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ABSTRACT Radiotherapy has been applied for cancer treatment while DNA damage repair (DDR) could increase
radioresistance in tumour cells. Therefore, biomarkers that modulated DDR might improve the efficacy of radiotherapy.
Mediator of DNA Damage Checkpoint 1 (MDC1) mRNA expressions were assessed by RT-qPCR in MDA-MB-157 cells
after irradiation (0, 4, 8, 12, and 16 Gy), showing that it was upregulated in the 4Gy group but suppressed in 16Gy groups.
Using CCK-8, viabilities of cells were also inhibited by irradiation dose-dependently. Moreover, flow cytometry was used
to evaluate cell apoptosis, showing that overexpression of EYA Transcriptional Coactivator and Phosphatase 2 (EYA2)
and Jumonji Domain Containing 6 (JMJD6) suppression both inhibited MDA-MB-157 cell (4Gy) apoptosis and decreased
cell viabilities. Hence, JMJD6 and EYA2 might be promising biomarkers for mediating DDR in breast cancer cells.
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    INTRODUCTION

Breast cancer, a malignancy that is diagnosed
most frequently in women, is the second cause of
cancer death among females worldwide (Fahad
Ullah 2019). Despite research in the laboratory
stage and clinical stage, the incidence of breast
cancer is still on the rise. As a heterogeneous dis-
ease, breast cancer can be caused by genetic and
non-genetic sources (Wagner et al. 2019). Nowa-
days, therapeutic approaches for treating breast
cancer have been improved, in which surgery is a
critical method (Kaufman 2019). For high-risk pa-
tients, radiotherapy is the first choice after surgery
(Haussmann et al. 2020; Shah et al. 2021). Radia-
tion therapy can reduce risks in recurrence and
death of breast cancer (Taylor and Kirby 2015).
According to previous studies, radiotherapy not
only lengthens cancer patients’ lives, but also saves
economic costs (Atun et al. 2015). Evidence has
verified that DNA damage repair (DDR) is a critical
process causing tumorigenesis, thereby reducing
therapeutic impacts of irradiation on cancers (Jiang

et al. 2017). DNA damage can activate biochemical
responses against irradiation, in which sensors in
DNA damage initiate signalling to trigger DDR
(Huang and Zhou 2021). Thus, to figure out roles
of those biomarkers that participate in DDR might
help improve effects of irradiation.

Mediator of DNA damage checkpoint 1 (MDC1),
also named as nuclear factor with BRCT domains 1
(NFBD1), is a scaffolding protein in DDR (Ruff et al.
2020). MDC1 has been detected to magnify phos-
phorylation of H2A.X (H2A.X variant histone) to
form γ-H2A.X, leading to recruitment of MRN com-
plex (MRE11, RAD50 and NBS1) via interactions
with γ-H2A.X to facilitate DDR (Lou et al. 2006;
Salguero et al. 2019). Previous studies have ex-
plored oncogenic effects of MDC1 on cancer de-
velopment. MDC1 was promoted by liver receptor
homolog-1, resulting in increased resistance to cis-
platin and Adriamycin by reducing DNA damage
(Wang et al. 2018). Additionally, the recruitment of
MDC1 was reduced by sulforaphane-upregulated
Large Tumour Suppressor Kinase 2, causing ele-
vated sensitivity to radiotherapy in ovarian cancer
cells (Wang et al. 2022). MDC1 was downregulat-
ed by miRNA-22 in breast cancer cells, causing
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inhibited DDR while upregulated MDC1 protein
rescued double-stranded breaks (DSB) repair (Lee
et al. 2017). Therefore, biomarkers that interact with
MDC1 might be promising targets for improving
impacts of irradiation on treating breast cancer.

