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Abstract Successful placental development and pregnancy rely on effective extravillous
trophoblast (EVT) invasion. The mechanisms underlying inadequate EVT invasion in recurrent
spontaneous abortion (RSA) remain unclear. WAS/WASL interacting protein family member 1
(WIPF1), the key regulator of cytoskeletal dynamics, is exclusively expressed in first-trimester
placental EVTs. Knockdown experiments revealed WIPF1’s crucial involvement in successful
placental development; reduced levels impaired cell migration, while overexpression induced
the opposite effects. Moreover, WIPF1 knockdown in hTSC-derived EVTs hampered trophoblast
differentiation. WIPF1 interacted with ACTN4 to regulate podosome formation, matrix degra-
dation, and actin polymerization, potentially mediated by its ARG54 site. Notably, WIPF1 was
significantly down-regulated in human RSA patient EVTs and RSA mice trophoblast giant cells
(CBA/J x DBA/2). This association suggests WIPF1 as a potential key player in RSA pathogen-
esis. In conclusion, our study spotlights WIPF1 as a pivotal factor in EVT invasion, emphasizing
its multifaceted roles and implications in pregnancy complications like RSA.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

The human placenta is a unique, transient organ that plays
a critical role in supporting pregnancy and fetal develop-
ment. It is responsible for a variety of essential functions,
including supplying oxygen and nutrients to the fetus,
removing metabolic waste, producing vital hormones, and
modulating the maternal immune response to ensure the
protection of the semi-allogeneic fetus. These functions
are crucial for the successful progression of pregnancy and
the health of both mother and baby." During early placental
development, the trophectoderm cells, which form the
outer layer of the blastocyst, proliferate and differentiate
into cytotrophoblast cells (CTBs). These CTBs act as pro-
genitor cells with the ability to self-renew, giving rise to
two major trophoblast lineages: villous trophoblasts and
extravillous trophoblasts (EVTs). Villous trophoblasts form
the outer layer of the placental villi, facilitating gas and
nutrient exchange between the mother and fetus. EVTs, on
the other hand, are specialized cells that migrate from the
chorionic villi into the maternal decidua and spiral arteries,
contributing to the remodeling of maternal vessels to
ensure adequate blood supply to the placenta.?

The invasion and remodeling by EVTs are crucial for
placental development and pregnancy health. This process
is tightly regulated by molecular pathways, including ma-
trix metalloproteinases, which degrade the extracellular
matrix to promote EVT invasion, and integrins, which guide
adhesion and migration.* Growth factors and cytokines, like
transforming growth factor-beta (TGF-B) and vascular
endothelial growth factor (VEGF),* balance invasion regu-
lation, while the WNT and NOTCH signaling pathways con-
trol migration and survival.” EVTs also express human
leukocyte antigen-G (HLA-G) to avoid immune detection,
ensuring tolerance of the semi-allogeneic fetus.® Any
disruption in their migration or function may result in
serious pregnancy complications, such as preeclampsia,
fetal growth restriction, or even miscarriage.” '°

Single-cell RNA sequencing has emerged as a powerful
tool for identifying cell-type-specific transcriptomic signa-
tures, offering critical insights into gene involvement in

trophoblast proliferation and differentiation, particularly
in EVTs during both physiological and pathological preg-
nancies.'””'2 Numerous genes, including achaete-scute
family bHLH transcription factor 2 (ASCL2), inhibitor of DNA
binding 1 (ID1), and iodothyronine deiodinase 2 (DiO2),
have been identified to regulate EVTs’ formation and
functions.” " Specifically, transcription factor family
activator protein 2 (TFAP2C) is crucial for activating EVT-
active genes during the early differentiation of EVTs,'®
while NOTUM, a negative regulator of WNT signaling, fa-
cilitates the transition from trophoblast stem cells (TSCs) to
EVTs." In the maturation phase, EVT cells significantly in-
fluence secretory functions through the TGF-B signaling
pathway.?® Additionally, the transcription factor E74-like
factor 3 (ELF3) regulates human leukocyte antigen-C (HLA-
C) expression, while NOD-like receptor (NLR) genes modu-
late immune evasion mechanisms, collectively impacting
EVT functions.?’ These findings underscore the diverse
mechanisms regulating EVT differentiation and lay a solid
foundation for further research into novel genes that may
elucidate EVT’s roles. WAS/WASL-interacting protein family
member 1 (WIPF1) is a member of the WIP family of pro-
teins that are involved in cytoskeletal organization and cell
signaling.?? This protein plays a significant role in actin
cytoskeleton dynamics, which is crucial for various cellular
processes, including cell migration, adhesion, and
morphology.”> Recent studies have shed light on the
multifaceted roles of WIPF1 in various cellular contexts. For
instance, multiple studies have demonstrated that WIPF1 is
essential for the formation of podosome in migrating cells,
emphasizing its role in facilitating cell motility through
actin polymerization.?*~2° These findings align with previ-
ous work showing that WIPF1 interacts with the Arp2/3
complex, a critical regulator of actin filament branching
and network formation.?” In addition to its role in cyto-
skeletal dynamics, WIPF1 has been implicated in the mod-
ulation of signaling pathways that govern cellular
responses. Recent research indicates that WIPF1 can affect
pathways such as the Rho GTPase signaling cascade, which
is vital for cytoskeletal rearrangement and cell migration.?®
The interplay between WIPF1 and these pathways suggests
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that this protein may also contribute to cellular decision-
making processes during events such as immune responses
and tissue remodeling. Moreover, WIPF1’s involvement ex-
tends to disease contexts. Previous studies highlighted its
potential role in cancer, where WIPF1 expression levels
correlated with increased cell invasion and migration in
breast cancer cell lines.?>'?° These studies underscore the
importance of WIPF1 as a potential therapeutic target for
inhibiting tumor progression.

However, the regulatory mechanism of WIPF1 in EVTs’
invasion has not yet been clarified. In this study, we aimed
to determine the role of WIPF1 in EVT invasion and assess
the level of WIPF1 in the placental villi of recurrent spon-
taneous abortion (RSA) patients. Our findings will
contribute to clarifying the mechanism of placentation,
understanding the pathogenesis of RSA, and identifying
therapeutic targets against RSA.

Materials and methods
Informed consent and human sample collection

First-trimester placental villous tissues (6—8 weeks) were
obtained from healthy pregnant women (n = 10, aged
18—35) who resorted to voluntary termination of pregnancy
and from women who had suffered RSA (n = 10, aged
18—35). RSA was defined as the occurrence of two or more
consecutive first-trimester pregnancy losses of unknown
etiology.>® The samples were collected via real-time ul-
trasound-directed aspiration in the First Affiliated Hospital
of Chongging Medical University, immediately frozen in
liquid nitrogen for further use, or fixed overnight in 4%
paraformaldehyde solution followed by paraffin embed-
ding. All the experimental procedures were consistent with
the ethical principles of the Declaration of Helsinki and
were approved by the Institutional Animal Care and Use
Committee of Chongging Medical University (IACUC-CQMU)
(License number: 2022125). All the samples were collected
with written informed consent from the participants.

Spontaneous abortion-prone mouse model

CBA/J and DBA/2 mice strains (6—8 weeks, 20—22 g) were
acquired from HFK Bioscience Co., Ltd., with Bal/b/c mice
obtained from Chongging Medical University Animal Labo-
ratory. The animal experimental procedures were approved
by the Ethics Committee of Chongqging Medical University.
The mice were fed with standard rodent chow and water at
20 °C—26 °C and kept in a 30%—70% humidified environment
at a 12 h/12 h light/dark cycle. Normal pregnancy models
were established by randomly mating the female CBA/J and
male Bal/b/c mice, while spontaneous abortion-prone mice
models were established by randomly mating female CBA/J
with male DBA/2 mice.?' The presence of a vaginal plug was
used as a marker for gestational day 0.5 (GD 0.5). Dams
were sacrificed on GD 8.5 via cervical dislocation. Each
feto-placental unit was separated from the implantation
site via laparotomy. Samples were stored immediately at
—80 °C or fixed and embedded in paraffin.

