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ABSTRACT
Gastric cancer (GC) is one of the most common aggressive cancers. The discovery of an effective biomarker is
necessary for GC diagnosis. In this study, we confirmed that Paired box gene 4 (PAX4) is up-regulated in GC
tissues and cells via quantitative real time polymerase chain reaction (qRT-PCR), western blot and
immunohistochemical staining. It was also identified that PAX4 contributed to GC cell proliferation, migration
and invasion through Cell Counting Kit-8, BrdU, flow cytometry assay, colony formation assay, transwell assays,
and wound healing assay. miR-27b-3p was confirmed with the binding site with PAX4 using ChIP assay and
served as a tumor suppressor that inhibiting GC cell growth and metastasis, and reversed the effect of PAX4.
Bioinformatics prediction and dual luciferase assay results demonstrated that miR-27b-3p targeted Grb2, which
could alter the function of miR-27b-3p. Furthermore, the transcriptional control of PAX4-regulated miR-27b-3p
activated the Ras-ERK pathway. Taken together, the PAX4/miR-27b-3p/Grb2 loop is known to be involved in GC
cell promotion, and can be seen as a promising target for GC therapy.

INTRODUCTION

widely [5] and can help achieve a higher
popularization rate, early detection, early diagnosis
and early treatment. Biomarkers are the biochemical
indicators that can mark changes or possible changes
in the structure or function of systems, organs, tissues,
cells and subcellular compartments. Previous studies
have identified potential GC markers, such as
carbohydrate antigen (CA) and carcinoembryonic
antigen (CEA) [6], PD-L1 and APE1 [7], miRNAs [8],
epidermal growth factor receptor (HER) family [9],
and fibroblast growth factor (FGFRs), for clinical
application [10].

According to the global cancer statistics released by
the International Agency for Research on Cancer in
2018, gastric cancer (GC) is one of the most common
cancers and is associated with limited effective
treatments for the disease [1, 2]. Although
chemotherapy can prolong the survival time of a few
patients with advanced GC, it is characterized by high
morbidity and mortality due to short maintenance time
and poor effectiveness of the majority of chemotherapy methods [3]. Gastroscopic screening studies in
South Korea and Japan have demonstrated that GC
screening is one of the effective strategies for reducing
GC-associated mortality [4]. The reason why this
strategy is effective is that population screening can
help identify GC as early as possible. Using GC
biomarkers with good clinical results for detection,
instead of gastroscopic screening, has been recognized
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Paired box 4 (PAX4), a member of the paired
homologous domain transcription factor PAX gene
family, is located on chromosome 7q32 [11]. The
DNA binding domain of PAX4 is formed by a homeolike domain, as well as the paired structural domain,
and belongs to the fourth subfamily of the PAX family
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MATERIALS AND METHODS

[12, 13]. PAX family transcription factors take on
essential functions in tissue development and cell
differentiation. For example, PAX4 is involved in
regulating pancreatic β-cell proliferation and survival
in diabetes [14–16]. PAX4 displays both immune and
regenerative properties, and combination with downstream targets offers a new prospective in diabetes
treatment. This is aimed at preserving the remaining βcells in parallel to stimulating their proliferation in
order to replenish the mass of β-cells lost during
disease progression [17, 18]. Studies over the past
decades have demonstrated that PAX genes
are abnormally expressed in human malignant
medulloblastoma, ovarian cancer and thyroid cancer
[19–22], which can help promote proliferation and
inhibit apoptosis of cancer cells via mitosis and
regulation of target genes or miRNAs. It has also been
reported that PAX4 corresponds to aberrant DNA
demethylation in the promoter region, and acts as a
candidate oncogene in hematologic malignancies [23].
PAX4 is redundant for proliferation of insulinoma
cells by upregulating the antiapoptotic gene bcl-xl.
[24] Although the relationship between PAX4 and
diabetes or tumors has gained significant attention, the
performance of PAX4 in GC has not yet been reported
and the regulatory mechanism of PAX4 expression
remains elusive.

Patient tissues
Overall, 60 GC patients that were admitted to the
Affiliated Hospital of Nantong University were selected
between January 2015 to December 2015 to participate
in the study. This study was granted approval by the
hospital ethics committee, and all patients were given
informed consent. The following comprised the
inclusion criteria: (1) patients must be diagnosed with
GC with relevant clinical diagnosis; (2) patients must
not have receives any anti-tumor treatment prior to
surgery. The exclusion criteria stated that patients with
organic diseases and other tumors were excluded. The
tumor tissues and matched adjacent tissues of all
patients were freshly collected and placed in a cryotube
and immediately stored in liquid nitrogen.
Construction of Pax4 and Grb2 over-expression
vector
The Pax4 and Grb2 open reading frame (ORF) were
amplified through the human cDNA library (Genbank:
NM_001366110.1 and NM_173689.7) utilizing
PrimeStar PCR and constructed into the expression
vector CD513B in order to generate the CD513B-Pax4
ov plasmid and CD513B-Grb2 ov plasmid. The
construct was validated via sequencing.

