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Background: Epithelial to mesenchymal transition (EMT) is critical for human placental development,
trophoblastic differentiation, and pregnancy-associated diseases. Here, we investigated the effects of hedgehog
(HH) signaling on EMT in human trophoblasts, and further explored the underlying mechanism.
Methods: Human primary cytotrophoblasts and trophoblast-like JEG-3 cells were used as in vitro models.
Quantitative real-time RT-PCR and Western blot analysis were performed to examine mRNA and protein levels,
respectively. Lentiviruses expressing short hairpin RNA were used to knock down the target genes. Reporter
assays and chromatin immunoprecipitation were performed to determine the transactivity. Cell migration,
invasion and colony formation were accessed by wound healing, Matrigel-coated transwell, and colony
formation assays, respectively.

Results:Activation of HH signaling induced the transdifferentiation of cytotrophoblasts and trophoblast-like
JEG-3 cells from epithelial to mesenchymal phenotypes, exhibiting the decreases in E-Cadherin expression as
well as the increases in vimentin expression, invasion, migration and colony formation. Knockdown of GLI1
and GLI2 but not GLI3 attenuatedHH-induced transdifferentiation, whereas GLI1 was responsible for the expres-
sion ofHH-induced key EMT regulators including Snail1, Slug, and Twist, and both GLI1 andGLI2 acted directly as
transcriptional repressor of CDH1 gene encoding E-Cadherin.
Conclusion: HH through GLI1 and GLI2 acts as critical signals in supporting the physiological function of mature
placenta.
General significance: HH signaling through GLI1 and GLI2 could be required for the maintenance of human
pregnancy.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Hedgehog (HH) signaling has conserved roles in the differentiation
of various cells in metazoans ranging from Drosophila to humans [1,2].
The mammalian HH ligands consist of sonic hedgehog (SHH), indian
hedgehog (IHH) and desert hedgehog (DHH). In vertebrates, in the
absence of HH, patched-1 (PTC1) receptor represses smoothened
(SMO) activity, and the GLI transcription factors (GLI2 and GLI3) are
proteolytically cleaved into their repressors within the primary cilium.
In the presence of HH, binding of HH to PTC1 relieves the suppression
of SMO, resulting in activation of GLI transcription factors (GLI1, GLI2
and GLI3) and inducing the transcription of the target genes including
cyclin D, cyclin E, myc as well as PTC1 and GLI1 [3,4]. Overall, the
y, School of Medicine, Zhejiang
, China. Tel./fax: +86 571 8898
conserved effect of HH is to switch the GLI transcription factors from re-
pressors into activators and allow for fine-tuned transcriptional events.

Epithelial–mesenchymal transition (EMT) is a process in which
epithelial cells lose the polarity and adhesiveness, change into a mesen-
chymal phenotype and gain the capacity of increased mobility [5]. EMT
plays crucial roles in development of multiple tissues and organs, and
also contributes to tissue repair and carcinoma progression [6]. In
human placental development, trophoblast cells differentiate into either
the villous cytotrophoblast (CTB) lineage to form the syncytiotrophoblast
(STB) that secretes the majority of placental hormones, or the invasive
extravillous cytotrophoblast (EVT) lineage to anchor the chorionic villi
in the uterus [7,8]. Invasive EVTs migrate through the endometrium,
interactwith decidual cells and immunocompetent cells, and differenti-
ate into multinucleated placental bed giant cells. On the other hand,
EVTs can invade the maternal spiral arteries, mediate the destruction
of the arterial wall, and replace the endothelium, forming endovascular
trophoblasts [9,10]. Upon acquisition of migratory ability, EVTs tend to
lose their tight epithelial assembly and phenotype, becoming loosely
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attached, subsequently invading the maternal decidua as interstitial
cytotrophoblasts. The process bywhich placental trophoblasts originate
as epithelial cells and are subsequently triggered to change from an
epithelial to a mesenchymal-like migratory phenotype, resembling
EMT is identified in other developmental processes [7,8].

The link between EMT and HH signaling has been previously
established in many pathological conditions. For instance, HH/GLI
signals regulate the EMT in pancreatic carcinoma, hepatocellular carci-
noma, gastrointestinal neuroendocrine tumors, and lung squamous
cell carcinoma [11–13]; andHH signals regulate EMT in renal and biliary
fibrosis [14,15]. To date, HH signaling regulating EMT in physiological
conditions has not yet been studied. Hence, we investigated the roles
of HH signaling in EMT in human primary cytotrophoblasts, and ex-
plored the underlying mechanisms in trophoblast-like cells. Our results
demonstrate that HH signals stimulate EMTof placental cytotrophoblast
possibly by inducing the GLI1-controlled expression of key transcrip-
tional factors of EMT and both GLI1- and GLI2-controlled transcription
of a downstream target gene, CDH1, encoding E-Cadherin. This work
establishes HH signaling as an essential mechanism in maintaining the
physiological functions of adult placentas.

