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TOP2A deficit-induced abnormal 1)

decidualization leads to recurrent implantation
failure via the NF-kB signaling pathway
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Abstract

Background: Successful implantation is a complex process that is influenced by embryo quality, endometrial recep-
tivity, immune factors, and the specific type of in vitro fertilization protocol used. DNA topoisomerase lla (TOP2A) is a
well-known protein involved in cell proliferation; however, its expression and effect on the endometrium in recurrent
implantation failure (RIF) have not been fully elucidated.

Methods: The human endometrial tissues of healthy controls and patients with RIF were collected. A proteomic
analysis was performed to evaluate the differentially expressed proteins between the RIF group and the fertile control
group. The expression patterns of TOP2A in the human preimplantation endometrium of the patients with RIF were
determined by immunohistochemical staining, Western blotting and gRT-PCR. TOP2A knockdown (sh-TOP2A) T-HESCs
were generated using lentiviruses. The expression of TOP2A in T-HESCs was manipulated to investigate its role in
decidualization. The TOP2A-related changes in decidualization were screened by mRNA sequencing in decidualized
TOP2A knockdown and control T-HESCs and then confirmed by Western blotting and immunofluorescence staining.
TOP2A-deficient mice were generated by injection of TOP2A-interfering adenovirus on GD2.5 and GD3.5.

Results: We performed a proteomic analysis of endometrial tissues to investigate the potential pathogenesis of RIF
by comparing the patients with RIF and the matched controls and found that TOP2A might be a key protein in RIF.
TOP2A is ubiquitously expressed in both stromal and glandular epithelial cells of the endometrium. The data indicate
that TOP2A expression is significantly lower in the mid-secretory endometrium of women with RIF. TOP2A expression
was downregulated under stimulation by 8-bromo-cAMP and MPA. Ablation of TOP2A resulted in upregulated expres-
sion of decidual biomarkers and morphological changes in the cells. Mechanistic analysis revealed that TOP2A regu-
lates the NF-kB signaling pathway in decidualized T-HESCs. The TOP2A-deficient mice exhibited lower fetal weights.

Conclusions: Our findings revealed that abnormal expression of TOP2A affects decidualization and changes
the "window of implantation’, leading to RIF. TOP2A participates in the processes of decidualization and embryo
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implantation, functioning at least in part through the NF-kB pathway. Regulating the expression of TOP2A in the
endometrium may become a new strategy for the prevention and treatment of RIF.
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Introduction

In recent vyears, infertility has become an important
medical and social problem worldwide. An increasing
number of infertile patients require assisted reproduc-
tive technology (ART) to achieve a successful pregnancy.
Studies show that 15% of couples of reproductive age
worldwide suffer from infertility [1]. However, among
Chinese couples of childbearing age, the prevalence
of infertility is 25% [2], causing a series of public prob-
lems, including psychological distress, social stigma,
economic pressure, and marital discord. The success of
ART is closely related to each step in the process. Despite
the rapid development of ART technology in recent
years, approximately 10% of women seeking in vitro
fertilization (IVF) treatment will experience recurrent
implantation failure (RIF) [3]. RIF refers only to patients
undergoing ART and describes a lack of successful
implantation after repeated transfers of morphologically
good-quality embryos into a normal uterus. However,
there is no internationally accepted consensus definition
of RIF [4]. Coughlan et al. suggested that RIF be defined
as the failure to achieve a clinical pregnancy after the
transfer of at least 4 good-quality embryos in a minimum
of three fresh or frozen cycles in a woman under the age
of 40 years [3]. Successful implantation is a complex pro-
cess involving the following main factors: embryo quality,
endometrial receptivity, immune factors, and the specific
type of IVF protocol; among these, endometrial recep-
tivity is a key element. Endometrial receptivity provides
the embryo with the opportunity to attach, invade, and
develop [5]. Endometrial receptivity is regulated by many
factors, such as leukemia inhibitory factor [6], EHD1
[7], HOXA10 [8], and SOCS1 [9]. Although a series of
advances have been made in this field, it is still impossible
to accurately evaluate endometrial receptivity by moni-
toring specific indicators to improve the pregnancy rate.
Therefore, it is necessary to identify key factors that affect
endometrial receptivity and lead to recurrent implanta-
tion failure and to clarify their role and possible mecha-
nism in the pathogenesis of RIF.

In our previous study [10] (Fig. S1), the GSE111974
dataset was downloaded from the Gene Expression
Omnibus (GEO) at the National Center for Biotechnol-
ogy Information. Specific R packages were applied to this
model to screen out the differentially expressed genes
(DEGs) in the patients with RIF compared with fertile
controls. We identified 170 differentially expressed genes,

of which 127 genes had upregulated expression and
43 had downregulated expression. Using the STRING
database and Cytoscape to analyze the DEGs, we found
that TOP2A (FC=0.357, p=0.0065) was the hub gene.
TOP2A is an isoform of topoisomerase II (TOP2), which
is essential for cellular viability and plays a key role in
chromosome segregation [11]. TOP2A is a nuclear pro-
tein required for DNA replication and cell division [12].
This molecule is highly expressed during mitosis [13]
and is a biomarker of cell proliferation [14]. Dong Y and
colleagues [15] observed that hepatocellular carcinoma
cell growth, migration, and invasion were suppressed
after TOP2A knockdown. As a target of chemothera-
peutic drugs, TOP2A has been proven to be widely
involved in the aggressiveness and prognosis of a variety
of human cancers [16]. Despite the well-known associa-
tion between TOP2A and different diseases, the underly-
ing role of TOP2A in RIF remains unclear. In the present
study, we performed a proteomic analysis to investigate
the potential pathogenesis of RIF and identified TOP2A
as a key protein. We aimed to investigate the expression
levels of TOP2A in the preimplantation endometrium of
women with RIF. We also examined whether decreased
TOP2A expression increases the secretion of prolactin
(PRL) and insulin-like growth factor-binding protein 1
(IGFBP-1) and influences cytoskeletal formation during
decidualization. We aimed to explore the role and mech-
anism of TOP2A in regulating endometrial receptivity
for successful pregnancy.

Materials and methods

Cohorts

The present study was reviewed and preapproved by
the Ethics Committee of Chongqing Medical University
(Approval No. 2021-94). An informed consent form was
signed by all participants at the beginning of the study.
All procedures were performed in accordance with the
Declaration of Helsinki.

Cohorts were recruited in the Reproductive Medicine
Center of the First Affiliated Hospital of Chongqing Med-
ical University between September 2018 and December
2019. Twelve female patients with RIF, along with twelve
age- and BMI-matched female controls whose infertility
was due to tubal infertility or male factors and achieved
a clinical pregnancy after the first embryo transfer,
were enrolled for subsequent analysis. All patients were
25-39 years of age and exhibited a regular menstrual
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Table 1 Clinical characteristics of women enrolled in the present study

Variables Normal groups(n=12) RIF patients(n=12) Proliferative Mid-secretory p-value

phase (n=12) phase (n=12)

Age (y) 30.9242.575 30.8343433 30.2543.223 31.3742.823 0.8983?

