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ABSTRACT
Cytotrophoblast (CT) cell fusion into a syncytiotrophoblast is obligatory for placentation and mediated by the human endogenous retrovirus

(HERV)-W envelope gene Syncytin-1. Abnormal placentation is associated with preeclampsia (PE), HELLP and intrauterine growth restriction

(IUGR). In placentogenesis, the MAP-kinase p38a regulates PPARg/RXRa signaling and target genes, like leptin, resistin, ABCG2, and hCG.

The aim of this study was to analyze PPARg/RXRa signaling and target gene regulation using primary CT cultures, the trophoblastic cell line

BeWo and placental tissues from patients with normal and abnormal placentation. CT from four different human control placentae and BeWo

cells demonstrated that Syncytin-1, other signaling members and CT cell fusions were regulated with PPARg/RXRa activators troglitazone

and 9-cis retinoic acid, via protein kinase A and p38a inhibition. Significant discordant regulations between CTs and BeWo were found. Two

PPARg/RXRa-response-elements from upstream regulatory elements and the 50LTR of HERV-W were confirmed with DNA-protein binding

assays using nuclear extracts and recombinant PPARg/RXRa proteins. These promoter elements were validated with luciferase assays in the

presence of PPARg/RXRa modulators. Furthermore, troglitazone or 9-cis retinoic acid treatment of siRNA-PPARg and siRNA-RXRa

transfected BeWo cells proved the requirement of these proteins for Syncytin-1 regulation. Thirty primary abnormal placentae from PE,

HELLP and IUGR patients compared to 10 controls showed significant deregulation of leptin RNA and protein, p38a, phospho-p38a, PPARg,

ABCG2, INSL4 and Syncytin-1. Our study characterized PPARg/RXRa signaling in human CT and cell fusions identifying Syncytin-1 as a new

target gene. Based on these results, a disturbed PPARg/RXRa pathway could contribute to pathological human pregnancies. J. Cell. Biochem.

113: 2383–2396, 2012. � 2012 Wiley Periodicals, Inc.
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D uring the first 11 days of pregnancy, placental cytotropho-

blasts (CTs) differentiate along two pathways: the invasive

and the fusion pathways. Extravillous CT (EVCT) are essential for

invasion into uterine stromal tissues and for remodeling of spiral

arteries to generate the utero-placental circulation [Pijnenborg et al.,

1983]. During the fusion pathway, villous CT (VCT) fuse to form a

multinuclear syncytiotrophoblast layer (SCT), which facilitates

the maternal-fetal exchange of nutrients, gas and waste products.

Throughout pregnancy, enlargement and maintenance of the SCT

occurs by fusion of single CT into the existing SCT [Potgens et al.,

2002]. In addition, the SCT is important for steroid and peptide

hormone synthesis including human chorionic gonadotrophin

(hCG), human placental lactogen (hPL), leptin and immunologic

functions [Jameson and Hollenberg, 1993; Masuzaki et al., 1997].
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One member of the human insulin-family, the early placenta

insulin-like peptide (EPIL, INSL4) is highly expressed in placenta

and is 10-fold higher expressed in SCT as compared to CT [Laurent

et al., 1998], supporting an important role in differentiation. The

envelope gene of the human endogenous retrovirus (HERV)-W,

Syncytin-1, on chromosome 7q21.2, is a key factor for mediating

cell fusion of CT [Mi et al., 2000; Frendo et al., 2003]. Syncytin-1 is a

membranous glycoprotein expressed in both VCT and EVCT as well

as in the SCT layer. Trophoblastic cell lines, such as BeWo were

derived from rare malignant choriocarinomas and used as a model

system for CT and cell fusion [Orendi et al., 2011].

The p38a (MAPK14) kinase is essential for trophoblast develop-

ment and placental vascularization in mice and initiation of human

trophoblast differentiation [Daoud et al., 2005]. In CT, p38a was

shown to directly regulate the peroxisome-proliferator-activated

receptor g (PPARg), a member of the superfamily of nuclear

receptors regulating glucose homeostasis, adipocyte differentiation,

lipid storage, and release [Lehrke and Lazar, 2005; Schild et al.,

2006]. In similarity to p38a knock-out mice, PPARg (�/�) mice

showed varying degrees of deficient vascularization and growth

restriction [Allen et al., 2000; Mudgett et al., 2000]. PPARg is

specifically expressed in VCT, EVCT, and SCT, and plays a key role in

human placentogenesis influencing differentiation of both EVCT

and VCT [Tarrade et al., 2001]. The p38a inhibitor SB203580 acts

through reversible binding of the ATP pocket leading to PPARg

inhibition [Badger et al., 1996]. On the other hand, PPARg is directly

activated by oxidized and nitrated fatty acids, like 15-deoxy-

D12,14-prostaglandin J2 (15D-PGJ2), 9-hydroxyoctadecadienoic

acid (9-HODE) and 13-hydroxyoctadecadienoic acid (13-HODE),

the latter two being oxidized fatty acids present in low-density

lipoproteins [Forman et al., 1995; Nagy et al., 1998]. The synthetic

PPARg binding ligands rosiglitazone (Avandia1), pioglitazone

(Actos1) and troglitazone (Rezulin1) are thiazolidinedione deriva-

tives used for the treatment of type 2 diabetes, but have several

adverse side effects [Willson et al., 1996] and are partly withdrawn

from the market. Indirect PPARg activation has also been

demonstrated especially through cross-talk of other signaling

pathways, for example, via stimulation of adenylate cyclase and

PKA phosphorylation by forskolin [Lazennec et al., 2000].

Interestingly, forskolin is a known inducer of Syncytin-1 and cell

fusions as mediated by cAMP and the cAMP responsive binding

element protein in primary CT cultures, choriocarcinoma and

endometrial carcinoma cells, and therefore is linked with cell

differentiation [Strauss et al., 1992; Strick et al., 2007].

The PPARs, like many non-steroid members of the nuclear

receptor family, function as obligate heterodimers with retinoid X

receptors (RXR) [Chawla et al., 2001]. Crystallization studies showed

that PPARg and RXRa form a non-symmetric complex, where some

of these protein/protein interfaces involved the DNA-binding

domains of PPARg and RXRa The PPARg ligand binding domain

was shown to cooperate with both PPARg and RXRa DNA-binding

domains to enhance response-element binding [Chandra et al.,

2008]. Heterodimers bind to the PPAR-response-element (PPRE)

composed of two direct-repeat sequences, separated by one or

two nucleotides in the promoter region of target genes. PPARg has

been shown to bind the 50 half of the PPRE whereas RXR binds the 30

half. Interestingly, direct activation of RXRa following 9-cis-

retinoic-acid ligand binding, PPARg1 and g2 represses or activates

transcription of target genes by forming heterodimers with RXRa, or

by each binding as homodimers to the response elements (PPRE/

RXRE) [Jpenberg et al., 1997]. Additionally, nuclear receptor co-

activators, including members of the steroid receptor coactivator

(SRC) family, contain LXXLL motifs that dock to the ligand binding

domain [McKenna and O’Malley, 2002].

