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Long non-coding RNA CASCI1S5 facilitates esophageal
squamous cell carcinoma tumorigenesis via decreasing
SIM2 stability via FTO-mediated demethylation
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Abstract. Long non-coding RNAs (IncRNAs) are involved in
the regulation of esophageal squamous cell carcinoma (ESCC)
progression. However, the function and mechanism of IncRNA
cancer susceptibility candidate 15 (CASCI15) are poorly
defined. In the present study, tumor and normal adjacent tissues
were collected from 45 patients with ESCC. Expression levels
of CASCI5, fat mass and obesity-associated (FTO) protein
and single-minded 2 (SIM2) were examined via reverse
transcription-quantitative PCR and western blot assays.
Cell proliferation and apoptosis were evaluated via MTT,
flow cytometry and caspase-3 activity assays, respectively.
Additionally, an ESCC mouse xenograft model was used to
assess the function of CASCI15 in vivo. The interaction between
FTO and CASC15/SIM2 was analyzed via RNA immunopre-
cipitation and RNA pull-down assays. The results revealed
that CASCI15 expression was elevated in ESCC tissues, and
patients with ESCC exhibiting high CASCI15 expression
had a poor prognosis. CASC15-knockdown inhibited ESCC
cell proliferation and facilitated apoptosis. Additionally,
CASCI15-knockdown decreased the growth of ESCC xenograft
tumors. CASCI15 decreased SIM2 stability via FTO-mediated
demethylation. Additionally, FTO loss markedly weakened
CASCl15-mediated pro-proliferative and anti-apoptotic effects
in ESCC cells. SIM2 downregulation weakened the effect of
CASC15-knockdown on cell proliferation and inhibited the
increase of the apoptotic rate and caspase-3 activity induced
by CASC15 depletion in ESCC cells. In conclusion, CASCI15
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promoted ESCC tumorigenesis by decreasing SIM?2 stability
via FTO-mediated demethylation.

Introduction

Esophageal cancer is a fatal tumor that affects numerous
individuals worldwide (1). It was estimated that ~572,034
new cases and 508,585 deaths of esophageal cancer occurred
globally in 2018, accounting for 3.2% of all cancer diagnoses
and 5.3% of all cancer-associated deaths (1). Esophageal squa-
mous cell carcinoma (ESCC) accounts for ~90% of all cases
of esophageal cancer (2). The main risk factors of ESCC are
tobacco smoking and excess alcohol consumption (3). Despite
substantial improvements in elucidating the progression and
improving the treatment of ESCC, the outcome of patients
remains unsatisfactory (4). Hence, novel strategies for the
treatment of ESCC are required.

Long non-coding RNAs (IncRNAs), a class of non-coding
RNAs (>200 nucleotides in length), have been found to
be involved in the progression and treatment resistance of
ESCC (5,6). For instance, IncRNA cancer susceptibility candi-
date 2 (CASC2) inhibits ESCC cell proliferation, migration and
invasion by modulating suppressor of cytokine signaling 1 (7).
Additionally, IncRNA LOC100133669 facilitates ESCC cell
proliferation by regulating Tim50 (8). CASCI15 is an oncogenic
factor that has been identified in several types of cancer, such
as tongue squamous cell carcinoma, oral squamous cell carci-
noma, melanoma and cervical cancer (9-12). Furthermore,
CASCI15 expression is upregulated in ESCC (13). However,
little is known about the function and mechanism of CASC15
in ESCC progression.

N6-methyladenosine (m6A) modifications serve a vital
role in cancer progression by controlling mRNA metabolism,
including pre-mRNA splicing, mRNA transport, translation
and stability (14,15). For instance, the m6A RNA demeth-
ylase fat mass and obesity-associated (FTO) regulates acute
myeloid leukemia cell viability and differentiation by targeting
the 3'-untranslated regions of ankyrin repeat and SOCS box
containing 2 and retinoic acid receptor a transcripts (16).
Methyltransferase-like 3 promotes gastric cancer progression
by enhancing heparin binding growth factor mRNA stability
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via m6A modification (17). Previous studies have demonstrated
that IncRNAs regulate cell fates by affecting mRNA expres-
sion via m6A RNA modification (18-20). CASCI15 is predicted
to interact with the m6A methylation-related protein FTO
according to the StarBase database (http://starbase.sysu.edu.
cn/rbpClipRNA .php?source=IncRNA&flag=RBP&clade=ma
mmal&genome=human&assembly=hgl9&RBP=FTO&clipN
um=&panNum=~&target=). FTO is highly expressed in patients
with ESCC and FTO dysregulation is closely associated with
the progression of ESCC (21). Bioinformatics analysis and
previous RNA-seq data (13) reveal that single-minded 2 (SIM2)
expression is markedly downregulated and negatively associ-
ated with FTO expression in ESCC. Moreover, previous studies
have demonstrated that SIM2 exerts vital roles in ESCC
progression (22-24). However, whether SIM2 is required for
CASCI15-mediated ESCC progression remains uncertain.
Considering that FTO may interact with SIM2 and CASCI15,
the present study hypothesized that CASC15 may be involved
in the regulation of ESCC progression by FTO-meditated SIM2
mRNA demethylation.

In the current study, the expression level of CASCI15 in
ESCC tumors and its roles in ESCC progression were investi-
gated. Furthermore, whether CASCI15 exerted its functions by
regulating SIM?2 via FTO in ESCC was assessed.

Materials and methods

Patients and tissue collection. Paired tumor and normal
adjacent tissues (>5 cm from the edge of tumor tissues) were
harvested from 45 patients (age range, 43-80 years; mean
age, 65 years) with ESCC admitted to the First Affiliated
Hospital of Zhengzhou University (Zhengzhou, China)
and the Hospital of Yongcheng Coal & Electricity Holding
Group Co., Ltd. (Shangqiu, China) between September 2013
and December 2015. None of the patients had received any
treatment prior to surgery. The clinical features of patients
are presented in Table I. Tumors were staged using the
7th edition of the American Joint Committee on Cancer
Tumor-Node-Metastasis staging system for ESCC (25,26).
The overall survival of patients was analyzed after a 5-year
follow-up. Written informed consent was obtained from
all patients. The present study was approved by the Ethics
Committee of the First Affiliated Hospital of Zhengzhou
University and conducted in accordance with the Declaration
of Helsinki. Tumor and adjacent normal tissue samples were
stored at -80°C.

