are upregulated in VhI® R mice. To further explore the
extent to which the polycythemia we observed resembled Chuvash
polycythemia, serum VEGF and EPO levels were assayed by ELISA.
The concentration of both proteins was greater — by approximately
1.3-fold (P < 0.002) and 1.8-fold (P < 0.08), respectively — in VhIF/R
serum compared with WT controls (Figure 4, A and B). In addi-
tion, VhI¥R serum levels of both VEGF and EPO increased further
with age (Supplemental Figure 2, A and B), consistent with the
elevated hematocrits observed in older mice (Figure 3B).

The results of serum ELISAs and increased HIF-2a protein levels
observed in ES cells implicated HIF signaling as a major mecha-
nism underlying the development of polycythemia. To investigate
this possibility further, we measured mRNA levels of HIF target
genes in representative tissues isolated from VhI¥® mice and cor-
responding littermate controls (Figure 4, C-F). Epo mRNA levels in
VhIRR kidneys were slightly increased (1.3-fold; Figure 4D), suggest-
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ing that renal Epo production is the likely source of the increased
serum EPO in these mice. Importantly, Epo expression was unde-
tectable in the liver, brain, and spleen of both WT and VAI®R mice
(data not shown). Vegf expression was upregulated in each tissue
tested, most notably in the spleen (1.7-fold; Figure 4, C, E, and
F). Similarly, Glut-1 (Slc2al) mRNA levels were elevated in VhIR/R
kidneys and livers (Figure 4, C and E). In addition, the expression
of other HIF target genes likely to contribute to the observed phe-
notype was enhanced in VhIR® tissues. The expression of mRNA
encoding PAI-1, which negatively regulates the fibrinolytic cas-
cade, was most significantly increased among the genes tested,
with 2.4-fold greater expression in VhIRR livers and 2.1-fold great-
er expression in VhIRR spleens (Figure 4, E and F). Endothelin-1
(Ednl) mRNA levels were also greater in VhI¥R kidneys (2.3-fold),
as was transferrin (T7f) expression in VhI®R livers (1.4-fold; data not
shown), consistent with the phenotype of Chuvash polycythemia
(21, 29). Strikingly, expression of the HIF-1o-specific target gene
Pgk was similar in VhIRRand WT mice, whereas genes preferentially
activated by HIF-2a, such as those encoding VEGF, EPO, and PAI-1
(7, 11, 12), were upregulated in VHIFR mutant mice (Figure 4,
C-F). This distinction further suggests that HIF-2a. regulation
may be more sensitive to the R200W point mutation.

Bone marrow is not affected in VhI®® mice. The R200W mutation is
ubiquitously expressed in all cells, and it is not known which stages
of hematopoiesis are dysregulated, or whether the bone marrow and
spleen are differentially affected by this mutation. We performed
flow cytometry to examine whether more erythroid progenitor cells
were present in VhIRR mice using 2 markers of the maturing ery-
throid lineage, Ter119 and CD71 (transferrin receptor). Ter119 is
an erythroid-specific marker expressed at all stages, whereas CD71
expression is highest on early erythroid precursors and is subse-
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Figure 4

HIF target gene expression is increased in Vh/RR mice.
(A and B) Serum levels of VEGF and EPO were deter-
mined by ELISA; pooled results from mice of varying
ages are shown. (A) VEGF levels were 1.3-fold greater
in Vh/R'R mice than in WT and Vh/R+ mice. *P < 0.002.
(B) EPO levels were 1.8-fold greater in Vh/f/R mice
(P < 0.08). (C—F) TagMan real-time PCR analysis of
HIF gene expression in kidney (C and D), liver (E),
and spleen (F). The expression of several genes, most
notably HIF-2a—preferential targets such as Glut-1,
PAI-1, and VEGF, was increased in tissues isolated
from VhIR/R mice compared with those of WT mice.
*P < 0.05; **P < 0.007; #*P < 0.059 (trending toward
significance). Renal Epo mRNA expression was
increased 1.3-fold (P < 0.09) in Vh/RR mice with
increased serum EPO levels (D).
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quently lost as these cells differentiate to form mature red cells.
There was a 2-fold higher percentage of circulating CD71*Ter119*
immature erythroid cells in VhI®R blood than in WT and VhI®*
blood, suggesting that enhanced erythroid differentiation under-
lies polycythemia development in these mice (Figure 5, A and B).
To determine the origin of these additional erythroid precursors in
VhI¥R animals, we first analyzed cells from the bone marrow. How-
ever, the percentage of CD71*Ter119" cells in VAI¥R bone marrow
was not significantly different from littermate controls (Figure 5,
C and D). Furthermore, the histology of mutant bone marrow
closely resembled that of WT, with similar architecture, cellularity,
and numbers of hematopoietic progenitors (Figure SE).

