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Enhancer RNA Inc-CES1-1 inhibits decidual
cell migration by interacting with RNA-binding
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Unexplained recurrent pregnancy loss (URPL) is a significant
reproductive health issue, affecting approximately 5% of preg-
nancies. Enhancer RNAs (eRNAs) have been reported to play
important roles during embryo development and may be
related to URPL. To investigate whether and how eRNAs are
involved in URPL, we performed RNA sequencing in decidual
tissue. Through comprehensive screening and validation, we
identified a decidua-enriched eRNA long noncoding-CES1-1
(Inc-CES1-1) enriched in URPL patients and studied its func-
tion in decidua-associated cell lines (DACs). Higher expression
of Inc-CES1-1 increased the level of inflammatory factors tu-
mor necrosis factor alpha (TNF-a) and interleukin-1 (IL-
1B) and impaired the cell migration ability, which was attenu-
ated by downregulating peroxisome proliferators-activated re-
ceptor Y (PPARY). Upon activation by signal transduction and
activation of transcription 4 (STAT4), Inc-CES1-1 interacted
with the transcription factor fused in sarcoma (FUS) to upregu-
late the expression of PPARY and affected cell migration.
Taken together, these findings provide novel insights into the
biological functions of decidua-associated Inc-CES1-1 and the
molecular mechanisms underlying URPL. Our findings indi-
cated that Inc-CES1-1 might be a potential candidate
biomarker for URPL diagnosis and treatment.

INTRODUCTION

Recurrent pregnancy loss (RPL) refers to two or more consecutive
pregnancy losses, affecting 2%-5% of couples." Approximately 24.4%
of RPL patients will suffer multiple miscarriages.>> Known causes of
RPL include abnormal chromosomes (chromosome inversion, dele-
tion, duplication, etc.), endocrinological disorders (luteal insufficiency,
Stein-Leventhal syndrome, etc.), and uterine abnormalities.* However,
the causes of half of these cases remain poorly understood, and are
termed unexplained RPL (URPL). During pregnancy, the endome-
trium undergoes decidualization to regulate trophoblast invasion and
placental formation after implantation.” The decidua participates in
the exchange of nutrition, gas, and waste during the gestation.*”
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More than 98% of the human genome consists of nonprotein coding re-
gions,” and long noncoding RNAs (IncRNAs) are transcribed from
these regions by RNA polymerase II (RNA Pol II) and are longer
than 200 nucleotides. The functions of this class of stable transcripts
have been widely studied, but not fully characterized."’
have suggested that IncRNAs are involved in embryonic development,
differentiation, and numerous human diseases by regulating gene
expression.''"'® Enhancer RNAs (eRNAs) are a special class of IncRN As
that are transcribed from active enhancers with H3K4mel/H3K27ac
marks."”*° Numerous studies have shown that eRNAs are important

Recent studies

for gene regulation in embryonic development and disesase.”** Nitzan
et al.”> demonstrated that TES/TESCO was a crucial enhancer regu-
lating Sox9 expression in gonads during sex determination. A specific
isoform of an enhancer-associated IncRNA, named CARMEN-201,
controls smooth-muscle lineage specification in a human cardiac pre-
cursor.”* The eRNA ARIEL activates the oncogenic transcriptional pro-
gram in T cell acute lymphoblastic leukemia.”” These data suggested
that eRNAs might play a regulatory role in the etiology of URPL.

In this study, we profiled the IncRNAs in decidual tissues of URPL pa-
tients and normal controls by RNA sequencing (RNA-seq). After mul-
tiple screening and validation steps, we discovered a decidua-enriched
eRNA Inc-CESI1-1 and identified its function in vitro. Mechanistically,
the transcription factor signal transduction and activation of transcrip-
tion 4 (STAT4) promoted the expression of Inc-CES1-1 with H3K27ac
enrichment near the Inc-CES1-1locus. Inc-CES1-1 interacted with
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fused in sarcoma (FUS) to activate PPARY and thereby inhibited cell
migration and increased the inflammatory response.

RESULTS

Identification of decidua enriched eRNAs in URPL

We profiled the IncRNAs in decidual tissues from URPL patients and
controls by RNA-seq (Figure S1). The data analysis pipeline is illus-
trated in Figure 1A. As shown in Figures 1B and 1C, 2,069 differentially
expressed IncRNAs (DELs; 970 up- and 1,099 downregulated) were
identified using 2-fold change and false discovery rate (FDR) <5%. A
total of 124 DELs were selected from the intersection of the Cuffdiff
and DEseq results. Kyoto Encyclopedia of Genes and Genomes

cell apoptosis in DACs (Figures S3-S5). Then,

we evaluated the effects of these eRNAs on cell
migration by Transwell assays. Only Inc-CES1-1 impaired cell migra-
tion ability (Figure 2). Overexpression of Inc-ADAMTS1-2 and Inc-
PARK7-1 had limited impacts on DACs. Thus, we next focused on
Inc-CES1-1.