Cell culture. Human ESCC cell lines (Ecal09 and
KYSE450 cells) and an esophageal epithelial cell line
(HET-1A) were provided by Fenghui Biotech. HET-1A
cells were cultured in serum-free Bronchial Epithelial Cell
Growth medium containing bovine pituitary extract, insulin,
hydrocortisone, GA-1000, retinoic acid, transferrin, triiodo-
thyronine, epinephrine and human epidermal growth factor
(all Procell Life Science & Technology Co., Ltd.). Ecal09
and KYSE450 cells were cultured in RPMI-1640 medium
(Procell Life Science & Technology Co., Ltd.) supplemented
with 10% FBS (HyClone; Cytiva) and 1% penicillin/strep-
tomycin (Sangon Biotech Co., Ltd.) in a 5% CO, incubator
at 37°C.
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Cell transfection. FTO and CASCI5 overexpression vectors
were constructed using the pcDNA3.1 vector (Thermo
Fisher Scientific, Inc.). The pcDNA3.1 vector alone was
used as a negative control (pcDNA). Small interfering RNAs
(siRNAs/si) for CASC15 (si-CASC15#1, 5-AAUUCAUGA
UGCUUUCUAGAU-3'; si-CASC15#2, 5-AGAACUUAA
CCCAAAAGUCCA-3"; si-CASC15#3, 5'-AUACAGUUC
CUUAUAUGAGGG-3"), SIM2 (si-SIM2, 5'-ACAUUUCAU
UCGAAGAAAGAA-3") and the scrambled negative control
(si-NC; 5'-"AAGACAUUGUGUGUCCGCCTT-3") were gener-
ated by Guangzhou RiboBio Co., Ltd. Ecal09 and KYSE450
cells were transfected with 800 ng vector or 20 nM siRNAs
using Lipofectamine® 3000 reagent (Thermo Fisher Scientific,
Inc.). Transfection was performed at room temperature and
the complexes of transfection reagent and DNA/siRNA were
co-incubated for 15 min. Transfection efficacy was tested 24 h
post-transfection.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA derived from tissues and cells was isolated using TRIzol®
(Vazyme Biotech Co., Ltd.) as previously described (27). RNA
(800 ng) was reverse transcribed into cDNA using the M-MLV
reverse transcription kit (Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. cDNA was mixed
with SYBR Green (Toyobo Life Science) and specific primers
(GenScript). The mixture was subsequently used for RT-qPCR
with the following thermocycling conditions: 95°C for 5 min,
followed by 40 cycles of 95°C for 20 sec and 60°C for 1 min. The
primer sequences were as follows: CASC15 forward, 5'-CTT
TGTCTGCTCCGGGACTT-3" and reverse, 5S“-TTAAGGGAC
ATTTCCCCCGC-3'; SIM2 forward, 5'-CTAGCCACACAT
CGCGGG-3' and reverse, 5-CTCGGCTCCGGGCATATT
AG-3"; B-actin forward, 5'-CTTCGCGGGCGACGAT-3' and
reverse, 5'-CCACATAGGAATCCTTCTGACC-3'. Using
[-actin as a reference, relative mRNA expression was calculated
using the 2-22% method (28).

MTT assay. Cell proliferation was examined by performing
an MTT assay. Ecal09 and K'YSE450 cells were seeded into
96-well plates at a density of 1x10* cells/well and cultured
for 0, 24, 48 or 72 h at 37°C. MTT (15 pl; Beyotime Institute
of Biotechnology) at a final concentration of 0.5 mg/ml
was added to each well. After incubation for 4 h at 37°C,
medium was replaced with 100 1 DMSO (Beijing Solarbio
Science & Technology Co., Ltd.). Optical density values were
subsequently detected at 570 nm using a microplate reader
(Beijing Potenov Technology Co. Ltd.).

Flow cytometry. An Annexin V-APC/7-AAD apoptosis kit
(Beijing Biolab Technology Co., Ltd.) was used to measure cell
apoptosis via flow cytometry. Ecal09 and KYSE450 cells were
seeded in 12-well plates at a density of 1x10° cells/well. After
culture for 72 h at 37°C, cells were harvested and re-suspended
in Annexin V binding buffer. Cells were then stained with
Annexin V-APCand 7-A ADfor 15 minatroomtemperatureinthe
dark, and examined using a flow cytometer (NovoCyte 2060R;
Agilent Technologies, Inc.) and NovoExpress™ software v1.0
(Agilent Technologies, Inc.). Apoptotic rate was determined
from the ratio of APC*/7-AAD" (early apoptotic cells) and
APC*/T-AAD* cells (late apoptotic cells).
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Table I. Association between CASC15 expression and clinicopathological features of patients with esophageal squamous cell

carcinoma.

Relative CASCI15 expression

Clinicopathological features High, n (%) Low, n (%) P-value

Sex 0.6677
Male 14 (53.8) 12 (46.2)
Female 9474) 10 (52.6)

Age, years 0.6718
=65 15 (53.6) 13 (46.4)
<65 8(47.1) 9(52.9)

Tumor size, cm 0.2078
>5 10 (66.7) 5(33.3)
<5 13 (43.3) 17 (56.7)

TNM stage 0.0045
I+IT 10 (34.5) 19 (65.5)
III 13 (72.2) 3(37.8)

Lymphatic metastasis 0.0006
No 11(34.4) 21 (65.6)
Yes 12 (92.3) 1(7.7)

Caspase-3 activity assay. Caspase-3 activity was measured
using a caspase-3 Assay kit (Abcam) in accordance with the
manufacturer's protocol. Briefly, Ecal09 and KYSE450 cells
were cultured for 72 h at 37°C. Next, 1x10° cells were digested
with trypsin and washed 3 times with PBS. Cell pellets were
collected through low-speed centrifugation at 800 x g for
5 min at room temperature. Next, cells were re-suspended in
chilled cell lysis buffer and incubated for 10 min on ice. After
centrifugation (10,000 x g for 1 min at 4°C), cell supernatants
were transferred to a fresh tube and protein concentration was
determined using a bicinchoninic acid assay kit (Beyotime
Institute of Biotechnology). Subsequently, samples were
incubated with DEVD-p-NA substrate (final concentration,
200 uM) for 2 h at 37°C. Finally, absorbance at 400 nm was
examined using a microplate reader and relative caspase-3
activity was normalized to that of the control group.

