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MicroRNAs (MiRNAs) play critical roles in regulating target gene expres-
sion and multiple cellular processes in human cancer malignant progres-
sion. However, the function of miR-194 in gastric cancer (GC) remains
unclear and controversial. In this study, we identified a series of miRNAs
that can serve as prognostic biomarkers for GC by analysis of miRNA
expression using The Cancer Genome Atlas data. Among them, miR-100,
miR-125b, miR-199a, and miR-194 were the four most promising prognos-
tic biomarkers in GC due to their significant associations with various clin-
ical characteristics of patients. miR-100, miR-125b, and miR-199a
predicted poor prognosis in GC, while miR-194 predicted favorable prog-
nosis in GC. We also provide the first comprehensive transcriptome analy-
sis of miR-194 in GC. Our data suggest that miR-194 tends to regulate
target genes by binding to their 3’ UTRs in a 7-mer-Al, 7-mer-m8§, or 8-
mer manner. KEGG pathway analysis showed that the cell cycle was one
of the pathways most affected by miR-194 in GC. Moreover, CCNDI1 was
shown to be a novel target gene of miR-194 in GC. Additionally, downreg-
ulation of CCND1 by miR-194 in GC further led to cell growth inhibition
and cell cycle arrest. In conclusion, miR-100, miR-125b, miR-199a, and
miR-194 may have potential as prognostic and diagnostic biomarkers for
GC. miR-194 suppresses GC cell growth mainly through targeting CCND1
and induction of cell cycle arrest.

Gastric cancer (GC) is the fourth most diagnosed type
of cancer and the third most common cause of cancer-
related death worldwide [1]. Approximately 989 600
people worldwide are diagnosed with stomach cancer
each year. More than half of those cases are diagnosed
in East Asia [2]. However, many patients with GC are
diagnosed with advanced malignant proliferation,
extensive invasion, and distant metastasis. Hence, the 5-
year survival rate of patients with advanced GC was still
unsatisfactory. Characteristic progressive tumorigenesis

Abbreviations

and distant metastasis may contribute to the overall
poor prognosis a lot in GC [3]. Therefore, it is essential
to develop accurate biomarkers to predict cancer stage
or reflect an individual’s cancer risk, which would be
very useful for reducing GC mortality.

Mature microRNAs (miRNA) are a group of small
noncoding RNAs with 19-24 nucleotides. Mature
miRNAs bind to the specific regions in the 3'-UTRs
of the target mRNAs and negatively regulate their
expression at post-transcription level [4]. Increasing

GC, gastric Cancer; GEO, gene expression omnibus; MiRNA, microRNA; gRT-PCR, quantitative real-time PCR; TCGA, the cancer genome

atlas.
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studies have shown that miRNA plays a very impor-
tant role in tumorigenesis by affecting multiple cellular
processes, such as epithelial-mesenchymal transition,
cell invasion, cell apoptosis, and cell proliferation
[5,6]. Besides, miRNA expression patterns can be used
to distinguish tumor subtypes and predict clinical
outcomes [7]. Therefore, it is of great importance for
the identification of GC-associated miRNAs as
biomarkers in early tumor detection, prognosis, and
treatment.

The function of miR-194 in stomach cancer still
remains unclear and controversial. As early as 2012,
Song et al. [8] have reported that the overexpression of
miR-194 predicts better prognosis in GC. After that,
several studies have shown that miR-194 inhibited GC
progression via targeting FOXM1 [9], RBX1 [10], and
KDMS5B [11]. However, another recent study reported
that miR-194 promotes GC cell proliferation and
migration by activating Wnt signaling, at least in part,
via suppression of SUFU, which suggested miR-194
plays oncogenic role in GC [12]. Many genes are nega-
tively regulated by miR-194, but it is not clear which
target gene is the main pathway for mir-194 to exert
its anti-tumor effect. Transcriptome sequencing is a
efficient strategy that can clarify which target genes
miR-194 mainly uses to suppress tumors. Therefore, it
is necessary to clarify the preferences of miR-194 in
regulating target genes.

In this study, we conducted comprehensive miRNA
expression analysis in different GC subtypes using The
Cancer Genome Atlas (TCGA) data and identified a
panel of miRNAs (miR-100, miR-125b, miR-199a, and
miR-194) that can serve as prognostic and diagnostic
biomarkers for GC. In addition, RNA sequencing
analysis was conducted to determine the most affected
pathways and target genes by miR-194 in GC. Our
studies suggested that CCNDI1 can be a novel target
gene of miR-194 in GC, and miR-194 may inhibit GC
cell growth mainly through direct downregulation of
CCNDI and induction of cell cycle arrest.

