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ABSTRACT

Human oxidation resistance 1 (OXR1) was identified as a protein that decreases genomic mutations in Escherichia
coli caused by oxidative DNA damage. However, the mechanism by which OXR1 defends against genome instability
has not been elucidated. To clarify how OXR1 maintains genome stability, the effects of OXRI-depletion on
genome stability were investigated in OXR1-depleted HeLa cells using gamma-rays (y-rays). The OXR1-depleted
cells had higher levels of superoxide and micronucleus (MN) formation than control cells after irradiation. OXR1-
overexpression alleviated the increases in reactive oxygen species (ROS) level and MN formation after irradiation. The
increased MN formation in irradiated OXR1-depleted cells was partially attenuated by the ROS inhibitor N-acetyl-L-
cysteine, suggesting that OXR1-depeletion increases ROS-dependent genome instability. We also found that OXR1-
depletion shortened the duration of y-ray-induced G2/M arrest. In the presence of the cell cycle checkpoint inhibitor
caffeine, the level of MN formed after irradiation was similar between control and OXR1-depleted cells, demonstrating
that OXR1-depletion accelerates MN formation through abrogation of G2/M arrest. In OXR1-depleted cells, the level
of cyclin D1 protein expression was increased. Here we report that OXR1 prevents genome instability by cell cycle
regulation as well as oxidative stress defense.
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INTRODUCTION
Reactive oxygen species (ROS), such as superoxide and hydrogen
peroxide (H,0,), are continuously generated in cells endogenously
and exogenously [ 1]. Under oxidative stress conditions, excessive ROS
can damage DNA and accelerate genome instability [1, 2], which may
result in tumorigenesis and neurodegenerative disorders [2]. Thus,
oxidative stress defense plays an essential role in living organisms.

Oxidation resistance 1 (OXR1) is a gene highly conserved among
eukaryotes. It has been reported that OXR1 maintains the normal life
span in Caenorhabditis elegans [3], prevents neurodegenerative disor-
ders in mice [4, 5] and alleviates other pathological features such as
inflammation in nephritis in mice [6]. In many organisms, such as yeast
[7, 8], mosquito [9], silkworm [10], worms [3] and mammalian cells
[4, 11-15], the depletion or deletion of OXR1 increases the sensitivity
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to oxidative stress. This suggests that OXR1 is essential to defend
against oxidative stress.

There are several reports that OXR1 maintains genome integrity.
In mouse neuronal cells, OXR1-deletion accelerates the formation of
8-0x0G, a major product of oxidative DNA damage [4]. In human
cells, OXR1-depletion increases H,O,-induced mitochondrial DNA
damage [11]. Ectopic expression of human or worm OXR1 suppresses
spontaneous mutations in Escherichia coli mutants, which lack the genes
for repairing oxidative DNA damage [3, 7, 16]. These findings suggest
that OXR1 prevents the formation of oxidative DNA damage to protect
nuclear and mitochondrial genome integrity. However, the mechanism
remains unclear.
Suppression of OXR1 protein decreases transcriptional expression of
some ROS detoxification enzymes [4, 9, 11, 12, 15, 17], suggesting
that OXRI is a regulator of the ROS-detoxification system. Moreover,
Yang et al. previously reported that OXR1-depletion in human cells
also affects the transcriptional expression of cell cycle regulators under
H, O, treatment conditions [12]. Cell cycle regulation, such as cell
cycle checkpoints, is important for maintenance of genome stability
[18]. Therefore, it is possible that OXR1 maintains genome stability
by regulating the cell cycle. However, this hypothesis has not been
confirmed.
To clarify how OXRI maintains genome stability in human cells, we
established an OXR1-depleted HeLa cell line and investigated the
effects of OXR1-depletion in cells treated with H,O, or gamma-ray
(y-ray), oxidative stress inducers [19]. Our study demonstrated that
OXR1-depletion increases the oxidative stress level and chromosomal
instability in irradiated cells. Moreover, we found that OXRI helps cells
maintain genome stability through regulation of the duration of G2/M
arrest.

MATERIALS AND METHODS
Construction of plasmids
The coding region of human OXR1 (Protein ID: AAH32710) (Sup-
plementary Fig. Sla, lane 2, see online supplementary material) was
amplified by PCR from HeLa first-strand cDNA using the following
primer sets: 5'-ATGCTCGAGATGTCTTTTCAGAAACCTAAAGG
GACT-3' and 5" ATGCGGCCGCTTATTCAAAAGCCCAGATTT-
CAATATCT-3'. For construction of the glutathione S-trabsferase
(GST)-tagged OXR1 expression plasmid (pGEX-OXR1), the OXR1
cDNA fragment was excised by digestion with Xhol and NotI, and the
purified fragment was cloned into the Sall-NotI site of the pGEX4T-
3 vector (GE Healthcare). FLAG-HA tagged OXRI expression
plasmid vector was constructed as described in a previous report
[20]. The pcDNAS/FRT/FH/N-1 vector was originally purchased
from Invitrogen as pcDNAS/FRT and modified a cloning site for
the expression of FLAG-HA-tagged protein. The OXRI cDNA
fragment was excised by digestion with Xhol and NotI, and the purified
fragment was cloned into an XhoI-NotI site of pcDNAS/FRT/FHN-
1 to generate FLAG-HA-tagged OXR1. For the OXR1 knockdown
plasmid, the OXR1 short hairpin RNA-expressing construct (psiRNA-
OXR1) was designed to target 1006-1020 in the OXRI coding
sequence (CCDS56548.1) (Supplementary Fig. S1a, lane 1, see online
supplementary material). Insert DNA was cloned into the Acc65I-
HindIII site of psiRNA-h7SKzeo G1 following the manufacturer’s
protocol (InvivoGen). The sequence of the hairpin insert was

5'-GTACCTCGGAAGATCAGATTGCAGATAATCAAGAGTTATCT

GCAATCTGATCTTCCTTTTTGGAAA-3'.