2. Materials and methods

2.1. Cell lines

Trophoblast-like JEG-3 cells were obtained from ATCC (Manassas,
VA), and cultured in DMEM/F12=1:1medium (Hyclone, USA) supple-
mented with 10% (v/v) fetal bovine serum (Life Technologies, Inc.,
Grand Island, NY) at 37 °C with 5% CO2 as described previously [16,
17]. 293 EcR SHH cells (SHH-expressing cells, ATCC) and control HEK
293 cells were used for the production of biologically active murine
SHH conditional medium (SM) and control medium (CM), respectively,
in the presence of ecdysone [18]. The specificity of SMwas confirmed by
5E1 SHH blocking antibody (DSHB, Iowa City, Iowa). 293FT packaging
cells (Life Technologies) and GP293 retroviral packaging cells (Clontech
Laboratories, Inc., Mountain View, CA) for generating the lentiviruses
and retroviruses were cultured as described previously [17,19].

2.2. Isolation and culture of cytotrophoblasts

Human placentas were obtained from uncomplicated normal term
(38–40 W) pregnancy after elective cesarean section without labor,
following a protocol approved by the Ethics Committee of School of
Medicine of Zhejiang University. The primary cytotrophoblasts were
isolated and purified as described previously [17]. Briefly, tissue aliquots
were removed from thematernal side of the placenta and digestedwith
0.125% trypsin (Sigma, St. Louis, MO) in DMEM (Life Technologies). The
placental cytotrophoblasts were purified using a 5–65% Percoll (Sigma)
gradient at step increments of 5%. The cells were plated at a density of
1.5 × 106 cells per well in 6-well plates, and were cultured at 37 °C
with 5% CO2 and 95% air in DMEM containing 10% newborn calf serum
(Life Technologies) to allow syncytialization in vitro.

2.3. RNA isolation, RT-PCR and quantitative real-time PCR

Total RNA was isolated from JEG-3 cells and cytotrophoblasts by
using a TRIzol reagent (Takara Biotechnology Co., Ltd., Dalian, China)
according to themanufacturer's instructions. 5 μg total RNA in a volume
of 20 μl was reversely transcribed by using SuperScript III reagent (Life
Technologies) and the oligo-(deoxythymidine) primer with incubation
at 42 °C for 1 h. After the termination of cDNA synthesis, each reaction
mixture was diluted with 80 μl Tris–EDTA buffer. Messenger RNA levels
of target genes were determined by RT-PCR and quantitative RT-PCR
as described previously [17,20]. The relative amounts of the mRNA
levels of the target genes were normalized to the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) levels, respectively, and the
relative difference in mRNA levels was calculated by 2−ΔΔCt method
[21]. The primers were listed in the Supplementary data (Table S1).

2.4. Western blotting

Total protein extracts were prepared in whole cell lysis buffer
(50 mM HEPES, 150 mM NaCl, 1 mM EGTA, 10 mM sodium pyrophos-
phate, 1.5 mMMgCl2, 100mM sodium fluoride, 10% glycerol, and 1% Tri-
tonX-100) containing an inhibitormixture (1mMphenylmethylsulfonyl
fluoride, 10 μg/ml aprotinin, and 1mM sodium orthovanadate). Protein
concentrations were determined using a standard Bradford assay, and
50 μg of total protein was subjected to SDS-PAGE followed by a transfer
onto PVDF membranes (Millipore, Bedford, MA). Membranes were in-
cubated overnight at 4 °C with primary antibodies against E-Cadherin
(SC-7870, Santa Cruz Biotechnology Inc., Santa Cruz, CA), vimentin
(SC-6260, Santa Cruz), GLI1 (SC-20687, Santa Cruz), GLI2 (ab26056,
Abcam Ltd., Cambridge, UK), GLI3 (ab69838, Abcam), and β-actin
(SC-69879, Santa Cruz) followed by incubation in secondary antibodies.
Signals were developed using the Enhanced Chemiluminescence Sys-
tem. National Institutes of Health Image software (ImageJ, http://rsb.
info.nih.gov/ij/) was used to quantify the immunoreactive bands, and
the normalized antigen signals were calculated from target protein-
derived and β-actin-derived signals. The mean density of bands from
the control cells was set to 1.