MiRNAs are a class of short (20–23nt) endogenous
single-stranded RNA molecules that are encoded by
RNA genes in the non-protein coding region of the
eukaryotic genome, which regulate target gene
expression at the post-transcriptional level. There is
firm evidence that aberrant miRNAs expression is
associated with tumorigenesis. MiR-27b-3p was found
at low levels in lung cancer cells, and inhibits cancer
cells transition and serves as a tumor suppressor [25].
Growth factor receptor-bound protein 2, Grb2, is an
essential adaptor protein that is widely expressed in
cells [26]. In addition, Grb2 acts as a major signal
transduction molecule that plays a role in multiple
downstream cancer signaling pathways. It has been
reported that elevated expression of Grb2 was identified
in various cancer cells, including breast cancer, GC and
esophageal squamous cancer [27–29]. MiRNA and its
downstream target are hotspots in the lncRNA
interaction discovery. Herein, we build a hypothesis
based on experimental results that PAX4 is up-regulated
and is closely associated with GC. We applied
bioinformatics methods and dual luciferase assay
in order to investigate that PAX4 binds to the
corresponding downstream DNA promoters in order to
inhibit miR-27b-3p transcription, and further upregulates Grb2 levels, accompanied by Ras-ERK
pathway activation, and therefore contributes to GC
cells promotion.
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Cell culture and transfection
Overall, six GC cell lines (HGC-27, MGC803, BGC823, SGC-7901, AGS, MKN45) and the human gastric
mucosal epithelial cell line GES-1, were cultured in
RPIM 1640 complete culture medium containing 10%
fetal bovine serum and 1% double antibodies (100
μg/mL penicillin and 100 μg/mL streptomycin) in an
incubator containing 5% CO2 at 37°C.
Cells in the logarithmic growth phase were seeded into
a six-well plates in complete culture medium.
According to the instructions, once the cells grew to
50%–60% confluence degree, si-PAX4 and si-NC was
transfected into AGS cells while PAX4 ov and NC were
transfected into HGC-27 cells through the use of
Lipofectamine™ 3000,
respectively.
MiR-27b-3p
inhibitor/mimics (RIBOBIO) and Grb2 ov were further
transfected into AGS cells. Next, qRT-PCR was utilized
to determine the transfection efficiency for follow-up
experiments.
Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from tissue and cultured
cells through the use of the TRizol reagent, following
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the guidelines, and then reverse transcribed into
cDNA through the use of the Prime ScriptTM RT
reagent Kit. The resulting cDNA was stored at –20°C
for qPCR analysis. The expression of Pax4 and Grb2
was detected by ABI 7900HT RealTime PCR System
using SYBR Green assays and GAPDH was the
internal control. The expression of miR-27b-3p was
measured using TaqMan MicroRNA Assays, with U6
as the internal control. The relative expression of
PAX4 mRNA, Grb2 mRNA and miR-27b-3p were
calculated via the RT-qPCR relative quantitative
method (2 -ΔΔCt method). Each experiment was
performed in triplicate.

BrdU assay
The cells were seeded onto a 96-well plate. Next, 24 h
after transfection, cell proliferation was determined by the
BrdU ELISA kit. The operation procedure was carried
out according to instructions. First, 15 μL BrdU solution
was added to each well, and incubated at 37°C, 5% CO2
for 2 h. Next, the supernatant was replaced with 100 μL
denaturated solution and cells were incubated for 10 min.
According to instruction, the BrdU antibody, secondary
antibody and tetramethylbenzidine were successively
added for incubation for 30 min. Next, the absorbance at
370 nm was measured through a microplate reader in
order to reflect the changes in cell proliferation. Finally,
we prepared three multiple holes for each set of samples;
the experiments were repeated three times.

Transwell assays for cell migration and invasion
We added 200 μL of diluted matrigel to the upper
chamber of the Boyden chamber assay and let it dry
overnight. The transfected AGS cells and HGC-27 cells
were put into a single cell suspension and then rinsed
with serum-free medium three times. After cell
counting, the cells were seeded onto the upper chamber
of the transwell chamber, and 300 μL DMEM medium,
containing 10% FBS, which served as a chemokine, was
added to the lower chamber. The plates were added to a
37°C and 5% CO2 incubator. Next, the plates were
taken out the chamber after 24 h, and soaked and
washed three times in PBS. Then, the cells in the
transwell upper chamber were fixed in 95% ethanol,
washed three times with PBS, soaked with freshly
prepared crystal violet staining solution for 5–10
minutes, and a cotton swab was used to wipe the cells in
the upper chamber that had not yet gone through the
filter membrane. The cells were observed under the
microscope, pictures were taken, and cells were
counted. Then, the average value was taken in order to
evaluate the invasion ability by assessing the number of
cells that migrated to the lower layer of the microporous
membrane. For the migration assay, we left out the step
of treating the upper chamber with Matrigel. The rest of
the procedures were the same. Each experiment was
performed in triplicate.

Flow cytometry assay
GC cells (AGS and HGC-27) within each group were
diluted and inoculated into a six-well plate with 1 × 104
cells per well, and cultured for 72 h. Then, the cells were
digested with trypsin and the cell suspension was collected.
Annexin V-FITC (5 μL) and propidium iodide (5 μL) were
mixed according to the instructions of the apoptosis kit. The
apoptosis rate was detected and analyzed using the flow
cytometer. The experiment was repeated three times.
Western blot
The transfected cells were collected after 24 h, and the
cells were lysed using RIPA lysis buffer in order to
extract total protein. The protein concentration was
determined using the BCA method. Proteins were then
separated by 10% SDS-PAGE gel electrophoresis, and
transferred to a membrane, blocked with 5% skimmed
milk powder at room temperature for 1 h. The membranes
were then incubated with primary antibodies targeting
Pax4 (PA1-108, ThermoFisher), Grb2 (ab32111; Abcam),
p-Raf (ab157201; Abcam), T-Raf (ab230850; Abcam), pMEK (ab278562; Abcam), t-MEK (ab32576; Abcam), pERK (ab136926; Abcam), t-ERK (ab184699; Abcam),
Vimentin (ab92547; Abcam), Bax (ab32503; Abcam),
CyclinD1 (ab16663; Abcam) and GAPDH (ab181602;
Abcam). The membranes were incubated at 4°C
overnight, washed with TBST three times, five min each
time. Then, the membranes were incubated with
secondary antibodies for 1 h at room temperature. The
membranes were washed with TBST three times, five min
each time. Finally, ECL luminescent solution was added
to the dark room, exposed and developed.

