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ABSTRACT: The study explores the role of neddylation in early trophoblast development and its alteration during the pathogenesis
of recurrent spontaneous abortion (RSA). Immunofluorescence and western blot were conducted to evaluate the expression pattern of
NEDDS8 protein in the first-trimester placentas of healthy control and RSA patients. Neddylated-cullins, especially neddylated-cullinl, were
downregulated and their substrate, p2 1, was accumulated in RSA samples. NEDD8 cytoplasmic recruitment was observed in extravillous
trophoblast (EVT) progenitors of RSA placentas. Consistent with the results of clinical samples, neddylation inhibition using MLN4924
in trophoblast cell lines caused obvious p2| accumulation and free NEDD8 cytoplasmic recruitment. Further in vitro study demonstrated
neddylation inhibition attenuated proliferation of Jeg-3 cells via p2| accumulation. Moreover, when trophoblast stem (TS) cells derived
from first-trimester placentas were cultured for differentiation analyses. MLN4924 impaired the differentiation of TS cells towards EVTs by
downregulating HLA-G and GATA3. p2 | knockdown could partly rescue MLN4924-suppressed HLA-G and GATA3 expression. In conclusion,
cullinl neddylation-mediated p2| degradation is required for trophoblast proliferation and can affect trophoblast plasticity by affecting HLA-
G and GATAS3 expression. The results provide insights into the pathological mechanism of RSA and the biological regulation of trophoblast
development.

Key words: neddylation / NEDD8 / recurrent spontaneous abortion / trophoblast stem cell / p21

Introduction

Recurrent miscarriage (RM), also termed as recurrent spontaneous
abortion (RSA), is defined as two or more consecutive pregnancy
losses of a clinically established intrauterine pregnancy (Practice Com-
mittee of American Society for Reproductive Medicine 2013). Itis one
of the most complicated pregnancy-related diseases affecting 2-5%
of couples (El Hachem et al., 2017). The etiology includes chromoso-
mal abnormality, genital malformation, infection, endocrine disorder,
immune dysregulation and hemostatic dysfunction (Carrington et al.,
2005; Garrido-Gimenez and Alijotas-Reig 2015; Grimstad and Krieg

2016). However, almost half of cases are diagnosed without an exact
etiology and most cases occur during the first trimester of pregnancy
(El Hachem et al., 2017). A successful pregnancy requires a normal
functioning placenta that connects the fetus and uterus. Trophoblasts
are placenta-specialized cells arising from the trophectoderm, which
are divided into subtypes including cytotrophoblasts (CTBs), syncy-
tiotrophoblast (ST) and extravillous trophoblasts (EVTs) (Red-Horse
et al, 2004). CTBs are the bipotential trophoblast progenitor that
form a mitotically active epithelial layer and can proliferate as well as
differentiate into EVTs and STs (Bischof and Irminger-Finger 2005).
CTBs fuse to form multinuclear ST which covers the outer layer of
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the chorionic villus performing gas/nutrient exchange and produce
hormones (James et al., 2012). CTBs on the anchoring villi aggregate
to form cell column trophoblasts (CCTs) and further differentiate
into EVTs. The differentiated EVTs invade into the decidua to par-
ticipate in spiral artery remodeling and establishment of maternal-
fetal immune tolerance (Rouas-Freiss et al., 1997; Cierna et al., 2016;
Ferreira et al, 2017). Although accumulating evidence has demon-
strated that abnormal trophoblast development is involved in the
pathogenesis of RSA, the underlying mechanism has not been eluci-
dated (Choi et al., 2003; Baek et al., 2007; Li etal., 2019; Lv et dl.,
2019).

Several signaling pathways have been reported to be involved
in trophoblast development, including Wnt, Notch, Hippo and
transforming growth factor B (Nishioka et al., 2009; Knofler 2010;
Knofler and Pollheimer 2013; Haider et al., 2016). Recently, several
studies have demonstrated that cullins, the scaffold protein of the
Cullin RING ligase (CRL) complex, the largest E3 ubiquitin ligase
family for protein ubiquitylation and degradation (Zhao and Sun
2013), are essential for proper trophoblast development. Cullin7
has been reported to trigger epithelial-mesenchymal transition
of choriocarcinoma JEG-3 cells (Fu etal, 2010). Cullinl (CULI)
is reported to be significantly downregulated in placentas from
preeclampsia patients, and knockdown of CULI affects the invasion
of trophoblasts (Zhang etal., 2013). Placenta-specific deletion
of Cullin3 in mice results in less invasive trophoblasts in the
maternal decidua (Zhang etal., 2015). Generally, CRLs consist of
four components: cullins, RINGs, adaptor proteins and substrate
recognition receptors. These complexes are responsible for the
ubiquitylation of ~20% of cellular protein (Sarikas etal, 2011;
Zhao and Sun 2013). The assembly of an active CRL complex
requires reversible modification of cullins by a NEDD8 molecule,
a process called neddylation. The neddylation process is similar to
protein ubiquitination, in that the NEDDS is activated by NEDD8-
activating enzyme El, loaded by NEDD8-conjugating enzyme E2
(UBE2M or UBE2F), and conjugated to a substrate by an E3 ligase
via covalent attachment (Hori et al., 1999; Zhou et al., 2019). The
reverse process in which conjugated NEDD8 is removed from a
neddylated cullin by the action of an NEDD8 isopeptidase, COP9
signalosome complex (CSN), is called deneddylation (Pan etal.,
2004; Duda etal., 2008; Zhao and Sun 2013; Zhao etal.,, 2014;
Lan et al., 2016). However, unlike ubiquitination, this process is not
directed to substrate degradation but rather to modulate protein
activity and function (Zhao etal., 2014). The activation of CRLs
further triggers the ubiquitin-mediated degradation of its substrate
protein and thereby maintains cellular homeostasis (Zhao et al., 2014).
MLNA4924, an inhibitor of NEDD8-activating enzyme El, can result
in decreased NEDD8-Cullins conjugates and impair CRL complex
assembly.

