Published online 30 July 2020

Nucleic Acids Research, 2020, Vol. 48, No. 16 9109-9123
doi: 10.1093/narlgkaa631

NRF2 preserves genomic integrity by facilitating ATR
activation and G2 cell cycle arrest

Xiaohui Sun“', Yan Wang', Kaihua Ji', Yang Liu', Yangyang Kong', Shasha Nie', Na Li',
Jianxiu Hao', Yi Xie2, Chang Xu “'”", Liqing Du'" and Qiang Liu'~

'Institute of Radiation Medicine, Chinese Academy of Medical Sciences & Peking Union Medical College, Tianjin Key
Laboratory of Radiation Medicine and Molecular Nuclear Medicine, Tianjin, China and ?Institute of Modern Physics,

Chinese Academy of Sciences, Lanzhou, China

Received October 21, 2019; Revised June 21, 2020; Editorial Decision July 13, 2020; Accepted July 27, 2020

ABSTRACT

Nuclear factor erythroid 2-related factor 2 (NRF2) is a
well-characterized transcription factor that protects
cells against oxidative and electrophilic stresses.
Emerging evidence has suggested that NRF2 pro-
tects cells against DNA damage by mechanisms
other than antioxidation, yet the mechanism remains
poorly understood. Here, we demonstrate that knock-
out of NRF2 in cells results in hypersensitivity to ion-
izing radiation (IR) in the presence or absence of re-
active oxygen species (ROS). Under ROS scavenging
conditions, induction of DNA double-strand breaks
(DSBs) increases the NRF2 protein level and recruits
NRF2 to DNA damage sites where it interacts with
ATR, resulting in activation of the ATR-CHK1-CDC2
signaling pathway. In turn, this leads to G2 cell cycle
arrest and the promotion of homologous recombina-
tion repair of DSBs, thereby preserving genome sta-
bility. The inhibition of NRF2 by brusatol increased
the radiosensitivity of tumor cells in xenografts by
perturbing ATR and CHK1 activation. Collectively,
our results reveal a novel function of NRF2 as an ATR
activator in the regulation of the cellular response to
DSBs. This shift in perspective should help furnish
a more complete understanding of the function of
NRF2 and the DNA damage response.

INTRODUCTION

DNA double-strand breaks (DSBs) are highly toxic DNA
lesions that are associated with various developmental, im-
munological, and neurological disorders as well as tumori-
genesis (1). DSBs can be generated by exogenous agents,
including ionizing radiation (IR) and radiomimetic chemi-
cals, and endogenous factors, such as V(D)J recombination,

meiosis, and replication fork stress (1). To preserve genome
integrity, error-free homologous recombination (HR) com-
petes and collaborates with error-prone nonhomologous
end-joining (NHEJ) to repair DSBs (2). HR mainly func-
tions in S/G2 phases, during which homologous sister chro-
matids are present and several critical HR proteins are ac-
tivated (3).

Cell cycle checkpoint pathways are indispensable to cope
with DNA damage and are traditionally defined as molec-
ular signaling cascades that delay or arrest the cell cycle
in response to DNA damage, thereby providing more time
for DNA repair. Furthermore, the checkpoint machinery
is integrated with activation of DNA repair, chromatin re-
modeling, modulation of transcription programs, and cell
death (4,5). Phosphoinositide 3-kinase-related protein ki-
nases, including ataxia-telangiectasia mutated (ATM) and
ATM- and RAD3-related (ATR), are the master regulators
of the DNA damage response (DDR) and act by control-
ling cell cycle transitions. ATM is recruited to chromatin
where it phosphorylates lots of substrates in response to
DSBs (6). The kinase CHK?2 is a well-characterized sub-
strate of ATM. CHK2 is phosphorylated at multiple sites
by ATM, and mediates cell cycle arrest and apoptosis (7,8).
Differently than ATM, ATR is thought to primarily deal
with single-stranded DNA (ssDNA) breaks and tends to
be recruited to replication protein A (RPA)-coated ssDNA
(9,10). However, several findings indicate that ATR can also
respond to DSBs caused by IR (11,12). Assembly of the
ATR complex at DNA lesions activates signaling that co-
ordinates the cell cycle, DNA repair and DNA replication.
The CHK1-CDC2 pathway, which controls cell cycle tran-
sitions, is mainly dependent on activation of ATR (13,14).
ATR is recruited to ssDNA via its partner ATR-interacting
protein (ATRIP), and its optimal activation relies on its ac-
tivators such as TopBP1 and ETAAI1, which contain the
ATR activation domain (AAD) (15-17). The identification
of potential ATR regulators is important to elucidate the

*To whom correspondence should be addressed. Tel: +86 18902066257; Fax: +86 22 8568 3033; Email: liugiang@irm-cams.ac.cn
Correspondence may also be addressed to Chang Xu. Tel: +86 18902056026; Fax: +86 22 8568 3033; Email: xuchang@irm-cams.ac.cn
Correspondence may also be addressed to Liging Du. Tel: +86 15222632682; Fax: +86 22 8568 3033; Email: dlg@irm-cams.ac.cn

© The Author(s) 2020. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com


http://orcid.org/0000-0001-8218-1885
http://orcid.org/0000-0003-3354-2386

9110 Nucleic Acids Research, 2020, Vol. 48, No. 16

molecular mechanism by which ATR controls the DDR
and DNA repair.

The transcription factor nuclear factor erythroid 2-
related factor 2 (NRF2) is the master responder to ox-
idative and electrophilic stresses. NRF2 is usually main-
tained at a low basal protein level in unstressed condition
by Keapl, which promotes the ubiquitination and protea-
somal degradation of NRF2 (18). NRF2 escapes from this
Keapl-dependent repression when cells are exposed to ox-
idative, electrophilic, or xenobiotic stress. Thereafter, NRF2
translocates into the nucleus and regulates transcription of
genes that contain antioxidant response elements (19,20).
Recent studies identified additional functions of NRF2 that
extend beyond its redox-regulation capacity, such as func-
tions in drug metabolism and excretion; energy, iron and
amino acid metabolism; cell survival and proliferation; au-
tophagy; proteasomal degradation; DNA repair and mi-
tochondrial physiology (21,22). NRF2 may perform these
additional functions by coordinating the transcription of
genes involved in redox homeostasis, however, Jayakumar
et al. recently showed that NRF2 regulated HR by influ-
encing the mRNA level and foci formation of RADS1 in a
reactive oxygen species (ROS)-independent manner (23,24).
Despite this report, further investigation is required to char-
acterize how NRF2 may regulate DDR and DNA repair
by mechanisms other than antioxidation. Here, we report
that the NRF2 protein level was increased in cells with
DSBs and that NRF2 regulated radiosensitivity also in a
ROS-independent manner. NRF2 accumulated in the nu-
cleus and formed foci at DNA damage sites, thereby fa-
cilitating the DDR and DNA repair. The ATR-CHKI-
CDC?2 signaling cascade was activated by the interaction
of NRF2 with ATR, and this was dependent on the AAD-
like domain of NRF2. Ablation of NRF2 impaired acti-
vation of the ATR-CHKI signaling pathway and G2 cell
cycle arrest and decreased the HR efficiency in cells with
DSBs. Brusatol, an NRF2 inhibitor, effectively decreased
the NRF?2 protein level in tumor xenografts and increased
the radiosensitivity of tumor xenografts by compromising
the ATR-CHK1 pathway.