CTB and EVT isolation and culture

CTBs and EVTs were isolated from human placental villous
tissues using established protocols.%*3 To detach the CTBs,
we minced and digested the placental villous tissues (6—8
weeks of gestation, n = 5) with 0.25% trypsin (Beyotime)
three times in a 37 °C water bath. The resultant cell sus-
pension was gently laid on a Percoll™ gradient (70%—10%, in
25% steps) (Cytiva, Uppsala, Sweden). Cells that sedi-
mented at the 30%—40% region of the Percoll™ gradient
were collected. For EVT isolation, the placental villous
tissues were rinsed in phosphate-buffered saline (PBS),
minced, and digested twice with TrypLE™ (Thermo Fisher,
NY, USA) in a 37 °C water bath for 20 min. The cell digestion
was sequentially filtered with 70 pym and 40 um cell
strainers. Cells were collected and resuspended with
DMEM/F-12 media and then gently laid on the surface of
Lymphoprep™ (Axis-Shield, Oslo, Norway). The cells be-
tween Lymphoprep™ and the cell suspension junction were
collected and washed with DMEM/F-12 media. The cells
were then cultured on flasks pre-coated with 1 mg/mL
fibronectin in PBS at 37 °C and 5% CO, for 45 min. Immu-
nofluorescence was used to assess the purity of the cells.

Isolation of ITGA6™ CTBs and induction into TSCs

ITGA6" CTBs were isolated by immunomagnetic purifica-
tion using the EasySep PE selection kit (STEMCELL, 17664,
Canada) and a PE-conjugated anti-integrin subunit alpha 6
(ITGA6) antibody. Sterile villous tissues from 6-to-8-week
normal pregnancies were collected in PBS on ice. Blood
contaminants were removed by adding sterile PBS to the
sample in a sterile dish. The villous tissues were minced,
mixed with TrypLE™ digestion enzyme solution (1:10), and
incubated at 37 °C for 30 min with gentle shaking every
2 min. The digested solution was filtered through a 70 um
strainer, and the filtrate was collected into a 50 mL tube
containing twice the volume of buffer. Cells were centri-
fuged at 2500 rpm for 10 min, resuspended in 80 uL buffer,
and counted. A 100 pL aliquot of the cell suspension was
used. After FcR Blocker (10 plL) and PE-conjugated anti-
ITGA6 antibody (0.3 nug) were added, the cells were incu-
bated at room temperature for 15 min. Selection cocktail
(10 uL) was added, and incubation continued for another
15 min. 5 pL of RaipidSpheres™ (vortexed for 30 s before
use) was added to the mixture, and incubation continued
for 10 min. The volume was adjusted to 2.5 mL with PBS
containing 2% fetal bovine serum (FBS) and 1 mM EDTA. The
FACS tube was placed in a magnet for 5 min at room
temperature, and the supernatant was removed. This
process was repeated twice. ITGA6-positive CTBs were
purified immunomagnetically. The 24-well plate was
coated with 0.5 pL/mL iMatrix-511 (Wako, 385—07361,
Japan) at 37 °C for 10 min, then seeded with ITGA6-posi-
tive CTBs, and incubated in hTSC medium. The culture
medium was prepared with the following: advanced DMEM/
F-12 (Gibco, 12634010, USA) supplemented with 0.5%
penicillin-streptomycin  (Beyotime, C0222, Shanghai,
China), 0.1 mM 2-mercaptoethanol (Gibco, 21985-023,
USA), 0.2% FBS (Gibco, a5669401, USA), 0.3% bovine serum
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albumin (BSA) (Sigma, A9418, USA), 1% ITS-X supplement
(Gibco, 51500056, USA), 1.5 pug/mL L-ascorbic acid (Sigma,
A5960, USA), 0.5 uM A83-01 (MCE, HY-10432A, USA), 2 uM
CHIR99021 (Selleck, $1263, USA), 1 uM SB431542 (MCE, HY-
10431, USA), 50 ng/mL EGF (PeproTech, AF-100-15, USA),
5 uM Y27632 (Selleck, $S1049, USA), and 0.8 mM VPA (Sigma,
P4543, USA).

Culture of hTSCs

Each well of the 6-well plate was coated with 0.25 png/mL of
iMatrix-511 and hTSC medium at 37 °C for at least 10 min,
and each well was inoculated in it according to 1 x 10°
hTSCs, and cultured in an incubator at 37 °C and 5% CO,
with 2 mL of hTSC medium, and the medium was changed
every day. When the cell density reached 60%—80%, the
cells were dissociated with TrypLE™ for 10—15 min at 37 °C
and then were passaged into new 6-well plates coated with
iMatrix-511 at a 1:20 split ratio.

Differentiation of hTSCs into EVTs

hTSCs were grown to 80% confluence in the hTSC medium
and dissociated with TrypLE™ for 10—15 min at 37 °C. For
the differentiation of EVT cells, hTSCs were seeded in a 6-
well plate pre-coated with 1 mg/mL Col IV (Sigma, C5533,
USA) at a density of 0.75 x 10° cells per well and cultured in
2 mL of EVT medium (advanced DMEM/F-12 supplemented
with 0.5% penicillin-streptomycin, 0.1 mM 2-mercaptoe-
thanol, 0.2% FBS, 0.3% BSA, 1% ITS-X supplement, 100 ng/
mL neuregulin 1 (NRG1; Novusbio, NBP2-35099, USA),
7.5 mM A83-01, 2.5 mM Y27632, and 4% knockout serum
replacement (Thermo Fisher, 10828028, USA)). Matrigel
(CORNING, 356234, USA) was added to a final concentration
of 2% shortly after suspending the cells in the medium. Cells
were harvested on day 3 of differentiation.

Cell line culture

The EVT cell line, HTR-8/SVneo, which was a gift from
Professor Charles. H. Graham®* of Queen’s University,
Canada, was cultured in RPMI 1640 medium (Life Technol-
ogies, CA, USA). The choriocarcinoma cell line, JEG-3,
gifted by Professor Yan-Ling Wang at the Institute of
Zoology, Chinese Academy of Sciences, Beijing, China, was
cultured in MEM medium (Life Technologies). HEK293T cells
obtained from the American Type Culture Collection (VA,
USA) were grown in DMEM/F-12, GlutaMAX medium (Thermo
Fisher, MA, USA). All cell lines were supplemented with 10%
FBS (Lonsera, Canelones, Uruguay) together with 100 units/
mL penicillin and 100 pg/mL streptomycin and maintained
in a humidified atmosphere of 21% 0, and 5% CO, at 37 °C.

Human placental villous explant culture

Human first-trimester placental villous tissues (6—8 weeks
of gestation, n = 3) were obtained and dissected into
villous explants with diameters of 3—5 mm. The tissues
were cultured following a published protocol.*” In brief, the
villous explants were anchored onto 6 cm dishes pre-coated
with Matrigel (1:19) and cultured in DMEM/F-12 medium

(Procell, Wuhan, China) supplemented with 15% FBS in a
37 °C and 5% CO, incubator. By 24 h, the villi had attached
to the Matrigel-coated plates. For transient transfection,
WIPF1 knockdown plasmid constructs were transfected into
explant cultures using Lipofectamine 3000 transfection re-
agent (Life Technologies, CA, USA). The GFP reporter gene
was used to monitor transfection efficiency. Outgrowth of
the villous explants was observed at 24 h and 48 h post-
transfection. The outgrowth distance was quantified using
ImageJ software (NIH, MD, USA). In detail, the outgrowth
distance was analyzed by calculating the area formed by
the outgrowth perimeter at 48 h (expanded area) and
subtracting the area formed by the outgrowth perimeter at
24 h (initial area). The difference was then normalized by
dividing by the initial area to obtain a ratio, which was used
for statistical analysis. Results were presented as normal-
ized to the control group.

