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Abstract

trophoblast.

Background: Placenta accreta (PA) is a major cause of maternal morbidity and mortality in modern obstetrics, few
studies have explored the underlying molecular mechanisms.

Methods: In our study, transcriptome and proteome profiling were performed in placental tissues from ten partici-
pants including five cases each in the PA and control groups to clarify the pathogenesis of PA.

Results: We identified differential expression of 37,743 transcripts and 160 proteins between the PA and control
groups with an overlap rate of 0.09%. The 33 most-significant transcripts and proteins were found and further
screened and analyzed. Adhesion-related signature, chemotaxis related signatures and immune related signature
were found in the PA group and played a certain role. Sum up two points, three significant indicators, methyl-CpG-
binding domain protein 2 (MeCP2), podocin (PODN), and apolipoprotein D (ApoD), which participate in “negative
regulation of cell migration’, were downregulated at the mRNA and protein levels in PA group. Furthermore, transwell
migration and invasion assay of HTR-8/SVneo cell indicated the all of them impaired the migration and invasion of

Conclusion: A poor correlation was observed between the transcriptome and proteome data and MeCP2, PODN,
and ApoD decreased in transcriptome and proteome profiling, resulting in increased migration of trophoblasts in the
PA group, which clarify the mechanism of PA and might be the biomarkers or therapy targets in the future.
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Introduction

The incidence of placenta accreta has increased dur-
ing the past few decades in China due to the two-child
policy, leading to an increasing number of patients with
a scarred uterus. Placenta accreta occurs when the pla-
cental chorionic villi adhere abnormally to or invade the
uterine wall pathologically, and can be divided into three
classes: placenta accreta, placenta increta, and placenta
percreta [1, 2]. The prevalence of placenta accreta is
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reported to be 2-90 per 10,000 births [3], and the large
range has been explained by different diagnostic criteria
and different study populations. In our previous study,
we reported that the incidence of placenta accreta in
patients with a scarred uterus was 5.2% based on a clini-
cal diagnosis [4]. Although placenta accreta is a major
cause of maternal morbidity and mortality, few studies
have explored the molecular mechanisms.

Proteomics technologies are key tools used to study
complex biological processes at the protein level. Quan-
titative proteomics has been applied to modern obstet-
rics focusing on preeclampsia, recurrent miscarriage,
gestational diabetes, and pre-term birth [5-9]. Different
samples can be utilized for different purposes, including
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blood, plasma, placental tissues, amniotic fluid, and the
umbilical artery to identify candidate biomarkers to pre-
dict the risk of a complicated pregnancy or to clarify the
pathogenesis of a complicated pregnancy. Nevertheless,
no reported attempts have been made to screen the dif-
ferentially expressed proteins involved in the pathogen-
esis of placenta accreta.

Microarray-based transcriptional profiling is a pow-
erful strategy for identifying disease-related genes and
pathways [10], and a series of transcriptional analyses of
placental tissues, decidual tissues, and fetal membranes
from different gestational complications have been com-
pleted [11-15]. The placenta, as a transient organ that
binds the mother and fetus, has a unique transcriptional
landscape [16, 17]. Dysfunction of the placenta as a result
of numerous changed genes is related to gestational com-
plications. To the author’s knowledge, no study has per-
formed a transcriptional profile of placenta accreta.

A hypothesis has been proposed that placenta accreta
is associated with a decidual defect, trophoblast over-
invasion, and abnormal angiogenesis [2]. Neverthe-
less, the results of the related studies focused on either
transcripts or proteins, and there is a lack of correlation
between RNA and proteins. Abdulghani performed a
comparative analysis to uncover novel aspects of pla-
cental gene regulation during mouse placental develop-
ment [18]. As the proteome and transcriptome reflect
the expression of genes from two different levels, a com-
bination of transcriptome and proteome profiling may
provide new insight into biological processes related
to disease development and to estimate transcriptional
or post-transcriptional regulation, translational regula-
tion, and protein translation efficiency in the pathogenic
mechanism.

In this study, we analyzed placental tissues from five
cases with placenta accreta and five control cases using
RNA microarray and non-labeled quantitative proteom-
ics technologies to clarify the pathogenesis of placenta
accreta.

Materials and methods

Patients and sample collection

Placental tissues from placenta accreta and control preg-
nancies were collected immediately after cesarean deliv-
eries at Shengjing Hospital, China Medical University,
Shenyang, Liaoning. Maternal placental specimens con-
taining villous and extravillous trophoblasts, the fibri-
noid layer, and the basal plate layer were collected from
placenta accreta (where placental tissues were tightly
connected to the uterus and also included basal plate
myometrial fibres) and control groups. The samples
were washed in normal saline to remove excess blood,
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immediately immersed in liquid nitrogen, and trans-
ferred — 80 °C for storage.

Women were recruited if they met the following crite-
ria: diagnosed with placenta previa complication based
on ultrasonography, history of at least one previous cae-
sarean section and pregnancy terminated by caesarean
section.

The exclusion criteria were: multiple pregnancy, fetal
anomalies, preterm premature rupture of the mem-
branes, or infection and complications associated with
any other obstetric disease, such as thyroid dysfunction,
hypertension, and gestational diabetes. All participants
enrolled in this study provided written informed consent.

The participants were divided into the placenta accreta
group or the control group according to a placental
pathology examination after the caesarean section. Cases
in the placenta accreta group were diagnosed by patholo-
gists (as shown in Additional file 1: Fig. S1).

Informed consent was obtained from patients and
this study was approved by the ethical committee of
Shengjing Hospital, China Medical University (No.
2017PS317K and 2017PS318K), according to the tenets of
the Declaration of Helsinki.

