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Colorectal carcinoma (CRC) ranks as the third most common
malignancy. Long non-coding RNA DLGAP1-AS1 was re-
ported to be dysregulated and to play a pivotal role in hepato-
cellular carcinoma (HCC). This work aims to analyze the func-
tions and molecular basis of DLGAP1-AS1 in CRC progression
and 5-fluorouracil resistance. Cell Counting Kit-8 (CCK-8)
assay, Transwell assay, flow cytometry, and western blot were
utilized to measure the CRC cell activity, invasiveness, and
apoptosis. RNA immunoprecipitation (RIP) and dual-lucif-
erase reporter gene assay were adopted to verify the direct
mutual action between DLGAP1-AS1 and miR-149-5p. The
effect of DLGAP1-AS1 knockdown on tumor growth and
chemosensitivity of 5-fluorouracil (5-FU) were investigated in
the mouse CRC xenograft models. Functional assays showed
that silencing DLGAP1-AS1 expression remarkably inhibited
cell proliferation and aggressiveness ability and enhanced
apoptosis rate and cell chemosensitivity to 5-FU. In addition,
miR-149-5p was identified as a tumor suppressor and a direct
downstream target of DLGAP1-AS1 in CRC. Furthermore,
miR-149-5p was confirmed to directly bind to TGFB2 and
DLGAP1-AS1 could regulate the expression of TGFB2
signaling pathway via miR-149-5p in CRC. These new findings
indicate that DLGAP1-AS1 knockdown inhibited the progres-
sion of CRC and enhanced the 5-FU sensitivity of CRC cells
through miR-149-5p/TGFB2 regulatory axis, suggesting that
DLGAP1-AS1 may be a promising therapeutic target for CRC.

INTRODUCTION
Colorectal carcinoma (CRC) is the third most common cancer dis-
ease and the second leading cause of cancer-associated deaths glob-
ally.1 According to cancer statistics in 2019, there were an estimated
1.8 million newly diagnosed cases and 700,000 deaths from CRC
worldwide.2 Recently, an epidemiological research suggested a
continuous increase of morbidity rate in CRC patients under the
age of 50 in the past few decades.3 Both environmental and genetic
factors are believed to be involved in the development of CRC.4

Despite the advances made in the treatment of CRC in recent years,
such as targeted therapies and immunotherapy, the cure rates and
long-term survival of CRC is still far from satisfactory.5 Therefore,
it is still imperative to further understand the molecular pathogen-
Molecular
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esis of CRC in order to identify novel cancer biomarker and thera-
peutic targets for CRC.

Long non-coding RNAs (lncRNAs) were a class of non-coding tran-
scripts longer than 200 nucleotides with limited protein-coding po-
tential.6 lncRNAs have been demonstrated as critical mediators in
the processes of tumorigenesis by influencing microRNA (miRNA)-
mediated gene regulation, mRNA stability, chromatin structure,
and RNA splicing.7 Moreover, plenty of evidence suggested that aber-
rant lncRNA expression was also involved in chemoresistance of mul-
tiple tumors through various signaling pathways and regulation
mechanisms.8 As to CRC, a large number of lncRNAs are dys-regu-
lated.9–11 NEAT1 was identified as a novel diagnostic biomarker
and demonstrated to be associated with various clinical prognosis
in CRC.12 LINC01567 was verified to participate in the development
and progression of CRC through sponging miR-93.13 Yu et al.14 vali-
dated that the overexpression of a new lncRNA u50535 was closely
related to adverse prognosis in CRC patients. Located at chromosome
18:3,593,730–3,598,350, lncRNA DLGAP1 antisense 1 (DLGAP1-
AS1) is a lncRNA with few annotations, whose involvement in
CRC remains uncharacterized. Recently, some studies showed that
DLGAP1-AS1 was able to promote epithelial-mesenchymal transi-
tion and tumorigenesis in hepatocellular carcinoma (HCC) via
various regulation mechanisms and signaling pathways, but the func-
tions of DLGAP1-AS1, particularly its role in the progression and
chemoresistance of CRC, is still unknown.

miRNAs are defined as a class of small non-coding transcripts of
20–22 nucleotides in length that exert their functions through directly
binding to the 30 untranslated region (30 UTR) of mRNA at comple-
mentary sequences, which results in mRNA cleavage or translation
inhibition.15 Abundant studies indicated that miRNAs participated
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Figure 1. The expression level of DLGAP1-AS1 was verified in CRC samples and CRC cell lines, and the correlation between DLGAP1-AS1 expression and

clinical manifestations and prognosis was analyzed

(A) The expression level of DLGAP1-AS1 was detected by qRT-PCR in cancer and adjacent tissues of CRC patients. (B) The expression of DLGAP1-AS1 was detected by

qRT-PCR in different tumor stages. (C) The expression level of DLGAP1-AS1 was compared betweenmetastatic and non-metastatic CRC patients. (D) The expression levels

of DLGAP1-AS1 in LoVo, HT-29, SW480, HCT116 CRC cell lines, and NCM460 normal colon epithelial cells were detected by qRT-PCR. (E) Kaplan-Meier overall survival

(OS) curves were illustrated on the basis of DLGAP1-AS1 level. Data are the means ± SD of triplicate determinants (*p < 0.05).
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in the regulation of tumorigenesis and drug resistance in various
tumors,16 including CRC.17 Recently, miR-149-5p has been identified
as a tumor suppressor in the progression and chemoresistance of a va-
riety of tumors including CRC.18 However, the role of miR-149-5p on
tumorigenesis and drug resistance in CRC is still not very clear to this
608 Molecular Therapy: Oncolytics Vol. 20 March 2021
day. It is worth noting that more and more studies have shown that
lncRNAs can function as a molecular sponge or competing endoge-
nous RNA (ceRNA) to suppress the expressions and functions of
miRNAs, hence leading to derepression of its target mRNA.19 Inter-
estingly, DLGAP1-AS1 was predicted to directly interact with
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miR-149-5p. Hence, this study was aimed to examine whether
DLGAP1-AS1 could participate in the modulation of tumorigenesis
and drug resistance by interacting with miR-149-5p in CRC.

