Gastric Cancer (2020) 23:212-227
https://doi.org/10.1007/s10120-019-01002-1

ORIGINAL ARTICLE q

Check for
updates

DLX6-AS1/miR-204-5p/0OCT1 positive feedback loop promotes tumor
progression and epithelial-mesenchymal transition in gastric cancer

Yu Liang' - Chun-Dong Zhang'%*3 . Cheng Zhang' - Dong-Qiu Dai'*

Received: 8 April 2019 / Accepted: 29 July 2019 / Published online: 28 August 2019
© The International Gastric Cancer Association and The Japanese Gastric Cancer Association 2019

Abstract

Background Accumulating evidence indicates that long non-coding RNAs (IncRNAs) participate in progression of gastric
cancer (GC). Nevertheless, the function and expression level of DLX6-AS1 in GC remain unknown.

Methods We explored the sequencing data of DLX6-AS1 downloaded from The Cancer Genome Atlas. The expression of
DLX6-AS1, miR-204-5p and OCT1 in 56 GC patients and GC cell lines was quantified by qRT-PCR and western blotting.
Furthermore, we performed in vitro functional assays to assess proliferation, invasion and migration of GC cells by knock-
down of DLX6-AS1. The expression level of epithelial-mesenchymal transition (EMT)-related genes was also determined
by qRT-PCR and western blotting. Actin remodeling was detected by F-actin phalloidin staining. The luciferase reporter
assay and chromatin immunoprecipitation assay was utilized to confirm the bioinformatic prediction. The function of the
DLX6-AS1/miR-204-5p/OCT]1 axis in GC proliferation was clarified by rescue assays.

Results We first demonstrated that DLX6-AS1 was upregulated in GC tissues and cell lines and was associated with T3/T4
invasion, distant metastasis and poor clinical prognosis. Further functional analysis showed that downregulation of DLX6-
AS1 inhibited GC cell proliferation, migration, invasion and EMT in vitro. Mechanistic investigation indicated that DLX6-
AS1 acted as a cancer-promoting competing endogenous RNA (ceRNA) by binding miR-204-5p and upregulating OCT]1.
Moreover, the transcription factor OCT1 was confirmed to enhance DLX6-AS1 expression by targeting the promoter region.
Conclusions This study revealed that OCT1-induced DLX6-AS1 promoted GC progression and the EMT via the miR-
204-5p/OCT1 axis, suggesting that this IncRNA might be a promising prognostic biomarker and therapeutic target for GC.
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Introduction

According to global cancer statistics 2018 [1], there were
approximately 1.03 million new cases and 0.78 million
deaths from gastric cancer (GC) in that year. The GC inci-
dence and mortality were ranked third and fifth, respectively,
worldwide. At present, surgery combined with radiotherapy
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and chemotherapy is the primary curative treatment for the
disease. However, GC is usually diagnosed in the progress-
ing stage due to its atypical symptoms. Hence, there is an
urgent need to improve the early diagnosis and improve the
prognosis of GC patients by identifying novel targets.

The Encyclopedia of DNA Elements project has dem-
onstrated that approximately 98% of the genome does not
encode proteins and is thus regarded as non-coding RNA
(ncRNA) [2]. As a type of ncRNA, long non-coding RNAs
(IncRNAs) are defined as a class of transcripts of more
than 200 nucleotides without an open reading frame [3].
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Accumulating studies have reported that IncRNAs partici-
pate in diverse neoplastic biological processes, including
carcinogenesis, proliferation, metastasis and the epithelial-
mesenchymal transition (EMT). For this reason, researches
into IncRNAs have attracted a great deal of attention. Inter-
estingly, IncRNAs may play opposing roles in different organ
tumors. For instance, the IncRNA FER1L4 is overexpressed
in glioblastoma and would be regarded as a poor diagnostic
biomarker [4]. However, FER1L4 exerts a tumor-suppressive
effect on hepatocellular cancer [5].

Recent researches have revealed that IncRNAs act as
competing endogenous RNAs (ceRNAs) by binding microR-
NAs (miRNAs) with shared response elements and dysregu-
lating tumor oncogenes and suppressor genes [6, 7]. Studies
have indicated that IncRNAs regulate EMT-related proteins
by binding miRNAs and are thus recognized as a promising
therapeutic target [8, 9]. For instance, IncRNA MALAT1
acts as a miR-204-5p sponge and upregulates expression
of the EMT-related marker SLUG in lung adenocarcinoma
[10], while IncRNA UCA1 targets miR-204-5p and upregu-
lates ZEB1 expression in glioma [11].

By analyzing the cancer genome atlas (TCGA) data-
base, we identified a survival-related IncRNA, DLX6-AS1,
which was upregulated in GC. The IncRNA DLX6-AS1 is a
1990 bp non-coding transcript located at chromosomal band
7q21.3 that has been reported to be overexpressed in lung
adenocarcinoma [12], hepatocellular cancer [13, 14], renal
cell cancer [15], osteosarcoma [16], glioma [17] and pancre-
atic cancer [18]. Nevertheless, the carcinogenesis and regu-
latory mechanism of DLX6-AS1 in GC remains unknown.
In the present study, we first verified that DLX6-AS1 was
overexpressed in GC. We then explored the oncogenic func-
tion of DLX6-AS1 in GC development by loss-of-function
analysis. Through bioinformatics prediction and a series of
experiments, we hypothesized and verified that DLX6-AS1
could promote GC cell proliferation, migration and invasion
by directly targeting the miR-204-5p and upregulating OCT1
(POU2F1). Furthermore, we found that transcription factor
OCT1 could activate the expression of DLX6-AS1 by bind-
ing to the promoter region. In addition, we performed res-
cue assays to clarify the role of the DLX6-AS1/miR-204-5p/
OCT1 positive feedback loop in GC.