Cell lines, cell culture, and transfection

The immortalized human trophoblast cell line HTR-8/
SVneo was cultured in RPMI 1640 medium (cat. no.
01-100-1A; Bioind, Beit Haemek, Israel) supplemented
with 10% fetal bovine serum (FBS; cat. no. 04-001-1A;
Bioind) (termed complete RPMI) at 37 °C in an atmos-
phere containing 5% carbon dioxide. For transient trans-
fections, 1x 10° HTR-8/SVneo cells were plated into
6-well plates in complete RPMI. When the cells reached
60-70% confluency, si-MeCP2, si-PODN, and si-ApoD,
or their negative controls (GenePharma, Suzhou, China)
were transfected into the cells using Lipofectamine 3000
reagent according to the manufacturer’s instructions (cat.
no. L3000015; Invitrogen, Carlsbad, CA, USA). Cells were
harvested for subsequent assays at 48 h after transfection.

Extraction and analysis of RNA and proteins

Placental tissues (100 mg) were ground into a powder
with a tissue grinder and lysed in Lysis Buffer (1 mM
PMSE, 2 mM EDTA, and 10 mM DTT). Subsequently, the
mixture was centrifuged at 25,000xg for 20 min at 4 °C,
and the supernatant was added to 10 mM DTT in a water
bath for 1 h at 56 °C. After returning to room tempera-
ture, 55 mM IAM was added in a dark room for 45 min
followed by adding four volumes of cold acetone for 2 h
at— 20 °C. The crude extract was incubated in Lysis Buffer
(1 mM PMSE, 2 mM EDTA, and 10 mM DTT) again
and cleared by centrifugation at 25,000xg for 20 min
at 4 °C. The supernatant was collected and the protein
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concentration was measured by the Bradford quantitative
assay. The extracted proteins were split to peptides, and
peptides were equally mixed and diluted by buffer A (5%
ACN, pH 9.8). Then, peptides were separated by liquid
phase on LC-20AB liquid system (Shimadzu, Japan) with
Gemini C18 column (4.6 x 250 mm, 5 pm). The buffers
were applied using a gradient of 5% buffer B (95% CAN,
pH 9.8) for 10 min, 5-35% buffer B for 40 min, 35-95%
buffer B for 1 min, 50-100% buffer B for 5 min and lasted
3 min in buffer B followed by 5% buffer B for 10 min at
a flow rate of 1 ml/min. Subsequently, the peptides were
freeze-dried, redissolved by buffer A (2% CAN, 0.1% FA)
and were separated by UltiMate 3000 UHPLC (Thermo
Fisher Scientific, San Jose, CA). Samples were loaded
on a home-made C18 column (150 um ID x 25 cm) and
eluted with following gradient in 3 h at a flow rate of
1 nl/min: 5% buffer B (98% ACN, 0.1% FA) in 0—5 min,
5-35% buffer B in 5-160 min, 35-80% buffer B in 160—
170 min, 80% buffer B in 170-175 min and 5% buffer B in
176-180 min. The fractionated peptides were ionized by
nanoESI source under 1.6 kV voltage and then measured
by using LC-MS/MS on the tandem mass spectrometer
Q-Exactive HF (Thermo Fisher Scientific). For the full
MS scan, peptides were measured by Orbitrap analyzer,
the mass range was set to 350—-1500 mass/charge (m/z)
and the resolution was 120,000 at m/z 200. Dynamic
exclusion was used with 30.0 s duration.

Total RNA from placental tissues and cultured cells
was extracted using TRIzol solution according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA,
USA) with strict quality control at each step.

The protein and RNA extraction and process were
performed by BGI-Tech, and samples were sequenced
using data independent acquisition (a non-labeled quan-
titative proteomics, also known as SWATH) for the pro-
teome (ProteomeXchange Consortium via the iProX
(IPX0002144000) partner repository with the dataset
identifier PXD018665) and the Illumina HiSeq was used
for the transcriptome (GSE148952).

Western blotting

Placental tissues from the control and placenta accreta
groups and cultured cells were lysed in radioimmunopre-
cipitation (cat. no. PO013B; Beyotime, Shanghai, China)
buffer with 1% phenylmethylsulfonyl fluoride (PMSEF;
cat. no. ST506; Beyotime) on ice for 20 min. Then, the
mixture was centrifuged at 12,000 rpm for 20 min at
4 °C to collect the supernatant. Protein concentrations
were measured using the Pierce® BCA Protein Assay
Kit-Reducing Agent Compatible (cat. no. 23225; Ther-
moFisher Scientific, Waltham, MA, USA). Then, 60 pg
protein was separated by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (cat. no. P0012A;
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Beyotime) and transferred to a PVDF membrane (cat.
no. IPVH00010; Millipore, Darmstadt, Germany). After
blocking with 5% non-fat milk in TBST containing
0.1% Tween 20 for 2 h, the membranes were incubated
with primary antibodies overnight at 4 °C. The follow-
ing primary antibodies were used: MeCP2 (1:1000; cat.
no. 10861-1-AP; Proteintech), PODN ((1:1000; cat. no.
15014-1-AP; Proteintech), and ApoD (1:1000; cat. no.
10520-1-AP; Proteintech). The following day, the mem-
branes were washed with Tris-buffered saline contain-
ing 0.1% Tween 20, and the HRP-conjugated secondary
antibody (1:4000; cat. no. SA00001-1 for anti-mouse
and cat. no. SA00001-2 for anti-rabbit; Proteintech) was
incubated with the membranes for 90 min at room tem-
perature. The proteins were detected using Immobilon
Western HRP Substrate (cat. no. WBKLS0500; Milli-
pore). GAPDH (1:4000; cat. no. 60004-1-Ig; Proteintech)
was used as an internal control. The buffers used to dilute
the antibodies was TBST containing 0.1% Tween 20.