Analysis of single-cell gene expression signatures of
human first-trimester EVTs

The deep learning method, called Deep Embedding for
Single-cell Clustering (DESC),*® was used to search for key
genes that are specifically expressed in the EVTs. The
human first-trimester fetal—maternal interface single-cell
RNA-sequencing dataset (E-MTAB-6701) was used for
trophoblast subtype classification.>” In detail, all sample
data were analyzed using the annotation provided by the
processed data file. Then, R was used to map the data to
the UMAP. The data was collected for further analysis in
accordance with the annotation by Vento-Tormo, Efre-
mova.>’ The cell number and subtypes in each cell lineage
category were counted and visualized as cell clusters using
the t-distribution random neighborhood embedding (t-SNE)
plots. 2 Cell clusters were colored based on gene expression
or different features using the gene expression atlas.>’
Venn diagram was used to show the overlapping genes
expressed in each EVT subtype.“° Further, biaxial scatter
plots and violin plot analysis were performed using the
Fluidigm’s SINGULAR™. The Analysis Toolset v3.5.2*" was
used to show the expression of WIPF1 in different cell

types.
Lentiviral constructions

A lentiviral transduction system was applied to knock down
WIPF1 or alpha-actinin 4 (ACTN4) using short hairpin RNA
(shRNA) or to overexpress WIPF1 using the full-length open
reading frames (ORF) clone.®*? For ACTN4 or WIPF1
knockdown, pSIH1-based constructs were generated by
cloning WIPF1-shRNA (targeting 5-CCAGAGCCAUAUGUA-
CAAA-3')  or ACTN4-shRNA  (targeting 5- GCCA-
CACTATCGGACATCAAA-3’) by cloning annealed shRNA oligos
into the EcoRI/BamHI sites of the pSIH1 plasmid. For WIPF1
single knockdown, two types of pSIH1-based constructs
were generated: one with puromycin resistance and GFP,
and the other with hygromycin B resistance (without GFP).
For ACTN4 single knockdown, the pSIH1-based constructs
with hygromycin B resistance (without GFP) were utilized.
For the double knockdown of ACTN4 and WIPF1, both
ACTN4-shRNA and WIPF1-shRNA were cloned into separate
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pSIH1 plasmids carrying hygromycin B resistance (without
GFP). A negative control used a non-targeting shRNA. The
transfections were conducted using polyethyleneimine
transfection reagent (Cat#24765, Polysciences, PA, USA).
HEK293T cells were transfected with the designed lentiviral
constructs along with packaging plasmids (psPAX2 and
pVSVG). At 8 h post-transfection, the transfection media
were replaced with complete growth media. Media con-
taining lentiviral particles were used to culture HTR-8/
SVneo cells. For the double knockdown, ACTN4-shRNA and
WIPF1-shRNA were cloned into separate pSIH1 plasmids
without GFP expression. HTR-8/SVneo cells were co-infec-
ted with both lentiviral constructs, allowing for the con-
current suppression of ACTN4 and WIPF1 expression.
Puromycin (10 ug/mL, Beyotime) or hygromycin B (50 pg/
mL, Beyotime) selection was utilized for 12 h. Long-term
maintenance of the stable transfectants was achieved using
media containing 1 pg/mL puromycin or hygromycin B
(5 ug/mL). Only the shRNA vector was used as a negative
control.

For the WIPF1 overexpression (WIPF1-OE) construct, the
coding sequence of WIPF1 was cloned into the EcoRIl/BamHI
sites of the CD513B1 vector via homologous recombination,
following the manufacturer’s instructions of the
ClonExpress® Il One Step Cloning Kit (Vazyme, Nanjing,
China). The transfections were conducted with the poly-
ethyleneimine transfection reagent (Transgenic, Shanghai,
China). HEK293T cells were transfected with the designed
lentiviral constructs and packaged plasmids (psPAX2 and
pVSVG). The transfection media were replaced with com-
plete growth media at 8 h post-transfection. The culturing
media of the HEK293T cells were collected after 2 days. The
cell lines (HTR-8/SVneo, JEG-3) were cultured with fresh
media containing lentiviral particles. After 12 h, the media
were replaced with complete growth media containing
10 pg/mL of puromycin. However, fresh media containing
1 ug/mL puromycin was used for long-term maintenance of
the stable transfecting trophoblast cell lines overexpressing
or suppressing WIPF1.

Quantitative reverse transcription PCR

Total RNA was extracted using the RNAiso Plus kit (Takara,
Tokyo, Japan). PrimeScript RT Master Mix (Takara) was used
to synthesize the cDNA, after which quantitative reverse
transcription PCR was performed with TB Green® Premix Ex
Taq™ Il (Takara). Primers and cDNA dilutions were done in
accordance with a previous protocol.** The primers were
synthesized at the Beijing Genomics Institute. Sequences of
the primers are listed in Table S1.

Western blotting

Tissues were weighed and cut into pieces on ice and ho-
mogenized in a 60 puL 1 x RIPA lysis buffer (Beyotime,
P0013B), containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1%
Triton X-100, 1% sodium deoxycholate, and 0.1% SDS, sup-
plemented with 1 mM phenylmethanesulfonyl fluoride
(PMSF; Beyotime). The cell suspension was centrifuged at
12,000 g at 4 °C for 30 min. The supernatant was carefully
collected, and the protein concentration was quantified

using the BCA Protein Assay Kit (Beyotime). Total protein
lysates were boiled in a 5 x SDS loading buffer (Beyotime)
for 10 min. The cell samples were treated with 1 x RIPA
lysis buffer and PMSF. Total protein lysates were boiled in a
5 x SDS loading buffer for 10 min and then subjected to
SDS-PAGE electrophoresis. Immunoblotting was performed
using specific antibodies (Table S2).

Immunofluorescence staining

Paraffin-embedded tissue sections were antigen-retrieved
in EDTA (pH 8.0) (Solarbio, Beijing, China), permeated with
0.3% Triton X-100 solution for 10 min, and the nonspecific
antibody binding sites were blocked with 5% BSA. The cells
were incubated with the primary antibodies at 4 °C over-
night. Secondary fluorescent antibodies were used to probe
the cells at 37 °C for 1 h. The nuclei were stained with
Hoechst (Thermo Fisher, IL, USA).

For cellular immunofluorescence, primary EVTs were
initially cultivated in confocal dishes and transfected with
sh-WIPF1 and OE-WIPF1 plasmids using Lipofectamine 3000
for 48 h, followed by PBS rinsing. hTSCs, along with their
derived EVTs and HTR-8/SVneo cells, were subjected to
lentiviral infection to establish stable interference or
overexpression of WIPF1 and stable interference of ACTN4.
Subsequently, cells were fixed with ice-cold methanol at
—20 °C for 5 min, permeabilized with 0.1% Triton-X-100 for
10 min, and blocked with 3% BSA for 1 h. The cells were
incubated with the primary antibodies at 4 °C overnight.
Secondary fluorescent antibodies were used to probe the
cells at 37 °C for 1 h. The nuclei were stained with Hoechst.

For podosome assessment, cells were fixed with 4%
formaldehyde for 10 min, permeabilized with 0.5% Triton-X-
100 for 7.5 min, and blocked with 3% BSA for 30 min. Cells
were then incubated with mouse anti-cortactin primary
antibody at 4 °C overnight, followed by 30 min of incuba-
tion with AF647-conjugated goat anti-mouse IgG secondary
antibodies (1:200) or TRITC-conjugated phalloidin (1:200,
Yeasen, Shanghai, China). To quantify podosome formation,
at least 30 cells were randomly selected in each experi-
ment, and the number of cells with podosomes was counted
and expressed as a percentage of the total cells examined.
Co-localization of F-actin and cortactin, indicating podo-
some formation, was visualized using confocal microscopy.
Images were taken at a set of fluorescence excitation
wavelengths (lex = 405 nm; 488 nm; 555 nm; 640 nm) and
within  fluorescence  emission  wavelength  ranges
(Aem = 430-510 nm; 505-550 nm; 600—650 nm;
670—720 nm) using the Nikon C2 confocal microscope
(Nikon, Tokyo, Japan). The image and co-localization
analysis were done with the Image J software (NIH). The
primary antibody dilutions are shown in Table S2.

Immunohistochemical staining

The tissues were fixed with 4% paraformaldehyde (Beyo-
time) and embedded following a previous protocol.* In
brief, the sections were dewaxed with xylene, rehydrated
in gradient ethanol (100%, 95%, 85%, and 75%), and then
rinsed with PBS. The sections were exposed to heat-
induced epitope retrieval in EDTA (pH 8.0). Endogenous



6

peroxidase activity was stopped with 3% H,0,. The sections
were incubated with a blocking buffer containing 5% w/v
BSA (Solarbio) and 10% goat serum (Beyotime) to prevent
non-specific antibody binding. This was done at 37 °C for
30 min. The sections were incubated overnight with pri-
mary antibodies (Table S2) at 4 °C. Biotinylated secondary
antibodies (ZSGB-BIO, Beijing, China) were used to detect
the primary antibodies (Table S2). Following treatment
with streptavidin-HRP (ZSGB-BIO), the sections were
stained with DAB. The nuclei were counterstained with
hematoxylin. Mouse or rabbit I1gG was used for negative
controls. Images were photographed with an Olympus up-
right microscope (DP73, Tokyo, Japan) and the Olympus
imaging software Ver.5172.

