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Identification of downstream targets and signaling pathways of long
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ABSTRACT

Preeclampsia (PE) is a huge threat to pregnant women. Our previous study demonstrated that
long non-coding RNA (IncRNA) NR_002794 was highly expressed in placentas of PE patients and
could regulate the phenotypes of trophoblast cells. However, the downstream regulatory
mechanisms of NR_002794 remain unknown. In this text, some potential downstream targets or
signaling pathways of NR_002794 were identified through RNA sequencing (RNA-seq) and bioin-
formatics analysis in SWAN71 trophoblast cells. Western blot assay demonstrated that NR_002794
inactivated protein kinase B (AKT) and extracellular signal-regulated kinase 1/2 (ERK1/2) pathways
and activated cell apoptotic signaling in SWAN71 cells. Both RNA-seq and reverse transcription-
quantitative PCR (RT-gPCR) outcomes showed that NR_002794 up-regulation could notably inhibit
the expression of C-C motif chemokine ligand 4 like 2 (CCL4L2), interleukin 15 receptor subunit
alpha (IL15RA), interleukin 32 (IL32), and tyrosine kinase with immunoglobulin-like and EGF-like
domains 1 (TIET), while NR_002794 knockdown induced these gene expressions in SWAN71 cells.
CCK-8, BrdU, Transwell, wound healing, and flow cytometry analyses showed that NR_002794
inhibited cell proliferation and migration and induced cell apoptosis through down-regulating
TIET in SWAN71 cells. In conclusion, IncRNA NR_002794 could exert its functions by regulating
AKT and ERK1/2 pathways and TIE1 expression in human trophoblast cells.
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Introduction that abnormal trophoblast development is closely

Preeclampsia (PE), a pregnancy-related multisys-
tem disease that is characterized by hypertension
and proteinuria, can affect 0.2%-9.2% of pregnant
women [1]. It is a major cause of maternal mor-
tality and morbidity, premature delivery, and neo-
natal and fetal death [2,3]. It is estimated that
more than 70,000 maternal deaths and 500,000
infant deaths per year can be attributed to PE
[4]. Moreover, PE is closely linked with the
increased risks of cerebrovascular, cardiovascular,
and end-stage renal diseases and multi-organ dys-
function [2,5]. Despite the major advances in the
management of PE over the past decades, accu-
rate/effective screening, diagnosis, or treatment
strategies for PE remain seriously lacking [2].
Trophoblast cells, an essential cell type on the
outer membrane of the placenta, play vital roles
in fetal-maternal exchange, blastocyst implanta-
tion, and placentation [6,7]. Many studies support

associated with the pathogenesis of PE [8,9].
However, the molecules or pathways governing
trophoblast development are largely unknown.
An in-depth insight into the molecular mechan-
isms underlying trophoblast dysfunction might
contribute to the better management of PE.

Long non-coding RNAs (IncRNAs), a group of
long (>200 nucleotides in length) transcripts with
little or no protein-coding potential, have been
identified as vital players in various physiopatho-
logical processes [10,11]. Moreover, IncRNAs can
exert their functions by altering downstream gene
expression and regulating downstream signaling
pathways [12,13]. Over the past decades, multiple
IncRNAs have been found to be dysregulated in
preeclamptic placentas and dysregulated IncRNAs
have been demonstrated to be able to alter the
behaviors and phenotypes of trophoblast cells
such as proliferation, apoptosis, and migration
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[14,15]. For instance, IncRNA Prospero homeobox
1-antisense RNA 1 (PROX1-AS1) expression level
was notably increased in the placental tissues and
blood samples of the patients with PE, and
PROX1-AS1 loss facilitated cell migration and
invasion and suppressed cell apoptosis by regulat-
ing microRNA-211-5p/caspase9 axis in human
trophoblast cells [16]. LncRNA SH3PXD2A anti-
sense RNA 1 (SH3PXD2A-AS1) was highly
expressed in the placentas of PE patients, and
SH3PXD2A-AS1 overexpression weakened cell
proliferative, migratory, and invasive abilities and
induced cell apoptosis by negatively regulating the
expression of SH3 and PX domains 2A and
C-C motif chemokine receptor 7 in human tro-
phoblast cells [17].