Quantitative reverse transcriptase polymerase chain
reaction

Reverse transcription was performed using the Prime-
Script RT Reagent Kit with the gDNA Eraser (cat. no.
RR047A; TaKaRa). Then, mRNAs were quantified using
TB Green® Premix Ex TaqTM II (Tli RNaseH Plus; cat.
no. RR820A; TaKaRa). GAPDH was used to normalize
the mRNA, and the results were analyzed using the AACt
method. Primer sequences for the qRT-PCR analysis are
presented in Additional file 2: Table S1.

Transwell migration and invasion assay

For the migration assay, a 100-pl cell suspension at a
density of 2 x 10° cells/ml with serum-free medium was
placed in the upper chamber of a Transwell system (cat.
no. 3422; Corning) and the lower chamber was filled with
600 pl RPMI 1640 medium (20% FBS). After a 24-h incu-
bation, the cells were fixed with 4% paraformaldehyde,
and crystal violet (cat. no. C0121; Beyotime) was applied
for 30 min at room temperature to stain the cells. Cell
numbers were quantified under a microscope (magnifica-
tion, x200).

For invasion assays, the upper chamber of a Transwell
system was pre-coated with Matrigel before the cells
were plated. Matrigel (cat. no. 354234; Corning), melted
overnight at 4 °C, was diluted to 1 mg/ml with serum-
free medium on ice. Then, 100 pl diluted Matrigel was
added into the upper chamber and incubated at 37 °C
for 5 h. Serum-free medium was added to the Transwells
and then the invasion assays were carried out in the same
manner as in the migration tests.
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Bioinformatics analysis

Genes that were differentially expressed between the
placenta accreta and control groups (based on the cri-
teria of an absolute fold-change>2 and an adjusted
P-value<0.001) were identified using the R pack-
age DEGseq [19] and differentially expressed proteins
(based on the criteria of an absolute fold-change>1.5
and a P-value <0.05) were identified using the R package
MSstats [20]. The Metascape website and ClueGo were
used to evaluate the functional implications, including
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses [21, 22]. The
principal components analysis (PCA) and heatmap were
completed with R packages to depict the expression pat-
terns across patients. Functional gene sets were obtained
from (http://amigo.geneontology.org/amigo).

Statistical analysis

Student’s t-test was used to assess differences in the
distribution of continuous data or the Mann—Whitney
U-test was used if the data were not normally distributed.
Spearman’s correlation analyses were conducted to iden-
tify the correlation between the transcriptome and pro-
teome. All statistical analyses were performed using SPSS
24.0 (SPSS Inc., Chicago, IL, USA), GraphPad Prism
7 (GraphPad Software Inc., La Jolla, CA, USA), and R
(https://www.r-project.org) software. A P-value<0.05
was considered significant for two-tailed tests.

Results

Transcriptome and proteome profiles

We identified 93,725 transcripts in the transcriptome and
4,709 proteins in the proteome of the placental tissues.
The clinical information of the patients is summarized in
Table 1. Moreover, the three-dimensional isomaps of the
nonlinear PCA based on screened transcripts (Fig. 1a)
and proteins (Fig. 1b) revealed that the placenta accreta
and control groups were generally distributed in dif-
ferent directions. A Venn diagram was drawn to reflect
the degree of overlap of the transcripts and proteins
(Fig. 1c) and a correlation analysis was utilized to screen
the genes from the 93725 transcripts and 4709 proteins
between the transcriptome and proteome, resulting in a
two-dimensional (2D) plot (Fig. 1d). There was a 4.65%
overlap for all transcripts and proteins, and the correla-
tion between the transcriptome and proteome was 0.03.

The most-significant proteins in the placenta accreta group
To identify the significant genes or proteins in the
pathogenesis of placenta accreta, the DEGseq R pack-
age was used, and the results revealed 37,743 differen-
tially expressed transcripts (DEGs, 17,209 upregulated
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Table 1 Demographic and obstetrical characteristics

PA Control P value

n=>5 n=>5
Age (years) 332+6.83 3344555 0.961
BMI 296+1.85 2804245 0.286
Gravity 3(2-4) 3(2-5) 0.841
Parity 1(1) 1(1-2) 0.690
Artificial abortion times 1(0-2) 0(0-1) 0.548
Gestational weeks 365+057 365+042 0931

Values are presented as the mean =+ standard deviation (SD) and median (range).
PA: placenta accreta; BMI: body mass index

and 20,543 downregulated, Fig. 2a) and 160 differentially
expressed proteins (DEPs, 38 upregulated and 122 down-
regulated, Fig. 2b) showed by volcano plot. However, a
small overlap of 33 transcripts and 33 proteins was found
between the DEGs and DEPs (Fig. 2d), and the 2D plot
shows a 0.09% overlap in DEGs and DEPs (Fig. 2c). Simi-
larly, the significant transcripts and proteins (Fig. 2e and
f) and the 33 most-significant genes (Fig. 2g, h) were dis-
played well by the heatmaps between the placenta accreta
and control groups. The 33 most-significant transcripts
and proteins are shown in Table 2.

Enhanced adhesion signature in placenta accreta

To clarify the biological features of the transcriptome and
proteome, we performed GO and KEGG analyses based
on the significant genes or proteins. We used the analy-
ses among the top 500 significant transcripts according
to the adjusted P-value (Additional file 2: Table S2). The
results revealed that blood vessel development and cell
adhesion-related terms were most enriched in the GO
analysis (Fig. 3a). Furthermore, the cell cycle and differ-
entiation, chemotaxis and immune-related terms were
enriched in the significant proteins (Fig. 3b, significant
proteins are shown in Additional file 2: Table S3). The
KEGG results revealed that the focal adhesion-related
pathway was enhanced based on the top 500 significant
transcripts in the placenta accreta group, which was
similar with the results in the proteome (Fig. 3c and d).
In addition, the cell migration pathway increased in the
most-significant proteins (Fig. 3e).

