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Abstract
Background:Long non-codingRNAs (lncRNAs) have been found to be involved
in the development of many cancers. In this study, we aimed to identify the
molecular mechanisms of lncRNA BAALC antisense RNA 1 (BAALC-AS1) in
regulating the malignancy of esophageal squamous cell carcinoma (ESCC).
Methods: The expression of BAALC-AS1 in cancer patients was analyzed using
a tissue microarray. The protein and RNA levels of BAALC-AS1 were deter-
mined by Western blotting analysis and quantitative reverse transcription-PCR
(RT-qPCR), respectively. The cell proliferation was determined by cell viability
assays, bromodeoxyuridine incorporation, and flow cytometry. The relationships
among BAALC-AS1, RasGAPSH3 domain-binding protein 2 (G3BP2), and c-Myc
were determined using RNA immunoprecipitation, RNA pull-down assays, and
luciferase assays.
Results: The expression of BAALC-AS1 was highly up-regulated and associated
with malignant phenotypes in ESCC tissues and cell lines. In vivo and in vitro
assays showed that BAALC-AS1 promoted ESCC cell proliferation, migration,
and invasion. BAALC-AS1 directly interacted with G3BP2, and thereby inhibited
the degradation of c-Myc RNA 3’-UTR by G3BP2, thus leading to the accumu-
lation of c-Myc expression. Additionally, c-Myc acted as a transcription factor
that can induce the expression of BAALC-AS1 by directly binding to its promoter
region.

Abbreviations: BAALC-AS1, BAALC antisense RNA 1; EC, esophageal carcinoma; ESCC, esophageal squamous cell carcinoma; lncRNA, long
non-coding RNA; miRNA, microRNA; G3BP2, RasGAPSH3 domain binding protein 2; 3′-UTR, three prime untranslated region; shRNA, short hairpin
RNA; GFP, green fluorescent protein; RT-qPCR, quantitative reverse transcription PCR; AJCC, American Joint Committee on Cancer; GAPDH,
3-phosphate dehydrogenase; FISH, fluorescence in situ hybridization; BrdU, Bromodeoxyuridine; H&E, Hematoxylin and Eosin; IHC,
immunohistochemistry; PBS, phosphate-buffered saline; FBS, fetal bovine serum; LC-MS/MS, liquid chromatography-mass spectrometry/ mass
spectrometry; RIP, RNA immunoprecipitation; CDK2, cyclin-dependent kinase 2; CDK4, cyclin-dependent kinase 4
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Conclusions: BAALC-AS1/G3BP2/c-Myc feedback loop plays a critical role in
the development of ESCC, which might provide a novel therapeutic target and
facilitate the development of new therapeutic strategies for the treatment of
ESCC.

KEYWORDS
esophageal squamous cell carcinoma, proliferation,migration, invasion, longnon-codingRNA,
BAALC-AS1, lncFZD6, G3BP2, c-Myc

1 BACKGROUND

Esophageal carcinoma (EC) is the eighth most common
cancer and the sixth leading cause of cancer-related death
worldwide, with the highest incidence in Asia [1–3].
Esophageal squamous cell carcinoma (ESCC) accounts for
the majority of EC globally. It widely occurs in China [4].
Due to a lack of effective clinical approaches for earlier
diagnosis and treatment, the efficacy of ESCC therapy has
not significantly changed in past decades, and the 5-year
overall survival rate has been in the range of 15%–25% [5].
Thus, a better understanding of the molecular mechanism
of ESCC development may help to identify new diagnostic
approaches and therapeutic modalities.
The mammalian genome encodes a large number of

long non-coding RNAs (lncRNAs), which transcribe over
200 nucleotides that have no evidence of protein-coding
potential. Much of the non-protein-coding portion of the
human genome has historically been regarded as junk
DNA [6]. However, over the past decade, numerous studies
have highlighted how regulatory RNAs, such as microR-
NAs (miRNAs) and lncRNAs, play crucial roles in the
development of diseases [7–9]. Studies have confirmed that
lncRNAs interact with DNA, RNA, and proteins in a cis- or
trans-acting manner, which can regulate gene expression
at the epigenetic, transcriptional, and post-transcriptional
levels [10]. For example, lncRNA MALAT1 [7, 11, 12],
ANRIL [13, 14], HOTAIR [15, 16], and H19 [17, 18] have
been confirmed to be highly expressed in many cancers
and act as oncogenic genes to regulate tumor progression
andmetastasis. An understanding of the functions of these
lncRNAs provides new opportunities for the diagnosis and
treatment of cancer. Nevertheless, the molecular regula-
tory mechanisms of lncRNAs in ESCC remain largely to
be further defined.
Our group has comprehensively and systematically

investigated the genomic alterations of ESCC using whole-
genome sequencing and whole-exon sequencing [2]. We
identified many somatic copy number alterations of
ESCC, among which the copy number amplification of
Homo sapiens BAALC antisense RNA 1 (BAALC-AS1,

NR_109954.1) attracted our attention. BAALC-AS1 is an
lncRNA with a length of 726 bp, which is also known as
lncFZD6. It is located on chromosome 8q22.3 and con-
tains three exons, which are antisense chains with the
intron region of the BAALC protein-coding gene. As a
novel lncRNA, there have been few reports on its func-
tion and molecular mechanism. Only one study indicated
that BAALC-AS1 promotes self-renewal of hepatic tumor-
initiating cells by activating the Wnt/beta-catenin signal-
ing pathway [19]. Hence, the functions and the underlying
molecular mechanisms of BAALC-AS 1 need to be further
investigated.
lncRNAs can directly interact with protein to regulate

protein activity [8, 20, 21].We found that BAALC-AS1 inter-
acts with the protein RasGAPSH3 domain-binding pro-
tein 2 (G3BP2). G3BP2 is a member of the G3BP family
and plays an important role in a variety of cancers, and is
closely related to lymph node metastasis and prognosis in
ESCC [22]. G3BP2 has RNA-binding sites and can regulate
RNA homeostasis, such as binding to CDK7 and CDK9,
stabilizing CDK7 mRNA, and degrading CDK9 mRNA
[23]. G3BP2 can also degrade the 3′-untranslated regions
(3′-UTRs) of c-Myc mRNA in vitro, affecting the RNA sta-
bility of c-Myc [24, 25]. However, the biological function
and regulatory mechanism of lncRNAs and G3BP2 remain
to be elucidated.
In this study, we identified the function andmechanism

of BAALC-AS1 in ESCC which might provide a novel ther-
apeutic target and facilitate the development of new ther-
apeutic strategies for the treatment of ESCC.

