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The ERYTHROPOIETIN (EPO) gene is regulated by the tran-
scription factor Hypoxia Inducible Factor-α (HIF-α). In this
pathway, Prolyl Hydroxylase Domain protein 2 (PHD2)
hydroxylates two prolyl residues in HIF-α, which in turn pro-
motes HIF-α degradation by the von Hippel Lindau (VHL)
protein.  Evidence that HIF-2α is the important isoform for
EPO regulation in humans comes from the recent observation
that mutations in the HIF2A gene are associated with cases of
erythrocytosis. We report here a new erythrocytosis-associat-
ed mutation, p.Asp539Glu, in the HIF2A gene.  Similar to all
reported cases, the affected residue is in close vicinity and C-
terminal to the primary hydroxylation site in HIF-2α, Pro531.
This mutation, however, is notable in producing a rather sub-
tle amino acid substitution.  Nonetheless, we find that this

mutation compromises binding of HIF-2α to both PHD2 and
VHL, and we propose that this mutation is the cause of ery-
throcytosis in this individual.
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Introduction

The glycoprotein erythropoietin (EPO) is the central regula-
tor of red blood cell mass, and EPO is regulated primarily at the
transcriptional level.1,2 The key transcription factor controlling
the EPO gene is Hypoxia Inducible Factor, which is composed
of an oxygen-sensitive α subunit (HIF-α) and an oxygen-insen-
sitive β subunit.3 There are three α subunit isoforms, HIF-1α,
HIF-2α, and HIF-3α. Under normoxic conditions, a family of
three enzymes known as Prolyl Hydroxylase Domain proteins
(PHDs; also known as HIF Prolyl Hydroxylases and Egg Laying
Defective Nine proteins) site-specifically hydroxylates HIF-α
on two prolyl residues.4 This modification provides a recogni-
tion motif for the von Hippel Lindau tumor suppressor protein
(VHL), a component of an E3 ubiquitin ligase complex that tar-
gets HIF-α for degradation by the ubiquitin-proteasome path-
way.5 This mechanism allows HIF-α levels to be highly respon-
sive to changes in oxygen concentration, since the hydroxyla-
tion reaction utilizes molecular oxygen as a substrate and is
also inhibited by reactive oxygen species generated under
hypoxic conditions. Thus, under hypoxia, HIF-α is hypohy-
droxylated and stabilized, allowing it to heterodimerize with
HIF-β and transactivate a broad range of genes involved in cel-

lular and systemic responses to hypoxia, of which the EPO
gene is a cardinal example.3,6

Idiopathic erythrocytosis is an uncommon disorder charac-
terized by abnormally elevated red cell mass.7,8 Investigations
have revealed that some cases previously diagnosed as idio-
pathic erythrocytosis can now be attributed to mutations in
proteins of the oxygen-sensing pathway that regulates HIF.9, 10

Thus, certain cases are due to homozygous or compound het-
erozygous missense mutations in the VHL gene (OMIM
263400) that diminish the ability of VHL to promote the degra-
dation of HIF-α,11 while others are due to heterozygous muta-
tions in the PHD2 gene (OMIM 609820) that either impair the
ability of PHD2 to hydroxylate HIF-α (in the case of missense
mutations) or lead to truncated proteins (in the case of
frameshift and nonsense mutations).12 Recent studies have
shown that mutations in the HIF2A gene (OMIM 611783)
comprise a third cause of erythrocytosis attributable to defects
in the oxygen-sensing pathway, and these studies implicate
HIF-2α as the central HIF-α isoform regulating EPO in human
adults.13 All reported mutations to date are heterozygous mis-
sense mutations that affect residues that are C-terminal to the
primary hydroxylation site in HIF-2α, Pro531, and that vari-
ably affect the interaction with PHD2 and/or VHL.13-17
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Collectively, these mutations, while affecting different pro-
teins in the oxygen-sensing pathway, all lead to aberrant
upregulation of HIF-2α.

In this report, we describe a patient with a novel HIF2A
mutation associated with erythrocytosis that is predicted to
result in a p.Asp539Glu amino acid change. Similar to the
mutations previously described, it is a heterozygous muta-
tion affecting a residue C-terminal to the hydroxylacceptor
Pro531. Notably, though, this is perhaps the most subtle
mutation thus far described, switching one acidic residue
with another. As a point of reference, the first HIF-2α
mutation described (p.Gly537Trp) changes the smallest
amino acid for the bulkiest.13 Nonetheless, the present
mutation impairs interaction of HIF-2α with both PHD2
and VHL, thereby underscoring the exquisite sensitivity of
the pathway to what otherwise might be considered a
seemingly conservative substitution.

