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NRF?2 inhibition causes repression of ATM and ATR
expression leading to aberrant DNA Damage Response
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Abstract

Nuclear factor (erythroid-derived 2)-like 2 (NRF2) is a master regulator of the antioxidant response (AR) pathway
and functions as a transcription factor for basal and oxidative stress-induced expression of a battery of detoxification
enzymes and cytoprotective genes. Recent evidence has also demonstrated a role of NRF2 in driving resistance
of numerous cancers to chemotherapeutic agents. ATM and ATR are serine/threonine kinases that are activated
following DNA damage and function as central components of DNA Damage Response (DDR) pathway. Activities
of these kinases cause cell cycle arrest and activate DNA repair signals leading to cytoprotection against genotoxic
agents. In this study, we elucidated the roles of ATM- and ATR- dependent DDR and NRF2- mediated AR pathways
in promoting cytoprotection following cisplatin challenge in ovarian cancer cell line models. We also determined
whether these pathways were inter-dependent for full activation following genotoxic insults and as such demonstrated
crosstalk in their signaling mechanism to elicit cytoprotective pathways. Treatment with cisplatin caused NRF2
induction and generation of reactive oxygen species (ROS) that caused cytotoxicity in ovarian cancer cells. This
was attenuated by the ROS scavenger N-Acetyl cysteine, implicating NRF2 function in cytoprotection against
cisplatin. Treatment with retinoic acid (RA) caused down regulation of NRF2, disruption of AR pathway, significant
accumulation of ROS and enhanced cisplatin cytotoxicity. Interestingly, RA treatment also led to repression of total
ATM and ATR proteins and aberrant DDR activation following cisplatin challenge. In order to determine whether
the RA induced ATM and ATR repression was dependent on NRF2 inhibition, we silenced NRF2 using SiRNA.
This caused transcriptional repression of both ATM and ATR expression as determined by their promoter driven
luciferase assays. Thus, NRF2 inhibition led to DDR suppression by down-regulating ATM and ATR that led to
enhanced cytotoxicity. These findings demonstrate mechanism of crosstalk between the AR and the DDR pathways
and extend the scope of NRF2 in promoting cancer therapeutic resistance.
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Introduction

Nuclear factor (erythroid-derived 2)-like 2 (NRF2) is
a leucine zipper transcription factor encoded by the
NRF2 gene that is located on the long arm of human
chromosome 2 [1]. It is the master regulator of the
antioxidant response (AR) pathway for driving both basal
and oxidative stress-induced transcription of a battery of
detoxification enzymes and cytoprotective genes [2] as
well as other signal transduction pathways [1]. This is
achieved by heterodimerisation of NRF2 with small MAF
proteins and binding to some cis-acting factors called
Antioxidant Response Elements (AREs) or electrophile
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response elements (EpREs) within the promoters of these
genes [3, 4]. Under basal conditions, little free NRF2 is
available in the cytoplasm and for translocation to the
nucleus to drive the basal transcription of target genes.
Most of the remaining cytosolic NRF2 is held by KEAP1,
a cytoplasmic NRF2-binding adaptor and electrophiles
sensor protein, which tethers NRF2 for association with the
Cul3-based E3 ubiquitin ligase to promote its degradation
by the 26S proteasome [5]. Under oxidative stress or in
the presence of NRF2 inducers or activators, a number
of cysteine residues of KEAPI become oxidised to cause
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conformational changes in the KEAPI1 structure. This
allows NRF2 to escape from being targeted by the 26S
proteasomal degradation machinery and to accumulate in
the nucleus to further induce the transactivation of ARE-
containing genes in order to restore redox homeostasis [6].

NRF2 is a recognised player in cellular proliferation
and adaptation to reactive oxygen species and in driving
resistance of numerous cancers to chemotherapeutic
agents [7]. Importantly, NRF2 activation and KEAPI
inactivation mutations leading to permanent constitutive
adaptive activation of the NRF2 pathway are increasingly
observed in cancers [8, 9, 10] and other diseases [11,
12]. It is well known that several therapeutic strategies,
for example anticancer radiotherapy and chemotherapy,
largely depend on ROS manipulation to induce
cytotoxicity. More recently, there is a growing body of
evidence implicating NRF2 and ROS in the promotion of
cellular proliferation and therapeutic resistance in cancer
cells [13-17].

Exposure of proliferating cells to physical, chemical
or biological genotoxic stresses activates a cascade of
signalling events termed as the DNA Damage Response
(DDR). The DDR preserves genetic stability by detecting
DNA lesions, activating cell cycle checkpoints and
promoting DNA damage repair [18-21]. The common
denominator integrating these forms of genotoxic stresses
and eliciting the signalling cascade is increased production
of ROS as harbinger to DNA damage [22-27]. Chemical
agents such as drugs used in cancer chemotherapy are
also able to induce some form of DNA lesions [28].
While chemotherapy drugs which function as alkylating
agents, such as methyl methane sulfonate (MMS) and
temozolomide, attach alkyl groups to DNA bases, other
drugs such as cisplatin and psoralen, introduce covalent
links between bases of the same or different DNA strands
[29]. These insults trigger the DDR pathway, which is
primarily umpired by proteins of the phosphatidylinositol
3-kinase-like protein kinase (PI3KKs) family: Ataxia
telangiectasia mutated (ATM), Ataxia telangiectasia and
Rad3 related (ATR) and DNA dependent protein kinase
(DNA-PK). These are constitutively transcribed proteins,
which rapidly wundergo posttranslational activation
following DNA damage and replication errors [28, 30,
31]. Once activated, the ATM and ATR protein kinases
phosphorylate and in turn activate their downstream
substrates P53, checkpoint kinases (CHK1, CHK2) and
H2AX [32-34]. Checkpoint proteins arrest the cell cycle
transiently, P53 activation links the repair responses
with cell cycle progression and apoptotic pathway,
while H2AX focus formation at the DNA lesion recruits
important repair enzymes at the damaged site [35-37].
Checkpoint arrest could also activate enzymes involved
in apoptosis, permanently leading to cell senescence or
cell death [32]. The fate of cell depends on the pathway
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activated, which is decided by the extent of DNA damage.
[38, 39]. Thus DDR is a signal transduction pathway that
is coordinated to accord with other cellular activities
such as cell cycle progression and programmed death.
Activated ATR/ATM-regulated DNA damage response
pathway is observed in tumour cells during early cancer
cell progression and constrains tumour progression. High
levels of marker enzymes such as phosphorylated kinases,
ATM and CHKZ2, and phosphorylated histone H2AX and
P53 which are implicated in different DNA damage repair
pathways have been observed in early superficial lesions
and early invasive tumours, with low levels observed in
more advanced stages of urinary bladder [40].