2 MATERIALS ANDMETHODS

2.1 Cell lines, cell culture and
transfection

Thenormal esophageal epithelial cell line (Het-1A) and the
human ESCC cell lines (YES-2, KYSE-30, -150, -180, -410,
-450, -510 and COLO-680) were generously provided by Dr.
Yutaka Shimada of Kyoto University (Kyoto, Japan) and



242 ZHANG et al.

cultured as previously described [26]. The cells were cul-
tured in RPMI-1640 (Lonza, Basel, Switzerland) or DMEM
with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad,
CA, USA) at 37◦C in a 5% CO2 humidified incubator.
The expressions of BAALC-AS1, G3BP2, and c-Mycwere

silenced by transfecting ESCC cells with siRNAs, and a
non-targeted control siRNA (siNC) was used as a negative
control to determine and optimize the efficiency of trans-
fection. The detailed target sequences are listed as follows:
sense sequence 5’- CAGGAACAAAGGUUACAGA -3’ and
antisense sequence 5’- UCUGUAACCUUUGUUCCUG-3’
for si/BAALC-AS1-1; sense sequence 5’- AGCGAA-
CAAUGGAGAACCU -3’ and antisense sequence 5’-
AGGUUCUCCAUUGUUCGCU -3’ for si/BAALC-AS1-2;
sense sequence 5’- AGUCGAAGCUAAACCAGAA -3’
and antisense sequence 5’- UUCUGGUUUAGCUUC-
GACU -3’ for si/G3BP-2; sense sequence 5’- GAGGA-
GACAUGGUGAACCA -3’ and antisense sequence 5’-
UGGUUCACCAUGUCUCCUC -3’ for si/c-Myc-1; sense
sequence 5’- GGGUCAAGUUGGACAGUGU -3’ and
antisense sequence 5’- ACACUGUCCAACUUGACCC-3’
for si/c-Myc-2. The siRNA was transfected into ESCC cells
using Lipofectamine 2000 siRNA transfection reagent
(Invitrogen) following the manufacturer’s protocol as
previously described [27].
For stable transfection of BAALC-AS1 short hairpin

RNA (shRNA), ESCC cells were transfected with pLenti-
U6-BAALC-AS-shRNA-GFP-Puro. Control cells were
transfected with pLenti-U6-NC-shRNA-GFP-Puro. For
stable transfection of BAALC-AS1 overexpressing plas-
mid, pCDH-CMV-MCS-BAALC-EF1-CopGFP-P2A-Puro
was transfected into ESCC cells as previously described
[28]. Briefly, the virus solution and the final concen-
tration of 5µg/mL polybrene were added into the fresh
medium to infect the cells. All plasmids were from
GenePharma (Shanghai, China). The cells transfected
with pCDH-CMV-MCS-EF1-CopGFP-P2A-Puro were
served as control. Transduction efficiency (multiplicity
of infection [MOI] = 100) was determined by green
fluorescent protein (GFP) expression to be over 80%,
and knockdown efficiency was measured by quantitative
reverse transcription-PCR (RT-qPCR) to be approximately
70%.

2.2 Tissue specimens

Tissue microarrays of ESCC specimens were obtained
from Shanghai Outdo Biotech (Shanghai, China), with the
approval of the local Institutional Review Board. Detailed
clinicopathological characteristics for all specimens are
presented in Supplementary Table S1. The pathological
grade of ESCC was determined by pathological experts

according to the American Joint Committee on Cancer
(AJCC) prognosis classification standard (2009), and the
disease staging of ESCC was based on the seventh edition
of AJCC clinical staging system.

2.3 In situ hybridization

Digoxigenin-labeled DNA probes complementary to
BAALC-AS1 RNA were generated using random primer
labeling (Boster, Wuhan, Hubei, China). The experimental
procedure was operated according to the instructions. For
in situ hybridization, 5 µm thick sections were prepared
and treated. After sectioned, the prehybrid solution and
the hybrid solution were incubated respectively and
hybridized overnight at 40◦C. After full washing, blocking
solution and color developing solution were added, and
control the color developing under the microscope. The
intensity of BAALC-AS1 expression was graded as follows:
0, negative; 1, weak; 2, moderate; and 3, strong. The
proportion of positive tumor cells was graded as follows: 0,
<5%; 1, 5%-25%; 2, 26%-50%; 3, 51%-75%; and 4, >75%. The
final score was derived from the multiplication of these
two primary scores. Final scores of 0-6 were defined as
“low expression”, and scores of 6-12 as “high expression”.

