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PHD1, PHD2, and PHD3 are prolyl hydroxylase domain proteins that regulate the stability of hypoxia-
inducible factor o subunits (HIF-a). To determine the roles of individual PHDs during mouse development,
we disrupted all three Phd genes and found that Phd2~'~ embryos died between embryonic days 12.5 and 14.5
whereas Phdl™'~ or Phd3~'~ mice were apparently normal. In Phd2™'~ mice, severe placental and heart
defects preceded embryonic death. Placental defects included significantly reduced labyrinthine branching
morphogenesis, widespread penetration of the labyrinth by spongiotrophoblasts, and abnormal distribution of
trophoblast giant cells. The expression of several trophoblast markers was also altered, including an increase
in the spongiotrophoblast marker Mash2 and decreases in the labyrinthine markers Tfeb and Gcml. In the
heart, trabeculae were poorly developed, the myocardium was remarkably thinner, and interventricular septum
was incompletely formed. Surprisingly, while there were significant global increases in HIF-a protein levels in
the placenta and the embryo proper, there was no specific HIF-a increase in the heart. Taken together, these
data indicate that among all three PHD proteins, PHD2 is uniquely essential during mouse embryogenesis.

Hypoxia plays extremely important roles in physiological
processes such as embryogenesis (15, 29). Hypoxia-inducible
factors (HIFs) are essential players in cellular responses to
hypoxia because they regulate the transcription of a large num-
ber of genes, including those encoding vascular endothelial
growth factor A (VEGF-A) (8), erythropoietin (31), and gly-
colytic enzymes (32), which mediate cell adaptation to systemic
and/or local hypoxic conditions. HIFs are heterodimeric tran-
scription factors containing one of the three a-subunits (HIF-
la, HIF-2«, or HIF-3a) and a common B-subunit, which is also
known as aryl hydrocarbon receptor nuclear translocator (18).
While both - and B-subunits are constitutively expressed at
the transcriptional level, HIF-la and HIF-2a protein levels
fluctuate depending on oxygen tension; they are expressed at
low levels under normoxia but significantly induced by hypoxia
(30, 35, 36).

The stability of the HIF-1a and HIF-2a subunits is regulated
by prolyl hydroxylase domain (PHD) proteins, which are mem-
bers of the 2-oxoglutarate/iron dependent dioxygenase super-
family (4, 7). Hydroxylation at the 4 position of specific prolyl
residues is responsible for the destabilization of HIF-1a and
HIF-2a under normoxia (11, 13, 19). Hydroxylated HIF-a
binds to von Hippel-Lindau protein (VHL) which targets it for
polyubiquitination and proteasomal degradation (20). All of
PHD1, PHD2, and PHD3 have K,,, values for oxygen near
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normoxia (10), and their hydroxylase activities are suppressed
under hypoxic conditions (7). Since mammalian cells in normal
tissues are typically exposed to physiological hypoxia, it is cu-
rious how important different PHDs may be in vivo. Interest-
ingly, a recent study demonstrated that a mutation in the human
Phd2 gene is a cause of erythrocytosis, a familial hereditary
disease characterized by the production of excess numbers of
erythrocytes (26). This finding demonstrates a critical role of
PHD?2 in normal human physiology.

In mice, several gene targeting studies have shown the es-
sential roles of both HIF-la (12, 29) and HIF-2a (25, 33)
during embryonic development, but the roles of PHDs are not
yet known. Since different PHDs have their own unique ex-
pression profiles (16), subcellular localization patterns (21),
and specificities to HIF-1a and HIF-2« (2, 3), it is important to
understand which PHD is critical for a specific biological pro-
cess such as embryonic development.

In this paper we report that targeted disruption of the Phd2
gene in mice led to significant increases in HIF-1a and HIF-2a
expression and embryonic lethality between embryonic day
12.5 (E12.5) and E14.5. In contrast, mice homozygous for
targeted disruptions in Phdl or Phd3 genes are viable. These
results suggest that PHD?2 is a critical regulator of hypoxia
response during embryonic development.

MATERIALS AND METHODS

Gene targeting of Phdl, Phd2, and Phd3 loci. All three targeting constructs
were designed similarly, and the Phd2 targeting vector is described here (Fig.
1A). A 14-kb genomic DNA fragment spanning introns 1 to 4 was retrieved from
a bacterial artificial chromosome clone (RP23-425M14; Invitrogen) into pL253
by recombination cloning (17). Next, exon 2 in the retrieved fragment was
replaced with a cassette consisting of, in the following order, a 5’ recombination
arm (644 bp to ~342 bp upstream of exon 2), a loxP site, exon 2 flanked by
adjacent introns sequences (~230 bp on each side), a second loxP site, a neo-
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or absence of the neomycin cassette. (H to J) RT-PCR analyses to confirm the lack of wild-type mRNA transcripts in Phdl~'~, Phd2™'~,

Phd3~'~ RNA samples.

mycin cassette (Neo) flanked by a pair of Frt sites, and a 3’ recombination arm
(254 bp to ~506 bp 3’ to exon 2). Since PhdI has an untranslated exon 1, its exon
3 was targeted because it corresponded to exon 2 of Phd2 and Phd3. For a
description of the targeting vectors for Phdl and Phd3, see Fig. S1A and S1B in
the supplemental material.

