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Regulates the Proliferation, Invasion,
and Migration of Placental Trophoblast Cells
Sijia Jiang,1,4 Qian Chen,1,4 Haihua Liu,1,2,3,4 Yue Gao,1,2,3 Xiaoxue Yang,1 Zhonglu Ren,1 Yunfei Gao,1 Lu Xiao,1

Mei Zhong,1 Yanhong Yu,1 and Xinping Yang1,2,3

1Center for Genetics and Developmental Systems Biology, Department of Obstetrics & Gynecology, Nanfang Hospital, Southern Medical University, Guangzhou 510515,

China; 2Key Laboratory of Mental Health of the Ministry of Education, Southern Medical University, Guangzhou 510515, China; 3Department of Bioinformatics, School of

Basic Medical Sciences, Southern Medical University, Guangzhou 510515, China
Preeclampsia is believed to be caused by impaired placentation
with insufficient trophoblast invasion, leading to impaired uter-
ine spiral artery remodeling and angiogenesis. However, the un-
derlying molecular mechanism remains unknown. We recently
carried out transcriptome profiling of placental long noncoding
RNAs (lncRNAs) and identified 383 differentially expressed
lncRNAs in early-onset severe preeclampsia. Here, we are report-
ing our identification of lncRNA INHBA-AS1 as a potential
causal factor of preeclampsia and its downstream pathways
that may be involved in placentation. We found that INHBA-
AS1 was upregulated in patients and positively correlated with
clinical severity. We systematically searched for potential IN-
HBA-AS1-binding transcription factors and their targets in da-
tabases and found that the targets were enriched with differen-
tially expressed genes in the placentae of patients. We further
demonstrated that the lncRNA INHBA-AS1 inhibited the inva-
sion and migration of trophoblast cells through restraining the
transcription factor CENPB from binding to the promoter of
TNF receptor-associated factor 1 (TRAF1). Therefore, we have
identified the dysregulated pathway “INHBA-AS1-CENPB-
TRAF1” as a contributor to the pathogenesis of preeclampsia
through prohibiting the proliferation, invasion, and migration
of trophoblasts during placentation.
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INTRODUCTION
Preeclampsia (PE) is a pregnancy-specific hypertensive syndrome, with
onset of hypertension and proteinuria after 20 weeks’ gestation.1 The
prevalence of PE is 3%–5% of pregnancies,2 accounting for 10% to
15% ofmaternalmortality.3 The grave consequences of PE onmaternal
health are mainly attributed to cerebral edema, intracranial hemor-
rhage, and eclampsia.4,5 PE also has significant consequences on fetal
development and growth, often leading to perinatal and infant
morbidity or mortality,6 and it contributes to preterm births7,8 and
�15% cases of fetal growth restriction (FGR).8,9 In the long term, PE
affects brain development and functions and has profound conse-
quences on the offspring in later life.10 Because the etiology is unclear,
there is still a lack of both early diagnosis and radical treatment for PE.
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Recent studies suggest that the root cause of PE lies with the
placenta. The impairment of uterine spiral artery remodeling
caused by insufficient trophoblast cell infiltration might be critical
in the early stage of PE development,11 characterized by placental
endothelial cell damage, caused by shallow invasion of tropho-
blasts into the endometrium and the placental vascular recasting
barriers.6,12–15 Genetic factors play a role in its pathogenesis,
and the heritability of PE is about 50%.16,17 Genome-wide linkage
studies on pedigrees have identified risk loci on chromosomes
2p13, 2q23, 11q23, 10q22, 22q12, 2p25, 9p13, 4q32, and
9p11.18–22 Genome-wide association studies (GWASs) have found
some variants associated with PE.23,24 Numerous placental micro-
array studies have identified some differentially expressed genes
(DEGs) and related pathways involved in placentation, angiogen-
esis, immune function, and hypoxia,25–32 pointing to placental
mechanisms underlying PE. Recent studies suggest that some
long noncoding RNAs (lncRNAs) may be involved in placental
gene dysregulation. For example, H19 is reported to be reduced
in the placentae of pregnancies with FGR through altering tropho-
blast cell invasion and migration regulated by the H19/TbR3
pathway.33 It is reported that MEG3 and MALAT1 are downregu-
lated in placental tissues from preeclamptic patients, and MEG3
inhibits apoptosis and promotes migration of trophoblast
cells.34,35 SPRY4-IT1 is found to suppress the migration and inva-
sion of trophoblast.36,37 HOTAIR is well known as a master regu-
lator of chromatin status in cancer38 and is found to promote in-
vasion of trophoblast cells.39 These studies suggest that lncRNAs
may play a critical role in placenta development, and the dysregu-
lation of some lncRNAs may lead to placenta-origin diseases, such
as PE.
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One of the major functions of lncRNAs is to recruit/inhibit transcrip-
tion factors (TFs) to the promoter of their targeting genes.40,41