Jumonji domain-containing protein 6 (JMJD6),
a member of Jumonji C domain-containing proteins
family, has been found to act as a lysyloxidase and
catalyse N-methyl argininyl demethylation (Kwok
et al. 2017). High expression of JMJD6 has been
associated with increased tumour growth and se-
vere tumour grade (Aprelikova et al. 2016). JMJD6
has been verified to accelerate hydroxylation of
p53, thereby suppressing tumour colorectal can-
cer development (Wang et al. 2014). Moreover,
JMJD6 has been discovered to upregulate phos-
phorylated H2A.X expressions in melanoma cells,
implying promoting roles of JMJD6 in DDR (Li et
al. 2019). Moreover, JMJD6 was recruited to DNA
damage sites and JMJD6 overexpression upregu-
lated γH2A.X after irradiation (Huo et al. 2020).
Hence, this study aimed at investigating functions
of JMJD6 in modulating DDR in breast cancer cells
after irradiation.

Eyes absent transcriptional coactivator and
phosphatase 2 (EYA2) is a transcription activator
governing organ development (Xu et al. 2019).
EYA2 has been detected to dephosphorylate
H2A.X after or before irradiation, leading to de-
creased DDR in colorectal cancer cells (Liu et al.
2016). Despite EYA2 accelerating tumorigenesis in
breast cancer cells (Ren et al. 2021), impacts of EYA2
on DDR in breast cancer cells after irradiation were
going to be explored in this study.

Objectives

The present study aimed to investigate MDC1
mRNA expressions in breast cancer cells after irra-
diation and effects of JMJD6 and EYA2 on modu-
lating breast cancer cell viabilities and apoptosis
to figure out their roles in regulating DDR after
irradiation.

Experimental

Main Reagents

The main reagents used in this study were
RPMI-1640 medium (Gibco, USA), penicillin/strep-
tomycin (Gibco), foetal bovine serum (FBS, Gib-

co), Lipofectamine 3000 (Invitrogen, USA), pcD-
NA3.1 vector (Invitrogen, USA), Trizol (Beyotime,
Shanghai, China), iScript Reverse Transcription (Bio-
Rad, USA), SYBR Green qPCR Mix (Beyotime), CCK-
8 (Beyotime), and Annexin V-FITC (Beyotime).

METHODOLOGY

Cell Culture and Irradiation

MDA-MB-175 cells (breast cancer cell line)
were obtained from ATCC (USA). Thereafter, RPMI-
1640 medium (Gibco, USA) containing one per-
cent penicillin/streptomycin (Gibco) and ten per-
cent foetal bovine serum (FBS, Gibco) was applied
for cell cultivation at 370C and five percent CO2. As
for radiotherapy, MDA-MB-157 cells were irradi-
ated by X-ray at 0, 4, 8, 12 and 16 Gy through the
Pantak HF320S (Japan).

Cell Transfection

To figure out the effects of EYA2 and JMJD6
on MDA-MB-157 cells, cell transfection was per-
formed. EYA2 overexpression (oeEYA2) was con-
ducted using pcDNA3.1 vector (Invitrogen, USA)
and its control was called oeNC. Small interfering
RNA of JMJD6 (siJMJD6) was provided by Ge-
nePharma (Shanghai, China) while its control was
named siNC. Sequences of siJMJD6 were listed,
which was siJMJD6, 5’- GGCAUGUUGUCCU-
CAAUCUTTAGAUUGAGGACAACAUGCCTT-
3’. Meanwhile, MDA-MB-157 cells (1×105 cells/well)
were cultivated using a six-well plate. After the con-
fluence reached seventy percent, cell transfection
was performed to transfect siNC, siJMJD6, oeNC
and oeEYA2 into MDA-MB-157 cells using Lipo-
fectamine 3000 (Invitrogen, USA). RAN expressions
were examined using RT-qPCR.