Materials and methods
Sample collection from the database

We downloaded all of the GC transcriptome profiles and
clinical data from TCGA database. Up to September 2018,
the public database included the expression profiles of
375 GC tissues and 32 normal tissues obtained by RNA-
seq (level 3). Our research conformed to the guidelines

published in TCGA. We took the logarithm of the expression
difference between normal and tumor samples.

Patients and tissues

From September 2017 to July 2018, we collected a total of
56 paired GC tissue and adjacent noncancerous tissue (>
5 cm from cancer tissue) samples, as well as clinical data,
from the GC patients who underwent stomach resection at
the Fourth Affiliated Hospital (Cancer Institute) of China
Medical University. The patients had not received any previ-
ous therapy before surgery. The enrolled patients provided
signed informed consent. The TNM stage histological grade
was confirmed based on the 8th American Joint Commit-
tee on Cancer (AJCC) system. This study was approved by
the Clinical Research Ethics Committee of China Medical
University and was performed according to the guidelines
of the Declaration of Helsinki.

Cell lines and culture

The seven GC cell lines including MKN-7, MKN-28, MGC-
803, HGC-27, MKN-45, AGS and SGC-7901 along with the
normal intestinal cell line GES-1 and human embryonic kid-
ney (HEK) cell line 293T were purchased from the Chinese
Academy of Sciences (Shanghai, China). Cells were cultured
in RPMI 1640 medium (HyClone, Logan, UT, USA) con-
taining 10% fetal bovine serum (FBS, Gibco, Grand Island,
NY, USA). Moreover, 100 U/mL penicillin, and 100 pg/mL
streptomycin were added to the medium to prevent infection.
All cells were cultured at 37 °C in a humidified incubator
with 5% CO.,.

RNA isolation and quantitative real-time
polymerase chain reaction (qRT-PCR)

Total RNA was extracted using RNAios Plus (Takara, Otsu,
Shiga, Japan). The quality and concentration of the isolated
RNA were analyzed using a Nano drop 2000 (Thermo Fisher
Scientific, Waltham, MA, USA). Total RNA (800 ng) was
converted to cDNA using the PrimeScript™ RT reagent Kit
(Takara) with gDNA Eraser. To analyze the expression of
miRNA, we performed reverse transcription with the miR-
100-3p, miR-195-3p, miR-145-5p and miR-204-5p specific
stem-loop primers and Hairpin-it™ miRNA Quantitation Kit
(GenePharma, Suzhou, Jiangsu, China). We utilized a Light-
Cycler 96 (Roche Diagnostic, Basel, Switzerland) to perform
gRT-PCR using SYBR Green (Takara). The conditions of
the two-step amplification reaction were as follows: pre-
incubation at 95 °C for 30 s, then 40 cycles of 95 °C for 10 s
and 60 °C for 30 s. GAPDH and U6 expression was utilized
as the endogenous control for mRNA/IncRNA and miRNA,
respectively. Expression level analysis was performed in
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accordance with the 2724¢7 method [19]. Specific primers
for RNAs are shown in Supplementary Table 1.

Transfection

According to the manufacturers’ protocol, all the small inter-
fering RNAs (siRNAs) (GenePharma) including siRNA-
DLX6-AS1 (#1, #2, #3) and siRNA-OCT1 (#1, #2, #3)
against different sites in DLX6-AS1 and OCT1, and negative
control siRNA (si-NC), were transfected into SGC7901 and
AGS cells using the Lipofectamine 3000 Reagent (Invitro-
gen). MiR-204-5p inhibitor as well as miRNA negative con-
trol (miR-NC) purchased from GenePharma were transfected
into cells by the same method. The sequences of siRNAs
and miRNA inhibitor are shown in Supplementary Table 2.
The silencing effect was confirmed by qRT-PCR or western
blotting.
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Fig. 1 DLX6-ASI is upregulated in GC tissues and cells. a Relative
expression of DLX6-AS1 in GC and normal tissues from TCGA data-
base. b Kaplan—Meier curve analysis of the correlation of DLX6-AS1
expression and overall survival from TCGA database. ¢ qRT-PCR
analysis of DLX6-AS1 expression in 56 GC tissues and correspond-
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Cell proliferation assay

The cell counting kit-8 (CCK-8) assay was performed to
evaluate cell proliferation capacity. A total of 3000 trans-
fected cells were seeded into each of five replicate wells,
then 10 pL. CCK-8 solution (Solarbio, Beijing, China) was
added into each well. After incubation for 1 h, the absorb-
ance at 450 nm was read on a microplate reader to measure
the cell viability every 24 h for 4 days.