Western blotting. Cells were lysed using RIPA buffer (Beijing
Solarbio Science & Technology Co., Ltd.) supplemented with
1% protease inhibitor (Thermo Fisher Scientific, Inc.). After
high-speed centrifugation (12,000 x g for 15 min at 4°C), cell
supernatants were collected and total protein was quantified
using a bicinchoninic acid assay kit (Beyotime Institute of
Biotechnology). Protein samples (20 pg/lane) were separated
via 10% SDS-PAGE and transferred onto nitrocellulose
membranes (Beijing Solarbio Science & Technology Co.,Ltd.).
After blocking with 5% bovine serum albumin (Sigma-Aldrich;
Merck KGaA) for 1 h at room temperature, membranes were
incubated overnight at 4°C with the following primary anti-
bodies (all from Abcam): FTO (cat. no. ab126605; 1:10,000),
SIM2 (cat. no. ab131161; 1:1,000) and p-actin (cat. no. ab8227,
1:3,000). Samples were then incubated at room temperature
with horseradish peroxidase-conjugated secondary antibodies

(cat. no. ab205718; 1:10,000; Abcam) for 2 h. The resultant
blots were exposed to ECL reagent (Abcam) and analyzed
using ImageJ v1.8.0 software (National Institutes of Health).

Bioinformatics analysis. The interaction between CASCI15
and FTO was predicted using the StarBase v2.0 database (The
Encyclopedia of RNA Interactomes; http:/starbase.sysu.edu.
cn/tbpClipRNA .php?source=IncRNA&flag=target&clade=m
ammal&genome=human&assembly=hgl9&RBP=all&clipN
um=1&panNum=0&target=CASC15). The mRNAs that may
interact with the FTO protein were searched using StarBase
v2.0 database (http://starbase.sysu.edu.cn/rbpClipRNA .php?so
urce=mRNA&flag=RBP&clade=mammal&genome=humané&
assembly=hg19&RBP=FTO&clipNum=&panNum=&target=).
The correlation analysis between FTO and other genes in ESCC
was performed using StarBase v2.0 database (http://starbase.
sysu.edu.cn/panGeneCoExp.php ). The expression pattern of
CASCIS5 and SIM2 in esophagus cancer and normal tissues
was predicted using the Gene Expression Profiling Interactive
Analysis (GEPIA) database (http:/gepia.cancer-pku.cn/detail.
php?gene=&clicktag=boxplot).

Mouse xenograft experiments. 293T cells (The Cell Bank
of Type Culture Collection of the Chinese Academy of
Sciences) were maintained in DMEM medium (Thermo
Fisher Scientific, Inc.) containing 10% FBS (HyClone;
Cytiva) in a 5% CO, incubator at 37°C. A total of 18 BALB/c
athymic mice (male; 5-week-old; ~16 g) was purchased from
Charles River Laboratories, Inc. Mice were raised at 20-25°C
in a specific pathogen-free environment with clean air, 60%
relative humidity and a 12-h dark/light cycle, with free
access to water and food. A short hairpin (sh)RNA fragment
was subcloned into the pLKO.1 vector (Addgene, Inc.) and
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sh-NC or sh-CASCI15 lentiviruses were generated by Hanbio
Biotechnology Co., Ltd. Briefly, 1 ug pLKO.1 shRNA plasmid
was transfected into 293T cells with 750 ng of psPAX?2 pack-
aging (Addgene, Inc.) and 250 ng pMD2.G envelope plasmids
using Lipofectamine® 3000 reagent (Thermo Fisher Scientific,
Inc.). At 36 and 60 h after transfection, media containing lenti-
viral particles were harvested. Next, cells in the media were
removed using a 0.45-um filter and lentiviral particles were
collected. KYSE450 cells were transduced with sh-CASCI15 or
sh-NC lentiviruses (multiplicity of infection=5) for 24 h. After
48 h of lentivirus infection, cells were screened using puro-
mycin (3 pg/ml) for 14 days to establish stably transduced cell
lines. Mice of the sh-CASCI15 or sh-NC group (n=6 per group)
were subcutaneously injected with KYSE450 cells (1x10° per
mouse) stably transfected with sh-CASC15 or sh-NC, respec-
tively. Mice (n=6) of the sham group were injected with 2x10°
KYSE450 cells without transfection. Cells were resuspended
in PBS solution. Tumor volume was examined every 7 days and
calculated using the following formula: Length x width?/2 (29).
On day 35 post-injection, mice were anesthetized using 5%
isoflurane and then euthanized by the intraperitoneal injection
of sodium pentobarbital (150 mg/kg). Tumors were resected,
imaged and weighed. CASCI15 expression in tumor tissues
was measured via RT-qPCR. The protocol was approved by
the Institutional Animal Care and Use Committee of the First
Affiliated Hospital of Zhengzhou University.