Specific PPARg target genes for placental development include

leptin, resistin [Masuzaki et al., 1997; Yura et al., 2003], hCG

[Tarrade et al., 2001] and the xenobiotic transporter ABCG2

[Szatmari et al., 2006]. In early pregnancy, maternal leptin levels

correlate with hCG, rise towards the end of pregnancy and then

decrease at birth [Hardie et al., 1997]. Besides the classical function

of hCG to maintain steroid hormone production in the corpus

luteum of early pregnancy, it represents a biochemical differentia-

tion marker, which is secreted by SCT and correlates with CT cell–

cell fusion [Masuzaki et al., 1997; Tarrade et al., 2001]. Suppression

of ABCG2 using siRNA was shown to result in increased apoptosis

and decreased expression of cell fusion markers like hCG and

Syncytin-1 [Evseenko et al., 2007], supporting a critical role for

ABCG2 in placental development.

There are several pathological pregnancy syndromes, character-

ized by abnormal placental development and function, which can

also result in a systemic maternal syndrome. Preeclampsia (PE)

is a common pregnancy disorder characterized by hypertension,

proteinuria and edema and can lead to maternal and fetal morbidity

and mortality [Wilson et al., 2003]. Another rare but severe

pregnancy complication is the development of a hemolysis elevated

liver enzymes and low platelets (HELLP) syndrome [Sibai, 2004].

Intrauterine growth restriction (IUGR) represents impaired fetal

growth and development with an incidence from 4% to 7% live

births and can occur alone or in combination with PE and HELLP

[Wilson et al., 2003]. Leptin deregulation was shown in PE and

diabetic pregnancies where leptin mRNA expression was elevated in

placental tissue [Lea et al., 2000]. In term placental tissues from PE,

PE/IUGR, HELLP/IUGR and IUGR patients, lower Syncytin-1

expression levels were found using quantitative real time PCR

and protein levels. Interestingly, low Syncytin-1 expression levels

were also confirmed with cultured primary CT from these same

placentae and impaired cell fusion was observed [Lee et al., 2001;

Langbein et al., 2008; Ruebner et al., 2010].

Due to a strong association of PPARg/RXRa signaling during

placental development, especially SCT differentiation, the aim of

this study was to examine PPARg/RXRa signaling and cell fusion

using a primary CT culture system and the BeWo trophoblast cell

line. Gene expression differences from cell cultures were compared

to abnormal placentae from PE, HELLP, IUGR patients and healthy

controls to determine, if deregulated PPARg/RXRa signaling plays a

role in these placental disorders.

MATERIALS AND METHODS

FRACTIONATION AND CULTIVATION OF CYTOTROPHOBLASTS

Human CT were isolated from 4 independent control term

placentae and 300,000 viable cells/cm2 were cultured [Kliman
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et al., 1986; Langbein et al., 2008; Ruebner et al., 2010]. CT viability

was routinely determined over 85% using trypan blue exclusion

and 86–90% of the fractionated cells were trophoblastic and

10–14% non-trophoblastic using multiple FACS (FACSCalibur, BD-

Biosciences) with HLA-A,B,Cþ (10–14%), Cytokeratin 7þ (95–98%)

and CD45þ (2.5–4.5%) antibodies (HLA-A,B,C/PE Biolegend,

Netherlands; Cytokeratin 7/PE: Santa Cruz Bio, Germany; CD45/

FITC: Miltenyi Biotec, Germany) [Ruebner et al., 2010]. Four hours

after the cells were seeded, the media was changed and the PPARg

activator troglitazone (TZ; 10mM; Calbiochem) and the RXRa 9-cis

retinoic acid (9-cis-RA) activator (0.1mM; Sigma) were added to CT

cultures for 72 h and then harvested for gene and protein expression

or analyzed for cell fusion. Also tested were forskolin (FK; 40mM;

Sigma) to stimulate the PPARg/RXRa signaling pathway

indirectly through cross-talk via cAMP, the p38a (MAPK14) kinase

inhibitor SB203580 (10mM; Sigma) and direct PPARg natural

ligands including 15D-PGJ2, 13-HODE, 9-HODE and 15-HETE (all

10mM; all from Biozol, Eching). Forskolin at 40mM was used

according to Strick et al. [2007] and Langbein et al. [2008]. TZ,

SB203580 and the natural ligands were used at 10mM according to

Schild et al. [2006]. We also performed a drug concentration kinetic

for 9-cis-RA (10–200 nM) and determined viability by trypan blue

cell staining. Our criterion for the drug concentration used was the

highest concentration, which demonstrated cell viability >85%

along with 18S-rRNA integrity similar to untreated cells using real

time PCR. The choriocarcinoma cell line BeWo was cultured in

Hams-F12 media (Invitrogen) and treated with the same drug

concentrations as CTs.

PLACENTAL COHORT COLLECTIVES

For gene expression studies, a total of 40 different placentae were

analyzed from patients including controls (n¼ 10), PE (n¼ 10),

HELLP (n¼ 10), and IUGR (n¼ 10; Supplemental Table 1). The

diagnosis of IUGR, PE and HELLP was based on general accepted

criteria previously described in Langbein et al. [2008] and Ruebner

et al. [2010]. None of the patients had diabetes or received PPARg

agonists. Human placentae were collected with the approval of the

Ethics Committee at the University of Erlangen-Nuremberg after

elective Caesarean section and written consent of the patients.

Placenta specimens were sampled from the fetal–maternal interface

near cord insertion and snap frozen in liquid nitrogen and stored

at �808C until use.

RNA EXTRACTION AND REAL TIME PCR

RNA extraction, cDNA synthesis, Syncytin-1 absolute quantitative

PCR (qPCR) and semi-quantitative real time PCR (sqPCR) for all

other genes were performed from CT cell cultures harvested at day 3

or from 50 to 100mg placenta tissues according to Langbein et al.

[2008] and Ruebner et al. [2010]. SYBR-Green based qPCR requires

the gene of interest cloned and implements a standard curve

[cT (molecules) per concentration], where every cT data of this gene

can be calculated as copy number/molecules per concentration of

total RNA [Ruebner et al., 2010]. For qPCR, Syncytin-1 was cloned

in a TopoTA vector (Invitrogen) and a standard curve was

generated (g¼�3.3609; t¼ 35.706; R2¼ 0.9919) [Ruebner et al.,

2010]. SqPCR describes the relative expression of the gene of

interest relative to an internal control using the comparative 2�DDCT

method. The following TaqMan assays were used for sqPCR

(Applied Biosystems): PPARg (Hs00234592_m1), RXRa

(Hs00172565_m1), p38a (Hs00176247_m1), SRC (Hs00186661_m1),

SMRT (Hs00196955_m1), Gcm-1 (Hs00172692_m1), resistin

(Hs00220767_m1), leptin (Hs00174877_m1), INSL4 (Hs00171411_m1)

and ABCG2 (Hs00184979_m1). Co-amplification of 18S-rRNA and

an independent patient cDNA were used as internal controls and for

normalization.

