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Abstract
Invasion of human trophoblasts is promoted through activation of wingless (Wnt) signaling,
suggesting a role of the pathway in placental development and morphogenesis. However, details
on the process such as involvement of canonical and/or noncanonical Wnt signaling cascades as
well as their target genes are largely unknown. Hence, signal transduction via canonical Wnt
signaling or phosphatidylinositide 3-kinase (PI3K)/AKT and their cross talk as well as
trophoblast-specific protease expression were investigated in trophoblastic SGHPL-5 cells and
primary extravillous trophoblasts purified from first-trimester placentas. Western blot analyses
revealed that the recombinant Wnt ligand Wnt-3A increased phosphorylation of AKT and the
downstream kinase glycogen synthase kinase (GSK)-3β as well as accumulation of activated,
nuclear β-catenin. In accordance, luciferase expression of a canonical Wnt/TCF reporter and cell
migration in first-trimester villous explant cultures and of SGHPL-5 cells were stimulated.
Chemical inhibition of PI3K abolished Wnt-dependent phosphorylation of AKT and GSK-3β and
trophoblast motility but did not affect appearance of activated β-catenin or Wnt/TCF reporter
activity. In contrast, inhibition of the canonical pathway through soluble Dickkopf-1 did not
influence AKT and GSK-3β phosphorylation but reduced Wnt reporter activity, accumulation of
active β-catenin, and cell migration. Both inhibitors decreased Wnt-3A-induced secretion of pro-
and active matrix metalloproteinase-2 from SGHPL-5 cells and pure EVT. The data suggest that
Wnt-3A may activate canonical Wnt signaling and PI3K/AKT through distinct receptors. The two
signaling cascades act independently in trophoblasts; however, both pathways promote Wnt-
dependent migration and the release of matrix metalloproteinase-2, which has been identified as
novel Wnt target in invasive trophoblasts.

The remarkable process of invasive trophoblast differentiation is essential for placental
development, fetal well-being, and pregnancy success. During early gestation, invasive
trophoblasts develop from proliferative cell columns of anchoring villi to invade stroma and
arterial vessels of the maternal decidua. Remodeling of the uterine arteries by these
extravillous trophoblasts (EVT) is thought to initiate and maintain blood flow into the
placenta by increasing vessel diameter and conductivity (1). Failures in the differentiation
process are associated with different gestational diseases. Whereas severe forms of
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intrauterine growth retardation and preeclampsia are associated with limited invasion and
incomplete transformation of spiral arteries, extensive trophoblast invasion was noticed for
example in choriocarcinomas and placenta accreta (2, 3).

Numerous growth factors and signaling cascades of the fetal-maternal interface control
timing and extent of trophoblast invasion (4-6). However, it is largely unknown whether
changes in signaling may contribute to placental pathologies with extensive proliferation
and/or invasion (7). Some of the few examples are alterations in epidermal growth factor
(EGF) signaling components and angiogenic factors which could be detected in complete
hydatidiform mole placentas (CHM) lacking embryonic tissue as well as in cases of placenta
accreta (8, 9). Recent evidence suggested that wingless (Wnt) signaling could also be
involved in the pathogenesis of CHM. Similar to observations in tumor cells,
immunohistochemical analyses revealed abundant nuclear staining of β-catenin in invasive
trophoblasts of CHM placentas (10). Because nuclear β-catenin is a key component of
canonical Wnt signaling, aberrant activation of the particular pathway was suggested.
Indeed, accumulating data indicate that Wnt signaling, which is critically involved in
development and tumorigenesis (11), could also play a substantial role in placental
development and trophoblast differentiation. In mice, gene ablation of the Wnt-dependent
transcription factors lymphoid enhancer-binding factor (LEF)-1/T cell factor (TCF) and of
the Wnt ligands Wnt-2 and Wnt-7b affected critical steps of extraembryonic development
such as placental vascularization or chorion-allantoic fusion (12-14). Moreover, inhibition of
canonical Wnt signaling impaired murine implantation, likely involving ligands such as
Wnt-4, which is induced upon blastocyst attachment (15, 16).