Ovarian cancer cells have been shown to evolve

intricate mechanisms of cellular resistance towards both
ROS and DNA damaging agents as demonstrated by a
very robust antioxidant sensing and ROS neutralising
mechanisms as well as a highly efficient DNA repair
system [7, 41-44]. ROS can trigger DNA damage which
elicits ATM- and/or ATR-dependent signalling pathways
to control cell cycle progression, apoptosis, and DNA
repair, however how ATM and ATR are transcriptionally
controlled and then activated following ROS insults is not
fully understood. Although ATM deficiency is associated
with elevated cellular ROS, there is no evidence of a direct
integration node and a crosstalk between the cellular
ATM/ATR-dependent responses with NRF2-centred
adaptive system that regulates cellular ROS.
This study aims to investigate and identify direct crosstalk
between the NRF2 antioxidant response (AR) pathway
and ATM/ATR dependent DDR pathways following
genotoxic insults in order to determine their potential
interdependence to elicit repair responses and signalling
contribution culminating in cytoprotection. By utilising
transcriptional reporter assays, DDR and AR inhibition
strategies and analysing functional activation of AR
and DDR pathways following dose and time dependent
genotoxic insults, we have identified a node of functional
integration of the two pathways. We have demonstrated
that inhibition of AR leads to inefficient activation of
DDR and that this is as a consequence of transcriptional
repression of both ATM and ATR genes. Thus, this study
reveals a new mechanism of crosstalk between AR and
DDR pathways and as such opens up novel avenues of
targeting DDR and sensitisation of resistant ovarian
cancer cells by way of manipulating the AR pathway.

Materials and Methods

Cell lines, culture conditions and treatments

Human ovarian cancer cell lines PEOl and SKOV3
were maintained in RPMI media (Gibco® Invitrogen,
UK) supplemented with 10% foetal bovine serum (FBS),
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2 mM glutamine, 1 mM sodium pyruvate, 100 pg/ml
streptomycin and 100U/ml penicillin in an atmosphere
of 5% CO,. For Retinoic acid (RA) treatments, a stock
solution of 40mM was made in 100% ethanol in amber
eppendorf tubes pre-aired with nitrogen gas. Once the
stock solution was made, it was bubbled again with
nitrogen gas and closed, stored at -80°C protected from
light until further use. A final concentration of 2.5uM was
used for treatments. For reducing conditions, 100mM
N-Acetyl Cysteine (Sigma-Aldrich) was prepared in
deionised water and diluted to a final concentration of
10mM with media during treatments. Specific ATM
kinase inhibitor, KU60019 (Selleckchem, UK) was used
at a final concentration of 10uM. A freshly prepared
Cisplatin (Sigma-Aldrich) solution was made with PBS
in amber tubes and used within 24 hours (h) by diluting
to the required concentrations. 2’,7'-Dichlorofluorescin
diacetate (Sigma-aldrich) solution was made with
Dimethylsulfoxide in amber tubes to a concentration of
50mM and stored at -20°C in dark. For cytotoxicity assay,
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT) was used by making a stock solution of
Smg/mL in PBS and filter sterilising it. The solution was
stored at 4°C in dark until used.

Reactive Oxygen Species (ROS) detection

ROS detection assay was performed by using
2'7'-Dichlorofluorescin diacetate (DCFDA) staining
(Sigma-Aldrich). Briefly, cells were seeded at a density
of 0.2x10° cells/well of opaque flat bottom 96-well tissue
culture plates in 100pul media without phenol red and
allowed to grow for 18h. On the day of treatment, wells
were washed with pre-warmed PBS and 100puL of phenol
red-free media having the drugs at desired concentrations
were added to the required wells. Towards the end of
treatment period, stock solution of DCFDA was added
to each well containing 100uL pre-existing media to
achieve a final concentration of 25uM and incubated
for 45 minutes (min) at 37°C. Fluorescence signal
intensities indicating ROS levels were recorded by taking
readings using 96-well fluorescent multi plate reader
(MODULUS™, Promega) using excitation and emission
spectra of 485nm/535nm.

Protein extraction and immunoblotting

For immunoblotting, cells were seeded in 60mm tissue
culture plates and grown until 70% confluent. At the
time of protein harvest, cells were trypsinized (Gibco®
Invitrogen) and washed with PBS. Protein lysates
were prepared using RIPA buffer (Pierce Biotech)
supplemented with protease and phosphatase inhibitor
cocktail (Pierce Biotech) and subjected to sonication of
2 cycles for 10 seconds at 50% pulse. The final mixture
was shaken gently on ice for 15 min and the protein
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supernatant was obtained by centrifuging the lysates at
14000 g for 15 min. Proteins obtained were quantified
by Bradford assay (Sigma-Aldrich) using BSA as a
standard and sample buffer (Nupage LDS, Invitrogen)
was added to protein lysates, heated at 70°C for 20 min
and stored at -20°C until further use. Once the protein
lysates prepared, they were loaded into wells of 4-12%
gradient SDS-polyacrylamide gels (Nupage® Bis-Tris
gels, Life Technologies) and subjected to electrophoresis
at 200 Volts for 1-2h. Following this, proteins were
transferred to polyvinylidene difluoride membranes
(GE Amersham) using the XCell SureLock Mini-Cell
system (Invitrogen) at 50 Volts for 90 min and processed
using a commercially available kit (WesternBreeze™
Chromogenic Immunodetection Kit, Invitrogen). Non-
specific reactivity was blocked by incubation with the
blocking reagent supplied in the kit. Membranes were
further treated by incubating with primary antibodies
(Table 1) for 2 hours at room temperature or overnight
at 4°C, followed by incubation for 30 min at room
temperature with appropriate secondary anti mouse or anti
rabbit antibody supplied in the kit. Bands were visualized
with the BCIP/NBT based chromogenic substrate. For
loading control, immunoblotting of the same lysates was
performed using b-Actin antibody (Abcam Bioscience,
UK).

Table 1. Antibodies used in the study.

