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The Zinc Finger of Prolyl Hydroxylase Domain Protein 2 Is Essential
for Efficient Hydroxylation of Hypoxia-Inducible Factor o
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Prolyl hydroxylase domain protein 2 (PHD2) (also known as EGLN1) is a key oxygen sensor in mammals that posttranslationally
modifies hypoxia-inducible factor oo (HIF-a) and targets it for degradation. In addition to its catalytic domain, PHD2 contains
an evolutionarily conserved zinc finger domain, which we have previously proposed recruits PHD2 to the HSP90 pathway to
promote HIF-a hydroxylation. Here, we provide evidence that this recruitment is critical both in vitro and in vivo. We show
that in vitro, the zinc finger can function as an autonomous recruitment domain to facilitate interaction with HIF-«. In vivo,
ablation of zinc finger function by a C36S/C42S Egin1 knock-in mutation results in upregulation of the erythropoietin gene,
erythrocytosis, and augmented hypoxic ventilatory response, all hallmarks of EglnI loss of function and HIF stabilization.
Hence, the zinc finger ordinarily performs a critical positive regulatory function. Intriguingly, the function of this zinc finger is
impaired in high-altitude-adapted Tibetans, suggesting that their adaptation to high altitude may, in part, be due to a loss-of-
function EGLN] allele. Thus, these findings have important implications for understanding both the molecular mechanism of

the hypoxic response and human adaptation to high altitude.

he hypoxia-inducible factor (HIF) pathway is the primary me-

diator of the transcriptional response to low oxygen (1-3). In
this pathway, prolyl hydroxylase domain protein (PHD) site-spe-
cifically prolyl hydroxylates hypoxia-inducible factor a (HIF-a),
thereby providing a recognition motif for the von Hippel-Lindau
(VHL) protein, which then promotes the ubiquitination and deg-
radation of HIF-a (4-6). Under hypoxic conditions, this modifi-
cation is arrested, leading to the stabilization of HIF-a, its
dimerization with HIF-@, and the subsequent activation of a tran-
scriptional program that promotes hypoxic adaptation at the or-
ganismal and cellular levels (7, 8). There are two main HIF-a
paralogues, HIF-1a and HIF-2a, which have overlapping and
distinct roles. For example, HIF-1a promotes glycolysis, whereas
HIF-2a (also known as EPAS1) regulates the erythropoietin (EPO)
gene.

In mammals, there are three PHD paralogues (9, 10), and
PHD?2 has emerged as a particularly important one. For example,
knockout of murine EglnI but not of Egln2 (Phd1) or Egln3 (Phd2)
leads to embryonic lethality (11). In humans, heterozygous loss-
of-function mutations in the EGLNI gene that impair catalytic
activity are a cause of erythrocytosis (12). In mice, acute global
deletion of Egln1 leads to marked erythrocytosis (13, 14). Intrigu-
ingly, heterozygous loss of Phd2 function in mice leads to in-
creased respiration (15, 16), and importantly, this phenotype is
not observed in either Egln2~ '~ or Egln3™'~ mice (15).

PHD?2 is closely related to the single ancestral PHD that is
present in simple metazoans, such as Trichoplax adhaerens (17).
This orthologue shares, in addition to a C-terminal prolyl hydrox-
ylase domain, an N-terminal zinc finger that is absent in both
PHDI and PHD3 (18). This zinc finger, which is of the myeloid
nervy DEAF-1 (MYND) type, shows broad evolutionary conser-
vation (17, 19). MYND-type zinc fingers in other proteins typi-
cally serve as domains that interact with other proteins (20). For
example, the MYND-type zinc finger of the transcriptional regu-
lator ETO binds to a Pro-Pro-Pro-Leu-Ile motifin the corepressor
SMRT (21).
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We have recently shown that the zinc finger of PHD2 binds
with high stringency to a Pro-Xaa-Leu-Glu motif that is found in
select proteins of the HSP90 pathway, including p23, FKBP38, and
HSP90 itself (22, 23). This leads to a model in which the zinc finger
promotes recruitment of PHD2 to the HSP90 pathway to facilitate
hydroxylation of HIF-a, a known HSP90 client protein. In order
to test this model, here, we first employed an in vitro system to
demonstrate that the zinc finger fused to a heterologous protein
can, in a manner independent of the catalytic domain, promote
recruitment to HIF-a. To assess the role of the zinc finger of PHD2
in vivo, we generated a knock-in mouse model in which we ablated
the zinc finger. We found that these mice displayed erythrocytosis
and increased respiration, both indicative of Hif pathway activa-
tion and loss of Phd2 function. Taken together, these findings
support a model in which the zinc finger has a positive regulatory
function. Strikingly, Tibetans harbor a PHD?2 variant that is de-
fective in its interaction with p23, a key cochaperone for HSP90
(23). Hence, these studies support the notion that Tibetan EGLN1
is likely to be a loss-of-function allele that promotes adaptation to
chronic hypoxia.
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MATERIALS AND METHODS

Plasmids. Plasmids were constructed by standard methods. Details of
cloning and subcloning, including oligonucleotide sequences, can be
found in the supplemental material. The authenticity of all constructs was
confirmed by Sanger sequencing.

Peptide binding assays. Peptides corresponding to p23 (151-160) or
p23 (151-160) P157A/L159A/E160A, FKBP38 (47-56), HSP90o (711—
720), and HSP90B (703-712) have been described previously (22, 23).
The peptides (0.5 jg) were prebound to 15-pl aliquots of streptavidin-
agarose (Sigma). The resins were incubated with lysates from HEK293FT
cells previously transfected using Lipofectamine 2000 with constructs for
EGFP-PHD2 (1-63) or mutants thereof. Lysates were prepared in buffer
A (20 mM Tris, pH 7.6, 150 mM NaCl, 10% glycerol, 1% Triton X-100)
supplemented with 1 pM ZnCl, and mammalian cell protease inhibitor
cocktail (Sigma). Incubations were performed for 2 h with rocking at 4°C.
The resins were washed four times with buffer A supplemented with 1 uM
ZnCl, and eluted, and the eluates were subjected to SDS-PAGE and West-
ern blotting using rabbit anti-green fluorescent protein (anti-GFP) anti-
body (FL; Santa Cruz Biotechnology), followed by anti-rabbit IgG conju-
gated to alkaline phosphatase.