BMI (kg/mz) 222543191 20.6642.292 223942014 21.1842.827 0.3102°

FSH (mIU/ml) 7.61140.7842 7.45640.9484 7151+1.711 7.13441.443 0.7505°

LH (mIU/ml) 5.58640.8098 5.331+0.7227 4.347+1.575 5.145+1435 0.0802°

Estradiol (pg/ml) 31.99+10.87 34.17£1042 36.30+16.55 37.76+9.392 0.6727°

Number of embryo transfer 1(9/12 75%)2 (3/12 25%) 4(5/12 41.67%)5(7/12 58.33%) / / <0.001P

2 One-way ANOVA. Fisher’s exact test. BMI: body mass index.

These continuous data were expressed as mean =+ SD. Differences with P<0.05 were considered statistically significant

cycle of 21-35 days. The diagnosis of RIF was based on
the criteria reported by Coughlan C and colleagues in
2014 [3]. Individuals with polycystic ovarian syndrome
(PCOS), hydrosalpinx, endometriosis, adenomyosis,
intrauterine pathology (congenital uterine anomaly,
fibroid, polyps, intrauterine adhesions), coupled with
abnormal chromosomal complements, abortion tissues
with abnormal karyotypes, or positivity for lupus antico-
agulant or anticardiolipin antibodies were excluded. All
endometrial biopsies were timed 7 days after the preovu-
latory LH surge.

In addition, we enrolled 24 females with infertility for
routine hysteroscopy using the same exclusion and inclu-
sion criteria described above. The subjects were divided
into two groups (n=12 per group): proliferative phase
(cycle Days 5-13) and mid-secretory phase (cycle Days
20-23).

Prior to sample collection, none of the patients enrolled
in this study had received hormonal therapy for at least
3 months. The demographic data (e.g., age and BMI)
and clinical manifestations of all patients and controls
were recorded (Table 1). Samples were obtained using an
endometrial suction curette (Yajie, Jiangxi, China).

Proteomic analysis

For iTRAQ analysis, fresh human endometrial tissues
were collected, immediately frozen in liquid nitrogen,
and stored in liquid nitrogen until use. Samples were son-
icated three times on ice using a high-intensity ultrasonic
processor (Scientz, Ningbo, China) in lysis buffer (8 M
urea, 1% Protease Inhibitor Cocktail). The remaining
debris was removed by centrifugation at 12,000 g at 4 °C
for 10 min. Finally, the supernatant was collected, and the
protein concentration was determined with a BCA Pro-
tein Assay Kit (Abcam, Shanghai, China) according to
the manufacturer’s instructions. For digestion, the pro-
tein solution was reduced with 5 mM dithiothreitol for
30 min at 56 °C and alkylated with 11 mM iodoacetamide
for 15 min at room temperature in darkness. The protein

sample was then diluted by adding 100 mM TEAB to
urea concentrations less than 2 M. Finally, trypsin was
added at a 1:50 trypsin-to-protein mass ratio for the first
digestion overnight and a 1:100 trypsin-to-protein mass
ratio for a second 4 h digestion. After trypsin digestion,
the peptide was desalted by a Strata X C18 SPE column
(Phenomenex, Tianjin, China) and vacuum-dried. The
peptide was reconstituted in 0.5 M TEAB and processed
according to the manufacturer’s protocol for the iTRAQ
kit (Sigma-Aldrich, Shanghai, China). Briefly, one unit
of iTRAQ reagent was thawed and reconstituted in ace-
tonitrile. The peptide mixtures were then incubated for
2 h at room temperature and pooled, desalted and dried
by vacuum centrifugation. The tryptic peptides were
fractionated by high pH reverse-phase HPLC using an
Agilent 300Extend C18 column (5 pm particles, 4.6 mm
ID, 250 mm length). Briefly, peptides were first separated
with a gradient of 8% to 32% acetonitrile (pH 9.0) over
60 min into 60 fractions. Then, the peptides were com-
bined into 18 fractions and dried by vacuum centrifuga-
tion. The tryptic peptides were dissolved in 0.1% formic
acid (solvent A) and loaded directly onto a homemade
reversed-phase analytical column (15 cm length, 75 pum
i.d.). The gradient comprised an increase from 6 to 23%
solvent B (0.1% formic acid in 98% acetonitrile) over
26 min, 23% to 35% in 8 min, 35% to 80% in 3 min and
then a hold at 80% for the last 3 min, all at a constant flow
rate of 400 nL/min on an EASY-nLC 1000 UPLC system.
The peptides were subjected to an NSI source followed by
tandem mass spectrometry (MS/MS) in a Q ExactiveTM
Plus (Thermo Fisher Scientific, Shanghai, China) coupled
online to UPLC. The electrospray voltage applied was
2.0 kV. The m/z scan range was 350 to 1800 for the full
scan, and intact peptides were detected in the Orbitrap
at a resolution of 70,000. Peptides were then selected for
MS/MS using the NCE setting of 28, and the fragments
were detected in the Orbitrap at a resolution of 17,500.
A data-dependent procedure alternated between one MS
scan followed by 20 MS/MS scans with 15.0 s dynamic
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exclusion. The automatic gain control (AGC) was set at
5E4. The fixed first mass was set as 100 m/z. Proteome
Discover 2.4 (Thermo Fisher Scientific, Shanghai, China)
was used for data processing. Tandem mass spectra were
searched against the UniProt-reviewed Homo sapiens
(Human) database concatenated with the reverse decoy
database. Trypsin/P was specified as a cleavage enzyme
allowing up to 2 missing cleavages. The mass tolerance
for precursor ions was set as 20 ppm in the first search
and 5 ppm in the main search, and the mass tolerance
for fragment ions was set as 0.02. Carbamidomethyl on
Cys was specified as a fixed modification, and oxidation
on Met was specified as a variable modification. FDR was
adjusted to<1%, and the minimum score for peptides
was set at 40. The identification of proteins and screen-
ing of differentially expressed proteins were performed.
The threshold for differentially expressed proteins was set
as P<0.05 and fold changes of >1.2-fold or <0.83-fold.
Differentially expressed proteins were further analyzed
by principal component analysis (PCA) and Gene Ontol-
ogy (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG) and STRING database analyses. The mass spec-
trometry proteomics data have been deposited in the
ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the iProX partner repository
with the dataset identifier PXD022209.

Cell culture and in vitro decidualization

Immortal human ESCs (T-HESC) were cultured in phenol
red-free DMEM/F12 (Gibco, New York, USA) contain-
ing 10% charcoal/dextran-treated FBS (Gibco, New York,
USA), 100 IU/ml penicillin (Beyotime, Shanghai, China),
and 100 pg/ml streptomycin (Beyotime, Shanghai, China)
at 37 °C under 5% CO, humidified air. Treatment included
0.5 mM 8-bromo-cAMP (MedChemExpress, Shanghai,
China) and 1 pM medroxyprogesterone acetate (MPA)
(MedChemExpress, Shanghai, China). In vitro artifi-
cially induced decidualization was achieved as previously
described [17]. For decidualization experiments, conflu-
ent T-HESC monolayers were decreased in 2% DMEM/
F12 media (DMEM/F12 media without phenol red, 2%
EBS) overnight before treatment with 0.5 mM 8-bromo-
cAMP and 1 uM medroxyprogesterone acetate (MPA).
T-HESCs were induced for in vitro decidualization for
4 days using the same method described above, and the
culture medium was changed every 2 days. Enzymatic
activity of TOP2A was altered by treatment with 1 pM
Etoposide (MedChemExpress, Shanghai, China) for 48 h.

