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Abstract: Recent studies have shown that IRF-1 plays a significant role in various tumour-induced chemoresistance,
but its role and mechanism in gastric cancer-associated chemoresistance are not clear. Our study showed that IRF-1
expression could reverse gastric cancer-related chemoresistance. Dysregulated DNA repair is an important cause
of chemoresistance. We established a chemoresistant gastric cancer cell line and found that drug-resistant gastric
cancer cells had increased DNA repair ability and that IRF-1 regulated DNA damage repair. Further studies showed
that IRF-1 inhibited the expression of RAD51 directly by binding to the RAD51 promoter to affect DNA damage repair;
this binding reversed resistance. However, restoring the expression of RAD51 halted the inhibitory effect of IRF-1
partially. Also, we revealed that the overexpression of IRF-1 in a mouse model synergized with chemotherapeutic
drugs to inhibit tumour growth. Finally, IRF-1 expression correlated with RAD51 expression in gastric cancer speci-
mens. The expression of IRF-1 and RAD51 are both related to the survival duration of patients with gastric cancer.
These results suggest that targeting IRF-1-RAD51 could be an effective approach to reversing multidrug resistance

in gastric cancer.

Keywords: IRF-1, RAD51, chemotherapy, multiple drug resistance, gastric cancer

Introduction

Gastric cancer (GC) is one of the most com-
mon malignancies and remains the third lead-
ing cause of cancer-related deaths worldwide,
causing a considerable health burden [1].
Currently, the main treatment strategies for
patients with GC include surgery, chemothera-
py, and radiation therapy. Surgical resection is
the only possible curative treatment for GC.
However, due to the absence of obvious symp-
toms in the early stage, the initial examination
of most GC cases occurs in the advanced stage
[2]. Therefore, chemotherapy remains the pri-
mary treatment for patients with advanced GC.

Chemoresistance is one of the most intractable
issues facing the successful treatment of can-
cer in current clinical practice [3]. The 5-year
survival rate of patients with advanced GC is
still less than 30% [4]. Chemotherapy resist-

ance is a key factor affecting the efficacy of
chemotherapy in GC. The mechanism of chem-
oresistance in GC is complicated. A recent
study found that the overexpression of drug
resistance-associated proteins, abnormal cell
proliferation and apoptosis, DNA damage repair
dysfunction, tumour microenvironment chang-
es, and changes in cell drug metabolism are
associated with chemoresistance in GC [3].
Among these changes, aberrant DNA damage
repair is an important cause of chemotherapy
resistance in GC [5, 6].

Multiple drug resistance (MDR) is the primary
reason why the chemotherapy of GC fails. MDR
is defined as the resistance by cancer cells to
multiple chemotherapeutic drugs with differ-
ent structures and mechanisms of action [7].
Abnormal DNA repair capacity is one of the
major causes of MDR in GC. An increase in the
rate or level of DNA repair contributes to evad-
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ing or counteracting the effects of cytotoxic
drugs [8]. RAD51 is an important homologous
recombination (HR) repair protein whose main
function is to catalyse homologous DNA strand
pairing and exchange [9]. After DNA damage
stress-sensing molecules, such as ATM, ATR,
etc., recognize DNA double-strand breaks, they
remove the nucleotides from the double-strand
breaks first and expose the 3’ ssDNA tail at the
site of injury [10]. The single-stranded binding
protein RPA is then appended to the end of the
excised ssDNA. Subsequently, under the action
of BRCA1 and RAD51 homologues, RPA disso-
ciates from ssDNA, which then binds RAD51.
BRCA2 can promote the binding of RAD51 and
DNA to form the RAD51 ribosome [11]. RAD51
continuously aggregates to ssDNA and finally
forms a nucleoprotein filament and catalyses
an ATP-dependent reaction. This reaction medi-
ates homologous pairing and the exchange of
homologous sequences between ssDNA and
homoduplex DNA [11].

At present, RAD51 overexpression, but not ge-
ne amplification or mutation, has been report-
ed in human malignancies, such as breast can-
cer [12], pancreatic cancer [13], non-small-cell
lung cancer [14], and prostate cancer [15]. High
RAD51 levels are associated with increased
HR, which can repair DNA damage caused by
chemotherapy drugs, reducing the efficacy of
these drugs, thereby causing chemotherapy
resistance [6, 16]. In addition to increasing the
DNA repair capacity, RAD51 also causes MDR
by participating in the regulation of cell cycle,
apoptosis, and proliferation, and targeting
RAD51 can reverse MDR effectively [17, 18].

Interferon regulatory factor-1 (IRF-1) is a tran-
scription factor marked by functional diversity.
IRF-1 plays a crucial role in antiviral responses
and autoimmunity and in the regulation of
immune system development, differentiation,
and function. In addition, IRF-1 is a tumour
suppressor that plays an antitumour role by
regulating the expression of various genes,
such as P21, P53, caspases, cyclins, and sur-
vivin, and participating in the regulation of cell
cycle, proliferation, apoptosis, and DNA dam-
age response [19, 20]. In recent years, the role
of IRF-1 in the chemoresistance of tumour cells
has attracted much attention, but there are few
related studies. In high-grade serous ovarian
cancer, IRF-1 enhances sensitivity to platinum-
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based chemotherapeutic drugs and is consid-
ered to be an independent predictor of both
progression-free and overall survival [21]. On
the other hand, in ovarian cancer cells, cispla-
tin induces IRF-1 expression, limiting the drug’s
effectiveness [22], but the specific mechanism
is still unclear. Hence, this project constituted
more in-depth research in this field.