Cell proliferation assays
Cell proliferation was evaluated using the CCK-8 assay.
GC cell lines (AGS and HGC-27), 24 h after
transfection, were seeded onto the 96-well plate at a
density of 4000 cells per well. Transfected no-carrier
cells were used as the control group (Vector). There
were three duplicate wells were set for each treatment.
Cells were cultured for 24, 48, 72 and 96 h. Next, 10 μL
of the CCK-8 solution was added to each well and
incubated at 37°C for 1 h. The optical density (OD)
value at 450 nm was measured using a micrometer. All
experiments were repeated three times.
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Wound healing assay
Transfected AGS and HGC-27 cells were seeded onto
a six-well plate at 1 × 106/well, and cultured to 80%
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confluency. The monolayer of cells was scarped with
a 200 μL pipette tip, and then the cells were
continued to be cultured in FBS-free medium. The
wound healing was observed under an inverted
microscope, with photographs taken at 0 and 48 h.
The wound healing rate was determined by
measuring the wound width using the ImageJ
software. The calculation is as follows: wound
healing rate = (wound width-wound width at different
time points/original wound width × 100%). Each
experiment was performed in triplicate.

and activity was determined by the photoluminescence
instrument.
Immunohistochemical staining (IHC)
All tissues were paraffin-embedded and acquired from the
Department of Pathology at the Affiliated Hospital of
Nantong University. The paraffin-embedded tissues were
sliced into 4-µm sections. The tissues slices were dewaxed,
dehydrated and rehydrated. A rabbit anti-Pax4 polyclonal
antibody (PA1-108, ThermoFisher) was added and
incubated into sections overnight at 4°C. The SP-9000
HistostainTM Plus kits (ZSGB-BIO) were utilized as per
the manufacturer’s protocol. Tumor slices were then
evaluated in a blinded manner. Ten fields were chosen for
examination of cell-staining intensity and proportion of
positive cells. Immunohistochemical staining was
evaluated according to the immunoreactive score (IRS),
and then evaluated using the staining intensity and
proportion of positive cells. The staining intensity was
graded as 0 (no staining), 1 (weak), 2 (moderate) and 3
(strong). The proportion of positive cells were scored as 0
(negative), 1 (<10%), 2 (10–50%) or 3 (>50%). Both
scores were multiplied and the IRS was determined.
Values ≥3 were defined as positive cytoplasmic
expression, and values <3 were regarded as negative.

Colony formation assay
In order to carry out the colony formation assay, 24 h
after transfection, cells were digested and evenly
seeded onto a 6-well plate at a density of 5000 cells
per well. The cells were divided into groups, and
added into multiple wells. The clones were cultured in
an incubator for approximately 14 days to observe the
number of colonies. At the same time, the clones were
visualized and counted. The experiment was repeated
three times.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were
carried out utilizing an ImprintH Chromatin Immunoprecipitation Kit Sigma (St. Louis, MO), based on
protocol provided by the manufacturer. Briefly, cells
were cross-linked using 1% formaldehyde, which was
followed by nuclear fractionation and DNA shearing via
sonication. The anti-HA antibody (ab9110; Abcam) was
utilized to perform immunoprecipitation and rodent
immunoglobulin G (IgG) was used as negative control.
Following extensive washing, the bound DNA
fragments were eluted and analyzed by PCR. The
primer sequences are listed in Table 1.

Animal experiments
Five-week-old BALB/C nude mice were acclimated to
room temperature routinely. The mice were divided into
four groups, and subcutaneously injected with AGS and
HGC-27 cells that were transfected with si-NC, siPAX4 or NC, and PAX4 ov into mice, respectively.
Tumor growth was observed every three days until three
weeks post-injection. The mice were then handled, and
the tumor weight was measured. The calculation for
tumor volume was as follows: tumor volume (mm3) =
0.5× length (mm) × width (mm) × height (mm). All
experiments abided by protocols set by the Animal
Ethics Committee of local hospital.

Dual luciferase assay
The transfected AGS cells were collected and seeded
onto a 24-well plate (1 × 104 cells per well). The cells
were cultured and observed to determine whether the
grew into one layer and constructed the wild-type
(pGL3-basic-miR-27b-3p promoter-wt) and mutant
(pGL3-basic-miR-27b-3p promoter-mut) dual luciferase
reporter vector, co-transfected with NC or PAX4 ov,
respectively. Simultaneously, we applied the wild-type
(pGL3-control-Grb2 3p′UTR-wt) and mutant (pGL3control-Grb2 3p′UTR-mut) dual luciferase reporter
vectors in order to transfect miR-NC or miR-27b-3p,
respectively. Then, 48 h after transfection, the RIPA
lysate was lysed at room temperature for 20 minutes,
after which the supernatant was gathered via
centrifugation. The luciferase substrate was then added
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Statistical analysis
Graph Pad Prism 5 software and SPSS 22.0 were
utilized for statistical analyses. The data is expressed as
mean ± standard deviation. The independent sample t
test was used to compare two groups, while one-way
analysis of variance was used for the comparison
between multiple groups. Pearson’s coefficient
correlation or linear regression analysis helped
determine the relationship between two variables.
Categorical data were assessed using a chi-square test.
Survival rates were determined via the Kaplan-Meier
method. A log-rank test helped compare significance. P
< 0.05 refers to a statistically significant difference.
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Table 1. The primers used in this study.
Name

