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Gastric cancer is one of the most prevalent tumor types in the
world. Chemotherapy is the most common choice for cancer
treatment. However, chemotherapy resistance and adverse
side effects limit its clinical applications. Aberrant expression
of long noncoding RNAs (lncRNAs) has been found in
various stages of gastric cancer development and progression.
In this study, we identified that an oncogenic lncRNA, long
intergenic non-protein-coding RNA D63785 (lncR-D63785),
is highly expressed in gastric cancer tissues and cells.
Silencing of lncR-D63785 inhibited cell proliferation, cell
migration and invasion in gastric cancer cell lines and
reduced tumor volume and size in mice. We found that the
expression of lncR-D63785 was inversely correlated with mi-
croRNA 422a (miR-422a) expression, which was involved in
the downregulation of expression of myocyte enhancer
factor-2D (MEF2D) and drug sensitivity. Knockdown of
lncR-D63785 increased the expression of miR-422a and the
sensitivity of gastric cancer cells to apoptosis induced by the
anticancer drug doxorubicin (DOX). This indicates that
lncR-D63785 acts as a competitive endogenous RNA (ceRNA)
of miR-422a and promotes chemoresistance by blocking miR-
422-dependent suppression of MEF2D. Together, our results
suggest that the therapeutic suppression of lncR-D63785
alone or in combination with chemotherapeutic agents may
be a promising strategy for treating gastric cancer.
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INTRODUCTION
Gastric cancer is one of the most prevalent tumor types in the world,
especially in East Asia.1,2 It is the second most common cancer and
the third leading cause of death from cancer in China. Like many
other cancers, the molecular mechanisms of gastric cancer are very
complex and poorly understood. Genetic mutations, epigenetic
changes, and environmental factors play an important role in the
development and progression of gastric cancer.3,4 It is also known
that gastric cancer is generally undetectable in the early stages because
of the lack of novel molecular biomarkers for diagnosis.5,6 In addition,
current treatment options are still limited, and there are no precise
and effective medical strategies.7,8 Therefore, a high mortality rate
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is still observed in patients, and there is still a long way to go to achieve
effective and less harmful treatments for gastric cancer.

Chemotherapy is the major clinical therapeutic regimen against
various cancers in humans, including gastric cancer.9–13 Commonly
used chemotherapeutic agents, such as 5-fluorouracil (5-FU), cis-dia-
minedichloroplatinum (CDDP), and doxorubicin (DOX), often
belong to the cytotoxic group of drugs that can directly kill tumor cells
by inducing DNA double-strand break (DSB) damage and induce
apoptosis.10–13 However, the development of resistance to apoptosis
induced by chemotherapeutic drugs during treatment drastically de-
creases the efficacy of chemotherapy and is a key mechanism of the
therapeutic escape of cancer cells and a major obstacle to cancer ther-
apy.14–16 In addition, all clinical chemotherapeutic agents have severe
adverse effects, such as cardiomyopathy, typhlitis, acutemyelotoxicity,
and other non-specific toxicities induced by high drug doses.10–13

Thus, it is urgent to explore potential mechanisms involved in chemo-
therapy resistance, develop newdrugs targeting drug-resistant tumors,
and explore new compounds for combination therapy to enhance the
therapeutic effects of anti-tumor drugs with minimal adverse effects.

Long ncRNAs (lncRNAs) are a class of non-protein-coding RNAs
with a length of more than 200 nt, and they are generally considered
to bemRNA-like transcripts.17,18 lncRNAs have been involved in a va-
riety of biological functions during evolutionary conservation, selec-
tion, and development, including chromatin imprinting, chromatin
modification, and chromatin maintenance. In addition, lncRNAs are
emerging as key players in the development and progression of various
disease conditions, and they are aberrantly expressed in various types
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of human diseases, including cancer.3,4,19 In gastric cancer, many
lncRNAs have been reported to be closely associated with the occur-
rence, development, invasion, and metastasis of tumors as well as
drug resistance. For example, H19,20 HOTAIR,21 HOTTIP,22 and
linc00673,23 which are upregulated in gastric cancer, can accelerate
gastric cancer tumorigenesis by inhibiting target genes in cis or in
trans. In contrast, GAS524,25 and MEG326,27 are downregulated in
gastric cancer, and they function as tumor suppressor genes to inhibit
the development and progression of gastric cancer. In addition, some
lncRNAs, such as MRUL28, HULC29 and UCA1,30 have oncogenic
roles in gastric cancer by modulating resistance to chemotherapeutic
agents. In this background, it might be possible to functionally manip-
ulate lncRNAs as diagnostic or prognostic biomarkers, novel thera-
peutic targets, and/or adjuvant compounds with chemotherapy in
gastric cancer treatment.

The gene-regulatory functions of lncRNAs during development,
physiology, and pathology are diverse and complex. They act as sig-
nals, decoys, guides, and scaffolds, among others, at transcriptional,
post-transcriptional, and epigenetic levels.17–19 Recently, a new regu-
latory mechanism of gene expression by lncRNAs was identified. In
that case, lncRNAs function as competing endogenous RNAs
(ceRNAs) to sponge microRNAs (miRNAs), antagonizing miRNAs
and modulating the depression of their target mRNAs.31,32 In previ-
ous reports, MALAT-1,33 lncRNA-ATB,34,35 and H1920,36,37 were
identified as ceRNAs that protect their target mRNAs from
miRNA-mediated degradation in many cancers. Hence, the complex
regulatory network of lncRNA-miRNA crosstalk implies the possibil-
ity of cancer diagnosis and therapy.

In a primary screening of global lncRNA expression profiles in gastric
cancer using a microarray, we found that the lncRNA D63785 (lncR-
D63785; Ensembl: uc002h1t.l) is highly expressed in gastric cancer
tissues and that it is located on the chromosome 17: 34.610.748-
34.611.354 antisense strand with a length of 185 nt. However, its
role in cancer was unclear. In this study, we further analyzed the
expression of lncR-D63785 in gastric cancer patients and cell lines.
Our results showed that knockdown of lncR-D63785 in a gastric
cancer cell line inhibited cell proliferation, migration, and invasion.
Moreover, we revealed that silencing of lncR-D63785 enhanced
chemotherapeutic sensitivity in gastric cancer cells through the
miR-422a-myocyte enhancer factor-2D (MEF2D) axis in vitro and
in vivo, which highlights the possible development of new treatment
strategies for gastric cancer.

RESULTS
lncR-D63785 Is Upregulated in Human Gastric Cancer Tissues

and Cell Lines

Using a microarray, we obtained the differential expression profiles of
lncRNAs between gastric cancer samples and paired non-cancerous
specimens. We found that lncR-D63785 was one of the most upregu-
lated lncRNAs in gastric cancer and that it is a 185-nt antisense
lncRNA transcribed from a gene located on chromosome 17 (Fig-
ure 1A). The expression level of lncR-D63785 was further confirmed
406 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
by real-time qPCR in gastric cancer tissues and pair-matched adjacent
normal gastric tissues from 21 gastric carcinoma patients. As shown in
Figures 1B and 1C, the expression of lncR-D63785 was significantly
elevated in tumor tissues of 61.9% (13 of 21) of gastric cancer patients
comparedwith theirmatched adjacent normal tissues, with an average
difference of approximately 5-fold (p < 0.05).Moreover, we found that
a higher lncR-D63785 expression level was significantly correlated
with decreased overall survival during the first 3 years after gastric can-
cer diagnosis (Figure 1D).We also performed real-time qPCR analysis
to examine the expression levels of lncR-D63785 in gastric cancer cell
lines (SGC7901, MGC803, BGC823, and NCI-N87) and compared it
with a normal gastric epithelium cell line (GES-1). The results showed
that lncR-D63785 was markedly increased in BGC823 and NCI-N87
cells (Figure 1E). These results indicate that lncR-D63785 might
play a pivotal role in the pathogenesis of gastric carcinoma.