Our recent study showed that IncRNA
NR_002794 was highly expressed in the placental
tissues of patients with PE, and enforced expres-
sion of NR_002794 triggered the notable reduction
of cell proliferative and migratory abilities and
marked increase of cell apoptotic rate in
SWANT71 trophoblast cells [18]. However, the
molecular mechanisms underlying the role of
NR_002794 in the development of trophoblast
cells remain unknown.

In this text, downstream targets and signaling
pathways of NR_002794 were investigated by high
throughput RNA sequencing (RNA-seq) technol-
ogy, KEGG enrichment analysis, and cellular/
molecular experiments in SWAN71 human tro-
phoblast cells. We supposed that the pathways
that were significantly enriched by the commonly
dysregulated genes after NR_002794 overexpres-
sion or knockdown could be regulated by
NR_002794 in SWANT7I1 cells. Among these path-
ways, we further examined the effects of
NR_002794 up-regulation or down-regulation on
protein kinase B (AKT) and extracellular signal-
regulated kinase 1/2 (ERK1/2), Bcl-2/caspase3
pathways in SWANT71 cells. Moreover, we sup-
posed that differentially expressed genes with con-
verse alteration trends after NR_002794
overexpression or knockdown had a high possibi-
lity to be the potential targets of NR_002794.
Subsequently, 9 potential NR_002794 targets
were screened out for further reverse transcrip-
tion-quantitative PCR (RT-qPCR) validation.
Among genes with consistent outcomes in RT-

qPCR and RNA-seq analyses, we further investi-
gated whether NR_002794 could exert its func-
tions by targeting tyrosine kinase with
immunoglobulin-like and EGEF-like domains 1
(TIE1) in SWANT71 cells.

Materials and methods
Cell culture and cell transfection

SWAN71 human trophoblast cells (kindly pro-
vided by Professor Ke Wu, School of Life
Sciences, Peking University, Beijing, China) and
HEK293T cells (obtained from American Type
Culture Collection, Rockville, MD, USA) were cul-
tured in DMEM medium (Thermo Scientific,
Waltham, MA, USA) containing 10% fetal bovine
serum (Thermo Scientific) in a 5% CO, incubator
at 37°C. Plasmids were transfected into HEK293T
or SWANT71 cells using the Lipofectamine 2000
reagent (Thermo Scientific).

Recombinant plasmid construction

To silence NR_002794, 3 pairs of oligonucleotides
targeting NR_002794 were constructed into the
pLenti6.3-shRNA-GFP vector (Novobio
Biotechnology Co., Ltd., Shanghai, China) and
generated recombinant plasmids were named sh-
NR_002794#1, sh-NR _002794#2, and sh-NR
_002794#3.  The full-length  fragment of
NR_002794 was subcloned into the lentiviral vec-
tor pL6.3-CMV-GFPal-IRES-MCS  (Novobio
Biotechnology). The coding region of TIE1 was
constructed into the pLenti6.3-MCS lentiviral vec-
tor (Novobio Biotechnology) to generate the lenti-
TIE1 lentiviral overexpression plasmid. The
sequences of the above-mentioned oligonucleo-
tides or primers were presented in Table 1.

Lentiviral package

Lentiviral particles were packaged as previously
described [19]. Briefly, the recombinant lentiviral
plasmid and packaging plasmid mix (Novobio
Biotechnology) = were  co-transfected  into
HEK293T cells. At 60 h after transfection, cell
supernatants containing lentiviral particles were
collected and titrated.