MATERIALS AND METHODS
Cell culture

The human non-small cell lung cancer cell lines A549,
H460 and H1299 were purchased from the American
Type Culture Collection (ATCC; USA) and cultured in
RPMI 1640 (HyClone, Logan, UT, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco, New Zealand).
DR-GFP-U20S cells were provided by Dr Xingzhi Xu
(Shenzhen University, China) and cultured in DMEM
supplemented with 10% FBS. HEK293T and U20S cells
were purchased from ATCC and cultured in DMEM
supplemented with 10% FBS. A549-NRF2KO cells were
generated using CRISPR-Cas9 by Shanghai Genechem
Co., Ltd. (China). Briefly, cells were transfected with LV-
sgCas9-P2A-puro containing guide RNAs targeting exon
1 of NRF2 (3’-CACCGACAGCTCATCATGATGGACT-
5’) and selected with 1.5 wg/ml puromycin for three days
before plating of individual clones. Deletion of the exon 1

splice junction was predicted to cause out-of-frame splic-
ing and nonsense-mediated decay. Homozygous editing of
the NRF2 locus was confirmed by PCR and sequencing.
Furthermore, the protein level of NRF2 was confirmed by
western blotting.

Antibodies and reagents

The following antibodies were used: anti-NRF2 (Abcam,
ab62352 and Proteintech, 16396-1-AP), anti-KEAPI1
(Proteintech, 10503-2-AP), anti-y H2AX (Ser139) (Abcam,
ab26350), anti-ATR (GeneTex, GTX70109), anti-p-ATR
(Serd28) (Cell Signaling Technology, #2853), anti-53BP1
(Abcam, ab36823), anti-p-53BP1 (Ser1778) (Cell Signaling
Technology, #2675), anti-Cdk/CDC2 polyclonal (Cell Sig-
naling Technology, #9116), anti-p-CDC?2 (Tyr15) antibody
(Cell Signaling Technology, #4539), anti-Cyclin A (Santa
Cruz, sc-271682), anti-NQO1 (Abcam, ab28947), anti-
BRCALI (Santa Cruz, sc-6954 and GeneTex, GTX70111),
anti-p-BRCA1 (Ser1524) (Cell Signaling Technology,
#9009), anti-CHKI1 (GeneTex, GTX100070), anti-p-
CHKI1 (Ser317) (Cell Signaling Technology, #12302),
anti-p-CHK1 (Ser345) (Cell Signaling Technology,
#2341), anti-p-ATM (Ser1981) (Cell Signaling Technology,
#13050), anti-ATM (Cell Signaling Technology, #2873),
anti-B-tubulin (Proteintech, 66240-1-1g), anti-B-actin (Pro-
teintech, 60008-1-Ig), anti-GAPDH (Proteintech, 60004-
1-Ig), IgG Control Antibody (Proteintech, 30000-0-AP),
HRP-conjugated Affinipure Goat Anti-Mouse IgG (H+L)
(Proteintech, SA00001-1), HRP-conjugated Affinipure
Goat Anti-Rabbit IgG (H+L) (Proteintech, SA00001-2),
Cy3-conjugated Affinipure Goat Anti-Mouse IgG (H+L)
(Proteintech, SA00009-1), Cy3-conjugated Affinipure
Goat Anti-Rabbit IgG (H+L) (Proteintech, SA00009-2),
FITC-conjugated Affinipure Goat Anti-Mouse IgG (H+L)
(Proteintech, SA00003-1) and FITC-conjugated Affinipure
Goat Anti-Rabbit IgG (H+L) (Proteintech, SA00003-2).

The following reagents and kits were used: VE-821
(MedChemExpress, USA, HY-14731), KU-55933 (Med-
ChemExpress, USA, HY-12016), brusatol (Tauto Biotech,
Shanghai, China), propidium iodide (PI; Beijing Solarbio
Life Science, C0080), N-acetyl-L-cysteine (NAC; Sigma-
Aldrich, Germany, A9165), L-buthionine- sulfoximine
(BSO; MedChemExpress, USA, HY-106376), a FITC-
Annexin V Apoptosis Detection Kit (BD Biosciences,
USA), a TUNEL Apoptosis Kit (Biotime Biotechnology,
Shanghai, China), and a Pierce™ GST Protein Interaction
Pull-down Kit (Thermo Fisher Scientific, USA, #21516),
Total Reactive Oxygen Species (ROS) Assay Kit (Thermo
Fisher Scientific, USA, 88-5930-74), Micro Reduced Glu-
tathione (GSH) Assay Kit (Beijing Solarbio Science &
Technology Co., Ltd., BC1175), formamidopyrimidine-
DNA glycosylase (FPG enzyme; New England BioLabs,
M0240S).

RNA interference assay

Small interfering RNAs (siRNAs) were synthesized by
GenePharma Co., Ltd (Shanghai, China) and transfected
using Lipofectamine RNAiMax (Invitrogen, USA) at a



concentration of siRNAs of 20 nM. Cells were treated
with reagents or radiation 48 h after transfection. The
siRNA sequences were as follows: NRF2-targeting siRNA
(siNRF2) sense sequence (5-CCGGCAUUUCACUAAA
CACAA-3"), BRCA1-targeting siRNA (siBRCA1) sense se-
quence (5-GGAACCUGUCUCCACAAAG-3), KEAPI-
targeting siRNA (siKEAPI1#1) sense sequence (5-AC
AACAGUGUGGAGAGGUA-3") and KEAPI-targeting
siRNA (siKEAP1#2) sense sequence (5- GAAACAGA
GACGUGGACUU-3).

Lentiviral transduction

Lentiviruses and plasmids were produced by Shanghai
Genechem Co., Ltd. The short hairpin RNA (shRNA) se-
quences were as follows: NRF2-targeting shRNA (shNRF2
#1):

5-CCGGGCTCCTACTGTGATGTGAAATCTCGA
GATTTCACATCACAGTAGGAGCTTTTT-¥ and
shNRF2 #2: 5¥-CCGGCCGGCATTTCACTAAACACA
ACTCGAGTTGTGTTTAGTGAAATGCCGGTTTTT-
3’. For lentiviral infection, cells were plated one day prior
to infection and cultured overnight to reach 70-80%
confluency. The spent culture medium was then aspirated,
and fresh medium was added containing concentrated
lentiviruses harboring an empty vector (as a control) or
shRNA. Cells and viruses were incubated for 24-48 h
in the presence of polybrene 10 wg/ml, and then cells
were selected by incubation in the presence of 1.5 pg/ml
puromycin for 3-7 days. The mRNA and protein levels of
NRF2 were assessed by RT-PCR and western blotting,
respectively. Cells were infected with a lentivirus harboring
Flag-NRF2 using the same procedure. Wild-type (WT)
NRF2 and NRF2 mutant proteins (aal-338, A180-230,
and WI88A) were cloned into GV366 vector (Shang-
hai Genechem Co., Ltd). Cells in six-well plates were
transfected with 4 pg/well of plasmids using 8 pl/well
of Lipofectamine 2000 and collected or treated 24-48 h
post-transfection.

