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IncRNA-ATB promotes stemness maintenance in colorectal cancer
by regulating transcriptional activity of the -catenin pathway
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Abstract. Long non-coding RNA activated by transforming
growth factor-f (ATB) was recently reported to be involved
in a wide range of physiological and pathological processes.
However, the role of ATB in colorectal cancer (CRC) stemness
remains unclear. In the present study, the functional role of
ATB in maintaining stemness of CRC was determined using
colony formation and sphere formation assays, and xenograft
models. Reverse transcription-quantitative PCR, western blot-
ting and immunohistochemistry were performed to investigate
the mechanisms underlying the effects of ATB. Knockdown
of ATB impaired colony formation and sphere formation
in CRC cells, accompanied by an inhibition of colon tumor
growth. Further results suggested that ATB regulated the
transcriptional activity of the (3-catenin pathway by inhibiting
[(-catenin expression. In addition, the results confirmed the
role of B-catenin in ATB-mediated regulation of stemness in
CRC. Collectively, the results indicated that ATB is a prom-
ising therapeutic target for CRC.

Introduction

Colorectal cancer (CRC) is a common clinical cancer that
is associated with high morbidity and mortality (1). Gene
mutations, inflammatory condition and imbalances in the
microbiome are associated with increased risk of CRC develop-
ment and progression (2-4). Despite advances in radiotherapy,
chemotherapy and surgery, severe side effects compromise the
CRC patient health (5,6). Thus, there is an urgent interest and
demand for identifying novel therapeutic targets and prognosis
predictors for CRC.
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Long non-coding RNAs (IncRNAs) comprise a class of
transcripts that are >200 nucleotides in length but without
any protein-coding ability. Previous studies indicated that
IncRNAs are involved in various physiological and patholog-
ical processes (7,8). IncRNAs exert their biological functions
by binding to DNA, RNA and proteins, thereby regulating
protein expression at the transcriptional or post-transcrip-
tional level (9,10). Numerous IncRNAs are dysregulated
in different types of cancer and are correlated with tumor
cell proliferation, apoptosis, migration and stem-like prop-
erties (11-13). IncRNA activated by transforming growth
factor-f3 (ATB) has been identified as a novel transforming
growth factor-f§ (TGF-p)-induced IncRNA that stimulates
cancer cell proliferation, metastasis, epithelial-mesenchymal
transition (EMT) and angiogenesis in lung, bladder, breast
and gastric cancer (14-17). In CRC, ATB promoted cancer
cell proliferation and was found to be a predictor of poor
prognosis in patients (18,19). However, the regulatory role
of ATB in the maintenance of CRC cell stemness remains
unclear.

The present study aimed to determine the functional role
of ATB in maintaining the stemness of CRC cells. Colony
formation assays, sphere formation assays and xenograft
models were used to determine the functional role of ATB
in maintaining CRC stemness. The mechanisms underlying
the effects of ATB were additionally investigated by reverse
transcription-quantitative PCR (RT-qPCR), western blot-
ting, and immunohistochemical staining. The present study
provided evidence for understanding ATB and identifying a
potential therapeutic target for CRC.

Materials and methods

Cell culture and treatment. The human colon cancer cell lines
HCT116 and HT29 were purchased from the American Type
Culture Collection and cultured in DMEM containing 10%
FBS (Gibco; Thermo Fisher Scientific, Inc.). Lentivirus-based
short hairpin RNAs (shRNAs) targeting ATB (shATB-1 and
shATB-2, two different custom shRNA sequences targeting
ATB) and shRNA-negative control (shNC) were obtained from
Shanghai GenePharma Co., Ltd. HCT116 and HT?29 cells were
seeded into 6 well plates (2x10° cells per well). After culture
for 24 h, 4x10° lentiviral particles were added into the well and
puromycin (2 mg/ml) was added into the medium at 24 h post
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infection. The stably infected cells were collected for further
experiments. A specific activator of the 3-catenin pathway,
CP21R7 (CP21; cat. no. S7954), was purchased from Selleck
Chemicals and used to treat HCT116 and HT?29 cells for 48 h
at 37°C with a concentration of 2 mM. The equivalent volume
of DMSO was added as a control.

