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Abstract

Background Gastric cancer (GC) is the most common and aggressive cancer of the digestive system and poses a serious
threat to human health. Since genes do not work alone, our aim was to elucidate the potential network of mRNAs and non-
coding RNAs (ncRNAs) in this study.

Methods Transcriptome data of GC were obtained from TCGA. R and Perl were used to obtain the differentially expressed
RNAs and construct a competing endogenous RNA (ceRNA) regulatory network. To investigate the biological functions
of differentially expressed RNAs, loss-of-function and gain-of-function experiments were performed. Real-time PCR (RT-
gPCR), western blot analysis, dual-luciferase reporter assays and fluorescence in situ hybridization were conducted to explore
the underlying mechanisms of competitive endogenous RNAs (ceRNAs).

Results Based on TCGA data and bioinformatics analysis, we identified the LINC00163/miR-183/A-Kinase Anchoring Pro-
tein 12 (AKAP12) axis. We observed that AKAP12 was weakly expressed in GC and suppressed invasion and metastasis in
GC cells, which could be abolished by miR-183. In addition, LINC00163 can be used as a ceRNA to inhibit the expression
of miR-183, thus enhancing the anticancer effect of AKAP12.

Conclusion Our results demonstrated that weak LINC00163 expression in GC can sponge miR-183 to promote AKAP12.
We established that the LINC00163/miR-183/AKAP12 axis plays an important role in GC invasion and metastasis and may
be a potential biomarker and target for GC treatment.
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Introduction knowledge and scientific advances have been made in the

diagnosis and treatment of this disease, the long-term sur-

Gastric cancer (GC) is a common malignant cancer of
the digestive system and poses a serious threat to human
health [1]. Although progress has been made in the current
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vival of GC is still dismal due to the high recurrence rate
and distal metastasis rate [2]. Therefore, exploration of new
molecular mechanisms and biomarkers to develop GC treat-
ment strategies is needed. Studies have shown that the occur-
rence and development of GC are related to the destruction
of the gene regulatory network. With the completion of the
Human Genome Project (HGP) and the parallel development
of next-generation sequencing (NGS), human transcriptome
analysis has revealed that more than 98% of the transcrip-
tional output encodes noncoding RNAs (ncRNAs). Studies
have indicated that the dysregulation of ncRNAs plays a
crucial role in regulating oncogenes or tumor suppressor
genes [3]. The complex regulatory network between mRNAs
and ncRNAs may be the potential cause of the malignant
phenotype of GC [4].

Among numerous ncRNAs, long ncRNAs (IncRNAs)
are defined as RNAs > 200 nucleotides in length. Previous
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reports have shown that IncRNAs are involved in many cel-
lular processes, including epigenetics, transcription and
post-transcriptional regulation [5]. As “scaffolds”, IncR-
NAs induce the interaction of proteins; as “guides”, they
prompt the combination of protein and genes; as “enhanc-
ers”, they regulate transcription of adjacent genes; and as
“decoys”, they bind to miRNAs or proteins [6, 7]. Although
studies on the involvement of IncRNAs in tumor progres-
sion have made great progress, the regulatory mechanism
of a large number of IncRNAs on tumors is still unclear.
Therefore, it is of great value and significance to understand
the role of IncRNAs in tumorigenesis. One theory suggests
that IncRNAs can serve as competitive endogenous RNAs
(ceRNAs), which can competitively bind miRNAs targeting
mRNAs to regulate the expression of mRNAs [8]. So far,
the significance of the regulatory mechanism of ceRNA has
been reported in melanoma [9], esophageal squamous cell
carcinoma [10], breast cancer [11] and other cancers. In the
present study, we obtained normal and tumor samples of
GC from The Cancer Genome Atlas (TCGA) database. The
differentially expressed RNAs were detected by the R pack-
age. Then, we built a ceRNA network with Perl language.
Subsequently, we focused on the LINC00163/miR-183/A-
Kinase Anchoring Protein 12 (AKAP12) axis and explored
its role in the malignant phenotype of GC.

Materials and methods
Data download and processing

The RNA sequencing dataset and corresponding clinical
records of GC were downloaded from TCGA (TCGA-
STAD, https://portal.gdc.cancer.gov/). The raw RNA expres-
sion profiles were downloaded using the RTCGA Toolbox
package in the R platform. A total of 406 samples included
375 GC tissues and 31 normal tissue samples.

