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Abstract

Background: Nuclear factor erythroid 2-related factor 2 (NRF2) is a transcription factor that
is indicated to be an important component in promoting cancer metastasis. Accordingly, the
role of the transcription factor has been investigated in diverse types of aggressive cancer.
However, a comprehensive identification of NRF2 functions in metastatic breast cancer is

rather limited despite being one of the leading causes of death worldwide.

Objective: This study aims to identify NRF2 binding sites in 66cl4 murine metastatic breast
cancer cell line by chromatin immunoprecipitation sequencing (ChlP-seq) to contribute to the

understanding of how NRF2 contributes to aggressive breast cancer development.

Results: The genome-scale investigation was conducted with 66¢l4 NT cells that constitutively
express NRF2 and 66cl4 NRF2 KD cells that are depleted in NRF2. The ChIP procedure was
initially optimized to suit the biological conditions of the 66cl4 cell line. The tailored method
produced six biological ChIP replicates where five were selected for high throughput
sequencing following quality control. Grouped samples were pooled for bioinformatical
analyses which enriched 94 significant ChlP-seq peaks in NRF2 antibody precipitated-66cl4
NT samples whereas only one peak was detected in 66¢cl4 NRF2 KD 3B7. A total of 40 known-
NRF2-regulated genes were identified in vicinity of 35 peaks, while the remaining 59 have not
been previously identified. Selected peaks were validated using ChIP-gPCR. The results

indicate a possible finding of novel NRF2-binding sites in 66¢l4 cells.

Discussion: The 94 ChlP-peaks are NRF2-binding sites with both known and novel NRF2-
targeted genes located in proximity. This was additionally verified as majority of the peaks
were positioned in intronic and intergenic regions which are in line with large-scale
transcription factor-binding site studies. Intriguingly, the present study shows that NRF2 are
involved in extensive set of functions such as drug metabolism, multi-drug resistance, heme
homeostasis and local immune microenvironment through regulating its target genes. Several
of the genes were further identified to be linked with metastatic breast cancer. These results

extend upon existing evidence to the complex role NRF2 takes in breast cancer.
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1 Introduction

1.1 Dysregulated NRF2 activity in cancer

Cancer was newly diagnosed in approximately 19.3 million cases and caused almost 10.0
million deaths worldwide in 2020 [1]. Although novel diagnostic and therapeutic measures are
continuously advancing, there are still urgent needs for improvement. Cancer is a complex
disease which can be initiated by various types of genetic alterations in somatic or germline
cells caused by either endogenous or exogenous DNA damaging agents/genotoxic compounds
[2, 3]. Cancer is also characterized with tumor heterogeneity which the same type of cancer in
different patients consists of a distinct set of mutations which can lead to individual progression
and responses against the same treatment [4]. Thus, analyzing cancer genomes in a detailed
picture are essential for understanding oncogenic mechanisms and ultimately improving

patients’ lives.

Ever since the completion of the Human Genome Project, the next-generation sequencing
(NGS) technology has improved tremendously and has been applied in cancer-genome
sequencing projects worldwide [5]. For instance, the ICGC/TCGA Pan-Cancer Analysis of
Whole Genomes Consortium has analysed 2,658 whole cancer genomes across 38 types of
cancer revealing new mutational discoveries [6]. Various sequencing studies have delivered
stratified data on numerous types of mutations and is providing insight on detailed genomic

diagnosis, prediction of cancer progression and probability of responding to existing treatments
[71.

Some projects have additionally identified dysregulated transcription factor (TF) activity
incited by genetic modifications which play a key role in diverse types of cancers [8]. Genetic

14



alterations in approximately 290 TFs have been found to be involved in oncogenic progression
[9]. Among them is the nuclear factor erythroid 2-related factor 2 (NFE2L2), also called NRF2

[10].

NRF2 is a TF encoded by the NFE2L2 gene which responds against oxidative stress by binding
to antioxidant response elements (ARES) and initiates expression of phase II detoxification
enzymes [11]. Phase II enzymes mainly have cytoprotective roles against oxidants or toxic
compounds by performing conjugating reactions [12]. While it has been found that phase 11
enzymes play an important role in cancer prevention, there has additionally been findings that
disrupted NRF2 can inversely promote cancer growth [13]. Multiple genomic sequencing
studies have made progress in revealing the NRF2-mechanisms in various cancers. A project
which conducted chromatin immunoprecipitation (ChIP) followed by massive parallel DNA
sequencing (ChlP-seq) with non-small-cell lung carcinoma cell line discovered a NRF2-
regulated focal adhesion pathway which contributes to metastasis [14]. Another ChIP-seq study
reported cytoprotective and metabolic functions of NRF2 in mouse hepatoma cell line [15].
Nevertheless, comprehension of NRF2 pathways in cancer is still unclear. Hence, further

investigation on possible genetic alterations of dysregulated NRF2 pathway in cancer is needed.

1.2 The NRF2 pathway

NRF2 is a cap’n’collar basic leucine zipper TF expressed in various tissues and promotes the
expression of cytoprotective genes against electrophilic or oxidative stress [16]. However,
NRF2 levels are low in healthy conditions due to regulation by Cullin 3 (CUL3) E3 ubiquitin
ligase complex and its adaptor subunit Kelch-like ECH-associated protein 1 (KEAP1) in the
cytoplasm (Figure 1. A) [17, 18]. KEAPL1 functions as a redox sensor and a NRF2 repressor

while CUL3 is a E3 ubiquitin ligase which together mediates the NRF2 ubiquitin-proteasome
15



pathway [19, 20]. In these basal states, NRF2 is bound to the Kelch domain of KEAP1
homodimer in a “Hinge and Latch” method with its NRF2-ECH homology 2 (Neh2) domain
which consists of two binding sites referred as ETGE (hinge) and DLG (latch) motifs with each
distinctive binding affinities (high and low, respectively) [21]. Interaction via both motifs
ensures tight regulation of NRF2 by KEAP1. Subsequently, seven lysine residues located
between the two motifs in NRF2 are targeted by KEAP1-CUL3 complex for poly-
ubiquitination ultimately leading to degradation by 26S proteosomes (Figure 1. A) [17]. Other
than KEAP1-CUL3 mediated pathways, there are additional complexes such as B-transducin
repeat-containing protein (B-TrCP)-CULL1 which also participates in the NRF2 degradation
pathway. However, KEAP1-CUL3 is known to be the predominant proteins of the process
whereas B-TrCP-CULL1 is supplementary [22].

On the contrary, once the cell is exposed to reactive oxygen species (ROS) or stress-inducing
chemicals, NRF2 dissociates from the KEAP1-CUL3 complex (Figure 1. B) [23]. This occur
in different ways. Cells can respond to oxidative stress by oxidation of thiol groups of cysteine
residues in KEAP1 such as C (Cysteine)151, C273, C288 and release NRF2 through detaching
the latch DLG motif from KEAP1. KEAP1 is then degraded by selective autophagy through
binding to p62 or sequestered into inactive complexes by the same protein [21, 24-26].
Separating CUL3 from KEAPL1 also contributes to disjoining NRF2 from the composition.
Electrophile-induced modification of C151 in KEAP1 was found to directly trigger
dissociation of CUL3 from the KEAP1-CUL3 complex freeing NRF2 from ubiquitylation [27].
Both pathways stabilize and release NRF2 from the complex, allowing it to accumulate and

translocate to the nucleus (Figure 1. B) [28].