Materials and methods

Global miRNA expression analysis in TCGA

The volcano plot data showing the associations between
miRNA expression and various clinical characteristics
(overall survival, T stage, pathologic stage, and M stage)
of GC patients from TCGA were downloaded from Linke-
dOmics Web tool [13]. The filter conditions were set to
P < 0.05 and event > 300. miRNA-seq data and the corre-
lated detailed clinical information of GC samples were
downloaded from TCGA wusing Sanger Box software
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developed by ShengXinRen. Expression level of per
miRNA was calculated from log, of its transcripts per mil-
lion value.

Cell culture and transfection

The human GC cell lines BGC823 and SGC7901 were pur-
chased from the Shanghai Cell Bank of Chinese Academy
of Sciences (Shanghai, China). The two GC cell lines were
cultured in Dulbecco’s Modified Eagle Medium containing
10% FBS, 100 UmL™" penicillin, 100 U-mL™" strepto-
mycin, and 0.03% glutamine at 37 °C in 5% CO,.

For siRNA transfection, the miR-194 mimics and inhibi-
tors were designed and synthesized by Genepharma (Shang-
hai, China). For miR-194 mimics, 5-UGUAACAGCAAC
UCCAUGUGGA-3, 5-CACAUGGAGUUGCUGUUA-
CAUU-3; for miR-194 inhibitors, 5-UCCACAUGGA-
GUUGCUGUUACA-3'; for si-NC, 5-UUCUCCGAAC
GUGUCA CGUTT-3, 5-ACGUGACACGUUCGGA-
GAATT-3’; and for miRNA inhibitor-NC, 5-CAGUA-
CUUUUGUGUAGUACAA-3. Two different GC cell
lines were seeded into 6-well plates and grown overnight.
The next day, when the cell plating density reached 20-30%,
GC cells were transfected with siRNAs (final concentration,
50 nm) by Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. At 48 h
post-transfection, cells were harvested for qPCR analysis,
flow cytometry assays, and RNA sequencing. At 72 h post-
transfection, cells were harvested for western blot.

Cell proliferation assays

For cell proliferation assays, cells transfected with miRNA
mimics or inhibitors for 24 h were reseeded in 96-well
plates at 2000 cells per well in a final volume of 100 pL
and cultured for 4 days. The effects of miR-194/CCND1
on cell proliferation were determined with CCK-8 assay
every 24 h. Subsequently, 10 pL of CCK-8 solution
(Biosharp, Hefei, China) was added into each well and
incubated for 2 h. Optical density was measured at a wave-
length of 490 nm by an automatic microplate reader (Bio-
Tek, Winooski, VT, USA). Triplicate wells were assayed
for each experiment, and three independent experiments
were performed. Data were expressed as the ODygg
mean + S.D.

Quantitative RT-PCR

For RNA extraction, GC cells were grown in six-well plates
and transfected with siRNAs. After 48 h, the medium was
removed and 800 pL TRIzol was directly added into the
six-well plate to harvest samples. Total RNA was extracted
using TRIzol reagent (Invitrogen) according to the
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manufacturer’s instructions. The isolated RNA was treated
with RNase-free DNase I (Roche, Basel, Switzerland) for
15-30 min as we described before [14]. RNA purity and
concentration were checked using the NanoPhotometer
spectrophotometer (Implen, Westlake Village, CA, USA).
PCR was performed to ensure removal of genomic DNA
by using RNA samples as the template. Reverse transcrip-
tion was performed to obtain cDNA using 1 pg total RNA
as the template according to the manufacturer’s instruc-
tions of the PrimeScript™ RT Reagent Kit (Perfect Real
Time; Takara, Dalian, China).

For quantitative RT-PCR, all the cDNA samples were
diluted five times as templates of qPCR. The qPCR proto-
col was evaluated using one-step TB Green PrimeScript™
RT-PCR Kit II (Takara) according to the manufacturer’s
instructions. The qPCR analysis was conducted on Bio-
Rad (Hercules, CA, USA) CFX Manager 3.1 Real-Time
PCR system. The cycling conditions were as follows: 9 °C
for 30 s, 95 °C for 5s, and 60 °C for 30 s. The reaction
was performed for 40 cycles. The mRNA expression level
was determined by using the specific primers (CCNDI-F:
5-TGAACTACCTGGACCGCTTC-3, CCNDI-R: 5-CCA
CTTGAGCTTGTTCACCA-3; ACTIN-F: 5-ATCGTCCA
CCGCAAATGCTTCTA-3, ACTIN-R: 5-AGCCATGCC
AATCTCATCT TGTT-3).