In vitro biotinylation assays. Proteins were prepared by TNT T7
Quick coupled transcription/translation reticulocyte lysate reactions
(Promega). In a typical reaction, 0.2 pg of plasmid template was incu-
bated with TNT T7 Quick master mix, 50 .M methionine, 1 uM zinc, and
10 wM biotin in a total volume of 10 pl at 30°C for 60 min. BirA or BirA
fusion protein, obtained in separate TN'T T7 Quick coupled transcription/
translation reactions, was included, as appropriate. The products were
subjected to SDS-PAGE, transferred to Immobilon-P membranes (EMD
Millipore), and blocked in Tris-buffered saline-5% nonfat milk. Far-
Western blotting was performed using streptavidin coupled to alkaline
phosphatase (USB 11687). CDP-Star (Roche) was employed as a sub-
strate.

Cell culture and transfections. HEK293FT cells were maintained,
transfected, and harvested for Western blotting as described previously
(22). Hypoxia experiments were performed in an In Vivo 200 Hypoxia
Work Station (Ruskinn Technologies). MG132 was obtained from Sigma.

Gene targeting. The construct for generating the Egln1 allele bearing a
C36S/C42S mutation (Egln1“") was prepared by recombineering (24). In
brief, a mini-targeting vector was constructed in the vector pL452 (25).
The mini-targeting vector contained genomic DNA encompassing exon 1
of the mouse Eglnl gene with nucleotide changes encoding the C36S/C42S
mutation. A silent, diagnostic Xhol site was also introduced in the vicinity
of the C36S/C42S mutation. The vector contained a neomycin selection
cassette flanked by loxP sites and additional sequences downstream of
exon 1. A retrieval plasmid was constructed in the vector pMC1-DTA
(26). This retrieval plasmid contained sequences that flank 12 kb of
genomic-DNA sequence at the mouse EglnI locus, as well as a diphtheria
toxin A negative-selection cassette. This retrieval plasmid was used to
capture, by recombineering, 12 kb of mouse Egln1 genomic DNA contain-
ing exon 1 from C57BL/6 bacterial artificial chromosome (BAC) clone
RP23-356116 (Invitrogen). The resulting product was then used, in the
second recombineering step with the mini-targeting vector, to generate
the final targeting vector. This targeting vector has an 8.3-kb 5’ arm con-
taining the murine Eglnl exon 1 with the C365/C42S knock-in mutation,
a neomycin selection cassette flanked by loxP sites, and a 3.7-kb 3’ arm
(see Fig. 4A). The presence of the desired nucleotide changes and the
integrity of exon 1 were confirmed by DNA sequencing.

V6.5 embryonic stem (ES) cells were electroporated with the targeting
vector and selected, using G418, by the Perelman School of Medicine
Gene Targeting Core Facility. Screening was performed by Southern blot-
ting. Digoxigenin (DIG)-labeled probes were generated by PCR using a
PCR DIG probe synthesis kit (Roche). For the 5’ probe (0.40 kb), the
primers were 5'-TTA TCA TTA TCA ATT GGT TCT G-3" and 5'-TGT
TCT CTG AAC CCC TCG TGT GCC-3'. For the 3’ probe (0.40 kb), the
primers were 5'-TCT CTG TGC TGC GGT TAA TTA GTC-3" and 5'-
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FIG 1 The N terminus of PHD2 has a MYND-type zinc finger motif, and mu-
tagenesis identified key residues. (A) (Top) Location of the predicted zinc finger
(ZF) in PHD2. PH, prolyl hydroxylase domain. The numbers are amino acids.
(Middle) Comparison between the zinc fingers of PHD2 and ETO. The numbers
are PHD2 residue numbers, and the shaded boxes represent zinc-chelating resi-
dues. B and ¢ denote C36 and C42 of PHD2, respectively. (Bottom) Predicted
topology of the MYND zinc finger of PHD2, based on the X-ray crystal structure of
the homologous MYND zinc finger from the ETO protein (21). 1 and 2 indicate
zinc ions. The arrows and cylinder represent 3-pleated sheets and a-helix, respec-
tively. (B) WT PHD2 (1-63) fused to GFP and expressed in HEK293FT cells was
incubated with or without immobilized p23 (151-160), FKBP38 (47-56),
HSP90a (711-720), HSP90B (703-712), or mutant p23 (151-160) peptide;
washed; and eluted. GFP-PHD2 (1-63) was detected by Western blotting using
anti-GFP antibodies. (C and D) WT or mutant PHD2 (1-63) fused to GFP and
expressed in HEK293FT cells was incubated with or without immobilized p23
(151-160), washed, and eluted. PHD2 was detected as for panel B. The numbers
below the bands indicate relative intensities by densitometry compared to WT p23
(B) or WT PHD2 (C and D). ND, not detectable.
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FIG 2 The zinc finger of PHD2 can function autonomously in vitro to promote recruitment to HIF-a.. (A and C to E) In vitro transcription and translation
reactions were performed with constructs for the indicated proteins in the absence or presence of previously translated BirA or BirA fusion proteins, as indicated.
The reactions were analyzed by far-Western (FW) blotting using streptavidin-alkaline phosphatase conjugates and Western blotting (WB) using the indicated
antibodies. The numbers below the bands indicate the results of densitometry analysis normalized to WB of BAP-containing protein. (A) Biotinylation of
HA-tagged HIF-1a containing a BAP motif is enhanced by fusion of BirA to PHD2 (1-196) relative to fusion to PHD2 (1-196) (C36,42S) or BirA alone. (B)
Densitometry analysis was performed on biotinylation signals and normalized for loading to the anti-HA WB densitometry signal. The graph shows the mean
densitometry across the three replicates, and the errors bars are standard errors of the mean (SEM). **, P < 0.01 by ANOVA/Tukey HSD. Arb., arbitrary. (C)
PHD2 (1-196)-BirA can efficiently biotinylate BAP-containing HIF-1a and FKBP51 proteins, and biotinylation is dependent on the BAP motif. (D) WT PHD2
(1-196)-BirA can promote biotinylation of both HIF-1a—BAP and HIF-2a—BAP in a manner dependent on zinc finger integrity. (E) Zinc finger dependence of
PHD2 (1-196)-BirA-induced biotinylation of HIF-1a—BAP is attenuated when the former is added after HIF-1a—BAP translation is completed and then arrested
by the addition of cycloheximide (CHX). In vitro transcription and translation reactions were performed for HIF-1a—BAP. In lanes 2 and 3, previously translated
BirA fusion protein was included in the 60-min reaction. In lanes 4 and 5, HIF-1a—BAP was first translated, CHX (2 pg/ml) was added for 30 min, and then the
previously translated BirA fusion protein was added for an additional 60 min.

