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Introduction

Secondary erythrocytosis is due to external factors such
as increased production of erythropoietin, the origin of
which is variable and may result from germline mutations
in genes encoding factors involved in the oxygen-sensing
pathway. The primary cellular component implicated in
oxygen homeostasis is the hypoxia-inducible transcription
factor (HIF). HIF operates as a heterodimer composed of a
constitutively expressed beta subunit, also known as aryl
hydrocarbon receptor nuclear translocator, and an alpha
subunit (1o, 20 or 3a) that is tightly regulated by oxygen via
post-translational modification. The prolyl-4-hydroxylase
domain (PHD) enzymes hydroxylate proline residues locat-
ed in the oxygen-dependent degradation (ODD) domain of
HIF-a. This hydroxylation allows the binding of the von
Hipple-Lindau protein (pVHL), the substrate recognition
subunit of an E3 ubiquitin ligase complex that induces ubig-
uitination and subsequent degradation of HIF-a by the pro-
teasome.”” In the absence of oxygen, HIF-a is stabilized,
heterodimerizes with HIF-1f and induces expression of
hundreds of genes involved in cell survival, angiogenesis,
erythropoiesis and cell proliferation.*® There is some
restricted target gene specificity depending on the HIF-a
subunit of the HIF-0/f heterodimeric transcription factor.
For example, renal and hepatic erythropoietin is regulated
by the HIF-20 subunit in vivo.*” Germline mutations in
genes involved in the HIF pathway have been reported in
association with syndromes that predispose patients to
both neoplasms and/or congenital secondary erythrocyto-
sis.® The most frequent mutations involve the VHL tumor
suppressor gene. Heterozygous germline mutations in this
gene are responsible for von Hippel-Lindau (VHL) disease,
an autosomal dominant condition predisposing to multiple
tumors including central nervous system and retinal heman-
gioblastomas, clear-cell renal cell carcinoma, pheochromo-
cytomas and pancreatic endocrine tumors.® Established cor-
relations between genotype and phenotype predict the risk
of paraganglioma/pheochromocytoma, with VHL deletions
or truncating mutations being associated with a low risk
(VHL type 1) and VHL missense mutations being associated
with a high risk (VHL type 2).”*

In addition, a homozygous 598C>T (R200W) VHL
germline mutation has been shown to account for Chuvash
congenital polycythemia, an autosomal recessive disease,
endemic in the Chuvash Autonomous Republic of the
Russian Federation." Homozygous carriers of the R200W-
VHL germline mutation do not develop tumors but instead
have Chuvash congenital polycythemia due to high levels
of erythropoietin."" The lack of tumor development in this
disorder is due to a weak defect of the mutation in terms of
its HIF-o regulation (leading to delayed ubiquitination)
because of its localization outside pVHL functional
domains." Other homozygous and compound heterozy-
gous polycythemia-associated VHL mutations have also
been reported.”Functional studies of some of these mutants
have shown a weak to undetectable defect of HIF-1a regu-
lation (unpublished data).

Recently, a similar phenotype of high erythropoietin-
associated polycythemia without associated tumors has
been reported in carriers of heterozygous germline muta-
tions in the PHD2 and HIF-2A genes,”" with the exception
of one patient carrying a H374R-PHD2 mutation.” This par-
ticular patient simultaneously developed congenital second-
ary erythrocytosis and recurrent paraganglioma, a tumor

originating from neural crest cells similar to pheochromocy-
toma but with an extra-adrenal localization.” The analysis
of the tumor showed a loss of heterozygosity including the
wild-type PHD2 allele, suggesting a potential tumor sup-
pressor role of PHD2.

PHD2 and VHL act in concert to regulate HIF-o.. Based on
the observation that VHL mutation carriers display different
phenotypes depending on the relative capacity of the VHL
mutants to regulate HIF, we sought to define the genotype-
phenotype relationship regarding the capacity of PHD2
mutants to differentially regulate HIF-a.. Here we report a
functional study comparing five PHD2 variants associated
with isolated congenital secondary erythrocytosis with the
mutation identified in a patient with recurrent paragan-
glioma.