G4 hybrid embryonic stem (ES) cells of mixed C57BL/6 and 129/S6 back-
ground were used for gene targeting, and ES cell clones were screened by
Southern blotting. Correctly targeted ES cells were used to generate viable mice
by the tetraploid aggregation technique (22), and germ line transmission of the
floxed alleles was achieved. After these mice were crossed with transgenic mice
expressing Cre under the control of adenoviral Ella promoter (Ella Cre; stock
no. 003314; Jackson Laboratory) (14), exon 2-deleted (for Phd2 and Phd3) or
exon 3-deleted (for Phdl) alleles were generated and are referred to as the
“minus (—)” alleles for brevity. Phdl*/~, Phd2*/~, or Phd3*'~ males were
crossed with CD1 females for subsequent studies. In Phd2 knockout mice, the
neomycin cassette was deleted by crossing Phd2™/~ mice with transgenic mice
expressing Flpe under the control of B-actin promoter (Jackson Laboratory).
The presence or absence of the cassette did not cause any difference in mutant
phenotypes, and therefore distinctions are not made in data presentation. In
Phd3 knockout mice, the neomycin cassette was removed in targeted ES cells
before generating mice. The neomycin cassette in Phdl*’~ mice was never
removed. All procedures used in handling mice were approved by the Animal
Care Committee at the University of Connecticut Health Center in compliance
with Animal Welfare Assurance.

Genotyping by Southern blotting and PCR. Information for Southern blotting
(enzymes used, probes, and predicted fragment sizes) is summarized in Table S1
in the supplemental material. PCR primers used for genotyping are indicated as
numbered arrows in relevant figures and are listed below: for Phdl, 5'-GGAG
CTGGAGTTCTAGGTCAGGTT-3' (arrow 1), 5'-TGAGACCAGGCAGAGG
GAGTT-3' (arrow 2), and 5'-AGGTGTCATTCTATTCTGGGGG-3' (arrow 3)
(see Fig. S1A in the supplemental material); for Phd2, 5'-AGGGCTTCTGGC
ATTAGTTGACC-3' (arrow 1), 5'-TTATCAACGTGACGGACATAGC-3' (ar-
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FIG. 1. Generation and analyses of targeted alleles for Phdl, Phd2, and Phd3. (A) Gene targeting strategy for Phd2. In targeted Phd2 locus,
exon 2 is flanked by two loxP sites. Exon 2 is deleted by Cre-mediated recombination. Ex, exon; hsv-tk, herpes simplex virus thymidine kinase; S,
Sca I; H, Hind III; Neo, neomycin cassette; hatched square, Frt site (flanking the Neo cassette); open triangle, loxP site; arrows 1, 2 and 3, PCR
primers for genotyping. (B to D) Southern blots for Phdl, Phd2, and Phd3 loci demonstrating the deletion of floxed exons. (E to G) PCR of
genomic DNA samples to confirm the deletion of floxed exons. Different relative sizes of the mutant and wild-type bands are due to the presence

387bp
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row 2), and 5'-AGGTGTCATTCTATTCTGGGGG-3' (arrow 3) (Fig. 1A); for
Phd3, 5'-CTCAGACCCCCTAAGTATGT-3' (arrow 1) and 5'-CCACGTTAA
CTCTAGAGCCACTGA-3' (arrow 2) (see Fig. S1B in the supplemental mate-
rial).

Northern blotting and PCR analysis. Total RNA samples were prepared using
TRIzol reagent (Invitrogen) according to the manufacturer’s protocol. RNA
samples were separated on 1% denaturing agarose gels at 10 pg/lane, transferred
to nylon membranes (Zeta-Probe GT Blotting Membrane; Bio-Rad, Hercules,
CA), blocked by prehybridization, and hybridized with [>?P]dCTP-labeled cDNA
probes. After a washing step, membranes were exposed to X-ray films (Kodak).
c¢DNA probes are as follows (listed with nucleotide positions and associated
GenBank accession numbers): Vegfa, nucleotides 383 to 629 (NM_009505); Pgk1,
423 to 649 (NM_008828); Hif-1c, 1467 to 1875 (NM_010431); and Hif-2a, 275 to
843 (NM_010137).

Total RNA was used for reverse transcription-PCR (RT-PCR) using a Super-
Script One-Step RT-PCR kit (Invitrogen). The following primers were used: for
Phdl,5'-ACCGCGCAGCATTCGTG-3' and 5'-GGGGCTGGCCATTAGGTA
GGTGTA-3'; for Phd2, 5'-GCGGGAAGCTGGGCAACTAC-3" and 5'-CAAC
CCTCACACCTTTCTCACC-3'; for Phd3, 5'-CTGCGTGCTGGAGCGAGTC
AA-3" and 5'-TCATGTGGATTCCTGCGGTCTG-3'; for hypoxanthine
phosphoribosyltransferase (Hprt), 5'-GCTGGTGAAAAGGACCTCT-3' and 5'-
CACAGGACTAGAACACCTGC-3'.

Quantitative real-time RT-PCR (Q-PCR) was performed using SYBR green
PCR master mix (Applied Biosciences, Foster City, CA) and an ABI PRISM
7900HT Sequence Detection System. Expression data were presented as the
mRNA relative level to that of Aprt or glyceraldehyde-3-phosphate dehydroge-
nase (Gapdh). The following primers were used: for vegha, 5'-CACGACAGAA
GGAGAGCAGAAGT-3" and 5-TTCGCTGGTAGACATCCATGAA-3'; for
hprt, 5'-TCAGTCAACGGGGGACATAAA-3" and 5'-GGGGCTGTACTGCT
TAACCAG-3'; for Tfeb, 5'-CCACCCCAGCCATCAACAC-3' and 5'-CAGAC
AGATACTCCCGAACCTT-3'; for Tpbp, 5'-TTCCTAGTCATCCTATGCCTG
G-3" and 5'-GGTCATTTTCGCTACTGTGAAGT-3'; for placental lactogen 1
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(PII), 5'-CAGGCTCCGGAATGCAATT-3" and 5'-CCCAAAGGAATAGGCTT
GACAC-3'; for Mash2, 5'-TGAAGGTGCAAACGTCCACTT-3' and 5'-TACGA
GTTCTGGTGCGGCA-3'; for Geml, 5'-GAGGAAGGCCGCAAGATTTA-3'
and 5'-GACAGCTTTTCCTCTGCTGCTT-3'; for Phdl, 5'-CATCAATGGGCGC
ACCA-3' and 5'-GATTGTCAACATGCCTCACGTAC-3'; for Phd2, 5'-TAAAC
GGCCGAACGAAAGC-3' and 5'-GGGTTATCAACGTGACGGACA-3'; for
Phd3, 5'-CTATGTCAAGGAGCGGTCCAA-3" and 5'-GTCCACATGGCGAAC
ATAACC-3'.