EMSA

Nuclear extracts were prepared using a protocol from Andrews and

Faller [1991], which entailed CT culturing for 3 days under the

influence of 10mM TZ to activate PPARg. Plasmid DNAs for pCMX-

mouse (m) PPARg, pCMX-human (h) RXRa and pCMX-mRXRa

(generous gifts from Prof. Dr. Ronald M. Evans, The Salk Institute for

Biological Studies, USA) were used in in vitro transcription–

translation assays (TNT1 Coupled Reticulocyte Lysate Systems;

Promega) according to manufactures’ instructions. EMSA was

according to Strick et al. [2007] using nuclear extracts or in vitro

translated PPARg/RXRa proteins incubated with 32P-labeled

double-stranded oligonucleotides of a known positive control

Mucin-1 PPRE, HERV-W PPRE-1, HERV-W PPRE-2 and a mutant

HERV-W PPRE-1 (primer sequences Supplemental Table 5).

LUCIFERASE ASSAYS

Six fragments from the HERV-W 50LTR promoter and upstream

regulatory regions were cloned into the luciferase plasmid

pGL3basic (Promega). All primers were designed with a KpnI (TF)

andHindIII (BR) restriction site for cloning. The full-length URE/U3/

R/U5 fragment containing PPRE-1-3 was cloned using the following

primers (primer sequences Supplemental Table 5). Syn1-UTR-TF and

Syn1-LTR-BR; the URE/U3/R containing PPRE-1-2 using Syn1-

UTR-TF and Syn1-R-BR; the U3/R/U5 region containing PPRE2& 3

using Syn1-LTR-TF and Syn1-LTR-BR; the URE containing PPRE-1

using Syn1-UTR-TF and Syn1-UTR-BR; the U3/R containing PPRE-

2 using Syn1-LTR-TF and Syn1-R-BR and the U5 region containing

PPRE-3 using Syn1-U5-TF and Syn1-LTR-BR. Luciferase assays

(Roche) along with direct and indirect activators or inhibitors of

PPARg/RXRa signaling were done in parallel with six independent

transfections of BeWo trophoblastic cells using the JetPEI

transfection reagent (peqlab, Erlangen) then analyzed 48-h post-

transfection (2mg 50LTR plasmids for the promoter assay and a

transfection control with 2mg of the b-galactosidase expression-

plasmid pSVbGal (Promega). Statistics were performed with a

minimum of six measurements per plasmid. All luciferase values for

each construct were normalized to pGL3basic (promoter assay) and

b-galactosidase (transfection control).

siRNA MEDIATED KNOCK-DOWN OF PPARg AND RXRa

Specific siRNA against PPARg and RXRa (Ambion, Life technolo-

gies) were transfected in 70%-confluent BeWo cells with a

concentration of 60 nM using HiPerFect (Qiagen) according to

manufactures’ protocols and Strick et al. [2007]. After 7-h

transfection, media was removed. A mock siRNA (Alexa488

scrambled negative siRNA, Qiagen) was used as a control siRNA,
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demonstrating >80% transfection efficiency by microscopy.

Therefore, these conditions were implemented for all other siRNA

experiments. A double transfection with siRNA against PPARg and

RXRawas performed with a concentration of 30 nM for each siRNA.

After 48-h siRNA post-transfection when protein levels were

significantly reduced, 10mM TZ or 100 nM 9-cis-RA were added to

the cells, incubated for an additional 72 h and then the RNA was

harvested. All single and double siRNA transfections were

performed six times and then statistically normalized to the siRNA

transfected PPARg and RXRa untreated drug controls set to one.

STAINING OF MULTINUCLEATED FUSED CELLS AND HCG

MEASUREMENTS

At day 3 for all CT and BeWo cell cultures, supernatants were

assayed in duplicates for the CT to SCT differentiation marker hCG

using an Immulite2000 (DPC). Cells were also stained with the

specific membrane stain wheat germ agglutinin conjugated with

Alexa 594 and the nuclear stain Hoechst 33342 (Molecular Probes)

according to Strick et al. [2007] and Ruebner et al. [2010]. Images

were acquired using an Olympus BX51 microscope with Olympus

color-view and applying the program Cell-F. The fusion index (FI) as

well as the average number of nuclei per SCT were calculated

according to Langbein et al. [2008] and Ruebner et al. [2010].

Detection and quantification of giant nuclei in BeWo cells after 72-h

culturing were also performed according to Hoechst 33342 staining

and met the criteria of an over threefold nuclear diameter compared

to normal BeWo nuclei.

ELISA AND IMMUNOBLOTS

For leptin protein quantification, lysates from placentae and

primary CT cultures at day 3 (in duplicates) were analyzed using

the human leptin duoSet ELISA (R&D, Wiesbaden) according to

manufactures’ instructions. Syncytin-1 protein expression and

quantification was performed with 15mg of cell lysates and immune

blotted with a SU-specific antibody (1:1,000, Abnova, Offenbach,

Germany) and a b-actin specific antibody (Sigma) according to

Ruebner et al. [2010]. To determine phosphorylated p38a in lysates

from placental tissues, a phospho-p38a Immunoassay (R&D,

Wiesbaden) was performed according to the manufactures’

instructions.

STATISTICAL ANALYSIS

All data were expressed as a mean� SEM. Differences were assessed

using the independent-sample t-test and Mann–Whitney U-test

(PASW19.0.0.1, IBM SPSS, Inc.). A P-value of<0.05 was considered

statistically significant.

RESULTS

PPARg/RXRa SIGNALING ENHANCED GENE EXPRESSION OF

LEPTIN, hCG, THE NEW TARGET GENE SYNCYTIN-1 AND CELL

FUSION IN PRIMARY CT CULTURES

Our previous studies found that cultured control primary CT peak at

day 3 in cell fusion, Syncytin-1 gene expression and hCG secretion

[Langbein et al., 2008; Ruebner et al., 2010]. Therefore, we employed

this assay to study PPARg/RXRa signaling, target gene regulation

and cell fusion. Control placenta CT (n¼ 4) were incubated with

direct PPARg/RXRa activators (TZ, 9-cis-RA) or by an indirect

PPARg/RXRa activator and inhibitor (FK, SB203580) then analyzed

for gene and protein expression and cell fusion at day 3 (Fig. 1).

Results of gene expression studies showed that direct or indirect

activation or inhibition of PPARg/RXRa signaling had no

significant effect regarding the members PPARg, p38a and SRC

compared to untreated cultures (Fig. 1A, Supplemental Table 1).