Protein purification and antibody production

For preparation of recombinant GST-tagged OXR1, E. coli BL21
(DE3) were transformed with the pGEX-OXR1 plasmid vector. GST-
OXRI protein expression was induced by the addition of 0.1 mM
isopropyl-1-thio-galactopyranoside. GST-OXR1 was purified with
a glutathione-sepharose 4B column (GE Healthcare) and then the
GST-tag was removed with thrombin. Antiserum was prepared by
immunizing rabbits with the purified OXR1 protein (Keari Inc., Japan).
Affinity purification was carried out by binding to the purified OXR1
protein. Details are described in the online supplementary material.

Cell culture and treatment

Cells were cultured in Dulbecco’s modified Eagle’s medium (low glu-
cose, Wako Pure Chemical Industries) supplemented with 10% fetal
bovine serum. Cells were maintained at 37°C in a humidified incubator
supplied with 5% CO,. Irradiation with y-rays was performed using a
Cs-137 Gammacell 40 Exactor (NORDION, Canada) at a dose rate
of 0.7-0.9 Gy/min, hydrogen peroxide (H,0,) (Wako Pure Chemical
Industries) diluted with phosphate buffered saline (PBS), 1 M N-
acetyl-L-cysteine (NAC) (Nacalai Tesque) diluted in distilled water
or 100 mM caffeine (Wako Pure Chemical Industries) diluted in PBS
under their respective conditions. Details of the treatment conditions
are described in the results or figure legends.

Establishment of the human OXR1-depleted
and -overexpressed cell lines

HeLa cells were transfected with psiRNA-h7SKz-Luc plasmid (Invivo-
Gen) or psiRNA-OXR1 plasmid using FuGENE HD (Promega) fol-
lowing the manufacturer’s protocol. Zeocin (InvivoGen) (200 pg/ml)
resistant cells were selected. For site-specific transgene expression,
pcDNAS/FRT OXRI expression vector or empty vector was co-
transfected with pOG44 into the Flp-In HEK293 cell lines, respec-
tively, which contained ferritin-like protein recombination target
(FRT) sites (Zeocin resistance). Stable clonal integrates were selected
with hygromycin. The endogenous OXR1 protein level in whole cells
was analyzed by immunoblotting as described in the supplementary
methods, see online supplementary material.

Colony formation
An appropriate number of cells was seeded on 60-mm diameter dishes
and incubated for 5-6 h following irradiation. After incubation for 10—
14 days, the samples were stained with crystal violet in 20% methanol.
The number of colonies containing > 50 cells was counted.

Detection of the level of intracellular HO,,
accumulation
Cells were transfected with the pC1-Hyper-3 plasmid vector (addgene,
#42131). After the 24-h incubation, the cells were treated with
PBS/50 uM H,O, and simultaneously observed using a BZ-X700
(KEYENCE) inverted microscope. Images were acquired every 15 s at
525-575 nm. The ratio was calculated by fluorescence intensity at 395—
415 nm/490-510 nm (F405/FS00). Image analysis was performed
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with a BZ-X Analyzer. The detailed procedure is described in the
online supplementary material.

NADPH detection

Cells were cultured in 60-mm diameter dishes until 80% confluency
and treated with 200 uM H, O, for 2 h. The cells were trypsinized,
suspended in lysis buffer (S0 mM HEPES pH 7.5/10% sucrose/0.1%
Triton X-100) and incubated for 10 min on ice. The cells were soni-
cated and centrifuged at 4°C for 15 min at 13 900 rpm. The absorbance
of the supernatant was measured with a UV-1700 PharmaSpec (SHI-
MADZU) at 340 nm. Change in the NADPH level was calculated by
dividing the NADPH level with treatment by that without treatment.

Measurement of the intracellular superoxide level
Cells were seeded on 60-mm diameter dishes and incubated for 1
day to 60-70% confluency. Cells were treated as described in the figure
legends, and superoxide was detected using the Total ROS/Superoxide
detection kit (ENZ-51010, Enzo Life Sciences) according to the
manufacturer’s instructions [21]  (http://www.enzolifesciences.
com/fileadmin/files/manual/ENZ-51010_insert.pdf). Fluorescence
intensity for the probe was measured by FACSCaliber using the
FL3 (emission: 670 nm LP (long pass)) fluorescence collection
lens (BD Biosciences). The data were analyzed using CellQuest
Pro Software (BD Biosciences). See BD Biosciences, 2007 [22]
(https://www.bdbiosciences.com/documents/BD_FACSCalibur
instructions.pdf) for details.

Fluorescence microscopy
Fluorescence images were taken by fluorescence microscopy with an
OLYMPUS IX70 equipped with an OLYMPUS DPS50 using the 10x

or 20 x objective lens.

Quantification of the intracellular ROS level
Cells were incubated for 22 h after irradiation. The cells were washed
with PBS and treated with 10 yM chloromethyl derivative of 2
7’-dichlorodihydrofluorescein diacetate (CM-H,DCFDA) (C6827,
Invitrogen, in serum-free medium at 37°C for 30 min. The cells were
washed with PBS and the fluorescence of DCF was observed with the
fluorescence microscope equipped with a 10X objective. Images were
analyzed by Fiji software (http://fiji.sc) [23] to measure fluorescence

intensity.

Cellular ATP

Intracellular ATP was detected by ATP assay reagent (CASO TOYO
B-Net). Cells were irradiated and incubated for 20 h. The cells were
trypsinized, and then 5x 10° cells/100 uL of DMEM/10% FBS were
transferred into 96-well white-bottom plate. The cells were mixed with
100 pL of ATP assay reagent by tuple mixer (TWIN3-28 IWAKI)
for 1 min and incubated at 23°C for 30 min. Chemiluminescence
was measured by Centro LB 960 Microplate Luminometer (Berthold
Technologies).