Our previous studies have demonstrated that
IRF-1 can reverse chemotherapy resistance
in GC by inhibiting the expression of P-gp.
However, baseline levels of P-gp expression are
lower in some GC cells, and exogenous expres-
sion of IRF-1 also affects the MDR of GC cells
[23]. These phenomena suggest that in addi-
tion to reversing resistance by inhibiting P-gp
expression, IRF-1 may reverse resistance via
several other mechanisms. In this study, we
found that the expression of IRF-1 is related to
DNA damage repair capability. Furthermore, we
showed that IRF-1 can inhibit the expression of
the homologous recombinant protein RAD51
to sensitize cells to the therapeutic effect of
chemotherapy drugs. Specifically, IRF-1 medi-
ated the transcriptional inhibition of the expres-
sion of RAD51 in vitro and in vivo, and the re-
expression of RAD51 in IRF-1-overexpressed
GC cells partially rescued chemotherapy drug
resistance. Additionally, we demonstrated that
IRF-1 expression correlated highly with RAD51
expression in GC samples.

In conclusion, our study shows that IRF-1 re-
verses the MDR of GC by downregulating the
expression of RAD51, which has potential clini-
cal and surgical therapeutic significance. This
may provide new insight into the role of IRF-1 in
the chemotherapeutic resistance of tumour
cells.

Materials and methods
Clinical sample collection

Paraffin-embedded specimens were prepared
with tissue samples collected from 52 patients
who had been diagnosed with GC at the Union
Hospital (Wuhan, China) according to the ori-
ginal histopathological reports from August
2014 to August 2015. All participants provided
written consent. The study and consent proce-
dures were approved by the Institutional Ethics
Committee at Huazhong University of Science
and Technology.
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Cell lines and cell culture

Human GC cell lines (MKN45, AGS, and
SGC7901) were purchased from the BeNa
Culture Collection (Beijing, China). Multi-drug
resistant (MDR) GC cell lines were established
as described previously (24). All cell lines were
cultured in RPMI-1640 (Gibco, NY, USA) supple-
mented with 10% foetal bovine serum (FBS)
(ScienCell, CA, USA) and penicillin/streptomy-
cin (HyClone, UT, USA). Cells were maintained
at 37°C in a humidified 5% CO, atmosphere.

Drugs and antibodies

All chemotherapy drugs - cisplatin (CDDP), fl-
uorouracil (5FU), and doxorubicin (ADR) were
purchased from Selleck (Houston, TX, USA).
Antibodies against IRF-1 (ab186384), RAD51
(@b88572), and yH2A (ab2893) were acquir-
ed from Abcam (Cambridge, UK). Antibodies
against GAPDH (10494-1-AP) were obtained
from Proteintech (Wuhan, China).

Transcriptome sequencing

Parental GC cells (MKN45 and AGS) and chem-
otherapy-resistant GC cells (MKN45/MDR and
AGS/MDR) were assessed with de novo tran-
scriptome analysis using the lllumina HiSeq
2000 system (GM, Shanghai, China). Three
samples were used for the sequencing of each
group of cells.

Cell transfection and virus infection

IRF-1 siRNA and negative siRNA controls were
constructed by GenePharma (Shanghai, China)
(Table S1). All transfections with siRNA and
vectors were performed using Lipofectamine
3000 according to the manufacturer’s instruc-
tions (Invitrogen, Carlsbad, MA, USA). The fluid
was changed 48 h after transfection. Lenti-
viruses overexpressing IRF-1 (Lv-IRF-1) and
RAD51 (Lv-RAD51) and empty viruses (Lv-Null)
were purchased from GeneChem (Shanghai,
China). IRF-1 expression was induced by adding
doxycycline (Dox) to the medium (5 ug/mL) as
described previously [24].

CCK8 assay

The CCK8 assay was performed using Cell
Counting Kit-8 (Dojindo, Kyushu, Japan) per
the manufacturer’s protocol. Cell sensitivity to
chemotherapy drugs was measured as describ-
ed previously [24].
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Apoptosis assay

Apoptosis was assessed using the Annexin V/
FITC Apoptosis Detection Kit (AntGene, ant003,
Wuhan, China) as described previously [23].

Quantitative real-time PCR

Total RNA from cultured cells or frozen tumour
tissues was extracted using a Trizol reagent kit
(Takara, Dalian, China). qRT-PCR was then per-
formed as described previously [25]. All prim-
ers were synthesized by Sangon (Shanghai,
China) (Table S2). GAPDH was used as an inter-
nal control.

Western blotting

Protein extraction was carried out on ice using
a RIPA buffer (Sigma-Aldrich, Darmstadt, Ger-
many) containing proteinase and phosphatase
inhibitors. Western blotting was performed as
described previously [25].

