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Background: Studies of humans have identified missense mutations in the PHD2 gene associated with erythrocytosis.
Results: Mice bearing a heterozygous disease-associated Phd2 mutation display erythrocytosis equivalent in degree to that
observed in Phd2�/� mice.
Conclusion: The human PHD2-associated erythrocytosis is due to a haploinsufficiency, rather than a dominant negative,
mechanism.
Significance: The data formally prove that a PHD2missense mutation can cause erythrocytosis.

The central pathway for controlling red cell mass is the PHD
(prolyl hydroxylase domain protein):hypoxia-inducible factor
(HIF) pathway. HIF, which is negatively regulated by PHD, acti-
vates numerous genes, including ones involved in erythropoie-
sis, such as the ERYTHROPOIETIN (EPO) gene. Recent studies
have implicated PHD2 as the key PHD isoform regulating red
cell mass. Studies of humans have identified erythrocytosis-as-
sociated, heterozygous pointmutations in thePHD2 gene. A key
question concerns the mechanism by which human mutations
lead to phenotypes. In the present report, we generated and
characterized amouse line in which a P294R knock-inmutation
has been introduced into the mouse Phd2 locus to model the
first reported human PHD2 mutation (P317R). Phd2P294R/�

mice display a degree of erythrocytosis equivalent to that seen in
Phd2�/� mice. The Phd2P294R/�-associated erythrocytosis is
reversed in a Hif2a�/�, but not a Hif1a�/� background. Addi-
tional studies using various conditional knock-outs of Phd2
reveal that erythrocytosis can be induced by homozygous and
heterozygous knock-out of Phd2 in renal cortical interstitial
cells using a Pax3-Cre transgene or by homozygous knock-out
of Phd2 in hematopoietic progenitors driven by a Vav1-Cre
transgene. These studies formally prove that a missense muta-
tion in PHD2 is the cause of the erythrocytosis, show that this
occurs through haploinsufficiency, and point to multifactorial
control of red cell mass by PHD2.

The oxygen-dependent, differential hydroxylation of specific
proline residues within the � subunits of the transcription fac-

tor HIF (HIF-�)2 is a critical molecular switch that allows
changes in oxygen tension to produce changes in gene tran-
scription (1–3). This hydroxylation is catalyzed by PHD (prolyl
hydroxylase domain) proteins (also known as egg laying defec-
tive nine homologues). Under normoxia, recognition of prolyl
hydroxylated HIF-� by VHL (von Hippel-Lindau tumor sup-
pressor protein), an E3 ubiquitin ligase, allows for rapid degra-
dation of the former (4–6). Conversely, under hypoxia, nonhy-
droxylated HIF-� escapes degradation, allowing it to dimerize
with HIF-� (also known as the aryl hydrocarbon nuclear trans-
locator) and initiate transcriptional responses to this stress.
This response to hypoxia has been shown to be a key factor
during development, when fetal cells outgrow their nascent
vascular system triggering HIF-dependent angiogenesis (7, 8).
Furthermore, solid tumor development is also affected by
hypoxic responses in areas of the tumor in which vasculature
lags behind cell division (9, 10).
Importantly, the PHD:HIF:VHL axis plays a central role in

the physiological increase in red cell mass in response to low-
ered oxygen tension via the production of the EPO hormone
(11). EPO is generally present in low amounts in healthy adults,
but it can be dramatically up-regulated in response to reduced
atmospheric oxygen or in disease states leading to reduced oxy-
gen uptake or delivery. Its primary effect is to induce the expan-
sion and maturation of red blood cell progenitors in the bone
marrow by binding to the EPO receptor (EPOR). Binding to
EPOR induces a signaling cascade through the JAK-STAT
pathway in red cell progenitors, leading to increased red cell
mass. During mammalian fetal development, the liver is the
main site of EPO synthesis; in adults, EPO production occurs
primarily in the kidney (12). Following EPO stimulation of
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erythroid progenitors, the increased circulating erythrocytes
lead to increased oxygen delivery, which is then followed by
PHD-mediated hydroxylation of HIF-� and subsequent down-
regulation of EPOmRNA as a homeostatic mechanism.

In mammals, the HIF-� and PHD protein families each con-
tains three isoforms. Among the three HIF-� isoforms, HIF-1�
and HIF-2� are the best characterized. HIF-1� is expressed
ubiquitously, and its stabilization leads to diverse downstream
effects including changes in glucosemetabolism, apoptosis, and
angiogenesis. HIF-2� (also known as endothelial PAS domain-
containing protein 1) expression is more restricted. Studies of
humans and genetically modified mice have indicated that
HIF-2� plays the predominant role in control of erythropoiesis
in adult mammals (13–16).
Among the PHD isoforms, PHD2 (also known as egg laying

defective nine homologue 1) has emerged as particularly criti-
cal. In mice, knock-out of Phd2, but not of Phd1 or Phd3, leads
to embryonic lethality (17). Acute global deletion of Phd2 in the
mouse leads to elevated serum Epo levels and marked erythro-
cytosis (18, 19). Importantly, a number of human patients pre-
senting with erythrocytosis have been shown to carry missense
mutations in the PHD2 gene (20–22). Two notable features are
as follows. First, in all instances, the mutation is heterozygous,
which raises the question of whether the mechanism of eryth-
rocytosis is through haploinsufficiency or through a dominant
negative effect. Second, these patients typically display serum
EPO levels that arewithin the normal range. This, in turn, raises
the question of whether the EPO level is simply inappropriately
normalwith respect to the elevated red cellmass, whether there
may be other EPO-independent effects of the PHD2mutation,
or both.
To gain insight into these issues, here we have focused on

modeling the index PHD2 mutation, P317R, which affects an
amino acid in the vicinity of the active site of PHD2 and mark-
edly diminishes its activity (21, 23). The resulting knock-in
mouse, which harbors a Phd2 P294R mutation, not only for-
mally demonstrates that this mutation is the cause of the eryth-
rocytosis but also shows that it occurs through haploinsuffi-
ciency. We also present results from studies of a number of
conditional Phd2 knock-outs that employ a conditional Phd2
allele, including some in which Cre recombinase is driven by
Pax3, Vav1, and VE-cadh promoters, as well as one bearing a
globally expressed, tamoxifen-inducible Cre. Notably, erythro-
cytosis is observed in a conditional knock-out of Phd2 in hema-
topoietic precursors using aVav1-Cre transgene, providing evi-
dence that loss of Phd2 has Epo-independent effects on red cell
mass. Taken together, these findings reinforce the central role
that PHD2 plays in red cell control, highlight the sensitivity of
this response to PHD2 gene dosage, and point to a wider, EPO-
independent, role of PHD2 in this process.