2.4 Cellular fractionation, RNA
isolation, and RT-qPCR analyses

To investigate the expression of target genes, total RNAwas
extracted and isolated from tissues and cells using TRIzol
reagent (Invitrogen) according to the manufacturer’s pro-
tocol.
Cytoplasmic and nuclear RNAs were isolated and puri-

fied using the PARIS™ Kit (Thermo Fisher Scientific,
Scotts Valley, CA, USA) according to the manufacturer’s
instructions.
For the RT-qPCR assay, the isolated RNA was reversely

transcribed into cDNA using a reverse transcription kit
(Takara, Dalian, Liaoning, China). The expression levels
were normalized against the expression of glyceraldehyde
3-phosphate dehydrogenase (GAPDH). The PCR primers
were as follows: forward primer sequence 5′-AAAAGCGA
ACAATGGAGAACC-3′ and reverse primer sequence 5′-
TCCACTGCACCGAATTGTATAA-3′ for BAALC-AS1; for-
ward primer sequence 5′-GAGCTGAAACCACAAGTGG
AGG-3′ and reverse primer sequence, 5′-GGTCACTGA
AGCCCAGGAGAAA-3′ for G3BP2; forward primer
sequence 5′-CCTGGTGCTCCATGAGGAGAC-3′ and
reverse primer sequence 5′-CAGACTCTGACCTTTTGC
CAGG-3′ for c-Myc; forward primer sequence 5′-CAATG
ACCCCTTCATTGACC-3′ and reverse primer sequence
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5′-TGGAAGATGGTGATGGGATT-3′ for GAPDH. Then,
specific gene expression was detected by using SYBR
Premix EX TaqII (Takara, Dalian, Liaoning, China). The
RT-qPCR assays were conducted in an ABI 7500 apparatus
(Applied Biosystems, Foster City, CA, USA).

2.5 RNA fluorescence in situ
hybridization (FISH)

Fluorescence-conjugated lncBAALC-AS1 probes were
used for RNA-FISH, which was performed as previ-
ously described [28]. Hybridization was performed using
DNA probe sets (Ribobio, cat# lnc1101063, Guangzhou,
Guangdong, China) according to the manufacturer’s
instructions. Images were captured and visualized by a
confocal microscope (ST2; Leica, Wetzlar, Germany).

2.6 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium,inner salt (MTS)
assay

The Cell Titer 96 R© AQueous One Solution Cell Prolif-
eration Assay (Promega, Madison, WI, USA) was used
to evaluate the cell viability in the indicated ESCC cell
lines. Briefly, 10 µL MTS solution was added to each well
of the 96-well plate and incubated for 1 h at 37◦C. The
absorbance was read at 490 nm for the MTS solution
using an ELISA plate reader (TECAN, Infinite M200 Pro,
Mannedorf, Switzerland). All experimentswere performed
in triplicate.

2.7 Bromodeoxyuridine (BrdU)
incorporation

ESCC cells were plated into 96-well plates at a density
of 1 × 104 cells/well, and then subjected to growth arrest
for 24 h before transfection. BrdU was incorporated into
proliferating cells by adding 24 h prior to the end of the
test reagent incubation. Following incorporation, the cells
were fixed using a fixing solution at room temperature for
30 min. BrdU was added after fully washing according to
the manufacturer’s protocol. Finally, the plate was read
using a spectrophotometer microplate reader (TECAN,
Infinite M200 Pro, Mannedorf, Switzerland) at dual wave-
lengths of 450/550 nm. All experiments were performed in
triplicate.

2.8 Western blotting analysis

Proteins were solubilized and extracted with RIPA buffer
(Beyotime, Shanghai, China) and incubated for 30 min on

ice. The lysates were sonicated and centrifuged at 16,099
× g for 15 min, and the insoluble fractions were discarded.
Protein concentrations were determined by the BCA pro-
tein assay kit (Thermo Fisher Scientific, Scotts Valley,
CA, USA). Cell samples containing 20 µg of protein were
subjected to electrophoresis using an SDS-polyacrylamide
gel. After electrophoresis, the proteins were transferred
to nitrocellulose membranes (Millipore, Cambridge, MA,
USA). The membranes were blocked in blocking buffer
(20 mmol/L Tris, pH 7.6, 150 mmol/L NaCl, and 0.1%
Tween 20) containing 5% non-fat dry milk and incubated
with antibodies. Antibodies against c-Myc (cat# 13987S),
cyclin D (cat# 2978S), and CDK4 (cat# 12790S) were all
fromCell Signaling Technology (Danvers, MA, USA); anti-
bodies against CDK2 (cat# ab32147), IgG (cat# ab171870),
and actin (cat# ab179467) were from Abcam (Cambridge,
MA, USA); antibody against G3BP2 (cat# 16276-1-AP) was
from Proteintech (Wuhan, Hubei, China); and antibody
against cyclin E (cat# sc-377100) was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Actinomycin Dwas
obtained from MedChem Express (Monmouth Junction,
NJ, USA). The ECLDetection were fromBeyotime (Shang-
hai, China). The chemiluminescence signals were detected
with an Amersham Imager 600 (Amersham, Chalfont,
UK).

2.9 Hematoxylin and eosin (H&E)
staining and immunohistochemistry (IHC)

The tumor tissues from nude mice were sliced into tis-
sue blocks, and were immersed in 4% paraformaldehyde
for overnight fixation. Then fixed tissues were dehydrated,
cleared, and embedded in paraffin base. The paraffin
blocks were cut into sections of 5 µm thick. Some sections
were stained with HE and others for IHC, which was per-
formed as previously described [29].

2.10 Cell cycle analyses

The proportions of cells in the G0/G1, S, and G2/M
phases were detected by flow cytometry. The detection kit
was from Beyotime (Shanghai, China). Briefly, the cells
were harvested by trypsinization and then fixed with 70%
ethanol at 4◦C. The fixed cells were centrifuged at 300
× g for 5 min and resuspended in 500 µL staining buffer
before detection. A total of 10 µL of RNase A was added
andmixed, then 25 µL of propidium iodide was added, and
the suspensionwas incubated at 37◦C in awater bath for 30
min. Finally, the cells were filtered once through 400mesh
sieves and detected by accuri C6 flow cytometry (Corning,
New York, NY, USA).
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2.11 Wound healing assay

Six-well plates, containing fully confluent ESCC cells, were
scratched with a fine sterile pipette tip to generate a cell-
free gap with a width of 1 mm, and the damaged cells were
removed using phosphate-buffered saline (PBS). The cells
were then treatedwith vehicle or the chemical of interest in
5% FBS-Dulbecco’s Modified Eagle’s Medium. The cells in
all study groups were photographed in the same area of the
culture plate, immediately after and 24 h after the wound
was made.