Lentivirus transfection

Lentiviruses carrying short hairpin RNA (shRNA) tar-
geting human TOP2A were purchased from Gene-
Chem (Shanghai, China). The sequences for the TOP2A
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knockdown virus are listed below: sh-TOP2A#1 (5'-

gcTCCAAATCAATATGTGATT  -3'), sh-TOP2A#2
(5'-gcCTGATTTGTCTAAGTTTAA-3'), sh-TOP2A#3
(5'-ccCAACTTTGATGTGCGTGAA-3’), and scram-

bled control shRNA (5-TTCTCCGAACGTGTCACG
T-3'). The lentiviral complex infection index (MOI) was
determined by preliminary experiments to be 20. For
lentivirus transfection, when the cells reached 20-30%
confluence, T-HESCs were transfected with lentivirus
and HiTransG lentivirus infection reagent (GeneChem,
Shanghai, China) for 48 h according to the manufactur-
er’s protocol. Two days after transfection, the transfected
cells were screened using 2 pg/ml puromycin (Beyotime,
Shanghai, China) for one week to establish stably trans-
fected cell clones. Knockdown of TOP2A was verified by
Western blot analysis and qRT-PCR.

Immunohistochemistry staining

Human endometrial tissues were washed with PBS, fixed
overnight with 4% paraformaldehyde at room temperature
and sectioned into 5 um-thick sections after being dehy-
drated and embedded in paraffin. For immunohistochemis-
try, the tissue sections were deparaffinized and rehydrated
in a graded alcohol series. Antigen retrieval was achieved
by a microwaved pretreatment in 10 mM citric sodium
(pH: 6.0) for 15 min. Then, sections were blocked with 3%
H,O, at room temperature for 15 min for endogenous per-
oxidase ablation. Then, the sections were incubated with a
mouse mAb against TOP2A (1:250; Proteintech, Rosemont,
USA) at 4 °C overnight. The next day, a secondary antibody
conjugated with horseradish peroxidase was applied for
30 min at RT. The immunocomplex was then visualized by
diaminobenzidine. Images were captured using an Olym-
pus VS200 ASW 3.2.1 system.

Western blot

Total protein was extracted from the tissues or cells
using RIPA lysis buffer (Beyotime, Shanghai, China)
with phenylmethanesulfonyl fluoride (PMSF) (Beyotime,
Shanghai, China), and the protein concentration was
determined by a BCA protein assay kit (Beyotime, Shang-
hai, China). The lysates were separated by SDS-PAGE
(Bio-Rad Laboratories, California, USA) and transferred
to PVDF membranes (Millipore Sigma, Massachusetts,
USA). After the membranes were blocked with 5% nonfat
dry milk (Bio-Rad Laboratories, California, USA) at room
temperature for 1 h, they were then incubated overnight
at 4 °C with antibodies against the proteins of interest,
including TOP2A (1:10,000; ab52934, Abcam, Shanghai,
China), IGFBP1 (1:1000; ab181141, Abcam, Shanghai,
China), p65 (1:1000; ab32536, Abcam, Shanghai, China),
p-p65 (1:1000; ab183559, Abcam, Shanghai, China), IKK
(1:1000; #2682, Cell Signaling Technology, Shanghai,
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China), p-IKK (1:1000; #2697, Cell Signaling Technology,
Shanghai, China), and B-actin (1:1000; 2D4HS5, Protein-
tech, Rosemont, USA), overnight at 4 °C. The PVDF mem-
branes were washed and then incubated with horseradish
peroxidase-conjugated secondary antibodies (1:5000,
ZSGB-BIO, Shanghai, China) at RT for 1 h. Protein blots
were visualized by enhanced chemiluminescent reagents
(Millipore Sigma, Massachusetts, USA), and pictures were
captured by a Vilber Fusion image system (Fusion FX5
Spectra, Marne-la-Vallée cedex 3, France).

Real-time quantitative PCR

Total RNA was extracted from T-HESCs, endometrial tis-
sues and uterine tissues using TRIzol reagent (Invitrogen,
Shanghai, China). The RNA concentration was measured
by ultraviolet spectroscopy (NanoDrop2000, Thermo
Fisher Scientific, MA, USA). The Prime Script RT reagent
Kit (Roche Life Science, Shanghai, China) was used to
synthesize cDNA following the manufacturer’s instruc-
tions. SYBR Green dye (Roche Life Science, Shanghai,
China) was used to perform real-time PCR in an Applied
Biosystems PCR cycler. The PCR primer sequences are
listed below. The mean threshold cycle (Ct) values were
normalized to those of B-actin, and the relative mRNA
levels of TOP2A, IGFBP1 and PRL were analyzed.

Primers (human) Sequences (5'— 3’)

TOP2A Forward TAATCAGGCTCGCTTTAT

crr
Reverse TCCGAATCATATCCCCTCT

Forward CTATGATGGCTCGAAGGC
TC

Reverse TTCTTGTTGCAGTTTGGCAG

PRL Forward TCTCGCCTTTCTGCTTAT
TATAAC

Reverse CGATTCGGCACTTCAGGA
GCTT

Forward TGGCACCCAGCACAATGAA

Reverse CTAAGTCATAGTCCGCCT
AGAAGCA

Sequences (5'— 3')

Forward ACAGGTGGTCGAAATGGC
TA

Reverse AGGGCTTGAGTTCCATGTCA

Forward TGTGACGTTGACATCCGT
AAAG

Reverse TCAGTAACAGTCCGCCTA
GAA

IGFBP1

B-actin

Primers (mouse)
TOP2A

B-actin

Immunofluorescence staining

T-HESCs were grown in 6-well cell culture plates. After
three 5 min washes with PBS, the T-HESCs were fixed
with 4% paraformaldehyde (PFA) in phosphate-buffered
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saline (PBS) at room temperature for 30 min. After the
cells were washed with PBS, they were permeabilized
with 0.2% Triton X-100 in PBS for 5 min at room tem-
perature and blocked with 5% bovine serum albumin
(BSA) for 1 h at RT. Filamentous actin was visualized
by CytoPainter phalloidin-iFluor 488 Reagent (1:1000;
ab176753, Abcam, Shanghai, China). NF-xB was deter-
mined using an anti-p65 (1:500; ab32536, Abcam, Shang-
hai, China) primary antibody. After three washes with
BSA/PBS, the cells were further incubated with Cy3—
conjugated AffiniPure goat anti-rabbit IgG (1:100, Pro-
teintech, Rosemont, USA). Nuclei were stained with
4/,6-diamidino-2-phenylindole dihydrochloride (DAPI)
(Sigma-Aldrich, Shanghai, China). Finally, staining was
visualized by light microscopy, and images were captured.

mRNA sequencing

Negative control and stable sh-TOP2A T-HESCs treated
with both 8-bromo-cAMP and MPA for 4 days were col-
lected for total RNA extraction (Invitrogen, Shanghai,
China). Total RNA was tested by agarose gel electropho-
resis for quality control. The purity and integrity of RNA
were assessed by a SMA4000 spectrophotometer (Meri-
ton, Beijing, China) and Agilent 2100 Bioanalyzer (Agi-
lent Technologies, US), respectively. A total of 1 pg of
RNA from each sample served as input material for the
RNA sample preparations. The library was validated on a
Bioptic Qsepl00 Analyzer (Bioptic, Inc., Taiwan, China).
The products were amplified and sequenced using Illu-
mina HiSeq2500. Differential expression analysis was
performed using the DESeq2 R package. An adjusted P
value of 0.025 and absolute fold change of 2 served as the
thresholds for significant differential expression. Differ-
entially expressed genes were further analyzed by Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) database analyses.