Sequences

Pax4 forward primer

5′-ATACCCGGCAGCAGATTGTG-3′

Pax4 reverse primer

5′-AAGACACCTGTGCGGTAGTAA-3′

miR-27b-3p forward primer

5′-AGCGTTCACAGTGGCTAAG-3′

miR-27b-3p reverse primer

5′-TCCTCCTCTCCTCTCCTCTC-3′

Crb2 forward primer

5′-ACCACTGTGCTTGTCCTGAG-3′

Crb2 reverse primer

5′-TCCAGGGTCGCTAGATGGAG-3′

U6 forward primer

5′-CTCGCTTCGGCAGCACA-3′

U6 reverse primer

5′-GGATGGTGATGGTTTGGTAG-3′

GAPDH forward primer

5′-TCCTCTGACTTCAACAGCGACAC-3′

GAPDH reverse primer

5′-CACCCTGTTGCTGTAGCCAAATTC-3′

P1 forward primer (Chip)

5′-CCCCTGGCTTCTATTGGAGT-3′

P1 reverse primer (Chip)

5′- GTGTAGAAACCCATACTGAG-3′

P2 forward primer (Chip)

5′-CTGTGTCTGCTCCGTTTTTC-3′

P2 reverse primer (Chip)

5′-AACACCAAATATTCAATAT-3′

P3 forward primer (Chip)

5′-TCACTCAGTTTTGAACATTGA-3′

P3 reverse primer (Chip)

5′- CCTGACTCTTCTGGAAGAATA-3′

RESULTS

PAX4 facilitated GC cell proliferation, migration
and invasion, inhibited cancer cell apoptosis and
promoted tumor growth

GC tissues and cells have elevated PAX4 mRNA and
protein levels

As we previously mentioned, PAX4 overexpression is
closely related to poor GC prognosis. Therefore, we
hypothesized that PAX4 expression in GC cells may
influence cancer cell progression. Therefore, we
developed two systems to evaluate loss/gain of PAX4
function in GC cell life cycle. AGS cells were
transfected with si-PAX4 and that helped conduct
PAX4 knockdown, while HGC-27 cells were
transfected with PAX4 ov aimed to build PAX4
overexpression. The corresponding control groups were
transfected with si-NC and NC vectors, respectively.
The PAX4 mRNA and protein expression were lower
level when they were given si-PAX4 in AGS cells and
had higher expression of PAX4 ov group of HGC-27
cells (Figure 2A and 2B).

In order to determine the differential PAX4 expression
in GC patients, we examined PAX4 mRNA and
protein expression across 60 pairs of GC tissues and
adjacent normal tissues using qRT-PCR, WB and IHC.
The differentially significant PAX4 mRNA and
protein levels are displayed in Figure 1A–1C between
GC tissues and paired adjacent normal tissues. The
results indicated that PAX4 is overexpressed in GC
patients’ tissues compared to non-GC tissues. A
similar trend was observed across six GC cell lines
(HGC-27, MGC803, BGC-823, SGC-7901, AGS,
MKN45), compared to the human gastric mucosal
epithelial cell line GES-1. Among the six GC cell
lines, the AGC cell line demonstrated the highest
PAX4 expression while HGC-27 cell line had
relatively low PAX4 mRNA levels (Figure 1D). As
observed in the overall survival analysis, elevated
PAX4 expression was related to a lower 5-year
survival and poor prognosis in GC patients (Figure
1E). Furthermore, we studied the relationship between
Pax4 expression and the clinic-pathologic features of
GC patients. As shown in Table 2, Pax4 expression
was significantly correlated to tumor size (P =
0.0371), lymph node metastasis (P = 0.0029) and
TNM stage (P = 0.0039). However, it was not related
to age, gender, or histological grade.
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Cell proliferation ability was measured using the CCK8, BrdU and colony formation assays. A lack of PAX4
resulted in weaker GC cell growth, while excessive
PAX4 levels promoted GC cell growth (Figure 2C–2E).
Flow cytometry was utilized to determine cell
apoptosis. Results indicated that knockdown of PAX4
could significantly increase GC cell apoptosis and
overexpression of PAX4 inhibited apoptosis in HGC-27
cells (Figure 2F). Subsequently, transwell and wound
healing assays measured cell migration and invasion.
According to our results, AGS cells that lacked PAX4
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Table 2. Correlation of Pax4 expression with clinicopathological characteristics in GC patients.
Characteristic

Case

All case
Age (years)
<60
≥60
Gender
Female
Male
Tumor size (cm)
<3cm
≥3cm
Histological grade
High
Low-middle
Lymph node metastasis
Negative
Positive
TNM stage
I-II
III-IV

60

Low
30

25
35

11
19

Pax4 expression
High
30

P value

0.432
14
16
0.292
24
36

14
16

10
20

26
34

17
13

9
21

0.0371

0.063
37
23

22
8

15
15

39
21

25
5

14
16

0.0029

0.0039
25
35

18
12

expression presented worse migration and invasion
abilities compared to the si-NC group, additionally, the
migration and invasion abilities of HGC-27 cells with
overexpressed PAX4 were distinctly stimulated,
compared to the NC group (Figure 2G–2I).