Transwell invasion assay

The transwell invasion assay was performed following a
previous protocol.* HTR-8/SVneo cell suspensions (con-
taining 1 x 10° cells diluted in 200 pL FBS-free medium)
were added onto the transwell inserts (8 um pore size, BD
Biosciences, NJ, USA) coated with FBS-free medium-diluted
Matrigel (1:6) for 30 min in a 37 °C incubator. Then, the
inserts were placed into 24-well plates containing 500 pL
medium supplemented with 10% FBS. After incubation for
24 h, the cells that had remained on the upper chambers
were removed with a cotton swab, while those that had
invaded and gotten trapped in the pores of the lower
chamber were fixed with ice-cold methanol for 10 min and
stained with crystal violet for 25 min. The stained cells
were counted from at least three different fields.

Scratch assay

Cell migration was determined with the scratch assay
following Kaspi’s protocol.“® HTR-8/SVneo and JEG-3 cells
were cultured for 24 h in six-well plates at 37 °C. When cell
confluence reached almost 95%, the cell monolayer was
scratched with a 200 pL pipette tip. The scratch area was
photographed at 0 h and 36 h post-treatment. Image J was
used to measure the scratch area. A decrease in the scratch
area was an indication of migration. The percentage
migration was then calculated.

Proteomics analysis and co-immunoprecipitation
assay

Co-immunoprecipitation was performed using a previous
protocol.”’ In detail, HTR-8/Svneo cells transfected with
WIPF1-OE plasmid were seeded on 6 cm dishes for 48 h. The
cells were treated with lysis buffer containing a protease
inhibitor cocktail of 1 mM dithiothreitol (DTT, Beyotime) and
1 mM PMSF for 30 min. The cell lysates were immediately
incubated with rabbit WIPF1 mAb at 4 °C overnight on a
rotating mixer. Rabbit or mouse IgG mAb was used as a
negative control. The immune complex was precipitated
with the protein A/G beads (Bimake, TX, USA)at4°Cfor2 hin
a HulaMixer™ Sample Mixer (Life Technologies). The beads
were centrifuged and washed five times with lysis buffer
containing protease inhibitor cocktail. The proteins were

resolved with 5 x SDS loading buffer or eluted with SDT
buffer (2% SDS, 100 mM DTT, 100 mM Tris—HCL, pH 7.6).

Proteomic analysis of WIPF1 interacting proteins, via
mass spectrometry, was performed by Aptbiotech Co.
(Shanghai, China). Proteins were immunoprecipitated from
HTR8/Svneo cells using WIPF1 antibody. Mass spectrometry
was performed with the Easy nLC1200/Q Exactive system
(Thermo Fisher, CA, USA). The alkylated sample was
treated with trypsin (mass ratio 1:50) at 37 °C for 20 h.
After salt removal, the enzymatic product was frozen-
dried, re-dissolved in 0.1% formic acid solution, and stored
at —20 °C. After the chromatographic column was balanced
with 95% liquid A (0.1% formic acid aqueous solution), the
peptides’ mass-charge ratio from the automatic injector to
the Trap column was collected using 20 fragment profiles
(MS2 scan) after each full scan. Carbamidomethyl (C) was
set as a fixed modification. Oxidation (M) was set as a
variable modification. A maximal number of missed cleav-
ages was set to 2 with the tryptic enzymatic specificity.
Moreover, peptide or fragment mass tolerance was 20 ppm
or 0.1 Da. The results were filtered by score >20. The RAW
files were interpreted using Mascot 2.2 to identify peptides.
Furthermore, all generated proteomics data were searched
against the Uniprot human proteome reference database
(Homo_sapiens_188433_20200217).

The molecular interaction between WIPF1 and ACTN4
was validated via co-immunoprecipitation and immuno-
blotting, as described above. In brief, proteins immuno-
precipitated with the WIPF1 rabbit mAb were detected via
immunoblotting using the mouse ACTN4 mAb. The immu-
noprecipitation efficiencies were verified with the immu-
noprecipitation antibody. The whole cell lysate without the
co-immunoprecipitation procedure was used as the input
control.

Actin polymerization assay

The actin polymerization assay was performed following
the manufacturer’s instructions (BK003, Cytoskeleton, CO,
USA)*875 to assess the impact of specific protein silencing
on actin polymerization in HTR-8/SVneo cells. HTR-8/SVneo
cell lysates, obtained after gene silencing, were employed
in each experiment. Cell lysates containing approximately
60—120 pg total protein were mixed with pyrene actin
oligomers (0.4 mg/mL) in a 96-well microplate. Polymeri-
zation was initiated by adding a 10 x actin polymerization
buffer. Fluorescence kinetics were monitored from the top
using an Infinite® 200 PRO microplate reader (Tecan, Zur-
ich, Switzerland) to determine the initial rate of actin
polymerization. The fluorescence kinetics were recorded
under the following conditions: emission wavelength set to
a range of 400—440 nm with a step size of 20 nm, excitation
wavelength fixed at 340 nm, an integration time of 20 ps, a
total of 60 cycles, and a continuous monitoring duration of
60 min. Readings were taken at 1-min intervals, and each
emission scan was repeated three times.

Matrix degradation assay

The matrix degradation assay was performed using previous
protocols.’’>* In brief, the coverslips (Nest, CA, USA) were
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initially treated with 40 pL droplets of a 1:1 mixture of
2 mg/mL Oregon Green® 488 conjugate gelatin (Invitrogen)

and 0.1% gelatin (Solarbio) for 10 min. Subsequently, cov-
erslips were washed with PBS and exposed to 4% formal-

dehyde for 10 min. Following another PBS rinse, coverslips

Molecular docking

were incubated at 37 °C in RPMI 1640 medium with 15% FBS

for 2 h. For cell seeding, 20,000 cells were plated on each
coverslip, cultured for 12 h, and then processed for
immunofluorescence. Imaging was performed, capturing
images from ten fields per sample using a Nikon confocal

microscope equipped with a 60 x lens. Subsequently, ma-
trix degradation was analyzed using Image J.

The protein structures of WIPF1 (PDB ID: 2A41) and ACTN4
(PDB ID: 60A6) were retrieved from the Protein Data Bank.

Molecular docking was performed using the HDOCK pro-

gram,”>> > which employs the Hybrid Docking strategy.’” A
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Figure 1

Identification of major trophoblast subtypes at the maternal—fetal interface and differentially expressed genes (DEGs)

via the deep learning method called deep embedding for single-cell clustering (DESC) method. (A) t-distribution random neigh-
borhood embedding (t-SNE) plots from human placental single-cell RNA sequencing data showing the various trophoblast lineages
and the trophoblastic ectoderm (TE). (B) The number of subtypes of each trophoblast lineage. (C) Annotation of the DESC method
and the expression distribution of known marker genes for each lineage or cell type (HLA-G, EVT marker; CYP19A1, STB marker;
CDH1, villous CTB marker; CDX2, TE marker). (D) The Venn diagram illustrating the genes that are expressed in each of the five EVT
subtypes in the gene set maps. (E) Biaxial scatter plots of WIPF1 expression patterns in different trophoblast lineages and TE. (F)
The violin plots showing the expression of WIPF1 in the four major trophoblast lineages. CTB, cytotrophoblast; EVT, extravillous
trophoblast; STB, syncytiotrophoblast; HLA-G, human leukocyte antigen-G; CYP19A1, cytochrome P450 family 19 subfamily A
member 1; CDH1, cadherin 1; CDX2, caudal type homeobox 2; WIPF1, WAS/WASL interacting protein family member 1.
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Figure 2  Analysis of WIPF1 expression in placental tropho-
blasts and human trophoblast stem cell (hTSC)-derived extra-
villous trophoblast (EVT) differentiation. (A) mRNA levels of
WIPF1 in human primary cytotrophoblasts (CTBs) and EVTs in
the first-trimester placental villi, relative to the mRNA levels of
GADPH. **p < 0.01. (B) Protein levels of WIPF1 in human pri-
mary CTBs and EVTs in the first-trimester placental villi. (C)
Quantified protein levels of WIPF1 in CTBs and EVTs, relative to
the protein levels of B-actin. **p < 0.01. (D) Immunofluores-
cence images of the expression of WIPF1 (red), cytokeratin 7
(CK7; green), and human leukocyte antigen-G (HLA-G; green)
in human first-trimester placental villi. The illustration dem-
onstrates the expression of WIPF1 in anchoring or floating first-

total of 100 binding conformations were generated, and the
conformation with the lowest docking score was selected as
the final model. A more negative docking score indicates a
more probable binding model. Protein—protein docking was
conducted to obtain the complex model, which was then
analyzed and visualized using PyMOL software (Version
3.0.3). Docking scores were calculated based on the itera-
tive scoring function ITScorePP or ITScorePR,*®°° with
typical docking scores for protein—protein complexes
around —200.