EXPERIMENTAL PROCEDURES

Mouse Lines—The construct for generating a P294R muta-
tion in the mouse Phd2 gene was prepared by recombineering
(24). In brief, aminitargeting vector was constructed in the vector
pL452 (25). This minitargeting vector contained genomic DNA
encompassing exon 2 of themouse Phd2 genewith a nucleotide
change encoding for the P294Rmutation. The vector contained

a neomycin selection cassette flanked by loxP sites (floxed) and
additional sequences downstream of exon 2. A retrieval plas-
mid was constructed in the vector pMC1-DTA (26). This
retrieval plasmid contained sequences that flank 11 kb of
genomic DNA sequence at the mouse Phd2 locus, as well as a
diptheria toxin A negative selection cassette. This retrieval
plasmid was used to capture, by recombineering, 11 kb of
mouse Phd2 genomic DNA containing exons 2–4 from
C57BL/6 bacterial artificial chromosome clone RP23–356I16
(Invitrogen). The resulting product was then used, in the sec-
ond recombineering step with theminitargeting vector, to gen-
erate the final targeting vector. This targeting vector contains a
6.9-kb 5� armcontaining exon 2with the P294Rknock-inmuta-
tion, a neomycin selection cassette flanked by loxP sites and a
4.1-kb 3� arm (Fig. 1A). The presence of the knock-in mutation
and the integrity of exons 2, 3, and 4 were confirmed by DNA
sequencing.
C57BL/6 ES cells were electroporated with the targeting vec-

tor and selected using G418 by Caliper Life Sciences. Screening
was performed by Southern blotting. Of 192 clones, 5 potential
targeted clones were identified. Sequencing of these clones
revealed that four had the P294R heterozygous mutation. Two
of these clones were injected into C57BL/6 blastocysts to pro-
duce chimeras. Chimeric male mice were then mated with
C57BL/6 female mice, and germ line transmission (as assessed
by PCR and Southern blotting) was obtained with chimeras
derived from one of the two targeted ES clones.Mice with germ
line transmission of the knock-in allele were then mated with
C57BL/6-Gt(ROSA)26Sortm16(Cre)Arte mice (Taconic) to delete
the neomycin cassette, followed by further crossing with
C57BL/6 mice to segregate the Cre allele, thereby creating
Phd2P294R/� mice. These mice were maintained in a C57BL/6
background.
Mice with a floxed Phd2 exon 2 allele in C57BL/6 back-

ground were generated as follows. We prepared a targeting
construct, pFRT.loxP.Phd2, with PCR products obtained using
C57BL/6 bacterial artificial chromosome clone pRP23–356I16
as a template. The construct contains a 5.6-kb 5� arm, a floxed
Phd2 exon 2, a neomycin positive selection cassette flanked by
FRT sites, a 2.5-kb 3� arm, and a thymidine kinase negative
selection cassette (Fig. 2A). Integrity of exons 2 and 3 was con-
firmedbyDNAsequencing. Bruce4C57BL/6 ES cellswere elec-
troporated with the targeting vector and selected using G418 at
the University of Pennsylvania School of Medicine Gene Tar-
geting Facility. Of 1,600 clones, 10 clones were identified with
correct 5� and 3� recombination events by Southern blotting.
Southern blotting of the ES cell clone that was employed in
these studies using a 3�probe revealed the expected 6.0-kb band
upon hybridization with BglII-digested DNA in addition to the
wild type 4.4-kb band (Fig. 2B, left panel). Southern blotting
with a 5� probe revealed the expected 10.5-kb band upon
hybridization with ScaI-digested DNA in addition to the wild
type 14-kb band (Fig. 2B, right panel).
This ES cell clone was injected into C57BL/6J-Tyrc-2J blasto-

cysts to generate chimeras at the University of Pennsylvania
School of Medicine Transgenic Core Facility. These chimeras
yielded germ line transmission, as assessed by a combination of
coat color, PCR, and Southern blotting (Fig. 2C). Mice with
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germ line transmissionof the targeted allelewere thenmatedwith
C57BL/6-Tg(ACTB-Flpe)2Arte mice (Taconic) to delete the neomy-
cin cassette, followed by further crossing with C57BL/6 mice to
segregate theFlp allele, thereby creatingmice (Phd2f/�) harboring
an allele in which exon 2 has been floxed. Phd2f/f mice were
obtained by crossing Phd2f/� mice (Fig. 2D, left panel).
Phd2�/� mice were generated by mating these Phd2f/f mice

with C57BL/6-Gt(ROSA)26Sortm16(Cre)Arte mice to delete exon
2 (Fig. 2D, right panel), followed by further crossing with
C57BL/6 mice to segregate the Cre allele. These mice were
maintained in a C57BL/6 background.
Pax3-Cre; Phd2f/�, Pax3-Cre; Phd2f/f, Vav1-Cre; Phd2f/f,

andVE-cadherin-Cre (VE-cadh-Cre); Phd2f/f mice were gener-
ated by crossing the aforementioned Phd2f/f or Phd2f/� mice
with B6;129-Pax3tm1(cre)Joe/J (27, 28), B6.Cg-Tg(Vav1-
cre)2Kio/J (29), or B6.Cg-Tg(Cdh5-cre)7Mlia/J (30) mice, as
appropriate (all from the Jackson Laboratory). In all cases, the
Cre transgene was maintained in hemizygous state. The Pax3-

Cre derivedmice were maintained in amixed background. The
others were maintained in a C57BL/6 background.
Mice with a floxed Hif2a exon 2 allele have been described

(15) andwere backcrossed to C57BL/6mice 10 times.Hif2a�/�

mice were generated by mating Hif2af/f mice with C57BL/6-
Gt(ROSA)26Sortm16(Cre)Arte mice to delete exon 2, followed by
further crossing with C57BL/6 mice to segregate the Cre allele.
These mice were then crossed with Phd2P294R/� mice and were
subsequently maintained in a C57BL/6 background. Mice with a
floxed Hif1a exon 2 allele (31) in a C57BL/6 background were
obtained from the Jackson Laboratory (stock number 007561).
Hif1a�/� mice were generated by mating Hif1af/f mice with
C57BL/6-Gt(ROSA)26Sortm16(Cre)Arte mice to delete exon 2, fol-
lowed by further crossingwithC57BL/6mice to segregate theCre
allele. These mice were then crossed with Phd2P294R/� mice, and
these mice were maintained in a C57BL/6 background.
Mice with a tamoxifen-inducible Cre recombinase (fused to

the estrogen receptor) and floxed Phd2 alleles were obtained by
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FIGURE 1. Generation of Phd2P294R/� knock-in mouse line. A, targeting strategy. Boxes denote exons, with numbers indicating exon number and black
indicating coding sequence. The P294R mutation is marked by an asterisk. neo, neomycin selection cassette; DTA, diptheria toxin A negative selection cassette.
The sites of Phd2mouseF (a) and Phd2mouseR (b) primers used for PCR genotyping are shown. Shaded boxes labeled 5� and 3� indicate the locations of 5� and
3� Southern blot probes, respectively. B, Southern blot screening of ES cell or mouse tail DNA. DNA was digested with EcoRI (3� Southern) or ScaI (5� Southern).
Phd2 genotypes are shown. Neo selection cassette is indicated by neo. C, dye termination sequencing chromatogram of ES cell DNA showing heterozygous
CCA to CGA (P294R) mutation. D, PCR genotyping of wild type and P294R knock-in Phd2 mice. The 0.48-kb band indicates the presence of the P294R Phd2 allele,
whereas the 0.39-kb band indicates the presence of the WT allele.