RNA pull-down assay. RNA pull-down analysis was conducted
using the Magnetic RNA-Protein Pull-Down kit (cat. no. 20164;
Thermo Fisher Scientific, Inc.) in accordance with the manufac-
turer's protocol. Briefly, cells were lysed using Pierce IP Lysis
Buffer (cat. no. 87787; Thermo Fisher Scientific, Inc.) for 10 min
and then centrifuged at 13,000 x g for 10 min at 4°C to pellet
the cell debris and obtain cell lysates (cell supernatants). Cell
lysates (25 ul per IP reaction) were co-incubated with nucleic
acid-compatible streptavidin magnetic beads (Pierce; Thermo
Fisher Scientific, Inc.) combined with biotinylated sense or
antisense CASC15 (Sangon Biotech Co., Ltd.). Proteins of the
RNA-protein complexes were eluted from the magnetic beads
by boiling (8 min at 100°C), and FTO protein expression was
examined as aforementioned via western blotting. The antibody
against FTO (cat. no. ab126605; 1:10,000) used for western
blotting was purchased from Abcam, as aforementioned.

RNA immunoprecipitation (RIP) assay. RIP analysis was
performed using the Magna RIP RNA-Binding Protein
Immunoprecipitation kit (cat. no. 17-701; EMD Millipore) along
with antibodies against IgG (cat. no. 12-370/12-371; 1:100;
Sigma-Aldrich; Merck KGaA), FTO (cat. no. ABE552; 1:100;
Sigma-Aldrich; Merck KGaA) or m6A (cat. no. MABE1006;
1:100; Sigma-Aldrich; Merck KGaA). Cells were collected
by centrifugation at 800 x g for 5 min at 4°C and then lysed
using RIP lysis buffer (EMD Millipore) supplemented with
protease and RNase inhibitors (EMD Millipore). Cell lysates
were incubated for 5 min on ice and stored at -80°C. Antibody
was incubated for 1 h at room temperature with magnetic
beads Protein A/G. Next, the compounds of antibody and
magnetic beads in 900 I RIP Immunoprecipitation Buffer
were co-incubated overnight at 4°C with cell lysates superna-
tants (100 pl) after high-speed centrifugation (13,000 x g for
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10 min at 4°C). Subsequently, the beads were washed 6 times
using cold RIP Wash Buffer. RNA on the beads was eluted,
extracted and purified following the instructions of the manu-
facturer. CASC15 and SIM2 mRNA expression was detected
via RT-qPCR, as aforementioned.

mRNA stability analysis. To detect the stability of SIM2,
transfected Ecal09 and KYSE450 cells were incubated at
37°C with 2 pg/ml Actinomycin D (ActD; Amyjet Scientific,
Inc.) for 1, 2, 3 or 4 h. RNA was subsequently extracted, and
SIM2 mRNA expression was determined via RT-qPCR, as
aforementioned.

Statistical analysis. Statistical analysis was performed
using GraphPad Prism 6 (GraphPad Software, Inc.). Data
were presented as the mean + SD of triplicate experiments.
The overall survival curve was generated and assessed via
Kaplan-Meier and log-rank tests. Associations between
CASCI15 expression and clinicopathological parameters
of patients with ESCC were analyzed using the y?* test (for
analyzing sex and age) or Fisher's exact test (for analyzing
tumor size, lymphatic metastasis and TNM stage) in Table I.
The linear correlation was analyzed using Pearson's correla-
tion analysis and two-tailed t-test. Paired t-tests were used in
the comparisons between tumor and adjacent normal tissues.
Unpaired t-tests were used in the comparisons between two
groups of cells. Differences among =3 groups were analyzed
using one-way ANOVA followed by Tukey's post-hoc test,
standard two-way ANOVA followed by Bonferroni's post-hoc
test or mixed two-way ANOVA followed by Bonferroni's
post-hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

CASCI5 expression is increased in ESCC tumor tissues. To
determine whether CASCI15 was involved in the regulation
of ESCC progression, CASC15 expression in ESCC was
assessed by GEPIA and RT-qPCR. GEPIA analysis revealed
that CASC15 expression was significantly increased in ESCC
tumor tissues compared with in normal tissues (Fig. 1A).
Furthermore, the RT-qPCR results revealed that CASCI15
expression was 3.5-fold higher in ESCC tissues compared
with in normal samples (Fig. 1B). To analyze the association
of CASCIS5 expression and the prognosis of patients with
ESCC, individuals were divided into high (n=23) or low
(n=22) CASCI15 groups according to the median level of
CASCI5 expression in tumor tissues. Patients with high
CASCI15 expression demonstrated lower overall survival rates
compared with the low CASC15 expression group (P=0.0218;
Fig. 1C). Furthermore, CASC15 expression was significantly
associated with TNM stage and lymphatic metastasis, but not
with tumor size, sex and age (Table I). The results indicated
that CASCI15 expression was increased in ESCC tumor tissues
and associated with poor ESCC patient outcomes.

CASCI5-knockdown decreases ESCC cell proliferation and
promotes apoptosis. To determine the function of CASCI15
in ESCC cells in vitro, CASC15 expression was assessed
in ESCC cell lines. As presented in Fig. 2A, the expression
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of patients with ESCC (n=45). (C) Overall survival of patients with ESCC was analyzed in high and low CASCI15 expression groups. Data were expressed as the
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Figure 2. Effects of CASC15-knockdown on ESCC cell proliferation and apoptosis. (A) CASC15 expression was determined via RT-qPCR in ESCC (Ecal09
and KYSE450) and HET-1A cell lines. CASC15 expression was assessed via RT-qPCR in (B) Ecal09 and (C) KYSE450 cells transfected with si-CASC15#1-3
or si-NC. Data analyzed via one-way ANOVA followed by Tukey's post-hoc test. (D) The proliferative ability of Ecal09 and KYSE450 cells transfected
with si-CASCI15#1 or si-NC was assessed via an MTT assay at 0, 24, 48 and 72 h. Data analyzed via two-way ANOVA followed by Bonferroni's post-hoc
test. (E) The apoptotic rate of Ecal09 and KYSE450 cells transfected with si-CASC15#1 or si-NC was measured via flow cytometry. (F) Relative caspase-3
activity was examined in Ecal09 and KYSE450 cells transfected with si-CASC15#1 or si-NC. Data were expressed as the mean + SD from three experiments.
“P<0.01 and “"P<0.001 vs. HET-1A or si-NC. CASC15, cancer susceptibility candidate 15; ESCC, esophageal squamous cell carcinoma; RT-qPCR, reverse

transcription-quantitative PCR; si, small interfering RNA; NC, negative control; OD, optical density.