Colony formation assay. A total of 2x10° HCT116 or HT29
cells were seeded into each well of a six-well plate containing
2 ml DMEM supplemented with 10% FBS. A total of 14 days
later, plates were collected and washed with PBS three
times at room temperature. Next, 4% paraformaldehyde was
added to fix the cells for 15 min at room temperature. After
washing cells with PBS three times at room temperature, the
cells were stained with 2% crystal violet (Beyotime Institute
of Biotechnology) for 15 min at room temperature. The
colonies in each well were counted under a light microscope
(Nikon Corporation) by two experimenters and analyzed.
Three independent experiments were performed in each

group.

Sphere formation assay. A total of 2x10* HCT116 or HT29
cells were seeded into each well of a six-well plate containing
2 ml serum-free DMEM. Five days later, the images of
spheres were captured using an inverted microscope (x40;
Nikon Corporation). The number of spheres in each well was
counted after dilution for 100 times with the inverted micro-
scope (x40; Nikon Corporation) by two experimenters and
analyzed. Three independent experiments were performed in
each group.

RNA extraction and RT-qPCR. Total RNA was extracted
using TRIzol™ reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. Reverse
transcription (RT) was performed on isolated total RNA using
a PrimeScript One Step RT-PCR kit (cat. no. RR0O47A; Takara
Bio, Inc.), and qPCR was performed using a SYBR green Real
Time PCR kit (Cat. No. RRO85A; Takara Bio, Inc.), according
to the manufacturer's protocol. The following thermocycling
conditions were used for the qPCR: Initial denaturation
at 95°C for 2 min; 40 cycles of 94°C for 15 sec, 58°C for 30 sec
and 70°C for 30 sec; extension at 72°C for 5 min. GAPDH
was used as an internal control. The primers were supplied
as follow: ATB-F, 5-"TCTGGCTGAGGCTGGTTGAC-3";
ATB-R, 5-"ATCTCTGGGTGCTGGTGAAGG-3"; GAPDH-F,
5S"TCAAGGCTGAGAACGGGAAG-3'; GAPDH-R, 5-TCG
CCCCACTTGATTTTGGA-3". The relative gene expression
was calculated using the 2-24“4method (20).

Western blotting. Total protein from HCT116 and HT29
cells was extracted using RIPA buffer (Beyotime Institute
of Biotechnology) containing 1% protease inhibitor cock-
tail (EMD Millipore). The protein concentration was
determined by BCA kit (Beyotime Institute of Biotechnology).
Subsequently, 20 ug of total protein was loaded in each lane of
an SDS-PAGE (10% for p-catenin, LEF1 and GSK-3f or 12%
for GAPDH). Following electrophoresis, proteins were trans-
ferred onto PVDF membranes (EMD Millipore). Membranes
were blocked with 5% milk in TBS-Tween-20 buffer for 2 h at
room temperature. The membranes were then incubated with
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primary antibodies supplied by Cell Signaling Technology,
Inc. against -catenin (1:1,000; cat. no. 8480), lymphoid
enhancer-binding factor 1 (LEF1; 1:80; cat. no. 76010) and
glycogen synthase kinase-33 (GSK-3f3; 1:1,000; cat. no. 12456)
overnight at 4°C. Following incubation with HRP conjugated
secondary antibody (1:10,000; cat. nos. ZDR 5306 and ZDR
5307; Origene Technologies, Inc.) at 22-25°C for 2 h, an
enhanced chemiluminescence kit (EMD Millipore) was used
to detect specific bands. The density of each band was analyzed
using ImageJ software (version: 1.52, National Institutes of
Health).