RNA and miRNA sequence data were obtained from the
Illumina HiSeq_RNASeq and Illumina HiSeq_miRNASeq
sequencing platforms, respectively. The IncRNA sequences
and mRNA sequences were included in the RNA sequences.
Perl and R language were used to analyze the RNA data.

Screening for differentially expressed RNAs

The packages “edgeR” and “limma” were used to identify
differentially expressed IncRNAs (DELs), differentially
expressed miRNAs (DEMis) and differentially expressed
mRNAs (DEMs). The intersection of two data points was
taken as the “real” differentially expressed RNAs. P <0.05
and llog2FCI> 1 were set as the cutoff criteria. In this study,
we mainly found downregulated DELs (dDELs), downregu-
lated DEMs (dDEMs), and upregulated DEMis (uDEMis).

The construction of the ceRNA network

First, we used the miRcode database to match the corre-
spondence between dDELs and uDEMis. Next, the target
mRNAs of uDEMis were retrieved by the miRDB, mirTar-
Base and Target Scan databases. Finally, Cytoscape 3.6.1
software (https://www.cytoscape.org/) was used to construct
the ceRNA network.

Tissue samples and cell culture

A total of 100 GC specimens were obtained from patients
undergoing surgical resection at the Liaoning Province Can-
cer Hospital and Institute between 2014 and 2015. Among
them, thirty-five GC tissues were equipped with matched
non-tumorous adjacent tissues. All 100 GC specimens were
used for survival analysis. Patients signed informed con-
sent before surgery. The study was permitted by the Ethics
Committee, Liaoning Cancer Hospital and Institute. Supple-
ment Table 1 describes the clinicopathological parameters
involved in the analysis.

GES-1 (human normal gastric epithelial cell line), SGC-
7901 and BGC-823 (human gastric cancer cell lines) were
obtained from China Medical University (Shenyang, China).
Cells were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad,
CA, USA), 100 U/mL penicillin, and 100 pg/mL strepto-
mycin (Invitrogen) at 37 °C under 5% CO, and1% O,. All
experiments were repeated three times independently.

Real-time reverse transcription polymerase chain
reaction (real-time PCR)

Total RNA was isolated with TRIzol (Invitrogen) cell sepa-
ration reagent according to the manufacturer’s instructions
from cells and tissue. A Promega cDNA core kit (Promega,
Madison, WI, USA) was used to generate complementary
DNA from 500 ng of total RNA. SYBR Green Master Mix
(TaKaRa Bio, Inc., Kusatsu, Japan) was used to perform
real-time PCR (LightCycler 480; Roche AG, Basel, Switzer-
land). Each sample was analyzed three times. U6 was used
as a loading control. Fold changes in mRNA expression in
different cells were determined by 2-24€T normalization.
Each sample was analyzed in triplicate. The sequence infor-
mation is listed in Supplement Table 2.

Separation of nuclear and cytoplasmic fractions
The total cellular fractions were divided into nuclear

and cytoplasmic fractions by the PARIS kit (AM1921;
Thermo Fisher Scientific, Yokohama, Japan) according to
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the manufacturer’s protocol. The kit was used to isolate
RNA from the same experimental sample and separated
the nuclear and cytoplasmic components before RNA was
separated.

Western blot analysis

A 10-15% SDS-polyacrylamide gel and PVDF membranes
were used to separate and transfer protein (20 pg) from
cells. TBS-Tween buffer (20 mM Tris—HCI, 5% nonfat milk,
150 mM NacCl, and 0.05% Tween-20, pH 7.5) was used to
block membranes for 1 h at 21 °C after blotting. Then, the
members were incubated with primary antibodies overnight
at 4 °C (AKAP12, 1:200, Boster Biological Technology
and P-actin, 1:4000, Santa Cruz). Finally, membranes were
incubated with secondary antibody (1:5000, Santa Cruz).
B-Actin acted as a control. The gray value of the proteins
was measured by Image] (NIH, Bethesda, MD, USA). Aver-
ages of three independent data points are presented as the
final result.

Lentivirus vector system, plasmids, and cell
transfection

The miR-183 mimics and inhibitor were obtained from
GeneChem (Shanghai, China).

Both the full-length human AKAP12 and LINC00163
cDNA sequences were subcloned into the pcDNA 3.1 vec-
tor. Following the manufacturer’s protocol, Lipofectamine
2000Reagent (Invitrogen) was used to transfect the GC cells.