Western blotting analysis and enzyme-linked immunosorbent assay (ELISA).
For Western blotting, nuclear or total cell lysates were prepared. To prepare
nuclear protein extracts, embryos were homogenized in a buffer containing 10
mM HEPES-KOH (pH 7.9), 1.5 mM MgCl,, 10 mM KCI, 0.5 mM dithiothreitol,
0.2 mM phenylmethylsulfonyl fluoride, 0.2 mM deferoxamine, 0.1% NP-40, and
1X protease inhibitor cocktail (Complete; Roche Molecular Biochemicals). Af-
ter centrifugation, pellets were resuspended at 0°C for 30 min in a buffer con-
taining 20 mM HEPES-KOH (pH 7.9), 420 mM Na(l, 1.5 mM MgCl,, 0.5 mM
dithiothreitol, 0.2 mM deferoxamine, 1X protease inhibitor cocktail, 0.2 mM
phenylmethylsulfonyl fluoride, and 25% glycerol. For total lysate extraction,
tissues were lysed in radioimmunoprecipitation assay buffer (phosphate-buffered
saline containing 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, and 1X protease inhibitor cocktail). The following antibodies
were used: anti-HIF-1a and anti-HIF-2a (NB100-449 and NB100-122; Novus
Biologicals); anti-HIF-3a (600-401-435; Rockland Immunochemicals); and anti-
HIF-B (5¢-5580; Santa Cruz Biotechnology). Anti-mouse PHD2 was custom-
made (Maine Biotechnology Services) in Wistar rats against a C-terminal pep-
tide (EKGVRVELKPNSVSKDYV), and supernatants from fused hybridomas
were used without clonal purification.

To quantify VEGF-A by ELISA, E11.5 hearts were sonicated in 100 wl of 250
mM Tris-HCI (pH 7.5) and cleared by centrifugation, and supernatants were
subjected to ELISA using a Quantikine Mouse VEGF Immunoassay kit
(MMV00; R&D Systems).

Histological analysis, immunohistochemistry, and RNA in situ hybridization.
Embryos and placentas were fixed in 4% paraformaldehyde at 4°C overnight. For
cryosections, fixed specimens were transferred to 30% sucrose overnight and
embedded in OTC compound. For paraffin sections, specimens were dehydrated
in ethanol and toluene before being embedded into paraffin. All sections were
cut at 5 pm. Both cryosections and paraffin sections were stained with hematox-
ylin and eosin (HE) for general histological analysis. Cryosections were also
subject to immunohistochemical (IHC) staining using anti-platelet endothelial
cell adhesion molecule 1 (anti-PECAM-1) (MEC13.3; BD Pharmingen) and an
ABC kit (Vector Laboratories).

RNA in situ hybridization was performed on paraffin sections using digoxi-
genin-labeled sense and antisense cDNA probes according to Wilkinson et al.
(37), with the following modifications. Slides were prehybridized for 2 h with
RNA hybridization buffer (50% formamide, 2X SSC [1x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate], 1X Denhardt’s solution, 10% dextran sulfate, 0.5
mg/ml yeast tRNA, 0.5 mg/ml sonicated salmon sperm DNA) to reduce back-
ground and then hybridized with probes overnight at 65°C. Bound probes were
detected with alkaline phosphatase-conjugated anti-digoxigenin antibody
(Roche), and color was developed for 6 to 7 h with BCIP (5-bromo-4-chloro-3'-
indolyphosphate) and Nitro-Blue Tetrazolium chloride (Promega). The follow-
ing probes were used (with nucleotide positions and associated GenBank acces-
sion numbers): Pl1, nucleotides 145 to 583 (AF525161); and Tpbp, nucleotides 70
to 528 (NM_009411).

HE-stained paraffin sections were used for measurements of labyrinth thick-
ness and giant cell counting. For each placenta, the average of three sections was
used as one data point for statistical analysis. Giant cells were identified by their
large cell bodies and nuclei (at least about three times the size of an average
spongiotrophoblast) and their location near maternal tissues.

Whole-mount anti-PECAM-1 IHC of embryo and yolk sacs was performed as
reported previously (25).

Statistical analysis. Statistical analyses were performed by a Student’s ¢ test.
Data are shown as the mean = standard error of the mean. A P value of <0.05
was considered to be statistically significant.

RESULTS

Generation of Phdl, Phd2, and Phd3 knockout mice. Exon 2
in Phd2 and Phd3 or exon 3 in Phdl encodes sequences con-
taining the essential His and Asp residues (His-271 and Asp-
273 in PHD1, His-290 and Asp-292 in PHD2, and His-135 and

MoL. CELL. BIOL.

TABLE 1. Genotypes of offspring from Phd2*/~ intercrosses

No. of offspring with the indicated genotype

Stage NO' of

litters +/+ +/— —/= —/=

(alive)* (alive)® (alive) (dead)

E9.5 2 3 7 8 0
E10.5 7 18 30 15 0
E11.5 9 21 49 20 0
E125 5 16 26 13 0
E13.5 9 28 35 4 11
E14.5 2 2 6 0 4
E15.5 3 9 7 0 3
P21 17 32 59 0 0
Total 54 129 219 60 18

“ There were no dead +/+ or +/— offspring.