Similarly, Wnt signaling pathways may control endometrial function, implantation, and
placental development in humans. Endometrial cells express Wnt ligands and the soluble
inhibitor Dickkopf-1 (Dkk1) in a menstrual cycle-dependent manner (17, 18). Dkk1 blocks
canonical Wnt signaling upon interaction with lipoprotein receptor-related protein (LRP)-5
or -6, which form heterodimeric receptors with Frizzled (Fzd) family members. Human
placentas were shown to express 14 of 19 Wnt ligands and eight of 10 Fzd receptors,
respectively, suggesting that Wnt signaling may also control trophoblast function and
differentiation (19). The expression pattern of distinct Wnt and Fzd varied with gestational
age and between trophoblast subtypes, which might indicate cell-specific functions of Wnt
ligands and involvement of different Wnt signaling pathways. So far, canonical Wnt
signaling was shown to be critical for invasive trophoblast differentiation. Activation of the
pathway by a recombinant Wnt ligand enhanced migration and invasion of SGHPL-5 cells
and first-trimester cytotrophoblasts, which could be specifically inhibited by Dkk1 (10). On
the other hand, Dkk1 could also play a positive role in implantation because blocking of the
inhibitor reduced attachment and outgrowth of mouse ectoplacental cones (20).

Wnt signaling through the canonical pathway results in inactivation of the β-catenin
destruction complex formed by proteins that include Axin, glycogen synthase kinase
(GSK)-3β, and adenomatous polyposis coli (APC) (11). Inhibition of the complex/GSK-3β
increases cytosolic levels and nuclear accumulation of β-catenin, which binds and activates
LEF-1/TCF factors controlling proliferation- and invasion-associated genes. However, Wnt
ligands, such as Wnt-3A, may also signal through noncanonical, β-catenin-independent
pathways involving different receptors and downstream cascades such as Ca2+-dependent
signaling or activation of ERK and AKT (21-23). Also, Wnt-3A was shown to initiate
trophectoderm lineage differentiation (24).

To gain more insights into Wnt-regulated trophoblast motility, we therefore investigated
Wnt-3A-mediated signaling cascades in SGHPL-5 cells and primary EVT. In particular,
activation of phosphatidylinositide 3-kinase (PI3K)/AKT was studied because the pathway
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could potentially cross talk to canonical Wnt signaling through AKT-dependent inactivation
of GSK-3β (25). To initiate identification of possible Wnt-3A-dependent target genes, the
effects on matrix metalloproteinase (MMP)-2 expression and secretion were studied because
the enzyme has been identified as one of the critical regulators of trophoblast invasiveness
(26). The data suggest that Wnt-3A signaling promotes trophoblast motility and secretion of
MMP-2 involving the canonical Wnt pathway as well as activation of PI3K-AKT.

Materials and Methods
Collection of placental tissues

Placental tissues of early (n = 80, between wk 7 and 8) pregnancy were obtained from legal
abortions of uncomplicated pregnancies. Use of tissues was approved by the ethical
committee of the Medical University of Vienna.

Cell culture of primary extravillous cytotrophoblasts
EVT of pooled first-trimester placentas (n = 70; pool size between seven and 10 placentas)
were isolated by adapted enzymatic dispersion and Percoll (10–70%) density gradient
centrifugation using a previously established protocol (27). Briefly, first-trimester placental
tissue was washed with ice-cold PBS and Hanks’ balanced salt solution, villous tips were
scraped with a scalpel blade and digested for 15 min in 0.125% trypsin (Life Technologies,
Inc., Rockville, MD), 1% deoxyribonuclease I (Sigma Chemical Co., St. Louis, MO) in Mg/
Ca-free Hanks’ balanced salt solution (Sigma). After percolation through a cell strainer (70
μm; Greiner, Kremsmünster, Australia), suspension was transferred on a Percoll gradient.
Cell populations between the 35 and 50% layer were seeded on dishes coated with growth
factor-reduced Matrigel (Becton Dickinson, Franklin Lakes, NJ). Cells were routinely
checked on chamber slides 12 h after isolation using immunofluorescence with antibodies
against cytokeratin 7 (clone OV-TL 12/30, 8.3 μg/ml; Dako, Glostrup, Denmark), vimentin
(clone Vim 3B4, 1.2 μg/ml; Dako), α5β1 integrin (clone JBS5, 1:50; Chemicon, Temecula,
CA), α1 integrin (clone FB12, 2 μg/ml; Chemicon), and α6 integrin (clone 4F10, 2 μg/ml;
Chemicon). Isolated cells were positive for cytokeratin-7 (>97%) and largely negative for
vimentin (<3%). The cytokeratin-7-positive cells expressed α5β1 integrin (100%), α1
integrin (100%), and α6 integrin (1%), suggesting that the trophoblast population consists
mainly of EVT. Isolated cells were seeded in 24 wells at a density of 2.5 × 105 cells/cm2 and
cultivated in 500 μl DMEM/F-12 with 10% fetal calf serum (FCS) (Biochrom, AG, Berlin,
Germany).