Point mutation

Point mutation was performed using the QuickMutation™
Gene Site-Directed Mutagenesis Kit (Beyotime, D0206S) and
the WIPF1-OE overexpression plasmid. The primers for site-
directed mutagenesis were diluted to a final concentration
of 10 uM each. The PCR reaction mixture was prepared
according to the instructions provided in the manual and
mixed thoroughly before PCR amplification. After PCR, 1 uL
of Dpnl was added directly to the PCR reaction mixture and
incubated at 37 °C for 5 min. Following Dpnl digestion,
10 uL of the Dpnl-digested mutagenesis product was added
to 100 pL of competent cells for transformation. The point-
mutated plasmid was then extracted for subsequent use.

Statistical analysis

Data were analyzed using GraphPad Prism 7.0 (GraphPad,
USA). Each experiment was performed in triplicate. The
data were expressed as mean + standard deviation. The
relative mRNA and protein levels, cell migration rate, in-
vasion index, and number of podosomes between groups
were analyzed using an independent-samples t-test. To
account for podosome size differences, podosomes were
categorized into small, medium, and large groups based on
size.®® The watershed algorithm was applied to separate

trimester (6—8 weeks, n = 3) placental villi. STB, syncytio-
trophoblast; dCCT, distal cell column trophoblast; pCCT,
proximal cell column trophoblast. Non-specific staining verifi-
cation with immunoglobulin G (IgG; red) was taken as a con-
trol. The blue colors represent nuclei stained with Hoechst.
Scale bar, 100 pum. (E) Bright-field images of hTSCs and
differentiated EVTs. Scale bars, 200 um. (F) mRNA expression
levels of EVT markers, including HLA-G and matrix metal-
lopeptidase 2 (MMP2), in hTSCs and EVTs, relative to the mRNA
levels of GADPH. **p < 0.001. (G) Protein levels of hTSC
markers, including Yes-associated Protein (YAP) and TEA
domain transcription factor 4 (TEAD4), as well as EVT markers,
including integrin subunit alpha 5 (ITGA5), MMP2, and HLA-G,
were examined in hTSC and EVT samples. (H) Immunofluores-
cence images of the expression of TEAD4 (red), HLA-G (green),
and MMP2 (red) in hTSC and EVT differentiation. The blue
colors represent nuclei stained with Hoechst. Scale bars,
25 pm. (I) mRNA levels of WIPF1 and MMP2 in hTSCs and EVTs,
relative to the mRNA levels of GADPH. ***p < 0.001. (J) Protein
levels of WIPF1 in hTSCs and EVTs. (K) Immunofluorescence
images of the expression of WIPF1 in hTSC and EVT differen-
tiation. Scale bars, 25 um. WIPF1, WAS/WASL interacting pro-
tein family member 1.
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Figure 3 WIPF1 promotes trophoblast migration, invasion,
and extravillous trophoblast (EVT) differentiation in vitro. (A)
The invasive abilities of the sh-WIPF1 HTR-8/SVneo cells and
WIPF1-OE HTR-8/SVneo cells after 24 h of treatment (n = 3).
(B) Differences in the invasive abilities of the sh-WIPF1 HTR-8/
SVneo cells after 24 h of treatment (n = 3). *p < 0.01. (C)
Differences in the invasive abilities of the WIPF1-OE HTR-8/
SVneo cells after 24 h of treatment (n = 3). *p < 0.05. (D) The

clustered podosomes and prevent misclassification. p
values < 0.05 were considered statistically significant.

Results

The DESC method identified WIPF1 in the EVTs of
the human placenta

The published single-cell RNA-sequencing data of the
human early feto—maternal interface were applied to
explore novel differentially expressed genes involved in
EVT functioning.” The cell clustering and gene expression
patterns among each cell type were analyzed using an
iterative self-learning method, DESC.*® Three major
trophoblast lineages (EVTs, syncytiotrophoblasts, villous
cytotrophoblasts) and trophectoderm cells were colored
and visualized in the t-SNE plot (Fig. 1A). Each lineage or
cell type was further divided into several clusters, repre-
senting the cell heterogeneity of each lineage (Fig. 1A).
The number of cells or subtypes of each lineage is listed in
Figure 1B. Using known marker genes (HLA-G, CYP19A1,
CDH1, or CDX2), we could classify the sample that re-
sembles EVTs, syncytiotrophoblasts, villous CTBs, or tro-
phectoderm cells, respectively. The region distribution
labelled with known marker genes of each cluster expres-
sion is presented in Figure 1C. The differentially expressed
genes in five EVT subtypes were obtained via Venn analysis,
showing the expression of a number of genes among more
than four EVT subtypes. These genes®' ¢ (Table $4)

migration abilities of sh-WIPF1 HTR-8/SVneo cells and WIPF1-
OE HTR-8/SVneo cells after 36 h of treatment (n = 3). (E)
Differences in the migration abilities of sh-WIPF1 HTR-8/SVneo
cells after 24 h of treatment (n = 3). *p < 0.01. (F) Differ-
ences in the migration abilities of WIPF1-OE HTR-8/SVneo cells
after 24 h of treatment (n = 3). **p < 0.01. (G) The outgrowth
areas of the sh-WIPF1 placental villous explants and the WIPF1-
OE placental villous explants at 24 h and 48 h post-trans-
fection. (H) The relative outgrowth areas of the sh-WIPF1
villous explants after 24 h and 48 h of treatment. **p < 0.01. (I)
The relative outgrowth areas of the WIPF1-OE villous explants
after 24 h and 48 h of treatment. ***p < 0.001. (J) Bright-field
images of EVT differentiation with Con-sh control or WIPF1
knockdown via lentiviral interference. Scale bar, 200 um. (K)
mRNA levels of matrix metallopeptidase 2 (MMP2) in sh-WIPF1
EVTs, relative to the mRNA levels of GADPH. ***p < 0.001. (L)
Protein levels of WIPF1 and EVT markers in Con-sh and WIPF1-
sh cells in EVT differentiation. (M) Immunofluorescence images
of the expression of human leukocyte antigen-G (HLA-G; green)
and MMP2 (red) in sh-WIPF1 EVT differentiation. The blue
colors represent nuclei stained with Hoechst. Scale bars,
25 um. (N) Statistical plot of mean fluorescence intensity (MFI)
of HLA-G and MMP2 in sh-WIPF1 EVT differentiation. au is the
unit of average fluorescence intensity. *p < 0.05 and
**p < 0.001. (O, P) mRNA levels of MMP2 in sh-WIPF1 and
WIPF1-OE HTR-8/SVneo cells, relative to the mRNA levels of
GADPH. **p < 0.01. (Q, R) Protein levels of invasion markers in
WIPF1-sh and WIPF1-OE HTR-8/SVneo cells. WIPF1, WAS/WASL
interacting protein family member 1.
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Figure 4 WIPF1 promotes podosome formation by targeting and up-regulating podosome-related proteins. (A) Immunofluores-
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included placental growth factor (PGF), caveolin 1 (CAV1),
laminin subunit alpha 4 (LAMA4), Epstein—Barr virus
induced 3 (EBI3), and tetraspanin-30 (CD63), which have
been reported to participate in regulating EVT functioning
(Fig. 1D). As a novel differentially expressed gene among
different trophoblast lineages, WIPF1 was found to be
expressed in almost all EVT subtypes (Fig. 1E). Moreover,
violin plots of WIPF1 expression showed that WIPF1-positive
cells tended to be enriched in EVTs than in trophectoderm
cells and the other major trophoblast lineages (Fig. 1F).
These data suggest that WIPF1 might be a novel gene
regulating human EVT’s functions.