2.12 Invasion assay

Cell invasion was measured using a Boyden chamber
(Corning, New York, NY, USA) with a polycarbonate fil-
ter with 8 µm inserts coated with Matrigel (Corning,
New York, NY, USA). After 24 h of incubation, the non-
migrating cells in the upper chamber were removed. The
cells on the underside of the membrane were incubated
in 4% formaldehyde solution for 10 min, followed by
incubation in 0.4% crystal violet in 10% ethanol for 5
min. The number of cells was measured by counting the
number of stained nuclei per high power field using a
microscope (Olympus, Tokyo, Japan). Each sample was
counted randomly at nine separate fields in the cen-
ter of the membrane, and the cell invasion activity was
reported as the number of cells migrating per field of view.
The experiments were performed at least three times in
quadruplicate.

2.13 Colony formation assay

The transduced and control cells were placed in 6-well
plates at a density of 1000 cells/well and maintained in
medium containing 10% FBS. The culture medium was
replaced every 4 days during the growth of colonies. After
14 days, the cell colonies were washed with PBS, fixed with
4% paraformaldehyde for 10 min, and stained with crystal
violet for 8 min. Triplicate wells were measured for each
treatment group.

2.14 Tumor formation assay in nude
mice

Male BALB/c nude mice (6-week-old) were purchased
from Vital River Laboratories (Beijing, China) and main-
tained in pathogen-free conditions. Themicewere injected
subcutaneously into the right flanks with 1 × 106 cells/mL
(0.1 mL) of ESCC cells (KYSE-450 or KYSE-410), which

were stably transfected with sh/NC, sh/BAALC-AS1,
BAALC-AS1 overexpression plasmid, or the empty vector.
Tumor growth was examined every 7 days, and tumor vol-
umes were calculated using the equation, V= 0.5 × length
× width2. At 28 days after injection, the mice were eutha-
nized by CO2, and the subcutaneous growth of each tumor
was examined by H&E staining and immunohistochem-
ical analysis. All animal care and experiments were con-
ducted in accordance with national and institutional poli-
cies for animal health and well-being. The protocol was
approved by the Institutional Animal Care and Use Com-
mittee.

2.15 mRNA stability assay

Cells were incubated for the indicated time following the
addition of 5 µg/mL actinomycin D (MedChem Express;
Monmouth Junction, NJ, USA) as previously described
[30]. Total RNAwas subsequently extracted, and RT-qPCR
was conducted to quantify the levels of c-Myc mRNA.

2.16 RNA pull-down assay

The RNA pull-down assay was performed using the
Magnetic RNA-Protein Pull-Down kit (Pierce, Waltham,
MA, USA) according to the manufacturer’s instructions.
First, the full-length BAALC-AS1 was synthesized using
the RiboMAX™ Large Scale RNA Production System
(Promega). After biotin labeling, the BAALC-AS1 was
bound to the beads for protein binding. The cell protein
lysate was added to RNA-bound beads for immunoprecip-
itation, and the beads were washed three times and boiled
in SDS buffer, followed by detection of the retrieved protein
using Western blotting analyses.

2.17 Liquid chromatography-mass
spectrometry/mass spectrometry
(LC-MS/MS) analysis

The peptide of each sample was desalted on C18 Car-
tridges (Empore™ SPE Cartridges, Sigma-Aldrich, St.
Louis, MO, USA), then concentrated by vacuum cen-
trifugation (Eppendorf Concentrator 5301) and reconsti-
tuted in 10 µL of 0.1% (v/v) Formic acid (HPLC Grade,
Sigma-Aldrich, St. Louis, MO, USA). MS experiments
were performed on a Q Exactive HF mass spectrome-
ter that was coupled to Easy nLC (Thermo Scientific,
Scotts Valley, CA, USA). The MS data were analyzed
using MaxQuant software version 1.6.0.16. MS data were
searched against the UniProtKB Human database (162989
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total entries; https://www.uniprot.org/uniprot/?query =

taxonomy:9606; downloaded 04/14/2018). This part of
work was supported by Shanghai Bioprofile Technology
Company Ltd.

2.18 RNA immunoprecipitation (RIP)
assay

RIP was performed using the Magna RIP RNA-Binding
Protein Immunoprecipitation kit (Merck Millipore,
Oakville, Ontario, Canada) following the manufacturer’s
instructions as previously described [31]. G3BP2 and IgG
antibodies were used. Final analysis was performed using
RT-qPCR and shown as fold enrichment of BAALC-1.

2.19 Luciferase reporter assay

ESCC cells in a 96-well plate were transfected with RNA
duplex for 24 h and then transfected with pGL3-BAALC-
AS1-WT or psi-check2-c-Myc-WT. The cells were collected
48 h after transfection and analyzed by using the Dual-
Luciferase reporter assay (Promega). Luciferase activity
was measured using a Synergy H1 microplate fluorescence
reader (BioTek, Winooski, VT, USA). Firefly activity was
normalized to Renilla luciferase activity.

2.20 Statistical analysis

All data were obtained from at least three independent
experiments and are expressed as the mean ± standard
error of mean (SEM). Statistical analysis was performed
with one-way analysis of variance followed by Dunnett’s
test, the two-way analysis of variance, or the Student’s t-
test. Overall survival curves were plotted using the Kaplan-
Meier method and compared using the log-rank test. The
chi-square test was used to compare indicated proteins
between cancer and adjacent normal tissues, or various
clinical parameters. A value of P< 0.05was considered sta-
tistically significant.