Comet assay

The Comet Assay Kit (Trevigen Inc, Gaithers-
burg, MD, USA) was used under alkalic condi-
tions according to the manufacturer’s specifi-
cations. Cells were re-suspended in 10% low-
melting-point agarose, and 50 pl was immedi-
ately pipetted onto two-well comet assay slides.
After solidification of the agarose, the slides
were placed in a cell lysate (Trevigen, Inc) bath
at 4°C overnight. The following day, the sam-
ples on the slides were electrophoresed in an
alkaline electrophoresis solution, stained with
a gold solution, and observed under a fluores-
cence microscope. The tail moments (TMs) of
the comets were scored using CASP software.

Immunofluorescent staining

Cells (1 x 10° per well in 12-well plates) were
grown on coverslips (WHB, WHB-12-CS, Shang-
hai, China) and after drug exposure for 24 h,
were fixed in 4% paraformaldehyde (Sigma-
Aldrich, Darmstadt, Germany) for 15 min, per-
meabilized in 0.2% Triton X-100 for 10 min,
washed with PBS three times, and blocked with
normal goat serum for 1 h at room tempera-
ture. The cells were then incubated with IRF-1
(Abcam, 1:100 dilution) and RAD51 (Abcam,
1:100 dilution) antibodies overnight at 4°C,
washed with PBS three times, and incubated
with secondary antibodies (Bosterbio, BA1105,
Wuhan, China) in the dark for 1 h. Cell nuclei
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were stained with DAPI (blue) for 10 min and
observed with a fluorescence microscope.

Chromatin immunoprecipitation (ChlIP) assay

ChlIP assays were performed using the Simple-
ChIP Enzymatic Chromatin IP Kit (CST, #9003,
MA, USA). All procedures were performed
according to the manufacturer’s instructions.
A monoclonal anti-IRF-1 antibody (Santa, sc-
74530, CA, USA) and the corresponding rabbit-
IgG (CST, USA) were used as controls. Bound
DNA fragments were amplified using PCR, and
the resulting PCR products were analysed with
gel electrophoresis on 2% agarose gels. PCR
primers are listed in Table S3.

Luciferase assay

Wild-type RAD51 and mutant RAD51 promoter
regions were inserted into pGL3-based vec-
tors. MKN45 cells were co-transfected with the
RAD51 luciferase reporter construct and the
IRF-1 plasmid using the Lipofectamine 3000
reagent. In the double luciferase assay, the
cells were transfected for 48 hours, and the
luciferase reporter gene expression system
was detected using the dual-luciferase reporter
gene detection system (Promega, Madison, WI,
USA). Luciferase readings were normalised to
Renilla luciferase activity.

Immunohistochemistry

Immunohistochemical (IHC) analyses of mouse
tumour tissues and clinical GC tissues were
performed using anti-IRF-1 (Abcam, 1:100 dilu-
tion) or anti-RAD51 (Abcam, 1:200 dilution)
antibodies and incubated overnight at 4°C.
HRP-conjugated Affinipure Goat Anti-Rabbit
IgG (Proteintech, SAO0001-2, Wuhan, China,
1:5000 dilution) was then used for incubation
for one hour. We quantitatively scored tissue
sections according to the percentage of posi-
tive cells and staining intensity, as described
previously [23].

Xenograft assay

Five-week-old BALB/c female nude mice were
bought from HFK Bio-Technology Co. (Beijing,
China) for this assay. Lentiviruses containing
specific DNA sequences were transfected into
SGC7901 cells. To assess tumour growth in
vivo, a 200 pl RPMI 1640 medium (without
FBS) containing 5 x 10° cells was resuspended
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and then injected subcutaneously into the
nude mice; each group contained 5 mice. Two
weeks later, the mice were injected intraperito-
neally with PBS containing CDDP, 5FU, or ADR
once per week. Throughout the experiment,
mice were fed 2 mg/mL of Dox in drinking
water. Tumour volumes were measured every 7
days according to the formula V = 0.5 x L
(length) x W2 (width). Mice were sacrificed
humanely 5 weeks after cell inoculation. The
care and handling of mice were approved by
the Institutional Animal Care and Use Commit-
tee of Tongji Medical College, Huazhong Uni-
versity of Science and Technology.

Statistical analyses

Statistical analyses were performed using
SPSS 24.0. Comparisons between two groups
were performed with Student’s t-test. IRF-1
expression and clinical characteristics were
analysed using the chi-square test. Kaplan-
Meier survival analysis was used to analyse GC
patient survival. The median RAD51 expression
value was set as the cut-off value between high
and low expression levels. P < 0.05 was consid-
ered statistically significant.

Results

IRF-1 sensitizes GC cells with MDR to chemo-
therapy drugs and regulates DNA damage
repair

To understand the MDR mechanism in GC
chemotherapy, we cultured GC cells with MDR.
We then treated GC cell lines with three che-
motherapeutics; CDDP, 5FU, and ADR and
screened for viable cells 4 hours later. The ini-
tial concentration of chemotherapeutic drugs
was 5 pmol/I, but each dose was later increas-
ed by a concentration gradient of 10 ymol/I.
Six months after drug administration, we per-
formed CCK-8 experiments to confirm that
MDR cell lines were less sensitive to chemo-
therapeutic drugs than parental cell lines
(Figure S1A). Subsequent transcriptome se-
quencing results also showed increased ex-
pression of resistance-related proteins in drug-
resistant cell lines (Figure S1B and S1C).

