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Long noncoding RNAs (lncRNAs) are a group of nonprotein
coding transcripts that play a critical role in cancer progres-
sion. However, the role of lncRNA in metformin-induced
inhibition of cell growth and its biological function in gastric
cancer remain largely unknown. In this study, we identified
an oncogenic lncRNA, Loc100506691, the expression of which
was decreased in gastric cancer cells with metformin treatment.
Moreover, Loc100506691 was significantly overexpressed in
gastric cancer compared with adjacent normal tissues (p <
0.001), and high Loc100506691 expression was significantly
correlated with poor survival of patients with gastric cancer.
Additionally, Loc100506691 knockdown could significantly
suppress gastric cancer cell growth in vitro, and ectopic
Loc100506691 expression accelerated tumor growth in an
in vivo mouse model. Analysis of the cell cycle revealed that
Loc100506691 knockdown induced cell cycle arrest at the G2/
M phase by impairing cell entry from the G2/M to G1 phase.
Loc100506691 negatively regulated CHAC1 expression by
modulating miR-26a-5p/miR-330-5p expression, and CHAC1
knockdown markedly attenuated Loc100506691 knockdown-
induced gastric cancer cell growth and motility suppression.
We concluded that anti-proliferative effects of metformin in
gastric cancer may be partially caused by suppression of the
Loc100506691-miR-26a-5p/miR-330-5p-CHAC1 axis.
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INTRODUCTION
Gastric cancer is one of most the common malignancies and is the
third leading cause of cancer-related mortality worldwide.1,2 Early
gastric cancer has no associated symptoms and is often diagnosed
at an advanced stage. Despite efforts, not much improvement has
been observed in surgical techniques, chemotherapy, and radioche-
motherapy, and the prognosis of advanced gastric cancer remains
poor.3 Therefore, further investigation of the molecular mechanisms
of gastric cancer progression is crucial for developing an effective
therapy.
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Metformin is an antidiabetic drug for type2 diabetes with a safe toler-
ability profile. Retrospective studies have demonstrated that the anti-
diabetic drug metformin has a potential antitumor effect because a
significant reduction in the risk of malignancy has been observed in
patients with diabetes treated with metformin.4 Many studies have
shown that metformin inhibits the tumor development of various hu-
man cancer cell types, such as those of lung,5 breast,6 colon,7 and
pancreatic cancer.8 Furthermore, studies have revealed that metfor-
min inhibits cellular proliferation, induces cell death, and causes par-
tial cell cycle arrest in gastric cancer.9,10

Long noncoding RNAs (lncRNAs) are a group of nonprotein cod-
ing transcripts more than 200 bp in length.11,12 They have been
demonstrated to participate in several biological functions by
modulating complicated signaling pathways, such as those respon-
sible for chromosome dosage compensation, imprinting, epigenetic
regulation, cell cycle control, nuclear and cytoplasmic trafficking,
transcription, translation, splicing, and cell differentiation.11,13,14

Several lncRNAs were observed to be deregulated in a wide variety
of gastric cancers. lncRNA MALAT1 was observed to promote cell
proliferation by recruiting SF2/ASF and be overexpressed in gastric
cancer.15 HOTAIR was upregulated in gastric carcinoma tissues
compared with adjacent normal gastric tissues,16 and the overex-
pression of HOTAIR in gastric cancer cells resulted in the
enhancement of metastases of the liver in vivo.17,18 Overexpression
of lncRNA H19 enhances cell proliferation and invasion of gastric
cancer cells.19–21 Moreover, lncRNA CCAT1 is markedly increased
in gastric carcinoma, promotes cell proliferation and migration,
and is activated by c-Myc.22
e Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Studies have demonstrated that metformin regulates the expression of
two ncRNAs in cancer cells, namely HULC and H19. Thus, lncRNA
HULC is overexpressed in hepatocellular carcinoma, and a decrease
in its expression can be observed in hepatocellular carcinoma cells
treated with metformin. In addition, the knockdown of HULC can
inhibit cell growth and motility ability.23 The H19 is a potential onco-
genic lncRNA in many types of human cancer.24–26 Furthermore, a
report revealed a positive relationship between H19 expression and
tumor cell motility ability, and metformin downregulates H19 in
part by inducing DNA methylation.27 However, the antitumor role
of lncRNA in patients with gastric cancer undergoing metformin
treatment is also largely unknown.

In this study, we comprehensively profiled the expression of lncRNAs
in gastric cancer cells after metformin treatment by adopting a micro-
array approach. We identified an oncogenic lncRNA, Loc100506691,
which was significantly increased in patients with gastric cancer and
could be suppressed after metformin treatment, suggesting that the
antiproliferation effects of metformin in gastric cancer cells might
result from the modulation of Loc100506691-miR-26a-5p/miR-330-
5p-CHAC1 axis signaling.

RESULTS
Metformin inhibited gastric cancer cell proliferation and

invasion ability

Studies have revealed that metformin can inhibit cell proliferation in
human cancer cells, including lung, breast, colon, and pancreatic can-
cer cells.5–8 We evaluated the effects of metformin treatment in three
human gastric cells (AGS, HR, and TSGH) by applying metformin
treatment of various concentrations (0, 1, 5, and 10 mM) for
4 days. In Figures S1A–S1C, the growth of gastric cancer cells was
significantly suppressed in a dose-dependent manner. The invasion
ability was also suppressed in gastric cancer cells with metformin
treatment (Figures S1D–S1F). The distribution of the cell cycle was
examined in HR cells with metformin treatment. Our data indicated
that HR cells withmetformin treatment could significantly induce cell
cycle arrest at the G2/M phase (Figures S1G and S1H). Expression
levels of cell-cycle-related protein expression noticeably decreased af-
ter metformin treatment (Figures S1I and S1J). In summary, our re-
sults demonstrated that metformin could significantly inhibit gastric
cancer growth by impairing cell cycle progression.