Cultivation of SGHPL-5 cells
Cytotrophoblastic SGHPL-5 exhibiting features of invasive trophoblasts cells, such as HLA-
G and cytokeratin-7 expression, were cultivated in a 1:1 mixture of DMEM/Ham’s F-12
supplemented with 10% FCS (GibcoBRL LifeTechnologies, Paisley, UK) as described (28).

First-trimester villous explant culture
Small pieces (1 × 1 mm) of villous tissue of different first-trimester placentas (n = 5) were
dissected under the microscope and cultivated overnight in serum-free medium (DMEM/
Ham’s F12 with 50 μg/ml gentamicin). To analyze effects of Wnt-3A on trophoblast
migration, villous explants were seeded for 4 h on collagen I (serum-free medium), allowing
for anchorage, and then stimulated with 100 ng/ml recombinant Wnt-3A (R&D Systems,
Minneapolis, MN) in the absence or presence of recombinant Dkk1 (R&D Systems) or 10
μM LY294002 (PI3K inhibitor). Eight anchoring villi were analyzed per condition, and
experiments were repeated with five different placentas. After 48 h, explant cultures were
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digitally photographed. For quantification, the area of outgrowth was measured using the
imaging software CellP (Olympus, Hamburg, Germany).

Quantitative real-time PCR
SGHPL-5 cells or primary EVT (seeded in 24 wells, coated with growth factor-reduced
Matrigel; Becton Dickinson) were incubated with 50 or 100 ng/ml Wnt-3A for 3–72 h. Total
RNA was extracted by direct lysis in the culture dishes using TriFast Reagent (PeqLab,
Erlangen, Germany) according to the manufacturer’s instructions. The RNA amount and
integrity was evaluated using the Agilent Bioanalyzer 2100 (Agilent, Palo Alo, CA), and 2
μg RNA were reverse transcribed using 200 U RevertAid H Minus Moloney murine
leukemia virus reverse transcriptase (Fermentas, St. Leon-Rot, Germany), 0.4 μl
hexanucleotide mix (Roche, Mannheim, Germany), and 0.1 mM dNTP (Fermentas) in a final
volume of 20 μl. Real-time PCR was performed on the ABI 5700 sequence detection system
(Applied Biosystems, Foster City, CA) using TaqMan gene expression assays [TaqMan
Universal PCR Master Mix, ×20 TaqMan gene expression assay mix for MMP-2,
Hs00234422_m1, and TATA-box binding protein (TBP), TaqMan endogenous control]
according to the manufacturer’s instructions. Calculation of signals was done as suggested in
the PE Biosystems Sequence Detector User Bulletin and elsewhere (29). Briefly, threshold
cycle (Ct) is defined as the first fluorescent signal reaching statistical significance above
background. For each individual condition, ΔCt (the difference of CtMMP-2 and CtTBP)
values are calculated representing normalization to the housekeeping gene. Subsequently,
ΔΔCt values are built indicating normalization to controls. The amount of target normalized
to an endogenous reference and relative to the unstimulated control is then given by 2−ΔΔCt.

Western blot analyses
For analyses of protein phosphorylation, SGHPL-5 cells and primary EVT were incubated
overnight in serum-free medium and subsequently supplemented with 100 ng/ml Wnt-3A
for 5, 15, 30, 60, and 120 min (SGHPL-5 cells) or for 5, 15, 30, and 60 min (primary EVT).
In blocking studies, SGHPL-5 cells were preincubated for 1 h with 1 μg recombinant human
Dkk1 or 10 μM LY294002 before addition of Wnt-3A. For MMP analyses, 400 μl
supernatants of either SGHPL-5 cells or purified EVT, which had been stimulated for 48 and
6 h, respectively, with 100 ng/ml recombinant Wnt-3A were used. Supernatants of
SGHPL-5 cells were concentrated 25-fold (to approximately 200 μg/ml) using Ultrafree-MC
filter tubes (Millipore, Billerica, MA).