Immunofluorescence and quantitative analysis of individual
cells

Cells were grown on chamber slides, washed once
with phosphate-buffered saline (PBS), fixed with 4%
paraformaldehyde for 20 min, washed once with PBS,
treated with 0.3% Triton X-100 diluted in PBS, blocked
with 5% FBS diluted in PBS for 1 h at room temperature
(RT), and washed three times with PBS. Samples were then
incubated with primary antibodies diluted in 1% bovine
serum albumin at 4°C overnight, washed three times with
PBS, incubated with FITC- or Cy3-conjugated secondary
antibodies diluted in PBS for 1-2 h at RT, and washed
three times with PBS. Finally, samples were mounted using
VECTASHIELD® mounting medium with DAPI (Vector
Laboratories, CA, USA) and analyzed by fluorescence
microscopy at RT. Images were acquired using a 40x ob-
jective and processed using Photoshop CS6. The numbers
of foci in individual cells were counted, and the data were
plotted using GraphPad Prism 5 software.
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Whole-cell lysate collection and western blotting

To collect whole-cell lysates, cells were harvested, washed
with PBS, resuspended in pre-chilled RIPA lysis buffer
(50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100,
1% sodium deoxycholate, 0.1% SDS, EDTA, protease in-
hibitors, and phosphatase inhibitors), and incubated on
ice for 30 min. Lysates were supplemented with 4x load-
ing buffer and boiled for 10 min. The protein concentra-
tion was determined using a BCA protein assay kit (Be-
yotime, Shanghai, China, P0010). Proteins in whole-cell
lysates were separated on 8% or 10% SDS-polyacrylamide
gels and transferred onto polyvinylidene difluoride mem-
branes. Membranes were blocked with 1% bovine serum
albumin at RT for 1 h, incubated with primary antibod-
ies at 4°C overnight, and then incubated with secondary
antibodies at RT for 1 h. Immunoreactive bands were de-
tected using Thermo Scientific™ SuperSignal™ West Pico
PLUS Chemiluminescent Substrate (Thermo Fisher Scien-
tific, 34580) and a ChemiDoc™ MP Imaging System (Bio-
Rad, Shanghai, China).

Co-immunoprecipitation

Cells were collected by trypsinization, washed once with
PBS, and lysed on ice in 600 pl of NP-40 lysis buffer (Be-
yotime, POO13F) containing a cocktail of phosphatase in-
hibitors (Roche, Switzerland) and PMSF (Sigma). Lysates
were centrifuged at 12 000 rpm for 10 min at 4°C. Proteins
in the lysates were incubated overnight at 4°C with pro-
tein A/G magnetic beads (Bimake, USA, B23202) bound to
an anti-NRF2 antibody, an anti-ATR antibody, or normal
IgG. To bind antibodies to the magnetic beads, 40 wl vol-
ume of magnetic beads was washed twice with wash buffer
(50 mM Tris—HCI, 150 mM NaCl and 0.5% Triton X-100,
pH 7.5), incubated with 200 wl of the antibody solution for
1 h, and then collected using a magnetic stand. The mixture
of proteins and beads was washed twice with wash buffer
and collected using a magnetic stand. Proteins were eluted
by boiling the beads in 2 x loading buffer and subjecting the
samples to SDS-PAGE and immunoblotting analysis.

Comet assay/ single-cell gel electrophoresis (SCGE) assay

Cells were pretreated with 5 mM NAC or 10 puM BSO for
2 h. The media was then removed, and cells were digested
with trypsin and collected into EP tubes. Next, the cells were
washed with 500 ml of PBS and were suspended in culture
medium at a density of 4-5 x 10° cells/mL. Cells were ex-
posed to 8 Gy Cs137 y-rays and then returned to the in-
cubator for 1 h for later use. The comet slides were coated
with 500 pl of 0.75% normal-melting-point agarose/PBS
and coverslips were quickly applied. Once the first layer
of normal-melting-point agarose was coagulated, the cov-
erslips were removed. Next a mixture of 70 pl of 0.75%
low-melting-point agarose/PBS and 30 pl of cell suspen-
sions were applied as the second layer, and the comet slides
were incubated at 4°C for 10 min. The comet slides were
then immersed in cold fresh lysis solution (2.5 M NaCl,
10 mM Tris base, 1% N-sodium lauryl sarcosinate, 30 mM
Na,EDTA, 10% DMSO and 1% Triton X-100) for 2.5 h
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at 4°C. The 1x enzyme reaction buffer (40 mM HEPES,
0.1 M KCl, 0.5 mM EDTA, 0.2 mg/ml BSA, pH 8.0 with
KOH) was prepared, and the comet slides were washed in
a staining jar with this enzyme reaction buffer three times,
5 min each wash. Gel surfaces were covered with 50 wl of
the enzyme solution (1:10° dilution of FPG enzyme). The
comet slides were put in a moist box and incubated at 37°C
for 30 min. Next, the comet slides were washed with PBS
and immersed in TBE buffer for 20 min at 4°C in a hori-
zontal electrophoresis tank. Electrophoresis was performed
at 30 V for 20 min in TBE buffer, followed by neutraliza-
tion for 20 min. The slides were then washed with PBS and
stained with ethidium bromide. Finally, the comet slides
were viewed with a fluorescence microscope and data were
collected with a digital imaging system and analyzed with
CASP software (Wroclaw, Poland).

Micronucleus formation experiments

Cells were pretreated with or without 5 mM NAC for 2 h,
exposed to 8 Gy Cs137 y-rays (Atomic Energy of Canada
Ltd.), collected 24 h post-irradiation, washed twice with
PBS, fixed in a 3:1 mixture of methanol: glacial acetic acid,
spread onto slides, air-dried, and stained with Giemsa. Mi-
cronuclei were observed using a 40x objective. More than
500 cells were counted per group.

HR repair assay

DR-GFP-U20S cells were used to assay the HR efficiency
(25). Cells were transfected with a plasmid expressing [-Scel
for 48 h. GFP-positive cells were identified and quantified
by flow cytometry. The HR repair efficiency was scored as
the percentage of GFP-positive cells. To examine the role of
NRF2 in DSB repair, cells were treated with siNRF2 24 h
prior to transfection of I-Scel, and siBRCA1 was used as a
positive control.

