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Abstract
Invasion of cytotrophoblasts (CTBs) into uterine tissues is essential for placental development. To
identify molecules regulating trophoblast invasion, mRNA signatures of purified villous (CTB,
poor invasiveness) and extravillous trophoblasts (EVTs) (high invasiveness) isolated from first
trimester human placentae and villous explant cultures, respectively, were compared using
GeneChip analyses yielding 991 invasion/migration-related transcripts. Several genes involved in
physiological and pathological cell invasion, including A disintegrin and metalloprotease-12, -19,
-28, as well as Spondin-2, were up-regulated in EVTs. Pathway prediction analyses identified
several functional modules associated with either the invasive or noninvasive trophoblast
phenotype. One of the genes that was down-regulated in the invasive mRNA pool, heme
oxygenase-1 (HO-1), was selected for functional analyses. Real-time PCR analyses, Western
blotting, and immunofluorescence of first trimester placentae and differentiating villous explant
cultures demonstrated down-regulation of HO-1 in invasive EVTs as compared with CTBs.
Modulation of HO-1 expression in loss-of as well as gain-of function cell models (BeWo and
HTR8/SVneo, respectively) demonstrated an inverse relationship of HO-1 expression with
trophoblast migration in transwell and wound healing assays. Importantly, HO-1 expression led to
an increase in protein levels and activity of the nuclear hormone receptor peroxisome proliferator
activated receptor (PPAR) γ. Pharmacological inhibition of PPARγ abrogated the inhibitory
effects of HO-1 on trophoblast migration. Collectively, our results demonstrate that gene
expression profiling of EVTs and CTBs can be used to unravel novel regulators of cell invasion.
Accordingly, we identify HO-1 as a negative regulator of trophoblast motility acting via up-
regulation of PPARγ.
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Invasion of mononuclear cytotrophoblasts (CTBs) into the uterus is a key process of
successful human placental and embryonic development. As a result the embryo becomes
anchored to the maternal tissue, and stromal compartments as well as uteroplacental vessels
will be invaded. Degradation of maternal smooth muscle around maternal spiral arteries and
replacement of endothelial cells by endovascular trophoblasts ultimately lead to the dilation
of the vessel lumen, which is necessary to enhance intervillous blood flow (1, 2). This
particular vascular connection between mother and fetus ensures a continuous supply of
nutrients and oxygen during pregnancy. Failures in the particular trophoblast differentiation
process are associated with different gestational diseases. Shallow invasion of decidual
tissue and incomplete transformation of spiral arteries are hallmarks of maternal
preeclampsia, a life-threatening hypertensive disorder of the mother affecting up to 7% of all
pregnancies, and of severe intrauterine growth restriction (3, 4).

Although invasive trophoblast differentiation is a physiological process, there are striking
similarities between invasive CTBs and invasive cancer cells. During invasion trophoblast
cells lose markers of the polarized epithelium, such as α6β4 integrin, transiently down-
regulate the adherens junction protein E-cadherin, and induce receptors for fibronectin (FN)
and collagens, i.e. α5β1 and α1β1 integrins (5, 6). Moreover, cells up-regulate different
matrix metalloproteinases and the urokinase plasminogen activator (uPA)/uPA receptor
system, thereby promoting matrix degradation and migration (7, 8). Because invasive
trophoblasts acquire tumor-like properties, they may undergo a molecular process similar to
an epithelial-mesenchymal transition that is thought to play a critical role in cancer cell
invasion and metastasis (9). Indeed, one of the critical steps of epithelial-mesenchymal
transition, the activation of Wingless (Wnt)-dependent transcription factors of the T-cell
factor family through nuclear β-catenin, also takes place in CTBs, thereby promoting Wnt-
induced invasion and migration (10). However, in contrast to tumor cell column formation,
cell cycle exit and motility of CTBs are tightly controlled by placental and decidual proteins
determining time flow and depth of cell invasion (8, 11). For example, local activities of
matrix metalloproteinases and uPA are regulated by decidual expression of tissue inhibitors
of metalloproteinases and plasminogen activator inhibitors, respectively (12). Despite these
facts, signaling pathways and key regulatory transcription factors controlling human
trophoblast invasion have not been fully elucidated (13). As a consequence, molecular
mechanisms and sequential events leading to the pathogenesis of the gestational diseases
remain largely unknown.

To gain more insight into the regulatory mechanisms of trophoblast invasion, here, we
investigated whole-genome gene expression profiles of nonmigratory villous CTBs and
invasive, extravillous trophoblasts (EVTs) purified from first trimester placentae and
differentiating villous explant cultures, respectively. Comparative analyses and gene set
enrichment analysis (GSEA) identified several molecular pathways/gene sets associated
with either the invasive (extracellular matrix synthesis/remodeling, energy reserve
metabolism) or the noninvasive (regulation of stress response, phosphatidylinositol 3-
kinase-Akt signaling, chromatin remodeling) differentiation process. One of those genes,
heme oxygenase-1 (HO-1), was significantly down-regulated in migratory trophoblasts.
HO-1 degrades heme into free iron, carbon monoxide (CO), and biliverdin (14). To date, a
putative role of HO-1 in invasive trophoblast differentiation has not been investigated.
However, there is evidence for such a function because differential expression of the protein
was noticed along trophoblast cell columns (15). To elucidate the role of HO-1 in
trophoblasts, descriptive analyses and functional studies using micro-RNA (miRNA)-
mediated knockdown as well as Tet-On-induced expression of the enzyme were performed
in two distinct trophoblast cell lines. One of the genes that emerged was peroxisome
proliferator activated receptor (PPAR) γ. PPARγ is a member of the nuclear hormone
receptor superfamily that controls the expression of a large number of genes in a positive or
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negative manner depending on the cellular context. PPARγ is also expressed in the placenta
where it negatively affects trophoblast invasion and migration (16, 17). Here, up-regulation
of HO-1 led to higher levels of PPARγ and decreased trophoblast motility, whereas
blocking of PPARγ diminished the inhibitory effect of HO-1. The results indicate that HO-1
controls trophoblast migration via regulation of PPARγ expression, suggesting a novel role
of HO-1 in the particular differentiation process.

