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The transformation of cytotrophoblast (CTB) to extravillous trophoblast (EVT) is an essential process for
placental implantation. EVT generated at the tips of the anchoring villi migrate away from the placenta
and invade the endometrium and maternal spiral arteries, where they modulate maternal immune responses and remodel the arteries into high-volume conduits to facilitate uteroplacental blood ﬂow. The
process of EVT differentiation has several factors in common with the epithelial-to-mesenchymal transition (EMT) observed in embryonic development, wound healing and cancer metastasis. We hypothesized that the generation of invasive EVT from CTB was a form of EMT. We isolated paired CTB and EVT
from ﬁrst trimester placentae, and compared their gene expression using a PCR array comprising probes
for genes involved in EMT. Out of 84 genes, 24 were down-regulated in EVT compared to CTB, including
epithelial markers such as E-cadherin (11-fold) and occludin (75-fold). Another 30 genes were upregulated in EVT compared to CTB including mesenchymal markers such as vimentin (235-fold) and
ﬁbronectin (107-fold) as well as the matrix metalloproteinases, MMP2 and MMP9 (357-fold, 129-fold).
These alterations also included major increases in the ZEB2 (zinc ﬁnger E-box binding homeobox 2, 198fold) and TCF4 (transcription factor 4, 18-fold) transcription factors, suggesting possible stimulatory
mechanisms. There was substantial up-regulation of the genes encoding TGFb1 and TGFb2 (48-fold, 115fold), which may contribute to the maintenance of the mesenchymal-like phenotype. We conclude that
transformation of CTB to EVT is consistent with an EMT, although the differences with other types of EMT
suggest this may be a unique form.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Cytotrophoblasts (CTB) are the primary placental cells derived
from the trophectoderm of the blastocyst. Formation of the
placental villous structure requires the differentiation of the CTB
into the multinuclear syncytium that forms the epithelial covering
of the villous tree, the primary barrier between maternal and fetal
circulations and the site of nutrient and gas exchange. At the tips of
the anchoring villi, where the placenta attaches to the endometrium, CTB undergo a different transformation into a non-
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proliferative cell type that migrates away from the placenta, invades into the endometrium and colonizes the maternal spiral arteries. These invasive cells, the EVT, play a number of crucial roles in
placental development. These include modulation of maternal
immune response and conversion of maternal spiral arteries into
the dilated non-reactive vessels essential for high-volume maternal
blood ﬂow to the placental intervillous space.
The differentiation of CTB into EVT has been a subject of great
interest following the discovery that shallow placental implantation and defective spiral artery conversion due to impaired invasion
were implicated in the etiology of major placental pathologies,
most notably preeclampsia and intrauterine growth restriction
[1,2]. Investigators have mapped some of the molecular changes
that take place as the epithelial CTB leave the terminal ends of the
anchoring trophoblast columns and move individually into the
endometrium. One of these changes is the increased secretion of
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the metalloproteinases that break down the extracellular matrix
(ECM), enabling the EVT to migrate through the endometrium [3].
Another is the switch in the repertoire of ECM factors such as the
integrins to types that are capable of interacting with the ECM of
the endometrium, enabling invasion [4,5]. As a result, several
groups have suggested that the transformation of the epithelial-like
CTB to the invasive, mensenchymal-like EVT is akin to the epithelialemesenchymal transition (EMT) that occurs in embryonic
development, wound healing and cancer metastasis [6]. Data
showing integrin and metalloproteinase changes [5,7,8], changes in
cadherin expression [9], alterations in Wnt signaling [10] and
trophoblast expression of mesenchymal markers [11] or EMT biomarkers [12] support this hypothesis. These results are summarized in several reviews [13e16] where the CTB-EVT conversion
process has been described as “pseudo EMT” or “metastable EMT”.
The EMT label includes a broad range of potential changes in
cellular phenotype. There is general agreement that cells transition
from an epithelial phenotype adherent to a basal lamina and
coupled through tight junctions to a separated, invasive mesenchymal phenotype. Within this general context however there are
substantial differences between the EMT process, even between
metastatic cell types, no matter those involved in embryonic
gastrulation or wound healing. Analysis of well-recognized EMT
markers can reveal contradictory results between cell types undergoing EMT, despite the similarities of a general progression from
the epithelial to a mesenchymal phenotype.
Individual EMT markers have been examined in prior research
but there has been no systematic investigation to determine
whether a placental EMT mechanism plays a role in the CTB differentiation into EVT, nor efforts to compare the process to EMT in
other cell types. The progressive acquisition of a migratory/invasive
cell phenotype during CTB differentiation resembles the general
EMT process whereby epithelial cells lose their junctional contacts,
are remodeled to a mesenchymal phenotype and migrate away
from the originating tissue. We decided to investigate the CTB to
EVT differentiation to determine if it could be characterized as an
EMT and to see how it compares to other EMT processes. As cellular
sources, we used puriﬁed CTB and EVT, isolated in a paired manner
from ﬁrst trimester human placenta. Using a PCR array for multiple
genes known to be involved in EMT in other systems, we compared