Design and Methods

Patients and mutation screening

Thirty-four patients who did not fulfill World Health
Organization diagnostic criteria for polycythemia vera were inves-
tigated. The local ethics committee of Kremlin Bicetre Hospital
approved the study and all patients provided written informed
consent. Blood samples were collected from all patients and
germline DNA was extracted and analyzed by direct sequencing.”’
DNA from the blood of healthy donors of Caucasian origin was
used as a control.

Assay of hypoxia inducible factor transcriptional activity

In order to assay HIF transcriptional activity, dual luciferase
assays were performed in Hek293T cells as described previously.”
A pGL3promoter vector expressing luciferase under the control of
hypoxia response elements” was used. Cells were exposed to
hypoxic conditions (1% O:) for 4 h before extraction.

Assay of hypoxia inducible factor stability

Hela cells were transiently co-transfected with increasing
amounts (50-200 ng) of an expression vector encoding the HIF-2a
ODD domain (amino acids 404-569), fused to yeast Gal4 DNA-
binding domain and Herpes simplex VP16-derived transactivation
domain, together with the Gal4-response element driven firefly
luciferase reporter, pPGRESxE1b (125 ng), and a Renilla luciferase
control plasmid (4 ng).” Twenty-four hours post-transfection, cells
were cultured under either normoxic (20% O2) or hypoxic (1% Oz)
conditions for an additional 16 h, and firefly luciferase activity was
determined and normalized to Renilla luciferase activity.

Hydroxylation assay

PHD?2 and HIF-ODD proteins (plasmid pcDNA3-HA-Gal4-HIE-
1a-ODD was a generous gift from WG Kaelin Jr, Dana-Farber
Cancer Institute, Boston, USA)* were produced in wheat germ
extract fn vitro using the TnT transcription-translation kit
(Promega). The hydroxylation reaction was carried out by mixing
PHD2 and HIF-1a-ODD (amino acids 536-652) proteins in a reac-
tion buffer containing co-factors (Fe*’, ascorbic acid and 2-oxoglu-
tarate) as described previously.** The samples were incubated at
30°C, collected at different time points, and immunoblotted with
anti-HA (Tebu) and anti-HIF-la (Pro 564)-OH (Cell-Signaling
Technology) antibodies.

Results

We sequenced the PHD2 gene on germline DNA from a



series of Caucasian patients with unexplained poly-
cythemia associated with normal or elevated serum ery-
thropoietin levels (Figure 1A). Four novel heterozygous
sequence variants were identified in the PHD2 gene
[c.G471C, p.GIn157His (Q157H); ¢.C599A, p.Pro200GIn
(P200Q); ¢.G760C, p.Asp254His (D254H); c.C1192T,
p-Arg398X (R398X)] as well as the already described
c.G1112A, p.Arg371His (R371H) mutation® (Figures 1A and
B). Genetic testing was performed on available parents and
relatives of the PHD2 mutation carriers, but no mutation
was found except in the mother of the PHD2-R398X carrier
who presented characteristics of polycythemia (Figure 1A).
She harbors the PHD2 mutation but with a mosaic status as
demonstrated by the reduced height of the peak on the
sequence chromatogram (Figure 1B). The low proportion of
the mutated allele was confirmed by a quantitative allele-
specific oligonucleotide method (data not shown).

Concerning the other families, only a few relatives were
available for further genetic and clinical investigations but
there was no history of familial polycythemia. Briefly, the
brother, the sister and the son of patient #2295 and the
father of patient #2403 agreed to genetic testing and were
not carriers of PHD2 mutation. Other parents had died pre-
viously, of known causes in two cases: esophageal cancer
for the mother of patient #2403 and colon cancer for the
mother of patient #2412. Finally, patient #0424 was an
adopted child, without children.