Antibody Host C}jfifbg;e Company
NRF2 Rabbit  Sc-722  Santa Cruz
Phospho NRF2 S-15 Rabbit ab76026 Abcam
ATM Rabbit ab32420 Abcam
ATR Rabbit ab10312 Abcam
Phospho ATM S-1981 Mouse ab36810 Abcam
Phospho ATR S-426 Rabbit 2853 CST
P53 Rabbit 2527 CST
Phospho P53 Mouse 9286 CST
Phospho Chk2 Rabbit 2197 CST
v-H2AX Rabbit 9718 CST
b-Actin Rabbit 1801 Abcam
‘:‘elce(’)‘r? dg‘;;’;ﬁﬁi(fg;j“gamd Rabbit ab150077  Abcam
?ef;‘j di‘;;;igisg;jugated Rabbit abl75471  Abcam
SAGI:;‘I? dg‘;;;ﬁgi:g;j“gated Mouse abl75473  Abcam
Alexa fluor 488 conjugated Mouse ab150117 Abcam

Secondary antibody
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Proliferation and cytotoxicity assays

Proliferation and cytotoxicity assays were performed using
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT). Briefly, cells were seeded at a density
of 0.5x10*cells in triplicates in complete media per well
in 96-well plate and allowed to attach for 18h. On the day
of treatments, old media was removed and 80uL of media
containing drugs at the desired concentrations were added
and the plate incubated for the required period of time.
On the day of assay, 20uL of the Smg/mL MTT stock
was added to each well and plate further incubated for 4h.
Following this, the old media with MTT was removed,
cells gently washed with pre-warmed PBS and 100uL
of DMSO added to solubilise the internalised MTT by
shaking over an orbital shaker for 15 min. Absorbance
of the released dye was measured and recorded using
multiplate reader (MODULUS™, Promega) at 540nm.

Luciferase reporter assays and cell transfection

For the analysis of promoter activities and transcriptional
regulation, the promoter regions of ATM and ATR
genes were cloned in PGL3 basic vector (Promega) to
generate promoter driven luciferase expression system for
utilisation in Dual Luciferase Reporter assays (Promega)
as described in [30]. Briefly, cells were seeded in 24 well
plates at a density of 2x10° cells per well and allowed to
attach for 18h. Following this, cells were either transfected
with 1ug of empty PGL3 basic vector (Promega) or PGL3
basic vector with 1kb cloned fragments of ATM or ATR
promoters driving the expression of luciferease gene using
Lipofectamine 3000 as transfection reagent according
to manufacturer’s instructions (Life technologies). Co-
transfection was also performed with 0.2pg of pRL-CMV
vector (Promega) to provide for an internal control of
transfection. Following this, cells were allowed to grow
for 24h, subjected to desired treatments, lysed and protein
lysates transferred to opaque white bottom 96-well plates.
The dual luciferase activity of fire fly luciferase (from
cloned promoters) and Renilla (internal control) in the
harvested lysates was measured sequentially by following
manufacturer’s instructions (Promega) and taking
luminescence readings in luminometer (MODULUS™,
Promega). To determine NRF2 dependent transcriptional
antioxidant response following different treatments, stable
clones of MCF7 cells carrying PGL3 vector with a cloned
8 copies of Cis-Antioxidant Response Elements (ARE)
reporter construct (AREc32) was used [45]. Briefly,
AREc32 was seeded in 96 well plates at a density of
1.5%10%cells per well and allowed to attach for 18h. Next
day, cells were washed with pre-warmed PBS and 100uL
of media containing the required treatments was added
and further allowed to incubate for the desired time period.
Towards the end of treatment, 100uL of the reconstituted
luciferase reagent (Bright Glo Luciferase, Promega) was
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added in each well containing 100puL of pre-existing
media and plate incubated at 37°C for 10 min. 80uL of
the cell lysate was transferred to opaque white bottom
96-well plate for luminescence detection in luminometer
(MODULUS™, Promega) while the remaining 20puL was
subjected to Bradford assay to estimate protein content for
the normalisation of luminescence signal. To determine
the transcriptional activity of NRF2 in PEO1 and PEO4
cell lines, basic PGL3 vector (Promega) containing
cloned ARE promoter elements was transfected into the
cell lines and subjected to Dual Luciferase reporter assay
(Promega) as described earlier.

SiRNA transfection

Small inhibitory RNA (SiRNA) was used to knockdown
NRF2 (Qiagen). For SiRNA transfection, cells were either
seeded in 24 well plates (0.5x10° cells), or 60mm plates
(0.5x10° cells) and allowed to grow for 18h. Following
this, cells were either co-transfected using 20pmol SiIRNA
and 1pg of different PGL3 promoter constructs (24 well
plate) or 75pmol and 100pmol SiRNA only (60mm plate)
and incubated for further 24h. Cells transfected in 24 well
plate were further processed for Dual luciferase assay as
described earlier while those in 60mm plate was subjected
to immunoblotting analysis. In all cases, transfection was
performed using Lipofectamine 3000 (Life technologies)
according to manufacturers instructions.

Enzyme Linked Immunosorbent Assay (ELISA)

ELISA was performed by seeding exponentially growing
cells in triplicates at a density of 1.5x10* cells in complete
media in opaque 96-well flat bottom plates and allowed
to attach for 18h. The next day, following relevant
treatments, cells were washed three times with ice cold
PBS, fixed in 3.5% paraformaldehyde in a standard PBS
at room temperature for 30 min. Following this, cells were
gently washed twice with 1 ml of PBS, permeabilized with
0.1% triton X-100 in PBS for 10min, and following three
washed with PBS, blocked with 1% goat serum, 1% bovine
serum albumin in PBS containing 0.05% Triton X-100 for
30 min. Cells were then incubated with relevant primary
antibody (Table 1) diluted in blocking solution overnight,
washed three times with 0.1% Triton X-100 in PBS for 5
min, and then incubated with either Alexa Fluor 488 or
568 conjugated goat anti-rabbit or anti mouse antibodies
(Abcam) for 1h. After subsequent washing three times
with the 0.1% Triton X-100 in PBS for 5 min, cover slips
with cells were mounted on slide using 4’,6-Diamidino-
2-Phenylindole, Dihydrochloride (DAPI)-containing
mounting reagent (Vectashield, Vector Laboratories).
Fluorescence signal intensities were quantified by taking
readings using relevant channels in multiplate fluorimeter
(MODULUS™, Promega). To normalise ELISA data of
fluorescence signal, cells in the same wells were stained
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with coomassie brilliant blue stain (SIGMA) for 1h,
washed and 10% SDS solution was added to release the
absorbed dye for 10min while shaking. The absorbance
values at 595nm were then recorded using multiplate
absorbance reader (MODULUS™, Promega) and data
used to normalise the fluorescence values of ELISA.