Scratch motility and transwell invasion assays

Scratch motility assays were used to evaluate cell migra-
tion. GC cells were plated into culture inserts (Ibidi, Regens-
burg, Germany). After incubation for 24 h, the inserts were
removed. An inverted microscope (XDS-100, Shanghai
Caikon Optical Instrument Co., Ltd., Shanghai, China) was
used to capture the wounded monolayer images at 0 and 24 h
post-wounding.

A transwell assay was performed to determine cell inva-
sion. Transwell upper chambers coated with gelatin were
used to plate GC cells. The lower chambers were coated with
600 pL FBS (30%, Costar, Lowell, MA, USA). Methanol,
hematoxylin and eosin were used to fix and stain cells after
incubation for 24 h (Sigma-Aldrich, St. Louis, MO, USA).
After removal of the upper chambers, the cells on the sur-
face of the lower chambers were defined as migrated cells,
which were counted and captured by microscopy at 100x
magnification in five fields. The average cell number per
field represented the migrated cells.
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Cell Counting Kit-8 proliferation assay

Cell Counting Kit-8 (CCK-8) was performed to evaluate
the cellular proliferation capacity according to the manu-
facturer’s instructions (Dojindo Laboratories, Kumamoto,
Japan). Microplate reader determined the optical density at
a wavelength of 450 nm (Bio-Rad, Hercules, CA, USA).

Immunofluorescence

Cells were fixed with 4% paraformaldehyde in PBS at room
temperature for 10 min and permeabilized by 0.1% Triton-X
and 1% BSA in PBS for 30 min at room temperature. DNA
staining was performed by 4',6-diamidino-2-phenylindole
(DAPI). Biomarkers were detected by antisense probe
hybridization at 37 °C for approximately 16 h. Imaging
was performed using an ECLIPSE Ni microscope (Nikon,
Japan).

Luciferase reporter assay

Luciferase reporters were generated based on the
psiCHECK?2 vector (Promega). Both the complete 3'UTR
of Homosapiens AKAP12 mRNA, which included the pre-
dicted miR-183 binding sites, and the full-length sequences
of LINC00163 were PCR amplified and cloned into the
psiCHECK?2 vector. According to the manufacturer’s guide-
lines, luciferase reporter genes were cotransfected with miR-
183 mimics and miR-NC into SGC-7901 cells using Lipo-
fectamine 2000. A Dual-Luciferase Reporter Assay System
(Promega) and an Infinite M200 PRO microplate reader
(Tecan, Shanghai, China) were used to measure the relative
luciferase activity.

Statistical analysis

Statistical analysis was performed by the Statistical Package
for the Social Sciences (SPSS; IBM, Armonk, NY, USA)
version 23.0. All data are presented as the mean + SD (stand-
ard deviation). The comparisons of data were conducted by
Student’s ¢ test when homogeneity of variance was satisfied
between groups; otherwise, the Wilcoxon-signed rank test
was used. Multiple groups were compared using one-way
analysis of variance (ANOVA). P <0.05 was considered
statistically significant.

Results

Differentially expressed RNAs in GC

The TCGA-STAD RNA sequence dataset includes 375 GC
samples and 31 paracarcinoma tissues. EdgeR and limma
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Fig.1 Analysis of differentially expressed IncRNAs between GC
and tumor-adjacent normal tissues. a—¢ Cluster analysis of differen-
tially expressed RNAs between GC and tumor-adjacent normal tis-
sues was done by edgeR. Heatmaps showed the top 50 differentially
expressed IncRNAs (DELs), miRNAs (DEMis) and mRNAs (DEMs).
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Table 1 The interaction between 27 dDELSs and 5 uDEMis