Mouse Model of PHD2-associated Erythrocytosis

NOVEMBER 22, 2013 • VOLUME 288 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 33573



crossing a mouse line with a floxed Phd2 exon 2 allele (17, 19)
with C57BL/6-Gt(ROSA)26Sortm9(cre/Esr1)Arte mice (Taconic)
and have been described (32). These mice, hereafter denoted
Rosa26-CreER; Phd2f/f, were maintained in a mixed back-
ground, as were mice that were derived from them by crossing
with the Hif1af/f or Hif2af/f mice. All animal procedures were
approved by the Institutional Animal Care and Use Commit-
tees at the University of Pennsylvania in compliance with Ani-
mal Welfare Assurance.
Southern Blotting—Digoxigenin-labeled probes were gener-

ated by PCR using a PCR DIG probe synthesis kit (Roche
Applied Science). For the 5� probe (0.37 kb), the primers were
5�-TTACAGATGAGGAAATGCCTCGGC-3� and 5�-GCC
AAG GTC ATT GGA ACA GAC ATG-3�. For the 3� probe
(0.25 kb), the primers were 5�-GTG AGA AAG GTG TGA
GG-3� and 5�-ACA GAT CTG GAG CTG AC-3�. For both
probes, bacterial artificial chromosome clone bacterial artificial
chromosome RP23–356I16 was employed as the template.
Southern blotting was performed using DIG Easy Hyb, DIG
wash and block buffer set, anti-digoxigenin-AP conjugates, and
CDP-Star substrate (all from Roche Applied Science).
PCR Genotyping—DNA was isolated from mouse tails (33).

The following primers were employed for genotyping the
P294R knock-in mutation: Phd2mouseF (5�-CAA ATG GAG
ATGGAAGATGC-3�) and Phd2mouseR (5�-TCAACTCGA
GCT GGA AAC C-3�). The wild type allele produces a PCR
product of 0.39 kb, whereas the knock-in mutant allele pro-

duces a PCR product of 0.48 kb. The following primers were
employed for genotyping the Phd2 alleles that were generated
in a C57BL/6 background. For the Phd2 floxed allele (PCR
product � 0.73 kb for wild type allele and 0.84 kb for floxed
allele), the Phd2Rec55 primer was 5�-AGG GCT TCT GGC
ATT AGT TGA CC-3�, and the Pex2–2 3� primer was 5�-ACA
TGT CACGCA TCT TCC ATC TCC-3�. For the Phd2 knock-
out allele (PCR product � 0.56 kb), the Pint1 Sal 5� primer was
5�-AAT GGC TTG GGA CAA CTC-3�, and the Pint2–3 3�
primer was 5�-GGACAACGTTTGGGAGTTGGTAAG-3�.
Primer sequences for genotyping of the floxedHif1a andHif2a
alleles, as well as those for thePhd2 alleles that weremaintained
in a mixed strain background, have been described (15, 17, 19,
31).
Tamoxifen Administration—A solution of tamoxifen (MP

Biomedicals) in corn oil at a final concentration of 10 mg/ml
was prepared as described (32). At 6–10 weeks of age, experi-
mental and control mice received a 2-mg dose daily for 5 days
by oral gavage.
Hematology Analyses—Blood samples were collected through

retro-orbital eye bleeds and placed in heparin-treated collec-
tion tubes (Sarstedt). Hemoglobin and blood counts were
obtained using a Hemavet FS950 instrument (Drew Scientific).
Hematocrit was measured with a CritSpin Microhematocrit
centrifuge (StatSpin).
Serum EpoMeasurements—Serum was obtained by incubat-

ing heparin-free retro-orbital blood samples overnight at 4 °C.

FIGURE 2. Generation of Phd2f/f and Phd2�/� mouse lines. A, targeting strategy. Boxes denote exons, with numbers indicating exon number and black
indicating coding sequence. neo, neomycin selection cassette; TK, thymidine kinase negative selection cassette. The sites of the PHD2rec55 (a), Pex2–3 3� (b),
Pint1 Sal 5� (c), and Pint2–3 3� (d) primers for PCR genotyping are as shown. Shaded boxes labeled 5� and 3� indicate the locations of 5� and 3� Southern blot
probes, respectively. B and C, Southern blots of DNA from ES cells (B) or mouse tail (C). DNA was digested with ScaI (5� Southern) or Bgl II (3� Southern). D, PCR
genotyping of mice with the indicated Phd2 genotypes. In the left panel, the WT allele produces a 0.73-kb band, whereas the floxed allele produces a 0.84-kb
band. In the right panel, the 0.56-kb band indicates the presence of the knock-out allele.
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Clotted blood was centrifuged at 4,000 � g for 20 min at 4 °C.
The supernatant (serum) was used to determine Epo concen-
tration via a commercially available rodent Quantikine Epo
Immunoassay Kit (R&D Systems). Plate measurements were
performed on a Sunrisemicroplate reader (Tecan), and absorb-
ance values were compared with a genuine Epo standard curve.
Erythroid Burst-forming Unit (BFU-E) Assay—Bone marrow

cellswere obtained by flushing of bonemarrow from the femurs
of 6-week-old mice. Erythrocytes were lysed in ammonium
chloride lysis buffer (Stem Cell Technologies), and the remain-
ing cells were washed and resuspended in Iscove’s modified
Dulbecco’s medium with 2% FBS to a concentration of 1 � 106
cells/ml. 1.5� 105 cells were plated inmethylcellulosemedium
containing varying concentrations of EPO (prepared by mixing
appropriate amounts of EPO-containing Methocult M3236
with EPO-deficient M3436; Stem Cell Technologies). BFU-E
colonies were counted at 9 days after bone marrow harvest.
Real Time PCR Measurements—Approximately 0.5 cm2 of

kidney tissue was isolated from experimental and control mice
and snap frozen in liquid nitrogen prior to mRNA extraction.
RNA isolation was performed using TRIzol reagent (Invitro-
gen) following the manufacturer’s instructions. Briefly, frozen
tissue was homogenized in TRIzol reagent followed by addition
of 0.2 volumes of chloroform. The tissue suspension was cen-
trifuged, and the aqueous layer was taken and mixed with iso-
propanol to precipitate RNA. RNA was washed and resus-
pended in diethylpyrocarbonate treated water. RNA was
quantified by absorbance at 260 nm. cDNAwas prepared using
the high capacity cDNA reverse transcription kit (Applied Bio-
systems) and following themanufacturer’s instructions. Briefly,
0.8 �g of total RNAwas reverse transcribed using random hex-
amer primers and Multiscribe reverse transcriptase for 60 min
at 37 °C. The products of cDNA synthesis were used directly in
real time PCRs.
Real time PCRs were prepared using an Applied Biosystems

