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Long non-coding RNAs (lncRNAs) are characterized as key
layers of the genome in various cancers. TSPEAR-AS2 was
highlighted to be a candidate lncRNA potentially involved in
gastric cancer (GC) progression. However, the clinical signifi-
cance and mechanism of TSPEAR-AS2 in GC required clarifi-
cation. The clinical significance of TSPEAR-AS2 was elucidated
through Kaplan-Meier Plotter. The mechanism of TSPEAR-
AS2 in GC was clarified in vitro and in vivo using luciferase
reporter, chromatin immunoprecipitation, RNA immunopre-
cipitation assays, and animal models. TSPEAR-AS2 elevation
was closely correlated with overall survival of GC patients. A
basic transcription element-binding protein 2 (BTEB2)-acti-
vated TSPEAR-AS2 model was first explored in this study.
TSPEAR-AS2 silencing substantially reduced tumorigenic ca-
pacities of GC cells, while TSPEAR-AS2 elevation had the
opposite effect. Mechanistically, TSPEAR-AS2 bound with
both polycomb repressive complex 2 (PRC2) and argonaute 2
(Ago2). TSPEAR-AS2 knockdown significantly decreased
H3K27me3 levels at promoter regions of gap junction protein
alpha 1 (GJA1). Ago2 was recruited by TSPEAR-AS2, which
was defined to spongemiR-1207-5p, contributing to the repres-
sion of claudin 4 (CLDN4) translation. The axis of EZH2/GJA1
and miR-1207-5p/CLDN4 mediated by BTEB2-activated-
TSPEAR-AS2 plays an important role in GC progression, sug-
gesting a new therapeutic direction in GC treatment.
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INTRODUCTION
Gastric cancer (GC) is an important issue strongly linked to public
health, ranking as the third leading cause of cancer death globally.1

Despite tremendous progress in the clinical detection and treatment
of GC in recent decades, the prognosis remains unsatisfactory, with
a 5-year survival rate of less than 30% in most countries.2,3 The
most important reasons for poor prognosis are largely due to late
diagnosis, a high postoperative recurrence rate, and metastasis.4,5

Thus, a great challenge lies ahead in understanding the molecular
mechanism of GC in identifying novel prognostic molecular bio-
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markers that can facilitate the development of appropriate therapeu-
tic strategies earlier in GC.

Integrative genomic studies have shown that only 2% of DNA se-
quences can encode proteins, with more than 90% of these transcripts
being actively transcribed; most of these transcripts are referred to as
non-coding RNAs (ncRNAs).6,7 Based on size, ncRNAs are divided
into two groups, long non-coding RNAs (lncRNAs) over 200 nucle-
otides and small ncRNAs such as microRNAs (miRNAs).8 Epigenetic
modifiers, including lncRNAs and miRNAs, act to impact on human
malignancies.9–11 Currently, increasing studies show that lncRNAs
usually interact with RNA-binding protein (RBP) to participate in a
variety of biological processes, such as chromatin remodeling, tran-
scriptional regulation, and RNA degradation.12,13 Identification of
lncRNA-dependent mechanisms of carcinogenesis is essential for un-
derstanding additional complexities of various tumors. Importantly,
combined targeting of lncRNA-modulated key axes may provide a
prospective rationale for cancer therapy.11,14

lncRNA TSPEAR-AS2 was previously reported to be involved in the
regulation of hypoxia-induced pulmonary artery hypertension
in vitro.15 In this study, TSPEAR-AS2 is defined as a GC-associated
lncRNA that we identified by analyzing The Cancer Genome Atlas
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(TCGA) and Gene Expression Omnibus (GEO) datasets. Coding po-
tential assessment tool (CPAT)16 and coding potential calculator
(CPC) analyses17 predicted the low coding potential of lncRNA
TSPEAR-AS2 (Figure 1B). It was shown that high TSPEAR-AS2 level
closely associated with the overall survival (OS) of patients with GC,
suggesting the predictive value of TSPEAR-AS2 in the prognosis of
GC patients. Then, we demonstrated a mechanism by which overex-
pression of TSPEAR-AS2 in GC cells was activated by basic transcrip-
tion element binding protein 2 (BTEB2). This mechanistic model of
BTEB2/TSPEAR-AS2 was first elucidated in this research. In vitro
and in vivo assays found that silencing of TSPEAR-AS2 markedly in-
hibited cell growth, migration, and invasion. By contrast, ectopic
expression of TSPEAR-AS2 played an oncogenic role in GC progres-
sion. Based on the analysis of high-throughput RNA sequencing
(RNA-seq), we identified the contribution of TSPEAR-AS2 and its
key target gene gap junction protein alpha 1 (GJA1) in GC progres-
sion. Specifically, TSPEAR-AS2 epigenetically inhibited GJA1 expres-
sion through the interaction with polycomb repressive complex 2.
Moreover, argonaute 2 (Ago2) was recruited by TSPEAR-AS2, which
was defined to sponge miR-1207-5p, thereby contributing to the
repression of claudin 4 (CLDN4) translation. In conclusion, our study
aimed to characterize novel lncRNAs closely correlated with GC. The
axis of enhancer of zeste 2 (EZH2)/GJA1 and miR-1207-5p/CLDN4
mediated by BTEB2-activated-TSPEAR-AS2 may provide new clues
facilitating the identification of therapeutic targets as well as effective
biomarkers for patients with GC.
RESULTS
lncRNA TSPEAR-AS2 Was Upregulated in GC and Tightly

Associated with Survival Rates of Patients with GC

As an effort to identify lncRNAs closely correlated with GC, the
publicly available data were downloaded from TCGA and GEO data-
sets. It was revealed that lncRNA TSPEAR-AS2 exhibited obvious up-
regulation in GC tissues (n = 375), as compared with normal tissues
(n = 32) (Figure 1A). Moreover, the analysis of GSE66229 datasets
demonstrated that TSPEAR-AS2 was obviously increased in GC tis-
sues (n = 300) compared with normal tissues (n = 100) (Figure 1A).
Additionally, TSPEAR-AS2 was markedly upregulated in GC cells
compared with GES-1 cell line (Figure S1A). SGC7901 and
MGC803 cells were selected for further research owing to their
remarkable elevation of TSPEAR-AS2. Next, CPAT and CPC analyses
were performed to reveal the low coding potential of lncRNA
TSPEAR-AS2 (Figure 1B). To explore the correlation between
Figure 1. High TSPEAR-AS2 Level Closely Associated with Poor Outcome of Pa