gene expression between paired primary CTB and EVT. We hypothesized that the conversion of CTB to EVT could be characterized
as an epithelialemesenchymal transition.
2. Methods
2.1. Tissue source
First trimester (6e10 week gestation) placental tissue was obtained following termination of pregnancy performed by dilation
and curettage. Tissue was obtained with written informed consent
from the Auckland Medical Aid Centre (AMAC), Auckland, NZ. The
tissue acquisition protocol was approved by the Northern Regional
Ethics Committee (NTX/12/06/057/AM01), Auckland, New Zealand.
The samples were obtained from singleton pregnancies with no
known gross morphological or other abnormalities.
2.2. Cell preparation
CTB and EVT were isolated from the same placental tissue
sample, as previously described [17]. First trimester placentae from
6 to 10 weeks of gestation were washed in phosphate buffered
saline (PBS, pH 7.4) to remove maternal blood. Villi were dissected
from the membranes and incubated with 0.25% trypsin (Gibco,
Auckland), 0.02% DNAse I (Sigma, Auckland) in PBS (10 mL per gram
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of tissue) in a 37 C water bath for 10 min. The supernatant was
removed and villi were washed a further 8 times with 20 mL of PBS
to remove the EVT and much of the syncytiotrophoblast layer.
To isolate EVT, the combined supernatant and wash solution was
ﬁltered through a 70 mm cell strainer into tubes containing FBS
(ﬁnal concentration 10%) then centrifuged at 450  g for 8 min. The
cell pellet was resuspended in DMEM/F12 (Life Technologies,
Auckland) containing 5% FBS. The majority of the cells (90%) were
then incubated with an FITC-conjugated monoclonal anti-HLA-G
antibody for 30 min at 37 C (5 mg/mL; clone MEM-G/9, AB7904,
Abcam, Cambridge, UK). The remaining 10% of the cells were
incubated with DMEM/F12 containing 5% FBS only (negative control). Cells were centrifuged at 450  g for 8 min, resuspended in
PBS, stained with propidium iodide (1 mg/mL; PI, Invitrogen,
Auckland) for 5 min at 4 C then washed with PBS. HLA-G (FITC)positive cells were sorted using a Becton Dickinson FACSAria II
SORP cell sorter. FITC detection was performed using 488 nm
excitation with 505LP and 530/30 BP emission ﬁlters. Dead cells
and doublets were excluded. We have previously demonstrated the
purity of similar EVT preparations as quantiﬁed by immunocytochemistry. Cells were 95% CK-7 (cytokeratin-7) positive [18,19],
thus we have a high level of conﬁdence that the cells sorted by ﬂow
cytometry as HLA-G positive from this population represent a pure
EVT population.
To isolate CTB, residual villous tissue from the ﬁrst trypsin digest
described above was incubated with 0.25% trypsin, 0.02% DNAse I in
PBS (10 mL per gram of tissue) on a rocker at 4 C for 7 min, then
stationary at 4 C for 16 h. Villi were then washed a further 10 times
in PBS and supernatant and washes were ﬁltered through 70 mm
cell strainers into FBS (ﬁnal concentration 10%). The ﬁltrate was
centrifuged at 450  g for 8 min and pellets were resuspended in
DMEM/F12 containing 5% FBS. Cells were incubated in a 10 cm petri
dish in a humidiﬁed 37 C environment with 5% CO2 for 10 min to
deplete contaminating mesenchymal cells by adhesion to the
plastic. The cell suspension was removed, and the dish gently
washed twice with DMEM/F12 containing 5% FBS. Cells from the
combined suspension and wash were incubated for 30 min at 37 C
with an FITC-conjugated monoclonal anti-b4 integrin antibody
(10 mg/mL; clone 450-9D, AB22486, Abcam) in DMEM/F12 containing 5% FBS. The cell preparation was stained with PI as
described above to identify dead cells. We have previously
demonstrated that this methodology produces a 95% pure
trophoblast population as demonstrated by expression of CK-7 and
lack of expression of vimentin [19]. From this 95% pure population,
an even greater level of CTB purity was achieved through ﬂow
sorting, as described above, to isolate a pure b4 integrin (FITC)positive CTB population.
2.3. Sample preparation and analysis
EVT and CTB were sorted into 2 mL RNAse-free tubes containing
0.5 mL RNAlater (Life Technologies). RNA was extracted using the
Invitrogen PureLink RNA Mini Kit (Life Technologies) according to
the manufacturer's instructions. RNA quality and quantity were
determined using an RNA 6000 Pico Kit (Agilent Technologies,
Santa Clara, CA) according to the manufacturer's instructions,
employing an Agilent 2100 Bioanalyzer. For each sample cDNA was
transcribed from 10 ng of RNA using an RT2 PreAmp cDNA Synthesis
Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions, using the RT2 PreAmp Pathway Primer Mix speciﬁc for
the EpithelialeMesenchymal Transition (EMT) RT2 Proﬁle PCR
Array (Cat. #PAHS-090Z, Qiagen). The PCR Array was analyzed using an ABI 7900 HT Fast Real-Time PCR System (Applied Biosystems
Inc., Foster City, CA) under cycling conditions recommended by the
manufacturer.
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The data from the PCR Array was analyzed using DDCT methodology to obtain the fold-change in relative gene expression between CTB and EVT. Out of a choice of 5 potential housekeeping
genes (B2M, GAPDH, ACTB, HPRT1, RPLP0) we chose to use the
combination of B2M, GAPDH, RPLP0 and HPRT1 to normalize our
samples [20]. These genes demonstrated no signiﬁcant changes
across our sample groups (p < 0.05, Student's t test; [21]). The PCR
Array also contains built-in controls for the detection of genomic
DNA contamination, a reverse transcription control (which tests the
efﬁciency of the reverse transcription reaction) and a positive PCR
control that tests the efﬁciency of the polymerase chain reaction
itself. The statistical signiﬁcance of the difference between the CTB
and EVT gene expression was determined from the 2(DCT) values
using a two-tailed ManneWhitney U test. A p value of 0.05 was
taken as indicating a signiﬁcant difference. PCR Array data has been
deposited in the NCBI's Gene Expression Omnibus (GEO) Database
with Accession Number GSE74040; http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc¼GSE74040.