2� SYBR green PCR mix. For 18 S rRNA measurements, we
used the following primers: SG-m18S 5� primer (5�-TCG GAA
CTGAGGCCATGATT-3�) and SG-m18S 3� primer (5�-TAG
CGG CGC AAT ACG AAT G-3�. The primers for Phd2 and
Epo measurements have previously been described (32). PCRs
were performed and measured on an Applied Biosystems 7300
real time PCR system. Threshold CT values were determined
automatically by the system and exported for analysis. Fold
change values relative toWT samples were computed using the
��CT method (34).
Histologic Analyses—Liver, spleen, heart, pancreas, and kid-

ney tissues were fixed in 10% buffered formalin and embedded
in paraffin. Sectionswere cut and stainedwith hemotoxylin and
eosin following standard procedures. Images of sections were
obtained using an BX60 light microscope (Olympus) and a
SPOT RTColor camera (Diagnostic Instrument, Inc.), or alter-
natively, a DM2500 light microscope (Leica) and a DFC420
camera (Leica).
Plasmids—An expression vector for mouse Phd2, pcDNA3-

FLAG-mPhd2, was constructed as follows. First, pcDNA3-
HA-mPhd2 (1–35) was constructed by subcloning a synthetic
oligonucleotide duplex encoding the indicated amino acids
into the EcoRI/NotI site of pcDNA3-HA. Then pcDNA3-

mPhd2 (36–400) was constructed by subcloning the NotI/StuI
fragment of IMAGE clone 3375423 into the NotI/XhoI (blunt)
site of pcDNA3. pcDNA3-HA-mPhd2 was constructed by sub-
cloning the 1.6-kb NotI/XbaI fragment of pcDNA3-mPhd2
(36–400) into theNotI/XbaI site of pcDNA3-HA-mPhd2 (36–
400). pcDNA3-FLAG-mPhd2 was constructed by subcloning
the 1.6-kb EcoRI fragment of pcDNA3-HA-mPhd2 into the
EcoRI site of pcDNA3-FLAG.
An expression vector for mPhd2 P294R was constructed by

subcloning a mutagenized PCR product into the BsgI/XbaI site
of pcDNA3-FLAG-mPhd2. The insert PCR product containing
the P294R mutation and a silent KpnI site (used for screening)
was produced by overlap extension PCR (35). The 5� first round
PCR product was produced using pcDNA3-FLAG-mPhd2 as a
template and the following primers: mPHD2 BsgI forward (5�-
CAG ATC GCC GAT GAG GTG CG-3�) and mPR 2 (5�-GCA
TCT TCC ATC TCC ATT TCG GTT ATC AAC GTG ACG
GAC ATA GCC GGT ACC GTT GCC TGGGTA ACA AGC-
3�). The 3� first round PCR product was produced similarly
using the following primers: mPHD2 XbaI reverse (5�-GGC
CTC TAG ATG CAT GCT CGA-3�) and mPR3 (5�-GCT TGT
TAC CCA GGC AAC GGT ACC GGC TAT GTC CGT CAC
GTT GAT AAC CGA AAT GGA GAT GGA AGA TGC-3�).
Both PCR products were gel-purified and combined to serve as
a template for a second round PCR using the mPHD2 BsgI
forward and mPHD2 XbaI reverse primers, the product of
which was then digested with BsgI andXbaI to serve as the final
insert.
pSV-Sport-HA-HIF-2� has been described (21). pcDNA3-

mHif-1� and pcDNA3-mHif-2� have been described (36).
pGEX-mHif-1� (631–731) was constructed by amplifying the
coding sequence of the indicated amino acids by PCR using
pcDNA3-mHif-1� as a template, digesting the 0.3-kb product
with BamHI/XhoI, and then subcloning into the BamHI/XhoI
site of pGEX-5X-1. pMAL-mHif-1� (631–731) was con-
structed by subcloning the 0.3-kb BamHI/XhoI fragment of
pGEX-mHif-1� (631–731) into the BamHI/XhoI site of pMAL-
5X-1. pGEX-mHif-2� (576–693) and pMAL-mHif-2� (576–
693)were constructed by subcloning the 0.35-kb SmaI/Bsp120I
fragment of pcDNA3-mHif-2� into the SmaI/NotI sites of
pGEX-5X-1 or pMAL-5X-1, respectively. Authenticity of plas-
mids was obtained by dideoxynucleotide sequencing.
WesternBlotting—Total protein extractswere prepared from

kidney by sonication and dissolution in a modified radioim-
mune precipitation assay lysis buffer including 1% SDS, 0.5%
deoxycholate, 0.5% Nonidet P-40, and protease inhibitors
(Sigma).Western blottingwas then performed on equal protein
amounts (determined byDC protein assay; Bio-Rad) essentially
as described (37).
Antibodies—Rabbit polyclonal antibodies to mouse Hif-1�

(631–731) were prepared as follows. First, GST-mHif-1� (631–
731) and MBP-mHif-1� (631–731) were purified from Esche-
richia coli transformed with pGEX-mHif-1� (631–731) and
pMAL-mHif-1� (631–731), respectively, using affinity chro-
matography on GSH-Sepharose and amylose-agarose, respec-
tively. Then polyclonal antibodies to MBP-mHif-1� (631–731)
were then raised in rabbits and affinity purified on GST-
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mHif-1� (631–731) coupled to agarose by Covance Research
Products. These antibodies did not cross-react with mHif-2�.