Inc-CES1-1 did not act as a cis-element

Inc-CES1-1 (https://Incipedia.org/) is located on chromosome 16
(chr16), has a full length of 553 bp, and contains 3 exons. To confirm
the eRNA potency of Inc-CES1-1, we performed chromatin immuno-
precipitation (ChIP)-qPCR at the Inc-CES1-1 transcription locus and
detected enrichment of H3K27ac (Figure 3A). In addition, Inc-CES1-
1 was mainly located within the nucleus. This suggested that
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Inc-CES1-1 had the potential to interact with nuclear proteins to
regulate gene expression (Figure 3B). Classical antisense transcripts
preferentially control the expression of the nearby genes.”” To check
whether Inc-CESI-1 regulates gene expression in a cis manner, we
detected CES1 expression in Inc-CES1-1 overexpressing cells. The re-
sults showed that Inc-CES1-1 did not act as a cis-element and might
interact with distant genes (Figure 3C).

Inc-CES1-1 interacted with the RNA binding protein FUS
Previous studies demonstrated that eRN As were regulated by transcrip-
tion factors such as p53, AP1, and nuclear factor- kB (NF-kB).***° To
identify the potential regulators involved in Inc-CES1-1 expression, we
first scanned for potential transcription-factor-binding sites in the Inc-
CES1-1 promoter. Using JASPAR (http://jaspar.genereg.net/), we
found that C/EBP, c-Jun-, and STAT4 binding sites were enriched in
the promoter region of Inc-CES1-1. ChIP-qPCR showed that STAT4
directly bound to the Inc-CES1-1 promoter (Figure 3D). Knockdown
of STAT4 decreased the expression level of Inc-CES1-1 (Figure 3E).

We then used PROMO (http://alggen Isi.upc.es/cgi-bin/promo_v3/
promo/promoinit.cgi?dirDB=TF_8.3) to predict RNA binding pro-
tein within Inc-CES1-1. Among the top enriched proteins, we identi-
fied FUS as a putative Inc-CES1-1-binding protein. To confirm the
interaction between Inc-CES1-1 and FUS, we performed RNA immu-
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Figure 2. Inc-CES1-1 inhibited cell migration

(A) Transwell assay of overexpressed Inc-ADAMTS1-2/
Inc-CES1-1/Inc-PARK7-1 in HTR-8/SVneo and JEG-3
cells. (B) The counts of migrated cells (fold of control) in
HTR-8/SVneo cells. (C) The counts of migrated cells (fold
of control) in JEG-3 cells. *p < 0.05. Data are presented as
the mean + SEM.

noprecipitation (RIP)-qPCR in HTR-8/SVneo
cells, using antibodies directed against predicted
proteins including RNA Pol II, FUS, ELF4B,
and SFRS1 (Figure 3F). RNA Pol II and FUS-
RIP resulted in the specific enrichment of co-
precipitated Inc-CES1-1. IP western blots
showed that the FUS antibody could enrich
the target protein effectively (Figure S7A).
RNA in situ hybridization proximity ligation
assay (rISH-PLA) was used to better understand
the binding of Inc-CES1-1 and FUS. As ex-
pected, a significant number of interactions
were observed between Inc-CES1-land FUS
(Figure 3G). The results indicated that FUS
was functional as a direct binding partner of
Inc-CES1-1.

Inc-CES1-1 regulated PPARY in cell

migration and inflammation

KEGG pathway analysis revealed that the

PPAR pathway, which is one of a well-
investigated signaling pathway activated during placental
development, was enriched among DELs.**” We measured three
genes involved in the PPAR pathway (PPARa, PPARP, and
PPARY) in Inc-CESI-1-overexpressing or Inc-CES1-1-downregu-
lated DACs (Figure 4A). Knockdown efficiency is shown in
Figures S6A and S6B. The expression level of PPARy was
positively correlated with Inc-CES1-1. To further validate whether
PPARY was a direct target of the Inc-CES1-1/FUS complex, we
performed RIP-qPCR and found that overexpression of Inc-
CES1-1 led to an increase in PPARy bound to the FUS protein
(Figure 4B). We also found that the protein levels of PPARY
were positively correlated with Inc-CES1-1 (Figure 4C). In
addition, neither overexpression nor knockdown of Inc-CES1-1
affected the levels of PPARa and PPARP in DACs (Fig-
ure 4A). Confocal microscopy showed that Inc-CES1-1 increased
the level of PPARY and promoted the translocation of PPARY
from the nucleus to the cytoplasm, while knockdown of Inc-
CES1-1 partially decreased the level of PPARY and translocation
(Figure 4D).