Western blot

At 72 h after transfecting with miRNA, GC cells were
lysed in RIPA buffer added 1 mm PMSF. Approximately
100 pg of total protein was electrophoresed through 10%
SDS/PAGE and was then transferred to a poly(vinylidene
difluoride) (PVDF) membrane (Millipore, Boston, MA,
USA). After blocking with 5% skimmed milk at 4 °C for
1 h, the membrane was incubated with CCNDI1 antibody
(1 :1000; Proteintech, Wuhan, China) and GAPDH
(1:1000; Proteintech) at 4 °C overnight. The PVDF mem-
brane was then washed and incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody
(1 : 10 000; Earthox San Francisco, CA, USA) for 1.5 h at
room temperature. Detection was performed by using a
SuperLumia ECL HRP Substrate Kit (Abbkine, Wuhan,
China). The defined sections of the film were scanned for
image capture and quantified using ADOBE PHOTOSHOP soft-
ware (Adobe Systems Incorporated, San Jose, CA, USA)
and IMAGEJ software (Bio-Rad).

Luciferase reporter assay

For wild-type luciferase reporter vector construction, the 3’
UTR of CCNDI (from 1900 to 2635 nt) was amplified by
PCR and ligated into the pMir-GLO luciferase reporter vec-
tor (Promega, Madison, WI, USA). For mutant luciferase
reporter vector construction, the mutant CCND1 3'UTR
(replaced TGTTACA with AAAAACA) was cloned into
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the MCS region of pMir-GLO luciferase reporter vector
with Sac I and Xba 1. The primers for wild-type and mutant
CCNDI 3'UTR were as follows: F: 5-gggagctcCTGTCC-
CACTC CTACGATAC-3', RI1 (wild-type): 5'-tctctaga
TGTAACATCAAAGGCAGAAGG-3/, and R2 (mutant):
5-tctctaga TGTTTTTTCAAAGGCAGAAGGTTTGTGT-3'.
The luciferase reporter assay was conducted as we previ-
ously described before [15]. Briefly, the BGC823 cells were
seeded into 12-well tissue plates 24 h before transfection,
and then co-transfected with 5 nm siRNA and 1 mg plasmid
using the Lipofectamine 2000 Reagent (Invitrogen), accord-
ing to the manufacturer’s instructions. After another 48 h,
cells were assayed using the Dual-Luciferase Reporter Assay
System Kit (GeneCopoeia, Rockville, MD, USA). All
experiments were performed in triplicate, and data were
pooled from three independent experiments.

Flow cytometry assays

After 48 h transfected with miR-194 mimics and corre-
sponding negative control siRNAs, SGC7901 and BGC823
cells were collected and stained with propidium iodide (BB-
4104; Best Bio, Shanghai, China) and performed in accor-
dance with the manufacturer’s protocol. Cell cycle analysis
was performed on the CytoFLEX machine (Beckman,
Boulevard Brea, CA, USA). The cell cycle distribution was
quantified using the CcYTEXPERT software (Boulevard Brea,
CA, USA).

RNA sequencing

After 48 h transfected with miRNA mimics and corre-
sponding negative control siRNAs, SGC7901 and BGC823
cell total RNA was extracted to perform RNA sequencing.
A total amount of 1.5 ug RNA per sample was used as
input material for the RNA sample preparations. The
whole step of library construction and sequencing was per-
formed at Shanghai Lifegenes Technology Co., Ltd (Shang-
hai, China). Random hexamer primer cDNA libraries were
sequenced on Illumina HiSeq 4000 sequencing platform
(INlumina, San Diego, CA, USA) according to the manufac-
turer’s instructions for paired-end 150 bp reads (Lifegenes,
Shanghai). The RNA-seq data were uploaded on the gene
expression omnibus (GEO) section of NCBI database with
Accession Number GSE134308.

Statistical analysis

Data from at least three independent experiments per-
formed in triplicate are presented as the mean + SD. Com-
parisons were performed using Student’s paired -test and
Spearman’s correlation test; P < 0.05 was considered statis-
tically significant.
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Results