Although the transcriptome sequencing has revealed a large number
of lncRNAs in normal human placenta,42 we do not know to what
extent the lncRNAs might be involved in PE. In order to search for
lncRNAs involved in PE, our group has recently carried out a tran-
scriptome sequencing on placentae from patients with early-onset se-
vere PE (EOSPE) and normal controls and identified 383 lncRNAs
differentially expressed. We found that the lncRNA INHBA-AS1
was upregulated in PE patients and positively correlated with severity
of the clinical presentation of the pregnant women. We performed a
systematic search for interacting proteins of INHBA-AS1, including
TFs and their targets. We found significant enrichment of EOSPE-
associated genes in INHBA-AS1 targeting genes, suggesting the po-
tential involvement of INHBA-AS1 in the dysregulated gene expres-
sion in the placentae of patients with EOSPE. Here, we demonstrated
that INHBA-AS1 may be involved in EOSPE through recruiting the
TFs to the promoter of TRAF1 (TNF receptor-associated factor 1)
that are important for the proliferation, invasion, and migration of
trophoblast cells, which are considered to be the key cellular functions
for placentation.

RESULTS
INHBA-AS1 Is Upregulated in the Placentae of Patients with

EOSPE

The lncRNA INHBA-AS1 was among the top lncRNAs with signif-
icant upregulation in the placental transcriptomes of EOSPE pa-
tients (Figure 1A). To further confirm the association of INHBA-
AS1 with EOSPE, we collected placentae from 20 cases of PE, which
showed significant difference in blood pressure and proteinuria
compared to 20 cases of normal controls (Table 1), and found
that INHBA-AS1 was significantly upregulated in 80% (16/20) of
PE cases (p < 0.01) (Figures 1B and 1C) using qRT-PCR. Interest-
ingly, the expression levels of INHBA-AS1 in placentae were posi-
tively correlated with the severity of clinical characteristics, such
as systolic and diastolic blood pressures (Figures 1D and 1E). Since
lncRNAs usually exert their functions through interacting with pro-
teins, we obtained empirical DElncRNA-protein interactions from
the RNA-protein interaction databases starBase, RNA Association
Interaction Database (RAID), and NPInter and predicted
DElncRNA-protein interactions using catRAPID omics. From these
data we extracted INHBA-AS1-protein interactions, 658 of which
were TFs (Figure 1F; Table S1). The genes encoding proteins inter-
acting with INHBA-AS1 are significantly enriched with differentially
expressed coding genes in EOSPE (Figure 1G; Fisher’s exact test, p =
5.848�7). These TFs target 11,402 genes (including 2,336 DEGs in
EOSPE; Figure 1F), which are significantly enriched with DEGs in
EOSPE (Figure 1H; Fisher’s exact test, p = 8.344�9), suggesting
that INHBA-AS1 might be involved in gene dysregulation of
EOSPE. We further carried out pathway enrichment analysis on
the targets dysregulated in EOSPE and found some enriched path-
ways (Figure 1I): the hypoxia-inducible factor 1 (HIF�1) signaling
pathway,43–45 lysosome pathway,46,47 and insulin signaling
pathway,48,49 which are all known to be associated with PE.
INHBA-AS1 Inhibits the Invasion, Migration, and Proliferation

and Promotes Apoptosis of Trophoblast Cells

The invasion and migration of trophoblasts are essential for placen-
tation, dysregulation of which is thought to play a critical role in
the pathogenesis of PE. Therefore, we tested the effect of INHBA-
AS1 on the invasion and migration of trophoblast cells using overex-
pression or knockout. The overexpression of INHBA-AS1 in a human
villous trophoblast cell line, HTR-8/SVneo cells, was established by
transfecting the full-length cDNA of INHBA-AS1 into the cells (Fig-
ure S1A). Multiple INHBA-AS1-knockout monoclonal cell lines were
established using CRISPR/Cas9 method (Figure S1B). We evaluated
the invasion and migration using a Transwell assay (Corning, USA)
and found that overexpression of INHBA-AS1 inhibited invasion
and migration of HTR-8/SVneo cells (Figure 2A), whereas its
knockout promoted invasion and migration (Figure 2B). We tested
cell proliferation using a 5-ethynyl-20-deoxyuridine (EdU) assay
and found that overexpression of INHBA-AS1 promoted proliferation
(Figure 2C), whereas knockout inhibited proliferation (Figure 2D).
We also measured cell proliferation using cell counting kit-8 (CCK-
8; Dojindo) and obtained similar results (Figures 2E and 2F).

Consistent with the results on cell proliferation, overexpression of
INHBA-AS1 arrested cell cycle and reduced the number of cells
entering S phase (Figure 3A), whereas knockout of it promoted
the transition from G0/G1 phase to S phase (Figure 3B). We
further found that overexpression of INHBA-AS1 promoted
apoptosis (Figure 3C), whereas its knockout inhibited apoptosis
(Figure 3D). These results demonstrate that INHBA-AS1 inhibits
invasion, migration, and proliferation and promotes apoptosis of
trophoblast cells, suggesting that the upregulation of INHBA-AS1
might lead to poor placentation due to impaired trophoblast inva-
sion and migration.

