Journal of Molecular Histology (2022) 53:257-271
https://doi.org/10.1007/510735-022-10058-w

ORIGINAL PAPER q

Check for
updates

LncRNA OGFRP1 promotes cell proliferation and suppresses cell
radiosensitivity in gastric cancer by targeting the miR-149-5p/MAP3K3
axis

Huihao Qin' - Xing Li' - Wei Zhang' - Zhigiang Ding’

Received: 29 March 2021/ Accepted: 6 January 2022 / Published online: 20 January 2022
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract

Gastric cancer (GC) is an aggressive malignancy with high incidence and mortality. Radiotherapy is a common treatment
for patients with advanced GC. Many long noncoding RNAs (IncRNAs) have been verified to affect the radiosensitivity of
multiple cancers in previous studies. Nevertheless, whether IncRNA opioid growth factor receptor pseudogene 1 (OGFRP1)
affects the radiosensitivity of GC has not been determined. We hypothesized that OGFRP1 might affect cellular processes
in GC development. The present study aims to explore the role of OGFRP1 in GC development. First, high expression of
OGFRP1 in GC tissues and cells was determined through RT-qPCR. Subsequently, functional assays including colony forma-
tion assays, 5-Ethynyl-2'-deoxyuridine assays and flow cytometry analyses were performed to probe the biological functions
of OGFRP1 in GC. Specifically, the effect of OGFRP1 on the radiosensitivity of GC cells was detected. Subsequently, with
the help of the starBase tool, we found that miR-149-5p might bind to OGFRP1, which was confirmed through a luciferase
reporter assay. Furthermore, we identified that MAP3K3 was targeted by miR-149-5p in GC cells. Finally, the results from
rescue experiments validated that enhanced MAP3K3 expression counteracted the effect of OGFRP1 silencing on GC cell
proliferation, apoptosis and radiosensitivity. Overall, OGFRP1 was determined to promote GC cell proliferation while sup-
pressing cell apoptosis and radiosensitivity by regulating the miR-149-5p/MAP3K3 axis.
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Introduction

Gastric cancer (GC) is a prevalent malignancy originating
from the gastric mucosa, and the incidence rate of GC ranks
first among all types of malignant tumors in China (Chen
et al. 2015; Kamangar et al. 2006; Xu et al. 2016). Gastric
cancer is the fifth most common malignancy worldwide with
high mortality rate (Eusebi et al. 2020). Helicobacter pylori
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infection is a well-known risk factor for gastric cancer, and
other factors including drug use, lifestyle and diet also con-
tribute to the carcinogenesis of GC (Eusebi et al. 2020; Sex-
ton et al. 2020). The five-year postoperative survival rate
of patients diagnosed with GC at an early stage can reach
90.9% to 100%, but there is a lack of effective treatments
available for patients diagnosed with advanced GC (Correa
2013; Kamangar et al. 2006). The five-year survival rate of
patients with advanced GC is lower than 30%, even with
the advancement of neoadjuvant chemoradiotherapy, immu-
notherapy and molecular-targeted therapy (Kamangar et al.
2006; Roviello et al. 2013; Song et al. 2017). More studies
are required on the theoretical basis of GC to achieve a better
prognosis for GC patients. Radiotherapy has been shown by
meta-analysis to have a significant influence on the five-year
survival rate in patients with resectable GC. The overall five-
year risk ratio was 1.31 utilizing per-protocol analysis (Val-
entini et al. 2009). Moreover, approximately half of cancer
patients will receive radiotherapy during their illness, and it
is estimated that radiation therapy represents nearly 40% of
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curative treatments (Baskar et al. 2012). Although chemora-
diotherapy is inferior when compared to chemotherapy (Cats
et al. 2018; Zhu et al. 2020) and radiotherapy for cancer
treatment is associated with side effects, such as toxicity
(Brown et al. 2018), the improvement of radiation planning
will enable more accurate and precise radiation treatment in
the future (Lordick et al. 2021). Radiotherapy was shown in
previous studies to be effective for metastatic GC when com-
bined with immune checkpoint inhibitors (Qian et al. 2020;
Sasaki et al. 2020). Previous studies revealed that numerous
genes are associated with the radiosensitivity of many differ-
ent tumors (Wang et al. 2020b; Wu et al. 2017; Zheng et al.
2016). Hence, it is important to search for more effective
biological markers associated with the radiosensitivity of
GC to better guide radiotherapy for patients with GC.
Recently, numerous studies have demonstrated that long
noncoding RNAs (IncRNAs) are key regulators of the devel-
opment of many different cancers, including GC. For exam-
ple, IncRNA lung cancer associated transcript 1 (LUCAT1)
(Chi et al. 2019), IncRNA LINC00858 (Du et al. 2020) and
IncRNA LINCO01314 (Tang et al. 2019b) were reported to
affect GC cellular processes. The expression of IncRNA
opioid growth factor receptor pseudogene 1 (OGFRP1) was
reported to be upregulated in hepatocellular carcinoma, lung
cancer, cervical carcinoma and prostate cancer, in which it
acts as an oncogene (Chen et al. 2018; Tang et al. 2018; Yan
et al. 2020; Zou et al. 2019). Herein, we explored the effect
of OGFRP1 expression on the development of GC. The
competing endogenous RNA (ceRNA) network mediated by
IncRNAs was widely reported in GC development (Zhang
et al. 2020b; Zheng et al. 2020). Following the IncRNA-
miRNA-mRNA pattern, IncRNAs positively regulated the
expression of messenger RNAs (mRNAs) by binding to
microRNAs (miRNAs), and the mRNAs are target genes
of the miRNAs (Li et al. 2016; Qi et al. 2020). For exam-
ple, IncRNA DEAD/H-box helicase 11 antisense RNA 1
(DDX11-AS1) promotes GC cell proliferation by function-
ing as a ceRNA against miR-873-5p to increase the expres-
sion of signal peptidase complex 18 (SPC18) (Ren et al.
2020). LncRNA LINCO00511 promotes the growth of GC
cells by serving as a ceRNA for miR-124-3p, thereby upreg-
ulating the expression of pyruvate dehydrogenase kinase 4
(PDK4) (Sun et al. 2020). LncRNA LINCO00163 suppresses
the invasive capacity of GC cells by binding to miR-183 as
a ceRNA to decrease the expression of A Kinase Anchor-
ing protein 12 (AKAP12) (Zhang et al. 2020a). Hence, we
hypothesized that OGFRP1 might function as a ceRNA to
affect GC cell proliferation, apoptosis and radiosensitivity.
The main purpose of the study was to probe the functions
and mechanisms of OGFRP1 in the development of GC. For
this purpose, we first examined OGFRP1 expression in GC
tissues and cells and then investigated the biological func-
tions of OGFRP1 in GC cells. In addition, we explored the
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underlying regulatory mechanism mediated by OGFRP1 in
GC cells. The study may provide novel insight into IncRNA
investigation in GC development.