Neddylation has been reported to affect human endometrial stromal
cell (HESC) proliferation and decidualization (Liao etal., 2015).
However, limited studies have been performed to explore the role of
neddylation in trophoblast development and its relationship with RSA.
In the present study, we first demonstrated that the cullin neddylation
level was significantly lower in RSA first-trimester placenta compared
with the healthy control. In vitro cell assays confirmed that neddylation
inhibition-related p2| accumulation inhibited trophoblast cell prolifer-
ation and affected the differentiation of TS cells toward EVTs.

Table I Clinical characteristics of the recruited patients.

Healthy Recurrent P value
controls spontaneous
abortion
Sample size 34 25
Maternal age (years) 312+0.7  33.0% 1.1 ns
Gestational age at D&C (days) 53+1.3 5319 ns
Number of spontaneous n/a 2440.18 n/a

abortions

Data are mean £ SEM. D&C, dilatation and curettage; ns, not statistically significant;
n/a, not applicable.

Materials and Methods

Patient recruitment and tissue collection

This study was approved by the Sir Run Run Shaw Hospital Research
and Ethics Committee (Number of approval: 20140224-9; February
2014). Written informed consent was obtained from all participants
before enrollment. First-trimester human placental tissues of RSA
patients and healthy controls (HCs) were collected from women
undergoing dilatation and curettage at the Department of Obstetrics
and Gynecology of the Sir Run Run Shaw Hospital affiliated to the
School of Medicine, Zhejiang University.

RSA is regarded as two or more consecutive early pregnancy losses
of a clinically established intrauterine pregnancy with the same spouse
including the present pregnancy. Ultrasound examination indicated an
empty sac or an embryo with no fetal heartbeat. Patients with the fol-
lowing conditions were excluded: (i) genital malformation; (ii) abnormal
karyotype of the parents and abortuses; (iii) endocrine or metabolic
disorders; (iv) autoimmune diseases; (v) other major disease; and (vi)
improper drug treatment, and exposure to chemicals or radiation.
The HCs were women with at least one live birth and no history of
any pregnancy-related diseases such as miscarriage, preterm labor and
preeclampsia. Ultrasound examination indicated normal gestation with
afetal heartbeat. A total of 34 HCs and 25 RSA first-trimester placentas
were collected. The clinical characteristics of recruited patients are
provided in Table I.

The placental tissues were washed with PBS to remove blood.
Tissues forimmunofluorescence (IF) and immunohistochemistry (IHC)
analysis were fixed in 4% (w/v) paraformaldehyde. For protein and
RNA extraction, the villi from placentas were scraped from the chori-
onic membrane to avoid maternal contamination (Liu et al., 2018) and
cut into small pieces of 3-5 mm. All the pieces were mixed, aliquoted
and subsequently snap frozen in liquid nitrogen. Three HC placentas
were used for TS cell derivation.

First-trimester villous explant culture

Matrigel (8 mg/mL) (Coring, USA) was added to a 24-well plate and
incubated at 37°C to form a drop of gel. MLN4924 was added to
Matrigel to a final concentration of | uM before gel formation; the same
amount of DMSO was added to the control group. The placenta villus
(6th—8th weeks of gestation) tissues were dissected into small pieces
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(2-3 mm) from villus tips. Each piece of villus was carefully placed on
the top of the gel, covered with 50 pL of medium and incubated at
37°C with 5% CO, in air for 4-6 h to allow anchorage. Subsequently,
explants were cultured in 500 pL of medium with the indicated treat-
ment. The outgrowth of explants was recorded and photographed at
Days | and 4 under a microscope (Carl Zeiss Primovert, Oberkochen,
Germany).

Trophoblast cell culture and siRNA
transfection

Jeg-3 cells were cultured in Dulbecco’s modified Eagle’s medium/Nu-
trient Mixture F-12 medium (DMEM/FI2) (Gibco, Carlsbad, CA,
USA) with 15% (v/v) fetal bovine serum (FBS) and 100 [U/mL
penicillin and streptomycin each. HTR8/Sveno (HTR8) cells were
cultured in RPMI-1640 medium with 10% (v/v) FBS and 100 IU/mL
penicillin and streptomycin each. Both cell lines were obtained from
American Type Culture Collection. All cell lines were incubated
with at 37°C with 5% CO;. Jeg-3 cells were transfected with
siRNA oligonucleotides using Lipofectamine 3000 (Invitrogen USA),
according to the manufacturer’s instructions. MLN4924 was added
after siRNA transfection. The sequences of the siRNAs were as
follows: si-p21: 5-GAUGGAACUUCGACUUUGUTT-3’; si-cullinl:
5-GGUCGCUUCAUAAACAACATAT-3'.

