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Abstract: Gastric cancer (GC) is ranked the fourth leading
cause of cancer-related death, with an over 75%mortality
rate worldwide. In recent years, miR-299-3p has been
identified as a biomarker in multiple cancers, such as
acute promyelocytic leukemia, thyroid cancer, and lung
cancer. However, the regulatory mechanism of miR-299-
3p in GC cell progression is still largely unclear. Cell via-
bility and apoptosis tests were performed by CCK8 and flow
cytometry assay, respectively. Transwell assay was recruited
to examine cell invasion ability. The interaction between
miR-299-3p and PAX3 was determined by the luciferase
reporter system. PAX3 protein level was evaluated by wes-
tern blot assay. The expression of miR-299-3p was down-
regulated in GC tissues and cell lines (MKN-45, AGS, and
MGC-803) compared with the normal tissues and cells.
Besides, overexpression of miR-299-3p significantly sup-
pressed proliferation and invasion and promoted apoptosis
in GC. Next, we clarified that PAX3 expression was regulated
by miR-299-3p using a luciferase reporter system, qRT-PCR,
and western blot assay. Additionally, downregulation of
PAX3 repressed GC cell progression. The rescue experiments
indicated that restoration of PAX3 inversed miR-299-3p-
mediated inhibition on cell proliferation and invasion. miR-
299-3p suppresses cell proliferation and invasion as well as
induces apoptosis by regulating PAX3 expression in GC,
representing desirable biomarkers for GC diagnosis and
therapy.
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1 Introduction

Gastric cancer (GC) has developed into the fourth leading
cause of cancer-related deaths with more than 75% mor-
tality rate worldwide [1,2]. Generally, GC is induced
by poor dietary habits, Helicobacter pylori infection, gas-
tric mucosal inflammation, and atrophy [3,4]. Advanced
diagnostic tools and medical examinations have facili-
tated early detection of GC. However, most patients are
diagnosed at an advanced stage, which vitiated the treat-
ment outcomes, leading to low 5-year survival rate close
to 27% [5–7]. Therefore, exploration of the pathogenesis
of GC is essential for the development of novel therapy
strategies.

MicroRNAs (miRNAs) refer to a class of small non-
coding RNAs comprising 18–23 endogenous oligonucleo-
tides [8]. They specifically participate in tumorigenesis,
metabolism, proliferation, differentiation, epithelial-to-
mesenchymal transition (EMT), and metastasis by base-
pairing their messenger RNA (mRNA) and resulting in
posttranscriptional gene regulation, mRNA degradation,
and protein translation suppression [9–11]. Thus, the
differential expression of miRNA has been observed in
various cancers [12,13]. For instance, the abundance
of miR-299-3p markedly accelerated cell growth and
G1/S transition in acute promyelocytic leukemia through
targeting p21Cip1/Waf1 [14]. On the contrary, miR-299-3p
showed a low level of expression in thyroid cancer, and
upregulation of miR-299-3p significantly hindered cell
progression in vitro and in vivo by regulating SHOC2
expression [15]. Interestingly, miR-299-3p promoted chemo-
sensitivity to doxorubicin by directly targeting ATP
binding cassette E1 in lung cancer [16]. However, the
biological role of miR-299-3p in GC cell growth remains
unknown.
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Paired box 3 (PAX3), an essential member of the
paired box family gene, is a highly conservative transcrip-
tional factor located at the 35–37 region of the chromo-
some 2 long arm [17,18]. Typically, PAX3 is involved in
tissue development during the embryonic stage and the
maintenance of stem cell niches by inhibiting b-Tubulin-
III expression [19]. More importantly, PAX3 influences
cell self-renewal, migration, and differentiation orienta-
tion alteration throughmultiple pathways [20]. For instance,
PAX3 was reported to accelerate human glioma cell pro-
liferation through regulating WNT/β-Catenin signaling
pathways [21]. PAX3/FOXO1 fusion accelerated PAX3/
FOXO1-positive alveolar rhabdomyosarcoma aggregation
by regulating PPP2R1A [22]. Conversely, Wei Liu et al.
considered that PAX3 served as a tumor suppressor in
thyroid cancer by regulating transcription factor FOXO3a
[23]. A recent study shows that the expression of PAX3
might be associated with the prognosis of GC [24].
Another research published in GUT indicated that PAX3
binding to NOC3L affects GC cell growth [25]. These
results demonstrate that PAX3 might play a key role in
GC progression. However, the precise mechanism of
PAX3 in GC is not known. Thus, an investigation of the
function of PAX3 in GC is necessary.