RT-qPCR

To analyse MDC1 mRNA expression after irra-
diation, total RNA was first segregated from MDA-
MB-157 cells using Trizol (Beyotime, Shanghai,
China) after X-ray irradiation (0,  4, 8, 12 and 16Gy)
for 24 hours followed by cDNA synthesis using
iScript Reverse Transcription (Bio-Rad, USA).
Thereafter, PCR was performed using SYBR Green
qPCR Mix (Beyotime) and CFX Opus 384 RT-PCR
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System (Bio-Rad, USA). Primers sequences were
listed, which were, MDC1, forward, 5’-AGCAAC-
CCCAGTTGTCATTC-3’ and reverse, 5’-AGCGCT-
GCTGAGACTTCTTC-3’ (Wang et al. 2018), EYA2,
forward, 5’-CAGCACAAGCCTATGGAATCC-3’ and
reverse, 5’-GCTGAGGAATCCACTCTGGC-3’;
JMJD6, forward, 5’-GCGCAGGAGAAATGGACTCT-
3’ and  reverse, 5’-AGGGTGTTCACCATAGCTGC-3’
and GAPDH, forward, 5’-TTTAACTCTGGTAAA
GTGGA-3’ and reverse, 5’-GAATCATATTGGAACAT-
GTA-3’ (Zheng et al. 2019). Conditions of PCR were
also listed as pre-denaturation, at 950C for 5 minutes
and 35 cycles of  950C for 30 seconds, 600C for 30
seconds and 720C for 30 seconds in denaturation, an-
nealing and extension, respectively. MDC1 mRNA ex-
pressions were normalised to GAPDH and calculated
the using 2-ΔΔCt method.

CCK-8

To evaluate viabilities of MDA-MB-157 cells
after irradiation and cell transfection, MDA-MB-
157 cells were first incubated in a 96-well plate (5103

cells/well) with five percent CO2 at 370C. Thereaf-
ter, cells were irradiated by X-ray (0, 4, 8, 12 and
16Gy) for 12 hours, 24 hours, 36 hours, 48 hours
and 60 hours. Afterwards, CCK-8 (Beyotime) was
added and incubated with cells for another 2 hours.
The absorbance of cells was examined using Model
680 Microplate Reader (Bio-Rad, USA) at 450 nm.

Flow Cytometry

To investigate impacts of JMJD6 and EYA2 on
modulating apoptosis of MDA-MB-157 cells, flow
cytometry was applied using Annexin V-FITC (Be-
yotime). First, after transfection, MDA-MB-157
cells (1105) were first resuspended by Annexin V-
FITC buffer. Later, 5μl Annexin V-FITC and 10μl pro-
pidium iodide (PI) were added and cultured with cells
for 15 minutes in darkness. Finally, cell apoptosis was
examined using BD Accuri™ C6 Plus flow cytometer
(BD Biosciences, USA).

Statistical Analysis

All data were expressed by mean SD and anal-
ysed using SPSS 17.0 (USA). Experiments were all
run in a triplicate. Student’s t-test was used for differ-
ences between two groups. One-way ANOVA was
applied for comparing differences between more than

two groups. P<0.05 was considered to indicate a
statistical difference.

RESULTS

X-ray irradiation suppressed MDA-MB-157
cell viabilities and downregulated MDC1 mRNA
expressions.

To verify DNA damage with irradiation, media-
tor of DNA damage checkpoint protein 1 (MDC1)
mRNA expressions in MDA-MB-157 cells were
examined, showing that 4Gy of X-ray upregulated
MDC1 mRNA expressions while the irradiation of
X-ray in 16Gy downregulated MDC1 mRNA ex-
pressions (Fig. 1A). Moreover, viabilities of MDA-
MB-157 cells were evaluated after irradiation by X-
ray (0, 4, 8, 12 and 16Gy), indicating that the cell
viabilities were decreased dose-dependently and
the difference was not significant in the 12Gy and
the 16Gy group (Fig. 1B). Based on these results,
MDA-MB-157 cells treated by 4Gy of X-ray were
selected for the following experiments.