Colony formation assay

Approximately 200 transfected cells were plated into each
well of 6-well plates. After 2 weeks of incubation, we were
able to observe colonies with the naked eye. The colonies
were then fixed using 4% paraformaldehyde for 15 min and
stained using 0.1% Crystal Violet (Solarbio) for 10 min.
Formed colonies were counted and photographed.
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ing adjacent noncancerous tissues. Data are shown as — AAC; val-
ues. d qRT-PCR analysis of DLX6-AS1 expression in a normal gas-
tric cell line (GES-1) and seven GC cell lines (MKN-7, MKN-28,
SGC-7901, MCG-803, AGS, MKN-45 and HGC-27). Data are pre-
sented as the mean+ SD. *P <0.05, **P<0.01
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«Fig.2 DLX6-AS1 promotes proliferation, invasion, migration and
EMT-related gene expression of GC cells in vitro. a The qRT-PCR
analysis of DLX6-AS1 in SGC-7901 and AGS cells transfected
with si-NC or si-DLX6-AS1. b CCK-8 assays were performed to
evaluate the growth ability of SGC-7901 and AGS cells transfected
with si-NC or si-DLX6-AS1. ¢ Transwell assays were performed
to assess the invasion or migration function of SGC-7901 and AGS
cells transfected with si-NC or si-DLX6-AS1. d, e The mRNA and
protein levels of EMT-related genes in SGC-7901 and AGS cell lines
treated with si-NC or si-DLX6-AS1 were determined by qRT-PCR
and western blotting. f F-actin staining assays were used to detect the
actin cytoskeleton changes in SGC-7901 and AGS cells transfected
with si-NC or si-DLX6-AS1. Data are presented as the mean=+ SD.
*P<0.05, **P<0.01

Transwell assay

After transfection of SGC-7901 and AGS cells for 24 h, the
cells were collected and cell density was adjusted to 1 x 10/
mL with FBS-free RPMI 1640 medium. Approximately
20,000 cells were plated into the upper insert of a Transwell
chamber (Corning, New York, NY, USA) with or without
Matrigel™ (Corning) to evaluate invasion or migration func-
tions. Medium with 20% FBS was then added into the lower
chamber as the stimulus. After 24 h (migration) and 48 h
(invasion), the chambers were fixed and stained as described
above. To eliminate the effect of different proliferation abili-
ties on the results, we further performed Transwell assays of
transfected SGC-7901 and AGS cells at progressive concen-
trations of chemoattractant (0, 5, 10, 20, and 40%) under si-
DLX6-AS1 treatment. The cells that migrated to the bottom
of the filter were counted in 10 random fields from random
portions of the filter.

Western blot analysis

Cells were collected and lysed in RIPA lysis buffer (Solar-
bio) on ice, then extracted proteins were quantified and
analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). After electrophoresis, pro-
teins were transferred onto polyvinylidene difluoride
(PVDF) membranes (Solarbio). The PVDF membranes
were blocked using 5% skimmed milk for 2 h with gentle
shaking, then incubated with primary antibodies diluted
with primary antibody dilution buffer (Solarbio) as follows:
E-cadherin (1:100; Abcam, Cambridge, MA, USA), N-cad-
herin (1:2000; Abcam), SLUG (1:2000; Abcam), MMP9
(1:2000; Abcam), OCT1 (1:1500; Abcam) and p-actin
(1:2500; Abcam). After incubation at 4 °C overnight, the
membranes were thoroughly washed and incubated with
horseradish peroxidase-conjugated secondary antibody (goat
anti-rabbit, 1:5000; Wanleibio, Shenyang, Liaoning, China)
at room temperature for 2 h. We utilized a chemilumines-
cence western blotting detection system (Tanon, Shanghai,
China) to analyze the protein bands.
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F-actin phalloidin staining and fluorescence
microscopy

The slides of transfected cells were fixed using 4% para-
formaldehyde for 10 min and permeabilized with 0.5%
Triton X-100 (Solarbio) for 5 min. Each slide was incu-
bated with 200 pL FITC-labeled phalloidin (100 nM,
Solarbio) containing 1% bovine serum albumin at 37 °C
for 1 h in the dark. Then, the nuclei were stained with 200
pL DAPI solution (100 nM, Solarbio). We utilized confo-
cal microscopy (Nikon, Tokyo, Japan) to image transfected
cells.

Bioinformatics prediction and luciferase reporter
assay

We searched the possible miRNAs that may be involved
in crosstalk with DLX6-AS1 by applying two different
target prediction algorithms miRcode (https://www.mirco
de.org/) [20] and DIANA-LncBase (https://www.micro
rna.gr/LncBase) [21]. After identifying miR-204-5p as
the research target, we identified and predicted the most
likely miR-204-5p binding sites in the DLX6-AS1 3'-UTR
regions. PmirGLO (Promega, Madison, WI, USA) was
used to construct the luciferase reporter vectors DLX6-
AS1-wild type (WT) and DLX6-AS1-Mutant (MUT). A
QuickMutation™ Site-Directed Mutagenesis Kit (Beyo-
time, Nantong, Jiangsu, China) was utilized to introduce
the mutations of the miR-204-5p potential binding sites.
HEK293T, SGC-7901 and AGS cell lines were seeded
into 24-well plates and co-transfected with DLX6-AS1-
WT or MUT vectors and miR-204-5p mimic or miR-NC.
The interaction between miR-204-5p and the 3'-UTR
regions of OCT1 was predicted by miRTarBase (https://
miRTarBase.mbc.nctu.edu.tw/) [22] and verified using the
same method. The miRTarBase data of miR-204-5p are
shown in Supplementary Fig. 1. Moreover, we identified
possible binding sites between OCT1 and the DLX6-AS1
promotor using JASPAR (https://jaspar.genereg.net) [23].
The two predicted binding sites and the corresponding
mutant sequences (MUT1 and MUT2) were introduced
into the pGL3 plasmid vector (Promega). SGC-7901 and
AGS cell lines were seeded into 24-well plates and co-
transfected with the vectors described above and the OCT1
overexpression vector or normal control (NC) groups. A
luciferase reporter assay kit (Promega) was used to evalu-
ate the luciferase activity according to the manufacturers’
instructions.