ACA TTA TGA CTC CTA ACA ATA GCG-3'. For both probes, BAC
clone BAC RP23-356116 was employed as the template. Southern blotting
was performed using DIG Easy Hyb, a DIG wash-and-block buffer set,
antidigoxigenin-alkaline phosphatase conjugates, and CDP-Star sub-
strate (all from Roche).

A total of 192 clones were screened by Southern blotting. Southern
blotting of a correctly targeted clone with a 5’ probe revealed the expected
16.3 kb for the Egln17F allele upon hybridization with HindIII-digested
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DNA, in addition to the wild-type (WT) 8.9-kb band (see Fig. 4B, lane
2). Southern blotting with a 3’ probe revealed the expected 16.3-kb
band for the Egln1%* allele upon hybridization with HindIII-digested
DNA, in addition to the wild-type 5.4-kb band (see Fig. 4B, lane 7).
Sequencing confirmed the presence of the desired sequence for the
EglnlzF allele (see Fig. 4C).

The correctly targeted clone was injected into BALB/c blastocysts to
produce chimeras by the Perelman School of Medicine Transgenic Core
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FIG 3 The zinc finger of PHD2 shows speciﬁcity for HIF-a over other HSP90 client proteins and can enhance PHD3 activity. (A) Biotinylation of FKBP51-BAP
by PHD2 (1-196)-BirA is dependent on the integrity of the FKBP51-HSP90 interaction and the PHD?2 zinc finger. (B) Biotinylation of AHR by PHD?2 is
significantly reduced relative to HIF-1a and is dependent on the integrity of the PHD?2 zinc finger. (C) PHD2-BirA fusion proteins do not efficiently biotinylate
the HSP90 client protein ERB fused to BAP. (D) Western blot analysis of HEK293FT cells transfected with HA-HIF-1a vector and either vector control,

Flag-PHD3, or Flag-ZF-PHD3, followed by 4 h of hypoxia (2%

0,), showing decreased HIF-1a abundance with coexpressed ZF-PHD3 fusion relative to

coexpressed PHD3. The numbers below the bands indicate the results of densitometry analysis normalized to B-tubulin. ND, not detectable. (E) HEK293FT cells
were cotransfected with an expression vector for HA—HIF-1a with or without a vector for PHD3, zinc finger PHD?3 fusion protein, or vector control and treated
with 10 wM MG132 for 4 h. The lysates were probed for hydroxylated HIF-1oa (Hyp564), total HA-HIF-1a, Flag-PHD3, and B-tubulin.

Facility, which is supported by the Institute for Diabetes, Obesity, and
Cardiovascular Metabolism; the Center for Molecular Studies in Digestive
and Liver Diseases; and the Abramson Cancer Center. Chimeric male
mice were then mated with C57BL/6]-Tyr*? female mice, and germ line
transmission (as assessed by coat color and then PCR) was obtained.
Southern blotting confirmed germ line transmission (see Fig. 4B, lanes 4
and 9). Mice with germ line transmission of the knock-in allele were
then mated with C57BL/6-Gt(ROSA)26Sor10(CroArte mice (Taconic)
to delete the neomycin cassette (see Fig. 4B, lanes 5 and 10), followed by
further crossing with C57BL/6 mice to segregate the Cre allele, thereby
creating Egln1“™* mice. Egln1“"" mice were maintained on a mixed
129/C57BL/6 background. Egln1“*/“F mice were obtained by Egln1“¥/*
intercrosses.

The Eglni™*'~, Egln1™, and Pax3-Cre lines have all been described
previously (16). All animal procedures were approved by the Institutional
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Animal Care and Use Committees at the University of Pennsylvania, in
compliance with Animal Welfare Assurance.

PCR genotyping. DNA was isolated from mouse tails (27). The fol-
lowing primers were employed for genotyping the Eglnl C36S/C42S
knock-in mutation. CSint1-15’,5'-CCA GAC ACT GTG TTT AGC TAG
GAC-3',and CSint1-13’,5'-AAA CCA GGA AGC CACAGA AGC AGC-
3. The wild-type allele produces a PCR product of 0.30 kb, whereas the
knock-in mutant allele produces a PCR product of 0.40 kb.

Hematology analyses. Retro-orbital blood samples for hematology
analyses were collected in Microvette 100 LH heparin-coated collection
tubes (Sarstedt). Hematocrit (HCT) was measured manually using a
CritSpin microhematocrit centrifuge (StatSpin). Automated CBC analy-
sis was performed using a Hemavet 950FS instrument (Erba Diagnostics).

Serum Epo and iron measurements. Serum samples were obtained by
incubating terminal bleeds from the inferior vena cava at 4°C, followed by
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FIG 4 Generation of Egln1“* knock-in mice. (A) Gene-targeting strategy. X indicates both the site of mutation and the diagnostic Xhol site. DTA, diphtheria
toxin A; neo, neomycin cassette. The positions of 5" and 3" Southern probes are indicated by 5" and 3', respectively. The positions of CSint1-1 5" and CSint1-1
3" PCR primers are indicated by a and b, respectively. (B) Southern blots employing 5’ (left) and 3’ (right) probes of HindIII-digested ES cell or mouse tail DNA.
Eglnl genotypes are provided at the top. The presence of the neomycin cassette is denoted by neo. (C) DNA-sequencing chromatogram of targeted ES cell DNA.
The sequence is from 3’ to 5" (reverse complement). The codons at residues 36 and 42 are each heterozygous for Cys and Ser. (D) PCR genotyping of Egln1“*
knock-in mice using CSint1-1 5" and CSintl-1 3" primers. The 0.3-kb product is derived from the wild-type allele, while the 0.4-kb product is derived from the

ZF mutant allele. Eglnl genotypes are shown at the top.

centrifugation at 4,000 X g for 15 min at 4°C. Serum Epo measurements
were performed using the rodent Quantikine Epo Immunoassay kit (R&D
Systems; MEPOOB). Serum iron measurements were performed using the
Iron-SL kit (Sekisui Diagnostics). Plate absorbances were read on a Sun-
rise microplate reader (Tecan).