In this study, we first validated the upregulation of DLGAP1-AS1 in
CRC tissues and that the expression level of hsa-miR-149-5p was
negatively related with DLGAP1-AS1 expression as well as clinico-
pathologic characteristics in CRC. We further explored the functions
and underlying molecular mechanisms of DLGAP1-AS1 in the pro-
liferation, apoptosis, invasion, and drug resistance of CRC cells.

RESULTS
lncRNA DLGAP1-AS1 was highly expressed in colorectal cancer

and indicated a poor prognosis

DLGAP1-AS1 was confirmed to be associated with the tumorigenesis
and progression of HCC, but the relationship between DLGAP1-AS1
and CRC has not been reported. lncRNADLGAP1-AS1 expression in
colorectal cancer tissues and cell lines was first determined using qRT-
PCR. The results suggested that DLGAP1-AS1 was significantly upre-
gulated in CRC tissues compared with matched para-carcinoma tis-
sues (Figure 1A). Additionally, the DLGAP1-AS1 expression level in
patients with advanced clinical stage (phase III–IV) was found to be
significantly upregulated compared with the patients in early clinical
stage (phase I–II) (Figure 1B). Moreover, the patients with distant me-
tastases showed higher DLGAP1-AS1 expression compared to those
without distant metastases (Figure 1C). As shown in Table S1, the
high expression level of DLGAP1-AS1 was positively associated with
distant metastasis (p = 0.019), pathological stage (p < 0.001), and tu-
mor size (p = 0.003) but had no correlation with age, gender, and tu-
mor localization of the patients (each p > 0.05). These results indicated
that DLGAP1-AS1might be involved in the regulation of CRC tumor-
igenesis and progression. DLGAP1-AS1 expression in 4 CRC cell lines
was also markedly elevated compared with that in normal colorectal
epithelial cell line NCM460 (Figure 1D). The correlation between
overall survival rate and DLGAP1-AS1 expression was evaluated
through Kaplan-Meier analysis. As shown in Figure 1E, high
DLGAP1-AS1 expression level indicates a poorer prognosis than those
with lower level in CRC patients.

lncRNA DLGAP1-AS1 promoted CRC cell proliferation and

reduced cell apoptosis

To explore the biological function of DLGAP1-AS1 in CRC
cells, DLGAP1-AS1 expressions in HT-29 and SW480 cells were in-
hibited by transfection with sh-DLGAP1-AS1, and its expression in
Figure 2. DLGAP1-AS1 can promote the proliferation and inhibit apoptosis of H

(A and B) The HT-29 and SW480 cells were divided into control group, shNC group, and

by qRT-PCR. (C) The NCM460 cells were divided into control group, NC group, and DLG

PCR. (D–F) The CCK-8 method was used to detect the cell viability of HT-29, SW480, an

SW480 cells. (I) Expression levels of apoptosis- and proliferation-related indexes (Bcl-2,

detect the expression level of apoptosis- and proliferation-related indexes (Bcl-2, PCNA

(Bcl-2, PCNA) were detected by WB in SW480 cells. (L) qRT-PCR was used to detect t

SW480 cells. (M) Expression levels of apoptosis- and proliferation-related indexes (Bcl-2

expression level of apoptosis- and proliferation-related indexes (Bcl-2, PCNA) in NCM4
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NCM460 was upregulated by transfection with plasmid encoding
DLGAP1-AS1. As shown in Figures 2A and 2B, sh-DLGAP1-AS1
markedly downregulates the expression of DLGAP1-AS1 in HT-29
and SW480 cells (p < 0.05), pointing out a high transfection efficiency.
The expression of DLGAP1-AS1 was significantly increased in
NCM460 cells with the transfection of DLGAP1-AS1 (Figure 2C). Pro-
liferation of the treated cells was evaluated using a Cell Counting Kit-8
(CCK-8) assay. Data showed that HT-29 and SW480 cells proliferation
were significantly inhibited by DLGAP1-AS1 silencing (Figures 2D
and 2E), and NCM460 cells proliferation was markedly promoted by
DLGAP1-AS1 overexpression (Figure 2F). The apoptosis rate of trans-
fected HT-29 and SW480 cells were detected by flow cytometry. Our
results indicated that downregulation of DLGAP1-AS1 remarkably
augmented the apoptosis rate in CRC cells (Figures 2G and 2H). In
addition, western blot and qRT-PCR assay revealed that the silencing
or overexpression of DLGAP1-AS1 significantly influenced cell prolif-
eration levels and apoptosis-related proteins in HT-29, SW480, and
NCM460 cells, including Bcl-2 and proliferating cell nuclear antigen
(PCNA) (all p < 0.05; Figures 2I–2N). These results revealed that
lncRNA DLGAP1-AS1 may promote the development of CRC cells
as an oncogene.

lncRNADLGAP1-AS1 promotedCRC cell migration and invasion

The data of the wound-healing assay suggested that silencing of
DLGAP1-AS1 obviously repressed the migration abilities of HT-29
and SW480 cells based on the distance migrated by the leading edge
of cells (Figures 3A and 3B). On the contrary, overexpression of
DLGAP1-AS1 significantly increased the migration abilities of
NCM460 cells (Figure 3C).Additionally,we conductedaMatrigelTrans-
well invasion assay to observe the effects of DLGAP1-AS1 on CRC cell
invasion. The results suggested that the invasive abilities were markedly
decreased in DLGAP1-AS1-silenced HT-29 or SW480 cells and
increased in DLGAP1-AS1-overexpressed NCM460 cells (Figure 3D).