Statistical analysis

All statistical analysis were performed using statistical
software SPSS (IBM, version 22). Test for normality of
data was determined by Shapiro-Wilk and Kolmogorov
and Smirnov tests. The significance (p value) of
differences of pooled results was determined by either
independent t tests or One WAY ANOVA followed by
post hoc Tukey’s tests. Significance was defined as * = p<
0.05, ** = p<0.01, *** = p<0.001. Quantitative analysis
of raw immunoblots was performed by capturing the
immunoblot images in high resolution TIFF format files
using a charge-coupled-device camera (AxioCam MRc,
Carl Zeiss). Data were generally expressed as mean £+ S.D
for individual sets of experiments.

Results

Cisplatin induced cytotoxicity is partially relieved by

neutralising Reactive Oxygen Species (ROS)

Ovarian cancer cells have been documented to show
different degrees of resistance to cisplatin, which is
the main contributing factor for the development of
drug resistance in this type of cancer [46]. This has
been attributed to both enhancement of DNA repair
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efficiencies [47] and cellular antioxidant potential
[48]. Firstly, in order to identify differences in cisplatin
resistance in cell line models used here, we exposed
PEO1 and PEO4 ovarian cancer cell lines to varying
concentrations of cisplatin for 24h. Consistent with
previous reports [49], we found that PEO4 was more
resistant to cisplatin treatment at all the concentrations
of the drug tested (Fig. 1A). Part of the mechanism by
which cisplatin may cause cytotoxicity is the generation
of ROS [50]. On the other hand, ovarian cancer cells
have been shown to have very robust ROS sequestering
capacity [7]. Thus we next determined the role of
ROS as a contributing factor in cisplatin cytotoxicity,
which would implicate the involvement of antioxidant
pathway. We repeated the cisplatin treatments but this
time included the ROS neutralising agent, N-Acetyl
Cysteine (NAC) as well. We found that co-treatment
with NAC greatly reduced cisplatin cytotoxicity in
cell dependent manner demonstrating the involvement
of ROS in such cytotoxicity. The cytoprotective action
of NAC was more pronounced in PEO1 cell line than
PEO4 (Fig. 1B).

We next argued that ROS involvement in cisplatin
cytotoxicity might lead to engagement of the NRF2
mediated antioxidant response pathway. We found that
cisplatin treatment induced total NRF2 levels in both
cell lines, albeit, to different extents. PEO1 cells, which
exhibited greater cytotoxicity, also induced higher levels
of NRF2. In order to demonstrate whether the induction
of total NRF2 also leads to activation of its antioxidant
transcriptional program, we transfected the cells with
ARE-containing PGL3 vector driving the expression of
luciferase gene to report NRF2 mediated transcription.
Consistent with previous study [ 7], we found higher basal
NREF?2 transcriptional activity in PEO1 cells as compared
to PEO4. Cisplatin challenge caused significant induction
in both cells lines, however, higher induction was seen
in PEO1 (Fig. 2B). These initial findings demonstrated
the involvement of ROS in cisplatin cytotoxicity leading

Figure 1. Cisplatin treatment causes different degree of
cytotoxicity in PEO1 and PEO4 cell lines, which is partially
relieved by N-Acetyl Cysteine (NAC) treatment. (A)
Exponentially growing cells were seeded in 96 well plate in
triplicates and allowed to attach for 18h. Following that, cells
were either left untreated or treated with different concentrations
of Cisplatin for further 24h. MTT reagent was added at the end of
treatments and cells further incubated for 4h. The uptaken dye was
released by adding 100uL of DMSO, shaking the plate for 15min
and recording absorbance at 540nm using multiplate reader. Values
are means of three replicates normalised to untreated (UT) controls
expressed as 1. (B) Cells were seeded and subjected to different
concentrations of Cisplatin treatment for 48h but this time also
performing co-treatment with 20mM NAC to study the degree of
its cytoprotection using MTT assay. Values are means with + S.D of
triplicates obtained by normalising to the corresponding values of
cisplatin treatment alone at each concentration and expressed as 1.
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to engagement of antioxidant response pathway also
showing cell specific changes.

DNA Damage Response (DDR) pathway is intact

in ovarian cancer cells and is induced following
Cisplatin challenge

Cisplatin represents a central treatment modality for
ovarian cancer and its main action is via DNA damage
[46]. This could be via direct DNA binding and DNA
adducts formation [51] or generation of ROS, which
would further lead to DNA damage [50]. We next
examined key proteins involved in DDR pathway to see
which particular pathway is activated following cisplatin
in our cell line model. Additionally, we also looked
at phosphorylated NRF2, which is shown to represent
activation of NRF2 [52]. Firstly, both at basal and induced
states, PEO1 cell line showed higher levels of phospho
NRF2 consistent with Fig. 2 (Fig. 3) illustrating a basally

A PEO1

induced antioxidant pathway which is further activated
following challenge. Secondly, while there were higher
levels of basal and induced total and phospho P53 levels
in PEO1 as well, PEO4 cell on the other hand exhibited
higher levels of phospho ATM and phospho ATR. From
Fig. 3, it is clear that at the concentration of cisplatin
used here, ATM dependent DDR was activated while we
could not see any phospho ATR induction. Hence, the
phospho P53 induction seen could have resulted from
ATM activity rather than ATR. Finally, we looked at
v-H2AX levels in these cells. y-H2AX is a biomarker
of DNA damage [35] and we used it to assess the degree
of DNA damage sustained in the cell lines. Again, we
found higher basal and induced levels of y-H2AX in
PEOL1 cell line as compared to PEO4 possibly explained
by higher cell death seen in Fig. 1.