CENPB as a Downstream Effector of INHBA-AS1

With the use of FISH (fluorescence in situ hybridization) and cell
fractionation, we found that INHBA-AS1 was mainly located in the
nucleus (Figures 4A and 4B), suggesting that INHBA-AS1 might
participate in transcriptional regulation. To search for proteins
binding to INHBA-AS1, we carried out an RNA-pulldown assay
(Figure S2A) and detected 167 proteins in the INHBA-AS1-protein
complexes using mass spectrometry (Figure S2B; Table S2). Of the
167 proteins binding to INHBA-AS1, 50 were TFs, showing signif-
icant enrichment (29.94%, p = 1.336�8) (Figure 4C). We per-
formed enrichment analysis for Gene Ontology (GO) terms
(cellular components) and found that INHBA-AS1-binding pro-
teins might be associated with protein complexes in the nucleus
(Figure 4D).

We obtained 1,440 targets of these 50 TFs (Table S3) by searching da-
tabases TRED,50 ITFP,51 ENCODE,52 Neph2012,53 TRRUST2,54 and
Marbach2016,54 and 262 of the 1,440 genes were dysregulated in
EOSPE (Table S3). We constructed a TF-target regulatory network,
which contains the 50 TFs and their differentially expressed targets
in EOSPE (Figure 4E). CENPB has the highest betweenness centrality
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Figure 1. Expression of INHBA-AS1 in Placentae of Patients with Preeclampsia (PE)

(A) Boxplot of INHBA-AS1 expression levels in EOSPE placentae (n = 9) comparedwith normal placentae (n = 32). (B) The relative expression level of INHBA-AS1measured by

qRT-PCR. y axis, the fold change; red bar, placentae of patients with PE, n = 20; blue bar, normal placentae, n = 20. The values are shown as the mean ± SD; **p < 0.01. (C)

The relative expression level of INHBA-AS1 in PE samples measured by qRT-PCR. Average expression level in normal samples was set at 0; red bars represent relative

expression levels in placentae of PE patients. (D) Positive correlation (r = 0.5504, p < 0.001) between systolic blood pressure and the expression levels of lncRNA INHBA-AS1

(Pearson one-tail correlation analysis). (E) Positive correlation (r = 0.6475, p < 0.001) between diastolic blood pressure and the expression of lncRNA INHBA-AS1 (Pearson

one-tail correlation analysis). (F) Hierarchical “INHBA-AS1-transcription factor (TF)-Target” interaction network. (G) Gene-coding proteins interacting with INHBA-AS1 are

enriched with coding differentially expressed genes (DEGs) in EOSPE. (H) The targets in the INHBA-AS1-TF-Target interaction network are enriched with DEGs in EOSPE. (I)

The enriched pathways with DEGs as targets of the INHBA-AS1-TF-Target interaction network. The values are shown as the mean ± SD of three independent experiments;

**p < 0.01, *p < 0.05. See also Table S1.
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(Table S4), suggesting that CENPBmight play a central role in this reg-
ulatory network. The TF CENPB targets 188 genes, and about 21.28%
(40/188) are differentially expressed in EOSPE (Figures 2C and 4F).We
verified the physical interaction between INHBA-AS1 and CENPB us-
ing an RNA immunoprecipitation (RIP) assay (Figure 4G).

To test INHBA-AS1-mediated expression changes of these targets, we
established overexpression or knockout of INHBA-AS1 in HTR-8/
SVneo cells and performed qRT-PCR on the top 9 CENPB target
686 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
genes, which showed the largest fold change in EOSPE transcriptome
sequencing. We found that the target TRAF1 was most significantly
downregulated by INHBA-AS1 in the cells (Figures 4H and 4I). The
regulation of TRAF1 by INHBA-AS1 was confirmed at the protein
level using western blot (Figures 4H and 4I). However, the overex-
pression or the deletion of INHBA-AS1 in HTR-8/SVneo cells did
not have significant effects on the expression of CENPB (Figure S2D).
These results demonstrated that INHBA-AS1 may bind to CENPB to
regulate expression of the target genes, such as TRAF1.



Table 1. Clinical Characteristics of Patients with PE and Normal

Pregnancies

Variable PE (n = 20) Control (n = 20) p Value

Maternal age (year) 31.40 ± 5.879 31.00 ± 3.974 >0.05

Maternal weight (kg) 69.85 ± 7.289 65.28 ± 8.131 >0.05

Systolic blood pressure (mm Hg) 169.00 ± 15.980 115.65 ± 8.248 <0.01

Diastolic blood pressure (mm Hg) 103.60 ± 10.619 74.90 ± 5.857 <0.01

Proteinuria (g/day) >0.3 <0.3 <0.05

The values are shown as the mean ± SD.
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INHBA-AS1 Prohibits the Binding of CENPB to the Promoter

Region of TRAF1 (PTRAF1–3)

To investigate the effect of the TF CENPB on TRAF1, we established
overexpression of CENPB in HTR-8/SVneo cells (Figure 5A) and
found that overexpression of CENPB upregulated the mRNA and
protein levels of TRAF1 (Figure 5B), whereas knockdown (Figure 5C),
conversely, downregulated mRNA levels and protein levels of TRAF1
(Figure 5D).