Materials and Methods
Tissue collection

First trimester placental tissues (n = 22) were obtained after termination of normal
pregnancies for psychosocial reasons (7th–10th week of pregnancy) using vacuum suction.
The study was approved by the ethical committee of the Medical University of Vienna
(Vienna, Austria). All individuals gave informed consent for collection and investigational
use of tissues.

Culture of primary villous trophoblast and trophoblastic cell lines
CTBs of first trimester (n = 5) placentae were isolated by enzymatic dispersion, Percoll (5–
70%; Pharmacia, Uppsala, Sweden) density gradient centrifugation as described (7, 18).
Briefly, villous material was digested with a 0.125% (vol/vol) trypsin solution (GIBCO, Life
Technologies, Inc., Paisley, UK). The released cells were loaded on top of a Percoll gradient
ranging from 70–10% (vol/vol). After centrifugation, trophoblasts were isolated from the
middle layer of the gradient (density of 1.048–1.062 g/ml). Subsequently, cells were
immunopurified by depleting contaminating human leukocyte antigen (HLA)-I-positive
cells with antihuman HLA-ABC antibody (clone W6/32, 0.2 μg/106 cells; Sigma Chemical
Co., St. Louis, MO) conjugated to antimouse IgG magnetic beads (Dynal, Oslo, Norway), as
previously mentioned (19). Cells were seeded on plastics and routinely checked 12 h after
seeding using immunofluorescence with cytokeratin 7 (clone OV-TL 12/30, 8.3 μg/ml;
Dako, Glostrup, Denmark) and vimentin antibodies (clone Vim 3B4, 1.2 μg/ml; Dako).
Immunopurification removed all nontrophoblastic components as well as EVTs, resulting in
cultures with purities higher than 98% as mentioned (20). BeWo choriocarcinoma cells were
purchased from the European Collection of Cell Cultures (Salisbury, UK) and were
cultivated in Ham F12 (Life Technologies) supplemented with 5% fetal bovine serum
(Biochrom, AG, Berlin, Germany) and streptomycin/penicillin (Life Technologies) using
standard culture conditions (21). Cytotrophoblastic HTR-8/SVneo cells, exhibiting features
of EVTs (22), were routinely cultivated in RPMI 1640 (Life Technologies) supplemented
with 5% fetal bovine serum and streptomycin/penicillin.

First trimester villous explant culture
The villous explant culture method followed a standard protocol (6, 23). Dissected
mesenchymal villous tissues of early pregnancy (~200 explants per placenta) were arranged
radially on 80-μl drops of growth-factor-reduced Matrigel (8 mg/ml; BD, Bedford, MA) in
24-well plates, covered with 50 μl serum-free medium [DMEM-Ham's F12 (Life
Technologies) 1:1, supplemented with 100 μg/ml streptomycin/penicillin] and incubated for
4 h at 37 C, 5% CO2 to allow attachment. Wells were then carefully flooded with 500 μl
serum-free medium, incubated at 37 C, 5% CO2, and subsequent growth characteristics were
monitored by light microscopy. After 72 h incubation, tissue sections for
immunofluorescence or total RNA pools of EVTs (n = 6) for chip analyses were prepared as
described (24). The mechanical isolation procedure (removal of villi) results in generation of
pure RNA pools expressing mRNAs specific to EVTs such as α1 integrin, α5 integrin, and
HLA-G1.
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RNA extraction, cRNA synthesis, and gene expression profiling
Total RNA of CTBs (12 h after seeding) and EVTs isolated from five and six first trimester
placentae, respectively, was isolated as described (10, 24). Total RNA was checked for
integrity by agarose gel electrophoresis and with the Agilent Bioanalyzer 2100 (Agilent
Technologies, Inc., Palo Alto, CA). A total of 5 μg total RNA was then used for GeneChip
analysis. Preparation of cRNA, hybridization to human U133A GeneChips (Affymetrix,
Inc., Santa Clara, CA), and scanning of the arrays were performed according to the
manufacturer's protocols (https://www.affymetrix.com) (25).

Bioinformatic analysis
Robust multi-array average signal extraction, normalization, and filtering (to eliminate genes
with extremely low expression) were performed as described (26, 27) (http://
www.bioconductor.org/). We identified significant differences between sample groups using
a previously described method termed “SAM Analysis” (significance analysis of
microarrays) (28). Using this statistical approach, comparisons of gene expression with
absolute fold changes of at least 2.0-fold (increase or decrease) were selected at a false
discovery rate (FDR) of less than 0.05. Hierarchical clustering was performed using
euclidian distance measure and average linkage (http://ep.ebi.ac.uk/EP/EPCLUST/). GSEA
(29) is a computational method that determines whether a given set of genes (e.g. known
pathways, specific areas of the genome, or clusters from a cluster analysis) shows
statistically significant differences between two phenotypical states (i.e. EVTs vs. CTBs).
Briefly, the GSEA calculation involves three steps: calculation of an enrichment score (ES),
followed by estimation of the significance level of ES, and adjustment for multiple
hypothesis testing. We used a publicly available database of gene sets (http://www.chip.org/
~ppark/Supplements/PNAS05.html) containing Affymetrix HG-U133A probe set identifiers
mapped to pathways from Gene Ontology, Kyoto Encyclopedia of Genes and Genomes
(KEGG), BioCarta, BioCyc, and SuperArray to test for enrichment in our trophoblast
samples.