Animal studies. Animal studies were performed in accor-
dance with the institutional guidelines of Soochow University.
Female BALB/c nude mice (age, 6 weeks; weight, 18-20 g;
5 mice in each group; humidity 40-60%) were purchased from
the Model Animal Research Center of Nanjing University and
allowed to acclimate for 1 week before use. All of the mice were
housed at 25°C under a 12 h light/dark cycle with ad libitum
access to food and water. For xenograft models, 5x10° HT29
cells were injected into the right flank via the subcutaneous
vein of mice. At 10 days post-injection, the tumor length and
width was measured using a vernier caliper every 5 days. The
tumor volume was calculated as tumor length x tumor width?
x0.52 (21). At 25 days post-injection, the mice were sacrificed
and tumors were collected, weighed and used for histopatho-
logical studies.

Immunohistochemical staining and RNA-fluorescence in situ
hybridization. The tumor tissues were fixed with 4% parafor-
maldehyde at 22-25°C for 48 h and embedded in paraffin. After
heating at 65°C for 2 h, the paraffin-embedded sections (5 pm)
of colon tumor tissues were dewaxed with xylene and gradient
alcohol and then subjected to antigen retrieval with citrate
buffer (OriGene Technologies, Inc.). Following blocking with
5% normal goat serum (Origene, Technologies, Inc.) at 37°C
for 15 min, the sections were incubated with primary anti-
body against B-catenin (1:200; cat. no. 8480, Cell Signaling
Technology, Inc.) at 4°C overnight. After immunoper-
oxidase staining with a Streptavidin-Peroxidase kit (OriGene
Technologies, Inc.), 3,3'-diamino-benzidine (Fuzhou Maixin
Biotechnology Development Co., Ltd.) was used to detect the
target protein. The cell nucleus was stained with hematoxylin
at 22-25°C for 3 min (Beyotime Institute of Biotechnology).
For RNA-fluorescence in situ hybridization, a custom probe for
the specific detection of ATB was synthesized by Guangzhou
Ribobio Co., Ltd. The process of sample preparation and
hybridization was followed by the use of a fluorescence in situ
hybridization kit (cat. no. C10910; Guangzhou Ribobio Co.,
Ltd). Images of sections were captured by light microscope
(x100; model BX51; Olympus Corporation). The (3-catenin
positive cells and total cells in each image were counted and
the percent of positive cells were analyzed.

Statistical analysis. GraphPad Prism version 5.0 software
(GraphPad Software, Inc.) was used for statistical analysis.
One-way ANOVA followed with Dunnett's test was used to
determine statistical significance for more than two groups.
All data are presented as the mean + SEM. P<0.05 indicated a
statistically significant difference.
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Figure 1. Knockdown of ATB impairs CRC stemness maintenance in vitro. Reverse transcription-quantitative PCR analysis of relative ATB expression
in (A) HCT116 and (B) HT29 cells stably infected with shNC, shATB-1 and shATB-2. Colony formation assay of (C) HCT116 and (D) HT29 cells stably
infected with shNC, shATB-1 and shATB-2. The number of colonies in each well were counted and analyzed (images were generated using a scanner without
magnification). Sphere formation assay of (E) HCT116 and (F) HT29 cells stably infected with shNC, shATB-1 and shATB-2 (Scale bar=200 ym). The number
of colonies in each well was counted and analyzed. n=3. “P<0.01 vs. NC. ATB, long non-coding RNA activated by transforming growth factor-; sh, short

hairpin RNA; NC, negative control.

Results

ATB knockdown impairs CRC stemness maintenance
in vitro. To investigate the potential role of ATB in CRC,
lentivirus-based shRNAs targeting ATB were used to infect
HCT116 and HT29 cells. Following puromycin selection,
stably-infected cells were collected for determination of ATB

expression by RT-qPCR. The results indicated that shATB
significantly downregulated ATB expression in both HCT116
(Fig. 1A) and HT29 (Fig. 1B) cells compared with shNC. The
stably infected cells were then analyzed using a colony forma-
tion assay. Colony formation ability was significantly reduced
in both HCT116 (Fig. 1C) and HT29 (Fig. 1D) cells after ATB
knockdown. Furthermore, results of the sphere formation
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Figure 2. ATB promotes colon tumor growth in vivo. (A) Detection of ATB expression in HT29 tumor tissues by RNA-fluorescence in situ hybridization. Scale
bar=100 ym. The percentage of ATB-positive cells was then analyzed. n=3. (B) Representative images of HT29 tumors from mice. Scale bar=1 cm. (C) The
tumor volumes of HT29 tumors at 10, 15, 20 and 25 days post-injection. n=5. (D) The tumor weights of HT29 tumors. n=5. “P<0.01 vs. shNC. ATB, long
non-coding RNA activated by transforming growth factor-f3; sh, short hairpin RNA; NC, negative control.