levels of CASC15 mRNA in Ecal09 and KYSE450 cells were
>3.5-fold higher compared with in HET-1A cells. In subsequent
experiments, CASC15 expression in Ecal09 and KYSE450
cells was knocked down using si-CASCI15#1, si-CASC15#2
or si-CASCI15#3 (Fig. 2B and C). The results revealed that
si-CASCI15#1 demonstrated the highest knockdown efficacy
(>70%) and was therefore used for subsequent experiments.
MTT analysis revealed that CASC15-knockdown significantly
inhibited the proliferation of Ecal09 and KYSE450 cells
(Fig. 2D). Furthermore, the flow cytometry results demon-
strated that CASCI15 silencing induced a ~2.6-fold increase in

cell apoptotic rate (Q1-UR+QI1-LR) in Ecal09 cells (Fig. 2E).
Additionally, a ~2.5-fold upregulation in cell apoptotic
rate (Q1-UR+QI1-LR) was observed in CASC15-depleted
KYSE450 cells compared with in the si-NC control group
(Fig. 2E). Additionally, CASC15 downregulation signifi-
cantly increased caspase-3 activity in Ecal09 and KYSE450
cells (Fig. 2F). The results indicated that CASC15 silencing
repressed ESCC progression in vitro.

CASCI5 silencing inhibits ESCC xenograft tumor growth
in vivo. To determine the role of CASC15 in ESCC progression
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Figure 3. Effect of CASC15-knockdown on esophageal squamous cell carcinoma xenograft tumor growth. (A) Tumor volume was detected every 7 days in each
group. Data analyzed via mixed two-way ANOVA followed by Bonferroni's post-hoc test. (B) Tumor weight was measured on day 35 after injection in each group.
(C) Representative images of tumors. (D) CASCI15 expression was detected via reverse transcription-quantitative PCR in the tumor tissues of each group. Data
analyzed via one-way ANOVA followed by Tukey's post-hoc test. ““P<0.001. CASC135, cancer susceptibility candidate 15; sh, short hairpin; NC, negative control.

in vivo, KYSE450 cells with relatively higher levels of CASC15
compared with Ecal09 cells were used to establish the
ESCC mouse xenograft model. Mice were divided into
sham (non-transfected group), sh-NC or sh-CASCI15 groups
after cells were injected following transfection. On day 35
after injection, tumor volume and weight were significantly
decreased in the sh-CASC15 group compared with in the sham
or sh-NC group (Fig. 3A-C). Additionally, CASC15 expression
in the tumor tissues of each group was detected. The results
revealed that CASCI5 expression was significantly decreased
in the sh-CASC15 group compared with in the sham or sh-NC
group (Fig. 3D). These data indicated that CASC15 silencing
hindered ESCC xenograft tumor growth.

CASCI inhibits SIM2 expression and decreases SIM2 mRNA
stability via FTO in ESCC cells. Considering the vital roles
of RNA binding proteins (RBPs) in the regulation of gene
expression and cancer progression, RBPs that may interact
with CASCI15 were predicted using the StarBase database.
The results are presented in Table II. Among the identified
RBPs, m6A methylation-associated FTO protein was selected
for further assessment. The RNA pull-down assay revealed
that FTO was substantially enriched by biotin-labeled sense
CASCI15 in Ecal09 cells (Fig. 4A), indicating that CASCI15
interacted with the FTO protein in ESCC cells. Combined
with StarBase database prediction data for FTO-binding
mRNAs and previous RNA-seq data (13), 19 downregulated
genes (BARX2, MXDI, LNX1, AGFG2, GMDS, SESN2, VAV3,
LPINI, CYP2J2, PIM1, PAQRS5, RMND5B, NAPRT, SIM2,
CSTB, GPT2, CES2, YODI and TREX?2) were identified in

ESCC (Fig. 4B). The differences in expression levels of these
19 genes in ESCC tumors compared with in normal tissues are
presented in Table III.

StarBase Pearson's correlation analysis was performed to
explore the correlation of the mRNA expression levels of FTO
and those of the 19 downregulated genes in ESCC. Among
the 19 genes, 12 genes were negatively correlated with FTO
mRNA expression in ESCC (Table IV). Among these 12
genes, only SIM?2 has been implicated in ESCC progression
in previous studies (22,23). Additionally, the GEPIA database
revealed that SIM2 expression was significantly decreased in
ESCC tumor tissues compared with in normal tissues (Fig. 4C).
Consequently, SIM2 was selected as a potential downstream
target of FTO in subsequent experiments.

Subsequent RIP and RT-qPCR assays revealed that
CASCI15 and SIM2 mRNA expression was significantly
increased in FTO immunoprecipitation complexes compared
with IgG immunoprecipitation complexes in Ecal09 cells
(Fig. 4D), indicating a close association between CASCI15,
FTO and SIM2. It is widely known that FTO exerts its func-
tions by m6A RNA demethylation (30). In the current study,
the effect of FTO overexpression on SIM2 and CASCI15
m6A methylation were assessed via RIP and RT-qPCR
assays. Transfection efficiency analysis revealed that the
transfection of FTO overexpression plasmid led to a marked
increase in FTO protein expression in Ecal09 cells (Fig. 4E).
The results of RIP and RT-qPCR assays revealed that FTO
overexpression significantly decreased the m6A methyla-
tion level of SIM2, but did not affect the m6A methylation
level of CASCI15 in Ecal09 cells (Fig. 4E). The CASCI5
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Table II. Predicted RBPs that interact with CASC15.