We next knocked down PPARYy to test whether PPARYy was
involved in the cell migration impairment induced by Inc-
CES1-1. PPARY knockdown efficiency is shown in Figures S6C
and S6D. Downregulation of PPARy attenuated the cell
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Figure 3. Inc-CES1-1 did not act in a cis-regulatory
manner

(A) ChIP-gPCR analysis of H3K4mel and H3K27ac
enrichment near Inc-CES1-1. (B) The relative expression
level of Inc-CES1-1 in the nuclei and cytoplasm. (C) Relative
expression level of CES1 after Inc-CES1-1 overexpression.
(D) ChIP-gPCR analysis of H3K4mel and H3K27ac
enrichment in HTR-8/SVneo cells. (E) Relative expression
level of Inc-CES1-1 after knockdown of STAT4. (F) RNA
immunoprecipitation (RIP) followed by quantitative real-
time PCR to identify RNA binding proteins. (G) RNA in situ
hybridization proximity ligation assay (rISH-PLA) of Inc-
CES1-1 and FUS in HTR-8/SVneo cells. *p < 0.05. Results
are presented as the mean + SEM.

DISCUSSION

Currently, the role of eRNAs in URPL is not well
understood. Through multiple screening and vali-
dation steps, we identified an eRNA, called Inc-
CES1-1, that was enriched in decidual tissue
from URPL patients and elucidated the potential
mechanisms of Inc-CES1-1 in URPL.
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migration impairment caused by Inc-CES1-1 (Figures 5A-5C).
Some studies reported that overexpressed PPARY inhibited cell
proliferation and migration by inhibiting Smad3.’*?* Immunoflu-
orescence (Figure 4D) and western blotting (Figures S7B and
S7C) revealed that Smad3 was downregulated in Inc-CESI-1
overexpressing DACs. In addition, knockdown or overexpression
of PPARY did not change the expression of FUS (Figures S7D
and S7E). These findings provide evidence that Inc-CESI-1 epige-
netically regulates PPARy expression by interfering with the
RNA binding protein FUS. PPARY was reported to activate in-
flammatory cascades,”® and thus we also assessed whether activa-
tion PPARY induced by Inc-CES1-1 could result in an inflamma-
tory response. Treating DACs with a PPARy antagonist
decreased the levels of Inc-CES1-1-induced TNF-o and IL-1B
(Figure 5D). All of these data suggested that PPARY participated
in Inc-CES1-1/FUS induced impairment of cell migration ability
and inflammation.

Higher expression of Inc-CES1-1 inhibited DAC
migration and induced cell apoptosis and inflam-
mation. Inc-CES1-1 can be activated by STAT4,
which belongs to the STAT family and mediates
the cytokine-induced development of cells into T
helper 1 (Thl) or Th2 types.**” Since Inc-
CES1-1 was transcribed from the enhancer region,
we first tested its putative cis-regulatory function.
However, Inc-CES1-1 did not regulate CES1
expression, suggesting a trans-regulatory function
of Inc-CES1-1.FUS was uncovered as Inc-CES1-1
interacting protein. FUS belongs to the FET family
of proteins (FUS, EWS, and TAF15), which are
involved in transcriptional regulation and RNA
processing.”® Katarzyna et al.’ revealed that FUS bound to histone
genes in S phase, which was linked to the activity of histone gene pro-
moters and recruitment of RNA Pol II. Lorenzo et al."’ reported that
FUS controlled back-splicing reactions leading to circular RNA
(circRNA) production and participated in several RNA biosynthetic
processes. FUS might serve as a linking factor that positively regulates
gene transcription by interacting with RNA. Regarding the functional
contribution of Inc-CESI1-1 to this process, we confirmed the interac-
tion between FUS and Inc-CES1-1 by RIP in vitro.