Transcription of TSPEAR-AS2

(A) Relative expression of TSPEAR-AS2 in GC tissues and normal tissues was measure

protein coding capacity of TSPEAR-AS2 through the Coding Potential Calculator 2 (CPC

between TSPEAR-AS2 level and overall survival of GC patients (n = 631) using Kaplan

specimens was analyzed based on GSE65801 database. (E) BTEB2 levels in GC tissue

database. (F) The effects of BTEB2 alteration on regulating the expression level of TS

transfecting the full TSPEAR-AS2 promoter fragment (pGL3-TSPEAR-AS2-F) or delete

D2, pGL3-TSPEAR-AS2-D3) with pcDNA-BTEB2 or empty vector in HEK293T cells. (The

qPCR assay showed direct binding of BTEB2 to endogenous TSPEAR-AS2 promoter re

promoter in GC cells transfected with BTEB2 siRNA or overexpression vector. *p < 0.0
TSPEAR-AS2 level and OS of patients, we also analyzed the publicly
available data from 631 GC patients using Kaplan-Meier Plotter
(http://kmplot.com/analysis/). As shown in Figure 1C, higher
TSPEAR-AS2 expression closely associated with worse OS, high-
lighting the prognostic value of TSPEAR-AS2 in GC (Figure 1C).
TSPEAR-AS2 Was Transcriptionally Activated by Transcription

Factor BTEB2 in GC

Currently, transcription factors (TFs) have been found to be capable
of driving the expression of lncRNAs with tumor-promoting func-
tions.18,19 Therefore, we made assumptions that certain transcription
factors were responsible for ectopic expression of TSPEAR-AS2.
BTEB2, a zinc-finger transcription factor, has been identified to
modulate activities correlated with various functions such as cell
growth, proliferation, differentiation, and tumorigenesis.20–22 It was
shown that BTEB2 was significantly enriched in GC tissue samples
(Figure 1E). Further analysis discovered the positive correlation be-
tween TSPEAR-AS2 and BTEB2 in GC tissue samples (Figure 1D).
Then, we investigated the transcriptional regulation of TSPEAR-
AS2 using JASPAR (http://jaspardev.genereg.net/) databases and
found that BTEB2 can possibly bind to the promoter region of the
TSPEAR-AS2 gene. The predicted binding regions are represented
as E1, E2, and E3, shown in Figure 1G. In this regard, we deduced
that BTEB2 might activate the transcription of TSPEAR-AS2. There-
fore, the protein level of BTEB2 was first examined in GC cells with
BTEB2 knockdown or overexpression. Compared with the control
group, the protein level of BTEB2 was dramatically increased in GC
cells with transfection of pcDNA-BTEB2 (Figure S1B). By contrast,
small interfering RNAs (siRNAs) against BTEB2 obviously decreased
the protein level of BTEB2 in GC cells (Figure S1B). Then, qRT-PCR
assays were used to test the alteration of TSPEAR-AS2 in BTEB2-
depleted or BTEB2-overexpressed GC cells. As expected, BTEB2
knockdown obviously decreased TSPEAR-AS2 expression, and
BTEB2 overexpression markedly increased TSPEAR-AS2 expression,
identifying BTEB2 as potential upstream regulator of TSPEAR-AS2
(Figure 1F).

To assess the transcription activation of BTEB2 on the promoter of
TSPEAR-AS2, we cloned the promoter region of TSPEAR-AS2 into
a luciferase reporter plasmid and made deletions at the promoter of
TSPEAR-AS2 (Figure 1G). Then, cotransfection was performed in
HEK293T cells with pcDNA-BTEB2/empty vector and luciferase re-
porter vectors TSPEAR-AS2 promoter full length (F), TSPEAR-AS2
tients with GC and the Transcription Factor BTEB2 Critically Activated the

d in the data provided from GEO (GEO: GSE66229) and TCGA. (B) Evaluating the

2) and Coding Potential Assessment Tool (CPAT). (C) The analysis of the correlation

-Meier Plotter. (D) The relationship between BTEB2 and TSPEAR-AS2 in GC tissue

s and normal tissues were detected by analyzing data from GEO (GEO: GSE66229)

PEAR-AS2 in GC cells. (G) Dual-luciferase reporter assay was performed by co-

d TSPEAR-AS2 promoter fragment (pGL3-TSPEAR-AS2-D1, pGL3-TSPEAR-AS2-

predicted binding regions by JASPAR are represented as E1, E2, and E3.) (H) ChIP-

gions in GC cells. (I) ChIP-qPCR assay showed BTEB2 enrichment on TSPEAR-AS2

5, **p < 0.01.
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promoter deletion 1# (D-1), TSPEAR-AS2 promoter deletion 2# (D-
2), or TSPEAR-AS2 promoter deletion 3# (D-3) (Figure 1G). Dual-
luciferase reporter analysis showed that D-1 caused a significant
downregulation in promoter activity compared with F, D-2, and D-
3 (Figure 1G). These findings elucidated the binding of BTEB2 to
this region and its efficacy of luciferase activation. Meanwhile, chro-
matin immunoprecipitation (ChIP) experiments were implemented.
Our data demonstrated that BTEB2 directly bound to their binding
sites on TSPEAR-AS2 promoter region in GC cells (Figure 1H).
Furthermore, downregulation or overexpression of BTEB2 decreased
or increased BTEB2 enrichment within the TSPEAR-AS2 promoter,
respectively (Figure 1I). Taken together, our data demonstrated that
increased TSPEAR-AS2 expression could be transcriptionally acti-
vated by the key transcription factor BTEB2 in GC.

TSPEAR-AS2 Boosted the Oncogenic Activities of GC Cells

In Vitro and In Vivo

To illuminate the function of TSPEAR-AS2 in GC progression, we
performed loss- and gain-of function assays to effectively alter
TSPEAR-AS2 expression in GC cells (Figures 2A and 2B). Knock-
down of TSPEAR-AS2 obviously inhibited GC cell proliferation
and impaired colony-formation ability (Figures 2C and 2E), while
TSPEAR-AS2 overexpression displayed the reverse effects (Figures
2D and 2F). Moreover, Ethynyldeoxyuridineanaly (EdU) assays veri-
fied that TSPEAR-AS2 knockdown obviously decreased the prolifer-
ative capacities of GC cells (Figure 2G). Flow cytometry assays
demonstrated that inhibition of TSPEAR-AS2 significantly increased
the proportion of apoptosis in GC cells (Figure 2H). Our data verified
that the inhibition of cell proliferation induced by TSPEAR-AS2
knockdown could be partly attributed to activated apoptosis in GC
cells. In addition, TSPEAR-AS2 repression markedly weakened the
migratory and invasive capacities of GC cells (Figures 2I and S2A),
and overexpression of TSPEAR-AS2 elicited the opposite impacts
(Figures 4K and S2B).