We detected the binding of CENPB to the promoter region of TRAF1
using a chromatin immunoprecipitation (ChIP) assay (Figure 5E).
With the use of luciferase as reporter, we tested the effect of IN-
HBA-AS1 on the promoter activity of the PTRAF1–3 in HTR-8/SVneo
cells with INHBA-AS1 overexpression or INHBA-AS1 knockout. The
activity of the luciferase showed that INHBA-AS1 reduced the tran-
scriptional effects of CENPB on the TRAF1 promoter compared to
the empty controls (Figure 5F). These results demonstrate that
INHBA-AS1 inhibits the binding of CENPB to PTRAF1–3 and thus in-
activates its transcription.
INHBA-AS1 Prohibits Invasion and Migration of Trophoblast

through TRAF1

We have demonstrated that INHBA-AS1 inhibited invasion and
migration of placental trophoblast cells through binding to CENPB
(Figures 2A, 2B, and 4G) and that CENPB upregulated TRAF1
through binding to the promoter (Figure 5). To further confirm the
function of the pathway INHBA-AS1-CENPB-TRAF1 in HTR-8/
SVneo cells, we used a strategy to overexpress INHBA-AS1, TRAF1
separately, and in combination (Figures 6A, S1A, and S3A). The re-
sults showed that overexpression of TRAF1 could partially rescue
the invasion and migration inhibited by overexpression of INHBA-
AS1 (Figure 6A). We also performed knockout of INHBA-AS1 and
knockdown of TRAF1 separately and in combination (Figures 6B,
S1B, and S3B). Knockout of INHBA-AS1 promoted invasion and
migration of HTR-8/SVneo cells (Figure 6B), whereas knockdown
of TRAF1, on the contrary, could partially inhibit the invasion and
migration induced by INHBA-AS1 knockout (Figure 6B).

Since matrix metalloproteinase 2 (MMP2), MMP3, and vimentin are
molecular markers for the pathways involved in cell invasion and
migration,55–58 we looked at their expression in cells overexpress-
ing/knocking down gene TRAF1. We found that TRAF1 overexpres-
sion upregulated these markers (Figure 6C), whereas knockdown of
TRAF1 downregulated these markers (Figure 6D). These results sug-
gest that INHBA-AS1 may inhibit the invasion and migration of
trophoblast cells through hindering the binding of TF CENPB to
the promoter of TRAF1.

DISCUSSION
It is thought that the root cause of PE is located in the placenta. Dur-
ing early gestation, poor trophoblast invasion and incomplete
vascular formation of spiral arteries lead to placenta dysfunctions.
This view on the pathogenesis of PE is supported by the fact that
the patients are often characterized by placental tissue ischemia hyp-
oxia and endothelial cell damage, caused by shallow invasion of the
trophoblasts into the endometrium and the placental vascular
recasting barriers.6,12–15 Numerous lncRNAs, such as H19,33

MEG3,34 MALAT-1,35 SPRY4-IT1,36,37 and HOTAIR,38,39 are re-
ported to be involved in the invasion and migration of trophoblast
cells. A systematic search for PE-associated lncRNAs will enable the
discovery of regulatory molecules key to placenta development.

INHBA-AS1 is among the top upregulated lncRNAs (Figure 1A) in
transcriptome profiling on placentae of patients with EOSPE. The IN-
HBA-AS1 expression level was positively correlated with severity of
the symptoms (Figures 1B–1E), suggesting that INHBA-AS1 might
contribute substantially to PE. We have constructed a DElncRNA-
protein interaction network using interaction data from databases
and prediction. INHBA-AS1 interacts with 658 TFs, which target
11,402 genes (Figure 1F). These TF targets are enriched with DEGs
in EOSPE (Figure 1H), suggesting that INHBA-AS1 might play a
role in gene dysregulation in this disease.

A number of studies have shown that insufficient invasion of
placental trophoblast cells leads to impaired placental function and
the occurrence of PE.6,12–15 Several immortal trophoblast cell lines
are available for the study of trophoblast biology.59 We chose HTR-
8SV/neo cells for cellular functional studies because this cell line is
widely used in previous studies on the pathogenesis of PE.60–67 We
overexpressed or knocked out this gene in this placenta-derived
trophoblast cell line and found that INHBA-AS1 prohibited the inva-
sion, migration, and proliferation (Figures 2A–2D, 3A, and 3B) and
promoted apoptosis (Figures 3C and 3D). These results demonstrated
that INHBA-AS1 may participate in the pathogenesis of PE through
inhibiting trophoblast invasion, migration, and proliferation, which
may lead to shallow implantation of the placenta. The placental
shallow implantation caused by insufficient trophoblastic infiltration
during early pregnancy is thought to be crucial in the development of
PE.68 It has also been reported that the apoptosis of extravillous
trophoblast cells in the preeclamptic placenta is increased.69