PPARY is a subtype of PPAR that belongs to the nuclear hormone re-
ceptor superfamily, which is essential for placental formation during
pregnancy and is highly expressed in pathological pregnancy.*' As a
decidual nutrient sensor, PPARY is important for embryo viability
and early placental and fetal development.** In this study, we found
that PPARY functions as an inhibitor of cell migration in DACs. Dur-
ing pregnancy, abnormal cell migration results in either inadequate
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Figure 4. Inc-CES1-1 regulated PPARY function

(A) Relative expression levels of PPARe, PPARB, and PPARY in Inc-CES1-1 overexpressing or Inc-CES1-1 downregulated cells. (B) The abundance of PPARy mRNA bound
with FUS in HTR-8/SVneo cells after overexpression of Inc-CES1-1. (C) Western blot of PPARY in HTR-8/SVneo and JEG-3 cells under different conditions. (D) Immuno-
fluorescence of PPARy and Smad3 in HTR-8/SVneo and JEG-3 cells under different conditions (scale bar, 20 um). *p < 0.05. Data were shown as the mean + SEM.

(URPL, intrauterine growth restriction, and preeclampsia) or over-  ported that inflammatory cytokine levels were significantly higher
zealous (placenta accrete and increta) placentation.*’ The inadequate  in the placenta of women with pathological pregnancy than in women
migration of trophoblast cells causes placental implantation failure =~ undergoing normal delivery at term. In our study, we also found that
and accelerates the process of URPL. PPARY is also an important pro- ~ downregulated PPARY attenuated the levels of the inflammatory fac-
tein in the activation of inflammatory cascades.’ Sherief et al.** re-  tors TNF- and IL-1p induced by Inc-CES1-1.
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Figure 5. Inc-CES1-1 regulated decidua-associated
cell function through PPARY

(A) Transwell assay of overexpressed and knocked down
Inc-CES1-1 in HTR-8/SVneo and JEG-3 cells. (B) The
counts of migrated cells (fold of control) in HTR-8/SVneo
cells. (C) The counts of migrated cells (fold of control) in JEG-
3 cells. (D) The levels of TNF-a and IL-18 in HTR-8/SVneo
and JEG-3 cells under different conditions. *p < 0.05. Re-
sults are presented as the mean + SEM.
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We provided evidence that decidua-associated Inc-CES1-1 is an eRNA
that regulates decidua-associated cell functions through epigenetic
mechanisms (Figure 6). Our findings indicate that Inc-CES1-1 plays
crucial roles in the progression of URPL and suggest that Inc-CES1-1
may be a potential marker for URPL diagnosis and treatment.

MATERIALS AND METHODS

Decidua tissues

The Ethics Committee of Nanjing Medical University (NMU) re-
viewed and approved the research protocol (no. NMU [2016]132).
Informed consent was obtained from all subjects in the study. All clin-
ical specimens and data were coded and remained anonymous to the
investigators in this study.

Decidual tissues were collected from cases in 2 groups: (1) the URPL
group (N =50) and (2) the control group, consisting of randomly selected

Quantitative real-time PCR

TRIzol reagent (Invitrogen, Carlsbad, USA) was used to extract
the total RNA from decidual tissues. Quantitative real-time PCR
was used to examine the expression levels of IncRNAs and
genes. The primer sequences are listed in Table S1. Using
SYBR green master mix (Vazyme, Nanjing, China), quantitative
real-time PCR reactions were performed by the ABI
Prism7900HT/FAST (Applied Biosystems, Foster City, USA).
Gene expression was normalized to the internal control (glycer-
aldehyde-3-phosphate dehydrogenase [GAPDH]). For quantifica-
tion, the relative CT method (22" method) was employed.

Cell culture

HTR-8/SVneo cells were cultured in 1640 medium (GIBCO, Carls-
bad, USA) containing 10% fetal calf serum (FCS; GIBCO, Carlsbad,
USA) and 1% penicillin/streptomycin (GIBCO, Carlsbad, USA);
JEG-3 cells were cultured in MEM (GIBCO, Carlsbad, USA) with
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Figure 6. Proposed working model
Inc-CES1-1, which is activated by STAT4, binds to FUS to upregulate PPARY to
inhibit cell migration and expand the inflammatory response.

10% FCS and 1% penicillin/streptomycin. All cells tested negative for
mycoplasma. Cells were transfected with pcDNA-IncRNAs or
PcDNA-NC (negetive control) for overexpression of IncRNAs. Cells
were transfected with small interfering RNA (siRNA) to knock
down Inc-CES1-1 or PPARY expression using Lipofectamine 2000
(Invitrogen, Carlsbad, USA) according to the manufacturer’s instruc-
tions. The best siRNA was selected according to the transfection effi-
ciency from three candidate siRNAs. Based on the transfection effi-
ciency, we selected siRNA-3 (Inc-CES1-1) and siRNA-a (PPARY)
in the study (Figure S6).

