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Abstract

Purpose: To examine the role of microRNAs (miRNAs), miR-331-5p, in gastric cancer (GC).

Methods: The mRNA level of miR-331-5p and protein level of 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase-3 (PFKFB3) were determined using quantitative real-time reverse transcription—
polymerase chain reaction (QRT-PCR) and western blotting, respectively. The cell viability and
proliferation of the two GC cell lines (AGS and MKN45) were evaluated using Cell Counting Kit-8 (CCK-
8) and bromodeoxyuridine (BrdU) assays. Cell migration and invasion of AGS and MKN45 were
evaluated using wound healing and invasion assays, respectively. Potential interactions between miR-
331-5p and PFKFB3 were assessed by luciferase activity assay, while the effects of the interactions on
cell physiology and metabolism were investigated in cells overexpressing both miR-331-5p and
PFKFB3.

Results: MiR-331-5p overexpression inhibited cell proliferation, suppressed migration and invasion, and
inhibited glycolysis in AGS and MKN45 cells. The mRNA for the glycolytic regulatory enzyme PFKFB3
was shown to be a direct target of miR-331-5p and modulated by miR-331-5p. In rescue experiments,
PFKFB3 reversed the miR-331-5p-induced inhibition of proliferation, migration, invasion, and glycolysis
in AGS cells.

Conclusion: This work supports a role for miR-331-5p through the modulation of PFKFB3 activity in GC
in vivo, thus providing insight into novel potential therapies for the treatment of GC.
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INTRODUCTION

strategy for the treatment of GC. However, for
patients with advanced gastric cancer, tumor

Gastric cancer (GC), a common gastrointestinal ~resection may be impossible and treatment

malignancy, is the second most common cause
of cancer-related death [1,2]. Despite
improvements in the diagnosis and treatment of
cancer [3], gastric cancer-related mortality
remains high, particularly in Asian countries [4].
Surgery is the most common and effective

options are limited [5]. Thus, it is imperative to
explore the molecular mechanism of GC
oncogenesis to develop effective targeted
therapies. Accumulating evidence has
demonstrated that small molecules play
important regulatory roles in the occurrence and
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development of GC [6,7]. Feng et al. have shown
that the microRNA (miRNA) miR-126 plays an
anticancer role in GC [6]. Moreover, miR-375 has
been verified to inhibit the proliferation of GC
cells by targeting and regulating the expression
of Janus kinase 2, an important oncogenic
enzyme [8]. miR-200b and miR-200c can be
used as diagnostic markers for gastric cancer
development [9]. miR-331-5p is a novel miRNA
that is abnormally expressed and participates in
several pathologies, including cerebral ischemia,
leukemia, and human preterm placenta [10-12].
However, a potential role for miR-331-5p in GC
remains to be defined.

The activity of the bifunctional
phosphofructo-2-kinase/fructose-2,6-
bisphosphatase-3 (PFKFB3) controls the level of
fructose-2,6-bisphosphate,  which, in  turn,
regulates the activity of phosphofructokinase, a
key regulatory enzyme in glycolysis. The process
of glycolysis gives tumor cells more energy and
opportunities to reproduce and invade. The
PFKFB3 gene is highly expressed in various
malignant tumors, such as prostate cancer,
colorectal cancer, gastric cancer, and pancreatic
cancer [13]. More importantly, its high expression
is closely related to a poor prognosis for these
diseases [13,14]. PFKFB3 also promotes the
proliferation and migration of GC cells, whereas
the depletion of PFKFB3 inhibits the malignant
phenotype of GC cells [15,16].

enzyme 6-

In the present study, we investigated the effect of
miR-331-5p on proliferation, migration, invasion,
and glycolysis in GC cells. Because PFKFB3
was predicted to be the target of miR-331-5p, we
also investigated potential interactions between
miR-331-5p and PFKFB3 in GC cells.

EXPERIMENTAL
Cell culture and transfection

The GC cell lines (AGS and MKN45) were
obtained from the American Type Culture
Collection (ATCC, USA) and cultured in
RPMI1640 (Thermo Fisher Scientific, USA)
supplemented with 10% fetal bovine serum
(FBS; Gibco, USA) in 5% CO2 at 37°C.

The miR-NC and miR-NC inhibitor were used as
negative controls for the miR-331-5p mimic and
miR-331-5p inhibitor, respectively. The miR-331-
5p mimic, miR-331-5p inhibitor, and negative
controls (MiR-NC and miR-NC inhibitor) were
acquired from GenePharma (China) and
transfected into AGS and MKN45 cells using
Lipofectamine 2000 (Invitrogen, USA).