In the nucleus, small musculoaponeurotic fibrosarcoma (SMAF), a transcriptional activator,

heterodimerizes to the Nehl domain of NRF2 and together binds to ARE, a regulator of redox

16



homeostasis (Figure 1. B) [20, 26]. It has also been discovered that the transcriptional
coactivator p300/CBP can acetylate the Nehl domain of NRF2, augmenting the binding to
DNA and commencing antioxidant response [29]. MED16, a mediator complex, then binds to
NRF2 and functions as an intermediate to transfer transcription activating signals to the
proteins at the promoter site [26, 30]. This process initiates expression of downstream
antioxidant or detoxification genes. In contrast, NRF2 also functions as a transcription inhibitor
of proinflammatory cytokines such as IL-1f by interfering in the binding of RNA polymerase
11 to their transcription start sites (TSSs) in a method independent from ROS levels [22]. Once
the redox balance is reached, KEAP1 promotes the translocation of NRF2 from the nucleus to
the cytoplasm by interacting with KPNA6 (Karyopherin a6). NRF2 is thereupon proteolyzed

by the ubiquitin-proteasome system which decreases NRF2 back to the basal level [31, 32].
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Figure 1. When a cell is exposed to oxidative stress, NRF2 rapidly accumulates and induces
transcription of cytoprotective genes. (A) In basal states, NRF2 concentration is maintained at a low
level and only a small portion are active. KEAP1-CUL3 complex polyubiquitinates NRF2 which
subsequently undergoes proteasomal degradation. (B) However, NRF2 manages to escape the KEAP1-
CUL3 complex into the nucleus and actively induces expression of antioxidant and detoxifying genes
once the cell senses reactive oxygen species and electrophiles. Created with BioRender.com.

1.3 Two sides of NRF2

1.3.1 Preventing tumorigenesis

Ever since NRF2 was first isolated [10], the protein has become a focus of studies due to being
known as a protector of cells from ROS or xenobiotics and thus its potential to become a key

in therapeutic development. Excessive production of ROS can impair cell components and even

18



cause DNA damage which could ultimately lead to cardiovascular diseases, neurological
disorders or carcinogenesis (Figure 2. A) [33]. Therefore, activating NRF2 in these
circumstances could lead to a better prognosis in patients. The significance of NRF2 was
further emphasized in studies where NRF2 depletion induced susceptibility to autoimmune
diseases or liver, gastric, prostate, bladder, colon, and breast cancer [34-42]. It was thus clear
that NRF2 shielded healthy cells from these dangers by promoting transcription of

cytoprotective genes and maintaining redox homeostasis (Figure 2. A) [42, 43].

1.3.2 Promoting cancer

On the other hand, contradicting discoveries were later made when constitutively active NRF2
were found in the nucleus of human lung cancer cells due to a somatic mutation in KEAP1
[44]. Since then, many research groups have found similar findings in different tumor types,
which suggested that accumulated NRF2 in cancer cells may in fact be a driver for its
proliferation, metastasis, and chemo- or radio-resistance through constant expression of
cytoprotective genes (Figure 2. B). In other words, cancer cells could hijack the properties of
NRF2-induced antioxidant response for its own accelerated progression without being halted

by therapeutic measures and thus leading to poor prognosis [45].
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A. Preventing tumorigenesis B. Promoting growth in cancer cells

° Constitutively
© © 0,0 \ expressed NRF2
e @ o 1)
ROS/electrophiles ° ‘e RIRIRONU
/
NRF2-induced transcription
of cytoprotective enzymes
NRF2 depletio/ \mive NRF2
Cytoprotective enzymes m -
/ e N
. & = g —T
T Lo \ |
\ Chemo- and radio-resistance
Cell/DNA damage

/ \ A J
(- =
)
;

Cancer cell Normal cell Cancer cells

Figure 2. NRF2 plays a contradicting role of protecting healthy cells from tumorigenesis whilst
supporting aggressive proliferation and metastasis in cancer cells. (A) When a healthy cell is
exposed to oxidative stress, NRF2 facilitates the production of cytoprotective enzymes to prevent cell
or DNA impairment. This was proven in studies where cells deficient in NRF2 was discovered to be
vulnerable in developing diseases such as cancer. (B) Conversely, continuous expression of NRF2 in
cancer cells is known to promote cancer progression by hijacking NRF2 properties by resisting against
anticancer treatments and reprogramming metabolic pathways. Created with BioRender.com.

1.4 Causes of NRF2 overactivation in cancer

Extensive research has been conducted discovering the molecular mechanisms that leads to
constitutively active NRF2 in cancer cells and tissues. Most aberrations were found within the
KEAP1-CUL3/NRF2 interaction processes, while mutations in proto-oncogenes or
intervention of proteins that regularly do not participate in the NRF2 pathway was also

identified to be able to provoke nuclear concentration of NRF2.
20



1.4.1 Genetic alterations found in KEAP1/NRF2 pathway

Mutations in NFE2L2, NRF2 encoding gene, is discovered to induce elevation of the NRF2-
ARE pathway in lung, head, neck esophagus and skin squamous cell carcinomas (SCC) [46-
48]. One of the mutations are exon 2 deletions. Exon 2 encodes the Neh 2 domain
encompassing the KEAP1-binding DLG and ETGE motif and its deletion was detected in both
MRNA and protein levels in the cancer types [48]. Missense mutations within or near the DLG
and ETGE domain also contributed to substantial amounts of NRF2 accumulation [47]. This
suggests that the deletions or missense mutations in NFE2L2 can impair the interaction of

NRF2 with KEAP1 and thus stabilize NRF2 activity.

Low expression of KEAP1 due to either mutations or aberrant epigenetic mechanisms was also
found to be a cause of abnormal NRF2 signaling in tumors such as SCC, lung, gastric,
hepatocellular, and breast cancer [46, 49, 50]. Missense mutations, causing an allelic loss of
KEAP1 locus, upregulated NRF2 signaling and antioxidant gene expression which supports
cancer cell survival [50]. Furthermore, Wang et al. suggested hypermethylation of KEAP1 gene
as another contribution to suppressed KEAP1 activity. The group found hypermethylation in
promoter regions of KEAP1 in human cancer cell lines and tissues. Three highly methylated
CpG sites were found and recognized to be binding sites of KEAP1 transcription regulators and
thus being indicated as a major cause of constitutive NRF2 activation [49].

Overall, modifications of KEAP1 were mainly characterized with loss-of-function, whereas
those in NFE2L2 led to a gain-of-function [46]. Despite the variety of mutation types in KEAP1,
and NFE2L2, they all result in increased NRF2 concentration and antioxidative response.
However, mutations in KEAP1 seem to be mutually exclusive with mutations in NFE2L2 [46,
51, 52]. The Cancer Genome Atlas Research network noticed mutually exclusive mutation

patterns of NFE2L2 with KEAPL1 [46], whilst Leiserson et al. further found a significant mutual
21



exclusivity of mutations in KEAP1, NFE2L2, and other proteins within the NRF2 pathway
through their pan-cancer network analysis [51]. This is supported by the observation that
several genetic alterations typically do not happen within the same pathway as a second
mutation will not provide selective advantage to the pre-existing mutation within a cancer cell
[53]. Mutual exclusion of mutations between NFE2L2 and KEAPL1 are in line with the findings

that modifications of the pathway converge towards to the same result of NRF2 stabilization.

1.4.2 NRF2 upregulation provoked by external factors

NRF2 expression can be increased by mutations in proto-oncogenes such as c-Myc, K-Ras, B-
Raf. These oncogenes induce constitutive transcription of NFE2L2 by directing Jun and Myc,
oncogenic TFs, to directly bind with the TSS of NFE2L2. Increased NRF2 expression was

further revealed to initiate lung and pancreatic tumorigenesis [18].