Validation of proteins involved in the adhesion related
pathway

Based on the GO-BP process (Fig. 3e) and critical role
of adhesion-related signature, we analyzed all pro-
teins in the “negative regulation of cell migration”
and overlapped with the most-significant proteins,
which revealed that MeCP2, PODN, and ApoD might
be major proteins in the signature to promote the
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Fig. 1 Basic profiling of the transcriptome and proteome. The PCA results showed the placenta accreta and control groups were generally
distributed in different directions based on the transcriptome (a) and proteome (b), red dots denote PA group, green dots denote control group; ¢
Venn diagram to reflect the 4.65% overlap degree of transcripts and proteins; d 2D plot of the correlation between the transcriptome and proteome
which showed the correlation coefficient was 0.03, the x-axis is the protein expression level, and the y-axis is the gene expression level, black dots
denote NDEPs_NDEGs, green dots denote NDEPs_DEGs, red dots denote DEPs_NDEGs, and bule dots denote DEPs_DEGs. PA: placenta accreta;

NDEGs: not differentially expressed genes; NDEPs: not differentially expressed proteins; DEGs: differentially expressed genes; DEPs: differentially
expressed proteins; PCA: principal components analysis

development of placenta accreta. Therefore, PCR was  P=0.004, respectively in mRNA level and P=0.0012,

performed to estimate the mRNA (Fig. 4a) and protein P =0.0046, P=0.0003, respectively in protein level).
levels (Fig. 4b and c) of this gene. The results showed

that MeCP2, PODN, and ApoD were downregulated
in the placenta accreta group (P=0.02, P=0.009,
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Fig. 2 The most-significant proteins in the placenta accreta group. a Plot showing expression of transcripts, red triangles denote up-regulated
genes, blue squares denote down-regulated genes, and grey dots denote non-regulated genes; b volcano plot of proteins, red dots denote
up-regulated proteins, green dots denote down-regulated proteins, and grey dots denote non-regulated proteins, transverse dashed line denotes
"—1log10(0.05)", vertical dashed line denotes “log2(0.67)" and “log2(1.5)" (from left to right); ¢ 2D plot of the correlation between the DEGs and DEPs
which showed the correlation coefficient was 0.14 (dashed line), the x-axis is the protein expression level, and the y-axis is the gene expression level;
d Venn diagram to reflect the 0.09% overlap degree and 33 overlapping genes between the transcripts and proteins. Heatmaps of 37,743 transcripts
(e) and 160 proteins (f), and heatmaps of 33 overlapping transcripts (g) and 33 proteins (h). FC: fold change; DEGs: differentially expressed genes;
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MeCP2, PODN and ApoD downregulation promote
migration and invasion of HTR-8/SVneo cells

To clarify the function of MeCP2, PODN and ApoD,
si-MeCP2, si-PODN, and si-ApoD, or their negative
controls were transfected into HTR-8/SVneo cell lines.
After 48 h, si-MeCP2, si-PODN and si-ApoD resulted
in decreased protein expression level of them (Fig. 5a
and b). Additionally, the mRNA expression levels of
MeCP2, PODN and ApoD confirmed that the transfec-
tion was effective (Fig. 5¢) and the most effective siRNAs
were selected for future research. Furthermore, Tran-
swell experiments performed to explore the function of
MeCP2, PODN and ApoD showed that si-MeCP2, si-
PODN and si-ApoD significantly increased the migration
and invasion rate of HTR-8/SVneo cells (Fig. 5d and e).

Discussion

In our study, we screened significant transcripts and pro-
teins with a limited 0.09% overlap between them in the
placenta accreta group. Combining the transcriptome
and proteome is more likely to detect a significant cor-
relation when evaluating the mechanism and studying
biomarkers [23-25]. It might be explained by the com-
plex regulatory mechanism of the gene expression pro-
cess. Analyzing the protein and mRNA results with the
same significant differential expression trend can help
confirm the sequencing results and explain the regula-
tion of gene expression. The post-transcriptional regula-
tory mechanism and protein translation efficiency can
be analyzed from the proteins and mRNAs with opposite
expression changes. In other words, the complementary
transcriptome and proteome are more beneficial to study
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Table 2 The overlapped proteins and transcripts

ProteinID DEPs GenelD DEGs Trend SE

APOD - NM_001647.3 — Same 0.35
ASAP1 + MTCONS_00356145  + Same 033
CBPZ — NM_001014447.2 — Same 0.05
CETP — NM_000078.2 — Same 0.28
cLIc2 — NM_001289.5 — Same 0.58
CRF + NM_000756.3 + Same 0.70
DHB8 — NM_014234.4 — Same 042
DHRS4 — NM_021004.3 — Same 0.88
FHL3 — NM_004468.4 — Same 038
FKBP5 — NM_001145775.2 — Same 0.34
FLNC — NM_001458.4 - Same 040
H2B1)J — MTCONS_00311829 — Same 043
HO0B4 - NM_001271970.1 + Opposite  0.22
HS12B — XM_017027632.1 + Opposite 042
HYCCI + NM_032581.3 - Opposite 043
IRF6 + MTCONS_00032564  — Opposite  0.31
K2C5 + NM_000424.3 - Opposite 039
KCC2A - NM_171825.2 - Same 0.25
MECP2 - NM_004992.3 - Same 0.72
MGT5A + NM_002410.4 - Opposite  0.24
MIC27 - XM_017029272.1 - Same 038
MTA3 — XM_005264456.2 — Same 046
NXN - NM_022463.4 - Same 042
PA24A - XM_011509642.2 + Opposite 035
PAXI - NM_001080855.2 - Same 0.34
PODN - MTCONS_00006423  — Same 0.25
PSG5 - MTCONS_00178600  + Opposite  0.28
RL27A - MTCONS_00318734  + Opposite 043
S27A4 - NM_005094.3 - Same 033
SNX29 + NM_032167.4 - Opposite  0.50
TBB8 - NM_177987.2 — Same 0.19
ZFY16 — XM_011543753.2 - Same 033
ZGRF1 — XM_005263115.3 + Opposite 029

DEG: differentially expressed gene; DEP: differentially expressed proteins; SE:
sensitivity; “+": up-regulated compared with the control group; “—": down-
regulated compared with the control group

phenotypic and genetic regulatory mechanisms in bio-
logical models [26]. Thus, we combined transcriptome
and proteome profiling to clarify the mechanism regulat-
ing placenta accreta.