To determine TSPEAR-AS2 impact on tumorigenic capacities in vivo,
a xenograft tumor model was constructed. TSPEAR-AS2-stable-
knockdown MGC803 cells or control cells were subcutaneously in-
jected into male nude mice. We found that the tumors derived
from the control group were markedly larger than tumors obtained
from the TSPEAR-AS2-stable-knockdown group (Figure 2J). Addi-
tionally, the volume and weight of the tumors formed from
TSPEAR-AS2-stable-knockdown group were significantly decreased
compared with those derived from the control group, indicating the
promotion effects of TSPEAR-AS2 on the tumorigenic abilities of
GC cells (Figures 2K and 2L). As shown in Figures 2M and 2N, tu-
mors derived from the control group revealed stronger staining of
Ki-67 compared with tumors obtained from the TSPEAR-AS2-sta-
ble-knockdown group (Figures 2M and 2N).

Silencing of GJA1Was Regulated by Interaction of TSPEAR-AS2

and Polycomb Repressive Complex 2

To uncover the underlying mechanism about how lncRNA TSPEAR-
AS2 contribute to the malignant phenotype of GC, we evaluated the
1132 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
gene expression profiles of a control group and TSPEAR-AS2 knock-
down group via RNA-seq (Figures 3A and 3B). Gene Ontology (GO)
analysis of RNA-seq assays of TSPEAR-AS2 knockdown demon-
strated that the alteration in gene set was closely associated with
cell migration, cell proliferation, apoptotic process, and cell growth
(Figure 3D). As shown in Figures 3E and 3F, Gene Set Enrichment
Analysis (GSEA) was applied to further explore the pathways
involved in GC pathogenesis. Enrichment plots of GSEA highlighted
that the gene signatures of negative regulation of growth and positive
regulative extrinsic apoptotic signaling pathway were much more
involved in TSPEAR-AS2-depleted cells compared with the control
group (Figures 3E and 3F). Then, qRT-PCR assays were used to iden-
tify key regulators mediated by TSPEAR-AS2 knockdown and thus
further the understanding of TSPEAR-AS2-mediated GC progres-
sion. Among these aberrantly altered key genes, GJA1 displayed the
highest level in TSPEAR-AS2-depleted SGC7901 cells relative to the
control group (Figure 3C). Current evidence has demonstrated that
GJA1 exhibits close association with cancer development, distant
metastasis, and survival condition.23,24 Moreover, GJA1 was dramat-
ically upregulated in TSPEAR-AS2-depleted GC cells, as demon-
strated by qRT-PCR and western blot experiments (Figures 3G
and 3H).

To further clarify TSPEAR-AS2-involved regulatory mechanisms in
GC progression, we performed subcellular fractionation and RNA-
fluorescence in situ hybridization (FISH) assays in GC cells. Our find-
ings elucidated that TSPEAR-AS2 was more prevalent in the nucleus
than in the cytoplasm in SGC7901 andMGC803 cells (Figures 4A and
4B). These findings may support the potential transcriptional regula-
tion of TSPEAR-AS2 in GC progression. Currently, researchers
demonstrated that lncRNAs could modulate epigenetic modification
or gene silencing through binding with RBPs.25,26 To further deter-
mine the regulatory mechanism of TSPEAR-AS2-induced GJA1
silencing, bioinformatics analysis was first conducted to predict inter-
action possibilities of RBPs and TSPEAR-AS2. The analysis data indi-
cated that TSPEAR-AS2 was predicted to potentially bind with EZH2,
SUZ12, EED, STAU1, and Ago2, with the score of RF or SVM greater
than 0.5 (Figure 4C). To verify this prediction, radioimmunoprecipi-
tation (RIP) assays testified the binding of TSPEAR-AS2 with EZH2,
SUZ12, and AGO2 in GC cells (Figure 4D).

Methyltransferase EZH2, a critical member of PRC2, enhances
methylation of H3K27, leading to silencing of tumor suppressors.27,28

The amplification of EZH2 was observed in various types of can-
cers.29–31 Previous research also highlighted the oncogenic role of
EZH2 in GC, indicating its emerging role in this active field.32 In
this study, the level of EZH2 was effectively impaired in GC cells
with siRNAs against EZH2 (Figure S3A). Intriguingly, knockdown
of EZH2 can dramatically upregulate GJA1 level in GC (Figure S3B).
Together, GJA1 may be coregulated by TSPEAR-AS2 and EZH2
in GC.

To elucidate whether TSPEAR-AS2 was involved in regulating gene
transcription by recruiting PRC2, we performed ChIP assays in



Figure 2. The Biological Role of TSPEAR-AS2 in GC Progression

(A) TSPEAR-AS2 knockdown efficiency was analyzed by qRT-PCR in GC cells. (B) TSPEAR-AS2 overexpression efficiency was analyzed by qRT-PCR in GC cells. (C) Cell

viability examinations of GC cells with TSPEAR-AS2 knockdown. (D) Cell viability examinations of GC cells with TSPEAR-AS2 overexpression. (E) Colony-forming assays were

conducted to determine the proliferation of GC cells with TSPEAR-AS2 knockdown. (F) Colony-forming assays were conducted to determine the proliferation of GC cells with

TSPEAR-AS2 overexpression. (G) Cell proliferation of GC cells was evaluated 48h after transfection with TSPEAR-AS2 siRNAs or Scrambled using EdU assays. (H) The

apoptosis of GC cells transfected with TSPEAR-AS2 siRNAs or Scrambled was analyzed by flow cytometry assays. (I) Transwell assays were performed in GC cells transfected

with TSPEAR-AS2 siRNAs or Scrambled. (J) The dissected tumors bearing fromMGC803 cells transfection of sh-Control or shRNA groups. (K) The weight of tumors obtained

from sh-TSPEAR-AS2 group or control group. (L) The volume of tumors obtained from sh-TSPEAR-AS2 group or control group. (M) H&E staining of the tumors isolated from

mice. 20�images and 40�images were shown. (N) Ki-67 staining of the tumors isolated from mice. 20�images and 40�images were shown. *p < 0.05, **p < 0.01.