Design and Methods

Patient and genetic studies.
The patient is a 17-year old girl of North African ances-

try. She has a history of an atrial septal defect, type II, that
was closed 15 years ago. At that time, an elevated hemo-
globin level had already been observed. Currently, hemo-
globin levels are consistently around 17.7 g/dL with red
blood cell counts of 6.3×1012/L (normal range 3.7 –
5×1012/L). The patient’s EPO levels are marginally elevated
(25 IU/L, normal range < 20 IU/L). Methemoglobin levels,
as well as other blood counts, are within the normal range.

Both her height and her weight are -3 SD. She has mild
mental retardation. 

She has several complaints that can partly be attributed
to her high level of hemoglobin: headaches, dizziness, dys-
pnoe d’effort, tiredness and a mild Raynaud phenomenon.
Pulmonary, cardiac, and renal investigations showed no
abnormalities. In particular, the patient does not suffer
from chronic obstructive pulmonary disease, right-to-left
cardiac shunts, or EPO-producing tumors. 

Since the patient suffered from dizziness and headaches,
the efficacy of lowering her hemoglobin to ameliorate her
subjective well-being was addressed by repeated phleboto-
my. This proved quite successful and could be tapered over
time with maintenance of lower hemoglobin levels (in the
range of 14.5–16.1 g/dL).

The inappropriately high level of EPO, together with the
absence of any pulmonary, cardiac, or renal abnormalities,
suggested a hereditary cause of secondary erythrocytosis in
this patient.18,19 Therefore, the coding region of genes
encoding hemoglobin (HBA and HBB), bisphosphoglycer-
atemutase (BPGM), PHD2 (PHD2), VHL (VHL), and HIF-2α
(HIF2A) were investigated by PCR and subsequent DNA
sequence analysis (primer sequences available on request).
Informed consent was obtained, and procedures were per-
formed in agreement with the Helsinki Declaration.

In vitro assays
pcDNA3-GAL4-HIF-2α (516-549) has been described

previously.13 pcDNA3-GAL4-HIF-2α (516-549) D539E was
constructed by subcloning into the Eco RI/Xba I site of
pcDNA3-GAL4 an oligonucleotide duplex comprised of the
following sequences: 5’-AAT TCA GTA CCC AGA CGG
ATT TCA ATG AGC TGG ACT TGG AGA CAC TGG
CAC CCT ATA TCC CCA TGG ACG GGG AAG AGT

TCC AAT TGA GCC CCA TCT GCC CCG AGG AGT
AG-3’ and 5’- CTA GCT ACT CCT CGG GGC AGA TGG
GGC TCA ATT GGA ACT CTT CCC CGT CCA TGG
GGA TAT AGG GTG CCA GTG TCT CCA AGT CCA
GCT CAT TGA AAT CCG TCT GGG TAC TG-3’.
Authenticity of the construct was verified by sequencing.
PHD2 binding assays were performed employing 35S-
labeled in vitro translated GAL4-HIF-2α (516-549) fusion
proteins (prepared using wheat germ extracts) and recom-
binant baculovirus-expressed (His)6FlagPHD220 as described
previously.13

Hydroxyproline-531 (Hyp-531)-substituted wild-type or
D539E HIF-2α (527-542) peptides, as well as N-terminal
biotinylated Hyp-564 HIF-1α (556-574) peptide, were
obtained from Genscript. VHL binding assays were per-
formed by assessing the capacity of Hyp-531 HIF-2α pep-
tide to compete with immobilized Hyp-564 HIF-1α (556-
574) binding for 35S-labeled in vitro translated VHL (prepared
using rabbit reticulocyte lysates) as described previously.13

Results shown are representative of two independent
experiments.

Results and Discussion

DNA sequence analysis of HBA, HBB, BPGM, PHD2, and
VHL showed no abnormalities. However, in HIF2A, a novel
heterozygous C>G substitution was identified at nt c.1617,
predicting the substitution of aspartic acid at residue 539 by
glutamic acid (Figure 1). This single base change was not
detected among 106 normal control alleles when screened
by BbsI digestion.