Establishment of TOP2A-deficient mice

All experimental procedures involving animals were per-
formed in compliance with the Guidelines for the Care
and Use of Laboratory Animals, approved by the Labo-
ratory Animal Welfare and Ethics Committee of Chong-
qing Medical University, and reported in accordance
with the ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines. Eight to 12-week-old C57BL/6 |
virgin female mice were bred with age-matched males.
The mice were housed in a temperature-controlled
room under specific-pathogen-free conditions and a
standard 12-h light/dark cycle, with ad libitum access to
food and water. The day on which the vaginal plug was
detected was considered GDO0.5. The pregnant mice were
randomly assigned to 2 groups: adenovirus (ad)-control
(Ctrl) and ad-TOP2A (n =6 for both groups). GFP-tagged
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TOP2A-interfering adenovirus was purchased from
TsingKe Biotech, Beijing, China. On GD2.5 and GD3.5,
adenovirus was injected into pregnant mice via the tail
vein (2 x 10® PFU, 100 pl). The shRNA sequence used
to target TOP2A was 5-GCAGACTACATTGCCGTT
TAA-3'. All dams from each group were sacrificed on
GD8.5.

Statistical analyses

The data are presented as the mean 4 SEM. Statistical
data were analyzed by the Mann—Whitney U test or one-
way ANOVA. A value of p<0.05 was considered signifi-
cant. The statistical analyses were performed using Prism
8 software (GraphPad Software, La Jolla, CA, USA).

Results

Clinical features of patients with RIF

The distribution of demographic characteristics and clini-
cal characteristics of the study subjects are summarized in

Table 1. As shown in Table 1, no significant differences in
age, BMI, or basal FSH, LH or estradiol levels were found
between the RIF and control groups except for the number
of embryo transfers.

Proteomic analysis indicates that TOP2A might be a pivotal
molecule in RIF

Comparative proteomic analysis was performed on 3 RIF
and 4 control endometrial tissues. Principal component
analysis comparing all patients with RIF to the controls
revealed that the RIF group was accurately separated
from the control group in 2 dimensions (Fig. 1A). All
differentially expressed proteins were clustered using a
hierarchical clustering algorithm (Fig. 1B), and the pro-
tein expression pattern of the RIF group was significantly
different from that of the control group. Of the 188 differ-
entially expressed proteins, 95 had upregulated expres-
sion and 93 had downregulated expression (Fig. 1C),
and TOP2A was included in the decreased proteins.
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n=12in each group. Representative Western blotting results for the control group and the RIF group are shown. Mann-Whitney U test. All data are
represented as the mean 4 SEM. **p <0.01, **p <0.001

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis clustered these
differentially expressed proteins into groups based on
their biological processes, molecular functions and cel-
lular components (Fig. 1D, E). Notably, ‘DNA replica-
tion’ and ‘DNA unwinding involved in DNA replication’
comprised the majority of the enriched KEGG pathway
and GO terms. In particular, the level of TOP2A, a rep-
resentative protein that regulates DNA replication, was
significantly decreased in the RIF group compared with
the control group. Using the STRING database to ana-
lyze protein interactions with the differentially expressed
proteins, we selected the top 25 proteins in terms of con-
nectivity and generated an interaction network diagram,
and we found that TOP2A is an important protein in this
network (Fig. 1F).

Decreased expression of TOP2A in the patients with RIF

Immunohistochemistry analysis showed that TOP2A was
localized in both stromal and glandular epithelial cells of
the endometrium (Fig. 2A). TOP2A staining was weaker

in the RIF group, consistent with the Western blotting
results. The TOP2A protein expression was tested in the
patients with RIF and the controls by Western blotting.
The patients with RIF showed a significant decrease in
the protein expression level of TOP2A compared with
the controls (Fig. 2B), which is consistent with the mRNA
results shown below (Fig. 2C).

TOP2A expression is downregulated under stimulation

by 8-bromo-cAMP and MPA

To evaluate the functional role of TOP2A in embryo
implantation, we examined TOP2A expression during
different phases of the menstrual cycle. An immunolo-
calization analysis suggested that the TOP2A protein
abundance in glandular epithelial and stromal cells of
the endometrium was lower at the mid-secretory phase
of the menstrual cycle (Fig. 3A). Immortal human ESCs
(T-HESCs) were employed to examine the role of TOP2A
in decidualization with both 8-bromo-cAMP and MPA
in vitro. The results showed that TOP2A expression was
significantly downregulated after 4 days of stimulation
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with 8-bromo-cAMP and MPA, while the expression of
the decidual markers IGFBP1 and PRL was significantly
increased (Fig. 3B, C).

TOP2A deficiency enhances T-HESC decidualization in vitro
To investigate whether TOP2A is a determinant of decid-
ualization in embryo implantation, we generated TOP2A
knockdown (sh-TOP2A#3) T-HESCs, in which the
expression levels of TOP2A were repressed by approxi-
mately 80% (Fig. 4A, B). The T-HESCs with TOP2A
knockdown showed significantly increased IGFBP1
protein and IGFBP1 and PRL mRNA expression levels
(Fig. 4C, D). In decidualized T-HESCs, filamentous actin
(F-actin) staining showed the expected cytoskeletal reor-
ganization and shape changes consistent with the trans-
formation from a fibroblastoid to decidual phenotype.
The knockdown of TOP2A strengthened the charac-
teristic phenotypic modification during decidualization
(Fig. 4E). Meanwhile, we treated the T-HESEs with Etopo-
side, a TOP2 inhibitor, to inhibit the enzymatic activity of
TOP2A. Under the treatment with Etoposide, the expres-
sion level of TOP2A was decreased, the IGFBP1 and PRL
expression levels were accelerated. Immunofluorescence
showed the inhibition of TOP2A strengthened the actin
cytoskeleton reorganization (Fig. S2).

The NF-kB signaling pathway plays a role in the regulation

of decidualization

To elucidate the mechanism underlying TOP2A defi-
ciency-enhanced decidualization in T-HESCs, we

subjected the decidualized sh-TOP2A(sh-TOP2A-
de) and NC (NC -de) T-HESCs to mRNA sequencing.
Compared with the NC-de T-HESCs, the sh-TOP2A-de
T-HESCs showed significant alterations in the expres-
sion levels of 1187 mRNAs (463 with upregulated and
724 with downregulated expression, Fig. 5A). The
differentially expressed genes (DEGs) were further
enriched based on the KEGG and GO analyses (Fig. 5B,
C). Notably, the NF-kB signaling pathway was enriched
(Fig. 5B), and the DEGs were involved in cell prolifera-
tion, as indicated by GO analysis (Fig. 5C). Since the
NF-«B signaling pathway may be involved in regulating
decidualization [18, 19], we further explored the effects
of TOP2A on the NF-kB signaling pathway by using
Western blotting to detect IkB kinase (IKK) and NF-«xB
p65 (p65) phosphorylation levels. Our results revealed
that TOP2A knockdown increased phospho-NF-«xB
p65 (p-p65) protein levels. Although p-p65/p-IKK
was decreased after decidualization, the expression of
p-p65/p-IKK in decidualization was increased in the
TOP2A knockdown cells compared with the control
cells (Fig. 5D). We investigated the translocation of p65
from the cytoplasm into the nucleus using an immuno-
fluorescence assay. After decidualization, the nuclear
translocation of p65 was weakened, as shown by the
attenuation of p65 fluorescence staining in the nucleus.
However, in decidualized T-HESCs, TOP2A knock-
down resulted in enhanced p65 fluorescence staining in
the nucleus, indicating increased nuclear translocation
of p65 (Fig. 5E).
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Lack of TOP2A predisposes mice to impaired fertility

To verify our findings from in vitro studies, we gener-
ated TOP2A-deficient mice (ad-TOP2A mice) by injec-
tion of TOP2A-interfering adenovirus through the tail
vein on GD2.5 and GD3.5. The experimental design is
shown in Fig. 6A. A significant reduction in uterine
TOP2A protein and mRNA expression was observed
on GD8.5 (Fig. 4B, C). Compared to that in the con-
trol group, the litter size of the ad-TOP2A mice was
decreased, but the difference was not significant. How-
ever, the fetal weights recorded on GD8.5 were signifi-
cantly decreased in the ad-TOP2A mice (Fig. 6D, E).