Next, we determined whether IRF-1 is involved
in chemotherapy resistance in GC cells using
stable GC cells with MDR (MKN45/MDR and
AGS/MDR) overexpressing IRF-1 (Lv-IRF-1). Af-
ter 24 h of chemotherapy, the survival rate of
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cells in the Dox-induced IRF-1 overexpression
group was significantly lower than that in the
control group, with the growth of cells inhibited
dose-dependently (Figures 1A and S2A). When
IRF-1 was stably knocked down, however, we
observed the opposite outcome (Figure S2B).
Also, the apoptosis rate increased significantly
after the overexpression of IRF-1 with the same
drug concentration (Figure S2C and S2D).

To verify further that IRF-1 is involved in the
DNA damage repair process, we used chemo-
therapeutic drugs to treat GC cells and exam-
ined the effect of IRF-1 on DNA repair ability.
DNA double-strand breaks are relatively severe
and can result in cell death. We used a comet
assay to study the effect of IRF-1 on DNA
double-strand damage repair in GC cells. The
results suggest that the overexpression of
IRF-1 causes the reduction in DNA double-
strand damage repair ability in GC cell lines
(AGS MDR and SGC7901) (Figures 1B and
S3A). On the other hand, downregulating IRF-1
increases the double-strand repair ability (Fi-
gures 1C and S3B).

The presence of a yH2A-positive focus positive
in a cell is a marker of DNA double-strand dam-
age [26]. We found that the proportion of yH2A-
positive cells in AGS cells with MDR and trans-
fected with IRF-1 siRNA decreased significantly
after 24 h of Dox treatment, indicating that
the DNA double-strand damage repair ability
was enhanced (Figure 1D). At the same time,
decreasing IRF-1 expression levels increased
the expression of the key protein RAD51 in
the DNA double-strand break repair pathway
(Figure 1D). These findings suggest that IRF-1
could inhibit DNA double-strand damage caus-
ed by chemotherapy drugs in GC cells.

RAD51 expression is elevated in MDR GC cells

To understand the difference between chemo-
therapy-resistant GC cells and parental cells,
we performed transcriptome sequencing of
chemotherapy-resistant GC cells (MKN45 MDR
and AGS MDR) and parental cells (MKN45 and
AGS). There was a difference in the expression
of MRNA between the two groups of cells. In
the AGS cell line with MDR, the expression of
six genes associated with DNA damage repair
was elevated, and that of three genes was
diminished compared to the parental cell line
(Figure 2A). In the MKN45 cell line with MDR,
three genes associated with DNA damage
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repair were upregulated, and three genes were
downregulated (Figure 2B). In particular, the
RAD51 family gene was elevated in both drug-
resistant cell lines compared to the parental
cell lines. Additionally, we also found that the
level of IRF-1 transcription was significantly
lower in the chemotherapy-resistant cell lines
than in the parental cell lines (Figure 2C).
Subsequently, we verified in the cells, as shown
in Figure 2E and 2F, that RAD51 was upre-
gulated in GC chemotherapy-resistant cells,
both at the mRNA and protein levels. Compar-
ed with the parental cells, the expression level
of IRF-1 protein in chemotherapy-resistant GC
cells decreased (Figure 2D).

IRF-1 inhibits RAD51 expression in GC cells

The process of DNA damage repair is complex,
and there are many factors involved in its regu-
lation. When performing functional enrichment
analysis of differential genes in AGS and AGS
MDR cell lines, we found that proteins involved
in the DNA damage repair of gastric cancer
included RAD51, ATM, BRCA1, and more (Figure
S4A). We also uncovered, through the protein
interaction network analysis (https://string-db.
org), that the expression level of RAD51, a pro-
tein repaired by DNA damage, may be associ-
ated with the expression of IRF-1 (Figure S4B).

We further investigated whether RAD51 is a
functional target of IRF-1 and found that the
overexpression of IRF-1 decreased RAD51 ex-
pression both at the mRNA and protein levels in
AGS, MKN45, and SGC7901 cells (Figure 3A
and 3B). In addition, knocking down IRF-1 with
siRNA increased RAD51 protein expression in
both AGS and MKN45 cells (Figure 3C). Immu-
nofluorescence analysis also confirmed that
the increased expression of IRF-1 reverses the
mechanism of GC MDR associated with the
decreased expression of RAD51 and increased
DNA damage (Figure 3D).

To determine whether the IRF-1-mediated
reversal of GC cell chemoresistance depends
on RAD51, we designed a rescue experiment
to verify the role of RAD51. We transfected a
RAD51 overexpression lentivirus and a nega-
tive control virus into MKN45 MDR/Lv-IRF-1
and SGC7901/Lv-IRF-1 cells. As shown in the
Western blot, the expression level of RAD51
was not affected by the empty RAD51 vector,
but the RAD51 lentivirus reversed the inhibitory
effect of IRF-1 on RAD51 (Figure 3E).
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Figure 1. IRF-1 regulates DNA damage repair. (A) Cell viability assay showing the cell survival rates of AGS MDR/
Lv-IRF-1 cells in the presence or absence of 2 ug/ml Dox 24 h after treatment with various concentrations of 5FU,
CDDP, and ADR. (B) Representative images of the alkaline comet assay of AGS MDR/Lv-Null and AGS MDR/Lv-IRF-1
cells after exposure to 5 umol/I ADR for 18 h. The tail moment is equal to the tail length multiplied by the tail DNA
content. Scale bars, 50 um. (C) Representative images of the alkaline comet assay after transfecting AGS MDR cells
with Neg-siRNA or IRF-1 siRNA and exposing them to 5 pmol/I ADR for 18 h. Scale bars, 50 um. (D) Immunofluo-