Real-time PCR
Total RNA (1 μg) was reverse transcribed into cDNA by Moloney murine leukemia virus
enzyme (Promega, Mannheim, Germany) with random hexamers (1 μg/μg total RNA). The
reaction mixture was incubated at 37 C for 45 min, followed by 15 min at 45 C and 20 min
at 70 C. All PCRs were performed using the SYBR Geen kit (Bio-Rad Laboratories, Inc.,
Hercules, CA). Primers for selected genes were designed via the Primer3 software (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and are listed in Table 1. Using the
ABI Prism 7700 sequence detection system (PE Applied Biosystems, Warrington, UK),
PCR cycling conditions were as follows: initial denaturation at 95 C for 10 min, followed by
40 cycles at 94 C for 30 sec, 60 C for 15 sec and 72 C for 30 sec, and a 10-min terminal
incubation at 72 C. Sequence Detector Software (SDS version 1.6.3; PE Applied
Biosystems) was used to extract the PCR data, which were then exported to Excel
(Microsoft, Redmond, WA) for further analyses. Data were analyzed according to the
2−ΔΔCT method (30). The RNA amount of β-actin was used as an internal control (ctrl).

Construction of transgenic cell lines
Constitutive stable HO-1 knockdown in BeWo cells was generated by transduction with the
miRNA adapted retroviral vector LMP (Open Biosystems, Huntsville, AL). miRNA-adapted
short hairpin RNA against human HO-1 generated in pSM2 vector (Open Biosystems) was
subcloned into the LMP vector with XhoI and EcoRI (Invitrogen Corp., Carlsbad, CA)
restriction enzymes. Confirmation was verified by restriction site analysis and sequencing.
To produce murine stem cell virus (MSCV) particles, human embryonic kidney 293FT cells
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(Invitrogen) were transiently cotransfected with a vector containing the viral packaging
proteins gag and pol, a vector containing env, and either LMP (ctrl) or LMP-miHO1 (LMP
containing miRNA against human HO-1). Vectors containing gag, env, and pol were kind
gifts from Dr. Ewan Rosen (Beth Israel Deaconess Medical Center, Harvard Medical
School, Boston, MA). Lipofectamine 2000 (Invitrogen) reagent was used for transfection.
Forty-eight hours after transfection, viral supernatants were collected, centrifuged at 1500
rpm for 3 min, filtered through a 0.4-μm filter, supplemented with 8 μg/ml Polybrene
(Sigma Chemical), and used to infect BeWo cells. Stable integrants were selected with
puromycin (5 μg/ml) over a period of 2 wk. HO-1 knockdown was verified by Western
blotting (See Fig. 5B). The coding region of human HO-1 cDNA (a gift of Dr. Matthias
Mayerhofer, Department of Laboratory Medicine, Medical University of Vienna, Vienna,
Austria) was inserted into the Tet-responsive murine stem cell retroviral vector pRevTRE-
hygro (Clontech Laboratories, Inc., Mountain View, CA) at the BamHI and Hin-dIII sites
within the MCS generating pRevTRE-hHO1. The sc-rttaM2 gene cloned into the vector
pMSCV-puro (Clontech Laboratories) was a kind gift of Dr. Nick Houstis (The Broad
Institute, Massachusetts Institute of Technology, Cambridge, MA). To produce MSCV
retrovirus, human embryonic kidney 293FT cells were transiently cotransfected with a
vector containing the viral packaging proteins gag and pol, a vector containing env and
pMSCV-scrttaM2puro or pRevTRE-hHO1. Vectors containing gag, env, and pol were kind
gifts from Dr. Ewan Rosen. Lipofectamine 2000 reagent was used for transfection. Forty-
eight hours after transfection, viral supernatants were collected, centrifuged at 1500 rpm for
3 min, filtered through a 0.4-μm filter, supplemented with 8 μg/ml Polybrene, and used to
infect HTR-8/SVneo cells. The Tet-On system was introduced in two steps. First, the
construct that drives expression of the tetracycline-sensitive transcription factor, sc-rttaM2,
was integrated and selected with puromycin (5 μg/ml; Sigma Chemical). Second, the
construct containing a tetracycline-response element that drives expression of HO-1 was
integrated and selected with hygromycin (0.175 mg/ml; Sigma Chemical). Stable cell pools
transduced with either empty plasmid or pRevTRE-hHO1 were termed HTR8 and HTR8-
HO1, respectively. Inducible HO-1 expression was verified by Western blotting. Two to
three rounds of hygromycin selection resulted in almost 100% enrichment of HO-1
expressing cells, as demonstrated by Western blotting and immunofluorescence staining
after doxycycline (DOX) (1 μg/ml; Sigma Chemical) treatment (See Fig. 5, D and E).

Western blot analyses
Western blot analyses were performed using standard protocols as recently done (10, 31).
Equal amounts of protein lysates (35 μg) were separated on 10% sodium dodecyl sulfate/
polyacrylamide gels and transferred onto polyvinylidene fluoride membranes (GE
Healthcare, Amersham, Buckinghamshire, UK). After blocking, filters were incubated
overnight (4 C) with monoclonal mouse antibodies against human HO-1 (1:1000; Stressgen,
Ann Arbor, MI), PPARγ (1:500; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and β-
actin (1:5000; Abcam, Inc., Cambridge, MA). After 1 h treatment (room temperature) with
secondary antibodies (antimouse Ig horseradish peroxidase linked, 1:50,000; Amersham),
signals were developed using the ECL Plus Western Blotting Detection System (Amersham
Pharmacia Biotech, Uppsala, Sweden).