Materials and methods
Tissue samples

GC tissues (n=30) and normal tissues (n=230) were col-
lected from 30 patients with primary and high-grade GC
at Affiliated Hospital of Integrated Traditional Chinese and
Western Medicine, Nanjing University of Chinese Medi-
cine (Jiangsu, China). Informed consent was provided by
the patients. Before the surgery, no patients had received
chemotherapy or radiotherapy. All samples were maintained
at -80 °C for further study. This study was approved by the
Medical Ethics Committee of Affiliated Hospital of Inte-
grated Traditional Chinese and Western Medicine, Nanjing
University of Chinese Medicine (2019-035).

Cell culture

Four GC cell lines (AGS, HGC-27, ACPO1 and ALF) and
normal human gastric mucosal cells (GES-1) were obtained
from the Cell Bank of Type Culture Collection of the Chi-
nese Academy of Sciences (Shanghai, China). Radiation-
resistant (RR) GC cell lines (HGC-27-R and AGS-R) were
obtained through sublethal dose of irradiation utilizing the
Small Animal Radiation Research Platform (PXI X-RAD
225Cx, CT, USA) as previously described (Yang et al.
2019). Cells were cultured in RPMI 1640 medium (Thermo
Fisher, Waltham, MA, USA) containing 10% fetal bovine
serum (FBS; Thermo Fisher) in a humidified atmosphere of
5% CO, at 37 °C.

Establishment and validation of radioresistant GC
cell lines

The irradiation treatment was conducted based on the pro-
tocol outlined in a previous study (Yang et al. 2019). To
establish radioresistant GC cell lines, HGC-27 cells and
AGS cells were grown in 6-well plates (600 cells/well) and
irradiated with 2 Gy X-rays at a dose rate of 300 cGy/min
using a medical linear accelerator (Elekta Precise, Stock-
holm, Sweden). The cells were exposed to irradiation for
6 months, and the total exposure dose was 60 Gy.

Then, cells were plated and exposed to indicated radiation
doses (0, 2, 4, 6, 8 Gy) for 2 weeks to allow the formation
of colonies. Finally, 0.1% crystal violet was utilized to stain
the colonies. The number of cell colonies was counted to
calculate the surviving fraction.
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Cell transfection

After the cells reached 40-50% confluence, they were
transfected with short hairpin RNAs (sh-RNAs) against
OGFRP1 (sh-OGFRP1#1/2), miR-149-5p mimics,
pcDNA3.1 OGFRPI plasmids, pcDNA3.1/MAP3K3 plas-
mids, or their corresponding nonspecific controls (sh-NC,
NC mimics and pcDNA3.1 plasmids). The plasmids were
purchased from GenePharma (Shanghai, China). Trans-
fection was conducted utilizing Lipofectamine™ 3000
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. The silencing or overexpression
efficiency was determined utilizing RT-qPCR after 48 h
of transfection. The plasmid showing the most significant
knockdown efficiency was used to conduct functional
investigations.

Reverse transcription quantitative polymerase
chain reaction (RT-qPCR)

TRIzol reagent (Invitrogen) was applied to extract RNA
from GC tissues and cells according to the manufacturer’s
instructions. The cDNAs were reverse transcribed from total
RNA utilizing a reverse transcription kit (Invitrogen) on an
ABI Veriti96 gradient PCR instrument (Thermo Fisher) fol-
lowing the manufacturer’s recommendations. Next, qPCR
was employed to evaluate OGFRP1 expression and its down-
stream genes utilizing SYBR Premix Ex Taq II (TaKaRa,
Tokyo, Japan) on an ABI 7500 system following the manu-
facturer’s instructions. The primer sequences utilized in the
study are listed in Supplementary table 1. qPCR included an
initial denaturation step at 95 °C for 30 s, 40 cycles of 95 °C
for 5 s, and 60 °C for 34 s. The expression fold changes
were calculated utilizing the 2722 method. GAPDH was
an internal control for OGFRP1 and mRNAs, while U6 was
a control for miRNAs.