DLGAP1-AS1 acted as a sponge for miR-149-5p in CRC cells

Previous evidence indicated that lncRNAs always function as ceRNAs
for miRNAs to regulate the downstream target genes. Thus, we inves-
tigated whether lncRNA DLGAP1-AS1 functions as a sponge for a
certain miRNA in CRC cells. First, the bioinformatics prediction soft-
ware StarBase predicted that miR-149-5p contains the potential bind-
ing site for DLGAP1-AS1 (Figure 4A). To verify the direct interaction
between miR-149-5p and DLGAP1-AS1, a luciferase reporter assay
was conducted with wild-type or mutant DLGAP1-AS1 30 UTR lucif-
erase vector (DLGAP1-AS1-WTorDLGAP1-AS1-Mut) inHT-29 and
T-29 and SW480 cells

sh-DLGAP1-AS1 group. The expression level of DLGAP1-AS1mRNAwas detected

AP1-AS1 group. The expression level of DLGAP1-AS1mRNAwas detected by qRT-

d NCM460 cells. (G and H) Apoptosis was detected by flow cytometry in HT-29 and

PCNA) were detected by western blot (WB) in HT-29 cells. (J) qRT-PCR was used to

) in HT-29 cells. (K) Expression levels of apoptosis- and proliferation-related indexes

he expression level of apoptosis- and proliferation-related indexes (Bcl-2, PCNA) in

, PCNA) were detected byWB in NCM460 cells. (N) qRT-PCRwas used to detect the

60 cells. Data are the means ± SD of triplicate determinants (*p < 0.05).



Figure 3. DLGAP1-AS1 promotes the migration and invasion of CRC cells

(A–C) Scratch healing tests were used to detect themobility of cells in HT-29, SW480, and NCM460 cells. (D) Matrigel experiments were used to detect cell invasion in HT-29,

SW480, and NCM460 cells. Data are the means ± SD of triplicate determinants (*p < 0.05).
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Figure 4. There is a targeted regulation relationship between DLGAP1-AS1 and hsa-miR-149-5p

(A) The binding site of hsa-miR-149-5p on DLGAP1-AS1 was predicted by the bioinformatics method. (B and C) The target regulation of DLGAP1-AS1 and hsa-miR-149-5p

was confirmed by double luciferase reporter assay in HT-29 and SW480 cells, respectively. (D and E) After interfering with the expression level of DLGAP1-AS1, the

expression level of hsa-miR-149-5p was detected by qRT-PCR in HT-29 and SW480 cells, which suggested that DLGAP1-AS1 was negatively correlated with the

expression level of hsa-miR-149-5p. (F) qRT-PCR was used to detect the expression of hsa-miR-149-5p in CRC tissues and adjacent tissues. (G) A negative correlation

between hsa-miR-149-5p and DLGAP1-AS1 was determined by Spearman’s correlation analysis. (H) The expression levels of hsa-miR-149-5p in LoVo, HT-29, SW480,

HCT116 CRC cell lines, and NCM460 normal colon epithelial cells were detected by qRT-PCR. (I–L) The co-precipitated RNAwere detected by an RNA immunoprecipitation

experiment and qRT-PCR in HT-29 and SW480 cells. DLGAP1-AS1 and hsa-miR-149-5p were presented as fold enrichment in Ago2 relative to IgG immunoprecipitate. Data

are the means ± SD of triplicate determinants (*p < 0.05).

Molecular Therapy: Oncolytics
SW480 cells. It was found thatmiR-149-5p overexpression remarkably
reduced the luciferase activity of WT DLGAP1-AS1 (DLGAP1-AS1-
WT) rather than that of Mut DLGAP1-AS1 (DLGAP1-AS1-Mut) in
HT-29 cells (Figures 4B and 4C). Furthermore,miR-149-5p expression
level was markedly increased following DLGAP1-AS1 knockdown in
HT-29 and SW480 cells (Figures 4D and 4E). In addition, the results
showed that miR-149-5p expression was markedly repressed in CRC
tissues (Figure 4F) as well as cell lines (Figure 4H) compared with con-
trol. The negative correlation was found between DLGAP1-AS1 and
miR-149-5p expression (Figure 4G). As shown in Figures 4I–4L,
DLGAP1-AS1 andmiR-149-5pwere highly enriched in theAgo2 com-
612 Molecular Therapy: Oncolytics Vol. 20 March 2021
plex compared with the immunoprecipitates in negative immunoglob-
ulin G (IgG) control. The combination of DLGAP1-AS1 andmiR-149-
5p was corroborated by the results of an RNA immunoprecipitation
(RIP) assay, which validated the interaction between DLGAP1-AS1
and miR-149-5p in CRC cell lines. These data showed that DLGAP1-
AS1 acted as a sponge for miR-149-5p in CRC cells.

Ectopic expression of miR-149-5p suppressed proliferation and

enhanced apoptosis in CRC cells

To investigate the biological functions of miR-149-5p on CRC cells,
we transfected miR-149-5p mimics into HT-29 and SW480 cells to
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increase the expression level of miR-149-5p (Figures 5A and 5B).
miR-149-5p inhibitor was transfected into NCM460 cells to block
the expression of miR-149-5p (Figure 5C). Data of CCK-8 assay indi-
cated that miR-149-5p overexpression could notably suppress the
proliferation of HT-29 and SW480 cells (Figures 5D and 5E), and
miR-149-5p inhibitor could markedly promote the proliferation of
NCM460 cells (Figure 5F). Cell apoptosis analysis demonstrated
that the apoptosis rates in HT-29 and SW480 cells were markedly
increased after miR-149-5p overexpression (Figures 5G and 5H).
Western blot and qRT-PCR assay showed that the overexpression
or inhibition of miR-149-5p remarkably influences the levels of cell
proliferation and apoptosis-related proteins in HT-29, SW480, and
NCM460 cells, including Bcl-2 and PCNA (Figures 5I–5N). These
above results suggested that miR-149-5p might function as a tumor
suppressor in CRC development.