In the present study, we explored the function of
miR-299-3p during GC cell progression. Examination of
miR-299-3p expression by qRT-PCR showed that miR-
299-3p was downregulated in GC tumors and cell lines,
suggesting the suppressive role of miR-299-3p. Moreover,
we demonstrated that PAX3 is a target of miR-299-3p.
Besides, miR-299-3p regulates cell progression by tar-
geting PAX3. Our research provides promising targets
for GC treatment.

2 Materials and methods

2.1 Patient tissues

Fresh GC tumor tissues and the corresponding normal
tissues were collected from 48 GC patients who under-
went surgery in Hainan General Hospital. Then, the tis-
sues were transferred and stored at −80°C immediately
until use. All the participants have not received preopera-
tive treatment before surgery.

Informed consent: Informed consent has been obtained
from all individuals included in this study.

Ethical approval: The research related to human use has
been complied with all the relevant national regulations,

institutional policies, and in accordance with the tenets
of the Helsinki Declaration and has been approved by the
Ethics Committee of Hainan General Hospital.

2.2 Cell culture

GC cell lines MKN-45, AGS, and MGC-803 and human
gastric mucosal epithelial cell line GES-1 were purchased
from Cell Bank of Chinese Academy of Sciences (Shanghai,
China). All the cells were maintained in DMEM (Gibco,
Grand Island, NY, USA) supplemented with 10% FBS
and 0.05% penicillin/streptomycin (Invitrogen, CA, USA)
at 37°C in a 5% CO2 incubator.

2.3 Cell transfection

The miR-299-3p mimics and miRNA negative control (miR-
NC) were purchased from RIBOBIO (Guangzhou, China).
Small interfering RNA (siRNA) targeting PAX3 (si-PAX3),
siRNA negative control (si-NC), and PAX3 were synthesized
by Genepharma (Shanghai, China). These plasmids were
transfected in MKN-45 and AGS cells using Lipofectamine
2000 (Invitrogen).

2.4 Quantitative reverse transcription
polymerase chain reaction (qRT-PCR)

Total RNA was isolated from GC tissues and cells using
TRIzol reagent (Invitrogen) by following manufacturers’
instructions. The cDNA for miR-299-3p and PAX3 was
synthesized using RNA by All-in-One™ First-Strand cDNA
Synthesis Kit (FulenGen, Guangzhou, China). qRT-PCR was
performed using SYBR green (Applied Biosystems, Foster
City, CA, USA) according to the standard procedure. The
primers for miR-299-3p and PAX3 were as follows: miR-
299-3p (Forward, 5′-TTCAGTGTAAACATCCTCGACTG-3′;
Reverse, 5′-TGGCAATGTCGTGGAGTCG-3′); PAX3 (Forward,
5′-GCTGGGAAATCCGAGACA-3′; Reverse, 5′-CCTCCTCCTCTT
CACCTTT-3′).

2.5 CCK8 assay

CCK8 assay was used to evaluate the cell proliferation
ability of GC cells. Briefly, transfected MKN-45 and AGS
cells (5,000 cells/well)were seededonto96-well plates.After
continuous incubation for 24, 48, and 72 h at 37°C in 5% CO2

incubator, 10 μL of CCK8 reagent (Beyotime, Shanghai,
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China) was added to each well for another 2 h. The optical
density (OD) value at 450 nm was read by a spectrophoto-
meter (Thermo Fisher Scientific, Waltham, MA, USA).