Flow cytometric analysis

To analyze the cell cycle distribution, cells were exposed to
8 Gy IR for 6, 12 and 24 h or treated with camptothecin
(CPT) for 4 h, released for 10 h, and then collected. Cells
were washed twice with PBS, fixed in 75% ice-cold ethanol
overnight, incubated with staining buffer (10 pg/ml RNase
A, 50 pg/mL PI, and 4 mM sodium citrate) at 37°C for 15
min in the dark, and then assessed by flow cytometry. Cell

cycle profiles were analyzed using FlowJo 7.6 software.
Apoptosis was determined using an FITC-Annexin V/PI

Apoptosis Detection Kit (BD Biosciences) according to the
manufacturer’s instructions. Briefly, cells were exposed to 8
Gy IR, cultured for 24 h, collected, washed once with PBS,
gently suspended in Annexin V binding buffer, and incu-
bated with 20 wg/mL FITC-Annexin V and 20 pg/ml PI
for 15 min in the dark. Flow cytometric analysis was per-
formed using FlowJo 7.6 software.

Measurement of ROS level

Intracellular ROS levels were measured using the total re-
active oxygen species (ROS) Assay Kit. ROS inhibition was
implemented by treating cells with 5 mM NAC for 1 h before

IR. After 1 h of IR, cells were treated with ROS assay stain
solution for 60 min in a 37°C incubator with 5% CO, and
then washed with PBS before trypsinization. After detach-
ing with trypsin, the cells were collected, washed twice, and
resuspended in PBS. Fluorescence was measured by FACS
based on signal at 488 nm (blue laser) in the FITC channel.

Reduced glutathione (GSH) assay

GSH was measured with the micro reduced glutathione
(GSH) assay kit. Briefly, at least 10 cells were treated with
trypsin, washed twice with PBS, and resuspended in reagent
1 at three times the volume of the cells. The cell suspensions
were frozen and thawed in liquid nitrogen and 37°C water
bath three times. The cells were then centrifuged at 8000g
for 10 min to collect supernatants and the supernatants
were collected and stored at 4°C for later use. Reagent 2
was warmed in a 37°C water bath for 30 min. Next, 20
pL ddH,0 or samples, 140 wl warmed reagent 2 and 40 .l
reagent 3 were added to wells of a 96-well plate. The mixed
samples were allowed to stand for 2 min and then the ab-
sorbance at 412 nm was measured by Multiscan Spectrum
(Bio-tek Instruments). GSH contents were calculated ac-
cording to the formula specified in the kit.

GST pull-down assay

Recombinant GST and GST-NRF2 proteins (GST-NRF2
(1-338), GST-NRF2 (1-338, A180-230), GST-NRF2 (1-
338, WI188A) were expressed in BL21 cells. Flag-ATR was
overexpressed in HEK293T cells. The GST pull-down as-
say was performed using a Pierce™ GST Protein Interac-
tion Pull-down Kit. The obtained proteins were analyzed
by western blotting.

Animal experiments

Athymic nude mice were purchased from Beijing HFK Bio-
science Co., Ltd., and A549 cells were injected into the
thighs of 4-6-week-old mice. Once tumors reached ~50
mm?, mice were randomly allocated into four groups and
locally treated with saline (groups 1 and 2) or 2 mg/kg
brusatol (groups 3 and 4). After 24 h, mice in groups 2 and
4 were locally exposed to 8 Gy Cs137 y-rays.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism v.5.01 or SPSS software. Values of P < 0.05 were con-
sidered statistically significant in the two-tailed Student’s t
test (*P < 0.05, **P < 0.01, ***P < 0.001).

RESULTS

NRF2 affects radiosensitivity by modulating DNA repair in-
dependently of ROS

The transcription factor NRF2 mainly regulates expres-
sion of a wide array of genes that encode antioxidants
and other proteins responsible for detoxification of xeno-
biotics and ROS (26). Gain of NRF2 function protects
cells against IR toxicity, an activity that has been attributed



to its antioxidant properties (27). However, other mech-
anisms may also be involved. Jayakumar et al. reported
a novel ROS-independent function of NRF2 in DNA re-
pair (23). To confirm that NRF2 protects cells against IR
via a ROS-independent mechanism, we generated NRF2-
knockout cells (A549-NRF2¥O cells) using the CRISPR-
Cas9 system and A549-NRF2KO cells that express wild-
type (WT) NRF2 (A549-NRF2X°+Flag-NRF2 cells) (Fig-
ure 1A and Supplementary Figure S1). We scavenged ROS
by treating cells with 5 mM N-acetyl-L-cysteine (NAC), a
commonly used ROS scavenger (28). NAC effectively in-
creased the levels of glutathione (GSH) while L-buthionine-
sulfoximine (BSO), a GSH synthesis inhibitor, significantly
reduced GSH levels in cells exposed to IR (Supplementary
Figures S2A—C). ROS levels were also measured in A549-
NRF2KO cells. IR significantly increased the levels of ROS
and NAC effectively inhibited the increase of ROS (Supple-
mentary Figures S2D and E). To determine whether NAC
reduced oxidative DNA damage, we performed a comet as-
say using formamidopyrimidine-DNA glycosylase (FPG)
to detect oxidative DNA damage (29). We found that NAC
significantly reduced oxidative DNA damage while BSO
significantly increased oxidative DNA damage in cells ex-
posed to irradiation (Supplementary Figure S2F), high-
lighting the ability of NAC to effectively scavenge ROS.
We next examined radiosensitivity by colony-formation
assay. In agreement with the result reported previously,
AS549-NRF2KO cells were hypersensitive to IR while ex-
pression of WT NRF2 in A549-NRF2K© cells rescued this
defect (Figure 1B and Supplementary Figure S3A). Al-
though NAC did increase radio-resistance of all cells, A549-
NRF2KO cells were still more sensitive to IR than A549-
NRF2K0+Flag-NRF2 cells after scavenging ROS (Figure
1B). As an additional way to eliminate the influence of
ROS, we induced DNA damage using 30 nM camptothecin
(CPT), a topoisomerase I inhibitor, which interferes with
DNA replication and eventually induces formation of DSBs
(30). Consistently, knockout of NRF2 led to decreased cell
survival and expression of Flag-NRF2 in A549-NRF2KO
cells restored cell survival upon CPT treatment (Supple-
mentary Figure S3B), suggesting that NRF2 protects cells
from DNA damage also in a ROS-independent manner.
Ionizing radiation can induce cellular apoptosis. So we
next depleted NRF2 using small interfering RNA (siRNA)
in A549 cells and tested how loss of NRF2 affected the
percentage of apoptotic cells upon IR exposure. Apopto-
sis of A549 cells transfected with control siRNA (siCtrl)
or siNRF2 was investigated in cells pretreated with NAC
and then exposed to IR. NRF2-depleted cells showed sig-
nificantly higher levels of apoptosis than control cells (Fig-
ure 1C and Supplementary Figure S4). IR was previously
shown to induce upregulation and nuclear accumulation of
NRF2 (31). Western blotting showed that the NRF2 protein
level markedly increased upon exposure to IR, regardless
of NAC pretreatment (Supplementary Figure S5), which
suggests that IR-induced NRF2 expression may be inde-
pendent of ROS. To further investigate the role of NRF2
in the DDR or DNA repair, we used an immunofluores-
cence assay to longitudinally monitor yH2AX and 53BP1
foci as indicators of DNA damage. There were significantly
lower numbers of yH2AX foci (Figure 1D) and 53BPI
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foci (Figure 1E) in siCtrl-transfected cells than in siNRF2-
transfected cells after exposure to 8Gy of IR, indicating re-
pair of IR-damaged DNA was defective in NRF2 knock-
down cells compared to control cells. Insufficient DNA re-
pair usually leads to the formation of micronuclei. There-
fore, we generated NRF2-knockdown cells via infection of
lentiviruses harboring shNRF2 (Figure 1F) and determined
the percentage of cells containing micronuclei after expo-
sure to IR (Figure 1G). There was a significantly higher
level of micronuclei in NRF2-knockdown cells regardless
of whether cells were pretreated with NAC, indicating that
NRF2 might play a role in preventing genetic instability.
Thus, we conclude that NRF2 affects radiosensitivity and
preserves genomic integrity also by regulating DNA repair
independently of ROS.

