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Abstract

Hypoxia influences gene expression in placental trophoblasts. We sought to examine the effect of hypoxia on trophoblast expression of hu-
man PHLDA2 (also termed IPL, TSSC3 or BWR-1C), a product of an imprinted gene on human chromosome 11p15.5 whose murine ortholog
plays a pivotal role in placental development. We initially confirmed that PHLDA2 was expressed in term placental villi, primarily in the tro-
phoblast layer. Using quantitative PCR we found that the expression of PHLDA2 gradually declined during differentiation of primary term hu-
man trophoblasts. A similar expression pattern was seen for p57Kip2 and IGF-II, both products of imprinted genes on chromosome 11p15.5.
Exposure of trophoblasts to hypoxia in vitro (O2� 2%) markedly reduced the expression of PHLDA2 mRNA and protein. This effect was
not consistent among other chromosome 11p15.5 genes products, as the expression of p57Kip2 decreased, but that of IGF-II increased in hypoxic
trophoblasts. PHLDA2 expression in trophoblasts exposed to TGFb1, -b2 or -b3 was unchanged. We conclude that hypoxia down-regulates the
expression of PHLDA2 in human term placental trophoblasts. As murine PHLDA2 limits placental growth, our results suggest that down-
regulation of PHLDA2 attenuates the impact of hypoxia on placental growth.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Intact placental development and differentiation are essen-
tial for the maintenance of pregnancy, fetal growth and conse-
quently, postnatal development. Diverse environmental and
maternal stimuli, combined with endogenous feto-placental
factors, influence placental development. The impact of such
influences on placental gene expression is inadequately under-
stood. Among these influences, hypoxia has been shown to
modulate trophoblast differentiation and apoptosis [1e8].

We recently performed a series of DNA microarray surveys
of gene expression changes in hypoxic trophoblasts in vivo
and in vitro, designed to identify hypoxic trophoblast signature
transcripts [9]. We analyzed the data using T-score software,
which was developed in our lab and incorporates a priori ob-
tained information on signal- and probe-specific variability
into analysis of gene expression changes [10]. Among tran-
scripts that exhibited the most extreme change, we found
that PHLDA2 (also named IPL, TSSC3 and BWR-1C) tran-
script was markedly down-regulated in hypoxic trophoblasts.
We confirmed this result using quantitative PCR [9].

The maternally-expressed human Phlda2 is an imprinted
gene on human chromosome 11p15.5 [11e14]. PHLDA2
null mice exhibit placental overgrowth with expansion of the
spongiotrophoblast layer, while loss of imprinting of Phlda2
or BAC-mediated overexpression of Phlda2 results in placental
growth restriction [15,16]. These data indicate that PHLDA2
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limits placental growth in mice. PHLDA2 mRNA and protein
are expressed in the placenta throughout human gestation, cor-
relating with the continuous growth of the human placenta [17].
Human chromosome region 11p15.5 harbors additional im-
printed, growth-regulating genes that influence proliferation
and differentiation of diverse cell types, including trophoblasts
[11,18]. These include the cell cycle regulator p57Kip2

(cdkn1c), which belongs to the Cip/Kip family of cyclin depen-
dent kinase (CDK) inhibitors (CDI) [19,20]. Whereas overex-
pression of p57Kip2 in mice causes a complete cell cycle
arrest in G1 phase, p57Kip2 null embryos and heterozygous em-
bryos with a maternally-derived mutated allele display placen-
tomegaly with overgrowth of the labyrinthine and
spongiotrophoblasts [21,22]. The cluster also includes the pa-
ternally-expressed insulin-like growth factor-2 (Igf2) gene
[23]. Unlike the phenotype of mice harboring a mutation in
the maternally-expressed Phlda2 or p57Kip2, a mouse null for
the paternally-expressed Igf2 exhibits growth restriction, indi-
cating a critical role for IGF-II in regulation of growth and
development [24e28]. Here, we tested the hypothesis that hyp-
oxia, which modulates trophoblast differentiation [1,2],
influences PHLDA2 expression in human trophoblasts. We
compared PHLDA2 expression in response to hypoxia to the
expression of p57Kip2 and IGF-II in cultured term human
trophoblasts.

2. Materials and methods

2.1. Trophoblast culture

Primary human cytotrophoblasts were prepared as described by Kliman

et al. [29] with previously published modifications [2]. Trophoblast cultures

at standard conditions were maintained in medium 199 and antibiotics (Tissue

Culture Facility at Washington University) supplemented by 10% fetal calf

serum (Hyclone, Logan, UT) in a 20% O2, 5% CO2 atmosphere at 37 �C. Tro-

phoblasts cultured in hypoxic conditions were maintained in an incubator

(Thermo Electron, Marietta, OH) that provided either moderate hypoxia,

defined as O2¼ 8%, or extreme hypoxia, defined as O2� 2% (with a confirmed

pO2 of �15 mmHg). The medium was changed 4 h after plating (defined as

time zero) and every 24 h thereafter. Cells were harvested after 24 h, 48 h or

72 h. Where indicated, cultures were supplemented with epidermal growth

factor (EGF, Roche Diagnostics, Indianapolis, IN), transforming growth factor

(TGF) beta1 (TGFb1), TGFb2 or TGFb3 (all from Sigma, St. Louis, MO).