Altogether, these results revealed cell specific
degrees of cisplatin induced activation of ATM kinase
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Figure 2. PEO1 exhibits higher basal and Cisplatin induced levels of NRF2 protein and transcriptional
antioxidant response as compared to PEO4. (A) Immunoblotting analysis of constitutive and cisplatin
induced levels of total NRF2 protein in PEO1 and PEO4 ovarian cancer cell lines shows higher basal and
induced levels in PEO1. Exponentially growing cells were either left untreated (UT) or treated with SuM
Cisplatin for Sh. Following treatment, cells were harvested and protein lysates prepared and further processed
for immunoblotting as mentioned in materials and methods and using anti NRF2 primary antibody (Table
1). (B) Transcriptional activity of NRF2 at basal and induced states in PEO1 and PEO4 demonstrates higher
induction in PEO1. Exponentially growing PEO1 and PEO4 cells were transfected with either empty PGL3
basic vector or 1pg PGL3 basic vector with cloned NRF2 antioxidant response elements driving the expression
of luciferase gene. Co-transfection with 0.2ug pRL-CMV plasmid was performed as an internal transfection
control as described in the materials and methods. At 24h post-transfection, cells were either left untreated, or
treated with S5uM Cisplatin for 24h. Following treatments, lysates were prepared and luciferase activity was
measured using Dual luciferase reporter assay (Promega) in multiplate reader (MODULUS™, Promega). Inset
shows basal transcriptional activity of NRF2 in the two cell lines. Data are the means with + S.D of triplicates
with statistical significance calculated by Student’s 7 test according to the scale (* P <0.05, **P <0.01, ***P

<0.001).
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Figure 3. Cisplatin treatment induces ATM-dependent DNA damage response pathway in ovarian cancer
cell lines. Immunoblotting analysis of DNA damage response (DDR) proteins in PEO1 and PEO4 ovarian
cancer cell lines show cisplatin induced activation of DDR. Exponentially growing cells were either left
untreated (UT) or treated with SuM Cisplatin for 5h. Following treatments, cells were harvested and protein
lysates prepared and further processed for immunoblotting as mentioned in materials and methods and using

relevant antibodies (Table 1).

pathway as well as induction of phospho NRF2. This
also suggests that both DDR and antioxidant response
pathways are activated in these cancer cells.

Treatment with Retinoic acid (RA) inhibits
antioxidant response pathway in ovarian cancer cells
In the previous section, we found that cisplatin treatment
engaged both DDR and antioxidant response pathway.
To further study this activation and determine whether
such activation is interdependent and if there exists
any co-regulatory mechanism, we either individually
inhibited each pathway or co-inhibited them, repeated
cisplatin treatment and examined the resulting protein
expression, ROS levels and NRF2 transcriptional
antioxidant response pathway. Previous studies have
shown the inhibitory nature of RA on NRF2 [53]. We
found that RA indeed repressed both total and phospho
NRF2 protein levels (Fig. 4A). Additionally, RA further
disrupted cisplatin-induced activation of these proteins,
albeit more profoundly in PEOI.
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In order to examine whether such cisplatin induced
activation of NRF2 results in elevation of ROS, we
performed an ROS quantitation assay on stable clones
of MCF7 cells stably expressing 8 X cis-elements of
antioxidant response to drive the expression of luciferase
gene (AREc32, see methods). We found that 2.5uM
RA significantly enhanced ROS levels at most of the
cisplatin concentration assayed (Fig. 4B). Finally, using
AREc32, we exposed cells to either RA or KU60019, a
specific ATM kinase inhibitor (KU), or its combination
and performed luciferase assay to measure the degree of
NRF2 dependent transcription of antioxidant response
genes. Firstly, we found that RA treatment significantly
inhibited the antioxidant response in both absence and
presence of cisplatin. Secondly, inhibition of ATM kinase
alone did not significantly alter the antioxidant response
as compared to UT control. Finally, the combination
treatment using both RA and KU could not further
inhibit antioxidant response as compared to RA alone
(Fig. 4C), suggesting that while antioxidant response did
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Figure 4. Retinoic acid (RA) treatment causes inhibition of NRF2-dependent antioxidant response in ovarian
cancer cells. (A) RA causes repression of both constitutive and cisplatin induced protein levels of total and phospho
NRF2. Exponentially growing cells were either left untreated (UT), treated with 2.5uM RA or 2.5uM and 5pM
Cisplatin for 5h. Following treatments, cells were harvested and protein lysates prepared and further processed for
immunoblotting as mentioned in materials and methods and using relevant antibodies (Table 1). (B) Cisplatin treatment
causes dose dependent increase in reactive oxygen species (ROS), which is significantly further enhanced by co-
treatment with RA. AREc32 cell line, stably expressing 8 x Cis-antioxidant response elements were seeded in triplicates
in opaque flat bottom black walled 96-well plates for 18h and later treated with either different doses of cisplatin alone
or in combination with retinoic assay for 24h. Following this, cells were assayed for total ROS by loading cells with
DCFDA for 45min and measuring fluorescence using fluorescence multiplate reader (MODULUS™, Promega) with
excitation and emission spectra of 485nm/535nm. The fluorescence reading recorded from each well was normalised
to total cell abundance within the same wells as described in materials and methods (C) RA causes repression of
NRF?2 transcriptional antioxidant response. AREc32 cells were seeded in 96-well plates for 18h and exposed to either
2.5uM RA, 10uM KU60019 or their combination for 24h. Following this, cell lysates were prepared and processed for
measuring luciferase activity by using Bright Glo™ Luciferase assay kit (promega) and recording data in multiplate
reader (MODULUS™, Promega). The luminescence signal recorded from each well was normalised to the total protein
content within same wells as described in material and methods. For (B) and (C) data are the means with £ S.D of
triplicates with statistical significance calculated by Student’s # test according to the scale (* P <0.05, **P <0.01, ***P
<0.001).

not require ATM kinase activity, RA caused repression
of phosphorylated and total NRF2, elevated ROS levels
and inhibited antioxidant transcriptional program (Fig.
4).

RA induced inhibition of NRF2 causes repression of
DDR pathway

Previous section demonstrated that while RA treatment
disrupted the NRF2 dependent antioxidant response
pathway, ATM inhibition was ineffective. Hence, next, we
wanted to determine the consequences of NRF2 inhibition
on DDR pathway instead, in order to investigate any co-
regulation of the DDR pathway by NRF2. We found that
RA treatment caused repression of both total ATM and
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ATR levels (Fig. 5) in both PEO1 and PEO4 cell lines.
ATM and ATR are subject to autophosphorylation [54,
55]. Downregulation of these proteins hence suggested
repression of their active phosphorylated forms too.
Indeed, phospho ATM S1981 and phospho ATR S 426
were consistently found repressed upon RA treatment.
As expected, their downstream substrate, P53 similarly
exhibited reduced levels of phosphorylation following
RA treatment. These interesting results demonstrated that
inhibition of NRF2 protein caused inhibition of DDR
pathway and downregulation of total ATM and ATR
proteins. This further implicated that both antioxidant
response and DDR pathways might be subjected to co-
regulatory mechanisms.
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Figure 5. RA treatment causes repression of DDR proteins. Immunoblotting analysis of DDR proteins
following RA treatment shows repression total and phosphorylated levels of ATM and ATR and phospho P53.
Exponentially growing cells were either left untreated (UT) or treated with 2.5uM RA or 2.5uM RA + 5pM
Cisplatin for 5h. Following treatment, cells were harvested and protein lysates prepared and further processed
for immunoblotting as mentioned in materials and methods and using relevant primary antibodies (Table 1).