Identification of the miRNAs associated with
clinical outcome of gastric cancer

The association between miRNA expression pattern
and clinical outcomes was analyzed using LinkedO-
mics database, which is Web-based tools to deliver fast
and customizable functionalities based on TCGA data
[13]. The significances (—log;o P value) of the correla-
tion between the expression of all miRNAs and the
overall survival, T stage (or pathological stage), and
M stage of GC were shown in the four volcano plots
of Fig. 1. The results showed that GC patients with
higher expression of miR-100, miR-653, miR-125a,
etc., or lower expression of miR-182, miR-7, miR-96,
etc., were associated with a shorter overall survival
time (P < 0.05, Fig. 1A). And the expression of miR-
217, miR-181a, miR-132, etc., was positively correlated
with the T stage of GC, while the expression of miR-
320a, miR-182, miR-194, etc., was negatively corre-
lated with the T stage of GC (P < 0.05, Fig. 1B). The
expression of miR-130a, miR-217, miR-132, etc., was
positively related to the pathological stage of GC,
while the expression of miR-320a, miR-182, miR-194,
etc., was negatively related to the pathological stage of
GC (P < 0.05, Fig. 1C). In addition, we also note that
GC tissues in M1 stage usually possessed higher
expression of miR-152, miR-125b, miR-100, etc., and
lower expression of miR-194 and miR-147b (P < 0.05,
Fig. 1D) compared with the GC tissues in MO stage.
To determine the most appropriate diagnostic and
prognostic biomarkers for GC, the Venn diagrams
were plotted based on the number of miRNAs that
significantly positively associated with overall survival
rate, T stage, pathological stage, and M stage. The
miRNAs significantly associated with at least two clin-
ical characteristics are listed in Table 1. As shown in
Fig. 1E,F, miR-100, miR-125b, miR-199a, and miR-
194 were the four most promising biomarkers that can
accurately predict cancer stage and reflect an individ-
ual’s cancer risk in GC. Additionally, our data also
suggested that miR-100, miR-125b, and miR-199a
were unfavorable prognostic biomarkers in GC, while
miR-194 was favorable prognostic biomarker in GC.

Lower expression of miR-194 predicts poorer
prognosis in TCGA gastric cancer cohort

In order to better understand the correlation between
miR-194 expression and clinical pathology of GC, the
RNA-seq data of miR-194 in the stomach cancer tis-
sues from TCGA database (n > 375) were further
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analyzed. The results showed that the expression level
of miR-194 in the diffuse type GC was significantly
lower than that in the intestinal-type GC (Fig. 2A
P < 0.0001). Moreover, miR-194 expression tends to
be higher in moderately or highly differentiated GC
tissues than that in poorly differentiated GC tissues
(Fig. 2B P < 0.01).

Furthermore, the result showed there was a signifi-
cant positive correlation between miR-194 expression
and the extent of GC progression (Fig. 2C). Similarly,
miR-194 was much higher expressed in the gastric
mucosa (T1) than tumors extending beyond the gastric
mucosa layer (T2 + T3 + T4; Fig. 2D). Patients with
lower expression of miR-194 were more likely to have
distant tumor metastasis (Fig. 2E). More importantly,
patients with lower miR-194 expression tended to have
a shorter overall survival time than those patients with
higher miR-194 expression (Fig. 2F). Collectively,
these results together suggested that miR-194 may be
tumor suppressor in GC and miR-194 could serve as
an independent diagnostic and prognostic biomarker
for GC.

The preferences of miR-194 in regulating target
genes

To figure out the preference of miR-194 in regulating
target genes, RNA sequencing studies were performed
in the two GC cell lines (SGC7901 and BGC823) that
transfected with miR-194 mimics and corresponding
negative control siRNAs. The RNA sequencing data
were deposited in the GEO database of NCBI Gene-
Bank with Accession Number GSE134308. And the
RNA sequencing data on identification of target genes
are listed in Table S1. The heat map showed that there
were hundreds of coding genes (noncoding genes were
not included in this study) altering in their expression
levels after treatment with miR-194 mimics (Fig. 3A, |
FC| > 1.5). Of these, ~ 138 coding genes were rela-
tively strongly downregulated by miR-194 mimics,
while almost 70 coding genes that relatively severely
upregulated by miR-194 mimics in both SGC7901 and
BGCS823 cell lines (Fig. 3B). And the top 22 coding
genes most strongly downregulated by miR-194 are
listed in Table 2 (log, FC < —0.9).