For co-transfection, the miR-331-3p mimic or
miR-NC and pcDNA3.1 or pcDNA3.1-PFKFB3
were co-transfected into AGS cells using
Lipofectamine 2000 (Invitrogen, USA).

Cell counting kit-8 (CCK-8) assay

The CCK-8 assay was conducted using the Cell
Counting Kit-8 kit [MedChemExpress (MCE),
USA] following the manufacturer’s instructions.
After transfection, the AGS and MKN45 cells
were seeded into a 96-well plate. After 72 h, 10
pI of CCK8 solution was added to each well, and
then the plate was incubated at 37°C for 3 h. The
absorbance value at 450 nm was evaluated
using the Multiscan MS spectrophotometer
(Labsystems, Sweden).

Proliferation assay

Bromodeoxyuridine (BrdU) is commonly used to
detect cell proliferation because it is readily
incorporated into DNA during synthesis. The
AGS and MKN45 cells were incubated with BrdU
(Sigma-Aldrich, USA) to a final concentration of
50 uM. After incubation for 1 h, the cells were
counted under a microscope (Leica, Germany).

Glucose
detection

uptake and lactate production

After transfection, the glucose uptake and lactate
production of AGS and MKN45 cells were
detected using the glucose uptake assay kit
(Abcam, UK) and lactate assay kit (Abcam, UK),
respectively. Finally, the glucose uptake and
lactate production values were normalized to the
protein concentration.

Wound healing assay

The AGS and MKN45 cells were seeded in 6-
well plates and incubated until they reached 90%
confluence. At time 0, a wound was scratched
across each well using sterile tweezers, after
which a photomicrograph was captured. After 24
h, cell migration was observed under a
microscope.

Transwell assay

The cell invasion of AGS and MKN45 cells was
assayed in 12-well transwell chambers with 8.0-
pm pores (Corning, USA). The upper chamber
with Matrigel was incubated with 1x10% AGS or
MKN45 cells and medium, and the lower
chamber was filled with medium as the attracting
agent. After incubation for 48 h, the cells were
fixed in methanol, stained with 0.2% gentian
violet (m/v; Sigma-Aldrich; USA) and washed
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with phosphate-buffered saline. Finally, the cells
were photographed under a microscope, and the
number of cells was counted.

Luciferase reporter assay

We verified the Targetscan (www.targetscan.org)
prediction that PFKFB3 was a target of miR-331-
5p as follows. In total, 2x10% AGS cells were
seeded in 96-well plates and incubated
overnight. The constructed luciferase plasmids
(pGL3-PFKFB3-WT or pGL3-PFKFB3-MUT) plus
miR-NC or miR-331-5p were co-transfected into
AGS cells using Lipofectamine 3000 (Invitrogen,
USA) as described earlier. After 48 h, the
luciferase activity was detected using the Dual
Luciferase = Assay Kit (Zeye Biological
Technology, China).

Quantitative real-time reverse transcription—
polymerase chain reaction (QRT-PCR)

Total RNA was isolated using TRIzol reagent
(Invitrogen, USA), and the RNA quality was
detected using the NanoDrop 2000 system
(Thermo Fisher Scientific, USA). The RNA was
then reverse transcribed into cDNA, which was
used as a template in combination with gene-
specific primers (Table 1) using PowerUp™
SYBR Green (Thermo Fisher Scientific, USA)
and amplifying with  ABI7500 (Applied
Biosystems, Foster City, CA, USA).

Table 1: Primers used in this study

Gene Primer

sense: 5-GCGCTAGGTATGGTCCCAG-
miR-331- 3’
5p antisense: 5-GTGCAGGGTCCGAGGT-

3
sense: 5'-
CCTCACTCGCAGCCACTTCT-3'
antisense: 5'-
CAGTTCCTACTCAATTCCAA-3'
sense: 5'-
TGCTTCGGCAGCACATATAC-3'
antisense: 5'-
TTCACGAATTTGCGTGTCAT-3'
sense: 5'-
GCATCGTCACCAACTGGGAC-3'
antisense: 5'-
ACCTGGCCGTCAGGCAGCTC-3'

PFKFB3

ue

B-actin

Western blotting

Cells were lysed with RIPA buffer (Beyotime,
China), and the protein extracts were quantified
using the BCA kit (Beyotime, China). The
proteins (30ug each lane) were separated by

sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and then ftransferred to a
polyvinylidene  fluoride membrane. The

membrane was washed with Tris-buffered saline
buffer (TBST) containing Tween 20 and then
incubated in 5% skim milk containing PFKFB3
antibody (1:1000 dilution; Proteintech, USA) or 8-
actin antibody (1:5000 dilution; Proteintech, USA)
at 4°C overnight.