We further extended our investigation of the role of RA
in DDR repression and performed whole cell ELISA on
PEO4 cells previously exposed to different concentration
of cisplatin (Fig. 6). This was done to determine whether
RA can cause disruption of drug induced DDR activation
and whether this disruption is independent of concentration
of cisplatin used. Firstly, we found that treatment with RA
alone significantly repressed total ATM levels in whole
cell ELISA, consistent with previous immunoblotting
result (Fig. 6A). While treatment with different doses of
cisplatin caused dose dependent oscillation in total ATM
levels, addition of RA with cisplatin caused repression as
compared to each dose of cisplatin alone. Addition of KU
to cisplatin on the other hand did not alter protein levels
as compared to cisplatin only. Cisplatin treatment showed
dose dependent induction of both total NRF2 (Fig. 6B)
and phospho NRF2 (Fig. 6C). Consistent with Fig. 4, RA
treatment alone downregulated total NRF2 levels, however
in ELISA, such downregulation was not significant (Fig.
6B). Furthermore, while phospho NRF2 was inhibited
by RA treatment, it was not significant (Fig. 6B). ATM
kinase inhibition again failed to repress cisplatin induced
pNRF2 activation at most of the cisplatin concentrations
tested (Fig. 6C). This indicated that while repression of
antioxidant pathway led to inhibition of DDR, inhibition
of ATM on the other hand, did not alter phospho NRF2
induction following cisplatin challenge.

Upon finding the repression of DNA damage induced
DDR by NRF2 inhibition, we furthered our study and
investigated the kinetics of DDR pathway induction
following time course treatment with cisplatin with or
without NRF2 inhibition. We also did co-treatments
with KU to examine how the DDR induction changes
with such treatment in both PEO1 and PEO4 cell line
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(Fig. 7A) (Fig. 7B). In these experiments, we looked
at phospho ATM, phospho Chk2, phospho P53 and
v-H2AX levels at different time points of treatment with
SuM cisplatin.

First of all, in both cell lines, treatment with RA alone
reduced levels of phospho ATM, consistent with repression
of total ATM seen in Fig. 6, phospho Chk2, phospho P53
and y-H2AX (Fig. 7). However, as expected, there was
more significant repression following KU treatment, which
directly inhibits ATM kinase activity. Following cisplatin
challenge, there was time dependent alteration in phospho
ATM and induction in phospho P53 and y-H2AX levels in
both cell lines. While the inductions in the proteins were
in oscillatory manner, such oscillations was not seen in
phospho Chk?2 levels in either of the cell lines. Strikingly,
inhibition of NRF2 by co-treatment with RA repressed
DDR protein induction at most of the time points tested.
Finally, and as expected, inhibition of ATM kinase activity
repressed phospho ATM levels at all the time points
demonstrating its autophosphorylation mechanism. This
caused repression of all the tested phosphorylated DDR
substrates in both cell lines indicating the role of ATM
kinase activity in their full induction.

These findings convincingly demonstrated that RA
mediated NRF2 antioxidant pathway repression leads to
an ineffective DDR pathway following cisplatin challenge
both at different concentrations and for different time
points of treatment.

Knockdown of NRF2 causes transcriptional
repression of ATM and ATR kinases

In the current study we found that inhibition of NRF2
mediated antioxidant pathway led to repression of DDR
signaling (Fig. 7) and downregulation of total ATM and
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Figure 6. RA treatment alters dose dependent cisplatin-induced changes in total ATM, NRF2 and pNRF2 levels.
(A) 2.5uM RA treatment causes significant protein repression of total ATM and influences cisplatin induced changes.
Whole cell ELISA was carried out by seeding PEO1 cells in s opaque flat bottom black walled 96-well plates quadruplet
for 18h. Following this, cells were either left untreated, treated with 2.5uM RA, or 10uM KU or different doses
of cisplatin only, cisplatin with 2.5uM RA or cisplatin with 10uM KU. After a further 24h incubation, cells were
processed for ELISA using primary ATM antibody followed by Alexa fluor 488-conjugated secondary antibody (Table
1) or primary NRF2 antibody and Alexa fluor 488-conjugated secondary antibody (B) or primary phospho NRF2 S-40
antibody and Alexa fluor 568-conjugated secondary antibody (C). For (A), (B) and (C), the fluorescence signal was
measured using fluorescent multiplate reader MODULUS™, Promega) using relevant fluorescence channels. Data was
normalised to total cell abundance from the same well as described in materials and methods. Values are means with +
S.D of quadruplet readings normalised to the untreated controls (UT) expressed as 1 in the left panels with statistical
significance calculated by ONE WAY ANOVA followed by Tukey’s post hoc test according to the scale (* P <0.05, **P

<0.01, ***P <0.001).

ATR protein levels (Fig. 3). In order to understand the
actual mechanism of ATM and ATR protein repression, we
utilised 1kb upstream promoter regions of ATM and ATR
genes cloned to drive luciferase gene expression for their
transcriptional analysis using luciferase expression system
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(see materials and methods).