Table 1. The sequences of the oligos or primers.
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The sequences of 3 pairs of oligos targeting NR_002794

name
sh-NR_002794#1-sense (5'-3')
sh-NR_002794#1-antisense (5'-3")
sh-NR_002794#2-sense (5'-3')
sh-NR_002794#2-antisense (5'-3')
sh-NR_002794#3-sense (5'-3')
sh-NR_002794#3-antisense (5'-3')

sequences

CACCGGTGGTCAACATCACCATGGTCGAAACCATGGTGATGTTGACCACC
AAAAGGTGGTCAACATCACCATGGTTTCGACCATGGTGATGTTGACCACC
CACCGTGCTTCTGTAAGGGCTACAACGAATTGTAGCCCTTACAGAAGCAC
AAAAGTGCTTCTGTAAGGGCTACAATTCGTTGTAGCCCTTACAGAAGCAC
CACCGGCAAGGTTTGGTGCAAAATCCGAAGATTTTGCACCAAACCTTGCC
AAAAGGCAAGGTTTGGTGCAAAATCTTCGGATTTTGCACCAAACCTTGCC

Overexpression primer sequences

name forward primer (5'-3')
TIET AATTAAGGAAGCTAGCatggtctggcgggtgc TAAATCCAAGGCGCGCCtcaggcectectcagetgtgge

QPCR primer sequences

reverse primer (5'-3')

gene name foward(5'-3’) revese(5'-3')

NR_002794 TCTGTCTGTGCAGTGCTTCTG GTCGTCCTGCAGCAAGTAGC
CCLAL2 CCGCCTGCTGC CTTAC TTGCTTGCCTACCACAGC
IL15RA CCCAGCTCAAACAACACAGC AGGTAGCATGCCAGGAGAGA
IL32 AGAGGGCTACCTGGAGACAG CACCACCTTCTCCTTCACCC
TIE1 AGAGCATGGGACAGCCTCTA CCAGGTCCCTGTGGATGAAC
Dkk1 GCCTCAGGATTGTGTTGTGC ATCCGGCAAGACAGACCTTC
DMD TCTACAGAGGTCCGACAGCA CTCATTGGCTTTCCAGGGGT
GCNT1 TATCTCTGGGCCACCATCCA GTTCAAGTCACCAGCTCCGA
Gypc AGCCTGATCCAGGGATGTCT TGCATCTGCACTCTCAGCAA
Hes1 GTGTCAACACGACACCGGAT GGAATGCCGCGAGCTATCTT

Reverse transcription-quantitative PCR (RT-qPCR)
assay

The RT-qPCR assay was performed as previously
described [20,21]. Briefly, RNA was isolated from
SWANT1 cells using the Trizol reagent (Thermo
Scientific) and then reversely transcribed into the
cDNA first-strand using the M-MLV Reverse
Transcriptase (Thermo Scientific). Next, cDNA
was amplified and quantified using the SYBR
Green PCR Master Mix (Thermo Scientific) and
specific quantitative primers. Relative quantifica-
tion analysis was performed using the 274
method. The quantitative primer sequences were
shown in Table 1.

RNA-seq

RNA was extracted from SWAN71 cells infected
with lenti-NR_002794 (OE group), sh-NR_002794
(KD group), or control (NC group) lentiviruses as
described above. RNA containing polyA structure
was enriched using the Oligo(dT) magnetic beads
and then broken into approximately 300 bp frag-
ments. Next, the cDNA library (about 450 bp) was
constructed using the TruSeq RNA Library Prep
Kit (Illumina, San Diego, CA, USA) and
sequenced on Illumina HiSeq 2500 instrument
(Ilumina). The sequences after quality control

were aligned to the reference genome
(Homo_sapiens.GRCh38.dna.primary_assembly.
fa) using the HISAT2 software. Gene expression
levels were normalized wusing the TPM
(Transcripts Per Million) method. Differential
analysis was performed using the DEGseq soft-
ware. Genes were considered as differentially
expressed at |log,FoldChange| > 1 and g value <
0.05. KEGG enrichment analysis and gene annota-
tion analysis were conducted using the KOBAS3.0
online website (http://kobas.cbi.pku.edu.cn/
kobas3/?t=1). Subcluster analysis was carried out
using the R gplots.