Next, the membranes were probed with HRP-
labeled Goat Anti-Mouse IgG (1:10000 dilution;
Beyotime, China) or HRP-labeled Goat Anti-
Rabbit IgG (1:10000 dilution; Beyotime, China)
for 2h at room temperature. The protein bands
were visualized using the ECL chemiluminescent
detection system (Beyotime, China).

Statistical analysis

All statistical analyses were performed using
SPSS 23.0 software. Comparison between
groups was performed using Student’s t-test, and
comparison among three groups was performed
using one-way analysis of variance (ANOVA). P
< 0.05 was considered statistically significant.

RESULTS
inhibits cell

Up-regulation of miR-331-5p
proliferation

In the present study, miR-331-5p was
overexpressed in AGS and MKN45 cell lines to
examine its effect on GC proliferation (Figure 1
A). miR-331-5p overexpression significantly
reduced AGS and MKN45 cell activities, as
determined by the CCK-8 assay (Figure 1 B). In
addition, miR-331-5p overexpression markedly
inhibited the proliferation of AGS and MKN45
cells in the BrdU assay (Figure 1 C). These
findings indicate that the up-regulation of miR-
331-5p inhibits cell proliferation in AGS and
MKN45 cells.

Up-regulation of miR-331-5p suppresses cell
migration and invasion

The wound width remaining in AGS and MKN45
cells transfected with miR-331-5p mimic was
significantly higher than that in cells transfected
with miR-NC, indicating that miR-331-5p
suppressed the migration of AGS and MKN45
cells (Figure 2 A).

Invasion (as determined by the transwell assay)
was also significantly reduced in AGS and
MKN45 cells expressing miR-331-5p mimic
compared with the negative control (Figure 2 B).
These findings show that miR-331-5p up-
regulation suppresses cell migration and invasion
in AGS and MKN45 cells.
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Figure 1: Upregulation of miR-331-5p inhibits cell
proliferation. The AGS and MKN45 cell lines were
transfected with miR-331-5p mimic or miR-NC. (A)
gqRT-PCR assay demonstrated that miR-331-5p mimic
increased the miR-331-5p levels in AGS and MKN45
cells. (B) The CCK-8 assay revealed that miR-331-5p
mimic reduced the cell viability of AGS and MKN45
cells. (C) The Edu staining assay demonstrated that
the proliferation of AGS and MKN45 cells was
suppressed by miR-331-5p mimic. Each experiment
was repeated at least three times. **p < 0.01 vs. miR-
NC
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Figure 2: Up-regulation of miR-331-5p suppresses
cell migration and invasion. (A) Twenty-four hours
after transfection, cell migration was repressed in AGS
and MKN45 cells compared that after miR-NC
transfection, as indicated by the wound healing assay.
(B) After transfection with miR-331-5p mimic, cell
invasion was suppressed in AGS and MKN45 cells
compared with that after miR-NC transfection, as
determined by the transwell assay. Each experiment
was repeated at least three times. **p < 0.01 vs. miR-
NC

miR-331-5p inhibits glycolysis in AGS and
MKN45 cells

Overexpression of miR-331-5p caused AGS and
MKN45 cells to take up less glucose than the
miR-NC group (Figure 3A). Cells overexpressing
miR-331-5p mimic also seemed to produce less
lactate than the miR-NC group (Figure 3B).
These findings suggest that miR-331-5p inhibits
glycolysis in AGS and MKN45 cells.
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Figure 3: miR-331-5p inhibits glycolysis in AGS and
MKNA45 cells. AGS and MKN45 cells were transfected
with either miR-NC or miR-331-5p. Comparison of the
glucose uptake (A) and lactate production (B) between
the two samples indicates that miR-331-5p inhibits
glucose uptake and lactate production compared with
miR-NC. Each experiment was repeated at least three
times; *p < 0.05, **p < 0.01 vs. miR-NC.

PFKFB3 is a direct target of miR-331-5p

To determine how miR-331-5p influences the
proliferation, migration, invasion, and glycolytic
metabolism of AGS cells, its effect on the
expression of PFKFB3, a candidate target
predicted by Targetscan (Figure 4 A), was
investigated. First, the prediction that PFKFB3
was a target of miR-331-5p was confirmed by the
overexpression of miR-331-5p in AGS cells
significantly reducing the luciferase activity of
PFKFB3-WT but not that of PFKFB3-MUT
(Figure 4 B). In addition, gqRT-PCR showed that
the mRNA level of PFKFB3 was induced by miR-
331-5p inhibitor but inhibited by miR-331-5p
mimic in AGS cells (Figure 4 C). Consistent with
the gRT-PCR results, the protein level of
PFKFB3 was promoted by miR-331-5p inhibitor
but reduced by miR-331-5p mimic in AGS cells
(Figure 4 D). These findings suggest that
PFKFB3 is a direct target of and is modulated by
miR-331-5p.