Cell synchronization
For G1/S-synchronizing experiments, the thymidine/hydroxyurea or
double-thymidine method was used. OXR1-depleted HeLa cells were
seeded in culture dishes and cultured for 2 days. The cells were treated
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with 2.5 mM thymidine (Wako Pure Chemical Industries) for 20-24 h.
The cells were incubated in fresh medium for 10 h, and then hydrox-
yurea (Acros Organics) was added to a final concentration of 1 mM.
After 14-16h, the cells were treated with the indicated reagents. OXR1-
overexpressing HEK293 cells were treated with 2 mM thymidine for
16 h. At 9 h after thymidine treatment, the cells were again exposed to
2 mM thymidine for 16 h.

Measurement of micronucleus frequency

Cells were seeded on 35-mm diameter culture dishes and cultured for
1-2 days. The cells were synchronized at G1/S phase and then exposed
to radiation or H,O,. After 22-24 h, the cells were fixed with PBS/4%
paraformaldehyde for 15 min at 4°C and permeabilized with 0.1%
Triton X-100 for S min at room temperature. Nuclei were stained with
S pg/ml of 4,6-diamidino-2-phenylindole, dihydrochloride (DAPI,
Nacalai Tesque) for S min. The cells were washed three times with PBS.
Fluorescence microscopy images were taken using the 10x or 20x
objective lens. The percentage of cells with micronuclei was calculated
(300-4400 cells per condition per experiment).

Cell cycle

Cells were seeded on 60-mm diameter culture dishes and cultured
to ~40% confluency for 1 day. The cells were synchronized at G1/S
phase followed by irradiation. The cells were harvested by trypsiniza-
tion and then washed with PBS. The cells were fixed with 70% ethanol
at —20°C overnight. The cells were centrifuged and resuspended in
PBS containing S pg/ml of RNase, and then counter-stained with
50 pg/ml of propidium iodide (Sigma-Aldrich). The suspension was
then analyzed using FACSCaliber (BD Biosciences) to create DNA
content frequency histograms for 20 000 cells per sample. The cell
cycle profiles were prepared using the BD CellQuest Pro Software
(BD Biosciences).

Immunoblotting
Cultured cells were exposed to y-rays and incubated for the indicated
time. Cellular pellets were lysed in ice-cold TNE buffer (50 mM Tris-
HClpH7.5/100 mM NaCl/1 mM EDTA pH 8.0/50 mM NaF/12 mM
NayP,0;/1 mM Na3VO,/1% Triton X-100/1 mM phenylmethylsul-
fonyl fluoride/10 ng/ml of leupeptin) for 15 min on ice. The protein
concentrations of supernatants were measured using the BCA Protein
Assay Kit (Pierce). Sx SDS loading buffer was added to these samples
and they were subjected to SDS polyacrylamide gel electrophoresis
(SDS-PAGE). Proteins were transferred to nitrocellulose membranes
and then blocked with 3% bovine serum albumin (BSA) or 5% non-
fat milk in PBST (PBS/0.05% Tween 20) for 1 h at room temperature.
Membranes were incubated for 1 h at room temperature or overnight
at 4°C with primary antibodies, and then reacted with horseradish
peroxidase (HRP)-conjugated secondary antibodies for 1 h at room
temperature. The membranes were washed with PBST after incubation
with each antibody. Bound antibodies were visualized by chemilu-
minescence (ECL; Amersham or SuperSignal West Pico Chemilumi-
nescent; Thermo fisher scientific). Membranes were exposed to X-
ray film (FUJIFILM). Images were analyzed by Image] 1.5a (Wayne
Rasband National Institute of Health, USA http://imagej.nih.gov/ ij).
Antibodies used were: OXR1 (purification in this study, 1:4000, Fig. 1g
was obtained using A302-035A-T, BETHYL, 1:2,000), MK2 (#3042,
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Cell Signaling Technology, 1:1000), cyclin D1 (sc-753, Santa Cruz
Biotechnology, 1:500), beta-tubulin (sc-9104, Santa Cruz Biotechnol-
ogy, 1:3000), beta-actin (A5361, Sigma-Aldrich, 1:10000), rabbit-IgG-
HRP (sc-2030, Santa Cruz Biotechnology, 1:5000), mouse-IgG-HRP
(5c-2008, Santa Cruz Biotechnology, 1:5000). The detection of OXR1
protein in whole cell samples was performed as described in the online
supplementary material.

Immunoprecipitation and anoLiquid
Chromatography-Mass spectrometry
(nanoLC/MS/MS)

The cell line induced to express FLAG-OXR1 by the Flp-In T-REx sys-
tem and the control cell line with the pcDNAS/FRT/TO vector only
were established as described in the online supplementary material.
Proteomic analysis was performed as previously reported [24]. The
cells were suspended in 1 mL of extraction buffer (50 mM HEPES
pH 7.4/300 mM NaCl/0.2% NP-40) and sonicated. The cell lysates
were clarified by centrifugation at 12 000 rpm for 30 min at 4°C. The
supernatants were filtered using a Minisart Syringe Filter (Sartorius)
and incubated with anti-FLAG M2 antibody beads (40 pL, Sigma-
Aldrich) for 4 h in the presence of benzonase nuclease (10 pg/ml, Mil-
lipore) at 4°C. After washing three times with washing buffer (S0 mM
HEPES pH 7.4/150 mM NaCl/0.1% NP-40) and once with PBS, the
bound proteins were eluted with 40 uL of 0.1 M glycine buffer at
pH 3.0. The eluted samples were neutralized by 4 yL of 1 M Tris-
HCl buffer at pH 9.5 and suspended in SDS-PAGE sample buffer. The
samples were boiled for S min and resolved by SDS-PAGE. The gel was
stained using a Wako Mass silver stain kit. Gel slippage was reduced
by 100 mM of dithiothreitol (DT T) and alkylated by 100 mM iodoac-
etamide. After washing, the gels were incubated with trypsin overnight
at 30°C. Recovered peptides were desalted by Ziptip c18 (Millipore).
Samples were analyzed by a nanoLC/MS/MS system (DiNa HPLC
system KYA TECH Corporation/QSTAR XL Applied Biosystems).

