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Hypoxia and Trophoblast Differentiation:
A Key Role for PPARg
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Tissue oxygen tension regulates differentiation of multiple types of stem cells. In the placenta, hypoxia has been
associated with abnormal trophoblast differentiation and placental insufficiency syndromes of preeclampsia (PE) and
intrauterine growth restriction (IUGR). Peroxisome proliferator-activated receptor-g (PPARg) is a ligand-activated
transcription factor involved in many cellular processes, including differentiation. We have previously shown that
PPARg-null trophoblast stem (TS) cells show a defect in differentiation to labyrinthine trophoblast, instead differ-
entiating preferentially to trophoblast giant cells (TGC). Since PPARg is known to be regulated by hypoxia in adipose
tissue, we hypothesized that there may be a link between oxygen tension, PPARg expression, and trophoblast
differentiation. We found that hypoxia reduced PPARg expression by a mechanism independent of both hypoxia-
inducible factor (HIF) and histone deacetylases (HDACs). In addition, PPARg partially rescued hypoxia-induced
inhibition of labyrinthine differentiation in wild-type TS cells but was not required for hypoxia-induced inhibition of
TGC differentiation. Finally, we show that induction of labyrinthine trophoblast differentiation by HDAC inhibitor
treatment is independent of both PPARg and Gcm1. We propose a model with two pathways for labyrinthine
trophoblast differentiation of TS cells, one of which is dependent on PPARg and inhibited by hypoxia. Since hypoxia is
associated with PE and IUGR, we propose that PPARg may at least partially mediate hypoxia-induced placental
insufficiency and as such may be a promising therapeutic target for these disorders.

Introduction

The placenta is a transient organ, which plays a pivotal
role in embryonic and fetal development [1]. Trophoblast,

the epithelial cells of the placenta, carry out the primary
functions of this organ, including establishment of maternal
blood flow to the feto-placental unit, as well as nutrient and
gas exchange [1–3]. In the mouse, the former is the primary
function of invasive trophoblast giant cells (TGC), while the
latter is carried out by syncytiotrophoblast (STB) in the laby-
rinthine portion of the placenta [1–3]. Placental insufficiency
syndromes, including intrauterine growth restriction (IUGR)
and preeclampsia (PE), are characterized by placental hypoxia
and dysfunction, at least partially secondary to abnormalities
in trophoblast differentiation and function [4,5]. Peroxisome
proliferator-activated receptor-g (PPARg), a transcription
factor and member of the ligand-activated nuclear hormone
receptor superfamily [6], is abundantly expressed in all tro-

phoblast subtypes and required for proper placental function
[6–8]. In the mouse, PPARg-null embryos fail to progress past
mid-gestation, and display abnormal placentas, including
lack of formation of the placental labyrinth [7,8]. We previ-
ously derived trophoblast stem (TS) cells from both wild-type
(WT) and PPARg-null blastocysts and showed that null TS
cells preferentially differentiate into TGC [9]. PPARg-null TS
cells differentiate poorly into STB, and in fact show signifi-
cantly reduced levels of Gcm1, the master regulator of laby-
rinthine differentiation [9–11].

Hypoxia is known to promote self-renewal and inhibit
differentiation of several different tissue-specific stem cells,
including hematopoietic, neural, and mesenchymal stem
cells [12–15]. Hypoxia is also known to inhibit differentia-
tion of trophoblast in the human placenta [16,17]. In
adipocytes, hypoxia inhibits expression of PPARg2, the
primary isoform in this tissue; this, in turn, limits differ-
entiation of these cells into mature adipocytes [18].

1Department of Obstetrics and Gynecology, University of California, Davis, Sacramento, California.
2Sanford Consortium for Regenerative Medicine, Department of Pathology, University of California, San Diego, La Jolla, California.
3Division of Neonatology, Eli and Edythe Broad Center of Regeneration Medicine and Stem Cell Research, The Center for Reproductive

Sciences, University of California, San Francisco, San Francisco, California.
4Vascular Research Division, Department of Pathology, Center for Excellence in Vascular Biology, Brigham and Women’s Hospital, Boston,

Massachusetts.
*These authors contributed equally to this work.