First of all, we saw significantly more expression of
both ATM (Fig. 8A) and ATR (Fig. 8B) in PEO4 cell
line as compared to PEOI. This was consistent with
their total protein levels (Fig. 3). Interestingly, SIRNA
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Figure 7. Time course treatment with Cisplatin shows time-dependent induction of DDR pathway, which is disrupted by co-treatment
with RA. PEOL1 cell line (A) and PEO4 cell line (B) exhibited RA dependent repression in DDR induction following treatment with SuM
Cisplatin for different time points as indicated. Cells were seeded in quadruplets in opaque flat bottom black walled 96-well plates and allowed
to attach for 18h. Cell were either left untreated, or treated with either 2.5pM RA, 10uM KU for 24h or 5uM Cisplatin with either co-treatment
of 2.5uM RA or 10uM KU for different time points as indicated. pATM S-1981 and pChk2-T68 were sequentially detected in same wells using
Alexa fluor 488 and Alexa fluor 568 conjugated secondary antibodies respectively while pP53 and y-H2AX were sequentially detected in same
wells using Alexa fluor 488 and Alexa fluor 568 conjugated secondary antibodies respectively following relevant primary antibody incubations
(Table 1). The fluorescence signal was measured using fluorescent multiplate reader (MODULUS™, Promega) using relevant fluorescence
channels. Data was normalised to total cell abundance from the same well as described in materials and methods. Values are means with + S.D
of quadruplet readings. Insets show normalised data to the untreated controls (UT) expressed as 1 with statistical significance calculated by
ONE WAY ANOVA followed by Tukey’s post hoc test according to the scale (* P <0.05, **P <0.01, ***P <0.001).
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Figure 8. SIRNA-mediated knockdown of NRF2 results in downregulation of ATM and ATR transcription. (A) PEO4 cell line exhibits
higher basal transcription of ATM while knockdown of NRF2 results in repression of ATM expression in both PEO1 and PEO4 cells.
Exponentially growing PEO1 and PEO4 cells were seeded in 24 well plates and transfected with either empty PGL3 basic vector or 1ng PGL3
basic vector with cloned 1kb fragment of upstream ATM promoter region (prATM) driving the expression of luciferase gene. Co-transfection
with 0.2ug pRL-CMV plasmid was performed as an internal transfection control as described in the materials and methods. Where required,
co-transfection with SIRNA targeting NRF2 (NRF2i) was performed using 20pmol SiRNA as described in materials and methods. At 24 h post-
transfection, cells were either left untreated, or treated with SuM Cisplatin for 24h. Following treatments, lysates were prepared and luciferase
activity was measured using Dual luciferase reporter assay (Promega) in multiplate reader (MODULUS™, Promega). (B) PEO4 cell line
exhibits higher basal transcription of ATR while knockdown of NRF2 results in repression of ATM expression in both PEO1 and PEO4 cells.
Same procedure performed as in (A) using 1kb fragment of upstream ATR promoter region (prATR) driving the expression of luciferase gene.
In (A) and (B), data are the means with = S.D of triplicates with statistical significance calculated by Student’s # test (upper panels) or ONE

WAY ANOVA (lower panels) Tukey’s post hoc test according to the scale (* P <0.05, **P <0.01, ***P <0.001).

mediated knockdown of NRF2 resulted in repression of
both ATM and ATR expression below basal levels and
this repression was more pronounced in PEO1 cell line.
Cisplatin treatment alone also resulted in repression of
ATM and ATR transcription whereas combination of
NRF2 knockdown and cisplatin together, in most cases,
did not further repressed the transcriptional activities of
ATM and ATR promoters.

These experiments explained the repression of total
ATM and ATR protein levels following NRF2 inhibition
seen in western blotting and suggested a transcriptional
regulation of these kinases by NRF2. Since NRF2 is a
transcription factor itself, it may directly bind to ATM
and ATR promoter regions and repress their expression,
or via indirect means, whereby, it might transcribe
another protein, that in turn might regulate ATM and
ATR transcription. To test these possibilities, more
studies are needed to confirm the presence of NRF2 on
ATM and ATR promoters.

Abnormal DDR signalling caused by NRF2 inhibition
leads to enhanced cisplatin cytotoxicity in ovarian
cancer cell lines

Transcriptional regulation of ATM and ATR by NRF2
and the fact that NRF2 inhibition led to transcriptional
repression of these important DDR kinases provides
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an important strategy for sensitisation towards agents
that otherwise activate ATM and ATR to induce repair
pathways. To confirm this proposition, we exposed
cells to different concentration of cisplatin but with co-
treatments with either RA, or KU or their combination in
PEO1 and PEO4 cell line (Fig. 9). First of all, we found
that inhibition of ATM pathway with KU increased
cisplatin cytotoxicity in both cell lines. However, a
relatively greater sensitisation was seen in PEO4 cell
line than PEO1 as compared to corresponding cisplatin
treatments alone. Importantly, RA co-treatment greatly
enhanced cisplatin cytotoxicity in both cell lines resulting
in lower cell survival at all concentrations of cisplatin in
comparison with cisplatin treatments alone or cisplatin
and KU co-treatment. Interestingly, a combination
of RA and KU treatment did not further enhance
cisplatin cytotoxicity as compared to RA treatment
alone (Fig. 9). These important results demonstrate
that RA treatment, which was shown to repress NRF2
protein and disrupt the antioxidant response pathway,
leads to downregulation of ATM and ATR, aberrant or
insufficient DDR signalling, and greater cytotoxicity to
cisplatin challenge even in those cells lines, which are
otherwise resistant to cisplatin. As such, this strategy
represents a novel avenue by which ovarian cancer cell
resistance could be reversed.
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Figure 9. Inhibition of NRF2-dependent antioxidant response sensitises ovarian cancer cells to Cisplatin
challenge. Exponentially growing cells were seeded in 96 well plate in triplicates and allowed to attach for 18h.
Following that, cells were either treated with different concentrations of Cisplatin alone or cisplatin with either 2.5uM
RA, 10uM KU or their combination for 24h. MTT reagent was added at the end of treatments and cells further incubated
for 4h. The uptaken dye was released by incubation with 100uL of DMSO while shaking for 15min and recording
absorbance at 540nm using multiplate reader (MODULUS™, Promega). Insets show fold change in survival relative to
untreated cells (UT) following 2.5uM RA only, 10pM KU only, or their combination for 24h. Values are means with +
S.D of triplicates with statistical significance calculated by Student’s # test according to the scale (* P <0.05, **P <0.01,

**4P <0.001).

Discussion

Ovarian cancer cells have evolved robust inherent
mechanism of cellular resistance towards both ROS and
DNA damaging agents as demonstrated by a very effective
antioxidant sensing and ROS neutralising mechanisms as
well as a highly efficient DNA repair system [7, 41-44,
56]. ROS can trigger DNA damage that elicits ATM- and/
or ATR-dependent signalling pathways to control cell
cycle progression, apoptosis, and DNA repair. However,
the manner by which ATM and ATR are transcriptionally
controlled and then activated is not fully understood.
Furthermore, while direct DNA damage induced ATM/
ATR activation and DNA repair mechanism have got
greater attention, therole of ROS in activating these kinases
independent of DNA damage is less well clear. Although,
ATM deficiency is associated with elevated cellular ROS,
there is no evidence of a straight and a direct crosstalk
between the cellular ATM/ATR-dependent responses of
the DDR pathway with NRF2 of the AR pathways.

In this study we investigated the possibility of direct
crosstalk between the NRF2 and the ATM/ATR pathways
by analysing the direct functional interplay between
AR and DDR pathways in a model of PEO1 and PEO4
ovarian cancer cell lines. These cell lines are more or less
isogenic as they were isolated from a patient with ovarian
adenocarcinoma at different stages of treatment. PEOI
cell line was isolated from malignant pleural effusions of
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the patient prior to treatment with cisplatin, 5-florouracil
and chlorambucil, while PEO4 was isolated after the
patient had developed resistance to these drugs [49].