Moreover, NRF2 production can be amplified by factors which are able to interfere in
NRF2/KEAP1 pathways such as p62/SQSTM1 (hereafter p62) and PALB2. p62 is a protein of
autophagic pathway and functions as a cargo receptor for cellular wastes that are to be degraded
by lysosomes [54]. Since p62 is degraded with its cargo in the lysosomes, defective autophagy
results in accumulation of p62 within the cell. Overproduction of p62 promotes binding of the
receptors to KEAP1, sequestering the protein into inclusions. This releases NRF2 and
cytoprotective enzymes are constitutively expressed, consequently eliciting pathological

conditions [55].

PALB2 was also found to compete with NRF2 for binding with KEAP1 and induce elevated
NRF2 activity. PALB2 is a binding partner and localizer of BRCAZ2 and functions in breast
cancer suppression. The protein contains an ETGE motif which directly binds with KEAP1,

therefore inducing high NRF2-ARE association when PALB2 is overexpressed. Upregulated
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production of PALB2 has been found in breast, lung, colon and pancreas cancers, strengthening

the postulation of PALB2 promoting the NRF2 activity [56].

1.5 NRF2 in breast cancer

NRF2 is recognized as a significant factor of cancer development due to its function of
upregulating proteins participating in metabolic pathways and how this promotes
carcinogenesis once the basal mechanisms are aberrated [57]. However, majority of NRF2-
cancer correlations have been discovered in either non-small-cell lung cancers or SCCs,

whereas the knowledge in breast cancer is rather limited.

1.5.1 Metastatic breast cancer

Breast cancer is one of the most diagnosed cancer which was recorded with the highest number
of new diagnosis (2.26 million cases) in 2020 and leads second place in cause of death among
women worldwide [58]. There have been major improvements in research which has led to a
steady increase of survival rates over the past few decades. Even so, therapeutic methods for
metastatic breast cancers are insubstantial compared to primary tumors diagnosed at an early
stage [59]. Metastatic types take up most of the breast cancer death rates. For patients with
metastatic breast cancer, the estimated 5-year survival rate since its diagnosis is found to be
28% for women, and 22% for men [60]. Thus, identifying molecular causes that supports
metastasis of breast cancer is crucial. Although several studies have found NRF2 upregulation
to promote metastatic properties and sustain its malignancy in breast cancer cell lines [28, 61],

a detailed system of how NRF2-regulated genes contribute to this remains unknown.
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1.5.2 Breast cancer recurrence

Breast cancer recurrence is another challenge as relapsed cancer contain large amounts of
aggressive cells which is connected to an increased mortality rate [59]. Predicting breast cancer
relapse is complex since it is dependent on a variety of factors such as the subtype of breast
cancer, length of dormancy periods and social or economic backgrounds of the patient [59, 62].

Therefore, finding a concrete molecular prognostic method for recurrence is vital.

Several studies have likewise mentioned the importance of developing prognostic signatures
of recurring breast cancer and further stated the significant role NRF2 takes in the process [61,
63]. Fox et al. has recently suggested that constitutively active NRF2 is a critical component in
augmenting breast cancer relapse irrespective of the subtype. According to the study, when
HER?2 is therapeutically inhibited, ROS levels are increased due to metabolic changes within
the cell. Although escalated ROS levels induce cell death, few cancer cells survive and remain
dormant until it recurs. The dormant breast cancer cells were found to upregulate NRF2 in
response against the ROS state. Subsequently, elevated NRF2 signaling regulates redox

homeostasis and nucleotide synthesis which together promotes breast cancer recurrence [63].

There are additional findings which indicate the contribution of NRF2 to aggressive breast
cancer development [61-65]. However, further explanations in the underlying mechanisms of

NRF2 and its target gene regulations in malignant breast tumors are required.

1.6 Selecting ChlP-seq as a method for identifying NRF2-binding sites

Discovering TF-binding sites in DNA have been of great interest for decades which has led to
the advancement of experimental methods for its identification. There are traditional methods

such as electrophoresis mobility shift (EMSA) assays and DNase I hypersensitive sites
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sequencing (DNasel-seq). Meanwhile there are ChlP-based methods, namely ChIP integrated
with DNA microarray (ChIP-chip) and ChlIP-seq [66]. Although each method has been well-
used in studies, most also have presented a few drawbacks. Nucleotide and protein complexes
often dissociate in EMSA which hinders detection of the complex, while DNasel-seq has
limitations in differentiating similar protein-binding sites [67]. ChIP-chip enables a global
analysis of DNA-TF interactions but was characterized with low resolution due to its
dependency on annealing to immobilized oligonucleotides on microarray tiles which are
oftentimes ineffective [67, 68]. However, ChlP-seq has largely exhibited advantages over other

approaches in producing accurate reads of DNA sequences [69].

ChlP-seq is a variation of a ChIP assay integrated with massive parallel sequencing that is used
to map genomic binding locations of TFs in living cells by enriching the DNA binding sites of
interest [67, 70]. It includes techniques of crosslinking protein-DNA complexes, fragmenting
the DNA, immunoprecipitating genes of interest, reverse-crosslinking complexes and
sequencing the precipitated DNA [71]. This procedure is marked by the ability to read millions
of DNA fragments with high efficiency and resolution. It detects the interactions between
proteins and DNA, thus providing information on gene regulation events [67]. It additionally

offers high and even coverage reads of sequences compared to other sequencing methods [72].

In this study, ChIP-seq was chosen as the tool to detect novel NRF2-targeted genes in 66cl4
metastatic breast cancer cell lines. The experimental procedure had to meet certain
requirements for the aim of accurately identifying genes regulated by NRF2. The method first
had to allow highly sensitive precipitation for all genes targeted by a TF in mammalian cells in
vitro. Moreover, it were to encompass high throughput whole-genome sequencing for it to read
genes of interest in exons, introns and intergenic regions [73]. Lastly, it had to be a method that

can provide an understanding of gene regulation in cancer progression on a genome-wide scale
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[74]. ChIP-seq was the method that comprised all abovementioned features and was

accordingly selected for this research.

1.7 The 4T1 model of metastatic breast cancer

In the present study, 66cl4 cell lines were used. 66¢l4 cells derive from the 4T1 murine
mammary tumor model which are isolated from tumors in BALB/cJ mice [75]. The 4T1 model
consists of five cell lines with different metastatic propensity including the 66cl4 and 67NR
cell lines [75-77]. Although both cell lines form primary tumors in the mammary fat pad of
BALB/cJ mice, 67NR cells are unable to metastasize while 66cl4 cells generate secondary
tumors in the lung [75]. To recognize the NRF2 functions and its targeted genes in aggressive
breast cancer development, the 66cl4 murine breast cancer cell line with metastatic property

was selected.

As hyperactivation of the NRF2 is correlated with poor prognosis in various types of cancers,
66¢l4 cells that constitutively express the TF was therefore an adequate cell line for NRF2
investigation [28, 56, 61, 63-65]. Furthermore, two NRF2 knockdown (KD) 66¢cl4 cell lines
were used to differentiate the binding sites of NRF2 to the 66¢l4 nontarget (NT) cell line. NRF2
KD cells can be characterized by its susceptibility to ROS-induced cell damage as NRF2
depleted mice are shown to be more sensitive to ROS and exogenous chemicals due to the

absence of NRF2-induced antioxidant enzymes [78, 79].
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1.8 Objective of this study

The overall aim of this study was to identify NRF2 binding sites in 66cl4 metastatic breast

cancer cell lines by ChiP-seq.