STEM CELLS AND DEVELOPMENT

Volume 22, Number 21, 2013

� Mary Ann Liebert, Inc.

DOI: 10.1089/scd.2012.0596

2815



Hypoxia-induced inhibition of PPARg2 in adipocytes is
mediated by the hypoxia-inducible factor (HIF) complex
[18], which also plays a major role in placental development
[19–21]. Both HIF1a, the subunit stabilized in hypoxia, and
HIF1b/ARNT are expressed at high levels early during
mouse and human placental development and are required
for trophoblast differentiation [19–21]. Similar to PPARg-
null embryos, ARNT-null embryos die at midgestation due
to placental abnormalities [19]. In vitro, however, ARNT-
null TS cells appear to have the opposite phenotype, dif-

ferentiating exclusively into labyrinthine/STB instead of
TGC; this phenotype is thought to be due to involvement of
HIF in epigenetic modification of the TS cell genome, as it
can be recapitulated by inhibiting histone deacetylases
(HDACs) [22].

We set out to test the hypothesis that hypoxia also
downregulates PPARg1, the isoform expressed in mouse TS
cells, through action of the HIF complex, and whether this
pathway is involved in hypoxia-induced inhibition of laby-
rinthine trophoblast differentiation.

FIG. 1. PPARg expression is re-
duced in hypoxia. (A) Experimental
design for (1B–1E). Block arrows indi-
cate length of time in differentiation
media. Different shades indicate
various levels of oxygen tension. (B)
PPARg mRNA levels, measured by
qPCR, in undifferentiated (stem) and
differentiated (day 7) WT-TS cells
under normoxia and hypoxia; * in-
dicates statistically significant differ-
ence between levels in normoxia and
hypoxia. (C) PPARg protein levels
assayed by western blot, in undiffer-
entiated (stem) and differentiated
(days 1, 4, and 7) WT-TS cells under
normoxia and hypoxia. (D) PPARg
protein levels of WT-TS cells differ-
entiated over a 4-day timecourse, in a
range of oxygen tensions (20%, 8%,
5%, and 2%). (E) PPARg protein lev-
els in cells differentiated for 4 days in
normoxia (20% oxygen), and then
either switched to 2% oxygen, or
maintained in normoxia, for the in-
dicated number of hours. PPARg,
peroxisome proliferator-activated
receptor-g; TS, trophoblast stem;
qPCR, quantitative polymerase chain
reaction; WT, wild-type.

Table 1. List of Primers Used for Quantitative Reverse Transcription–Polymerase Chain Reaction

Gene abbreviation Gene name Primer sequence

Pl-I Placental lactogen-1 F 5¢ TGGTGTCAAGCCTACTCCTTT 3¢
R 5¢ CAGGGGAAGTGTTCTGTCTGT 3¢

Pl-II Placental lactogen-2 F 5¢ CCAACGTGTGATTGTGGTGT 3¢
R 5¢ TCTTCCGATGTTGTCTGGTG 3¢

synA Syncytin-A F 5¢ CCCTTGTTCCTCTGCCTACTC 3¢
R 5¢ TCATGGGTGTCTCTGTCCAA 3¢

Gcm1 Glial cells missing-1 F 5¢ AACACCAACAACCACAACTCC 3¢
R 5¢ CAGCTTTTCCTCTGCTGCTT 3¢

Tfeb Transcription factor EB F 5¢ AACAAAGGCACCATCCTCAA 3¢
R 5¢ CAGCTCGGCCATATTCACAC 3¢

Plf Proliferin F 5¢ TGAGGAATGGTCGTTGCTTT 3¢
R 5¢ TCTCATGGGGCTTTTGTCTC 3¢

PPARg Peroxisome proliferator-activated receptor-g F 5¢ GACAGGAAAGACAACGGACAA 3¢
R 5¢ AAACTGGCACCCTTGAAAAA 3¢