2.6 Flow cytometric analysis

Transfected MKN-45 and AGS cells were seeded on a 24-
well plate and continuously incubated for 48 h. The cells
were then collected and stained using Annexin V-FITC/PI
ApoptosisDetectionKit (Vazyme,Nanjing, China) for 20min.
The apoptotic rate was counted by BD FACS Canto II (BD
Biosciences, Franklin Lakes, NJ, USA) flow cytometry.

2.7 Transwell assay

Cell invasion ability was examined by transwell assay.
The upper chamber was coated with Matrigel (Becton
Dickinson, Franklin Lakes, NJ, USA) for 4 h. Then, trans-
fected MKN-45 and AGS cells were seeded on the upper
chamber coated with Matrigel and continuously incu-
bated for 48 h. Afterward, noninvasive cells were removed
from the upper chamber using a PBS-soaked cotton swab.
The invasive cells were fixed with 4% paraformaldehyde
and stained with 0.1% crystal violet for 10 min, respec-
tively. The visible cells were counted manually under
the microscope.

2.8 Dual-luciferase reporter assay

PAX3 sequences harboringwild-type ormutant-typemiR-
299-3p binding sites were amplified and inserted into
the downstream of the stop codon of psiCHECK2 dual-
luciferase reporter plasmids (Cat. no C8021; Promega,
Madison, WI, USA) and named as PAX3-Wt or PAX3-Mut
(Geneseed, Guangzhou, China). Then the wild-type and
mutant-type luciferase vectors (PAX3-Wt and PAX3-Mut)
were co-transfectedwithmiR-299-3p ormiR-NC intoMKN-
45 and AGS cells using Lipofectamine 2000 transfection
reagent. Luciferase activities were evaluated by dual-luci-
ferase assay system (Promega, Madison, WI, USA).

2.9 AGS xenograft model

1 × 106 AGS cells stable transfected with miR-299-3p were
injected into athymic BALB/C mouse (6 weeks old)

purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). Then, tumor
volume (length × width × width/2) was measured every
5 days. Twenty-eight days later, the mice were sacrificed,
and the tumor weight was analyzed. Tumor tissues are
snap frozen at −80° for gene expression analysis.

Ethical approval: The research related to animal use has
been complied with all the relevant national regulations
and institutional policies for the care and use of animals.

2.10 Statistical analysis

All the experiments were conducted at least three times,
and data were presented as mean ± standard deviation
(SD). Statistical analysis was carried out using SPSS
13.0 software (Chicago, IL, USA) and GraphPad Prism 7
(GraphPad Inc., San Diego, CA, USA). A p-value of <0.05
was considered statistically significant.

3 Results

3.1 miR-299-3p is downregulated in GC
tumor tissues and cell lines

The relative expression of miR-299-3p in 48 pairs of GC
tumors and normal tissues was measured by qRT-PCR. As
illustrated in Figure 1a, there is a variable 2 to 4-fold
difference in miR-299-3p expression in GC tumors com-
pared with the corresponding normal tissues. Consis-
tently, miR-299-3p expression was relatively lower in
GC cell lines (MKN-45, AGS, and MGC-803) compared
with human gastric mucosal epithelial cell line GES-1
(Figure 1b). From these data, it is speculated that miR-
299-3p might play a role of the tumor inhibitor in GC
progression.

3.2 Overexpression of miR-299-3p
suppresses cell proliferation and
invasion and promotes apoptosis in GC

Evaluation of the regulatory effect of miR-299-3p on GC
cell proliferation, invasion, and apoptosis was carried out
by qRT-PCR, CCK8, flow cytometry, and transwell assay,
respectively. The expression of miR-299-3p was elevated

268  Zhenfen Wang et al.



significantly in MKN-45 and AGS cells transfected with
miR-299-3p mimics compared with the miR-NC group, indi-
cating that the transfection efficiency was extremely high
(Figure 2a and b). CCK8 results revealed that the abundance
of miR-299-3p obviously hindered cell proliferation ability

(Figure 2c and d). Meanwhile, we noticed that the apoptotic
rate was enhanced in MKN-45 and AGS cells transfected
with miR-299-3p mimics compared with the miR-NC group
(Figure 2e and f). Moreover, upregulation of miR-299-3p
suppressed cell invasion in GC (Figure 2g and h).