The R200W mutation stimulates erythropoiesis in the spleen. Given the
absence of an effect on bone marrow erythropoiesis, we analyzed
the spleen, a frequent site of extramedullary hematopoiesis in adult
mice. VhI®R spleens appeared darker in color than those of WT
and VhI¥* litctermates (Figure 6A). Histological analysis of VhIR/R
spleens revealed disruption of normal splenic architecture, with
decreased size of white pulp germinal centers and concomitant
increases in red pulp containing many clusters of erythroid pre-
cursors (Figure 6B, white arrows). Of note, a striking abundance
of megakaryocytes was detected in VhI®R spleens, with a greater
than 2-fold increase compared with controls (Figure 6C). The
megakaryocytes in VhIRR spleens were visible even at low power
and often appeared in clusters (Figure 6B, black arrows).

In agreement with our histological observations, VhHI®R spleens
exhibited a greater than 6-fold increase in the percentage of
CD71'Ter119" erythroid precursors (Figure 6, D and E) and
decreased percentages of CD19* B cells (WT, 53%, VhIRR  44%;
Figure 6F). The percentage of cells positive for CD41 (a marker of
megakaryocytes and platelets) was also higher in mutant spleens
Volume 117 ~ Number 12
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throid progenitors in Vh/R/R mice. (A) Flow cytom-
etry demonstrated a 2-fold increase in the percent-
age of CD71+Ter119+* erythroid precursor cells in
the blood of Vh/RR mice. *P < 0.03. (B) Represen-
tative flow cytometry plots for WT and Vh/F/R blood
stained for CD71 and Ter119. (C) The percentage
of CD71+Ter119+ cells was not significantly differ-
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(2.5-fold), matching the observed increase in megakaryocytes (Fig-
ure 6G). Taken together, these data indicate that increased ery-
throid precursor production in polycythemic VhI®R mice occurs
in the spleen and suggest that the R200W mutation may exert its
effect on a hematopoietic precursor common to the erythroid and
megakaryocytic lineages.

The above findings support the idea that in VAI®® animals, the
spleen serves as a reservoir of erythroid precursor cells in a basal,
unstressed state. Therefore, we examined whether VhHI/®/R mice
would respond more efficiently to erythropoietic stress. Mice
were injected on 2 consecutive days with phenylhydrazine (PHZ)
to induce hemolysis. As expected, prior to PHZ administration,
VhI®R mice had hematocrit levels 6%-27% greater than those of
control animals (VAR 50%-56%; control, 44%-47%; data not
shown). PHZ treatment caused a comparable reduction in the
hematocrits of all mice, decreasing hematocrit levels to 33%-37%
at day 5 (Figure 7A). However, although all hematocrits were
restored to pre-PHZ levels after approximately 1 week, VHIR/R
mice were unable to downregulate the stress response upon
reaching WT hematocrit values (Figure 7A). Instead, mutant
mice inappropriately continued erythropoiesis, increasing their
hematocrit to the polycythemic levels observed prior to PHZ
(55%-57%; Figure 7A). In response to PHZ stress, all mice initi-
ated erythropoiesis, resulting in an increase in splenic weight.
Untreated VhIRR spleens were already slightly larger than those
of WT littermates (Figure 6A and Figure 7B). However, follow-
ing PHZ treatment, a greater increase in the spleen/body weight
ratios of VHIFR mice was detected (untreated, 0.38%; after PHZ,
0.64%) compared with WT mice (untreated, 0.30%; after PHZ,
0.43%), and the spleens of VHI®R mice remained larger even 1
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month after treatment (Figure 7B). Therefore, although the
response to stress was not completely disrupted in mutant mice,
PHZ further enhanced erythropoiesis in VAR spleens.