Western blot assay

Protein expression levels were determined by wes-
tern blot assay as previously described [20,22].
Protein was extracted from SWANT71 cells using
the RIPA lysis buffer (Beyotime Biotechnology,
Shanghai, China) supplemented with Protease
and Phosphatase Inhibitor Cocktail (Thermo
Scientific), and then quantified using the Pierce
BCA Protein Assay Kit (Thermo Scientific). Next,
protein (30 ug per lane) was separated through
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred onto nitrocellulose mem-
branes (Millipore, Bedford, MA, USA). After the
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blockade of nonspecific signals, the membranes
were incubated for 12 h at 4°C with anti-pan-
protein kinase B (AKT) (1:1000 dilution, ab8805,
Abcam), anti-phosphorylated AKT (1:1000 dilu-
tion, ab38449, Abcam, Cambridge, UK), anti-
extracellular signal-regulated kinase 1/2 (ERK1/2)
(1:1000 dilution, ab184699, Abcam), anti-
phosphorylated ~ ERK1/2  (1:1000  dilution,
ab214036, Abcam), anti-Cleaved Caspase-3
(1:1000 dilution, ab32042, Abcam), anti-Bcl2
(1:1000 dilution, ab32124, Abcam), or anti-
GAPDH (1:2000 dilution, ab8245, Abcam). Next,
the membranes were probed with horseradish per-
oxidase-conjugated secondary antibody for 1 h at
room temperature. Finally, protein signals were
detected using the Pierce ECL Western Blotting
Substrate (Thermo Fisher Scientific) and quanti-
fied using the Image J v1.8.0 software (National
Institutes of Health, Bethesda, MD, USA).

CCK-8 assay

The proliferative activity of SWAN71 cells was
measured using the Cell Counting Kit-8
(MedChemExpress, Monmouth Junction, NJ,
USA) following the protocols of the manufacturer
as previously described [20]. Briefly, cells were
seeded into 96-well plates and infected with corre-
sponding lentiviruses. After 48 h of incubation,
10 ul of CCK-8 solution was added to each well.
Two hours later, the optical density (OD) values
were measured at 450 nm.

Bromodeoxyuridine (BrdU) assay

BrdU assay was carried out as previously described
[23]. Briefly, cells were co-incubated with BrdU
solution (10 uM) for 1 h. Subsequently, cells were
fixed with 4% paraformaldehyde for 20 min at
room temperature, permeabilized with 0.25%
Triton X-100 for 20 min at room temperature,
treated with 2 M HCI for 30 min at 37°C, and
washed using phosphate/citric acid buffer
(pH = 7.4) for 5 min. Next, cells were incubated
with the antibody against BrdU for over 12 h at
4°C and corresponding fluorescence-labeled sec-
ondary antibody for 45 min at 37°C. After the
treatment of DAPI solution, cells were imaged
using a flow cytometer.

Cell migration assay

Transwell assay was conducted as previously
described [24,25]. Briefly, cells infected with
matching lentiviruses were resuspended in serum-
free medium and inoculated into the upper cham-
bers of the 8 um pore-size transwell plates
(Corning Inc., New York, NY, USA), and medium
supplemented with 10% FBS was added into the
lower chambers. After 24 h of incubation in a 5%
CO, incubator at 37°C, cells migrated to the bot-
tom side of the membranes were fixed with 4%
paraformaldehyde and stained with crystal violet
solution. Next, cells were imaged using
a microscope and counted in 5 random fields.

Wound healing assay

Wound healing assay was carried out as previously
described [25-27]. Briefly, a vertical wound was
created using a pipette tip when cells reached
100% confluence. Next, cells in serum-free med-
ium were allowed to grow for 24 h. The wound
area was imaged at 0 h and 24 h wunder
a microscope.

Cell apoptotic percentage analysis

Cell apoptotic percentage was examined using the
Annexin V-FITC Apoptosis Detection Kit
(Beyotime Biotechnology) following the protocols
of the manufacturer as previously described
[28,29]. Briefly, cells were collected at 72 h after
lentiviral infection. Next, cells were re-suspended
in Annexin V-FITC binding solution and co-
incubated with Annexin V-FITC and Propidium
Iodide solutions for 20 min at room temperature
in the dark. Cell apoptotic percentage was mea-
sured using flow cytometry (BD Biosciences, San
Diego, CA, USA).

Statistics analysis

Data were analyzed using GraphPad Prism soft-
ware (version 7, GraphPad Software, Inc., San
Diego, CA, USA) with the results shown as
means + standard deviation. Difference analysis
among groups was performed using one-way ana-
lysis of variance (ANOVA) together with Tukey’s



post-hoc test with P < 0.05 as statistically
significant.