Figure 1: The expression of miR-299-3p in GC tumors and cell lines. (a) The expression of miR-299-3p in GC tumor tissues compared with the
corresponding adjacent normal tissues measured by qRT-PCR. (b) The expression of miR-299-3p in GC cell lines (MKN-45, AGS, and BGC-
823) compared with human gastric mucosal epithelial cell line GES-1. *P < 0.05.

Figure 2: miR-299-3p inhibited cell proliferation and invasion and enhanced apoptosis in GC. (a and b) The expression of miR-299-3p in
MKN-45 (a) and AGS cells (b) transfected with miR-299-3p and miR-NC. (c and d) Cell viability of MKN-45 (c) and AGS cells (d) transfected
with miR-299-3p and miR-NC for 24, 48, and 72 h detected by CCK8 assay. (e and f) The apoptotic rate of MKN-45 (e) and AGS cells (f) 48 h
post-transfection evaluated by flow cytometry. (g and h) Transwell assay was utilized to assess cell invasion ability of MKN-45 (g) and AGS
cells (h) 48 h post-transfection. *P < 0.05.

miR-299-3p suppresses cell progression and induces apoptosis  269



Collectively, these results shownthatmiR-299-3psuppresses
proliferation and invasion and facilitates apoptosis in GC.

3.3 PAX3 is a target of miR-299-3p

We used online software, StarBase, miRmap, and miRanda,
to computationally search target genes on miR-299-3p.
Considering that miRNAs bind their target mRNAs via

partial base-pairing within the RNA-Induced Silencing
Complexes (RISC), and in consequence, promote transla-
tional suppression and/or RNA degradation, the predicted
genes with GC promotion effect were further screened out.
qRT-PCR was conducted to detect the effects of miR-299-3p
on the 15 candidate genes’ expression. As shown in Figure A1,
PAX3 is remarkably downregulated when miR-299-3p
was upregulated in GC. Based on bioinformatics prediction
by online database StarBase, we found that miR-299-3p
could bind to PAX3 3′-UTR (Figure 3a). To validate that,

Figure 3: PAX3 is a downstream target of miR-299-3p in GC. (a) Bioinformatics tool StarBase predicted that PAX3 3′-UTR had the binding
sites of miR-299-3p. (b and c) Luciferase activity of MKN-45 (b) and AGS cells (c) co-transfected with PAX3-Wt or PAX3-Mut and miR-299-3p
or miR-NC. (d and e) The expression of PAX3 mRNA in MKN-45 (d) and AGS cells (e) transfected with miR-299-3p and miR-NC. (f and g) The
expression of PAX3 protein in MKN-45 (f) and AGS cells (g) transfected with miR-299-3p and miR-NC. (h) The expression level of PAX3 was
detected by qRT-PCR. (i) The correlation between miR-299-3p and PAX3 levels was measured. *P < 0.05.
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we have constructed wild-type PAX3 (PAX3-Wt) andmutant-
type PAX3 (PAX3-Mut) vectors, which then were co-trans-
fected with miR-299-3p or miR-NC in MKN-45 and AGS
cells to establish a luciferase reporter system. As illu-
strated in Figure 3b and c, miR-299-3p reduced the fluo-
rescence activity of PAX3-Wt. However, the fluorescence
activity of PAX3-Mut was unchanged after miR-299-3p
transfection. Moreover, the expression of PAX3 mRNA
was decreased in MKN-45 and AGS cells transfected with
miR-299-3p (Figure 3d and e). Similarly, upregulation of
miR-299-3p repressed PAX3 protein expression (Figure 3f
and g). Furthermore, PAX3 was upregulated in tumor tis-
sues compared with normal tissues (Figure 3h), and there
was a reverse correlation between miR-299-3p and PAX3
expression levels in GC tissues (Figure 3i). All the data
indicated that PAX3 is a downstream target of miR-299-
3p in GC.