Immunofluorescence
Cells grown on coverslips were washed, fixed with 4% paraformaldehyde, permeabilized
with 0.5% Triton X-100, and blocked with goat serum. Expression of HO-1 was detected
with the antibody described previously. Cells were incubated with secondary antibodies
conjugated to Alexa488 (1:500; Molecular Probes, Inc., Eugene, OR), and visualized using a
Zeiss Axioskop 2 microscope (Carl Zeiss MicroImaging, Inc., Thornwood, NY), Zeiss
Axiocam, and Photoshop (Adobe Systems, Inc., San Jose, CA). As a negative ctrl,
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coverslips were incubated with the secondary antibodies alone (data not shown). First
trimester villous ex-plant cultures (n = 3) and first trimester placental tissue (n = 5) were
fixed, snap frozen, and 3 μm serial cryosections were performed as recently described (19,
24). Slides were incubated overnight with primary antibody, washed three times in PBS
(each 5 min), followed by 5 μg/ml fluorescein isothiocyanate-conjugated goat antimouse or
5 μg/ml goat antirabbit antibodies (1 h; Molecular Probes). The following primary
antibodies/dilutions were used: cytokeratin 7 (clone OV-TL, 8.3 μg/ml); vimentin (clone
Vim 3B4, 1.2 μg/ml); HLA-G1 (clone MEM-G/1, 50 μg/ml; Exbio, Praha, Czech
Republic); HO-1 (clone OSA-110, 1:1000; Stressgen); integrin α1 (clone JBS5, 10 μg/ml;
CHEMICON International, Inc., Temecula, CA); integrin α6 (clone 4F10, 5 μg/ml;
CHEMICON International); Ki67 (clone Ki-S5, 10 μg/ml; CHEMICON International); and
Kip2/p57 (C-20, rabbit, 2 μg/ml; Santa Cruz Biotechnology). As a negative ctrl, the primary
antibody was replaced by buffer or isotype IgG. Finally, all sections were counterstained
with 1 μg/ml 4′,6-diamidino-2-phenylindole (DAPI) (Roche Diagnostics, Mannheim,
Germany) and covered with Fluoromount-G (SouthernBiotech, Birmingham, AL).

Migration assays
Transwell migration assays (8 μm pore size; Corning, Lowell, MA) through filters coated
with 10 μg/ml FN (Sigma Chemical) were performed as described (25). After initial
experiments to determine the temporal kinetics of migration, subsequent migration assays
were performed with 20,000 cells (LMP or miHO1 BeWo) per well for 5 h. HTR8 and
HTR8-HO-1 cells were treated with DOX (1 μg/ml) for 24 h, trypsinized, and seeded into
the upper wells of transwell filters. DOX (1 μg/ml) was added to the upper and lower wells.
For investigation of the role of PPARγ, cells were pretreated with 3 μM GW9662
(Calbiochem, Nottingham, UK) or vehicle (dimethyl sulfoxide; ctrl) for 4 h before migration
assays and treated thereafter for the duration of the migration assay. Cells that had migrated
through the filters were fixed and stained with crystal violet. The uncoated, upper side of
each filter was wiped with a cotton swab to remove cells that had not migrated through the
filter. Duplicate filters of each condition were viewed under bright-field optics. Each of
eight fields was counted under the light microscope, and the mean number of cells counted
per field was determined. Wound healing assays were performed in 24-well plates coated
with 10μg/ml FN in PBS. HTR8 and HTR8-HO-1 cells (6 × 105 per well) were seeded and
incubated at 37 C for 36 h in the presence of DOX (1 μg/ml). Cell layers were then
wounded with a plastic pipette tip and washed three times with serum-free culture medium.
The denuded surfaces were recoated with 10 μg/ml FN in serum-free culture medium for 1 h
at 37 C. After washing, cells were incubated for an additional 8 h at 37 C using complete
culture medium (containing DOX, 1 μg/ml). Digital photographs within each wound were
taken before and 8 h after addition of complete medium.

Transient transfection and luciferase reporter assay
Cells were cotransfected in 24-wells with 0.95 μg PPAR-responsive reporter plasmid
p(AOX)3-TKSL and 50 ng Renilla luciferase ctrl plasmid (ph-RL; Promega) using
Lipofectamine 2000 (according to the manufacturer's instructions) as described previously
(36). Twenty-four hours later, protein extracts were assessed for luciferase activity (Promega
Corp., Madison, WI) using a luminometer (Lumat LB 9507; EG&G Berthold, Bad Wildbad,
Germany). Firefly luminescence values were normalized to Renilla luminescence levels.

Statistical analysis
Migration indices and real-time PCR levels were analyzed using one-way ANOVA,
followed by the Tukey test. Because data were not normally distributed, the Mann-Whitney
rank sum test was used to determine the level of significance of differences in pairs of
various treatment groups. P < 0.05 was considered significant.
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Results
Gene expression profiling of trophoblast cells with distinct invasive properties

To identify genes potentially regulating cell invasion, trophoblast cells of early human
gestation with distinct invasive properties were profiled (Fig. 1). A schematic picture of the
localization of the different trophoblast subtypes is presented in Fig. 1A. Distinct gene
expression signatures of highly invasive EVTs and poorly invasive CTBs isolated from 11
different first trimester placentae (n = 6 for EVT and n = 5 for CTB) were determined using
Affymetrix U133A GeneChips interrogating more than 20,000 genes. To analyze if our cell
pools are enriched with cells of distinct invasiveness, we investigated gene expression
changes of well-known markers of the epithelial-mesenchymal switch discriminating EVTs
from CTBs in vivo. The acquisition of an invasive phenotype in vivo as well as in vitro is
characterized by the loss of integrin α6 and gain of integrin α5β1, HLA-G1, and Kip2/p57
staining, as evidenced by immunofluorescence of first trimester villous explant cultures
seeded on Matrigel (Fig. 1B) (5, 32). Our GeneChip data successfully parallel these changes
at the mRNA level (Fig. 1C). The calculation of SAM led to a scatter plot of the observed
relative difference d(I) vs. the expected relative difference dE (I) (Fig. 2A). At a Δ value of
0.30, illustrated by the broken lines, 991 genes were considered to be differentially
expressed more than or equal to 2.0/less than or equal to 2.0-fold (370 induced and 621
repressed in EVTs compared with CTBs; supplemental Table 1, which is published as
supplemental data on The Endocrine Society's Journals Online web site at http://
endo.endojournals.org). The full gene lists of EVTs and CTBs are available at Gene
Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE9773).
Table 2 summarizes the top 50 differentially expressed genes between EVTs and CTBs.
Among the top 50 differentially expressed mRNAs, we found several genes previously
reported to regulate cell adhesion/motility (Fig. 2B and Table 2). Indeed, real-time PCR of
selected genes demonstrates elevated expression of A disintegrin and metalloprotease
(ADAM) 12, 19, 28, Spondin-2, and nidogen-1 but down-regulation of villin-2, Nedd-9, and
HO-1 in EVTs, thereby confirming the Gene-Chip data (Table 1).