lncR-D63785 Acts as an Oncogene by Promoting Cell

Proliferation, Migration, and Invasion of Gastric Cancer Cells

lncR-D63785 was expressed at high levels in most of the gastric cancer
tissues and cell lines. Next we explored the function of this lncRNA in
tumorigenesis and development of gastric cancer. For this experiment,
we silenced the expression of endogenous lncR-D63785 using a more
specific small interferingRNA(siRNA), as shown inFigure 1F, and cells
were grown for up to 96 hr. Based on the methylthiazolyldiphenyl-
tetrazolium bromide (MTT) assay, a significant reduction in cell
viability was observed in cells transfected with siRNA-D63785
compared with those transfected with control siRNA (Figure 1G).
Cell viability was also tested using an 5-ethynyl-2’-deoxyuridine
(EdU) incorporation assay, and similar results were obtained (Fig-
ure 1H). As another important indicator of tumor cell activity, we
examined cell migration and invasion by transwell assay after knock-
down of lncR-D63785. We observed that the migratory and invasive
abilities of BGC823 cells were remarkably reduced upon silencing of
lncR-D63785 compared with untreated control cells (Figure 1I). Simi-
larly, the effects of lncR-D63785 silencing on cell proliferation (Fig-
ure S1A) and migration and invasion (Figure S1B) were also obtained
forNCI-N87 cells.We enhanced lncR-D63785 expression by transfect-
ing BGC823 cells with an lncR-D63785 expression vector (pCR3.1-
D63785) (Figure S2A). We found that lncR-D63785 overexpression
did not influence cell proliferation (Figure S2B) or migration and inva-
sion (Figure S2C). However, when lncR-D63785 was overexpressed in
the low-lncR-D63785-expressing cell line MGC803 (Figure S2D), cell
proliferation (Figure S2E) and migration and invasion (Figure S2F)
were significantly enhanced, which indicated that BGC823 cells were
suitable for loss-of-function assays and MGC-803 cells were suitable
for gain-of-function assays. These results suggest that the increased
expression of lncR-D63785 in gastric carcinoma cells is associated
with the development and progression of gastric cancer.

Silencing of lncR-D63785 Enhanced the Sensitivity of Gastric

Cancer Cells to Chemotherapy by Inducing Apoptosis

Next we examined whether lncR-D63785 has any influence on gastric
cancer cell apoptosis by knockdown of lncR-D63785 in BGC823 cells.
As shown in Figure 2A, although the number of apoptotic cells was



Figure 1. lncR-D63785 Acts as an Oncogene in

Gastric Cancer

(A) Schematic representation of the genomic location of

lncR-D63785. (B) The relative expression of lncR-D63785

in gastric cancer (GC) tissues was examined by real-time

qPCR, normalized to GAPDH expression, and compared

with the paired adjacent normal tissues with one normal

tissue expression level as 1 (n = 21); *p < 0.05 versus the

adjacent group. (C) lncR-D63785 expression (lne ratio)

was classified into two groups, the high expression group

(up) and the low expression group (down), compared with

their corresponding adjacent normal tissues. (D) Kaplan-

Meier analysis of the correlation between lncR-D63785

expression levels and 3-year overall survival; p = 0.0418.

(E) The mRNA levels of lncR-D63785 in cancer cells lines

(SGC7901, MGC803, BGC823, and NCI-N87) were

compared with corresponding normal gastric epithelial

cells (GES-1); *p < 0.05 versus the GES-1 group. (F) The

relative expression level of lncR-D63785 in BGC823 cells

transfected with siR-NC or siR-D63785 was tested by

real-time qPCR. (G) 24 hr, 48 hr, 72 hr, and 96 hr after

transfection with siR-D63785, a MTT assay was per-

formed to determine the proliferation of BGC823 cells,

which was shown as the absorbance at optical density

490 (OD490). (H) 48 hr after transfection, cell proliferation

was tested using an EdU incorporation assay. Up:

representative figures. Scale bars, 50 mm. Down: per-

centages of EdU-positive cells. (I) Cell migration and in-

vasion were evaluated after 48 hr of incubation by trans-

well assay. Up: representative figures. Scale bars, 50 mm.

Down: cell counts of stained cells. *p < 0.05 compared

with the siR-NC treatment group. Data are expressed as

the mean ± SD from at least three separate experiments.
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increased with increasing the concentration of siRNA-D63785, there
was no significant difference compared with the control group.
Several studies10–13 have shown that tumor cell resistance to apoptosis
is associated with drug resistance. In this context, our results showed
that the knockdown of endogenous lncR-D63785 could not influence
cell apoptosis. Therefore, we evaluated whether lncR-D63785 partic-
ipates in the regulation of DOX-induced tumor cell apoptosis and
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whether inhibition of endogenous lncR-
D63785 could increase the sensitivity of tumor
cells to DOX. First we examined the effect of
DOX on the expression of lncR-D63785. Inter-
estingly, we observed a time-dependent decrease
in the level of lncR-D63785 following treatment
with DOX in BGC823 cells (Figure 2B). To our
surprise, we found that, when DOX was
removed, lncR-D63785 expression recovered
quickly (Figure S3). During further study, we
found that pre-incubation with siR-D63785 led
to increased susceptibility of BGC823 cells to
DOX-induced cytotoxicity (Figure 2C). Inter-
estingly, the higher dose (2 mM) of DOX-
induced cell apoptosis was significantly
decreased in cells overexpressing lncR-D63785, but lncR-D63785
alone did not influence cell apoptosis (Figure 2D). The effects of
lncR-D63785 on DOX-induced cell apoptosis were also investigated
in NCI-N87 cells, and similar results were obtained (Figures S4A
and S4B). In addition, we also found that knockdown of lncR-
D63785 did not influence apoptosis of MGC803 cells but had a stron-
ger ability to enhance the chemotherapy sensitivity of MGC803 cells
y: Nucleic Acids Vol. 12 September 2018 407
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Figure 2. Effects of lncR-D63785 on DOX-Mediated

Toxicity In Vitro and In Vivo

(A) BGC823 cells were transfectedwith siR-NC (100 nM) or

siR-D63785 at the indicated concentrations (50 nM,

100 nM, and 200 nM) for 48 hr, and then the cells were

stained with Annexin V and PI and subjected to fluores-

cence-activated cell sorting by flow cytometry; *p < 0.05

compared with the siR-NC treatment group. (B) BGC823

cells were treated with DOX at a concentration of 2 mM for

the indicated times (0 hr, 1 hr, 3 hr, 6 hr, 12 hr, and 24 hr),

and the expression of lncR-D63785 was tested by real-

time qPCR; *p < 0.05 compared with the 0 hr treatment

group. (C) BGC823 cells were transfected with siR-NC

(100 nM) or siR-D63785 (100 nM) for 24 hr, and then cells

were incubated with or without 0.5 mM DOX for another

24 hr. Apoptosis was detected by flow cytometry (up), and

the percentages of apoptotic cells are presented as a bar

chart (down); *p < 0.05 compared with the DOX plus

siR-NC treatment group. (D) In addition, apoptosis in

BGC823 cells treated with pCR3.1-D63785 or pCR3.1 as

well as 2 mM DOX was also analyzed by flow cytometry;

*p < 0.05 compared with the pCR3.1 treatment group.