Although the PPARg ligand TZ did not increase leptin gene

expression to significant levels, leptin protein rose significantly to

twofold (Fig. 1B). Compared to untreated cultures, TZ also induced

a significant increase of ABCG2 (2.8-fold), Syncytin-1 (5.2-fold),

hCG (3.7-fold) and the cell fusion index (FI; 1.2-fold) (Fig. 1,

Supplemental Table 1). Stimulation of PPARg/RXRa signaling via

9-cis-RA resulted in a similar differential gene regulation resulting

in inhibition and activation of genes. For example, 9-cis-RA

significantly down regulated INSL4 (15.4-fold), whereas Syncytin-1

(2.9-fold) and hCG secretion (1.7-fold) were significantly up-

regulated. 9-cis-RA also showed a significant induction of the cell

FI and number of nuclei per SCT. The incubation of control CT with

other PPARg natural ligands, like 15D-PGJ2, 13-HODE, 9-HODE and

15-HETE showed on day 3 a significant induction of hCG with 15D-

PGJ2 (3-fold), of leptin mRNA for 15D-PGJ2 (9.2-fold) and 9-HODE

(2.1-fold) and for Syncytin-1 with all four ligands (Supplemental

Fig. 1). Interestingly, the highest induction for Syncytin-1 was

observed with 9-HODE at 19.3-fold compared to control.

Stimulation of PPARg/RXRa signaling by PKA via FK, a

significant induction was noted for both leptin gene (9.4-fold)

and protein expression (2.0-fold), Syncytin-1 (6.8-fold), hCG

secretion (5.4-fold) and the number of nuclei per SCT from 4.5 to

7.4 (Fig. 1, Supplemental Table 1). On the other hand, the p38a

inhibitor SB203580 showed statistically significant inhibition of the

INSL4 gene (154.0-fold), the leptin gene (18.7-fold) and protein

expression (8.6-fold); a reduction of Syncytin-1 (3.8-fold), hCG

secretion (424.2-fold) and the cell FI (2.6-fold; P< 0.0001). Taken

together, the above findings identified Syncytin-1 as a new PPARg/

RXRa target gene in primary CT cultures. In addition, the

modulation of cell fusion by PPARg/RXRa pathway signaling

points to direct regulation of CT differentiation to SCT, via Syncytin-

1 a known mediator of placental CT cell fusion.

SPECIFIC BINDING OF CT NUCLEAR EXTRACTS, PPARg AND RXRa

PROTEINS TO HERV-W 5(LTR PPREs

From 50 to 30, a sequence analysis of the 50LTR of HERV-W showed

three putative PPREs (PPRE-1, -2, -3) with a range of 61–77%

homology to the PPRE consensus (Fig. 2A). The PPRE-3 locates 30 to
the TATA-box and was predicted as non-functional regarding

transcriptional regulation [Prudhomme et al., 2004; Cheng and

Handwerger, 2005]. Therefore, the HERV-W 5́-LTR PPRE-1 and -2, a

mutant PPRE-1 and the PPRE of Mucin-1, a known placental PPARg

target gene [Shalom-Barak et al., 2004] were compared using EMSA

analysis with nuclear extracts from CT cultures and recombinant

PPARg and RXRa proteins (Fig. 2A). EMSA results demonstrated

that the Syncytin-1 PPRE-1 bound specifically to nuclear extracts,

but not with a mutant Syncytin-1 PPRE-1 (Fig. 2B). In order to prove
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that PPARg/RXRa heterodimers or homodimers could specifically

bind to the HERV-W PPRE-1 sequence, in vitro translated mouse

and human PPARg and RXRa proteins were tested. Both single and

combined PPARg and RXRa recombinant proteins demonstrated

specific binding to the HERV-W PPRE-1, however, a combination of

mouse PPARg and RXRa did not enhance DNA-binding compared

to single protein experiments (Fig. 2C). Using the same EMSA

conditions the 50LTR PPRE-2 of HERV-W also demonstrated specific

nuclear extract and recombinant PPARg/RXRa protein binding

(Fig. 2D). In summary, both PPRE-1 and -2 in the 50LTR of HERV-W

bound specifically to CT nuclear extracts and PPARg and RXRa

recombinant proteins.

DIFFERENTIAL GENE AND CELL FUSION REGULATION WITH

PPARg/RXRa ACTIVATORS AND INHIBITORS IN BeWo CELLS

Similar to primary CT cultures, BeWo trophoblastic cells were also

treated with TZ, 9-cis-RA, FK and SB203580 and analyzed on day 3

for comparison. TZ significantly stimulated gene expression of

RXRa (3.6-fold), SMRT (2.3-fold), INSL4 (6.7-fold), leptin (5.6-fold),

the transcriptional activator Gcm-1 (3.7-fold), hCG protein levels

(1.4-fold) and the FI (2-fold; Fig. 3). However, for Syncytin-1, we

observed a 1.6-fold inhibition with TZ cell treatment (Fig. 3A). 9-cis-

RA significantly induced Syncytin-1, leptin, INSL4, hCG and the FI

(Fig. 3, Supplemental Table 2). SB203580 on the other hand

significantly inhibited SRC, INSL4, Leptin, Syncytin-1 and hCG. The

activator FK stimulated PPARg, INSL4, Leptin, Syncytin-1, Gcm-1,

hCG, and FI, but inhibited RXRa and SRC. Importantly, as

demonstrated above, comparing fractionated CT with BeWo showed

many similarities, but also clear differences were found upon drug

treatment. For example, TZ significantly inhibited RXRa in CT, but

was stimulated in BeWo. TZ also stimulated Syncytin-1 in CT, but

was inhibited in BeWo. The significant inhibition of Syncytin-1 with

TZ in BeWo was confirmed in two other choriocarcinoma cell

lines JAR (fivefold with TZ compared to control; P¼ 0.009) and Jeg3

Fig. 1. Gene expression, protein quantification, and cell fusion of cultured primary control CT treated with PPARg/RXRa inhibitors and activators. A: Histographs represent the

mean expression from four different CT cultures (four different placentae) after 72 h in culture in fold-changes compared to control (Y-axis) for each gene indicated below

following treatment of CT with inhibitors and activators (top inset). Statistical significances (�P< 0.05; ��P< 0.005) are indicated; B: Histographs representing fold-change of

leptin and hCG protein levels, cell fusion index, and nuclei per SCT. Statistical significances (�P< 0.05; ��P< 0.005) are indicated. All values are listed in Supplemental Table 1.

C: CT cell cultures on day 3 demonstrating examples of cell fusions corresponding to (B), following no treatment (control), and treatment with the p38a inhibitor SB203580 and

three PPARg/RXRa activators. Cells were stained with cell membrane stain (agglutinin 594¼ red) and counterstained with Hoechst 33342 to identify nuclei (blue).

Syn1, Syncytin-1. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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(4.9-fold with TZ compared to control; P¼ 0.009; data not shown).