IRF-1 siRNA+Adr Neg siRNA+Adr

1260 Am J Cancer Res 2020;10(4):1255-1270



Interferon regulatory factor-1 reverses chemotherapy resistance

rescent detection of RAD51 and yH2A expression levels after transfecting AGS MDR cells with Neg-siRNA or IRF-1
siRNA and exposing them to 5 pumol/I ADR for 18 h. Scale bars, 20 um. In (A), the data are represented as the mean

+ SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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analysis of the expression levels of IRF-1 in cell lines with MDR and parental
gastric cancer cell lines. (E) Western blot analysis of the expression levels
of RAD51 in cell lines with MDR and parental gastric cancer cell lines. (F)
RAD51 mRNA expression level in cell lines with MDR and parental gastric
cancer cell lines, as revealed by gRT-PCR. In (F), the data are represented as
the mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001.

Next, we analysed cell responses to chemo-
therapeutic drugs after RAD51 re-expression in
IRF-1-overexpressing cells. CCK-8 assays dem-
onstrated that RAD51 overexpression partially
rescued the growth inhibition of AGS, MDR/
Lv-IRF-1, and SGC7901/Lv-IRF-1 cells (Figures
3F and S3C). These data suggest that RAD51
plays a critical role in the IRF-1-mediated rever-
sal of the MDR in GC.

IRF-1 regulates RAD51 promoter activity in GC
cells

To determine whether IRF-1 directly regulates
RAD51 expression at the transcriptional level,
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To confirm further that the
binding of IRF-1 to the RAD51
promoter is effective and to
determine which binding site
is functional, we performed a
luciferase reporter assay. We
constructed mutant reporter
genes for different mutations,
including mutation 1, mutation 2, and muta-
tions 1 plus 2 (Figure 4E), in the predicted IRF-1
binding sites using the wild-type RAD51 pro-
moter. Compared with the negative control
group, the IRF-1 overexpression group had sig-
nificantly reduced luciferase activity of the wild-
type RAD51 promoter, but this reduction was
reversed by the mutation in target sequence 2
and the mutation in sequences 1 plus 2 of
RAD51 (Figure 4F). Surprisingly, the luciferase
activity of the promoter with mutation site 1
was lower than that of the wild type promoter.
Therefore, we inferred that binding site 1 was
not the site of IRF-1's inhibition of the activity
of the RAD51 promoter, and this site may even
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Figure 3. IRF-1 inhibits RAD51 expression. Western blotting detection of IRF-1 and RAD51 protein expression levels
after transfection of AGS MDR, MKN45 MDR, and SGC7901 cells with Lv-IRF-1 or Lv-Null and treatment with the
indicated amounts of Dox (A) and gRT-PCR (B). (C) Western blot analysis of RAD51 protein levels after knocking
down IRF-1 in AGS MDR and MKN45 MDR cells. Neg siRNA, with a non-targeting sequence, was used as a nega-
tive control. (D) Immunofluorescent detection of RAD51 and yH2A expression levels after transfection of AGS MDR
and MKN45 MDR cells with Lv-IRF-1 or Lv-Null and treatment with ADR for 18 h. Scale bars, 20 uym. (E) Western
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of the indicated doses of Dox. (F) Cell viability assay of the cell survival rates of AGS MDR cells expressing Lv-IRF-1
and Lv-IRF-1 plus RAD51. All experiments were performed in triplicates. In (B and F), the data are represented as
the mean £ SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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increase the activity of the RAD51 promoter.
The reversal effect observed with the promoter
mutation of site 2 and with the simultaneous
mutation of site 1 plus site 2 revealed that
IRF-1 exerted an inhibitory effect on RAD51
promoter activity through binding site 2.

IRF-1 expression reverses chemotherapy re-
sistance, and RAD51 rescues chemotherapy
resistance in vivo

To further establish whether elevated IRF-1
expression reversed MDR in vivo, MKN45 cells
expressing Lv-NC, Lv-IRF-1, or Lv-IRF-1 with the
re-expression of RAD51 were injected intracra-
nially into nude mice (Figure 5A). After feeding
mice with 2 mg/ml Dox water, IRF-1 overexpres-
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sion had no significant effect on the growth of
xenogenic tumours compared with the control
group. However, after treatment with different
chemotherapeutic drugs, the volumes and
weights of tumours in the overexpressing IRF-1
group diminished significantly (Figure 5B and
5C). Additionally, the IRF-1 gene overexpression
plus RAD51 gene re-expression group had par-
tial restoration of tumour volumes and weights.

Twenty-eight days after the inoculation of
tumour cells, the nude mice were sacrificed
humanely, and tissue proteins were extracted.
Western blotting analyses showed that the
Dox-induced IRF-1 overexpression group had
lower RAD51 expression than the control gr-
oup (Figure 5D). Immunohistochemistry find-
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ings confirmed the Western blotting results
(Figure 5E). Consistent with the in vitro cell
experimental outcomes, the overexpression of
IRF-1 in vivo could reverse multidrug resistance
in GC by inhibiting the expression of RAD51.