WIPF1 is exclusively expressed in the EVTs of the
human placenta

Consistent with the DESC analysis, the mRNA (Fig. 2A) and
protein (Fig. 2B, C) levels of WIPF1 were found to be higher
in invasive primary EVTs compared with primary CTBs.
Likewise, we found that WIPF1 was localized to the distal
cell column trophoblast, which is the only EVT lineage in
the first-trimester placental anchoring villi (Fig. 2D). In
contrast, no or lower WIPF1 protein was localized to CTBs
and syncytiotrophoblasts in the first-trimester placental
floating villi and anchoring villi (Fig. 2D). A weak fluores-
cence was obtained with the negative control antibodies
(anti-IgG primary antibody) (Fig. 2D).

We further established an in vitro differentiation model
by inducing invasive EVT differentiation from hTSCs iso-
lated from early pregnancy villous tissue. The successfully
differentiated EVTs exhibited a mesenchymal-like
morphology (Fig. 2E), with a significant up-regulation of
EVT markers and a concurrent down-regulation of hTSC
markers (Fig. 2F—H), indicating efficient EVT induction.
Notably, WIPF1 expression was markedly up-regulated
following EVT induction from hTSCs (Fig. 21—K). These
findings suggest that WIPF1 is exclusively expressed in the
EVTs of the human placenta.

WIPF1 promotes EVT migration, invasion, and
differentiation

WIPF1 knockdown and overexpression in HTR-8/SVneo cells
were achieved using a lentiviral system, with efficiencies
confirmed by western blotting and quantitative reverse
transcription PCR, showing significant reduction or increase
in WIPF1 expression, respectively (Fig. S1B, C and Fig. 3Q,
R). WIPF1 knockdown significantly reduced the invasiveness
of HTR-8/SVneo cells by approximately 3.3-fold, while
WIPF1 overexpression increased their invasiveness by
approximately 1.5-fold compared with that of the control
cells (Fig. 3A—C). Also, the knockdown significantly

reduced the migration of the cells by 1.4-fold, while the
overexpression increased their migration by 1.6-fold
compared with that of the control cells (Fig. 3D—F). These
were similarly observed in the JEG-3 cell line (Fig. S2).
Moreover, the knockdown reduced the outgrowth of the
villous explants, while the overexpression increased their
outgrowth significantly (Fig. 3G—I).

To further investigate the impact of WIPF1 on EVT dif-
ferentiation, we employed an hTSC-induced EVT model
using lentiviral-mediated knockdown. Our results revealed
that WIPF1 knockdown significantly impaired the morpho-
logical differentiation of EVTs (Fig. 3J), and the expression
of key EVT markers was markedly down-regulated
compared with controls (Fig. 3K—N). Consistently, in the
HTR-8/SVneo cell line, WIPF1 knockdown led to the down-
regulation of pro-invasion markers, including vimentin
(VIM), integrin subunit alpha 5 (ITGA5), and matrix metal-
lopeptidase 2 (MMP2), while its overexpression resulted in
their up-regulation (Fig. 30—R). These findings suggest that
WIPF1 promotes trophoblast cell migration and invasion by
up-regulating key pro-invasion genes.

WIPF1 regulates podosome formation and invasion
through interaction with ACTN4

Cortactin, a key regulator of podosome formation, was up-
regulated upon WIPF1 overexpression in HTR-8/SVneo cells
(Fig. 4A), while its expression was reduced following WIPF1
knockdown (Fig. 4A). Additionally, vinculin, a cell—matrix
contact protein used to determine late-podosome locali-
zation, was up-regulated following WIPF1 overexpression
(Fig. 4A), while its expression was down-regulated after
WIPF1 knockdown. Immunofluorescence intensity analysis
revealed significant differences compared with the control
group (Fig. S3). In addition, we observed that talin 1
(TLN1), one of the podosome-associated proteins, was
colocalized with WIPF1 within the cytoplasm (Fig. S4).
When the podosomes were visualized by the co-localization
of F-actin and cortactin in the HTR-8/SVneo cell line and
primary EVTs, we found that the number of podosomes in
the WIPF1-shRNA cells was significantly lower than that in
the control cells. On the contrary, the number of podo-
somes in the WIPF1-OE cells was considerably higher than
that in the control cells (Fig. 4B—D). Subsequently, we
determined the percentage of cells forming podosomes and
then measured the podosome count per cell in each
treatment group. In the WIPF1-OE group, podosome for-
mation was significantly increased compared with the OE-
control group, while the sh-WIPF1 group displayed a
marked decrease compared with the sh-control group
(Fig. 4E, F). These findings highlight the pivotal role of
WIPF1 in regulating podosome formation processes in HTR-
8/SVneo cells and primary EVTs.

Immunofluorescence images of cortactin and phalloidin in WIPF1-sh HTR-8/SVneo cells and WIPF1-OE HTR-8/SVneo cells or primary
extravillous trophoblasts (EVTs). The fluorescent dots (yellow) in the cytoplasm represent the podosomes. Phalloidin, red. Cor-
tactin, green. (C, D) The number of podosomes in the cytoplasm of sh-WIPF1 HTR-8/SVneo cells and WIPF1-OE HTR-8/SVneo cells
(n = 30 cells) and sh-WIPF1 primary EVTs and WIPF1-OE primary EVTs (n = 30 cells). *p < 0.05, **p < 0.01, and ***p < 0.001. (E, F)
The percentage of podosome cells relative to the total cell population of sh-WIPF1 HTR-8/SVneo cells (n = 50 cells), WIPF1-OE
HTR-8/SVneo cells (n = 50 cells), sh-WIPF1 primary EVTs (n = 50 cells), and WIPF1-OE primary EVTs (n = 50 cells). **p < 0.01 and
***p < 0.001. WIPF1, WAS/WASL interacting protein family member 1.
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Figure 5 WIPF1-ACTN4 interaction and its role in podosome
function during extravillous trophoblast (EVT) invasion. (A)
Venn analysis of the WIPF1 interactome identified in the
WIPF1-OE HTR-8/SVneo cells. The light red and grey represent
anti-WIPF1 and anti-IgG immunoprecipitates, respectively. The
dark red represents the non-specific interacting protein of the
WIPF1 immunoprecipitates. (B) Protein—protein interaction
network via STRING. Nodes, circles. Edges, lines. (C) WIPF1 and
ACTN4 immunoprecipitates stained with ACTN4 and WIPF1 in
WIPF1-OE HTR8/SVneo cells. (D—F) Immunofluorescence im-
ages of the expression of ACTN4 (green) and WIPF1 (red) in
HTR-8/SVneo cells. The blue colors represent nuclei stained
with Hoechst. Scale bars, 10 um. Colocalization analysis was
performed, and Pearson’s correlation coefficient was calcu-
lated to assess their interaction. A gray value analysis plot of
fluorescence intensity along the crossed-out distance is shown.
(G) mRNA levels of ACTN4 in human trophoblast stem cells
(hTSCs) and EVTs, relative to the mRNA levels of GADPH.

Moreover, we identified 105 and 76 proteins from the
WIPF1-OE cell proteins and IgG immunoprecipitated pro-
teins, respectively. Through Venn analysis, we selected 68
WIPF1-interacting proteins for further studies (Fig. 5A and
Table S3). Based on the String, we selected the immuno-
precipitated proteins that interacted with WIPF1 (Table
S3). Subsequently, we established the protein—protein
interaction network of WIPF1-interacting proteins. We
found the hub genes (such as ACTN4, PLEC, and TLN1)
which may regulate actin cytoskeleton and podosome for-
mation by interacting with WIPF1 (Fig. 5B). Among those
proteins, ACTN4 was identified to interact with WIPF1
(Fig. 5C). Also, WIPF1 and ACTN4 were found to partially
co-localize in HTR-8/SVneo cells, suggesting a potential
interaction between the two proteins (Fig. 5D—F). Addi-
tionally, ACTN4 expression was significantly up-regulated
during EVT differentiation induced by hTSCs (Fig. 3G—I).
Besides, WIPF1-interacting factors were commonly
expressed in the actin cytoskeleton, cytosol, focal adhe-
sion, etc. (Fig. S5A). Further analysis of the molecular
functional annotation showed that WIPF1 interactors were
enriched in vinculin binding, structural constituent of the
cytoskeleton, actin filament binding, etc. (Fig. S5B). Also,
via the gene ontology analysis, we found that WIPF1
interaction factors were enriched with actin polymerization
or depolymerization, actin filament organization, actin
filament-based movement, and other biological processes
(Fig. S5C). A Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis was performed with
68 proteins (Fig. S5D), showing actin cytoskeleton and
metabolic pathways, which are essential drivers of cell
migration and invasion.