assay indicated that ATB knockdown significantly impaired
sphere formation in HCT116 (Fig. 1E) and HT29 (Fig. 1F)
cells. Collectively, the above results demonstrated the positive
role of ATB in CRC stemness maintenance.

ATB promotes colon tumor growth in vivo. Based on the
in vitro study results, an in vivo study was conducted to
determine the functional role of ATB in colon tumor growth.
HT?29 cells that were stably transfected with shNC or shATB
were injected into the right subcutaneous vein to establish
a xenograft model. HT29 tumor tissues were collected for
determination of ATB expression by RNA-fluorescence in
situ hybridization. A small number of ATB-positive cells was
observed in the colon tumor tissues after ATB knockdown
(Fig. 2A). Further statistical analysis confirmed significant
downregulation of ATB expression in shATB-infected HT29
tumors (Fig. 2A). The results suggested that ATB knockdown
in HT?29 cells significantly inhibited tumor growth (Fig. 2B),
as evidenced by a mean reduction of 76% in tumor volume
(shATB-1 and sh-ATB-2 vs. shNC; Fig. 2C) and 68% decrease
in tumor weight (ShATB-1 and sh-ATB-2 vs. shNC; Fig. 2D).
The above results demonstrated the oncogenic role of ATB in
CRC.

ATB inhibits the expression and activation of f-catenin.
To determine the mechanisms underlying stemness main-
tenance in CRC by ATB, stably-transfected HCT116 and
HT?29 cells were collected for further molecular determina-
tion. Expression levels of the downstream targets of the Wnt
signaling pathway were measured, and the results indicated
that ATB knockdown significantly inhibited the expression of
G,/S-specific cyclin-D1, transcription factor-1, c-Myc, matrix

metalloproteinase 7, and twist-related protein (Twist) both
in HCT116 and HT29 cells compared with shNC (Fig. 3A).
Western blotting was performed to determine the expres-
sion levels of B-catenin, LEF1, and GSK-3f in CRC cells.
Significant downregulation of f-catenin expression was
observed in both ATB-knockdown HCT116 and HT29 cells
compared with shNC (Fig. 3B). However, ATB knockdown did
not significantly affect the expression of LEF1 and GSK-3f in
CRC cells (Fig. 3B). Reduced levels of B-catenin-positive cells
were found in shATB-infected HT29 tumor tissues compared
with shNC-infected HT29 tumor tissues (Fig. 3C). Taken
together, the results demonstrated the regulatory role of ATB
on B-catenin expression in CRC.

fB-catenin plays a crucial role in ATB-mediated stemness
maintenance in CRC. To determine whether -catenin was
important for regulating stemness in CRC by ATB, HT29
cells were treated with CP21, a specific activator of the
[(-catenin pathway. ATB knockdown significantly inhibited
the colony formation ability of HT29 cells (Fig. 4A and B).
However, CP21 treatment inhibited the decrease of colony
formation mediated by shATB in HT29 cells (Fig. 4A and B).
Collectively, the results confirmed that 3-catenin was required
for ATB-mediated maintenance of stemness in CRC.