NRF2 promotes HR during DNA repair

NHEJ and HR are the two major pathways for repair
of DSBs. BRCA1 antagonizes 53BP1-dependent NHEJ to
promote HR (2,5,32). Recent studies showed that NRF2
can simultaneously regulate BRCA1 and 53BP1 expression
(33,34). To determine how NRF2 coordinates functions of
these two proteins during DNA repair, we investigated the
active phosphorylated forms of BRCA1 and 53BP1. The
phosphorylated BRCA1 (p-BRCA1) and total BRCAT pro-
tein levels were markedly lower in siNRF2-transfected cells
than in siCtrl-transfected cells after exposure to IR. How-
ever, depletion of NRF2 did not obviously affect the total
protein level of 53BP1. The 53BP1 phosphorylation level
was greatly reduced in siNRF2-transfected cells at 0.5 h
post-irradiation, but dephosphorylation of 53BP1 occurred
subsequently at 4, 8 and 12 h after IR exposure (Figure 2A).
Consistent with the finding of Jayakumar et al. that NRF2
influences mRNA level of RADSI, depletion of NRF2 de-
creased the protein level of RADSI, a key protein in HR.
Therefore, we hypothesized that NRF2 might promote HR
during repair of DSBs. To investigate this, we analyzed
BRCAT1 and RADSI foci as indicators of the HR efficiency.
As expected, there were lower percentages of BRCA1 and
RADS1 foci-positive cells in NRF2-depleted cells than in
control cells, regardless of whether cells were treated with IR
or CPT (Figure 2B-D). Co-staining with anti-BRCA1 and
anti-53BP1 antibodies revealed that BRCA1 and 53BP1 ex-
hibited mutually exclusive foci formation. The BRCA1 foci
were larger and more obvious than 53BP1 foci in some
cells and vice versa in other cells (Figure 2E). Co-staining
for the S/G2 phase marker Cyclin A further demonstrated
that cells with large and obvious 53BP1 foci were mainly
in G1 phase (Figure 2F). Feng et al. reported a similar
phenomenon and demonstrated that BRCA1 antagonizes
53BP1 signaling to ensure HR in S/G2 phases (35). We
counted cells in which BRCAT1 foci were stronger than
53BP1 foci because HR tended to occur in such cells follow-
ing exposure to IR. The percentage of these cells was sig-
nificantly higher for control cells than for NRF2-depleted
cells (Figure 2G). These results demonstrated that NRF2
facilitated HR in cells with DNA damage resulting from
IR or CPT treatment. To quantify HR efficiency in NRF2-
depleted and control cells, we used DR-GFP-U20S cells,
which harbor a HR efficiency reporter system (36). BRCA1
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was depleted as a positive control. As expected, depletion
of NRF?2 significantly decreased the HR efficiency (Figure
2H-J), suggesting that NRF2 could promote HR during re-
pair of DSBs.

change of cell cycle. Cell cycle arrest upon DNA damage
is important for preserving genomic integrity (37). We hy-
pothesized that NRF2 might regulate HR not only by af-
fecting BRCA1 and RADSI but also by affecting cell cycle
arrest. To determine how NRF2 influences cell cycle arrest
during DNA repair, we analyzed the cell cycle distribution.
About 50% and 70% of control cells were in G2 phase, but
only 30% and 50% of NRF2-depleted cells were in G2 phase
at 6 h and 12 h, respectively, after exposure to 8 Gy of IR.
This result indicates that control cells were arrested in G2

NREF2 is a vital regulator of G2 cell cycle arrest during DNA
repair

As HR occurs only in S/G2 phase, the decreased HR effi-
ciency after the depletion of NRF2 may be related to the
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0.001.
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phase after exposure to IR, but there was significantly at-
tenuated G2 cell cycle arrest following exposure to IR in
NRF2-depleted cells (Figure 3A—C). As observed following
IR exposure, induction of G2 cell cycle arrest by CPT was
also significantly reduced in NRF2-knockdown cells (Fig-
ure 3G and H). In addition, we assessed G2 cell cycle arrest
in H460 and H1299 cells. We found that ablation of NRF2
also perturbed G2 cell cycle arrest in these two cell lines
(Figure 31, J and Supplementary Figures S6A-S6D). The
above results all indicate that depletion of NRF2 impairs
G2 cell cycle arrest. To further confirm the effect of NRF2
on G2 cell cycle arrest, we examined the cell cycle distri-
bution of A549, A549-NRF2KC and A549-NRF2K0+Flag-
NRF2 cells after IR. G2 cell cycle arrest was compromised
in A549-NRF2KO cells, but this defect was rescued in A549-
NRF2K0+Flag-NRF2 cells (Figure 3F). Additionally, a sig-
nificantly higher percentage of A549 cells were positively
stained for Cyclin A after irradiation compared to the per-
centage of A549-NRF2KO cells (Figure 3D and E). Western
blotting showed that depletion of NRF2 markedly inhib-
ited the S/G2 phase-specific accumulation of Cyclin A in
cells exposed to IR (Figure 4B and D). These results demon-
strate that NRF2 is required for G2 cell cycle arrest upon
formation of DSBs.

