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Abstract

Human placental development is characterized by invasion of extravillous cytotrophoblasts (EVCTs) into the uterine wall
during the first trimester of pregnancy. Peroxisome proliferator-activated receptor y (PPARY) plays a major role in placental
development, and activation of PPARYy by its agonists results in inhibition of EVCT invasion in vitro. To identify PPARy target
genes, microarray analysis was performed using GeneChip technology on EVCT primary cultures obtained from first-
trimester human placentas. Gene expression was compared in EVCTs treated with the PPARy agonist rosiglitazone versus
control. A total of 139 differentially regulated genes were identified, and changes in the expression of the following 8 genes
were confirmed by reverse transcription-quantitative polymerase chain reaction: a disintegrin and metalloproteinase
domaini2 (ADAM12), connexin 43 (CX43), deleted in liver cancer 1 (DLCT), dipeptidyl peptidase 4 (DPP4), heme oxygenase 1
(HMOX-1), lysyl oxidase (LOX), plasminogen activator inhibitor 1 (PA/-1) and PPARy. Among the upregulated genes, lysyl
oxidase (LOX) was further analyzed. In the LOX family, only LOX, LOXL1 and LOXL2 mRNA expression was significantly
upregulated in rosiglitazone-treated EVCTs. RNA and protein expression of the subfamily members LOX, LOXL1 and LOXL2
were analyzed by absolute RT-gPCR and western blotting, and localized by immunohistochemistry and immunofluores-
cence-confocal microscopy. LOX protein was immunodetected in the EVCT cytoplasm, while LOXL1 was found in the
nucleus and nucleolus. No signal was detected for LOXL2 protein. Specific inhibition of LOX activity by -aminopropionitrile
in cell invasion assays led to an increase in EVCT invasiveness. These results suggest that LOX, LOXL1 and LOXL2 are
downstream PPARy targets and that LOX activity is a negative regulator of trophoblastic cell invasion.
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Introduction increases in intervillous oxygen tension and placental expression of
anti-oxidant enzymes [5,6]. This physiological trophoblastic cell
invasion process is tightly controlled during the first trimester and
is required for placental development and normal pregnancy
outcome. Indeed, impaired trophoblast invasion has been
implicated in gestational pathologies such as fetal growth
restriction and preeclampsia [7,8,9].

Human placental development relies on trophoblast differenti-
ation along two pathways. Villous cytotrophoblasts (VCTs) fuse to
form a syncytiotrophoblast (ST) involved in placental exchanges
and endocrine function, while extravillous trophoblasts (EVCTs)
anchor the chorionic villi in the maternal uterus. A subpopulation
of EVCT:s ceases to divide and invades the uterine wall as far as

] g " - i To study early human placental development and the regulation
the innermost third of the myometrium and the maternal spiral

of the trophoblastic cell invasion process, we have developed an
vitro invasion model using non proliferative and highly invasive
EVCT primary cells isolated from first-trimester human chorionic
villi cultured on Matrigel ™ [10,11,12]. These purified primary
EVCTs express i wvitro the specific markers of human invasive
EVCTs described in situ, namely cytokeratin 7 [13,14,15], human
leukocyte antigen-G [16], human placental lactogen [17], c-erbB2

the malern;itl s'piral arteries between 6 to 8 weeks .of geslal'ion is [18] and the alpha 5 subunit of the fibronectin receptor 581 [19].
gradually eliminated between 8 to 12 weeks of gestation, leading to

arteries [1,2] (Figure 1). This invasion coincides with remodeling
of arterial walls, resulting in low-resistance blood vessels providing
optimal maternal-fetal exchanges. Limited maternal perfusion of
the intervillous space, together with histiotrophic nutrition from
uterine glands, protects the fetus from high oxygen tension during
these early stages of differentiation [3,4]. Trophoblast plugging of

The limiting step of this unique human primary culture model is
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Figure 1. Representation of a chorionic villus at the implantation site. Villous cytotrophoblasts (yellow) fuse to form the syncytiotrophoblast
(green). The extravillous trophoblasts (red) proliferate to form multilayered columns of cells and then invade the decidua up to the upper third of the
myometrium and the uterine arterioles. At the deciduo-muscular junction, EVCTs undergo final differentiation into multinucleated giant cells.