uDEMis dDELs

miR-182 CYB561D2, AGAP11, SNHG14, PCA3, HCG22, LRRC3-AS1, ZFY-AS1, RBMS3-AS3, ADAMTS9-AS1, ADAMTS9-AS2,
FRMD6-AS2

miR-183 C200rf166-AS1, MRVI1-AS1, SNHG14,CHL1-AS2, LINC00278, ZFY-AS1, HCG21, LINC00163, ADAMTS9-AS2

miR-21 AGAPI11, PART1, SNHG14, CYP1B1-AS1, JAZF1-AS1, ADAMTS9-AS1, ARHGEF26-AS1

miR-503 CYB561D2, CCDC13-AS1, SOX21-AS1, LINC00330, LINC00461, OXCT1-AS1,0PCML-IT1

miR-96 SNHG14, PCA3, HCG22, LRRC3-AS1, ZFY-AS1, RBMS3-AS3, ADAMTS9-AS1, ADAMTS9-AS2, LINC00461, FRMD6-AS2

Diff

Target

Fig.2 The construction of the ceRNA regulatory network. a Venn
diagram of dDEMs involved in the ceRNA regulation network. Yel-
low area: all dDEMs in GC; purple area: target mRNAs of uDE-

Table2 The 5 uDEMis and the target 14 dDEMs

dDEMis uDEMs

miR-182 CITED2, NPTX1,
CHLI1,TCEAL7,PRKAA2, RECK, FOXF2

miR-183 AKAP12

miR-21 TIMP3, RECK, EPM2A, PRICKLE2, OSR1

miR-503 GREM2

miR-96 ALK

were applied to identify the DELs, DEMis and DEMs (fold
change > 2, P <0.05). For edgeR, 3339 uDELs and 925
dDELs (Fig. 1a, d, g), 148 uDEMis and 65 dDEMis (Fig. 1b,
e, h), and 3232 uDEMs and 2401 dDEMs (Fig. Ic, f, i) were
identified. For limma, 1314 uDELs and 837 dDELs (Sup
Fig. 1a, d, g), 59 uDEMis and 67 dDEMis (Sup Fig. 1b, e, h),
and 2271 uDEMs and 2208 dDEMs (Sup Fig. Ic, f, i) were
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identified. Principal component analysis (PCA) was used
to evaluate the screening (Fig. 1g—i, Sup Fig. 1g—i). Venny
showed the intersection of dDELs (Fig. 1j), uDELs (Sup
Fig. 1J), uDEMis (Fig. 1k), dDEMis (Sup Fig. 1k), dDEMs
(Fig. 11), and uDEMSs (Sup Fig. 11). In the present study,
we mainly focused on the dDELs, uDEMis and dDEMs.
Therefore, 559 dDELSs, 44 uDEMis and 1639 dDEMs were
included in the follow-up study.

The construction of the ceRNA regulatory network

We used the miRcode database to match the dDELs and
uDEMis. A total of 44 correlations between dDELs and
uDEMis were found, with 27 dDELs targeting 5 uDEMis
(Table 1). Next, based on the miRTarBase, miRDB, and Tar-
getScan databases, we conducted target predictions for the
5 uDEMis. The results revealed 199 DEMi-DEM interac-
tions, and 192 target mRNAs were obtained. These 192 tar-
get mRNAs and dDEMs were matched, and 14 target genes
were obtained (Fig. 2a, Table 2). Therefore, we obtained
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27 dDELs, 5 uDEMis and 14 dDEMs. Cytoscape was used
to construct the ceRNA network to show the relationships
among DELs, DEMis and uDEMs (Fig. 2b).
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«Fig. 3 AKAPI12 is weakened in GC and identified as a target of miR-
183. a, b The relative expression of ANGPT2 in GES-1 and BGC-
823 and SGC-7901 cell lines was determined by western blots and
RT-PCR. ¢ Compared differences in the expression of AKAP12
between GC and matched tumor-adjacent tissues. Kaplan—-Meier
curves for DFS (d) and OS (e) of 100 GC patients with low vs. high
expression of AKAP12. The median AKAP12 expression was used
as the cutoff value. RT-PCR evaluated the expression of miR-183
in GC cells vs GES-1 (f) and GC tissues vs matched adjacent non-
tumor tissue (g). h The correlation between AKAP12 transcriptional
levels and miR-183 transcriptional levels was measured in the same
set of patients by Spearman correlation analysis. i RT-PCR analyzed
miR-183 expression in GC cells treated with mimics and inhibitor
of miR-183. j Predicted binding sites for miR-183 on the AKAPI12
transcript. k, 1 Western blots and RT-RCR were used to evaluate the
expression of AKAP12 in GC cells after transfecting with the mim-
ics of miR-183. m Luciferase activities were measured in SGC-7901
cells cotransfected with a luciferase reporter containing AKAP12 and
the mimics of miR-183 or mutant. Data are presented as the relative
ratio of Renilla luciferase activity and firefly luciferase activity. Data
are shown as the mean+ SD, n=3. The statistical significance of the
data was assessed by Student’s ¢ test. *P <0.05, **P <0.01

AKAP12 was identified as a target of miR-183

Based on the above analysis, we believe that the abnormal
expression of AKAP12 may be closely related to the malig-
nant phenotype of GC. According to the ceRNA network,
miR-183 was a potential regulatory molecule for AKAP12
(Fig. 2b).