Discussion

IVF results in several thousand successful pregnancies each
year. Rapid changes in IVF practices and technologies have
occurred since their introduction. In recent years, with
the advent of vitrification and improved IVF cycle out-
comes after blastocyst transfer [20], successful implanta-
tion has been found to require a receptive endometrium,
a normal and functional embryo at the blastocyst develop-
mental stage and a synchronized dialog between maternal
and embryonic tissues [21, 22]. In this case, the focus of
implantation failure shifts from the embryo to the endo-
metrium. Some studies have suggested that inadequate
uterine receptivity is responsible for approximately two-
thirds of implantation failures, whereas the embryo itself is
responsible for only one-third of these failures [5, 23, 24].
To explore the potential molecular mechanism of uterine
receptivity failure, we obtained biopsies at the mid-secre-
tory stage, especially the day of blastocyst transfer, and
investigated the differentially expressed proteins in patients
with RIF and normal fertile controls. According to the GO
and KEGG analyses, various proteins associated with DNA
replication showed abnormal changes. In particular, hier-
archical cluster analysis revealed that the TOP2A protein
exhibited a significant change. However, few studies have
investigated the role of TOP2A in the endometrium and in
embryo implantation.

The human endometrium is a unique tissue that prolif-
erates, differentiates, and sloughs off during the menstrual
cycle. This complex transformation allows the endome-
trium to perform a variety of multifunctional tasks. The
establishment of endometrial receptivity is primarily
coordinated by estrogen and progesterone through direct
and indirect transcriptional and translational regulation,
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leading to changes in the function of all endometrial cell
types [25, 26]. The endometrium maintains complex con-
trol of proliferation and apoptosis as part of each men-
strual cycle that prepares the endometrium for the window
of implantation and pregnancy [27]. Estrogen stimulates
endometrial proliferation, with the resulting thickness
directly correlated with the success of assisted reproduc-
tion [28]. In this study, for the first time, we found that
the expression level of TOP2A was downregulated in the
mid-secretory phase endometrium of women with RIF by
proteomic analysis. We also showed that the expression of
TOP2A periodically decreased during the menstrual cycle.
We further showed that TOP2A is expressed in both endo-
metrial glandular epithelial cells and stromal cells in endo-
metrial tissues and that the level of TOP2A expression in
stromal cells was significantly decreased in the RIF group
compared with the control group. TOP2A is a cell cycle-
dependent protein whose expression is highly depend-
ent on cell proliferation and can be suppressed when cell
proliferation and division stop [29-31]. Studies have also
found that TOP2A is an oncogene. TOP2A is expressed
at a moderate level in normal tissues and cells. However,
it is highly expressed in ovarian cancer and breast cancer,
and its expression is closely related to tumor progression,
recurrence and poor prognosis [32, 33]. Bassi MA et al.
found that the expression of TOP2A in the endometrium
is decreased in patients with endometriosis [34]. Therefore,
we speculate that TOP2A may lead to implantation failure
by affecting the proliferation and differentiation of endo-
metrial stromal cells in patients with RIF. In most studies
[26, 35], endometrial decidualization is an important point
for the study of endometrial receptivity. Next, we explored
the relationship between TOP2A and decidualization.

In differentiating human endometrial stromal cells
(HESCs), cAMP and progesterone signaling converge on
forkhead box Ol1A (FOXOL1), a core decidual transcrip-
tion factor responsible for cell cycle arrest and the induc-
tion of decidual marker genes, such as PRL and IGFBP1
[36]. To gain insight into the mechanism that drives
decidualization, we measured TOP2A expression in the
cultured T-HESCs treated for 4 days with a combination
of 8-bromo-cAMP and MPA. We showed that TOP2A
expression gradually decreased in response to 8-bromo-
cAMP and MPA treatment in a time-dependent manner.
However, the lentivirus-mediated knockdown of TOP2A
markedly enhanced decidual PRL and IGFBP1 expression.

(See figure on next page.)

Fig. 5 TOP2A regulates decidualization through the NF-kB signaling pathway in T-HESCs. A Volcano plot of the DEGs between the sh-TOP2A

and NC T-HESCs treated with both 8-bromo-cAMP and MPA for 4 days; the DEGs were analyzed by (B) KEGG and (C) GO analysis. D Protein levels
of p-p65, P65, IKK and p-IKK were examined separately by Western blotting in various T-HESCs. E Effect of TOP2A on the nuclear translocation

of NF-kB p65. Decidualized cells were treated with both 8-bromo-cAMP and MPA for 4 days. The nuclear translocation of p65 was evaluated by
immunofluorescence staining (p65, red fluorescence signals; DAPI, blue signals; scale bar=200 pum). One-way ANOVA. Data are the mean £ SEM of
3 biological replicates unless stated otherwise. *p <0.05, **p < 0.01, ***p <0.001. ns, nonsignificant
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Fig. 6 TOP2A deficiency leads to impaired fertility in mice. A Flow diagram of the experimental design. B Western blotting of TOP2A protein
expression in the mouse uterus at GD8.5 (ad-Ctrl, n=6; ad-TOP2A, n=6). C RT-gPCR of TOP2A mRNA expression in the mouse uterus at GD8.5
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GD8.5, and the fetuses were dissected from the uterus and weighed. Litter size and fetal weight were recorded (ad-Ctrl, n=52 pups from 6 dams;
ad-TOP2A, n=51 pups from 6 dams). Mann-Whitney U test. Data are the mean = SEM of 3 biological replicates unless stated otherwise. *p < 0.05,
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Decidualization of the T-HESCs involves notable morpho-
logical and functional differentiation, which is a crucial step
in making the endometrium receptive to an embryo [37].
Knockdown of TOP2A enhanced the cytoskeletal struc-
ture of decidualizing T-HESCs, such that TOP2A could be
implicated in the regulation of the decidualization process,
which depends on actin cytoskeleton reorganization [38].
To make this result more credible, we treated the T-HESEs
with Etoposide and obtained consistent results (Fig. S2).
These results suggest that the deficiency of TOP2A signal-
ing is a crucial step contributing to the pathogenesis of RIF
by accelerating the process of decidualization. These results
were unexpected. In the patients with RIF, the expression
of TOP2A decreased, but silencing TOP2A did not impair
decidualization, as expected; in contrast, it enhanced
decidualization. These results showed that in the receptive
endometrial state, decidualization needs to achieve a bal-
ance. Excessive or insufficient decidualization will cause
implantation failure. Similar to the “window of implanta-
tion’, the time when the endometrium is most able to sup-
port trophoblast-endometrial interactions is thought to
occur during a short period of time at approximately Days
22-24 of an idealized 28-day cycle [39, 40], and the cross-
talk between the blastocyst and the endometrium can only
occur during a brief period [41]; a period too late or too
early cannot be used. That is, earlier or later transfers did
not result in any pregnancies. However, we can be sure that
TOP2A affects decidualization.