18S 18S ribosomal subunit F 5¢ CGCGGTTCTATTTTGTTGGT 3¢
R 5¢ AACCTCCGACTTTCGTTCTTG 3¢
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Materials and Methods

TS cell culture, chemical treatment, viral transduction,
and morphologic assessment

PPARg+/+ and PPARg-/- TS cells were derived from E3.5
blastocysts as previously described [9]. The two ARNT-null
TS cell lines (TS4 and TS10) were also previously described
[19]. All TS cells for this study were grown in feeder-free

cultures, in 30% TS cell medium [23] 70% feeder-conditioned
(72 h) TS medium, 25mg/mL FGF4 (Sigma), and 1mg/mL
heparin (Sigma; TSMFH medium). TS cells grown to conflu-
ence in TSMFH medium were switched to TS medium to
induce differentiation. For normoxia, all cells were cultured in
a standard incubator at 37�C under 95% room air and 5%
CO2. For hypoxia, cells were cultured in an XVIVO system
(Biospherix). The design of individual differentiation

FIG. 2. Hypoxia inhibits TS cell differentiation. WT and PPARg-null TS cells were differentiated under normoxia or hypoxia (2%
oxygen); qPCR was done for both giant cell markers (A) or labyrinthine/STB markers (B). Data are expressed as fold change over WT-
Stem. * Indicates statistically significant difference between levels in normoxia and hypoxia for the indicated cell line. (C) Morphology
of WT and PPARg-null TS cells differentiated in either normoxia or hypoxia. Cells were stained with phalloidin and dapi. Arrowheads
point to giant cells and * indicates multinucleated STB. Bar = 100mm. STB, syncytiotrophoblast.

(Continued /)
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experiments in normoxia versus hypoxia are demonstrated in
Figure 1A. For all experiments in hypoxia, media was chan-
ged and cells were lysed (for either RNA or protein analysis)
or fixed (for immunofluorescence) in the XVIVO work
chamber, under the indicated oxygen tension. Where indi-
cated, cells were treated with sodium butyrate (stock solution
of 1.25 M in PBS; used at 1:500 at a final concentration of
2.5 mM), or cycloheximide (stock solution of 100 mg/mL in
DMSO; used at 1:1,000 at a final concentration of 100mg/mL);
control experiments were carried out with the same dilution
of the respective carrier alone. HA-tagged full-length murine
PPARg1-expressing adenovirus was generated and used as
described previously [9]. For assessment of morphologic dif-
ferentiation into TGC versus STB, cells were stained with
Dapi, phalloidin, and anti-HA-tag antibody (Abcam) if re-
quired and assessed as previously described [9]. Briefly, TGC
were identified by large single or double nuclei, each at least
twice the size of an undifferentiated TS cell nucleus; STB were
identified as cells with three or more nuclei, each of which
were similar in size to an undifferentiated TS cell nucleus.

RNA isolation and quantitative reverse transcription–
polymerase chain reaction

These protocols were previously described in detail [9].
Briefly, DNase-treated total RNA was isolated using Nu-
cleoSpin RNA II kit (Clontech), and cDNA was prepared
from 1 mg RNA using iScript (Bio-Rad). Polymerase chain
reaction (PCR) was performed using 625 nM of each primer
and POWER SYBR Green PCR master mix (Applied Bio-
systems). Quantitative reverse transcription–PCR (qRT-PCR)
was performed using a System 7300 instrument (Applied
Biosystems) and a one-step program: 95�C, 10 min; 95�C,

30 s, 60�C, 1 min, for 40 cycles. All results were normalized
against 18S rRNA. Relative mRNA expression levels, com-
pared to 18S rRNA, were determined by the DDCT method
[24]. Fold change in normalized expression of individual
genes in experimental samples was determined by compar-
ison to expression in undifferentiated PPARg +/+ cells. All
primer pairs (Table 1) were checked for specificity using
BLAST analysis and were checked by both agarose gel
electrophoresis and thermal dissociation curves to ensure
amplification of a single product with the appropriate size
and melting temperature.