Fluorescence in situ hybridization (FISH)

OGFRP1, miR-149-5p and MAP3K3 probes were synthe-
sized by RiboBio (Guangzhou, China). A FISH kit (Ribo-
Bio) was used to detect probe signals following the manu-
facturer’s recommendations. In brief, the probe was labeled
with FITC. Tissue samples were fixed with 4% paraformal-
dehyde solution, rinsed in phosphate buffered saline (PBS),
and permeabilized in PBS with 0.5% Triton X-100. After
that, samples were washed with 0.1% Tween-20 for 1 min,
followed by incubation with premade hybridization buffer at
37 °C overnight. Finally, cells were stained with DAPI stain
solution and images were captured using immunofluores-
cence microscope (Olympus, Tokyo, Japan).

Western blot analysis

Western blot analysis was employed to evaluate gene
expression at the protein level. Total protein was extracted
from HGC-27 and AGS cells using an RIPA lysis buffer
(Beyotime, Haimen, Nantong, China) 48 h after trans-
fection, and a bicinchoninic acid kit (Beyotime) was
applied to quantify the protein concentration. Next, the
proteins were separated with 10% sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred to a polyvinylidene fluoride mem-
brane (Millipore, Billerica, MA, USA). The membrane
was blocked with 5% skim milk and then was incubated
with primary antibodies specifically against MAP3K3
(ab154362; 1:1000), cleaved caspase-3 (ab32042; 1:500),
Bax (ab53154; 1:500), Bcl-2 (ab182858; 1:2000), y-H2AX
(ab81299; 1: 5000), p-actin (ab8227; 1:1000) and GAPDH
(ab8245; 1:2000) (all from Abcam, Cambridge, UK) at
4 °C overnight. GAPDH or pB-actin was utilized as a con-
trol. Afterwards, the membrane was then washed with
Tris-buffered saline and further incubated with second-
ary antibodies of goat anti-Rabbit IgG H&L (ab216773;
1:10,000) and goat anti-Mouse IgG H&L (ab216776;
1:10,000) at room temperature for 1 h. Finally, the protein
bands were visualized by enhanced chemiluminescence
detection kits (BB-3501) and a Bio-Rad image analysis
system (Bio-Rad, Hercules, CA, USA).

Subcellular fractionation assay

A DNA/RNA Isolation Kit (Tiangen Biotech, Beijing,
China) was utilized to extract RNA from HGC-27 and
AGS cells. NE-PER Nuclear and Cytoplasmic Extrac-
tion Reagent (Thermo Fisher) was applied to separate
the nuclear and cytoplasmic fractions. Total RNA was
extracted from the nuclear and cytoplasmic fractions with
TRIzol (Invitrogen). The expression of OGFRP1, GAPDH
and U6 in the nuclear and cytoplasmic fractions is pre-
sented as percentages. U6 was used as a nuclear control
and GAPDH was a cytoplasmic control.

Colony formation assay

The cells were plated in 6-well plates (500 cells/well) with
or without 2 Gy radiation. After two weeks of incubation,
6% paraformaldehyde (Sigma-Aldrich) was applied to fix
the cells. Next, the fixed cells were stained with 0.1% crys-
tal violet solution. Finally, the cell colonies were counted
in five visual views selected at random. Three replicates
were performed per experiment.
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5-Ethynyl-2’-deoxyuridine (EdU) assay

An EdU labeling/detecting kit (RiboBio, Guangzhou,
Guangdong, China) was applied to evaluate GC cell prolif-
eration. The cells were seeded into 96-well plates (5 x 10
cells/well) and incubated for 24 h with 0.1% DMSO or 5,
10 or 20 pM anlotinib (a tyrosine kinase inhibitor). Next,
50 pM EdU labeling solution was added for another 2 h of
incubation at 37 °C under 5% CO,. Afterwards, the cells
were treated with twice 5-min PBS washing. The cells
were then fixed with 4% paraformaldehyde and washed
with PBS and 2 mg/ml glycine. Next, the cells were per-
meabilized with 0.5% Triton X-100 for 10 min and then
treated with PBS washing. Subsequently, the cells were
stained with anti-EdU solution, and DAPI was employed to
label the nuclei of the cells. After staining, the cells were
preserved at room temperature and protected from light.
The number of EdU-positive cells was determined under
a fluorescence microscope (Leica, Wetzlar, Germany).
Five visual fields were identified at random to observe
cell apoptosis in each treatment group.