Cell proliferation assay

We used the Cell Counting Kit 8 (CCK-8) (Tojindo, Shanghai, China)
according to the manufacturer’s instructions to measure cell pro-
liferation. The kit utilizes WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt]
to produce a water-soluble formazan dye upon reduction in the
presence of an electron carrier. Jeg-3 cells were seeded in 96-well
plates at a density of 2 x 10° cells per well. After 24 h of incubation,
the cells were transfected with p21 siRNAs with or without MLN4924
treatment. The cell growth rate was measured using a cell counting
kit-8 (CCK8) every 24 h.

TS cell culture and EVT differentiation

The isolation and culture of TS cells was conducted following a pre-
viously published protocol (Okae et al., 2018). In brief, the placental
villus of first-trimester placentas was dissected into small pieces and
enzymatically digested three times in a TrypLE (Thermo Fisher Scien-
tific, USA) and Accumax (Innovative Cell Tech, USA) mixture (1:1) for
30 min at 37°C. Cell suspensions were filtered through a 70-um mesh
filter. CTBs were immunomagnetically purified using an EasySep phyco-
erythrin (PE)-positive selection kit (Stemcell Technologies, Vancouver,
Canada) and PE-conjugated anti-ITGA6 antibody (BiolLegend, CA,
USA). The selected cells were seeded in a collagen IV (Col IV) (Coring,
USA)-coated plate and cultured in TS medium (Supplementary Table
SI). CTBs cells proliferated and were passaged. Cells at passages 10-30
were used for analyses and differentiation assays.

For EVT differentiation, TS cells were seeded in a plate precoated
with Col IV and cultured in EVT medium (Supplementary Table SI).
Matrigel was added at a final concentration of 2% (v/v) shortly after
suspending the cells in the medium. At Day 2, the medium was replaced
with EVT medium without NRGI, and Matrigel was added at a final

concentration of 0.5%. The cells were cultured for an additional 3 days
and passaged to a new Col IV-coated plate and cultured with EVT
medium without NRGI and KSR for another 2 days. Differentiated
cells were collected at Days 5 and 8. EVT cells treated with MLN4924
were collected at Day 5. MLN4924 was added at 72 h before the cells
were collected.

For ST differentiation, TS cells were seeded in a plate precoated with
Col IV and cultured in ST medium (Supplementary Table SI) for 3 days
and fixed in 4% (w/v) paraformaldehyde for IF or collected for RNA
extraction.

Immunofluorescence

Paraffin-embedded tissues were deparaffinized, rehydrated, subjected
to antigen retrieval, blocked and incubated with primary antibodies
(Supplementary Table SI). Cultured cells on a glass coverslip were fixed
in 4% (w/v) paraformaldehyde for 30 min. After permeabilization with
cold methanol at —20°C or |0 min, the cells were blocked with 3%
(w/v) bovine serum albumin (BSA) for | h and then incubated with
primary antibodies at 4°C overnight. Then, the tissues or cells were
washed three times and incubated for | h with goat anti-mouse or anti-
rabbit IgG conjugated to Alexa Fluor 488 or Alexa Fluor 549 (Muti-
Science, Hangzhou, China) at room temperature. 4',6-Diamidino-2-
phenylindole (DAPI) was used to stain nuclei. For the IF of HLA-
G, cultured cells were blocked with 10% (v/v) goat serum and 3%
(w/v) BSA/phosphate-buffered saline (PBS) for 20 min at 4°C and then
stained with HLA-G primary antibody for | h. Subsequently, cells were
fixed with 1% (w/v) paraformaldehyde (PFA) for 10 min and stained
with goat anti-mouse IgG conjugated to Alexa Fluor 488 for 30 min.
DAPI was used to stain nuclei. A normal rabbit IgG was used as negative
control. Tissues and cells were digitally photographed by a fluorescence
microscope (Olympus BX53, Cell Sens DI software) or a confocal laser
scanning microscope (Zeiss LSM800, Carl Zeiss, Germany).

Immunohistochemistry

Tissues fixed in 4% (w/v) paraformaldehyde were embedded in paraf-
fin, sectioned at 3-pum thicknesses onto glass slides and analyzed
by immunohistochemistry (IHC) according to a standard protocol.
Primary antibodies used in this study are listed in Supplementary Table
SIIl. A GTvisonll detection kit was used for staining. The sections were
counterstained with hematoxylin, dehydrated and mounted in neutral
balsam. Images were captured under a light microscope (80i; Nikon,
Tokyo, Japan).

Western blotting

Whole cell lysates were prepared with RIPA buffer using standard
protocols. First-trimester placenta tissue was cut into small pieces as
described previously before adding an appropriate volume of RIPA
buffer. Subsequently, the mixtures were homogenized (Servicebio,
China). Nuclear and cytoplasmic extracts were obtained using a NE-
PER nuclear and cytoplasmic protein extraction kit (Thermo Scientific;
USA). Western blotting (WB) was conducted using a standard proto-
col. Primary antibodies are listed in Supplementary Table Sll. Signals
were detected using an ECL Detection Kit (Millipore, Boston, MA,
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USA) and visualized with a ChemiDoc™ Touch Imaging System (Bio-
Rad, Hercules, CA, USA). Quantification was performed using Image|
software.

RNA extraction and quantitative real-time
transcription-polymerase chain reaction

Total RNA was extracted using TRIzol reagent (Invitrogen, USA),
according to the manufacturer’s instructions. RNA concentrations
were quantified by a NanoDrop 2000 (NanoDrop, Wilmington, DE,
USA). Reverse transcription of | pg total RNA was performed using
a Quantscript RT kit (Tiangen Biotechnology, Beijing, China). mRNA
expression levels were determined by quantitative real time poly-
merase chain reaction (PCR) using a SYBR Green Master Mix Kit (DBI
Bioscience, Ludwigshafen, Germany) and Roche 480 Real-Time PCR
System (Roche, Basel, Switzerland). Primers are listed in Supplemen-
tary Table SlIl. Melting curve analysis was performed to verify the
specificity of the PCR after each run.