Adapted from figure 1 of Tarrade et al. [12].
doi:10.1371/journal.pone.0079413.g001

the low number of EVCTs that can be isolated from early first-
trimester placental tissue (8-9 weeks of amenorrhea, WA).

Using this model, we have previously shown that peroxisome
proliferator-activated receptor Y(PPARY) activation by the syn-
thetic and specific agonist rosiglitazone [20] inhibits EVCT
Invasiveness in a concentration-dependent manner, reaching
statistically significant 50% inhibition at a concentration of
1 uM [12]. PPARY, a member of the ligand-activated nuclear
receptor superfamily, controls the expression of many genes
involved in metabolism, cell differentiation and tumorigenesis.
DNA binding of PPARY to its response element PPRE (composed
of a direct repeat of the core hexanucleotide motif AGGTCA with
one intervening base named DRI) requires heterodimerization
with another nuclear receptor, the retinoid X receptor (RXR) (for
review see [21]). In mice, PPARY gene inactivation results in
abnormal placental development, with defects in trophoblast
differentiation and vascular processes leading to embryonic
lethality at E10 [22,23]. However, PPARY expression in tropho-
blasts is sufficient to rescue PPARy /™ embryonic lethality [24,25].
These studies demonstrated that trophoblastic expression of
PPARY is essential for implantation and for the formation of a
functional placenta in mice. In the human placenta, PPARY is
exclusively located in the nuclei of villous trophoblasts throughout
pregnancy and, from first trimester placentas, in extravillous
trophoblasts. PPARY is thus a trophoblast-specific marker that can
be immunodetected in cytokeratin 7-positive VCT, ST and EVCT
throughout differentiation [12,26,27,28].

Here we used our i vitro model of invasive primary EVCTs to
identify genes involved in PPARy-mediated trophoblast invasion,
based on a transcriptomic approach. Expression of numerous
genes was modulated by rosiglitazone treatment of EVCTs
isolated from 8-9 WA placentas. To confirm the transcriptome
results, we used RT-qPCR to analyze eight PPARYy-target genes
that were the most strongly modified and/or were potentially
involved in EVCT invasion, such as dipeptidyl peptidase 4 (DPP4),
heme oxygenase 1 (HO-1, HMOXI), connexin 43 (CX43, GjAl),
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plasminogen activator inhibitor 1 (PAI-1, SERPINEI) and lysyl
oxidase (LOX, EC 1.4.3.13).

LOX is a copper-dependent monoamine oxidase known to
catalyze the formation of covalent cross-links of lysine residues
within components of the extracellular matrix (ECM), including
fibrillar collagen and elastin [29]. Molecular oxygen is necessary to
complete the catalytic cycle of LOX, with the release of hydrogen
peroxide and ammonia [29]. LOX expression and activity are
both dependent on oxygen levels [30]. Like LOX, the four
members of the LOX-like family (LOXLI1, LOXL2, LOXL3 and
LOXL4) display catalytic activity and have both ECM and cellular
functions [31]. They all contain a signal peptide and a putative
PPARY response element (Genomatix Software GmbH, http://
www.genomatix.de, accessed 2013). These five isoforms can be
divided into two subgroups according to their sequence, structure
and processing. LOXL2, LOXL3 and LOXL4 contain four
scavenger receptor cysteine-rich (SRCR) domains, but little is
known of their processing. LOX and LOXLI are largely
homologous, do not contain a SRCR domain, and are secreted
as proproteins; this is the subfamily we studied in invasive EVCTs

LOXIL2 was also considered.

Among the trophoblastic PPARY target genes revealed by our
transcriptomic approach, we focused on the expression and
location of the LOX, LOXLI] and LOXL2 isoforms in early
first-trimester human placental tissues i siu and in primary
invasive EVCTs m wvitro. The role of these isoforms in EVCT
invasion was addressed in experiments using their specific catalytic
inhibitor P-aminopropionitrile (BAPN) [31] and our primary
culture model.