Pathway prediction analyses
Having defined the expression profiles for EVTs and CTBs, the next challenge was to
interpret them objectively. Using GSEA we analyzed whether previously characterized,
coregulated sets of genes were more enriched in EVT or CTB cells (GSEA) (26, 29). Tables
3 and 4 display the top 30 pathways enriched in either EVTs or CTBs, respectively. Among
others, EVTs were significantly enriched in pathways regulating extracellular matrix
synthesis and remodeling, cell adhesion, as well as carbohydrate metabolism. A more
detailed analysis of these pathways revealed enhanced expression of several collagen or
laminin isoforms, the predominant matrix proteins in the endometrium (33), in addition to
Spondin-2, nidogen-1, and several ADAMs (Fig. 3A, Table 3, and supplemental Fig. 1A).
These observations suggest that EVT cells may secrete substrates relevant to cell invasion as
well as their degrading enzymes. In addition, EVT cells expressed higher levels of enzymes
regulating carbohydrate metabolism, including several isoforms of lactate dehydrogenase,
aldehyde dehydrogenase, and phosphofructokinase (supplemental Fig. 1B). CTBs were
significantly enriched in genes implicated in stress response, signal transduction, and gene
regulation, among others (Fig. 3B, Table 4, and supplemental Fig. 2, A and B). A more
detailed inspection of these pathways revealed increased expression of genes regulating the
response to heavy metals, UV light, oxygen species, and DNA damaging agents, including
SOD2, HO-1 (HMOX1), and several heat shock proteins (Fig. 3B). Furthermore, several
signal transduction pathways are modulated, including glucocorticoid-, cAMP/Ca2+-, and G
protein-coupled receptor signaling (Fig. 3B and Table 4). Interestingly, CTBs display
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enhanced expression of a large group of gene sets regulating the nuclear import/export and
translation factor activity (supplemental Fig. 2B, right panel, and Table 4).

HO-1 expression in first trimester placenta and villous explant cultures
To initiate functional analyses of differentially expressed genes, here, we focused on HO-1,
a stress-responsive gene that was recently shown to affect cell migration (34). GeneChip as
well as real-time PCR data demonstrate HO-1 mRNA to be suppressed by 2.63- and 3.33-
fold, respectively, in invasive EVTs compared with CTBs (Fig. 4A and Table 1).
Immunofluorescence of first trimester placentae revealed that HO-1 protein was strongly
expressed in proliferative, Ki67-positive CTBs of cell columns, but largely absent from
nonproliferating, Kip2/p57-positive EVTs (Fig. 4B). Resembling the in vivo HO-1 protein
expression, HO-1 staining was strong in cycling CTBs of first trimester explant cultures but
decreased in the distal, invasive EVTs (Fig. 4C). To describe more quantitatively the
differential HO-1 expression, we also performed Western blotting of isolated primary
cultures demonstrating higher levels of HO-1 in CTBs compared with EVTs (Fig. 4D).

HO-1 expression regulates trophoblast motility
To investigate whether HO-1 expression regulates trophoblast migration, we took a two-
pronged approach using a loss-of as well as a gain-of function cell model. We knocked
down endogenous HO-1 in BeWo cells using retroviral transduction with a miRNA adapted
retroviral vector targeting human HO-1 sequence (“miHO1”; Fig. 5A). Using Western
blotting we observed an efficient knockdown of HO-1 expression in BeWo cells stably
expressing miHO1 (thus called “miHO1”) compared with BeWo cells stably expressing the
LMP ctrl sequence (termed “LMP”) (Fig. 5B). To test whether the loss of HO-1 impacts cell
motility, LMP and miHO1 cells were subjected to a transwell migration assay. Compared
with ctrls (LMP), cell migration toward FN was increased by 70% in cells lacking HO-1
(Fig. 5C). To substantiate this result, we established a DOX-inducible, HO-1-expressing
HTR-8/SVneo cell line by retroviral gene transfer and performed similar functional assays.
HO-1 protein expression was strongly induced 24 h after DOX addition using Western
blotting (Fig. 5D) and immunocytochemistry (Fig. 5E). In transwell assays, mock-
transduced cells showed significant migration through FN-coated transwells (Fig. 5E). In
contrast, when HO-1 was DOX induced 24 h before and during the migration assay, cell
motility was reduced by 37% (Fig. 5F). Similarly, in wound healing assays, trophoblast
migration into the denuded area was diminished upon induction of HO-1 (Fig. 5G). HO-1
did not alter cell proliferation in the time frame of migration and wound healing assay.
However, 24 h after seeding increased proliferation (118.5% compared with ctrls, 100%; P =
0.017) was noticed in HTR-8 cells expressing HO-1. Recently, we demonstrated up-
regulation of PPARγ expression by CO, a product of HO-1 enzymatic activity in
macrophages (35).