www.moleculartherapy.org
SGC7901 and MGC803 cells. It was demonstrated that TSPEAR-AS2
knockdown significantly reduced the binding of EZH2 and
H3K27me3 across the GJA1 promoter region (Figure 4G). Together,
our data revealed that TSPEAR-AS2 participate in the tumorigenesis
of GC through the transcriptional regulation of GJA1 via binding to
PRC2 in GC cells.
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 1133
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Figure 3. GJA1 Acted as a Key Downstream Target of TSPEAR-AS2 in GC Progression

(A) Heatmap of altered genes in GC cells transfected with TSPEAR-AS2 siRNA or Scrambled. (B) Hierarchical clustering gene transcription altered in GC cells after

knockdown of TSPEAR-AS2. (C) The qRT-PCR assays were conducted to validate the level of key genes in GC cells with TSPEAR-AS2 knockdown. (D) Gene Ontology

analysis for all genes with altered expressions after knockdown of TSPEAR-AS2. (E) GSEA explored the gene sets enriched by genes in response to TSPEAR-AS2

knockdown (Negative regulation of growth). (F) GSEA explored the gene sets enriched by genes in response to TSPEAR-AS2 knockdown (Positive regulation of extrinsic

apoptotic signaling pathway). (G) The expression of GJA1 was determined in GC cells treated with TSPEAR-AS2 siRNA or scrambled using qRT-PCR assays. (H) The

expression of GJA1 was determined in GC cells treated with TSPEAR-AS2 siRNA or scrambled using western blot assays. *p < 0.05, **p < 0.01.
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Figure 4. lncRNA TSPEAR-AS2 Silenced GJA1 Transcription through Binding to EZH2 in GC

(A) The subcellular localization analysis of the location of TSPEAR-AS2 in the cytoplasm and nuclear fractions in GC cells. (B) The FISH analysis of the location of TSPEAR-AS2

in the cytoplasm and nuclear fractions in GC cells. (C) Prediction of the interaction probability between TSPEAR-AS2 and RNA binding proteins by bioinformatics (http://pridb.

gdcb.iastate.edu/RPISeq/). (D) The interaction of TSPEAR-AS2with EZH2, SUZ12, and AGO2was verified by RIP assay in GC cells. (E) The expression of GJA1 in GC tissues

compared with normal tissues in GSE66229 datasets. (F) The correlation between the level of TSPEAR-AS2 and GJA1 in GC tissues was detected using data from

GSE66229 datasets. (G) ChIP-qPCR assay of EZH2 and H3K27me3 occupancy in the GJA1 promoter in GC cells transfected with TSPEAR-AS2 siRNA or Scrambled. (H)

The expression level of GJA1 is detected in GC cells transfected with pcDNA-GJA1 through qRT-PCR. (I) The effects of GJA1 overexpression on GC cell viability were

detected using CCK8 assays. (J) Overexpression of GJA1 can partly reverse the promotion effects of GC cell proliferation mediated by TSPEAR-AS2 overexpression. (K)

Overexpression of GJA1 can partly reverse the promotion effects of GC cell migration mediated by TSPEAR-AS2 overexpression. *p < 0.05, **p < 0.01.
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Oncogenic Function of TSPEAR-AS2 by Repressing GJA1

Expression

Given the potential regulatory role of GJA1 in TSPEAR-AS2-
involved GC progression, bioinformatics analysis was implicated
to verify the expression pattern of TSPEAR-AS2 in specimens
from patients with GC. It was shown that GJA1 was prominently
downregulated in GC tissue samples (n = 300) compared with
non-tumor samples (n = 100) (Figure 4E). Meanwhile, it is inter-
esting to note the negative relationship between GJA1 level and
TSPEAR-AS2 level in GC tumor specimens (n = 300) (Figure 4F).
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 1135
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Figure 5. Regulation Relationship between lncRNA TSPEAR-AS2 and miR-1207-5p in GC

(A) Bioinformatics databases (miRanda, pita, and RNAhybrid) were analyzed to predict potential miRNAs binding with TSPEAR-AS2. (B) Luciferase activity of HEK293T cells

cotransfected with 4 various miRNA-coding plasmids and the luciferase reporter plasmids (pmirGLO-TSPEAR-AS2-WT). Data are presented as the ratio of firefly luciferase to

(legend continued on next page)
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In addition, the level of GJA1 was verified in GC cells treated with
empty vector or pcDNA-GJA1. It can be observed that GC cells
with pcDNA-GJA1 displayed remarkable upregulation compared
with the control group (Figure 4H). Cell viability tests verified
the inhibition impact of GJA1 overexpression on GC cell prolifer-
ation (Figure 4I).

To investigate the function of GJA1 in TSPEAR-AS2-induced promo-
tion of GC proliferation, invasion, and migration, rescue assays were
conducted in GC cells, which were cotransfected with pcDNA-
TSPEAR-AS2 and pcDNA-GJA1. Of note, ectopic expression of
TSPEAR-AS2 remarkably activated GC cell proliferation, migration,
and invasion, and overexpression of GJA1 was capable of reversing
the influence mediated by TSPEAR-AS2 (Figures 4J, 4K, and S2B).
These data elucidated that the effects of TSPEAR-AS2 on GC progres-
sion may partially depend on the regulation of GJA1.

lncRNA TSPEAR-AS2 Elevated CLDN4 Expression through

Competing for miR-1207-5p

Importantly, TSPEAR-AS2 may also play a post-transcriptional role
in gene regulation. It is known that lncRNAs have been implicated
in post-transcription regulation, such as sponging activity for miR-
NAs.33,34 To investigate whether TSPEAR-AS2 played such a role,
we used miRanda, pita, and RNAhybrid to make a prediction of
possible miRNAs targeting sites on TSPEAR-AS2 (Figure 5A). Ac-
cording to the prediction result and current evidence, we filtered
out a number of miRNAs, which have been shown to inhibit the ma-
lignant phenotype of tumor.35–37 Therefore, the implementation of
dual-luciferase reporter assays testfied the interacted correlation be-
tween TSPEAR-AS2 and these miRNAs. We observed that the lucif-
erase activity of pmir-GLO-TSPEAR-AS2 that contained full-length
TSPEAR-AS2 can be significantly repressed by the transfection of
miR-874-3p, miR-1207-5p, and miR-4779 (Figure 5B). Moreover,
miRNA-1207-5p showed the strongest inhibition effect (Figure 5B).
Thus, miR-1207-5p was selected for further analysis.