Asp-137 in PHD3), which are required for Fe*™ " binding and
hence prolyl hydroxylase activity (7). Therefore, we deleted
exon 2 in Phd2 and Phd3 or exon 3 in Phdl by Cre-loxP-
mediated recombination (Fig. 1A; see Fig. S1A for Phdl and
S1B for Phd3 in the supplemental material). Candidate ES cell
clones were initially screened by Southern blotting, which iden-
tified multiple targeted clones for each locus (see Fig. S1C to
H in the supplemental material). By crossing with EIla Cre
mice, exon 2- or exon 3-deleted alleles were generated.
Phdl™*'~, Phd2™'~, and Phd3*'~ mice were viable and appar-
ently normal. Further intercrosses between heterozygotes re-
vealed that Phdl~'~ and Phd3™'~ mice were also viable.
Southern blotting revealed that the deletion of floxed exons
occurred correctly in Phdl '~ and Phd3~'~ mice (Fig. 1B and
D). The same conclusion was reached by PCR (Fig. 1E and G).
Furthermore, RT-PCR demonstrated that in both Phdl ™/~
and Phd3~'~ mice, no wild-type Phdl or Phd3 mRNA was
produced (Fig. 1H and J). Thus, we conclude that PHD1 and
PHD3 are nonessential for viability in mice. In contrast, we did
not find any Phd2~/~ mice among 91 progenies after Phd2™/~
intercrosses (Table 1), suggesting that PHD2 deficiency caused
embryonic lethality.

Essential role of PHD2 in embryonic development. To in-
vestigate the development of Phd2~/~ embryos, more than 300
embryos resulting from Phd2™'~ intercrosses were dissected
and examined between E9.5 and E15.5 (Table 1). Southern
blotting (Fig. 1C) and PCR (Fig. 1F) revealed that Phd2 '~
embryos were viable from E9.5 to E12.5, based on heart beat-
ing and overall morphology (Fig. 2A and B and Table 1). By
RT-PCR, we also confirmed that no wild-type Phd2 mRNA
was present in Phd2~/~ embryos (Fig. 11), demonstrating the
authenticity of gene disruption.

Embryonic lethality occurred after E12.5. At E13.5, approx-
imately 70% of Phd2~'~ embryos were dead, with their yolk
sacs appearing pale (Fig. 2C to F and Table 1). Dead Phd2~/~
embryos frequently displayed a dark redness around the heart
and the abdominal region (Fig. 2F, arrowheads). After E14.5,
no viable Phd2~'~ embryos were found. These data demon-
strate that Phd2~/~ embryos die in utero between E12.5 and
E14.5.

Since pale yolk sacs might be due to hemorrhage, we exam-
ined vascular development to determine if vascular defects
might be responsible for embryonic lethality. By whole-mount
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FIG. 2. Gross morphology of Phd2~'~ embryos. (A and B) E12.5
Phd2*"* and Phd2~'~ embryos with yolk sac. (C and D) E13.5 Phd2"'*
and Phd2~'~ embryos with yolk sac. (E and F) E13.5 Phd2*/* and
Phd2~'~ embryos after removal of yolk sacs. Phd2~'~ embryos were
alive at E12.5 and showed normal yolk sac vasculature. At E13.5, over
70% of Phd2~'~ embryos were already dead, with a pale yolk sac.
Arrowheads indicate dark-redness. (G to J) Whole-mount PECAM-1
immunohistochemistry. E9.5 Phd2*/~ and Phd2~/~ embryos (G and
H). Images were captured by yolk sacs from E12.5 Phd2™/~ and
Phd2~"~ embryos (I and J). Scale bars, 2 mm (A to F), 500 um (G and H),
2 mm (I and J).

anti-PECAM-1 IHC staining for embryos and yolk sacs from
E9.5 through E12.5, we were unable to find significant defects
(Fig. 2G to J). These results were in agreement with the grossly
normal appearance of the vascular system in freshly dissected
Phd2~'~ embryos and yolk sacs at or before E12.5 (Fig. 2A and
B). While these data do not exclude the possible existence of
minor vascular defects, they indicate that there were no major
vascular defects shortly before the occurrence of embryonic
death at approximately E13.5. More likely, paleness in the yolk
sac may be a secondary phenotype to embryonic death.
Severe cardiac defects in Phd2~'~ embryos. Next, we exam-
ined heart development by histological analyses. At E12.5,
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frontal heart sections of E12.5 embryos. Both right and left atria are
enlarged and congested with fetal erythrocytes in Phd2~/~ embryo (B,
arrows). (C and D) Heart sections at a higher magnification. The
ventricular wall (arrowheads) is much thinner in the Phd2~/~ heart
(D) than in the Phd2™"" control (C). Also, trabeculae appear under-
developed in the Phd2~/~ section. (E and F) HE-stained horizontal
heart sections at E13.0. Note the disruption of the interventricular
septum in the Phd2~/~ embryo (F, arrow). (G and H) Anti-PECAM-1
IHC of E12.5 heart sections. (I and J) HE-stained heart sections at
E11.5. The ventricular wall in the Phd2~'~ heart is only slightly thinner
than in the Phd2™’* control. (K and L) HE-stained heart sections at
E10.5. Scale bars, 250 wm (A to F), 125 pm (G and H), and 250 pm
(I'toL).

heart development in Phd2~/~ embryos was dramatically re-
tarded. The compact layer of ventricles was much thinner than
in normal littermates, the trabeculae were underdeveloped,
and the intraventricular lumen was enlarged (Fig. 3A to D). By
E13.0, the interventricular septum was completely closed
in wild-type but not Phd2~/~ embryos (Fig. 3E and F). We
also evaluated the development of the endocardium by anti-
PECAM-1 IHC staining. While the overall content of PECAM-
1-positive cells was significantly reduced in Phd2~’'~ hearts, the
remnant myocardial structures and trabeculae that did exist
were well lined by PECAM-1-positive cells (Fig. 3G and H).
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As expected, defective ventricular maturation resulted in
cardiac failure in Phd2~/~ embryos. Both atria were enlarged
and congested with fetal erythrocytes (Fig. 3B, arrow), which
was manifested as a dark red region in Phd2~'~ embryos (Fig.
2F, arrowhead). In addition, jugular lymph sacs were dilated at
E12.5 (data not shown).