Nuclear/cytoplasmic extracts were prepared using NE-PERT nuclear and cytoplasmic
extraction reagent according to the manufacturer’s instructions (Pierce, Rockford, IL).
Western blot analyses were performed using standard protocols as recently done (10, 30).
Briefly, equal amounts of protein lysate (10 μg) were separated on 10% SDS/PAA gels and
transferred onto polyvinylidene difluoride membranes (Hybond-P; Amersham Pharmacia
Biotech, Piscataway, NJ). After blocking, filters were incubated overnight (4 C) with rabbit
antihuman antibodies against GSK-3β (1:1000; Cell Signaling Technology, Beverly, MA),
phospho-GSK-3β (ser 9, 1:1000; Cell Signaling), AKT (1: 1000; Cell Signaling), phospho-
AKT (Ser473, 1:1000; Cell Signaling), MMP-2 (1:1000; Cell Signaling), or mouse
antihuman active β-catenin (ABC) (Millipore, Temecula, CA). After 1 h treatment (room
temperature) with secondary antibodies (anti-mouse or antirabbit Ig horseradish peroxidase
linked, Amersham; 1:50.000) signals were developed by using ECL Plus Western blotting
detection system (Amersham). To analyze protein loading, filters were stripped as
previously mentioned (10, 30) and incubated with rabbit antihuman glyceraldehyde-3-
phosphate dehydrogenase (1:5000; Cell Signaling), mouse antihuman β-actin (1:50,000;
Sigma), or mouse antihuman topoisomerase IIβ antibodies (normalization of nuclear
extracts, 1:1000; BD Transduction Laboratories, Lexington, KY). PageRuler prestained
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protein ladder (Fermentas) was used as a molecular size marker. Quantification of signals on
films was done by densitometric scanning using αEaserFC software (Alpha Innotech, San
Leandro, CA).

Luciferase reporter assays
To analyze activity of the canonical Wnt pathway, SGHPL-5 cells were cotransfected with
luciferase plasmids containing multimeric LEF/TCF cognate sequences (pTopFlash,
Millipore, Billerica, MA) and CMV-β-Gal vectors as described recently (10). Briefly, cells
cultivated in 24 wells were incubated with 1.5 μg luciferase reporter plasmid and 0.5 μg
pCMV-β-Gal in 1.5 μl Lipofectamine 2000 (Invitrogen, Carlsbad, CA). After 7 h, medium
was changed, and cells were stimulated with 100 ng/ml Wnt-3A for an additional 12 h.
Luciferase activity was determined on a luminometer (Lumat LB 9507; EG&G Berthold,
Bad Wildbad, Germany) using a luciferase assay system (Promega, Madison, WI). Activity
of β-galactosidase was quantitated on a photometer by determining the conversion of the
chromogenic substrate chlorophenol red-β-D-galactopyranoside (Roche Diagnostics, Vienna,
Austria) at 570 nm as described (10). For each sample, luciferase and β-Gal assays were
performed in duplicate and mean values were calculated. To correct for variations in
transfection efficiency luciferase activities were normalized to β-Gal values. To investigate
the effect of Wnt stimulation on MMP-2 transcription, SGHPL-5 cells were also transfected
with luciferase reporter plasmids harboring either the wild-type proximal (1.9 kb) MMP-2
promoter or a mutated 5′-flanking region (31). In the latter, two TCF cognate sequences at
−861 and −804 mediating Wnt-dependent transcription in effector T cells had been mutated
(31).

Migration assays
To analyze migration, SGHPL-5 cells were seeded in DMEM/Ham’s F-12 plus 10% FCS on
uncoated Transwell chambers (BD Biosciences, Bedford, MA; 50,000 cells per well). After
attachment, cells were incubated with 100 ng/ml Wnt-3A in both chambers, and 24 h later,
noninvaded cells on the upper side of the inserts were removed by a cotton swab. Cells on
the lower surface were fixed in ice-cold methanol and stained with 1 μg/ml 4′,6-
diamidine-2′-phenylindole dihydrochloride (Roche Diagnostics) and covered with
Fluoromount G (Soubio, Birmingham, AL). For evaluation, cells were counted using
Olympus Cell Imaging software. In blocking studies, cells were preincubated for 1 h with 1
μg recombinant human Dkk1 or 10 μM LY294002 before supplementation of Wnt-3A.

Statistical analyses
Statistical analyses were performed with Student’s t test or ANOVA using SPSS 14 (SPSS
Inc., Chicago, IL). A P value < 0.05 was considered statistically significant.