Flow cytometry analysis

After transfection, the cells were treated with 2 Gy radia-
tion as above described. The apoptosis of HGC-27-R and
AGS-R cells was detected utilizing an Annexin V-fluores-
cein isothiocyanate/propidium iodide (PI) kit (BD Bio-
sciences, Franklin Lakes, NJ, USA). The status of the cells
revealed that they were divided into groups of viable, dead,
early apoptotic, and late apoptotic cells. PI was employed
to fix and stain the cells utilizing a Cycletest™ Plus DNA
Reagent kit (BD Biosciences) based on the manufacturer’s
recommendations. FACS analysis was employed to exam-
ine the cell apoptosis rate.

RNA pulldown assay

An assay was conducted to explore the interaction between
OGFRP1 and candidate miRNAs in HGC-27 and AGS
cells according to the method described before (Liu et al.
2019). Biotinylated OGFRP1 (Bio-OGFRP1) and the
negative control (Bio-NC) were obtained from Sangon
(Shanghai, China) and transfected into HGC-27 and AGS
cells. After 24 h of transfection, GC cells were lysed in
RIPA buffer for 30 min. Next, the lysates were incubated
with streptavidin agarose beads (Life Technologies, Gaith-
ersburg, MD, USA) at room temperature for 1 h. RT-qPCR
was used to examine the purified RNAs.
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Luciferase reporter assay

The binding site between miR-149-5p and OGFRP1 (or
MAP3K3) were predicted with the starBase website. The
wild-type (Wt) or mutated (Mut) sequence of OGFRP1
or MAP3K3 3’ untranslated region (UTR) containing the
predicted binding site of miR-149-5p was inserted into
pmirGLO vectors (Promega, Madison, WI, USA) to con-
struct OGFRP1-Wt/Mut or MAP3K3-Wt/Mut. A Phusion
Site-Directed Mutagenesis Kit (Thermo Fisher) were
used to mutate the predicted binding area. MiR-149-5p
mimics or NC mimics were cotransfected with above vec-
tors into HGC-27 and AGS cells. Lipofectamine™ 3000
(Invitrogen) was employed for 48 h of cell transfection.
The luciferase activities in HGC-27 and AGS cells were
examined by the dual-luciferase luciferase reporter assay
system (Thermo Fisher) according to the manufacturer’s
recommendations. Relative firefly luciferase activity was
normalized to Renilla luciferase activity.

Statistical analysis

SPSS 20.0 software (Chicago, IL, USA) was applied
to analyze statistics. The data are presented as the
mean + standard deviation. Student’s z-test or one-way
analysis of variance followed by Tukey’s post hoc test was
employed for data comparison. A value of p <0.05 was
defined as statistically significant.

Bioinformatics analysis

The miRNAs binding to OGFRP1 as well as target genes
of miR-149-5p were predicted utilizing a bioinformatics
tool starBase (http://starbase.sysu.edu.cn/) (Li et al. 2014).

Results
OGFRP1 is upregulated in GC tissues and cells

To explore the role of OGFRPI in GC, its expression in
GC tissues was first detected. FISH and RT-qPCR revealed
that OGFRP1 expression was higher in GC tissues than
in adjacent noncancerous tissues (Fig. 1a). Associations
between OGFRPI1 expression and clinical characteris-
tics of patients with GC are provided in Table 1. High
OGFRP1 expression correlates with higher Tumor, Lymph
Node, Metastasis (TNM) stage, greater tumor size and pos-
itive lymph node metastasis. Additionally, high expression
of OGFRP1 was observed in GC cells (HGC-27, AGS,
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Fig.1 OGFRP1 is upregulated in GC tissues and cells. a OGFRP1
expression in GC and noncancerous tissues was examined by RT-
gPCR. b OGFRP1 expression in GC cells (HGC-27, AGS, ACP01
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and ALF) and normal human gastric mucosal cells (GES-1) was
determined by RT-qPCR. ***p <0.001

Table 1 Associations between

. Clinicopathological characteristics Number of High expression Low expression p value
OGFRPI expressionand patients (N=30)  (n=18) (n=12)
clinical characteristics of gastric
cancer Age 0.266
<50 11 5 6
>50 19 13 6
Gender 0.176
Male 17 12 5
Female 13 6 7
TNM stage 0.045%
I-1I 10 3 7
I-1v 20 15 5
Tumor size
<4cm 12 4 8 0.024*
>4 cm 18 14 4
Lymph node metastasis
Negative 13 4 9
Positive 17 14 3 0.004*

TNM tumor, lymph node, metastasis

p<0.05

ACPO1 and ALF) compared with its expression in normal
human gastric mucosal cells (GES-1) (Fig. 1b).

OGFRP1 knockdown inhibits cell proliferation
and promotes cell apoptosis and radiosensitivity
in GC