Thereafter, site-targeted mutagenesis was constructed within the
speculative miR-1207-5p-binding site in the lncRNA TSPEAR-AS2
sequence (Figure 5C). It was shown that pmir-GLO-TSPEAR-AS2-
mut (TSPEAR-AS2-Mut) failed to respond to miR-1207-5p, clari-
fying that TSPEAR-AS2 acts to sponge miR-1207-5p (Figure 5C).
In addition, knockdown of TSPEAR-AS2 gave rise to an elevated level
of miR-1207-5p, whereas the boosted TSPEAR-AS2 level reflected
contrary impact on miR-1207-5p level in GC cells (Figure 5D). How-
ever, overexpression of miR-1207-5p displayed no significant differ-
ence on TSPEAR-AS2 expression (Figure S3C). More importantly,
RIP assays were performed in GC cells to verify whether TSPEAR-
Renilla luciferase activity. (C) Luciferase activity in HEK293T cells cotransfectedwithmiR-

AS2-Mut. (D) The level of miR-1207-5p was examined in GC cells with TSPEAR-AS2

noprecipitates were presented as fold change in Ago2 relative to IgG immunoprecipitat

was analyzed in the GSE54397 database. (G) The level of miR-1207-5p was detected i

assays. (H and I) The effects of miR-1207-5p on GC cell apoptosis were analyzed by flow

GC cell viability. *p < 0.05, **p < 0.01.
AS2 and miR-1207-5p were involved in the RNA-induced silencing
complex (RISC). It was shown that both TSPEAR-AS2 and miR-
1207-5p are drastically enriched in AGO2 immunoprecipitates
compared with those in the immunoglobulin G (IgG) pellet in
SGC7901 and MGC803 cells (Figure 5E). These results suggested
that TSPEAR-AS2 physically existed in the AGO2-based miRNA-
modulated repression complex and exhibited close association with
miR-1207-5p, but miR-1207-5p did not induce TSPEAR-AS2
degradation.

Previous evidence has indicated that miR-1207-5p is of great signifi-
cance in many fetal malignancies.38,39 Nevertheless, the functional
biology of miR-1207-5p was not comprehensively elucidated in GC.
Furthermore, the mechanistic model of miR-1207-5p in TSPEAR-
AS2-mediated GC progression remains unclear. Therefore, the profile
of the miR-1207-5p level was verified in paired tissue specimens from
patients with GC (GSE54397) (Figure 5F). The significant downregu-
lation of miR-1207-5p can be observed in GC tissue samples relative
to matched normal tissue samples (Figure 5F). Then, significant over-
expression or knockdown of miR-1207-5p level was made in GC cells
using mimic or inhibitor against miR-1207-5p (Figure 5G). We gave
the first evidence that the ectopic level of miR-1207-5p dramatically
improve the apoptotic proportion of GC cells (Figures 5H and 5I).
Consistently, knockdown of miR-1207-5p could obviously activate
GC cell proliferation (Figure 5J). By contrast, elevation of miR-
1207-5p impacted contrary effects onGC cell proliferation (Figure 5J).
These findings highlight the critical role of miR-1207-5p in TSPEAR-
AS2-correlated GC progression

To detail the TSPEAR-AS2-involved mechanism of post-transcrip-
tional regulation, data mining was processed in RNA-seq analysis
of a control group and the TSPEAR-AS2-knockdown group. We
observed that a number of key genes displayed obvious downregula-
tion in abundance of log2FC (fold change)%�1 (Figure 3B). Then, a
series of verification experiments were applied to test the alteration
after TSPEAR-AS2 knockdown. It was found that a number of key
genes were dramatically decreased in TSPEAR-AS2-depleted GC
cells, including CLDN4, solute carrier family 25 member 10
(SLC25A10), phospholipase C eta 2 (PLCH2), and sushi domain con-
taining 2 (SUSD2), in both SGC7901 and MGC803 cells. Among
these potential genes, TSPEAR-AS2 knockdown displayed the stron-
gest inhibition effects on CLDN4 level (Figure 6A). It is known that
the alteration of CLDN4 is tightly linked with the malignant progres-
sion of various malignancies and therapeutic resistance.40–42 Here, we
found the obvious downregulation of CLDN4 in TSPEAR-AS2-
depleted GC cells and significant upregulation of CLDN4 in
TSPEAR-AS2-overexpressed GC cells, identifying that CLDN4 may
1207-5p or negative control and pmirGLO-TSPEAR-AS2-WT or pmirGLO-TSPEAR-

knockdown or overexpression through qRT-PCR assays. (E) RNA levels in immu-

es. (F) Relative expression of miR-1207-5p in GC tissues and paired normal tissues

n GC cells transfected with mimic or inhibitor against miR-1207-5p using qRT-PCR

cytometry assays. (J) The effects of miR-1207-5p knockdown or overexpression on
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Figure 6. lncRNA TSPEAR-AS2 Modulates CLDN4 Expression by Competing for miR-1207-5p in GC

(A) The qRT-PCR assays were conducted to validate the alteration of key genes in GC cells with TSPEAR-AS2 knockdown. (B) The effects of miR-1207-5p overexpression on

CLDN4 expression in GC cells. (C) Luciferase activity in HEK293T cells cotransfected with miR-1207-5p or negative control and pmirGLO-CLDN4 30UTR-WT or pmirGLO-

CLDN4 30UTR-Mut. (D) Western blot assay was used to detect CLDN4 protein level in GC cells upon miR-1207-5p mimic or pcDNA-TSPEAR-AS2 treatment (right), and in

the absence of TSPEAR-AS2 expression or miR-1207-5p inhibitor (left). (E) The level of CLDN4 in gastric cancer tissues and normal tissues was measured in the data

provided from GEO (GSE66229) datasets. (F) The level of CLDN4 in gastric cancer tissues and normal tissues was measured in the data provided from GEO (GSE65801)

datasets. (G) The relationship between CLDN4 and TSPEAR-AS2 in GC tissues was determined based on the data from GSE65801 datasets. (H) The relationship between

CLDN4 and TSPEAR-AS2 in GC tissues was determined based on the data from GSE66229 datasets.
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be a key downstream effector of TSPEAR-AS2 in GC progression
(Figure 6D).