The frequencies of the different variants were evaluated
in a control population (Figure 1C). Only the Q157H variant
was found and was, therefore, classified as a polymor-
phism. Analysis of amino acid conservation supports this
conclusion, as the Q157 amino acid is not conserved either
between species or within the PHD protein family (PHD1
and 3) (Online Supplementary Table S1). In contrast, amino
acids P200 and R371 are highly conserved and the D254
amino acid is fully conserved, similar to H374 described in
our previous study.”’ As far as concerns the location of the
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amino acids in the protein, D254, like H374, is part of the
PHD2 catalytic site.” The P200 amino acid is located within
the nuclear localization signal (NLS) implicated in the shut-
tling of PHD2 between the cytoplasm and the nucleus
which plays a crucial role in HIF regulation.” We tested the
shuttling of the P200Q mutation by immunofluorescence
but we did not observe any impact of the mutation on the
capacity of PHD2 to shuttle (data not shown).

The functional consequences of these mutations on
PHD?2 activity were first evaluated using a hypoxia reporter
assay based on the transcriptional activity of endogenous
HIF (accumulated during 4 h of hypoxia). A luciferase
reporter gene driven by a hypoxia response element derived
from the erythropoietin 3' enhancer was used. Adding
wild-type PHD2 led to a dose-dependent suppression of
HIF-o-mediated luciferase expression (Figure 2A). As
expected, the PHD2 variant with the Q157H polymor-
phism reduced luciferase activity to the same extent as
wild-type PHD2 (Figure 2A). Within the different missense
mutations, we observed two types of mutants: one type
(including PHD2-P200Q and R371H) did not affect the
capacity of PHD2 to regulate HIF-a. transcriptional activity,
whereas a second type (including PHD2-D254H and
H374R) completely abrogated PHD2 activity (Figure 2A).

We next studied the PHD2 mutants using a one-hybrid
reporter assay based on the capacity of PHD2 to induce
HIF-a protein instability. Cells were co-transfected with
expression vectors containing the different PHD2 mutants
(50 to 200 ng), the oxygen-dependent degradation domain
of HIF-2a (HIF-2a-ODD) fused to yeast Gal4 DNA-binding
domain and Herpes simplex VP16-derived transactivation
domain, together with a reporter vector expressing
luciferase under the control of a Gal4-response element. In
this assay, luciferase expression reflects the stability of HIF-
20-ODD. A trend similar to that in the previous test was
obtained: there was no detectable effect of the P200Q and
R371H substitutions on PHD2 activity (which was compa-

A Figure 1. Identification of PHD2
Adeatth H (%) Hb (gil) RBC mutations in patients with poly-
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rable to that of the wild-type PHD2) and there was total
abolition of the D254H mutant activity (comparable to that
of the truncated PHD2 variant R398X) (Figure 2B). Identical
results were obtained using a HIF-1a-ODD stability
reporter (data not shown). The experiment was repeated
with the P200Q-PHD2 mutant in oxygen-regulated ery-
thropoietin-expressing cells (including the human
hepatoma cell line Hep3B and renal erythropoietin-produc-
ing cells, a new cell model isolated from the tumor-free tis-
sue of a patient with renal carcinoma) but no significant dif-
ference was observed (data not shown).”

We next performed a sensitive i vitro assay in order to
test the ability of the PHD2 mutants to hydroxylate HIF-1a
in a time-dependent manner. In this assay, i vitro-translated
PHD?2 proteins were mixed with HIF-10-ODD in the pres-
ence of co-factors necessary for the hydroxylation reaction.
The capacity of the different PHD2 mutants to hydroxylate
HIF-1o. was measured by immunoblotting using an anti-
body specific for the hydroxylated HIF-1a-ODD (HIF-OH,
Figure 3A). The H374R and D254H substitutions totally
impaired HIF-1a hydroxylation (Figure 3A). By contrast the
R371H mutant behaved like the wild-type PHD2 and the
P200Q mutant, although capable of hydroxylating HIF-1a
(Figure 3A), showed a reproducible and consistent delay
(Figure 3B).