EYA2 Overexpression Facilitated
MDA-MB-157 Cell Apoptosis

To confirm effects of EYA2 on MDA-MB-157
cells, cell apoptosis rate of MDA-MB-157 cells were
examined. Results of flow cytometry indicated that
EYA2 overexpression promoted the apoptosis rate
of X-ray (4Gy)-irradiated MDA-MB-157 cells (Fig.
2). Hence, EYA2 might promote breast cancer cell
apoptosis after irradiation.

Downregulated JMJD6 Accelerated
MDA-MB-157 Apoptosis Rate

Afterwards, impacts of JMJD6 on modulating ap-
optosis of irradiated MDA-MB-157 cells were evaluat-
ed, revealing that suppressed JMJD6 elevated apop-
tosis rate of MDA-MB-157 cells were irradiated by
4Gy of X-ray (Fig. 3). Therefore, JMJD6 might re-
strain apoptosis of X-ray-irradiated breast cancer
cells.

EYA2 and JMJD6 Regulated MDA-MB-157 Cell
Viabilities

After apoptosis of MDA-MB-157 cells with
EYA2 overexpression or JMJD6 suppression was
examined, viabilities of MDA-MB-157 cells were
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Fig. 1. X-ray irradiation suppressed MDA-MB-157 cell viabilities and downregulated MDC1 protein expressions.
A: MDC1 mRNA expressions in MDA-MB-157 cells with X-ray (0, 4, 8, 12 and 16Gy) were examined suing RT-
qPCR, **P<0.05. B: MDA-MB-157 cell viabilities were evaluated using CCK-8 after X-ray irradiation (0, 4, 8,
12 and 16Gy), **P<0.05
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Fig. 2. EYA2 overexpression facilitated MDA-MB-157 cell apoptosis. Apoptosis rate of X-ray-irradiated
MDA-MB-157 cells (4Gy) with NC or overexpressed EYA2 were validated using flow cytometry, **P<0.05
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Fig. 3. Downregulated JMJD6 accelerated MDA-MB-157 apoptosis rate. Apoptosis rate of X-ray-irradiated
MDA-MB-157 cells (4Gy) with siNC or suppressed JMJD6 were validated using flow cytometry, **P<0.05
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analysed. CCK-8 results indicated that EYA2 over-
expression and JMJD6 downregulation could both
restrain MDA-MB-157 cell viabilities with the irra-
diation of 4Gy of X-ray (Fig. 4A, B). Herein, JMJD6
and EYA2 might act oppositely in breast cancer
cells.

DISCUSSION

Dysregulated DNA damage repair (DDR) has
been verified to restrain efficacy of DNA damag-
ing anticancer therapies due to promoted DDR-
caused elevated resistance to chemotherapy or

radiotherapy (Broustas and Lieberman 2014).
Hence, targeting on DDR inhibition might be a
promising approach to increase sensitivity of can-
cer cells to these treatments. Chen et al. (2020)
have reported that leucine-rich repeat-containing
protein 31 elevated radiosensitivity in breast can-
cer brain metastasis via suppressing DDR. More-
over, epithelial membrane protein 3 restrained DDR
in breast cancer cells, causing elevated sensitivity
to Adriamycin, a DNA-damaging medicine (Zhou
et al. 2021). To amplify the efficacy of radiotherapy,
it is necessary to discover new biomarkers that are
related to DDR in breast cancer. In this study, re-

Fig. 4. EYA2 and JMJD6 regulated MDA-MB-157 cell viabilities. A: X-ray-irradiated (4Gy) MDA-MB-157 cell
viabilities with NC or overexpressed EYA2 were detected by CCK-8, **P<0.05. B: X-ray-irradiated (4Gy) MDA-
MB-157 cell viabilities with siNC or JMJD6 suppression were detected by CCK-8, **P<0.05
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searchers have demonstrated that JMJD6 re-
strained irradiation-induced breast cancer cell ap-
optosis and promoted cell viabilities while EYA2 fa-
cilitated breast cancer cell apoptosis after irradiation
but suppressed cell viability.