Discussion

Considering their extensive biological functions, IncRNAs
are involved in a wide range of physiological and pathological
processes (22). In the present study, ATB knockdown impaired
colony and sphere formation of CRC cells and significantly
inhibited colon tumor growth. Further results suggested that
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Figure 3. ATB regulates the activation of the Wnt/p3-catenin pathway. (A) Reverse transcription-quantitative PCR analysis of CCND1, TCF-1, MYC, MMP7
and Twist expression in HCT116 and HT29 cells stably transfected with shNC, shATB-1 and shATB-2. n=3. (B) Western blot analysis of 3-catenin, LEF1
and GSK-3f expression in HCT116 and HT29 cells stably infected with shNC, shATB-1 and shATB-2. GAPDH was used as a loading control. The relative
expression of each band was analyzed. n=3. (C) Immunohistochemical staining of 3-catenin expression in HT29 tumors (scale bar=100 pm). The percentage of
[3-catenin-positive cells was analyzed. n=3. “P<0.01 vs. shNC. ATB, long non-coding RNA activated by transforming growth factor-f; sh, short hairpin RNA;
NC, negative control; CCNDI, cyclin-D1; TCF-1, transcription factor-1; MMP7, matrix metalloproteinase 7; Twist, twist-related protein; LEF1, lymphoid
enhancer-binding factor 1; GSK-3f, glycogen synthase kinase-3f; NS, not significant.
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Figure 4. B-catenin plays a role in CRC stemness regulation by ATB. (A) Colony formation assay of HT29 cells that were stably transfected with shNC,
shATB-1 and shATB-2 with or without CP21 treatment (images were generated using a scanner without magnification). (B) The number of colonies in each
well was counted and analyzed. n=3, “P<0.01 vs. shNC + DMSO group. ATB, long non-coding RNA activated by transforming growth factor-f3; sh, short
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ATB is dysregulated in various types of cancer, including
CRC (19),lung cancer (23), and liver cancer (24). ATB acts as an
oncogene, and its dysregulation is commonly associated with
poor prognosis of patients (25). In CRC, ATB is upregulated

ATB regulated the transcriptional activity of the f-catenin
pathway by inhibiting f-catenin expression. In addition,
the results confirmed that B-catenin was necessary for
ATB-mediated regulation of stemness in CRC.
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in colon cancer tissues and correlated with clinical cancer
stage (19). In addition, ATB is highly expressed in lung cancer
tissues and associated with tumor size and metastasis (23). A
functional study indicated that ATB promoted proliferation,
migration and invasion in osteosarcoma cells (26). Knockdown
of ATB in endometrial cancer cells was found to impair cell
viability by inducing caspase-3-related tumor apoptosis and
G,/S arrest (27). In addition, ATB was responsible for the
proliferation and apoptosis of CRC cells (18). The results
demonstrated that ATB knockdown impaired stemness main-
tenance of CRC cells, indicated by the inhibition of colony
formation and sphere formation, and colon tumor growth
inhibition. The findings expand the current understanding of
ATB function.

Recent studies demonstrated that ATB acts as a competing
RNA by binding with microRNA (miR)-494 in lung cancer
cells (28), miR-141-3p in gastric cancer cells (29), miR-590-5p
in melanoma (30), and miR-200 family members in diverse
types of cancer (18,26,31,32). ATB regulates transcriptional
coactivator YAP1 (YAP1), NF-xB, p38 mitogen-activated
protein kinase (MAPK), Twist, and TGF-f in lung cancer,
glioma, breast cancer and malignant melanoma (23,30,33,34).
In hepatic fibrosis, ATB knockdown downregulated [3-catenin
expression by upregulating the expression of endogenous
miR-200a (35). In the present study, the results suggested that
ATB regulated the transcriptional activity of the f-catenin
pathway by inhibiting B-catenin expression. Further results
confirmed the role of 3-catenin during ATB-mediated regu-
lation of stemness in CRC. miR-200a, which is involved in
regulating CRC cell proliferation and f-catenin expres-
sion (36,37), could serve as the direct target of ATB in
regulating stemness maintenance. However, further studies are
required to verify the above results.

The present study demonstrated the role of ATB in main-
taining stemness of CRC by regulating [3-catenin expression.
However, further studies are required to investigate the direct
target of ATB for regulating -catenin expression in CRC.
Collectively, the results indicated that ATB is a promising
therapeutic target for CRC.
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