Discussion

Taken together, these results show that PHD2 mutations
can be divided into several different classes in terms of
their effects on HIF regulation. Genotype/phenotype corre-
lations cannot be established for PHD2 mutations because
they are rare events that have been reported in only ten
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families to date (including those in the present study), in
contrast to the 945 families described with a VHL muta-
tion." In addition, the parents of the PFH/D2 mutation carri-
ers reported in the literature were either dead or not avail-
able for further genetic and clinical investigations (includ-
ing one parent who died of esophageal cancer'). In our
study, only one parent was genetically tested and diag-
nosed as a mosaic carrier which prevents any conclusion
regarding the developed phenotype. Nonetheless, regard-
ing the close functional relation between VHL and PHD2 in
the regulation of HIF and the implication of the HIF path-
way in the genesis of pheochromocytoma,®" we can
hypothesize similarities between the various types of
mutants and raise the question of a possible risk of devel-
opment of paraganglioma/pheochromocytoma in PHD2
mutation carriers. Subjects with one category of mutantion
(P200Q and R371H) display features similar to those with
the VHL-R200W mutantion responsible for Chuvash poly-
cythemia without any increased risk of neoplasia." Like
the VHL-R200W mutant, which is located outside func-
tional domains, the PHD2-P200Q and R371H mutations
are not located in the catalytic domain of the enzyme and
have a moderate impact on HIFo regulation. In addition,
the VHL-R200W mutant only induces delayed ubiquitina-
tion of HIFa which may be comparable to the delayed
hydroxylation of HIFa observed with the PHD2-P200Q
mutant. Interestingly, Pro200 is only one residue N-termi-
nal to Cys201 which has been shown to chelate zinc and
cadmium ions, providing evidence for the existence of a
second metal binding site on PHD2.%* This Cys201 affects
PHD?2 hydroxylation activity and appears to be implicated
in redox signaling i vitro.** The very close location to the
functionally important Cys201 residue could be the cause
of the delayed hydroxylation of HIF-law by the PHD2-
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Figure 2. Functional study of PHD2 mutants using luciferase reporter assays. (A) PHD2-dependent regulation of endogenous HIF in an assay
based on a hypoxia response element reporter gene. Cells were co-transfected in a 12-well format with various amounts of pcDNA3-HA-
PHD2 expression vectors (to enable the expression of the same amount of PHD2 proteins) in addition to pGL3 reporter vectors encoding
firefly luciferase under the control of a sensitive hypoxia response element and Renilla luciferase as a control of transfection efficiency. Cells
were placed in hypoxic conditions (1% O:) for 4 h in order to accumulate endogenous HIFx before being collected. Results are given in per-
centage of firefly luciferase activity normalized to Renilla luciferase activity. The amount of HA-PHD2 transfected (PHD2) was quantified by
immunoblotting using an anti-HA antibody. (B) The effect of PHD2 effect on HIF-2c. protein stability in a one-hybrid reporter assay. Cells were
cotransfected in a 6-well format with various amounts of pcDNA3-HA-PHD2 expression vectors (200, 100 and 50 ng), a Gal4-VP16-HIF-
20.0DD (amino acids 404-569) construct as well as a Gal4 response element-driven firefly luciferase reporter and a Renilla luciferase control
plasmid. Twenty-four hours post-transfection cells were incubated for 16 h in normoxic or hypoxic conditions. Results are mean values of