Flow cytometry

For flow cytometric analysis of cell cycle, cells under the indicated
treatments were harvested and fixed in 70% (v/v) ethanol at 4°C
overnight. The cells were washed twice with ice-cold PBS and then
stained with propidium iodide (PI, 50 pg/mL; Sigma-Aldrich) for 30 min
in the dark, and RNA-aseA was added to destroy RNA. The samples
were then analyzed for cell cycle distributions using a BD LSRFortessa
flow cytometer (BD, NJ, USA).

A PE Annexin V Apoptosis Detection Kit (BD, NJ, USA) was
used for flow cytometric analysis of apoptosis according to the
manufacturer’s instruction. In brief, cells were harvested, washed
twice with cold PBS, resuspended in 100 pL | x binding buffer and
stained with PE Annexin V and 5 pyL 7-AAD for |5 min at room
temperature in the dark. After incubation, 400 pL of |x Binding
Buffer was added to each tube. The samples were analyzed for cell
cycle distributions using a BD LSRFortessa flow cytometer (BD, NJ,
USA).

For flow cytometric analysis of ITGA6, TS cells were disassociated
with TrypLE and incubated with PE-conjugated anti-ITGA6 antibody
for 30 min at room temperature. PE-conjugated mouse IgGl was
used as isotype control. For flow cytometric analysis of HLA-G, TS
and EVT cells were disassociated with TrypLE and incubated with
HLA-G antibody for 30 min at room temperature and stained with
Alexa Fluor 488-conjugated anti-rabbit IgG (Muti-Science, Hangzhou,
China) for 30 min. For flow cytometric analysis of CK7, disassociated
TS cells were permeabilized using eBioscience™ Fixation/Perme-
abilization Concentrate and Diluent(Invitrogen USA) and then incu-
bated with anti-CK7 antibody for 30 min at room temperature and
stained with Alexa Fluor 549-conjugated anti-rabbit IgG (Muti-Science,
Hangzhou, China) for 30 min. PE-conjugated mouse IgG| and FITC-
conjugated mouse IgG| were used as isotype controls. The sam-
ples were then analyzed for using BD LSRFortessa flow cytometer
(BD, NJ, USA).

SA-j-galactosidase staining

The expression of senescence-associated J-galactosidase was
determined by a SA-B-galactosidase (SA-B-Gal) staining kit (Beyotime,

Shanghai, China), according to the manufacturer’s specifications.
Blue dye-positive cells were recorded as senescent cells. In situ
B-galactosidase activity assay was performed following a recently
published protocol (Velicky et al., 2018): whole mount placentas were
fixed with the fixative solution at 4°C overnight, washed with PBS and
incubated over night with B-galactosidase staining working solution at
37°C without CO; (pH 6). Placentas were subsequently dehydrated
and perfused with paraplast (Hualing, China), then embedded in
paraffin. Serial sections of the embedded tissue were counterstained
with antibodies against HLA-G and DAPI. The ratio of SA-B-GAL-
positive area in CCT was analyzed using Image] software.

Statistical analysis

All statistical analysis tests were calculated using GraphPad Prism 7
software (GraphPad Software, San Diego, California, USA). The Gaus-
sian distribution and equality of variances were examined by Shapiro—
Wilk normality test. Normally distributed datasets were analyzed using
unpaired t test; those datasets that did not pass the normality test were
analyzed using Wilcoxon—-Mann—Whitney U tests. A P value of <0.05
was considered as statistically significant. Unless otherwise noted, all
experiments were conducted in duplicates and repeated at least three
times.

Results

NEDDS is highly activated in proliferating
trophoblast subsets

The expression pattern of NEDD8 protein was examined by IF in HC
first trimester villus. In the floating villus, NEDD8 was prominently
expressed in the single layer of CTB cells and significantly downreg-
ulated in STB labeled for hCGg (Fig. | A). Human leukocyte antigen
G (HLA-G) was used to label the anchoring villus and its direction
towards decidual. In the anchoring villus, the most intensive expression
of NEDD8 was observed in the proximal cell column trophoblasts
(pCCTs) generated by aggregating CTBs. Because CTBs and pCCTs are
highly proliferating cells, this result demonstrated that NEDD8 expres-
sion was more intensive in cells with a higher proliferation potential.

NEDDS8 subcellular localization and activity
is altered in the RSA anchoring villus