Results

Our previous study demonstrated that IncRNA
NR_002794 was aberrantly expressed in the pla-
cental tissues of patients with PE and
NR_002794 overexpression could influence the
development of trophoblasts [18]. However, the
downstream targets and regulatory pathways of
NR_002794 are poorly defined. In this text,
RNA-seq technology was used to identify dysre-
gulated genes in OE versus NC group or KD
versus NC group. The potential signaling path-
ways downstream of NR_002794 were identified
by KEGG enrichment analysis for the dysregu-
lated genes in both OE versus NC group and KD
versus NC group. Among the pathways that
could be regulated by NR_002794, we further
investigated the effects of NR_002794 overex-
pression or knockdown on AKT, and ERK1/2
pathways. Our prior study demonstrated that
NR_002794 could induce cell apoptosis in
SWAN71 cells. Thus, the influences of
NR_002794 up-regulation or down-regulation
on the Bcl-2/caspase3 apoptotic pathway were
also examined. We believed that differentially
expressed genes with converse alteration trends
in OE versus NC group and KD versus NC
group might be the potential targets of
NR_002794. Next, 9 potential NR_002794 tar-
gets were picked out for further RT-qPCR vali-
dation. Among genes with consistent outcomes
in RNA-seq and RT-qPCR analyses, we further
explored whether NR_002794 could influence
cell proliferation, migration, and apoptosis by
regulating TIE1 in SWANT71 cells.

Identification of NR_002794 downstream genes
and signaling pathways through RNA-seq and
bioinformatics analysis

To further explore the downstream regulatory
mechanisms of NR_002794, lentiviral particles
that could overexpress NR_002794 (lenti-NR

_002794) were packaged. Also, sh-NR
_002794#1, sh-NR_002794#2, and sh-NR
_002794#3  knockdown  plasmids  were
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constructed. Knockdown efficiency analysis
revealed that the transfection of sh-NR
_002794#1, sh-NR_002794#2, or sh-NR

_002794#3 knockdown plasmid led to the nota-
ble reduction of NR_002794 level in SWAN71
cells (Figure la). The highest knockdown effi-
ciency was observed in cells transfected with sh-
NR_002794#2 plasmid. Thus, the sh-NR
_002794#2 plasmid was transfected into
HEK293T cells together with the packaging
plasmid mix to obtain lentiviral particles that
could silence NR_002794 (sh-NR_002794).
Next, RNA-seq analysis was performed in
SWANT71 cells infected with lenti-NR_002794
(OE group), sh-NR_002794 (KD group), or
control lentiviruses (NC group) to identify
genes that could be regulated by NR_002794.
RNA-seq outcomes showed that 342 genes
were up-regulated and 323 genes were down-
regulated in the KD versus NC group
(Supplementary Table 1). Also, 549 genes were
identified to be differentially expressed (218 up-
regulated, 331 down-regulated) in the OE ver-
sus NC group (Supplementary Table 2). To
identify genes with similar expression patterns
or similar functions, cluster analysis was per-
formed for these differentially expressed genes
in the KD versus NC group and OE versus NC
group. As a result, a total of 10 gene clusters
were identified (Figure 1b). In the following
experiments, clusters 1 and 3 were selected for
further investigations because genes in these
clusters presented converse change trends in
KD versus NC and OE versus NC groups. We
believed that these genes had a high possibility
to be regulated by NR_002794. Combined with
the data in Supplementary Table 1 and
Supplementary Table 2, 159 genes were found
to be differentially expressed in both KD versus
NC group and OE versus NC group (Figure lc,
Supplementary Table 3). KEGG enrichment
analysis revealed that these 159 common dysre-
gulated genes in both KD versus NC group and
OE versus NC group mainly participated in the
regulation of the pathways such as cytokine-
cytokine receptor interaction, nucleotide exci-
sion repair, viral myocarditis, and Toll-like
receptor/PI3K-AKT/MAPK/Wnt signaling path-
ways (Supplementary Table 4), suggesting that
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Figure 1. Identification of NR_002794 downstream genes and signaling pathways through RNA-seq and bioinformatics
analysis. (a) SWAN71 cells were transfected with sh-NR_002794#1, sh-NR_002794#2, or sh-NR_002794#3 knockdown plasmid or
control plasmid. Forty-eight hours later, the NR_002794 level was measured by RT-qPCR assay. (b) Cluster analysis for differentially
expressed genes in KD versus NC group and OE versus NC group. (c) Venn analysis (http://jvenn.toulouse.inra.fr/app/example.html)
for differentially expressed genes in KD versus NC group or OE versus NC group. ***P < 0.001.