According to the binding sequence differences in the
miR-194 seed region, the miR-194 binding sites in
mRNAs can be divided into three types, including 7-
mer-Al, 7-mer-m8, and 8-mer (Fig. 3C). Then, the
information of miR-194 binding sites in the coding
genes that were downregulated by miR-194 was anno-
tated using miRcode Web-based tools. The results
showed that nearly 60% of the coding genes contained
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Fig. 1. The miRNAs possessing significant associations with various clinical characteristics GC patients from TCGA were identified by
miRNA expression analysis. (A) The volcano plot displays miRNAs that significantly associated with survival rate in the GC cohorts from
TCGA. (B) The volcano plot displays miRNAs that significantly associated with T stage of the GC cohorts from TCGA. (C) The volcano plot
displays miRNAs that significantly associated with pathological stage of the GC cohorts from TCGA. (D) The volcano plot displays miRNAs
that significantly associated with M stage of the GC cohorts from TCGA. (E) The Venn diagram displays miRNAs that predict poor prognosis
in GC. (F) The Venn diagram displays miRNAs that predict favorable prognosis in GC (P < 0.05).

miR-194 binding sites (Fig. 3D). And the distribution
proportion of the three binding modes is very close,
suggested that any type of the three binding manners

Table 1. Identification of miRNAs that significantly associated with
the clinical outcomes of the GC patients from TCGA. '+ means
positive correlation (P < 0.05); ‘=" means negative correlation
(P < 0.05); ‘None" means no significance (P > 0.05).

Significant correlation to the GC clinical
characteristics and outcome

Survival time Pathological stage

between miR-194 and mRNAs would be effective
(Fig. 3E). Next, the binding location preference of
miR-194 in mRNA sequence was further analyzed.
The results showed that almost 86% of miR-194 bind-
ing sites were located at 3’ UTR of target genes
(Fig. 3F). In addition, no significant correlation was
observed between expression alteration (log,FC) and
the number of miR-194 binding sites in both SGC7901
and BGC823 cell lines (Fig. 3G,H).

miR-194 negatively regulated CCND1 expression

miRNA (rate) or T stage M stage by binding on the 3’ UTR in GC
Oncogenic miRNA biomarkers KEGG pathway analysis was conducted to determine
m:s:ggb - ::EZ:E; i the most affected pathways by miR-194 in GC. As
miR-199a B + (both) N shown in Fig. S1, the cell cycle pathway was one of
miR-125a - + (both) n the most affected pathways by miR-194. RNA-seq
miR-130a - + (P stage) + data showed that CCNDI1 was strongly downregulated
miR-152 - + (P stage) + in both SGC7901 and BGC823 cell lines (log,FC value
miR-132 None + (both) + was —0.84 in SGC7901, —0.71 in BGC823). To con-
Let-7e None * (both) * firm the RNA-seq results, the CCNDI expression in
m!R—199b None + (both) N two GC cell lines after treatment with miR-194 mimics
miR-22 - + (both) None N . . . .
miR-218 B + (both) None and inhibitors was investigated via qPCR analysis and
miR-217 _ + (both) None western blot assay. The results showed that the overex-
miR-99a - + (both) None pression of miR-194 significantly decreased CCNDI
miR-497 - + (P stage) None expression in GC, and miR-194 inhibitor significantly
miR-34b - + (P stage) None increased CCND1 expression in GC (Fig. 4). These
miR-181a - None * results strongly indicated that CCND1 was negatively
miR-99b - None + . .
R337 B None N regulated by miR-194. . . .
miR-140 None + (T stage) N Based on the above results, the information of miR-
miR-195 None + (P stage) + 194 binding site in the CCNDI1 transcript was further
miR-214 None + (P stage) + analyzed using the miRcode Web-based tools and the
miR-150 None + (P stage) + folding energy between miR-194 and CCNDI tran-
miR-377 None + (P stage) + script was predicted using RNA22 Web-based tools
Tumor suppressor miRNA biomarkers [16,17]. As shown in Fig. 5A, there was only one miR-
miR194 ~ (both) - 194 binding site (7-mer-Al) in the 3 UTR of CCNDI.
miR-147b None — (both) — R .
miR-7 n _ (both) None The folding energy between miR-194 and CCNDI
miR-182 + — (both) None transcript was —9 Kcal-mol ™', suggesting that the neg-
miR-200b + — (both) None ative regulation of miR-194 on CCNDI expression
miR-183 + — (both) None might be through regulating mRNA stability by the
miR-96 + — (T stage) None direct binding on CCNDI1 transcripts. To further vali-
miR-156 * — (T stage) None date this hypothesis, luciferase reporter assay was per-
miR-223 i ~ (T stage) None formed. Since the length of 3’ UTR of CCNDI was
miR-135b + — (T stage) None .
miR-294 N _ (T stage) None too large to be amplified, the 735-length sequence frag-
ment (from 1900 to 2642 nt) was selected to clone into
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Fig. 2. The correlations between miR-194 expression level and clinicopathological features of the GC patients from TCGA. (A) Difference in
expression levels of miR-194 between intestinal and diffuse GC tissues; (B-E) the expression level of miR-194 in different differentiation
grade; (B) pathological stages (C), T stages (D), and M stages (E) of GC tissues from TCGA (n = 373); and (F) the Kaplan-Meier analysis of
the overall survival time differences between GC patients with relative higher miR-194 expression and GC patients with relative lower miR-
194 expression. The P values were estimated using the Mann-\Whitney nonparametric test (*P < 0.05, **P < 0.01, ***P < 0.001).