Whole cell lysate and nuclear extract
preparation and western blot

Whole cell lysates were prepared by scraping cells in
boiled 1· Laemmli sample buffer (Bio-Rad), and passing the
lysate through a 25G needle to sheer DNA and decrease
viscosity. Nuclear extracts were prepared using the NE-PER
kit (Pierce). Protein determination was done using a Coo-
massie-binding assay [25]. Thirty microgram of total protein
was loaded in each lane for western blot. After transfer to
PVDF, the membranes were blocked with 5% nonfat dried
milk in TBS-Tween for 1 h at room temperature. Primary and
secondary antibody incubations were similarly performed,
with antibodies diluted in blocking buffer per the manufac-
turer’s recommendation. Antibodies used included mouse
anti-PPARg monoclonal antibody (Santa Cruz), mouse anti-
HIF1a (Abcam), mouse antiacetylated histone H4 (Abcam),
mouse anti-TBP (Abcam), mouse antiactin monoclonal anti-
body (Abcam), and HRP-conjugated secondary antibodies
( Jackson Immunochemicals). After treatment with ECL reagent
(Pierce), membranes were exposed to autoradiography film

FIG. 2. (Continued).
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(Kodak). Expression was quantified by densitometric scanning
followed by normalizing expression to that of b-actin.

Statistical analysis

Unless otherwise stated, data presented are mean –
standard deviation of three replicate wells of a single prep of
cells; the results shown are representative of three to five
separate experiments each performed on different days and
using a different preparation of cells. Student’s t-test was
performed and a P-value of 0.05 was taken to indicate a
statistically significant difference between the populations
sampled.

Results

Hypoxia, PPARc expression,
and TS cell differentiation

TS cells were previously generated from both WT and
PPARg-null blastocysts [9]. We first differentiated WT-TS
cells under various oxygen tensions to determine the effect of
hypoxia on PPARg expression (Fig. 1A). First, cells were
cultured in either normoxia (20% oxygen) or hypoxia (2%
oxygen) over a 7-day time-course. Two percent oxygen was
chosen based on previous studies, which used a range of
1.5%–3% oxygen [19,20,22]. During the 7-day period, the
cells were continuously kept under 20% or 2% oxygen, with

FIG. 3. Reintroduction of PPARg into differentiating WT-TS cells in hypoxia. qPCR was done for labyrinthine markers (A),
and TGC markers (B). * Indicates statistically significant difference between levels in PPARg-overexpressing cells versus pAd-
GFP-expressing cells. (C) Morphology of WT-TS cells differentiating in hypoxia, overexpressing either GFP or PPARg. Cells
were stained with phalloidin and dapi; light gray shows infected cells, expressing either GFP (left) or HA-tagged PPARg
(right). Bar = 100 mm. TGC, trophoblast giant cells.
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media changed every other day under those same oxygen
tensions. Both PPARg RNA and protein were significantly
reduced in hypoxia (Fig. 1B, C). In fact, PPARg protein,
normally induced at day 1 of differentiation (Fig. 1C) [9] was
not detected in cells differentiated in hypoxia (Fig. 1C). We
next asked whether this effect was seen at more physiologic
oxygen tensions: PPARg was in fact detectable, albeit at
lower levels, at 8%, but was undetectable at 5% and 2% ox-
ygen (Fig. 1D). HIF1a levels were highest at early timepoints
(6 h) following switch to hypoxia, and lower with continuous
hypoxia (Fig. 1D). Finally, we also tested whether hypoxia
would decrease PPARg expression, after it was induced by
differentiation: we therefore, differentiated TS cells for 4 days
in normoxia, and then either switched the cells to 2% oxygen,
or continued differentiating in normoxia, for an additional
48 h. PPARg expression was reduced after 24 h, further de-
creased after 48 h, in 2% oxygen (Fig. 1E). For the remaining
experiments, hypoxia refers to 2% oxygen.