Identification of metformin-regulated lncRNAs in gastric cancer

cells

To identifymetformin-regulated lncRNAs, we performed transcriptome
profiles ofHR cellswith andwithoutmetformin treatment by using ami-
croarray approach. As indicated in Figures 1A and 1B, most of these
genes were consistently expressed between the control group and the
group that received metformin treatment. A total of 3,383 genes were
downregulated in the fold changeof <0.5 (i.e., 1,286protein-codinggenes
and2,097 lncRNAs), and4,160geneswereupregulated in the fold change
of >2 (i.e., 1,395 protein-coding genes and 2,765 lncRNAs) in HR cells
after metformin treatment (Figures 1A and 1B). Pathway enrichment
analysis revealed that thesemetformin-response genes were significantly
enriched in the cell cycle, DNA replication, oocyte meiosis, cell division,
and regulation of the cell-death-relative signaling pathway (Figure 1C;
Figures S1K and S1L). These results are in strong agreement with our
aforementioneddata; that is,metformin treatment could suppress gastric
cancer cell growth by impairing cell cycle progression.

To reduce the number of lncRNA candidates, we further performed
transcriptome profiles of gastric cancer and the corresponding adjacent
normal tissue from two patients with gastric cancer by using a micro-
array approach. We combined the microarray data and identified 7
putative oncogenic lncRNAs that could be suppressed by metformin
treatment and 20 putative tumor-suppressive lncRNAs that could
have their expression restored bymetformin (Figure 1D).We also iden-
tifiedmany protein-coding gene candidates by following the aforemen-
tioned criteria (Figure S2).Among these lncRNAs,H19, Loc100506691,
andRBMS3-AS3were selected for further validationusing the real-time
polymerase chain reaction (PCR) approach. In Figures 1E–1G, expres-
sion levels of H19, RBMS3, and Loc100506691 could be suppressed in
HR cells with metformin treatment in a dose-dependent manner. In
addition, our data indicated that expression levels of these lncRNAs
were silenced significantly in HR cells following the application of
10 mM of metformin for more than 1 day (Figures 1H–1J). These re-
sults implied that metformin’s suppression of gastric cancer may occur
partially by suppressing the expression of these lncRNAs. Among these
lncRNAs, we selected the lncRNA Loc100506691 for further examina-
tion. We validated the metformin-induced suppression of Loc100506
691 in AZ-521, NCI-N87, and TSGH cells, demonstrating that metfor-
min could significantly suppress Loc100506691 expression in a dose-
and time-dependent manner (Figures S3A–S3F).

High expression of Loc100506691 correlates with poor

prognosis of gastric cancer

To clarify the role of Loc100506691 in gastric cancer, we assessed the
expression levels of Loc100506691 in gastric cancer. We examined the
expression levels of Loc100506691 in gastric cancer and determined
that Loc100506691 expression significantly increased in gastric cancer
tissues compared with normal stomach specimens from 42 patients
(Figure 2A; p = 0.0001). Further examination of the public database re-
vealed that expression levels of Loc100506691 significantly increased in
gastric cancer cells compared with adjacent normal tissue. The analysis
was conducted by examining Gene Expression Database of Normal
and Tumor Tissues (GENT; p = 0.0002) and The Cancer Genome
Atlas (TCGA) database (p = 0.0007) (Figures 2B and 2C). We further
assessed the clinical impacts of Loc100506691 expression in patients
with gastric cancer. In Table S1, expression levels of Loc100506691
had no correlation with clinical pathological features.

Kaplan-Meier survival curves obtained by analyzing the GENT data-
base indicated that high expression levels of Loc100506691 were
strongly associated with a shorter survival time compared with low
expression levels in patients with gastric cancer (Figure 2D). Similar re-
sults in the TCGA database have demonstrated that high expression
levels of Loc100506691 are significantly associated with poor survival
curves in patients with gastric cancer (Figure 2E). Multivariate analysis
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Figure 1. Transcription profiling was performed in

HR cells with and without metformin treatment by

adopting a microarray approach

(A) Genes with altered gene expression of HR treated with

and without metformin, as identified by microarray anal-

ysis (fold change of R2 folds or %0.5 folds). (B) Pairwise

sample comparisons of differentially expressed coding

and noncoding genes, with red indicating significant up-

regulation (R2 folds) and blue indicating significant

downregulation (%0.5 folds). (C) Differentially expressed

genes were subjected to the Kyoto Encyclopedia of

Genes and Genomes (KEGG) or Gene Ontology (GO)

pathway enrichment analysis. (D) By combining tran-

scriptome profiles of gastric cancer and corresponding

adjacent normal tissue from two patients with gastric

cancer, we precisely identified metformin-associated

lncRNA candidates in gastric cancer. The heatmap re-

veals these lncRNA candidates’ expression in HR with

metformin treatment and two gastric cancers. (E–G)

Expression levels of lncRNA candidates (H19, RBMS3-

AS3, and Loc100506691) were examined by real-time

PCR in HR cells with metformin treatment at various doses

(0, 1, 5, and 10 mM) for 4 days. (H–J) Expression levels of

lncRNA candidates (H19, RBMS3-AS3, and Loc100506

691) were examined by real-time PCR in HR cells with

metformin treatment (10 mM) for various durations (0, 1,

2, 3, and 4 days) (*p < 0.05, **p < 0.01, ***p < 0.001).
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revealed that high expression of Loc100506691 is significantly corre-
lated with poor survival curves in patients with gastric cancer (p =
0.009) (Table S2). Our results indicated that Loc100506691 dysfunc-
tion might be involved in gastric cancer carcinogenesis.