Because activation of PPARγ inhibits trophoblast invasion (16), we asked if the inhibitory
effects of HO-1 could be mediated through PPARγ. Noteworthy, CTBs express higher
levels of PPARγ than EVTs (Fig. 4D). Our hypothesis was supported by experiments
showing that down-regulation of HO-1 expression in miHO1 BeWo cells also decreased
PPARγ protein levels (Fig. 6A). Furthermore, HO-1 knockdown in miHO1 BeWo cells
reduced expression of a luciferase reporter driven by the PPARγ-dependent promoter (Fig.
6B). Indeed, pharmacological blocking of PPARγ abolished the suppressive effect of HO-1
on migration observed in LMP cells in the absence of GW9662 (Fig. 6E). Similar effects
could be detected in HTR8/HO-1 gain-of function cells: induction of HO-1 by DOX for 48 h
resulted in higher PPARγ protein levels as well as PPARγ luciferase reporter activity in
HTR8-HO1 cells compared with HTR8 ctrl cells (Fig. 6, C and D). Blocking of PPARγ in
DOX-treated HTR8 cells with GW9662 added before transwell assays did not significantly

Bilban et al. Page 8

Endocrinology. Author manuscript; available in PMC 2011 March 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



alter trophoblast migration (Fig. 6F). However, blocking of PPARγ in DOX-treated HTR8-
HO1 cells reversed the motility inhibiting effect obtained through HO-1/PPARγ
overexpression.

Discussion
During the establishment of the human placenta, a highly migratory subpopulation of EVTs,
originating from anchoring chorionic villi, invades maternal uterine stroma and blood
vessels. Placental research over the past decades has underlined the striking similarities
among the mitotic, migratory, and invasive properties of trophoblasts and those of cancer
cells, which are known to override mechanisms controlling cellular proliferation, invasion,
and death. Therefore, characterization of the complete human transcriptome of different
trophoblast subsets by gene expression profiling is well suited to identify critical genes
potentially involved in normal and pathological invasion processes. Previously, we have
identified putative regulators of trophoblast differentiation by comparing gene expression
profiles of trophoblast cells isolated from first and term trimester human placenta (25). In
the present paper, we aimed to capture more accurately the distinct molecular signatures of
highly and poorly invasive trophoblasts by applying gene expression profiling of purified
EVTs and CTBs of first trimester pregnancies. Differential expression of integrins α6, α1,
β4, E-cadherin, as well as of HLA-G1 in EVTs and CTBs indicated that the RNA pools
correctly represent the respective trophoblast subtypes. So far, several of the most strongly
regulated genes, such as extracellular matrix components (nidogen-1, Spondin-2, villin) and
remodeling proteases (ADAM-12, -19, -28), were not known to be expressed differentially
in invasive and noninvasive trophoblast cells. Because those molecules have known roles in
cancer invasion, a role of such genes in trophoblast invasion seems plausible. Although it is
not within the scope of this paper to analyze exhaustively the entire database of
differentially expressed genes, this study resulted in a very rich data set, which is now
provided as a public source. As anticipated, GSEA identified several gene sets implying
transition from a sessile to a motile phenotype. Different collagens and matrix-degrading
proteases were found to be predominantly expressed in invasive trophoblasts. This may
implicate changes in cell adhesion/motility, cell-matrix interaction, and cell signal
transduction during invasive trophoblast differentiation. Furthermore, GSEA showed that
CTBs and EVTs have widespread differences in other biological processes, including
response to stress, carbohydrate metabolism, signal transduction, and gene regulation.