**p < 0.01. (H) Protein levels of ACTN4 in hTSCs and EVTs. (1)
Immunofluorescence images of the expression of ACTN4 in
hTSC and EVT differentiation. Scale bars, 25 um. (J) Protein
levels of WIPF1 and ACTN4 after single and double knockdown
of WIPF1 and ACTN4 in HTR-8/SVneo cells. (K) Protein levels of
invasion markers after single and double knockdown of WIPF1
and ACTN4 in HTR-8/SVneo cells. (L) Actin polymerization
assay was conducted using HTR-8/SVneo cells stably trans-
fected with lentiviral vectors containing shRNA constructs
targeting WIPF1 (WIPF1 knockdown), ACTN4 (ACTN4 knock-
down), WIPF1 and ACTN4 (WIPF1/ACTN4 double knockdown),
and vector control groups. The assay monitored the kinetics of
pyrene actin polymerization in 60 min. The experiment was
performed in triplicate. (M) Immunofluorescence images for F-
actin (red), Oregon Green® 488 conjugate gelatin (green),
cortactin (white), and nuclei (blue) in HTR-8/SVneo cells with
WIPF1 and/or ACTN4 knockdown following incubation for 12 h
on the matrix. The black areas mark areas of podosome-
mediated degradation, which appear beneath the cells. Scale
bars, 10 um. (N) Quantitative analysis of the relative area of
gelatin degradation zones associated with podosomes for
different treatment groups. n = 30 fields; **p < 0.01 and
***p < 0.001. (O) Quantitative evaluation of the proportion of
cells containing podosome-associated gelatin degradation area
for different treatment groups. n = 30 fields; *p < 0.05 and
**p < 0.01. ACTN4, alpha-actinin 4; WIPF1, WAS/WASL inter-
acting protein family member 1.
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We further conducted individual or dual knockdown ex-
periments of WIPF1 and ACTN4 in HTR-8/SVneo cells. The
results showed that the expression levels of WIPF1 and
ACTN4 were down-regulated to those observed in the in-
dividual knockdown groups after dual knockdown of
ACTN4/WIPF1 (Fig. 5J; Fig. S6). This suggests that the
WIPF1/ACTN4 complex was inhibited, accompanied by
damage to the invasion markers, indicating that WIPF1 and
ACTN4 jointly participate in maintaining the cell invasion
capability (Fig. 5K). Notably, individual knockdown of
either WIPF1 or ACTN4 in HTR-8/SVneo cells did not
significantly change actin polymerization kinetics. Howev-
er, simultaneous knockdown of WIPF1/ACTN4 showed a
significant reduction in actin polymerization capability
(Fig. 5L). Furthermore, we conducted gelatin degradation
assays to assess the impact of WIPF1 single knockdown or
WIPF1/ACTN4 simultaneous knockdown on podosome-
mediated extracellular matrix degradation. In these assays,
gelatin degradation is visualized as dark areas beneath the
cells, reflecting the activity of podosomes. Our results
revealed a significant reduction in gelatin degradation,
indicating impaired extracellular matrix degradation, when
WIPF1 was knocked down alone or in combination with
ACTN4 (Fig. 5M—0). These results suggest a potential
interactive role of WIPF1 and ACTN4 in modulating actin
polymerization during podosome formation and podosome-
mediated matrix degradation of trophoblast cell invasion.

We further explored the molecular mechanism underly-
ing the interaction between WIPF1 and ACTN4. Through
molecular docking simulations, we predicted the binding of
WIPF1 and ACTN4 proteins, with a protein—protein docking
score of —202.81 (data not shown). In addition, we identi-
fied specific amino acid sites where WIPF1 interacted with
ACTN4 via hydrogen bonds, including ARG33, ARG54, and
LYS47 (Fig. 6A). To further validate this interaction, we
performed point mutations on WIPF1 and used co-immu-
noprecipitation experiments. Results showed that muta-
tions at the ARG33 and ARG54 sites (R33A and R54A)
significantly disrupted the interaction between WIPF1 and
ACTN4 (Fig. 6B). Further, the WIPF1-R54A mutation signif-
icantly impaired podosome formation (Fig. 6C, D) and led to
a down-regulation of the invasion marker ITGA5 (Fig. 6E).
This indicates that the R54A mutation disrupts the WIPF1-
ACTN4 interaction, highlighting that the WIPF1-ACTN4
interaction, particularly at the R54A site, plays a critical
role in regulating podosome function and EVT invasion.

Decreased WIPF1 expression in the placental villi is
involved in RSA

We observed a decreased WIPF1 expression in the placental
cone and trophoblast giant cells on pregnancy day 8.5
(PD8.5) in the RSA mouse compared with those from the
healthy controls (Fig. 7A). Also, the mRNA and protein

levels of WIPF1 were significantly lower in the human RSA
villous tissues than in the control villous tissues (Fig. 7B—E).
Hence, the down-regulation of WIPF1 in the first-trimester
placental villi is associated with RSA. Moreover, we found
that WIPF1 was co-localized with cortactin in the healthy
first-trimester EVTs, but cortactin was down-regulated in
the RSA first-trimester EVTs (Fig. 7F; Fig. S7), which sug-
gests that WIPF1 may play a role in podosome formation in
human EVTs. We observed a significantly decreased number
of podosomes in RSA EVTs compared with normal pregnancy
EVTs (Fig. 7G—I). This difference was mainly due to a
reduction in small-sized podosomes in RSA EVTs (Fig. S8).
Also, we observed a significant decrease in podosome
number in the WIPF1-shRNA cells compared with the con-
trol cells. In contrast, the podosome number in the WIPF1-
OE cells was increased compared with that in the control
cells (Fig. 7H—J). These results suggest that the down-
regulation of WIPF1 in the first-trimester placental villi may
contribute to the pathogenesis of RSA.

Discussion

Understanding the molecular mechanisms underlying
trophoblast differentiation is crucial for improving thera-
peutic strategies for RSA. In this study, we validated the
reliability of DESC using it to identify a number of genes
(such as PGF, CAV1, LAMA4, EBI3, ID1, DiO2, and CD63)
which have been reported to be expressed in the EVTs and
hence control their functions.'”-%® Also, through DESC and
histological analysis, we found that WIPF1 was expressed in
the EVTs. It has been revealed that WIPF1 is essential for
actin polymerization, which is critical for the formation of
several actin-rich subcellular structures, such as podo-
somes, filopodia, and lamellipodia, during cell invasion.®’
Deficiency in WIPF1 binding site on the Wiskott-Aldrich
syndrome protein (WASL) or in WIPF1 itself caused Wiskott-
Aldrich syndrome (WAS).°® Aberrant expression of WIPF1
facilitated the invasiveness of several malignancies, such as
breast cancer, colorectal cancer, and glioma, by enhancing
podosome formation.®® Since the migration and invasion of
EVTs into the decidua share similarities with the invasion of
host tissues by cancer cells,”® it could be hypothesized that
WIPF1 could promote EVT migration and invasion.
Podosomes, known to be crucially involved in cell
migration and invasion,”" are significantly influenced by the
collaborative actions of WIPF1 and ACTN4 (Fig. 5). Their
dynamic interaction likely up-regulates podosome-related
proteins,’” impacting podosome morphology and function.
In testing the above hypothesis, our study uncovers the
intricate interplay between WIPF1 and ACTN4 shaping
podosome structure and function, as shown in Figure 5.
Notably, WIPF1 co-localizes with cortactin (a podosome
marker protein) (Fig. 7F) and regulates podosome forma-
tion in trophoblast cells through its interaction with ACTN4,

indicated by yellow dashed lines. (B) WIPF1 and ACTN4 immunoprecipitates in WT, R33A, and R54A WIPF1-overexpressing HTR-8/
SVneo cells. (C) Immunofluorescence staining images of F-actin (red) and cortactin (green) in WT, R33A, and R54A WIPF1-over-
expressing HTR-8/SVneo cells. Scale bars, 10 um. (D) The number of podosomes in the WT, R33A, and R54A WIPF1-overexpressing
HTR-8/SVneo cells. *p < 0.05. (E) Protein levels of invasion marker integrin subunit alpha 5 (ITGA5) in the WT, R33A, and R54A
WIPF1-overexpressing HTR-8/SVneo cells. ACTN4, alpha-actinin 4; WIPF1, WAS/WASL interacting protein family member 1.
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A T EEAREEEAE) TG a protein we previously identified as a key regulator of actin
- = cytoskeleton remodeling in EVTs. Our findings on ACTN4 are
}“ consistent with previous studies,”* which also highlight its
' EPC crucial role in podosome formation and invasion in
NSt trophoblast cells. In our hTSC differentiation experiments,
= £l we observed a significant up-regulation of ACTN4 expres-