Results

Gene expression profiling of rosiglitazone-treated

trophoblasts

Gene profiling of EVCTs isolated from first-trimester human
placenta, with comparisons of rosiglitazone-treated and control
cells from the same placenta, was performed with an Affymetrix
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GeneChip analyzing 14 500 genes with 22 000 probe sets. The
microarray data are available in the gene expression omnibus
database (http://www.ncbi.nlm.nih.gov/geo, 2012 GSE28426).
Mean results are shown for rosiglitazone-treated cells from five
different placentas vs their paired controls (SAM scatter plot in
Figure 2, heat map in Figure 3 and Figure S1). Five independent
EVCT cultures yielded similar results in four cases and a slightly
different pattern for culture 1. A total of 139 genes (175 probe sets,
117 unique genes) were identified as having significantly different
expression (p<<0.05) in treated EVCTs. Overall, 114 genes (149
probe sets) were over-expressed (red) and 25 genes (26 probe sets)
were under-expressed (green) in treated EVCTs. The complete
gene list is presented in Table S1. Of the 20 genes possessing a
putative PPARY response element (Genomatix Software GmbH,
http://www.genomatix.de, accessed 2013), 17 are upregulated
and 3 downregulated (Figure 4). All of them are reported to be
expressed in the placenta, except for UPRIA, initially described as
being involved in urothelial cell differentiation [32].

Functional network analyses

Expression profiles were analyzed with Ingenuity Pathway
Analysis software. The top seven functional networks showing
altered gene expression in rosiglitazone-treated EVCTSs are shown
in Figure 5. Functional areas included cell signaling, molecular
transport and small-molecule biochemistry, cell growth, lipid
metabolism, cell cycling, tissue morphology, skeletal and muscular
system development and function, cancer, and cell death. The
LOX gene was found to be part of networks 2, 5 and 7 (Figure 5).

The transcriptome data were confirmed for selected genes,
namely those found here to be strongly regulated or known to be
involved in placental development. RT-qPCR was applied to
treated and paired control EVCT cultures distinct from those used
for the microarray experiments (Figure S2). RNA levels of
connexin 43 (CX43, GJAI), deleted in liver cancer 1 (DLCI),
dipeptidyl peptidase 4 (DPP4), heme oxygenase 1 (HO-1, HMOX]I),
lysyl oxidase (LOX) and plasminogen activator inhibitor 1 (PAI-1,
SERPINE]I) following 24 h of exposure to rosiglitazone (1 uM)
were between 1.7-fold (CX43) and 5.2-fold (DLCI) higher than in
paired untreated cultures, while ADAM12 and PPARy expression
decreased by 0.2- and 0.4-fold, respectively. These differences
were statistically significant for all the genes analyzed (LOX,
ADAMI12, p<<0.05; DLCI p=0.01; CX43, DPP4, HO-1, PAI-1,
PPARy, p<0.001) and confirmed the GeneChip results (Figure 6A).

LOX expression in first-trimester EVCTs

Among the genes found to be upregulated in rosiglitazone-
treated EVCTs, we further examined the role of LOXs. Both
GeneChip and RT-qPCR experiments showed LOX to be
upregulated in rosiglitazone-treated EVCTs, by 3.3-fold
(p<<0.05) and 2.6-fold (p<<0.05), respectively (Table S1 and
Figure 6).

Expression analysis of the LOX genes by RT-qPCR showed that
rosiglitazone-induced PPARY activation resulted in a significant
increase in the following three of the five LOX isoforms: LOX (3.2-
fold versus controls, p=0.01), LOXLI (1.6-fold, p<<0.05) and
LOXL?2 (2.6-fold, p<0.05). No significant change in LOXL3 or
LOXIL4 RNA levels was observed (Figure 6B).