Differentiation of multiple hematopoietic lineages is enbanced in VhIFR
mice. The above data suggested that the Vhl R200W mutation
might promote increased differentiation of erythroid precursor
cells, resulting in the development of polycythemia. To investigate
this possibility, we evaluated hematopoietic differentiation using
an in vitro colony-forming assay. Bone marrow or splenic cells
from WT, VhI¥*, or VhI¥R mice were plated in methylcellulose con-
taining SCF, IL-3, IL-6, and EPO to support the formation of all
hematopoietic lineages. The number of erythroid colonies formed
by VhIRR bone marrow was not different from that of WT or VhI*/*
bone marrow (Figure 8A), in agreement with our flow cytometry
and histological analyses (Figure 5, C-E). Similarly, there was no
statistically significant change in the potential of VhI¥®bone mar-
row cells to generate colonies of other lineages, CFU-granulocyte
(CFU-G), CFU-macrophage (CFU-M), CFU-granulocyte-macro-
phage (CFU-GM), or CFU-granulocyte-erythroid-macrophage-
megakaryocyte (CFU-GEMM), although there was a trend toward
increased CFU-G and CFU-M colonies (Figure 8, B and C).

In contrast, VHI®/R splenic cells exhibited an enhanced potential
to form cells of various hematopoietic lineages, most notably ery-
throid colonies. We detected a 3.5-fold increase in the number of
erythroid colonies formed by VAR spleens compared with WT,
as well as significant increases in the number of CFU-G (nearly 3-
fold), CFU-M (3-fold), and CFU-GEMM (3-fold) colonies (Figure 8,
D-F). In addition, VhI¥* splenic cells also gave rise to more CFU-
erythroid (CFU-E) and CFU-GEMM colonies than did WT cells
(Figure 8, D and E). This result supports our earlier findings of a
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Figure 6

Both erythroid progenitors and megakaryocytes are increased in Vh/R/R spleens. (A) VhIF/R spleens appeared slightly darker in color than WT and
VhIR* littermates. Scale bar: 1 cm. (B) Representative sections of WT and VhIR/R spleens stained with H&E revealed a disruption of the normal
splenic architecture in Vh/fR mice. Erythroid cells are indicated by white arrows, and megakaryocytes by black arrows. Original magnification,
x5 (top); x40 (bottom). Scale bars: 200 um; 20 um. (C) Quantification of the increase in megakaryocytes in Vh/A/R mice. *P < 0.006. (D) Rep-
resentative flow cytometry plots of WT and VhIF/R spleens stained for CD71 and Ter119. (E and F) The percentage of CD71+Ter119+ erythroid

progenitors was increased 6-fold (12%) in Vh/R’R spleens (E), corresponding to a 9% (1.2-fold) decrease in CD19* cells (F). *P < 0.05. (G) The
percentage of CD41+ cells was also greater in VhIf/R spleens (2.5-fold). *P < 0.05.

larger percentage of erythroid precursors and increased numbers
of megakaryocytes in VhI®/R spleens (Figure 6, C and E).

To further assess erythroid differentiation in each organ, we plated
bone marrow or splenic cells from each genotype in methylcellulose
containing varying concentrations of EPO, without other cytokines.
We then scored the number of burst-forming units-erythroid (BFU-E)
and CFU-E colonies; BFU-E colonies represent a more immature
erythroid precursor and give rise to CFU-E colonies. While the
number of CFU-E colonies did not differ with respect to genotype
in the bone marrow or spleen (data not shown), the formation of
the earlier BFU-E progenitors was greater in VhI®® mice. There was
an increase in the number of BFU-E colonies formed by cells from
VhIRR spleens, as well as VHI¥R bone marrow, at each concentra-
tion of EPO tested compared with WT, implying that progenitor
cells of mutant mice have an increased sensitivity to EPO (Figure 8,
G and H). Collectively, these results suggest that the R200W muta-
tion promotes hematopoietic differentiation, especially of the ery-
throid lineage, primarily within the spleens of VhIFR mice.
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Increased angiogenesis in VhI¥R mice. In addition to the polycythemic
phenotype, we were also interested in identifying other phenotypes in
VhI¥R mice that may result from chronic, low-level activation of HIF-2a.
In particular, we focused our attention on the skin and liver, based
on previous studies demonstrating that HIF-2a. stabilization results
in increased vascularity of these tissues (12). Analysis of H&E-stained
skin sections suggested that VAIFR skin contained more blood vessels
than that of WT controls (Supplemental Figure 3A). CD31 staining
and quantification of microvessel density confirmed a slight increase
in vascularity in VAI®® skin (Supplemental Figure 3, A and B). This
finding is consistent with the enhanced expression of VEGF in VAR
mice and may provide an additional explanation for the redness
observed in the skin of mutant animals (Supplemental Figure 3A).