Chromatin immunoprecipitation (ChIP) assay

We performed a ChIP assay using a Magna ChIP Kit
(Millipore, Bedford, MA, USA). The top five possible
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Fig.3 DLX6-ASI acts as a ceRNA by directly binding miR-204-5p.
a The target miRNAs of DLX6-AS1 were predicted using three
online databases (TCGA, miRcode, and DIANA-LncBase). b The
qRT-PCR analysis of miR-100-3p, miR-145-5p, miR-195-3p and
miR-204-5p in SGC-7901 and AGS cells transfected with si-NC or
si-DLX6-AS1. ¢ Binding sites between miR-204-5p and DLX6-AS1
were predicted using the bioinformatics database. d DLX6-AS1-WT
vectors or DLX6-AS1-MUT vectors and miR-204-5p mimics and
miR-NC were transfected into HEK293T, SGC-7901 and AGS cells,

sequences between OCT1 and the DLX6-AS1 promoter
were obtained from JASPAR. SGC-7901 and AGS cell
lines were cross-linked by adding formaldehyde and ter-
minated by adding glycine. The 200—1000 bp fragments
were generated from lysates through sonication. Specific
DNA-—protein complexes were immunoprecipitated using
an incubating antibody (anti-OCT1 and 1gG) (Millipore).
Purified DNA was quantified and analyzed by qRT-PCR.
The IgG group and the input group were used as the
negative control group and the positive control group,
respectively.
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and the luciferase activity was measured. e The qRT-PCR analy-
sis of miR-204-5p expression in 56 GC tissues and corresponding
adjacent noncancerous tissues. Data are shown as — AACy values. f
The qRT-PCR analysis of miR-204-5p expression in a normal gas-
tric cell line (GES-1) and five GC cell lines (SGC-7901, MCG-803,
AGS, MKN-45 and HGC-27). g The correlation between DLX6-
ASI1 expression and miR-204-5p expression was measured in 56 GC
patients by Spearman’s correlation analysis. Data are presented as the
mean +SD. *P <0.05, **P<0.01

Statistical analysis

All statistical analyses were performed and visualized
using SPSS V18.0 (SPSS, Chicago, IL, USA) and Prism
7.0 (GraphPad, La Jolla, CA, USA) software. Student’s ¢ test
or the chi-squared test were used for two-group comparisons
and multiple group comparisons, as appropriate. The corre-
lation between IncRNA, miRNA and mRNA were analyzed
by Spearman’s correlation analysis. Kaplan—Meier curve
analysis was performed to evaluate the overall survival. All
data are expressed as the mean + standard deviation (SD)
and all experiments were repeated three times. Differences
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with a value of P<0.05 or<0.01 were regarded as statisti-
cally significant.

Results
DLX6-AS1 is upregulated in GC

We collected and analyzed the RNA-seq data of 375 GCs
and 32 normal samples from TCGA database. The results
showed that DLX6-AS1 was overexpressed in GC tissues
(P=0.0004, Fig. 1a). After excluding samples that lacked
data regarding survival time and status, a total of 372 GC
patients were divided into two groups for Kaplan—Meier
curve analysis according to the median value of DLX6-AS1
expression. The result indicated that high expression of
DLX6-AS1 was significantly associated with poor prog-
nosis of GC patients (P =0.042, Fig. 1b). Furthermore,
we performed qRT-PCR to analyze the expression level of
DLX6-AS1 in 56 GC and corresponding noncancerous tis-
sues. The results of qRT-PCR were consistent with the data
in TCGA database (P <0.01, Fig. 1¢). Then, we divided the
GC patients into an above-median expression group and a
below-median expression group. The expression level in
patients was associated with T3/T4 invasion (P =0.035)
and distant metastasis (P =0.018), while DLX6-AS1
expression was not associated with the other clinicopatho-
logical characteristics (Supplementary Table 3). This sug-
gested that DLX6-AS1 may have some effect on tumor
progression.

To elucidate the function of DLX6-AS1, we performed
gRT-PCR to analyze the expression of DLX6-AS1 in cell
lines. As shown in Fig. 1d, DLX6-AS1 was upregulated in
SGC-7901, MCG-803, AGS, MKN-45, HGC-27, MKN-7
and MKN-28 compared to GES-1 (P <0.01). As SGC-7901
and AGS expressed the highest levels of DLX6-AS1, we
chose these two cell lines for functional and mechanistic
studies.