NREF?2 facilitates G2 cell cycle arrest by activating the ATR-
CHK1-CDC?2 signaling pathway

We next explored the molecular mechanism explaining the
requirement for NRF2 in G2 cell cycle arrest in cells with
DNA damage. In vertebrate cells, the DDR is mainly con-
trolled by three related kinases: ATM, ATR and DNA-PK
(38). Among these three proteins, ATR and ATM collab-
orate to regulate cell cycle arrest in cells with DNA dam-
age (12,39). Therefore, we first investigated whether NRF2
regulates activation of these kinases. Phosphorylation of
ATR was obviously reduced in NRF2-knockdown cells
exposed to IR, while there was no marked difference in
the phosphorylation of ATM between control and NRF2-
knockdown cells (Figure 4A). This result is consistent with
our above findings and with previous reports that ATR
mainly regulates G2 cell cycle arrest by phosphorylating
CHKI1, while ATM mainly regulates G1 cell cycle arrest
by phosphorylating CHK?2 (38). Next, we concentrated on
ATR and explored its signaling cascade. Similar to activa-
tion of ATR, there was markedly lower phosphorylation of
CHK1 and CDC2 in NRF2-knockdown cells compared to
control cells (Figure 4B). ATR and CHK1 were not phos-
phorylated in A549-NRF2KO cells after exposure to IR,
but this defect was rescued in A549-NRF2XO0+Flag-NRF2
cells (Figure 4C). We also monitored phosphorylation of
ATR, CHK1 and CDC2 in CPT-treated cells, and found
that activation of the ATR-CHK 1-CDC?2 signaling cascade
was similarly dependent on NRF2 (Figure 4D). To deter-
mine whether elevated endogenous NRF2 level affects the
activation of the ATR-CHKI1 pathway, we used siRNAs
(siKEAP1#1 and siKEAP1#2) to knock down KEAPI, a
natural inhibitor of NRF2 that promotes the ubiquitina-
tion and degradation of NRF2. When the KEAPI1 level
decreased, the NRF2 level increased significantly in U20S
cells. The levels of p-ATR (Ser428), p-CHK1 (Ser317) and

p-CHK1 (Ser345) in the KEAPI knockdown cells were sig-
nificantly higher than those in the control cells (Supplemen-
tary Figure S7). These results suggest that NRF2 is a po-
tential activator of the ATR-CHK1-CDC?2 signaling cas-
cade in cells with DSBs. To confirm that NRF2 facilitated
G2 cell cycle arrest by targeting ATR, we used the ATR in-
hibitor VE-821 to treat cells. Western blotting showed that
IR induced phosphorylation of ATR, CHK1 and CDC2 in
AS549 cells treated with siCtrl, but the phosphorylation lev-
els of ATR, CHK 1 and CDC2 were obviously lower in cells
treated with siNRF2, and VE-821 treatment attenuated the
phosphorylation of ATR, CHK1 and CDC2 in IR-treated
cells (Figure 4E). We also used the ATM inhibitor KU-
55933, which effectively inhibited the activation of ATM,
but had no obvious effect on the function of NRF2 and
the ATR-CHK pathway (Figure 4E). Flow cytometry also
demonstrated little difference in G2 cell cycle arrest follow-
ing IR exposure between cells treated with shScr and those
treated with sSAINRF2 upon VE-821 treatment (Figure 4F).
Thus, we conclude that the NRF2 activity to promote G2
cell cycle arrest is dependent on ATR.

BRCAI helps regulate the G2 cell cycle arrest follow-
ing DNA damage (40) and NRF2 regulates the basal tran-
scription activity of the BRCAI gene (41). Although knock-
down of NRF2 reduced the BRCAI protein level in cells ex-
posed to IR as expected (Figure 2A), depletion of BRCA1
using siBRCA1 did not abrogate the effect of NRF2 on
G2 cell cycle arrest (Supplementary Figures S8A and B),
implying the regulation by NRF2 of cell cycle arrest may
be independent of BRCAI1. To test whether ROS affect
NRF2 and ATR-CHK 1, we treated A549, A549-NRF2KC
and A549-NRF2KO+F/G-NRF2 (A549-NRF2K0 cells ex-
pressing Flag-GFP-NRF2) with H,O,. The levels of intra-
cellular ROS were significantly increased in A549 and A549-
NRF2KO cells, however, there was no obvious change in
AS549-NRF2K0+F/G-NRF2 (Supplementary Figure S8C).
The western blotting results showed that the increase of
ROS significantly increased the NRF2 level, but had no
significant effect on p-ATR (Ser428) (Supplementary Fig-
ure S8D). Although ROS induced markedly increased phos-
phorylation levels of CHK 1, the phosphorylation of CHK 1
may occur through a p-ATR (Ser428)-independent path-
way. Under this condition, NRF2 had no obvious effect on
phosphorylation of CHK1, suggesting that NRF2-ATR-
CHKI activation may occur only for DNA damage that is
caused by certain factors, with no obvious effect of ROS on
this pathway. Thus, we conclude that NRF?2 facilitates G2
cell cycle arrest by directly promoting ATR phosphoryla-
tion and thereby activating the ATR-CHK 1-CDC2 signal-
ing pathway.

NRF2 activates the ATR-CHK1-CDC?2 signaling pathway
via its AAD-like domain and interacts with ATR at DNA
damage sites

Based on the observations above, we hypothesized that
NRF2 might directly activate ATR after induction of DSBs.
TopBP1 and ETAAL are only two proteins found in higher
eukaryotes that directly stimulate ATR kinase activity and
harbor an ATR-activating domain (AAD) (15-17). The un-
structured AAD contains a high abundance of hydrophobic
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Figure 3. NRF?2 is a vital regulator of G2 cell cycle arrest during DNA repair. (A—C) A549 cells transfected with siCtrl or siNRF2 were exposed to 8 Gy
Cs137 y-rays. The distribution of cells in G1/S/G2 phases was determined by PI staining and flow cytometry at 6, 12, and 24 h post-irradiation (A). The
percentages of cells in G1 (B) and G2 (C) phases were determined. Data are means + S.E.M. (n = 4). *P < 0.05, ***P < 0.001, ns: no significance. (D,
E) Immunofluorescence analysis of CyclinA (green) and DAPI (blue) in A549 and A549-NRF2KO cells exposed to 8 Gy Cs137 y-rays for 6 h. Scale bars,
200 wm (D). The percentage of positively stained cells was determined (E). Data are means + S.E.M. (n = 3). **P < 0.01. (F) A549, A549-NRF2K0 and
A549-NRF2KO+Flag-NRF?2 cells were treated with 8 Gy Cs137 y-rays. Cells in G2 phase were detected by PI staining and flow cytometry at 6 h post-
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24 h post-irradiation. Data are means + S.E.M. (n > 3). **P < 0.01, ***P < 0.001.
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residues, the essential aromatic amino acid Trp, and consec-
utive acidic patches (42). Protein sequence alignment and
hydrophobicity analysis show that NRF2 also contains a
Trp residue at position 188 and desultory hydrophobic frag-
ments, similar to TopBP1 and ETAA1 (Supplementary Fig-
ure S9A-D). Furthermore, sequence analysis also demon-
strated that this region of NRF2 is highly evolutionarily
conserved (Supplementary Figure S9E). To investigate the
effect of this AAD-like domain in NRF2, we constructed
plasmids encoding WT NRF2 (HA-WT) and various mu-
tants of NRF2, namely, amino acids 1-338 of NRF2 (HA-
1-338), NRF2 lacking amino acids 180-230 (HA-A180-
230), and NRF2 in which the Trp (W) amino acid at po-
sition 188 was replaced by Ala (A) (HA-WI188A). Thus,
HA-WT and HA-1-338 contain the complete AAD-like do-
main and HA-A180-230 and HA-W188A do not. We trans-
fected HEK293T cells with these NRF2 constructs (Figure
5A). When cells were treated with IR or CPT, expression of
HA-WT and HA-1-338 significantly promoted ATR and
CHK1 phosphorylation, whereas expression of HA-A180—
230 and HA-W188A did not (Figure 5B and C). These re-
sults demonstrated the importance of the AAD-like do-
main in NRF2 for activation of the ATR-CHKI-CDC2
signaling pathway. We previously observed nuclear trans-
position of NRF2 in cells exposed to IR (43). We further
carefully analyzed the nuclear distribution of NRF2, and
found that NRF2 formed nuclear foci, some of which colo-
calized with yH2AX foci, which represent DNA damage