Results
Wnt activates AKT in SGHPL-5 cells independently of canonical Wnt signaling

To analyze whether Wnt stimulation may influence AKT activity of trophoblastic SGHPL-5
cells, Western blot analyses were performed (Fig. 1). Incubation with recombinant Wnt-3A
increased phosphorylation of AKT at Ser473 with peak levels at 5 and 15 min (Fig. 1A).
Similarly, Wnt-dependent phosphorylation of GSK-3β at Ser9 was noticed, potentially
resulting in inactivation of GSK-3β through AKT signaling (25). Interestingly, Dkk1 failed
to inhibit Wnt-induced phosphorylation of AKT or GSK-3β, suggesting that a noncanonical
Wnt receptor/pathway may affect the particular kinases. In contrast, in the presence of the
PI3K inhibitor LY294002, Wnt-dependent phosphorylation of AKT and GSK-3β were
largely abolished, indicating regulation through the PI3K pathway. Densitometric scanning
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of films revealed that compared with controls (100%), Wnt-stimulated Ser473
phosphorylation of AKT increased to 230 and 215% at 5 and 15 min, respectively, (Fig. 1B).
Similarly, phosphorylation of GSK-3β at Ser9 was significantly increased at 15, 30, and 60
min of Wnt-3A stimulation (Fig. 1C). LY294002 significantly decreased AKT and GSK-3β
phosphorylation under the different experimental conditions, whereas Dkk1 was not
effective. Wnt-3A-dependent activation of AKT was also observed in primary EVT (Fig.
1D).

Inhibition of PI3K/AKT signaling does not affect canonical Wnt signaling in trophoblasts
Subsequently, the putative influence of PI3K inhibition on canonical Wnt signaling was
investigated using Western blot analyses of ABC and Wnt/TCF reporter luciferase assays
(Fig. 2). Incubation of SGHPL-5 cells with Wnt-3A resulted in nuclear accumulation of
ABC with peak levels at 6 h (Fig. 2A). Pretreatment of cultures with Dkk1 strongly
suppressed appearance of ABC. In contrast, inhibition of PI3K with LY294002 did not
substantially affect nuclear ABC levels. In accordance, Dkk1 abolished Wnt-3A-induced
luciferase activity of the canonical Wnt reporter pTopFlash reporter, whereas LY294002 had
no influence on Wnt-dependent luciferase expression (Fig. 2B). Similarly, accumulation of
ABC was observed in lysates of Wnt-3A-stimulated, primary EVT, which could not be
suppressed upon LY294002 treatment (Fig. 2C). Hence, the data suggest that AKT-
dependent phosphorylation of GSK-3β through Wnt may not be critical for canonical Wnt
signaling in invasive trophoblasts.

Inhibition of canonical Wnt or PI3K/AKT signaling decreases trophoblast migration
To delineate the role of canonical Wnt and PI3K/AKT signaling in Wnt-dependent
trophoblast migration, Wnt-3A-stimulated SGHPL-5 cells and first-trimester villous explant
cultures were treated with Dkk1 or LY294002 (Fig. 3). As previously noticed (10), Dkk1
significantly decreased Wnt-3A-induced migration through Transwells (Fig. 3A). Similarly,
inhibition of PI3K/AKT strongly reduced Wnt-3A-induced cell migration, suggesting that
both signaling pathways contribute to Wnt-dependent trophoblast motility. Accordingly,
Wnt-3A-induced migration in primary explant cultures was diminished in the presence of
either Dkk1 or the PI3K inhibitor (Fig. 3B). Compared with controls (100%), the area of
outgrowth was increased to 250% in the presence of Wnt-3A (Fig. 3C), whereas Dkk1 and
LY294002 abolished the effect.