We next asked how differentiation is affected by oxygen
tension. In WT-TS cells, hypoxia reduced markers of both
TGC, such as Plf and Pl-II (Fig. 2A), and labyrinthine/STB,
such as synA, Gcm1, Tfeb, and CXCR4 (Fig. 2B). PPARg-null
TS cells showed reduced markers of labyrinthine/STB
markers when differentiated in normoxia, as previously re-
ported (Fig. 2B) [9], and, similar to WT-TS cells, showed re-
duced TGC markers under hypoxic conditions (Fig. 2A).
Morphologically, WT-TS cells differentiated in hypoxia
showed mostly flattened, mononuclear cells, without the
giant cells or multinucleated STB formed in normoxia (Fig.
2C). Differentiated PPARg-null cells showed few STB even
under normoxia; in hypoxia, they also comprised mainly
of mononuclear cells, similar to differentiated WT-TS cells
(Fig. 2C).

We have previously shown that overexpression of PPARg
in PPARg-null TS cells rescued differentiation, specifically of
the labyrinthine/STB lineage, based both on morphology
and expression of lineage-specific markers [9]. We next asked
whether forced expression of PPARg in TS cells differenti-
ated under hypoxia would enhance lineage-specific differ-
entiation. We infected WT-TS cells with adenovirus
expressing either GFP or HA-tagged full-length PPARg1 [9],
then differentiated the cells in hypoxia, and analyzed both
lineage-specific markers by qPCR and cellular differentiation
by morphology. Overexpression of PPARg specifically in-
duced labyrinthine/STB-specific markers (Fig. 3A), but did
not induce giant cell markers (Fig. 3B) or alter formation of
multinucleated STBs (Fig. 3C).

Mechanism of hypoxia-induced
downregulation of PPARc

We next asked whether an intact HIF complex is required
for hypoxia-induced downregulation of PPARg and inhibi-
tion of STB formation. For this purpose, we differentiated
WT and two HIF1b/ARNT-null TS cell lines (TS4 and TS10)
[22] under normoxia or hypoxia, and measured PPARg ex-
pression. Both PPARg RNA and protein levels were de-
creased by hypoxia in both ARNT-null TS cell lines (Fig. 4A,
B). Compared to undifferentiated TS cells, HIF1a protein
levels were increased with hypoxic culture, but were even
more greatly induced with differentiation in the ARNT-null
TS cells (Fig. 4B). Morphologically, few STBs were detected

in differentiated ARNT-null TS cells cultured in hypoxia
(Fig. 4C).

Hypoxia can also alter gene expression by HIF-independent
mechanisms, including epigenetic modifications, such as
changes in histone acetylation [26,27]. In fact, Maltepe et al.
have shown that ARNT-null TS cells show increased histone
acetylation and that inhibition of HDACs in WT-TS cells
phenocopies the enhanced STB differentiation of ARNT-null
TS cells [22]. We therefore, asked whether PPARg-null TS
cells, as phenotypic opposites of ARNT-null TS cells, show
decreased histone acetylation, and whether HDAC inhibitors
alter labyrinthine differentiation through induction of PPARg.
However, in contrast to these predictions, we found that
PPARg deficiency did not alter histone acetylation during

FIG. 4. Downregulation of PPARg in hypoxia is HIF1b-
independent. (A) PPARg qPCR in WT or ARNT/HIF1b-null
TS cells (TS4 and TS10), differentiated in either normoxia or
hypoxia. * Indicates statistically significant difference be-
tween levels in normoxia and hypoxia for the indicated cell
line. (B) PPARg protein expression in WT or ARNT/HIF1b-
null TS cells (TS4 and TS10), undifferentiated (U) or differ-
entiated in normoxia (N), hypoxia (H), or in normoxia in the
presence of cobalt chloride (Co). (C) Morphology of one of
the ARNT-HIF1b-null TS cells (TS4), differentiated in nor-
moxia or hypoxia. Cells were stained with phalloidin and
dapi. * Indicates multinucleated STB. Bar = 100mm. HIF,
hypoxia-inducible factor.
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differentiation (histone H4, Fig. 5A) and that sodium butyrate
(NaBut), a known HDAC inhibitor, instead decreased both
PPARg mRNA and protein (Fig. 5B, C). We tried another
HDAC inhibitor, namely Trichostatin A (TSA), but, even at
low concentrations (1–10mM), TSA was highly toxic to our TS
cells (data not shown). We reasoned that HDAC inhibition
may indeed bypass PPARg and alter Gcm1 and synA levels
directly; therefore, we evaluated Gcm1 and synA levels fol-
lowing NaBut treatment of both WT and PPARg-null TS cells
(Fig. 5D). We noted a reduced but more sustained expression
of Gcm1 in WT cells but no alteration of expression in PPARg-
null TS cells; unexpectedly, we found that synA is induced
following NaBut treatment, both in WT and PPARg-null TS
cells (Fig. 5D). In fact, both WT and PPARg-null TS cells
showed similar numbers of multinucleated STB with NaBut
treatment (Fig. 5E).