sites (Figure 5D). The same observation was made in H1299
cells (Supplementary Figure S10A). Thus, we hypothesized
that NRF?2 interacts with ATR at DNA damage sites and
promotes ATR activation. To test this, we examined NRF2
and ATR nuclear foci in cells exposed to 8 Gy of IR. Sur-
prisingly, most ATR foci colocalized with NRF2 foci (Fig-
ure SE and F). Next, we used co-immunoprecipitation to
test potential interaction of NRF2 with ATR. NRF2 or
ATR was detected after ATR or NRF2 was immunopre-
cipitated from A549 cell extracts, respectively. The interac-
tion between ATR and NRF2 was enhanced in cells treated
with IR or CPT (Figure SG-I). This interaction was also de-
tected in H1299 cells by co-immunoprecipitation (Supple-
mentary Figures S10B and C). To determine whether NRF2
indeed interacts with ATR, we performed a GST pull-down
assay using constructs that expressed GST-tagged proteins
encoding 1-338 amino acids of WT NRF2 (1-338), NRF2
fragment (1-338) lacking amino acids 180-230 (A180-230)
or a NRF2 mutant (1-338) in which the W amino acid at
position 188 was replaced by A (W188A). As shown in Fig-
ure 5J, the WT NRF2 fragment (1-338) associated with pu-
rified Flag-ATR in vitro and the NRF2 mutant (W188A)
also bound to Flag-ATR, but NRF2 mutant (A180-230)
pulled down Flag-ATR much less efficiently than the other
two proteins. These results suggest that the interaction of
NRF2 and ATR may depend on the complete structure of
AAD-like domain of NRF2 and the single Trp (W) at po-
sition 188 may be not sufficient to mediate this interaction.
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Altogether, these results suggest that NRF2 interacts with mice. Unexpectedly, only A549 cells developed into tumor
ATR at DNA damage sites and promotes activation of ATR xenografts while A549-NRF2XO cells did not form stable tu-
via its AAD-like domain. mor xenografts (data not shown). To overcome this compli-
cation, we used brusatol, an NRF2 inhibitor that increases
cell radiosensitivity in vitro (43), to inhibit NRF2 in tu-
mor xenografts formed by A549 cells. Consistent with the
results obtained in vitro, brusatol effectively decreased the
To explore whether NRF2 activates the ATR-CHKI sig- NRF?2 protein level at 24 h after being injected around tu-
naling pathway and regulates radiosensitivity in vivo, we mors and also attenuated upregulation of the NRF2 protein
transplanted A549 and AS549-NRF2KO cells into nude level upon exposure to IR (Figure 6A and B). We exam-

Brusatol inhibits NRF2 in tumor xenografts and increases ra-
diosensitivity
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ined phosphorylation of CHK1 and ATR by western blot-
ting and formation of p-ATR foci by immunofluorescence.
Brusatol effectively reduced phosphorylation of CHK 1 and
ATR and formation of p-ATR foci (Figure 6A, C, and
D). Apoptotic cells in tumor xenografts were detected by
TUNEL assay after exposure to 8 Gy of y-rays for 6 h.
The percentage of apoptotic cells was 10.09% after treat-
ment with brusatol and IR, but only 4.58% upon treatment
with IR alone (Figure 6E and F). We also used this mouse
model to assess the anti-tumor effect of brusatol upon ex-
posure to IR. We found tumor size was reduced in the group
treated with brusatol and IR (Figure 6G and H), while body

weight did not significantly differ between the groups (Fig-
ure 61). These results demonstrate that inhibition of NRF2
effectively increases tumor radiosensitivity in vivo, poten-
tially through NRF2 activation of the ATR-CHKI1 signal-
ing pathway.

DISCUSSION

NRF2is a transcription factor that protects cells against ox-
idative, electrophilic, and other stresses. To maintain redox
homeostasis in cells exposed to radiation or drugs, NRF2
escapes from KEAP1-dependent repression and accumu-



lates in the nucleus (44). Recent reports showed that not all
NRF2 activity is ROS-dependent (21). Jayakumar ez al. re-
ported that the influence of NRF2 on radiosensitivity and
DNA repair is linked to its regulation of the mRNA level
of RADS51 and foci formation, and this function is inde-
pendent of its antioxidant activity (23). However, the de-
tailed mechanism by which NRF2 regulates the DNA re-
pair process was not understood. We first confirmed that
loss of NRF2 made cells hypersensitive to IR by measuring
colony formation and apoptosis in the presence of the ROS
scavenger NAC (Figure 1). This is probably a consequence
of defective DNA repair caused by loss of NRF2, which is
supported by our results of yH2AX and 53BP1 foci (Fig-
ure 1). We further demonstrated that NRF2 promoted HR
during the repair of DSBs (Figure 2). BRCA1 and RADSI
are important proteins for the regulation of HR (45,46), and
their mRNA levels are regulated by NRF2 (23,34,41). Con-
sistent with previous reports (23,33), NRF2 influenced the
protein levels of BRCA1 (Figure 4) and RADS1 (Figure 2).
NRF2 enhanced phosphorylation of BRCA1 and increased
formation of BRCA1 and RADSI foci (Figure 2), and de-
pletion of NRF2 significantly decreased the HR efficiency
in an HR efficiency reporter system, suggesting that NRF2
could promote HR. HR competes with NHEJ, especially
in S/G2 phases, but NHEJ] is the major repair pathway and
about 80% of DSBs are repaired by this process, irrespective
of whether cells are in G1 or S/G2 phase (47). Here we in-
vestigated the influence of NRF2 on HR but did not assess
the potential effect of NRF2 on NHEJ. The observed in-
creases in the percentage of apoptotic cells and the percent-
age of cells with micronuclei among NRF2-depleted cells
exposed to IR (Figure 1) may be only partially explained by
a decrease in HR efficiency. Although NRF2 did not obvi-
ously influence the total protein level of 53BP1 (Figure 4),
the effect on 53BP1 foci formation (Figure 2) is consistent
with previous reports that NRF2 promotes the rapid disap-
pearance of 53BP1-positive cells (34), implying a potential
link between NRF2 and NHEJ to be explored.