We then focused on transcript and protein expression of the
LOX, LOXLI and LOXLZ2 genes in placental tissues and control
EVCTs. The copy number of each isoform was determined by
absolute qPCR in primary EVCT cultures. LOX and LOXLI
RNAs were present in equal quantities (about 800 copies/ng total
RNA) (Figure 7A). In first-trimester placental villi and EVCTs,
western blot revealed a band at about 30 kDa that might
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Figure 2. Microarray and transcriptome analyses of rosiglita-
zone-treated EVCTs purified from first-trimester placentas.
SAM scatter plot of the observed d(l) versus the expected dg(l) relative
difference between rosiglitazone-treated cells and their paired controls
(n=5), using a two-fold threshold. EVCTs were cultured for 24 h and
then treated with rosiglitazone for 24 h. Gene profiles were compared
with those of paired untreated control EVCTs from the same placenta.
The solid blue line represents no difference between d(l) and dg(l), and
the broken red lines show the delta limit of 0.93 from the solid blue line.
A total of 175 probe sets outside the broken lines were significantly
induced (red dots, n=149) or suppressed (green dots, n=26) in
rosiglitazone-treated cells. The median estimated FDR was <5%.
doi:10.1371/journal.pone.0079413.g002

correspond to mature LOX, together with three bands at 34, 52
and 65 kDa that might correspond to mature, pro- and prepro-
LOXLI, respectively (Figure 7B). LOX protein was weakly
detected in villi and cultured EVCTs. LOXLI was more abundant
(2.3£0.5 fold increase, n=3, p<0.01) in EVCTs than in villi,
suggesting preferential expression of LOXLI in EVCTs
(Figure 7B). Pro-LOX and -LOXLI were detected in conditioned
medium (CM) and in the insoluble fraction of cell extracts (IF).
The mature protein was detected in IF at 34 kDa. LOXL2 RNA
was expressed in EVCTs (about 1700 copies/ng total RNA) but no
significant signal was detected in cells or protein extracts with any
of the antibodies tested. An immunofluorescence signal was
obtained in term trophoblatic cells, used as a positive control (data
not shown).

Immunolocalization of LOX isoforms in placental tissues
and cultured cells

Immunohistochemical analyses of tissue sections from 8- to 9-
WA villous columns showed a cytoplasmic and perinuclear pattern
of LOX staining, while LOXLI was mainly located within nuclei
and nucleoli-like structures (Figure 8). Immunofluorescence data
for cultured EVCTs were consistent with those obtained by
immunohistochemistry. For LOX, immunocytochemistry showed
stained spots suggesting the presence of granules throughout the
cytoplasm (Figure 9A), whereas LOXL1 was mainly localized in
the nucleus, with stronger labeling in the nucleolus (Figure 9B). We
also observed pericellular LOX labeling. In rosiglitazone-treated
cells we observed an increase in LOXL] immunolabeling
(Figure 9B), as well as cytoskeleton modifications, as shown by
CK7 immunostaining (Figures 9A and 9B).
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Figure 3. Heatmap of the 175 probe sets (117 unique genes) selected with the SAM procedure. Each column represents an individual
sample (5 controls and 5 samples treated with 1 uM rosiglitazone). Each row represents one probe. The gene expression level is depicted by the
intensity of the green (low intensity) and red (high intensity) boxes. Probe and gene names are included in Figure S1.

doi:10.1371/journal.pone.0079413.g003

LOXs affect EVCT invasion

We then examined the effect of LOX inhibition on EVCT
invasion. LOX activity was inhibited with B-aminopropionitrile
(BAPN), a specific and irreversible inhibitor [33]. BAPN-treated
EVCTs were nearly twice as invasive as control cells (100 uM,
174£32%; 200 uM, 190 * 9%; p<0.01; Figure 10A). No
significant difference was observed between the effects of 100
and 200 pM BAPN. EVCT invasion was inhibited by 35%
(p<<0.01) following rosiglitazone treatment, and this effect was
overcome by adding BAPN (Figure 10B). The ratios of BAPN-
treated/control cells and rosiglitazone+BAPN/rosiglitazone-treat-
ed cells were similar, suggesting that the effect of BAPN remained
at the same order of magnitude (1.6-fold increase in cell invasion)
in the presence and absence of rosiglitazone.