2.5. Immunohistochemistry and immunocytochemistry staining

Immunohistochemistry staining was performed by using the
Histostain-Plus Kit (Kangwei Reagents, Beijing, China) according to
the manufacturer's instructions. Briefly, paraffin-embedded placental
sections (4 μm) were deparaffinized and rehydrated in xylene and a
graded series of ethanol. After antigen retrieval in 10mMsodium citrate
and 10mMcitric acid, tissue sectionswere then incubatedwith 3%H2O2

in methanol to quench endogenous peroxidase followed by sequential
incubation included with normal serum for 30 min, with control IgG
and primary antibodies against SHH (06-1106, Millipore, Billerica,
MA), IHH (ab39634, Abcam Ltd., Cambridge, UK), DHH (SC-271168,
Santa Cruz), PTC1 (06-1102, Millipore), SMO (ab72130, Abcam), GLI1
(SC-20687, Santa Cruz), GLI2 (ab26056, Abcam Ltd., Cambridge, UK)
and GLI3 (ab69838, Abcam) at 4 °C overnight, and with HRP-labeled
secondary antibody (Life Technologies) for 30 min. The diaminobenzi-
dine (DAB) solutionwas used for development of color, and the sections
were counterstained with hematoxylin. Immunocytochemistry was
performed on chamber slides (Nalge Nunc International, Naperville,
IL). Either JEG-3 cells or cytotrophoblasts were fixed in ice-cold metha-
nol and permeabilized with 0.1% Triton X-100 in PBS (PBST). After
incubation with blocking buffer (1% bovine serum albumin), the cells
were incubated with primary antibodies against E-Cadherin or
vimentin. After washing with PBST, the cells were incubated with
Alexa 488- or 555-conjugated secondary antibodies (Life Technologies).
The nuclei were counterstained with 4′,6-diamidino-2-phenylindole
(DAPI). Slides were analyzed by a laser scanning microscope.

2.6. Wound healing, Matrigel invasion and colony formation assays

For wound healing assays, the cells were seeded in 6-well plates
(2 × 105 cells/well). After various treatments, the confluent monolayer
of cells was scrapped with a sterile tip to create an artificial wound,
and then incubated with either CM or SM and allowed to heal. Cell
migration to the wounded surface was then monitored by microscopy
after 48 h, and the distance between the edges of the wound was mea-
sured by Photoshop CS3. Invasion of cells was measured in Matrigel-
coated Transwell inserts (6.5 μm, Costar, Cambridge) containing
polycarbonate filters with 8-μm pores as detailed previously [22].
After various treatments, JEG-3 cells (2 × 105) in 200 μl of serum-free
mediumwere plated in the upper chamber, whereas 600 μl of medium
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with 10% fetal bovine serumwas added to the lower well. After incuba-
tion for 24 h, non-invaded cells on top of the Transwell were scraped off,
and the invaded cells on the other sidewere washedwith PBS and fixed
in methanol for 10 min followed by a staining with crystal violet [22].
The invaded cells were counted under a light microscope. For colony
formation assays, the cells were seeded in 6 cm plates at a density of
1000 cells/well in 4ml CMor SM. After culturing for twoweeks, colonies
were stained with 0.5% crystal violet in 2% ethanol and colonies were
counted [23].

2.7. Retroviral overexpression of SMO*, GLI1, ΔN-GLI2 and GLI3-ΔC

Generation of retroviruses expressing target genes was described
previously [19]. Briefly, GP293 retroviral packaging cells were main-
tained in Dulbecco's modified Eagle's medium containing 10% FCS, and
were transiently cotransfected with 4 μg of pVSV-G vector (Clontech)
plus 5 μg of pLXRN-GLI1, pLXRN-ΔN-GLI2, pLXRN-GLI3-ΔC, pLXRN-
YFP (yellow fluorescent protein) or pLXRN-YFP-SMO* by the Lipofecta-
mine 2000 (Life Technologies). After transfection,mediumwas changed
to regular medium, and retrovirus-containing supernatants were har-
vested 72 h after transfection, virus was concentrated by ultracentrifu-
gation according to the manufacturer's protocol, and the retroviral
supernatants with titer more than 1 × 106 CFU/ml were used for infec-
tion. JEG-3 cells were exposed to retrovirus containingmedium for 24 h
in the presence of 6 μg/ml of polybrene (Sigma), and the infection
efficiency was determined by YFP-positive cells (more than 80%).

2.8. Generation of lentiviruses expressing GLI1–, GLI2– or GLI3–shRNA

Generation of lentivirus expressing shRNAwas described previously
[17]. For construction of lentiviral shRNA-expressing vectors, the hair-
pin shRNA templates of complementary oligonucleotide containing
and overhangswere digested. The synthesized complementary oligonu-
cleotides were annealed and inserted into the sites XbaI and NotI of a
lentiviral shRNA expression vector, Pll3.7. The integrity of the shRNA-
expressing construct was amplified by a DNA sequencer. The sequences
of oligonucleotides were listed in the Supplementary data (Table S2).
293FT packaging cells were transfected with 6 μg of each construct
by Lipofectamine 2000 reagents, 72 h after transfection, lentivirus-
PTC1 SMO
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Fig. 1. Expression patterns of main components of HH pathway in human placenta. (A) Imm
embedded sections of human term placentas. (B) RT-PCR assays for mRNA levels of the main
layer; Plac., placenta; Ctrl., negative control that is absent of cDNA for RT-PCR; bar, 20 μM.
containing supernatants were harvested, and the titers more than
1 × 106 colony forming U/ml were used for infection in JEG-3 cells for
24 h in the presence of 8 μg/ml polybrene (Sigma).