Real-time PCR. RNA was isolated from approximately 125-mm? sec-
tions of either liver, kidney, heart, or placenta, as indicated; alternatively,
approximately 50 pl of enterocytes from duodenal scrapings was em-
ployed as source material. In addition, primary duodenal epithelial cell
cultures were used as source material and established following a proce-
dure described previously (28). Briefly, duodenums were excised from
4-month-old Egln1*/" and Egln1“**" mice, and epithelial cells were dis-
sociated using cell recovery solution (Corning) and mild agitation. The
isolated epithelial cells were plated and maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) with 5% fetal bovine serum (FBS), 4.5
g/liter glucose, 4 mM glutamine, 5 ng/ml epidermal growth factor, 0.2
IU/ml insulin, 20 mM HEPES, 100 U/ml penicillin, and 100 pg/ml
streptomycin. The cells were maintained for 2 days under a normoxic
(21% O, and 5% CO,) or hypoxic (4% O, and 5% CO,) environment
prior to RNA isolation for real-time PCR. The details of RNA isolation,
cDNA synthesis, and real-time PCR cycling conditions have been de-
scribed previously (16).
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Primer sequences for Epo, Egln3, Vegfa, and Pgkl have also been de-
scribed previously (29). For Cybrdl (Dcytb), the following primers were
used: SG-mDcytB 5’, GCA GCG GGC TCG AGT TTA, and SG-mDcytB
3', TTC CAG GTC CAT GGC AGT CT. For HampI (Hepc), the following
primers were used: SG-mHEPC 5’, TGT CTC CTG CTT CTC CTC CT,
and SG-mHEPC 3’, CTC TGT AGT CTC TCT CAT CTG TTG. For
Slc11a2 (Dmtl), the following primers were used: SG-mDMT1 5', GTC
TCT GGC GCT GCC ATT, and SG-mDMT1 3', GCT CCT GAG ATT
GCCTTCTGA. For Tfeb, the following primers were used: SG-mTFEB 5’,
GGA CGT GCG CTG GAA CA, and SG-mTFEB 3’, CCT CCG GAT GTA
ATC CACAGA. For Gem1, the following primers were used: SG-mGCM1
5', CGA CGG ACG CTT CAT CTT TT, and SG-mGCM1 3’, GGC CTG
GGA TGA TCA TGC T. For Ascl2 (Mash2), the following primers were
used: SG-mMASH2 5’, CCT GGG CCT ATG CCT TAC C, and
SG-mMASH2 3’, TCA GTC AGC ACT TGG CAT TTG. For Slc2al
(Glutl), the following primers were used: SG-mGlut1 5, CGA GGG ACA
GCC GAT GTG, and SG-mGlutl 3', TGC CGA CCC TCT TCT TTC AT.
For Angpt2, the following primers were used: SG-mAngpt2 5', GAT GGC
AGT GTG GAC TTC CA, and SG-mAngpt2 3', GCT CCC GAA GCC
CTCTTT.

Western blotting. Protein extracts were prepared from kidney,
liver, and heart tissue by solubilization (with sonication) in T-PER
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TABLE 1 Genotypes and embryonic viability assessments for
Egln1“* X Egln1“*'* matings

No. of embryos (no. viable)

Day Egln1*'* Egln1#¥* Egln1#¥/#¥
Ell5 8 (8) 15 (15) 7(7)
E12.5 8(8) 11 (11) 6(4)
Total 16 36 13

tissue protein extraction reagent (Thermo Scientific) supplemented
with mammalian protease inhibitor cocktail (Sigma P8340). Insoluble
material was removed by centrifugation at 8,600 X g for 10 min at 4°C.
Western blotting was performed on equal protein amounts, as deter-
mined by DC protein assay (Bio-Rad). Anti-PHD2 rabbit monoclonal
antibody (MAb) (D31E11), anti-hydroxy-Pro564-HIF-1a (Hyp564-
HIF-1a) rabbit MAb (D43B5), anti-HIF-1a rabbit MAb (D2U3T),
and anti-B-tubulin rabbit MAb (9F3; used for Western blots of mouse
tissue extracts) were obtained from Cell Signaling Technology. Anti-
HIF-2« rabbit MAb (ab179825) was from Abcam. Anti-B-tubulin
mouse MAD (E7; used for Western blots of HEK293FT extracts) was
generated by Michael Klymkowsky and was obtained from the Devel-
opmental Studies Hybridoma Bank developed under the auspices of
the NICHD and maintained by the Department of Biology, University
of Towa, Iowa City, IA. Rabbit polyclonal antibodies to GFP (FL; sc-
8334) and a-tubulin (H-300; sc-5546), goat anti-rabbit IgG secondary
antibodies conjugated to alkaline phosphatase (sc-2007), and goat an-
ti-mouse IgG secondary antibodies conjugated to alkaline phosphatase

A B

Egin3 (Phd3)

Essential Role for the Zinc Finger of PHD2

(sc-2008) were obtained from Santa Cruz Biotechnology. Antihemag-
glutinin (anti-HA) and anti-Flag antibodies coupled to alkaline phos-
phatase were from Sigma (A5477 and A9649, respectively). Band den-
sitometry was performed on scanned immunoblots using the Image]J
gel analysis software (30).

BFU-E assay. Burst-forming unit—erythroid (BFU-E) assays were per-
formed as previously described, and final counts were performed after 9
days of culture (16).

Pulmonary function measurements. Lung function was assessed by
whole-body plethysmography as previously described (16). Tidal volumes
were calculated from integrating raw Powerlab pneumotachometer data
based on the methods described previously (31) for whole-body plethys-
mography chambers. Tidal volume (V,) and minute ventilation (V,) were
further normalized to body mass.