To determine when cardiac defects first appeared in
Phd2~'~ embryos, heart development was examined at earlier
stages. At E11.5, ventricular walls were slightly thinner in
Phd2~'~ embryos than in wild-type littermates (Fig. 31 and J),
but the difference was much less obvious than at E12.5. At
E10.5, Phd2~/~ and wild-type hearts appeared very similar
(Fig. 3K and L). Thus, we conclude that at the morphological
level heart defect first occurred at approximately E11.5.

Significant defects in Phd2~'~ placentas. An important step
during placenta development is the extensive folding and
branching of the chorionic ectoderm into the placenta and
rapid growth of fetus-derived blood vessels from the chorion
into these branched structures, forming a labyrinth of highly
vascularized villi (28). Because of the high degree of vascular-
ization, the labyrinth of wild-type placentas was bright red
when viewed externally from the chorion side, and the edge of
the labyrinth was clearly identified (Fig. 4A, arrowhead). But
in Phd2 ™'~ placentas, the edge was fuzzy, and patchy red spots
were seen (Fig. 4B, arrow), suggesting that the labyrinth was
irregularly formed. In histological sections, the maternal de-
ciduum was normal, but the morphology of Phd2~'~ placentas
was grossly abnormal (Fig. 4C and D). In wild-type placentas,
the labyrinths were densely packed with chorionic villi (also
referred to as labyrinthine villi) (Fig. 4C). In contrast, in
Phd2~'~ placentas, the labyrinths contained sparse popula-
tions of villi, accompanied by large empty spaces (Fig. 4D). To
confirm that the vast empty spaces were enlarged intervillous
maternal lacunae rather than dilated blood vessels, anti-
PECAM-1 IHC staining was performed (Fig. 4E and F). As
shown in Fig. 4F, large spaces were not lined by PECAM-1-
positive endothelial cells, indicating that they were intervillous
spaces. Next, we determined when placental defects first oc-
curred during development. As shown in Fig. 4G and H, en-
larged intervillous spaces were abundant in Phd2~'~ placentas
at E11.5, but this phenotype was much less obvious at E10.5
(Fig. 41 and J). At E9.5, no morphological differences
were found between wild-type and Phd2 ™/~ placentas (Fig. 4K
and L).

At E12.5, anti-PECAM-1 THC staining also indicated re-
duced vascularization in Phd2~/~ labyrinth (Fig. 4E and F).
However, when labyrinthine villi were examined on an individ-
ual basis, vascularization of each Phd2~/~ villous branch was
similar to that of wild-type controls. Furthermore, before lab-
yrinthine defects were obvious, there were no apparent vascu-
lar defects (data not shown). Thus, reduced vascularization did
not appear to be an independent defect but was associated with
reduced chorionic branching morphogenesis.

To further characterize placental defects, we evaluated sev-
eral features of placenta development, including thickness of
the labyrinth, number and distribution of giant cells, and mor-
phogenesis of the spongiotrophoblast layer. At E11.5, we did
not find statistically significant differences in labyrinth thick-
ness (Phd2*'*, 283 + 18.7 pm; Phd2™'~, 334 = 11.0 um;
Phd27'~,306 = 30.2 um; n = 4, P > 0.05 for all pairs of ¢ tests).

MoL. CELL. BIOL.

bryos. (A and B) External appearances of Phd2"™/* and Phd2~/~ pla-
centas at E12.5. In the Phd2"/* placenta, the edge of the labyrinth can
be identified clearly (A, arrowhead). In the Phd2 ™/~ placenta, the edge
is vague, and patchy red spots are present (B, arrow). (C and D)
HE-stained placenta sections at E12.5. Large empty spaces are clearly
visible in the labyrinth layer in the Phd2~'~ (D) but not wild-type
(C) placenta. (E and F) Anti-PECAM-1 IHC of Phd2*'" and Phd2 ™/~
placentas at E12.5. Note that the large spaces (asterisks) are not lined
with endothelial cells. (G to L) HE-stained placenta sections at E11.5
(G and H), E10.5 (I and J), and E9.5 (K and L). Morphological defects
in the Phd2™'~ placenta are apparent at E11.5 but much less obvious at
E10.5. Sections from E9.5 placentas show no apparent difference between
wild-type and Phd2~'~ specimens. La, labyrinth; Sp, spongiotrophoblast
zone; Ge, giant cells; Ma, maternal decidua. Scale bars, 1 mm (A and B),
250 pm (C and D), 125 pm (E and F), and 250 um (G to L).

The total number of giant cells per section was not significantly
different (Phd2*'", 52.0 = 13.1; Phd2"/~, 50.5 = 9.1; and
Phd27'~, 45.8 = 6.8; n = 4, P > 0.05). However, near the
center of the placenta (Fig. SA to D), the number of giant
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FIG. 5. Abnormal distributions of giant cells and spongiotrophoblasts in Phd2~/~ placentas. (A to D) HE-stained placenta sections. The box
in panel D indicates the position of the image in panel B. Images in panels A and C were taken from similar areas of Phd2™/* and Phd2~'~ placenta
sections. Green arrowheads in panels A and B indicate examples of giant cells with both large cell bodies and intensely stained large nuclei; white
arrowheads indicate giant cells with large cell bodies but faint nuclei staining; the green arrowhead in panel C indicates giant cells in the central
region of a Phd2~'~ placenta. These “giant cells” are typically smaller than their counterparts in wild-type and Phd2"'~ placentas, but their nuclei
are still several times larger than nearby spongiotrophoblasts. Also, apparently reduced giant cell sizes were limited only to a small region near the
center of the placenta, whereas the vast majority of giant cells did not appear to be different. (E to I) RNA in situ hybridization using P/I (E and
F) and Tpbp (G to I) antisense probes. Sense probes did not display background (not shown). The orientations of the images are the same as in
panel D. Both E11.5 and E10.5 sections were used for P/I hybridization; however, PlI expression was difficult to detect at E11.5 due significant
down-regulation in both normal and mutant placentas by this stage. Thus, only data for E10.5 sections are shown. For Tpbp hybridization,
E11.5 sections were used. Note the presence of Tpbp™ cells in the labyrinth layer of the Phd2~'~ placenta. Scale bars, 100 wm (A to C) and 1 mm

(D to I).

cells was significantly reduced in Phd2~'~ mice (Phd2*'*,
11.2 = 1.6; Phd2™/7,11.0 = 2.2; and Phd2™'~,4.2 + 1.3;n =
5, P < 0.05 for ¢ tests between +/+ and —/— or between
+/— and —/-).