Loc100506691 plays an oncogenic role in gastric cancer cell

growth

We attempted to verify the biological role of Loc100506691. First, we
identified the full length of the Loc100506691 sequence by perform-
182 Molecular Therapy: Oncolytics Vol. 22 September 2021
ing 50 and 30 rapid amplification of cDNA
ends (RACE). As indicated in Figures S4A
and S4B, we identified three putative isoforms
with different transcript lengths (Loc1005066
91-V1: 806 bp; Loc100506691-V2: 685bp;
and Loc100506691-V3: 640 bp). The detailed
sequence of these three isoforms was examined
with the Sanger sequence (Table S3). Expression
levels of Loc100506691 were as follows: high in
TSGH and SUN-1 cells, medium in HR and AZ-
521 cells, and low in AGS and NCI-N87 cells
(Figure S4C). Expression levels of Loc1005066
91-V1 and -V2 were the most abundant
compared with those of V3 (Figure S4D).
Further examination of the localization of
Loc100506691 revealed that it was expressed
in the nucleus and especially the cytoplasm of
gastric cancer cells (Figure S4E). In addition,
expression levels of Loc100506691-V1 and -V2 were significantly
increased in gastric cancer cells compared with adjacent normal tis-
sues, and Loc100506691-V3 expression levels were not significantly
increased (Figures S4F–S4H).

To examine the biological function of Loc100506691, we designed
two small interfering RNAs (siRNAs) targeting sequences of
Loc100506691 that could silence Loc100506691 expression. After
siRNA transfection, the Loc100506691 expression levels were



Figure 2. Expression levels of Loc100506691 were

analyzed in gastric cancer

(A) Expression levels of Loc100506691 were examined

using the real-time PCR approach in gastric cancer cells

and adjacent normal tissues from 42 patients with gastric

cancer. (B) Expression levels of Loc100506691 were

analyzed by RNA microarray analysis from the GENT

database. (C) Expression levels of Loc100506691 were

examined by analyzing the TCGA database. (D and E)

The correlation between Loc100506691 expression and

overall survival in patients with gastric cancer was

analyzed according to a Kaplan-Meier plot; data were

obtained from the GENT and TCGA databases, respec-

tively. Patients with gastric cancer were separated into

two groups representing high and low Loc100506691

expression on the basis of best cutoff value (GENT: 78 and

TCGA: 0.184).
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significantly decreased by 70% in TSGH cells and HR cells with si-
Loc100506691#1 (siLOC#1) transfection (Figures 3A and 3B). Our
data indicated that Loc100506691 knockdown could significantly
suppress cell proliferation, colony-formation ability and anchorage-
dependent growth, invasion, and migration ability in HR and
TSGH cells (Figures 3C–3J). Similarly, the results of the cell growth
and motility assay revealed that both cell growth and motility were
suppressed by another siRNA (siLoc100506691#2) in TSGH cells
(Figures S5A–S5E). We further ectopically expressed Loc10050669
1-V1 and -V2 in HR cells. As displayed in Figures 4A and 4B, the
expression levels of Loc100506691-V1 and -V2 were noticeably
increased in HR cells after transfection with pLoc100506691-V1
and pLoc100506691-V2 expression vectors. The ectopic expression
of Loc100506691-V1 and -V2 significantly accelerated gastric cancer
cell proliferation (Figures 4C and 4D) and invasion ability (Figures 4E
and 4F). Moreover, an in vivo mouse model also revealed that
Loc100506691-V1 and -V2 expression could significantly increase tu-
mor growth (Figures 4G–4J).

Loc100506691 knockdown suppresses gastric cancer cell

proliferation by inducing cell cycle arrest at G2/M

To explore the mechanism of Loc100506691 that regulates gastric
cancer cell growth, we examined cell cycle progression in gastric can-
cer with Loc100506691 knockdown. Cell cycle analysis demonstrated
that knockdown of Loc100506691 could induce arrest at the G2/M
phase in TSGH and HR cell lines (Figures S6A and S6B). Further-
more, expression levels of CDK1 were significantly decreased in
TSGH with Loc100506691 knockdown compared with the control
group, whereas those of cyclin A2, cyclin B1, CDK2, and CDK4
were significantly increased (Figures S6C and S6D). To elucidate
the complex role of Loc100506691 in gastric cancer, we analyzed
Molecular The
the dynamics of cell progression in TSGH cells
with Loc100506691 knockdown. The cell cycles
of TSGH cells with and without Loc100506691
knockdown were synchronized at the G2/M
phase by using a nocodazole block for 14 h,
and the cells were subsequently released and analyzed at 1, 2, 3,
and 4 h. Our data indicated that TSGH cells with Loc100506691
knockdown might retard the progression of cells at the G2/M
phase to the G0/G1 phase (Figure S6E). Thus, knockdown of
Loc1005006691 could suppress cell growth by inducing cell cycle ar-
rest at the G2/M phase by impairing cell cycle progression.

Identification of downstream targets of Loc100506691: a

microarray approach

To understand the oncogenic function of Loc100506691 in gastric can-
cer progression, microarray profiles were conducted to identify
Loc100506691-regulated genes in gastric cancer cells. We performed
transcription profiling of HR cells with Loc100506691 overexpression
and TSGH cells with Loc100506691 knockdown. In Figure 5A, expres-
sion levels of 14 genes, namely LITAF, APOLD1, ALPK2, COL9A3,
EFEMP1, CYR61, SPEF1, SLC7A2, DLX2, RIN2, TOM1L2,
KIAA0922, ID2, and NFIA, were increased in HR cells with
Loc100506691 overexpression, whereas their expression levels were
decreased in TSGH cells with Loc100506691 knockdown. The expres-
sion of four genes, namely ZNF567, LHX6, SERPINB8, and CHAC1,
were downregulated in HR with Loc100506691 expression but upregu-
lated in TSGH cells with Loc100506691 knockdown (Figure 5A). We
confirmed the mRNA and protein levels of CHAC1 and revealed
that expression levels of CHAC1 expression were upregulated in
TSGH or HR cells with Loc100506691 knockdown but downregulated
in HR with Loc100506691 expression (Figures 5B–5D). We also
selected an additional four genes, namely DLX2, LITAF, NF1A, and
SERPINB8, for further confirmation by real-time PCR. Consistent
with the microarray data, the expression levels of DLX2, LITAF, and
NF1A were coexpressed with Loc100506691, whereas those of
SERPINB8 were opposite to Loc100506691 (Figures S7A–S7H). Our
rapy: Oncolytics Vol. 22 September 2021 183
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Figure 3. Loc100506691 has an oncogenic role in the

regulation of gastric cancer cell growth andmotility

(A and B) Expression levels of Loc100506691 were

examined in HR and TSGH after siLOC#1 transfection. (C

and D) Cell proliferation of HR and TSGH with and without

Loc100506691 knockdown was assessed. (E and F) Col-

ony-formation ability in HR and TSGH with and without

Loc100506691 knockdown was examined and quantified.