Data are expressed as the mean ± SD from at least three

separate experiments. (E–H) BALB/c nude mice were

injected subcutaneously with 1.5 � 106 BGC823 cells

transfected with sh-D63785 or sh-NC. On day 15, when

the tumors had reached 250–300 mm3, the mice were

administered DOX (2 mg/kg) by intraperitoneal injection

every other day, whereas the control mice were injected

with a corresponding volume of PBS. Then the mice were

sacrificed on day 35. The tumors in each mouse were

separated (E), and the tumor growth curves (F) andweights

(G) were calculated. The expression of lncR-D63785 in

tissues of resected tumors was also analyzed by real-time

qPCR (H). *p < 0.05 compared with the sh-NC group,
#p < 0.05 compared with the DOX treatment group.
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to DOX than of BGC823 cells or NCI-N87 cells (Figure S4C). These
results indicate that lnRNA-D63785 could be related to DOX resis-
tance in human gastric cancer.

lncR-D63785 Is Involved in Gastric Tumor Growth and

Chemotherapy Effectiveness In Vivo

Next we assessed whether lnRNA-D63785 could participate in tumor
drug resistance in an animal model. The anti-tumor effects of lncR-
408 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
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D63785 knockdown alone or together with
DOX were tested in nude mice bearing human
BGC823 gastric carcinoma xenografts. First,
lncR-D63785 short hairpin RNA (shRNA) len-
tiviral vectors were constructed, packaged to
produce lentiviruses, and transduced into hu-
man BGC823 cells to obtain stable lncR-
D63785 knockdown cells. We confirmed that
the expression of lncR-D63785 was knocked
down in lentivirus-infected BGC823 cells by
fluorescence microscope and real-time PCR
(data not shown). sh-D63785 lentivirus-infected
BGC823 cells (1.5 � 106) or sh-negative control (NC) lentivirus-in-
fected cells were injected subcutaneously into the right flanks o
mice. On day 15 after tumor injection, when the tumors had reached
250–300 mm3, the mice were administered DOX (2 mg/kg) by intra-
peritoneal injection every other day, whereas the control mice
received a corresponding volume of PBS. When the treated mice
were sacrificed on day 35, we found that both the size (Figure 2E)
and volume (Figure 2F) of the tumor nodules were significantly



Figure 3. lncR-D63785 Interacts with miR-422a and

Regulates Its Expression

(A) The 20 putative miR-422a-binding sites in the lncR-

D63785 sequence. (B) The miR-422a level was deter-

mined by real-time qPCR in 21 surgical specimens of

humanGC tissues and normalized to those in the adjacent

normal tissues; *p < 0.05 versus the adjacent group. (C)

Spearman analysis was used to analyze the association

between lncR-D63785 and miR-422a expression;

R = �0.8280, p < 0.001. (D) miR-422a expression in GC

cell lines (SGC7901, MGC803, BGC823, and NCI-N87)

was compared with a normal human gastric epithelial cell

line (GES-1) by real-time qPCR; *p < 0.05 versus the

GES-1 group. (E and F) Expression of miR-422a in siR-

D63785- or siR-NC-transfected BGC823 cell lines (E) and

in pCR3.1-D63785- or pCR3.1-transfected BGC823 cell

lines (F); *p < 0.05 versus the siR-NC or pCR3.1 treatment

group. (G) Schematic representation of the constructs of

pGL3-D63785-BS-WT and pGL3-D63785-BS-Mut con-

taining the miR-422a binding site. The wild-type lncR-

D63785 containing the binding site of miR-422a (D63785-

BS-WT) (up) or its mutant (D63785-BS-Mut) (down) were

cloned into pGL3 as indicated. The mutant sites are un-

derlined. HEK293T cells were co-transfected with miR-

422a or NC and luciferase constructs containing the wild-

type lncR-D63785 binding site (pGL3-D63785-BS-WT) or

a mutated lncR-D63785 binding site (pGL3-D63785-BS-

Mut). (H) Luciferase activity was analyzed to determine the

binding of miR-422a to lncR-D63785; *p < 0.05 versus

pGL3-D63785-BS-WT alone. (I) BGC823 cells were

transfected with biotinylated miR-422a (Bio-422a) or its

mutant form (Bio-422a-Mut), and then a biotin-based pull-

down assay was performed to detect lncR-D63785

expression and normalized to a biotinylated mimic control

(Bio-NC) by real-time qPCR; *p < 0.05 compared with Bio-

NC. Data are expressed as the mean ± SD from at least

three separate experiments.
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reduced in sh-D63785-treated mice, particularly the nodules in sh-
D63785 plus DOX-treated mice. As shown in Figure 2G, the tumor
weight in the sh-NC group increased to 2.32 ± 0.44 g, whereas it
was only 1.15 ± 0.25 g in the sh-D63785 group, 1.03 ± 0.22 g in the
DOX group, and 0.5 ± 0.23 g in the sh-D63785 plus DOX group.
We also observed a decrease in the expression of lncR-D63785 in
sh-D63785 or DOX tumor tissues, particularly sh-D63785 plus
DOX tumor tissues (Figure 2H). These results indicate that lncR-
D63785 contributes to DOX-induced chemosensitivity of gastric tu-
mors in vivo.
Molecular Thera
miR-422a Is Downregulated by lncR-D63785

in Gastric Cancer

To explore the mechanism associated with che-
mosensitivity upon lncR-D63785 knockdown,
we assessed whether lncR-D63785 can interact
with some miRNAs because it has been reported
that lncRNAs may act as an endogenous sponge
RNA to interact withmiRNAs and influence their
expression.31,32 Thus, we compared the sequence of lncR-D63785with
miRNAs using the bioinformatics program RNAhybrid and found
some potential miRNAs, including miR-422a, containing target sites
of lncRNA-D6378 (Figure 3A). Consequently, we examined the
expression of miR-422a in the 21 surgical specimens of human gastric
cancer cancer tissues and the adjacent normal tissues as tested above,
and we found that there was a significant decrease in the expression of
miR-422a in gastric cancer tissues (Figure 3B). The lower lncR-
D63785 expression level was significantly correlated with increased
overall survival (Figure S5A). We also found a statistically significant
py: Nucleic Acids Vol. 12 September 2018 409
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Figure 4. The Antitumor Effects of miR-422a In Vitro

and In Vivo

(A) BGC823 cells were transfected withmiR-422a or NC for

48 hr, and cell proliferation was tested using the EdU

incorporation assay. Up: representative figures. Scale bars,

50 mM. Down: percentages of EdU-positive cells. *p < 0.05

compared with NC. (B) Cell migration and invasion were

evaluated by transwell assay. Up: representative figures.

Scale bars, 50 mM. Down: cell counts of stained cells. Data

areexpressedas themean±SDfromat least three separate

experiments; *p < 0.05 compared with NC. (C–F) BALB/c

nude mice were injected subcutaneously with 2 � 106

BGC823 cells transfected with Lv-miR-422a or Lv-NC. The

treatedmice were sacrificed on day 30. The tumors in each

mouse were separated (C); tumor growth curves (D) and

weight (E) were calculated. The expression of miR-422a in

tissues of resected tumors was also analyzed by real-time

qPCR (F). *p < 0.05 compared with the Lv-NC group.
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inverse correlation between the expression levels of miR-422a and
lncRNA-D6378 in gastric cancer tissues (Figure 3C). In addition,
miR-422a expression was downregulated in all detected gastric cancer
cell lines, particularly BGC823 and NCI-N87 cells, compared with
normal GES-1 cells, as assessed by real-time qPCR using Roche
SYBR Green Supermix (Figure 3D) and the QIAGEN miScript
SYBR Green PCR Kit and miScript Primer Assay (Figure S5B).