Additionally, 9-cis-RA inhibited INSL4 in CT, but was stimulated in

BeWo (Figs. 1A and 3A). Another difference was the microscopic

detection of giant nuclei in BeWo, but not in CT. These giant nuclei

were over threefold the size of normal nuclei in BeWo and were

significantly up-regulated with FK and inhibited with 9-cis-RA and

SB203580 (Fig. 3C).

HERV-W PROMOTOR AND LUCIFERASE ASSAYS

Based upon our above findings supporting Syncytin-1 as a PPARg

and RXRa target gene in placentogenesis we tested, if the different

PPREs in the HERV-W 50LTR and the adjacent upstream regulatory

element (URE) could function in luciferase assays. We tested six

different HERV-W 50LTR and adjacent URE luciferase constructs in

BeWo cells with the same activators and inhibitors of PPARg and

RXRa used in our culture analysis (Fig. 4). We predicted that these

constructs would determine promoter activity in conjunction with

transcriptional gene activation or inhibition via PPREs. Normalized

luciferase values showed that the highest basal promoter activity in

BeWo cells stemmed from the URE/U3/R compared to the full-length

construct (618.68� 33.52-fold vs. 250� 7.18-fold). The finding that

the U5 region alone harboring the PPRE-3 conferred non-significant

luciferase activity (11.53� 2.10) not only supports a lack of innate

U5 promoter activity in HERV-W but also inhibitory cooperative

Fig. 2. EMSA analysis of HERV-W PPRE1 and PPRE2. A: DNA 50 sequences of HERV-W PPREs used in EMSA analysis in B–D. The percent similarity to the PPRE consensus is

shown for each fragment. B: EMSA analysis using gene DNA fragments (below) with indicated ml nuclear extracts (NE). DNA specific DNA/protein shifts are indicated with

arrows. C: EMSA analysis using the HERV-W PPRE1 gene DNA fragment (below) with ml nuclear extracts (NE), or ml of the recombinant proteins human RXRa, mouse RXRa and

mouse PPARg. The specific DNA/protein shift (1) is indicated to the right. The DNA/protein shifts (2 and 3) represent non-specific DNA interactions. D: EMSA analysis using the

HERV-W PPRE2 gene DNA fragment with ml nuclear extracts (NE), or ml of the recombinant proteins human RXRa, mouse RXRa and mouse PPARg. Two specific DNA/protein

shifts are indicated to the right as arrows.
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properties, for example, possibly with the URE inhibitory

domains (MaLR) in the full-length construct (Fig. 4). Since both

the 50LTR U3/R/U5 construct and the U3/R construct were similar in

basic luciferase activity (117.08� 7.94-fold vs. 73.74� 5.46-fold)

supports that significant promoter activity can be driven from the

U3/R region alone. Analyzing the URE alone showed almost no

luciferase activity (4.99� 2.77) and thus represents a lack of innate

promoter activity. However, comparing luciferase activity in

the presence or absence of the URE, for example, URE/U3/R and

the U3/R constructs supports positive cooperative interactions via

specific regulatory elements in the HERV-W URE possibly the

positive regulatory activity 307 bp upstream of the MaLR (Fig. 4).

Regarding luciferase values following transcriptional induction

with TZ, 9-cis-RA and FK demonstrated that the full-length

construct containing all three PPREs had the highest statistically

significant inducible luciferase activity compared to basal promoter

activity (Fig. 4). Furthermore, treatment with FK resulted in

significant luciferase induction among all constructs containing

the U3 region, which was contributed not only through indirect

induction of PPARg/RXRa activity via PKA, but also by cAMP

activation leading to CREB binding of the FK responsive element

(Fig. 4). Separation of PPREs, for example, URE/U3/R with PPRE-1

and -2 and the U3/R/U5 with PPRE-2 and -3 showed lower overall

induction with TZ, 9-cis-RA and FK compared to the full-length

Fig. 3. Gene expression, protein quantification, and cell fusion of cultured BeWo cells treated with PPARg/RXRa inhibitors and activators. A: Histographs represent expression

in fold-changes compared to control (Y-axis) for each gene indicated below following treatment of BeWo with inhibitors and activators (top inset). Four independent

experiments were performed. Statistical significances (�P< 0.05; ��P< 0.005) are indicated; B: Histograph represents fold-change of hCG-protein levels, cell-fusion index,

nuclei per SCT, and giant nuclei. Statistical significances (�P< 0.05; ��P< 0.005) are indicated. All values are listed in Supplemental Table 2. C: BeWo cultures on day 3

demonstrating examples of cell fusions, following no treatment (control), treatment with inhibitor SB203580 and three activators. Cells were stained with cell membrane stain

(agglutinin 594¼ red) and counterstained with Hoechst 33342 for nuclei (blue). Arrows indicate cell fusions, arrow heads indicate giant nuclei. Syn1, Syncytin-1;

Bars¼ 50mm. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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construct URE/U3/R/U5, but led to statistically significant luciferase

induction. Interestingly, the URE harboring PPRE-1 alone showed

no drug induction. In contrast to all activation studies, treatment of

transfected BeWo cells with the p38a inhibitor SB203580

demonstrated statistically significant down-regulation of luciferase

activity regarding the full-length, the URE/U3/R and the U3/R/U5;

whereas URE, U3/R and U5 alone showed no changes compared to

untreated controls (Fig. 4).

KNOCK-DOWN OF PPARg AND/OR RXRa GENES USING

SPECIFIC siRNA

Knock-down of PPARg and RXRa in BeWo cells was performed with

specific siRNA-PPARg and siRNA-RXRa to also prove specific

Syncytin-1, Leptin, INSL4 and hCG target gene regulation (Fig. 5). A

negative siRNA mock transfection control showed the same TZ and

9-cis-RA induction patterns for target genes compared to non-

transfected BeWo cells (Figs. 3A and 5B). Following 48-h siRNA-

PPARg and siRNA-RXRa inhibited the RNA and protein expression

of PPARg 89% and RXRa 77% in BeWo cells (Fig. 5A and data not

shown). Furthermore, we reasoned that TZ or 9-cis-RA treatment

of PPARg and RXRa knock-down cells would further prove

transcriptional regulation by PPARg and RXRa. For example,

following TZ treatment of PPARg knock-down cells resulted in no

inhibition of Syncytin-1 expression in contrast to controls,

supporting a requirement for PPARg (Fig. 5B,C). However, TZ

treatment of RXRa knock-down cells led to a significant reduction

of Syncytin-1 expression similar to controls, supporting PPARg

binding (Fig. 5B,D). On the other hand, 9-cis-RA treatment of PPARg

knock-down cells resulted in a significant increase of Syncytin-1

expression, supporting a strong involvement of RXR (Fig. 5C). In

line with these findings, 9-cis-RA treatment of cells lacking RXRa,

Syncytin-1 induction was blocked (Fig. 5D). Treatment of cells with

TZ or 9-cis-RA after the combined knock-down of PPARg and RXRa

Syncytin-1 expression showed no drug regulations demonstrating a

specific requirement for both proteins (Fig. 5E).