Placenta development was also evaluated by RNA in situ
hybridizations for Pl and Tpbp. At E10.5, distributions of P/1™*
giant cells were only mildly different between wild-type and
Phd2~'~ placentas (Fig. SE and F). Thus, it appeared that
abnormal giant cell distribution first began at E10.5 and be-
came apparent by E11.5. The distribution of spongiotropho-
blasts was also grossly abnormal in Phd2 ™/~ placentas by E11.5
(Fig. 5G to I). In wild-type and heterozygous placentas, the
vast majority of spongiotrophoblasts existed as a layer of
Tpbp™* cells between the labyrinth and giant cells (Fig. 5G and
H), with only occasional penetration of Tpbp™ cells into the
labyrinth. In Phd2~'~ placentas, there was significant invasion
of spongiotrophoblasts into the labyrinth (Fig. 5I).

Molecular analyses of Phd2~'~ embryonic tissues. While
embryonic lethality occurred between E12.5 to E14.5, the hyp-
oxia pathway is likely defective at even earlier stages, leading to
morphological manifestations by E12.5. To see if temporal
regulation of PHD2 expression correlated with its functional
requirement, we analyzed PHD2 protein levels at various
stages of development. Western blotting revealed that PHD2
protein was present in wild-type embryos from E7.5 to E12.5
but significantly upregulated after E9.0 (Fig. 6A). As pre-
dicted, the ~45-kDa PHD?2 protein was not found in Phd2~/~
embryos (Fig. 6A). Unexpectedly, although a truncated PHD2
protein of 40 kDa was expected due to the deletion of exon

2-encoded sequence, this mutant protein could not be unequiv-
ocally detected by Western blotting. A weak band that might
correspond to the truncated protein is indicated in Fig. 6A
(arrow in right panel). The reason for the significant loss of the
truncated protein is not clear, but probable causes may include
posttranscriptional events such as reduced RNA and/or pro-
tein stability.

To confirm that developmental defects in Phd2~'~ mice
were due to the lack of PHD2 rather than to the possible
presence of a trace amount of truncated form of the PHD2, we
expressed Phd2 cDNA in Phd2~'~ embryos by an ES cell-
based transgenic approach and confirmed that between E14.5
and 18.5, all eight Phd2~/~ embryos expressing the transgene
were viable, whereas all five nontransgenic littermates were
dead (for more detailed description, see Fig S2 and Table S2 in
the supplemental material). These data demonstrated that the
absence of functional PHD?2 was the cause of developmental
defects in Phd2~'~ mice.

To correlate expression of different Phd genes to develop-
mental defects, we performed Q-PCR (Fig. 6B) and RT-PCR
(Fig. 6C) for Phdl, Phd2, and Phd3 mRNAs. In wild-type heart
tissues of E11.5 embryos, Phd2 mRNA was present at 3.9- and
7.8-fold of Phdl and Phd3 mRNAs, respectively (Fig. 6B).
Interestingly, the expression of Phd3 mRNA was moderately
upregulated in the heart of Phd2~/~ mutants (Fig. 6C); how-
ever, both PHD1 and PHD3 proteins were below detectable
levels by Western blotting (data not shown).

We also examined HIF expression from E9.5 to E11.5.
HIF-1a levels in Phd2~'~ embryos were dramatically increased
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embryos using cDNA probes specific for Vegfa, Pgkl, Hif-1a, and Hif-2a. (F) Western blots of E11.5 embryonic heart total extracts or nuclear
extracts from the remaining tissues of embryo proper after removal of the heart. Antibodies are indicated in the figure. PC, positive controls,
including nuclear extract of E11.5 wild-type embryo for HIF-1a, total extracts of E11.5 wild-type placenta for HIF-2a, and CoCl,-treated NIH 3T3
cell total lysate for HIF-3a.. (G) ELISA for VEGF-A in heart total lysates. Values are shown as means of protein concentration (n = 4). Genotypes
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over wild-type or Phd2™/~ embryos at all stages examined (Fig. Molecular analyses of Phd2~'~ placental tissues. We also
6D). HIF-2« levels were also elevated in Phd2~'~ embryos at performed expression analysis for the placenta. Anti-PHD2
E11.5, but HIF-B expression was unchanged (Fig. 6D). Since antibody detected a ~45-kDa protein in wild-type but not
Hif-1a and Hif-2« mRNA levels were similar between wild-  Phd2~/~ placentas at E10.5 (Fig. 7A). Q-PCR using E10.5
type and mutant embryos (Fig. 6E), elevated HIF-la and wild-type placentas revealed that the Phd2 mRNA level was
HIF-2a protein levels in Phd2~'~ embryos were most likely present at 2.3- and 5.0-fold of Phdl and Phd3, respectively
due to increased stability of these proteins. The expression of (Fig. 7B). RT-PCR revealed that Phd3 but not Phdl expression
two important HIF target genes, Vegfa and phosphoglycerate appeared to be increased in Phd2~'~ placentas (Fig. 7C), but
kinase (Pgk) 1, was also upregulated in Phd2~/~ embryos (Fig. neither PHD1 nor PHD3 proteins were detected by Western
6E). These data demonstrate that PHD2 deficiency led to blotting (data not shown).
increased HIF-1a and HIF-2a protein levels, which were able Both HIF-la and HIF-2a protein levels were drastically
to activate the transcription of their target genes. increased in Phd2 ™'~ placentas (Fig. 7D). Contrary to our
To determine if HIF-a expression was also upregulated in expectation, however, both Q-PCR (Fig. 7E) and Northern
the heart, we isolated hearts from E11.5 embryos and exam- blotting analyses (Fig. 7F) revealed that Vegfa mRNA levels
ined HIF-1a, HIF-2a, and HIF-3a protein levels by Western remained similar between wild-type and Phd2~'~ placentas. In
blotting. Unexpectedly, HIF-la was not upregulated in addition, anti-VEGF-A THC also failed to detect significant
Phd2™'~ hearts, which was in sharp contrast to strong upregu- differences between wild-type and Phd2~/~ placenta sections
lation in the remainder of the embryo proper (Fig. 6F). HIF-2« (data not shown). Taken together, these findings suggest that
expression was below detectable levels in both wild-type and VEGF-A was unlikely to be a major candidate for placental
mutant hearts, and the HIF-3a level was unchanged. We also defects.
determined the effect of PHD2 deficiency on Vegfa expression. Since histological analyses indicated abnormalities in all
While there was a 28% increase in Vegfa mRNA abundance three major types of trophoblasts at E11.5, we wondered if
according to Q-PCR (data not shown), VEGF-A protein level expression of different trophoblast markers was already altered
was essentially unchanged in the heart (Fig. 6G). These data 1 day before morphological defects became clearly visible.
suggested that the mechanisms regulating HIF-a and VEGF-A Therefore, we isolated RNA samples from wild-type and
expression in the heart tissue may be complex and that the Phd2~'~ placentas at E10.5 and performed Q-PCR for tran-
abundance of VEGF-A protein may be subject to multiple scriptional factor EB (Tfeb), Geml1, Mash2, Tpbp, or PlI (Fig.
levels of controls. 7G). In Phd2~'~ placentas, levels of syncytiotrophoblast mark-
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(G) Q-PCR for trophoblast markers (indicated in the figure) in E10.5 placentas. #*, P < 0.01;