PFKFB3 reverses the miR-331-5p-induced
inhibition of GC cell proliferation, migration,
invasion, and glycolysis

Consistent with the results of Figure 4, western
blotting and gRT-PCR assay revealed that miR-
331-5p mimic decreased PFKFB3 expression.
Co-transfection with a PFKFB3 overexpression
vector (pcDNA3.1-PFKFB3) increased PFKFB3
expression in AGS cells (Figure 5 A and B) and
abrogated the effect of miR-331-5p mimic.
Moreover, overexpression of PFKFB3
descended AGS cell and overexpressed
PFKFB3 could ascend AGS cell activity (Figure 5
C). The BrdU assay confirmed that the
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proliferation of AGS cells was inhibited by miR-
331-5p mimic, whereas this effect of the miR-
331-5p was reversed by PFKFB3 overexpression
(Figure 5 D).

We also examined the interaction of miR-331-5p
and PFKFB3 in glycolysis. Cells that
overexpressed the miR-331-5p mimic showed
reduced glucose uptake and lactate production
compared with the negative control. However, if
these cells simultaneously overexpressed
PFKFB3, glucose uptake and lactate production
increased, indicating that the miR-331-5p-
induced inhibition of glycolysis was rescued by
PFKFB3 overexpression (Figure 5 E and F).
Likewise, the inhibition of AGS cell migration and
invasion caused by miR-331-5p was reversed by
PFKFB3 overexpression (Figure 5 G and H).
These  findings  suggest that PFKFB3
overexpression reverses miR-331-5p-induced
inhibition of proliferation, migration, invasion, and
glycolysis.

PFKFB3-WT 5'...GACUACCUAAAAUCA ASSCH
[111]]
miR-331-5p 3 CCUAGGGACCCUGG C &
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Figure 4: PFKFB3 is a direct target of miR-331-5p. (A)
The predicted miR-331-5p-binding sites in the 3-UTR
region of PFKFB3 (PFKFB3-WT) and designed mutant
sequence (PFKFB3-MUT), as determined by
Targetscan, are indicated. (B) The miR-331-5p mimic
significantly reduced the luciferase activity of PFKFB3-
WT but not that of PFKFB3-MUT in AGS cells.
Luciferase reporter assay in AGS cells co-transfected
with miR-331-5p mimic and the indicated luciferase
PFKFB3-WT or PFKFB3-MUT. After transfection with
miR-331-5p inhibitor or miR-331-5p mimic, the (C)
expression of PFKFB3 mRNA (measured by qRT-
PCR) was induced by miR-331 inhibitor and inhibited
by miR-331 mimic in AGS cells (D) and the expression
of PFKFB3 protein (as measured by western blotting)
was induced by miR-331 inhibitor and inhibited by
miR-331 mimic in AGS cells. Each experiment was
repeated at least three times. **p < 0.01 vs. miR-NC.
##p < 0.01 vs. miR-NC inhibitor
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Figure 5: PFKFB3 reverses miR-331-5p-induced
inhibition of proliferation, migration, invasion, and
glycolysis. Western blot (A) and gRT-PCR (B)
analysis of PFKFB3 expression in miR-331-5p-
overexpressed AGS cells showed that transfection of
cells with pcDNA3.1-PFKFB3 increased the protein
and mRNA levels, respectively. (C) Whereas miR-331-
5p mimic decreased the number of viable cells (as
determined by the CCK-8 assay), PFKFB3
overexpression increased it, restoring the value to that
observed in cells not overexpressing miR-331-5p
mimic. (D) Whereas miR-331-5p mimic decreased
AGS cell proliferation (detected using the BrdU assay),
PFKFB3 overexpression increased it to the level of
cells not overexpressing miR-331-5p mimic. PFKFB3
overexpression also reversed the miR-331-5p-induced
decrease in glucose uptake (E) and lactate production
(F) in AGS cells. The inhibition of AGS cell migration
(as measured by the wound healing assay) (G) and
invasion (as measured by the transwell assay) (H)
caused by miR-331-5p overexpression was also
reversed by simultaneous PFKFB3 overexpression.
Each experiment was repeated at least three times. *p
< 0.05, **p < 0.01 vs. miR-NC + vector. #p < 0.05, ##p
< 0.01 vs. miR-331-5p + vector