(G and H) Anchorage-dependent growth of HR with and

without Loc100506691 knockdown was examined and

quantified. (I and J) Invasion ability of HR and TSGH with

and without Loc100506691 knockdown was examined

and quantified (*p < 0.05, **p < 0.01, ***p < 0.001).
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results indicated that these genes might be downstream genes involved
in Loc100506691-regulated gastric cancer growth. Notably, the expres-
sion levels of CHAC1 could be upregulated in HR and TSGH cells
through metformin treatment (Figures S2B, S8A, and S8B). These re-
sults suggested that metformin-induced CHAC1 upregulation may
partially result from the silencing of Loc100506691 expression.
CHAC1 is involved in gastric cancer growth and motility

The above results revealed that CHAC1 may be a downstream
contributor to Loc100506691-regulated gastric cancer cell growth
and motility. Therefore, we examined expression levels of CHAC1
in gastric cancer cells by using a real-time PCR approach and deter-
mined that the expression levels of CHAC1 were significantly
decreased in gastric cancer cells compared with adjacent normal tis-
sues (Figure S9A). Similar results were observed in the TCGA and
GENT databases, namely that CHAC1 was significantly downregu-
lated in gastric cancer cells (Figures S9B and S9C). Higher expression
levels of CHAC1 were observed in SUN1 and TSGH cells compared
with those in AGS, AZ521, HR, and N-87 cells (Figure 5E). We
further assessed the biological function of CHAC1 in TSGH using a
184 Molecular Therapy: Oncolytics Vol. 22 September 2021
loss-of-function approach. As depicted in Fig-
ures 5F and 5G, the expression levels of
CHAC1 were silenced in TSGH following si-
CHAC1 transfection for 48 h. Our data indi-
cated that CHAC1 knockdown could signifi-
cantly accelerate TSGH cell proliferation
(Figure 5H), colony formation (Figures 5I and
5J), and cell motility ability (Figures 5K and
5L). Similar results were also observed in HR
cells, indicating that CHAC1 knockdown signif-
icantly reduced HR cell growth and motility
(Figure S10). To further verify that CHAC1
was a crucial target of Loc100506691, TSGH
cells were simultaneously cotransfected with si-
CHAC1 and siLoc100506
691, and both of their expression levels were
examined using the real-time PCR approach
(Figures 6A and 6B). Our data revealed that
CHAC1 knockdown can functionally rescue
the effects of the Loc100506691 knockdown-induced suppression of
gastric cancer cell proliferation (Figure 6C), colony-formation ability
(Figures 6D and 6E), migration, and invasion ability (Figures 6F–6H).

We evaluated the clinical impacts of Loc100506691 and CHAC1
in gastric cancer. The combined expression of Loc100506691
and CHAC1 was separated into four groups: Loc100506691 low-
CHAC1 high, Loc100506691 low-CHAC1 low, Loc100506691 high-
CHAC1 high, and Loc100506691 high-CHAC1 low. As indicated in
Figure S11, the combination of high Loc100506691 expression levels
and low CHAC1 expression levels was significantly associated with
poor survival in patients with gastric cancer. Multivariate analysis re-
vealed that Loc100506691 high-CHAC1 low expression was signifi-
cantly correlated with a poor survival curve in patients with gastric
cancer (Table S4).

Loc100506691 is involved in CHAC1 expression through the

modulation of miR-26a-5p/miR-330-5p expression

To explore the detailed mechanism of Loc100506691 knockdown-
accelerated CHAC1 expression in gastric cancer, we further



Figure 4. Ectopic Loc100506691 expression accelerated

gastric cancer cell growth

(A and B) Expression levels of Loc100506691-V1 and -V2 were

respectively examined in HR after pLoc100506691-V1 and

-V2 transfection. (C and D) The proliferation of HR with

pLoc100506691-V1, -V2, or control vector expression was exam-

ined. (E and F) The invasion ability of HR in regard to pLoc100506691-

V1, -V2, or control vector expression was examined. (G) The in vivo

tumorigenic potential of Loc100506691-V1-overexpressing,

Loc100506691-V2-overexpressing, and control HR cells was

examined by subcutaneously injecting cancer cells into nude

mice. (H–J) Weight and size of tumors were assessed (*p < 0.05, **p <

0.01, ***p < 0.001).
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Figure 5. Identification of putative downstream

genes of Loc100506691 in gastric cancer by

applying the microarray approach

(A) Differential expression genes were identified in HR

with Loc100506691 overexpression and TSGH with

Loc100506691 knockdown and compared with the cor-

responding control using a microarray approach. The

heatmap presents putative downstream targets of

Loc100506691in gastric cancer cells. (B) Expression

levels of CHAC1 were examined by real-time PCR in

TSGH and HR cells with Loc100506691 knockdown. (C)

Expression levels of CHAC1 were assessed in HR cells

with pLoc100506691-V1 or -V2 overexpression by

applying the real-time PCR approach. (D) Expression

levels of CHAC1 were examined by western blotting in

gastric cancer cells with Loc100506691 knockdown or

overexpression in TSGH and HR, respectively. Relative

expression was further quantification (below panels). (E)