2.9. Reporter construction, transient transfection and reporter assays

Complex human E-Cadherin (CDH1, nt −552/+12 and nt
−329/+12) and vimentin (VIM, nt −2488/+250) gene promoter
regions were amplified by PCR in the presence of genomic DNA from
JEG-3 cells. The PCR products were cloned into pGL3-Basic vector
(Promega, Madison, WI) to generate the luciferase reporter constructs
of E-Cadherin and vimentin. The mutation at potential binding sites of
GLIs was introduced by site-directed mutagenesis. All of these
constructs were verified by a DNA sequencer. Transient transfection
was performed by using Lipofectamine 2000 as per the manufacturer's
instructions. Briefly, JEG-3 cells were seeded in 24-well culture plates
overnight to reach 50–70% before transfection. The cells were
transfected for 8 h in the absence of serum. Each well contained 2 μl
Lipofectamine 2000 reagents, 2 μg luciferase reporter plasmids,
and 0.02 μg pRL-null expressing Renilla luciferase (Promega) with or
without 2 μg of constitutively active form of SMO (SMO*), GLI1 or
N-terminally truncated GLI2 (ΔN-GLI2). The cells were then either
cultured in the normal growth medium for 48 h before harvest or incu-
bated in either CMor SM for 48h. After the cellswere harvested, the cel-
lular lysates were prepared in 100 μl reporter lysis buffer (Promega),
and the 20 μl of supernatants was used for dual-luciferase assay accord-
ing to the manufacturer's instructions (Promega). The firefly luciferase
levels were normalized to Renilla luciferase levels.

2.10. Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChIP) was conducted using a
commercial kit (17-295, Millipore, Billerica, MA) and a method modi-
fied from the manufacturer's protocol. Briefly, the cells were fixed
with 1% formaldehyde to cross-link the transcription factors to chroma-
tin DNA. After washingwith PBS, the cells were re-suspendedwith lysis
buffer supplemented with protease inhibitor cocktail. The shearing of
chromatin DNA was performed by sonication to produce an approxi-
mately 500 bp of input DNA, andwas subjected to immunoprecipitation
SHH
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unohistochemistry staining for the main components of HH pathway by using paraffin-
components of HH pathway in human term placentas. VC, villous core; TL, trophoblast
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with either GLI antibodies or control IgG. After the immunoprecipitates
were incubated with protein A agarose/salmon sperm DNA, the anti-
body–protein–DNA–agarose complex was washed and harvested for
subsequent reverse cross-linking. The sheared DNA fragments from
reverse cross-linking were extracted with a DNA extraction kit for fur-
ther PCR amplification by using the primers listed in the Supplementary
data (Table S3).

2.11. Statistical analysis

All the numerous data were expressed as mean ± SD, and were an-
alyzed by one-way ANOVA and Tukey–Kramer multiple comparison
test (SPSS 13.0J software; SPSS, Inc., Chicago, IL). Statistical significance
was assessed at p b 0.05 and p b 0.01. Experiments were independently
triplicated, and results were qualitatively identical. Representative
experiments are shown.

3. Results

3.1. Expression of the main components of HH pathway in human placenta

In human placental villi, the epithelial covering is composed of two
distinct layers: the STB layer and the underlying CTB layer, separating
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were examined. (K) Immunofluorescent staining of vimentin and E-Cadherin after cells were t
coated chamber assay. The relative RNA abundance and protein abundance were normalized to
the intervillous space from the villous core that consists of mesenchy-
mal connective tissue and fetal blood vessels [18,22]. To examine the
expression pattern of HH signaling components, we performed immu-
nohistochemistry of human termplacentas. DHHand IHHwere robustly
expressed in the villous core and the trophoblast layers, respectively,
whereas SHH was expressed at low levels in both trophoblast layers
and villous cores (Fig. 1A). PTC1 and SMO were predominantly
expressed in the trophoblast layers, whereas GLI2 and GLI3, in contrast
to GLI1 that was barely detectable, were abundantly distributed in both
trophoblast layers and villous cores (Fig. 1A). To gain quantitative
information about the expression of HH signaling components, we per-
formed RT-PCR assays. Human term placentas expressed relatively
higher levels of IHH, SHH, SMO, GLI2, and GLI3 than DHH, PTC1, and
GLI1 (Fig. 1B). Overall, the expression of HH ligands in the villous
cores (HH-producing tissues), and PTC1 and SMO in trophoblast layers
(HH-responding tissues) suggests that HH signaling may regulate the
physiological function of human placental trophoblasts.