DISCUSSION

miRNAs are a class of non-coding RNAs that
participates in the regulation of cell proliferation,
apoptosis, and differentiation. miR-331-5p is a
novel mMiRNA that is abnormally expressed in
multiple diseases. Down-regulation of miR-331-
5p is related to middle cerebral artery occlusion
(MCAO)-induced tissue infarction, neurological
deficits, and inflammasome activation,
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suggesting that it has neuroprotective effects in
ischemic injury [10]. Guinever has demonstrated
that increased miR-331-5p participates in
chorioamnionitis by inducing a specific signature
of placental ABC transporters [12]. In cancer,
down-regulated miR-331-5p is associated with
resistance to chemotherapy and relapse in
leukemia [11]. To our best knowledge, the
function of miR-331-5p in GC has not yet been
investigated.

In this study, we showed that miR-331-5p
overexpression decreased the viable cell
number, inhibited cell proliferation, and

suppressed cell migration and invasion in AGS
and MKN45 cells. Interestingly, miR-331-5p also
inhibited key glycolytic activities in AGS and
MKN45 cells. To explore the mechanism by
which miR-331-5p inhibits proliferation,
migration, invasion, and glycolysis, we predicted
that PFKFB3 is a target of miR-331-5p. We
confirmed this prediction using the luciferase
reporter assay and by determining that PFKFB3
mRNA is, indeed, modulated by miR-331-5p. In
rescue experiments, PFKFB3 could reverse miR-
331-5p-induced inhibition  of  proliferation,
migration, invasion, and glycolysis. This study
has elucidated the mechanism and role of miR-
331-5p in GC in vivo, thus providing insight into
novel potential treatments of GC.

Glycolysis induces increased ATP production
and provides a growth advantage to cancer cells
[17,18]. In addition, cancer cells need further
metabolic intermediates and precursors that are
essential for the biosynthesis of macromolecules.
Furthermore, the final components are
indispensable to increase tumor growth [19]. In
GC, glycolysis is related to changes in the
activities of key enzymes, mitochondrial protein
expression, and levels of non-coding RNAs
compared with normal tissues or cells [20]. Not
only do these molecules affect the metabolism of
GC cells but also they influence the proliferation,
migration, and invasion of GC cells [20]. GC is
caused by the cumulative dysregulation of
multiple signaling pathways, which disrupt cell
proliferation, cell cycle, cell death, and
metastasis [21]. Our work shows that miR-331-
5p a critical factor in causing these effects and
changes in glycolysis; thus, it may play an
important role in GC progression.

Although investigations about the target of miR-
331-5p are limited, PFKFB3 was predicted and
proven to be a potential target of miR-331-5p.
PFKFB3 is one of four genes encoding 6-
phosphofructokinase-2/fructose bisphosphatase-
2, an important regulator of glycolysis [22]. It
converts glucose-6-phosphoric acid to glucose-3-

phosphoric acid and is present at high levels in
various tumor cell lines where it causes more
glucose to be metabolized through the glycolytic
pathway, thus providing energy for tumor
proliferation and the synthesis of substrates [23].
Wang et al. have demonstrated that miR-488
suppresses proliferation and glycolysis via
targeting PFKFB3 in human prostate cancer cells
[24] and miR-206 inhibits proliferation, migration,
and glycolysis of breast cancer cells by targeting
PFKFB3 [25]. In GC cells, miR-449c inhibits cell
migration and invasion by targeting PFKFB3, an
effect that can be eliminated by PFKFB3
overexpression [26].

Likewise, this work shows that PFKFB3
overexpression abrogates the inhibitory effects of
miR-331-5p on migration and invasion in GC
cells as well as the inhibitory effects of miR-331-
5p on proliferation and glycolysis. It might be
great significance that the role of PFKFB3 in
proliferation and glycolysis in GC cells. Notably,
given the limitation of miR-331-5p in cancers,
miR-331-5p may have different downstream
targets in GC, requiring more investigations in
the future.

CONCLUSION

The present study has demonstrated that the
overexpression of miR-331-5p mimic inhibits
proliferation, migration, invasion and glycolysis in
two GC cell lines. A target of miR-331-5p
(PFKFB3) was identified, and its overexpression
was shown to reverse these effects of miR-331-
5p in AGS cells. Because the upregulation of
miR-331-5p expression inhibits GC progression,
possibly via PFKFB3 inhibition, miR-331-5p may
be a potential target for GC treatment.
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