Ectopic expression of miR-149-5p suppressed CRC cell

migration and invasion

The data of thewound-healing assay suggested thatmiR-149-5poverex-
pression could obviously suppress the migration abilities of HT-29 and
SW480 cells based on the distance migrated by the leading edge of cells
(Figures 6A and 6B). On the contrary, the miR-149-5p inhibitor signif-
icantly increased the migration abilities of NCM460 cells (Figure 6C).
Additionally, we conducted a Matrigel Transwell invasion assay to
observe the effects of miR-149-5p overexpression on CRC cell invasion.
The results suggested that the invasive abilities weremarkedly decreased
in miR-149-5p overexpressed HT-29 or SW480 cells and increased in
miR-149-5p inhibited NCM460 cells (Figure 6D).

TGFB2 was a direct target of miR-149-5p in colorectal cancer

Our results show that miR-149-5p was downregulated in CRC and
acted as a tumor suppressor. Here, we further explored the possible
target gene of miR-149-5p in CRC. Using the TargetScan tool,
TGFB2 was found to be a potential target of miR-149-5p (Figure 7A).
Then, a luciferase reporter assay was conducted to verify the predic-
tion. Our data indicated that the luciferase activities were notably
reduced in HT-29 and SW480 cells when co-transfected with WT
TGFB2 vectors (TGFB2-WT) and miR-149-5p mimics but no change
when co-transfected with Mut TGFB2 vectors (TGFB2-Mut) and
miR-149-5p mimics (Figures 7B and 7C). In addition, we detected
the mRNA level and protein expression of TGFB2 in HT-29.
SW480 and NCM460 cells after miR-149-5p overexpression or inhi-
bition. Data showed that miR-149-5p overexpression remarkably
repressed the protein and mRNA levels of TGFB2 in CRC cells (Fig-
Figure 5. Hsa-miR-149-5p inhibited the proliferation of CRC cells and promote

(A and B) The HT-29 and SW480 cells were divided into control group, mimic NC group,

qRT-PCR. (C) The NCM460 cells were divided into control group, inhibitor NC group, an

qRT-PCR. (D–F) The CCK-8 method was used to detect the cell viability of HT-29, SW48

and SW480 cells. (I) Expression levels of apoptosis- and proliferation-related indexes (Bc

expression level of apoptosis- and proliferation-related indexes (Bcl-2, PCNA) in HT-2

PCNA) were detected by WB in SW480 cells. (L) qRT-PCR was used to detect the expr

cells. (M) Expression levels of apoptosis- and proliferation-related indexes (Bcl-2, PCN

expression levels of apoptosis- and proliferation-related indexes (Bcl-2, PCNA) in NCM
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ures 7D–7G), and miR-149-5p inhibition significantly increased the
protein and mRNA levels of TGFB2 in NCM460 cells (Figures 7H
and 7I). In addition, TGFB2 expression was found to be significantly
upregulated in CRC tissues (Figure 7J) and cell lines (Figure 7K)
compared with control. The negative correlation was found between
TGFB2 and miR-149-5p expression (Figure 7L). As shown in Figures
7M–7P, TGFB2 and miR-149-5p were highly enriched in Ago2 com-
plex compared with the immunoprecipitates in negative IgG control.
These above results indicated that TGFB2 was directly targeted by
miR-149-5p in CRC cells.

DLGAP1-AS1 promoted CRC cell proliferation and reduced cell

apoptosis via miR-149-5p/TGFB2 axis

Based on the results above, we hypothesized that lncRNA DLGAP1-
AS1 may promote CRC cell proliferation and reduced cell apoptosis
via the miR-149-5p/TGFB2 axis. Thus, we transfected miR-149-5p
inhibitors into HT-29 and SW480 cells to downregulate miR-149-
5p expression after DLGAP1-AS1 knockdown (Figures 8A and 8B).
Then, a CCK-8 assay indicated that miR-149-5p downregulation
partly reversed the suppressive effect of DLGAP1-AS1 knockdown
on proliferation in HT-29 and SW480 cells (Figures 8C and 8D).
The apoptosis assay suggested that miR-149-5p downregulation
partly reversed the stimulative effect of DLGAP1-AS1 knockdown
on HT-29 and SW480 cells apoptosis (Figures 8E and 8F). In addi-
tion, we examined the mRNA and protein levels of the TGFB2/
Smad2 signaling pathway and proliferation-related genes in HT-29
cells when transfected with DLGAP1-AS1 siRNA or/and co-trans-
fected with miR-149-5p inhibitors. Data showed that the activity of
the TGFB2/Smad2 signaling pathway was dramatically decreased af-
ter DLGAP1-AS1 small interfering RNA (siRNA) transfection, while
these changes were partly abolished by co-transfecting with miR-149-
5p inhibitors (Figures 8G–8I). These data revealed that DLGAP1-AS1
could promote cell proliferation and reduce cell apoptosis via the
miR-149-5p/TGFB2/Smad2 axis in CRC cells.