Subsequently, we assumed that TSPEAR-AS2, miR-1207-5p, and
CLDN4 were involved in a competing endogenous RNA (ceRNA)
regulatory network. To verify our hypothesis, we first performed
miR-1207-5p overexpression assays in GC cells and found that
the elevation of miR-1207-5p resulted in the obvious decrease of
CLDN4 at the mRNA level (Figure 6B). Moreover, we further re-
vealed that the depletion or increase of miR-1207-5p can signifi-
1138 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
cantly upregulate or downregulate CLDN4 expression in GC cells
(Figure 6D). Interestingly, the prediction analysis from miRanda
database showed that miR-1207-5p can possibly bind to CLDN4
(Figure 6C). As shown in Figure 6C, a luciferase activity assay
further demonstrated that miR-1207-5p elevation induced the effec-
tive suppression of luciferase activity of CLDN4-30 UTR-wild-type
(WT) but not CLDN4-30 UTR-Mut (Figure 6C). The analysis
of GSE66229 database highlighted the abundance of CLDN4 in
GC tissue specimens (n = 300) compared with normal specimens
(n = 100) (Figure 6E). We also detected the CLDN4 level in paired
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specimens from patients with GC and indicated CLDN4 upregula-
tion in GC (Figure 6F). Interestingly, the positive correlation can
be observed between TSPEAR-AS2 and CLDN4 in GC tumor sam-
ples, highlighting the tight regulatory correlation between TSPEAR-
AS2 and CLDN4 in GC progression based on data from GEO data-
sets (GEO: GSE65801 and GSE66229) (Figures 6G and 6H). Taken
together, our findings elucidated that lncRNA TSPEAR-AS2 worked
as a ceRNA for miR-1207-5p, consequently leading to a boosted
level of CLDN4 in GC progression.

DISCUSSION

Mounting evidence has reported that lncRNAs are effective biological
regulators rather than “transcriptional noise.”11,43–45 Despite that
lncRNAs have been considered to play important roles during cancer
progression, a variety of mechanisms need to be developed and clar-
ified in various types of cancers, especially GC. To detect lncRNAs
potentially involved in GC progression, we first explored the publicly
available profiling data of GC from TCGA and GEO datasets. A novel
lncRNA, TSPEAR-AS2, was screened out as a candidate gene associ-
ated with GC progression. The ectopic expression of TSPEAR-AS2
exhibited close correlation with the survival condition of patients
with GC. Through gain- and loss-of function assays, TSPEAR-AS2
could induce GC cell apoptosis and promote GC proliferation, migra-
tion, and invasion. Together, TSPEAR-AS2 may exhibit an oncogenic
role in GC progression. To the best of our knowledge, this is the first
study to systematically evaluate the role of TSPEAR-AS2 in GC initi-
ation and development.
Current studies indicate that many transcription factors have been re-
vealed to be highly expressed in various malignancies, contributing to
the activities of transcriptional activation of lncRNAs.46,47 In this
study, a high level of transcription factor BTEB2 was observed in
GC specimens and potentially correlated with TSPEAR-AS2 abun-
dance, contributing to TSPEAR-AS2 overexpression in GC. Both
FISH and subcellular fractionation assays demonstrated that
TSPEAR-AS2 was more prevalent in the nucleus of GC cells, suggest-
ing that TSPEAR-AS2 may mediate GC progression at the transcrip-
tional level. RNA-seq found that inhibition of TSPEAR-AS2 affected
key regulators correlated with cancer, such as GJA1, HDAC9, ROS1,
ANKRD1, and XAF1. The expression level of GJA1 exhibited signif-
icant upregulation in GC cells with knockdown of EZH2, which is a
critical member of PRC2. Interestingly, GJA1 can be coregulated by
TSPEAR-AS2/EZH2. Mechanistic assays showed that TSPEAR-AS2
may participate in the tumorigenesis of GC via transcription repres-
sion of key regulators through interaction with EZH2. Additionally,
TSPEAR-AS2-induced GC proliferation, migration, and invasion
can be significantly reversed by overexpression of GJA1 in GC.
Recently, a novel regulatory mechanism has been illuminated to exist
between lncRNAs andmiRNAs inmanymalignant diseases.48–50 Both
lncRNAs and miRNAs exert dynamic function in transcriptional and
translational regulation.51,52 lncRNAs can serve as ceRNAs to protect
mRNAs through competing for their targeting miRNAs.49–51 In the
present study, bioinformatics databases (miRanda, pita, and RNAhy-
brid) were analyzed to predict miRNAs, which may potentially bind
with TSPEAR-AS2. Among these miRNAs, miR-1207-5p showed
the strongest repressive abilities of TSPEAR-AS2-mediated luciferase
activity. Furthermore, RNA-seq assays and verified assays confirmed
that CLDN4 is among the most downregulated gene in GC cells
with TSPEAR-AS2 knockdown. Subsequently, a series of assays
were designed to determine the novel ceRNA network formed by
TSPEAR-AS2, miR-1207-5p, and CLDN4. TSPEAR-AS2 knockdown
or overexpression could obviously boost or impair the level of miR-
1207-5p, while miR-1207-5p elevation had no impact on TSPEAR-
AS2 regulation. RIP assays revealed that both TSPEAR-AS2 and
miR-1207-5p were involved in the same RISC. Dual-luciferase-re-
porter assays clarified the direct binding ability of the predicted
miR-1207-5p binding site on TSPEAR-AS2 and further demonstrated
that miR-1207-5p could directly target CLDN4 in GC. These data
strongly indicated that TSPEAR-AS2 could serve as a ceRNA for
miR-1207-5p to regulate CLDN4 expression at the post-transcrip-
tional level in GC. Rescue assays further revealed that CLDN4 knock-
down can, at least in part, reverse the promotion of GC progression
caused by overexpressing TSPEAR-AS2.