The CHAC1 expression levels in human gastric cancer

cells were examined through western blotting. Relative

expression was further quantification (below panel). (F

and G) After transfection for 24 h, CHAC1 expression

levels were examined in TSGH with siCHAC1 using

western blotting and real-time PCR. (H) Cell proliferation

was examined in TSGHwith CHAC1 knockdown. (I and J)

The colony-formation ability of TSGH was investigated

and quantified following siCHAC1 transfection. (K and L)

The migration and invasion ability were assessed and

quantified in TSGH with CHAC1 knockdown (*p < 0.05,

**p < 0.01, ***p < 0.001).
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Figure 6. CHAC1 knockdown rescues the suppression

of gastric cancer cell growth and motility through

Loc100506691 knockdown

TSGH cells were transfected with N.C, siLOC#1, siCHAC1,

and siLOC#1 + siCHAC1 for 48 h. (A and B) The expression

levels of Loc100506691 and CHAC1 in the different groups

were examined using real-time PCR. (C–H) CHAC1 knock-

down could functionally rescue the effect of the

Loc100506691 knockdown-induced suppression of gastric

cancer cell proliferation, colony formation, migration, and

invasion ability (*p < 0.05, **p < 0.01, ***p < 0.001).
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clarified the relationship among Loc100506691, microRNA
(miRNA), and CHAC1. We performed small RNA profiling of
TSGH with Loc10050691 knockdown and control groups. As indi-
cated in Figure 7A, we identified 32 miRNA candidates that had
decreased TSGH with Loc100506691 knockdown. By using the
micoRNA.org prediction tool, we determined that among these
miRNAs, miR-26a-5p and miR-330-5p were potentially targeting
the 30 UTR of CHAC1 (Figure 7A). The expression levels of
miR-26a-5p and miR-330-5p were markedly increased in TSGH
following the transfection of mimics for 48 h (Figure 7B). Further-
more, ectopic expression of miR-26a-5p miR-330-5p revealed that
the expression of CHAC1 could significantly suppress mRNA and
protein levels (Figures 7C and 7D). A luciferase reporter assay re-
vealed that both miR-26a-5p and miR-330-5p could significantly
inhibit luciferase activity by directly targeting the 30 UTR of
CHAC1 (Figures 7E and 7F). When the binding sites of miR-
26a-5p or miR-330-5p were respectively mutated, the suppression
of luciferase activity was restored (Figure 7G). We further demon-
strated that both CHAC1/miR-26a-5p and CHAC1/miR-330-5p
were present in the Ago2 complex through an Ago2 protein pre-
cipitation assay (Figures 7H–7J). The results indicated that miR-
26a-5p and miR-330-5p could silence CHAC1 expression by
directly targeting its 30 UTR.

In summary, our results revealed a novel mechanism; that is,
Loc100506691-CHAC1 expression may play a key coordination
role in metformin-induced tumor growth suppression. Furthermore,
the oncogenic Loc100501191-CHAC1 axis may itself be regulated by
the expression of miRNAs, including miR-26a-5p and miR-330-5p
(Figure 8). Our findings provided valuable insight into the novel
oncogenic role of Loc100506691, which can serve as a useful prog-
nostic biomarker and therapeutic target in patients with gastric
cancer.

DISCUSSION
Studies have demonstrated that metformin can act as therapeutic
drug for human cancer by regulating cancer cell biological functions,
including proliferation, colony formation, apoptosis, autophagy, and
motility.8,10,28–30We demonstrated that metformin could inhibit pro-
liferation, colony formation, and invasion in gastric cancer cells.
Notably, our data indicated that metformin suppressed gastric cancer
cells by inducing cell cycle arrest at the G2/M phase. Consistent with
our findings, Bost et al.31 reported that metformin induced arrest in
cells in the G2/M or S phase in other cell types. In addition, metfor-
min treatment was reported to enhance radio-sensitization through
decreased CDK1-cyclin B activity and reduced Rad51 expression
and lead to cell cycle G2/M arrest and impairment of homologous
recombination repair.32

Metformin is a drug with the potential to suppress human cancer
growth and metastasis through activation of AMPK by inhibiting
the mTOR signaling pathway and stimulating the p53/p21 axis.33

Studies have reported that metformin could suppress gastric cancer
cell growth and metastasis by regulating critical expressions, such
188 Molecular Therapy: Oncolytics Vol. 22 September 2021
as those of PTEN, MMP7, Calml3, NFkB, Vimentin, b-catenin,
E-cadherin, VEGF, PARP, PI3K, AKT, PKM2, and COX.34–37 We
assumed that gene expression dysfunction could be restored by met-
formin treatment. Therefore, we selected gene candidates based on
the expression profiles of the HR cell with or without metformin
treatment and those of gastric cancer tissues from two patients. Ac-
cording to this hypothesis, we could more precisely identify critical
metformin-regulated genes involved in gastric tumorigenesis. Thus,
we identifiedmany deregulated protein-coding genes in gastric cancer
cells, the expression of which could be restored by metformin
treatment (Figure S2). Vav3 expression could be induced under a
high-glucose culture condition and was significantly suppressed after
metformin treatment.38 Martin at el.39 also reported that VEGF-A
could be significantly upregulated in A375 melanoma cells in vivo.
Angiopoietin-like protein-4 is a multifunctional protein involved in
lipid regulation, energy metabolism, angiogenesis, and inflammation.
Moreover, angiopoietin-like protein-4 mRNA expression levels
increased in diabetic mice, but treatment with metformin reversed
this effect.40

The most encouraging finding of our study was the identification of
several metformin-regulated lncRNA candidates, including H19,
RBMS-AS3, and Loc100506691. Studies have reported that metfor-
min suppresses human cancer growth and metastasis by modulating
the expression of lncRNAs, including SNHG7, MALAT1, HULC,
UCA1, NR_027710, ENSMUS00000138573, and H19.27,41–46

Among them, H19 has a well-known oncogenic role in cancer
tumorigenesis, which also results in decreased expression levels of
H19 in several human cancer cells after metformin treatment. Li
et al.42 reported that H19 participates in metformin-mediated inhi-
bition of gastric cancer cell invasion by modulating the AMPK-
MMP9 axis. This is consistent with our finding that H19 expression
levels could be decreased in gastric cancer after metformin treat-
ment (Figures 1E and 1H).