The results of western blot and RT-PCR analyses showed
that AKAP12 was weakly expressed in BGC-823 and SGC-
7901 cells compared with the levels in control GES-1 cells
(Fig. 3a, b). In addition, we examined AKAP12 expression
in GC and matched non-tumorous adjacent tissues by RT-
PCR. Thirty-five matched specimens were included in the
study. AKAP12 expression was observed in all GC tissue
samples and was downregulated in GC samples compared
to that in adjacent noncancerous samples (Fig. 3¢). To fur-
ther verify the clinical significance of AKAP12, another 65
GC specimens were included in the survival analysis. Not
surprisingly, the weakly expressed ANGPT2 contributed to
the poor survival of the 100 GC patients in both disease-free
survival (DFS, X?=10.809, P<0.001, Fig. 3d) and overall
survival (OS, X*=10.756, P <0.001, Fig. 3e).

Furthermore, we detected the expression of miR-183 in
GC cells and tissue by RT-PCR. In contrast to AKAP12,
miR-183 was overexpressed in BGC-823 and SGC-7901 and
GC samples (Fig. 3f, g). AKAP12 expression was negatively
correlated with AKAP12 expression in thirty-five GC tissue
samples (r= —0.9341, P<0.001, Fig. 3h). The predicted
results from miRTarBase showed that ANGPT2 contained
miR-183 targeting sites (positions 945-966, Fig. 3j).To
further study the regulatory relationship between miR-183
and AKAP12, we used mimics and inhibitors of miR-183
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to regulate the expression of miR-183 (Fig. 3i). The data
verified that miR-183 could negatively regulate AKAP12
expression at both the transcriptional (Fig. 31) and transla-
tional levels (Fig. 3k), as shown by RT-PCR and western
blots, respectively. Furthermore, the luciferase reporter plas-
mid psiCHECK2-AKAPI12 was transfected into GC cells
to test the effects of miR-183 on AKAP12 expression. The
luciferase activity of psiCHECK?2- AKAP12 was decreased
by the overexpression of miR-183 but not miR-183-mut
(Fig. 3m). Based on the NGS results and a series of bioinfor-
matics analyses, we identified AKAP12 as a follow-up target.
We verified that AKAP12 was the target gene of miR-183 by
RT-PCR, western blot and luciferase assays.

The biological function of ANGPT2

To examine the biological function of AKAP12 and to verify
the effect of miR-183 expression on it, we transfected an
AKAP12 vector for overexpression of AKAP12 in GC cells
(Sup Fig. 2a, b). The upregulation of AKAP12 induced by
stable transfection was rescued by the overexpression of
miR-183 in both SCG-7901 and BGC-823 cells (Fig. 4a,
b). Using a transwell assay, we found that upregulating
AKAPI12 expression significantly inhibited the invasion of
SCG-7901 and BGC-823 cells. When miR-183 was over-
expressed, the inhibition was partially eliminated (Fig. 4c,
d). We conducted scratch assays to investigate the effect of
AKAPI12 and miR-183 on cell invasion. These experiments
showed that AKAP12 overexpression could significantly
inhibit the invasion of GC cells, while this effect could be
partially abolished by the upregulation of miR-183 (Fig. 4e).
Some studies [12, 13] had shown that miR-183 might have
an effect on GC proliferation capacity. CCK-8 was applied
to evaluate the effect of AKAP12 and miR-183 on prolif-
eration. Unfortunately, the overexpression of AKAP12 did
not affect the proliferation ability of GC. However, with
increased miR-183 expression, the proliferation ability of
GC was significantly enhanced, which was consistent with
the research results of Li et al.[12] (Sup Fig. 3a, b). It might
mean that overexpression of miR-183 could affect the pro-
liferation of GC, but not through AKAP12. It was similar to
what Soh et al. [14] found in breast cancer.