Next we examined whether miR-422a expression is regulated by lncR-
D63785, and we found that the level of miR-422a was elevated in
BGC823 cells following knockdown of endogenous lncR-D63785
(Figure 3E). In contrast, forced expression of lncR-D63785 led to a
dramatic reduction in the level of miR-422a in BGC823 cells (Fig-
ure 3F), particularly in MGC803 cells (Figure S6A). Next we verified
whether lncR-D63785 directly targets miR-422a by using the lncR-
D63785 fragment containing the miR-422a binding site downstream
of the luciferase reporter gene (D63785-BS-wild-type [WT])
(Figure 3G). We also generated a mutated luciferase construct
410 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
(D63785-BS-Mut) in which mutations were
introduced into the miR-422a binding site (Fig-
ure 3G). We found that miR-422a induced a
decrease in luciferase activity, whereas introduc-
tion of the mutation substantially reduced the
inhibitory effect of miR-422a (Figure 3H). In
addition, biotin-avidin pull-down assay results
showed that lncR-D63785 was pulled down by
biotinylated miR-422a but not by mutant miR-
422a (Figure 3I). These data suggest that lncR-
D63785 directly binds to miR-422a and regulates
its level in gastric cancer tissue.

miR-422a Reduces the Tumorigenesis of

Gastric Cancer Cells

The expression ofmiR-422a is decreased in several
types of tumors, including non-small-cell lung
cancer (NSCLC), glioblastoma, and osteosarcoma, in which it acts as
a tumor suppressor.38–43 To test the potential tumor-suppressing role
ofmiR-422a in gastric cancer,weused inhibitors to knockdown endog-
enous miR-422a (Figure S6B) and mimics to increase miR-422a level
(Figure S6C). We found that forced expression of miR-422a inhibited
cell proliferation (Figure 4A) and migration and invasion (Figure 4B)
of the BGC823 cell line. In addition, we tested the anti-tumor effects
of miR-422a in vivo using nude mice bearing human BGC823 gastric
carcinoma xenografts. BGC823 cells were infected with miR-422a
lentiviruses or NC lentiviruses injected subcutaneously into the right
flanks of mice. The tumor volume was measured every other day
from day 9, when the tumors had reached 250–300 mm3 in control
mice. The treated mice were then sacrificed on day 30. The size
(Figure 4C), volume (Figure 4D), and weight (Figure 4E) of the tumor
nodules were significantly reduced in mice bearing miR-422a lenti-
virus-infected cells. We also observed an increase in the expression of
miR-422a in lentiviral vector (Lv)-miR-422a tumor tissues (Figure 4F).
These results show that miR-422a acts a tumor suppressor gene.



Figure 5. Effects of miR-422a on DOX-Induced

Apoptosis in BGC823 Cell Lines

(A) The expression level of miR-422a was analyzed by

real-time qPCR in BGC823 cells exposed to 2 mM DOX;

*p < 0.05 versus 0 hr. BGC823 cells were transfected

with miR-422a or NC for 24 h and then incubated with

or without 0.5 mM DOX for another 24 hr. (B) The cells

were stained with Annexin V and PI, and the percent-

ages of apoptotic cells were analyzed by flow cy-

tometry; *p < 0.05 compared with the NC alone group.

Data are expressed as the mean ± SD from at least

three separate experiments. (C–F) BALB/c nude mice

were injected subcutaneously with 2 � 106 BGC823

cells transfected with Lv-miR-422a or Lv-NC. Begin-

ning on day 9, when the tumors had reached 250–

300 mm3, the experimental mice were administered

DOX (2 mg/kg) by intraperitoneal injection every other

day, whereas the control mice were injected with a

corresponding volume of PBS. All mice were sacrificed

on day 30. (C–E) The tumors in each mouse were

separated (C); tumor growth curves (D) and weight (E)

were calculated. (F) The expression levels of miR-422a

in tissues of resected tumors were analyzed by real-

time qPCR; *p < 0.05 compared with the DOX treat-

ment group.
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miR-422a Enhances the Sensitivity of Gastric Cancer to

Chemotherapy

Because we observed that the increased expression of lncR-D63785
leads to resistance to DOX-induced apoptosis in gastric cancer
cells and that miR-422a expression is suppressed in those cells,
we examined whether miR-422a has a functional role in the
DOX-related chemosensitivity of gastric cancer. BGC823 cells
were exposed to 2 mM DOX for different times (0–24 hr), and
the level of miR-422a was examined by real-time qPCR. The re-
sults showed that the miR-422a level was markedly elevated 6 hr
after DOX stimulation (Figure 5A) and steadily increased several
fold after 24 hr, a time point when gastric cancer cell death was
significantly increased. Transfection with the miR-422a mimic
alone had a slight effect on cell apoptosis, whereas forced expres-
sion of miR-422a sensitized BGC823 cells to apoptosis induced by
0.5 mM DOX, as indicated by a remarkable increase in apoptotic
cells (Figure 5B).

To confirm the anti-tumor effect of miR-422a and its enhancement in
DOX-induced apoptosis, nude mice were grafted with BGC823 cells
(2 � 106) infected with Lv-miR-422a or Lv-NC and were given an
intraperitoneal injection of DOX (2 mg/kg) every other day, whereas
the control mice were injected with a corresponding volume of
PBS. The Lv-miR-422a plus DOX-treated mice had reduced size
Molecular Therap
(Figure 5C), volume (Figure 5D) and weight
(Figure 5E) of tumor nodules compared with
the DOX-treated control mice. As expected,
the level of miR-422a in Lv-miR-422a plus
DOX-treated mice was higher than that in
DOX-treated mice (Figure 5F). These results indicate that miR-
422a has an enhancer activity in DOX-mediated chemosensitivity
and cell death.

MEF2D Is a Target of miR-422a

We further searched for the target genes of miR-422a using a bioin-
formatics program, TargetScan, and found thatMEF2D mRNA con-
tained a potential target site of miR-422a in its 30 UTR (Figure 6A).
The protein level of MEF2D in human gastric cancer cancer tissues
was much higher than that in adjacent normal tissues (Figure 6B).
Further, we found that a higher MEF2D expression level was signifi-
cantly correlated with decreased overall survival (Figure 6C). A statis-
tically significant inverse correlation between the expression levels of
MEF2D and miR-422a was also found in gastric cancer tissues (Fig-
ure 6D). Additionally, MEF2D expression was significantly increased
in the majority of detected gastric cancer cell lines (3 of 4) compared
with GES-1 (Figure 6E). It is well known that MEF2D is involved in
the progression of tumor growth in various cancers, including gastric
cancer.44–48 To investigate the effects of MEF2D on the growth of
gastric cancer cells, siRNA (siR-MEF2D) was used to knock down
the MEF2D level (Figure S7A). The pKC-EF1a-MEF2D plasmid
was used to overexpress MEF2D (Figure S7B). Knockdown of
MEF2D expression markedly inhibited BGC823 cell proliferation
(Figures S7C and S7D) and migration and invasion (Figures S7E
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Figure 6. miR-422a Interacts with MEF2D and

Regulates MEF2D Expression

(A) Putative miR-422a binding sites in the 30-UTR of

MEF2D. The wild-type MEF2D CDS containing the bind-

ing site of miR-422a (MEF2D-BS-WT) (up) or its mutant

(MEF2D-BS-Mut) (down) were cloned into pGL3 as indi-

cated. The mutant sites are underlined. (B) The MEF2D

levels were determined in human GC tissues and adjacent

normal tissues by western blotting (up), and the density of

blots was quantified by MBF ImageJ software (down). (C)

Kaplan-Meier analysis of the correlation between MEF2D

expression levels and 3-year overall survival; p = 0.0284.

(D) Spearman analysis was used to analyze the

association between miR-422a and MEF2D expression;

R = �0.8628, p < 0.001. (E) The MEF2D levels were

determined in human GC cell lines by western blotting

(up), and the quantification of band intensity relative to

b-actin intensity of (A) was quantified by MBF ImageJ

software (down); *p < 0.05 versus the GES-1 group.