In this study, we, for the first time, identified that the Loc100506691-
CHAC1 axis plays a key role in the metformin-induced suppression
of growth and invasion in gastric cancer cells. CHAC1 is an apoptotic
mediator that functions by modulating the Notch3 pathway.47,48 Our
studies are the first to report a significant reduction in CHAC1
expression in gastric cancer cells and the ability of CHAC1 knock-
down to promote gastric cancer cell growth and invasion ability. In
addition to CHAC1, several downstream genes of Loc100506691
were identified and may contribute to the metformin-induced inhibi-
tion of gastric cancer growth via the Loc100506691-related signaling
pathway. Among them, CYR61 expression significantly accelerated
gastric cancer cell invasion ability, and high-expression CYR61 levels
were strongly associated with metastasis of gastric cancer.49,50 High
DLX2 expression is highly correlated with poor prognosis and is
involved in cancer stemness, radio-resistance, and drug resistance
in human cancers, including gastric cancer.51–53 Our previous study
reported that EFEMP1 plays an oncogenic role in melanoma cell in-
vasion and growth.28 Han et al.54 also reported that high expression
levels of EFEMP1 were significantly correlated with the muscle
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Figure 7. Loc100506691 was involved in

suppressing CHAC1 expression by modulating

miR-26a-5p and miR-330-5p expression

(A) Identification of downstream miRNA candidates

of Loc100506691 in gastric cancer cells by using

next-generation sequences. Venn diagrams reveal

that miR-26a-5p and miR-330-5p were regulated by

Loc100506691 and were identified using microRNA.org

as having potential to target the 3ʹ UTR of CHAC1. (B)

Expression levels of miR-26a-5p and miR-330-5p

were assessed in gastric cancer cells with miR-26a-5p or

miR-330-5p mimic transfection, respectively. (C and D)

Ectopic expression of miR-26a-5p or miR-330-5p

significantly inhibited and suppressed the endogenous

mRNA and protein levels of CHAC1 in TSGH cells. (E)

Luciferase constructs: The miR-26a-5p (left panel) or

miR-330-5p (right panel) targeting sequence in the 30

UTR sequence of CHAC1 is presented in the upper panel,

and the mutant of its seed region is presented in the color

red. (F and G) Relative luciferase activity of the reporter

with wild-type and mutant 3ʹ UTR of CHAC1 was deter-

mined in TSGH cells cotransfected with miR-26a-5p (left

panels), miR-330-5p mimic (right panels), and the

scramble control, respectively. Firefly luciferase activity

was the normalization control. (H–J) TSGH cells were

used to perform Ago2 protein precipitation, and the

expression levels of miR-26a-5p, miR-330-5p, and

CHAC1 were examined using real-time PCR (*p < 0.05,

**p < 0.01, ***p < 0.001).
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Figure 8. The proposed model for the mechanistic

metformin suppression of gastric cancer cell

growth through modulation of the Loc100506691-

microRNAs-CHAC1 axis
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invasion of bladder cancer. In this study, we also determined that
Loc100506691 negatively regulated the miR-590-3p, which could
bind at the 30 UTR of EFEMP1 (data not provided). Therefore,
Loc100506691 promoted gastric cancer growth and invasion ability
partially by modulating miR-590-3p-EFEMP1 axis activation.

lncRNAs can be localized in either the cytoplasm or the nucleus, de-
pending on their biological function. Loc100506691 was expressed in
the cytoplasm of gastric cancer cells, indicating its involvement in pro-
moting gastric cancer growth and metastasis through lncRNA-miRNA
or lncRNA-protein interactions to silence tumor suppressorsorupregu-
late oncogene expression. Our findings revealed that Loc100506691
positively regulated miR-26a-5p and miR-330-5p expression and that
both miRNAs participated in the Loc100506691 suppression of
CHAC1 expression by directly targeting the 30 UTR of CHAC1. Studies
have reported that bothmiR-26a-5p andmiR-330-5p canplayoncomiR
roles in the promotion of cancer cell proliferation and migration.55–58

Until now, the regulatory mechanisms of miR-26a-5p and miR-330-
3p expression were largely unknown. Study revealed that TGFb can
induce miR-26a expression through the direct binding of Smad 4 at
the promoter region of miR-26a.59 Wang et al.60 also demonstrated
that C/EBPa regulates the transcriptional expression of miR-26a by
directly binding to its promoter region. In turn, the EZH2-mediated
H3K27 trimethylation within the promoter region of miR-26a resulted
in the dramatic repression of its expression in hepatocellular carcinoma
cells.61 Through pathway enrichment analysis, we observed that
Loc100506691was significantly involved in theWnt signaling pathway,
and C/EBPa may be a downstream target gene of this signaling
pathway.62 Taken together, we suggested that Loc100506691 regulation
of miR-26a-5p might be through its modulation of the Wnt/C/
EBPa signaling pathway. However, the detailed mechanism of
190 Molecular Therapy: Oncolytics Vol. 22 September 2021
Loc100506691 involved in miR-26a-5p and
miR-330-3p expression in gastric cancer remains
unclear and a focus of our future study.

Metformin could act as a therapeutic drug to
suppress cancer growth and metastasis through
the modulation of several signaling pathways,
including the PI3K/AKT, mTOR-, AMPK-,
and Wnt-signaling pathways.63 In this study,
we, for first time, identified an oncogenic
lncRNA, Loc100506691, that accelerates gastric
cancer growth and invasion ability through the
modulation of miR-26a-5p-CHAC1 and miR-
330-5p-CHAC1 signaling. This new signaling
pathway broadens our understanding of the
mechanism and anticancer potential of metfor-
min in the treatment of gastric cancer. Further-
more, we determined that an abnormal Loc100506691–CHAC1
axis acts as a poor prognostic biomarker for patients with gastric
cancer.