DLX6-AS1 promotes GC proliferation, migration,
invasion, and EMT-related gene expression in vitro

To elucidate the function of DLX6-AS1, DLX6-AS1 was
knocked down by transfecting three different siRNAs into
cells. At 48 h after transfection, we performed qRT-PCR
to verify that DLX6-AS1 was effectively suppressed by
siRNA #2 and #3 (P <0.01, Fig. 2a). The results of CCK-8
assay revealed that DLX6-AS1 downregulation reduced
cell growth ability (P <0.01, Fig. 2b). Similarly, the num-
ber of visible colonies was decreased in cells transfected
with DLX6-AS1 knockdown compared to transfection with
si-NC (P <0.01, Supplementary Fig. 2a). The influence of
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DLX6-AS1 on invasion and migration was investigated
by Transwell assay. We observed that siRNA transfection
significantly inhibited the migration and invasion capacity
of GC cells (P<0.01, Fig. 2c). Furthermore, we obtained
similar results at different concentrations of chemoattractant
(P<0.01, Supplementary Figs. 3, 4).

To further investigate the mechanism by which DLX6-
AS1 promotes proliferation, invasion and metastasis of GC,
we performed qRT-PCR and western blotting to measure
the epithelial marker E-cadherin, the mesenchymal mark-
ers N-cadherin and SLUG, and the invasion marker MMP9
at transcriptional and translational levels in SGC-7901 and
AGS cell lines. As shown in Fig. 2d, e knockdown of DLX6-
AS1 inhibited N-cadherin (P <0.05), MMP9 (P <0.05),
and SLUG (P <0.05) expression and promoted E-cadherin
(P <0.01) expression according to qRT-PCR and western
blot results. Furthermore, we observed that transfected
cells exhibited polygonal, rounded and epithelial-like mor-
phology under si-DLX6-AS1 treatment (Supplementary
Fig. 2b). Because actin remodeling has been verified as a
critical mechanism in the process of the EMT [24], we then
performed phalloidin staining to reveal the effect of DLX6-
AS1 downregulation on F-actin organization. As shown in
Fig. 2f, the distribution of both the actin cytoskeleton and
filopodia were significantly decreased when DLX6-AS1 was
knocked down. In summary, DLX6-AS1 participated simul-
taneously in GC progression and EMT.

DLX6-AS1 acts as a ceRNA by directly binding
miR-204-5p

To explore the possible molecular mechanism of DLX6-AS1
in GC, we performed bioinformatics prediction to iden-
tify the target of DLX6-AS1 by intersecting the predicted
results between miRcode, DIANA-LncBase and downregu-
lated miRNAs in TCGA. As shown in Fig. 3a, we identified
four miRNAs (miR-100-3p, miR-145-5p, miR-195-3p, and
miR-204-5p) that showed the possibility of interacting with
DLX6-AS1. Then, we performed qRT-PCR to detect expres-
sion of the corresponding miRNAs. The results showed
that only miR-204-5p was upregulated in si-DLX6-AS1-
transfected cell lines (P <0.01, Fig. 3b). Consequently, we
selected miR-204-5p for further study. The potential base
pair binding sites between miR-204-5p and DLX6-AS1
are shown in Fig. 3c. To further verify our hypothesis, we
co-transfected luciferase reporter vectors and miR-204-5p
mimic or miR-NC into the HEK293T, SGC-7901 and AGS
cell lines. As shown in Fig. 3d, luciferase activity was sig-
nificantly reduced in the DLX6-AS1-WT together with miR-
204-5p mimic reaction system (P <0.05). This indicated that
miR-204-5p interacted with DLX6-AS1 through sequence
matching.
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«Fig.4 Tumor promotor effects of DLX6-AS1 mediated by miR-
204-5p. a The gRT-PCR analysis of miR-204-5p expression in
SGC-7901 and AGS cells co-transfected with si-NC or si-DLX6-
AS1 #3 and miR-NC or miR-204-5p inhibitor. b CCK-8 assays were
performed to reveal the growth ability of SGC-7901 and AGS cells
co-transfected with si-NC or si-DLX6-AS1 #3 and miR-NC or miR-
204-5p inhibitor. ¢ Transwell assays were performed to assess the
invasion or migration function of SGC-7901 and AGS cells co-trans-
fected with si-NC or si-DLX6-AS1 #3 and miR-NC or miR-204-5p
inhibitor. d, e The mRNA and protein levels of EMT-related genes
(E-cadherin, N-cadherin, SLUG and MMP9) in SGC-7901 and AGS
cell lines co-transfected with si-NC or si-DLX6-AS1 #3 and miR-NC
or miR-204-5p inhibitor were determined by qRT-PCR and western
blotting. f F-actin staining assays were used to detect changes in the
actin cytoskeleton in SGC-7901 and AGS cells co-transfected with
si-NC or si-DLX6-AS1 #3 and miR-NC or miR-204-5p inhibitor.
Data are presented as the mean+ SD. *P <0.05, **P <0.01

We performed qRT-PCR to analyze the expression
level of miR-204-5p. As shown in Fig. 3e, f miR-204-5p
was obviously reduced in GC cell lines and tumor tissues
(P <0.01), which is in accordance with previous findings.
Furthermore, miR-204-5p expression was negatively cor-
related with tumor size (P =0.003), invasion (P =0.035),
distant metastasis (P <0.001) and AJCC staging (P=0.033,
Supplementary Table 3). Spearman’s correlation analysis
indicated a negative relationship between DLX6-AS1 and
miR-204-5p (P=3.94E-9, r=—-0.628, Fig. 3g). Hence, the
above results revealed that DLX6-AS1 could act as a ceRNA
by binding miR-204-5p.