Afterwards, we investigated the biological functions of
OGFRPI1 in GC. First, HGC-27 and AGS cells were chosen
for the loss-of-function assays due to their relatively high
OGFRP1 expression among the four GC cell lines. RT-
gPCR suggested that OGFRP1 expression was decreased
by sh-OGFRP1#1/2 compared with OGFRP1 expression
in cells treated with the control shRNA (Fig. 2a). Colony
formation and EdU assays implied that silencing OGFRP1

expression hampered the proliferation of GC cells (Fig. 2b-
2d). Next, flow cytometry analysis suggested that OGFRP1
depletion enhanced the apoptosis of radioresistant GC cells
(Fig. 2e, f). Additionally, the expression levels of proteins
related to cell apoptosis were detected utilizing western blot
analysis. Protein levels of factors facilitating cell apoptosis
(cleaved caspase-3 and Bax) were enhanced by OGFRP1
knockdown, while the expression level of the protein inhibit-
ing cell apoptosis (Bcl-2) was reduced by silencing OGFRP1
expression in HGC-27-R and AGS-R cells (Fig. 2g). Moreo-
ver, OGFRP1-silenced HGC-27-R and AGS-R cells received
different doses of radiation, and clonogenic cell survival
was evaluated. The results demonstrated that the survival
fraction was lower in OGFRP1-silenced cells than in the
control group, implying an increase in radiosensitivity after
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«Fig.2 OGFRP1 knockdown inhibits cell proliferation and promotes
radiosensitivity in GC. a Sh-OGFRP1#1 or sh-OGFRP1#2 was trans-
fected into HGC-27 and AGS cells, and RT-qPCR analysis was per-
formed to evaluate the transfection efficiency. b The colony forma-
tion assay was used to assess the proliferation of HGC-27 and AGS
cells. ¢, d An EdU assay was employed to examine the proliferation
of HGC-27 and AGS cells. e, f The apoptosis of HGC-27 and AGS
cells was detected by flow cytometry analysis. g The levels of pro-
teins related to cell apoptosis were quantified by western blot analy-
sis. h, i Clonogenic survival of HGC-27 and AGS cells transfected
with sh-OGFRP1#1 or sh-NC after 2 weeks of exposure to indicated
doses of radiation. j The protein level of y-H2AX in HGC-27 and
AGS cells after receiving different treatments. *p <0.05, **p <0.01,
*#%p <0.001

knockdown of OGFRP1 expression (Fig. 2h, i). To further
explore the hypothesis that OGFRP1 influenced the radio-
sensitivity of GC cells, we assessed the effect of OGFRP1
suppression on irradiation-induced DNA damage. Radiation
can induce DNA damage by producing unrepaired DNA
double-strand breaks, leading to the formation of y-H2AX
(Santivasi and Xia 2014). In other words, the formation
of y-H2AX reflects the inhibition of DNA damage repair.
Therefore, the effect of OGFRP1 depletion on y-H2AX
levels was examined in this study. The results showed that
irradiation treatment (6 Gy) led to an increase in y-H2AX
protein levels, and y-H2AX level was significantly upregu-
lated by OGFRP1 depletion together with irradiation treat-
ment compared with that in sh-NC+6 Gy group (Fig. 2j).
The results indicated that OGFRP1 depletion enhanced the
radiosensitivity of GC cells by augmenting DNA damage.
In summary, OGFRP1 knockdown promotes GC cell prolif-
eration and inhibits GC cell apoptosis and radiosensitivity.

OGFRP1 overexpression promotes cell proliferation
while inhibiting cell apoptosis and radiosensitivity
in GC

To explore the effect of OGFRP1 overexpression on GC cel-
lular processes, the efficiency of OGFRP1 overexpression
was first examined by RT-qPCR, showing that OGFRP1 was
markedly increased after the transfection of the pcDNA3.1/
OGFRP1 plasmid (Fig. 3a). OGFRP1 overexpression sig-
nificantly increased the number of colonies and EAU-posi-
tive cells in colony formation and EdU assays, respectively
(Fig. 3b—d). Flow cytometry analysis indicated that GC
cell apoptosis after irradiation was suppressed by OGFRP1
overexpression (Fig. 3e). Cleaved caspase-3 and Bax expres-
sion levels were downregulated while Bcl-2 expression was
upregulated by OGFRP1 overexpression in HGC-27-R and
AGS-R cells, as shown in the western blot analysis (Fig. 3f).
In addition, the survival fraction in the pcDNA3.1/OGFRP1
group was increased in a dose-dependent manner compared
with that in the control group, suggesting a decrease in radi-
osensitivity induced by OGFRP1 overexpression (Fig. 3g).

Western blot analysis showed that OGFRP1 overexpression
enhanced the reduction of y-H2AX level in radioresistant
GC cells induced by irradiation treatment at 6 Gy dose. The
findings suggested that OGFRP1 overexpression suppressed
the radiosensitivity of GC cells (Fig. 3h).

OGFRP1 interacts with miR-149-5p

Subsequently, we explored the molecular regulatory mecha-
nism of OGFRP1 in GC. Since IncRNAs have been proven
to serve as ceRNAs by binding to miRNAs to regulate the
expression of mRNAs in many cancers (Lei et al. 2019),
we hypothesized that OGFRP1 regulates GC develop-
ment by serving as a ceRNA. To confirm our hypothesis,
we first conducted a subcellular fraction assay and found
that OGFRP1 mostly existed in the cytoplasm of GC cells
(Fig. 4a). Subsequently, we found 6 miRNAs that share bind-
ing sites with OGFRP1 using the starBase database (condi-
tion: Pan-Cancer: 2 cancer types). The interaction between
OGFRPI and 6 candidate miRNAs in HGC-27 and AGS
cells was probed by RNA pulldown assays followed by
RT-qPCR analyses. The results illustrated that miR-149-5p
was markedly enriched in the OGFRP1 probe group in both
HGC-27 and AGS cells (Fig. 4b); thus, miR-149-5p was
chosen for the following study. Then, we conducted a lucif-
erase reporter assay to further validate the binding capacity
between OGFRP1 and miR-149-5p. The predicted binding
site is presented in Fig. 4c. The results suggested that miR-
149-5p overexpression weakened the luciferase activity of
the OGFRP1-Wt vector, while the luciferase activity of the
OGFRP1-Mut vector showed no obvious change, confirming
that OGFRP1 could bind with miR-149-5p (Fig. 4c). Next,
FISH and RT-qPCR revealed that miR-149-5p expression
was decreased in GC tissues and cells (Fig. 4d). We also
explored the effects of OGFRP1 expression on miR-149-5p
expression in GC cells. MiR-149-5p expression as measured
by RT-qPCR was markedly upregulated by the knockdown
of OGFRP1 expression and was decreased by OGFRP1
overexpression (Fig. 4e). In conclusion, miR-149-5p is the
downstream miRNA of OGFRP1 in GC cells.