We also observed enhanced vascularity in VhI®R livers, sug-
gesting that VEGF promotes angiogenesis in multiple tissues in
mutant mice. Although there were no gross morphological dif-
ferences nor changes in fat deposition between WT and VhIR/R
animals (Supplemental Figure 4A), the number of blood vessels
Volume 117 Number 12
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in VhIRR livers was 1.3-fold greater than that of WT controls (Sup-
plemental Figure 4, A and B). These findings are more moderate
than, but in agreement with, the histological changes observed
with high-level HIF-2a activation (12).

Patients with Chuvash polycythemia are also susceptible to
developing pulmonary hypertension (29, 31), and HIF-2a has
been implicated in hypoxic pulmonary vascular remodeling (35).
Therefore, we examined the lungs of VAI®R mice for signs of pul-
monary vascular changes. Staining with a-SMA did not reveal dis-
cernible differences in the muscularization of vessels. However, the
majority of vessels in VhIRR lungs appeared congested with blood,
suggesting the potential existence of pulmonary hypertension in
mutant mice (Supplemental Figure 4C).

Discussion
The 598C—T transition is unique among VHL mutations in that
germline homozygosity does not predispose to tumor formation,
but instead results in polycythemia (19, 21). To gain insight into
how this mutation affects pVHL function, we generated mice
expressing the corresponding murine mutation from the endog-
enous Vhl locus. These mice developed polycythemia that became
more pronounced with age, although there was no obvious decrease
in the life span of these animals. It is worth noting that the fold
increase in several parameters, most notably serum EPO levels, was
more moderate than the increase seen in patients, likely because of
differences between species. Importantly, however, the VAI®R pheno-
type qualitatively recapitulated many of the characteristics of Chu-
vash polycythemia in humans, including increased hematocrits and
elevated serum levels of VEGF and EPO, and represents the most
accurate mouse model of a VHL-associated disease created to date.
In agreement with previous studies (19, 26), the expression of
HIF targets, particularly VEGF, EPO, and PAI-1, was enhanced
at the mRNA and protein level in VAR ES cells and tissues.
Upregulation of these and other genes likely plays a critical role
in increased red blood cell formation and the thrombotic tenden-
cies observed in Chuvash polycythemia. Therefore, as suggested by
3886
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Figure 7

Characterization of stress-induced erythropoiesis in Vh/f/R mice. (A)
Hematocrit of Vh/AR mice, similar to that of WT mice, increased in
response to PHZ (injected on days 1 and 2). However, the erythropoi-
etic response was not downregulated appropriately in Vh/RR mice, and
hematocrits continued to rise beyond WT levels to reach Vh/f/R pre-
PHZ levels. The result of 1 representative experiment is shown; similar
results were obtained in separate experiments. (B) Spleen/body weight
ratios in untreated mice and mice one month after PHZ injection; pooled
results from multiple experiments are shown. Although the spleens of
untreated VhIRR mice were slightly larger (0.38% versus 0.3%), this dif-
ference was enhanced following PHZ, resulting in a greater increase in
the size of mutant spleens compared with WT spleens.

Ang et al., a mild dysregulation in the HIF pathway downstream
of Vhl mutation promotes the development of polycythemia (19).
However, the potential importance of alterations in HIF-indepen-
dent functions of pVHL remains to be determined and will be the
subject of future investigation using our mouse model.

In contrast to previous studies (19, 26), however, HIF-2a seems
to be preferentially activated by this mutation, as normoxic HIF-2a.
protein levels were more substantially increased in VhIRR ES cells
than levels of HIF-1o. Furthermore, many of the genes activated
in VhIFR tissues, including those encoding VEGF, EPO, and PAI-1,
have been shown to be HIF-2a-preferential targets in that they are
more sensitive to regulation by this HIF-a isoform (7, 11, 12). It
is possible that HIF-2a. stabilization is more sensitive to perturba-
tions in pVHL function and that upregulation of HIF-2a-specific
genes is essential for the development of Chuvash polycythemia.
In support of this, mice in which VAl is specifically inactivated in
hepatocytes develop polycythemia that is rescued by inactivation of
HIF-2a, but not HIF-1a (9). Similarly, mice expressing constitutive-
ly stabilized HIF-2a., but not HIF-1a, develop polycythemia (12).
Moreover, mice lacking HIF-2a expression are anemic, suggesting
that this protein is necessary for EPO production and red cell devel-
opment (10, 36). Interestingly, serum EPO levels were also slightly
elevated in some VhIR* mice (Supplemental Figure 2B), although
these heterozygotes did not exhibit signs of polycythemia. This sug-
gests that activation of additional HIF-2a targets, including VEGF,
PAI-1, and other as-yet unidentified genes, may be more important.
Further analysis will be necessary to confirm the relative contribu-
tions of each HIF-a protein to the polycythemic phenotype.