Previous studies from our research group compared gene expression differences between 66¢l4
cells and the non-metastatic 67NR cells and reported that constitutive activation of NRF2 could
promote metastasis of breast cancer [61]. The findings strengthened prior studies addressing
the significance of NRF2 in malignant breast tumors [28, 61, 63-65]. However, comprehensive
identification of NRF2-targeted genes in metastatic breast cancer cells remains limited and

requires further research.

The specific objectives were:

e Optimize protocols of chromatin sonication cycles, ChlP, and ChIP-gPCR

e Perform NRF2-chromatin crosslinking, sonication, and ChIP of the three 66c¢l4 cell
lines

e ChIP-gPCR with known NRF2-regulated genes for ChIP sample quality assessment

e ChlP-seq

e Comparing list of significantly downregulated genes in 66¢cl4 NRF2 KD cell lines
(RNA-seq) to list of NRF2 targeted genes (ChIP-seq).

e Bioinformatic analyses (Enrichr, cBioPortal) of RNA-seq and ChIP-seq results

e Verification of ChlIP-seq results using ChIP-gPCR
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2 Materials and Methods

2.1 Experimental Cell lines

As a model for metastatic breast cancer, murine model 66cl4 was chosen. 66¢l4 cells were
obtained from Barbara Ann Karmanos Cancer Institute. From our research group, ShRNA-
NRF2 KD were previously produced by viral transduction (SHC216V-1EA, Cat.:
TRCNO0000054658, Sigma-Aldrich, MO, USA). In a medium with hexadimethrine bromide (8
ul/ml), the 66cl4 cells were infected with lentiviral particles (MOI 0.1) after 6 hours since
seeding. Cells were then split in 1:17, 24 hours after infection. Following 48 hours, puromycin
(3.25 pl/ml) was used for 1 week for cell selection. Single cell colonies were collected with
cloning cylinders and examined for NRF2 expression [61]. Two KD cell lines with a 90%
decrease in expression of NRF2 in both mRNA and protein levels were chosen and named

66cl4 NRF2 KD 3B4 and 66cl4 NRF2 KD 3B7 [61].

2.2 Cell Cultures

The NRF2 KD cell lines and the control group, 66¢l4 nontarget (NT), were cultured in DMEM
(Cat.: BE12-604 F, Lonza, Switzerland) supplemented with 10% FBS (fetal bovine serum, Cat.:
10270-106, Thermo Fisher Scientific, MA, USA), 1% L-glutamine (Cat.: De-17-605E, Lonza)
and 1% Penicillin-streptomycin (Cat.: 15070-063, Thermo Fisher Scientific) as additives in 75
cm flasks. These cells were grown in an incubator set to 37 °C with 5% CO, and were sub-
cultured into new flasks once they reached approximately 90 % confluency. The medium was
then removed and washed twice with pre-warmed phosphate-buffered saline (PBS).
Subsequently, the 66cl4 cells adhered to the bottom of the flasks were dissociated with 0.25%
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Trypsin/EDTA (Cat.: 25200056, Invitrogen, CA, USA) and incubated in the same condition as
it was cultured for 5 to 10 minutes (min). The detached single cells from 66cl4 NRF2 KD 3B4,
66¢cl4 NRF2 KD 3B7 and 66¢l4 NT were then resuspended in DMEM in the approximate ratio
of 1:3, 1:12 and 1:10, respectively. The cells were cultured up to maximum 40 passages and
were occasionally examined for possible microbial contamination by culturing with Penicillin

streptomycin-excluded DMEM.

2.3 Immunoblotting

Approximately 798,000 cells were seeded in each well of a 6-well plate for 66¢cl4 NT and 66¢l4
NRF2 KD 3B7, whilst 2,394,000 cells were seeded in each well for 66¢cl4 NRF2 KD 3B4 plates.
The number of cells were previously optimized to achieve 90 to 100% confluency after two
days of incubation. Following the two days, medium was removed from the wells and cells
were washed in cold PBS on ice. Subsequently, the cells were lysed with 8M urea (Cat.:
1084870500, Merck, Germany), 0.5% (v/v) Triton X-100 (Cat.: T8787, Sigma-Aldrich), 1M
DTT (Cat.: 646563, Sigma-Aldrich), 25X Complete® protease inhibitor (Cat.: 1187350001,
Roche, Switzerland), phosphatase inhibitor cocktail Il (Cat.: P5726, Sigma-Aldrich) and 11
(Cat.: P0044, Sigma-Aldrich). The adherent cells were scraped off to be translocated to a
precooled 50 ml tube and incubated for 20 min on a shaking platform at 4 °C. The incubated
tubes were centrifuged at 13,000 rpm for 15 min in 4 °C for protein extraction. Supernatants
were thereafter obtained and aliquoted into six 1.5 ml tubes. Protein concentrations of each
sample were measured twice using Bio-Rad protein assay (Cat.: 500-0006, Bio-Rad, CA, USA).
Protein extracts were diluted with Bio-Rad Protein Assay Dye Reagent Concentrate (Cat.:
5000006, 1:5000, Bio-Rad) to measure ODgos Of each sample. ODs49s measurements were

converted to concentration units.
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ODsg5 * 22 * dilution factor
1000

= Protein Concentration (ug/ul)

The selected samples were diluted in Tris-HCI, 4X LDS buffer, and 1M DTT and made sure
protein concentrations of each sample were 2.5 pg/ul. The Odyssey One-Color Protein
Molecular Weight marker (Cat.: 928-40000, LI-COR Biosciences, NE, USA) was used to
monitor the transfer efficiency from gel to blotting membrane and to estimate the size of
proteins on the blot. Protein samples were thereafter heated at 80 °C for 10 min to enable
measurement of the polypeptide length. Denatured proteins were loaded to washed wells of
NUuPAGE 4 to 12% Bis-Tris protein gel (Cat.: NP0321PK2, Invitrogen). The samples were run
in 1X MOPS Running buffer at 200V for 1 hour. Electrophoresed proteins were subsequently
dry blotted to nitrocellulose membranes (Cat.: IB23001, Invitrogen) with iBlot 2 Dry Blotting
System (Cat.: 1B21001, Invitrogen). To block and decrease background variability, the dry
blotted membrane was incubated in Intercept® (TBS) Blocking Buffer (Cat.: 927-60001, LI-
COR Biosciences) and 1X tris-buffered saline with tween (TBST) (20 mM Tris-base (Cat.:
10708976001, Sigma-Aldrich), 137 mM NaCl, 0.1% Tween 20 (Cat.: P1379, Sigma-Aldrich))
in dilution of 1:1 in room temperature for 60 min. This was followed by probing the membrane
with NRF2 (D1Z9C) XP Rabbit monoclonal antibody (mAb) (Cat.: 12721, 1:1000, Cell
Signaling technology, MA, USA) and anti-COX IV antibody (Cat.: ab33985, 1:1000, Abcam,
UK) diluted in the Intercept TBS blocking buffer/TBST solution overnight at 4 °C. The
membrane was washed with TBST and incubated for 10 min, and the process was repeated
twice more. The proteins were detected by applying near-infrared fluorescent (IRDye)
secondary antibodies (Cat.: 926-32213, 1:5000, Cat.: 926-68072, 1:5000, LI1-COR Biosciences)
and incubated in room temperature for 1 hour. Following the washing of membrane in TBS,
the fluorescence was visualized with Odyssey Near Infrared scanner (Cat.: CLx, LI-COR

Biosciences).
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2.4 Chromatin Immunoprecipitation (ChlP)

2.4.1 Cell Plating

Three 75 cm flasks with 90% confluency from each of the 66cl4 cell line were used for plating
(Figure 3. A). Following medium removal, the cells were washed twice with PBS. The cells
were then trypsinized in 0.25% trypsin/EDTA and incubated at 37 °C with 5% CO, up to 10
min for proper singularization. Subsequently, 8 ml of DMEM with additives were added to
each flask in order to block further trypsinization. Following thorough resuspension of the cell
aggregates, the cells underwent assessment with a microscope to confirm cell singularization.