(F and G) BGC823 cells (F) and BGC823 cells (G) were

transfectedwith mimics-miR-422a (left) and inhibitor-miR-

422a (right) or their negative control mimics-NC (left) and

inhibitor-NC (right) for 24 hr, and the MEF2D levels were

determined by western blotting. (H) In xenograft tumor

tissues in BALB/c nude mice, the expression level of

MEF2D was analyzed by western blotting. HEK293 cells

were transfected with miR-422a or NC and then trans-

fected with the luciferase constructs of the wild-type

MEF2D binding site (pGL3-MEF2D-BS-WT) or a mutated

MEF2D binding site (pGL3-MEF2D-BS-Mut). (I) Subse-

quently, luciferase activity was analyzed to determine the

binding of miR-422a to MEF2D; *p < 0.05 versus pGL3-

MEF2D-BS-WT alone. (J) Apoptosis of BGC823 cells

transfected with mimics-422a and pKC-EF1a-MEF2D or

pKC-EF1a-RED2 was detected by flow cytometry (left),

and the percentages of apoptotic cells are presented as a

bar chart (right); *p < 0.05 versus mimics-422a plus pKC-

EF1a-RED2. Data are expressed as the mean ± SD from

at least three separate experiments.

Molecular Therapy: Nucleic Acids

412 Molecular Therapy: Nucleic Acids Vol. 12 September 2018



www.moleculartherapy.org
and S7F). However, forced expression of MEF2D had no obvious ef-
fect on cell viability (data not shown).

Next we investigated whetherMEF2D expression is regulated bymiR-
422a. Forced expression of miR-422a led to a reduction in the level of
MEF2D both in BGC823 cells (Figure 6F, left) and MGC803 cells
(Figure 6G, left). Although knockdown of miR-422a cannot influence
the expression level of MEF2D in BGC823 cells (Figure 6F, right), it
can significantly increase MEF2D expression in the low-lncR-
D63785-expressing cell line MGC803 (Figure 6G, right). In addition,
the reduced effect of miR-422a on MEF2D was verified in tissues of
resected tumors from nude mice (Figure 6H). To understand whether
miR-422a is directly targetingMEF2D, we cloned theMEF2D 30 UTR
fragment containing the miR-422a binding site downstream of the
luciferase reporter gene (MEF2D-BS-WT) (Figure 6A). The mutated
luciferase construct, in which mutations were introduced into the
miR-422a binding site (MEF2D-BS-Mut), was also generated (Fig-
ure 6A). The luciferase assay showed that miR-422a induced a
decrease in luciferase activity in pGL3-MEF2D-BS-WT-treated cells
but not in pGL3-MEF2D-BS-Mut-treated cells (Figure 6I). Moreover,
we found that overexpression of MEF2D reduced the effect of miR-
422a on cell apoptosis (Figure 6J). These data suggest that miR-
422a can directly bind toMEF2DmRNA and regulate its translation.
In addition, our data indicate that MEF2D contributes to apoptosis
resistance.

lncR-D63785 Promotes Development of Gastric Cancer by

Targeting miR-442a and MEF2D

Our results demonstrated that lncR-D63785 has the ability to interact
with miR-422a and that miR-422a directly binds to MEF2D, which
led us to examine whether lncR-D63785 has a regulatory role in
MEF2D expression. We analyzed the association of MEF2D and
lncR-D63785 expression in GG tissues and found that there was a sig-
nificant positive correlation between expression of these two mole-
cules (Figure S8A). Knockdown of lncRNA-D6378 reduced the
MEF2D level in BGC823 cells (Figure S8B) and in gastric cancer tis-
sues from xenograft mice (Figure 7A), whereas overexpression of
lncR-D63785 resulted in the upregulation of MEF2D (Figure S8C).
Following exposure to DOX, the MEF2D expression level was signif-
icantly decreased in gastric cancer cells (Figure S8D) and xenograft
tumors (Figures 7A and 7B). The combination of lncRNA-D6378
knockdown and DOX further reduced the MEF2D level in gastric
cancer cells (Figure S8E) and in vivo (Figure 7A). Additionally, the
level of MEF2D was also further reduced in miR-422a plus DOX-
treatedmice compared withmice treated withDOX alone (Figure 7B).
These data indicate that lncR-D63785 has a regulatory role in tumor
cell viability through the miR-422a and MEF2D pathway.

To better understand this signaling pathway, a luciferase reporter
assay was used. The results showed that lncRNA-D6378 attenuated
the inhibitory effect of miR-422a on the MEF2D binding site (Fig-
ure 7C). Next we examined whether the effect of lncRNA-D6378
on cell apoptosis is mediated via miR-422a and MEF2D in the pres-
ence of DOX. The results showed that knockdown of miR-422a atten-
uated DOX-induced cell apoptosis enhanced by silencing of lncR-
D63785 (Figure 7D). Similarly, the inhibitory effect of lncR-D63785
on higher-dose DOX-induced cell apoptosis was reduced in
MEF2D siRNA (Figure 7E). These results indicate that lncRNA-
D6378 mediates gastric cancer cell resistance to apoptosis by modu-
lating the miR-422a-MEF2D signaling pathway.

DISCUSSION
lncRNAs have important roles in various types of malignant tumors,
including gastric cancer, which is one of the most commonly occur-
ring malignancies in China.1,17 Emerging evidence demonstrates that
lncRNAsmay function as novel diagnostic markers and indicators for
treatment efficiency in gastric cancer.18,19 The present work demon-
strates that the expression level of lncR-D63785 is significantly
increased in gastric cancer tumor tissue and cell lines. Despite the
fact that only a small number of clinical gastric cancer samples
were assessed in our study, a majority of tissue samples showed an
elevation in the expression of lncR-D63785. Knockdown of lncR-
D63785 inhibited cell proliferation, migration, and invasion and
enhanced the sensitivity of gastric cancer cells to apoptosis induced
by the anticancer drug DOX. Our findings reveal a novel mechanism
regulating tumor suppression.

DOX is a DNA-intercalating agent that is widely used as a first-line
clinical therapeutic regimen for a variety of cancers, including gastric
cancer.11–14 However, its application is limited by drug resistance and
adverse effects because of a high dose level. To improve the efficiency
of gastric cancer treatment, reversal of chemoresistance, an increase
in the sensitivity of tumor cells to DOX, and a decrease in dose-
dependent toxicities are all important.12,14–16 Recently, several studies
have documented that lncRNAs are involved in the resistance or
sensitivity of tumors to chemotherapeutic drugs in gastric cancer.
For example, PVT1 is highly expressed in gastric cancer tissues of
DDP-resistant patients as well as in the BGC823 cells resistant to
DDP and SGC7901 cells resistant to DDP.49 Silencing of PVT1 in
these cells could overcome resistance, whereas overexpression of
PVT1 induced the apoptotic activity of cells.49 Unlike PVT1, the level
of LEIGC is lowered in cancer tissue and cell lines. Its overexpression
can suppress tumor growth and cell proliferation, and it enhances the
sensitivity of gastric cancer cells to 5-FU treatment by inhibiting
epithelial-to-mesenchymal transition (EMT).50 In our study, we
found that lncR-D63785 expression could be influenced by DOX,
and that silencing of lncR-D63785 not only reduces cell viability
but also improves the sensitivity of gastric cancer cells to lower-
dose DOX in vitro and in vivo. We also found that lncR-D63785 over-
expression markedly decreased higher-dose DOX-induced cell
apoptosis. These data indicate that lncR-D63785 is also associated
with the development of drug resistance in gastric cancer and that
downregulation of lncR-D63785 expression may be one of the mech-
anisms of DOX to induce tumor cell apoptosis. Currently, the under-
lying mechanisms leading to increased expression of lncR-D63785 in
gastric cancer are unknown and still need to be explored in further
detail. In addition, it would be interesting to observe the effects of
lncR-D63785 in other tumor diseases.
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Figure 7. lncR-D63785 Regulates DOX-Induced