Other PPARg and RXRa gene targets like hCG, Leptin and INSL4

also showed a requirement for PPARg and RXRa in knock-down

experiments following TZ or 9-cis-RA cell treatment. HCG

demonstrated no gene inductions with either TZ or 9-cis-RA

treatment in all single or double PPARg and RXRa knock-down

experiments, supporting a need for both proteins. On the other hand,

Leptin and INSL4 showed additional regulatory differences. For

example, INSL4 expression levels remained significantly up-

regulated in PPARg knock-down and in combined PPARg-RXRa

knock-down cells after TZ induction (Fig. 5C,E). Leptin was induced

in RXRa knock-down cells after 9-cis-RA treatment (Fig. 5D). These

findings support homodimerizations or the involvement of other

PPAR and RXR family members.

Fig. 4. Luciferase assays of six constructs from the 50 HERV-W promoter region. URE and 50LTR (U3/R/U5) of HERV-W construct represents 1217 base pairs in total and

different deletion constructs below. PPREs 1–3 are indicated. Right diagram indicates fold-luciferase activity compared to the pGL3-basic vector represented as histographs

with each corresponding construct (left) of BeWo transfected cells following þ/� treatment with Troglitazone, retinoic acid (9-cis-RA), forskolin and SB203580 (right inset).

Six independent transfections were performed. Standard error of the mean and statistical significance (�P< 0.05) are indicated. MaLR, truncated non-autonomous mammalian

apparent LTR retrotransposon; TSE, trophoblast specific enhancer. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/

journal/jcb]
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EXPRESSION OF PPARg/RXRa SIGNALING MEMBERS AND TARGET

GENES IN PATHOLOGICAL PLACENTAL TISSUES

Primary placental tissues from four independent cohorts including

control (n¼ 10), PE (n¼ 10), HELLP (n¼ 10), and IUGR (n¼ 10)

patients were analyzed for gene expression of PPARg/RXRa

signaling in order to compare with the results of CT and BeWo

experiments (Fig. 6, Supplemental Table 3 for clinical data). In

addition to gene expression, we also performed Western analysis

using a Syncytin-1 antibody and an ELISA for phospho-p38a and

leptin to determine protein changes between the placenta cohorts

(Fig. 6B,C, Supplemental Table 4). Regarding signaling members,

significantly reduced gene expression levels of PPARg and p38a in

PE (2.1-fold, 1.4-fold), and SMRT in IUGR (1.4-fold) and of the

active phosphorylated p38a protein in PE (2.1-fold) and IUGR (3.7-

fold) were observed, supporting aberrant signaling (Fig. 6A). On the

other hand, the gene expression of all other PPARg/RXRa signaling

members in pathological placentae showed no significant changes

compared to controls. At the level of PPARg/RXRa target gene

expression, INSL4 showed significant down regulation in IUGR

placentae (2.7-fold; P¼ 0.015) and ABCG2 in HELLP placentae

compared to control (1.8-fold; P¼ 0.027). Leptin gene expression

was statistically, significantly up-regulated in all three pathological

placentae, PE (39-fold), HELLP (14.8-fold) and IUGR (3.3-fold). In

addition, leptin protein levels were also significantly increased for

PE (2.7-fold) and HELLP (4.5-fold), but were reduced for IUGR by

3.2-fold compared to controls (Fig. 6, Supplemental Table 4).

Regarding gene and protein expression of the putative PPARg/

RXRa target gene Syncytin-1, the number of molecules/ng cDNA or

normalized Syncytin-1 protein levels demonstrated a significant

reduction in all three pathological placentae (PE 2.1-fold; HELLP

1.8-fold; IUGR 2.9-fold) compared to control placentae (Fig. 6,

Supplemental Table 4).

DISCUSSION

During the first trimester, PPARg is detected in both villous and

extravillous CT, and during the third trimester in SCT, pointing to an

essential role for PPARg in placentogenesis and SCT maintenance

[Tarrade et al., 2001]. From this present investigation, we

determined in human primary CT and BeWo trophoblastic cells

that PPARg/RXRa signaling is directly regulating Syncytin-1 and

Fig. 5. Knock-down of PPARg and/or RXRa genes using specific siRNA.

A: Western immunohybridization of siRNA-PPARg and siRNA-RXRa trans-

fected BeWo cells using PPARg or RXRa antibodies at 36 and 48-h post-

transfection. Forty-eight hours post-transfection represented the time for

drug treatment of cells. A mock siRNA Alexa488 scrambled negative siRNA was

used as a transfection control (48 h). The fold-change for each protein

normalized to b-actin is shown below. B: Histographs represent the mean

expression in fold-changes for six independent transfections for each gene

normalized to the untreated (UT) mock transfected BeWo cells set to one

following treatment with either TZ or 9-cis-RA (Fig. 3A). C–E: Histographs

represent the mean expression in fold-changes of six independent transfec-

tions for each gene normalized to siRNA transfected control (no TZ or

9-cis-RA) set to one. Experiments represent single or double siRNA-PPARg

or siRNA-RXRa transfected BeWo cells treated with TZ or 9-cis-RA. Statistical

significances (�P< 0.05; ��P< 0.005). Syn1, Syncytin-1.
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cell fusion essential for SCT formation. In addition, our findings

implicating disturbed PPARg/RXRa signaling in pathological

human pregnancies brings forth new information relating to

regulation of placentogenesis and for understanding placental

disorders.

A model representing PPARg/RXRa signaling pathways includ-

ing the target gene Syncytin-1 is depicted in Figure 7 and is

supported by our findings. Regarding normal placentogenesis, direct

activation of PPARg/RXRa signaling in a ligand specific manner

with TZ or 9-cis-RA was shown to enhance SCT differentiation of

fractionated placental CT (Fig. 1). Syncytin-1 gene expression and

known PPARg/RXRa target genes were found specifically up- or

down regulated by TZ and 9-cis-RA or through cross-talk via p38a

MAP kinase or cAMP/PKA pathways. Furthermore, TZ or 9-cis-RA

treatment of PPARg and RXRa gene knock-down cells proved the

requirement of these proteins for Syncytin-1 regulation (Fig. 5).

Upon down regulation of Syncytin-1 expression via p38a inhibition

(SB203580) also led to an up-regulation of the co-repressor SMRT,

which represses PPARg transcriptional activity by blocking its

downstream action. Strikingly, since TZ and 9-cis-RA led to

significant increased CT cell fusion (FI) and together with the above

findings, supports the idea that upon PPARg/RXRa transcriptional

activation, Syncytin-1 induction contributes to the formation of the

placental SCT layer (Fig. 1).