Structural modeling. A model for the zinc finger of PHD2 bound to a
P23 peptide was generated as follows. First, a structure of PHD2 (20-59) was
generated with SWISS-MODEL using the X-ray crystal structure of the MYND
zinc finger of ETO bound to a SMRT peptide (Protein Data Bank [PDB] 20DD)
asabasis (21). The resulting PHD2 (20—59) structure was next superimposed
on the structure of the ETO:SMRT peptide complex using the Chimera soft-
ware package (UCSF) (32). Amino acids 1101 to 1109 of SMRT were replaced
by amino acids 152 to 160 of p23, and the ETO structure was then deleted to
produce a preliminary PHD2 (20-59):p23 (152-160) structure model. Pep-
tide binding was then further refined using Rosetta FlexPepDock (33).

Statistical analyses. Real-time PCR (AC;), lung function parameters,
EPO enzyme-linked immunosorbent assay (ELISA), and serum iron were
assessed for statistical significance by Student ¢ tests. Hematologic mea-
surements in which Egln1%*" heterozygous mice were included were an-
alyzed by analysis of variance (ANOVA) and post hoc Tukey honestly
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FIG 5 (A to F) Real-time PCR mRNA analysis of E11.5 placental tissue from Egln1™/* and Egln1“¥/“F embryos (1 = 4). *, P < 0.05 by Student’s t test. The error

bars represent SEM.
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significant difference (HSD) tests. The BFU-E results were analyzed by
Poisson exact test. Statistical calculations were performed using the R
software environment for statistical computing (R Foundation for Statis-
tical Computing, 2010 [http://www.R-project.org]). A P value of <0.05
was used as a critical value for statistical significance.

RESULTS

Interaction of the PHD?2 zinc finger with the PXLE motif is de-
pendent on zinc finger integrity. The predicted MYND-type zinc
finger of PHD?2 is a member of a distinctive subclass of zinc fingers
that has a cross brace topology, binds to two zinc ions, and has
eight zinc-chelating residues (Fig. 1A). To examine the roles of
individual amino acids in the zinc finger of PHD2, we incubated
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PHD?2 (1-63) (fused to GFP) with immobilized, biotinylated p23
(151-160) peptide and assessed binding of the former by Western
blotting. As expected, a mutation of the PXLE motif in the p23
peptide to AXAA abolished the interaction (Fig. 1B, lane 5), as did
a C36S/C42S mutation in PHD2, which changes two predicted
zinc-chelating residues (Fig. 1C, lane 4). Also as expected, WT
PHD2 (1-63) can bind to PXLE-containing peptides derived
from FKBP38, HSP90«, and HSP90R (Fig. 1B, lanes 6 to 8), which
were previously identified in PHD2 immunoprecipitation exper-
iments (22, 23).

The zinc finger of ETO is homologous to that of PHD2 (Fig.
1A), and previous studies identified critical roles for Gln-688 and
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Trp-692 in ETO binding to the Pro-Pro-Pro-Leu-Ile motif in
SMRT (21). Mutation of the corresponding residues in PHD2,
GIn-47 and Trp-51, respectively, abrogates binding to the p23
peptide (Fig. 1D, lanes 4 and 6). Homology modeling based on the
known structure of ETO suggests that PHD2 Leu-31, Arg-32, Ser-
34, Arg-35, and Arg-37 may be surface-exposed residues in the
vicinity of these two residues. We found that while the L31A,
S34A, and R35A mutations largely maintained the interaction, the
R32A and R37A mutations markedly diminished it (Fig. 1C and
D). Taken together, these studies support the notion that the
PHD?2 zinc finger is a MYND-type zinc finger.

The PHD2 zinc finger can function as an autonomous re-
cruitment domain. In contrast to the C-terminal catalytic do-
main, the N-terminal zinc finger of PHD2 does not interact di-
rectly with HIF-a. Instead, we have proposed that the zinc finger
recruits PHD2 to the HSP90 pathway to facilitate hydroxylation of
HIF-a (22). To test whether the zinc finger of PHD2 can act au-
tonomously in its association with the HSP90 pathway, we sought
to uncouple the zinc finger domain from the prolyl hydroxylase
domain. To this end, we fused PHD2 (1-196), which lacks the
catalytic domain, to the Escherichia coli biotin ligase, BirA. We
added this protein prior to initiation of in vitro transcription/
translation reactions employing a template that encodes a HIF-1a
construct in which the primary hydroxyl acceptor proline of the
oxygen-dependent degradation domain had been replaced by a
biotin acceptor peptide (BAP). In so doing, we allowed the fusion
protein to act on HIF-a as it was folded by the HSP90 pathway. We
examined biotinylation of the BAP-containing proteins by far-
Western blotting using a streptavidin-alkaline phosphatase probe.
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In a control reaction, we found that BirA alone can weakly
biotinylate HIF-1a—BAP (Fig. 2A, lane 2) and that biotinylation is
dependent on the presence of biotin (data not shown). Impor-
tantly, biotinylation is markedly enhanced by fusion of BirA to
PHD?2 (1-196) (lane 3). This enhancement is dependent on the
presence of an intact zinc finger, as the C36S/C42S PHD2 mutant
showed reduced biotinylation levels (lane 4) relative to WT PHD2
(1-196). Densitometry analysis of replicate in vitro translation and
biotinylation reactions indicated this result is reproducible and
statistically significant (Fig. 2A and B). Biotinylation is, as ex-
pected, dependent on the embedded BAP sequence, since wild-
type HIF-1a is not biotinylated (Fig. 2C, lanes 2 and 3).

The C36S/C42S zinc finger mutation reduces the capacity of
PHD2 (1-196)-BirA to biotinylate both HIF-1a—BAP and HIF-
20-BAP proteins (Fig. 2D). We observed somewhat stronger bi-
otinylation of HIF-2a—BAP than of HIF-1a—BAP in these in vitro
experiments. However, further experiments will be needed to es-
tablish if the zinc finger of PHD?2 has an in vivo preference for one
or the other isoform. In these experiments, the PHD2 (1-196)-
BirA fusion protein was present during HIF-a translation, allow-
ing the fusion protein to act while the HSP90 pathway promoted
folding of the substrate. Consistent with this notion, if the PHD2
zinc finger-BirA fusion protein was added after the in vitro trans-
lation reaction was performed and then arrested by the addition of
cycloheximide, the zinc finger enhancement of biotinylation was
attenuated (Fig. 2E, lanes 4 and 5).