the luciferase reporter vector with original sequence
(wild-type) or with the 4 nt changed (mutant) in the
miR-194 binding site (Fig. 5B). As expected, compar-
ing to the BGC823 cells that transfected with negative
control siRNA and wild-type luciferase vector, the sig-
nificant decrease and increase were observed in the
BGC823 cells that transfected with miR-194 mimics
and inhibitors, respectively. However, no obvious
changes were detected in the BGC823 cells that trans-
fected with mutant CCND1 3'UTR luciferase vector
(Fig. 5C). These results strongly suggested that miR-
194 negatively regulates CCNDI1 expression at post-
transcriptional level.

miR-194 suppressed GC cell proliferation through
induction of GC cell cycle arrest

The cyclin protein CCNDI plays an essential role in
the cell cycle process. Increasing studies have demon-
strated that downregulation of CCNDI1 induces Gl
phase arrest and then impairs cell growth [18]. There-
fore, we performed the cell proliferation assay in
SGC7901 and BGCS823 cells that transfected with
miR-194 mimics and inhibitors. The results showed
that transfection of miR-194 mimics markedly
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suppressed the cell proliferation in GC, while transfec-
tion of miR-194 inhibitors slightly promoted the cell
proliferation in GC (Fig. 6A,B). On the other hand,
the flow cytometry assays were conducted in the two
GC cell lines after treatment with miR-194 mimics and
corresponding negative control siRNAs, of which the
results showed that compared to NC group, miR-194
significantly decreased the number of the sub-GO
phase and S phase cells, but increased the number of
Gl phase cells in both SGC7901 and BGCS823
(Fig. 6C-F). These results together suggested that
miR-194 inhibits GC cell growth via induction of cell
cycle arrest.

Discussion

Gastric cancer, a leading cause of cancer-related
deaths, is a heterogeneous disease with many kinds of
subtypes. Mounting evidences show that different sub-
type of GCs usually possess distinct clinical outcomes
[19,20]. In the past, only the coding genes were devel-
oped as biomarkers for tumor diagnosis. However,
nowadays increasing noncoding RNAs are found to be
functional in multiple biological process. And more
and more noncoding genes have been developed as
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Fig. 3. The preferences of miR-194 in regulating target genes in GC. (A) The heat map of coding genes that regulated by miR-194 in
SGC7901 and BGC823 (FC > 1.5); (B) the coding genes that downregulated or upregulated by miR-194 in both SGC7901 and BGC823 cells;
(C) the binding mode between coding gene transcripts and miR-194 seed region; (D) the percentage of gens that contain none miR-194
binding site among those genes that downregulated in both SGC7901 and BGC823 cells; (E) the distribution of different binding modes
between miR-194 and target transcripts; (F) the distribution of different binding regions between miR-194 and target transcripts; (G, H): the
correlation between the FC value of target gene expression and the number of miR-194 binding sites in target genes by analysis the RNA-
seq data of SGC7901 (G) and BGC823 (H).

biomarkers for tumor diagnosis. As a member of non- the body fluid circulation. Therefore, the development
coding RNAs, miRNAs usually have specific expres- of miRNAs as diagnostic markers is gaining more and
sion profiles in cancer cells and tissues, and can enter more attention.
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Table 2. The top 23 coding genes that most downregulated by miR-194 mimics in gastric cancer.