Fig. 6. Gene expression of human placentae from patients with PE (n¼ 10), HELLP (n¼ 10), and IUGR (n¼ 10). A and B: Histographs represent the mean expression in

fold-changes for each gene or protein indicated below compared to control placentae (n¼ 10; Y-axis), which were set to a value of one. Statistical significances (�P< 0.05;
��P< 0.005) are indicated. All values are listed in Supplemental Table 4. Syn1, Syncytin-1. C: Example of an immunoblot of Syncytin-1 and ß-actin detected in cell lysates from

three of ten different control, PE, HELLP, and IUGR placentae shown in (B).

Fig. 7. Model of PPARg/RXRa cellular signaling. PPARg/RXRa signaling

based upon EGFR activation by EGF resulting in p38a induction and

ERK1/2 repression of PPARg. In addition, activation of PPARg by adenylate

cyclase (AC) induction is also indicated. PPARg/RXRa target genes analyzed in

this study are shown below. FK indirectly activates PPARg via AC and cAMP

induction, SB203580 is a direct inhibitor of p38a (MAPK14) kinase; L, ligands

of PPARg, like TZ as a synthetic activator of PPARg, as well as natural ligands

like 15-HETE, 9- or 13-HODE, and 15D-PGJ2; L, ligand of RXRa designated as

9-cis-RA, which is a natural activator of RXRa.
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FK was previously shown to induce PPARg indirectly via

stimulation of adenylate cyclase and PKA phosphorylation

[Lazennec et al., 2000]. Besides PKA, PPARg can also be

phosphorylated by the extracellular receptor kinase–mitogen

activated protein kinase and the 50-AMP-activated protein kinase

[Zhang et al., 1996; Leff, 2003]. In addition, FK directly activated

CREB binding to the upstream forskolin-responsive domain in the

U3 region of the HERV-W 50LTR and led to increased Syncytin-1

expression and cell fusions in CT and carcinomas [Prudhomme et al.,

2004; Strick et al., 2007] (Figs. 1B and 4). In the present study, FK

significantly activated PPARg/RXRa signaling in CT and BeWo cells

and resulted in the highest levels of leptin, hCG and Syncytin-1 and

an increase in the number of nuclei per fused cell or cell fusion when

compared to all other activators (Figs. 1 and 3). The fact that

Syncytin-1 evolved to be regulated by separate transcription factors

ensures increased expression levels for SCT formation essential for a

successful pregnancy.

It is important to note from our study that the comparison

of primary CT and BeWo cells after incubation with different

PPARg/RXRa signaling activators and an inhibitor showed several

similarities, but also significant antagonistic differences. An

example for a significant antagonistic effect between cultured CT

and BeWo, JAR and JEG cells was the RXRa and Syncytin-1

expression following treatment with TZ (Figs. 1 and 3). Despite

decreased Syncytin-1 levels following TZ treatment in BeWo, the FI

still increased significantly. One direct transcription factor of

Syncytin-1 Gcm-1 was significantly induced by TZ and FK in BeWo

cells (Fig. 3A, Supplemental Table 2). Chang et al. [2005]

demonstrated that transfected Gcm-1 was activated by FK and

protein kinase A in a reporter assay. FK induced Gcm-1, Syncytin-1

and the FI in BeWo cells, but the fact that TZ induced Gcm-1 and the

FI, but decreased Syncytin-1 could indicate that in the presence of

TZ other cell fusogenic genes like Syncytin-2 and envP(b) mediated

cell fusion [Ruebner et al., 2010; Strick et al., 2011]. It is also

noteworthy that the higher spontaneous cell FI of primary CT

(62.5� 5.6%) compared to a 9.2-fold lower FI of BeWo cells

(6.7� 1.4%) further points to a deregulation of cell fusion. In

addition, another difference to CT was the presence of giant nuclei in

BeWo cells after FK treatment (Figs. 1C and 3C). The origin or

formation of these giant nuclei is presently unknown, but

endoreduplication, as found in giant nuclei mouse trophoblasts

and tumor cells or endopolyploidy through fusion of nuclei is

conceivable [Strick et al., 2011]. In summary, we attribute that these

regulatory differences between primary CT and choriocarcinoma

cells are due to the tumor phenotype, which may also be important

for understanding the etiology of this rare disease.

Additional support for Syncytin-1 representing a new PPARg/

RXRa target gene came from EMSA, siRNA-PPARg and siRNA-

RXRa knockdown experiments and luciferase functional assays.

Since HERV-W PPRE-1 and PPRE-2 specific binding occurred with

CT nuclear extracts containing active PPARg and EMSA experi-

ments with recombinant mouse and human PPARg and RXRa

expressed proteins; this points to functional PPARg/RXRa

transcriptional regulation of Syncytin-1 in CT (Fig. 2). Further

support for PPARg and RXRa homo- or heterodimer binding stems

from results that recombinant mouse and human RXRa proteins

specifically bound alone or in combination. PPRE and RXRE DNA

binding motifs consist of two direct repeats similar to ‘‘AGGTCA’’

divided by a one nucleotide spacer [Tan et al., 2005]. Interestingly,

the specific DNA binding domain of the hetero-complex PPARg/

RXRa displays half-site selective binding that results in a polar

arrangement of their DNA binding domains, with PPARg residing

upstream of RXRa. Both PPARg and RXRa DNA binding domains

interact within the minor groove of the spacer, where PPARg

mediates more nucleotide base and phosphate backbone interac-

tions compared with RXRa. In addition, the PPARg hinge region

also has extensive DNA interactions as well, binding to the upstream

AAACT element, so-called extension site [Jpenberg et al., 1997].

Crystallization studies of PPARs showed that full agonists stabilized

helix H12 of the ligand binding domain in the active conformation

and partial agonists interacted with other regions than helix 12. In

addition, helix 12 also regulated the binding of the co-regulators

[Gampe et al., 2000; Waku et al., 2009]. Further data showed that

RXR binding to the 30half of PPRE was more stringent than PPARg

binding to the 50half of PPRE. The PPRE ‘‘50CGGCCAnAGGTCA’’
resulted in DNA binding, whereas the 50 to 30 switch to

‘‘50AGGTCAnCGGCCA’’ abolished all binding, indicating that

especially for RXR binding the 30half has to be the consensus

[Temple et al., 2005]. In contrast to the above finding, our EMSA

experiments demonstrated specific protein binding with HERV-W

PPRE-1, which has a consensus 30half, but also with PPRE-2,

harboring a non-consensus 30half (Fig. 2). A consensus prediction

for the 30half of the PPRE was not found using DNA binding

experiments in a comparative analysis [Juge-Aubry et al., 1997]. For

example, non-consensus 30half PPREs of human genes resulted in

over 70% DNA binding. In contrast to the HERV-W PPRE-1, which

had a 100% non-consensus extension site (0/6), the extension site of

PPRE-2 was 5/6 with the consensus (AACTt), indicating that the

PPARg hinge region could be more involved in DNA binding of the

PPRE-2.