3.2. Induction of EMT by HH in cytotrophoblasts

To investigate the potential roles of HH signaling in EMT of
cytotrophoblasts, we treated the cells with SHH conditional medium
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dependently induced bothmRNA and protein levels of vimentin (Vim.),
amesenchymalmarker, up to 2.8-fold and 3.1-fold, respectively; but de-
creased them of E-Cadherin (E-Cad.), an epithelial marker, by 56% and
67%, respectively, after 48 h treatment (Fig. 2A, B and J). To confirm
the specificity of SM in induction of EMT, we treated cells with different
concentrations of biological active SHH recombinant protein (N-SHH).
Similarly, N-SHH dose-dependently induced both mRNA and protein
levels of vimentin up to 3.2-fold and 5.2-fold, respectively; but
decreased them of E-Cadherin by 56% and 67%, respectively, at
100 ng/ml (Fig. 2E, F and I). The specificity of SMwas further confirmed
by 5E1 SHH blocking antibody, SHH neutralizing antibody at 10 mg/ml
almost completely abrogated the SM-induced decreases in E-Cadherin
mRNA and increases in vimentinmRNA (Fig. S1A). In the control exper-
iments, SM induced themRNA levels of PTC1 and GLI1, the target genes
of HH signaling, up to 2.9-fold and 3.3-fold, respectively (Fig. 2C and D);
whereas SHH recombinant protein at 100 ng/ml induced their mRNA
levels up to 3.2-fold and 3.5-fold, respectively (Fig. 2G and H). To exam-
ine the intracellular localization and the levels of E-Cadherin and
vimentin, we performed the immunofluorescent staining. E-Cadherin
was evenly distributed in the cytotrophoblasts, but vimentin was
predominantly localized in the cytoplasmic fractions. Treatment with
SM robustly enhanced the vimentin-derived immunofluorescent
signals, but attenuated E-Cadherin-derived immunofluorescent signals
(Fig. 2K). To further determine the mesenchymal phenotypes of
cytotrophoblasts after treatment with SM, we assessed the invasion
ability of cells by Matrigel-coated chamber assay. SM treatment for
48 h led to an approximately 3.8-fold increase in invasion into the
Matrigel as compared to CM treatment (Fig. 2L). Thus, HH ligand
stimulates the EMT of human placental cytotrophoblasts.

3.3. Induction of EMT in trophoblast-like JEG-3 cells by HH

Human trophoblast-like cell lines are commonly used as a cell
culture model to mimic in vivo biological behavior of placental villous
trophoblast [16,17]. Before using human trophoblast-like JEG-3 cells to
explore the potential mechanisms responsible for HH-induced EMT in
cytotrophoblasts, we further confirmed the effects of HH on EMT in
this cell line. Similar to cytotrophoblasts, in JEG-3 cells, SHH time- and
dose-dependently induced the expression of vimentin but decreased
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Fig. 3. Induction of EMT in trophoblast-like JEG-3 cells by SHH. (A, B) JEG-3 cells were treate
indicated times or the indicated concentrations of SHH recombinant protein (N-SHH) for 48
(C) Immunofluorescent staining of vimentin and E-Cadherin after cells were treated with SM
were used to assess the mesenchymal phenotypes of JEG-3 cells. Protein abundance was norm
the expression of E-Cadherin, and JEG-3 cells appeared to be more sen-
sitive than cytotrophoblasts in response to SHH (Fig. 3A and B). The dis-
tribution of E-Cadherin in JEG-3 cells was different in cytotrophoblasts,
and in JEG-3 cells, E-Cadherin was predominantly localized in the cell
membrane fraction, whereas in cytotrophoblasts, it was evenly local-
ized in the cell membrane and cytoplasmic fractions (Fig. 3C). To
investigate the transdifferential effect of SHH in JEG-3 cells, we assessed
themesenchymal phenotypes by wound healing, Matrigel invasion and
colony formation assays. After 48 h exposure to SM, morphology of
JEG-3 cells was changed to a mesenchymal character with an elongated
and disseminated appearance, and SM treatment led to approximately
2.1-fold increases in migration of JEG-3 cells in wound healing, 4.3-
fold increases in invasion into the Matrigel, and 12-fold increases in
colony formation as compared to CM treatment (Fig. 3D–F). Thus, HH
ligand stimulates the EMT not only in human primary cytotrophoblasts
but also in human trophoblast-like JEG-3 cells.