These data suggest that the fusion protein might be able to
biotinylate other proteins of the HSP90 pathway. FKBP51 is an
HSP90 cochaperone that immunoprecipitates with PHD2 (22)
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and lacks a PXLE motif. When it is fused to BAP, it can be biotin-
ylated by PHD2 (1-196)-BirA in a manner dependent on both
the BAP sequence and the integrity of the PHD2 zinc finger
(Fig. 2C, lanes 4 and 5, and 3A, lanes 1 and 3). Moreover, this
effect is dependent on FKBP51 association with the HSP90
complex, since biotinylation is attenuated by an FKBP51 mu-
tation (K352A and R356A) (34) that impairs its interaction
with HSP90 (Fig. 3A, lane 2).

To determine if PHD?2 is simply recruited equally to all HSP90-
associated complexes, we examined biotinylation of a different
HSP90 client protein and alternate transcription factor binding
partner to HIF-@, the aryl hydrocarbon receptor (AHR). An AHR-
BAP fusion protein was in vitro translated in the presence of either
WT PHD2 (1-196)-BirA or PHD2 (1-196) (C36S and C42S)-
BirA. At roughly comparable protein expression levels, HIF-1a-
BAP was much more efficiently biotinylated than AHR-BAP, sug-
gesting a selectivity for HSP90 complexes associated with HIF-1a
(Fig. 3B, lanes 2 and 4). Furthermore, biotinylation of AHR-BAP
was decreased to undetectable levels by mutation of the PHD2
zinc finger (lane 5). The latter result further supports our hypoth-
esis that the zinc finger mediates association with the HSP90 com-
plex and that its integrity is critical to this association.

Another alternative HSP90 client protein, albeit less well char-
acterized in this regard than AHR, is estrogen receptor 3 (ERB),
and it was also used as a control for specificity. Compared to
HIF-1a—BAP, an ERB-BAP fusion was less efficiently biotinylated
and, furthermore, showed no dependence on zinc finger integrity
(Fig. 3C). Together with the data on HIF-1a and AHR, this sup-
ports a model in which the zinc finger of PHD2 recruits it to select
HSP90 complexes, particularly ones involved in the folding of
HIF-« proteins.

In an independent approach, we examined whether addition of
the PHD2 zinc finger to the N terminus of PHD3 (which lacks a
zinc finger) can augment PHD3 activity. To this end, we cotrans-
fected HEK293FT cells with expression vectors for HIF-1a and for
either PHD?3 or a fusion protein containing the PHD?2 zinc finger
fused to the N terminus of PHD3 (ZF-PHD3). We exposed cells to
hypoxia (2% O,) for 4 h to stabilize HIF-1a and then examined
protein levels by Western blotting. As shown in Fig. 3D, coexpres-
sion of PHD3 decreases HIF-1a protein levels (lanes 2 and 3), and
these levels are further decreased upon coexpression with the ZF-
PHD3 fusion protein (lane 4). In a separate experiment, we trans-
fected HEK293FT cells as described above but then stabilized
HIF-1a with the proteasome inhibitor MG132 instead of hypoxia.
In these circumstances, coexpression of PHD3 increased hydroxy-
lation at Pro-564 of HIF-1a (Fig. 3E, lanes 2 and 3), and hydroxy-
lation was further increased upon coexpression of the ZF-PHD3
fusion (lane 4). These experiments provide evidence that the zinc
finger domain is sufficient to enhance the capacity of PHD3 to
hydroxylate and destabilize HIF-1a.

Loss of zinc finger integrity in vivo leads to increased Epo
expression and erythrocytosis. To evaluate our model in vivo, we
created a mouse line with an Egln1 (Phd2) knock-in allele contain-
ing the C36S/C42S mutation (here referred to as ZF) (Fig. 4A to
D). As shown previously (Fig. 1C), this mutation abolishes asso-
ciation with the PXLE motif. Crosses between Egln1”™™" mice
yielded the expected genotypes, but Egln1”"*F mice were born ata
sub-Mendelian frequency (12% instead of the predicted 25%; 670
pups were genotyped). Similar to findings with Eglnl~/~ embryos
(11), we noted that embryonic lethality appeared to occur at em-
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bryonic day 12.5 (E12.5) (Table 1), as no dead embryos were ob-
served from litters at E11.5 and Egln1“"“* embryos were observed
at close to a Mendelian ratio at this age.

Previous studies suggested that developmental defects in pla-
centa formation are responsible for the embryonic-lethal pheno-
type in Eglnl-null mice (11). Real-time PCR analysis of Hif target
genes from Eglnl™'" and Egln1“*"“* E11.5 placentas showed in-
creases in the latter for the Hif targets Vegfa and Egln3 (Fig. 5A and
B). Pgkl transcripts were increased as well, though the increase did
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not reach statistical significance. These observations offer evi-
dence that Phd2 function is impaired at this stage of placental
development. The prior studies also reported changes in gene ex-
pression related to placental development in Eglnl '~ placentas,
including an increase in Ascl2 (Mash2) and decreases in Geml and
Tfeb expression (11). We examined these genes and found that
mRNA levels trended toward changes in the same direction (Fig.
5D to F) as in the previous report. However, they did not reach
statistical significance; the incomplete penetrance of the embry-
onic-lethal phenotype in Egln1”™*F compared to Eglnl~'~ em-
bryos might account for this difference.