IF was performed to explore the NEDD8 subcellular distribution
in HC and RSA first trimester villus. We found the distribution of
NEDDS8 in HLA-G (4) CCTs, which differentiate towards EVTs, were
different between HCs and RSA patients. In the RSA group, the
NEDD8 cytoplasmic distribution was largely increased in HLA-G (+)
CCTs (Fig. B and C), indicating that the activity of NEDD8 might
be altered in RSA placentas. For confirmation, we conducted WB
of first-trimester chorionic villus tissues from RSA patients and HCs.
Figure 2A shows that the expression of neddylated cullins (NEDD8-
cullin) was significantly downregulated in the RSA villus. However,
the total NEDD8 mRNA level was not significantly different between
the two groups (Supplementary Fig. SIA), indicating that the decrease
in the neddylated cullin protein level was largely due to neddylation
inhibition. These results inferred that in the RSA anchoring villus, more
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Figure 1 Expression pattern of NEDDS8 in first trimester placentas and change in subcellular localization of NEDD8 protein in
recurrent spontaneous abortion (RSA) placentas. (A-B) Nedd8 immunofluorescence (IF) in first trimester placentas: sections of healthy
control (HC) (n=4) and RSA (n = 4) early pregnancy placentas from 6—8-week pregnancies were stained with antibodies against NEDD8 (red), HGCS
(green) or HLA-G (green). Nuclei were stained with DAPI. For negative controls, primary antibodies were replaced with rabbit monoclonal isotype
IgG (mADb IgG). VS, villus stroma; CTB, cytotrophoblast; STB, syncytiotrophoblast; pCCT: proximal cell column trophoblast; dCCT: distal cell column
trophoblast. Scale bars: 50 pm. (A) Top: representative images of NEDD8 staining in the first-trimester floating villus. HCGp (green) was costained
to indicate STB. Bottom: representative images of NEDDS8 staining in the first trimester anchoring villus. HLA-G (green) was costained to indicate
dCCTs. (B) Representative images of NEDD8 subcellular localization of the anchoring villus of HC and RSA first trimester placentas. (C) Scatter plot
of nuclear/cytoplasmic ratio of NEDD8 measured by Image). Sixty single nuclear HLA-G (+) cells from four first trimester villus were analyzed for
each group. Means =+ interquartile range (IQR) are shown. ****P < 0.0001.
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Figure 2 Neddylation inhibition causes cytoplasmic recruitment of NEDD8 in trophoblasts. (A) Representative western blotting
(WB) of neddylated cullins (NEDD8-Cullins), Cullinl (CULI) and p2! in the recurrent spontaneous abortion (RSA) early pregnancy villus (n = 6)
compared with healthy controls (HCs) (n =5). Bar graph on the left is quantification of Nedd8 and p2 1. Means % SD normalized to $-actin are shown.
**P=0.0013; *P=0.0225. (B) Representative WB of Jeg-3 cell line treated with MLN4924 at increasing concentrations. (C—F) Jeg-3 cells were treated
with | pM MLN4924 for 48 h. (C) Representative WB of NEDD8-Cullins (90 kD) and free NEDD8 (12 kD). WCL: whole cell lysis. (D) RT-PCR
analysis of NEDD8 mRNA expression in Jeg-3 cells after MLN4924 treatment. Means &+ SD normalized to 18 s rRNA are shown. (E) Representative
WB of Jeg-3 cells separated into cytoplasmic and nuclear fractions. (F) Representative immunofluorescence (IF) images and nuclear/cytoplasmic ratio
analysis showing the subcellular localization change of NEDD8 after MLN4924 treatment. Scale bars: 50 pm. Nuclear/cytoplasm ratio was calculated
from 30 single cells for each group of three independent assays. Means =+ IQR are shown. ****P < 0.0001.

free NEDD8 was localized in the cytoplasm and neddylation activity
was lower.

Neddylation inhibition mediates
downstream p2| accumulation observed in
RSA first-trimester placentas or induced by
MLN4924 treatment

Because NEDDS8 binds to all cullins and regulates their activ-
ity, we analyzed various cullins and NEDD8. WB of several

members of the cullin family indicated that the inhibition of
CULI neddylation was the most significant (Fig. 2A, Fig. SIB).
Moreover, a well-known substrate of CULI, p2l, was accumu-
lated in the RSA villus (Fig. 2A, Supplementary Fig. SIC). IHC
staining demonstrated that the p2| accumulation in RSA placen-
tas was mostly observed in trophoblast cells instead of villus
stroma (Fig. SIC). Thus, in this study, we mainly focused on CULI
neddylation related p2| degradation and its role in trophoblast
development.
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MLNA4924 is a selective inhibitor of NAE, a NEDDB8-activating
enzyme. It efficiently blocks cullin neddylation and inactivates CRL/SCF
E3 ligase (Soucy etal, 2009; Brownell etal., 2010). To further
investigate the effect of neddylation inhibition on trophoblasts,
we treated Jeg-3 cells with MLN4924 and found dose-dependent
inhibition of CULI neddylation and accumulation of p2l (Fig. 2B).
Accordingly, the protein level of the NEDD8-Cullins complex was
highly downregulated and the free NEDD8 upregulated (Fig. 2C)
without change in the NEDD8 mRNA expression level (Fig. 2D).
Moreover, MLN4924 treatment of Jeg-3 cells resulted in free NEDD8
accumulation in cytoplasm and correspondingly reduced the Cull-
NEDDS level in nuclei (Fig. 2E). The subcellular distribution change
of NEDD8 was also confirmed by IF: an obvious increase in NEDD8
fluorescence signal was observed in the cytoplasm (Fig. 2F). Similar
results were also observed in HTR8 cells (Supplementary Fig. S2).
These results suggested that MLN4924 causes cytoplasmic recruitment
of free NEDDS8 protein. Together with the alteration in subcellular
localization of NEDDS8 in the RSA anchoring villus and inhibited
neddylation state, we considered that abnormal neddylation might
participate in the regulation of normal development of the invasive
trophoblast lineage and might contribute to the pathogenesis of RSA.