3.4. Smoothened-dependent induction of EMT by HH

In order to determine whether HH-induced EMT is SMO-dependent
or not in JEG-3 cells, we inhibited HH signaling by a SMO inhibitor,
cyclopamine, and activated HH signaling by either SMO agonist,
purmorphamine, or constitutively active form of SMO (SMO*). Treat-
ment of JEG-3 cells with cyclopamine (Cyc) dose-dependently reversed
the increases in vimentin and thedecreases in E-Cadherin at bothmRNA
and protein levels in response to the SHH (Fig. 4A and B). Cyclopamine
at 5 μM (Cyc5) attenuated SHH-induced vimentin mRNA and protein
levels by 32% and 57%, respectively; and potentiated SHH-negated
E-CadherinmRNA and protein levels up to 2.3- and 8.0-fold, respective-
ly (Fig. 4A). Conversely, activation of SMO by either purmorphamine or
overexpression of SMO* significantly increased vimentin and decreased
E-Cadherin mRNA and protein levels, and purmorphamine at 2 μM
increased vimentin mRNA and protein levels up to 2.9- and 3.2-fold,
respectively, and negated E-Cadherin mRNA and protein levels by 55%
and 90%, respectively (Fig. 4C and D). SMO* increased vimentin mRNA
and protein levels up to 3.5- and 4.4-fold, respectively, and decreased
E-Cadherin mRNA and protein levels by 72% and 90%, respectively
(Fig. 4F and G). In the control experiments, purmorphamine induced
the mRNA levels of PTC1 and GLI1, the target genes of SHH signaling,
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up to 3.4-fold and 2.4-fold, respectively (Fig. 4E); whereas SMO* in-
duced their mRNA levels up to 4.0-fold and 3.2-fold, respectively
(Fig. 4H). Thus, HH-induced EMT is SMO-dependent, and activation of
SMO alone is sufficient to induce the EMT in JEG-3 cells.

3.5. Distinct roles of GLI transcriptional factors in HH-induced EMT

In order to assess the potential involvement of GLI transcriptional
factors in the HH-induced EMT, we generated lentiviruses expressing
GLI1–, GLI2–, or GLI3–shRNA which knocked down the expression
of GLI1, GLI2, and GLI3 by asmuch as 55–80% at either mRNA or protein
levels (Fig. 5A–C). Knockdown of GLI1 reversed SHH-negated E-
Cadherin mRNA levels by 2.8-fold and protein levels by 3.0-fold
(Fig. 5D and E), and attenuated SHH-induced vimentin mRNA levels
by 33% and protein levels by 75% (Fig. 5D and F). On the other hand,
knockdown of GLI2 increased SHH-negated E-Cadherin mRNA levels
by 3.3-fold and protein levels by 2.5-fold (Fig. 5D and E), and attenuated
SHH-induced vimentin mRNA levels by 48% and protein levels by 72%
(Fig. 5D and F). However, knockdown of GLI3 affected neither the
SHH-negated E-Cadherin mRNA and protein levels, nor SHH-induced
vimentin mRNA and protein levels (Fig. 5D–F). Conversely, overexpres-
sion of GLI1 suppressed the mRNA levels of E-Cadherin by 60% and
protein level by 50%, and induced the mRNA levels of vimentin by 3.8-
fold and protein levels by 5-fold (Figs. 5G and S1B). Overexpression of
ΔN-GLI2 suppressed the mRNA expression of E-Cadherin by 70% and
protein level by 80%, and induced the mRNA expression of vimentin
by 4.2-fold and protein level by 5.2-fold (Figs. 5H and S1B). However,
over-expression of GLI3 affected neither the E-Cadherin nor vimentin
mRNA levels (Fig. 5I). In wound healing, knockdown of GLI1 and GLI2
but not GLI3 attenuated SHH-induced cell migration by 56% and 57%,
respectively (Figs. 5J and S1C). In Matrigel invasion, knockdown of
GLI1 and GLI2 but not GLI3 attenuated SHH-induced cell invasion by
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Fig. 5. Distinct roles of GLI transcriptional factors in HH-induced EMT. (A–C) Knockdown efficiencies of GLI1–, GLI2–, or GLI3–shRNA-expressing lentiviruses were examined by quanti-
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54% and 44%, respectively (Figs. 5J and S1D). Similarly, knockdown of
GLI1 and GLI2 but not GLI3 attenuated SHH-induced colony formation
by 45% and 32%, respectively (Figs. 5J and S1E). Thus, both GLI1
and GLI2 mediate HH-induced changes of epithelial phenotypes to
mesenchymal phenotypes in JEG-3 cells. To further confirm the roles of
GLI1 and GLI2, we manipulated rescue experiments. As a result, over-
expression of GLI1 was able to rescue the GLI1 knockdown-resulted
changes in mRNA expression of E-Cadherin and vimentin, and in
wound healing (Fig. S2A–C). And over-expression of GLI2 was also able
to rescue the GLI2 knockdown-resulted changes in mRNA expression
of E-Cadherin and vimentin, and in wound healing (Fig. S2A–C).
3.6. HH-induced expression of key transcriptional factors of EMT through
GLI1