The nuclear localization of INHBA-AS1 (Figures 4A and 4B) suggested
that INHBA-AS1 might be involved in transcriptional regulation. We
identified 167 proteins binding to INHBA-AS1 using an RNA-pull-
down assay and mass spectrometry (Figures S2A and S2B; Table S2).
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Figure 2. The Effect of INHBA-AS1 on Invasion,

Migration, and Proliferation in Trophoblast Cell Line

(A and B) Invasion and migration of HTR-8/SVneo cells

were detected by a Transwell assay after INHBA-AS1

overexpression (A) or knockout (B). Upper panel: pictures

of cells stained with 0.1% crystal violet solution; lower

panel: statistics of cells. Scale bars, 100 mm. (C and D)

The proliferation of HTR-8/SVneo cells was detected by

an EdU assay after INHBA-AS1 overexpression (C) or

knockout (D). Upper panel: pictures of cells stained with

40,6-diamidino-2-phenylindole (DAPI) and EdU; lower

panel: statistics of EdU-positive cells. (E and F) Cell

Counting Kit-8 was used to evaluate the cell proliferation

of HTR-8/SVneo cells after INHBA-AS1 overexpression

(E) or knockout (F). LV, lentivirus; NC, normal control. The

values are shown as the mean ± SD of three independent

experiments; **p < 0.01, *p < 0.05. See also Figure S1.
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The INHBA-AS1-binding proteins are enriched with TFs (50/167, p =
1.336�8) (Figure 4C), confirming our hypothesis that INHBA-AS1may
participate in transcriptional regulation. Among the 1,440 targets of
these 50 TFs from databases TRED, ITFP, ENCODE, Neph2012,
TRRUST2, and Marbach2016 (Table S3), 262 genes were dysregulated
in EOSPE (Table S3), suggesting that these TFs may contribute sub-
stantially to gene dysregulation in EOSPE. CENPB has the highest
betweenness centrality in the regulatory network (Table S4), suggesting
a central role in the transcriptional regulation in EOSPE. Of the 188
CENPB target genes, about 21.28% (40/188) are differentially expressed
in EOSPE (Figures 4F and S2C). We detected the physical interaction
between CENPB and INHBA-AS1 using a RIP assay (Figure 4G), and
688 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
we also detected the binding of CENPB to
PTRAF1–3 using a ChIP assay (Figure 5E).
Although CENPB is well known to bind a 17-
bp sequence (CENPB box) in the centromeric
alpha satellite DNA and facilitates the centro-
mere formation,70 it has recently been reported
to regulate gene transcription.71 We verified the
regulation of CENPB on the transcription of
TRAF1 by overexpression or knockout of
CENPB (Figures 5B and 5D) and showed an
inhibitory effect of INHBA-AS1 on the promoter
activity of PTRAF1–3 using luciferase as a reporter
(Figure 5F).

We have confirmed the function of the pathway
INHBA-AS1-CENPB-TRAF1 on invasion and
migration, using overexpression/knockdown
of INHBA-AS1, TRAF1 in different combina-
tions (Figure 6). First, we have identified the
lncRNA INHBA-AS1 as a potential PE candi-
date gene using transcriptome profiling on
placentae from EOSPE patients. Second, we
have demonstrated that INHBA-AS1 prohibits
CENPB from binding to the promoter of
TRAF1 and thus downregulates its expression and inhibits invasion
and migration of trophoblasts. All of these findings have illustrated
a potential underlying pathway for PE, INHBA-AS1-CENPB-
TRAF1, which may regulate trophoblast invasion and migration dur-
ing placentation.

MATERIALS AND METHODS
Sample Collection and Patient Information

All samples were collected at the Department of Obstetrics & Gynecol-
ogy of Nanfang Hospital in China. The 40 placental samples for qRT-
PCR were collected between December 2016 and May 2018. The
placental tissue samples were collected from the midsection between



Figure 3. INHBA-AS1 Prohibits Cell Cycle and Promotes Apoptosis in HTR8/SVneo Cells

(A) Cell-cycle analysis by flow cytometry on cells transfected by LV harboring human full-length INHBA-AS1 or empty vector. Upper panels: frequency histograms of cell-cycle

phases; lower panels: statistics of cell-cycle phases. (B) Cell-cycle analysis by flow cytometry on cells with INHBA-AS1 knockout. Upper panels: frequency histograms of cell-

cycle phases; lower panels: statistics of cell-cycle phases. (C and D) Apoptosis analysis using Annexin-V assay coped with flow cytometry on cells with INHBA-AS1

overexpression (C) or knockout (D). Upper panels: histograms of apoptotic cells; lower panels: statistics of apoptotic cells. The apoptotic cells include cells in quad 2 (Q2) and