Neddylation inhibition restricts cell
proliferation via p21 accumulation

The IHC staining intensity of Kié7 in the RSA villus was significantly
lower than that in HCs (Fig. 3A), indicating attenuated proliferation
of RSA trophoblasts. Next, we explored the influence of neddylation
inhibition by MLN4924 on growth of primary villus explants form
HC early pregnancy placentas: Upon MLN4924 treatment, the out-
growth of villus explants was significantly suppressed (Fig. 3B). In vitro
study revealed that MLN4924 treatment suppressed proliferation and
caused G2 arrest and apoptosis in the trophoblast cell line Jeg-3 cells
(Fig. 3D-G; Fig. S3). To further elucidate the mechanism of inhibited
cell proliferation under neddylation inhibition, p2| expression of Jeg-
3 cells was knocked down using siRNA (Fig. 3C and D). IF staining
of proliferating cell markers, p-H3 and ki67 as well as CCK8 assays
showed that the MLN4924-induced inhibition of Jeg-3 proliferation
was rescued by p21 silencing (Fig. 3E and F). Moreover, p2| has been
widely reported to be related to cell cycle arrest (Jia et al., 201 1; Lan
et al., 2016; Zhang et al., 2019). In the present study, MLN4924 causes
G2 arrest in Jeg-3 cells, and this effect was partly rescued by p2l
knockdown (Fig. 3G).

Neddylation activation is required for the
differentiation of human TS cells toward
EVTs

A normal functioning placenta requires not only cell proliferation, but
also fine-tuned differentiations of TS cells and progenitors. To further
investigate the effect of neddylation during trophoblast differentiation,
we derived TS cells referring to a newly established system (Okae et al.,
2018) from the early pregnancy placenta (Fig. 4A). Immunostaining
of the derived cell lines confirmed positive expression of CK7 (a
pan-trophoblast marker) and CDH| (E-cadherin, a CTB marker) and
negative expression of vimentin (a stromal marker) (Fig. 4B). Flow
cytometry of CK7 and IGTA6 confirmed the purity of selected and

cultured cells (Fig. 4C). Similar to the results in Jeg-3 cells, MLN4924
treatment inhibited TS cells proliferation (Supplementary Fig. S4). TS
cells have been reported to have the ability to differentiate into
EVT- and STB-like cells under certain conditions. In the present study,
we directed the TS cells to differentiate into EVT-like cells as well
as ST-like cells according to the method introduced in the original
article (Supplementary Fig. S5) (Okae et al., 2018). Time-dependent
upregulation of HLA-G and downregulation of p63 and CDHI were
observed (Supplementary Fig. SSA and B). Because significant HLA-G
upregulation had been achieved at Day 5 of differentiation culture,
we treated EVTs at the beginning of differentiation induction with
MLN4924 and collected the cells at Day 5. WB, Q-PCR and IF analysis
revealed the upregulation of HLA-G and downregulation of CDHI
after EVT differentiation was hindered by MLN4924 in both the protein
and mRNA level (Fig. 4D-F; Supplementary Fig. S6). Moreover, the
mRNA level of two more genes upregulated in EVT, MMP2 (Sagi
et al,2016)and ITGAI (Haider et al., 2016) was downregulated under
MLN4924 treatment (Fig. 4D), indicating impaired differentiation of TS
towards EVT under neddylation inhibition.

Neddylation activation regulates the
expression of critical factors that affect the
plasticity of human trophoblast progenitors

As a well-known marker of EVTs and EVT progenitors (Kovats
etal., 1990; Ferreira etal., 2017), HLA-G is crucial for embryo
implantation and maternal—fetal immune tolerance establishment
(Moffett and Loke 2006; Tilburgs et al., 2015). Obvious time and
dose-dependent downregulation of HLA-G after MLN4924 treatment
was also observed in Jeg-3 cells (Fig. 5A and B). A similar effect was
achieved by single CULI silencing (Fig. 5C), indicating that the effect of
HLA-G downregulation might be due to CUL| downstream substrate
accumulation. Intriguingly, GATA3, an important transcription factor
that regulates gene expression in trophoblast progenitors (Home
etal., 2009), was downregulated by MLN4924 treatment in both
EVTs and Jeg-3 cells (Figs 4D—F and 5A and B). This transcription
factor has been reported to directly affect expression of genes at
multiple stages of trophoblast development, including HLA-G (Ferreira
etal., 2016; Home et al., 2017). In addition to the total and nuclear
downregulation of GATA3, cytoplasmic recruitment of the protein was
observed after MLN4924 treatment (Fig. 5E), which indicates that the
function of the transcription factor was dysregulated by neddylation
inhibition.