Although a poor correlation was observed between
the transcriptome and proteome, there were still sev-
eral common features: the adhesion-related signature
increased in the transcriptome and proteome based
on the KEGG and GO pathway analyses in the pla-
centa accreta group, demonstrating that trophoblast
invasion plays a critical role in the development of pla-
centa accreta, as shown in Additional file 1: Fig. S1. The
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boundary between trophoblasts and myometrium was
clear in control group, while in placenta accreta group,
trophoblasts invaded into the myometrium, indicating
the enhanced invasion ability of trophoblasts in placenta
accreta group.

Placental development is a complex and strictly con-
trolled process. During pregnancy, cytotrophoblasts
proliferate and differentiate by two ways: syncytiotroph-
oblasts or extravillous trophoblasts (EVT). Extravillous
trophoblasts differentiate through two pathways: inter-
stitial EVT that invades the decidua and myometrium
of the uterus and intravascular EVT that invades the
spiral artery with the characteristics of endothelial cells.
Shallow invasion increases the risk of pregnancy com-
plications, such as severe preeclampsia and fetal growth
restriction (FGR) and so on. Overly deep invasion will
lead to the hallmark of the placenta accreta.

Yue Chen reported that trophoblast cell adhesion and
migration increase in MARVELD1 knockout mice, which
exhibit a placenta accreta phenotype [27]. Furthermore,
extravillous trophoblasts from patients with placenta
accreta show more mesenchymal characteristics and lose
E-cadherin, which is a transmembrane protein involved
in cell adhesion [28-30]. Kocarslan reported that matrix
metalloproteinase 2 is highly expressed in placenta per-
creta compared to normal placental tissues [31]. All of
these results are consistent with the results in this study;
the adhesion-related signature was enhanced in placenta
accreta. In addition to EVT, Leah McNally found that
overexpression of DOCK4 increased CTB invasiveness
[32]. Our study further demonstrates over-invasion of
trophoblasts in the pathogenesis of placenta accreta. It
has been reported that in vitro model, undifferentiated
endometrial stromal cells (ESCs) can promote the inva-
sion of trophoblasts [33]. Moreover, decidual stromal
cells (DSCs), which accounts for 75% of the total decidual
tissue, can regulate trophoblast invasion [34]. However,
due to the complexity of decidual tissue, in addition to
DSC, there are decidual natural killer (NK) cells (natu-
ral killer cells), macrophages and so on, which makes the
regulatory mechanism of decidual tissue on the tropho-
blast invasion unclear.

Our study also found that the immune-related terms
were enriched at the proteomic level in the placenta
accreta group, indicating that the immune signature
may be involved in the pathogenesis of placenta accreta.
Schwede reported that Treg-cells might regulate troph-
oblast invasion [35]. The invasion of trophoblasts is
regulated by numerous factors and may be regulated by
decidual cells, T cells, and NK cells at the maternal—fetal
interface in addition to self-secretion. Abnormal immune
function in the placenta may cause dysregulated com-
munication among T cells, NK cells, and lymphocytes
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and their adequate interaction with each other may be a  resulting in excessive trophoblast invasion and promot-

mechanism to ensure extravillous trophoblast invasion. ing the occurrence of placenta accreta.

Abnormal placental immune function in patients with To clearly illuminate the pathogenic mechanism of pla-

placenta accreta may lead to an imbalance between them, centa accreta, the most-significant proteins were iden-
tified and a functional analysis was performed. In this
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Fig. 5 MeCP2, PODN and ApoD downregulation promotes the migration and invasion of HTR-8/SVneo cells. a, b Levels of MeCP2, PODN and ApoD
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study, 33 proteins were most important, and the func-
tional analysis revealed that the “negative regulation of
cell migration” was enriched, which was similar with the
functional analysis of the transcriptome and proteome.
According to the “negative regulation of cell migration”
process, we examined three proteins, such as apolipo-
protein D (ApoD), podocan (PODN), and methyl-CpG-
binding domain protein 2 (MeCP2), to demonstrate the
veracity of profiling and migration signature involvement
in the development of placenta accreta. Furthermore,

the cell experiments confirmed the functions of MeCP2,
PODN, and ApoD in trophoblast migration and invasion.

PODN, a new member of the small leucine-rich repeat
protein family, has been reported to suppress migration
[36, 37]. In our study, decreased expression of PODN
promoted migration of the trophoblast leading to the
development of placenta accreta. Previous studies have
reported that PODN regulates Wnt/p-catenin signal-
ing, which plays a critical role in cellular migration and
embryonic development [36, 38, 39]. We speculated that
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PODN exerts its function in the extracellular matrix
through Wnt/p-catenin signaling to mediate differentia-
tion and migration of the trophoblast.

MeCP2 is an epigenetic regulator that binds to meth-
ylated CpG dinucleotide in DNA and is essential for
embryo viability and placental development [40]. Cao
et al. reported that MeCP2 is downregulated leading
to dysregulation of expression of canonical transient
receptor potential 3 in placental tissues of patients
complicated with gestational diabetes mellitus [41].
Previous studies have reported that DNA methylation
is critical during early trophoblast development and
differentiation [42, 43]. It has been hypothesized that
DNA hypomethylation allows upregulation of epithelial
to mesenchymal transition (EMT) genes, which medi-
ates acquisition of an invasive and migratory phenotype
[44, 45]. In our study, MeCP2 decreased in the placenta
accreta group indicating a hypomethylated state in pla-
cental tissues, which could influence the expression
of genes involved in regulating cell proliferation, cell
apoptosis, and cell invasion [45-47]. Downregulated
MeCP2 in a patient with placenta accreta might affect
the EMT or induce adhesion-related proteins to pro-
mote trophoblast invasion.