We noted a plethoric (ruddy) appearance in Egln mice
(Fig. 6A) and observed elevated hematocrits (78% versus 49%),
hemoglobin levels (22.2 versus 13.5 g/dl), red blood cell counts,
serum Epo levels, and renal Epo mRNA levels compared to
Egln1*'* controls (Fig. 6B to F). Of note, we saw no statistically
significant changes in either white blood cell counts (+/+, 6.67 X
10° + 3.01 X 10°/pl, versus ZF/ZF, 6.20 X 10 + 2.42 X 10°/pl) or
platelet counts (+/+, 458.44 X 10° + 163.91 X 10°/pl, versus
ZF/ZF, 468.00 X 10° + 102.68 X 10°/ul). Hepatic Epo expression
is normally very low in adult mice, and we found that hepatic Epo
mRNA levels were low in comparison to those from kidneys and
were not increased in Egln1”"“" mice (Fig. 6G). We conclude
from these studies that the kidney is the likely source of circulating
Epo in these mice. Upon examination of several Hif target genes in
a number of tissues, we found that most showed no evidence of
significant alteration in Egln1%"'** mice (Fig. 7). A modest mRNA
increase was observed for Slc2al (Glutl), encoding a glucose
transporter regulated transcriptionally by Hif, in the kidneys of
Egln1“*“* mice, though similar changes were not seen in the
hearts of these animals (Fig. 7C). The erythrocytosis in Egln1“"/“*
mice was age dependent, more severe at 6 months than at 1 month

IZF/ZF
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of age (Fig. 8A). In contrast, heterozygous Egln1“"" mice did not
display erythrocytosis at any time point (Fig. 8A). Taken together,
these findings provide in vivo evidence that mutation of the Phd2
zinc finger leads to aloss-of-function allele. Western blots of tissue
extracts from Egln1”"#F mice revealed levels of Phd2 that were
intermediate between those of Egln1™'* and Eglnl1™'~ mice (Fig.
8B). Egln1™'™ mice displayed, at most, very mild erythrocytosis
(HCT, EgIn1"'", ~48%, versus Egln1™*'~, ~53%) (16, 29);
hence, the markedly increased erythrocytosis observed in
Egln1”%F mice (HCT, 78%) cannot be accounted for by changes
in Phd2 protein abundance. The levels of Hif-a in these tissues
appeared to be either unchanged or, at best, only modestly altered
(Fig. 8C); for example, in heart and liver, we observed modest
increases in Hif-1a and Hif-2a, respectively. These results were
not wholly unexpected, because in many tissues, Phdl and Phd3
display functional redundancy with Phd2. For example, loss of all
three Phd isoforms is necessary for hepatic induction of Epo ex-
pression in the adult mouse (35). Western blotting for hydroxy-
lated proline 564 (Hyp-564) in Hif- 1o was negative; as a control,
the antibody did react with lysate from Hif-1a cDNA-transfected,
MG132-treated cells (Fig. 3E and data not shown). This suggests
that hydroxylated Hif-1a subunits are rapidly degraded by Vhl in
vivo, preempting their detection.

To further examine whether the Egln 17" allele is a gain- or loss-of-
function allele, we crossed Eglnl“™" with Eglnl™’~ mice. These
crosses, however, failed to yield Egln1“*’~ compound heterozygotes
(37 pups were genotyped). As mentioned above, constitutive global
loss of Eglnl leads to placental defects and is embryonic lethal (11).
The failure to generate these heterozygotes suggests that a single
Egln1”* allele is insufficient to rescue the Eglnl '~ phenotype, con-
sistent with the Egln1”* allele being a hypomorphic allele. This notion
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FIG 10 Egln1**'“* mice display increased iron mobilization. (A) Real-time PCR analysis of hepatic Hampl mRNA levels. (B and C) Real-time PCR analysis of
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17F/7F mice relative to Egln1 ™/

controls. (D) Real-time PCR analysis of CybrdI expression from in vitro-cultured duodenal enterocytes. (E) Serum iron is increased in Egln1“*/“* mice relative
to Egln1™*'* controls. (A to C and E) n = 5 per group; (D) n = 4 per group. The error bars represent SEM. *, P < 0.05; **, P < 0.01 by Student’s ¢ test.

is also consistent with the observation of sub-Mendelian frequency of
Egln1“*"“¥ mice obtained from Egln1“*'" crosses.

In additional experiments, we crossed Eglnl“* mice with
mice harboring a heterozygous conditional knockout of EglnI in
the Epo-producing cells of the kidney (Pax3-Cre; Egln]f/ ) (16).
We observed that Pax3-Cre; Egln1"** mice, like the Egln1“***
mice, displayed markedly increased hematocrit (69.87% = 1.91%
versus 48.38% * 1.95%; P < 0.001), hemoglobin (17.37 % 1.19
g/dl versus 11.80 * 0.58 g/dl; P < 0.001), red blood cell counts
(13.99 X 10° = 0.46 X 10%/l versus 9.088 X 10° = 0.28 X 10%/pl;
P <0.001), and serum Epo levels (2,172 = 526 pg/ml versus 539 *
14.73 pg/ml; P < 0.001) relative to Egln1”™* mice (Fig. 9). These
data provide additional evidence that, within the Epo-producing
cells of the kidney, Egln1“" is a loss-of-function allele.

The Egin1“* allele leads to increased iron transport gene ex-
pression and iron mobilization. Erythropoiesis is tightly coupled
with iron mobilization (36). Iron mobilization, in turn, is criti-
cally regulated by, and inversely correlated with, hepdicin
(Hamp1) levels. We found a 15-fold reduction in liver Hamp1
mRNA transcript levels in Egln1“"#* mice relative to Eglnl™'*
littermate controls (Fig. 10A). Decreased Hampl mRNA is likely
secondary to the Epo-induced erythrocytosis, potentially medi-
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ated by erythropoiesis-associated expression of erythroferrone
(37, 38). Furthermore, we observed increased duodenal expres-
sion of the Hif-2« target genes, Cybrdl (Dcytb) and Slclla2
(Dmtl), which play important roles in the transport of iron across
the duodenal epithelium (Fig. 10B and C) (39, 40). To determine
if these changes were due to a cell-autonomous response in vivo,
Egln1™'™" and Egln1“"'** duodenal epithelial cells were cultured in
vitro and examined for expression of Cybrdl under both normoxia
and mild hypoxia (4% O,) (41) to simulate conditions present in the
duodenum in vivo. Cybrdl expression in Egln1“*“* duodenal cells
remained high under both conditions, suggesting that it is a cell-
autonomous response to reduced Phd2 activity (Fig. 10D). Slc11a2
expression, in contrast, was unchanged between Eglnl T and
Eglnl ZEIZE cells under the same conditions (data not shown); how-
ever, the interpretation of this result is complicated by the low level of
Slc11a2 expression in Egln1 ™" primary cell culture compared to du-
odenal scrapings. That being said, it remains possible that the in-
creases observed in vivo are, at least in part, due to a cell-extrinsic
mechanism distinct from Slc11a2 regulation by Hif. Measurements
of serum iron levels in Egln1““* mice were increased nearly 2-fold
relative to WT mice (Fig. 10E). This change, consistent with Phd2 loss
of function and the changes in mRNA expression profiles described
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latter displayed increased colony formation at both low and high levels of EPO. n = 5 per group. (B to E) The error bars represent SEM. *, P < 0.05; **, P < 0.01
by Student’s ¢ test.

above, occurred despite greatly increased red blood cell mass, which
contains the largest pool of iron in the body.