Increased DNA damage repair has been implicated in
the resistance of PEO4 to cisplatin [44, 58] and we have
recently shown both PEO1 and PEO4 to have robust
antioxidant sensing and sequestration mechanisms due to
high level activated AR pathway [7]. The DDR and the
AR pathways have both been linked with mechanisms
of cisplatin resistance in ovarian cancer cells [41, 42, 44,
58, 59]. It is conceivable that these two pathways work
concertedly to reduce the susceptibility of ovarian cancer
cells to cisplatin. This is based on the premise that while
ROS induced AR pathway will remove ROS, parallel
activation of DDR pathway would still be required to repair
the incurred DNA damage by ROS before its removal. To
ascertain if these two pathways do crosstalk directly, the
expression levels of protein of the AR and DDR pathways
were assessed and compared with the transcriptional and
posttranslational regulatory relationship between the
proteins constituting these pathways.

Initial findings demonstrated the involvement of
ROS and the engagement of AR pathway in cisplatin
cytotoxicity in both PEO1 and PEO4 in a cell specific
manner. We found that co-treatment of cells with NAC
greatly reduced cisplatin cytotoxicity demonstrating
the involvement of ROS in such cytotoxicity. The
cytoprotective action of NAC was more pronounced in
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PEOL1 cell line than PEO4 (Fig. 1B), suggesting PEO1
to be either more oxidatively stressed than PEO4 or that
PEO4 had greater inherent potential and propensity to
overcome oxidative stress as compared to PEO1. This is
supported by the observation that under both basal and
cisplatin-induced states, PEO1 cell line showed higher
levels of phospho NRF2 (Fig. 3) illustrating constitutively
induced AR pathway, which was further activated
following cisplatin challenge. Further, there were higher
levels of basal and cisplatin-induced total and phospho
P53 levels in PEO1 whereas, PEO4 cell exhibited higher
levels of phospho ATM and phospho ATR. From Fig. 3,
it is clear that at the concentration of cisplatin used, ATM
dependent DDR was activated while we did not see any
phospho ATR induction. Thus, the observed phospho
P53 induction is likely and directly attributable to ATM
activity rather than ATR, although ATR may be indirectly
involved via contribution to the maintenance of phospho
ATM [60]. Higher basal and cisplatin-induced levels of
v-H2AX were detected in PEOI cell line as compared to
PEO4 (Fig. 3), which is in consistence with the observed
levels of phospho P53. This gives further support to our
earlier assertion that PEO1 is either more oxidatively
stressed than PEO4 or that PEO4 is more resistant to
oxidative stress than PEOI. It is also indicative of the
increased DNA repair capacity ascribed to PEO4 [44, 58].
Altogether, these results revealed cell specific degrees of
cisplatin-induced activation of ATM kinase pathway as
well as the induction of phospho NRF2, suggesting that
both DDR and AR pathways are concurrently activated in
these cancer cells.

Next, we used pharmacological inhibition to further
delineate the concurrent activation of both DDR and AR
pathways in these cancer cells. It appears that AR does
not absolutely require ATM kinase activity for activation.
Contrarily, RA caused repression of both phosphorylated
and total ATM, inhibited the DDR pathway and elevated
ROS levels (Fig.4and 5). These interestingly demonstrate
that inhibition of NRF2 protein (Fig. 4) causes inhibition
of DDR pathway and downregulation of total ATM and
ATR proteins (Fig. 5), suggesting that both the AR and
the DDR pathways might be subjected to co-regulatory
mechanisms. Moreover, cisplatin treatment showed a
dose dependent induction of both total NRF2 (Fig. 6B)
and phospho NRF2 (Fig. 6C). Consistent with fig. 4, RA
treatment alone significantly downregulated total and
phospho NRF2 levels and ELISA further confirmed such
downregulation (Fig. 6B). ATM kinase inhibition on the
other hand, again failed to repress the cisplatin-induced
phospho NRF2 activation at most of the cisplatin
concentrations tested (Fig. 6C). Thus, while repression
of AR pathway by RA led to inhibition of DDR, the
inhibition of ATM again did not alter the induction of
phospho NRF2 following cisplatin challenge.
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Inhibitory action of RA on ATM and ATR activity
also led to aberrant DDR induction following cisplatin
challenge as demonstrated by reduced levels of DDR
substrates phospho Chk2, phospho P53 and y-H2AX
(Fig. 7). However, as expected, there was more significant
repression following KU treatment, which directly inhibits
ATM kinase activity.

Interestingly, SIRNA mediated knockdown of NRF2
resulted in the repression of both ATM and ATR expression
below constitutive levels and this repression was more
pronounced in PEO1 cell line. Cisplatin treatment alone also
resulted in the repression of ATM and ATR transcription
(Fig. 8), which opens up the possibility of the existence
of threshold levels and activation induced repression
mechanisms [38]. Indeed combination of NRF2 SiRNA
and cisplatin did not further repress the transcriptional
activities of ATM and ATR promoters. These experiments
thus explained the repression of total ATM and ATR protein
levels and aberrant DDR following NRF2 inhibition seen in
western blotting by suggesting transcriptional mechanism
of regulation of these kinases by NRF2.

NRF2 is a transcription factor which may directly
bind to ATM and ATR promoter regions and drive their
expression. Bioinformatics analysis of our cloned ATM
and ATR promoter regions suggested the presence of
some putative AREs within, however more studies are
needed to confirm the presence of NRF2 on ATM and
ATR promoters. Another possibility is by indirect means,
whereby, NRF2 might transcribe another protein that in
turn regulates ATM and ATR transcription.

In conclusion, our current study provides a novel
role of NRF in the transcriptional regulation of ATM
and ATR. NRF2 inhibition led to transcriptional
repression of these important DDR kinases and as such
provides an important strategy for cellular sensitisation
to overcome agents that otherwise activate ATM and
ATR to induce DNA repair pathways. The repression
of NRF2 protein and the disruption of the AR pathway
leads to downregulation of ATM and ATR, aberrant or
insufficient DDR signalling, and greater cytotoxicity to
cisplatin challenge even in cisplatin resistant cells lines.
As such, this represents a novel strategy to reverse and
overcome ovarian cancer cell resistance to therapeutic
agents. It has better our knowledge and understanding of
cellular response to oxidative stress and a feasible novel
avenue of treating other oxidative stress disorders, in
addition to cancers.
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