DLGAP1-AS1 promoted CRC cell migration and invasion via the

miR-149-5p/TGFB2 axis

The data of the wound-healing assay indicated that miR-149-
5p downregulation partly reversed the repressive influence of
DLGAP1-AS1 knockdown on HT-29 and SW480 cell migration abil-
ities (Figures 9A and 9B). Additionally, the Matrigel Transwell inva-
sion assay showed that the suppressive effect of DLGAP1-AS1
silencing on HT-29 and SW480 cell invasion could be partly reversed
by miR-149-5p downregulation (Figure 9C).
d apoptosis

and miR-149-5p mimic group. The expression level of miR-149-5p was detected by

d miR-149-5p inhibitor group. The expression level of miR-149-5p was detected by

0, and NCM460 cells. (G and H) Apoptosis was detected by flow cytometry in HT-29

l-2, PCNA) were detected byWB in HT-29 cells. (J) qRT-PCR was used to detect the

9 cells. (K) Expression levels of apoptosis- and proliferation-related indexes (Bcl-2,

ession level of apoptosis- and proliferation-related indexes (Bcl-2, PCNA) in SW480

A) were detected by WB in NCM460 cells. (N) qRT-PCR was used to detect the

460 cells. Data are the means ± SD of triplicate determinants (*p < 0.05).



Figure 6. Hsa-miR-149-5p inhibited the migration and invasion of CRC cells

(A–C) Scratch healing tests were used to detect themobility of cells in HT-29, SW480, and NCM460 cells. (D) Matrigel experiments were used to detect cell invasion in HT-29,

SW480, and NCM460 cells. Data are the means ± SD of triplicate determinants (*p < 0.05).
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DLGAP1-AS1 promotes the chemoresistance of CRC cells

through targeting the miR-149-5p-TGFB2 signaling pathway

To analyze whether DLGAP1-AS1 and miR-149-5p could modulate
the drug resistance of CRC cells, the expression levels of DLGAP1-
AS1, miR-149-5p, and TGFB2 were compared between HT-29 cells
and 5-FU-resistantHT-29 (HT-29/5FU) cells (Figure 10A). The results
showed that DLGAP1-AS1 and TGFB2 were upregulated in HT-29/
5-FU cells, while hsa-miR-149-5p was the opposite. CRC cells were
treated with 5-FU after DLGAP1-AS1 knockdown and/or miR-149-
5p inhibition. The results indicated that the use of 5-FU could reduce
the expression level of DLGAP1-AS1, and the inhibition of hsa-miR-
149-5p could partially restore the expression level of DLGAP1-AS1
(Figure 10B). The results of the CCK-8 (Figure 10C) and apoptosis as-
says (Figures 10D an 10E77) showed that DLGAP1-AS1 knockout
could enhance the sensitivity of HT-29 cells to 5-FU, but this influence
was also partially reversed by silencing of miR-149-5p. Data also indi-
cated that the protein and mRNA levels of TGFB2 were dramatically
reduced after DLGAP1-AS1 siRNA transfection, while these changes
were partly abolished by co-transfecting with miR-149-5p inhibitors
(Figures 10F–10H). Therefore, these data suggested that miR-149-5p
upregulation was crucial for increasing the sensitivity of CRC cells to
5-FU induced by DLGAP1-AS1 silencing.

DLGAP1-AS1 knockdown inhibited tumor growth and enhanced

5-FU sensitivity in CRC in vivo

To further explore the effect of DLGAP1-AS1 silencing on CRC
development and 5-FU sensitivity, the mouse xenograft models of
CRC were established, and results indicated that 5-FU administration
or DLGAP1-AS1 silencing suppressed tumor growth, and DLGAP1-
AS1 knockdown increased the 5-FU-induced tumor-suppressive ef-
fect in vivo (Figures 11A–11C). Moreover, we further demonstrated
that DLGAP1-AS1 and TGFB2/Smad2 signaling pathway activities
were decreased (Figures 11D and 11F–11H), while miR-149-5p
expression was enhanced (Figure 11E) in tumor tissues originating
from HT-29 cells transfected with sh-DLGAP1-AS1. Finally, on the
basis of the above findings, we concluded that DLGAP1-AS1 silencing
could repress tumor development and enhance 5-FU sensitivity,
possibly by regulating the miR-149-5p/TGFB2/Smad2 axis in CRC.

DISCUSSION
Recently, accumulative evidence has manifested that lncRNAs partici-
pate in the oncogenesis of various human cancers including CRC, indi-
cating that lncRNAs could be used as biomarkers for prognosis, diag-
nosis, and treatment of CRC.20,21 For example, the lncRNA prostate
cancer-associated ncRNA transcript 6 (PCAT6) was demonstrated to
Figure 7. There is a targeted regulation relationship between TGFB2 and hsa-m

(A) The binding site of hsa-miR-149-5p on TGFB2 was predicted by the bioinformatic

confirmed by double luciferase reporter assay in HT-29 and SW480 cells, respective

expression levels of TGFB2 were detected by WB and qRT-PCR in HT-29, SW480, a

TGFB2 in CRC and adjacent tissues. (K) The expression levels of TGFB2 in LoVo, HT-2

detected by qRT-PCR. (L) A negative correlation between hsa-miR-149-5p and TGFB2

were detected by RNA immunoprecipitation experiment and qRT-PCR in HT-29 and SW

relative to IgG immunoprecipitate. Data are the means ± SD of triplicate determinants
be upregulated and promote cell proliferation by regulating anti-
apoptotic protein in CRC.22 Ma et al.23 reported that the CRC develop-
ment was suppressed and chemosensitivity of CRC cells to adriamycin
(ADR) was enhanced with BRAF-activated noncoding RNA (BANCR)
downregulation possibly by modulating the miR-203/CSE1L axis, sug-
gesting BANCR as a potential target for CRC therapy. Sun et al.24

showed that lncRNA SNHG15 promotes the CRC progression via
acting as a sponging RNA through the miR-141/SIRT1/Wnt/b-catenin
axis. These studies indicate that lncRNAs may play pivotal roles in a
variety of biological processes of CRC. Therefore, identifying potential
novel lncRNAs that are involved in the tumorigenesis and chemoresist-
ance of CRC is valuable to establishing new therapeutic strategies and
improving the prognosis for patients with CRC.