3. Results
3.1. Samples
EVT and CTB were obtained from the placental tissue of pregnancy terminations ranging from 6 to 10 weeks gestational age. The
EVT and CTB were isolated using the EVT-speciﬁc marker HLA-G and
the CTB-speciﬁc marker integrin b4. An average of 1.8  105 and
1.2  105 cells were isolated from the CTB and EVT samples
respectively (from 1 to 3 g of tissue). Extraction of the cell samples
produced RNA for CTB and EVT with concentrations of 4.2 ± 1.0 and
4.1 ± 1.1 ng/mL respectively (mean ± SEM, n ¼ 6 placentae); total RNA
extracted was 251 ± 60 ng (range 89e515 ng) for the CTB and
248 ± 65 ng (range 96e494 ng) for the EVT. The average yield of RNA
per cell number was 1.4 pg/cell for CTB and 2.1 pg/cell for EVT. The
quality of the RNA extracted from the isolated cells was assessed
using the RIN (RNA Integrity Number) score. The CTB samples had a
mean RIN score of 8.1 ± 0.2 (n ¼ 6) while the score for the EVT was
9.0 ± 0.3 (n ¼ 6), demonstrating a high degree of RNA integrity for all
the extracted samples and their suitability for qPCR analysis.

3.2. PCR array
We used a PCR Array to examine expression of a panel of 84
genes associated with the EMT. The built-in controls showed that
none of the samples had genomic DNA contamination and that the
efﬁciency and reproducibility of both the reverse transcription and
PCR were sufﬁcient and appropriate.
We compared gene expression between villous cytotrophoblast
(CTB, n ¼ 6) and extravillous trophoblast from the same placental
samples (EVT, n ¼ 6). Out of the 84 genes potentially associated
with the EMT, 54 showed signiﬁcant changes (p  0.05). There were
30 up-regulated genes (Table 1) and 24 down-regulated genes
(Table 2).
Multiple genes demonstrated signiﬁcant changes consistent
with an EMT as described for other cell types. These changes
include decreases in the expression of epithelial/junctional adhesion markers (Fig. 1(a)) such as OCLN (75-fold), a gene that encodes occludin, the primary protein maintaining tight junction
stability, CDH1 (11-fold), the gene coding for E-cadherin, a
transmembrane protein involved in cellecell adhesion, EFGR (33fold), the epidermal growth factor receptor and CTNNB1 (-6-fold),
b-catenin. This is in contrast to the increase in the expression of the
mesenchymal markers (Fig. 1(b)) such as FN1 (107-fold), encoding
ﬁbronectin 1, an ECM protein involved in cell adhesion and
migration, vimentin (VIM; 235-fold), a mesenchymal intermediate
ﬁlament protein and the extracellular matrix integrins a5 (ITGA5;
140-fold) and b1 (ITGB1; 4-fold). The change in the nature of these
cells from an epithelial to a mesenchymal phenotype is emphasized
by the increases in the metalloproteinases (MMP2, MMP3, MMP9;
357-, 129-, 160-fold respectively; Fig. 1(c)) necessary for invasion.
Another important group of genes showing changes in expression
are the transcription factors (Fig. 1(d)). Several, including SMAD2,
TCF3, SNAI1, SNAI2 and TWIST1 show decreases in expression
(2, 2, 3, 24, 64-fold), contrary to the changes reported in
other EMT types. Several others however, show increases, including
a robust increase in ZEB2 (198-fold), often described as a “master
EMT regulator”.
Two other groups are of note. The ﬁrst are those genes that show
changes opposite to those previously observed in the EMT. In this

Table 1
Genes down-regulated in EVT compared to CTB.
Gene

Fold change

p value

Description

FOXC2
OCLN
TWIST1
BMP7
RGS2
JAG1
EGFR
SNAI2
WNT5A
FZD7
CDH1
TSPAN13
TMEFF1
SERPINE1
CTNNB1
COL5A2
COL1A2
VPS13A
SNAI1
PTP4A1
NUDT13
TCF3
SMAD2
DESI1