The changes in gene expression that contribute to the repression of
the epithelial phenotype and activation of themesenchymal phenotype
involve master regulators, including Snail, Twist and zinc-finger E-box-
binding (ZEB) transcription factors [5]. To investigate the effects of HH
on these transcriptional factors, we performed quantitative RT-PCR to
determine the mRNA levels of Slug (sanil2), Snail (sanil1) and Twist.
In JEG-3 cells, SHH significantly induced the mRNA levels of Slug,
Snail, Twist as well as GLI1, the HH's target gene, up to 2.3-, 2.6-, 2.8-,
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and 3.3-fold respectively; however, knockdown of GLI1 but not GLI2
and GLI3 decreased SHH-induced mRNA levels by 40%, 50%, 36%, and
61%, respectively (Fig. 6A–C). Thus, GLI1-controlled Slug, Twist and
Snail transcription might contribute to the HH-induced EMT in JEG-3
cells.
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targets of GLI2 in response to SHH, we cloned the promoter regions (nt
−552/+12 for CDH1 and nt−2488/+250 for VIM) containing the con-
sensus and non-consensus GLI response elements (GRE) (Fig. 6D and E,
underline), and generated luciferase reporter constructs and their
mutants. Though SHH did not induce the luciferase activities of VIM
reporter (Fig. 6F), either SHH treatment or over-expression of SMO* sig-
nificantly negated CDH1 reporter activities (Fig. 6G and H). Conversely,
knockdown of either GLI1 or GLI2 but not GLI3 significantly reversed
SHH-negated luciferase activities of CDH1 (Fig. 6I), and deletion of nt
−552/−330 almost completely abolished SHH-, GLI1- or ΔN-GLI2-
negated CDH1 luciferase activities (Fig. 6J–L). To further examine the
functionality of GLI consensus and non-consensus binding sites, we
generated CDH1 (nt−552/+12) reporter variants that harboredmuta-
tions at individual (M1 orM2) or double (M1+2) GRE. Each individual
GRE mutation significantly attenuated the response to either GLI1
or ΔN-GLI2, whereas the double mutations virtually abolished the
response altogether (Fig. 6M and N). To examine the physical interac-
tion between GLIs and the promoter regions of CDH1 genes, we per-
formed chromatin immunoprecipitation followed by PCR (ChIP-PCR)
in JEG-3 cells by using antibodies against GLI1 and GLI2. The PCR
primers were designed to amplify specific genomic DNA fragments of
nt −552/−350 and nt −329/−150 for CDH1. And the ChIP assays
were normalized to their corresponding input. GLI2 robustly bound to
the fragment of nt −552/−350 but not nt −329/−150, and GLI1
also bound to the fragment of nt −552/−350 but not nt −329/−150
either (Fig. 6O). Thus, we have identified CDH1 as a direct downstream
target gene of HH signaling.

4. Discussion

The present study describes, to our knowledge for the first time, the
roles and underlying mechanisms of HH signaling in human placental
EMT. At the molecular level, HH induces the transcription of key EMT
regulators including Snail1, Slug, and Twist through GLI1, and negative-
ly regulates the downstream target gene, CDH1 encoding E-Cadherin,
through both GLI1 and GLI2. Our results therefore identify HH as critical
signals in supporting the physiological function of mature placenta.