Rabbit polyclonal antibodies to mouse Hif-2� (576–693)
were prepared as follows. First, GST-mHif-2� (576–693) and
MBP-mHif-2� (576–693) were purified from E. coli trans-
formed with pGEX-mHif-2� (576–693) and pMAL-mHif-2�
(576–693), respectively, using affinity chromatography on
GSH-Sepharose and amylose-agarose, respectively. Then poly-
clonal antibodies toMBP-mHif-2� (576–693)were then raised
in rabbits and affinity purified on GST-mHif-2� (576–693)
coupled to agarose by Invitrogen. These antibodies did not
cross-react with mHif-1�.
Rabbit polyclonal antibodies to PHD2 (1–63) have been

described (37). Anti-FLAGM2 antibody conjugated to alkaline
phosphatase was from Sigma. The E7 monoclonal antibody
against �-tubulin developed by Dr. Michael Klymkowsky was
obtained from the Developmental Studies Hybridoma Bank
developed under the asupices of theNICHD andmaintained by
the University of Iowa Department of Biology (Iowa City, IA).
Luciferase Assays—HEK293 FT cells were cultured in

DMEM with 10% FBS, 100 units/ml penicillin, and 100 �g/ml
streptomycin. Transfections were performed using Lipo-
fectamine 2000 (Invitrogen) with cells at 70% confluency and at
a 2:1 (�l/�g) ratio of Lipofectamine:DNA. The (eHRE)3-Lucif-
erase plasmid containing three copies of the EPO hypoxia
response element was used as a reporter and normalized to the
activity of pRL-TK as previously described (38). Luciferase
activities were measured using the dual luciferase reporter
assay (Promega). Hypoxic exposure (1% O2, 5% CO2, 94% N2)
was performed using a modular incubator (Billups-Rothen-
berg). Luciferase activities were measured using a Wallac
LB9507 luminometer either 18 h post-transfection or following
18 h of exposure to hypoxia.
Whole Body Plethysmography—Respiration rate and tidal

volume were measured via whole body plethysmography.
Briefly, a 150-ml holding chamber was connected to a pneu-
motachometer. Data from this instrument were recorded con-
tinuously using a Powerlab instrument interface and analyzed
using LabChart 6 software (ADInstruments). Gas was supplied
using a Pegas-400 MF mixer (Columbus Instruments). The
mice were allowed to equilibrate in a darkened chamber until
body movement and breath rate became steady before mea-
surements were taken. The mice were challenged with hypoxia
(12% O2) for a period of not more than 10 min and allowed to
equilibrate for a minimum of 5 min to the new atmosphere
beforemeasurements were taken. Tidal volume and respiratory
rate were measured directly and normalized to body mass.
Right Ventricular Pressure Measurements and Echocar-

diography—Measurement of right ventricular pressure was
performed on isoflurane-anesthetized mice. Following a mid-
line cervical incision, a 1.4 French miniaturized pressure cath-
eter (Millar Instruments) was inserted through the right jugular
vein to the right ventricle using microsurgical techniques.
Measurements of right ventricular pressure and heart rate were
recorded using LabChart 6 software. Echocardiograms were
recorded using a Vevo770 ultrahigh frequency small animal
ultrasound system (Visual Sonics) with a 30-MHz probe and an
Integrated Rail System III for image recording.

Statistical Analysis—Hematologic, real time PCR, luciferase
assays, and histological measurements were analyzed by
ANOVA followed by Tukey HSD post hoc tests, unless other-
wise noted. Pulmonary function tests were analyzed by
unpaired Student’s t tests. Survival curve analysis was done by
Log-Rank test comparing each to control Cre negative mice
(39). All error bars are presented as� one standard error of the
mean. Analysis was conducted using the R Software Environ-
ment for Statistical Computing (40). p � 0.05 was considered
significant.

RESULTS

Phd2P294RDisplaysDecreasedActivity inVitro—Pro-317 of
human PHD2 corresponds to Pro-294 of mouse Phd2 (Fig. 3A)
and shows strong conservation acrossmetazoan species (21). In
vitro, the P317R mutation in human PHD2 diminishes activity
toward HIF (21). Using a luciferase reporter gene containing
three copies of a hypoxia response element (HRE), we sought to
examine whether the P294R Phd2 substitution homologous to
the observed P317R PHD2mutation from human patients also
results in decreased activity.We find that in comparison towild
type Phd2, P294R Phd2 has diminished ability to suppress HRE
reporter gene activity under hypoxic or normoxic conditions
(Fig. 3B) or upon coexpression with HIF-2� (Fig. 3D). These
results support the functional equivalence between the human
PHD2 P317R and mouse Phd2 P294R mutations.
We generated a knock-in mouse model that harbors the

P294R mutation in the Phd2 gene. The targeting strategy is
shown in Fig. 1A. Following electroporation into C57BL/6 ES
cells and selection using G418, four clones with the correct
recombination event and mutation were identified. Southern
blottingwith a 3�probe revealed the expected 7.0-kb band upon
hybridization with EcoRI-digested DNA in addition to the wild
type 6.5-kb band (Fig. 1B, left panel). Southern blottingwith a 5�
probe revealed the expected 15.9-kb band upon hybridization
with ScaI-digestedDNA in addition to thewild type 14-kb band
(Fig. 1B,middle panel, lane 2). Sequencing confirmed the pres-
ence of a heterozygous P294R mutation in the Phd2 gene (Fig.
1C). Chimeras derived from injection of one of the recombinant
ES clones into blastocysts yielded germ line transmission, as
assessed by Southern blotting (Fig. 1B, middle panel, lane 3).
The neomycin cassette was deleted, and deletion was con-
firmed by Southern blotting (Fig. 1B, second lane of right panel
and lane 5 of middle panel). We subsequently obtained
Phd2P294R/� mice, and a PCR-based genotyping strategy was
developed (Fig. 1D).MatingPhd2P294R/�mice failed to produce
any Phd2P294R/P294R mice (Table 1). Crosses of Phd2�/� mice
have similarly failed to yield any Phd2�/� mice (17). The
Phd2P294R/� mice were outwardly normal and did not display
any significant changes in body weight or survival (data not
shown).
Phd2P294R/� Mice Develop Erythrocytosis—We wished to

evaluate whether Phd2P294R/� mice display erythrocytosis and,
if so, whether this occurs by haploinsufficiency or by a domi-
nant negativemechanism. For this purpose, we compared these
mice to Phd2�/� mice, which we generated in the same
C57BL/6 background (Fig. 2). We reasoned that if the mecha-
nism was via haploinsufficiency of Phd2 activity, then the
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degree of erythrocytosis observed in the two different geno-
types would be the same. If, on the other hand, the mechanism
was by a dominant negative mechanism (such as inhibition of
the wild type protein by the mutant protein), then we would
predict that the degree of erythrocytosis observed with the