Q4. Cells in Q2 are dead apoptotic cells (PI positive and Annexin-V positive), and cells in Q4 are ongoing apoptotic cells (PI negative but Annexin-V positive). The values are

shown as the mean ± SD of three independent experiments; **p < 0.01, *p < 0.05. See also Figure S1.
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Figure 4. INHBA-AS1 Interacts with CENPB and Inhibits TRAF1 Expression

(A) The subcellular localization of INHBA-AS1 in HTR-8/SVneo detected by FISH assays. Red, INHBA-AS1; blue, nucleus. Scale bar, 20 mm. (B) The subcellular localization of

INHBA-AS1 in the HTR-8/SVneo cell detected by cell fractionation assays. U6, nucleus marker; GAPDH, cytoplasm marker. (C) INHBA-AS1-binding proteins detected by

pulldown and mass spectrometry. (D) Enrichment analysis of GO term cellular component (GO-CC) on INHBA-AS1-binding proteins. (E) TF-target network (TFTNet) for

EOSPE DEGs. Red triangles, TFs; blue nodes, targets of the TFs. (F) Overlaps between CENPB target genes (188) and DEGs (3,116) in EOSPE detected in transcriptome

sequencing. (G) Binding of INHBA-AS1 with CENPB detected by RIP assays and qRT-PCR. (H) Transcription level of CENPB target genes in cells with INHBA-AS1

overexpression. Left panel shows qPCR results; blue bars, cells transfected with empty vector; red bars, cells transfected with INHBA-AS1; right panel shows western

blotting results for TRAF1. (I) Transcription level detected of CENPB target genes in cells with INHBA-AS1 knockout. Left panel shows qPCR results; blue bars, cells without

knockout; red bars, cells with INHBA-AS1 knockout; right panel shows western blotting result of TRAF1. The values are shown as the mean ± SD of three independent

experiments; **p < 0.01, *p < 0.05. See also Figure S2 and Tables S2, S3, and S4.
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the chorionic and maternal basal surfaces at four different positions of
the placenta within 5 min after delivery. The tissues were washed
immediately with PBS buffer and preserved in RNA later at �80�C
for later RNA isolation. The clinical characteristics of each patient
690 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
were extracted from the medical records, strictly following the guide-
lines from the American Board of Obstetrics and Gynecology,
Williams Obstetrics, 24th edition. The clinical information for the pa-
tients and controls is shown in Table 1. This research has been



Figure 5. CENPB Binds the Promoter Region of

TRAF1 and Promotes Its Transcription

(A) The expression of CENPB in HTR8/SVneo cells

transfected with full-length CENPB. Left panel: results of

qPCR; right panel: results of western blot. (B) Increased

expression of TRAF1 in HTR8/SVneo cells after CENPB

overexpression. Left panel: results of qPCR; right panel:

results of western blot. (C) The expression of CENPB in

HTR8/SVneo cells transfected with shRNA of CENPB.

Left panel: results of qPCR; right panel: results of western

blot. (D) Decreased expression of TRAF1 in HTR8/SVneo

cells after CENPB overexpression. Left panel: results of

qPCR; right panel: results of western blot. (E) Binding of

CENPB to the promoter of TRAF1 detected using ChIP

assays and qPCR in HTR8/SVneo cells. (F) Luciferase

reporter assay on the transcription activity of the TRAF1

promoter in HTR8/SVneo cells after INHBA-AS1 over-

expression or knockout. The values are shown as the

mean ± SD of three independent experiments; **p < 0.01,

*p < 0.05. See also Table S5.
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approved by the Ethnics Board of Nanfang Hospital of Southern Med-
ical University, and all patients have signed the informed consent.

Identifying lncRNA INHBA-AS1 as a PE Candidate Gene from

Transcriptome Sequencing Data

We have carried out transcriptome sequencing and identified a total
number of 3,116 DEGs, including 383 differentially expressed
lncRNAs. INHBA-AS1 was among the top DElncRNAs based on
fold change. From DElncRNA-protein interaction data (Databases:
RNA-protein interaction databases starBase, RAID) and NPInter
and predicted DElncRNA-protein interactions using catRAPID omics,
we obtained INHBA-AS1 658 interacting TFs, which target 11,402
genes (Table S1). Because these targets are enriched with DEGs in
EOSPE, we chose INHBA-AS1 as a PE candidate gene for further study.

RNA Isolation and qRT-PCR

Total RNA was isolated using the RNeasy Plus Universal Mini Kit
(QIAGEN), according to the manufacturer’s instruction. RNA
(500 ng) was reverse transcribed using the PrimeScript RT Reagent
Kit (Takara, Japan), and qRT-PCR was performed with the SYBR Pre-
mix ExTaq Kit (Takara, Japan) in a LightCycler 480 (Roche, Swiss) sys-
tem to detect expression of genes, following themanufacturer’s instruc-
tion. The sequences of specific primers were shown in Table S5. The
relative gene expression was calculated using the 2�DDCT method
and converted to fold changes using b-actin (ACTB) as internal
controls.
Molecular Therap
Cell Culture

The cells used in this study were human villous
trophoblasts HTR-8/SVneo, purchased from
the ATCC Cell Bank. The culture conditions
were RPMI-1640 medium (Cellgro), supple-
mented with 10% fetal bovine serum (FBS;
Gibco) and placed in a cell incubator at 37�C,
5% carbon dioxide concentration, and humidified air. Fresh medium
was replaced every 2 days, depending on the cell status.