In both ES cells and tissues isolated from VhI®R mice, the R200W
mutation decreased the stability of pVHL. This is in contrast to
the human protein, which was expressed at the same level as WT
pVHL, at least in B lymphocytes (19), and could represent a dif-
ference between the murine and human proteins. It also remains
possible that the stability of human R200W pVHL is altered in tis-
sues, such as the kidney, liver, and spleen, that are more physiologi-
cally relevant in polycythemia. Although mutant pVHL levels were
reduced, our cumulative results strongly support the notion that
the polycythemic phenotype results from the R200W mutation.

Our data demonstrate that the R200W mutation promoted ery-
throid differentiation and that the spleen was the major source of
enhanced erythropoiesis in polycythemic VAIRR mice. This expan-
sion of splenic erythropoiesis likely occurs in response to elevated
VEGF and EPO levels downstream of increased HIF signaling in
the spleen and in other tissues such as the kidney and liver. More-
over, the increased dose response of VhI¥® progenitor cells is also a
feature of Chuvash polycythemia in humans (19). It is interesting
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Erythropoiesis is enhanced in Vh/R’R spleens in vitro. (A—C) Erythroid differentiation of Vh/R’R bone marrow cells was not significantly different from
WT (A). Similarly, there was only a small (but not statistically significant) increase in the number of nonerythroid colonies formed by Vh/f’? bone
marrow, most notably CFU-G (B) and CFU-M (C). (D-F) In contrast, VhIR/R splenic cells had 3.5-fold higher potential to generate erythroid colo-
nies (D), as well as increased potential to form nonerythroid colonies such as CFU-G and CFU-GEMM (E) and CFU-M (F). *P < 0.02; **P < 0.003;
#P < 0.059 (trending toward significance). (G and H) EPO dose-response curves of WT and Vh/A/R cells showing the number of BFU-E colonies
formed. Both bone marrow (G) and splenic (H) cells were hypersensitive to EPO.

to note that VhIRR bone marrow was also more sensitive to EPO in
vitro, although the extent to which this might contribute to polycy-
themia remains unclear. Taken together, these results strongly sug-
gest that the spleen is one of the principal tissues affected by this
mutation. Splenomegaly has been reported in a small proportion
of Chuvash polycythemia patients, but may remain undetected in
others (21, 30). It will be important to determine whether the spleen
is similarly affected in humans and whether this finding has poten-
tial therapeutic implications for the treatment of this disease.

The R200W mutation may also have a more general effect on the
formation of multiple hematopoietic lineages, particularly mega-
karyocytes. An increase in megakaryocytes could play a major role
in the thrombotic complications that occur in Chuvash polycythe-
mia. This result is especially intriguing because megakaryocytes
and erythroid cells originate from the same bipotential mega-
karyocytic-erythroid progenitor (MEP) (37). Therefore, increased
HIF activity at the level of the MEP may stimulate differentiation
of both lineages. The finding that immature erythroid progeni-
tors (i.e., BFU-E) seem to be especially sensitive to EPO levels fur-
ther suggests an effect on the early stages of differentiation. How-
ever, the expression of mRNA encoding thrombopoietin (Tpo), a
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cytokine essential for megakaryocyte differentiation (38), was not
increased in VhIRR livers (data not shown), suggesting that other
cytokines such as VEGF and EPO may be more important.

In addition to promoting splenic erythropoiesis, the R200W
mutation also enhanced vascularization of several tissues, includ-
ing the skin and liver. These findings are consistent with previ-
ous studies (12) and support the notion that HIF-2a. activation is
sufficient to induce angiogenesis, in large part through increased
expression of VEGF. Furthermore, this mutation may also result
in pulmonary vascular changes, as VbR mice exhibit signs of pos-
sible pulmonary hypertension. More detailed histological analy-
sis and physiological measurements are currently in progress to
characterize this phenotype and determine whether it recapitu-
lates the cardiopulmonary dysfunction observed in humans with
Chuvash polycythemia (29, 31).