NR_002794 might be involved in the regulation
of these pathways.

Effects of NR_002794 overexpression or
knockdown on AKT, ERK1/2 and caspase3
apoptotic pathways

As mentioned above, KEGG enrichment analysis
suggested that NR_002794 might be implicated in
nucleotide excision repair and PI3K-AKT/MAPK
pathways. Also, our prior study showed that
NR_002794 overexpression could influence cell
apoptosis in SWANT71 cells [18]. Thus, the effects
of NR_002794 overexpression or knockdown on
AKT, ERK1/2, and apoptotic pathways were
further investigated by western blot assay in
SWANT71 cells. Results showed that NR_002794
overexpression could trigger the marked increase
of cleaved-caspase3 protein level and noticeable

reduction of Bcl2 protein level and p-ERK/ERK
and p-AKT/AKT ratios in SWAN71 cells
(Figure 2). Conversely, reduced cleaved-caspase3
level, increased Bcl2 expression, and up-regulated
p-ERK/ERK and p-AKT/AKT ratios were
observed in NR_002794-depleted SWAN71 cells
relative to the negative control group (Figure 2).
In other words, these data suggested that
NR_002794 could inactivate AKT and ERK1/2
pathways and activate caspase3 apoptotic signaling
in SWAN71 cells.

Effects of NR_002794 overexpression or
knockdown on the expression of 9 potential
targets: validation by RT-qPCR assay

Among genes in cluster 1, 14 genes were found to
be notably up-regulated in the KD versus NC
group and markedly down-regulated in the OE
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versus NC group (Supplementary Table 5). Among
genes in cluster 3, 9 genes were identified to be
noticeably down-regulated in the KD versus NC
group and conspicuously up-regulated in the OE
versus NC group (Supplementary Table 6). Among
these 23 differentially expressed genes with the
inverse alteration trends in KD versus NC and
OE versus NC groups, C-C motif chemokine
ligand 4 like 2 (CCL4L2)/interleukin 15 receptor
subunit alpha (IL15RA)/interleukin 32 (IL32)/
TIE1/dickkopf 1 (dkk1)/dystrophin (DMD)/gluco-
saminyl (N-acetyl) transferase 1 (GCNT1)/glyco-
phorin C (Gerbich blood group) (Gypc)/hes family
bHLH transcription factor 1 (Hesl) were picked
out for further RT-qPCR experiment validation.
The RT-qPCR assay demonstrated that enforced
expression of NR_002794 could markedly reduce
the expression levels of CCL4L2, IL15RA, IL32,
and TIE1 in SWANT71 cells (Figure 3). Inversely,
NR_002794 depletion led to a notable increase in
the expression levels of CCL4L2, IL15RA, IL32,
and TIE1 in SWAN71 cells (Figure 3). The influ-
ences of NR 002794 overexpression or knock-
down on CCL4L2, IL15RA, IL32, and TIEl
expression were consistent in RT-qPCR and RNA-
seq analyses. However, our data showed that
NR_002794 overexpression or knockdown trig-
gered the increase of dkkl, DMD, GCNT1, Gypc,
and Hesl expression levels, which was inconsistent
with the RNA-seq outcomes (Figure 3).