Tumor promotor effects of DLX6-AS1 are partially
mediated by miR-204-5p

To further confirm the role of miR-204-5p in the effect of
DLX6-AS1 on GC, SGC-7901 and AGS cell lines were
co-transfected with si-DLX6-AS1 #3, miR-204-5p inhibi-
tor, si-NC and miR-NC for functional assays (Fig. 4a). The
results of CCKS, colony formation and Transwell assays
indicated that miR-204-5p inhibitor promoted GC progres-
sion (P <0.01). Moreover, miR-204-5p inhibitor partially
rescued the antitumor function of si-DLX6-AS1 #3 (Fig. 4b,
¢, Supplementary Fig. 5a). These phenomena confirmed that
miR-204-5p played a critical role in the oncogenic function
of DLX6-ASI.

Previous studies have indicated that miR-204-5p can
regulate EMT in GC [25, 26]. Furthermore, we observed
the morphological changes of GC cells and found that they
developed a long fusiform and mesenchymal phenotype
under miR-204-5p inhibitor treatment (Supplementary
Fig. 5b). Therefore, we performed qRT-PCR and west-
ern blotting to analyze the EMT-related markers in co-
transfected cell lines. As shown in Fig. 4d, e, miR-204-5p
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inhibitor promoted MMP9 and SLUG expression at tran-
scriptional and translational levels (P < 0.05). Not only that,
the tumor suppressor effect of si-DLX6-AS1 #3 was partially
weakened by miR-204-5p inhibitor, including downregula-
tion of E-cadherin and activation of SLUG and MMP?9 at
transcriptional and translational levels (P <0.01). The results
of phalloidin staining further indicated that suppression of
miR-204-5p facilitated remodeling of the actin cytoskeleton
and partially reversed the effect of si-DLX6-AS1 #3 by pro-
moting F-actin expression and distribution (Fig. 4f).

OCT1 is a target gene of the DLX6-AS1/ miR-204-5p
axis

To further clarify the oncogenic mechanism of the DLX6-
AS1/miR-204-5p axis, we identified mRNAs that were posi-
tively co-expressed with DLX6-AS1 based on expression
data from TCGA. As a result, we found a significant posi-
tive correlation between OCT1 and DLX6-AS1 in 375 GC
samples (P =3.22E—-10, r=0.659, Fig. 5a). According to
the prediction of miRTarBase, the 3'-UTR region of OCT1
contains potential binding sites for miR-204-5p (Fig. 5b).
We performed a luciferase reporter assay by co-transfecting
with OCT1-WT or OCT1-MUT constructed plasmids and
miR-204-5p mimic or miR-NC into the HEK293T, SGC-
7901 and AGS cell lines. As shown in Fig. 5c, luciferase
activity was significantly reduced in the OCT1-WT together
with miR-204-5p mimics reaction system (P <0.05). The
results of qRT-PCR and western blotting showed that the
expression of OCT1 could be promoted by miR-204-5p
inhibitor (P <0.01), but the effects could be weakened by
co-transfection with si-DLX6-AS1 and miR-204-5p inhibitor
(P<0.01, Fig. 5d, e). As shown in Fig. 5f, there was a nega-
tive relationship between miR-204-5p and OCT1 expression
from 56 GC tissues (P=1.87E—4, r=—0.472). Collectively,
our results indicated that DLX6-AS1 positively regulates
OCT1 expression by binding miR-204-5p in GC.

OCT1 is upregulated in GC and facilitates GC
progression and the EMT in vitro

To investigate the function and mechanism of OCT1, we
analyzed the expression of OCT1 in GC cell lines and tis-
sues. According to the results of qRT-PCR and western blot
assays, OCT1 was upregulated in GC as shown in Fig. 6a—c.
Then, we transfected SGC-7901 and AGS cell lines with
si-OCT1, and the transfection efficiency was confirmed by
gRT-PCR and western blot assays (P <0.01, Fig. 6d, e).
Next, we explored whether OCT1 mediated the function of
miR-204-5p. OCT1 downregulation inhibited proliferation
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Fig.5 OCT1 is a target gene of the DLX6-AS1/ miR-204-5p axis. a
Spearman’s correlation analysis of DLX6-AS1 expression and OCT1
expression in 375 GC patients from TCGA. b Binding sites between
miR-204-5p and OCT1 were predicted using the bioinformatics data-
base. ¢ OCT1-WT vectors or OCT1-MUT vectors and miR-204-5p
mimics or miR-NC were transfected into HEK293T, SGC-7901 and
AGS cells, and the luciferase activity was measured. d The mRNA
level of OCT1 in SGC-7901 and AGS cell lines co-transfected with

Relative miR-204-5p expression

si-NC or si-DLX6-AS1 #3 and miR-NC or miR-204-5p inhibitor were
determined by gqRT-PCR. e Protein levels of OCT1 in SGC-7901 and
AGS cell lines treated with si-NC or si-DLX6-AS1 #3 and miR-NC
or miR-204-5p inhibitor were determined by western blotting. f The
correlation between miR-204-5p expression and OCT1 expression
was measured in 56 GC patients by Spearman’s correlation analysis.
Data are presented as the mean+SD. *P <0.05, **P <0.01
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of GC cells, and this effect could be partly reversed by the
miR-204-5p inhibitor (P <0.01, Fig. 6f, Supplementary
Fig. 6a). Moreover, similar results were observed in Tran-
swell assays (P <0.01, Fig. 6g). GC cells exhibited relatively
epithelial-like morphological features in the si-OCT1 group,
and these were partly reversed by miR-204-4p downregula-
tion (Supplementary Fig. 6b). As shown in Fig. 6h, i, knock-
down of OCT1 reduced MMP9 and SLUG expression at
both the transcriptional and translational levels (P <0.01).
However, the effect of si-OCT1 was partially weakened by
miR-204-5p inhibitor, including inhibition of E-cadherin and
promotion of SLUG as well as MMP9 (P <0.01). Further-
more, we found that F-actin distribution and enrichment was
significantly decreased under si-OCT1 treatment and also
partly recovered by miR-204-5p inhibitor (Fig. 6j). Thus,
the DLX6-AS1/miR-204-5p/OCT1 axis played an important
role in GC progression and EMT.