Phd2P294R/� mice would be greater than that with the Phd2�/�

mice. We found that the Phd2P294R/� mice do indeed display
erythrocytosis, as reflected by hematocrit, hemoglobin, or red
blood cell counts, and importantly, this erythrocytosis was
indistinguishable from that observed with Phd2�/� mice (Fig.
4, A–C). In addition, neither genotype displayed differences in
the number of either white blood cell or platelets compared
with wild type mice (Fig. 4D and data not shown). These find-
ings formally demonstrate that the P294Rmissensemutation in
Phd2 gene is by itself sufficient to cause erythrocytosis and are
consistent with a haploinsufficiency, rather than dominant
negative, mechanism.
We also examined the effects of concurrent heterozygous

loss of Hif1a or Hif2a. We found that the erythrocytosis is
Hif2a-dependent (Fig. 4E, compare second and fourth columns).
Heterozygous loss ofHif1a, in contrast, was without effect (Fig.
4E, third column). The results are consistent with other studies
that implicate HIF-2� as the central HIF-� isoform controlling
erythropoiesis (13, 15, 16). We confirmed that Phd2�/�,
Hif1a�/�, andHif2a�/� mice have decreased expression of the
relevant proteins by Western blot (Fig. 4F). We also measured
Epo levels in Hif2a�/� mice and found that they do not have
levels significantly different fromwild type controls (608� 163
versus 446 � 33 pg/ml, respectively, n � 3, p 	 0.05).
Phd2P294R/� Mice Exhibit Increased Minute Ventilation

under Normoxia—Dysregulation of the HIF pathway can have
systemic effects beyond erythrocytosis. For example, humans
andmicewith the hypomorphic Chuvash (R200W)mutation in
the VHL gene display increased minute ventilation under nor-
moxia, hypoxia, or both (41, 42). We therefore measured tidal
volume, respiratory frequency, andminute ventilation bywhole
body plethysmography in Phd2P294R/� and wild type littermate
controls. Under normoxia, Phd2P294R/� mice exhibited
increased minute ventilation (VE) and increased tidal volume
(VT) (Fig. 5, A and B). Following exposure to a hypoxic chal-
lenge of 12% O2, mice in both groups of mice exhibited hyper-
ventilation, as expected (Fig. 5, D–F). Although there was a
trend toward increased minute ventilation in the Phd2P294R/�
mice as compared with controls, it was not statistically
significant.
Another systemic effect reported with dysregulation of the

HIF pathway is pulmonary hypertension. Humans and mice
with the Chuvash VHLmutation display pulmonary hyperten-
sion (41–43). Moreover, humans and mice with gain of func-
tion mutations in the HIF2A gene also display pulmonary
hypertension (44–46). Accordingly, we measured right ven-
tricular systolic pressure and heart rate by right ventricular
catheterization ofPhd2P294R/� andwild type controls, as well as
ventricular wall thickness by echocardiography. We did not
observe differences in either right ventricular systolic pressure
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TABLE 1
Phd2 genotypes of litters from Phd2P294R/� � Phd2P294R/� cross
The numbers in parentheses indicate the actual numbers observed.

Genotype �/� P294R/� P294R/P294R

% % %
Observed 44 (36) 56 (45) 0 (0)
Expected 25 50 25
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(31.21 � 2.03 mmHg for Phd2�/� versus 33.50 � 0.87 mmHg
for Phd2P294R/�, n � 4), heart rate (548.6 � 13.5 bpm for
Phd2�/� versus 565.0 � 26.8 bpm for Phd2P294R/�, n � 4) or
right ventricularwall thickness (0.254� 0.033mm forPhd2�/�

versus 0.245 � 0.028 mm for Phd2P294R/�, n � 4, diastolic
thickness). We are not aware of any published reports of pul-
monary hypertension in human patients with PHD2mutations.
Phd2P294R/� Mice Display Inappropriately Normal Serum

Epo Levels—Most patients with PHD2-associated erythrocyto-
sis, including those with the original P317R mutation, display
normal serum EPO levels despite the elevated hematocrit (14,
21). We measured serum Epo in Phd2P294R/� mice and found
the levels to be similar to those seen in wild type controls or in
Phd2�/�mice (Fig. 6A).We also did not observe any increase in
renal EpomRNA from Phd2P294R/� mice; if anything, there was
a trend toward decreased EpomRNA in either Phd2P294R/� or
Phd2�/� mice (Fig. 6B), although neither was statistically sig-
nificant. Previouswork has established that homozygous loss of
all three PHD isoforms is required for hepatic Epo production
in the adult mouse (47), and levels of Epomessage in the liver in
the present studies were at least 25-fold lower than that seen in
the kidney (data not shown); thus, the liver is unlikely to be a
significant source of Epo in these mice. We did observe a
change in spleen weight from Phd2P294R/� relative to wild type
mice; it was not significantly different from that of Phd2�/�

mice (Fig. 6C). We observed no significant changes in either
heart or liver weights from either Phd2P294R/� or Phd2�/�

mice, relative to wild type (Fig. 6D and data not shown).
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Global Conditional Phd2 Knock-out Mice Exhibit Hif2a-de-
pendent Erythrocytosis—The normal serum Epo observed in
the Phd2P294R/� mice contrasts with the dramatic elevation
observed upon acute global deletion of Phd2 (18, 19, 32). We
confirmed the latter using mice bearing a tamoxifen-inducible,
Cre-estrogen receptor fusion protein and floxed Phd2 alleles
(Rosa26-CreER; Phd2f/f). Upon tamoxifen treatment, which
efficiently deletes Phd2 (data not shown), we observed marked
erythrocytosis with hematocrits approaching 80% (Fig. 7A, sec-
ond column). In agreement with the results obtained with the
Phd2P294R/� mice and other studies (48), we found that this
phenotype is Hif-2�-dependent as evidenced by the rescue of
the erythrocytosis phenotype by a concurrent deletion of a
floxed Hif2a allele (Fig. 7A, fourth column). We also observed
that although Rosa26-CreER; Phd2f/f mice suffer from early
mortality, survival is comparable to control levels with concur-
rent loss of Hif2a (Fig. 7D). In contrast, concurrent deletion of
Hif1a did not restore hematocrit to normal levels (Fig. 7A, third
column). Interestingly, it did improve survival of these mice
relative to Phd2 loss alone, although not to levels seen with
control mice (Fig. 7D).

This increase in red cell mass in Rosa26-CreER; Phd2f/f mice
compared with controls is seen in association with increases in
serum Epo production (Fig. 7B, second column) and renal Epo
mRNA transcript (data not shown). Both increases are Hif2a-
dependent (Fig. 7B, fourth column, and data not shown). Con-
currentHif1a deletion had no significant effect either on serum
Epo protein level or on Epo transcript levels relative to Phd2
deletion alone, supporting the primacy of Hif-2� in the induc-
tion of erythropoiesis following Phd2 loss.