7
23

In order to determine the function of PAX4 in vivo, we
subcutaneously injected AGS cells that were transfected
with si-PAX4 or si-NC and HGC-27 cells transfected
with PAX ov or NC into nude mice, respectively. The
records of tumor formation in the mice were observed

Figure 1. Elevated PAX4 mRNA and protein expression in both GC tissues and cell lines. (A, B) Higher PAX4 mRNA and protein
expression in GC tissues compared to normal tissues (n = 60) by qRT-PCR (P < 0.0001) and WB (P = 0.0002). (C) The IHC results between GC
and non-GC tissues demonstrated excessive PAX4 in GC tissues. (D) Overexpression of PAX4 mRNA levels were identified across six GC cell
lines (HGC-27, MGC803, BGC-823, SGC-7901, AGS, MKN45) compared to the human gastric mucosal epithelial cell line GES-1. (E) The overall
survival analysis results demonstrated that PAX4 high expression in GC is associated with poor prognosis.
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Figure 2. Knockdown of PAX4 in AGS cells inhibited GC cell proliferation, migration and invasion, while overexpression of
PAX4 in the HGC-27 cells accelerates GC proliferation, migration and invasion. (A) PAX4 mRNA and protein levels were decreased
after si-PAX4 transfection in AGS cells compared to the control group (P = 0.0004). (B) PAX4 mRNA and protein levels were increased after
PAX4 ov transfection in HGC-27 cells compared to the NC group (P = 0.0058). (C) Lower PAX4 expression weaken GC cell viability and higher
PAX4 expression was beneficial for GC cell viability assessed by the CCK-8 assay. (D) Lower PAX4 expression weaken GC cell proliferation (P =
0.0016) and higher PAX4 expression was beneficial for GC cell proliferation (P = 0.0091) assessed by the Brdu assay. (E) Colony formation
assay determined numbers of colony formation after si-PAX4 (P = 0.0005) or PAX4 ov (P = 0.0005) transfected (P = 0.0005). (F) Flow
cytometry assay demonstrated that GC cell apoptosis capacity was strengthened in the absence of PAX4 (P = 0.0014) and was attenuated in
PAX4 ov group (P = 0.0011). (G–H) Transwell assay demonstrated that decreased PAX4 result in inhibition of AGS cell migration (P = 0.012)
and invasion (P = 0.013), increased PAX4 enhanced GC cell migration (P = 0.0014) and invasion (P = 0.0041). (I) Wound healing assay indicated
the impaired GC cell migration when reduced PAX4 (P = 0.0076) and fortified GC cell migration when PAX4 was overexpressed (P = 0.0005).
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and displayed (Figure 3A, 3B). Next, 21 days after
injection, we observed that knockdown of PAX4
suppressed tumor growth. In fact, the average volume
and weight of tumor in the si-PAX4 group were
markedly decreased compared to si-NC group (Figure
3C, 3E). However, in the PAX4 ov group, the average
volume and weight of tumor were significantly
increased compared to the NC group (Figure 3D, 3F).
Taken together, we concluded that up-regulated PAX4
levels can accelerate GC cell growth, migration and
invasion, and promote GC tumor growth, functioned as
a crucial oncogene both in vitro and in vivo.

PAX4 targeted directly to miR-27b-3p
negatively regulated its expression

and

In order to fully discover the mechanism of PAX4
interaction in GC development, we determined the
PAX4 target genes. Three Pax4 binding sites (P1: 459
to 466 bp; P2: 653 to 660 bp; P3: 829 to 836) were
predicted, within the miR-27b-3p promoter region,
using an online software (http://jaspar.genereg.net/). It
was verified using ChIP assays that the activity data of
Pax4 binding to the miR-27b-3p gene promoter
was dramatically increased at site 1 (Figure 4A).

Figure 3. PAX4 overexpression promoted GC tumor growth in vivo. (A–B) Subcutaneous tumor records of the si-PAX4 group and
PAX4 ov group. (C–D) The average tumor volume curves indicated that silencing PAX4 can inhibit tumor growth and upregulation of PAX4 can
promote tumor growth. (E–F) Knockdown of PAX4 led to the lighter average tumor weight (P = 0.0039) and upregulating PAX4 led to an
average heavier tumor weight (P = 0.0017).
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Thus, we speculated that PAX4 may target miR-27b3p in gastric cancer cells. To further validate
this hypothesis, we constructed luciferase-reporter
plasmids containing the miR-27b wild type promoter
or mutant segments. In GC cells transfected with
pGL3-miR-27b-3p promoter-wt plasmid, the relative
luciferase activity of PAX4 ov group was significantly
decreased compared to the NC group. Conversely, the
relative luciferase activity of the PAX ov group
transfected with pGL3-miR-27b-3p promoter-mut
plasmid was not significantly different compared to
the negative control group (Figure 4B). Furthermore,
qRT-PCR was performed to determine expression of
miR-27b-3p among GC tissues and cell lines. The
results provided demonstrate that miR-27b-3p levels
are relatively absent in GC tissues compared to normal
tissues among 60 GC patients (Figure 4C).
Furthermore, miR-27b-3p levels were down-regulated
in six GC cell lines (HGC-27, MGC803, BGC-823,
SGC-7901, AGS, MKN45) compared to the human
gastric mucosal epithelial cell line GES-1 (Figure 4D).
In AGS cells transfected with si-PAX4, miR-27b-3p
was found to be overexpressed in the PAX4
knockdown group, compared to the control group,
miR-27b-3p level was suppressed in HCG-27 cells
with PAX4 overexpression (Figure 4E). Furthermore,
Pearson’s correlation analysis revealed a negative
relationship between PAX4 and miR-27b-3p
expression (Figure 4F). These findings suggest that
PAX4 directly targets miR-27b-3p and negatively
regulates miR-27b-3p expression.
MiR-27b-3p reversed PAX4-induced
promotion and metastasis