In summary, this is the first report documenting the clinical value,
biological role, and mechanism of TSPEAR-AS2 in GC. The
BTEB2-activated TSPEAR-AS2 model was first elucidated in this
study, leading to TSPEAR-AS2 transcription promotion in GC.
Meanwhile, TSPEAR-AS2 could serve as a ceRNA for miRNAs or
interact with PRC2 in GC. Our data highlight the key involvements
of TSPEAR-AS2 in GC progression, implicating the axis of
TSPEAR-AS2/EZH2/GJA1 and TSPEAR-AS2/miR-1207-5p/
CLDN4 as novel targets for GC therapeutics. Importantly, the inves-
tigation of the expression and mechanistic model of TSPEAR-AS2 in
other GC cells is urgently needed in future research. More explora-
tions are also required to detect other upstream effectors or down-
stream effectors of TSPEAR-AS2 in GC progression.

MATERIALS AND METHODS
Cell Culture

Human gastric adenocarcinoma cancer cell lines and normal gastric
epithelium cell line (GES-1) were maintained as previously
reported.53

RNA Immunoprecipitation

We used EZMagna RIP Kit (Millipore, Billerica, MA, USA) to
perform RIP assays in GC cell lines. The detailed information is sum-
marized in the Supplemental Information. The details for antibodies,
primers, and siRNA oligonucleotides are listed in Table S1.

Luciferase Assays

Luciferase assays were performed as previously described.53

Chromatin Immunoprecipitation Assays

EZ-ChIP Kit (Millipore, Billerica, MA, USA) was used to conduct
ChIP assays in accordance with the manufacturer’s instructions.
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The details of ChIP procedures can be found in the Supplemental
Information.

Statistical Analysis

SPSS version 25.0 software was used to assess statistical differences.
The significance between groups was assessed using a paired, two-
tailed Student’s t test, Wilcoxon test, or c2 test. The curves of OS
were obtained using the Kaplan-Meier method. p <0.05 was indicative
of significant difference.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.omtn.2020.10.022.
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Figure S1 Relative expression level of lncRNA TSPEAR-AS2 in GC cells and the

alteration of BTEB2 protein level in GC cell with BTEB2 knockdown or

overexpression.

a Relative expression level of lncRNATSPEAR-AS2 in GC at cellular level.

b BTEB2 level was detected in GC cells with BTEB2 knockdown or overexpression

using western blot assays in SGC7901 and MGC803 cells.



Figure S2 The involvement of GJA1 in TSPEAR-AS2-mediated GC cell invasion.

a The impact of TSPEAR-AS2 on GC cell invasion.

b GJA1 overexpression can partly reverse the promotion effects on GC cell invasion

mediated by TSPEAR-AS2 overexpression. *p < 0.05, **p < 0.01.



Figure S3 The impact of EZH2 depletion on GJA1 level in GC cells and the effects of

miR-1207-5p on TSPEAR-AS2 regulation in GC cells.

a The knockdown efficacy of EZH2 siRNAs in GC cells.

b The expression of GJA1 in GC cells with EZH2 knockdown was analyzed by

qRT-PCR assays.

c The effects of miR-1207-5p on the regulation of TSPEAR-AS2 in GC cells. *p <

0.05, **p < 0.01.



Table S1. Primers for qRT-PCR, siRNAs oligonucleotides and the company for antibody.
Primers used for qRT-PCR
GAPDH-F GCTCTCTGCTCCTCCTGTTC
GAPDH-R ACGACCAAATCCGTTGACTC
CLDN4-F AGTGGATGGACGGGTTTAGA
CLDN4-R ACCCTCCCAGGCTCATTAGT
BTEB2-F CTTCCACAACAGGCCACTTACTT
BTEB2-R AGAAGCAATTGTAGCAGCATAGGA
EZH2-F TGCACATCCTGACTTCTGTG
EZH2-R AAGGGCATTCACCAACTCC
GJA1-F TGTCCCTGGCCTTGAATATC
GJA1-R GTGAGGAGCAGCCATTGAA
siRNAs oligonucleotides
TSPEAR-AS2 1# GGAUAAAGCCUCAAGUCCUGCAACU
TSPEAR-AS2 2# GAGAGGAUGGCAUGGGUGACACGCA
TSPEAR-AS2 3# GCGGCUCCUGUGUGCUUUGAAGUUU
si-EZH2 CGGCUUCCCAAUAACAGUATT
si-BTEB2 GCAGACUGCAGUGAAACAA
Antibody Company
GAPDH Cell Signaling Technology
GJA1 Abcam
IgG Millipore
EZH2 Millipore
SUZ12 Millipore
AGO2 Millipore
CLDN4 Abcam
H3K27me3 Abcam



Supplementary Methods

Flow cytometric analysis

For apoptosis analysis, we purchased a FITC-Annexin V kit from BD Biosciences and

stained GC cells with both FITC-Annexin V and PI. Then, a flow cytometer

(FACScan; BD Biosciences) equipped with a CellQuest software (BD Biosciences)

was used to analyze cells, which can be classified into viable cells, dead cells, early

apoptotic cells, and late apoptotic cells.

RNA-expression data retrieval and analysis

Gastric cancer expression data were downloaded from the TCGA and GEO dataset.

The datasets from TCGA, GSE66229, GSE65801 and GSE54397 were analyzed in

this study. The BAM files and normalized probe-level intensity files were downloaded

from TCGA and GEO databases, respectively. For multiple probes corresponding to a

gene, the average signal generate lncRNAs. Download the probe sequences from

GEO or the microarray manufacturer and reannotate probes by bowtie according to

GENCODE Release 19 annotation.

RNA extraction and quantitative RT-PCR assays

Total RNA was extracted from tissues or cultured cells using TRIzol reagent

(Invitrogen) according to the manufacturer's instructions. For quantification of RNA

expression, cDNAs were synthesized using the PrimeScript RT Reagent Kit (TaKaRa).

Real-time PCR assays were performed in triplicate with an Applied Biosystems Prism



7500 FAST Sequence Detection System using SYBR Premix Ex Taq (Takara). Human

GAPDH was used as endogenous controls. RNA expression levels were investigated

using the 7500 FAST System. The primers are summarized in Table S1.

Cell transfection

A DNA Midiprep kit (Qiagen, Hilden, Germany) was applied to manufacture the

plasmid vectors for transfection. Three individual TSPEAR-AS2 siRNAs,

miR-1207-5p mimics, miR-1207-5p inhibitor and scrambled negative control were

obtained from Invitrogen. According to the manufacturer's instructions, GC cell lines

and HEK-293T cells were transfected with siRNAs and plasmid vectors using

Lipofectamine 3000 (Invitrogen). Stable knockdown of TSPEAR-AS2 level in GC

cells was conducted by lenti-virus-mediated shRNA targeting TSPEAR-AS2. The

sequences of these synthesized oligonucleotides for RNA interference (RNAi) are

listed in Table S1.