The acute global deletion of Phd2 also leads to increases in
spleenweight (Fig. 7C, second column) and dramatic changes in
spleen architecture. Examination of histologic sections from
the spleens of tamoxifen treated Rosa26-CreER; Phd2f/f mice
revealed extramedullary hematopoiesis (compare Fig. 7, E and
F). Concurrent deletion of Hif2a rescued the splenic enlarge-
ment and restored splenic architecture to WT relative to Phd2
deletion alone (Fig. 7, C and H). Rescue of either the splenic
enlargement or the histological changes was not seen with con-
current deletion of Hif1a (Fig. 7, C and G).
Knock-out of Phd2 in Epo-producing Renal Cells Leads to

Dramatic Erythrocytosis—The primary cellular source of EPO
in adults are specialized interstitial cells in the renal cortex (49).
These cells can be targeted usingCre driven by aPax3promoter
(13), which targets neural crest-derived cells and somite deriv-
atives. With homozygous Phd2 deletion in this compartment,
we observed hematocrits near 90%, greater even than that
observed with global conditional knock-outs, consistent with
Phd2 playing a pivotal role in controlling hematopoiesis
through its action in these interstitial cells (Fig. 8A, third col-
umn). Notably, heterozygous deletion in this model also yields
increases in hematocrit (Fig. 8A, second column), which were
modest and more comparable to those observed in both
Phd2P294R/� and Phd2�/� mice. The findings suggest that
heterozygous Phd2 loss in the renal interstitial compartment
alone can account for a significant portion of the erythrocytosis
in the Phd2P294R/� and Phd2�/� global heterozygotes. In con-
junction with the results from the global tamoxifen-induced
conditionalPhd2 knock-out discussed above, these studies sup-
port Phd2 and Hif-2� as the primary gatekeepers of the Epo
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response. It also suggests that Phd1 and Phd3 do not substitute
for Phd2 in regulating Hif-2� degradation in the Epo-produc-
ing kidney interstitial cells.
Similar to Phd2�/� mice, the Pax3-Cre; Phd2f/� mice showed

no significant increase in serumEpo, despite elevated red blood
cell counts relative to wild type littermate control mice (Fig. 8B,
middle panel). This, therefore, is another example of a haploin-
sufficiency state of Phd2 leading to erythrocytosis with normal
Epo levels. Similarly, we saw little transcriptional up-regulation
of otherHif targets including Pgk1 andVegfa in kidney and liver
of these mice by Real Time PCR (data not shown). Elevated red
cell mass independent of increased EPO is a phenotype most
commonly associated with primary polycythemias in which the
EPOR/JAK-STAT pathway is constitutively activated. How-
ever, it should be noted that such conditions typically show
depressed production of EPO as a compensatory response to
the elevated red cell volume (50). Along these lines, it is note-
worthy that both the Phd2P294R/� and the Phd2�/� mice have
levels of circulating Epo that are predominantly in a normal
range despite their elevated hematocrits. Thus, this change in
the Phd2-Hif-2�-Vhl axis yields normal levels of Epo and a
phenotype distinct from both pure primary (bone marrow/
EPORdriven) andpure secondary (EPOdriven) erythrocytoses.
The splenomegaly phenotype of global conditional Phd2

knock-out was recapitulated in Pax3-Cre; Phd2f/f mice (Fig. 8,
C and D), in line with the hypothesis that increased Epo is
responsible for extramedullary hematopoiesis. These mice
also showed increased cardiac mass (8.34 � 0.29 mg/g of body
weight for Pax3-Cre; Phd2f/f versus 5.05 � 0.37 mg/g of body
weight for Phd2f/f; age � 12 months, n � 5–7/group, p �
0.05), which may be a result of increased blood viscosity
associated with their highly elevated hematocrits (	85%). In
addition, these mice displayed slightly increased liver weights

(65.18 � 1.18 mg/g of body weight for Pax3-Cre; Phd2f/f versus
55.49� 2.29mg/g of body weight for Phd2f/f; age� 12months,
n � 5–7/group, p � 0.05). Global conditional loss of Phd2 has
been reported previously to result in increased liver vascularity
(19), and we observed this same phenotype in the more
restricted Pax3-Cre deletion mouse line (Fig. 8, E and F). We
note both increased number (4.46 � 0.56 vessels/mm2 for
Pax3-Cre; Phd2f/f versus 2.05 � 0.42 vessels/mm2 for Phd2f/f,
n � 5, p � 0.05) and size of vessels (1,486 � 78 �m2 for Pax3-
Cre; Phd2f/f versus 998 � 178 �m2 for Phd2f/f, n � 5, p � 0.05)
in the livers of these mice.
Knock-out of Phd2 in Hematopoietic Precursors Leads to

Erythrocytosis—The normal Epo levels in the Phd2P294R/�mice
might raise the question of Epo-independent effects of Phd2
loss of function. One possibility is that there may be alterations
in endothelial cells. We therefore examined Phd2 loss in endo-
thelial cell lineages through the use of a VE-cadh-Cre; Phd2f/f
mouse line.We did not observe any changes in hematocrit (Fig.
9A). SerumEpo levels were not significantly different from con-
trols (Fig. 9B), and liver, kidney, and spleens appeared normal
upon histological examination (data not shown). However,
these mice had dramatically increased mortality with less than
half surviving to 6 months of age (Fig. 9C). Indeed, it was more
comparable to that observed in the global conditional knock-
outmice following tamoxifen treatment (Fig. 7D). Interestingly,
VE-cadh-Cre; Phd2f/f mice also showed increased heart mass
relative to negative controls (Fig. 9D). The increased heartmass
is similar to that seen in Pax3-Cre; Phd2f/f mice, even though
the latter displayed substantially higher hematocrits (compare
Fig. 8A with Fig. 9A).
We next considered the possibility that there may be altera-

tions in erythroid precursors upon Phd2 deletion. Using a
Vav1-Cre expressing line crossedwith our previously discussed
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homozygous floxed Phd2 mice, we deleted Phd2 in the hema-
topoietic compartment. The resulting mice developed an
erythrocytosis compared with controls (Fig. 10, A–C). Serum
Epo levels were not increased (Fig. 10D). We did not observe
significant increases in white blood cell or platelet numbers
(Fig. 10E and data not shown). The erythrocytosis phenotype
required a homozygous deletion in this compartment, because
heterozygous conditional knock-out mice showed no change
from wild type controls (data not shown). The increase in he-
matocrit observed with homozygous deletion was relatively
mild compared with global conditional Phd2 knock-out or
Pax3-Cre; Phd2f/f deletion (hematocrit of 
60% versus 
80–
90%, compare Fig. 10A versus Figs. 7A and 8A), suggesting that
renal-derived Epo is still the predominant mechanism driving
global Phd2 inactivation-dependent increases in red cell mass.
We next isolated bone marrow cells from Vav1-Cre; Phd2f/f

and control Phd2f/f mice and performed BFU-E colony forming
assays. Bone marrow cells from Vav1-Cre Phd2f/f mice
yielded increased numbers of BFU-E colonies compared
with Phd2f/f controls (Fig. 10F). This increased proliferation
was apparent at both high (3.0 unit/ml) and low (0.3 unit/ml)
concentrations of EPO (Fig. 10F). The data provide evidence
for EPO hypersensitivity of erythroid precursors from Vav1-
Cre; Phd2f/f mice.