The Egln1** allele is associated with splenic erythropoiesis,
increased BFU-E proliferation, and changes in pulmonary func-
tion. The spleens of Egln1“"“* mice showed evidence of splenic
erythropoiesis, and spleen mass was increased (Fig. 11A and B).
Heart mass was also increased slightly, possibly a result of in-
creased red blood cell mass, while other organs, such as the liver,
were unaffected (Fig. 11C and D). In light of prior work (16, 29)

marrow cells in response to increasing levels of EPO by BFU-E
assay. We found, indeed, that larger numbers of BFU-E were ob-
served from the bone marrow of EglnI“*** than from Egln1™*'*
mice at two different EPO concentrations (Fig. 11E). Whether this
is due entirely to preexisting expansion of the BFU-E within the
bone marrow of Egln1”*“F mice or whether there might be a con-
tribution of hypersensitivity of BFU-E to EPO will require further
investigation. To further evaluate these animals, we examined the
role that Phd2 plays in respiration. Prior work had indicated that

and to address the possibility that Egln1“"/“" mice have features of
primary erythrocytosis, we examined the proliferation of bone
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loss of Phd2 catalytic activity could lead to increased respiration
(15, 16). We found that Egln1%"*" mice displayed increased ven-
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normoxia (G and I) are also shown. The mice were 1 month of age.

tilatory frequency under hypoxic stress (12% oxygen), leading to
increased minute ventilation (Fig. 12A to J), consistent with Egln1
loss of function. Hence, Egln1“"'*F mice displayed evidence of an
enhanced hypoxic ventilatory response (HVR). From these and
the other studies presented here, we conclude that the Egln1”®
allele is a loss-of-function allele.

DISCUSSION

The function of the zinc finger of PHD?2 has been elusive and the
subject of numerous studies (22, 23, 42-44). A fundamental ques-
tion is whether it serves a positive or negative regulatory role. Our
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in vitro studies indicated that the zinc finger of PHD2 can facilitate
the interaction of a heterologous protein (BirA) with HIF-a, con-
sistent with our proposal that the zinc finger recruits PHD2 to the
HSP90 pathway (Fig. 2). Furthermore, this interaction displays
some degree of specificity for HSP90/HIF-a complexes, as the
interaction with an alternate bHLH-PAS domain-containing
transcription factor and HSP90 client, AHR, appeared to be
weaker (Fig. 3B). Compellingly, the knock-in mouse described
here, in which the zinc finger had been ablated, displayed upregu-
lation of erythropoiesis, increased proliferation of erythroid pre-
cursors, increased iron mobilization, and an increased hypoxic
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ventilatory response, all findings consistent with its being a loss-
of-function allele. Indeed, similar observations have been re-
ported in studies of humans and mice with genetic alterations
resulting in augmented HIF signaling (45-51). Altogether, these
findings demonstrate a critical positive regulatory role for the zinc
finger of PHD2.

Our studies point to the kidney being the likely source of cir-
culating Epo in Egln1”"#F mice (Fig. 6F). In the Epo-producing
cells of the kidney, Phd2 plays a critical role in the control of
Hif-2a and subsequent Epo production (16, 52), which cannot
be compensated for by either Phdl or Phd3. In the present
study, an important role for the Phd2 zinc finger in the renal
Epo-producing cells is highlighted by the observation that cou-
pling the Egln1“" allele with the Pax3-Cre; Eginl" allele that
conditionally deletes Eglnl in these cells yielded a dramatic
erythrocytosis that was not observed with either of the alleles
alone (Fig. 9A to D). The situation in the kidney may be con-
trasted with that in the liver, in which Eginl loss alone was
insufficient to induce Epo transcription (35). Indeed, we did
not observe any significant increase in hepatic Epo mRNA lev-
els in Egln1”*'*" mice (Fig. 6G).

While homozygous knockout of Eglnl leads to embryonic le-
thality in the mouse (11), mice with two copies of the Egln1*" allele
are viable. Though they appeared at a lower frequency than ex-
pected, the Egln1“*“* mice unequivocally demonstrated that
the integrity of the zinc finger is not essential for viability in the
mouse. Interestingly, the zinc finger of the PHD2 homologue
in Caenorhabditis elegans, Egl-9, is similarly not essential for via-
bility (53). Moreover, that study showed that it is not even essen-
tial for inhibition of Hif-1 activity in the organism (53). This is in
contrast to the present study, which demonstrates a critical role
for the zinc finger in mice, at least in the regulation of genes such
as Epo.

High-altitude-adapted Tibetans harbor a PHD2 variant (D4E/
C127S) (54, 55) that, as with the murine Phd2 mutant studied
here, is defective in its interaction with p23 (23). The present data,
therefore, suggest that Tibetan PHD2 is likely to be a loss-of-func-
tion allele that in turn may be a critical component of their re-
markable adaptation to chronic hypoxia (56). It must be noted,
though, that the Tibetan D4E/C127S allele and the C36S/C42S
allele reported here are unlikely to be identical. For example,
Tibetan PHD2, unlike the Phd2 mutant studied here, main-
tains interaction with other proteins of the HSP90 pathway that
contain PXLE motifs, including FKBP38 and HSP9O0 itself (23).
Hence, additional studies will be required to more completely
define the nature of the Tibetan EGLNT] allele, as well as how it
interacts with variants at other genetic loci, such as the EPASI
(HIF2A) gene, that show evidence of natural selection in this
population (57-63).
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