Conclusions

Our results suggest that metformin has potential as a therapeutic drug
in gastric cancer, is controlled through a Loc100506691-associated
signaling pathway, and plays a critical role in the growth and motility
of gastric cancer cells by modulating the miR-26a-5p/miR-330-5p-
CHAC1 axis pathway.

MATERIALS AND METHODS
Cells of six gastric cancers, AGS, AZ-521, HR, NCI-N87, SNU-1, and
TSHG, obtained from ATCC (Manassas, VA, USA) were cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen Gibco, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (FBS) (Hy-
Clone, Thermo Scientific, UT, USA), 2 mM glutamine, 10 mg/mL
streptomycin, and 100 U/mL penicillin. Gastric cancer cells were
treated at various concentrations (1, 5, and 10 mM) of metformin
for 4 days, and cell growth was monitored for 3 consecutive days.

Extraction of RNA and microarray analysis

The total RNA of HR cells with and without metformin treatment,
TSGH cells with and without siLoc100506691 knockdown, HR cells
with and without Loc100506691-V2 overexpression, and two gastric
cancer tissues and their corresponding adjacent normal tissues were
extracted using a TRIzol reagent (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s instructions. The detailed process was
described in our previous study.28 Total RNA was subjected to
profiling by Agilent SurePrint G3 Human V2 GE 8� 60KMicroarray
(Agilent Technologies, Santa Clara, CA, USA). The detailed process
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and data analyses were performed as described in our previous
study.64

Clinical samples

Patients with gastric cancer underwent surgery at the Department of
Surgery, Taipei Tzu Chi Hospital. Gastric cancer tissue and the corre-
sponding adjacent normal samples were obtained from 48 patients
and had been collected for processing in the hospital’s biobank.
This study was approved by the Institutional Review Board of Taipei
Tzu Chi Hospital, Buddhist Tzu Chi Medical Foundation, Taiwan
(No. 09-XD-038).

Cell proliferation assay

Cells (1,000/well) were seeded into a 96-well plate, and cell growth
was assessed using a CellTiter-Glo One Solution Assay (Promega
Corporation, Madison, WI, USA) at various times (0, 1, 2, 3, and
4 days). All experiments were performed in triplicate. The detailed
process and data analyses were performed as described in our previ-
ous study.64

Expression data from TCGA and GENT

The transcriptome expression profiles of gastric cancer were down-
loaded from the TCGA data portal (https://www.cancer.gov/tcga/).
The expression profiles of 375 gastric cancer tissues and 32 adjacent
normal tissues were obtained from the TCGA data portal. The
detailed clinical information of these patients was also downloaded
from the TCGA database. The microarray expression data of gastric
cancer cells were obtained from the GENT database (http://gent2.
appex.kr/gent2/). The total expression data of 311 gastric cancer
and 57 adjacent normal tissues were collected and analyzed.

Full-length RNA ligase-mediated RACE (RLM-RACE)

To identify the sequence of Loc100506691, the RNA ligase-mediated
RACE was performed using the GeneRacer kit (Invitrogen, Thermo
Fisher Scientific) according to the manufacturer’s instructions. PCR
products were gel-purified and cloned into a pCR4 TOPO vector
(Invitrogen, Thermo Fisher Scientific) for sequencing. Three colonies
were selected, and plasmid DNA was extracted using miniprep
(QIAprep Spin Miniprep Kit, QIAGEN). Next, the sequence of indi-
vidual clones was verified using an autosequencer.

Gene expression by real-time PCR

Total RNA was reverse transcribed into cDNA by using SuperScript
III and random primers (Invitrogen, Thermo Fisher Scientific). Real-
time PCR was performed using the SYBR GreenMaster Mix (Applied
Biosystems, Foster City, CA, USA) on an Applied Biosystems
7900HT Real-Time System. The relative quantity of the target gene
was computed for each sample using theDDCt method by comparing
the mean Ct of the gene to the mean Ct of the housekeeping gene S26.
The sequences of all primers used are presented in Table S5.

Colony formation assay

The 4,000 cells per well were plated into a 6-well plate and incubated
at 37�C for 2 weeks. Cell culture plates containing colonies were fixed
with 3.7% formaldehyde for 10 min, and colonies were stained with
0.2% crystal violet solution in 10% ethanol for 3 h. Wells were rinsed
with H2O after air-drying. The crystal violet staining of cells from
each well was solubilized using 2mL of 10% acetic acid, and the absor-
bance (optical density) of the solution was measured on a spectropho-
tometer at a wavelength of 620 nm.
Cell cycle analysis by image flow cytometry assay

We collected 1 � 106 cells and added 70% ethanol to the fixative,
which was then left to sit for 3 h. Next, the cells were stained with
40,6-diamidino-2-phenylindole (ChemoMetec, Gydevang, Lillerød,
Denmark) and detected using NucleoView NC-3000 software
(ChemoMetec, Gydevang, Lillerød, Denmark).
Cell synchronization

TSGH cells were seeded in 6-cm dish and transfected as described.
Then, cells were synchronized at G2/M using a nocodazole block at
a final concentration of 100 ng/mL for 14 h after 10 mM siRNA trans-
fection for 24 h. Cells were then washed with 1� phosphate-buffered
saline (PBS) and further cultured in normal cell maintenance media,
in which they began the cell cycle. The progression of the cycle of cells
was assessed hourly using flow cytometry from 0 to 4 h. Cell cycle pro-
files were analyzed with NucleoView NC-3000 software to determine
the percentage of cells in G1, S, and G2/M.
Migration and invasion assay