In addition, as AKAP12 was overexpressed in GES-1,
we verified the effect of miR-183 on AKAPI12 in GES-1
cells: overexpressed miR-183 inhibited the expression
of AKAPI12 at both transcription and protein levels (Sup
Fig. 4a, b). Moreover, scrape and transwell assays con-
firmed that overexpressed miR-183 could inhibit the motil-
ity of GES-1 cells (Sup Fig. 4c, d).
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«Fig.4 AKAPI12 impaired the invasive and metastatic capacity of
GC cells. a, b The mimics of miR-183 could reverse the upregula-
tion of AKAPI2 by the vectorrAKAP12, which was determined by
western blot. a SGC-7901; b BGC-823. ¢, d Transwell assays were
used to evaluate the involvement of AKAP12 in AKAP12 overexpres-
sion and AKAPI12 overexpression + miR-183 mimics. ¢ SGC-7901;
d BGC-823. e Scratch assays were used to evaluate the involvement
of AKAP12 in AKAPI2 overexpression and AKAP12 overexpres-
sion + miR-183 mimics. Up: SGC-7901; down: BGC-823. Data are
shown as the mean+ SD, n=3. The statistical significance of the data
was assessed by Student’s 7 test. *P <0.05, **P <0.01

LINC00163 shows crosstalk with miR-183
through direct binding

Similar to AKAP12, LINC00163 was also weakly expressed
in GC cells compared to GES-1 cells (Fig. 5a, c).The results
of nuclear/cytoplasmic RNA fractionation from the subcel-
lular distribution assay showed that LINC00163 was mainly
localized in the cytoplasm of GC cells (Fig. 5b, c). Moreo-
ver, immunofluorescence and fluorescence microscopy
showed the same results (Fig. 5d).

Unsurprisingly, LINC00163 expression was similarly
weak in GC tissue (Fig. Se).

In addition, LINC00163 and miR-183 were negatively
correlated in GC tissues (Fig. 5f, r=-0.9341, P<0.001).
To identify whether LINC00163 can interact with miR-183
and act as a ceRNA, we examined the relationship between
their expression levels. The expression of LINC00163 was
upregulated by the miR-183 inhibitor (Fig. 5g). However,
the expression of miR-183, which was originally high in GC
cells, was downregulated by the LINC00163 vector (Fig. 5h,
Sup Fig. 2¢, d). We then transfected the luciferase reporter
plasmid psiCHECK2-LINC00163 into GC cells to detect the
potential effect of the miRNA on IncRNA expression. Over-
expression of miR-183, but not miR-183-mut, decreased the
luciferase activity of psiCHECK2-LINCO00163 (Fig. 5i). In
addition, AKAP12 expression was improved after the over-
expression of LINC00163 (Fig. 5j). These data suggested
that LINC00163 can directly bind with miR-183 and affect
its expression.

LINC00163 acts as a ceRNA to regulate cell invasion

To detect the biological function of LINC00163, we
altered its expression. With gain of function of LINC00163
(Sup Fig.2c, d), the expression of AKAP12 was also
increased. The upregulation of AKAPI12 induced by the
LINCO00163vector was rescued by induction of miR-183 in
both SCG-7901 and BGC-823 cells (Fig. 6a, b). LINC00163
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upregulation led to a decreased invasion capacity, as meas-
ured by transwell assays. Unsurprisingly, the inhibition of
miR-183 partially abolished this effect (Fig. 6¢c, e). In addi-
tion, a scratch assay was used to evaluate the invasive capac-
ity. As expected, the malignant proliferation of GC can be
inhibited by high expression of LINC00163, and miR-183
can also partially rescue this biological function (Fig. 6e).
As we mentioned above, miR-183 could affect GC prolif-
eration, and we verified the role of LINC00163 in this phe-
nomenon. As expected, the malignant proliferation of GC
can be inhibited by the overexpression of LINC00163 and
miR-183 could partially rescue this biological function (Sup
Fig. 3c, d).

Discussion

With the development of NGS technology and molecular
biology, the critical role of IncRNAs in tumorigenesis and
development has been confirmed by accumulating IncRNA
profiling and functional studies of various types of cancers
[15, 16]. LncRNAs are regarded as promising diagnostic
biomarkers, attractive therapeutic targets and effective prog-
nostic predictors for GC [17-19]. In this study, we obtained
transcriptome data for TCGA-STAD. A series of bioinfor-
matics analyses were conducted to explore the regulatory
networks of GC-related molecules.