ApoD is a member of the lipocalin superfamily with a
wide distribution in mammalian tissues and an appar-
ent multifunctional role regulating lipid transport and
lipid binding. Chih-Jen Lai reported that ApoD colocal-
izes with the high density lipoprotein (HDL) receptor
(scavenger receptor, class B, type I, and SR-B1) to sup-
press formation and migration of human umbilical vein
endothelial cells [48]. Additionally, very low density
lipoprotein (VLDL) and LDL promote cell prolifera-
tion, metastasis, and angiogenesis and HDL glycation
activates cell proliferation and migration and inhib-
its apoptosis in breast cancer [49, 50]. ApoD mediates
binding of HDL to LDL in T24 carcinoma [51], and
ApoD may regulate trophoblast migration by regulating
LDL and HDL.

In summary, we explored the mechanism of placenta
accreta and identified proteins that promote migration
of the trophoblast. This is the first study to combine the
transcriptome and proteome to elucidate the pathogen-
esis of placenta accreta and show that adhesion-related
signatures increased in placenta accreta patients. How-
ever, several limitations of this study should be discussed.
Only ten samples were assessed and only a single sample
per patient was used in the third-trimester after deliv-
ery. Nevertheless, the small number of samples may
have resulted from the low incidence of placenta accreta
among pregnancies and the strict diagnostic criteria
based on the pathological examination. Future multi-
omics studies must be performed on a large cohort of
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patients and on spatially and developmentally distinct
placental tissues in each patient to consider the inter- and
intra-heterogeneity of placenta accreta. Furthermore,
future research that include the analysis of maternal
plasma collected during the pregnancy should be per-
formed to identify the biomarkers based on the proteins
that play a critical role in the pathogenesis of placenta
accreta.

Conclusion

A poor correlation was observed between the tran-
scriptome and proteome data and MeCP2, PODN, and
ApoD decreased in transcriptome and proteome pro-
filing, resulting in increased migration of trophoblasts
in the placenta accreta group, which clarify the mecha-
nism of PA and might be the biomarkers or therapy tar-
gets in the future.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512014-021-09336-8.

Additional file 1: Figure S1. HE staining images of placental tissues. a
and b, the HE staining images in control group, a indicates x 40 and b
indicates x 200. ¢ and d, the HE staining images in placenta accreta group,
c indicates x 40 and d indicates x 200.

Additional file 2. The additional tables.

Acknowledgements

The study was supported by the Ministry of Science and Technology of the
People’s Republic of China (No. 2016YFC1000404 to Chong Qiao) and Liaoning
Provincial Education Department (No. LS201611 for Na Li). We are grateful to
all study participants.

Authors’ contributions

JW and CQ proposed the concept and supervised the study. RH, CLand TY
helped with the experimentation and data analysis. NL was in charge of the
literature search, experiments, data analysis, and writing of the article. All
authors read and approved the final manuscript.

Funding

The study was supported by the Ministry of Science and Technology of the
People’s Republic of China (No. 2016YFC1000404 to Chong Qiao) and Liaoning
Provincial Education Department (No. LS201611 for Na Li).

Availability of data and materials
The datasets during and/or analysed during the current study available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Informed consent was obtained from patients and this study was approved
by the ethical committee of Shengjing Hospital, China Medical University
(No.2017PS317K and No.2017PS318K), according to the tenets of the Declara-
tion of Helsinki.

Consent for publication
Not applicable.


https://doi.org/10.1186/s12014-021-09336-8
https://doi.org/10.1186/s12014-021-09336-8

Li et al. Clinical Proteomics

(2021) 18:31

Competing interests
The authors have declared that no competing interest exists.

Author details

'Department of Obstetrics and Gynecology, Shengjing Hospital of China
Medical University, Shenyang, China. 2Key Laboratory of Maternal-Fetal
Medicine of Liaoning Province; Key Laboratory of Obstetrics and Gynecol-
ogy of Higher Education of Liaoning Province, Benxi, China. >Department

of Obstetrics and Gynecology, West China Second University Hospital, Sichuan
University, Chengdu, China.

Received: 22 April 2021 Accepted: 9 December 2021
Published online: 29 December 2021

References

1.

Jauniaux E, Collins S, Burton GJ. Placenta accreta spectrum: pathophysiol-
ogy and evidence-based anatomy for prenatal ultrasound imaging. Am J
Obstet Gynecol. 2018;218(1):75-87.

Jauniaux E, Jurkovic D. Placenta accreta: pathogenesis of a 20th century
jatrogenic uterine disease. Placenta. 2012;33(4):244-51.

Thurn L, Lindgvist PG, Jakobsson M, Colmorn LB, Klungsoyr K, Bjarnadottir
RI, et al. Abnormally invasive placenta-prevalence, risk factors and ante-
natal suspicion: results from a large population-based pregnancy cohort
study in the Nordic countries. BJOG. 2016;123(8):1348-55.

Yang T, Li N, Qiao C, Liu C. Development of a novel nomogram for pre-
dicting placenta accreta in patients with scarred uterus: a retrospective
cohort study. Front Med. 2019;6:289.

Qi WH, Zheng MY, Li C, Xu L, Xu JE. Screening of differential proteins of
placenta tissues in patients with pre-eclampsia by iTRAQ proteomics
techniques. Minerva Med. 2017;108(5):389-95.