three independent experiments performed in triplicate.
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Figure 3. Functional analysis of PHD2 mutants using an in vitro hydroxyla-
tion assay. (A) Immunoblot estimation of HIF-10-ODD protein hydroxylation
in vitro. PHD2 and HIF-10-ODD proteins were synthesized separately by in
vitro transcription-translation reactions. The hydroxylation reaction was then
processed by mixing HA-PHD2 and HA-HIF-10-ODD proteins in a reaction
buffer containing PHD2 enzymatic co-factors. The reaction was carried out
at 30°C and samples were collected after 0, 10, 30, and 60 min of incuba-
tion. For immunoblotting, 10 uL aliquots of the hydroxylation reaction assays
were separated by SDS-PAGE, blotted, and incubated with an anti-HA anti-
body [to quantify PHD2 and total HIF-ODD (HIF)] and anti-hydroxylated HIF-
1 antibody [to quantify hydroxylated HIF-ODD (HIF-OH)]. (B) Quantification of
hydroxylated HIF-1c. The proportion of hydroxylated HIF-10. was measured

100 -

Hydroxylated HIF (%)

| 10° 30 60° Il 10° 300 60 | and related to total HIF-1c.. The 100% value corresponds to the quantity of
HIF-1a. hydroxylated by the PHD2-WT protein after 1 h. Means were obtained
wT P200Q with three independent experiments.

P200Q mutant. Intriguingly, concerning the R371H
mutant, the previously reported loss-of-function effect of
this mutant' could not be confirmed by any of the three
tests of our study. The R371H mutation segregates with
erythrocytosis in two different families (described herein
and by Percy er al.'®) and is unequivocally involved in this
pathology. We currently cannot explain why, in our hands,
the R371H mutation failed to abolish PHD?2 catalytic activ-
ity. The PHD2 expression vectors were re-sequenced and
their functions confirmed by immunoblotting. Parallel
experiments with other PHD2 mutants confirmed the
validity of our assays. For this category of mutants which
have a moderate impact on HIFa regulation, we cannot
rule out potential indirect regulation on the oxygen sensing
pathway via PHD2-interacting proteins. Indeed, during the
past decade a large number of PHD2-interacting proteins
have been discovered, including both upstream regulators
and downstream targets of PHD2, substantially increasing
the complexity of the PHD/HIF oxygen-sensing regulation
pathway.” Moreover, PHD2 has been reported to have
hydroxylation-independent gene regulatory functions.**

Another category, including the PHD2-R398X mutation
and three other PHD2 truncated mutations described previ-
ously,” can be compared to the VHL truncation mutations
(VHL disease type 1) which are not associated with the
development of pheochromocytomas. Subject with these
first two categories could be considered at low risk of devel-
oping paraganglioma/pheochromocytoma.

A last category could be compared to the VHL missense
mutations involved in VHL disease type 2, associated with
a high risk of paraganglioma/pheochromocytoma. This cat-
egory includes the previously described PHD2-H374R
mutation identified in a 43-year-old patient with paragan-

glioma. A loss of the PHD2 wild-type allele was demon-
strated in the patient with this tumor, arguing for a tumor
suppressor role of PHD2.* No PHD2 mutations have been
identified in other series of patients affected by pheochro-
mocytomas (73 patients with hereditary paraganglioma and
pheochomocytoma  syndrome, Gimenez-Roqueplo,
Hépital Européen Georges Pompidou, Paris, unpublished
data) and/or renal carcinoma,” but the risk that germline
PHD2 mutation carriers have of developing tumors should
not be underestimated. Indeed, like His374, Asp254 is high-
ly conserved, and located in the catalytic site of PHD2.
Moreover, the D254H mutation results in a severe loss of
function. Therefore, although no cases of paraganglioma or
pheochromocytoma have yet been detected in the D254H-
PHD2 mutation carrier, this mutation may be considered as
a potential candidate for tumor predisposition.

In conclusion, using three different approaches we
demonstrated that distinct PHD2 mutations have differen-
tial effects on HIF regulation. We suggest that, by analogy
to VHL mutations, carriers of particular PHD2 mutations
may be prone to tumor development. These patients would
then require screening for tumor prevention and early
detection.
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