GC

miR-27b-3p inhibitor rescued GC cell apoptosis brought
by PAX4 knockdown (Figure 4K). Through transwell
and wound healing assay, we determined that miR-27b3p inhibitor reserved the inhibition of GC cell migration
and invasion, as mediated by absence of PAX4 (Figure
4L–4N). Hence, these findings validate our hypothesis
that miR-27b-3p is able to reverse GC cell promotion
and metastasis mediated by PAX4 and can serve as a
tumor suppressor.
Grb2 targeted by miR-27b-3p and had a negative
correlation with miR-27b-3p
We applied bioinformatics tools to predict the
downstream target genes of miR-27b-3p. We utilized
the Starbase, miRDB, DIANA, TarBase and
TargetScan. Cluster analysis was conducted on
downstream target genes that appeared in at least three
databases at the same time. The results demonstrated
that miR-27b-3p is able to bind to 3′UTR of Grb2
mRNA (Figure 5A). The following dual luciferase assay
validated the direct interaction between miR-27b-3p and
Grb2. Furthermore, miR-27b-3p is able to markedly
reduce luciferase activity compared to the control group
in GC cells that are transfected with pGL3-Grb2-wt
plasmid, while luciferase activity in GC cells that were
transfected with pGL3- Grb2-mut demonstrated no
change (Figure 5B).
In order to assess the clinical relevance between miR27b-3p and Grb2, qRT-PCR was conducted to detect
Grb2 mRNA levels both in GC patient tissues and GC
cell lines. The expression levels of Grb2 mRNA were
significantly up-regulated compared to normal (Figure
5C, 5D). In AGS cells transfected with miR-27b-3p
mimics, Grb2 mRNA levels were markedly reduced,
however, we observed increasing Grb2 mRNA levels in
HGC-27 cells transfected with the miR-27b-3p inhibitor
(Figure 5E). Western blot was utilized to determine
Grb2 protein levels in GC tissues, and Grb2 levels were
higher than adjacent normal tissues (Figure 5F).
Pearson’s correlation analysis revealed a negative
correlation between Grb2 and miR-27b-3p expression
(Figure 5G). From this evidence, we determined that
miR-27b-3p directly binds to Grb2 and their expression
levels have a negative relationship.

cells

In prior studies, we confirmed that PAX4 knockdown is
able to restrain GC cell growth and metastasis.
Furthermore, PAX4 acts as a transcriptional suppressor
to inhibit miR-27b-3p levels. Hence, we speculate that
PAX4 can exert its function by regulating miR-27b-3p.
To validate this hypothesis, we conducted qRT-PCR to
examine miR-27b-3p expression mediated by si-PAX4,
si-PAX4+miR-27b-3p inhibitor and negative control in
AGS cells. The levels of miR-27b-3p in the si-PAX4
group was highest, while adding miR-27b-3p inhibitor
reduced miR-27b-3p expression (Figure 4G).
Furthermore, the corresponding rescue experiments
were evaluated. CCK-8, BrdU and colony formation
assays were carried out to evaluate cellular
proliferation. These results demonstrated that silencing
PAX4 is able to repress GC cells proliferation, while the
presence of the miR-27b-3p inhibitor impairs this
inhibition of cell growth (Figure 4H–4J). Additionally,
we carried out flow cytometry to evaluate cell
apoptosis, results of which indicated that adding the
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Grb2 altered miR-27b-3p effects on GC cells,
facilitating GC cell promotion
After validating the tumor-restraining effects of miR27b-3p, and its negative correlation with Grb2
expression, we further assessed their functional
relationship in GC cells. We established three groups,
including (1) AGS cells transfected with miR-27b-3p
mimics, (2) AGS cells co-transfected with miR-27b-3p