Mass data acquisitions were piloted by Mascot software.

Statistical analysis
The data for the statistical assay comprised more than three inde-
pendent experiments with technical triplicates. Pairwise comparison
between control cells and mutant cells was performed by ANOVA with
Welch’s or Student’s t-test. Multiple comparisons were conducted by
ANOVA with the Tukey-Kramer or Dunnett’s test. Data were analyzed
using R 3.5.0 GUI 1.70 El Capitan build (7521), S. Urbanek, H.-J.
Bibiko and Stefano M. Iacus, see http://www.R-project.org for more
information. P-values < 0.05 were considered significant. Data are

expressed as the mean =+ s.e.m. or s.d.

Data availability
The datasets generated or analyzed during this study are included in
this article (and in the online supplementary material).

RESULTS
Stable knockdown of OXR1 accelerated oxidative
stress after H, O, treatment or Y-ray irradiation
in HeLa cells
To establish an OXRI1-depleted human cell line, we designed an
OXR1 short hairpin RNA (shOXR1)-expressing-plasmid vector for

targeted depletion of OXR1 (psiRNA-OXR1) (Supplementary Fig.
Sla, lane 1, see online supplementary material). shOXRI targets
exon 8 in the OXRI coding sequence, which is included in almost
all isoforms of OXR1 except for isoforms S (Supplementary Fig. Sla,
lane 3, see online supplementary material) and 6. HeLa cells were
transfected with psiRNA-OXR1, and an OXR1-depleted cell line was
isolated. In this cell line, the expression level of OXR1 was examined by
immunoblotting with anti-OXR1 antibody, which recognizes both the
long and short isoforms of purified OXRI protein at 112 and 28 kDa,
respectively (Supplementary Fig. S1b and ¢, see online supplementary
material). The 112 kDa protein was detected in the cellular extract of
the control cell line transfected with Luciferase short hairpin RNA
(shLuci)-expressing plasmid vector, but the 28 kDa protein was
not. These results suggest that the long isoform of OXR1 is mainly
expressed in HeLa cells, whereas expression of the short isoform
is minimal. The cloned OXR1-depleted cell line exhibited a 90%
reduction in the long isoform (Fig. 1a), which was similar to the result
obtained by another type of anti-OXR1 antibody (Supplementary
Fig. S1d, see online supplementary material). These results indicated
that the OXR1-depleted HeLa cell line was successfully established.
Additionally, control cells and OXR1-depleted cells showed sensitivity
to 0.25 mM H, O, in the ratio of 27.7% (£4.81) and 13.1% (£8.61),
respectively (Supplementary Fig. Sle, see online supplementary
material), confirming that the established OXR1-depleted cells were
more sensitive to H, O, than control cells, as previously reported [4, 11,
12, 15]. Sensitivity in OXR1-depleted cells was not detected after y-ray
irradiation, suggesting that the role of OXR1 in irradiated cells is dif-
ferent from that in H, O,-treated cells (Fig. 1b). OXR1-depleted cells
were not more sensitive to treatment with the superoxide generator,
pyocyanin [25] (Supplementary Fig. S1f, see online supplementary
material), which was similar to the results previously reported [11].
To investigate whether OXR1-depletion accelerates H,O, accu-
mulation, cells were exposed to H,O, and the H,O, level in living
cells was monitored [26], as described in detail in the supplementary
methods section, see online supplementary material. No significant
difference was found between control cells and OXR1-depleted cells
(Fig. 1c). This result suggests that OXR1-depletion does not impair
the intracellular H, O, -detoxification system. As NADPH is consumed
for ROS-detoxification, the NADPH level decreases under oxidative
stress conditions [27]. Cells were exposed to H,O, for 2 h, and the
fluctuation in NADPH level, defined as the NADPH level in H,O,-
treated cells divided by that in non-treated cells, was calculated. OXR1-
depletion reduced the NADPH level significantly (Fig. 1d). This result
indicates that OXR1-depletion increases the oxidative stress level in
H,O,-treated cells. OXR1-overexpression was reported to alleviate
the increase in the cytoplasmic superoxide level in mouse neuronal
cells under oxidative stress conditions [13, 28]. To examine whether
OXR1-depletion also affects the intracellular superoxide level, OXR1-
depleted cells were treated with H,O, for 2 h and the total cellular
superoxide level was measured using a superoxide-reacting fluorescent
probe [21]. H,O, treatment increased the superoxide level in OXR1-
depleted cells, and the level in OXR1-depleted cells was approximately
1.4-fold higher than that in control cells (superoxide level (£s.e.m.):
shLuci (luciferase), 0.76 (0.02); shOXR1, 1.05 (0.06)) (Fig. 1e, right
panel). Similar results were confirmed 4 h after irradiation with 10 Gy of
y-rays (superoxide level (+s.e.m.): shLuci, 1.01 (0.04); shOXR1, 1.64
(0.16)) (Fig. 1f). These results suggest that OXR1-depletion enhances
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Fig. 1. OXR1-depletion increases the superoxide level after irradiation or H,O, treatment. (a) HeLa cells were transfected with
psiRNA-OXR1 or psiRNA-luciferase, and a stably OXR1-depleted cell line (shOXR1) or control cell line (shLuci) was cloned.
Left, representative Western blot of OXR1 protein expression in the shOXR1 or control cell line (shLuci). Right, quantification of
the OXR1 protein expression level. Mean =+ s.e.m. of n = four independent experiments, ***P < 0.001, two-tailed Welch’s t-test. (b)
Quantification of cellular sensitivity after irradiation with y-rays. OXR1-depleted HeLa cells (shOXR1) and control cells (shLuci)
were irradiated with 1-10 Gy of y-rays (0.7 Gy/min). Mean = s.d. of n = three independent experiments. (c) Quantification of the
accumulation of H, O, in cells exposed to 50 uyM H; O, by monitoring after the addition of HO,. Mean = s.e.m. of n = three
independent experiments, two-tailed Student’s t-test; N.S., not significant. (d) Quantification of the change in the NADPH level
after treatment with 200 uM H, O for 2 h. Mean =+ s.e.m. of n = three independent experiments, *P < 0.05, two-tailed Student’s
t-test. (e) The superoxide level was quantified after treatment with 100 pM H, O for 2 h (n = three independent experiments).
Left, representative histograms indicating the superoxide level in cells treated with H, O,. Right, quantification of the superoxide
level.
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superoxide-derived oxidative stress after H,O, treatment and y-ray
irradiation. After pyocyanin treatment, superoxide level increased in
both OXR1-depleted cells and control cells. The increase was not accel-
erated by OXR1-depletion as long as it was investigated (Supplemen-
tary Fig. S2, see online supplementary material ). To confirm that OXR1
inhibits irradiation-induced oxidative stress, an OXR1-overexpressing
HEK293 cell line was established (Fig. 1), and the ROS level in the
cell line was measured by CM-H, DCFDA after irradiation with y-rays
(Fig. 1h, left panel). The used OXR1 has been reported to decrease
mutation frequency in an E. coli mutMmutY and mutT mutant. After
irradiation, ROS level increased in control HEK293 cells, whereas an
increase in ROS level was not found in OXRI-overexpressing cells
(Fig. 1h, right panel). These results indicate that OXR1 prevented
irradiation-induced oxidative stress. The alteration of mitochondrial
functions causes the change in intracellular ATP level [29]. It has
been demonstrated that functional mitochondria increase the ATP
level in cancer cell lines by 24 h after irradiation [30, 31]. To inves-
tigate whether OXR1-depletion affects mitochondrial functions after
irradiation, ATP level was measured. In control cells, ATP level was
increased by y-ray irradiation (Fig. 1i). On the other hand, the increase
was not found in OXR1-depleted cells. Our results suggest that OXR1
contributes to maintenance of mitochondrial functions in irradiated
cells.