Radioresistance has been defined as reduced
therapeutic effects of irradiation on treating can-
cer (Steinbichler et al. 2019) and become the main
obstacle in tumour treatment. Radioresistance can
damage tumour-adjacent normal tissues, acceler-
ate tumour recurrence, and cause poor prognosis
and bad treatment response (Huang and Zhou
2020). Suppressing radiotherapy resistance has
been verified to be a promising approach to im-
prove impacts of irradiation on cancer treatment.
Linc00312 has been found to bind DNA-PKcs, re-
sulting in inhibited DDR and increased radiosensi-
tivity in nasopharyngeal carcinoma cells (Guo et
al. 2021). In this study, researchers have examined
MDC1 mRNA expressions to analyse DDR after
irradiation. According to results of RT-qPCR, 4Gy
of X-ray upregulated MDC1 mRNA expression
while 8, 12 and 16Gy of X-ray reduced MDC1
mRNA expressions. Based on the detections, DDR
of MDA-MB-157 cells was accelerated in 4Gy of
X-ray group.

According to previous evidence, EYA2 has
been reported to be upregulated in breast cancer
cells and accelerate cell proliferation and tumori-
genesis (Liang et al. 2017; Xu et al. 2019). Never-
theless, Liu et al. (2016) have reported suppressive
effects of EYA2 on DDR and proliferation of breast
cancer cells via dephosphorylating H2A.X Tyr39.
Moreover, in this study, EYA2 overexpression has
been detected to accelerate MDA-MB-157 cell ap-
optosis after irradiation and suppress cell viabilities.
Therefore, EYA2 might act as a cancer suppressor via
restraining DDR in breast cancer cells.

JMJD6 has been reported to play oncogenic
impacts on breast cancer development. JMJD6 has
been demonstrated to be co-expressed with En-
hancer of Zeste homolog 2, inducing upregulation
of DNA replication and repair genes and causing
shorter survival of breast cancer patients (Biswas
et al. 2020). In the study of Liu et al. (2019) JMJD6
facilitated phosphorylation of Y39 of histone
H2A.X, leading to autophagy in triple negative
breast cancer. Beyond that, researchers also exam-
ined the roles of JMJD6 in MDA-MB-157 cells,
showing that JMJD6 suppression had the same
effects as overexpressed EYA2. Hence, JMJD6

might accelerate breast cancer cell progression via
accelerating DDR.

CONCLUSION

X-ray irradiation suppressed MDA-MB-157 cell
while MDC1 mRNA expressions were first upregu-
lated in low dose of X-ray (4Gy) and suppressed in
high dose of X-ray (16 Gy). Additionally, EYA2
inhibited X-ray-irradiated MDA-MB-157 cell via-
bilities and accelerated the apoptosis while JMJD6
facilitated X-ray-irradiated MDA-MB-157 cell via-
bilities but restrained cell apoptosis. Hence, EYA2
and JMJD6 might be promising biomarkers for reg-
ulating DNA damage repair of breast cancer cells.

RECOMMENDATIONS

MDC1 mRNA expressions were first upregulat-
ed in 4Gy of X-ray irradiation but suppressed in the
16 Gy of X-ray. Moreover, irradiated MDA-MB-157
cell viabilities were decreased with irradiation dose-
dependently. Thereafter, EYA2 overexpression and
JMJD6 downregulation both facilitated irradiated
MDA-MB-157 cell apoptosis and restrained cell vi-
abilities. Herein, EYA2 and JMJD6 might be under-
lying mRNAs to increase effects of radiotherapy on
breast cancer treatment by modulating DDR. How-
ever, deep detections about mechanisms of EYA2
and JMJD6 in DDR needs to be investigated.
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RT-qPCR:  Real Time Quantitative
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NFBD1:  Nuclear Factor with BRCT Domains 1
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