3 RESULTS

3.1 BAALC-AS1 was up-regulated in
ESCC and associated with a poor prognosis

We recently conducted whole-genome sequencing and
whole-exome sequencing in ESCC cases [2] and observed
a large number of genes with copy number amplifi-
cation [32], including 20 lncRNAs located in the gene

copy number amplification regions. Among those 20
lncRNAs, BAALC-AS1, which was amplified in about
25% of ESCCs, was confirmed to be highly expressed
in ESCC using Cancer Cell Line Encyclopedia (CCLE;
https://portals.broadinstitute.org/ccle/page?gene = RP11-
318M2.2) and Gene Expression Profiling Interactive Anal-
ysis (GEPIA; http://gepia.cancer-pku.cn/detail.php?gene
= BAALC-AS1) approaches (Supplementary Figure S1)
and verified by RT-qPCR. We then detected BAALC-AS1
expressions in 112 ESCC tissues and 68 adjacent normal
esophageal tissues by in situ hybridization. BAALC-AS1
staining was barely detectable in most normal esophageal
tissues, while ESCC tumor tissues exhibited moderate
to intense diffuse BAALC-AS1 staining (Figure 1A). The
expression of BAALC-AS1 was significantly higher in
ESCC tissues than in adjacent normal esophageal tissues
(Figure 1B). We next analyzed the relationship between
BAALC-AS1 expression level and the clinicopathological
features of 112 ESCC patients. Notably, the expression level
of BAALC-AS1was significantly associatedwith prognoses
in ESCC patients (P = 0.037; Figure 1C). Additionally,
BAALC-AS1 expression was correlated with overall sur-
vival and pathological stage (Figure 1D). We also detected
BAALC-AS1 expression in cell lines, as shown in Figure 1E.
Its expression in ESCC cell lines (YES-2, KYSE-30, -150,
-450, -510, and COLO-680) was significantly higher than
that in the normal esophageal epithelial cell line (Het-1A),
but the increases in ESCC cell lines KYSE-180 and 410 cells
were not significant. We next performed cellular fractiona-
tion to analyze the subcellular localization of BAALC-AS1
in KYSE-510 cells (Figure 1F) and KYSE-450 cells (Supple-
mentary Figure S2A). BAALC-AS1 was almost evenly dis-
tributed in the cytoplasm and nucleus. The results were
further confirmed by RNA-FISH, showing that BAALC-
AS1 expression was distributed in both the cytoplasm and
nucleus of KYSE-510 cells (Figure 1G) and KYSE-450 cells
(Supplementary Figure S2B).

3.2 BAALC-AS1 regulates cell
proliferation by accelerating the cell cycle

To further investigate the function of increased BAALC-
AS1 levels in ESCC cells, we examined the effects of
BAALC-AS1 knockdown and overexpression on ESCC cell
lines. Two independent siRNAs were identified that could
potently knock downBAALC-AS1 expression in BAAALC-
AS1 high expression cell lines (KYSE-450 and KYSE-510)
(Figure 2A). When BAALC-AS1 was silenced, cell viability
(Figure 2B) and proliferation (Figure 2C) in both KYSE-
450 and KYSE-510 cells were substantially decreased. To
investigate the effects of BAALC-AS1 on cell cycle, the
number of cells in different cell cycle phases was detected
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F IGURE 1 The expression of BAALC-AS1 in ESCC. A. In situ hybridization of BALC-AS1 in ESCC tissue samples and their corresponding
adjacent normal tissues. Scale bar: left, 100 µm; right, 200 µm. Adjacent, adjacent normal tissues; Cancer, ESCC tissues. B. Comparison of
BAALC-AS1 scores of ESCC and adjacent normal tissues. C. ESCC patients with high levels of BAALC-AS1 expression showed reduced survival
compared with those with low levels of BAALC-AS1 expression (P= 0.037; log-rank test). D. Differences in the overall survival and pathological
stage between patients with high BAALC-AS1 expression level and low BAALC-AS1 expression level were highly significant. E. Expression of
BAALC-AS1 quantified by RT-qPCR in ESCC cell lines (YES-2, KYSE-30, -150, -180, -410, -450, -510, and COLO-680) and normal esophageal
epithelial cell line (Het-1A). F. Analysis of BAALC-AS1 distribution by cellular fractionation followed RT-qPCR in KYSE-510 cells. U6 and 18s
mRNAswere served as controls for nuclear and cytoplasmic RNAs, respectively. G. RNA- FISHwas performed to detect BAALC-AS1 expression
in KYSE-510 cells. The nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). Scale bar, 10 µm. *, P < 0.05; **, P < 0.01; ***, P
< 0.001. All of the values are expressed as the mean ± SEM of 3 experiments
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F IGURE 2 BAALC-AS1 knockdown reduces cell proliferation and regulates the cell cycle in KYSE-450 and KYSE-510 cells. A. The expres-
sion levels of BAALC-AS1 in si/BAALC-AS1-transfected KYSE-450 and KYS-510 cells were assessed by RT-qPCR. B. MTS assay was used to
determine the cell viability in si/BAALC-AS1-transfected KYSE-450 and KYS-510 cells. C. BrdU incorporation showed the synthesis of DNA
in si/BAALC-AS1-transfected KYSE-450 and KYS-510 cells. D. Flow cytometry detected the number of si/BAALC-AS1-transfected KYSE-450
and KYS-510 cells in each phase of the cell cycle (left panel). The percentages of si/BAALC-AS1-transfected KYSE-450 and KYS-510 cells are
decreased in S and G2/M phases (right panel). E. Western blotting analyses of the protein expression levels of Cyclin D, Cyclin E, CDK2,
and CDK4 in si/BAALC-AS1-transfected KYSE-450 and KYS-510 cells. NC, negative control; siRNA/BAALC-AS1, small interfering RNA for
BAALC-S1. *, P < 0.05; **, P < 0.01; ***, P < 0.001. All values are expressed as mean ± SEM of 3 experiments.

by flow cytometry. Figure 2D shows that the percentage
of cells in S and G2/M phases was decreased in both
KYSE-450 and KYSE-510 cells in which BAALC-AS1 was
knocked down. After siRNA transfection for BAALC-AS1

in ESCC cells, the expression levels of Cyclin D, Cyclin E,
Cyclin-dependent kinase 2 (CDK2), and CDK4 were also
decreased (Figure 2E). In contrast, BAALC-AS1 overex-
pression increased cell viability and proliferation in both
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KYSE-180 and KYSE-410 cells(Figure 3A-C). The percent-
age of cells in S and G2/M phases was increased in both
KYSE-180 and KYSE-410 cells in which BAALC-AS1 was
overexpressed (Figure 3D). In addition, the expressions of
Cyclin D, Cyclin E, CDK2, and CDK4 were also increased
(Figure 3E).