Our results demonstrate that VhHI¥R mice faithfully recapitulate
nearly all aspects of Chuvash polycythemia in humans. Additional
analysis of this phenotype will provide further insight into how the
R200W mutation alters pVHL functions, both HIF-dependent and
HIF-independent, to give rise to polycythemia, and will serve as an
interesting comparison to mice expressing other Vhl mutations.
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Furthermore, this model may have implications for our under-
standing of distinct types of polycythemia and will be useful as a
tool to explore potential avenues for the treatment of patients.

Methods

Generation of VhI®R mice. To construct the targeting vector, a DNA frag-
ment containing exons 2 and 3 of murine VAl contiguously was digested
with BamHI to separate the 2 exons. The exon 2 BamHI fragment was sub-
cloned into the pLNT targeting vector (39) between the HSV-TK gene and
floxed neo® cassette. Clones with the correct orientation were confirmed by
restriction digestion and sequencing. Site-directed mutagenesis of Vhl exon
3 in pBluescript KS+ (Stratagene) was conducted using the Transformer
mutagenesis kit (Clontech) (primer 1, 5'-GGATCCACTAGTTCTGGAGC-
GCCGCACCGCGGTG-3'; primer 2, 5'-CGAAGGACATACAGTGGCT-
GAGCCAAGAGCACCTTGAGAGTC-3') and confirmed by bidirectional
sequencing. Mutated exon 3 was then directionally cloned as a Xhol/Notl
fragment into the pLNT vector containing the exon 2 fragment, adjacent
to the floxed neo® cassette. The completed targeting construct included 3
kb of homology upstream of exon 2 and 4 kb of homology downstream
of exon 3, and a Pvull/Clal fragment was used to electroporate J1 ES cells.
Doubly gancyclovir- and neomycin-resistant ES clones were selected and
screened for proper recombination by Southern blot analysis using HindIIT
(Roche) digestion and the probe shown in Figure 1B.

VhI¥* ES clones were injected into murine blastocysts and transferred
to pseudopregnant females. Germline transmission was confirmed by
Southern blot. VhI®*mice were then bred to transgenic E2A-Cre mice (34)
and subsequently to C57BL/6 mice to completely delete the neo® cassette.
Interbreeding of VhI®* progeny generated VhI®/R mice. WT and VhI®* litter-
mates were used as controls for all experiments. Mice were genotyped by
Southern blot and by PCR using primers that differentiate between the WT
and mutant alleles (primer 1, 5" TGTGCCATCCCTCAATGTCGATGGA-
CAGC-3'; primer 2, 5'-CAGAAAGTGGCTCTGTAGTCTTGACCTTG-3).
In addition, the targeted Vhl locus was cloned by PCR and sequenced to
confirm the presence of the R200W mutation and ensure that no addi-
tional mutations had been introduced.

All procedures involving mice were performed in accordance with the NIH
guidelines for use and care of live animals and were approved by the Universi-
ty of Pennsylvania Institutional Animal Care and Use Committee (IACUC).

Cell culture. For in vitro studies, VhI¥* ES cells were grown in increasing
concentrations of G418 (2.5-4 mg/ml) to select for homozygous VhIR/R
clones (33). A vector expressing Cre recombinase (pPCAAGG-NLS-Cre) was
then used to remove the neo® cassette in vitro. For hypoxic experiments, ES
cells were grown under 1.5% O for 6 hours. To determine the half-life of
pVHL, ES cells were treated with 200 uM cycloheximide (Sigma-Aldrich).
For proteasome inhibitor studies, ES cells were treated with one of the fol-
lowing: vehicle DMSO, ALLN (100 uM), lactacystin (10 uM), or MG-132
(20 uM; Calbiochem). To rescue functional VAl expression in 786-O human
renal carcinoma cells, Lipofectamine Plus (Invitrogen) was used to trans-
fect a vector containing either WT VAl or VhIR?0W murine cDNA. Stable
clones were selected using 450 ug/ml hygromycin B (Roche).