IRF-1 and RAD51 expression levels are cor-
related in GC and are independently predictive
of poor prognosis

To understand the relationship between IRF-1

and RAD51 in GC tissues, we performed an IHC
analysis of IRF-1 and RAD51 proteins in 52 GC
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Figure 5. IRF-1 expression reverses chemo-
therapy resistance, while RAD51 rescues
chemotherapy resistance in vivo. (A) Im-
ages showing tumours in different groups
after chemotherapy and graphs depicting
tumour volumes (B) and weights (C) of the
different groups after injecting MKN45/
Lv-null, MKN45/Lv-IRF-1, and MKN45/Lv-
IRF-1 plus RAD51 cells into nude mice. Tu-
mour volumes were measured every 7 days
(tumour volume = 1/2 x length x width?).
Western blotting (D) and immunohistochem-
ical (E) detection of the expression levels of
IRF-1 and RAD51. Scale bars, 100 pym. *P <
0.05, **P < 0.01, and ***P < 0.001.

samples (Figure 6A). The results revealed that
IRF-1 and RAD51 correlated negatively with GC
expression (Figure 6B). Previously published
research showed that the low expression of
IRF-1 correlated significantly with poor progno-
sis, as indicated by the Kaplan-Meier analysis.
The 1-year and 3-year OS rates of patients in
the high IRF-1 expression group were signifi-
cantly higher than those of patients in the low
IRF-1 expression group.

To further confirm the clinical value of IRF-1, we
used database analysis to determine that high
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Figure 6. IRF-1 and RAD51 expression levels correlated highly with each other and are predictive of poor prognosis.
A. Representative image of the immunohistochemical staining of IRF-1 and RAD51 in 52 GC tissues. Case 1 is the
representative image from the IRF-1 low expression group. Case 2 is the representative image from the IRF-1 high
expression group. Scale bars, 100 um. The right panel represents a magnified view of the area of the box in the cor-
responding left panel. B. Statistical analysis of the correlation between IRF-1 and RAD51 expression in GC tissues.
C. Survival curves of GC patients with high and low IRF-1 expression levels based on datasets. D. Survival curves
of 52 GC patients with high and low RAD51 expression levels. E. Survival curves of GC patients with high and low
RAD51 expression levels based on datasets.

IRF-1 expression was significantly associated correlation between RAD51 expression levels
with survival duration in GC patients [27] and survival duration in all 52 GC samples
(Figure 6C). However, we found no significant (Figure 6D), perhaps due to the small number
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of patients we selected and the short duration
of follow-up. Nevertheless, we used the Kaplan-
Meier Plotter online analysis tool to determine
that high RAD51 expression was significantly
associated with poor prognosis in GC patients
receiving 5FU adjuvant chemotherapy (Figure
6E) [27].

Discussion

Our previous studies have shown that the over-
expression of IRF-1 enhances the sensitivity
of GC cells to chemotherapeutic drugs [24]. To
further clarify the mechanism by which IRF-1
reverses GC resistance, we examined the ex-
pression of various DNA repair-related proteins
and found that IRF-1 downregulated the ex-
pression of RAD51. We used bioinformatics to
analyse the promoter region of the RAD51 ge-
ne and found that there was an IRF-1 binding
site. ChIP and luciferase activity assays also
demonstrated that IRF-1 directly interacted
with the promoter through the IRF-1 binding
site, regulating the expression of RAD51.
Immunohistochemical analysis revealed that
IRF-1 expression correlated negatively with
RAD51 expression in GC specimens. Also, IRF-
1-overexpressing GC cells with overexpressed
RAD51 were resistant to chemotherapeutic
drugs, indicating that the IRF-1-RAD51 axis
plays a key role in chemoresistance.

MDR is the most important cause of tumour
chemotherapy failure, and it plays a vital role
in tumour metastasis and recovery. Once MDR
is acquired, the anticancer effect of chemoth-
erapeutic drugs diminishes significantly [28].
Although the MDR mechanism is complex, it is
currently believed that MDR is related primarily
to the ABC transporter family expression, DNA
damage repair, apoptosis induction, autophagy
induction, and cancer stem cell regulation [29].
Our previous studies have also shown that
IRF-1 can reverse drug resistance by regulating
the expression of drug-resistant proteins and
reducing drug retention [23]. Here, we reveal
that IRF-1 reversed DNA resistance by inhibit-
ing RAD51 expression to reduce DNA damage
repair. Increased expression of drug-resistant
proteins and enhanced DNA damage repair
capacity are the main causes of multidrug
resistance in tumours [8]. Our results demon-
strate that IRF-1 reversed tumour MDR in a
variety of ways. In the study of patient sampl-
es, we performed a survival analysis of 52
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patients with GC and found that the expression
level of IRF-1 correlated significantly with the
survival time of patients. We did not, however,
find a correlation between RAD51 expression
and patient survival, possibly because of the
limited number of cases or short follow-up time.
Nevertheless, in the TCGA database, we found,
in patients with gastric cancer receiving 5-fluo-
rouracil, that the survival time of the group wi-
th high expression of RAD51 was significantly
lower than that of the low expression group.
This outcome is consistent with the association
between the high expression of RAD51 and
poor prognosis in ovarian cancer [30]. These
findings suggest that IRF-1 is a potential predic-
tor of survival and chemotherapy response and
that the overexpression of IRF-1 could be an
effective strategy to overcome chemotherapy
resistance.