DISCUSSION

The Phd2P294R/� mouse model that we present here accu-
rately recapitulates a number of the key features seen in human
patients bearing the homologous mutation (P317R), namely,
erythrocytosis and normal Epo levels (Figs. 4 and 6). Indeed, the
erythrocytosis is comparable to that seen in Phd2�/� mice,
which also display normal Epo levels. These findings are con-
sistent with haploinsufficiency as the mechanism for the
human PHD2 mutation-induced erythrocytosis. This, in turn,
underscores the sensitivity of the EPO response to PHD2 gene
dosage, because a single normal PHD2 allele in both humans
andmice is not sufficient tomaintain normal red cell mass. It is
consistent with the notion of PHD2 as the key “oxygen sensor”
of the EPO pathway, because modest changes in activity can
translate into measurable changes in red cell mass. Indeed,
Pax3-Cre-driven deletion of a single floxed Phd2 allele is also
sufficient to induce erythrocytosis (Fig. 8A).
Our data also underscore the notion that PHD2 is playing a

major, nonredundant role in the Epo-producing interstitial
cells of the kidney. In these cells, which are the primary drivers
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of the erythropoiesis, alterations in the abundance or activity of
PHD2 can lead to significant downstream consequences. Con-
versely, it appears that in other cell types, such as hepatocytes,
loss of PHD2may be tolerated through the actions of PHD1 and
PHD3 (47). As such, a key factor in the influence of any one of
these factors is the cell-dependent, relative expression of the
other family members. This model is also supported by the
observation that heterozygous loss of Hif2a is sufficient to res-
cue the Phd2P294R/� associated-erythrocytosis phenotype (Fig.
4E), suggesting that a proper balance of these two proteins is
necessary for the normal regulation of erythropoiesis.
The erythrocytosis seen in the Phd2P294R/� mice as well as in

an inducible global deletionmodel of Phd2 isHif2a-dependent,
consistent with an expanding body of data supporting HIF-2�
as the critical HIF isoform regulating erythropoiesis. It is rele-
vant to note that although the hypomorphic P317Rmutation in
PHD2 that forms the basis of this study shows defects in activity
toward both HIF-1� and HIF-2�, the defect toward HIF-2� is
more marked (23). This is reminiscent of the hypomorphic
Chuvash mutation in VHL, which shows a more marked defect
toward Hif-2� as compared with Hif-1� (51).
The results presented here with global inducible knock-out

of Phd2 can be compared with a recent report examining con-
ditional Phd2 knock-out using a CD68 promoter-driven Cre,
which targets interstitial cells in the kidney, astrocytes, neu-
rons, and hematopoietic cells (48). As in that study, we observe
marked erythrocytosis. Indeed, we also observedmarked eryth-
rocytosis with Pax3-Cre conditional knock-out, underscoring
the importance of the renal interstitial cells. Also, similar to that
study, we find that the global knock-out of Phd2 is reversed by
concurrentHif2a, but notHif1a, deletion. However, in contrast
to the recent report, we observe that although loss ofPhd2 leads
to increasedmortality, the concurrentHif1a deletion improves,
rather than worsens, survival.
The conditional knock-outs have allowed us to make addi-

tional observations. Deletion in neural crest cells results in
increased splenic mass and increased vascularity in the liver.
The observation of the latter phenotype bears a notable resem-
blance to that observed previously in global Phd2 deletion (19).
In our Pax3-Cre; Phd2f/f model, hepatic Phd2 recombination
was undetectable by PCR (data not shown). Hence, this sup-
ports a cell-extrinisic effect.Whether this reflects a response to
increased circulating Epo or some other effect will require addi-
tional investigation.
Finally, we have identified a role for PHD2 in the hematopoi-

etic compartment in regulating red cell development. The func-
tion of PHD2 in this context has not been previously explored,
and it may play a role in the fine-tuning of erythropoiesis in
response to hypoxia. Erythroid precursors frommice bearing a
conditional deletion of Phd2 in this compartment (Vav1-Cre;
Phd2f/f) display hypersensitivity to EPO, and indeed these mice
display erythrocytosis (Fig. 10). This result is consistent with
hypersensitivity to EPO in erythroid precursors obtained from
mice with acute global deletion of Phd2 (32), and the effect of
the prolyl hydroxylase inhibitor dimethyloxalylglycine on red
cell precursors (52). It might also be noted that erythroid pre-
cursors from humans and mice harboring the Chuvash VHL
mutation also display hypersensitivity to EPO (41, 53). That

being said, the Vav1-Cre; Phd2f/f phenotype presented here
appears insufficient to completely account for the erythrocyto-
sis in patients or mice with heterozygous PHD2 loss, because
Vav1-Cre; Phd2f/� mice do not display erythrocytosis.
Although we did not observe differences in white blood cell or
platelet counts in the Vav1-Cre; Phd2f/f mice, it is conceivable
that hematopoietic stem cell/progenitor cells may be altered
upon Phd2 loss. Evidence for this has recently been presented
(54).
The Vav1-Cre; Phd2f/f mice display normal Epo levels. By

way of contrast, serum EPOwas depressed in amousemodel of
polycythemia vera in which animals are markedly hypersensi-
tive to Epo (55). However, these mice develop dramatically
increased hematocrits (	75%), compared with those that we
report here for the Vav1-Cre; Phd2f/f mice (we also note that
theVav1-Cre should not be active in the Epo producing cells of
the kidney).We believe that theminimally perturbed Epo levels
are a reflection of the relativelymodest erythrocytosis observed
in the Vav1-Cre; Phd2f/f animals that is insufficient to robustly
down-regulate Hif-2�-mediated Epo gene transcription. In a
similar manner, we believe that the modest erythrocytosis
observed in the Pax3-Cre; Phd2f/� mice is not sufficient to
down-regulate Epo levels. These mice presumably have haplo-
insufficiency of Phd2 in the neural crest lineage (fromwhich the
renal Epo-producing cells are derived), and we would propose
that their Epo level is inappropriately normal,much in the same
way that the Phd2P294R/� or Phd2�/� mice display a modest
erythrocytosis (caused by Phd2 haploinsufficiency) and normal
Epo levels.
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