The singular cells were collected in one flask for each cell line.

Prior to distributing cells to sterile 150 cm dishes, cell numbers were counted with an
automated cell counter EVE™ (Cat.: 6284817, Buch & Holm, Denmark) to ensure accuracy.
This was done by collecting 10 pl of cells from flasks to two separate 1.5 ml reaction tubes
(Cat.: 72.690.001, Sarstedt, NC, USA) and staining with 10 pl of tryptophan blue. After
pipetting, 10 ul were removed and inserted to both sides of the slide for calculation. The mean
number of live cells from the slide was then used to evaluate the volume needed to be seeded
to each plate. The number of dishes depended on the number of antibodies to be used with an

additional plate for cell counting.

Including the resuspended cell volume and complete medium (DMEM, 10% FBS, 1% L-
glutamine, 1% P/S), a total of 20 ml was plated to each of the four dishes per cell line (Figure

3. A). These cells were grown in the 37 °C and 5% C 0, incubator for approximately 48 hours.
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2.4.2 Crosslinking and Harvesting

Incubated cells were washed twice with pre-warmed PBS to remove the remaining complete
medium. This was followed by adding more warmed PBS to each dish. For crosslinking of
proteins and DNA [80], cells were treated with 0.5 % formaldehyde solution (Cat.: 100496,
Merck) and incubated on rocking platform shakers for 10 min in room temperature (Figure 3.
B). Formaldehyde was then quenched by addition of 2 ml of 1.25M glycine which was
continued with shaking incubation for 5 min. Crosslinking buffers were then removed, and
cells were washed twice with cold PBS. To harvest cells, 6 ml of cell detaching buffer (PBS,
1mM EDTA, 1X Complete) were applied to the dish. By scraping the dish, loosened cells were
gathered into a 50 ml tube for centrifugation at 3000 rpm for 5 minat 4 °C. The buffer was
poured out after centrifugation and remaining cell pellets were resuspended in 1ml of cell lysis
buffer (RIPA/Glycine buffer (10 mM Tris pH 8.0, ImM EDTA, 140 mM NaCl, 1 % Triton X-
100, 0.1% SDS, 0.1 % Na-Deoxycholate, 125 mM Glycine), 1X Complete) for extraction of
crosslinked protein-DNA complexes into the solution (Figure 3. C). Lysed pellets in the

solution were transferred to 1.5 ml reaction tubes and stored at -80 °C.

2.4.3 Sonication

Chromatin lysates from each cell line were thawed and fragmented with Bioruptor® Pico
sonication device (Cat.. B01060010, Diagenode, Belgium) (Figure 3. D). Thawed samples
were resuspended in lysis solution (RIPA buffer, 1X Complete) and transferred to 1.5 ml
Bioruptor® Pico microtubes (Cat.: C30010016, Diagenode). Samples were sonicated by 12
cycles with 30 sec ON/30 sec OFF. Sheared chromatin fractions were collected by centrifuging
the sonicated tubes at top speed for 15 min at 4 °C. Pellets were resuspended in TE-buffer (10

mM Tris pH 8.0, 1 mM EDTA) to estimate the percentage of solubilized DNA. Input samples
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were prepared by taking 10% of the chromatin volume for digestion control and later usage for
quantitative polymerase chain reaction (QPCR) and ChIP-seq. Remaining chromatin samples

were snap-frozen in liquid nitrogen and stored at -80 °C.

Input and pellet samples were reverse crosslinked by adding 1 pl of RNAseA (10 mg/ml, Cat.:
19101, Qiagen, Germany) and incubating at 37 °C for 30 minu. This was followed by treatment
with 5.0 ul of SDS (10%), 2.5 ul Proteinase K (20.6 mg/ml, Cat.: 03115828001, Roche),

incubation at 55 °C for 1 hour and subsequently with 65 °C incubation overnight.

Chromatin from input and pellet samples were then purified with QIAquick PCR purification
kit (Cat.: 28104, Qiagen). The samples were treated with protein binding buffer (PB) and
relocated to QIAquick columns and collection tubes to enable binding of chromatin to spin-
column membranes. Following removal of the buffer by centrifuging for 1 min at room
temperature, residues on the membranes were washed with wash buffer (PE) and centrifuged
twice for complete residue removal. Spin columns were transferred to new 1.5 ml reaction

tubes and treated with 50 ul of TE buffer and centrifuged 1 min for DNA elution.

Gathered DNA samples underwent both concentration and fragment length measurement
(Figure 3. E). DNA concentration was analyzed with NanoDrop 1000 spectrophotometer (Cat.:
ND-1000, Thermo Fisher Scientific) by setting up buffer TE as blank. Obtaining the
concentration results from both input and pellet samples, volumes corresponding to 500 ng of
DNA were applied to each well with 10X loading buffer and TE buffer in 2% agarose gel for
electrophoresis. The gel was run for 50 min at 100 V in 1 X TAE buffer and subsequently
stained in 0.03% GelRed nucleic acid gel stain (Biotium, CA, USA) solution for 30 min and

examined under UV-illumination using Gel Logic (Cat.: 212PRO, Carestream, NY, USA)
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2.4.4 Immunoprecipitation (IP)

After verifying the 200-500 bp fragmentation, immunoprecipitation was followed to
selectively enrich the NRF2-targeted gene complex (Figure 3. F). Protein A magnetic beads
(Cat.: 10001D, Dynabeads, Invitrogen), protein G magnetic beads (Cat.: 10003D, Dynabeads,

Invitrogen) and selected antibodies known for its high NRF2-affinity were prepared.

A mixture of protein A and G magnetic beads (hereby, protein A/G, Thermo Fisher Scientific)
were prepared by adding 250 ul from each into a 1.5 ml DNA LoBind tube (Cat.: 0030108051,
Eppendorf, Germany). LiCl wash buffer (250 mM LiCl, 10mM Tris pH 8.0, 1 mM EDTA, 0.5 %
NP-40, 0.5 % Na-Deoxycholate) and RIPA buffer (10 mM Tris pH 8.0, ImM EDTA, 140 mM
NaCl, 1 % Triton X-100, 0.1% SDS, 0.1 % Na-Deoxycholate) were also prepared to effectively
wash out nonspecific chromatin that may bind to the magnetic beads [81]. Using a magnetic
stand (Cat.: 12321D, DynaMag™-2 Magnet, Invitrogen), protein A/G bead mixture was
washed twice with 1ml of RIPA buffer containing 0.5X complete to draw out potential

nonspecific components from the mixture.

Thawed chromatin samples from each cell line were divided into three different 1.5 ml reaction
tubes corresponding to the types of antibodies to be used. The chromatin volume in each tube
depended on the amount needed for each antibody. The samples in each tube were precleared
with protein A/G bead mixture to remove potentially reactive nonspecific lysate components

and was incubated at 4 °C for 1 hour with a rotating tube mixer [82].