in all panels refer to the Phd2 locus.

ers, Tfeb and Geml, were downregulated by 22.2% and 36.3%,
respectively (n = 12, P < 0.05), and one of the spongiotropho-
blast markers, Mash2, was upregulated by 22.5% (n = 12, P <
0.05). In addition, there were also trends of downregulation for
the giant cell marker P/I and upregulation of the spongiotro-
phoblast marker Tpbp, although these changes were statisti-
cally insignificant. Since these experiments were performed at
a stage just before significant structural defects occurred, the
resulting data are more likely to reflect primary changes of
expression profiles rather than secondary changes due to struc-
tural abnormalities.

Normal placenta and cardiovascular development in
Phdl™'~ and Phd3~'~ embryos. While Phdl '~ and Phd3 ™/~
mice were viable, we examined whether there were any non-
lethal developmental defects. We dissected embryos at E12.5
after intercrossing with Phd™'~ or Phd3™'~ mice and found
that Phdl '~ or Phd3~'~ embryos and yolk sacs appeared
normal (Fig. 8A to D for Phdl and Fig. 9A to D for Phd3). At
the molecular level, PHD2, HIF-1a, and HIF-2a protein levels
and Vegfa and Pgkl mRNA levels were unchanged (data not
shown). Lack of developmental defects was confirmed by his-
tological analyses. In the heart, the thickness of ventricular
walls and extent of trabeculation were similar between wild-
type and Phdl '~ or Phd3~'~ embryos (Fig. 8E to H for Phdl
and Fig. 9E to H for Phd3). Anti-PECAM-1 IHC staining was
performed to examine vascularity, but no abnormalities were
found in either Phdl ™'~ or Phd3~/~ embryos. Normal tra-
beculation and proper endocardial development were clearly
visible in anti-PECAM-1-stained sections (Fig. 8I and J for
Phdl and Fig. 91 and J for Phd3). The external appearances

x, P < 0.05; NS, not significant (n = 12). Genotypes

of Phdl~’~ and Phd3~/~ placentas were normal, and anti-
PECAM-1 IHC staining in histological sections detected nor-
mal vascularization in the placenta (Fig. 8K and L for Phdl,
Fig. 9K and L for Phd3, and data not shown). Finally, in
histological sections, the overall structures of Phdl '~ and
Phd3~'~ placentas were indistinguishable from the wild type
(Fig. 8M and N for PhdI and Fig. 9M and N for Phd3).

DISCUSSION

In this paper, we demonstrate that PHD2 is essential for
normal mouse embryogenesis. Phd2 knockout led to the up-
regulation of both HIF-1a and HIF-2« in the placenta as well
as the embryo proper (except heart) prior to occurrence of
embryonic lethality. Since normal embryos are known to be
under physiological hypoxia (15, 29), our findings indicate that
PHD?2 is essential in the hypoxic environment during develop-
ment. On the other hand, in vitro studies have shown that
PHD?2 is mainly functional under normoxia (2, 3) and that
PHD?2 activity is severely inhibited by hypoxia (6).

To explain this apparent controversy, we propose several
models. In the first model, we suggest that the severity of
hypoxia may vary both temporally and spatially during devel-
opment and that PHD?2 is functional when and where oxygen
supply is adequate. For example, in hypoxic regions, HIF-1a
and VEGF-A are colocalized (15) and may improve the local
oxygen supply by inducing angiogenesis. After amelioration of
hypoxia, PHD2 would become active and hydroxylate HIF-a,
leading to the degradation of HIF-a subunits. In a second
model, even in hypoxic regions, PHD2 may still be partially
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FIG. 8. Morphological analysis of Phdl ™/~ embryos and placentas
at E12.5. (A and B) Embryos with yolk sacs. (C and D) Embryos after
removal of yolk sacs. (E and F) HE-stained frontal heart sections. (G
and H) Higher magnification of panels E and F. (I and J) Anti-
PECAM-1 IHC staining of heart sections, showing similar ventricular
wall thickness and trabeculae development in wild-type and Phdl ™/~
embryos. (K and L) External appearance of placentas. In both wild-
type and Phdl ™'~ placentas, the labyrinth zones are nearly a uniform
red and have well-defined boundaries. (M and N) HE-stained placenta
sections. Scale bars, 2 mm (A to D), 250 wm (E and F), 125 um (G to
J), 1 mm (K and L), and 250 wm (M and N).

active, and this residual hydroxylase activity may be essential
for imposing limits on HIF-a expression. A third possibility is
that PHD2 may have hydroxylase-independent functions, such
as inhibition of HIF-1a transcriptional activity by direct bind-
ing interactions (24, 34). It should be emphasized that these
models are not mutually exclusive but, rather, may work to-
gether in a cooperative manner.