Apoptosis by Targeting miR-422a and MEF2D

(A and B) The expression of MEF2D protein levels in tissues

of xenograft tumors from the BALB/c nude mouse model

was analyzed by western blotting, and the quantification of

band intensity relative to b-actin intensity of (A) was quan-

tified by MBF ImageJ software (down); *p < 0.05 versus the

sh-NC group. (C) HEK293 cells were transfected with miR-

422a or pCR3.1-D63785 or empty control, as indicated,

and then with the luciferase constructs of pGL3-MEF2D-

BS-WT. Luciferase activity was then analyzed to determine

whether lncR-D63785 could counteract the inhibitory effect

of miR-422a on MEF2D; *p < 0.05 versus pGL3-MEF2D-

BS-WT andmiR-422a. (D) BGC823 cells were infected with

siR-D63785 and inh-miR-422a and exposed to 0.5 mM

DOX. Then the apoptotic cells were analyzed by flow

cytometry (left); the percentages of apoptotic cells are

presented as a bar chart (right); *p < 0.05 versus DOX plus

siR-D63785. (E) Apoptosis of BGC823 cells transfected

with pCR3.1-D63785 and siR-MEF2D and exposed to

2 mM DOX was also detected by flow cytometry (left), and

the percentages of apoptotic cells are presented as a bar

chart (right); *p < 0.05 versus DOX plus pCR3.1-D63785.

Data are expressed as the mean ± SD from at least three

separate experiments. (F) A mechanism graph of the reg-

ulatory network and function of lncR-D63785. lncR-

D63785 silencing could inhibit GC cell proliferation,

migration, and invasion and enhance cell sensitivity to

chemotherapeutic drugs through the miR-422a-MEF2D

axis.
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Several lncRNAs have been shown to act as miRNA sponges via
base-pairing between them and sequestering the miRNAs from their
target mRNAs, which, consequently, promotes mRNA translation.
For example, MALAT-1 can upregulate Slug expression by inhibit-
ing miR-1 expression in breast cancer.33 In contrast, lncRNA-ATB
upregulates ZEB1 and ZEB2 expression by competitively binding
to the miR-200 family in hepatocellular carcinoma (HCC)34 and
gastric cancer.35 H19 acts as a ceRNA for multiple targets, including
let-7, miR-138, miR-200a, and miR-141, in different cancer
types.20,36,37 In this context, we found that lncR-D63785 could act
as a ceRNA for miR-422a using the bioinformatics program
RNAhybrid. Our experimental results in vitro and in vivo also
confirmed this notion. Similar to our findings, another research
group found that miR-422a is also regulated by the ceRNA network
414 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
mediated by LINC00858, whose expression is
dysregulated in NSCLC.38 In our study, we found
that LINC00858 was highly expressed in most
gastric cancer cells (Figure S9), and further
studies are warranted to deeply investigate the
roles of LINC00858 in gastric cancer.

miR-422a has been shown to participate
in the pathogenesis of a variety of cancers,
including NSCLC,38 glioblastoma,39 osteosar-
coma,40 HCC,41 head and neck squamous cell carcinoma,42 and
colorectal cancer.43 Downregulation of miR-422a in these tumor
tissues and cell lines contributes to the development of cancer.
Experimental evidence indicates that overexpression of miR-422a
suppresses the proliferation, migration, and invasion of tumor cells
by directly targeting kallikerin-related peptidase 4 (KLK4),38

PIK3CA,39 forkhead box G1/Q1/E1 (FOXG1/Q1/E1),41 or the
CD73 or NT5E oncogene.42 In our study, we also observed a
decrease in the level of miR-422a in gastric cancer tumor tissues
and cell lines and that it has tumor suppression function by
enhancing DOX-mediated tumor chemosensitivity. We also found
that miR-422a could decrease the mRNA levels of KLK4, FOXG1,
FOXQ1, and FOXE1 but not PIK3CA or CD73 (Figure S10). These
results indicate that miR-422a is a target to promote DOX-induced
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cell death, perhaps by targeting some mRNAs, such as KLK4 and
FOXG1/Q1/E1, which need to be studied further.

MEF2D is a member of the myocyte enhancer factor 2 (MEF2)
family of transcription factors, consisting of 4 members in
mammalian cells (MEF2A, MEF2B, MEF2C, and MEF2D), and
it is upregulated in various types of tumors, including lung carci-
noma,44 osteosarcoma,45 HCC,46 leukemia,47 and gastric cancer.48

MEF2D expression is regulated by miRNAs, including miR-218,44

miR-19,47 miR-122,51 and miR-421,52 which play crucial roles in
the development and progression of tumor cells. In our study,
we found that MEF2D plays an important role in the oncogenic
effects of lncR-D63785. These studies indicate that, besides miR-
422a, the miRNAs mentioned above, except miR-19 (Figure S11),
may also be correlated with lncR-D63785 in gastric cancer. There-
fore, further studies are warranted to deeply investigate these addi-
tional relationships.

The oncogenic role of MEF2D has been well established in
cancerous cells, and it accelerates cell proliferation, invasion, and
metastasis via suppression of cell cycle arrest-associated genes, inhi-
bition of apoptosis, promotion of the vascular endothelial growth
factor (VEGF) signaling pathway and promoting the transforming
growth factor b1 (TGF-b1) autoregulation circuitry, or other ef-
fects.46,48,53 In lung cancer cells, MEF2D expression leads to
resistance to CDDP treatment. A molecular study found that
miR-1244 can control MEF2D expression; however, its expression
is lowered in human lung cancer cells. Overexpression of miR-
1244 significantly decreased the proliferation of CDDP-treated
lung cancer by suppressing MEF2D.54 On the contrary, MEF2D is
downregulated in rhabdomyosarcoma (RMS) cells, in which it
acts as a tumor suppressor by preventing the oncogenic growth
properties of the aggressive alveolar rhabdomyosarcoma (ARMS)
subtype of RMS.55 In our study, we also found an oncogenic role
of MEF2D in gastric cancer. Notably, we found that increased
expression of MEF2D has an inhibitory effect on DOX-induced
cell apoptosis. These results provide new insight into the role of
MEF2D in tumor cell chemoresistance events.

In summary, we identified a new lncRNA, lncR-D63785, that acts as
an oncogene in the development and progression of gastric cancer.
Our results provide evidence for a link between lncR-D63785, miR-
422a, and MEF2D in DOX-induced apoptosis and cell death resis-
tance of gastric cancer cells (Figure 7F). Our study suggests that
lncR-D63785 depletion alone or in combination with other chemo-
therapy could be a promising therapeutic strategy for gastric cancer.
However, it remains to be investigated whether other miRNAs and/or
molecules also participate in the ceRNA network involving lncR-
D63785. It is also warranted that the expression pattern and function
of lncRNA-D6378 in other types of tumors. Taken together, our data
provide new evidence for the chemotherapeutic resistance of gastric
cancer cells, and targeting the lncR-D63785-miR-422a-MEF2D axis
may represent a promising therapeutic strategy for the diagnosis
and treatment of gastric cancer.
MATERIALS AND METHODS
Tissue Samples

Human primary gastric cancer tissue samples and pair-matched adja-
cent non-tumorous tissues from 21 patients with gastric cancer were
collected from Beijing Military General Hospital (Beijing, China).
These gastric cancer patients were randomly selected from the clinical
pool of the hospital’s gastrointestinal clinic, and none of them
received chemotherapy or radiotherapy. The collected tissues were
immediately frozen in liquid nitrogen and stored at �80�C until
use for analysis. Informed consent was obtained from all patients,
and the study protocol was approved by the ethics committee of
Beijing Military General Hospital.