Both “limma” and “edgeR” were applied to analyze dif-
ferentially expressed RNAs, and the intersection was taken
to obtain more accurate data analysis results. Subsequently,
based on the negative regulatory relationship in the ceRNA
regulatory network, we focused on weakly expressed IncR-
NAs, mRNAs and overexpressed miRNAs in GC. Finally,
we obtained a molecular regulatory network consisting of
27 dDELs, 5 uDEMis and 14 dDEMs. We focused on the
LINCO00163/miR-183/AKAP12 axis in further studies.

AKAP12, which has three isoforms, was first found in
myasthenia gravis and initially identified as an autoantigen
[20]. Successive studies have shown that it is lost in a variety
of human malignancies, such as prostate cancer [21], gastric
cancer [22] and colon cancer [23]. Epigenetic modification,
such as promoter hypermethylation or gene deletion, may
be the reason for the downregulation of AKAP12 [24]. The
low expression of AKAP12 may also be related to the inhi-
bition of Ras, Myc and other oncogenes [25]. In addition,
as a scaffold protein, AKAP12 interacted with the PKA and
PKC protein kinases (PK), cyclins, F-actin and many other
signaling factors to activate the corresponding signaling
pathways [14]. Su et al. suggested that AKAP12 suppresses
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«Fig.5 LINCO00163 showed crosstalk with miR-183 through direct
binding. a RT-PCR exhibited the expression of LINC00163 in GC
cells and GES-1. The expression level of LINC00163 in the subcel-
lular fractions of SGC-7901 (b) and BGC-823 (¢) cells was detected
by RT-PCR. U6 and B-actin were used as nuclear and cytoplasmic
markers, respectively. d Immunofluorescence indicates that LINC-
00163was mainly localized in the cytoplasm. e RT-PCR evaluated
the expression of LINC00163 in GC tissues vs matched adjacent
non-tumor tissue. f The correlation between LINC00163 transcrip-
tional levels and miR-183 transcriptional levels was measured in the
same set of patients by Spearman correlation analysis. g Real-time
PCR analyzed LINC00163 expression in GC cells treated with inhibi-
tor of miR-183. h Real-time PCR analyzed miR-183 expression in
GC cells with the upregulation of LINC00163. i Luciferase activity
in SGC-7901 cells cotransfected with luciferase reporter contain-
ing LINC00163and the mimics of miR-183 or mutant. Data are pre-
sented as the relative ratio of Renilla luciferase activity and firefly
luciferase activity. j Western blot analyzed AKAP12 expression in
GC cells with the upregulation of LINC00163. Data are shown as the
mean =+ SD, n=3. The statistical significance of the data was assessed
by Student’s # test. *P <0.05, **P <0.01

metastatic motility by inhibiting the PKC—Raf/MEK/ERK
pathways [26]. Both Regina et al. and Soh et al. suggested
that the cell migration of breast cancer was associated with
weak expression of AKAPI12 [14, 27]. Re-expression of
AKAPI12 in prostate cancer cells significantly reduced the
incidence of lung metastasis [28]. Studies had also shown
that AKAP12 was overexpressed in Barrett’s esophagus and
esophageal neoplastic and as a molecular biomarker for Bar-
rett’s esophagus diagnosis [29, 30]. Of course, this might be
related to the change of the local microenvironment caused
by gastroesophageal reflux. In this study, we verified the
anticancer effect of AKAP12 in inhibiting GC cell invasion
and metastasis through a series of cell function experiments.
These findings were consistent with our bioinformatics anal-
ysis. However, the regulatory mechanism of AKAP12 in GC
remains to be clarified, especially the role of ncRNAs in the
regulation of AKAP12. Based on bioinformatics analysis,
we predicted that miR-183 was the upstream miRNA that
regulates AKAP12. Therefore, we further investigated the
biological role of these two RNAs in GC. MiR-183 is located
on chromosome 7q32.2 and is involved in the regulation of
tumor development as an oncogene [31, 32]. Several pub-
lished studies have demonstrated that miR-183 expression
levels were upregulated in GC compared with their matched
adjacent non-tumorous counterparts [12, 31]. In contrast, Xu
et al. found that miR-183 was significantly downregulated in
GC tissues [13]. Therefore, the carcinogenic role of miR-183
in the development of gastric cancer remains controversial.
In the current study, we found that miR-183 was overex-
pressed in GC cells and tissues and could specifically bind
to the 3'untranslated region (UTR) of AKAP12 mRNA, thus
inhibiting the expression of AKAP12. In addition, the inva-
sion and metastasis ability of GC were altered by changes