Recent studies demonstrated the importance of HO-1/CO in pregnancy through modulation
(i.e. reduction) of placental per-fusion pressure by HO-1/CO on the maternal endothelium
(15, 36-38). This finding has important consequences with regard to pregnancy specific
diseases such as preeclampsia, a hypertensive disorder (38). In this study we highlight a
further possible role of HO-1 in the regulation of trophoblast invasiveness. Our
immunostainings indicate high expression of HO-1 in proliferative, Ki67-positive cell
columns, whereas protein levels were low in noncycling, Ki67-negative, invasive EVTs.
This result somewhat contrasts to the one reported previously showing similar or decreased
expression in cell column vs. EVT (15). We explain this discrepancy based on the fact that
the polyclonal anti-HO-1 antibody used by Lyall et al. (15) stains nonspecifically as reported
elsewhere (39). In addition, in the study by Lyall et al. (15) cell columns of midgestation
placentae was not analyzed for proliferative status using for example Ki67 antibodies.
Assuming that nonproliferating columns with low HO-1 expression were analyzed, it may
well be that the decrease in HO-1 gene expression upon invasion could not be easily
detected. Therefore, we believe that the HO-1 staining described in this study reflects more
accurately the subcellular localization of HO-1. Similar to the HO-1 staining in the early
placenta, analyses of first trimester villous explant cultures revealed that HO-1 staining was
intense in proximal trophoblast cells (representing CTBs) in contrast to distally, invasive
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trophoblast (representing EVTs). The immunohistochemical staining pattern was also
confirmed by Western blotting showing decreased HO-1 protein expression in isolated EVT
compared with CTBs. Therefore, we analyzed whether the loss of HO-1 expression (in
BeWo cells) as well as induction of HO-1 expression (in HTR-8/SVneo cells) may affect
cell motility. BeWo trophoblast cells endogenously express HO-1, whereas HTR8/SVneo
cells lack HO-1 expression, which could be another feature of their EVT-like phenotype
(22). The loss of HO-1 in BeWo cells resulted in increased cell motility. Similarly, DOX-
dependent expression of HO-1 revealed an inhibitory effect of the enzyme on HTR-8/SVneo
trophoblast motility using transwell as well as wound healing migration assays. Therefore,
we conclude that down-regulation of HO-1 in EVT could be a critical step in successful
trophoblast invasion. The suppressive effects of HO-1 on trophoblast migration were
PPARγ dependent. Up-regulation of PPARγ protein and activity by HO-1 was required to
down-regulate cell motility because blocking of PPARγ largely abolished the effect of
HO-1 overexpression. Similarly, the increase in cell motility upon knockdown of HO-1
could not be observed in PPARγ-inhibited cells. The exact mechanism by which HO-1 up-
regulates PPARγ remains to be elucidated, however, several scenarios may be envisioned
that also emphasize a potential role of the enzymatic products of HO-1: 1) a role of CO in
up-regulation of PPARγ may be envisioned because it was shown recently by others and us
that CO up-regulates PPARγ and PPARδ in macrophages and C2C12 myoblast cells (35,
40); 2) Schild et al. (41) previously documented the involvement of p38 MAPK because
pharmacological inhibition of p38 led to reduced PPARγ protein expression in term tropho-
blast cells; 3) epigenetic mechanisms through HO-1 acting as a transcription factor (42); and
4) decreased degradation of PPARγ (43) or differential regulation of scaffold regulatory
corepressor or coactivator proteins such as prostaglandin C-1, nuclear hormone receptor
corepressor and silencing mediator for retinoid and thyroid hormone receptors,
phosphorylation by MAPKs (41, 44), or small ubiquitin-like modifier-ylation (45).
Interestingly, addition of GW9662 did not affect cell migration in miHO-1 BeWo
knockdown cells and HTR-8 ctrl cells. Therefore, failure of the PPARγ inhibitor to provoke
effects on cell migration was only observed in cells expressing low amounts of PPARγ. We
hypothesize that the PPARγ dosage could be critical for the migratory response: in miHO-1
BeWo cells, treatment with GW9662 may not increase migration because PPARγ could
have decreased below a critical expression level. Conversely, inhibition of HTR-8 ctrls with
GW9662 did not increase basal migration because low levels of PPARγ in these cells may
not be effective. However, HO-1 may also partly suppress trophoblast migration by
mechanisms independent of PPARγ because reversal by the selective PPARγ inhibitor was
not complete. Theoretical possibilities include modulation of migration/adhesion molecule
expression, including vasodilator-stimulated phosphoprotein (34), integrin α5β1 (46) E-
selectin, vascular cell adhesion molecule-1 (47), intercellular adhesion molecule-1 (48), or
integrin β2 (49). In addition, physical association and/or post-translational modification of
the actin cytoskeleton or Akt by HO-1 may contribute to the inhibitory effect on cell
migration (50, 51). It is well known that activation of PPARγ inhibits trophoblast invasion
either through up-regulation or transrepression of molecules regulating cell invasion (16).
Those molecules include the metalloproteinase pregnancy associated plasma protein-A (52),
human chorionic gonadotrophin (53), Muc1 (54), leptin, TNFα, IL-1β, TGFβ2, and
placental GH (16). Because some of those molecules (IL-1β, TNFα) are also regulated by
HO-1 (14), we speculate that a possible signaling cascade, including HO-1 upstream of
PPARγ, may regulate expression of these molecules thereby ultimately controlling
trophoblast migration.