Cell Lines

Human gastric cancer cells cell lines (GES-1, SGC7901, MGC803,
BGC823, and NCI-N87) and HEK293 and HEK293T cells were
cultured in RPMI 1640 medium (Gibco, Grand Island, NY, USA)
or DMEM (Gibco, Grand Island, NY, USA) containing 10% fetal
bovine serum, 100 units/mL penicillin, and 100 g/mL streptomycin.
These cell lines were used within 2 weeks of recovery, and they
were incubated at 37�C with 5% CO2 in a humidified atmosphere.

Real-Time qPCR

Total RNAof tissue samples or cells were extractedwith TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s in-
structions. cDNA was generated with random primers and Moloney
murine leukemia virus reverse transcriptase (Takara, Otsu, Japan) ac-
cording to the manufacturer’s protocol. The expression of genes or
miRNAwasdetected using the real-time qPCRmethod,whichwasper-
formedusingSYBRGreenSupermix (Roche, IN,USA) onan iCycler iQ
real-time PCR system (Bio-Rad). The primers used for lncR-D63785,
LINC00858, miR-422a, miR-19, MEF2D, KLK4, FOXG1, FOXQ1,
FOXE1, PIK3CA, CD73, GAPDH, and U6 are shown in Table S1.
Data were normalized to GAPDH or U6 expression. In addition, real-
time qPCR for miR-422a in gastric cancer cell lines was also performed
usingmiScript primer assays and the SYBRGreenPCRKit according to
the manufacturer’s instructions (QIAGEN, Hilden, Germany).

RNAi

Three siRNAs (siR-#1, siR-#2, and siR-#3) targeting different regions
of lncR-D63785 were synthesized by Ribobio (Guangzhou, China).
Among them, siR-#2 (named siR-D63785) produced the best
inhibitory effect on lncR-D63785 expression, and the sequence of
siR-D63785 was 50-GGCAGATTCCACAGAATTT-30. The sequence
of siR-MEF2D was 50-UAUGAGCUGAGCGUGCUTT-30. The
sequence of the control siRNA (named siR-NC) was 50-CAG
TACTTTTGTGTAGTACAA-30. The siRNAs were transfected into
BGC823 cells using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol.
Plasmid Construction

To construct pCR3.1-D63785, which constitutively expresses
human lncR-D63785 under the human cytomegalovirus (CMV)
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immediate-early promoter, the sequence of lncR-D63785 was
amplified by PCR with primers F (50-CGGAATTCTTGCTGCTGA
CACGCCGA-30) and R (50-ACGCGTCGACACTGACGTATTTCT
GGACCCACT-30). The PCR products were ligated to the T-A clon-
ing vector pBS-T (Tiangen, Beijing, China), and the recombinant
plasmid was digested with EcoRI and SalI to retrieve the lncR-
D63785 fragment, which was inserted into pCR3.1 (Invitrogen, Carls-
bad, CA, USA) at the EcoRI and SalI sites. The eukaryotic expression
vector of the MEF2D gene (named pKC-EF1a-IRES-eGFP-neoR-
MEF2D; pKC-EF1a-MEF2D for short) and its control plasmid
pKC-EF1a-RED2 were gifts from Affiliated Hospital of Qingdao Uni-
versity and used for overexpression assays.

MTT Assay

Gastric cancer cells were cultured in a 96-well culture plate at a den-
sity of 1 � 104 cells/cm2, and then they were transfected with siR-
D63785 or siR-NC for the indicated times (20 hr, 44 hr, 68 hr, and
92 hr). After the incubation time, 20 mL of 5 mg/mL MTT (Sangon,
Shanghai, China) was added to each well and incubated for another
4 hr. The formed reduced formazan was dissolved by addition of
200 mL DMSO, and the culture plate was shaken for 10 min
at room temperature. Each well was assessed by microreader
(SpectraMax i3, Molecular Devices, USA) at 490 nm.

EdU Incorporation Assay

Gastric cancer cells were seeded into 96-well cell culture plates at a
density of 1 � 104 cells/well. When the cells were treated with
lncR-D63785 knockdown or mR-422a, 10 mmol/L EdU (Roche Diag-
nostics, Mannheim, Germany) was added 24 hr prior to the end of the
test reagent incubation and allowed to incorporate into proliferating
cells. After fixation with ice-cold 4% paraformaldehyde for 30 min at
room temperature, the cells were washed three times with PBS and
neutralized with glycine (2 mg/mL) for 10 min. After washing, the
cells were incubated in PBS containing 0.1% Triton X-100 (PBST)
for 30 min. Next, the cells were washed three times with PBS and
labeled with 5 mg/mL of Hoechst 33342 for 1 hr at 37�C. EdU-positive
proliferating cells are expressed as a percentage of the control level.

Transwell Assay

To determine the ability of gastric cancer cells to migrate, cells
(1 � 104/mL) in serum-free medium were added to an inner cup of
a 48-well transwell chamber (Corning Life Sciences, Corning, New
York) containing 200 mL of serum-free RPMI 1640 medium. Medium
containing 10% fetal bovine serum (FBS) was then added to the lower
chamber as a chemoattractant. After incubation for 48 hr at 37�C in a
humidified atmosphere containing 5% CO2, the non-migrating cells
on the polycarbonate membranes were removed with a cotton
swab. The polycarbonate membranes were then incubated with 4%
paraformaldehyde for 30 min and stained with 0.2% crystal violet
for 20 min. The number of cells that had crossed through the polycar-
bonate membranes was recorded and analyzed. For the cell invasion
assay, Matrigel (Corning Life Sciences, Corning, New York) was
thawed overnight at 4�C and diluted with serum-free RPMI 1640 me-
dium (1:10). The membrane at the bottom of the transwell chamber
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was coated with 50 mL Matrigel suspension, followed by incubation
for 1 hr at room temperature. Similarly, cells (1 � 104 cells/mL)
were allowed to migrate for 48 hr toward the lower chamber filled
with 10% FBS as a chemoattractant. The upper layer of cells on the
membrane was then removed, and the cells that had invaded through
the membrane were fixed, stained, and counted. Three randomly
selected fields were assessed for the number of invaded cells as fol-
lows: number of invaded cells = (number of cells in all three fields)/3.

Apoptosis Assay

Gastric cancer cells were distributed in 6-well tissue culture plates
(1 � 105 cells/well) in DMEM containing 10% FBS. The cells were
then transfected with siRNA and exposed or not to DOX for 24 hr.
The cells were then harvested and stained with fluorescein isothiocy-
anate (FITC)-conjugated Annexin V and the propidium iodide (PI)
cell apoptosis detection kit (Majorbio Biotech, Shanghai, China)
following the manufacturer’s instructions. The results were measured
using a FACSCalibur system (BD Biosciences, USA) and analyzed
with Flow Jo 7.6.1.

Lentivirus Production and Transduction

For virus creation, HEK293T cells were passaged to maintain them at
30%–40% confluence on the following day. Cells were transfected us-
ing Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. The shRNAs targeting lncR-D63785
(sense, 50-ATCAGGCCGGCAGGTCTGTGCTGACCCCAGTGAG
GAGTGGGTCCAGAAATACGTCAGTA-30; antisense, 50-CTAGT
ACTGACGTATTTCTGGACCCACTCCTCACTGGGGTCAGCAC
AGACCTGCCGGCCTGAT-30) or miR-422a (sense, 50-CCGGACTG
GACTTAGGGTCAGAAGGCCTCGAGGCCTTCTGACCCTAAG
TCCAGTTTTTTG-30); antisense, 50-AATTCAAAAAACTGGACT
TAGGGTCAGAAGGCCTCGAGGCCTTCTGACCCTAAGTCCA
GT-30) were annealed and cloned into the pLKO.1-shRNA-EGFP
vector (Addgene, Cambridge, MA). The vectors were then transfected
with the packaging vectors (psPAX2 and pMD2.G) into HEK293T
cells using Lipofectamine 2000 (Invitrogen) to produce the lentivirus.
The transfection mixture was added to its respective plates and incu-
bated overnight. After 24 hr, the transfection medium was removed
and replaced with fresh medium. After an additional 48 hr and
72 hr, cell medium containing shRNA lentivirus was collected and
filtered for use. For target cell transduction, BGC823 cells were
passaged to 40% confluence on the following day. The viral medium
was added to cells with 8 mg/mL polybrene four times over 2 days.
After 7 days of transduction, the viral medium was removed, and
the cells were collected for further experiments.