Herein, DLGAP1-AS1 was found to be upregulated in CRC tissues and
cells and associated with clinical stage and distant metastases. Deng
et al.25 reported that DLGAP1-AS1 promotes the aggressive behavior
of gastric cancer by acting as a ceRNA for miRNA-628-5p and raising
astrocyte-elevated gene 1 expression. Functional analyses showed that
proliferation and invasion potency were decreased while apoptosis rate
was increased in HT-29 and SW480 cells after DLGAP1-AS1 expression
was silenced.Toexclude the influenceof apoptosis on thedetectionof cell
invasion, the apoptotic inhibitor (Q-VD-OPH) was applied in HT-29,
SW480 and NCM460 cells. The results indicates the same tendency of
cells without treatment of Q-VD-OPH (Figure S1). In addition, data
also suggested that DLGAP1-AS1 silencing enhanced 5-FU sensitivity
in HT-29 cells. Also, our data suggested that DLGAP1-AS1 act as
miRNA sponges to miR-149-5p and miR-149-5p inhibitor remarkably
reverses the effects of decreased DLGAP1-AS1 on tumor progression
and chemoresistance. Furthermore, we identified TGFB2 as a direct
functional target gene of miR-149-5p in CRC cells.

Consistent with previous studies reported by Lin et al.,26 DLGAP1-
AS1 promotes epithelial-mesenchymal transition and tumor develop-
ment in HCC through the feedback loop of miR-26a/b-5p/IL-6/JAK2/
STAT3 and the Wnt/b-catenin pathway. Our results indicated that
DLGAP1-AS1 expression was increased in CRC tissues and cell lines.
Moreover, DLGAP1-AS1 silencing notably repressed the prolifera-
tion, migration, and invasion, while increasing apoptosis rate of
CRC cells. Therefore, we deduce that DLGAP1-AS1 might play a
pivotal role in carcinogenesis and development of CRC.

It is well established that lncRNAs can serve as a ceRNA of miRNAs
to modulate the downstream target genes of miRNAs.27 Hence, an
online prediction website was employed to screen for miRNAs that
iR-149-5p

s method. (B and C) The binding relationship of TGFB2 and hsa-miR-149-5p was

ly. (D–I) After increasing or inhibiting the expression level of hsa-miR-149-5p, the

nd NCM460 cells, respectively. (J) qRT-PCR was used to detect the expression of

9, SW480, HCT116 CRC cell lines, and NCM460 normal colon epithelial cells were

was determined by Spearman’s correlation analysis. (M–P) The co-precipitated RNA

480 cells. TGFB2 and hsa-miR-149-5p were presented as fold enrichment in Ago2

(*p < 0.05).
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Figure 8. DLGAP1-AS1 directly bound hsa-miR-149-5p and further affects the proliferation and apoptosis of CRC cells by regulating the TGFB2 signaling

pathway

(A and B) CRC cells were divided into four groups: control, shRNA NC, sh-DLGAP1-AS1, and sh-DLGAP1-AS1+hsa-miR-149-5p inhibitor. The mRNA expression level of

DLGAP1-AS1 was detected by qRT-PCR in HT-29 and SW480 cells. (C and D) CCK-8 assay was used to detect the cell viability of HT-29 and SW480 cells, respectively.

(E and F) Flow cytometry was adopted to detect the level of apoptosis in HT-29 and SW480 cells. (G andH) The expression level of TGFB2 and its downstream signal pathway

molecules p-Smad2, Smad2, and proliferation-related index (PCNA) was detected by WB. (I) The expression level of TGFB2 and its downstream signal pathway molecules

p-Smad2, Smad2, and proliferation-related index (PCNA) was detected by qRT-PCR. Data are the means ± SD of triplicate determinants (*p < 0.05).
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have potential binding sites in the 30 UTR of DLGAP1-AS1. Among
various candidate miRNAs, we selected miR-149-5p for the following
research, considering its anti-tumor functions in a variety of cancers
including HCC,28 oral squamous cell carcinoma,29 cervical cancer,30

and colorectal cancer.18 Results of the luciferase reporter assay indi-
cated that DLGAP1-AS1 was a direct target gene of miR-149-5p. In
addition, expression of miR-149-5p was dramatically decreased in
CRC tissues and cell lines, and miR-149-5p overexpression could
repress proliferation, migration, and invasion, while enhancing
apoptosis rate in CRC cells. Moreover, TGFB2 was identified as a
direct target of miR-149-5p in CRC. By using rescue assays, we found
that DLGAP1-AS1 can promote cell proliferation and 5-FU chemo-
resistance and regulate the expression level of TGFB2 by acting as a
ceRNA of miR-149-5p in CRC cells. These results suggest that
lncRNA DLGAP1-AS1 promoted tumor progression via regulating
the miR-149-5p/TGFB2 axis in CRC.

Next, in vivo assays further revealed that 5-FU administration or
DLGAP1-AS1 silencing restrained tumor growth, and DLGAP1-
AS1 knockdown could enhance 5-FU-induced anti-tumor function
in the mouse xenograft model of CRC. Furthermore, an upregulation
of miR-149-5p expression and a downregulation of TGFB2 were trig-
gered by DLGAP1-AS1 knockdown, indicating that DLGAP1-AS1
reduction inhibited tumor growth and augmented 5-FU sensitivity
through modulation of miR-149-5p/TGFB2/Smad2 pathway in vivo.
Nevertheless, experiments around the relationship of DLGAP1-AS1
with the downstream signaling pathway of TGFB2 were not conduct-
ed in the current study. Further research is still needed to confirm our
conclusions.