MAP3K3 is the downstream target of miR-149-5p

To identify the downstream target of miR-149-5p, we
searched the starBase website and found 6 mRNAs that
shared binding sites with miR-149-5p under the condition
of CLIP Data: strict stringency (>=35), Pan-Cancer: 10 can-
cer types, Predicted Program: PITA + RNA22. As shown by
Venn diagram, gene prediction program PITA reveals that
there are 124 mRNAs binding to miR-149-5p, and 8 down-
stream mRNAs of miR-149-5p are predicted by another pre-
diction tool RNA 22. The 6 mRNAs predicted by both PITA
and RNA 22 databases were identified for our subsequent
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Fig.3 OGFRP1 overexpression promotes cell proliferation while
inhibiting cell apoptosis and radiosensitivity in GC. a RT-qPCR was
conducted to explore the efficiency of OGFRPI overexpression in
HGC-27 and AGS cells. b—d Colony formation and EdU assays were
conducted to explore the effects of OGFRP1 overexpression on cell
apoptosis. e The apoptosis of GC cells transfected with pcDNA3.1
or pcDNA3.1/OGFRP1 was assessed by flow cytometry analysis. f
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western blot analysis was utilized to examine the levels of apoptosis-
associated proteins in HGC-27 and AGS cells. g Clonogenic survival
of HGC-27 and AGS cells transfected with pcDNA3.1/OGFRP1 or
pcDNA3.1 after exposure to 0, 2, 4, 6, or 8 doses of radiation. h The
protein level of y-H2AX in HGC-27 and AGS cells after different
treatments was quantified by western blotting. *p <0.05, **p <0.01,
##%p <0.001
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Fig.4 OGFRP1 combines with miR-149-5p in GC cells. a Subcel-
lular fractionation assays were applied to determine the location of
OGFRP1 in GC cells. b Potential miRNAs that share binding sites
with OGFRP1 were predicted from starBase, and an RNA pull-
down assay was applied to probe the enrichment of miRNAs. ¢ A

experiments (Fig. 5a). We discovered by RT-qPCR analysis
that MAP3K3 expression was reduced by the upregulation
of miR-149-5p expression in both HGC-27 and AGS cells
(Fig. 5b). In addition, MAP3K3 expression was increased
in GC tissues and GC cells, as illustrated by FISH and RT-
gPCR (Fig. 5c, d). A luciferase reporter assay demonstrated
that the luciferase activity of the MAP3K3-Wt plasmid was
significantly reduced by miR-149-5p overexpression, while
miR-149-5p overexpression exerted no distinct effect on the
MAP3K3-Mut plasmid, suggesting that MAP3K3 could
bind with miR-149-5p (Fig. 5e). Subsequently, RT-qPCR

luciferase reporter assay was utilized to evaluate the binding ability
between OGFRP1 and miR-149-5p. d The expression of miR-149-5p
in GC tissues and cells was detected by RT-qPCR. e RT-qPCR was
employed to explore the influences of OGFRP1 knockdown or over-
expression on miR-149-5p expression in GC cells. ***p <0.001

and western blot analyses reflected that miR-149-5p over-
expression reduced the mRNA expression and protein level
of MAP3K3 in HGC-27 and AGS cells (Fig. 5f), indicat-
ing that MAP3K3 was targeted by miR-149-5p. Moreover,
the mRNA expression and protein level of MAP3K3 were
downregulated by the knockdown of OGFRP1 expression
and increased by OGFRP1 overexpression in HGC-27 and
AGS cells (Fig. 5g, h), which revealed that MAP3K3 expres-
sion was positively correlated with OGFRP1 expression in
GC cells. In summary, MAP3K3 is a downstream target gene
of miR-149-5p in GC cells.
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«Fig.5 MAP3K3 is the downstream target of miR-149-5p in GC cells.
a The starBase website was utilized to identify the downstream target
gene of miR-149-5p. A Venn diagram displayed 6 mRNAs that may
be target genes of miR-149-5p. b RT-qPCR was applied to probe the
expression levels of candidate mRNAs. ¢ MAP3K3 expression in GC
tissues was markedly higher than its expression in normal tissues, as
shown by RT-qPCR. d MAP3K3 expression in GC cells and normal
human gastric mucosal cells was detected utilizing RT-qPCR. e A
luciferase reporter assay was conducted to evaluate the binding ability
between MAP3K3 and miR-149-5p. f The effect of miR-149-5p over-
expression on the mRNA expression and protein level of MAP3K3
was probed by RT-qPCR and western blot analyses. g, h The effect of
OGFRP1 knockdown or overexpression on the mRNA expression and
protein level of MAP3K3 was detected by RT-qPCR and western blot
analyses. *p <0.05, ***p <0.001