3.4 PAX3 depletion inhibits cell progression
and induces apoptosis in GC

We hypothesized that miR-299-3p exerts its cell regula-
tion function by binding to the target gene PAX3. Thus,
we transfected si-PAX3 and si-NC in MKN-45 and AGS
cells for the subsequent detection. We observed that
PAX3 protein level was significantly lower in MKN-45
and AGS cells after PAX3 knockdown compared with

the si-NC group (Figure 4a and b). Moreover, PAX3 silen-
cing significantly attenuated GC cell proliferation at 24,
48, and 72 h post-transfection (Figure 4c and d). Like-
wise, the number of invasive cells decreased distinctly
in si-PAX3 transfection cells compared with si-NC trans-
fection cells (Figure 4g and h). Oppositely, the abun-
dance of PAX3 induced cell apoptosis markedly (Figure
4e and f). Taken together, these results suggest that PAX3
depletion inhibits cell progression and induces apoptosis
in GC.

3.5 Restoration of PAX3 attenuated miR-
299-3p-induced inhibition on GC cell
proliferation and invasion

To explore the regulatory mechanism of miR-299-3p/
PAX3 axis in GC cell growth, MKN-45 and AGS cells
were transfected with miR-299-3p, miR-299-3p + PAX3,
miR-299-3p + vector, and miR-NC. Western blot results
exhibited that PAX3 protein was reduced by miR-299-3p,
and this effect was reversed by PAX3 plasmid transfection
in MKN-45 and AGS cells (Figure 5a and b). Moreover,
PAX3 reversed miR-299-3p-induced inhibition on cell
proliferation in GC (Figure 5c and d). Besides, low levels
of PAX3 accelerated apoptosis, while restoration of PAX3
suppressed apoptosis (Figure 5e and f). Cell invasion ability
was inhibited by downregulation of PAX3 expression.

Figure 4: PAX3 knockdown repressed proliferation and invasion and induced apoptosis in GC. (a and b) The expression of PAX3 protein in
MKN-45 (a) and AGS cells (b) transfected with si-PAX3 and si-NC. (c and d) Cell viability of MKN-45 (c) and AGS cells (d) transfected with si-
PAX3 and si-NC for 24, 48, and 72 h. (e and f) The apoptotic rate of MKN-45 (e) and AGS cells (f) at 48 h post-transfection. (g and h) Cell
invasion ability of MKN-45 (g) and AGS cells (h) at 48 h post-transfection. *P < 0.05.
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However, PAX3 rescued the inhibition of miR-299-3p on
cell invasion (Figure 5g and h). These findings clarified
that restoration of PAX3 could rescue miR-299-3p-induced
inhibition on GC cell proliferation and invasion.

3.6 Overexpression of miR-299-3p inhibited
the growth of GC in vivo

To further investigate the efficacy of miR-299-3p in GC,
we constructed GC tumor xenograft models. As shown in
Figure 6a and b, the tumor volume and weight of mice
injected with AGS cells stable transfected with miR-299-

3p were significantly decreased compared with those
of miR-NC groups. Furthermore, in tumors from mice
injected with miR-299-3p overexpressing cells, miR-299-
3p expression was remarkably upregulated, while PAX
became downregulated (Figure 6c and d).

4 Discussion

It is well acknowledged that miRNAs play pivotal roles in
the physiological and pathological processes of multiple
cancers, such as hepatocellular carcinoma, nasopharyngeal

Figure 5: PAX3 abrogated the suppressive effect of miR-299-3p on proliferation and invasion in GC. MKN-45 and AGS cells were transfected
with miR-299-3p + PAX3, miR-299-3p + vector, miR-299-3p, and miR-NC. (a and b) The expression of PAX3 protein in MKN-45 (a) and AGS
cells (b) at 48 h post-transfection. (c and d) Cell viability of MKN-45 (c) and AGS cells (d) after transfection for 24, 48, and 72 h. (e and f) The
apoptotic rate of MKN-45 (e) and AGS cells (f) at 48 h post-transfection. (g and h) Cell invasion ability of MKN-45 (g) and AGS cells (h) at 48 h
post-transfection. *P < 0.05.