Many studies have shown a strong link between
IRF-1 and DNA damage repair. Prost et al.
observed that IRF-1 dysregulation in cells may
reduce the ability of cells to repair DNA damage
and alter their sensitivity to the damage, but
that the specific mechanism is less clear [31].
Mattia et al. performed a functional analysis of
the IRF-1 target gene identified by ChIP-chip
and found that IRF-1 is closely related to DNA
damage response [32]. Our studies have shown
that IRF-1 decreases the expression of RAD51
and inhibits DNA damage responses. Compar-
ed with chemotherapy alone, the expression of
YH2A and the length of tails in the comet assay
were greater when IRF-1 was combined with
chemotherapy. Contrasting results were ob-
served in the AGS and SGC7901 cell lines with
MDR when IRF-1 was knocked down. However,
we found that the re-expression of RAD51 did
not fully restore the effect of IRF-1 on DNA dam-
age response. These phenomena suggest th-
at IRF-1 may also regulate the expression of
other genes involved in DNA damage repair. In
SGC7901 cells, we found that IRF-1 also af-
fected the expression of the DNA damage
repair gene PCNA (data not shown). These
results indicate that IRF-1 overexpression
reduces DNA damage response and increases
the toxicity of chemotherapeutic drugs.

HR is the primary repair pathway for DSBs,
using intact sister chromatids as a template
for RAD51-catalysed DNA strand exchange and
guiding error-free repair. HR is a very delicate
and complex DNA repair process. Undoubtedly,
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RAD51, the core protein in the process of HR, is
also regulated by several mechanisms. RAD51
has been reported previously to be regulated
by wild-type p53 [33-35]. Carman et al. found
that wild-type p53 binds to p53 response ele-
ments on the RAD51 promoter in vivo and
downregulates RAD51 messenger RNA and
protein expression. Moreover, wild-type p53
also inhibits the formation of Rad51 foci dur-
ing double-strand breaks [33]. In another study,
the oncogenic transcription factor Foxm1 acti-
vated RAD51 expression and caused chemore-
sistance in glioblastoma [36]. This study was
the first to implicate RAD51 as an IRF-1-re-
gulated gene that can mediate chemoresist-
ance in cancer cells. Luciferase assay results
confirmed that the transcription factor IRF-1 is
directly involved in the regulation of RAD51.
Surprisingly, the mutation of binding site 1
alone increased the activity of the RAD51 pro-
moter. Mutations in the second binding site,
alone and combined with other mutations,
significantly reduced RAD51 promoter activity.
This may suggest differential regulation of
RAD51 by IRF-1 and appears to provide a rea-
sonable explanation for the absence of a sig-
nificant increase in the baseline expression of
RAD51 when knocking down IRF-1 expression
(Figure 3C). The reversal of chemoresistance in
gastric cancer by using IRF-1 to mediate RAD51
expression seems to provide a new direction
for chemotherapy.

Many anticancer drugs achieve the purpose of
treatment by damaging the DNA of tumour
cells, but tumour cells can activate the DNA
damage repair mechanism and, thus, become
resistant to DNA damage drugs. Hypermethy-
lation of the mismatch repair gene, MLH1, can
lead to resistance to cisplatin and carboplatin
[37]. ERCC1 is a major protein in nucleotide
excision repair systems. High ERCC1 expres-
sion is associated with increased removal of
DNA-platinum adducts and results in increased
tumour resistance to cisplatin [38]. In contrast,
cancers with DNA repair deficiencies are more
sensitive to chemotherapy drugs. Defects in HR
repair caused by germline or somatic muta-
tions in BRCA1 or BRCA2 make tumours sus-
ceptible to PARPi treatment [39]. Similarly, the
enhancement of DNA repair capacity plays a
vital role in tumour radiotherapy tolerance. In
non-small cell lung cancer, highly expressed
RAD50 increases radiation tolerance [40].
Ku80 is a key protein in the repair of non-
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homologous end junctions. Ku80 plays an
important role not only in tumorigenesis but
also in radiation resistance in esophageal can-
cer cells [41]. In contrast, ATM kinase inhibitors
significantly increase the radiation sensitivity of
glioma cells [42].

There is increasing evidence that overactive HR
repair mechanisms are associated with chem-
oresistance [43]. Our experiments demonstrat-
ed that RAD51 expression was higher in drug-
resistant cells than in parental cells, both at the
MRNA and protein levels. These results are
consistent with previously published findings
showing that RAD51 overexpression is associ-
ated with chemoresistance [44-46]. Although
we did not find that RAD51 overexpression
correlated significantly with the clinical out-
come in 52 patients with GC, many studies
have revealed that RAD51 expression levels
correlate significantly with poor prognosis [47,
48]. RAD51 expression is also involved in a
variety of non-DNA repair pathways, such as
tumour metastasis [49], tumour growth, and
differentiation [50]. For that reason, we sug-
gest that RAD51 be researched further as a
therapeutic target for malignant tumours; its
role in chemotherapy has become the focus of
recent research. Liu et al. demonstrated that
the overexpression of RAD51 compensates for
BRCA1 deficiency and mediates breast cancer
stem cell resistance to PARPI [45]. Per Sampa-
th et al., HDAC inhibition induces miR-182 to
target RAD51 and HR, making acute myeloid
leukaemia cells sensitive to DNA-damaging
agents [51]. Although RAD51 has shown sy-
nergy in multiple-drug screenings of multiple
cancer types, and there are no clinical trials
directly targeting RAD51, we recommend addi-
tional targeting of RAD51 to improve clinical
outcomes.