121.90
75.02
64.04
61.92
49.61
40.12
33.38
23.61
20.25
14.38
10.82
9.98
9.91
6.45
5.72
4.88
2.92
2.79
2.75
2.52
2.47
1.92
1.69
1.50

0.036
0.002
0.050
0.002
0.004
0.002
0.005
0.009
0.002
0.002
0.002
0.002
0.002
0.004
0.002
0.004
0.026
0.009
0.004
0.016
0.041
0.041
0.005
0.025

Forkhead box C2 (MFH-1, mesenchyme forkhead 1)
Occludin
Twist homolog 1 (Drosophila)
Bone morphogenetic protein 7
Regulator of G-protein signaling 2, 24 kDa
Jagged 1
Epidermal growth factor receptor
Snail homolog 2 (Drosophila)
Wingless-type MMTV integration site family, member 5A
Frizzled family receptor 7
Cadherin 1, type 1, E-cadherin (epithelial)
Tetraspanin 13
Transmembrane protein with EGF-like and two follistatin-like domains 1
Serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1), member 1
Catenin (cadherin-associated protein), beta 1, 88 kDa
Collagen, type V, alpha 2
Collagen, type I, alpha 2
Vacuolar protein sorting 13 homolog A (S. cerevisiae)
Snail homolog 1 (Drosophila)
Protein tyrosine phosphatase type IVA, member 1
Nudix (nucleoside diphosphate linked moiety X)-type motif 13
Transcription factor 3 (E2A immunoglobulin enhancer binding factors E12/E47)
SMAD family member 2
PPPDE peptidase domain containing 2
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Table 2
Genes up-regulated in EVT compared to CTB.
Gene

Fold change

p value

Description

F11R
STAT3
KRT7
WNT5B
BMP1
CAV2
CALD1
PLEK2
SNAI3
ITGB1
SPARC
KRT19
NOTCH1
MSN
TCF4
GNG11
TFPI2
TIMP1
KRT14
TGFB1
FN1
TGFB2
MMP3
ITGA5
MMP9
SPP1
ZEB2
IL1RN
VIM
MMP2

1.58
2.01
2.40
2.95
3.37
3.64
3.79
3.89
3.92
4.34
4.94
6.17
6.39
12.72
18.40
24.30
24.38
24.50
41.44
47.69
106.94
115.10
128.93
139.68
160.43
186.25
198.48
230.62
235.15
356.83

0.026
0.005
0.041
0.009
0.002
0.009
0.009
0.002
0.041
0.002
0.002
0.002
0.009
0.005
0.004
0.008
0.002
0.002
0.002
0.004
0.005
0.005
0.002
0.002
0.002
0.005
0.004
0.002
0.008
0.002

F11 receptor
Signal transducer and activator of transcription 3 (acute-phase response factor)
Keratin 7
Wingless-type MMTV integration site family, member 5B
Bone morphogenetic protein 1
Caveolin 2
Caldesmon 1
Pleckstrin 2
Snail homolog 3 (Drosophila)
Integrin, beta 1 (ﬁbronectin receptor, beta polypeptide, antigen CD29 includes MDF2, MSK12)
Secreted protein, acidic, cysteine-rich (osteonectin)
Keratin 19
Notch 1
Moesin
Transcription factor 4
Guanine nucleotide binding protein (G protein), gamma 11
Tissue factor pathway inhibitor 2
TIMP metallopeptidase inhibitor 1
Keratin 14
Transforming growth factor, beta 1
Fibronectin 1
Transforming growth factor, beta 2
Matrix metallopeptidase 3 (stromelysin 1, progelatinase)
Integrin, alpha 5 (ﬁbronectin receptor, alpha polypeptide)
Matrix metallopeptidase 9 (gelatinase B, 92 kDa gelatinase, 92 kDa type IV collagenase)
Secreted phosphoprotein 1
Zinc ﬁnger E-box binding homeobox 2
Interleukin 1 receptor antagonist
Vimentin
Matrix metallopeptidase 2 (gelatinase A, 72 kDa gelatinase, 72 kDa type IV collagenase)

category are the increases in the cytokeratins KRT14 (41-fold),
KRT19 (6-fold) and KRT7 (2-fold), shown in Table 1. The second
category comprises those genes that might be expected to change
but showed no signiﬁcant alteration in expression. In this category
are ERBB3 and NODAL. Thus while the majority of gene expression
changes support an EMT as the primary process of CTB to EVT
differentiation, there are clear differences with the EMT observed in
other cell types and conditions (for a complete listing of gene
expression changes see Supplementary Table 1).
4. Discussion
To our knowledge this is the ﬁrst study in which paired CTB and
EVT obtained from the same ﬁrst trimester placentae have been
compared for multiple genes associated with the EMT. Taken
together the data support our hypothesis that differentiation of CTB
into EVT is an EMT. There were signiﬁcant and substantial changes
in gene expression in over half of the 84 genes examined. Of the 30
up-regulated and 24 down-regulated genes, 40 are altered in a
manner consistent with the EMT-associated changes observed in
other cell types. These include changes in the expression of genes
associated with the junctional interactions between epithelial cells,
cytoskeletal (re)organization, migration and invasion as well as
alterations in the genes for ECM factors permissive of EMT. There
were alterations in multiple cellular processes that contribute to
the transformation from an adherent epithelial phenotype to an
anchorage-independent, invasive mesenchymal phenotype. While
there were some changes in gene expression that do not conform or
are opposite to prior published patterns of EMT, the majority support the conclusion that the process whereby CTB differentiate into
EVT can be classiﬁed as an EMT, albeit one that differs in part from
previously deﬁned types of EMT.
The cell types used in this study are deﬁned by the presence or
absence of speciﬁc cell markers that are utilized in the isolation