In conclusion, our study elucidated that DLGAP1-AS1 knockdown
repressed CRC development and promoted 5-FU sensitivity by
modulating the miR-149-5p/TGFB2/Smad2 signaling pathway
in vitro and in vivo. DLGAP1-AS1-miR-149-5p-TGFB2 axis might
provide a promising strategy for CRC diagnosis and treatment.

MATERIALS AND METHODS
Clinical specimens

This study gained the approval of the Ethics Committee of the First
Hospital of Jilin University. A total of 42 pairs of CRC tumor tissues
and the matched para-carcinoma tissues were collected in the surgery
process from patients. The pathological diagnosis of CRC was
confirmed by two pathologists independently. None of the partici-
pants had received any chemotherapy or radiotherapy treatment
before surgery. The pathological features of CRC patients were shown
in Table S1. Resected tumor tissues were immediately frozen and
maintained in liquid nitrogen. Every patient signed an informed
consent.
Figure 9. DLGAP1-AS1 directly bound hsa-miR-149-5p and further affects the

pathway

(A and B) Scratch healing test was used to detect the movement ability of HT-29 and SW

SW480 cells. Data are the means ± SD of triplicate determinants (*p < 0.05).
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Bioinformatics analysis

ENCORI (http://starbase.sysu.edu.cn/) was employed to search and
predict the potential interactive miRNAs of DLGAP1-AS1 as well
as the potential targets of miR-149-5p. Pearson product-moment cor-
relation coefficient was applied to perform correlation analysis.

Cell culture and treatment

Four kinds of human CRC cell lines (LoVo, HT-29, SW480, and
HCT116) and the normal colon mucosal epithelial cell line
NCM460, which were gained from the Cell Bank of Type Culture
Collection (Chinese Academy of Sciences, Shanghai, China), were
chosen for this experiment. DMEM mixed with 10% fetal bovine
serum (FBS; Sangon Biotech, Shanghai, China) and 1% penicillin
and streptomycin (Invitrogen, Carlsbad, CA, USA) were used to culti-
vate cells at 37�C containing 5% CO2. siRNA targeting lncRNA
DLGAP1-AS1, control siRNA, miR-149-5p mimics, and miR-149-
5p inhibitors were ordered from Sangon Biotech (China). Lipofect-
amine 2000 reagent (Invitrogen) was employed to perform the cell
transient transfection in accordance with the manufacturer’s proto-
col. Cells were treated with 5-FU (Sigma, USA) at the concentration
of 2 mM.

qRT-PCR assay

We extracted the total RNA fromCRC tissues and cultured cells using
TRIZOL reagent (Invitrogen) following the manufacturer’s protocol.
The cDNA was then synthesized by a PrimeScript RT reagent kit
(Takara, Dalian, China). The qRT-PCR assay was performed using
a SYBR green PCR kit (Takara, Dalian, China) according to the man-
ufacturer’s guidelines. glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and U6 were chosen as the internal controls for RNAs
and miRNAs, respectively. The 2�DDCt method was used to calculate
the relative gene expression levels. The experiments were performed
in triplicate.

Western blot

The isolated protein samples were subjected to 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto nitrocellulose filter membranes (Millipore, Bedford,
MA, USA). Afterward, the membranes were then incubated with pri-
mary antibodies for a whole night, including Bcl-2, PCNA, TGFB2,
Smad2, p-Smad2, and glyceraldehydes 3-phosphate dehydrogenase
(1:1,000; Cell Signaling Technology, Beverly, MA, USA), followed
by probing with corresponding horseradish peroxidase (HRP)-conju-
gated secondary antibodies (1:3,000, Abcam) for 1 h at 37�C. Protein
bands were detected by enhanced chemiluminescence (ECL) plus
western blotting detection reagents (GE Healthcare Life Sciences, Pis-
cataway, NJ, USA) and analyzed by Quantity One analysis software
(Bio-Rad, San Francisco, CA, USA).
migration and invasion of CRC cells by regulating the TGFB2 signaling

480 cells. (C) Matrigel experiments were used to detect cell invasion in HT-29 and

http://starbase.sysu.edu.cn/


Figure 10. DLGAP1-AS1 contributed to the chemosensitivity of 5-FU in HT-29 cells

(A) The expression levels of DLGAP1-AS1, hsa-miR-149-5p, and TGFB2 in HT-29 and 5-FU-resistant HT-29 (HT-29/5FU) cells were detected by qRT-PCR. HT-29 cells were

treated with 5-FU after DLGAP1-AS1 knockdown and/or miR-149-5p inhibition. (B) The expression level of DLGAP1-AS1 was detected by qRT-PCR. (C) The cell viability of

each group was detected by CCK-8. (D and E) Apoptosis was detected by flow cytometry. (F and G) The expression level of TGFB2 was detected by WB. (H) The expression

level of TGFB2 was detected by qRT-PCR. Data are the means ± SD of triplicate determinants (*p < 0.05).
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Luciferase activity assay

WT DLGAP1-AS1 or TGFB2 containing a potential miR-149-5p
binding site and DLGAP1-AS1 or TGFB2-Mut containing a
variant site were synthesized and fused to the dual-luciferase re-
porter vector pMIR-Report (Promega, Madison, WI, USA). The
above luciferase reporter plasmids and miR-149-5p mimic or
control miRNA were co-transfected into HT-29 or SW480 cells,
and the luciferase activity in each group was determined using
a dual-luciferase reporter assay system (Promega, Madison, WI,
USA).
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Figure 11. DLGAP1-AS1 can inhibit the growth of xenograft tumor model of CRC in nude mice and promote the sensitivity of tumor tissue to 5-FU