16794

AGING

Figure 4. PAX4 targets and negatively regulates miR-27b-3p, and miR-27b-3p reversed PAX4 function in AGS cells. (A, B) The
interaction between PAX4 and miR-27b-3p promoter region was validated through ChIP (P = 0.014) and dual luciferase assays (P = 0.0012).
(C) The expression of miR-27b-3p was down-regulated in GC tissues (n = 60, P = 0.0004). (D) The expression of miR-27b-3p was downregulated in six GC cell lines (HGC-27, MGC803, BGC-823, SGC-7901, AGS, MKN45) compared to the human gastric mucosal epithelial cell line
GES-1. (E) Up-regulation of miR-27b-3p level was detected in the PAX4 knockdown group in AGS cells (P = 0.0061) and down-regulated miR27b-3p levels were detected in the PAX4 overexpression group in HGC-27 cells by qRT-PCR (P = 0.0095). (F) There is a negative correlation
between PAX4 and miR-27b-3p expression. (G) Lower miR-27b-3p levels were detected via qRT-PCR after addition of miR-27b-3p inhibitor to
the si-PAX4 group (P = 0.0077). (H–I) CCK-8 and BrdU assays (P = 0.0035) detected that decreased miR-27b-3p level promoted enhanced GC
cell viability and proliferation abilities. (J) Colony formation assay determined the numbers of colony formation (P = 0.0059). (K) GC cell
apoptosis was examined via flow cytometry assay (P = 0.0077). (L–M) The increased cell migration (P = 0.0051) and invasion (P = 0.0051)
abilities were identified when miR-27b-3p expression was inhibited by transwell assays. (N) Wound healing assay was utilized to discover
enhanced GC cell metastasis in the absence of miR-27b-3p compared to the si-PAX4 group (P = 0.0006).
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Figure 5. MiR-27b-3p binds and negatively modulates Grb2, and Grb2 can reverse inhibition of GC cell promotion brought by
miR-27b-3p. (A) The complementary sequence between miR-27b-3p and Grb2 3’UTR. (B) Luciferase reporter assay verifies a direct
relationship between miR-27b-3p and Grb2 (P = 0.0041). (C) Across 60 GC tissue samples, Grb2 levels were higher compared to adjacent
cancer (P < 0.0001). (D) Grb2 levels in GC cell lines is higher than that in gastric mucosa epithelial cells. AGS had the highest expression, while
HGC-27 was relatively low. (E) Grb2 mRNA expression was lower in the miR-27b-3p mimics group (P = 0.0376) and was higher in the miR-27b3p inhibitor group (P = 0.0034). (F) Grb2 expression in GC and adjacent tissues was detected through western blot (P < 0.0001). (G) There is a
negative correlation between Grb2 and miR-27b-3p expression. (H–I) Up-regulation of Grb2 mRNA and protein levels were determined using
qRT-PCR and WB after Grb2 ov in the miR-27b-3p mimics group (P = 0.0019). (J–K) CCK-8 and BrdU assays (P = 0.0128) detected GC cell
viability and proliferation ability, respectively. Up-regulated Grb2 mRNA levels were positively associated with GC cell growth. (L) Colony
formation assay detected the numbers of colony formation (P = 0.0075). (M) GC cell apoptosis was inhibited upon overexpression of Grb2, as
examined by flow cytometry assay (P = 0.0009). (N–O) Accelerated cell migration (P = 0.0089) and invasion (P = 0.0125) abilities were found
by transwell assays brought on by increased Grb2 levels. (P) Wound healing assay was utilized to discover GC cell metastasis, which indicated
that high Grb2 levels promote GC cell metastasis (P = 0.0017).
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mimics and Grb2 ov vector and (3) AGS cells
transfected with mimics NC vector. As expected, Grb2
mRNA and protein levels were significantly increased
upon addition of Grb2 ov vector compared to miR-27b3p mimics group (Figure 5H, 5I).

differentiation, and malignant transformation of cells.
The Ras-ERK pathway is also known to be significant
in tumorigenesis and development. MiR-27-3p and
Grb2 have been reported to be associated with the RasERK pathway across diverse cancers [30–34]. As
mentioned above, we have already validated that PAX4
influences GC cell promotion by modulating the miR27b-3p/Grb2 axis. Therefore, the PAX4/miR-27b3p/Grb2 regulatory loop may be associated with the
Ras-ERK pathway. Related biomarker proteins (p-Raf,
p-MEK, p-ERK) were determined using western blot. In
the si-PAX4 group, levels of p-Raf, p-MEK, p-ERK
were down-regulated compared to the si-NC group
while total Raf (t-Raf), total ERK (t-ERK), total MEK
(t-MEK) levels were not significantly different (Figure
7). Inhibition of the Ras-ERK pathway further resulted
in increased Bax apoptotic protein, decreased vimentin
(EMT pathway protein) and decreased cyclinD1
(cyclin). However, the group with PAX4 overexpression showed the opposite. Overexpressed p-Raf,
p-MEK, p-ERK levels were observed, while the total
Raf (t-Raf), total ERK (t-ERK), total MEK (t-MEK)
levels remained the same. Lower levels of the Bax
apoptotic protein and higher levels of Vimentin (EMT
pathway protein) and cyclinD1 (cyclin) were provided,
in comparison to the control group (Figure 7). The
results supported that PAX4/miR-27b-3p /Grb2
regulatory loop activates the Ras-ERK pathway, which
is associated with GC cell progression.

Subsequently, cell viability and colony formation
abilities were assessed using the CCK-8, BrdU and
colony formation assay (Figure 5J–5L). Results from
these experiments demonstrated that miR-27b-3p
mimics are able to inhibit GC cell viability and colony
formation, while Grb2 ov counteracts miR-27b-3pinduced tumor suppressive effects on GC cells. Cell
apoptosis, migration and invasion abilities were
evaluated using flow cytometry assay (Figure 5M),
transwell assays (Figure 5N–5O) and wound healing
assay (Figure 5P). MiR-27b-3p mimics induced GC cell
apoptosis, and inhibited GC cell migration and invasion.
It is clear to see that Grb2 ov neutralized these effects,
thereby preventing GC cells apoptosis and accelerating
GC cells metastasis. Taken together, Grb2 altered
inhibition of GC promotion induced by miR-27b-3p,
suggesting that Grb2 may act as a GC indicator.
Grb2 knockdown attenuated the PAX4 ov-induced
effect on GC cell progression
Next, we explored the effect of Grb2 knockdown on
PAX4-induced function in GC cells. Firstly, the mRNA
and protein expression of Grb2 were determined in NC,
PAX4 ov, PAX4 ov+si-Grb2 groups by qRT-PCR and
Western Blot. Results indicated significantly lower
Grb2 levels upon addition of si-Grb2 to PAX4 ov group
(Figure 6A). CCK-8, BrdU and colony formation assays
were utilized to demonstrate the effect of Grb2
knockdown on PAX4-induced GC cell proliferation and
colony formation ability. The results indicated that
down-regulation of Grb2 is able to significantly inhibit
GC cell proliferation and colony formation, which is
activated by PAX4 ov (Figure 6B–6D). Flow cytometry
results prove that adding si-Grb2 increased GC cell
apoptosis, which is weakened by PAX4 ov (Figure 6E).
The transwell assays and wound healing assays in
revealed that Grb2 knockdown was able to reserve the
promotion of GC cell migration and invasion mediated
by PAX4 ov (Figure 6F–6H). Taken together, Grb2
knockdown attenuates the PAX4 ov-induced effect on
GC cell progression.