Supernatants separated from the beads were transferred to DNA LoBind tubes. Precleared
chromatin was treated with two control antibodies and two NRF2-targeting antibodies (Figure
3. F-a). Normal rabbit Ig G (Cat.: 2729S, Cell Signaling technology) was used for negative

control as it does not bind to any known human antigen [83], whereas Histone H3 rabbit mAb

34



(Cat.: 4620, Cell Signaling technology) was used for positive control due to its specificity for
histone H3, a core protein that is bound to most sequences [84]. For NRF2 mAbs, antibody
D1Z9C and recombinant anti-NRF2 antibody (EP1808Y) (Cat.: ah62352, Abcam) were both
initially tested in the first two sets of samples to compare effectivity in immunoprecipitating
NRF2-bound target genes in 66cl4 cell lines. Following the manufacturer’s recommendations,
the negative control, Normal Rabbit IgG, was added by 1 pg to 1 pg of chromatin while 5 pl
of the positive control, histone H3 mAb, was added to 5 ug of chromatin [83, 85]. For anti-
NRF2 mADbs, 2.0 pg of EP1808Y was added to 25 ug of chromatin while 5 ul of D1Z9C was
applied to 10 pg of chromatin [80, 86]. The ChIP samples were then incubated in rotation at

4 °C overnight.

The procedure continued with the application of protein A/G beads for affinity purification
(Figure 3. F-b). This was incubated for 2-3 hours at 4 °C in rotation for binding of the complex
to Fc regions of antibodies. The beads were subsequently washed with RIPA wash buffer
(RIPA buffer, 0.5 X Complete) five times, LiCl wash buffer (LiCl buffer, 0.5 X Complete)
once and TE buffer once each for 5 min in rotating incubation at 4 °C (Figure 3. F-c). Washing
buffers were removed with magnetic stand and beads were resuspended in TE buffer containing
1 % v/v RNaseA which was followed with incubation at 37 °C for 30 min in shaking of 1200
rpm for consistent bead suspension. The sample was then treated with 0.46 % SDS and 0.05 %
Proteinase K to remove proteins from the linked DNA and prevent its degradation from
nucleases (Figure 3. G). This was incubated in same shaking speed at 55 °C for 1 hour. The

incubation temperature was increased to 65 °C and left for shaking overnight.

Reverse crosslinked samples were purified with QIAquick PCR purification kit (Figure 3. H).
For spin-column binding, aggregated beads were removed on magnetic stand after buffer PB

was added. Suspended samples were transferred to spin-columns and centrifuged for 1 min at
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room temperature. Chromatin bound to the membrane was washed with buffer PE and
centrifuged twice in the same condition for thorough removal of residues and buffer. The

columns were placed in new tubes and DNA was eluted from the membrane with 30 pl of TE

buffer and 1 min of centrifugation. Purified samples were stored at -20 °C.

@ Cell Plating Crosslinking and harvesting @ Cell lysis @ Sonication @ Fragment length measurement
j=——1 ! Lysis .
o || buffer = . \
T Y - ~ i .. o - .

\"'— n Bioruptar
Gel electrophoresis

Fu‘rm‘a’ld‘ 8;15;;15
W W ¥ "”“;%P—muy

@ Reverse-cross linking ® DNA purification

-

@ Immunoprecipitation (IP)
a. IP - applying antibodies  b. IP - protein A/G bead binding c. Washing i

T a 7
1111 § T Wash P I
| Y __ buffer ) RN
— e Y - -
1 - = . L R .
g N Protein [ ‘ = =l vy
] ! Chromatin ot | W] — ] =
s sample V) o W
) RNase A&
NRF2 and control Magnetic stand proteinase K
antibodies
@
= e Q .. .
5 I G e © P
% f‘w o W % -~ . ®
KX o Do % § g ];[F % “ﬁ o ﬂ: “o(l v _J:,D‘ %
=) | L]
- s . ® ®
Yoo

Figure 3. Summarized ChIP procedure. The chromatin immunoprecipitation (ChIP) process
executed in this study mainly consisted of eight steps with a goal of extracting the DNA fragment of
interest. Each experimental stage is illustrated along with a diagram below which visualizes the

molecular state occurring in each stage. Created with BioRender.com.
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2.5 ChIP-gPCR

ChIP samples were diluted in 1:2 of TE buffer. For amplification, each primer’s master mix
was prepared with 4 ul of RNase-free water, 10 pl of SYBR Green master mix (Cat.: 15350929,
Applied Biosystems, CA, USA) and 2 ul of each forward and reverse primer solutions (2.5 uM)

per well.

For ChIP-gPCR that was conducted for examining the quality of ChIP samples prior to
sequencing, SimpleChlP® Mouse RPL30 Intron 2 primer (Cat.: 7051S, Cell Signaling
Technology) was selected as a positive control while primers of putative NRF2-regulated genes
were referenced from a NRF2 ChIP-seq study by Malhotra et al. and obtained from Sigma-
Aldrich (Supplementary Table 1) [87, 88]. On the other hand, for ChIP-qPCR conducted for
validating ChIP-sequenced datasets, primers were designed in the present study using ChIP-
seq peaks. With the peak summit as the midpoint, DNA sequences of approximately 150 to
200 bp were selected from each of nine significant peaks. These peaks were located within or
proximate to TSSs of known NRF2-associated genes. The sequences were thereafter tailored

with an online PCR primer design tool called GenScript (https://www.genscript.com/tools/pcr-

primers-designer) to generate primers for both strands with an approximate length of 90 bp

(Supplementary Table 2).

The 18 ul of primer containing master mixes were allocated into 2 pl of sample DNA for one
well. Each sample was prepared as triplicates in a 96-well reaction plate (Cat.: N8010560,
Applied Biosystems). All real-time qPCR was performed by StepOne Real-Time PCR system
(Cat.: 4376357, Applied Biosystems). The reaction process was initiated by first heating up to
50 °C for 2 min and subsequently 95 °C for another 2 min for double-stranded DNA (dsDNA)

denaturation. Amplification cycling was then run for 40 cycles of 3 seconds (sec) at 95°C for
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denaturing and 30 sec at 60°C for primer annealing and extension. Melting curve analysis
followed starting with 15 sec at 95°C, 1 min at 60°C and steadily increasing by 0.3°C to 15 sec

of 95°C to confirm amplification specificity.

To differentiate the amount of amplified DNA between different cell lines and IP samples,
percent input method was used. This was performed by normalizing the cycle threshold (C;)
signals of IP results with signals from input sample results. The purpose was to exclude
possible quantification inaccuracies resulting from variability within samples from factors such
as IP efficiency and DNA recovery. The input was first adjusted by subtracting log, 10 from
the C, value of inputs, as the chromatin volume in input samples were only 10 % of the
chromatin and thus have a dilution factor of 10. The adjusted input was thereupon subtracted
by C; of IP samples which equates AC;. To retrieve the percent input of each sample for

comparison in relative gene quantity, -AC; was powered by 2 and multiplied by 100 [89].

Adjusted Input C; = Input C; — log, 10
AC; = Adjusted Input C, — IP C;

Percent Input = 100 x 274¢

2.6 RNA-sequencing

RNA sequencing (hereby, RNA-seq) data, produced by Bjerkey et al. (unpublished), was
analyzed in the present study. Bjarkay et al. sequenced RNA samples from the three identical
cell lines as those used in this study which were 66¢l4 NT, 66¢cl4 NRF2 KD 3B4 and 66¢l4
NRF2 KD 3B7. To identify RNA sequences that are differentially expressed in NRF2 KDs

compared to NT, genes expressing mMRNA in 66¢l4 NRF2 KD 3B4 and 66¢l4 NRF2 KD 3B7
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cell lines were each compared with the those in 66cl4 NT cell line, deducing two lists with
calculated statistical values of log, fold changes and adjusted p-values (padj) (Figure 5. A).
Approximately 50 highest ranking genes were first selected from each list which respectively
consisted of 786 and 653 genes after being sorted by padj from smallest to largest.