Inhibition of canonical Wnt or PI3K/AKT signaling impairs MMP-2 secretion
To gain first insights into the mechanism of Wnt-induced migration and invasion, one of the
critical proteases involved in trophoblast motility, MMP-2, was investigated by Western
blotting and gelatin zymography (Fig. 4). After stimulation with Wnt-3A, increased
concentrations of the pro-form (72 kDa) of MMP-2 were detectable by Western blotting in
supernatants of SGHPL-5 cells and primary EVT (Fig. 4A). Quantification of Western blot
data of SGHPL-5 cells revealed that Wnt-3A increased MMP-2 to 290% compared with
controls (100%), whereas inhibition of canonical or PI3K/AKT signaling reduced Wnt-
dependent secretion to 165 and 35%, respectively (Fig. 4B). Similarly, Wnt-3A stimulated
accumulation of pro-MMP-2 to 430%, and inhibition through Dkk1 or LY294002 was
noticed in supernatants of purified EVT (Fig. 4B). Accordingly, Wnt-3A-stimulated
secretion and Dkk1/LY294002-dependent inhibition of MMP-2 could also be detected by
gelatin zymography in both culture systems (Fig. 4C). The active form of MMP-2 was
undetectable in SGHPL-5 supernatants. In contrast, the 64 kDa active form could be
observed in EVT supernatants. Its soluble amount was coregulated with the 72 kDa pro-
form, suggesting that processing of the enzyme may not be affected by Wnt-3A and/or
inhibitor treatment.
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Wnt-3A-dependent secretion of MMP-2 does not involve changes in mRNA expression
Recent evidence in another cellular system suggested that Wnt-induced MMP-2 expression
may involve direct transcriptional activation through TCF (31). To investigate whether a
similar mechanism could be operational in trophoblasts, MMP-2 mRNA expression was
analyzed after time- and dose-dependent stimulation with Wnt-3A (Fig. 5). Quantitative
real-time PCR analyses revealed that incubation with Wnt-3A did not significantly change
MMP-2 mRNA expression, either in SGHPL-5 cells or EVT. Hence, the data suggest that
post-transcriptional effects of Wnt-3A lead to elevated MMP-2 concentrations in trophoblast
supernatants.

Discussion
Accumulating data in the literature suggest that signaling through PI3K/AKT is critically
involved in trophoblast invasion and migration. A variety of important growth factors of the
fetal-maternal interface such as EGF (32), IGF-II (33), or hepatocyte growth factor (34) but
also hormones like chorionic gonadotropin (35) stimulate AKT activation, thereby
increasing trophoblast motility. Hence, the putative central role of the signal transduction
pathway in trophoblast motility prompted us to also investigate the influence of Wnt on
AKT activation. Wnt-3A was recently shown to increase trophoblast invasion and migration
accompanied by EVT-specific expression of Wnt/β-catenin-dependent TCFs (10), but
details on the molecular mechanism remained elusive.

Western blot analyses revealed that Wnt-3A increased AKT phosphorylation, and inhibition
of PI3K/AKT signaling abolished Wnt-dependent migration, emphasizing the critical role of
AKT in trophoblast motility. Because endometrium and trophoblast express a variety of Wnt
ligands and Fzd receptors (17, 19), we assume that both tissues may contribute to Wnt-
induced signaling and migration. Besides the role of AKT, results of this and a previous
study (10) demonstrated that the canonical Wnt pathway is also critically involved because
Dkk1 inhibited invasion and migration of first-trimester cytotrophoblasts and SGHPL-5
cells as well as in villous explant cultures. Hence, we conclude that similar to other growth
factors (6), Wnt ligands promote trophoblast motility through activation of several signaling
pathways. Whereas structure and function of the canonical LRP-5/6-Fzd receptor has been
intensively investigated, less is known about noncanonical Wnt receptors (11, 36). Along
those lines, Wnt receptors required for Wnt-3A-dependent AKT activation have not been
characterized. Here, we show that activation of AKT cannot occur through the canonical
Wnt receptor because Dkk1 failed to inhibit phosphorylation of AKT and its downstream
target GSK-3β. This would be in agreement with a previous observation showing that
Wnt-3A-dependent AKT activation does not involve β-catenin/TCF (22). Therefore, Wnt-
induced phosphorylation of AKT could be triggered through Fzd receptors without requiring
LRP-5/6 as observed in other noncanonical Wnt pathways (36). On the other hand, various
alternative Wnt receptors have been identified (37). For example, phosphorylation of AKT
could eventually be achieved through receptor tyrosine kinases such as Ryk or Ror, which
were recently shown to be involved in Wnt-dependent neuronal processes (37). Indeed,
mRNA expression of Ryk was noticed in DNA gene chip analyses of SGHPL-5 cells
primary EVTs (data not shown).