NR_002794 suppressed cell proliferation and
migration by down-regulating TIE1 in SWAN71
cells

Consistent with our prior study, CCK-8 and BrdU
assays demonstrated that ectopic expression of
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NR_002794 weakened the proliferative potential
of SWANT1 cells (Figure 4a and 4b). Conversely,
NR_002794 knockdown facilitated SWAN71 cell
proliferation (Figure 4a and 4b). In this text, we
further demonstrated that TIE1 overexpression
reversed NR_002794-mediated anti-proliferative
effect, and enhanced the promotive effect of
NR_002794 loss on cell proliferation in SWAN71
cells (Figure 4a and 4b). Additionally, enforced
expression of TIE1 markedly potentiated the pro-
liferative activity of SWANT71 cells (Figure 4a and
4b). Wound healing assays and transwell migra-
tion showed that NR_002794 overexpression hin-
dered cell migration, while NR_002794 depletion
triggered the notable increase of cell migratory
capacity in SWAN71 cells (Figure 4c and 4d).
Additionally, TIEl up-regulation abrogated the
detrimental effect of NR_002794 on cell migration
and potentiated the stimulative effect of
NR_002794 depletion on cell migration in
SWANT71 cells (Figure 4c and 4d). Furthermore,
enforced expression of TIEI led to the noticeable
elevation of cell migratory potential in SWAN71
cells (Figure 4c and 4d).

NR_002794 facilitated cell apoptosis through
down-regulating TIE1 in SWAN71 cells

Moreover, our data revealed that enforced expres-
sion of NR_002794 induced the notable increase of
cell apoptotic rate, and TIE1 overexpression abol-
ished NR_002794-mediated pro-apoptotic effect in
SWANT1 cells (Figure 5). Conversely, NR_002794
knockdown inhibited cell apoptosis, while this
effect was further enhanced by the TIEI increase
in SWAN71 cells (Figure 5). Additionally, TIE1
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Figure 2. Effects of NR_002794 overexpression or knockdown on AKT, ERK1/2, and apoptotic pathways. SWAN71 cells were
infected with lenti-NR_002794, sh-NR_002794, or control lentiviruses for 72 h. Next, protein levels of cleaved-caspase 3, Bcl2,
p-ERK1/2, ERK1/2, p-AKT, and AKT were measured through western blot assay. ***P < 0.001.
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overexpression triggered the marked reduction of
cell apoptotic rate in SWANT71 cells (Figure 5).

Discussion

In this text, 159 potential downstream targets of
NR_002794 were screened out by comparative
transcriptomics analysis. KEGG enrichment ana-
lysis showed that these 159 genes were signifi-
cantly enriched in multiple pathways including
cytokine-cytokine receptor interaction, nucleo-
tide excision repair, viral myocarditis, and Toll-
like receptor/PI3K-AKT/MAPK/Wnt signaling
pathways, suggesting the vital roles of
NR_002794 in these pathways. AKT and ERK1/
2 signaling pathways have been found to be
involved in the regulation of PE and trophoblast
development [30-32]. For instance, the inhibi-
tion of the PI3K/AKT pathway by LY294002 led
to the notable reduction of cell proliferative and
invasive abilities and a marked increase of cell
apoptotic percentage in HTR-8/SVneo tropho-
blast cells [33]. The phosphorylation levels of
PI3K and AKT were noticeably reduced in the
placentas of PE mice compared to the control
group [34]. The ERK1/2 phosphorylation levels
and p-ERK/ERK ratio were noticeably reduced
in the placental tissues of PE rats relative to the
control group [35]. Cyclophilin A weakened the
migratory and invasive abilities of trophoblast
cells in vitro and in vivo and triggered PE-like
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+lenti-TIE1 +lenti-TIE1
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features in pregnant mice by inactivating p38
MAPK and ERK1/2 signaling pathways [36].
Moreover, our previous study demonstrated
that enforced expression of NR_002794 could
induce cell apoptosis in SWAN71 cells. Thus,
we further investigated the effects of
NR_002794 overexpression or knockdown on
AKT, ERKI1/2, and apoptotic pathways in
SWAN71 cells. Our data revealed that
NR_002794 up-regulation could inactivate AKT
and ERK1/2 signaling pathways and activate Bcl-
2/caspase3 cell apoptotic signaling in SWAN71
cells.