OXR1-depletion increased micronucleus formation
in cells exposed to oxidative stress
To investigate whether OXR1-depletion accelerates genome instability
in human cells under oxidative stress conditions, OXR1-depleted
cells synchronized in G1/S phase were treated with 1 mM H, O, for
0.5 or 1 h, and were then recovered for 24.5 or 24 h, respectively.
Next, the percentage of cells with micronuclei (MN), a hallmark
of chromosomal instability [32], was measured. OXR1-depleted
cells had a higher percentage of cells with MN than control cells
after the 1-h H,O, treatment (Fig.2a). This result suggests that
OXRI1-depletion increases MN formation under oxidative stress.
When cells were irradiated with y-rays and incubated for 24 h, in
control cells, the level of MN formation at 1 or 3 Gy tended to
increase compared with non-irradiated cells. After irradiation with
10 Gy, it was reduced to a similar level to that in non-irradiated
cells (Fig. 2b). Of note, OXR1-depleted cells had a higher level of
MN formation after irradiation with 10 Gy than both non-irradiated
cells and control cells. OXR1-overexpressing HEK293 cells showed

partial alleviation of the increase in MN formation after irradiation
(Fig. 2c), indicating that OXRI prevented irradiation-induced MN
formation. To confirm whether radiation-induced MN formation is
accelerated by ROS in OXR1-depleted cells, cells were irradiated in
the presence of NAC, an antioxidant to several types of ROS [33,
34]. In this experiment, three NAC treatment conditions were set;
conditions 2, 3 and 4 (Fig. 2d, left panel). After irradiation, the first
elevation of the intracellular ROS level occurs by at least 0.5 h, which
is thought to be caused by ionization of water (radiolysis-derived
ROS) [19], and then the elevated ROS level decreases to the non-
irradiated level [35]. The ROS level begins to increase again through
endogenous ROS production (later-produced ROS) at least 4 h after
irradiation, and it is maintained at a high level [30, 35, 36]. Conditions
2 and 3 targeted radiolysis-derived ROS and condition 4 targeted
later-produced ROS. In condition 4, in which the cells were treated
with 1 mM NAC from 4 h to 22.5 h after irradiation, the percentage
of cells with MN in NAC-treated OXR1-depelted cells was signif-
icantly decreased compared with NAC-untreated OXRI-depleted
cells (Fig.2d, right panel). This result demonstrated that ROS,
especially later-produced ROS, increase MN formation in irradiated
OXR1-depleted cells.