In addition, the potential cross talk between canonical Wnt and AKT signaling in
trophoblasts was investigated because AKT may inactivate GSK-3β through
phosphorylation at Ser9 and thereby increase stability of β-catenin and TCF-dependent
transcription. However, the role of AKT in modulating the canonical Wnt pathway varies
between cell types. Whereas dominant-negative and -positive AKT were shown to inhibit
and activate, respectively, canonical Wnt signaling in 293T and P19CL6 cells (25, 38), AKT
did not affect the pathway in other cellular systems (25, 39, 40). Similarly, comparison of
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the effects of constitutively active or wild-type GSK-3β in LβT2 cultures suggested that
phospho-inhibition of GSK-3β at Ser9 is not critical for Wnt/TCF signaling in these cells
(41). In agreement with the later observations, inhibition of AKT failed to repress
accumulation of ABC or TCF reporter activity in the trophoblast model systems, although
AKT-dependent phosphorylation of GSK-3β upon Wnt stimulation had been detected.
Hence, we conclude that Wnt-induced modification of GSK-3β through AKT is not critical
for the canonical Wnt pathway in trophoblasts. The differing results of the Wnt-AKT cross
talk might be explained by differences between kinetic mechanisms of cell types. Besides
phosphorylation of GSK-3β, recruitment of Axin to the LRP-5/6-Fzd receptor is thought to
be sufficient for inhibition of the β-catenin destruction complex and to induce canonical Wnt
signaling (11). It could well be that membrane recruitment of Axin occurs faster than AKT-
mediated phosphorylation/inactivation of GSK-3β. Inhibition of the enzyme through AKT
would then be of minor relevance for signaling through the canonical Wnt pathway.

Depending on the cell type, Wnt ligands were shown to activate MMP expression involving
canonical or noncanonical pathways (31, 42). With respect to trophoblast invasiveness, Wnt-
dependent production of gelatinases is of particular interest, because these enzymes are
thought to play critical roles (4). Indeed, both signaling pathways, canonical Wnt and AKT,
promoted Wnt-3A-dependent accumulation of MMP-2 in trophoblast supernatants.
Therefore, we assume that induction of the protease could be one of the critical mechanisms
promoting Wnt-dependent trophoblast motility. AKT-dependent MMP secretion seems to
emerge as a common theme in trophoblast invasion because factors such as chorionic
gonadotropin or EGF were also shown to increase levels of MMP-2 and MMP-9,
respectively, through activation of the particular kinase (35, 43). Mechanisms controlling
MMP-2 release through canonical Wnt or AKT signaling have not been elucidated in detail.
Although MMP-2 was previously identified as a direct target of TCF/β-catenin in effector T
cells (31), Wnt-dependent induction of the MMP-2 mRNA could not be detected in
trophoblasts. Accordingly, a MMP-2 reporter harboring wild-type TCF binding sites could
not be stimulated with Wnt-3A, and another plasmid containing mutated TCF cognate
sequences did not show reduced luciferase expression in SGHPL-5 cells (data not shown).
Therefore, we conclude that post-transcriptional mechanisms are responsible for Wnt-
induced elevation of pro-MMP-2 in trophoblast supernatants. Increased MMP-2 levels
could, for example, be achieved by AKT-dependent inhibition of proteasomal degradation
(44). However, if Wnt may act through such a mechanism needs further investigation.

In conclusion, the results suggest that Wnt ligands can promote trophoblast motility through
activation of distinct pathways, i.e. canonical Wnt and AKT signaling (Fig. 6). Both
cascades promote Wnt-dependent secretion of MMP-2, which has been identified as a novel
Wnt target in invasive trophoblasts.
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ABC Active β-catenin

CHM complete hydatidiform mole

Ct cycle threshold
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Dkk1 Dickkopf-1