Also, our data showed that 23 notably dysregu-
lated genes presented the inverse change trends in
KD versus NC and OE versus NC groups. We
supposed that these genes had a high possibility to
be regulated by NR_002794 in SWANT71 cells. Based
on the annotation analyses for these 23 genes
(Supplementary Table 7) and the above-mentioned
KEGG enrichment analysis, we selected CCL4L2/
IL15RA/IL32 (three genes related to cytokine-
cytokine receptor interaction)/TIEl (an angiogen-
esis-related gene), DKK1 (a gene involved in
WNT1 signaling)/DMD (a gene implicated in viral
myocarditis)/GCNT1 (a gene related to metabolic
pathways and cardiovascular disease)/Gypc (a car-
diovascular disease-related gene)/Hesl (an unanno-
tated gene) for further investigations. Moreover,
DKKI1 has been found to be abnormally expressed
in preeclamptic placentas and to be related to the
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Figure 5. NR_002794 facilitated cell apoptosis through down-regulating TIE1 in SWAN71 cells. SWAN71 cells were infected
with lenti-NR_002794, sh-NR_002794, lenti-TIE1, lenti-NR_002794+ lenti-TIE1, sh-NR_002794+ lenti-TIE1 or control lentiviruses. Cell
apoptotic rate was measured through flow cytometry at 72 h post infection. *: treated group versus NC group. #: treated group
versus lenti-NR_002794 group. &: treated group versus sh-NR_002794 group. ***P < 0.001. ###P < 0.001. &&&P < 0.001.
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pathogenesis of PE [37-39]. In this project, both
RNA-seq and RT-qPCR outcomes revealed that
NR_002794 overexpression triggered the notable
reduction in the expression levels of CCL4L2,
IL15RA, IL32, and TIE1, while NR_002794 knock-
down markedly promoted the expression of these
genes in SWAN71 cells. However, RT-qPCR ana-
lyses showed that the expression levels of dkkI,
DMD, GCNT1, Gypc, and Hesl were increased in
both KD versus NC and OE versus NC groups,
which was not in line with the RNA-seq results.

Currently, a large amount of evidence suggests
that the abnormality of angiogenesis is closely asso-
ciated with the development of PE [2,40,41]. TIEl,
also named TIE, has emerged as a vital regulator in
angiogenesis recently [42,43]. Moreover, a stronger
TIE1 immunoreactivity was observed in angiogenic
cells and trophoblast cells of human placental tissues
[44,45]. Additionally, TIE1 serum levels were notably
reduced in PE women than in non-pregnant women
and healthy pregnant women [46]. Given the close
association of TIE1 and angiogenesis/PE develop-
ment, we further explored whether NR_002794
could exert its functions by regulating TIEl in
SWANT7I cells. Our data revealed that NR_002794
weakened cell proliferative and migratory capacities
and induced cell apoptosis through down-regulating
TIE1 in SWANT71 cells. Moreover, TIE1 overexpres-
sion facilitated cell proliferation and migration and
hindered cell apoptosis in SWAN71 cells.

Conclusion

In summary, our outcomes showed that IncRNA
NR_002794 exerted its anti-proliferative, anti-
migratory, and pro-apoptotic effects through
regulating AKT and ERK1/2 pathways and
TIE1 expression in human trophoblast cells.
Additionally, multiple potential targets or down-
stream signaling pathways of NR_002794 were
identified in our project, which might contribute
to a better understanding of the pathogenic
mechanisms of NR_002794 in PE. Furthermore,
our study provides an in-depth insight into the
molecular basis implicated in trophoblast and PE

development. However, our experimental design
is rough and it is imperative to further examine
the effects of the NR_002794/TIE1 axis on PE
development in vivo.

Highlights

1. Some potential targets and downstream pathways of
NR_002794 were identified.

2. NR_002794 inactivated AKT and ERK1/2 pathways in
SWANT71 trophoblast cells.

3. NR_002794 inhibited TIE1 expression in SWANT71 tropho-
blast cells.

4. NR_002794 hampered cell proliferation and migration and
induced cell apoptosis.

5. NR_002794 exerted its functions by down-regulating TIE1
in SWAN71 trophoblast cells.
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