Pan HT, Ding HG, Fang M, Yu B, Cheng Y, Tan YJ, et al. Proteomics and bio-
informatics analysis of altered protein expression in the placental villous
tissue from early recurrent miscarriage patients. Placenta. 2018,61:1-10.
Zhao D, Shen L, Wei Y, Xie J, Chen S, Liang Y, et al. Identification of candi-
date biomarkers for the prediction of gestational diabetes mellitus in the
early stages of pregnancy using iTRAQ quantitative proteomics. Proteom-
ics Clin Appl. 2017;11(7-8):1600152.

Menon R, Dixon CL, Sheller-Miller S, Fortunato SJ, Saade GR, Palma C, et al.
Quantitative proteomics by SWATH-MS of maternal plasma exosomes
determine pathways associated with term and preterm birth. Endocrinol-
ogy. 2019;160(3):639-50.

Vora N, Kalagiri R, Mallett LH, Oh JH, Wajid U, Munir S, et al. Proteomics
and metabolomics in pregnancy-an overview. Obstet Gynecol Surv.
2019;74(2):111-25.

Schadt EE, Zhang B, Zhu J. Advances in systems biology are enhancing
our understanding of disease and moving us closer to novel disease
treatments. Genetica. 2009;136:259-69.

Majewska M, Lipka A, Paukszto L, Jastrzebski JP, Szeszko K, Gowkielewicz
M, et al. Placenta transcriptome profiling in intrauterine growth restric-
tion (IUGR). Int J Mol Sci. 2019;20(6):1510.

Yong HE, Melton PE, Johnson MP, Freed KA, Kalionis B, Murthi P, et al.
Genome-wide transcriptome directed pathway analysis of maternal pre-
eclampsia susceptibility genes. PLoS ONE. 2015;10(5):e0128230.

Laset M, Mundal SB, Johnson MP, Fenstad MH, Freed KA, Lian IA, et al.

A transcriptional profile of the decidua in preeclampsia. Am J Obstet
Gynecol. 2011,204(1):84.e1-27.

Pereyra S, Sosa C, Bertoni B, Sapiro R. Transcriptomic analysis of fetal
membranes reveals pathways involved in preterm birth. BMC Med
Genomics. 2019;12(1):53.

Eidem HR, Ackerman WE 4th, McGary KL, Abbot P, Rokas A. Gestational
tissue transcriptomics in term and preterm human pregnancies: a sys-
tematic review and meta-analysis. BMC Med Genomics. 2015;8:27.
Majewska M, Lipka A, Paukszto L, Jastrzebski JP, Myszczynski K, Gowkiele-
wicz M, et al. Transcriptome profile of the human placenta. Funct Integr
Genomics. 2017;17(5):551-63.

Kim J, Zhao K, Jiang P, Lu ZX, Wang J, Murray JC, et al. Transcriptome
landscape of the human placenta. BMC Genomics. 2012;13:115.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

Page 11 of 12

. Abdulghani M, Song G, Kaur H, Walley JW, Tuteja G. Comparative analysis

of the transcriptome and proteome during mouse placental develop-
ment. J Proteome Res. 2019;18(5):2088-99.

. Wang L, Feng Z, Wang X, Wang X, Zhang X. DEGseq: an R package for

identifying differentially expressed genes from RNA-seq data. Bioinfor-
matics. 2010;26(1):136-8.

Choi M, Chang CY, Clough T, Broudy D, Killeen T, MacLean B, et al. MSstats:
an R package for statistical analysis of quantitative mass spectrometry-
based proteomic experiments. Bioinformatics. 2014;30(17):2524-6.
Zhou'Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O,

et al. Metascape provides a biologist-oriented resource for the analysis of
systems-level datasets. Nat Commun. 2019;10(1):1523.

Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A,

et al. ClueGO: a Cytoscape plug-in to decipher functionally grouped
gene ontology and pathway annotation networks. Bioinformatics.
2009;25(8):1091-3.

Lemée JM, Clavreul A, Aubry M, Com E, de Tayrac M, Mosser J, et al. Inte-
gration of transcriptome and proteome profiles in glioblastoma: looking
for the missing link. BMC Mol Biol. 2018;19(1):13.

Shen H, Zhong F, Zhang Y, Yu H, Liu Y, Qin L, et al. Transcriptome and
proteome of human hepatocellular carcinoma reveal shared metastatic
pathways with significant genes. Proteomics. 2015;15(11):1793-800.
Bouchal P, Dvorakova M, Roumeliotis T, Bortli¢ek Z, Ihnatova |, Prochaz-
kova I, et al. Combined proteomics and transcriptomics identifies
carboxypeptidase B1 and NF-kB associated proteins as putative bio-
markers of metastasis in low grade breast cancer. Mol Cell Proteomics.
2015;14(7):1814-30.

Ritchie MD, Holzinger ER, Li R, Pendergrass SA, Kim D, et al. Methods of
integrating data to uncover genotype—phenotype interactions. Nat Rev
Genet. 2015;16(2):85-97.

Chen, Zhang H, Han F, Yue L, Qiao C, Zhang Y, et al. The depletion of
MARVELD?1 leads to murine placenta accreta via integrin 4-dependent
trophoblast cell invasion. J Cell Physiol. 2018;233(3):2257-69.
DaSilva-Arnold SC, Zamudio S, Al-Khan A, Alvarez-Perez J, Mannion C,
Koenig C, et al. Human trophoblast epithelial-mesenchymal transition in
abnormally invasive placenta. Biol Reprod. 2018;99(2):409-21.

Duzyj CM, Buhimschi IA, Motawea H, Laky CA, Cozzini G, Zhao G, et al.
The invasive phenotype of placenta accreta extravillous trophoblasts
associates with loss of E-cadherin. Placenta. 2015;36(6):645-51.

Incebiyik A, Kocarslan S, Camuzcuoglu A, Hilali NG, Incebiyik H,
Camuzcuoglu H. Trophoblastic E-cadherin and TGF-beta expression in
placenta percreta and normal pregnancies. J Matern Fetal Neonatal Med.
2016;29(1):126-9.