procedure, such as HLA-G. The presence of these markers denotes a
particular grouping of cells, but it is by no means clear that these
groups are homogeneous. Our prior data suggests that CTB that
differentiate into EVT may be a subpopulation of the overall CTB
population in the ﬁrst trimester [18]. This subpopulation of CTB acts
as EVT progenitors whereas the remainder of the CTB differentiate
into syncytiotrophoblast. Cells expressing the HLA-G marker have
been shown to be spatially separated from the trophoblast cell
columns [18,22], meaning that cells isolated using HLA-G in this
study are unlikely to simultaneously display characteristics of cells
normally attached to the basal lamina.
This study is limited to the genes contained in the PCR Array.
These were chosen based on literature reports on other forms of
EMT, most frequently involving metastatic cancer cells. Undoubtedly there are other genes that form part of the CTB to EVT transformation which are not examined in this proﬁle. However
consistent evidence from gene groups strongly support the characterization of CTB/EVT as an EMT. The genes involved in cellecell
interaction form one such group. Our results show downregulation of several genes crucial for the epithelial adherens
junction and desmosome structures [15], including a reduction in
the expression of CDH1 (E-cadherin), OCLN (occludin) and CTNNB1
(b-catenin). Loss of E-cadherin is associated with increased invasiveness in multiple forms of EMT [6]. Loss of E-cadherin and bcatenin in ﬁrst trimester EVT is associated with increased trophoblast invasiveness [9,23e25]. Another gene group of interest shows
changes in ECM components permissive for the EMT, including upregulation of FN1 (ﬁbronectin 1), VIM (vimentin), ITGA5 (integrin
a5) and ITGB1 (integrin b1) [26,27]. These changes are similar to the
ECM component/adhesion receptor switch observed as villous CTB
transition to the invasive EVT [4,24,25] and are consistent with an
EMT process.
Another set of components associated with EMT, ECM proteases
and their inhibitors, also show signiﬁcant changes in our CTB/EVT
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Fig. 1. Speciﬁc groups of genes altered in the comparison of EVT and CTB gene expression. The ﬁgure shows the changes in groups of genes associated with speciﬁc functions or
phenotypes that demonstrate a signiﬁcant (p < 0.05) alteration in EVT compared to CTB. The fold-change in gene expression is shown as mean ± SEM for 6 placentae. (a) Junctional
and epithelial marker genes, (b) genes encoding mesenchymal markers, (c) genes for matrix metalloproteinases and inhibitors, (d) genes encoding transcription factors.

comparison. There was substantial up-regulation of MMP2, MMP3
and MMP9, a group of metalloproteinases involved in breaking
down the ECM to enable EVT invasion. Prior investigations examining MMP2 and MMP9 expression and activity suggested that
MMP2 was the more important protease for initial EVT invasion
events, whereas by 9 weeks of gestation MMP9 assumes a more
prominent role [8,28]. The presence of MMP3 in both CTB and EVT
conﬁrms prior observations, however we found an increase in EVT
compared to CTB, contrary to the prior report [29]. Changes
consistent with an EMT were also observed in protease inhibitors in
the CTB/EVT comparison; TIMP1 (tissue inhibitor of metalloproteinase 1) and TFPI2 (tissue factor pathway inhibitor 2) were
both up-regulated (25-fold and 24-fold respectively), suggesting
tightly coupled protease/inhibitor gene expression that nonetheless favors ECM proteolysis. The protease inhibitor, SERPINE1
(plasminogen activator inhibitor-1, PAI-1) showed a signiﬁcant
decrease (-6-fold), contrary to what might be expected, however it
has also been shown to be an inhibitor of cell migration via its effect
in reducing integrin-mediated adhesion [30,31], thus its reduction
here may be viewed as an alteration that promotes the EMT.