Subsequently, genes with log, fold changes higher than -1.5 were cut-off.

2.7 ChlP-sequencing

ChIP library preparation (prep) and sequencing service was provided by the Genomics Core
Facility (GCF), Norwegian University of Science and Technology (NTNU). GCF is funded by
the Faculty of Medicine and Health Sciences at NTNU and Central Norway Regional Health

Authority.

2.7.1 Concentration measurement of ChlP DNA

For quantification of dsSDNA in the NRF2-ChIPed replicates, the samples were diluted with
fluorescent dyes from Qubit™ dsDNA HS Assay Kit (Cat.: Q32854, Thermo Fisher Scientific)
following their recommended protocol [90]. Samples tagged with dyes were subsequently
inserted into Qubit® 3.0 Fluorometer (Cat.: Q33216, Thermo Fisher Scientific) for

concentration readings.

2.7.2 Library prep

Library prep was performed by GCF following QIlAseq Ultralow Input Library Kit (Cat.:
180492, Qiagen) handbook [91]. Mainly six types of libraries were generated which consisted

of input libraries, NRF2 ChIP (recombinant anti-NRF2 antibody [EP1808Y]) libraries and
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normal rabbit IgG ChIP libraries from each cell line 66¢cl4 NT and 66¢l4 NRF2 KD 3B7. The
66cl4 NT input library was used as background for increased ChiP-seq peak specificity while
both 66¢cl4 NRF2 KD 3B7 cell line and normal rabbit 1gG libraries were included as negative

controls.

Following library prep, quality control (QC) of the amplified DNA fragments from each library
was conducted using an Agilent High sensitivity DNA kit (Cat.: 5067-4626, Agilent
Technologies, CA, USA) with Agilent 2100 Bioanalyzer (Cat.: G2939BA, Agilent

Technologies) [92].

2.7.3 ChlP-seq

Next generation sequencing (NGS) was conducted by GCF. Libraries were denatured and
diluted to a concentration of 2.5 pM using the standard normalization method protocol from
NextSeq System Denature and Dilute Libraries Guide (Cat.: 15048776 v09, lllumina, CA, USA)
[93]. NGS was thereupon performed [94]. Succeeding NGS, the resulting FASTQ file was
analyzed with Multi QC software (v1.9) to ensure the quality of the results and possibly remove
false reads [94, 95]. Bioinformatic tools such as FastQC, Fastp and FastQ Screen were utilized
in this process which are all supported by Multi QC [95, 96]. FASTQ files contain data which
is composed of sequences read from each cluster on a flow cell and is followed by base call
quality scores [97]. Base call quality scores are produced during Illumina’s sequencing by
synthesis process by measuring the fluorescent signal intensities emitted by labeled fluorescent
tags on each nucleotide [98]. Based on these readings, a quality (Q) score is generated to predict
its reliability and accuracy. High Q scores indicates that the sequences are less likely to be

incorrect, whereas low Q scores will imply that they have high error probabilities [99].
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2.7.4 Bioinformatic Analyses

2.7.4.1 ChlP-seq analyses with MACS2
The ChlP-seq bioinformatics analyses were performed at the Bioinformatics core facility
(BioCore), Norwegian University of Science and Technology (NTNU). BioCore is funded by

the Faculty of Medicine at NTNU and Central Norway Regional Health Authority.

To map novel NRF2 binding sites in 66¢l4 murine metastatic breast cancer cells, 66¢cl4 NT
samples that were precipitated by anti-NRF2 antibody EP1808Y (NT-NRF2 ChIP) were
bioinformatically analyzed. Raw .fastq sequences were aligned to the mouse mm20 reference
genome using Bowtie2 [100]. All 24 samples had an alignment rates above 90%, except sample
2 which had 81%. ChlP-Seq enrichment peaks for NRF2 were identified by MACS2 [101]
NarrowPeak modus using default setting and FDR cutoff of 0.05. Since very few peaks were
identified in the individual replicates, the aligned replicate .bam files in each sample group
were pooled, such that MACS?2 identified peaks running NRF2 ChIP pooled vs corresponding
pooled Input, and NRF2-KD pooled versus corresponding pooled Input. The final peak list was

generated after filtering against mm10 blacklisted regions from ENCODE [102].

2.7.4.2 Gene set enrichment analyses

This study used the gene set enrichment analysis (GSEA) method to investigate which
biological functions and pathways the genes detected from RNA-seq and ChlP-seq are most
associated to. GSEA is a method of interpreting a list of genes to identify the commonly related
biological functions or even pathologies. It functions by comparing the genes of interest to
accumulated gene data provided from published experimental articles and determining which
gene sets the queried genes are significantly enriched in [103]. In this study, this was achieved
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by using an open-access online software called Enrichr (https://maayanlab.cloud/Enrichr/) [104,

105].

2.7.4.3 Cancer Cell Line Encyclopedia

The Cancer Cell Line Encyclopedia (CCLE) (https://portals.broadinstitute.org/ccle) was used

to search whether the genetic characteristics found in results from RNA-seq experiments
exhibit connection with gene expressions in human breast cancer cell lines. CCLE is an online
tool created from a project to enable analyzation of genes and its expression levels in human
cancer cell lines. The present study mainly identified the mRNA expression levels of the NRF2
encoding gene, Nfe2l2, and NRF2-regulated genes in 60 human breast cancer cell lines.
Furthermore, mMRNA expression levels were compared between Nfe212 and its highly regulated

genes in human breast cancer cell lines using a scatter plot [106, 107].

2.7.4.4 cBioPortal
Genetic alteration types and its frequencies found in Nfe2l2 and NRF2-targeted genes were
explored in data sets from large-scale human breast cancer studies and especially within

invasive breast cancer studies by utilizing cBioPortal (https://www.cbioportal.org/). cBioPortal

is an online open-source tool with accumulated cancer genomic data from sources such as
TCGA. The website offers visualization of genetic modifications of queried genes within the
selected range of clinical studies. Oncoprint, a horizontal-graph feature of the online tool, was
mainly used in this study as it presents the types of genetic alterations by color, and number of

patient cohorts by the length of the colored graph [108, 109].
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3 Results

3.1 NRF2 is highly expressed in 66cl4 NT cells and effectively suppressed in 66¢cl4 NRF2

KD cells

To ensure the downregulated expression of NRF2 in 66¢l4 NRF2 KD 3B4 and 3B7 cell lines
compared to 66cl4 NT, immunoblotting was performed. For NRF2 detection, the NRF2
(D1Z9C) rabbit mAb (Cell signaling Technology) was used as it is known to accurately detect
the protein in Western blots compared to other commercial NRF2 antibodies such as EP1808Y
(Abcam) and antibodies H-300 and C-20 (Santa Cruz Biotechnology) [110]. NRF2 was
expressed in 66¢l4 NT cell line with molecular weight of 75 kilodalton (kDa) whilst the band
was absent in 66¢l4 NRF2 KD 3B7 and very weakly displayed in NRF2 KD 3B4 cell lysates
(Figure 4, Supplementary Figure 1). As loading control, anti-COX IV antibody (Abcam) was
selected on account of the generally high expression of the COX IV protein and the dissimilar
molecular weight from NRF2, enabling bands to be clearly distinguishable [111]. COX IV was
detected with similar intensity in all three cell lines by the 15 kDa band assuring equal loading
of proteins in all wells. Taken together, the bands detected with D1Z9C in 66cl4 lysates verify
the expression of NRF2 in 66cl4 NT cell line and the efficient KD of the TF in 66¢cl4 NRF2

KD 3B4 and 3B7 cell lines.
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COX IV 15 kDa

Figure 4. NRF2 is confirmed to be highly expressed in 66cl4 NT cells whereas it is efficiently
knocked down in 66cl4 NRF2 KD cell lines. The immunoblot of NRF2 displays an intense band in
the 66¢l4 NT lane in contrast to the weak bands in 66cl4 NRF2 KD 3B7 and 3B4 cells. COX IV was
used as a loading control.