In situ SA-B-GAL staining of whole-mount first-trimester placentas
reveals that the CCTs of RSA placentas exert higher level of SafG
activity compare to HC placentas (Supplementary Fig. S7), indicating
early onset of cell senescence in CCTs, because p2| has been widely
reported to induce cell senescence (Jia et al., 201 |; Lan et al., 2016),
its accumulation might also affect plasticity of trophoblast progenitors.
The cell senescence caused by MLN4924 was largely alleviated by
p2! silencing (Fig. 5D). Moreover, p2| accumulation happened prior
to the downregulation of HLA-G and GATA3 (Fig. 5B): obvious p21
accumulation was observed within |2 h of MLN4924 treatment, while
HLA-G and GATA3 downregulation was observed only after 24 h. A
partial rescue of MLN4924 inhibited HLA-G and GATA3 expression
were observed after silencing p2| (Fig. 5F).
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Figure 3 Proliferation restriction in recurrent spontaneous abortion (RSA) placentas is related to p2l accumulation caused
by neddylation inhibition.  (A) Representative immunohistochemical staining of Ki67 in healthy control (HC) and RSA floating and anchoring
villus. n =4 for each group. Scale bars: 50 pm. Bar graph shows the means £ SD of the HSCORE. ****P < 0.0001. (B) Representative images of HC
villus explants culture (4 days) after MLN4924 (1 pM) or DMSO treatment for 48 h. Scale bars: 500 um. Bar graph on the left is quantification of
the villus outgrowth distance. Fifteen explants for each condition derived from four different HC placentas were measured. Means = SD are shown.
P =0.006. (C—F) Jeg-3 cells were treated with | pM MLN4924 or DMSO for 48 h following p21 silencing: (C) western blot (WB) and (D) RT-PCR
results showing p21 knockdown efficiency after siRNA transfection. Bar graph of the mRNA level shows means & SD normalized to 18 s rRNA.
*P=0.0266; **P=0.001. (E) CCK8 assay measuring the proliferation rate of Jeg-3 cells. (F) IF staining of Kié7 (red) and p-H3 (red). Nuclei were
stained with DAPI. Scale bars: 50 pm. (G) Jeg-3 cells were synchronized overnight before treated with | yM MLN4924 or DMSO for 48 h following
p21 silencing. The cell cycle distributions were analyzed by flow cytometry. Bar graph on the left indicates the percentage of cells in GI, S or G2/M
phase. Means =+ SD are shown, t test was conducted to compare the G2 phase ratio between each group. **P=0.0023; *P=0.00187.
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Figure 4 Neddylation inhibition hinders trophoblast stem cell differentiation toward extravillous trophoblasts (EVTs). (A)
Phase-contrast image of trophoblast stem (TS) cells. Scale bar: 100 um. (B) Representative immunofluorescence (IF) images showing CK7 (trophoblast
marker), CDHI (CTB marker) and VIM (vimentin, a stromal marker) in trophoblast stem cells (TS). Scale bars: 50 um. (C) Flow cytometry histogram
of CK7 and IGTA6 expression in TS cells. (D—F) TS cells, TS cells treated with MLN4924, differentiating EVT-Day 5 (EVT-D5) and EVT-D5 treated
with MLN4924 (EVT-D5 + MLN4924) were processed for further analysis: (D) RT-PCR analysis of HLA-G (***P=0.001; ***P < 0.0001), MMP2
(**P=0.001; ***P < 0.0001), ITGAI (***P <0.0001; *P=0.0419), GATA3 (***P < 0.0001; ***P=0.0003; *P=0.0194) and CDH| (***P < 0.0001;
P =0.0006) mRNA expression. Means £ SD normalized to 18 s rRNA are shown. (E) Representative western blot (WB) results and quantification
(n=3) showing the protein expression levels of HLA-G (***P=0.0002; *P=0.0211), CHDI (**P=0.0008; *P=0.0102; **P=0.0049) and GATA3
(****P < 0.0001; %P =0.0211). NEDD8-Cullins were regarded as an indicator of Neddylation inhibition. Mean values &= SD normalized to B-actin are
shown. (F) Representative IF images showing expression of HLA-G, GATA3 and CDH . Scale bars: 20 pm.
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(A) Representative western blot

(WB) results of HLA-G and GATAS3 proteins in Jeg-3 cells after treatment with various concentration of MLN4924 for 48 h. (B) Representative WB
results of HLA-G, GATA3 and p2| expression in Jeg-3 cells after MLN4924 treatment for indicated hours. (C) Representative WB results of Jeg-3
cells after CULI silencing. (D) Representative phase contrast image of SA-B-GAL staining of senescent Jeg-3 cells. Jeg-3 cells were treated with | pM
MLN4924 or DMSO following p2 1 silencing. Scale bars: 50 pm. (E) Representative WB of Jeg-3 cells separated into cytoplasmic and nuclear fractions
after MLN4924 treatment for 48 h. (F) Representative WB results of Jeg-3 cells after p2| silencing followed by MLN4924 treatment for 24 h.

Discussion

The pathology of RSA is complicated and multifactorial and has not
been clearly elucidated yet. In this study, we first found neddylation
inhibition in the RSA villus, and downstream p2 | accumulation inhibited
trophoblast proliferation and affected their plasticity.

Development of trophoblast lineages is initiated at the very early
stage of pregnancy (Zdravkovic et al., 2015). It is a multistep process
and relies on proper spatiotemporal gene expression (Paul et al.,
2017). The neddylation pathway has been frequently reported to be
overactivated in several human cancers and is related to an unfavorable
prognosis (Soucy et al., 2009; Li et al., 2014; Chen et al., 2016; Zhou
etal., 2018; Zhang et al., 2019). Dynamic neddylation and deneddyla-
tion of cullins require a subtle regulation of numerous regulators in the
pathway. Including EI NEDD8-activating enzyme (NAE), E2 NEDD8-
conjugating enzyme, E3 NEDDS8 ligase and CSN. The fine-tuned
regulation of neddylation and deneddylation allows targeted ubiquitin-
dependent degradation of numerous proteins in order to maintain
the cellular homoeostasis (Petroski and Deshaies 2005; Sarikas et dl.,
201 1). The results of our study showed that NEDD8 was highly