Discussion

Cell invasion 1s a fundamental process during embryonic
development [34], and also plays an essential role in tumorigenesis

PLOS ONE | www.plosone.org

[35]. In humans, invasion of cytotrophoblasts into the maternal
uterus is a temporally and spatially controlled process critical for
successful placental and fetal development [3,36,37]. Defective
trophoblast invasion has been implicated in complications of
pregnancy such as intrauterine growth restriction and preeclamp-
sia [7,9]. We have previously shown that activation of the nuclear
receptor PPARY by its specific synthetic agonist rosiglitazone and
its natural ligands (15-deoxy-4-(12,14)prostaglandin]y (15D-PG]J),
15-hydroxy-eicosatetraenoic acid (15-HETE), 9- and 13-hydroxy-
octadedienoic acid (HODE)) decreases human EVC'T invasion i
vitro [12,26,38,39]. Rosiglitazone belongs to the thiazolidinedione
class of drugs, and is the first synthetic drug with high selectivity
for the PPARY isoform (Ad approximately 40 nM). In transfection
models, rosiglitazone does not activate the other PPARY isoforms
(PPARa and PPARGS) at concentrations as high as 100 pM [20].
As we have previously reported, inhibition of human primary
EVCT invasion by rosiglitazone is concentration-dependent, with
50% inhibition at 1 uM [12]. This concentration has been widely
used to activate PPARY in various cellular models, including
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adipocytes and trophoblasts [40,41]. In the 10-50 uM range,
rosiglitazone has been reported to act through PPARYy-indepen-
dent mechanisms [42,43,44].

Here, to identify differentially regulated genes that might play a
role in placental trophoblast invasion, we used EVCTs isolated
from 8-9 WA human placentas and compared gene expression
patterns between these normally invasive EVCTs and rosiglita-
zone-treated EVCTs that display reduced invasiveness. Primary

EVCTs were chosen because none of the available established
human trophoblast cell lines display the same pattern of gene
expression as primary cells [45]. The Achilles’ heel of this model is
the dearth of available cells.

The pleiotropic function of PPARY in the placenta [46] is
reflected by the diversity of regulated genes in rosiglitazone-treated
EVCTs (Table S1). This regulation might be direct or indirect.
Among the 20 genes containing a putative PPARY response

1)) Genes Score| Focus Top functions
gene
1 | ACSLs, ADRB3, AKR1B1, BAGALT1, BACE], CALR, CDC42EP4*, CPTIA*, | 2] 17 | Cell signaling,

FNBP1, GJA1, GJAS, GPR126, GST4A, HLA-A, HLA-F, HRAS, LEP, MARCKSL1
MMD, MSR1,MUC2, NID2, ODZ3, ORMI, PLODI1, PTGSI, RPS11, SEMA3C,
ST6GALI, TAP1, TAP2, TAPBP, TNF, TYR, UCP2

2 | ANP32A, CSORF13, CAPN2, CAPNSI, CAST (CALPASTATIN), CDC25C, 23 16
COL11A1, CPT1A*, CRYAB, E2F5, FABP4, FABP5, GJA1, HBEGF, LIPG,
LOX*, MGST3, MYC, NET1*, NME1, OGT, OIP106*, PCSK6, PDGFB, POLR2A,
PTGS1, PTN*, RRM2, SDC4, SPARC, STC1*, TERT, TGFBI, THBD, VEGF

3 | ACSL1,AGT, ANGPTL4, CDKNIA, CXADR, DGATI, DLK1, ENPEP*, FABP4, | 2] 15
FABPS, FDPS, FOXGIB, HEY1, IDHI, IL8, INSIG1*, KLF10, LIPE, LRRCSC,
MGLL, MTP, NAB2, NOTCH3, P2RY6, PCTP, PPARG, PPBP, PRAP1, PRC1,
RACGAPL, S100A11, SERPINE1*, SERPINE2, VLDLR, WNT10B