Clues to the factors driving the CTB/EVT transformation can be
obtained by looking at some of the regulatory components that
have signiﬁcance for the EMT in other cell types. Previous analysis
of EMT processes identiﬁed a list of master transcriptional regulators for EMT that were included on the PCR-array [32e34]. The
decreases we observe in FOXC2, SNAI1 (Snail), SNAI2 (Slug), TCF3
and TWIST1 (Twist) suggest these pathways may not be functional
in the CTB/EVT transformation. Up-regulation of Twist is associated
with repression of E-Cadherin in the trophoblast syncytialization
process [35], but the opposite is true in the data reported here; the
EVT show a substantial decrease in Twist expression concurrent
with a loss of E-Cadherin. The Wnt pathway is a major signaling
system both stimulatory for EMT and involved in CTB/EVT differentiation [36,37]. We found a decrease in the antagonistic Wnt 5A
ligand in EVT (20-fold), consistent with a prior report [37] however the 6-fold decrease in the nuclear co-activator CTNNB1 (bcatenin) raises questions about the functioning of the pathway.
The other transcription factor which shows a marked increase
between CTB and EVT is ZEB2 (zinc ﬁnger E-box-binding homeobox
2), also known as SIP1 (Smad interacting protein 1); expression is
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increased 198-fold in the EVT vs. CTB. There is close homology
between ZEB2 and ZEB1 (also measured here) that is reﬂected in
their strong binding afﬁnity for E-box DNA sequences. Both are
associated with the EMT and both share many of the same regulatory factors and downstream targets [38]. Mechanisms used by
both ZEB1 and ZEB2 in embryonic development are also involved in
the pathological onset of EMT in carcinogenesis [32], suggesting
both are basic components of the EMT process. That we see no
change in the expression of ZEB1 between the two cell types,
suggests that CTB-EVT differentiation may be speciﬁcally regulated
by ZEB2. ZEB2 is likely a fundamental component of the EMT process since it has been implicated not only with the EMT characteristic of advanced stages of carcinoma [38] but also with
developmental neural crest EMT [39].
The primary transcriptional function of ZEB2 in the EMT is coordinated suppression of junctional genes such as E-cadherin and
occludin [40], although it may also be directly involved with the
simultaneous up-regulation of mesenchymal and other EMT elements such as vimentin and integrin a5 [41,42]. Prior reports show
that the induction and maintenance of a stable mesenchymal
phenotype requires the establishment of autocrine TGFb signaling
to drive sustained ZEB expression [34,43]. Consistent with this is
the signiﬁcant increase in TGFB1 (48-fold) and TGFB2 (115-fold)
expression in EVT compared to CTB, suggesting that this autocrine
loop may be functioning to sustain the mesenchymal EVT
phenotype.
Our data provides broad support for the designation of the CTBEVT transformation as an EMT event, displaying characteristics
typical of EMT observed in other conditions as well as unique
changes that may mark it out as a novel form of EMT. Having
identiﬁed a primary mechanism responsible for CTB differentiation
into EVT, it will now be possible to explore the changes in this
process that occur in aberrant invasion pathologies such as preeclampsia and placenta accreta.

[6]
[7]

[8]

[9]

[10]

[11]

[12]
[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

Funding
[21]

This work was supported by an Auckland Medical Research
Foundation Goodfellow Repatriation Fellowship to JLJ. Funding for
this study was also received from the Center for Abnormal
Placentation, Hackensack University Medical Center (SD-A, AA-K,
SZ, NPI). In neither case did the funding sources have any
involvement in study design; in the collection, analysis and interpretation of data; in the writing of the report; and in the decision to
submit the article for publication.

[22]

[23]

[24]

Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.placenta.2015.10.013.

[25]

[26]

References
[27]
[1] I. Brosens, W. Robertson, H. Dixon, in: R. Wynn (Ed.), The Role of the Spiral
Arteries in the Pathogenesis of Preeclampsia, Appleton-Century-Crofts, Inc,
New York, 1972, pp. 177e191.
[2] T.Y. Khong, I.H. Sawyer, A.R. Heryet, An immunohistologic study of endothelialization of uteroplacental vessels in human pregnancyeevidence that
endothelium is focally disrupted by trophoblast in preeclampsia, Am. J. Obstet.
Gynecol. 167 (3) (1992) 751e756.
[3] S.J. Fisher, T.Y. Cui, L. Zhang, L. Hartman, K. Grahl, G.Y. Zhang, J. Tarpey,
C.H. Damsky, Adhesive and degradative properties of human placental cytotrophoblast cells in vitro, J. Cell Biol. 109 (2) (1989) 891e902.
[4] C.H. Damsky, M.L. Fitzgerald, S.J. Fisher, Distribution patterns of extracellular
matrix components and adhesion receptors are intricately modulated during
ﬁrst trimester cytotrophoblast differentiation along the invasive pathway,
in vivo, J. Clin. Invest. 89 (1) (1992) 210e222.
[5] C.H. Damsky, C. Librach, K.H. Lim, M.L. Fitzgerald, M.T. McMaster,

[28]

[29]

[30]

[31]

[32]