@ Springer

in the expression of miR-183 and AKAP12. Rescue experi-
ments proved that the influence of miR-183 on the malignant
phenotype of gastric cancer was realized by the expression
change of AKAP12. In addition, the experimental results
showed that miR-183 can affect the proliferation of GC,
but not through AKAP12. A similar biological function of
AKAPI12 had been reported in breast cancer [14]. Com-
pared with the inhibitory effect of miR-183 on AKAP12, our
experimental results showed that there was a positive regu-
latory relationship between LINC00163 and AKAP12, and
gain of function of LINC00163 could inhibit the invasion
and metastasis of GC. It suggested that weak expression of
LINC00163 was closely related to the malignant phenotype
of GC. Similarly, Guo et al. [33] reported LINC00163 was
downregulated in lung cancer and negatively correlated with
lung cancer metastasis. The low expression of LINC00163
indicates poor prognosis. Similarly, our data also confirmed
the anticancer effect of LINC00163, which was weakly
expressed in GC and inhibited the invasion and metastasis
of GC. Furthermore, miR-183 could also directly bind to
LINCO00163, affecting its expression and the malignant phe-
notype of GC. These results lead us to propose a notewor-
thy regulatory network in which miR-183 and LINCO00163
interact to regulate the expression pattern and function of
AKAP12.

In recent years, the regulatory role of ncRNAs, especially
IncRNAs, at the molecular level has attracted increasing
attention. Evidence has shown that IncRNAs can competi-
tively bind miRNAs and mRNAs to regulate the expression
levels of mRNAs in cancer [8]. Liu et al. [34] and Song
et al. [4] proved that IncRNA HOTAIR, IncRNA-KRTAPS-
AS1 and IncRNA-TUBB2A are involved in the malignant
phenotype of GC as ceRNAs. The expression of the ZEB
family could be regulated by IncRNA-ATB acting as a
ceRNA of miR-200 in hepatic cellular carcinoma [35]. An
exosome IncRNA, IncARSR, induces sunitinib resistance in
renal cancer by endogenous competitive binding of miR-34a
and miR-449 [36]. We found that LINC00163 was a tumor
suppressor and could competitively bind with miR-183 and
affect the expression of AKAP12, thus inhibiting the inva-
sion and metastasis of GC.

Although we revealed and verified the importance of
LINCO00163/miR-183/AKAPI12 in the invasion and metas-
tasis of GC using comprehensive bioinformatics technol-
ogy and molecular biological approaches, the present study
had some limitations. First, the expression and function of
LINC00163/miR-183/AKAP12 axis in GC should be vali-
dated in in vivo experiments. Second, the mechanism of
this axis involved in the signaling pathway still needs to be
explained in subsequent studies.
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«Fig.6 LINCO00163 impaired the invasive and metastatic capacity of
GC cells. a, b miR-183 mimics reversed the LINC00184-mediated
upregulation of AKAPI12, as determined by western blot analysis. a
SGC-7901; b BGC-823. ¢, d Transwell assays were used to evaluate
the involvement of LINC00163in invasion in the LINC00163-overex-
pressing and LINC00163-overexpressing + miR-183 mimic groups. ¢
SGC-7901; d BGC-823. e Scratch assays were used to evaluate the
involvement of LINC00163in invasion in the LINCO00163-overex-
pressing and LINCO00163-overexpressing+miR-183 mimic groups.
Up: SGC-7901; down: BGC-823. Data are shown as the mean+SD,
n=3. The statistical significance of the data was assessed by Stu-
dent’s ¢ test. *P <0.05, **P<0.01

Conclusions

In summary, no gene works alone, and thus, “networks” are
important. We identified a LINC00163/miR-183/AKAP12
regulatory network in GC. This molecular mechanism
is reported for the first time. AKAP12 inhibited GC cell
invasion and metastasis, while miR-183 partially reversed
this process. In addition, LINC00163 can affect these func-
tions of AKAP12 as a ceRNA. These results suggest that
LINC00163/miR-183/AKAP12 plays an important role in
the invasion and metastasis of GC.
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