We assessed the functional consequences of this muta-
tion as follows. First, we incubated an 35S-labeled version of
HIF-2α (residues 516-549 fused to GAL4) with recombinant
PHD2. We immunoprecipitated the latter and determined
the recovery of the HIF-2α fusion protein. Wild-type HIF-
2α (516-549) binds with easily detectable affinity to PHD2,
appropriate for an enzyme:substrate interaction (Figure 2A,
lane 3). Importantly, we find that the p.Asp539Glu muta-
tion weakens this interaction (Figure 2A, compare lanes 3
and 6). 
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Figure 1. Genetic studies. DNA sequence analysis of nts c.1599-
1633 of HIF2A. At nt c.1617 a heterozygous C>G substitution was
identified. This novel missense mutation predicts the subsitution of
aspartic acid by glutamic acid at residue 539 of HIF-2α.
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We next assessed the effect of this mutation on recogni-
tion by VHL in a competition assay in which 35S-labeled
VHL was incubated with immobilized Hyp-564 HIF-1α
(556-574) in the absence or presence of wild-type or
Asp539Glu Hyp-531 HIF-2α (527-542) peptide. In this
experiment, VHL binds with high affinity to Hyp-HIF-1α
(556-574), as expected (Figure 2B, lane 3), and wild-type
Hyp-HIF-2α (527-542) acts as an effective competitor for
VHL binding (Figure 2B, compare lanes 3 and 4). We find
that the p.Asp539Glu mutation diminishes the capacity of
the Hyp-HIF-2α peptide to compete for VHL binding
(Figure 2B, compare lanes 4 and 5), implying that this muta-
tion impairs interaction of VHL. We conclude that the
p.Asp539Glu mutation impairs the interaction of HIF-2α
with both PHD2 and VHL. However, these are in vitro
results, and it is conceivable that the interaction with and
subsequent post-translational modification of HIF-2α by
either PHD2 or VHL may not be rate limiting in vivo. That
being said, the existence of both heterozygous PHD2 muta-
tions and hypomorphic VHL mutations associated with
erythrocytosis suggests that both interactions may, in fact,
be important in this pathway.

The present findings are notablefor a number of reasons.
First, they support the notion that HIF-2α is the critical iso-
form regulating EPO in human adults. Second, they indi-

cate that a seemingly conservative substitution is sufficient
to disrupt this pathway. Glutamic acid differs from aspartic
acid by only a single methylene group, yet this substitution

Erythocytes and HIF2A gene mutation
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Figure 2. In vitro studies.  (A) PHD2 binding assay.  Anti-Flag (M2)
agarose with or without immobilized recombinant (His)6FlagPHD2
was incubated with 35S labeled, in vitro translated wild-type or
D539E GAL4-HIF-2α (516-549), washed, eluted, and the eluates
subjected to SDS-PAGE. Input represents 10% of the total amount
of wild-type or mutant GAL4-HIF-2α (516-549).  Relative recovery is
as indicated. (B) VHL binding assay.  Streptavidin-agarose with or
without biotinylated Hyp-564 HIF-1α (556-574) was incubated with
35S labeled, in vitro translated VHL in absence or presence of 50 nM
of wild-type or D539E Hyp-531 HIF-2α (527-542) peptide.  Resins
were washed, eluted, and the eluates subjected to SDS-PAGE.  Input
represent 10% of the total amount of VHL employed in each reac-
tion.  The relative recovery of VHL is as indicated. 

Figure 3. Structural effects. Images showing the position of the HIF-
1α residue, Asp571, that is equivalent to HIF-2α Asp539 in the
cocrystal structures of the CODD domain of HIF-1α with PHD2 (PDB
ID 3HQR),21 and VHL (PDB ID 1LM8)22 (Panels A and B, respective-
ly). HIF-1α is colored yellow, PHD2 violet, and VHL teal.  HIF-1α
residue Asp571 and selected residues are shown in stick represen-
tation. One of the contacts involved in HIF-1α binding to PHD2 and
VHL involves the formation of salt bridges and hydrogen bonds with
Arg396 of PHD2 (Panel A), and Arg107 of VHL (Panel B). In both
cases, incorporation of the longer side chain of glutamic acid at
position 571 in HIF-1α is likely to disrupt these interactions. The fig-
ure was generated using the program PyMOL (DeLano, W.L. The
PyMOL Molecular Graphics System (2002) on World Wide Web
http://www.pymol.org).
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results in impaired interaction with both PHD2 and VHL.
Impairment of both interactions is consistent with the
observation of direct contacts between the corresponding
residue in HIF-1α, Asp571, and PHD2 and VHL in the crys-
tal structures of the respective complexes.21-23 In fact, the
interaction of HIF-1α Asp571 with PHD2 and VHL is quite
similar, involving salt bridge formation and hydrogen bond-
ing with an arginine residue: Arg396 of PHD2 (Figure 3A),
and Arg107 of VHL (Figure 3B). The longer side chain of
glutamic acid, as compared to aspartic acid, is likely to dis-
rupt these interactions when incorporated at position 571
of HIF-1α (Figure 3).

The corresponding structure of VHL bound to HIF-2α, or
of PHD2 bound to HIF-2α, has yet to be reported.
Nonetheless, the impaired interaction both with PHD2 and
with VHL that is observed with the p.Asp539Glu mutation
is also seen with most HIF-2α mutations studied to date.13,16

An exception is the p.Met535Val mutation, which selec-
tively impairs interaction with PHD2 but not with VHL.16
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