3.3 BAALC-AS1 promotes cell
migration, invasion, and colony formation
in vitro

We conducted wound healing assays and observed that
BAALC-AS1 knockdown decreased cell migration in both
KYSE-450 and KYSE-510 cells (Figure 4A). In contrast,
BAALC-AS1 overexpression increased cell migration in
both KYSE-180 and KYSE-410 cells (Supplementary Fig-
ure S3A). Similarly, BAALC-AS1 knockdown decreased
cell invasion in both KYSE-450 and KYSE-510 cells (Fig-
ure 4B), while BAALC-AS1 overexpression increased inva-
sion in both KYSE-180 and KYSE-410 cells (Supplemen-
tary Figure S3B). We further established a stable BAALC-
AS1 down-regulated ESCC cell line by using BAALC-AS1-
shRNA. The colony formation ability was decreased fol-
lowing depletion of BAALC-AS1 in both KYSE-450 and
KYSE-510 cells (Figure 4C), while BAALC-AS1 overexpres-
sion promoted colony formation in both KYSE-180 and
KYSE-410 cells (Supplementary Figure S3C).

3.4 BAALC-AS1 promotes tumor growth
in vivo

Next, ESCC cells (KYSE-450 or KYSE-410) transfected
with the control empty vectors (Vector), BAALC-AS1-
overexpressing plasmids (BAALC-AS1), control shRNAs
(NC), or BAALC-AS1 shRNAs (sh/BAALC-AS1) were sub-
cutaneously injected into nude mice. As shown in Fig-
ure 5A-C, the tumors derived from the BAALC-AS1 group
had significantly higher tumor weights and larger tumor
volumes compared with the Vector group. In contrast,
tumors derived from sh/BAALC-AS1-transfected cells had
significantly lower tumor weights and smaller tumor vol-
umes compared with the mice in NC group. Moreover, we
concerned about the health and body weight of the mice,
but found that there was no obvious toxicity after BAALC-
AS1 knockdown or overexpression (Figure 5D). In addi-
tion, we detected the expression of Ki67 in tumor tissues
from nude mice by IHC. After BAALC-AS1 was knocked
down, the expression of Ki67 was significantly decreased
and the degree of differentiation was relatively high, and
the opposite results were observed after the overexpression
of BAALC-AS1 (Figure 5E).

3.5 BAALC-AS1 regulates c-Myc
expression via interacting with G3BP2

To determine the molecular mechanism of how BAALC-
AS1 promoted the malignant progression of ESCC, RNA
pull-down assays were performed to identify BAALC-AS1-
binding proteins (Figure 6A and Supplementary Figure
S4). G3BP2 was selected as the potential BAALC-AS1-
binding protein. The directly binding of BAALC-AS1 and
G3BP2 was further validated by Western blotting in the
retrieved RNA pull-down samples of KYSE-450 cells (Fig-
ure 6B). RIP results also showed that BAALC-AS1 directly
interacted with G3BP2 protein in KYSE-450 cells (Fig-
ure 6C). Moreover, the mRNA and protein expression of
G3BP2 changed little upon BAALC-AS1 knockdown in
KYSE-450 cells (Figure 6D-E). Considering that G3BP2 is
a RNase that shares characteristic structural features with
RNA-binding proteins and has been proven to be able to
regulate the steady-state levels of c-Myc mRNA through
c-Myc 3′-UTR [24], we detected c-Myc RNA (Figure 6F)
and protein levels (Supplementary Figure S5A) after inter-
ference with G3BP2. We found that c-Myc expression was
up-regulated, while BAALC-AS1 was down-regulated after
interferencewithG3BP2.We also detected down-regulated
c-Myc mRNA and protein levels after BAALC-AS1 knock-
down inKYSE-450 cells (Figure 6G-H). In addition, BALC-
AS1 knockdown shortened the half-life of c-Myc mRNA
(Figure 6I).
We therefore hypothesized that BAALC-AS1 regu-

lated c-Myc expression through G3BP2. We then deter-
mined whether BAALC-AS1 enhanced c-Myc expression
by binding to G3BP2 and found that G3BP2 knock-
down significantly abrogated the si/BAALC-AS1-induced
c-Myc down-regulation (Figure 6J and Supplementary
Figure S5B). We next investigated whether BAALC-AS1
bound competitively to G3BP2 and sequestered it from
c-Myc mRNA. RIP assays showed that c-Myc was sig-
nificantly enriched in the anti-G3BP2-precipitated com-
plexes, whereas BAALC-AS1 overexpression significantly
decreased the enrichment of c-Myc in G3BP2 precipitates
(Figure 6K). Furthermore, silencing G3BP2 rescued the
si/BAALC-AS1-reduced luciferase activity via the c-Myc 3’-
UTR-containing reporter (Figure 6L). These results sug-
gested that BAALC-AS1 directly interacted with G3BP2
and disrupted the association between G3BP2 and c-Myc
3′-UTR.