Conclusion

Our study reveals a key role for the RAD51-
dependent IRF-1 pathway in chemical sensiti-
zation. This is unexpected because studies on
the role of IRF-1 in chemoresistance are few. In
summary, we found that IRF-1 expression levels
were lower in chemotherapy-resistant GC cells
than in parental cells and that overexpressing
IRF-1 reversed MDR in GC. Mechanistically,
IRF-1 directly regulated the DNA damage re-
pair gene, RAD51, at the transcriptional level.
Overexpressing IRF-1 inhibited RAD51 expres-
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sion, and the re-expression of RAD51 partially
rescued IRF-1 overexpression’s inhibitory effect
on chemotherapy resistance. These results
suggest that IRF-1 plays a key role in tumour
cell resistance and that targeting IRF-1 is an
effective approach to increasing the chemo-
sensitivity of tumour cells.
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Table S1. List of the siRNA sequences

Name Primer sequence
Si-IRF-1 sense 5-CAGAUAUCGAGGAGGUGAATT-3’
Si-IRF-1 antisense 5’-UUCACCUCCUCGAUAUC UGTT-3’

Negative control sense 5’-UUCUCCGAACGUGUCACGUTT-3’
Negative control antisense 5-ACGUGACACGUUCGGAGAATT-3’

Table S2. List of the primer sequences

Primer name Primer sequence

H-IRF-1 F GCATGGCTGGGACATCAAC
H-IRF-1 R TTCCTGCTCTGGTCTTTCACCT
H-RAD51 F ACTGCTCCCTGGGGTTCTC
H-RAD51 R TTCCTAAGGCACCATGTCAAAG
H-GAPDH F AATCCCATCACCATCTTCCAG
H-GAPDH R GAGCCCCAGCCTTCTCCAT

Table S3. List of the sequences of the primers surround-
ing the putative binding sites for IRF-1 from RAD51 gene
promoter region

Primer name Primer sequence

Site-1-F AGTACCTAGAGACCAAAGCTCCT
Site-1-R GAAGTGCTTGAACCCGGGAG
Site-2-F TGAGACCACAGGCACAAGCC

Site-2-R ATATAAGGCCTGCACGGTGGC
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Figure S1. MDR GC cell lines. A. Survival rates of the MDR (AGS/MDR and MKN45/MDR) cell lines compared with
those of the parental GC cells (AGS and MKN45) after treatment with various concentrations of CDDP, 5FU, and
ADR. B. Heatmap of the ABC gene family transcript expression in the AGS cell line with or without MDR. C. Heatmap
of the ABC gene family transcript expression in the MKN45 cell line with or without MDR. All experiments were
performed in triplicates. The data are represented as the mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure S2. IRF-1 reverses the chemoresistance of gastric cancer in vitro. A. Cell viability assay of the cell survival
rates of MKN45 MDR/Lv-IRF-1 cells in the presence or absence of 2 ug/ml Dox 24 h after treatment with various
concentrations of 5FU, CDDP, and ADR. B. Cell viability assay of the cell survival rates of AGS cells transfected with
negative control (Neg) siRNA or IRF-1 siRNA after treatment with various concentrations of 5FU, CDDP, and ADR. C.
Flow cytometry detection of apoptotic cells after treatment of MKN45 MDR/Lv-Null and MKN45 MDR/Lv-IRF-1 cells
with 2 ug/ml Dox and 800 pmol/I 5 FU and 200 pmol/I CDDP and 30 pumol/I ADR for 24 h. DMSO was used as the
control treatment. D. The apoptosis rates of MKN45 MDR/Lv-Null and MKN45 MDR/Lv-IRF-1 cells after treatment
with 2 pyg/ml Dox and 500 pmol/I 5 FU and 100 umol/I CDDP and 5 umol/I ADR for 24 h. All experiments were
performed in triplicates. The data are represented as the mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure S3. IRF-1 regulates DNA damage repair. A. Representative images of the alkaline comet assay of SGC7901/
Lv-Null and SGC7901/Lv-IRF-1 cells after exposure to 5 umol/I ADR for 18 h. The tail moment is equal to the tail
length multiplied by the tail DNA content. Scale bars, 50 um. B. Representative images of the comet assay after
transfecting SGC7901 cells with Neg-siRNA or IRF-1 siRNA and exposing them to 5 umol/I ADR for 18 h. Scale bars,
50 ym.
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Figure S4. (A) Functional enrichment analysis of the IRF-1 transcripts in cell lines with AGS MDR versus AGS paren-
tal gastric cancer cell lines. The ordinate represents the name of the significantly enriched KEGG pathway, and the
abscissa represents -Log10 (P-value). (B) Target gene protein interaction network diagram. (C) Cell viability assay
of the cell survival rates of SGC7901 cells expressing Lv-IRF-1 and Lv-IRF-1 plus RAD51. All experiments were per-
formed in triplicates. In (C), the data are represented as the mean £ SD. *P < 0.05, **P < 0.01, and ***P < 0.001.