Cell proliferation assay

Cell proliferation assays were performed with CCK-8 (Vazyme, Nanj-
ing, China) according to the manufacturer’s protocol. In brief, trans-
fected cells were seeded in each well of a 96-well plate, treated with
10 puL of CCK-8 solution in each well, and cultured for 0.5 h before
measuring absorbance at 450 nm.

Cell migration assay

Transwell inserts with a pore size of 8 um (Millipore, Bedford, USA)
were used for the cell migration assay. A total of 5 x 10* cells were
added to the inserts and allowed to migrate to the lower part of the
chamber for 24 h at 37 °C in medium containing FCS in the lower
chamber. Cells on the topside of the inserts were removed and
migrated cells were fixed with methanol for 20 min and stained
with crystal violet. The number of migrated cells was captured by
fluorescence microscopy and five individual fields of view per Trans-
well were counted.

Cell cycle and apoptosis assay

Cell cycle and apoptosis assays were conducted by FACSCalibur Flow
Cytometer (BD Medical Technology, Lake Franklin, USA) 24 h after
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transfection as described before. Briefly, a single cell suspension was
immobilized with 70% ethanol, and stained with propidium iodide
(PI) for the cell-cycle assay. Single cell suspensions were stained
with fluorescein isothiocyanate (FITC) Annexin V and PI for
apoptosis assays.

Subcellular fractionation location

The separation of nuclear and cytosolic fractions was performed us-
ing the PARIS Kit (Invitrogen, Carlsbad, USA). According to the in-
structions, the kit is mainly used for the separation of nuclei and other
parts (including cytoplasm and organelles). RNA extracted from each
of the fractions was subjected to following quantitative real-time PCR
analysis to demonstrate the levels of eRNA in the nucleus and cyto-
plasm (organelles included).

ChIP assays

ChIP experiments were performed using the MagnaChIP Kit (Milli-
pore, Bedford, USA) according to the manufacturer’s instructions.
Chromatin was immunoprecipitated by incubation with 1 pg anti-
body overnight (Table S2). Finally, after ChIP DNA was purified
for quantitative real-time PCR. All the primer sequences used for
ChIP-qPCR are listed in Table S1.

RIP

RIP experiments were performed using the Magna RIP RNA-Binding
Protein Immunoprecipitation Kit (Millipore, Bedford, USA) accord-
ing to the manufacturer’s instructions. The antibodies used for RIP
were applied in the amount of 5 pug (Table S2). The precipitated
RNAs were detected by quantitative real-time PCR. All primer se-
quences used for RIP-qPCR are listed in Table S1.

riSH-PLA

The main protocol was described in other studies.***” The experi-
ments were performed using Comprehensive Protein Analysis with
Duolink PLA Products (Millipore, Bedford, USA) according to the
manufacturer’s instructions. Cells in a 96-well plate were fixed with
4% paraformaldehyde (PFA) and permeabilized with 70% ethanol
overnight at 4°C. Inc-CES1-1 was labeled prior to delivery with Dy-
light-650 multiply labeled tetravalent RNA imaging probes. After
the blocking step, whole-mount samples were incubated with rabbit
anti-FUS (2 pg/mL) antibodies overnight at 4°C, followed by incuba-
tion with secondary antibodies conjugated with PLA probe at 37°C
for 2.5 h. Nuclei were stained using 4',6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich). Imaging was captured by laser scanning
confocal microscopy (Carl Zeiss).

Western blot analysis

Western blotting was performed according to standard protocols as
described previously.*> The antibodies used in the study are listed
in Table S2.

Immunofluorescence
A total of 5 x 10* cells were seeded into each 35 mm dish. After trans-
fection for 24 h, cells were fixed using 4% PFA and permeabilized with



www.moleculartherapy.org

0.1% Triton X —100. After blocking with goat serum, primary anti-
bodies (Table S2) were incubated overnight at 4 °C. Secondary anti-
bodies were incubated for 1 h at room temperature and nuclei were
stained using DAPI (Sigma-Aldrich). Imaging was captured by laser
scanning confocal microscopy (Carl Zeiss).

ELISA

TNF-o and IL-1 in culture supernatants were analyzed by enzyme-
linked immunosorbent assay (ELISA) with an Elabscience ELISA kit
(Elabscience, Wuhan, China).

Statistical analysis

All statistical analyses were performed with SPSS 18.0 (IBM, Armonk,
NY, USA). Data are expressed as the mean + SEM and statistical sig-
nificance was tested by two-tailed Student’s t test and Mann-Whitney
U test. p <0.05 was considered significant. N refers to the number of
replicates.
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