1417

M. Janatpour, Y. Zhou, S.K. Logan, S.J. Fisher, Integrin switching regulates
normal trophoblast invasion, Development 120 (12) (1994) 3657e3666.
R. Kalluri, R.A. Weinberg, The basics of epithelial-mesenchymal transition,
J. Clin. Invest. 119 (6) (2009) 1420e1428.
Y. Zhou, S.J. Fisher, M. Janatpour, O. Genbacev, E. Dejana, M. Wheelock,
C.H. Damsky, Human cytotrophoblasts adopt a vascular phenotype as they
differentiate. A strategy for successful endovascular invasion? J. Clin. Invest.
99 (9) (1997) 2139e2151.
K. Isaka, S. Usuda, H. Ito, Y. Sagawa, H. Nakamura, H. Nishi, Y. Suzuki, Y.F. Li,
M. Takayama, Expression and activity of matrix metalloproteinase 2 and 9 in
human trophoblasts, Placenta 24 (1) (2003) 53e64.
C. Floridon, O. Nielsen, B. Holund, L. Sunde, J.G. Westergaard, S.G. Thomsen,
B. Teisner, Localization of E-cadherin in villous, extravillous and vascular
trophoblasts during intrauterine, ectopic and molar pregnancy, Mol. Hum.
Reprod. 6 (10) (2000) 943e950.
S. Sonderegger, J. Pollheimer, M. Knoﬂer, Wnt signalling in implantation,
decidualisation and placental differentiationereview, Placenta 31 (10) (2010)
839e847.
C.M. Duzyj, I.A. Buhimschi, H. Motawea, C.A. Laky, G. Cozzini, G. Zhao,
E.F. Funai, C.S. Buhimschi, The invasive phenotype of placenta accreta extravillous trophoblasts associates with loss of E-cadherin, Placenta 36 (6) (2015)
645e651.
M. Knoﬂer, J. Pollheimer, Human placental trophoblast invasion and differentiation: a particular focus on Wnt signaling, Front. Genet. 4 (2013) 190.
L. Vicovac, J.D. Aplin, Epithelial-mesenchymal transition during trophoblast
differentiation, Acta Anat. 156 (3) (1996) 202e216.
M. Knoﬂer, Critical growth factors and signalling pathways controlling human
trophoblast invasion, Int. J. Dev. Biol. 54 (2e3) (2010) 269e280.
M.I. Kokkinos, P. Murthi, R. Wafai, E.W. Thompson, D.F. Newgreen, Cadherins
in the human placentaeepithelial-mesenchymal transition (EMT) and
placental development, Placenta 31 (9) (2010) 747e755.
N.V. Jordan, G.L. Johnson, A.N. Abell, Tracking the intermediate stages of
epithelial-mesenchymal transition in epithelial stem cells and cancer, Cell
Cycle 10 (17) (2011) 2865e2873.
J.L. James, D. Hurley, T. Gamage, T. Zhang, R. Vather, P. Pantham, P. Murthi,
L. Chamley, Isolation and characterisation of a novel trophoblast sidepopulation from ﬁrst trimester placentae, Reproduction (2015), http://
dx.doi.org/10.1530/REP-14e0646 published online Aug 6, 2015.
J.L. James, P.R. Stone, L.W. Chamley, The isolation and characterization of a
population of extravillous trophoblast progenitors from ﬁrst trimester human
placenta, Hum. Reprod. 22 (8) (2007) 2111e2119.
J. Prossler, Q. Chen, L. Chamley, J.L. James, The relationship between TGFbeta,
low oxygen and the outgrowth of extravillous trophoblasts from anchoring
villi during the ﬁrst trimester of pregnancy, Cytokine 68 (1) (2014) 9e15.
J. Vandesompele, K. De Preter, F. Pattyn, B. Poppe, N. Van Roy, A. De Paepe,
F. Speleman, Accurate normalization of real-time quantitative RT-PCR data by
geometric averaging of multiple internal control genes, Genome Biol. 3 (7)
(2002). RESEARCH0034.
T.D. Schmittgen, K.J. Livak, Analyzing real-time PCR data by the comparative
C(T) method, Nat. Protoc. 3 (6) (2008) 1101e1108.
M.T. McMaster, C.L. Librach, Y. Zhou, K.H. Lim, M.J. Janatpour, R. DeMars,
S. Kovats, C. Damsky, S.J. Fisher, Human placental HLA-G expression is
restricted to differentiated cytotrophoblasts, J. Immunol. 154 (8) (1995)
3771e3778.
H.W. Li, A.N. Cheung, S.W. Tsao, A.L. Cheung, W.S. O, Expression of e-cadherin
and beta-catenin in trophoblastic tissue in normal and pathological pregnancies, Int. J. Gynecol. Pathol. 22 (1) (2003) 63e70.
E. Arimoto-Ishida, M. Sakata, K. Sawada, M. Nakayama, F. Nishimoto,
S. Mabuchi, T. Takeda, T. Yamamoto, A. Isobe, Y. Okamoto, E. Lengyel,
N. Suehara, K. Morishige, T. Kimura, Up-regulation of alpha5-integrin by Ecadherin loss in hypoxia and its key role in the migration of extravillous
trophoblast cells during early implantation, Endocrinology 150 (9) (2009)
4306e4315.
M. Bilban, S. Tauber, P. Haslinger, J. Pollheimer, L. Saleh, H. Pehamberger,
O. Wagner, M. Knoﬂer, Trophoblast invasion: assessment of cellular models
using gene expression signatures, Placenta 31 (11) (2010) 989e996.
S. Maschler, G. Wirl, H. Spring, D.V. Bredow, I. Sordat, H. Beug, E. Reichmann,
Tumor cell invasiveness correlates with changes in integrin expression and
localization, Oncogene 24 (12) (2005) 2032e2041.
M. Zeisberg, E.G. Neilson, Biomarkers for epithelial-mesenchymal transitions,
J. Clin. Invest. 119 (6) (2009) 1429e1437.
E. Staun-Ram, S. Goldman, D. Gabarin, E. Shalev, Expression and importance of
matrix metalloproteinase 2 and 9 (MMP-2 and -9) in human trophoblast invasion, Reprod. Biol. Endocr. 2 (2004) 59.
H. Husslein, S. Haider, G. Meinhardt, J. Prast, S. Sonderegger, M. Knoﬂer,
Expression, regulation and functional characterization of matrix
metalloproteinase-3 of human trophoblast, Placenta 30 (3) (2009) 284e291.
R.P. Czekay, D.J. Loskutoff, Unexpected role of plasminogen activator inhibitor
1 in cell adhesion and detachment, Exp. Biol. Med. 229 (11) (2004)
1090e1096.
R.P. Czekay, D.J. Loskutoff, Plasminogen activator inhibitors regulate cell
adhesion through a uPAR-dependent mechanism, J. Cell Physiol. 220 (3)
(2009) 655e663.
G. Berx, E. Raspe, G. Christofori, J.P. Thiery, J.P. Sleeman, Pre-EMTing metastasis? Recapitulation of morphogenetic processes in cancer, Clin. Exp.