We next asked the broader question of whether protein
synthesis is required for hypoxia-induced downregulation of
PPARg. We differentiated WT-TS cells in normoxia for 4

days, then either switched the cells to hypoxia, or continued
differentiation in normoxia, for 48 h (similar to the experi-
mental design in Fig. 1E), in the presence or absence of cy-
cloheximide. In fact, treatment of hypoxic TS cells with
cycloheximide restored PPARg RNA levels to those in nor-
moxia (Fig. 6). We propose a model in which labyrinthine/
STB differentiation of TS cells can proceed through both a
PPARg-dependent and a PPARg-independent pathway; the
former is inhibited by hypoxia through a mechanism re-
quiring new protein synthesis (Fig. 7).

Discussion

Hypoxia is a key player in both normal placental devel-
opment and placenta-based pregnancy complications, such
as PE and IUGR [4,5]. Hypoxia modulates gene expression
through regulation of both transcription and translation: the
former primarily occurs through the HIF complex, while the
latter involves the ER stress (endoplasmic reticulum stress or

FIG. 5. Treatment with HDAC inhibitor induces STB formation, independent of PPARg. (A) Nuclear lysates of undiffer-
entiated and differentiated WT and PPARg-null TS cells: histone acetylation increases during TS cell differentiation and is not
altered by PPARg deficiency. (B) PPARg qPCR upon treatment with sodium butyrate (NaBut) or carrier during TS cell
differentiation; representative results from one of four independent experiments are shown. (C) PPARg western blot of whole
cell lysates: TS cells were differentiated in normoxia or hypoxia, and treated with either NaBut or carrier alone. (D) Gcm1 and
synA expression in WT and PPARg-null TS cells differentiated in the presence of NaBut or carrier alone; representative results
from one of four independent experiments are shown. (E) Cell morphology in WT and PPARg-null TS cells differentiated for
7 days in the presence of NaBut. Cells were stained with phalloidin and dapi. * Indicates multinucleated STB. Bar = 100 mm.
HDAC, histone deacetylase.
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unfolded protein response) and mTOR pathways [28]. HIF
subunits, including HIF-1a, HIF2a, and ARNT/HIF1b are all
expressed in TS cells; while ARNT is expressed constitu-
tively, the expression of the HIFa subunits have been shown
to be dependent both on oxygen tension and differentiation
state of the TS cells [22]. The formation of an intact HIF
complex is required for proper differentiation of TS cells in
vitro, as well as normal placental development in vivo
[20,22].

In this first report of hypoxia-induced downregulation of
PPARg expression in trophoblast, we found PPARg mRNA
to be significantly reduced, although additional regulation at
the level of translation cannot be excluded. In a previous
study of hypoxia-induced inhibition of adipocyte differenti-

ation, PPARg promoter was repressed through induction of
Dec1/Stra13 downstream of HIF [18]. We therefore, focused
on the HIF complex as the potential mediator of PPARg
downregulation in TS cells. Our data indicate that ARNT/
HIF1b and an intact HIF complex are not required for
hypoxia-induced downregulation of PPARg mRNA expres-
sion in differentiating mouse TS cells. We also investigated
Stra13 in TS cells, and found no effect on its expression with
hypoxic culture (data not shown). Induction of HDAC ac-
tivity was also ruled out as a mechanism, as treatment with
an HDAC inhibitor mimicked rather than reversed the effects
of hypoxia. Finally, cycloheximide blocked hypoxia-induced
downregulation of PPARg mRNA, implying that newly
translated proteins are important for this response. One
candidate for such a protein is Sirtuin-1 (Sirt-1), a protein
deacetylase, known to repress PPARg [29], and also to be
induced in trophoblast under hypoxia [30]. We are currently
investigating the role of Sirt-1 in regulation of PPARg sig-
naling in trophoblast.