4 | ABCG2, ACOXI1, ALOX5, ALOX5AP, ARHGEF3, ARLAC*, CBFB, CCNB2, 21 15
CD53, ESR1, HEXB, HLA-A, HSPE-1, IGF1R, IGHM, IL3, IL6, KITLG, MCPT6,
MMP19, OSBPL1A*, PAPPA2*, PIM2, PIPSK1B, PTGER3*, RAC1, RBPSUH,
RUNX1, TIAMI, TLE1*, TRA@, TRB@, TYR, USF2, XRCC4*

Molecular transport,
Small Molecule Biochemistry

Cellular growth, Skeletal and
Muscular System, Development and
Function, Cell cycle

Lipid Metabolism, Molecular
Transport, Small Molecule
Biochemistry

Cellular Development, Hematolo-
gical System, Development and
Function, Immune and Lymphatic
System Development and Function

5 | ADA, AIF1, ATF3, LPCAT3, CCL22, CCNEL, CNTF, CSF3R, CXCL11, DDP4*, 21 15 | Cellular Growth and
EDN3, ESRRG*, FOS, GJA1, GPSM2, HEXB, IFNG, IGF1, IGF2R, IL10RA, Tissue Morphology,
ISL1, KLF4, LOX*, NCOAI, NQO1, OXT, PERP, PHCI1, PSG5, SERPINE1*, Cancer

SERPINE2, SMARCA4, STSSIAL, TAP1, TP53
6 | ACVRLI ADAMI2, ANGPT4, ATF7IP2, ATP2B4, CD59, CDKNIA, CHI3LI, 17 13
DAF, DEGS1, EGFR, FGF7, FHL1, FYB, FYN, GADD45A, ITGA9, ITGBI,
KIAA0133, MAL, MUC2, NFE2L3, PAX3, PEG10, PLCG2, RBPSUH, SCAPI,
SCAP2, SLC19A1, SNXC2, SP1, TEK, TGFBR2, TIEL, WAS

Cell-to Cell Signaling and
interaction, Cellular Growth and
Skeletal and Muscular System
Development and Function

Cell Death,
Hematological Disease,
Immunological Disease

7 | ABCAIL, ALOX15, ANP32A, ATF3, ATXN1, BLNK, BMP1, BRCA2, CD72, 10 9
COL3AL, CR2, CXCR4, CYP11A1,GAPD, HIF1A, HILPDA, HMOX1, IL13,
LOX*, MAP4K1, MC3R, NCAMI, NFKB1, NME1, PFKP, PLCG2, POMC,
SEPT11* _SNFILK, SRI*, STAR, STAT4, TGFB1, TGM2, TYR.

Figure 5. Microarray and transcriptome analyses of rosiglitazone-treated EVCTs compared to paired controls: top 7 networks. The
175 probe sets were loaded into Ingenuity Pathway Analysis software (IPA) and converted into gene networks. Genes shown in bold type are present
in the input data list as upregulated (red) or downregulated (green). Genes involved in the network that are not included in the transcriptome results
are shown in black. * genes with several probes present in the input data list.

doi:10.1371/journal.pone.0079413.g005
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Figure 6. Relative RT-qPCR analysis of the effect of rosiglita-
zone on EVCT gene expression. EVCTs were purified and treated
with rosiglitazone in an identical manner as for microarray analyses.
RNA expression estimated with relative RT-qPCR is shown A) for
selected genes identified as differentially regulated by GeneChip
analyses; and B) for the five known LOX isoforms. Five treated cultures
(black bar) were normalized to control cultures (gray bar) from the same
placenta. Results are expressed as the mean = SEM of six (A) and five
experiments (B) performed in duplicate. * p<0.05, ** p<0.01, ***
p<<0.001 versus untreated cultures; ns: not significant.
doi:10.1371/journal.pone.0079413.g006

element (Figure 4), angiopoietin-like 4 (ANGPTL4), fatty acid
binding protein 4 (FABP4) and plasminogen activator inhibitor 1
(PAI-1, SERPINEI) are direct PPARY target genes [47,48,49].