RNA isolation, Northern blot analysis, and real-time PCR. Total RNA was pre-
pared from cells or organs using TRIzoL (Invitrogen). RNA from ES cells
(15 ng) was screened by Northern blot as previously described (7) using
the probe shown in Figure 1B or a probe for f-tubulin as a loading con-
trol. For real-time PCR, cDNA was synthesized from 2 ug RNA using the
SuperScript First-Strand Synthesis System (Invitrogen). Real-time PCR was
performed using an ABI Prism 7000 Sequence Detection System with Tag-
Man Universal PCR Master Mix and TagMan Gene Expression Assays for
HIF target genes (Applied Biosystems). Relative quantification of mRNA
expression levels was determined and normalized to 18S.
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Protein analysis. Whole-cell protein extracts were isolated as previously
described from ES cells (39) and from organs (40). For supplemental
experiments, WT or R200W pVHL was in vitro transcribed and translated
using the TNT T7 Quick Coupled kit (Promega) and analyzed by Western
blot or exposed to autoradiographic film (Kodak) to detect 3°S. The anti-
bodies used for Western blot were as follows: murine HIF-1a (41), murine
HIF-20. (NB 100-122; Novus Biologicals), murine VHL (M20 and FL-181;
both from Santa Cruz; and for tissues 2738; Cell Signaling), ERK (Cell Sig-
naling), eEF2 (Cell Signaling), Akt (Cell Signaling), actin (Sigma-Aldrich),
cyclin D1 (DCS-6; NeoMarkers), and p53 (CMS; Novocastra Laboratories).
Quantitation of pVHL levels was performed using NIH Image software.

EPO and VEGF ELISA. Blood collected retro-orbitally was allowed to clot
overnightat 4°C, and serum was isolated by centrifugation for 20 minutes
at 2,000 g. Alternatively, supernatants were collected from ES cells grown
under normoxia or 1.5% hypoxia for 24 hours. ELISAs were performed
according to the protocols provided by the manufacturer (R&D Systems).

Phenylhydrazinetreatment. Mice were injected intraperitoneally with 50 mg/kg
phenylhydrazine hydrochloride (Sigma-Aldrich) in PBS on days 1 and 2.
Blood was collected retro-orbitally on the day before injection and on every
third day after injection, beginning on day 5 (3 days after PHZ).

Hematological and bistological analyses. Blood was collected by retro-orbital
bleed in lithium heparin-treated tubes (BD) for determination of spun
hematocrits using microcapillary tubes (Drummond) and an IEC MicroMB
centrifuge. Complete blood counts were determined using blood collected
in EDTA-coated tubes (Sarstedt) and a Hemavet HV9SOFS machine (Drew
Scientific). For flow cytometry analyses, bone marrow and splenic cells were
isolated as previously described (10). Cells were blocked for 15 minutes with
CD16/CD32 antibody (1:100 dilution; BD Biosciences — Pharmingen) in
0.1% BSA in PBS, followed by staining for 30 minutes with primary antibod-
ies: PE-conjugated Ter119, FITC-conjugated CD71, PE-conjugated CD19,
or FITC-conjugated CD41 (1:100 dilution; all BD Biosciences — Pharmin-
gen). Analysis was performed on a FACSCalibur machine (BD).

For histology, sections of mouse organs were stained with H&E. The
number of megakaryocytes in the spleen was quantitated from 10 indepen-
dent high-power fields per slide. Immunohistochemistry was performed
using antibodies to CD31 (1:100 dilution; Abcam) or a-SMA (1:2,000;
Sigma-Aldrich) following antigen retrieval by boiling in sodium citrate
solution, pH 6.0 (Vector Laboratories). Microvessel density was expressed
as the number of vessels per high-powered field. Staining with oil red O
(Sigma-Aldrich) was performed on frozen liver sections.

Colony-forming assays. Bone marrow and splenic cells were isolated as
previously described (10). To determine the number of all CFU colonies,
2.5 x 10* bone marrow cells or 2.5 x 10° splenic cells were plated in 2 ml
complete Methocult M3434 (StemCell Technologies). EPO dose curves
were obtained by plating 1.5 x 10° bone marrow cells or 2.5 x 10° splenic
cells in 2 ml Methocult M3234 supplemented with 0.1 or 3 U/ml recombi-
nant human EPO (both StemCell Technologies). All colonies were scored
6-7 days after plating.

Statistics. Statistical analyses were performed using unpaired Student’s ¢
tests, and P values less than 0.05 were considered statistically significant.
Error bars in figures represent SEM.
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