EGF epidermal growth factor

EVT extravillous trophoblast

FCS fetal calf serum

Fzd Frizzled

GSK glycogen synthase kinase

LEF lymphoid enhancer-binding factor

LRP lipoprotein receptor-related protein

MMP matrix metalloproteinase

PI3K phosphatidylinositide 3-kinase

TCF T cell factor

Wnt wingless
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FIG. 1.
Western blot analyses showing Wnt-3A-induced AKT and GSK-3β phosphorylation.
Stimulation of primary EVT and trophoblastic SGHPL-5 cells (in the absence or presence of
inhibitors), preparation of protein lysates and Western blot analyses were performed as
described in Materials and Methods. Marker bands (kDa) are depicted on the left. β-Actin
(42 kDa) was used as a loading control. Representative examples of n = 3 are shown. A,
Phosphorylation (p-) of AKT and GSK-3β in the absence or presence of Dkk1 or
LY294002. Specific signals of p-Ser473-AKT (60 kDa), total AKT (60 kDa), p-Ser9-
GSK-3β (46 kDa), and total GSK-3β (46 kDA) are depicted by arrows. *, Nonspecific
signal. B and C, Quantification of p-Ser437-AKT and p-Ser9-GSK-3β signals, respectively,
after densitometric scanning of films (n = 3). Mean values of unstimulated controls (n.c.)
were arbitrarily set at 100%; error bars indicate SD. ns, Not significant; *, P < 0.05. D,
Wnt-3A-dependent activation of AKT in primary EVT. A representative example is shown.
GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.
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FIG. 2.
Analyses of the putative cross talk between PI3K/AKT and canonical Wnt signaling in
SGHPL-5 cells and primary EVT. Wnt-3A stimulation of cultures, preparation of extracts,
Western blotting, and pTopFlash luciferase assays were performed as described in Materials
and Methods. A, Western blot demonstrating Wnt-3A-dependent nuclear accumulation of
active, nuclear β-catenin (ABC, 92 kDa, indicated by arrow) in the absence or presence of
Dkk1 or LY294002. The nuclear protein topoisomerase IIβ (TopoIIβ) (180 kDa) was used
as a loading control. A representative example is shown. B, Luciferase activity of the
canonical Wnt reporter after treatment with Dkk1 or LY294002. Mean values ± SD of four
experiments performed in duplicates are shown. Normalized value of unstimulated control
was arbitrarily set at 100%. ns, Not significant; *, P < 0.05. C, Western blot showing
accumulation of ABC in lysates of primary EVT after Wnt-3A treatment (6 h) and
preincubation with Dkk1 or LY294002. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; 37 kDa) was used as a loading control. neg., Negative control; act., activity.
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FIG. 3.
Wnt-3A-induced migration of SGHPL-5 cells and in first-trimester villous explant cultures
in the absence or presence of Dkk1 or LY294002. Transwell migration assays and
outgrowth of primary EVT on collagen I were performed as described in Materials and
Methods. A, Wnt-3A-mediated SGHPL-5 cell migration in the absence or presence of Dkk1
or LY294002. Bars represent mean values of each three different experiments performed in
duplicate; error bars indicate SD. Mean value of untreated cultures (negative control) was
arbitrarily set to 100%. *, P < 0.05 compared with Wnt-stimulated migration. B, Wnt-3A-
mediated EVT migration in villous explant cultures. Two representative samples per
condition were photographed (40-fold magnification). C, Quantification of the area of
outgrowth in Wnt-3A-stimulated villous explant cultures. Bars represent mean values of
each of 20 different explant cultures prepared from five different first-trimester placentas;
error bars indicate SD. Mean value of untreated cultures (negative control) was arbitrarily set
to 100%. *, P < 0.05 compared with Wnt-stimulated outgrowth. neg., Negative.
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FIG. 4.
Western blot analyses and gelatin zymography of soluble MMP-2 in supernatants of
trophoblast cultures. Wnt-3A stimulation, inhibitor treatment, Western blotting,
zymography, and densitometric scanning were performed as described in Materials and
Methods. Representative examples are shown. A, Western blot of supernatants of SGHPL-5
cells and primary EVT. The pro-form of MMP-2 is indicated by arrows. *, Nonspecific
signals. B, Quantification of MMP-2 Western blot data obtained from either SGHPL-5 cells
or primary EVT. Bars represent mean values of three different experiments; error bars
indicate SD. Mean value of untreated cultures (negative control) was arbitrarily set to 100%.
*, P < 0.05 compared with Wnt-stimulated condition. C, Gelatin zymography of
supernatants isolated from Wnt-3A/inhibitor-treated SGHPL-5 cells and primary EVT. Pro-
and active forms of MMP-2 are depicted. neg., Negative.
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FIG. 5.
Quantitative real-time PCR of MMP-2 mRNA expression in cultured SGHPL-5 cells and
EVT. Stimulation, RNA isolation, and quantitative real-time PCR were performed as
described in Materials and Methods. For comparison of different experiments, values of
controls at 3 h (EVT) and 24 h (SGHPL-5) were arbitrarily set at 1. Bars indicate mean
values ± SD of three PCR (three different cell preparations) performed in duplicate. *, P <
0.05; ns, not significant compared with the controls of the respective time point. A,
SGHPL-5 cells; B, primary EVT. neg., Negative.
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FIG. 6.
Current model system showing Wnt-dependent pathways involved in trophoblast migration.
The potential cross talk between Wnt and AKT is not critical in trophoblasts. The Wnt
receptor promoting AKT phosphorylation in a LRP-5/6-independent manner remains
currently unknown. Wnt-3A-dependent activation of both signaling pathways results in
elevated trophoblast migration and increased MMP-2 secretion. APC, Adenomatous
polyposis coli; LY, LY294002.
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