Wy, 3 Senfle sy sion during EVT differentiation (Fig. 5G—I), highlighting its

5 43 SRS ;gr regulatory role in this process. ACTN4 and WIPF1 are both
e R pro-invasive factors in EVTs, and we observed their indi-

B R vidual effects on invasion. Both contribute to podosome
formation, with ACTN4 playing a key role in extracellular

kDa ;z matrix degradation mediated by podosomes in breast can-
¢ cer cells.”* However, in our experiments, knockdown of
ACTN4 alone did not significantly impair matrix degradation
in trophoblast cells. This discrepancy may be due to dif-
ferences between cancer cells and trophoblast cells, or it
NP . could suggest that WIPF1 may independently regulate
; podosome-mediated matrix degradation. Nevertheless, the
irreplaceable role of the WIPF1-ACTN4 complex lies in their
combined contribution to actin polymerization and the
proper formation of podosome structures (Fig. 5L and 6C).
Besides, WIPF1 knockdown resulted in a decrease in ACTN4
expression in both hTSC-induced EVTs and HTR-8/SVneo

Wipf1

PI1
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Figure 7 The expression of WIPF1 in the early
maternal—fetal interface of humans or mice with recurrent
spontaneous abortion (RSA) and their respective controls. (A)
Immunohistochemical images of WIPF1 expression at the
mouse maternal—fetal interface on pregnancy day 8.5 (PD8.5).
EPC, ectoplacental cone. Scale bar, 200 um. The black arrows
indicate trophoblast giant cells (TGCs). The asterisks indicate
the site of embryo attachment. (B) mRNA levels of WIPF1 in
healthy human first-trimester placental villi and RSA placental
villi, relative to the mRNA levels of B-actin. **p < 0.01. (C)
Protein levels of WIPF1 in human first-trimester placental villi
and RSA placental villi, relative to the protein levels of B-actin.
(D) Quantified protein levels of WIPF1, relative to the protein
levels of B-actin. *p < 0.05. (E) Immunofluorescence images of
the expression of WIPF1 (red), cytokeratin 7 (CK7; green), and
human leukocyte antigen-G (HLA-G; green) in human first-
trimester placental villi and RSA placental villi. The blue colors
represent nuclei stained with Hoechst. Scale bar, 100 um. The

white arrows represent maternal decidual cells. Scale bar,
100 pum. (F) Immunofluorescence images of the expression of
cortactin (green, IgG-Mouse) and WIPF1 (red, IgG-Rabbit) in
& normal pregnancy (NP) or RSA first-trimester placental villous

M% tissues. The blue colors represent nuclei stained with Hoechst.
=1\ ; Scale bar, 100 um. (G) Images of primary extravillous tropho-
blasts (EVTs) from NP and RSA patients’ villous tissue, as
stained with phalloidin (for F-actin). The fluorescent dots
within the cytoplasm represent the podosomes. Phalloidin,
red. Scale bars, 10 um. (H) Primary EVTs from RSA patients’
villous tissue expressing human WIPF1-OE or sh-WIPF1,
Rea EVTs together with the control constructs, as stained with phalloidin
(for F-actin). The fluorescent dots within the cytoplasm
represent the podosomes. Phalloidin, red. GFP, green. Scale
bars, 10 um. (I) The number of podosomes in the NP or RSA
EVTs. *p < 0.05. (J) The number of podosomes in the WIPF1-OE
S EVTs, sh-WIPF1 RSA EVTs, and their respective controls (con-
taining GFP expression). *p < 0.05 and ***p < 0.001. WIPF1,

WAS/WASL interacting protein family member 1.

NP villous tissue

RSA villous tissue
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cells, while overexpression of WIPF1 increased ACTN4
levels (Fig. S9). This is consistent with literature suggesting
that WIPF1 promotes epithelial—mesenchymal transition
and down-regulates E-cadherin, reducing its competitive
interaction with ACTN4.”>7¢ This alleviates the inhibition
on ACTN4, thereby enhancing its effects and increasing
cellular invasiveness. This WIP-regulated mechanism may
offer new insights into the regulation of trophoblast cell
invasion, with potential implications for understanding
pregnancy-related complications. Additionally, WIPF1 in-
teracts with actin-related proteins like WASL and ACTN1
(Fig. 5B), highlighting its role in actin dynamics. WASL
promotes actin polymerization and the formation of
cellular protrusions, while ACTN1 stabilizes actin filaments
and enhances the mechanical strength of the cytoskel-
eton.”” Together, their interaction with WIPF1 may facili-
tate lamellipodia formation, significantly impacting the
migration and invasion capabilities of EVTs.

Focal adhesions are crucial structures for cell adhesion,
migration, and invasion.”® In our study, we found that
WIPF1 overexpression significantly increased the adhesion
protein vinculin (Fig. 4A). Additionally, WIPF1 over-
expression increased ITGA5 expression (Fig. 3R). This sug-
gests that WIPF1 may enhance trophoblast cell invasion by
modulating vinculin and ITGA5 levels. Existing literature
indicates that vinculin plays a vital role in cell migration
and invasion, closely linked to cell adhesion and motility.”®
Notably, research has shown that ITGA5 co-localizes with
vinculin in EVTs, indicating their collaborative role in the
invasion process.®° Our findings demonstrate that WIPF1
also promotes the expression of other adhesion-related
proteins, such as TLN1 and VIM, further supporting WIPF1’s
involvement in regulating the adhesion complex (Fig. 5B).
We propose that WIPF1 modulates intracellular signaling
pathways to influence adhesion-related proteins like vin-
culin and ITGA5, thus facilitating the invasion process.

Also, we observed that WIPF1 promoted the migration
and invasion of EVTs by increasing the expression of VIM,
ITGA5, and MMP2. Building on these findings, we further
explored their effects on matrix degradation (Fig. 5M),
thereby deepening our understanding of their roles in cell
migration and invasion. Our results indicate that the
knockdown of WIPF1, whether alone or in combination with
ACTN4, significantly affects the matrix degradation ability
of EVTs, while the control group and the knockdown of
ACTN4 alone do not show any notable changes. Existing
studies have pointed out that MMP2 is crucial for degrading
type IV and type V collagen, which is essential for cell
migration and invasion.®"®? Thus, WIPF1 may regulate
MMP2 activity, influencing matrix remodeling.

It is well known that abnormal pregnancy outcomes,
including RSA, preeclampsia, and intrauterine growth re-
striction, are preceded by shallow EVT invasion.®* In this
study, we found that WIPF1 was down-regulated in the RSA
placental villi of both mice and humans, indicating that
WIPF1 may play conservative roles in mice and humans. A
previous study by us indicates that the down-regulation of
VIM is involved in the pathogenesis of RSA.'” Hence, with
the knockdown of WIPF1 reducing VIM expression in the
present study, we deduce that the down-regulation of
WIPF1 in the first-trimester placental villi reduces VIM
expression to inhibit EVT invasion and consequently trigger

RSA. Also, we found that WIPF1 up-regulates MMP2
(Fig. 3R), a key regulator of trophoblast invasion, which is
essential for proper placental development. Insufficient
EVT invasion is a hallmark of RSA, and WIPF1 down-regu-
lation is associated with reduced MMP2 expression, which
may impair trophoblast invasion and contribute to RSA
pathogenesis.®* Additionally, as AKT signaling promotes in-
vasion via MMP2 but is diminished in RSA,* and WIPF1 can
regulate PI3K/AKT signaling in tumors.®® It may modulate
trophoblast invasion through a similar mechanism. These
findings suggest that WIPF1 supports EVT invasion via the
WIPF1-MMP2 axis, and its down-regulation may be involved
in RSA. These findings suggest that WIPF1 plays an impor-
tant role in maintaining EVT invasion and that its down-
regulation may contribute to RSA pathogenesis. Further
investigation is needed to explore the potential biological
significance and clinical implications of these observations.
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