RBP Gene ID Gene name Gene type Cluster no. Clip Exp no. Clip ID no.
ADAR ENSG00000272168 CASC15 lincRNA 89 3 89
CELF2 ENSG00000272168 CASC15 lincRNA 123 2 187
CNBP ENSG00000272168 CASCI15 lincRNA 1 1 1
DDX54 ENSG00000272168 CASCI15 lincRNA 3 3 3
DGCR8 ENSG00000272168 CASCI15 lincRNA 17 4 25
DHX9 ENSG00000272168 CASC15 lincRNA 5 4 5
DKC1 ENSG00000272168 CASC15 lincRNA 31 1 31
EIF4A3 ENSG00000272168 CASC15 lincRNA 49 2 53
ELAVLI ENSG00000272168 CASCI15 lincRNA 46 4 50
EWSR1 ENSG00000272168 CASCI15 lincRNA 10 2 12
FBL ENSG00000272168 CASCI15 lincRNA 21 2 22
FMRI1 ENSG00000272168 CASC15 lincRNA 2 1 2
FTO ENSG00000272168 CASC15 lincRNA 1 1 1
FUS ENSG00000272168 CASC15 lincRNA 119 3 121
HNRNPALI ENSG00000272168 CASCI15 lincRNA 1 2 2
HNRNPA2B1 ENSG00000272168 CASCI15 lincRNA 4 3 6
HNRNPC ENSG00000272168 CASCI15 lincRNA 6 3 6
HNRNPD ENSG00000272168 CASC15 lincRNA 1 1 1
HNRNPM ENSG00000272168 CASC15 lincRNA 139 4 139
IGF2BP2 ENSG00000272168 CASC15 lincRNA 131 4 141
LARP7 ENSG00000272168 CASCI15 lincRNA 1 1 1
LIN28A ENSG00000272168 CASCI15 lincRNA 2 1 2
MBNL2 ENSG00000272168 CASCI15 lincRNA 4 1 4
METTL14 ENSG00000272168 CASC15 lincRNA 1 1 1
METTL3 ENSG00000272168 CASC15 lincRNA 1 1 1
MOV10 ENSG00000272168 CASC15 lincRNA 2 2 2
MSI1 ENSG00000272168 CASCI15 lincRNA 42 3 42
NOP56 ENSG00000272168 CASCI15 lincRNA 14 1 14
NOP58 ENSG00000272168 CASC15 lincRNA 9 2 9
PTBP1 ENSG00000272168 CASC15 lincRNA 19 2 21
RBFOX2 ENSG00000272168 CASC15 lincRNA 582 4 628
RBM10 ENSG00000272168 CASC15 lincRNA 1 1 1
RBM5 ENSG00000272168 CASCI15 lincRNA 2 1 2
SRSF1 ENSG00000272168 CASCI15 lincRNA 1 1 1
SRSF10 ENSG00000272168 CASC15 lincRNA 3 2 3
SRSF3 ENSG00000272168 CASC15 lincRNA 1 1 1
TAF15 ENSG00000272168 CASC15 lincRNA 94 5 100
TARDBP ENSG00000272168 CASC15 lincRNA 467 5 531
TROVE2 ENSG00000272168 CASC15 lincRNA 1 1 1
U2AF2 ENSG00000272168 CASCI15 lincRNA 3 6 6
UPF1 ENSG00000272168 CASC15 lincRNA 17 4 18
YTHDC1 ENSG00000272168 CASC15 lincRNA 5 3 5

CASCI1S5, cancer susceptibility candidate 15; RBP, RNA-binding protein; lincRNA, long non-coding RNA; Clip Exp, crosslinking-immuno-
precipitation experiment.

overexpression plasmid was subsequently constructed and
si-FTO was synthesized to further explore the regulatory
networks between CASCI15, FTO and SIM?2 in ESCC.
Transfection efficiency analysis revealed that the transfec-
tion of CASCI15 overexpression plasmid in Ecal09 and

KYSE450 cells significantly upregulated CASCI15 expres-
sion compared with the pcDNA-transfected group (Fig. 4F).
Additionally, a marked downregulation of FTO protein
expression was observed in si-FTO-transfected Ecal09 and
KYSEA450 cells compared with in si-NC-transfected cells
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Figure 4. CASC1S5 inhibited SIM2 expression and decreased SIM2 mRNA stability via FTO in esophageal squamous cell carcinoma cells. (A) RNA pull-down
and western blotting assays were performed to determine the interaction of CASC15 and FTO protein. (B) Venn diagram of the possible mRNAs that
interact with the FTO protein, as determined using the StarBase database and previous RNA-seq data. (C) SIM2 expression was assessed in ESCC tumor
and adjacent normal tissues using the Gene Expression Profiling Interactive Analysis database. (D) CASCI15 and SIM2 mRNA expression enriched by I1gG
or FTO antibodies were detected via RT-qPCR after a RIP assay in Ecal09 cells. (E) Ecal09 cells were transfected with pcDNA or the FTO overexpression
vector. At 48 h post transfection, FTO protein expression was measured via western blotting, and m6A-enriched SIM2 and CASC15 mRNA expression was
examined through RIP and RT-qPCR assays. Transfection efficiency of the (F) CASC15 overexpression vector and (G) si-FTO was measured in Ecal09 and
KYSE450 cell lines. (H) Ecal09 cells were transfected with pcDNA, CASC15 overexpression vector, CASCI15 overexpression vector + si-NC or CASC15
overexpression vector + si-FTO. At 48 h post transfection, RIP and RT-qPCR assays were conducted to measure SIM2 mRNA expression following m6A
antibody enrichment. SIM2 mRNA stability was analyzed by performing an ActD assay in (I) Ecal09 and (J) KYSE450 cells transfected with pcDNA,
CASCI15 overexpression vector, CASCI15 overexpression vector + si-NC or CASCI15 overexpression vector + si-FTO. Data analyzed via two-way ANOVA
followed by Bonferroni's post-hoc test. SIM2 mRNA and protein expression was respectively examined via RT-qPCR and western blotting in (K) Ecal09
and (L) KYSE450 cells transfected with pcDNA, CASC15 overexpression vector, CASC15 overexpression vector + si-NC or si-FTO. "P<0.05, “P<0.01 and
""P<0.001. CASC15, cancer susceptibility candidate 15; SIM2, single-minded 2; FTO, fat mass and obesity-associated; RIP, RNA immunoprecipitation;
RT-qPCR, reverse transcription-quantitative PCR; si, small interfering RNA; NC, negative control; m6A, n6-methyladenosine; ActD, Actinomycin D.