3.6 BAALC-AS1 promotes cell
proliferation by up-regulating c-Myc
expression

BAALC-AS1 overexpression increased the mRNA and
protein levels of c-Myc (Figure 7A-B). Silencing c-Myc
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F IGURE 3 BAALC-AS1 overexpression promotes cell proliferation in KYSE-180 and KYSE-410 cells. A. The expression levels of BAALC-
AS1 inBAALC-AS1-overexpressingKYSE-180 andKYS-410 cellswere assessed byRT-qPCR. B.MTS assaywas used to determine the cell viability
in BAALC-AS1-overexpressing KYSE-180 and KYS-410 cells. C. BrdU incorporation shows the synthesis of DNA in BAALC-AS1-overexpressing
KYSE-180 and KYS-410 cells. D. Flow cytometry detected the number of BAALC-AS1-overexpressing KYSE-180 and KYS-410 cells in each phase
of the cell cycle (left panel). The percentages of BAALC-AS1-overexpressing KYSE-180 and KYS-410 cells are increased in S and G2/M phases
(right panel). E.Western blotting analyses of the protein expression levels of CyclinD, Cyclin E, CDK2 andCDK4 in BAALC-AS1-overexpressing
KYSE-180 and KYS-410 cells. Vector, cells were infected with empty lentiviruses; BAALC-AS1, cells were infected with lentiviruses expressing
BAALC-AS1. *, P < 0.05; **, P < 0.01. All values are expressed as mean ± SEM of 3 experiments.
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F IGURE 4 BAALC-AS1 knockdown inhibits cell migration, invasion, and colony formation in KYSE-450 and KYSE-510 cells. A. Repre-
sentative images of si/BAALC-AS1- and control siRNA (siNC)-transfected KYSE-450 and KYSE-510 cells taken at the time of wounding (0 h)
and after 6 h and 24 h incubation (left panel). The percentage of wound closure at 24 h is shown in right panel. Scale bar, 200 µm. B. Repre-
sentative images of the invasion assay in si/BAALC-AS1 and siNC-transfected KYSE-450 and KYSE-510 cells (left panel). The cell invasion rate
at 24 h is shown in right panel. Scale bar, 200 µm. C. Images of colony formation assay in si/BAALC-AS1- and siNC-transfected KYSE-450 and
KYSE-510 cells. NC, negative control; siRNA/BAALC-AS1, small interfering RNA for BAALC-AS1; shRNA/BAALC-AS1, small hairpin RNA for
BAALC-AS1. ***, P < 0.001. All values are expressed as the mean ± SEM.

abrogated the stimulatory effect of BAALC-AS1 overex-
pression on cell growth (Figure 7C) and proliferation (Fig-
ure 7D). Flow cytometry showed that the increased per-
centage of cells in S and G2/M phases caused by BAALC-
AS1 overexpression was successfully rescued by si/c-Myc

(Figure 7E). Similar results were found in the expression
of Cyclin D, Cyclin E, CDK-2, and CDK4 (Figure 7F).
Together, these results suggested that BAALC-AS1 pro-
moted cell proliferation and G1/S transition by enhancing
c-Myc expression.
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F IGURE 5 BAALC-AS1 promotes tumor growth of ESCC in vivo. A. Images of the xenograft tumors formed in nude mice injected with
BAALC-AS1-overexpressing (BAALC-AS1) or -silencing (sh/BAALC-AS1-1 and -2) KYSE-450 or KYSE-410 cells. The nude mice injected with
control cells (Vector and siNC) were used as control. B. Tumor weight in nude mice injected with the abovementioned cells. C. Growth curve
of xenograft tumors in nude mice injected with the abovementioned cells. Five mice per group were used in the tumor formation assay. D. The
body weight of the nude mice in tumor formation assay. E. Representative images of H&E staining and Ki67 IHC staining for tumor tissues
harvested from nude mice in tumor formation assay. Scale bar, 50 µm. *, P < 0.05; **, P < 0.01; ***, P < 0.001. All values are expressed as the
mean ± SEM
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F IGURE 6 BAALC-AS1 directly interacts with G3BP2 to regulate the expression of c-Myc. A. Identification of BAALC-AS1-binding pro-
teins in KYSE-450 cells using RNA pull-down assay. The band specific to sense BAALC-AS1 (pointed by the red arrow) was detected using
LC-MS/MS. B. Western blotting in the retrieved RNA pull-down samples of KYSE-450cells confirmed the direct interaction of BAALC-AS1 and
G3BP2. C. RIP assays were performed using G3BP2 and IgG antibody in KYSE-450 cells. RT-qPCR was performed to detect the RNA enhance-
ment after BAALC-AS1 knockdown. IgG antibody was used as negative control. D. Relative expression of G3BP2 quantified by RT-qPCR after
BAALC-AS1 knockdown inKYSE-450 cells. E.Western blotting analyses of the protein expression levels of G3BP2 after BAALC-AS1 knockdown
in KYSE-450 cells. F. Expression of c-Myc and BAALC-AS1 quantified by RT-qPCR after G3BP2 knockdown in KYSE-450 cells. G. Expression
of c-Myc quantified by RT-qPCR after BAALC-AS1 knockdown in KYSE-450 cells. H. Western blotting analyses of the protein expression levels
of c-Myc after BAALC-AS1 knockdown in KYSE-450 cells. I. BAALC-AS1 knockdown reduced the stability of c-Myc mRNA. si/BAALC-AS1-
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3.7 c-Myc regulates BAALC-AS1
expression by directly binding to its
promoter region

Considering that c-Myc is a transcription factor [33], we
examined the expression of BAALC-AS1 by RT-qPCR after
silencing c-Myc expression. We found that BAALC-AS1
expression was decreased following c-Myc knockdown
(Figure 8A). Importantly, BAALC-AS1 promoter activity
was decreased by transfection with c-Myc siRNAs (Fig-
ure 8B). Overall, our results showed that c-Myc regulates
BAALC-AS1 expression by directly binding to its promoter
region in ESCC cells.
In summary, we demonstrated that BAALC-AS1 inter-

acted with G3BP2 and inhibited the degradation of c-Myc
RNA 3’-UTR by G3BP2, leading to the accumulation of
c-Myc expression. The c-Myc also acted as a transcrip-
tion factor on the promoter region of BAALC-AS1, which
induced the expression of BAALC-AS1, and formed a
positive feedback loop of BAALC-AS1/G3BP2/c-Myc (Fig-
ure 8C).