DLX6-AS1 is activated by the transcription factor
OCT1in GC

To further explore the regulatory mechanism of DLX6-AS1
in GC, we matched the promoter sequences of DLX6-AS1
with potential transcription factors using JASPAR. Interest-
ingly, we found that the transcription factor OCT1 contained
binding sites that could interact with the DLX6-AS1 pro-
moter, and we chose the top five of them for further inves-
tigation (Fig. 7a, b). As shown in Fig. 7c, d, the P2 region
(from — 750 to — 1350 bp) of the DLX6-AS1 promoter
showed strong affinity to OCT1 by ChIP assays (P <0.01).
Moreover, we performed a luciferase assay to further investi-
gate the specific binding sites between OCT1 and the DLX6-
AS1 promoter. As shown in Fig. 7e, luciferase activity was
elevated in WT and MUT?2 of the P2 region group which
was co-transfected with the OCT1 overexpression vector
(P <0.01). The results indicated that the sequence between
— 928 and — 939 bp in the promoter is the validated bind-
ing site of OCTI1. Furthermore, overexpression of OCT]1
upregulated DLX6-AS1 in GC cell lines as shown in Fig. 7f
(P<0.01). According to qRT-PCR assays in 56 GC tissues,
there was a positive correlation between OCT1 and DLX6-
AS1 (P=2.31E-8, r=0.671, Fig. 7g). Hence, the results
from our study revealed that DLX6-AS1/miR-204-5p/OCT1
formed a positive feedback loop in GC (Fig. 7h).
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Discussion

Accumulating evidence has revealed that IncRNAs play
a prominent role in the carcinogenesis and progression of
GC. However, the regulatory mechanism and function of
ectopic IncRNAs in cancer is still controversial. In our cur-
rent study, we analyzed RNA-seq data from TCGA database
and identified an upregulated and prognosis-related IncRNA,
DLX6-AS1 which has not been explored in GC. According
to qRT-PCR analysis, we confirmed that DLX6-AS1 was
highly expressed in GC tissues and cell lines, and upregula-
tion of DLX6-AS1 was associated with invasion and distant
metastasis in GC. By knockdown of DLX6-AS1 in two dif-
ferent cell lines, we were able to restrain the proliferation,
migration, and invasion of GC cells in vitro. Moreover, we
found that DLX6-AS]1 facilitated EMT accompanying actin
cytoskeletal remodeling. It is worth noting that a recent
study of DLX6-ASI1 in pancreatic cancer has obtained
similar results [18]. The EMT has been confirmed as a
key mechanism that promotes invasion and immigration
by inhibiting adhesion and reinforcing cell motility [27].
Nevertheless, the regulatory mechanisms of EMT still need
to be understood, especially the effects involving IncRNAs
and miRNAs. These findings demonstrated that DLX6-AS1
played an important role in GC and prompted us to conduct
further mechanistic research.

In recent years, studies have demonstrated that IncRNAs
function as ceRNAs to regulate expression of pro-cancer and
anti-cancer genes in GC by sponging miRNAs. For instance,
IncRNA KRTAP5-AS1 and IncRNA TUBB2A combined
with miR-3620-3p and miR-596 constitute a regulatory net-
work to further upregulate expression of Claudin-4 [28].
The IncRNA MIAT is upregulated in GC and increases
DDXS5 expression by targeting miR-141 [29]. In the pre-
sent research, we performed bioinformatics analysis and
experimental assays to identify and confirm that DLX6-AS1
could undergo crosstalk with miR-204-5p from four candi-
date miRNAs. The negative correlation between DLX6-AS1
and miR-204-5p was also analyzed and demonstrated in GC.
Previous studies have reported that miR-204-5p is downreg-
ulated in GC and suppresses progression of tumors by multi-
ple mechanisms. For instance, miR-204-5p targets SNAIL1
and regulates the EMT phenotype of GC [25]. Overexpres-
sion of miR-204-5p inhibits 5-FU resistance in GC cell lines
by targeting TGFBR2 [26]. Consequently, it was imperative
to identify the regulatory mechanism of miR-204-5p in GC.
In this study, we revealed that miR-204-5p was expressed at
low levels in GC cell lines and tissues, which was consistent
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«Fig.6 OCT1 is upregulated in GC and facilitates GC progression
and EMT in vitro. a, b OCT1 expression in a normal gastric cell line
(GES-1) and five GC cell lines (SGC-7901, MCG-803, AGS, MKN-
45 and HGC-27) was determined by qRT-PCR and western blotting.
¢ The qRT-PCR analysis of OCT1 expression in 56 GC tissues and
corresponding adjacent noncancerous tissues. Data are shown as
— AAC; values. d, e OCT1 expression in SGC-7901 and AGS cells
transfected by si-NC and si-OCT1 was determined by qRT-PCR
and western blotting. f CCK-8 assays were performed to reveal the
growth ability of SGC-7901 and AGS cells transfected with si-NC,
si-OCT1 #1 and miR-204-5p inhibitor. g Transwell assays were per-
formed to assess the invasion or migration function of SGC-7901
and AGS cells transfected with si-NC, si-OCT1 #1 and miR-204-5p
inhibitor. h, i mRNA and protein levels of EMT-related genes (E-cad-
herin, N-cadherin, SLUG and MMP9) in SGC-7901 and AGS cell
lines transfected with si-NC, si-OCT1 #1 and miR-204-5p inhibitor
were determined by qRT-PCR and western blotting. j F-actin stain-
ing assays were performed to detect changes in the actin cytoskel-
eton in SGC-7901 and AGS cells transfected with si-NC, si-OCT1
#1 and miR-204-5p inhibitor. Data are presented as the mean +SD.
*P<0.05, **P<0.01