Figure 6: Overexpression of miR-299-3p inhibited the growth of GC in vivo. AGS cells stable transfected with miR-NC and miR-299-3p were
injected into the hind leg subcutaneous of nude mice (each group of 5) to establish GC xenograft models. (a and b) Tumors’ volume and
weight with miR-NC or miR-299-3p were examined. (c) Expression level of miR-299-3p or PAX3 was detected by western blot. *P < 0.05.
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carcinoma, glioma, and GC [26–28]. As an oncogene or
tumor suppressor, miRNA is involved in tumorigenesis by
gene expression modulation at the posttranscriptional
level [29–31]. Recently, the aberrant expression of miR-
299-3p was identified to be associated with malignant
clinicopathological characteristics and poor prognosis
[32]. For example, miR-299-3p acted as a tumor sup-
pressor, inhibiting cell proliferation and invasion and
inducing apoptosis by downregulation of OCT4 or VEGFA
expression in renal and colon carcinoma, respectively
[33,34]. Conversely, miR-299-3p was upregulated in ovarian
cancer tissues and cell lines, and its knockdown reduced
proliferation and invasiveness and enhanced apoptosis
by targeting OCT4, implicating the oncogenic function
of miR-299-3p in ovarian cancer [35]. Thus, the regula-
tory mechanism of miR-299-3p in GC requires further
investigation.

Growing evidence has validated that miRNA exerts its
function through interaction with the specific target gene.
According to bioinformatics prediction by StarBase, PAX3
is a target gene of miR-299-3p. It is well acknowledged
that PAX3 is closely associated with embryonic tissue
development, disease formation, and tumorigenesis [36–38].
For example, activation of PAX3 controlled muscle pre-
cursor cell migration and skeletal muscle formation during
forelimb muscle development [39]. PAX3 also contributes
to glioblastoma tumorigenesis and differentiation by sup-
pressing p53 transcriptionally [40]. In addition, over-
expression of PAX3 was reported to induce cell aggregation
and interfere with commissural axon projection in vitro
and in vivo during embryonic spinal cord development
[41]. PAX3 is often considered an oncogene, although
there are contradicting reports emphasizing the growth-
inhibiting potential of PAX3. The ectopic expression of
PAX3 dramatically inhibited thyroid cancer progression
in vitro and in vivo through inhibiting the activity of PI3K/
Akt and MAPK signaling pathways and promoting the
expression and activity of transcription factor FOXO3
[42]. Overexpression of miR-29 and 206 downregulates
cell cycle gene expression and induces cell cycle arrest
through stabilization of PAX3 in rhabdomyosarcoma,
suggesting a tumor suppressor role for PAX3 [43].
Whether miR-299-3p modulates cell progression by tar-
geting PAX3 is still unclear.

In this study, we have assumed that miR-299-3p acts
as a tumor suppressor during GC cell growth by base-
pairing the target gene PAX3. To confirm this, we have
measured the miR-299-3p level in GC tumor tissues and
cell lines and discovered that it was downregulated in
tumors. More importantly, the abundance of miR-299-
3p repressed cell proliferation and invasion and induced

apoptosis, implicating that miR-299-3p acts as a tumor
suppressor in GC. The subsequent luciferase reporter
assay further validated the interaction between miR-299-
3p and PAX3. The evaluation of PAX3 mRNA and protein
in miR-299-3p transfection cells revealed that PAX3 was
modulated by miR-299-3p. PAX3 silencing retarded prolife-
ration and invasion, while enhanced apoptosis in MKN-45
and AGS cells. In addition, recovery of PAX3 expression
abolished the suppressive effect mediated by miR-299-3p
on GC cell progression.

In conclusion, we clarified the biological mechanism
of the miR-299-3p/PAX3 axis on GC cell proliferation,
invasion, and apoptosis (Figure 7). We found that miR-
299-3p was closely associated with GC cell progression,
and depletion of miR-299-3p reduced cell progression
and enhanced apoptosis in GC. Moreover, the results illu-
strated that miR-299-3p suppressed proliferation and inva-
sion by targeting PAX3, representing the potential biomar-
kers for novel targeted drug development.
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Appendix

Figure A1: The expression levels of target genes of miR-299-3p were
measured by qRT-PCR in AGS cell line.
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