Our findings highlight the differential regulation of several
genes that might be involved in various aspects of placental
development, including cell metabolism and invasive processes.
The expression of numerous genes involved in fatty-acid
metabolism and signaling was upregulated in rosiglitazone-treated
EVCTs, including acyl-CoA synthetase long-chain family mem-
bers 1 and 5 (ACSLI, ACSL5), elongation of very long chain fatty
acid like 4 (ELOVL4), fatty acid-binding protein 4 and 5 (FABP4,
FABP5), insulin induced gene 1 (INSIGI) and very low density
lipoprotein receptor (VLDLR) or downregulated as monoglyceride
lipase (MGLL). This supports PPARY involvement in fatty acid
metabolism in the human placenta, which is essential for normal
fetal development [50,51].
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PPARYy, LOXs and Human Trophoblast Invasion

Cell invasion is a highly integrated multistep process responding
to extracellular stimuli and involving cell adhesion and motility. It
requires the coordination of a wide spectrum of signaling
molecules and regulation of cytoskeleton dynamics [52]. Invasive
cells move into neighboring tissue in a process that involves
extracellular matrix degradation and proteolysis [53]. Among
candidate genes that might be involved in the EVCT invasion
process and that were differentially expressed in rosiglitazone-
treated cells were several that encode proteinases, namely a
disintegrin and metalloproteinase (ADAM1I2), dipeptidylpeptidase
4 (DPP4) and pappalysin 2 (PAPPA2) or antiproteinase: PAI-1
(PAI-1, SERPINEI). ADAMI2 has extracellular metalloproteinase
and cell-binding functions and intracellular signaling properties
[54]. Extracellular proteolysis could have a proinvasive effect by
affecting insulin-like growth factor (IGF) signaling through
cleavage of IGF-binding proteins [55,56] and epidermal growth
factor (EGF) pathway via ectodomain shedding of membrane-
tethered EGF-receptor ligands [57,58]. Interaction of ADAMI12
with cell-surface integrins may induce actin cytoskeletal changes.
ADAMI12 may also mediate signals through its intracellular
domain (for review see [54]). DPP4 is a marker of EVCTs with a
non invasive phenotype, and its down-regulation is associated with
migration or invasion [59,60]. Furthermore, DPP4 expression and
activity are increased in preeclamptic placental tissues [61]. The
metalloproteinase  PAPPA2 cleaves IGFBP5 [62], potentially
resulting in inhibition of EVCT invasion [63]. PAPPA2 is
localized in the syncytiotrophoblast layer of placental villi and in
invasive EVCTs [63,64]. It is overexpressed at the maternal-fetal
interface in placental samples from women with preeclampsia
[63]. Concerning PAI-1, induction of its expression by TNF-o is
associated with reduced EVCT invasion and migration in the first-
trimester placental explant culture model [65].

A number of cytokines, growth factors and their receptors have
been shown to regulate human trophoblast invasiveness [66,67].
Here we observed differential expression of colony-stimulating
factor 3 receptor (CSF35R), insulin-like growth factor 1 receptor
(IGFIR) and interleukin 10 receptor (ILI0RA). The granulocyte-
colony-stimulating factor receptor (G-CSFR, CSF3R) is develop-
mental stage-specific and has been detected in EVCTs i situ [68].
IGF-I has been shown to stimulate EVCT invasion through the
o, B integrin signaling pathway [56]. ILIOR is expressed by
cytotrophoblasts at all gestational ages and its ligand (IL-10) has
been reported to be an autocrine inhibitor of cytotrophoblast
matrix metalloproteinase-9 (MMP-9) and invasion [69].

Many different molecules and signaling pathways coordinate
cell migration, but dynamic cytoskeleton reorganization is at the
heart of this process [36,52]. This is illustrated here by the
contraction of intermediate filaments in rosiglitazone-treated
EVCTs (Figure 9). Rho family small guanosine triphosphate
(G'TP)-binding proteins (GTPases) coordinate the cellular respons-
es required for cell migration by regulating the actin cytoskeleton
and affecting the organization of the microtubule and intermediate
filament networks, as well as cell-substrate adhesion [70]. The Rho
signaling pathway has been implicated in trophoblast motility (for
review see [36]). The expression of several genes encoding
members of this signaling pathway was found to be modulated
by rosiglitazone, including Rho GTPase-activating protei