SiRNA knock-down experiments of PPARg and RXRa demon-

strated additional PPAR and RXR regulations at the level of homo-

or heterodimers of target genes. Importantly, PPARa, PPARb and

PPARg as well as RXRa and RXRg were detected in human

placentae, which can form different scenarios of heterodimeriza-

tions [Jpenberg et al., 1997; Wang et al., 2002]. TZ treatment of

BeWo cells knock-downed for PPARg by siRNA resulted in no

inhibition of Syncytin-1, whereas 9-cis-RA induced its expression

(Fig. 5C). The following consequences of the latter would have been

possible: Heterodimers of other family members like PPARa or

PPARb with activated RXRa or RXRg or homodimerizations of

activated RXR could have been responsible for the Syncytin-1

induction. A combined knock-down of PPARg and RXRa showed no

regulation of Syncytin-1 in the presence of TZ or 9-cis-RA (Fig. 5E)

indicating the requirement of PPARg and RXRa for Syncytin-1

regulation. On the other hand, the induction of, for example, INSL4

in knock-down PPARg cells and following TZ treatment demon-

strated the possibility of heterodimerizations of other family

members of PPAR with RXR or homodimerizations of RXR

(Fig. 5C,E). These knock-down experiments showed that in BeWo

cells and probably also in CT different states of the three PPAR and

RXRa and RXRg hetero- and homodimerizations were possible.
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Regarding luciferase studies, previous reports have defined the

essential HERV-W 50LTR regions for promoter activity in CT and cell

lines [Prudhomme et al., 2004; Cheng and Handwerger, 2005].

Results showed that 436 bp upstream of the 50LTR were sufficient

for high promoter activity in BeWo cells. In addition, a positive

regulatory activity was identified in the URE, 307 bp upstream of

the MaLR containing a 62 bp negative promoter regulator

[Prudhomme et al., 2004] (Fig. 4). Similar results were demonstrated

with fractionated human trophoblasts, where mutations of the

CCAAT- and Oct-sites in the U3 region almost completely abolished

promoter activity [Cheng and Handwerger, 2005]. Interestingly, the

mutations of the CCAAT-binding site involved specific nucleotides

just 30 of the PPRE-2. A trophoblast specific enhancer (TSE) was also

identified by Cheng and Handwerger [2005], where 147 bp of the

URE including 29 bp of the U3 of the 50LTR were found responsible

for promoter activity in BeWo and Jeg3, but not in non-

trophoblastic cells. Our study confirmed HERV-W 50LTR promoter

regions in BeWo cells, but also demonstrated that luciferase activity

can be modulated via PPARg activators and inhibitors through

PPREs of the HERV-W 50LTR. The finding that the full-length

construct harboring all three PPREs and the URE/U3/R with PPRE-1

and -2 conferred the highest promoter activity when induced by TZ,

9-cis-RA, and FK points to transcriptionally active PPREs via

PPARg/RXRa binding (Fig. 4). On the other hand, all three PPREs or

PPRE-1 and -2 in reporter constructs demonstrated promoter

inhibition via the p38a inhibitor SB203580. In addition, the U5

alone without induction showed no significant innate promoter

activity, but demonstrated significant promoter activation with TZ

corroborating that the PPRE-3 at þ500 has its own regulatory

activity. We observed a stimulatory effect of the episomal HERV-W

50LTR-luciferase gene after TZ in BeWo cells, but a converse effect of

endogenous Syncytin-1 in BeWo, JAR and Jeg3 following TZ

(Fig. 3A). Furthermore, indirect FK induction proved the proposed

FK responsive site in the U3 region by PKA [Prudhomme et al.,

2004]. However, the induction of U3/R with FK showed a 51%

induction compared to the 50LTR, and only 11% for the URE/U3/R,

indicating for additional FK regulation on the PPARg/RXRa

signaling (Fig. 4). Taken together, our results from CT cultures,

EMSA and luciferase experiments prove Syncytin-1 as a PPARg/

RXRa target gene.

Leptin, ABCG2, and INSL4 have been implicated in the etiology of

the pregnancy syndromes PE, HELLP, and IUGR. In agreement with

other studies, leptin mRNA was significantly up-regulated in all

three placental syndromes (Fig. 6) [Lea et al., 2000; Struwe et al.,

2010]. Especially, HERV env genes and their receptors were

deregulated in placental syndromes resulting in aberrant CT cell

fusion to SCT [Chen et al., 2006; Langbein et al., 2008; Ruebner et al.,

2010]. Although PPARg/RXRa signaling has been implicated in PE,

HELLP, and IUGR, a previous study showed no differences in gene

and protein expression of PPARg and RXRa between controls and

PE or IUGR placentae [Rodie et al., 2005]. Other studies identified

reduced p38a phosphorylation in 70% of IUGR [Laviola et al., 2005]

and reduced catalytic activity of p38a and phospho-p38a in PE

[Webster et al., 2006]. In our investigation, PE placentae showed

reduced levels of PPARgmRNA compared to controls. Additionally,

decreased p38a phosphorylation for both PE (P¼ 0.069) and IUGR

(P¼ 0.002) could be linked with differential deregulated gene

expression of leptin, INSL4 and Syncytin-1 (Fig. 6, Supplemental

Table 4). Decreased Syncytin-1 levels could result in an aberrant SCT

membrane contributing to the placental pathology and a reduction

of nutrient exchange, especially in IUGR [Ruebner et al., 2010].

Importantly, a reduction of both Syncytin-1 and the FI was

demonstrated in CT cultures by inhibiting PPARg signaling (Fig. 1).

Regarding aberrant leptin over expression in placental disorders,

despite a decrease in p38a activity, we identified from our CT culture

experiments that leptin is highly regulated by PPARg in the presence

of several ligands. Thus, a leptin over-compensation in both PE and

IUGR could occur as a placental or maternal response due to PPARg

ligands, which were increased in PE CT cultures and patient serum

[Johnson et al., 1998]. Addition of 15D-PGJ2 and oxidized lipids to

CT cultures showed significant increase of leptin and Syncytin-1

(Supplemental Fig. 1). Lastly, INSL4 is regulated by a 30-LTR of a

HERV-element inserted in the promoter and harbors PPRE elements

where regulation via PPARg/RXRa could occur [Bieche et al., 2003]

(Figs. 1 and 3).

In conclusion, we propose that Syncytin-1 is regulated by

PPARg/RXRa signaling during placentogenesis to drive SCT

formation and maintenance. Furthermore, de-regulation of Syncy-

tin-1 expression could contribute to PE, HELLP, and IUGR, resulting

in aberrant cell fusion and a reduced SCT layer affecting the

maternal-fetal exchange of nutrients, gas, and waste products.

Understanding Syncytin-1 and other HERV-env gene regulations,

especially through PPARg/RXRa signaling is critical for unraveling

the underlying basis for placentogenesis, placental syndromes, and

choriocarcinomas.
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