Human Tumor-Bearing Nude Mice

Male athymic nude mice (Balb-nu/nu, 5 weeks old) were purchased
from the Beijing Experimental Animal Center (Chinese Academy
of Sciences, Beijing, China) and maintained at an animal facility un-
der pathogen-free conditions. The handling of mice and experimental
procedures were conducted in accordance with experimental animal
guidelines and were approved by the Committee on the Ethics of An-
imal Experiments of Qingdao University. The mice were randomly
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assigned to groups, with six mice in each group. BGC823 cells (1.5 �
106 or 2 � 106) transfected with sh-D63785, Lv-miR-422a, or Lv-NC
were harvested and resuspended in PBS (100 mL), and then they were
subcutaneously injected into the right flanks of the mice. Beginning
on the ninth or 15th day, when the tumors had reached a size of
250–300 mm3, the mice received the indicated treatment. Mice
received DOX (2 mg/kg) by intraperitoneal injection every other
day, whereas control mice received a corresponding volume of PBS.
The treated mice were sacrificed on day 30 or 35, and the tumor vol-
ume was calculated as length � width2/2.

Cell Transfection with miRNA Duplexes or Inhibitors

The miR-422a duplexes were synthesized by GenePharma. The miR-
422a mimic sequence was 50-ACUGGACUUAGGGUCAGAAG
GC-30. The mimic control sequence was 50-UUCUCCGAACGUGU
CACGUTT-30. A chemically modified antisense oligonucleotide
(inhibitor) was used to inhibit endogenous miR-422a -expres-
sion. The inhibitor sequence was 50-GCCUUCUGACCCUAAGUC
CAGU-30. The inhibitor control sequence was 50-UUCUCCGAAC
GUGUCACGUTT-30. All bases were 20-O-methyl-modified
(GenePharma). The cells were transfected with miRNA duplexes
(100 nM) or inhibitors (200 nM) using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instructions.

Reporter Constructs and Luciferase Assay

The fragment of lncR-D63785 cDNA containing the miR-422a bind-
ing site (D63785-BS-WT) was synthesized. The synthesized oligonu-
cleotides were as follows: sense, 50-ATCAGGCCGGCAGGTCTG
TGCTGACCCCAGTGAGGAGTGGGTCCAGAAATACGTCAG
TA-30; antisense, 50-CTAGTACTGACGTATTTCTGGACCCACTC
CTCACTGGGGTCAGCACAGACCTGCCGGCCTGAT-30. The
sense and antisense oligonucleotides were annealed, and the annealed
oligonucleotides were cloned into the pGL3 vector (Promega, Madi-
son, WI, USA) immediately downstream of the stop codon of the
luciferase gene. The mutant of lncR-D63785 BS (D63785-BS-Mut)
was cloned in the same manner. The synthesized oligonucleotides
for D63785-BS-Mut were as follows: sense, 50-ATCAGGCCGGCA
CAAGCGTGCTGACCCCAGTGAGGAGTGGCCAACCAAATAC
GTCAGTA-30; anti-sense, 50-CTAGTACTGACGTATTTGGTTG
GCCACTCCTCACTGGGGTCAGCACGCTTCTGCCGGCCTG
AT-30. The fragment of MEF2D cDNA containing the miR-422a
binding site (MEF2D-BS-WT) was synthesized with binding
sequence 335. The synthesized oligonucleotides were as follows:
sense, 50-CGGGGTACCCCTTGGGGTCTCCCAGTCTA-30; anti-
sense, 50-CCGCTCGAGACTTGATGCTGATGTGGGGG-30. The
mutant of MEF2D (MEF2D-BS-Mut) with binding sequence 335
was constructed by BGI Sequencing (China). The annealed oligonu-
cleotides were then cloned into the pGL3 vector (Promega, Madison)
as described above. For the luciferase assay, HEK293 cells in 24-well
plates were co-transfected with 200 ng/well luciferase reporter con-
structs, 400 ng/well miR-422a mimic, or mimic control using Lipo-
fectamine 2000 (Invitrogen). As an internal control, 5 ng/well simian
virus (SV)-Renilla luciferase plasmid was used. The cells were har-
vested 24 h after transfection, and the luciferase activity was detected
using the Dual Luciferase Reporter Assay Kit (Promega) according to
the manufacturer’s instructions. Thirty microliters of the protein
samples were analyzed using a luminometer. The activity of firefly
luciferase was normalized to that of Renilla luciferase.

Pull-Down Assay with Biotinylated miRNA

The pull-down assay was performed as we described previously.56

Briefly, miR-422a and miR-422a-Mut single-stranded RNAs were
synthesized and labeled with biotin at 50. The miR-422a-WT
sequence was 50-ACUGGACUUAGGTCAGAAGGC-30, the miR-
422a-Mut sequence was 50-AGGCCACUUAGGUCACGGAAC-30,
and the miR-NC sequence was 50-UUCUCCGAACGUGUCAC
GUUU-30. BGC823 cells were transfected with biotinylated miR-
NAs and harvested 24 hr after transfection. The cells were washed
with PBS, followed by brief vortexing and incubation in lysis buffer
(20 mM Tris-HCl [pH 7.5], 200 mM NaCl, 2.5 mM MgCl2,
60 U/mL RNase inhibitor, 1 mM DTT, and protease inhibitor)
on ice for 30 min. The lysate was precleared by centrifugation
and incubated with streptavidin agarose beads (Invitrogen). To
prevent non-specific binding of RNA and protein complexes, the
beads were coated with 1% RNase-free BSA (Sigma) and
0.5 mg/mL yeast tRNA (Sigma). The beads were incubated at
4�C for 3 hr and then washed twice with ice-cold lysis buffer, three
times with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCl [pH 8.0], and 150 mM NaCl), and
once with high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCl [pH 8.0], and 500 mM NaCl). The bound
RNAs were purified for analysis using TRIzol. The levels of
lncR-D63785 in the RNA samples were detected by real-time
qPCR.

Western Blotting

The cells were lysed for 30 min on ice in radioimmunoprecipitation
assay (RIPA) lysis buffer (Solarbio, Beijing, China) containing
0.1 mM PMSF and a cocktail of protease inhibitors (Roche). The
samples were subjected to 12% SDS-PAGE and transferred to
nitrocellulose membranes. Then the blots were probed using pri-
mary antibodies, including anti-MEF2D monoclonal antibody
(mAb) (BD Biosciences, San Jose, CA, USA) and anti-GAPDH
mAb (Santa Cruz Biotechnology, CA, USA) or anti-b-actin mAb
(Santa Cruz). After four washes with PBS-Tween 20, horseradish
peroxidase-conjugated secondary antibodies were added. The sig-
nals were detected with an enhanced chemiluminescence (ECL)
system (Pierce, Rockford, IL, USA) according to the directions of
the manufacturer and then exposed on X-ray film (Kodak, Roches-
ter, NY, USA).

Statistical Analysis

All statistical analyses were performed using the SPSS 13.0 statistical
software package. The results are expressed as means ± SD of at least
three independent experiments. The differences among experimental
groups were evaluated by one-way ANOVA. Paired data were deter-
mined by two-tailed Student’s t test. p < 0.05 was considered statisti-
cally significant.
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