OXRI1-depletion accelerated MN formation by
shortening the duration of G2/M arrest induced after
y-ray irradiation
OXRI1 prevents the accumulation of oxidative DNA damage [4].
Oxidative DNA damage can cause DNA-strand breaks, which result
in micronucleus formation [2, 32, 37]. To investigate whether y-ray-
induced DNA damage is increased in OXR1-depleted cells, cells were
irradiated and recovered for 0, 0.5 or 1 h, and then the amount of DNA
strand breaks was measured by the alkaline comet assay [38]. The
amount of DNA damage increased just after irradiation in both the con-
trol cells and OXR1-depleted cells. The amount was slightly higher in
OXRI1-depleted cells, although no significant difference was detected
between control cells and OXR1-depleted cells (Supplementary Fig.
S3a, see online supplementary material). Half an hour after irradiation,
the amount of DNA damage decreased to approximately the non-
irradiation level in both control cells and OXR1-depleted cells, which
was similar to that at 1 and 4 h after irradiation (Supplementary Fig.
S3b, see online supplementary material). These results indicated that
DNA damage generated just after irradiation was normally repaired
in OXRI-depleted cells. This suggested that the increase in MN in

(f) Quantification of the superoxide level in cells irradiated with 10 Gy of y-rays and incubated for 4 h (n = four independent
experiments). (e, f) Mean = s.e.m., *P< 0.05, **P < 0.01, two-way ANOVA with two-tailed Student’s t-test. NT, no treatment.

(g) Detection of OXR1 protein expression in established cell line. Protein expression in cellular extract was analyzed by western
blotting using anti-OXR1 antibody (A302-035A-T, BETHYL); control, control HEK293 cells. OXR10/e, OXR1-overexpressing
HEK293 cells. (h) Quantification of intracellular ROS level. OXR1-overexpressed and control HEK293 cells were irradiated with
2 Gy of y-rays and incubated for 22 h. Intracellular ROS were detected with CM-H, DCFDA. Left, representative images obtained
by fluorescence microscopy: left images, fluorescent field; right images, bright field. Right, quantification of ROS level.

Mean =+ s.e.m. of n = four independent experiments, " P < 0.001, two-way ANOVA with Dunnett’s multiple comparisons test,
*P < 0.05, two-tailed Student’s t-test. N.S., not significant. NT, non-irradiation. (i) Detection of intracellular ATP. 20 h after
irradiation with 10 Gy of y-rays, intracellular ATP was analyzed. Mean =+ s.e.m. of n = three independent experiments, * P < 0.0S5,
two-way ANOVA with Dunnett’s multiple comparisons test. N.S., not significant. NT, non-irradiation.
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Fig. 2. OXR1-depletion increases micronucleus formation in cells under oxidative stress conditions.

(a, b) Quantification of the percentage of OXR1-depleted HeLa cells (shOXR1) or control cells (shLuci) with micronuclei at the
indicated time after treatment (> 700 cells were analyzed per condition per experiment). Cells synchronized in G1/S phase were
released from arrest and simultaneously treated with (a) 1 mM H, O, for 0.5 (n = four independent experiments) or 1 h and (b)
0.5-10 Gy of y-rays (0.7 Gy/min) (n = three independent experiments). (b) Right panels, representative images of DAPI-stained
nuclei. Arrowheads indicate micronuclei. Mean =+ s.e.m., *P < 0.0, **P < 0.01, ***P < 0.001, two-way ANOVA with the
Tukey-Kramer multiple comparisons procedure. NT, non-irradiation. (c) Quantification of MN formation in
OXR1-overexpressed cells. G1/S-synchronized cells were irradiated, and after 22 h, micronuclei were observed (> 1800 cells per
condition per experiment). Mean = s.e.m. of n = three independent experiments, “ P < 0.01, Dunnett’s multiple comparisons test,
*P < 0.05, two-tailed Student’s t-test. NT, non-irradiation. OXR10/e, OXR1-overexpressing. (d) The effects of NAC treatment on
micronucleus formation. Cells were treated with 1 or 2 mM NAC-containing medium before or after irradiation with 10 Gy of
y-rays. Left, the scheme of NAC treatment. Right, quantification of the percentage of cells with micronuclei (> 1,000 cells per
condition per experiment). Mean = s.e.m. of n = four independent experiments, * P < 0.05, two-way ANOVA with Dunnett’s
multiple comparisons test, *P < 0.05, **P < 0.01, two-tailed Welch’s t-test.

OXR1-depleted cells was not caused by DNA damage generated just ~ 24-h recovery period. In non-irradiated wild type cells (WT), control
after irradiation. cells (shLuci) and OXR1-depleted cells (shOXR1), a similar cell cycle

Afterirradiation, MN formation can also be increased by overriding  profile was observed. After 16- and 24-h culture, almost all of the cells
cell cycle arrest [32, 39]. As cells were irradiated at G1/S phase in  were in Gl-phase, and G2- and M-phase cells were rarely detected
our studies, release from G2/M arrest was needed for MN formation  (Fig. 3a, right panels). This indicated that cell cycle started with G1/S
[40]. To investigate the cell cycle profile in irradiated OXR1-depleted ~ phase and sequentially progressed. Irradiated WT cells and shLuci
cells, G1/S phase-synchronized cells were exposed to 10 Gy of y-  cells had similar results. In irradiated shLuci cells, the percentage of
rays, and the change in cell cycle distribution was observed duringthe =~ G2 and M phase-cells was 92.6% after 16 h and 94.0% after 24 h.
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These results demonstrate that G2/M arrest is induced by irradia-
tion with 10 Gy of y-rays and is maintained. Moreover, in irradiated
shOXR1 cells, the percentage of G2 and M phase cells increased to
72.0% after 16 h, indicating that G2/M arrest was induced. However,
after 24 h, shOXR1 cells in G2 and M phase decreased to 37.7%
and G1 phase cells increased to 55.3%. This result demonstrated that
OXR1-depleted cells were released from G2/M arrest between 16 and
24 h after irradiation. Similar results were obtained for asynchronous
cells (Supplementary Fig. S4, see online supplementary material). Our
data suggest that OXR1-depletion shortens the duration of irradiation-
induced G2/M arrest. We observed an increase in G2- and M-phase
cells 36 h after treatment with 1 mM H, O, for 1 h (Supplementary Fig.
SS, see online supplementary material), which is similar to the result
reported by Yang et al. [12]. This suggests that overriding cell cycle
arrest by depletion of OXR1 is specific to irradiated cells. As shown
in Fig. 3b, cells were exposed to NAC from 4 h after irradiation. The
NAC treatment did not change the percentage of cells in G2 and M
phase in OXR1-depleted HeLa cells or control cells, suggesting that
the shortened G2/M arrest caused the increase in MN formation in
OXR1-depleted cells (Fig. 3b right panels). To confirm that the shorter
duration of G2/M arrest by OXR1-depletion increases MN formation,
G1/S-synchronized cells were irradiated and incubated in caffeine-
containing medium. Caffeine inhibits cell cycle arrest by inactivating
DNA damage responses, including the Ataxia telangiectasia and Rad3-
related protein (ATR) pathway, triggered by irradiation [41, 42]. As
shown in Fig. 3¢ left panel, under caffeine treatment, almost all of the
OXR1-depleted cells and control cells were in G1 phase 24 h after
irradiation, indicating that G2/M arrest was shortened or suppressed.
In this condition, MN formation increased in OXR1-depleted cells
and control cells to a similar extent after irradiation (Fig. 3c right
graph), demonstrating that OXR1-depletion increases MN formation
thorough shortening the duration of G2/M arrest after irradiation.