Kocarslan S, Incebiyik A, Guldur ME, Ekinci T, Ozardali HI. What is the role
of matrix metalloproteinase-2 in placenta percreta? J Obstet Gynaecol
Res. 201541(7):1018-22.

McNally L, Zhou Y, Robinson JF, Zhao G, Chen LM, et al. Up-regulated
cytotrophoblast DOCK4 contributes to over-invasion in placenta accreta
spectrum. Proc Natl Acad Sci USA. 2020;117(27):15852—-61.
Wongwananuruk T, Sato T, Kajihara T, Matsumoto S, Akita M, et al. Endo-
metrial androgen signaling and decidualization regulate trophoblast
expansion and invasion in co-culture: a time-lapse study. Placenta.
2016;47:56-62.

Sharma S, Godbole G, Modi D. Decidual control of trophoblast invasion.
Am J Reprod Immunol. 2016;75(3):341-50.

Schwede S, Alfer J, von Rango U. Differences in regulatory T-cell and
dendritic cell pattern in decidual tissue of placenta accreta/increta cases.
Placenta. 2014;35(6):378-85.

Hutter R, Huang L, Speidl WS, Giannarelli C, Trubin P, Bauriedel G, et al. the
novel small leucine-rich repeat protein podocan is a negative regula-
tor of migration and proliferation of smooth muscle cells, modulates
neointima formation and is expressed in human atheroma. Circulation.
2013;128(22):2351-63.

Shimizu-Hirota R, Sasamura H, Kuroda M, Kobayashi E, Saruta T. Functional
characterization of podocan, a member of a new class in the small
leucine-rich repeat protein family. FEBS Lett. 2004;563(1-3):69-74.

Li'S, Liu b, FuY, Zhang C, Tong H, Li S, et al. Podocan promotes differentia-
tion of bovine skeletal muscle satellite cells by regulating the Wnt4-f3-
catenin signaling pathway. Front Physiol. 2019;10:1010.



Li et al. Clinical Proteomics (2021) 18:31 Page 12 of 12

39. LiuD,Lis, CuiY, Tong H, Li S, Yan Y. Podocan affects C2C12 myogenic
differentiation by enhancing Wnt/B-catenin signaling. J Cell Physiol.
2019;234(7):11130-9.

40. Itoh M, Tahimic CG, Ide S, Otsuki A, Sasaoka T, Noguchi S, et al. Methy!
CpG-binding protein isoform MeCP2_e2 is dispensable for Rett syndrome
phenotypes but essential for embryo viability and placenta develop-
ment. J Biol Chem. 2012,287(17):13859-67.

41. CaoJL, Zhang L, Li J,Tian S, Lv XD, Wang XQ, et al. Up-regulation of
miR-98 and unraveling regulatory mechanisms in gestational diabetes
mellitus. Sci Rep. 2016;6:32268.

42. Branco MR, King M, Perez-Garcia V, Bogutz AB, Caley M, Fineberg E, et al.
Maternal DNA methylation regulates early trophoblast development. Dev
Cell. 2016;36(2):152-63.

43. Gamage TKJB, Schierding W, Hurley D, Tsai P, Ludgate JL, Bhoothpur C,
et al. The role of DNA methylation in human trophoblast differentiation.
Epigenetics. 2018;13(12):1154-73.

44. Logan PC, Mitchell MD, Lobie PE. DNA methyltransferases and TETs in the
regulation of differentiation and invasiveness of extra-villous tropho-
blasts. Front Genet. 2013;4:265.

45. Novakovic B, Evain-Brion D, Murthi P, Fournier T, Saffery R. Variable DAXX
gene methylation is a common feature of placental trophoblast differen-
tiation, preeclampsia, and response to hypoxia. FASEB J. 2017;31:2380-92.

46. Sharma K, Singh J, Frost EE, Pillai PP. MeCP2 overexpression inhibits
proliferation, migration and invasion of C6 glioma by modulating ERK
signaling and gene expression. Neurosci Lett. 2018,674:42-8.

47. Wang C,Wang F, Li Z, Cao Q, Huang L, Chen S. MeCP2-mediated epige-
netic regulation in senescent endothelial progenitor cells. Stem Cell Res
Ther. 2018;9(1):87.

48. Lai CJ, Cheng HC, Lin CY, Huang SH, Chen TH, Chung CJ, et al. Activation
of liver X receptor suppresses angiogenesis via induction of ApoD. FASEB
J.2017;31(12):5568-76.

49. LuCW, Lo YH, Chen CH, Lin CY, Tsai CH, Chen PJ, et al. VLDL and LDL, but
not HDL, promote breast cancer cell proliferation, metastasis and angio-
genesis. Cancer Lett. 2017;388:130-8.

50. Cedd L, Reddy ST, Mato E, Blanco-Vaca F, Escola-Gil JC. HDL and LDL:
potential new players in breast cancer development. J Clin Med.
2019;8(6):853.

51. Braesch-Andersen S, Beckman L, Paulie S, Kumagai-Braesch M. ApoD
mediates binding of HDL to LDL and to growing T24 carcinoma. PLoS
ONE. 2014;9(12):115180.

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

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

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Integration of transcriptome and proteome profiles in placenta accreta reveals trophoblast over-migration as the underlying pathogenesis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Patients and sample collection
	Cell lines, cell culture, and transfection
	Extraction and analysis of RNA and proteins
	Western blotting
	Quantitative reverse transcriptase polymerase chain reaction
	Transwell migration and invasion assay
	Bioinformatics analysis
	Statistical analysis

	Results
	Transcriptome and proteome profiles
	The most-significant proteins in the placenta accreta group
	Enhanced adhesion signature in placenta accreta
	Validation of proteins involved in the adhesion related pathway
	MeCP2, PODN and ApoD downregulation promote migration and invasion of HTR-8SVneo cells

	Discussion
	Conclusion
	Acknowledgements
	References