4 DISCUSSION

At present, we have found a large number of lncRNAs, but
their functions remain largely unknown [7, 10, 34–42]. In
the present study, we identified a novel lncRNA BAALC-
ASS1 that played a vital role in ESCC progression. BAALC-
AS1 regulated cell proliferation by accelerating the cell
cycle and promoting cell migration and invasion in ESCC.
BAALC-AS1 is an antisense transcript, and previous

studies have reported that natural antisense transcripts
have important roles inmany physiological or pathological
processes involving the regulation of sense gene expression
[9, 43, 44]. However, because BAALC-AS1 is located at the
antisense chain of the BAALC protein-coding gene intron
region, it has little effect on the regulation of BAALC.
Themechanisms of lncRNAs in regulating gene expression
might be partially dependent on its interaction with pro-
teins [8, 45]. We therefore used an RNA pull-down assay
to identify the protein(s) interacting with BAALC-AS1 and
confirmed the BAALC-AS1 interaction with G3BP2. In
general, the interaction between lncRNAs and proteins

affects protein activity [9, 46], while we found that nei-
ther the RNA nor the protein level of G3BP2 was changed
when BAALC-AS1 was knocked down. Considering that
both BAALC-AS1 and G3BP2 are expressed in the cyto-
plasm and that G3BP has been reported to cleave the 3′-
UTR of the c-Myc mRNA, thereby affecting c-Myc stabil-
ity, we examined the expression of c-Myc when BAALC-
AS1 was knocked down. We were surprised that the RNA
and protein levels of c-Myc were down-regulated when
BAALC-AS1 was knocked down. RIP and luciferase activ-
ity confirmed that BAALC-AS1 up-regulation abolished
the inhibitory effects of G3BP2 on c-Myc expression. We
found that BAALC-AS1 was down-regulated while c-Myc
was up-regulated after G3BP2 was knocked down. We
therefore concluded that G3BP bound to various mRNA
species and was either degraded or stabilized, as dictated
by the bound sequences and associated proteins. Similar
results occurred in its regulation with CDK7 and CDK9
[23]. The regulatory network of G3BP2 appears to be com-
plex and may be highly dependent on the cellular context.
Further investigations are warranted to delineate the

mechanistic consequences of G3BP2 in tumorigenesis. A
previous study has reported that G3BP exhibited endonu-
clease activity on a target in a phosphorylation-dependent
manner [25], so we speculated that BAALC-AS1 may affect
the phosphorylation state of G3BP2 and thus its regulation
of c-Myc. We will then explore the site and specific mecha-
nism of interaction betweenG3BP2 and BAALC-AS1 in the
future.
We confirmed that high levels of BAALC-AS1 were asso-

ciated with cell proliferation, which regulated cell cycle
distribution by up-regulating c-Myc at the mRNA and
protein levels. We also showed that c-Myc bound to the
promoter of BAALC-AS1 to activate its transcription. A
study has shown that c-Myc regulated the promoter activ-
ity of lncRNA, such as those of lncRNANEAT1 [33]. These
results along with our results might reflect a reciprocal
regulatorymechanism between transcriptional factors and
lncRNAs, which consequentially amplified their mutual
oncogenic functions in somatic malignancies.
Our findings identified the role and mechanism of

BAALC-AS1 in the regulation of cell proliferation in ESCC,
which should facilitate the development of new therapeu-
tic strategies for the treatment of this disease.

transfected KYSE-450 cells were treated with 5 µg/mL actinomycin D for the indicated times. Relative c-Myc mRNA expression levels were
detected by RT-qPCR. siNC-transfected KYSE-450 cells were used as control. J. Expression of c-Myc quantified by RT-qPCR after BAALC-AS1
and G3BP2 knockdown in KYSE-450 cells. K. RIP experiments were performed using G3BP2 antibody and IgG antibody in KYSE-450 cells
after BAALC-AS1 overexpression. RT-qPCR was performed to detect pulled-down c-Myc and BAALC-AS1. IgG antibody was used as negative
control. L. Silencing G3BP2 rescued the siBAALC-AS1-reduced luciferase activity of c-Myc 3-’UTR. NC, negative control; siRNA/BAALC-AS1,
small interfering RNA for BAALC-AS1; siRNA/G3BP2, small interfering RNA for G3BP2; Vector, cells were infected with empty lentiviruses;
BAALC-AS1, cells were infected with lentiviruses expressing BAALC-AS1. *, P < 0.05; **, P < 0.01; ***, P < 0.001. All values are expressed as
the mean ± SEM of 3 experiments.
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F IGURE 7 BAALC-AS1 promotes cell proliferation by up-regulating c-Myc. A. Expression of c-Myc quantified by RT-qPCR after BAALC-
AS1 overexpression in KYSE-450 cells. B.Western blotting analyses of the protein expression levels of c-Myc after BAALC-AS1 overexpression in
KYSE-450 cells. C. MTS assay was used to determine the viability of KYSE-450 cells transfected with BAALC-AS1 overexpression plasmids and
c-Myc siRNAs. D. BrdU incorporation showed the synthesis of DNA in KYSE-450 cells transfected with BAALC-AS1 overexpression plasmids
and c-Myc siRNAs. E. Flow cytometry were performed to determine the percentage of cells in S and G2/M phases in KYSE-450 cells transfected
with BAALC-AS1 overexpression plasmids and c-Myc siRNAs. F. Western blotting analyses of the protein expression levels of Cyclin D, Cyclin
E, CDK2, and CDK4 in KYSE-450 cells transfected with BAALC-AS1 overexpression plasmids and c-Myc siRNAs. *, P < 0.05; **, P < 0.01; ***,
P < 0.001. All values are expressed as the mean ± SEM.
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