Lentiviral Expression Constructs and Transfection

The full length of lncRNA INHBA-AS1 and CENPB was synthesized and
cloned into a pGC-FU vector (Genechem, China). The short hairpin RNA
(shRNA)specific forCENPBwasdesignedandcloned intoapGC-FUvector
(Genechem,China).HTR8/SVneo cellswere transfected following theman-
ufacturer’s instruction. Stable cell lines of lncRNA INHBA-AS1 andCENPB
were selected by puromycin (Gibco, USA). The interference sequence of
shRNA for CENPB was 50-GAGCACGATCCTGAAGAACAA-30.

Plasmid and Small Interfering RNA (siRNA) Transfection

The plasmids pcDNA3.1, pcDNA-3.1-TRAF1 were purchased from
Genechem (China). The transfection was done using Lipofect-
amine 3000 (Invitrogen), according to the manufacturer’s instruc-
tion. After 48 h transfection, HTR8/SVneo cells were harvested for
further experiments. The sequences of siRNAs were listed in
Table S5.

CRISPR/Cas9-Mediated INHBA-AS1 Knockout

The CRISPR/Cas9 targeting was performed as previously published.72

Guide RNA (gRNA) for INHBA-AS1 was designed on the website
(https://zlab.bio/guide-design-resources) and inserted into the
pX330 plasmid. After being treated with puromycin for 1 week,
HTR8/SVneo cells were plated at 96-well plates to select monoclonal
y: Nucleic Acids Vol. 22 December 2020 691
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Figure 6. TRAF1 Promoted the Invasion and

Migration of Trophoblast Cells and Weakened the

Effect of INHBA-AS1

(A) Overexpression of TRAF1 partially rescued the inva-

sion and migration of HTR-8/SVneo cells inhibited by

INHBA-AS1. Scale bars, 100 mm. (B) INHBA-AS1

knockout partially rescued invasion andmigration caused

by knockdown of TRAF1. Scale bars, 100 mm. (C) Over-

expression of TRAF1 upregulated the expression of

MMP2, MMP3, and vimentin at mRNA level and protein

level. (D) Knockdown of TRAF1 in HTR-8/SVneo cells

downregulated the expression of MMP2, MMP3, and vi-

mentin at the mRNA level and protein level. The values are

shown as the mean ± SD of three independent experi-

ments; **p < 0.01, *p < 0.05. See also Figure S3 and

Table S5.
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cells for further experiments. The sequences of specific primers were
shown in Table S5.

Transwell Assays

The 24-well Transwell chambers with 8 mm pore size polycarbonate
membranes (Corning, USA) were used to test invasion and migration
of HTR8/SVneo cells. 200 mL cell suspension (40,000–60,000 cells) in
medium without FBS was added in the upper side of the membrane
coated with/without Matrigel (Beckman Dickinson [BD], USA),
and 600 mL culture medium RPMI 1640 containing 10% FBS was
added in the lower chamber and placed in the cell culture incubator.
After 24 h (for migration) or 48 h (for invasion), the upper chambers
were removed with cotton swabs. The lower chambers were fixed by
methanol for 30 min and stained with 0.1% crystal violet solution for
20 min. After the chambers were washed with PBS 3 times, the num-
ber of cells that penetrated the filter membrane was observed with an
optical microscope. Nine randomly selected visual fields were photo-
graphed and counted.

EdU Assays

The cell proliferation was determined by EdU assays using the EdU La-
beling/Detection Kit (RiboBio, China). Each confocal dish inoculated
692 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
with cells was added with 200 mL diluent A and
incubated in the cell incubator for 2 h. Cells
were washed with PBS buffer and then fixed by
4%paraformaldehyde for30minanddecolorized
with 200 mL 2 mg/mL glycine for 5 min in a
shaker at room temperature. Then, 200 mL of
0.5% Triton X-100 was added to each well and
put at room temperature for 10 min. After one
wash with PBS buffer, each well was incubated
for 30 min in the dark with 200 mL of pre-pre-
pared 1� Apollo stain at room temperature.
0.5% Triton X-100 was added to each well
following 2 washes with PBS buffer and incu-
bated for 10 min. Each well was stained with
200 mL diluent F and incubated in the dark at
room temperature for 30 min and then again twice washed with PBS
buffer. After staining, the dishes were observed under a fluorescence
microscope.