miR-194 binding sites of transcripts

SGC7901 BGC823
Gene symbols (log,FC) (log,FC) Number Type Position
ARL6IP5 -1.201 —1.093 3 7-mer-A1 3'UTR
ATP11C —1.240 —-1.076 2 7-mer-A1; 8-mer CDS (1); 3'UTR (1)
ATPBV1F —1.160 —1.051 1 7-mer-A1l 3'UTR
BTF3L4 —-1.173 —0.980 3 7-mer-A1 (2); 7-mer-m8 (1) 3'UTR
CFL2 —-1.221 —1.147 2 7-mer-m8 3'UTR
DUSP9 —1.358 —0.965 1 7-mer-m8 3'UTR
ERGIC2 —-1.014 —0.831 1 8-mer 3'UTR
FzD6 —0.901 -0.820 2 7-mer-A1; 8-mer CDS (1); 3'UTR (1)
GYG1 —0.930 —0.996 1 8-mer 3'UTR
IL6ST —1.521 —1.180 4 7-mer-A1 (3); 8-mer (1) 3'UTR
PPP1R14B —1.259 —1.143 1 8-mer CDS
GNS —0.901 —-1.291 1 8-mer 3'UTR
RETREG1 —1.151 -0.977 2 7-mer-m8 CDS (1); 3UTR (1)
SDCBP —1.569 —1.542 1 8-mer 3'UTR
PRKAR1TA —1.151 —1.002 1 8-mer 3'UTR
GOT2 —0.926 —1.044 1 8-mer 3'UTR
SLC7A5 —1.029 —1.339 1 8-mer 3'UTR
ELOVL3 —1.387 -1.371 1 7-mer-m8 CDS
SRGN —1.356 -1.174 1 8-mer 3'UTR
TCEAL4 —-0.913 —1.080 1 8-mer 3'UTR
TEX30 -1.019 —1.033 2 7-mer-A1 (3); 8-mer (1) 3'UTR
TMED5 —1.146 —1.224 6 7-mer-A1 (3); 7-mer-m8 (2);8-mer (1) 3'UTR
YWHAZ —1.098 —0.951 1 7-mer-m8 3'UTR
A BGC823 B SGC7901
S 2.4 .5 2.47
8 2.0 - § 2.1
£ 1.6] T % 1.6 *
é 1.27 E- 1.27 T Fig. 4. CCND1 was negatively regulated
8 0.8 3 0.8] by miR-194 in GC. (A) Determination of
2 o4l = £ 0.4 e CCND1 expression level in the BGC823
§ 0.0- é 0.0- cells that transfected with miR-194 mimics
S &9 ¢ N A and inhibitors by qRT-PCR assay. (B)
£ e S &F e S o .
\’0\\ \,:\o .é"\c V‘& -\‘6{\ ,&*‘ \\0 X Petermlnatlon of CCND1 expression Iev<_e|
PR & '\0.»"‘ « q:@ in the SGC7901 cells that transfected with
&\Q" é‘q. é\q' & miR-194 mimics and inhibitors by gRT-
PCR assay. (C) Determination of CCND1
protein level in the BGC823 cells that
c BGC823 D — SGC7901 transfected with miR-194 mimics and
36 kD inhibitors by western blot assay. (D)
CCND1 -” | 36D conD1 M Determination of CCND1 protein level in
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GAPDH . - - . s7k0  GAPDH MHKD miR-194 mimics and inhibitors by western
O < ° blot assay. Results are expressed as
&o‘.\‘o é(,{“o‘ ,oe"\o < Ci .{@c‘\ “.\;é{“o \0,,"\0 &\@‘0 means + SD and are representative of
‘-\\’o‘ b & &4\ & Qb;\“ é‘& \o}x three independent experiments. Data
& N s .g.'\ A & were analyzed by one-way ANOVA
& € N o method (*P < 0.05, **P < 0.01).

To develop biomarkers that can accurately predict
stomach cancer stage and reflect an individual’s stom-
ach cancer risk, miRNA expression analysis was
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performed using the available TCGA data. And our
global miRNA expression analysis (RNA-seq data of
391 GC patients) identifies miR-194, miR-100, miR-
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125b, and miR-199a as the four most promising
biomarkers for GC (Fig. 1). It is worth noting that
three of them (miR-100, miR-125b, and miR-199a)
have also been identified by another independent
research using miRNA microarray data of 353 GC
samples (from 182 GC patients), which suggested our
global miRNA expression analysis results are convinc-
ing [21].

Although the role of miR-194 in GC remains con-
troversial, our findings strongly demonstrated that
miR-194 plays a tumor suppressor role in GC. The
expression pattern and function of miR-100, miR-
125b, and miR-199a in GC have widely been studied.
Wu et al. [22] have reported that miR-125b promotes
GC progression by targeting PPPICA-RD signal path-
ways and predicts a poor prognosis in GC. Another
study by Sui er al. reported that miR-125b is associ-
ated with poor prognosis and trastuzumab resistance
in HER2-positive GC. Chang et al. demonstrated that
miR-125b promotes invasion and metastasis of GC by
targeting STARDI13 and NEUIL. Yang et al. [23,24]
proved that upregulation of miR-100 in GC plays criti-
cal roles in primary human gastric tumorigenesis and
progression. Similarly, miR-199b has also been
reported to play oncogenic roles in GC [25-27].