MAP3K3 overexpression counteracts the effects
of OGFRP1 silencing on GC cell proliferation,
apoptosis and radiosensitivity

Rescue assays were performed to further investigate the
molecular regulatory mechanism of OGFRP1 in GC. HGC-
27 cells were transfected with the pcDNA3.1/MAP3K3 plas-
mid (Fig. 6a). Colony formation and EdU assays suggested
that MAP3K3 overexpression rescued the suppressive effect
of silencing OGFRP1 expression on the proliferation of GC
cells (Fig. 6b, c). Additionally, the upregulation of MAP3K3
expression offset the promoting effect of OGFRP1 deple-
tion on the apoptosis of radioresistant GC cells (Fig. 6d,
e). Moreover, the decreased survival fraction induced by
silencing OGFRP1 expression was abolished by MAP3K3
overexpression in HGC-27-R cells (Fig. 6f). Furthermore,
we observed that the improved y-H2AX protein level arising
from irradiation treatment was offset by increased MAP3K3
expression in HGC-27-R cells (Fig. 6g). In summary, the
above findings indicated that OGFRP1 promotes cell pro-
liferation and suppresses radiosensitivity of GC cells by
upregulating MAP3K3.

Discussion

GC is the most common malignancy of the human diges-
tive system and a substantial threat to human health (Siegel
et al. 2017). Previous studies have reported that IncRNAs
are actively implicated in regulating the development of
various cancers (Chi et al. 2019; Du et al. 2020; Kim et al.
2018; Li et al. 2018a; Liu et al. 2018; Sun et al. 2019; Tang
et al. 2019b). LncRNA OGFRP1 has been proven to serve
as an oncogenic gene in several cancer types. For example,
OGFRP1 acts as a ceRNA to facilitate the growth of prostate
cancer cells by mediating SARMI1 levels (Yan et al. 2020).
OGFRP1 is closely associated with the prognosis of patients
with lung adenocarcinoma (Li et al. 2018b). Herein, we dis-
covered that OGFRP1 expression was upregulated in GC

tissues and cells. Moreover, knockdown of OGFRP1 expres-
sion distinctly hampered GC cell proliferation and facilitated
GC cell apoptosis. It is well known that radiation can induce
DNA damage by producing unrepaired DNA double-strand
breaks, contributing to the formation of Gamma-H2A his-
tone family member X (y-H2AX) (Santivasi and Xia 2014).
v-H2AX is regarded as a biomarker for irradiation-induced
DNA double-strand breaks (Kawashima et al. 2020; Nagel-
kerke and Span 2016). Western blot analysis illustrated that
OGFRP1 depletion together with 6 Gy radiation increased
v-H2AX expression in GC cells, implying that the knock-
down of OGFRP1 expression enhanced irradiation-induced
DNA damage. Since irradiation mainly affects cellular activ-
ities by DNA damage, we concluded that the knockdown of
OGFRPI expression enhanced the radiosensitivity of GC
cells.

Since the ceRNA involvement has been discovered
frequently in GC (Qi et al. 2020; Zheng et al. 2020), and
OGFRP1 was reported to have an oncogenic role in pros-
tate and lung cancer (Tang et al. 2018; Yan et al. 2020), we
hypothesized that OGFRP1 may influence GC cell prolifera-
tion, apoptosis and radiosensitivity by serving as a ceRNA.
Our subcellular fractionation assay suggested that OGFRP1
was primarily distributed in the cytoplasm of GC cells. It
has been reported that IncRNAs in the cytoplasm often act
as ceRNAs in cancers (Chen et al. 2019; Christensen et al.
2016; Teng et al. 2019; Wang et al. 2020a; Wei et al. 2020;
Xue et al. 2018); therefore, it is possible that OGFRP1 acts
as a ceRNA in GC.

LncRNAs function as ceRNAs to combine with miRNAs
and thus antagonize the suppressive effect of miRNAs on
mRNAs (Li et al. 2016; Lou et al. 2020). Herein, we identi-
fied a combination between OGFRP1 and miR-149-5p in
GC. It has been previously reported that miR-149-5p sup-
presses tumor progression in different cancers. For example,
miR-149-5p is negatively regulated by IncRNA OGFRP1,
which aggravates tumorigenesis and metastasis in hepatocel-
lular carcinoma (Dong et al. 2018). MiR-149-5p overexpres-
sion abolished the oncogenic effect of circNRIP1 (Zhang
et al. 2019a). MiR-149-5p is targeted by IncRNA PCAT-1
and thus facilitates the proliferation and inhibiting the apop-
tosis of colorectal cancer cells (Wang et al. 2019). Herein,
we validated the binding of OGFRP1 with miR-149-5p,
and miR-149-5p expression was negatively associated with
OGFRP1 expression in GC cells. Additionally, miR-149-5p
expression was proven to be downregulated in GC tissues
and cells.