In conclusion, the present work delineates mRNA signatures and gene sets of noninvasive
and motile trophoblasts providing further options for detailed analyses of the invasive
trophoblast differentiation process. Moreover, functional analyses of HO-1, which has been
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identified by the comparative gene profiling strategy, indicate that the enzyme could be a
critical regulator of trophoblast motility.
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FIG. 1.
Trophoblast invasion as a model to identify invasion-regulating genes. A, Diagram of the
histological organization of the human maternal-fetal interface at early gestation. CTBs,
which are specialized (fetal) epithelial cells of the placenta, differentiate into EVTs and
invade the uterine wall. EVTs were collected from most distally outgrowing cells of first
trimester villous explants growth factor-reduced Matrigel after 72 h culturing, whereas
villous CTBs were purified from first trimester placentae as described in Materials and
Methods. AV, Anchoring villus. B, Localization of integrins α1 and α6, HLA-G1, Kip2/
p57, cytokeratin 7 (Cyto) (depicted in green), vimentin (Vim) (depicted in red) in first
trimester villous explant cultures seeded on Matrigel. To visualize nuclei, sections were
counterstained with DAPI. The staining pattern is indicative for highly invasive EVTs
(marked by arrows) or poorly invasive CTBs, respectively. Representative examples are
shown. CC, Cell column; VC, villous core. C, GeneChip-derived expression patterns of
well-known markers for CTBs and EVTs.
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FIG. 2.
Microarray analysis of EVT vs. CTB identifies multiple differentially expressed genes. A,
SAM analysis between one group of EVT (n = 6) and one group of CTB (n = 5) samples.
The scatter plot of the observed difference d(I) vs. the expected relative difference dE(I) is
shown. The broken lines are drawn at a distance of Δ= 0.30 from the solid line that indicates
d(I) = dE(I). Genes outside the broken lines are regarded as genes with significant changes in
expression, yielding 991 genes. The median estimated FDR is 5%. Dots above the broken
line indicate genes induced in EVTs (370), and dots below the broken line indicate genes
that are suppressed in EVTs (621). B, A heat map of top 50 genes that differentiate EVT and
CTB groups as judged by SAM analysis. Down-regulated genes are shown in green and up-
regulated genes in red.
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FIG. 3.
Multiple functional gene sets are altered between EVTs and CTBs. Top-scoring pathways
displayed as heat maps showing relative gene expression. One exemplary pathway is shown
for each category according to Table 3. Down-regulated genes are shown in blue and up-
regulated genes in red. Genes with statistically significant core enrichment are indicated by
the black bar on the left of the heat maps. A, Example of a top-scoring pathways enriched in
EVTs. B, Example of a top-scoring pathways enriched in CTBs.
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FIG. 4.
HO-1 expression is reduced upon differentiation of CTBs into EVTs. A, Real-time PCR of
EVT and CTB mRNAs (each n = 3) was performed as described previously. B,
Immunofluorescence of first trimester placental tissues. Two representative examples (left
panel: 40-fold magnification; right panel: 20-fold magnification) of five different placentae
analyzed are shown. Serial sections of first trimester placental tissues were incubated with
specific antibodies against HO-1 (upper panels) and Ki67/Kip2-p57 (red/green; middle
panels) and counterstained with DAPI (lower panels). Note that most differentiated, p57-
positive EVTs are largely devoid of HO-1. Dotted line, Direction of invasion. VC, Villous
core. C, Immunofluorescence of tissue sections of first trimester explant cultures seeded on
Matrigel (48 h). A representative example of 15 different explants of three different
placentae is depicted. Dotted arrow denotes direction of trophoblast invasion. D, HO-1 and
PPARγ protein expression in primary trophoblast cells and HTR-8/SVneo and BeWo cells.
Western blot analysis demonstrated high HO-1 expression in CTB and BeWo and no/low
HO-1 protein levels in EVT and HTR-8/SVneo cells, respectively. Note higher PPARγ
protein levels in CTBs compared with EVTs. β-Actin was used as a loading ctrl. The blot is
representative for three independent experiments.
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FIG. 5.
HO-1 inhibits trophoblast migration in loss-of as well as in gain-of function cell models. A,
A miRNA targeting human HO-1 was shuttled from pSM2 into the retroviral vector LMP
used to construct HO-1 knockdown cells as described in Materials and Methods. B, Western
blot analysis of ctrl (LMP) or HO-1 miRNA-adapted short hairpin RNA transduced BeWo
cells (miHO-1) demonstrates efficient HO-1 knockdown. β-Actin indicates equal loading. A
representative example is shown. C, Transwell migration assays of LMP and miHO-1 BeWo
cells were performed as described in Materials and Methods. Cell migration of ctrl-infected
cells (LMP) through FN-coated filters was set to 100%. Note that miHO1 cell migration is
increased in cells lacking HO-1. D, HTR-8/SVneo cells were retrovirally transduced to
express the human HO-1 cDNA under the control of a DOX-sensitive promoter (Tet-On) as
described in Materials and Methods. HO-1 protein expression in HTR8-HO-1 cells after 24
h DOX addition (0, 0.1, 1.0, and 10.0 μg/ml) was analyzed by Western blotting. β-Actin
was used as a loading ctrl. E, Immunofluorescence of mock- or HO-1 transduced cells after
24 h DOX (1 μg/ml) induction using specific HO-1 antibodies. F, Transwell migration
assays of DOX-induced HTR8 and HTR8/HO-1 cells were performed as described in
Materials and Methods. Cell migration of ctrl-infected cells (HTR8) was set to 100%. Note
that HTR8/HO1 cell migration through FN-coated filters is reduced in cells expressing
HO-1. Bars represent mean values ± SEM of three different experiments. *, P < 0.05 vs.
HTR8. G, Effects of HO-1 expression on cell migration in wound healing assays. Wound
healing assays of DOX-treated, mock- and HO-1-transduced HTR-8/SVneo cells were
performed as described in Materials and Methods. Micrographs of wounded, nonfixed cell
layers at 0 and 8 h after addition of culture medium are depicted. Initial sizes of wounds are
marked by arrowheads. Representative examples of three different experiments are shown.
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FIG. 6.
HO-1 inhibits trophoblast migration via PPARγ. A, Protein levels of PPARγ were
investigated in LMP or miHO1 BeWo cells by Western blotting. HO-1 and β-actin
demonstrate HO-1 knockdown with equal protein loading, respectively. Representative
examples are shown. B, Luciferase assays of BeWo LMP and miHO-1 cells after
cotransfection with PPARγ-responsive and phRL ctrl plasmids. Firefly luciferase activity
was determined in protein extracts and normalized to Renilla luciferase activity as described
previously. For comparison, values of ctrl (LMP) infected cells were arbitrarily set to 100%
in each experiment. Bars represent mean values of three independent transfections of three
different cultures. Error bars indicate SD.*, P < 0.05. C, DOX was added to HTR8 and
HTR8/HO-1 cells, and PPARγ protein expression was investigated 24–36 h later by
Western blotting. HO-1 and β-actin demonstrate increased HO-1 expression with equal
protein loading, respectively. D, Luciferase activity of the PPARγ-responsive reporter after
36 h DOX treatment of HTR8 and HTR8/HO-1 cells. Luciferase activity was determined as
described in Materials and Methods. For comparison, values of ctrl (HTR8) infected cells
were arbitrarily set to 100% in each experiment. Bars represent mean values of three
independent transfections of three different cultures; error bars indicate SD.*, P < 0.05. E,
Transwell migration assays toward FN using LMP or miHO1 cells in the absence (ctrl) or
presence of GW9662. Migration of LMP cells was set to 100%. Bars represent mean values
± SEM of three different experiments. Note that the inhibitory effect of endogenous HO-1
expression in LMP cells was abrogated when GW9662 was present. *, P < 0.01 vs.
miHO1;#, P < 0.05 vs. LMP plus GW9662. F, Transwell migration assays of DOX-induced
HTR8 and HTR8/HO-1 cells toward FN in the absence (ctrl) or presence of GW9662. Note
that the inhibitory effect of HO-1 expression in DOX-treated HTR8/HO-1 cells was
abrogated when GW9662 was present. *, P < 0.05 vs. HTR8;#, P < 0.05 vs. HTR8/HO-1
plus GW9662.
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