expressed in the nucleus in proliferating subsets of trophoblasts of the
human first-trimester placenta. We observed obvious neddylation inhi-
bition and subcellular localization changes of NEDD8 in the RSA first
trimester placenta. The direct consequence of neddylation inhibition is
accumulation of the CRL complex substrate. In the present study, we
observed obvious neddylation inhibition and accumulation of the well-
known CULI substrate p21 in the RSA placenta. Both siRNA downreg-
ulation of CULI (Zhanget al., 2013) and MLN4924 treatment inhibited
the outgrowth of HC primary villus explant cultures. Consistent to a
previous study(Wu et al., 2017), moderate p2| expression can be
observed in trophoblast cells and villus stroma in HC placenta, while in
RSA sample a global increasing of p2| expression in CTBs, syncytiotro-
phoblast and stroma cells can be observed (Supplementary Fig. SIC).
As the majority of p2|-positive cells are trophoblast cells, we consider
its accumulation would more prominently affect the function of
trophoblast cells. By silencing p21, the effect of MLN4924 on the
proliferation rate of Jeg-3 cells was prominently rescued, and the G2
arrest state was largely alleviated, suggesting that activation of NEDD8-
CULI-mediated p2| degradation is essential for proper trophoblast
growth.
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Figure 6 Schematic of the present study. Neddylation inhi-
bition in recurrent spontaneous abortion (RSA) trophoblasts causes
cytoplasmic retention of free NEDD8 and p2| accumulation, thereby
causing proliferation restriction and plasticity impairment.

Because the most obvious subcellular localization change of NEDD8
was in EVT progenitors of RSA placental samples, moreover, impaired
EVT functioning has been reported to be associated with RSA
(Staun-Ram and Shalev 2005; Tian et al., 2016; Li et al., 2019; Lv et al.,
2019). We suspected that the dysregulated neddylation in RSA might
affect the plasticity of EVT progenitors by affecting the process of
TS cell differentiation toward EVT (Okae et al., 2018). The TS cell-
derived EVTs in the present study were considered to correspond to
the EVT subtype of dCCTs, as they had very similar transcriptome
profiles to the primary EVTs isolated from villus tissues (Okae et al.,
2018). This subtype of EVTs undergoes endoreduplication and further
differentiates into subsets of invasive interstitial and endovascular EVTs
(Tilburgs et al., 2015; Velicky et al., 2016; Velicky et al., 2018). Our
results demonstrate that neddylation inhibition significantly hindered
EVT differentiation by downregulating EVT markers HLA-G MMP2
and ITGAI and upregulating the CTB marker CDHI during the
differentiation process.

As a well-known marker of EVT, the soluble HLA-G level and
HLA-G gene polymorphisms have been reported to be associated
with unfavorable pregnancy outcomes such as RSA and recurrent
implantation failure (Pfeiffer et al., 2000; Jassem et al., 2012; Wang
etal., 2013; Fan et al., 2017). HLA-G (+) EVTs interact with decidual
natural killer (dNK) cells, and the latter physically acquire HLA-G by
trogocytosis promoting a tolerogenic NK cell signature while maintain-
ing the potential for antiviral immunity at the maternal-fetal interface
(Chumbley et al., 1994; Rajagopalan and Long 2012; Tilburgs et al.,
2015). Besides maternal—fetal immunotolerance establishment, HLA-
G has been reported to regulates the invasive properties of trophoblast
cells (Liu et al., 2013). The expression of HLA-G requires activation
of a cis-regulatory element, enhancer L that is 12 kb upstream of the
HLA-G locus, and motifs for transcription factors of GATA families
have been identified in this region (Ferreira et al., 2017). The GATA
family are transcription factors implicated in cell fate establishment
during mammalian development (Paul et al., 2017). GATA3 along with
GATAZ2 has been proved to be essential to ensure trophoblast develop-
ment during mammalian placental development (Home et al., 2009;

Home etal., 2017). One previous study reported downregulated
GATA3 mRNA expression in the fetal-maternal interface of RSA
patients (Qiu and Lin 2007). In the present study, we observed consis-
tent alterations in expression of GATA3 and HLA-G in both differen-
tiated EVT and Jeg-3 cells. These results indicated that the plasticity of
EVT progenitors was impaired under neddylation inhibition condition.

We explored further the possible mechanism of HLA-G and GATA3
downregulation. Silencing of p21 partially restored HLA-G and GATA3
levels upon MLN4925 treatment. Together with the result that cell
senescence can be alleviated by p21 si-RNA, we consider the impaired
HLA-G and GATA3 expression was most probably due to the exces-
sive cell senescence caused by p2| rather than any direct regulation.
Moreover, according to Velicky et al., (Velicky et al., 2018) and in situ
SA-B-GAL staining of HC placenta in the present study, EVT cell senes-
cence occurs upon invading into the decidual, while the EVT progenitor
dCCT cells undergo endoreduplicative cycle and only exert mild SA-
B-GAL activity. In contrast, excessive SA-B-GAL activity in CCTs as
well as p2 | accumulation were observed in RSA placenta samples, we
speculated neddylation inhibition related p2 | accumulation contribute
to the early onset of CCT senescence and further give rise to the
dysregulation of EVT differentiation. However, the specific mechanism
of neddylation regulating trophoblast progenitor plasticity requires
further exploration.

In conclusion, through the combined study of clinical samples, pri-
mary derived TS cells, and a trophoblast cell line we demonstrated that
CULI neddylation activation-mediated p2 | degradation is required for
trophoblast proliferation and is implicated in the regulation of tro-
phoblast plasticity by affecting GATA3 and HLA-G expression (Fig. 6).
Together with the inhibition of neddylation observed in the RSA first-
trimester placenta, abnormal neddylation might be a possible patho-
logical mechanism of RSA.

Supplementary data

Supplementary data are available at Molecular Human Reproduction
online.
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