The labyrinthine/STB lineage in the mouse placenta is
regulated by Gcm1 and its downstream targets, the fuso-
genic syncytin genes [10,11,31,32]. We have previously
shown that differentiated PPARg-null TS cells show reduced
levels of labyrinthine markers, including Gcm1 and synA [9].
This, combined with the failure to form labyrinth and mid-
gestation lethality in both Gcm1 and PPARg-null gestations,
suggests that PPARg may regulate labyrinthine differentia-
tion through effects on Gcm1. We have shown that forced
expression of PPARg in null TS cells promotes both expres-
sion of labyrinthine markers, including Gcm1, and formation
of multinucleated STB in vitro [9]. However, in the current
study, forced expression of PPARg in WT-TS cells under
hypoxia induced only labyrinthine marker expression,
without formation of multinucleated STB (Fig. 3). Similar
dissociation between lineage-specific gene expression and
morphologic differentiation has been noted with primary
human cytotrophoblast cells, and is likely a consequence of
in vitro culture [33]. Our results suggest that additional
signaling, independent of PPARg, is required to induce cell-
cell fusion in hypoxia in vitro.

Placental insufficiency syndromes of PE and IUGR are
associated with placental ischemia and oxidative stress [4].
While studies of these pregnancy complications have not
shown consistent alteration of PPARg expression [34,35], one
feature of the severe form of PE, which is often accompanied
by IUGR, is reduced levels of Gcm1 [36]. In fact, hypomor-
phic expression of Gcm1 in mouse placentae lead to defective
STB differentiation and late gestational hypertension in the
pregnant dams, a phenotype resembling PE [37]. We have
previously shown that treatment of differentiating TS cells
with the PPARg agonist rosiglitazone can induce Gcm1,
among other labyrinthine markers [9]. In addition, PPARg
antagonists have been shown to induce a PE-like syndrome
in rats [38]. We therefore, propose that PPARg may serve as a
therapeutic target, and that in fact, PPARg agonists may re-
verse some features of abnormal trophoblast differentiation
associated with PE. However, PPARg activation is also
known to inhibit differentiation and function of invasive
trophoblast, both in mouse [9] and human [39]; also pro-
longed treatment with such agonists has been shown to ac-
tually decrease the surface area of the placental labyrinth, as
well as the spongiotrophoblast layer, and induce fetal

FIG. 6. Protein synthesis is required for hypoxia-induced
downregulation of PPARg. WT-TS Cells were differentiated
in normoxia for 4 days to induce maximal expression of
PPARg. The cells were then subsequently switched to hy-
poxia (H; 2% oxygen) or continued in normoxia (N; 20%
oxygen), in the presence or absence of cycloheximide (CHX),
for a period of 48 h (Note: this is the same experimental de-
sign as in Fig. 1E). * Indicates statistically significant differ-
ence between levels in normoxia versus hypoxia without
CHX (N-CHX and H-CHX), as well as between levels in
hypoxia – CHX (H - CHX and H + CHX).

FIG. 7. Proposed model for labyrinthine (STB) induction,
through both PPARg-dependent and -independent pathways.
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growth restriction [40]. Therefore, targeting PPARg in the PE
placenta requires better understanding of its functions dur-
ing each gestational period, elucidation of its upstream reg-
ulators, as well as further identification of its downstream
targets in the placenta, including in trophoblast. Never-
theless, the established link between hypoxia and PPARg in
mouse TS cells can serve as a starting point for further in-
vestigation of the crosstalk between these two pathways in
both animal models and diseased human placentae.
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