(A) The subcutaneous transplanted tumor (drug-resistant cell line) model of CRC in nude mice was established. At 21 days upon cell implantation, tumors were excised and

imaged. (B) Tumor weight of xenografts. (C) Tumor volume of xenografts. (D) The expression level of DLGAP1-AS1was detected by qRT-PCR. (E) The expression of hsa-miR-

149-5p was detected by qRT-PCR. (F and G) The expression levels of TGFB2 and its downstream signal pathway molecules p-Smad2, Smad2, and proliferation-related

index (PCNA) were detected by WB. (H) The expression levels of TGFB2 and its downstream signal pathway molecule Smad2 and proliferation-related index (PCNA) were

detected by qRT-PCR. Data are the means ± SD of triplicate determinants (*p < 0.05).
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RNA binding protein immunoprecipitation assay

The RIP assay was conducted by using the Magna RIPTM RNA bind-
ing protein immunoprecipitation kit (Millipore, USA). The collected
cells were lysed in RNA lysis buffer. The cell lysis was treated with
the RIP immunoprecipitation buffer containing magnetic beads
conjugated with human anti-Ago2 antibody or normal mouse IgG
(Millipore). After a whole night of incubation at 4�C, the immuno-
precipitated RNA was obtained by digesting protein-RNA complex
with proteinase K. Afterward, the qRT-PCR assay was performed to
validate the RNA concentration.

Cell proliferation assay

Cell proliferation patterns and cell survival rates were analyzed by us-
ing a CCK-8 (Meilunbio, Dalian, China) in accordance with the man-
ufacturer’s protocol. The CCK-8 assay was conducted at different
time points (0, 24, 48, and 72 h), respectively, after cell transfection
to detect the patterns of cell proliferation. We treated the untrans-
fected or transfected cells with 5-FU at the concentration of 2 mM
for 48 h. Then the CCK-8 assay was performed to determine the
cell survival rate. At each time point (0, 24, 48, and 72 h), 20 mL
of CCK-8 solution was applied into each well, and the plates
were maintained for 1 h at 37�C. Afterward, a microplate reader
(Bio-Rad, Hercules, CA, USA) was employed to measure the absor-
bance at 450 nm.

Cell apoptosis assay

Cell apoptosis analysis was performed by using flow cytometry. The
annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit
(BD Pharmingen, CA, USA) was used to detect the cell apoptosis
rate following the manufacturer’s instruction. Generally, the
cultured cells were collected and stained with annexin V-FITC
and propidium iodide (PI) at room temperature for 15 min after be-
ing resuspended in 200 mL of binding buffer. Then, flow cytometry
(FACScan; BD Biosciences, San Jose, CA, USA) was used to deter-
mine the apoptotic rates of cells. Three independent assays were
conducted.

Cell invasion assay

The Matrigel Transwell assay was chosen to assess the cell invasion
ability. Transwell chambers with 8 mm pore size were purchased
from Corning (Corning, NY, USA). Matrigel matrix (1 mg/mL) was
added to the upper Transwell chamber and precoated at 37�C for
30 min. Cells with different treatments were collected and resus-
pended in serum-free DMEM with a concentration of 1 � 106 cells
in 100 mL. Afterward, the upward chambers in the 24-well plates
were inoculated with cells, while the lower chambers were filled
with medium containing 10% FBS. Cells were incubated for 24 h.
Finally, a cotton swab was used to remove the cells on the upward sur-
face of themembranes, while cells that migrated into the lower surface
of the membranes were fixed with methanol and stained using crystal
violet solution (0.1%; Sigma-Aldrich, St. Louis, MO, USA). The num-
ber of invaded cells was counted at least in 5 visual fields of 400�
magnification, which was randomly selected by using a light micro-
scope (BX41, Olympus, Japan).
Wound-healing assay

In order to perform the wound-healing assay, the cells with different
treatments were inoculated into a 24-well cell plate and cultured in
DMEM. A sterile pipette tip was used to create a 1-mm-wide scratch.
We photographed the plates at 0 and 48 h, respectively, and counted
the distance migrated by the leading edge of the cells.

In vivo assay

All experimental procedures were performed in accordance with the
internal biosafety and bioethics guidelines of the First Hospital of
Jilin University. The 6-week-old female nude mice were obtained
from the Chinese Academy of Medical Sciences (Beijing, China).
Afterward, mice were randomly divided into 4 groups (sh-NCl,
sh-NC+5-FU, sh-DLGAP1-AS1, sh-DLGAP1-AS1+5-FU, n = 6/
group) and subcutaneously injected into the left flank, with HT-
29 cells (5 � 106) stably transfected with sh-NC or sh-DLGAP1-
AS1. 6 days later, 5-FU (1 mg/kg) was administrated in mice of
sh-NC+5-FU and sh-DLGAP1-AS1+5-FU groups every 3 days.
Tumor volume was measured every 3 days with a caliper and calcu-
lated by the formula volume = (length � width)2/2. Finally, at
21 days upon cell inoculation, tumors were dissected, photographed,
and weighted. Moreover, qRT-PCR assays were conducted to detect
the expressions of DLGAP1-AS1 and miR-149-5p in xenograft
tumors.

Statistical analysis

Data were exhibited as mean ± standard deviation (SD). SPSS 18.0
software (Chicago, IL, USA) and GraphPad Prism 6.0 (San Diego,
CA, USA) were used to perform all statistical analysis. Two-tailed Stu-
dent’s t test or one-way ANOVA with post hoc contrasts by Student-
Newman-Keuls test was applied to determine the difference between
groups. p <0.05 was considered statistically significant.
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