Cell cycle arrest is important for essential DNA repair
and preservation of genomic integrity. Activation of check-
point cascades allows cell cycle arrest, chromatin remodel-
ing, modulation of transcriptional programs, and activation
of DNA repair (4,48). Arrest in G2 phase, when homolo-
gous sister chromatids are present and there are increased
levels of critical HR proteins, preferentially induces HR,
which allows more accurate repair of DSBs than NHEJ (5).
Given the importance of NRF2 in HR, we next investigated
whether NRF2 affects cell cycle arrest. We revealed that
NRF?2 deficiency perturbed G2 cell cycle arrest induced by
DSBs (Figure 3), suggesting NRF2 functions as a cell cycle
regulator independently of its roles as an antioxidant and
a nuclear transcription factor. To further understand how
NREF?2 affects G2 cell cycle arrest, we examined the activa-
tion of ATR and ATM, two key kinases in the DDR, in the
presence or absence of NRF2. We found depletion of NRF2
greatly reduced the active forms of ATR, CHK1 and CDC2
in response to DSBs (Figure 4), implying ATR could be me-
diated the NRF2 function in cell cycle arrest.

ATR is a master regulator of the DDR in mammary
cells. In cells with DSBs, crosslinks, and those under repli-
cation stress, RPA coats ssDNA at the ends of DNA dam-
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age. ATR recognizes this RPA-coated ssDNA with its part-
ner protein ATRIP (49,50). Recruitment of ATR/ATRIP
to RPA-coated ssDNA is insufficient for its optimal activa-
tion, which requires activator proteins. Two activator pro-
teins, TopBP1 and ETAA1, have been reported (16,17,51).
Here, we showed that NRF2 is another potential acti-
vator of ATR and contains an AAD-like domain like
TopBP1 and ETAA1 (Figures 4 and 5). High expression
of ETAA1-AAD is sufficient to activate ATR (17). Consis-
tently, overexpression of NRF2 (1-338 aa), which contained
the AAD-like domain of NRF2, could activate ATR in cells
with DSBs, while the mutated AAD-like domain of NRF2
could not activate ATR effectively (Figure 5), indicating the
AAD-like domain of NRF2 may be critical for activation of
ATR. Importantly, we also show the interaction and colo-
calization of NRF2 with ATR (Figure 5), suggesting NRF2
may be another activator of ATR. But the details of interac-
tion between NRF2 and ATR need to be further clarified.
Although both TopBP1 and ETAAI are activators of ATR,
only TopBP1 is necessary to activate the CHK1 signaling
pathway and ETAA1 does not significantly affect CHK 1 ac-
tivation (16). Here, we found that NRF2 also activated the
ATR-CHKI1-CDC?2 signaling pathway like TopBP1 (Fig-
ure 4). The relationship of NRF2 and TopBP1 is unclear
and further work should determine whether NRF2 affects
TopBP1 in DNA damage response and repair process.

NRF2 is known as a nuclear transcription factor, and
previous reports have focused on its role in regulating tran-
scription of target genes. However, NRF2 is widely dis-
tributed in cells, and can bind to other proteins to have
other cellular functions. P21 was reported to bind directly
to NRF?2 by recognizing the DLG/ETGE motifs of NRF2
interfering with KEAP1 dependent NRF2 ubiquitination
(52). Recent data indicate that NRF2 indirectly promotes
activation of the AKT/p21 pathway by prompting SP1 re-
cruitment and platelet-derived growth factor A-(PDGFA-)
transcription (53). Studies also show that NRF2 binds to
BRCAT1 and Poly [ADP-ribose] polymerase 1 (PARP1), im-
portant proteins that regulate DNA damage repair (54,55),
which is further consistent with a role of NRF2 in DNA
damage repair. We observed interaction of NRF2 with ATR
at DNA damage sites and activation of the ATR-CHK1-
CDC2 signaling pathway, confirming a new function of
NRF2 in DNA damage repair.

NRF2 is generally considered to attenuate toxicities of
many carcinogenic factors by inducing the expression of a
series of detoxifying and antioxidative stress genes. NRF2
accumulation is crucial for the prevention of chemicals-
induced carcinogenesis (56-58). However, NRF2 overex-
pression in tumor cells is often responsible for radio- and
chemo-resistance (27,59). Its double-sided role in tumor
prevention and treatment remains to be explored and the
mechanisms remain ambiguous. To explore the role of
NRF2 in tumorigenesis and radiotherapy, we transplanted
A549 and AS549-NRF2KO cells into nude mice. However,
AS549-NRF2X0 cells did not form stable tumor xenografts.
This may be related to the role of NRF2 in driving cancer
progression and metastasis. Ren et al. found that brusatol,
a unique inhibitor of the Nrf2 pathway, enhances the effi-
cacy of chemotherapeutic drugs (60). Consistent with this,
we previously reported that brusatol increases the radiosen-



9122 Nucleic Acids Research, 2020, Vol. 48, No. 16

sitivity of cells in vitro (43). Thus, we treated A549 tu-
mor xenografts with brusatol to inhibit NRF2 and investi-
gated the subsequent response to DNA damage induced by
IR. Brusatol treatment increased radiosensitivity in tumor
xenografts due to insufficient activation of the ATR-CHK 1
pathway (Figure 6). Knockdown or inhibition of NRF2 was
previously reported to be an effective strategy for increasing
the radiosensitivity of cells by blocking NRF2-dependent
antioxidant responses (27,31). Here, we found that brusatol
increases the radiosensitivity of tumor xenografts by block-
ing the ATR-CHKI1 signaling pathway. Cancer cells are
particularly reliant on the ATR—CHKI1 pathway. Specific
inhibitors of this pathway were recently developed not only
as chemosensitizers and radiosensitizers but also as single
agents that can exploit the specific pathologies of tumor
cells (61). Our results demonstrate the effectiveness of us-
ing brusatol to inhibit both NRF2 and ATR and to combat
radioresistance, suggesting that NRF2 may be an effective
tumor treatment target.

In conclusion, we uncovered a new function of NRF2 as
an ATR activator to protect cells against DSBs in a man-
ner that is independent of its role in regulating transcrip-
tion and antioxidant defense. NRF2 deficiency resulted in
the impairment of G2 cell cycle arrest and homologous re-
combination repair, the enhanced levels of apoptosis and
micronuclei, and hypersensitivity of cells and xenografts to
IR, implying NRF2 may be a new regulator for preserving
genomic integrity.
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