OXR1-depletion affects the state of the cell cycle

regulator
Activated Mitogen-activated protein kinase-activated protein (MAP-
KAP) kinase 2 (MK2), phosphorylated MK2 (pMK2), contributes to
maintenance of G2/M arrest in response to damaged DNA [43, 44].
MK2-depletion shortens the duration of G2 arrest in DNA-damaged
cells [43, 44]. Cyclin D1 is generally known to function in G1 progress
[45, 46], whereas it has been reported that cyclin D1-up-regulated
cells have a shorter G2/M arrest after irradiation [47]. To confirm
the effects of OXR1-depletion on the maintenance of the duration of
G2/M arrest at the molecular level, the MK2 phosphorylation state and
the expression level of cyclin D1 were examined by immunoblotting
(Fig. 4a).

OXRI expression level was not changed by irradiation (Fig. 4b).
One hour after irradiation, MK2 phosphorylation was induced by
irradiation (Fig. 4c). Then, 4 and 16 h later, the level of MK2 phos-
phorylation decreased to a similar level to non-irradiation. No differ-
ence between OXR1-depeleted cells and control cells was detected
in the change of MK2 phosphorylation under irradiation conditions.
As shown in Fig. 4a, the anti-cyclin D1 antibody used detected two
bands at ~37 kDa, as previously reported [48]. We found that the
cyclin D1 protein level in OXR1-depleted cells was higher than that

in control cells (Fig. 4d), indicating that OXR1-depletion affects the
protein expression of cyclin D1 in irradiated cells.

To elucidate the molecular mechanism of cell cycle control of
OXR1, OXR1 binding proteins were explored. Of note, the proteins
related to cyclin D1 expression, beta-catenin and glycogen synthase
kinase-3 (GSK3beta) [49, 50], were detected (Fig. 4¢). GSK3beta is
activated by the protein phosphatase 1 (PP1) complex [S1, 52]. Some
PP1 complex proteins, such as PP1 regulatory subunit 9A (PPP1R9A)
and 9B (PPP1R9B), and PP1 catalytic subunit alpha (PPP1CA), beta
(PPP1CB) and gamma (PPP1CC), were also detected. These results
suggest that OXR1 interacts with the regulators of cyclin D1 expression
(Supplementary Fig. S6, see online supplementary material).

DISCUSSION

OXR1, which inhibits oxidative stress, is thought to suppress oxidative
DNA damage-derived genome instability [3, 7, 16]. However, little is
known about the mechanism by which OXR1 protects genome stabil-
ity. To clarify how OXR1 contributes to the maintenance of genome
stability, we established an OXR1-depleted cell line, and found that
superoxide level increased in OXR1-depleted cells after irradiation with
y-rays (Fig. 1f). OXR1-depletion accelerated MN formation, which
was caused by oxidative stress and shorter duration of G2/M arrest
(Figs 2 and 3). OXR1-depleted cells showed an abnormal state of the
cell cycle regulator (Fig. 4).

OXR1-depletion caused an increase in the intracellular superoxide
level induced by 2 h after continuous treatment with H,O, or 4 h
after irradiation with y-rays in human cells, indicating that OXR1
contributes to inhibition of oxidative stress (Fig. le, f). As suggested
in previous reports [3], OXR1 may accelerate the elimination of
superoxide. NADPH is consumed by superoxide production as well
as ROS-detoxification [27]. The result that OXR1-depletion lowered
the NADPH level (Fig. 1d) may reflect excessive ROS-detoxification
and/or an increase in superoxide production. Previous reports have
demonstrated that OXR1 contributes to regulation of mitochondrial
genome integrity [11] and mitochondrial morphology [14] under
oxidative stress conditions. In the present study, we found that OXR1-
depletion inhibited the increase in intracellular ATP level (Fig. 1i),
suggesting that mitochondrial functions are abrogated. Mitochondrial
dysfunction increases the superoxide level [S3]. It is possible that
the increased superoxide caused by OXR1 depletion is derived from
mitochondria.

Next, we investigated whether OXR1 maintains genome stability
through oxidative stress inhibition. MN, which are formed by chro-
mosome mis-segregation [32], are one indicator of genome instability.
OXR1-depletion exhibited MN formation after irradiation, and the
increased MN formation was mitigated by NAC treatment, suggesting
that OXRI protects genome stability by inhibiting oxidative stress
(Fig. 2b and d). Furthermore, the result that NAC treatment was sig-
nificantly effective in alleviating MN formation 4 h after irradiation
suggests that OXR1 protects genome stability through inhibiting the
increase in superoxide level. The results that OXR1-overexpression
alleviated the irradiation-derived increase in later-produced ROS level
(Fig. 1h) and MN formation (Fig. 2c) support this suggestion.