1418

S. DaSilva-Arnold et al. / Placenta 36 (2015) 1412e1418

Metastasis 24 (8) (2007) 587e597.
[33] H. Peinado, D. Olmeda, Cano A. Snail, Zeb and bHLH factors in tumour progression: an alliance against the epithelial phenotype? Nat. Rev. Cancer 7 (6)
(2007) 415e428.
[34] S. Lamouille, J. Xu, R. Derynck, Molecular mechanisms of epithelialmesenchymal transition, Nat. Rev. Mol. Cell Biol. 15 (3) (2014) 178e196.
[35] Y.H. Ng, H. Zhu, P.C. Leung, Twist regulates cadherin-mediated differentiation
and fusion of human trophoblastic cells, J. Clin. Endocr. Metab. 96 (12) (2011)
3881e3890.
[36] J. Pollheimer, T. Loregger, S. Sonderegger, L. Saleh, S. Bauer, M. Bilban,
K. Czerwenka, P. Husslein, M. Knoﬂer, Activation of the canonical wingless/Tcell factor signaling pathway promotes invasive differentiation of human
trophoblast, Am. J. Pathol. 168 (4) (2006) 1134e1147.
[37] S. Sonderegger, H. Husslein, C. Leisser, M. Knoﬂer, Complex expression pattern
of Wnt ligands and frizzled receptors in human placenta and its trophoblast
subtypes, Placenta 28 (Suppl. A) (2007) S97eS102.
[38] A. Gheldof, P. Hulpiau, F. van Roy, B. De Craene, G. Berx, Evolutionary functional analysis and molecular regulation of the ZEB transcription factors, Cell
Mol. Life Sci. 69 (15) (2012) 2527e2541.

[39] C.D. Rogers, A. Saxena, M.E. Bronner, Sip1 mediates an E-cadherin-to-N-cadherin switch during cranial neural crest EMT, J. Cell Biol. 203 (5) (2013)
835e847.
[40] C. Vandewalle, J. Comijn, B. De Craene, P. Vermassen, E. Bruyneel, H. Andersen,
E. Tulchinsky, F. Van Roy, G. Berx, SIP1/ZEB2 induces EMT by repressing genes
of different epithelial cell-cell junctions, Nucleic Acids Res. 33 (20) (2005)
6566e6578.
[41] S. Bindels, M. Mestdagt, C. Vandewalle, N. Jacobs, L. Volders, A. Noel, F. van
Roy, G. Berx, J.M. Foidart, C. Gilles, Regulation of vimentin by SIP1 in human
epithelial breast tumor cells, Oncogene 25 (36) (2006) 4975e4985.
[42] E.H. Nam, Y. Lee, Y.K. Park, J.W. Lee, S. Kim, ZEB2 upregulates integrin alpha5
expression through cooperation with Sp1 to induce invasion during
epithelial-mesenchymal transition of human cancer cells, Carcinogenesis 33
(3) (2012) 563e571.
[43] P.A. Gregory, C.P. Bracken, E. Smith, A.G. Bert, J.A. Wright, S. Roslan, M. Morris,
L. Wyatt, G. Farshid, Y.Y. Lim, G.J. Lindeman, M.F. Shannon, P.A. Drew,
Y. Khew-Goodall, G.J. Goodall, An autocrine TGF-beta/ZEB/miR-200 signaling
network regulates establishment and maintenance of epithelial-mesenchymal
transition, Mol. Biol. Cell 22 (10) (2011) 1686e1698.