Cell Viability Assay

Cell viability was detected using the CCK-8 (Dojindo). First, cells were
seeded in 96-well plates at a density of 10,000 cells per well, and they
were given 2 h incubation to attach to the dishes. The CCK-8 was
used to calculate the number of viable cells bymeasuring the absorbance
at 450 nm using the BMG microplate reader (CLARIOstar; BMG Lab-
tech). The measurements were performed every 24 h until 96 h.

Flow Cytometric Analysis of Cell Cycle and Apoptosis

Cell cycle was evaluated using the RNase A/Propidium Iodide (PI)
Detection kit (KeyGEN, China). The staining buffer of PI/RNase A
was prepared at a 9:1 dilution. After precipitation by centrifugation,
the cell pellets were suspended using 500 mL of 70% cold ethanol
and then fixed for 2 h to overnight at 4�C. After washing with PBS,
the cell pellets were incubated with staining solution in the dark for
30–60 min. The percentage of G0/G1, S, and G2/M phases was esti-
mated using flow cytometry (BD LSRFortessa, USA). Apoptosis was
determined with the Annexin-V/PI Detection kit (KeyGEN, China).
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The suspended cells in the culture were collected first, and then the
attached cells were collected after being digested with Trypsin. After
centrifugation, the cells were resuspended with 500 mL binding buffer.
5 mL of Annexin-V-FITC and 5 mL of PI were added and gently
mixed. The reaction was conducted in the dark at room temperature
for 5–15 min, and the percentages of early and late apoptosis, as well
as viable and dead cells, was detected by flow cytometry (BD LSRFor-
tessa, USA) within 1 h.

RNA-Pulldown and Mass Spectrometry Assay

INHBA-AS1 and its antisense RNA were transcribed with the biotin
RNA labeling mix (Roche, USA) and T7 RNA polymerase (Roche,
USA). Biotinylated RNA was incubated with HTR8/SVneo cell nu-
clear extracts. The pulldown proteins were run on SDS-PAGE gels
(Sigma, USA) and stained with silver staining solution (Beyotime,
China), followed by mass spectrometry.

FISH

The localization and distribution of lncRNA INHBA-AS1 were de-
tected with a FISH kit (RiboBio, China), according to the manufac-
turer’s instruction.

Subcellular Fractionation

The PARIS Kit (Life Technologies, USA) was used to separate cyto-
solic and nuclear fractions of the HTR8/SVneo cell following the
manufacturer’s instruction. The levels of INHBA-AS1, glyceraldehyde
3-phosphate dehydrogenase (GAPDH), and U6 were examined by
qRT-PCR. U6 was used as nuclear control and GAPDH as a cyto-
plasm control.

RIP Assays

RIP assays were performed following the protocol of the EZ-Magna
RIP Kit (Millipore, USA). Anti-CENPB antibody and immunoglob-
ulin G (IgG; negative control) were purchased from Santa Cruz and
Millipore. After being collected by centrifugation, HTR-8/SVneo cells
were lysed in RIP lysis buffer. Cell lysates were used for immunopre-
cipitation, then the immunoprecipitated RNA was examined by qRT-
PCR, and the data were normalized to the input. The sequences of
specific primers were listed in Table S5.

Western Blot Assays

Total cellular proteins were extracted with the Whole Protein Extrac-
tion Kit (KeyGEN, China). Protein concentration was detected by the
BCA (Bicinchoninic Acid) Protein Assay Kit (KeyGEN, China). The
following primary antibodies were used: anti-TRAF1 (Cell Signaling
Technology, USA), anti-CENPB (Santa Cruz), anti-MMP2, anti-
MMP3, and anti-vimentin (Cell Signaling Technology, USA). Anti-
b-actin (Cell Signaling Technology, USA) was used as control. The
antibody was diluted according to the manufacturer’s instruction.

ChIP Assays

ChIP assays were performed using the Agarose ChIP Kit (Pierce,
USA), according to the manufacturer’s instructions. Anti-CENPB
was purchased from Santa Cruz. Immunoprecipitated DNA was
analyzed by qRT-PCR, and the data were normalized to the input.
Promoter primers are listed in Table S5.

Luciferase Reporter Assays

Luciferase Assay Kit (Promega, USA) was used to measure luciferase
activity, according to the manufacturer’s instruction. We cloned the
TRAF1 site 3 (Table S5) into PGL3-Basic vector. These 2 plasmids
and PGL3 empty vector were transfected into the HTR8/SV/neo cells,
cells with INHBA-AS1 overexpression, and cells with INHBA-AS1
knockout, respectively. pRL-TK vector was transfected into the three
kinds of cells simultaneously. After incubating for 48 h, the cells were
lysed in 1� Passive lysis, and the firefly luciferase activity was exam-
ined using Renilla luciferase as control.

Statistical Analysis

Statistical analyses were performed using SPSS20.0 (IBM), and the
data were presented as the mean ± SD in three independently
repeated experiments. The comparison between the two independent
groups was conducted by Student’s t test. Statistical significance was
described as *p <0.05 or **p <0.01.
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