OXRI1-depletion increased MN formation through abrogation
of G2/M arrest (Fig. 3c). G2/M arrest is induced, and then it is
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Fig. 3. Shortened G2/M arrest in OXR1-depleted cells increased micronucleus formation after y-ray irradiation. (a) The cell cycle
profile of cells irradiated with 10 Gy of y-rays. G1/S phase-synchronized OXR1-depleted HeLa cells (shOXR1), control cells
(shLuci) and non-transfected wild type cells (WT) were irradiated with 10 Gy of y-rays (0.9 Gy/min) (IR) and incubated for the
indicated time. Left, histograms representing cell cycle distribution. 2 N, 4 N: DNA content (N: nucleotide). Right, bar graphs
obtained from left histograms. NT, non-irradiation. (b) The effects of NAC treatment on cell cycle arrest. Cells were irradiated in
the presence or absence of 1 mM NAC. Left, the scheme of NAC treatment. Right, quantification of cell cycle distribution. NAC
conditions are labeled in the same manner as in Fig. 2d. NT, non-irradiation. (c) The effects of caffeine on micronucleus
formation. OXR1-depleted HeLa cells (shOXR1) and control cells (shLuci) were treated with 3 mM caffeine (Caf) for 20 min
before irradiation with 10 Gy of y-rays (IR) and incubated for 24 h in caffeine-containing medium. Left upper panel, the scheme of
caffeine treatment. Left bottom panel, cell cycle distribution. h, hours after IR. Right, quantification of micronucleus frequency
(> 600 cells per condition per experiment). Mean = s.e.m. of n = three independent experiments, ** P < 0.001, three-way ANOVA
with Dunnett’s multiple comparisons test, “P < 0.05, two-tailed Welch’s t-test and Student’s t-test. N.S., not significant. NT,

non-irradiation.
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Fig. 4. OXR1-depletion affects the state of the cell cycle regulator. (a—d) Quantification of the level of MK2 phosphorylation and
cyclin D1 expression after irradiation with 10 Gy of y-rays. (a) Representative western blot for graphs b-d. (b-d) The images of
western blot were analyzed by Image]J software. Mean = s.e.m. of n = five independent experiments, * P < 0.05, two-way ANOVA
with Dunnett’s multiple comparisons test, “*P < 0.01, ***P < 0.001, two-tailed Welch’s t-test and Student’s t-test. NT,
non-irradiation. The anti-MK2 antibody detects two bands: the upper band is phosphorylated MK2 (pMK2) and the lower band is
dephosphorylated MK2 (MK2) [44]. (e) Identification of OXR1-binding proteins. The empty vector plasmid (FLAG) or
FLAG-OXRI1-expressing vector plasmid (FLAG-OXR1) was transfected to Flp-In T-REx HEK293 cells. Proteins that bound
specifically to FLAG-OXRI were obtained using anti-Flag antibody and separated by SDS-PAGE. These proteins were identified

by LC/MS/MS. IP, immunoprecipitation.

maintained [18]. G2/M arrest is induced in OXR1-depleted cells.
However, the duration of it is shortened (Fig.3a). These results
suggest that OXRI regulates maintenance of G2/M arrest. It has
been reported that MK2 or cyclin D1 affects the duration of G2/M
arrest [43, 44, 47]. OXR1-depletion did not impair the increase in
MK2 phosphorylation in response to irradiation (Fig. 4c), whereas
OXR1-depletion increased the level of cyclin D1 expression after
irradiation (Fig. 4d). OXR1 probably binds to GSK3beta, an inhibitor
of cyclin D1 expression directly and indirectly via interaction with
cyclin D1 protein, or beta-catenin, a transcription factor [49, 50],
supporting the idea that OXRI contributes to regulation of cyclin D1
protein expression (Supplementary Fig. S6, see online supplementary
material). Therefore, it is possible that OXR1 maintains the duration
of G2/M arrest through regulation of cyclin D1 expression.
OXR1-depletion increased cellular sensitivity to 0.25 mM H,O,
(Supplementary Fig. S1e, see online supplementary material ), whereas

it had no effect on it following y-ray irradiation (Fig. 1b). The abroga-
tion of the G2 checkpoint is thought to lead to radioresistance [54].
OXR1-depletion-induced sensitivity to oxidative stress can be abol-
ished by radioresistance. It is also possible that the concentration of y-
ray-generated H, O, is too low to cause the consequence of cell lethal-
ity. The concentration of H,O, in cells irradiated with ~1 Gy/min
of y-rays is estimated to be in the nanomolar to micromolar range
[55-58]. This value is much lower than that in cells treated with
0.25mM H, 0, [59]. OXR1-depleted cells were not highly sensitive to
superoxide generator (Supplementary Fig. S1f). To clarify how OXR1
contributes to cellular survival, further investigation is underway in our
laboratory.

In this study, we present evidence that OXR1 protects genome
stability against oxidative stress (Fig. 5). This effect may be derived
from inhibition of the increase in superoxide level. In addition, OXR1
contributes to maintenance of the duration of G2/M arrest to defend
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Fig. 5. Schematic view of OXR1 functions to prevent genome
instability. OXR1 maintains the duration of G2/M arrest and
inhibits elevation of the oxidative stress level in cells exposed to
H, 0, or y-rays. Through these two pathways, OXR1 protects
nuclear genome stability under stress conditions.

genome stability. This may be caused by regulation of cyclin D1 expres-
sion. Further study is underway to confirm the interaction of OXR1
with cell cycle regulators in our laboratory.

CONCLUSION
This study demonstrates that OXR1 contributes to maintenance of
genome stability by cell cycle regulation as well as oxidative stress
inhibition.
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