To elucidate the mechanism underlying TOP2A defi-
ciency-induced decidualization in the endometrium, we
subjected the sh-TOP2A and sh-NC T-HESCs, decidu-
alized sh-TOP2A and decidualized sh-NC T-HESCs to
mRNA sequencing. Our transcriptome analysis showed
that the DEGs were involved in several pathways, includ-
ing the MAPK signaling pathway, PI3K-Akt signaling
pathway, Hippo signaling pathway, and NF-kappa B sign-
aling pathway. Several functions of the human endome-
trium are associated with inflammatory-like responses.
During implantation, the expression of various hormones,
cytokines, endocrine factors, and growth factors in the
endometrium has been reported. Interestingly, NF-«kB is
a transcription factor involved in the regulation of 400
genes related to implantation, inflammation and immune
response [18]. NF-kB is believed to play important roles
in endometrial receptivity, first trimester decidua, and the
onset of labor in humans [42-44]. Evidence from mam-
malian models has indicated that NF-«xB increases in the
pig endometrium between Days 5 and 12 of the estrus
cycle before pregnancy [45]. The level and duration of sup-
pression of NF-kB activity in mouse uterine cells appear
to be relevant to the timing of implantation [43]. Page M
et al. identified increased expression of activating NF-xB
components and decreased expression of the inhibitory

Page 13 of 16

components in the endometrium at the time of implan-
tation [46]. Our transcriptome analysis showed that the
DEGs involved in the NF-kB signaling pathway exhibited
notable changes. Our research showed that the protein
levels of phospho-NF-kB p65 (p-p65) and phospho-IKK
(p-IKK), an activating kinase of NF-kB, increased after
treatment with Sh-TOP2A in T-HESCs, indicating that
TOP2A affects the NF-xB pathway. In addition, we found
that although p-p65/p-IKK was decreased after deciduali-
zation, the expression of p-p65/p-IKK in decidualization
was increased in the TOP2A knockdown cells compared
with the controls, which confirmed that the TOP2A-
NF-«B signaling pathway participates in the processes of
decidualization and embryo implantation. Moreover, after
the application of sh-TOP2A, T-HESCs exhibited greater
nuclear accumulation of NF-kB p65, which is critical for
binding to the response elements of NF-kB-responsive
genes. Thus, altering the TOP2A-NF-kB signaling path-
way will be beneficial to decidualization and improve the
treatments for patients with RIF.

An insufficiently thickened endometrium indicates
a lower likelihood of embryo implantation. The prolif-
eration and decidualization of endometrial stromal cells
are very important for embryo implantation. However,
the effects of TOP2A, a biomarker for cell proliferation
in the reproductive system, especially in the endome-
trium, remain unclear. In this work, we then generated
a TOP2A-deficient mouse model by injection of TOP2A
interfering adenovirus through the tail vein on GD2.5
and GD3.5. By applying this approach, we eliminated the
effects of TOP2A deficiency before implantation. In the
present study, although TOP2A deficiency did not result
in implantation failure in the ad-TOP2A mice, the litter
size was decreased, and the fetal weights were signifi-
cantly decreased, which may reflect compromised endo-
metrial receptivity and poor fetal development.

Although ART has improved outcomes for couples
struggling with infertility, RIF has emerged as a new
challenge. An increasing number of studies have begun
to focus on the pathogenesis and treatment of RIF. After
several consecutive IVF failures and in agreement with
the definition of RIF, patients should undergo three-
dimensional ultrasonography, hysteroscopy, or laparos-
copy to assess the uterine cavity. Once an abnormality
associated with implantation failure is recognized, treat-
ment options including uterine septectomy, removal of
intrauterine adhesions, endometrial polypectomy, or
myomectomy, particularly the submucous type, and exci-
sion of hydrosalpinx should be considered [47-49]. Some
women with no clinical manifestations or biochemical
abnormalities may have occult endometriosis leading
to RIF and lack of effective treatment. Endometriosis is
a systemic and reversible inflammatory condition, and
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Fig. 7 Model for involvement of TOP2A-NF-kB pathway in decidualization. This schematic illustrates our hypothesis that abnormal expression of
TOP2A in endometrial stromal cells affect the processes of decidualization and embryo implantation through the NF-kB pathway and result in RIF

treatment of endometriosis has been shown to be ben-
eficial for future fertility and improved pregnancy out-
comes[17, 50]. Previous studies have shown that the
expression of TOP2A was significantly lower in the
endometriosis group than in the control group [34], indi-
cating that the expression pattern of TOP2A in endome-
triosis is the same as that in RIF in our study. Therefore,
we hypothesized that the expression changes of TOP2A
may be helpful for evaluating the status and function
of the endometrium. Perhaps in future studies, we can
explore the expression of TOP2A in the peripheral blood
of patients, which may become a convenient, rapid, and
effective clinical indicator for evaluating endometrial sta-
tus and curative effects.

To the best of our knowledge, we provide the first evi-
dence that the expression of TOP2A undergoes dynamic
changes during the menstrual cycle and that the expres-
sion levels of TOP2A are significantly lower in the
mid-secretory endometrium of women with RIF. We
analyzed possible mechanisms underlying the role of
TOP2A in disease pathogenesis. The abnormal expres-
sion of TOP2A may affect decidualization and change the
“window of implantation’, leading to RIF. We also found
that TOP2A may participate in the processes of decidu-
alization and embryo implantation through the NF-xB
pathway (Fig. 7). Our results suggest that decreased
TOP2A-mediated NF-kB expression plays an important
role in women with RIF. We realize that our research is
speculative and hope that it will lead to further studies to
elucidate the complex mechanisms between the TOP2A/
NF-«B signaling pathway and the pathogenesis of RIF.
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either remained untreated or were decidualized for 4 days. D CytoPainter
phalloidin-iFluor 488 reagent was used to label filamentous actin, and
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and MPA for 4days. (F-actin, green fluorescence signals; DAPI, blue signals;
scale bar = 200um). One-way ANOVA or Mann-Whitney U test. Data are
the mean = SEM of 3 biological replicates unless stated otherwise. *p <
0.05, **p < 0.01,***p < 0.001. ns, nonsignificant.

Acknowledgements
Not applicable.

Authors’ contributions

Xiru Liu and Hongbo Qi conceived and directed the study. Huijia Fu, Wang
Tan and Zhi Chen analyzed the data. Huijia Fu and Xiru Liu made the clinical
diagnoses. Huijia Fu, Wang Tan, and Jiayu Huang collected the samples. Huijia
Fu, Wang Tan and Yuhan Duan performed the cell experiment. Huijia Fu, Wang
Tan and Zhi Chen performed the animal experiment. Huijia Fu and Wang Tan
drafted the manuscript. Zi Ye helped darft figures. Xiru Liu and Hongbo Qi
reviewed the data interpretation and helped revise the final versions of the
manuscript. All authors read and approved the final manuscript.


https://doi.org/10.1186/s12958-022-01013-1
https://doi.org/10.1186/s12958-022-01013-1

Fu et al. Reproductive Biology and Endocrinology ~ (2022) 20:142

Funding

This work was supported by National Key R&D Program of China
(2018YFC1004103) and Chongging Municipal Health Commission & Chong-
qing Science and Technology Bureau (2020MSXM037, 2020GDRC018).