Cell proliferation assays

A cell proliferation Reagent Kit I (MTT, Roche Applied Science) was used to test cell

viability of GC cells with TSPEAR-AS2 knockdown or overexpression. The optical

density 490 nm (OD490) was measured using a microplate reader. The other

examinations of cell viability were conducted in GC cells using Cell Counting Kit-8

(CCK8; Beyotime Institute of Biotechnology, Shanghai, China) The optical density

450 nm (OD450) was measured using a microplate reader. For colony-formation



assays, cells were seeded in 6-well plates and grown for 10 days. We fixed cells with

methanol and washed fixed cells with phosphate buffer saline (PBS). Then, 0.1%

crystal violet (Sigma-Aldrich) was used to stain fixed cells, and the colony formation

was determined by counting the number of stained colonies. The experiments were

independently repeated three times.

Transwell assays

Cells were plated into the top chamber independent pathologists in migration

assay, and cells were into the top chamber precoated with Matrigel in invasion

assays. DMEM or RPMI1640 supplemented with 10% FBS were used to fill the

bottom chamber. After incubation for 24-48 h, the cells were stained with 0.1% crystal

violet for 30 min. Finally, microscope was used to calculate the number of migrated

and invaded cells on the lower surface of the membrane.

Animal experiments

Four-week male BALB/c nude mice were kept in the specific pathogen-free condition.

For the xenotransplantation mouse model, GC cells stably transfected

sh-TSPEAR-AS2 or sh-Control were harvested and transplanted subcutaneously to

either side of each mouse. The tumor volumes were calculated using the following

equation: Volume = length × width × width × 0.5. Finally, the tumor weights were

tested and recorded. All the mice were euthanized via CO2 asphyxiation. This study

was conducted in strict accordance with the Guide for the care and Use of Laboratory



Animals of NIH. Animal protocols were approved by the Committee on the Ethics of

Animal Experiments of the Nanjing Medical University. All institutional and national

guidelines for the care and use of laboratory animals were followed.

RNA immunoprecipitation (RIP)

EZMagna RIP Kit (Millipore) was selected to perform RIP assays in SGC7901 and

MGC803 cells. Cells lysates were prepared with complete RIP lysis buffer and

followed by incubation with magnetic beads conjugated with antibodies at 4°C.

Finally, the beads were washed using wash buffer, and then incubated with Proteinase

K. The purified RNAwas subjected to qRT-PCR assays.

Chromatin immunoprecipitation assays

EZ-ChIP Kit (Millipore, Billerica, MA, USA) was used to conduct ChIP assays

in accordance with the instruction of manufacturer. SGC7901 and MGC803 cells

were treated with formaldehyde and incubated for 10 min to generate DNA-protein

cross-links. Anti-EZH2 and anti-H3K27me3 antibodies (Millipore) were used to

immunoprecipitate chromatin fragments. Finally, qRT-PCR assays were performed to

analyze the precipitated chromatin DNA.

Subcellular fractionation location and FISH assay

Based on the manufacturer’s instructions, we used PAIRS Kit (Cat. AM1921,

Invitrogen, CA, USA) to separate the nuclear and cytosolic portion in SGC7901 and



MGC803 cells. For FISH assay, cells were firstly fixed in 4% formaldehyde for 15

min. Fixed cells were washed with PBS and followed by treatment with pepsin (1%

in 10 mmol/L HCl). Subsequently, 70%, 90%, and 100% ethanol was used for

dehydration. The air-dried cells were incubated with 40 nmol/L FISH probe in

hybridization buffer (100 mg/mL dextran sulfate, 10% formamide in 2× SSC) at 80°C

for 2 min. Hybridization was performed at 55°C for 2 h, and the slide was washed and

dehydrated. RNA FISH probes were designed and synthesized by Bogu Co, Ltd. The

images were collected by using Olympus Fluoview laser scanning

confocal microscope.

Prognostic analysis

Firstly, launch the http://kmplot.com/analysis/ website. Then, select module titled

Start KM plotter for gastric cancer. Subsequently, enter the gene symbol and select

suitable methods to split patients. Finally, click the button of draw Kaplan-Meier plot.

5-Ethynyl-2-deoxyuridine (EdU) Staining Assay

The proliferative abilities of GC cells were assessed through EdU labeling/detection

kit (Ribobio, Guangzhou, China) based on the instructions of the manufacturer. The

cells were cultured in Edu labeling medium, with incubation for 2 h at 37 °C under

5 % CO2. 4 % paraformaldehyde was used to fix the treated cells for 30 minutes,

which were subsequently processed with 0.5 % Triton X-100 for 20 min at room

temperature. After washing in PBS, the fixed cells were treated with anti-Edu working

http://kmplot.com/analysis/


solution at 25 °C for 30 min and subsequently processed with 0.5 % Triton X-100 for

20 min at room temperature. Next, Hoechst 33342 was used to incubate the treated

cells for 30 min. Finally, fluorescent microscope was implicated for cell observation

and the ratio of EdU positive cells were calculated.

Transcriptome sequencing and Data analysis

Total RNA from the SGC7901 cells with TSPEAR-AS2 knockdown and control

SGC7901 cells were isolated using RNeasy mini kit (Qiagen, Germany). Paired-end

libraries were synthesized by using the TruSeq RNA Sample Preparation Kit

(Illumina, USA) following TruSeq RNA Sample Preparation Guide. Briefly, The

poly-A containing mRNA molecules were purified using poly-T oligo-attached

magnetic beads. Purified libraries were quantified by Qubit 2.0Fluorometer (Life

Technologies, USA) and validated by Agilent 2100 bioanalyzer (Agilent Technologies,

USA) to confirm the insert size and calculate the mole concentration. Cluster was

generated by cBot with the library diluted to 10 pM and then were sequenced on the

Illumina HiSeq X-ten (Illumina, USA). The library construction and sequencing was

performed at Shanghai Biotechnology Corporation. Hisat2 (version:2.0.4) was used to

map the cleaned reads to the human GRCh38 reference genome with two mismatches1.

Then ,we ran Stringti (version:1.3.0) with a reference annotation to generate FPKM

values for known gene models2, 3.
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