DISCUSSION
PAX4, encoded by the Paired box4 (PAX4) gene, is a
member of the paired homologous domain transcription
factor PAX family. The DNA binding domain of PAX4
is formed via the homeo-like domain of the paired
structural domains, which belong to the fourth
subfamily of the PAX family. The PAX family of
transcription factors are important regulators of tissue
development and cell differentiation, which are known
to be involved in regulating cell proliferation, apoptosis
and migration [35]. Abnormal expression of PAX genes
is known to cause congenital disorders. For example,
abnormal expression of PAX1 is able to inhibit
malignant phenotypes under oncogenic stress
conditions, while PAX3 mutation can cause neurodevelopmental diseases, disturb mRNA transcription
[36, 37]. PAX2 can cause renal anomaly development
by regulating expression of TBX1 [38]. Studies of
PAX4 have mainly focused on the development of
pancreatic β, δ-cells and metabolic diseases, though it
has been reported PAX4 expression is dysregulated in
human epithelial cancers [39]. PAX4 is located on
chromosome 7q32 [11]. This site has been identified as
a frequent target of chromosomal alterations in human
tumors. Deletions and translocation breakpoints at

PAX4 activated Ras-ERK pathway via regulating
miR-27b-3p /Grb2
The Ras-ERK pathway is one of the most well-studied
signaling pathways. This pathway is involved in a
variety of physiological and pathological processes,
including cell proliferation, growth, development,
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chromosome 7q32 have been frequently observed,
especially in lymphoid malignancies [40–42]. A
previous study demonstrated that PAX4 is aberrantly
expressed in primary lymphomas. and that these
expression levels are caused by aberrant DNA

demethylation of the promoter region of PAX4 [23].
However, these reports were based only on the
relationship between PAX4 expression and cancer
malignant phenotypes. Hence, the underlying
mechanisms were not investigated. Little research has

Figure 6. Grb2 knockdown can attenuate PAX4 ov-induced effect on GC cell progression. (A) Lower Grb2 levels were determined
via qRT-PCR and western blot after adding si-Grb2 to the PAX4 ov group (P = 0.0025). (B–C) Grb2 knockdown weakened GC cell proliferation
induced by PAX4 ov, through CCK-8 and BrdU assays (P = 0.0009). (D) Grb2 knockdown decreased PAX4-ov-induced numbers of colony
formation, via the colony formation assay (P = 0.0013). (E) GC cell apoptosis was elevated upon addition of si-Grb2 to the PAX4 ov group (P =
0.0004). (F–G) Reduced cell migration (P = 0.0059) and invasion (P = 0.0121) was identified after adding si-Grb2 to PAX4 ov group by transwell
assays. (H) Grb2 knockdown declined migration induced by PAX4 ov by wound healing assay (P = 0.0060).
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focused on the detailed targets of PAX4. Therefore, we
can identify possible regulatory mechanism of abnormal
PAX4 expression in GC. In our previous study, using
qRT-PCR, WB and IHC methods, we identified that the
expression of PAX4 in GC tissues was significantly
higher compared to adjacent tissues, which suggests that
PAX4 likely plays a role in promoting the occurrence
and development of GC.

PAX4 and miR-27b-3p promoter region, which has
been confirmed by ChIP and dual luciferase assays.
Thus, we discovered that PAX4 directly interacts with
miR-27b-3p in GC cells.
Next, we used bioinformatics tools to predict
downstream target genes of miR-27b-3p, the results of
which showed that miR-27b-3p is able to combine with
the 3′UTR of the Grb2 mRNA. Furthermore, overexpressed miR-27b-3p significantly lowered Grb2
expression in GC cells, while inhibition of miR-27b-3p
is able to significantly raise Grb2 expression.

In recent years, an increasing number of studies have
demonstrated a mutual regulatory relationship between
transcription factors and miRNAs, which bind to the
upstream promoter region of corresponding miRNA
genes and have an effect on miRNA transcription [43,
44]. Singh SK et al. identified that in the differentiation
and self-renewal of mouse embryonic stem cells, the
transcription factor REST binds to specific binding sites
that correspond to specific miRNA genes. Additionally,
when REST is added to mouse embryonic stem cells,
the expression levels of corresponding miRNAs become
reduced. Reducing REST expression increase
expression of these miRNAs [45, 46]. Bioinformatics
tools predict that there are certain binding sites between

Earlier studies have identified that GRB2, which
consists of two SH3 domains and one Src homology 2
(SH2) domain, is a receptor tyrosine kinase-interacting
protein that is the key to defining RTK signaling [47].
The interaction between GRB2 and SOS, and the
recruitment of the GRB2-SOS complex to the plasma
membrane in order to activate the MAPK protein kinase
cascade is an important function of GRB2 in cells [24].
Consequently, GRB2 is able to connect EGFR and
downstream Ras/Erk signaling molecules [47]. GRB2

Figure 7. PAX4/miR-27b-3p/Grb2 regulatory loop activates the Ras-ERK pathway. Ras-ERK associated proteins (p-Raf, p-MEK, pERK, t-Raf, t-MEK, t-ERK), EMT pathway protein (Vimentin) and cyclin pathway-related protein (cyclinD1) and Bax apoptotic protein were
determined using western blot.
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