The tissue-specific HH ligands are secreted by HH-producing
cells, and act upon the HH-responding cells to fulfill the signaling trans-
duction [24]. We suggest that HH proteins may signal through both
autocrine and paracrine mechanisms to regulate EMT of placental
trophoblasts. Although the present work deals only with EMT by the
trophoblasts, HH can act on the stromal cells in villous core to produce
the various connective tissue fibers and increase the mechanical stabil-
ity [25]. Our finding expands the list of tissues and cells influenced by
HH signaling. Beyond the critical roles of HH signaling in EMT of
human trophoblasts as reported here, HH signaling has been implicated
in EMT in many pathological conditions. These include the progression
of pancreatic carcinoma, gastrointestinal neuroendocrine tumors,
hepatocellular carcinoma, lung squamous cell carcinoma, and liver
and kidney fibrosis [11–15,26]. In the current study, we identified that
GLI1 mediates HH-induced EMT through upregulation of key EMT
regulator including Slug, Snail1, and Twist, this finding is consistent
with the previous reporters that GLI1 promotes EMT through its binding
to the promoter region of Slug, Snail and Twist and induction of their
expression in cancer cells [27,28], and that GLI1 induced an EMT in rat
kidney epithelial cells via induction of the E-Cadherin repressor Snail
[15]. Upregulation of these EMT regulators is associated with more ma-
lignant phenotypes in a variety of human cancer, such as gastric cancer,
pancreatic cancer, breast cancer, and ovarian cancer [29], and down-
regulation of these EMT regulators correlates to the preeclampsia in
pregnancy [30–33]. Moreover, in the present study, we also identified
that GLI1 acts as a novel transcriptional repressor of CDH1 gene that
encodes E-Cadherin. Our findings correspond to the previous finding
that established CDH1 as a novel transcriptional target of GLI1 in pancre-
atic ductal adenocarcinoma, and that knockdown of GLI1 abolished
characteristics of epithelial differentiation, increased cell motility
whereas this effect of GLI1 is fulfilled not through the induction of
Snail or Slug but its direct regulation of the transcription of E-Cadherin
[34]. Though GLI1 is generally accepted as a transcriptional activator,
it is likely that GLI1 recruits some repressive co-factor to form the tran-
scriptional complex in the promoter region of CDH1 gene, and conse-
quently suppresses the transcription of CDH1 gene. Alternatively,
given the fact that the promoter region of CDH1 is rich of CpGs islands,
we speculate that GLI1-mediated methylation of CDH1 gene promoter
could be the underlying epigenetic mechanisms that contribute to
GLI1-negated CDH1 transcription. Finally, genome-wide screening re-
vealed that SHH/GLI1 signal targeted to an EMT molecular network
consisting of TGF-β, Ras, Wnt, growth factors, PI3K/AKT, integrins,
transmembrane 4 superfamily (TM4SF), and S100A4 signals to promote
EMT in pancreatic cancer cells [35].

Unexpectedly, our finding has uncovered a hitherto uncharacterized
role of GLI2 in transactivation of CDH1 gene. Although GLI2 unlike GLI1
is not responsible for the expression of key EMT regulator including
Snail, Slug, and Twist, the Chip-PCR assays revealed that GLI2 binds
more than GLI1 to the promoter region of CDH1 gene encoding the
E-Cadherin. E-Cadherin is important for maintaining cell attachment
and the layered phenotype of the villous cytotrophoblast, and reduced
expression and re-organization of E-Cadherins from cell junctional
regions promote a loosened connection between cells, coupled with
reduced apico-basal polarity. E-Cadherin is well placed to be key regu-
lators of trophoblast cell behavior, analogous to their role in other
developmental EMT [36]. Although GLI2 has been established as a key
regulator coupled with TGF-β signaling in the invasion of melanoma,
GLI2-mediated invasion of cancer cells is not HH signaling-dependent
but TGF-β signaling dependent effects, suggesting that non-canonical
HH signaling is involved in the EMT of melanoma [37,38]. GLI1 is
responsible for the HH-induced expression of key EMT regulators,
resulting in concomitant upregulation of vimentin, GLI2 also mediates
HH-induced vimentin expression, whereas GLI2 neither directly
transactivates the vimentin gene, nor affected the expression of key
EMT regulators, thus, we suppose that there are other mechanisms
governing GLI2-mediated EMT, and further experiments need to be
set up to address this issue.

Human trophoblast-like cell lines are commonly used as cell culture
models to mimic in vivo biological behavior of placental villous tropho-
blast [16,17], though human primary cytotrophoblasts behave differ-
ently from trophoblast-like cells in some aspects. Since EMT JEG-3
cells function in a similar way to primary cytotrophoblasts in response
to HH, we suggest that the findings derived from the cell line could be
transferable to the primary cells. Two very different but clinically
relevant pregnancy disorders characteristically present with shallow
trophoblast invasion into the maternal environment. These are fetal
growth restriction (FGR) and pre-eclampsia (PE) [8,31–33]. Although
several factors may influence both PE and FGR, placental factors, specif-
ically, insufficient trophoblast differentiation and invasion,may contrib-
ute to these serious pregnancy disorders [39,40]. The growth, migration
and invasion of placental cells into the uterinemilieu are relevant to the
initial establishment of a healthy pregnancy, and are compromised in
both FGR and PE. In addition, since these same processes are continual
in normal placental development, placental growth, migration and in-
vasion in later stage pregnancies are also critical [8,41,42]. Given the
malformation of the placenta is an underlying feature of a great variety
of human developmental abnormalities and pregnancy-associated
diseases, the identification of HH signaling critical for the EMT in
human placenta may help pinpoint the underlying mechanisms
involved in the etiology of these conditions.

In summary, the present study has shown thatHHpathway is essen-
tial for trophoblastic EMT, a critical process for placentation. In this mo-
lecular event, both Gil1 and GLI2 function as direct transcriptional
repressor of CDH1 gene encoding E-Cadherin, and GLI1 alone is respon-
sible for the HH-induced transcription of key EMT regulators including
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Snail1, Slug, and Twist (Fig. 7). Thus, HH through GLI1 and GLI2 acts as
critical signals in supporting the physiological function of the placenta.
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