(Fig. 4G). CASC15 overexpression significantly decreased  expression via FTO. The results demonstrated that CASCI15
SIM2 mRNA m6A methylation levels in Ecal09 cells, while  overexpression significantly decreased SIM2 mRNA stability
the downregulation of FTO expression significantly weak-  and inhibited SIM2 mRNA and protein expression in Eca-109
ened this effect (Fig. 4H). The current study further assessed  and KYSE450 cells (Fig. 4I-L). In addition, FTO suppression
whether CASCI15 influenced SIM2 mRNA stability and  significantly enhanced SIM2 mRNA stability and expression,
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Table III. Differentially expressed genes in esophagus cancer
that interact with fat mass and obesity-associated protein.

Gene name log (fold-change) P-value
BARX2 -3.40645 3.53x107
MXD1 -2.34351 8.63x10°
LNXI1 -3.02622 3.45x10”°
AGFG2 -2.44104 7.9x107
GMDS -2.50769 1.41x107
SESN2 -2.07768 1.54x10°¢
VAV3 -2.2753 5.05x10°
LPIN1 -2.46511 4.81x10°¢
CYP2J2 -3.04199 7.17x107
PIM1 -2.38559 1.98x107°
PAQRS5 -2.14799 1.366x10*
RMNDS5B -2.33016 5.89x10°®
NAPRT -2.88074 1.33x10°
SIM2 -2.20672 8.21x10°
CSTB -4.16755 3.12x1071°
GPT2 -2.13271 4.94x10°¢
CES2 -3.05714 7.74x10%®
YOD1 -2.13921 9.91x10°
TREX2 -2.36119 2.738x10*

Table IV. Differentially expressed genes interacting with fat
mass and obesity-associated protein and negatively corre-
lated with cancer susceptibility candidate 15 expression in
esophagus cancer.

Gene names R value P-value

GMDS -0.46 7.39x10°1°
CES2 -0.453 1.46x10°
NAPRT -0423 2.06x10°®
AGFG2 -0.326 2.32x10°
MXD1 -0.317 4.03x107
LPIN1 -0.31 5.86x10°
SESN2 -0.308 6.58x10°
SIM2 -0.302 9.17x107°
CYP2J2 -0.301 9.78x10°
BARX2 -0.284 2.51x10*
RMNDS5B -0.256 1.01x1073
YODI1 -0.251 1.27x1073

which was initially inhibited by CASC15 overexpression in
Eca-109 and KYSE450 cells (Fig. 41-L).

CASCI5 overexpression promotes ESCC cell proliferation and
inhibits apoptosis via FTO.Functional analysis revealed that the
ectopic expression of CASC15 enhanced cell proliferation and
abated cell caspase-3 activity in Eca-109 and KYSE450 cells
(Fig. 5A, B and E). Additionally, cell apoptotic rates were
decreased by ~0.5-fold in Eca-109 and KYSE450 cells trans-
fected with CASC15 overexpression plasmid compared with in
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pcDNA-transfected cells (Fig. 5C and D). These data indicated
that CASCI15 exerted pro-proliferative and anti-apoptotic
effects in ESCC cells. Furthermore, FTO-knockdown signifi-
cantly weakened these CASC15-mediated pro-proliferative
and anti-apoptotic effects (Fig. 5).

SIM2-knockdown reverses the effect of CASCIS5 silencing on
ESCC cell proliferation and apoptosis. SIM2 expression was
significantly decreased by 60% in ESCC tissues compared
with in normal samples (Fig. 6A). Furthermore, SIM2
mRNA expression was negatively correlated with CASCI15
expression in ESCC tissues (R=-0.5183; P=0.0003; Fig. 6B).
Additionally, SIM2 protein expression was markedly
decreased in Ecal09 and KYSE450 cells compared with in
HET-1A cells (Fig. 6C). Additionally, knockdown efficiency
analysis revealed that SIM?2 protein expression was signifi-
cantly decreased in Ecal09 and KYSE450 cells transfected
with si-SIM2 compared with in cells transfected with si-NC
(Fig. 6D). To further investigate whether SIM2 was associ-
ated with the regulatory effects exerted by CASC15 on ESCC
progression in vitro, Ecal09 and KYSE450 cells were trans-
fected with si-NC, si-CASC15#1 or si-CASCI15#1 + si-SIM2.
As presented in Fig. 6E, SIM2 protein expression was
markedly increased in Ecal09 and KYSE450 cells following
CASCI15-knockdown. The introduction of si-SIM?2 markedly
attenuated the stimulatory effect of CASC15-knockdown
on SIM2 protein expression in Ecal09 and KYSE450
cells (Fig. 6E). In addition, SIM2 downregulation partly
reversed si-CASCI15#1-mediated anti-proliferative effects
in Ecal09 and KYSE450 cells (Fig. 6F). SIM2-knockdown
led to a marked decrease in cell apoptotic rate from 24.57
to 14.83% in Ecal09 cells transfected with si-CASCI15#1
(Fig. 6G and H). Additionally, a ~0.4-fold (14.74 vs. 24.87%)
decrease in cell apoptotic rate was observed in KYSE450
cells co-transfected with si-CASC15#1 and si-SIM2
compared with in cells co-transfected with si-CASC15#1 and
si-NC (Fig. 6G and H), suggesting that SIM?2 silencing weak-
ened the CASC15-knockdown-induced apoptosis in Ecal09
and KYSE450 cells SIM2 interference also attenuated the
CASC15-knockdown-induced caspase-3 activity promotion
in Ecal09 and KYSE450 cells (Fig. 6I). The results indicated
that CASCI15 suppression repressed ESCC progression
in vitro by increasing SIM2.