Cells were assessed for their migration and invasion ability in vitro by
using a Transwell assay in accordance with our previous study.65 In
summary, gastric cancer cells with siLoc100506691, siCHAC1, or
scramble control transfection were suspended in 2% FBS and seeded
into the upper chamber of the Transwells (Falcon, Corning, NJ, USA).
AMatrigel coating (BD Biosciences, Bedford, MA, USA) was used for
the invasion assay but not employed for the migration assay. Cells
were subsequently incubated on a low chamber with 10% FBS for
24 h or 48 h. Noninvading cells were removed using a cotton swab.
Invading cells on the undersurface of the Transwells were fixed
with a 10% formaldehyde solution. Cells were stained with a crystal
violet solution, and the number of gastric cancer cells was calculated
by counting three fields under a phase-contrast microscope. All ex-
periments were performed in triplicate.
RNA interference

siRNA for Loc100506691 (siRNA#1: sense: 50-CCAACAUAUGAUG
CUAGAATT-30 and antisense: 50-UUCUAGCAUCAUAUGUUGGT
T-30; siRNA#2: sense: 50-CUCUUUCUCGAGUAGUCCCTT-30 and
antisense: 50-GGGACUACUCGAGAAAGAGTT-30), for CHAC1(SI0
5142375, QIAGEN, Hilden, Germany) and negative control (sense:
50-UUCUCCGAACGUGUCACGUTT-30 and antisense: 50-ACGU
GACACGUUCGGAGAATT-30) siRNA were purchased from Gen-
discovery. The HR and TSGH cells were cultured in a 60-mm cell cul-
ture dish for 24 h at 37�C. Transfection of duplex siRNAs (50 nmol/L)
was conducted using Lipofectamine RNAiMAX (Invitrogen, Thermo
Fisher Scientific), as previously described.65
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Small RNA transcriptome extraction through next-generation

sequencing

RNA was extracted from two samples, namely TSGH cells with
Loc100506691knockdown and TSGH control cells, by using a TRI-
ZOL reagent (Invitrogen, Carlsbad, CA, USA). The small RNA library
preparation was performed as described in our previous study.66 The
sequencing was performed using the MiSeq V2 reagent kit (150 cy-
cles; Illumina, San Diego, CA, USA). The sequencing data were
analyzed using our developed tool.67

Stem-loop reverse-transcription PCR

The detailed process was performed as described in our previous
study.68 Expression levels of miR-26a-5p or miR-330-5p were
normalized to those of U6 small RNA (DCt = target miRNA Ct-
U6 Ct). The sequences of all primers used are presented in Table S5.

Ectopic expression of miRNAs

Gastric cancer cells were transfected with 10-nM miR-26a-5p,
miRNA-330-5p mimics or a scramble control (GenDiscovery
Biotechnology, Taiwan) by using the Lipofectamine RNAiMAX
reagent (Invitrogen, Carlsbad, CA, USA). Following 24 h of transfec-
tion, the expression levels of miRNAs were assessed using stem-loop
quantitative real-time PCR.

miRNA target candidates and luciferase reporter assay

We identified a total of 15 miRNA candidates for binding the 30

UTR of CHAC1 by employing the microRNA.org prediction
tool.69 The 30 UTR sequences and seed region mutant of CHAC1
were cloned into a pMIR-REPROT vector (AM5795, Thermo
Scientific). Subsequently, the pMIR-REPROT-CHAC1 or pMIR-
REPROT-CHAC1(mutant) vector was cotransfected with or without
the miR-26a-5p or miR-330-5p expression vector into a TSGH cell
line by using Lipofectamine 2000 (Invitrogen, Thermo Fisher Sci-
entific). After 24 h of transfection, cell lysates were used to measure
luciferase activity with the Dual-Glo Luciferase Reporter Assay
System (Promega, Madison, WI, USA).

RNA immunoprecipitation chip assay

In this study, an RNA immunoprecipitation chip (RIP) assay was
performed to further investigate the interaction of CHAC1 and
miR-26a-5p or miR-330-5p using an RNA-binding protein immuno-
precipitation kit (Millipore, Billerica, MA, USA). TSGH cells were
transfected with miR-26a-5p mimics, miR-330-5p mimics, or Nega-
tive control (N.C.) for 48 h and then lysed with RIP buffer. The cell
lysate was supplemented with Dynabeads M-280 Streptavidin (Invi-
trogen, Waltham, MA, USA) conjugated with an anti-Ago2 antibody
or anti-IgG. Finally, Ago2-bounding RNAs were extracted using the
TRIzol reagent, and the levels of purified RNAs were determined us-
ing quantitative real-time PCR.

Western blotting

The detailed process of western blotting was as described in our pre-
vious study.65 The primary antibodies used in this study were as fol-
lows: CHAC1 antibody (1:1,000, GTX120775, GeneTex, Irvine, CA,
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USA), anti-primary antibodies of actin, and cell cycle-related protein
(for details, see our previous study).64

Xenograft tumor growth assay

Animal experiments were approved by the Kaohsiung VeteransHospi-
tal Laboratory Animal Center and Use Committee. Nude mice (aged
4weeks)were used; 2� 106HRcellswith Loc100506691-V1 or -V2 sta-
ble expression or control cells were suspended in PBS and implanted in
the backs of nude mice. The mice were monitored, and tumor volume
was evaluated asV (inmm3) = largest length� 0.52� (shortest length)
2 each week for 4 weeks. At 4 weeks after implantation, the mice were
sacrificed, and tumor size and weight were assessed.

Statistical analysis

Expression levels of Loc100506691 and CHAC1 in gastric cancer, ob-
tained from the TCGA and GENT databases, were analyzed using
Student’s t tests. Cumulative survival curves were estimated using
the Kaplan-Meier method, and the comparison of survival curves
was performed using the log-rank test. The difference was considered
significant when p < 0.05. Expression levels of Loc100506691 or
CHAC1 in paired gastric cancer cells were analyzed using a paired
t test. The cell function assay comprised cell proliferation, colony for-
mation, and soft agar assay, and invasion/migration experiments were
performed in triplicate. Histograms presented the mean values, and
the error bars indicated the standard deviation. These data were
analyzed using Student t tests.
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