Availability of data and materials

All data generated or analyzed during this study are included in this published
article and its supplementary information files. The datasets used and/or ana-
lyzed during the current study are available from the corresponding author on
reasonable request.

Declarations

Ethics approval and consent to participate

The present study was reviewed and preapproved by the Ethics Commit-

tee of Chongqing Medical University (Approval No. 2021-94). An informed
consent form was signed by all participants at the beginning of the study. All
procedures were performed in accordance with the Declaration of Helsinki.
All experimental procedures involving animals were performed in compliance
with the Guidelines for the Care and Use of Laboratory Animals, approved by
the Laboratory Animal Welfare and Ethics Committee of Chongging Medical
University, and reported in according to the ARRIVE (Animal Research: Report-
ing of In Vivo Experiments) guideline.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Reproductive Medicine Center, The First Affiliated Hospital

of Chongging Medical University, No. 1 Youyi Road, Yuzhong District,
Chongaing 400016, China. 2Chongqing Key Laboratory of Translational Medicine
in Major Metabolic Diseases, Chongging Medical University, Chongging 400016,
China. *Joint International Research Laboratory of Reproduction and
Development of Chinese Ministry of Education, Chongqing Medical University,
Chongging 400016, China. “Department of Gynecology, Chongging Traditional
Chinese Medicine Hospital, Chongging 400021, No, China. >Chongging Key
Lab of Ophthalmology, Chongging Eye Institute, The First Affiliated Hospital

of Chongqing Medical University, Chongqing 400016, China. °Chongqing Key
Laboratory of Maternal and Fetal Medicine, Chongging Medical University,
Chonggqing 400016, China.’Department of Obstetrics, Women and Children’s
Hospital of Chongging Medical University (Chongging Health Center for Women
and Children), 400010 Chongging, China.

Received: 23 November 2021 Accepted: 10 September 2022
Published online: 22 September 2022

References

1. SunH, GongTT, Jiang YT, Zhang S, Zhao YH, Wu QJ. Global, regional, and
national prevalence and disability-adjusted life-years for infertility in 195
countries and territories, 1990-2017: results from a global burden of
disease study, 2017. Aging (Albany NY). 2019;11(23):10952-91.

2. JainT, Grainger DA, Ball GD, Gibbons WE, Rebar RW, Robins JC, Leach RE.
30 years of data: impact of the United States in vitro fertilization data
registry on advancing fertility care. Fertil Steril. 2019;111(3):477-88.

3. Coughlan C, Ledger W, Wang Q, Liu F, Demirol A, Gurgan T, Cutting R, Ong
K, Sallam H, Li TC. Recurrent implantation failure: definition and manage-
ment. Reprod Biomed Online. 2014,28:14-38.

4. Cimadomo D, Craciunas L, Vermeulen N, Vomstein K, Toth B. Definition,
diagnostic and therapeutic options in recurrent implantation failure:
an international survey of clinicians and embryologists. Hum Reprod.
2021;36:305-17.

5. Ledee-Bataille N, Lapree-Delage G, Taupin JL, Dubanchet S, Frydman R,
Chaouat G. Concentration of leukaemia inhibitory factor (LIF) in uterine
flushing fluid is highly predictive of embryo implantation. Hum Reprod.
2002;17:213-8.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 150f 16

Yen CF, Liao SK, Huang SJ, Tabak S, Arcuri F, Lee CL, Arici A, Petraglia F,
Wang HS, Kayisli UA. Decreased endometrial expression of leukemia
inhibitory factor receptor disrupts the STAT3 signaling in adenomyosis
during the implantation window. Reprod Sci. 2017;24:1176-86.

Zhou Q, Yan G, Ding L, Liu J,Yu X, Kong S, Zhang M, Wang Z, Liu'Y, Jiang

Y, Kong N, Sun J, Sun H. EHD1 impairs decidualization by regulating the
Wnt4/B-catenin signaling pathway in recurrent implantation failure.
EBioMedicine. 2019;50:343-54.

Zhu M, Yi S, Huang X, Meng J, Sun H, Zhou J. Human chorionic gonado-
tropin improves endometrial receptivity by increasing the expression of
homeobox A10. Mol Hum Reprod. 2020;26:413-24.

ZhaoY,He D, Zeng H, Luo J,Yang S, Chen J, Abdullah RK, Liu N. Expression
and significance of miR-30d-5p and SOCS1 in patients with recurrent
implantation failure during implantation window. Reprod Biol Endocrinol.
2021;19:138.

Fu H, Wang M, Liu X. Bioinformatics analysis of differentially expressed
genes in endometrium with recurrent implantation failure. J Third Mil
Med Univ. 2019;41:1246-52.

. Carpenter AJ, Porter AC. Construction, characterization, and complemen-

tation of a conditional-lethal DNA topoisomerase llalpha mutant human
cell line. Mol Biol Cell. 2004;15:5700-11.

Watt PM, Hickson ID. Structure and function of type Il DNA topoisomer-
ases. Biochem J. 1994,303(Pt 3):681-95.

Dovey M, Patton EE, Bowman T, North T, Goessling W, Zhou Y, Zon LI.
Topoisomerase Il alpha is required for embryonic development and liver
regeneration in zebrafish. Mol Cell Biol. 2009;29:3746-53.

Ali'Y, Abd Hamid S. Human topoisomerase Il alpha as a prognostic bio-
marker in cancer chemotherapy. Tumour Biol. 2016;37:47-55.

Dong Y, Sun X, Zhang K, He X, Zhang Q, Song H, Xu M, Lu H, Ren R. Type
IIA topoisomerase (TOP2A) triggers epithelial-mesenchymal transition
and facilitates HCC progression by regulating Snail expression. Bioengi-
neered. 2021;12:12967-79.

. Zeng S, Liu A, Dai L, Yu X, Zhang Z, Xiong Q, Yang J, Liu F, Xu J, Xue Y, Sun

Y, Xu C. Prognostic value of TOP2A in bladder urothelial carcinoma and
potential molecular mechanisms. BMC Cancer. 2019;19(1):604.

Brighton PJ, Maruyama Y, Fishwick K, Vrljicak P, Tewary S, Fujihara R, Muter
J, Lucas ES, Yamada T, Woods L, Lucciola R, Hou Lee Y, Takeda S, Ott S,
Hemberger M, Quenby S, Brosens JJ. Clearance of senescent decidual
cells by uterine natural killer cells in cycling human endometrium. Elife.
2017,6:231274.

Sakowicz A. The role of NFkappaB in the three stages of pregnancy

- implantation, maintenance, and labour: a review article. BJOG.
2018;125:1379-87.

LinY, LiY, Li X, Liu X, Wang X, Yu M, Zhu'Y, Du M. SCM-198 ameliorates
endometrial inflammation via suppressing the LPS-JNK-cJUN/cFOS-TLR4-
NF-kB pathway. Acta Biochim Biophys Sin (Shanghai). 2021;53(9):1207-15.
Glujovsky D, Farquhar C, Quinteiro Retamar AM, Alvarez Sedo CR,
Blake D. Cleavage stage versus blastocyst stage embryo transfer

in assisted reproductive technology. Cochrane Database Syst Rev
2016:CD002118.