MoL. CELL. BIOL.

FIG. 9. Morphological analysis of Phd3~/~ embryos and placentas
at E12.5. (A and B) Embryos with yolk sacs. (C and D) Embryos after
removal of yolk sacs. (E and F) HE-stained frontal heart sections. (G
and H) Heart sections at higher magnifications. (I and J) Anti-
PECAM-1 IHC staining of heart sections. (K to N) External ap-
pearances (K and L) and HE-stained sections of Phd3"/" and
Phd3~'~ placentas. No obvious differences can be found. Scale bars,
2 mm (A to D), 250 pum (E and F), 125 pm (G to J), 1 mm (K and
L), and 250 wm (M and N).

The in vivo roles of PHD2 may likely involve more than
HIF-a hydroxylation. This possibility is implied in the poten-
tially complex causes of heart defects in Phd2~'~ embryos.
Contrary to our original expectation, there were no apparent
increases in HIF-a levels in Phd2~'~ hearts. Since HIF prolyl
hydroxylases could also suppress HIF transcription activity by
recruiting ING4 (24) or directly binding to HIF-a (34), future
studies should address whether PHD2 deficiency in the heart
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increases HIF-a transcriptional activity. Interestingly, a similar
heart defect was not reported for Val~/~ embryos (9). Al-
though VAl~/~ embryos die earlier (E10.5 to E12.5) than
Phd2™'~ embryos, some Vhl~/~ embryos did survive long
enough (until E12.5) to allow the manifestation of heart de-
fects if they were to occur as in Phd2~'~ embryos. Different
effects on heart development between PHD2 and VHL defi-
ciencies raise the possibility that in addition to their common
involvement in regulating HIF-a stability, PHD2 and VHL
may have additional unique roles.

Lack of heart defects in V4/~/~ mice also indicates that poor
placenta development does not necessarily cause heart defects
prior to general deterioration of the embryo. This point is also
supported by other examples where severe placental defects
occurring at stages similar to their occurrence in Phd2~/~ mice
were not accompanied by heart defects (23, 27, 38). Thus, it is
rather unlikely that the heart phenotype in Phd2~/~ mice was
a secondary defect due to placental insufficiency.

In contrast to the heart, Phd2 '~ placentas displayed signif-
icantly increased HIF-«a levels. Increased HIF-a expression in
the placenta was associated with severe placental defects, in-
cluding reduced villous branching morphogenesis in the laby-
rinth, altered distribution of spongiotrophoblasts, and giant
cells. In spite of increased HIF-a expression, VEGF-A expres-
sion was unaltered in the placenta, and labyrinthine vascular-
ization was reduced. However, while further studies are
needed to determine if poor vascularization in the placenta is
a primary defect, for a number of reasons we believe that it is
more likely secondary to defective villous branching morpho-
genesis. First, we did not see an independent vascular defect
prior to the onset of labyrinthine branching defects; second, in
spite of an overall and apparent defect in vascular develop-
ment in the labyrinth, villous branches that did exist were
normally vascularized; third, villous branching morphogenesis
is a known prerequisite for vascularization of the labyrinth (28)
and, hence, insufficient villous development is expected to re-
sult in reduced vascularization in the placenta.

While both PHD2 and VHL are crucial for HIF-a degrada-
tion, Phd2~'~ labyrinthine defects occurred approximately 1
day later and were less severe than in Val~/~ placentas (9). For
example, in Val~'~ mice, development of syncytiotrophoblasts
failed to occur, accompanied by lack of invasion of blood
vessels into the placenta. In Phd2~/~ placentas, syncytiotro-
phoblast differentiation did occur, although the expansion was
reduced in the context of compromised villous branching mor-
phogenesis. Also, fetal blood vessels invaded into Phd2™/~
placentas, albeit with reduced efficiency, presumably due to
poor villous branching. On the other hand, Phd2~/~ placentas
displayed spongiotrophoblast and giant cell abnormalities that
were not reported for Vil ~'~ mice. It is not clear what may be
responsible for these differences, but several situations may be
considered, including the possibility that VHL and PHD2 may
have additional roles other than mediating HIF-a stability,
possible compensations by other PHDs in Phd2~'~ placentas,
and likely differences in mouse strain backgrounds.

Some features of placental defects in Phd2~/~ mice mir-
rored those in Arnt~'~, Hif-Ia™'~, or Hif-Ia™'~ and Hif-2a~/~
mice (1, 5). For example, Mash2 expression decreased in Hif-
Ia~/~ placentas, but it was increased in Phd2~/~ placentas.
While labyrinth phenotypes were not directly opposite between
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Phd2~'~ and HIF-deficient mice, defects in Phd2~'~ mice
were in agreement with studies performed using trophoblast
stem cells, which demonstrated that HIF deficiency promoted
while hypoxia suppressed syncytiotrophoblast differentiation

(1, 5).

In conclusion, our study demonstrates that PHD2 plays an
essential role in the development of the heart and placenta.
The fact that Phd2~'~ but not Phdl '~ or Phd3~'~ mice dis-
played severe placental and heart defects was consistent with
our finding that Phd2 was the most highly expressed Phd family
member in these organs. On the other hand, our data do not
exclude at least some partial functional compensation by
PHD1 and PHD3. It remains to be determined if double or
triple knockout mice would have more severe embryonic de-
fects.
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