Discussion

ESCC is the main subtype of esophageal cancer (31).
IncRNAs have been implicated in the pathogenesis of ESCC
and are involved in the regulation of ESCC progression (6).
The current study aimed to elucidate a novel target for the
treatment of ESCC. To the best of our knowledge, the present
study was the first to demonstrate that CASC15-knockdown
repressed ESCC progression, which was associated with the
increase of SIM2 stability occurring through the decrease of
FTO-mediated demethylation.

The results of the current study revealed that CASCI15
expression was upregulated in ESCC tissue, which was consis-
tent with the results of a previous study (13). Additionally,
the present data demonstrated that high CASCI15 expres-
sion was associated with poor survival outcomes in patients
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Figure 5. Effect of FTO-knockdown on CASC15-mediated esophageal squamous cell carcinoma cell proliferation and apoptosis. Ecal09 and KYSE450
cells were transfected with pcDNA, CASC15, CASC15+si-NC and CASC15+si-FTO. Subsequently, cell viability, apoptosis and caspase-3 activity were
detected via (A and B) MTT (data analyzed via two-way ANOVA followed by Bonferroni's post-hoc test), (C and D) flow cytometry and (E) caspase-3 assays,

Hhk

respectively. "P<0.05, “P<0.01 and ““P<0.001. FTO, fat mass and obesity-associated; CASC15, cancer susceptibility candidate 15; si, small interfering RNA;

NC, negative control; OD, optical density.

with ESCC, indicating that CASC15 had potential clinical
diagnostic value in ESCC. Functional analyses revealed that
CASC15-knockdown inhibited ESCC cell proliferation and
promoted cell apoptosis in vitro. Xenograft tumor models
are key tools for ESCC research (32). In vivo experiments
of the present study demonstrated that CASC15 suppres-
sion hampered ESCC xenograft tumor growth. Consistently,

previous studies have demonstrated that CASCI15 exerted
potential oncogenic effects in multiple types of cancer,
including tongue squamous cell carcinoma, nasopharyngeal
carcinoma, oral squamous cell carcinoma, bladder cancer,
melanoma and cervical cancer (9-12,33,34).

Previous studies have demonstrated that IncRNAs exert
their functions by regulating mRNA biosynthesis, processing
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Figure 6. CASC15 depletion decreased the proliferation and promoted the apoptosis of ESCC cells by upregulating SIM2. (A) SIM2 expression was measured
via reverse transcription-quantitative PCR in tumor and adjacent normal tissues isolated from patients with ESCC (n=45). (B) Linear correlation of CASC15
and SIM2 expression in ESCC tissues. (C) SIM2 protein expression was detected in HET-1A, Ecal09 and KYSE450 cells via western blotting. (D) SIM2
protein expression was measured by western blotting at 48 h post transfection in Ecal09 and KYSE450 cells transfected with si-NC or si-SIM2. Ecal09
and KYSE450 cells were transfected with si-NC, si-CASC15#1+si-NC or si-CASC15#1+si-SIM2. (E) SIM2 protein abundance was examined via western
blotting. (F) Cell proliferation was determined by performing an MTT assay in Ecal09 and KYSE450 cells. Data analyzed via two-way ANOVA followed by
Bonferroni's post-hoc test. (G and H) Apoptotic rate was detected via flow cytometry. (I) Relative caspase-3 activity was detected using the caspase-3 assay kit
in Ecal09 and KYSE450 cells. "P<0.05, “P<0.01 and ““P<0.001. CASC135, cancer susceptibility candidate 15; ESCC, esophageal squamous cell carcinoma;
SIM2, single-minded 2; si, small interfering RNA; NC, negative control; OD, optical density.
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and stability in humans (35-37). N-m6A modification is also
involved in regulating mRNA stability (38-40). Furthermore,
FTO has been found to be a common demethylase targeting
N-methyladenosine (41,42). FTO serves an important role
in ESCC progression by mediating mRNA demethyl-
ation (21,43). To the best of our knowledge, the current study
was the first to confirm that CASC15 interacted with FTO
to decrease SIM2 stability by FTO-mediated demethylation.
FTO-knockdown markedly weakened CASCI15-mediated
pro-proliferative and anti-apoptotic effects in ESCC cells.
Additionally, GEPIA database analysis revealed that SIM2
expression was decreased in ESCC tissues compared with
in normal tissues. In line with the GEPIA data, Su et al (24)
demonstrated that SIM2 expression was downregulated
in ESCC. Furthermore, Tamaoki et al (23) revealed that
downregulated SIM2 expression was associated with poor
survival outcomes in patients with ESCC. In the present
study, SIM2 downregulation weakened the detrimental effect
of CASC15-knockdown on cell proliferation and inhibited
the increase of apoptosis and caspase-3 activity induced by
CASCI5 depletion in ESCC cells, suggesting that SIM2 may
exert antitumor effects in ESCC. The antitumor effects of
SIM2 have also been demonstrated in cervical squamous cell
carcinoma (44).

In conclusion, CASC15-knockdown decreased ESCC
xenograft tumor growth in vivo. CASC15 promoted cell prolif-
eration and inhibited apoptosis in ESCC by decreasing SIM2
stability via FTO-mediated demethylation. The current study
provided a novel insight into the pathogenesis of ESCC and
indicated a novel target for the treatment of ESCC. However,
the present study only investigated the effect of CASCI15 on
ESCC tumorigenesis. In addition, the methylation status of
CASCIS5 in the paired tumor and adjacent normal tissues in
patients with ESCC was not analyzed in the present study.
It is imperative to further examine the methylation status
of CASCIS5 in paired tumor and adjacent normal tissues
in patients with ESCC since FTO is a demethylase that can
mediate m6A demethylation modification and elucidate the
influence of CASC15 on ESCC tumor metastasis in vitro and
in vivo. Additionally, whether CASC15 and FTO influence
ESCC tumorigenesis and progression through the regulation
of gene m6A demethylation requires further study.
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