Holden EC, Kashani BN, Morelli SS, Alderson D, Jindal SK, Ohman-Strick-
land PA, McGovern PG. Improved outcomes after blastocyst-stage frozen-
thawed embryo transfers compared with cleavage stage: a society for
assisted reproductive technologies clinical outcomes reporting system
study. Fertil Steril. 2018;110(89-94).e82.

Simon C, Martin JC, Pellicer A. Paracrine regulators of implantation. Bail-
lieres Best Pract Res Clin Obstet Gynaecol. 2000;14:815-26.

Simon C, Moreno C, Remohi J, Pellicer A. Cytokines and embryo implanta-
tion. J Reprod Immunol. 1998;39:117-31.

Achache H, Revel A. Endometrial receptivity markers, the journey to suc-
cessful embryo implantation. Hum Reprod Update. 2006;12:731-46.
Moustafa S, Young SL. Diagnostic and therapeutic options in recurrent
implantation failure. F1000Res. 2020;9:1-9.

Lessey BA, Young SL. What exactly is endometrial receptivity? Fertil Steril.
2019,111:611-7.

Lessey BA, Kim JJ. Endometrial receptivity in the eutopic endometrium of
women with endometriosis: it is affected, and let me show you why. Fertil
Steril. 2017;108:19-27.

Liu KE, Hartman M, Hartman A, Luo ZC, Mahutte N. The impact of a thin
endometrial lining on fresh and frozen-thaw IVF outcomes: an analysis of
over 40 000 embryo transfers. Hum Reprod. 2018;33:1883-8.



Fu et al. Reproductive Biology and Endocrinology

29.

30.
31

32.

33

34

35.

36.

37.
38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2022) 20:142

Du X, Xue Z, Lv J, Wang H. Expression of the topoisomerase Il alpha
(TOP2A) gene in lung adenocarcinoma cells and the association with
patient outcomes. Med Sci Monit. 2020;26:€929120.

ChenT, SunY, Ji P, Kopetz S, Zhang W. Topoisomerase llalpha in chromo-
some instability and personalized cancer therapy. Oncog. 2015;34:4019-31.
Wang JC. Cellular roles of DNA topoisomerases: a molecular perspective.
Nat Rev Mol Cell Biol. 2002;3:430-40.

Fritz P, Cabrera CM, Dippon J, Gerteis A, Simon W, Aulitzky WE, van der
Kuip H. c-erbB2 and topoisomerase llalpha protein expression indepen-
dently predict poor survival in primary human breast cancer: a retrospec-
tive study. Breast Cancer Res. 2005;7:R374-384.

Costa MJ, Hansen CL, Holden JA, Guinee D Jr. Topoisomerase |

alpha: prognostic predictor and cell cycle marker in surface epithe-

lial neoplasms of the ovary and peritoneum. Int J Gynecol Pathol.
2000;19:248-57.

Bassi MA, Arias V, D’Amico Filho N, Gueuvoghlanian-Silva BY, Abrao MS,
Podgaec S. Deep invasive endometriosis lesions of the rectosigmoid may
be related to alterations in cell kinetics. Reprod Sci. 2015;22:1122-8.

Liu H, Huang X, Mor G, Liao A. Epigenetic modifications working in

the decidualization and endometrial receptivity. Cell Mol Life Sci.
2020;77:2091-101.

Takano M, Lu Z, Goto T, Fusi L, Higham J, Francis J, Withey A, Hardt J, Cloke
B, Stavropoulou AV, Ishihara O, Lam EW, Unterman TG, Brosens JJ, Kim

JJ. Transcriptional cross talk between the forkhead transcription factor
forkhead box O1A and the progesterone receptor coordinates cell cycle
regulation and differentiation in human endometrial stromal cells. Mol
Endocrinol. 2007;21(10):2334-49.

Okada H, Tsuzuki T, Murata H. Decidualization of the human endome-
trium. Reprod Med Biol. 2018;17:220-7.

Ihnatovych |, Livak M, Reed J, de Lanerolle P, Strakova Z. Manipulating actin
dynamics affects human in vitro decidualization. Biol Reprod. 2009,81:222-30.
Casper RF, Yanushpolsky EH. Optimal endometrial preparation for frozen
embryo transfer cycles: window of implantation and progesterone sup-
port. Fertil Steril. 2016;105:867-72.

Bergh PA, Navot D. The impact of embryonic development and endome-
trial maturity on the timing of implantation. Fertil Steril. 1992;58:537-42.
Zhang S, Lin H, Kong S, Wang S, Wang H, Wang H, Armant DR. Physiologi-
cal and molecular determinants of embryo implantation. Mol Aspects
Med. 2013;34:939-80.

Lindstrom TM, Bennett PR. The role of nuclear factor kappa B in human
labour. Reproduction. 2005;130:569-81.

Nakamura H, Kimura T, Ogita K, Koyama S, Tsujie T, Tsutsui T, Shimoya K,
Koyama M, Kaneda Y, Murata Y. Alteration of the timing of implantation
by in vivo gene transfer: delay of implantation by suppression of nuclear
factor kappaB activity and partial rescue by leukemia inhibitory factor.
Biochem Biophys Res Commun. 2004;321:886-92.

King AE, Critchley HO, Kelly RW. The NF-kappaB pathway in human endo-
metrium and first trimester decidua. Mol Hum Reprod. 2001;7:175-83.
Ross JW, Ashworth MD, Mathew D, Reagan P, Ritchey JW, Hayashi K, Spen-
cer TE, Lucy M, Geisert RD. Activation of the transcription factor, nuclear
factor kappa-B, during the estrous cycle and early pregnancy in the pig.
Reprod Biol Endocrinol. 2010;8:39.

Page M, Tuckerman EM, Li TC, Laird SM. Expression of nuclear factor kappa
B components in human endometrium. J Reprod Immunol. 2002;54:1-13.
Practice committee of American society for reproductive medicine in
collaboration with society of reproductive surgeons: Salpingectomy for
hydrosalpinx prior to in vitro fertilization. Fertil Steril. 2008;90:566-68.
Margalioth EJ, Ben-Chetrit A, Gal M, Eldar-Geva T. Investigation and
treatment of repeated implantation failure following IVF-ET. Hum Reprod.
2006;21:3036-43.

Demirol A, Gurgan T. Effect of treatment of intrauterine pathologies with
office hysteroscopy in patients with recurrent IVF failure. Reprod Biomed
Online. 2004;8:590-4.

Jacobson TZ, Barlow DH, Koninckx PR, Olive D, Farquhar C. Laparoscopic
surgery for subfertility associated with endometriosis. Cochrane Database
Syst Rev. 2002;4:1-15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	TOP2A deficit-induced abnormal decidualization leads to recurrent implantation failure via the NF-κB signaling pathway
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Cohorts
	Proteomic analysis
	Cell culture and in vitro decidualization
	Lentivirus transfection
	Immunohistochemistry staining
	Western blot
	Real-time quantitative PCR
	Immunofluorescence staining
	mRNA sequencing
	Establishment of TOP2A-deficient mice
	Statistical analyses

	Results
	Clinical features of patients with RIF
	Proteomic analysis indicates that TOP2A might be a pivotal molecule in RIF
	Decreased expression of TOP2A in the patients with RIF
	TOP2A expression is downregulated under stimulation by 8-bromo-cAMP and MPA
	TOP2A deficiency enhances T-HESC decidualization in vitro
	The NF-κB signaling pathway plays a role in the regulation of decidualization
	Lack of TOP2A predisposes mice to impaired fertility


	Discussion
	Acknowledgements
	References