These ligands were added at time zero. The concentrations of EGF and

TGFb1, -b2, -b3 in culture media were previously optimized to yield maximal

effects in vitro (not shown), and were consistent with published reports [30e33].

Overexpression as well as siRNA-mediated repression of NDRG1 were de-

scribed elsewhere [34]. Culture supernatants were assayed for hCG in duplicates

by ELISA [34] (DRG GmbH, Marburg, Germany).

2.2. RNA extraction and real-time quantitative PCR

Total RNAwas isolated from trophoblasts using TriReagent (Sigma) accord-

ing to the manufacturer’s protocol. RNA was digested with DNase I (Roche

Diagnostics), analyzed by spectrophotometry and electrophoresed on a 1% aga-

rose gel, and stored at�80 �C. Quantitative RT-PCR (qRT-PCR) was performed

as previously described [9] using a GeneAmp 5700 Sequence Detection System

(PE Applied Biosystems, Foster City, CA). Samples were normalized to parallel

reactions using primers specific for 18S RNA and validated using primers for

YWHAZ [35]. The primer sequences for PHLDA2 were forward 50-CGCTT

CCACTCCATCCTCAA-30 and reverse 50-TGTGGTCGGTGGTGACGAT-30.
The primer sequences for p57Kip2 were forward 50-GGCGCGGCGATCAAG-30

and reverse 50-ACATCGCCCGACGACTTC-30. The primer sequences for

IGF-II were forward 50-CCGTGCTTCCGGACAACTT-30 and reverse 50-CTGC

TTCCAGGTGTCATATTGG-30. Other primers were previously published by us

[34,36]. All sequences were selected using Primer Express Software (Applied

Biosystems) and checked for specificity using BLAST analysis. PCR data

were analyzed using the 2�DDCT method [37] as we previously detailed [9].

2.3. In situ hybridization (ISH)

Tissue section pretreatment, in vitro transcription for generation of ribop-

robes, hybridization and detection were performed as we previously described

[9]. Oligonucleotide probes used for cloning PHLDA2 cDNA fragment for

riboprobe generation were forward 50-CGCGAGGGCGAGTTGGAGAAGC-30,
reverse 50-TCCTGGCGGCTGCGAAAGTCCT-30; for p57Kip2: forward 50-CCT

GCAGGCTAGAGAAGCAG-30 and reverse 50-CTCCGGGACAGTTGTAAT

GG-30 and for IGF-II: forward 50-CAGACCCAGACTCCAGCCAGAC-30 and

reverse 50-CAACCTAGGGGCACTTTTCTGG-30. Oligonucleotides harbored

HindIII and XbaI sites for cloning into pBluescript II-KSþ.

2.4. Western immunoblotting

Plated cells were rinsed with PBS and processed for immunoblotting as we

previously described [38]. Proteins (30 mg/lane) were separated using 10%

SDS-PAGE gels at 100 V for 2 h. After overnight transfer to polyvinylidene

difluoride membranes (Immobilon-P, Millipore, Bedford, MA) and blocking

the membranes were sequentially incubated (1:1000) for 1 h at room temper-

ature with two types of anti-PHLDA2 polyclonal antibody, followed by horse-

radish peroxidase (HRP)-conjugated mouse anti-rabbit IgG or goat anti-rabbit

IgG antibody (1:2000, Santa Cruz Biotechnology, Santa Cruz, CA). Western

blot results were also confirmed using a goat monoclonal anti-PHLDA2

(ABCAM Inc., Cambridge, MA), followed by an HRP-conjugated donkey

anti-goat IgG (Santa Cruz). The blots were re-probed with goat anti-b-actin

antibody (1:1000) and an HRP-linked donkey anti-goat IgG (1:2000, both

from Santa Cruz). The blots were processed for chemiluminescence using

Western Lightning Chemiluminescence Reagent (Perkin Elmer Life Sciences,

Boston, MA) and exposed to autoradiographic film (Eastman Kodak, New

Haven, CT) for 1e3 min. Densitometric analysis was performed using an

UVP Bioimaging System and LabWorks version 4.0 software (UVP, Upland,

CA).

2.5. Statistics

Results were statistically analyzed using ANOVA with Bonferroni post-hoc

test or paired t-test, where indicated. Significance was defined as p< 0.05.

3. Results

Using in situ hybridization we initially examined the ex-
pression of PHLDA2 in villi derived from normal term human
placentas. We compared the expression of PHLDA2 with that
of two imprinted gene products on chromosome 11p15.5,
p57Kip2 and IGF-II. As shown in Fig. 1A, PHLDA2, p57Kip2

and IGF-II were localized mainly to the trophoblast layer,
with additional signals for IGF-II in the stroma and perivascu-
lar cells of some of the villi. Consistent with these findings,
PHLDA2 mRNA was expressed in cultured primary term tro-
phoblasts (Fig. 1B). Interestingly, the expression level of
PHLDA2 mRNA diminished during the culture period even
when cultured in Ham’seWaymouth (data not shown), which
hinders trophoblast differentiation [39]. This decline was not
due to decreased cell viability, as the cell number as well as
cellular RNA content were both stable throughout the culture
period (data not shown).
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