As mentioned in the Introduction section, miRNAs
usually have preferences in the regulation of their tar-
get genes. Therefore, our next tasks are to figure out
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AG (folding energy)

-9 (Kcal-mol ™)

s 3’
Fig. 5. The CCND1 gene was a target
gene of miR-194 in GC. (A) The binding
mode and folding energy between miR-
194 and CCND1 were predicted by
MiRcode and RNA22 Web-based tool. (B)
The schematic diagram of construction of
wild-type luciferase reporter vector and
the mutant luciferase reporter vector. (C)
The BGCB823 cells were co-transfected
with miR-194 mimics (or inhibitors) and
wild-type (or mutant) luciferase reporter
vector. After 48 h of incubation, luciferase
activity was measured. Results are
expressed as means + SD and are
representative of three independent
experiments. Data were analyzed by one-
way ANOVA method (**P < 0.01).

the preference of miR-194 in regulating target genes
and to elucidate the molecular mechanisms by which
miR-194 inhibits GC. RNA sequencing studies in two
GC cell lines showed that miR-194 tends to regulate
target genes by binding on the 3'UTR in a 7-mer-Al
or 7-mer-m8 or 8-mer manner. Nearly 138 coding
genes are strongly downregulated by miR-194 in both
SGC7901 and BGC823 GC cell lines, including
CCNDI. Previous studies have shown that miR-194
inhibited tumor progression by downregulating
FOXMI1 [9], RBX1 [10], and KDMS5B [11]. Interest-
ingly, based on analysis of the miR-194 binding sites
in those genes, it is notable that all the genes except
FOXMI1 contained miR-194 binding sites (7-mer-Al:
KDMS5B; 7-mer-m8: RBX1, KDMS5B). Correspond-
ingly, RBX1 and KDM5B were indeed slightly down-
regulated, while almost has no alteration in FOXMI
expression after treatment with miR-194 mimics (data
not shown). Therefore, miR-194-RBX1 and miR-194-
KDM5B axis might not be at least the primary path-
ways mediated by miR-194 in GC inhibition.

To our knowledge, our study provided the first com-
prehensive transcriptome analysis about miR-194 in
GC. The RNA-seq analysis showed that CCND1 was
one of the most downregulated genes by miR-194 in
GC. The KEGG pathway analysis showed that cell
cycle was one of the most affected pathways by miR-
194 in GC. CCND1 was proved to be a novel target
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Fig. 6. The GC cell growth and cell cycles were impaired by miR-194. (A) The CCK-8 proliferation assay in SGC7901 and BGC823 cells that
transfected with miR-194 mimics. (B) The CCK-8 proliferation assay in SGC7901 and BGC823 cells that transfected with miR-194 inhibitors.
(C) Flow cytometric analysis was performed in SGC7901 cells that transfected with miR-194 mimics. (D) The data of cell cycle analysis
were described as percentage distribution of cells in sub-G0, GO/G1, S, and G2/M phases of the cell cycle. (E) Flow cytometric analysis was
performed in SGC7901 cells that transfected with miR-194 mimics. (F) The data of cell cycle analysis were described as percentage
distribution of cells in sub-GO, GO/G1, S, and G2/M phases of the cell cycle. All flow cytometry assays were reproducible in three
independent experiments. Results are expressed as means + SD and are representative of three independent experiments. Data were

analyzed by one-way ANOVA method (**P < 0.01).

gene of miR-194 in GC. Therefore, our finding sug-
gested that miR-194 inhibits the progression of GC
mainly through affecting the cell cycle pathway.

In addition, the quantitative real-time PCR (qRT-
PCR) assay, western blot assay, and luciferase reporter
assay together suggested that miR-194 negatively
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regulated CCND1 expression by binding on its 3’UTR
region. Mounting evidences showed that the downreg-
ulation of CCNDI1 by miRNAs, such as miR-155 [18],
miR-490-5p [28], and miR-193b [29], would simultane-
ously induce cell cycle arrest at Gl phase. Consistent
with previous reports, our findings also showed that
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miR-194 inhibits GC cell growth and induces cell cycle
arrest at G1 phase. Previous published studies reported
that lower expression of miR-194 tended to have larger
tumor size [8]. It is well known that cell cycle process
was closely related to cancer cell growth. Given this,
our results may at least partially provide a possible
explanation about this phenomenon.

In summary, our study provides a comprehensive
miRNA expression analysis in GC using the TCGA
data. miR-100, miR-125b, miR-199a, and miR-194 are
identified to be the 4 most promising miRNAs that can
serve as prognostic and diagnostic biomarkers for GC.
Additionally, our findings would at least partially clarify
this controversy regarding the role of miR-194 in GC.
miR-194 suppresses GC cell growth mainly through tar-
geting CCNDI1 and induction of cell cycle arrest.
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Fig. S1. The KEGG pathways that affected by miR-
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lines.
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