Subsequently, downstream targets of the OGFRP1/miR-
149-5p axis were explored. Previously, interleukin 6 (IL-6)
was reported to be the target of OGFRP1/miR-149-5p in
the ceRNA pattern in prostate cancer, and the OGFRP1/
miR-149-5p/IL-6 contributes to therapeutic approaches
aimed at prostate cancer chemosensitization and treatment
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Fig.6 MAP3K3 overexpression counteracts the effects of OGFRP1
silencing on GC cell proliferation, apoptosis and radiosensitivity.
a The plasmid pcDNA3.1 or pcDNA3.1/MAP3K3 was transfected
into HGC-27 cells, and RT-qPCR analysis was performed to test the
efficiency of MAP3K3 overexpression. b A colony formation assay
was utilized to determine the proliferation of HGC-27 cells trans-
fected with sh-NC, sh-OGFRP1#1, or sh-OGFRP1#1+pcDNA3.1/
MAP3K3. ¢ The EdU assay was applied to examine the prolif-
eration of HGC-27 cells transfected with sh-NC, sh-OGFRP1#1,
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or sh-OGFRP1#1+pcDNA3.1/MAP3K3. d The apoptosis of
HGC-27 cells transfected with sh-NC, sh-OGFRP1#1, or sh-
OGFRP1#1 4+ pcDNA3.1/MAP3K3 was probed by flow cytometry
analysis. e The levels of proteins related to cell apoptosis were
assessed by western blot. f Clonogenic survival of HGC-27 cells
transfected with the indicated plasmids after exposure to different
doses of radiation was measured. g The protein level of y-H2AX in
HGC-27 cells with different transfections was measured by western
blot analyses. **p <0.01, ***p <(0.001
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(Wang et al. 2021). Amounting evidence verified that tar-
get effect may be various from tissues to tissues in dif-
ferent cancers (Deepak et al. 2020; Lee et al. 2018; Zhou
et al. 2020). Herein, we demonstrated that miR-149-5p
targeted mitogen-activated protein kinase kinase kinase
3 (MAP3K3) in GC cells. We suspected that the target
effects might be tissue specific in cancers, which still
requires more investigation in future studies. MAP3K3
belongs to the serine/threonine protein kinase family
(Zhang et al. 2019b). MAP3K3 is frequently reported to
promote the development of certain cancers. For example,
MAP3K3 overexpression promotes cell proliferation and
facilitates tumor growth in ovarian carcinoma (Zhang et al.
2019b). MAP3K3 expression is upregulated by CDKN2B-
AS1 expression via miR-4458 in osteosarcoma (Gui and
Cao 2020). MAP3K3 is targeted by and negatively regu-
lated by miR-188, and knockdown of MAP3K3 expres-
sion suppresses tumorigenesis in non-small cell lung
cancer (Zhao et al. 2018). Herein, MAP3K3 expression
was elevated in GC tissues and cells, which was positively
associated with OGFRP1 expression and negatively cor-
related with miR-149-5p expression in GC cells. Mecha-
nistically, MAP3K3 is a downstream target of miR-149-5p,
and OGFRP1 upregulated MAP3K3 expression by com-
bining with miR-149-5p. Furthermore, through rescue
experiments, we validated that enhanced MAP3K3 could
reverse the suppressive effect on GC cell proliferation and
the enhancement of GC cell apoptosis and radiosensitivity
induced by OGFRP1 depletion.

Many signaling pathways were reported to be implicated
in GC development, including PI3K/AKT/mTOR signaling,
Wnt/p-catenin signaling, stem cell pathway, EGFR signal-
ing, VEGF signaling, HGF/MET signaling, RHOA sign-
aling, JAK/STAT signaling and hedgehog signaling path-
ways (Fattahi et al. 2020; Riquelme et al. 2015; Yu et al.
2021). Investigation of signaling pathways is beneficial to
improve treatment responses to targeted therapy (Riquelme
et al. 2015). In this study, we did not explore the potential
downstream signaling pathway of the OGFRP1/miR-149-5p/
MAP3K3 axis in GC. We hypothesized that MAP3K3 might
affect GC development through a certain signaling pathway
according to previous studies. MAP3K3 can regulate cell
proliferation, migration, immune response, and cell cycle by
regulating MAPK pathway and activated MAPKSs, such as
ERKI1/ERK2, c-Jun N-terminal kinase, p38 and ERKS5 (Tang
et al. 2019a). MAP3K3 was reported to promote tumor
growth by activating the NF-«xB signaling way in ovarian
cancer (Zhang et al. 2019b). MAP3K3 activates the AKT/
NF-«B signaling in lung cancer, contributing to cell growth
and epithelial-mesenchymal transition (Tang et al. 2019a).
Hence, we hypothesized that OGFRP1 might promote cell
proliferation and inhibit cell apoptosis and radiosensitivity

by upregulating MAP3K3 through a certain signaling path-
way which will be further explored in our future studies.

In conclusion, OGFRP1 promoted GC cell proliferation
and inhibited GC cell apoptosis and radiosensitivity by tar-
geting the miR-149-5p/MAP3K3 axis. Our study may pro-
vide novel insight for the molecular investigation of GC.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10735-022-10058-w.
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