with previous research. Not only that, but miR-204-5p also
partially mediated the tumor-promoting function of DLX6-
AS1 in GC progression and EMT.

Based on analysis of TCGA database, there was a positive
correlation between expression of DLX6-AS1 and OCT]1.
Moreover, the 3'-UTR region of OCT1 contained potential
binding sites for miR-204-5p. Then, we performed a series of
experiments and verified the hypothesis that OCT1 is a tar-
get mRNA of the DLX6-AS1/miR-204-5p axis in GC. To the
best of our knowledge, there has been no research into OCT1
regulation by ceRNAs in GC. OCT1 has been verified as a
widely-expressed transcription factor in mammals and has
been found to play an oncogenic role in GC and precancer-
ous lesions [30]. In addition, previous studies reported that
OCT1 could regulate EMT of diverse malignancies by tar-
geting different signaling pathways [31-33]. Therefore, we
performed rescue assays and confirmed that the DLX6-AS1/
miR-204-5p/OCT1 axis was involved in the proliferation,
migration, invasion and EMT of GC. Actin remodeling has
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been verified as the pivotal issue of the EMT. Previous stud-
ies mainly indicated that actin remodeling is the end result
of EMT [34, 35], but recent research further reported that
actin remodeling drives EMT by targeting HIF and Notch
signaling [34]. Furthermore, an increasing number of IncR-
NAs and miRNAs have been found to participate in actin
remodeling. For instance, Yu et al. [36] demonstrated that
CXCL12 promoted progression of colorectal cancer through
actin cytoskeletal remodeling by the IncRNA XIST/miR-
133a-3p/RhoA axis. In the present research, we observed
actin cytoskeleton remodeling through F-actin staining and
first found that cytoskeletal organization was also regulated
by the DLX6-AS1/miR-204-5p/OCT1 axis in GC. However,
thorough research is needed to further reveal the regulatory
mechanism of DLX6-AS1 between actin remodeling and
EMT.

Although multiple studies have demonstrated that IncR-
NAs can be regulated by transcription factors in the cell
nucleus [37-39], the regulatory mechanism of OCTI in
IncRNA regulation was still unknown. According to predic-
tion by the JASPAR tool, there were potential binding sites
between OCT1 and the DLX6-AS1 promoter and we hypoth-
esized that transcription of DLX6-AS1 could be promoted
by OCT1. Based on ChIP and luciferase reporter assays, we
verified the hypothesis and located the binding sequences in
the DLX6-AS1 promoter region. Furthermore, DLX6-AS1
could be significantly activated in vitro by transfecting with
an OCT1 overexpression vector. These findings revealed
a positive feedback loop (OCT1/DLX6-AS1/miR-204-5p/
OCT1) which facilitated the progression and the EMT of
GC.

In summary, our findings are the first to demonstrate that
OCT1-induced DLX6-AS1 promoted GC proliferation,
migration, invasion and EMT by sponging miR-204-5p and
further upregulating OCT1. This present study revealed that
DLX6-AS1 acted as a ceRNA in GC and provided a new
conceivable prognostic biomarker and potential therapeutic
target for GC patients.
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Fig.7 DLX6-ASI1 is activated by transcription factor OCT1 in GC.
a The binding motif of OCT1 from JASPAR tool. b, ¢ The top five
binding sites in the DLX6-AS1 promoter and their correspond-
ing three counterparts in the promoter region are shown. d ChIP
assays were performed to reveal the affinity of OCT1 to the P2 of
the DLX6-AS1 promoter in SGC-7901 and AGS cells. e Luciferase
reporter assays were used to locate the binding sequences of OCT1
to the DLX6-AS1 promoter. f Expression of DLX6-AS1 was detected

d Invasion

Migration an

in SGC-7901 and AGS cells transfected with OCT1 overexpression
vector. g The correlation between DLX6-AS1 expression and OCT1
expression was measured in 56 GC patients by Spearman’s correla-
tion analysis. h The mechanism of biological function of DLX6-
AS1: OCT1-induced DLX6-AS1 promotes proliferation, metastasis,
invasion and EMT processes of GC by inhibiting miR-204-5p and
enhancing OCT1. Data are presented as the mean+SD. *P<0.05,
**P<0.01
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