3.2 RNA-seq data analyses of 66c¢l4 cell lines

3.2.1 Forty genes are commonly downregulated in 66¢cl4 NRF2 KD cells when compared

to 66¢l4 NT cells

To predict potential findings of the extracted DNA sequences, RNA-seq data produced by
Bjarkey et al. (unpublished) was analyzed. Consequently, there were 49 and 60 genes with the
lowest padj and low log, fold change values in lists of repressed genes of 66cl4 NRF2 KD
3B4 and 66¢cl4 NRF2 KD 3B7. The two lists were contrasted with each other to retrieve
commonly downregulated genes (Figure 5. A). As a result, there were 40 common genes which
are significantly downregulated in NRF2 KD cells compared to NT cells where NRF2 is

constitutively expressed (Supplementary Table 3).
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3.2.2 Commonly downregulated genes in 66cl4 NRF KD cell lines are identified as

putative NRF2-targeted genes

Enrichment analysis was conducted on the 40 overlapping genes by Enrichr to explore whether
any of these genes are known targets of NRF2 [104, 105]. ChIP-X Enrichment Analysis (ChEA)
2016 gene set, a TF-target gene database integrated from published ChIP and other TF binding
site profiling studies, indicated the expression of the queried genes to be regulated by NRF2
(Nfe212) in mouse embryonic fibroblasts (MEFs). It specifically pointed out genes Slc48al,
Enah, Alox5ap, Hipk2, Zfp652, Sim2, Tsku and Gsta4 (8/40) (Figure 5. B) [112]. The
Encyclopedia of DNA Elements (ENCODE) and ChEA Consensus TFs from ChIP-X gene set
reinforced the result as it indicated that Slc48al, Enah, Alox5ap, Hipk2, Sim2, Tsku and Gsta4
(7/40) are targeted by NRF2 (Nfe2l12) (Figure 5. C) [112-114]. GO Molecular Function 2018
enrichment analysis further showed the participation of Gstkl, Gsta4, Alox5ap (3/40) gene
products in glutathione transferase activity (Figure 5. D) [115, 116]. Glutathione transferases
are phase II detoxification enzymes [117]. As NRF2 is a major TF inducing expression of
detoxification enzymes, the findings are in line with rest of the results. Hence, 66cl4 NT cells
transcribe NRF2-regulated genes whereas the two NRF2 KD cells do not. Altogether, the
results indicate the effective silencing of Nfe2l2 in cell lines 66¢cl4 NRF2 KD 3B4 and 66¢l4

NRF2 KD 3B7 and confirm that 66¢cl4 NT cell lines express putative NRF2-regulated genes.
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Figure 5. Enrichment analysis of RNA-seq results. Genes differentially expressed in 66cl4 NRF2
KD 3B4 and 3B7 cell lines compared to 66¢l4 NT cells. (A) Process of analyzing RNA-seq data of
66¢cl4 NRF2 KD 3B4 and 3B7 cell lines each with 66¢l4 NT cell line as control to determine genes that
are effectively downregulated in 66¢cl4 NRF2 KD cells. Genes with significantly suppressed expressions
were sorted according to adjusted P-values and log, fold changes. The overlapping genes between the
two lists were selected and queried in Enrichr [104, 105]. (B) ChIP-X Enrichment Analysis (ChEA)
2016 indicates that the commonly downregulated genes in 66¢cl4 NRF2 KD cell lines are NRF2-targeted
genes [112]. (C) ENCODE and ChEA Consensus TFs (TFs) from ChIP-X enrichment analysis
reinforces the finding that the suppressed genes are NRF2-regulated genes [112-114]. (D) GO
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Molecular Function 2018 enrichment analysis shows that some of the commonly downregulated genes
are involved in detoxification pathways [115, 116]. Abbreviation: The Encyclopedia of DNA Elements
(ENCODE), ChIP-X Enrichment Analysis (ChEA) and Gene Ontology (GO).

3.2.3 mRNA expression correlation of Nfe2l2 and putative NRF2-target genes in breast

cancer cell lines

To examine the expressional correlation of NRF2 and its target genes in breast cancer, mMRNA
expression of the seven genes retrieved from Enrichr analysis was analyzed using mRNA
expression data of 60 breast cancer cell lines through Cancer Cell Line Encyclopedia (CCLE)
[106, 107]. mRNA expression of ENAH, HIPK2, TSKU, GSTA4 (4/7) exhibited a close
proportional relationship with expression of NFE2L2. This further confirms the highly
expressed NRF2 activity in the metastatic breast cancer 66cl4 NT cell line in contrast to the

two NRF2 depleted cell lines (Supplementary Figure 2).

3.2.4 Mutations in NRF2 target genes found in human breast cancer tissues

To determine the link between NRF2 and breast cancer development, the known NRF2-
targeted genes found in RNA-seq were investigated to check whether their genetic alterations
were identified in human breast cancer biopsies. cBioPortal was used to identify the genetic
modifications of SLC48A1, ENAH, ALOX5AP, HIPK2, SIM2, TSKU and GSTA4 in all subtypes
of human breast cancer samples retrieved from 16 studies consisting of 6408 breast cancer
patients [108, 109]. There were 17% (1119/6408) of patients with alterations in the
abovementioned genes which were mostly amplifications with especially high quantities found
in ENAH and TSKU (Figure 6. A). The combined studies were then narrowed down to 11
invasive breast cancer studies to consider the potential role of NRF2 in metastaticity.

According to cBioPortal, there were 24% (1113/4548) of invasive breast cancer patients with
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alterations in the NRF2-targeted genes (Figure 6. B). The percentage of patients with genetic
modifications was higher in the invasive group than in the total breast cancer group. The studies
not only indicate the aberrated role of NRF2 in general breast cancer, but also in aggressive

breast cancer development.

Breast cancer, 6408 patients and 6829 samples, altered in 1119 (17%) of patients
A and 1130 (17%) of samples

SLC48A1 0.8%" |

ALOXSAP 1.6%" | |
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Figure 6. NRF2-regulated genes of 66cl4 cells found in RNA-seq data are highly mutated in
clinical breast cancer samples according to cBioPortal database. (A) Mutation status of known
NRF2-targeted genes in breast cancer biopsies from 16 clinical breast cancer studies are shown. (B)
Mutation rates of the NRF2-targeted genes were even higher in invasive breast cancer samples from 11
studies. Most were characterized with gene amplification mutations (red bars) [108, 109].
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3.3 ChIP protocol optimization

3.3.1 Twelve sonication cycles shears chromatin in 200-500 base pairs fragments which

is a suitable length to be used in both ChIP-gPCR and ChlP-seq

To find the appropriate sonicating cycle number in generating suitably sized DNA fragments,
input and pellet samples from each cell line were sheared in various numbers of sonication
cycles and examined with agarose gel electrophoresis (Figure 3. D, E). The chromatins were
aimed to be sheared approximately in 200-500 base pairs (bp). This was for the fragment
lengths to be optimized for both gPCR and ChlP-seq. Lysates from cell lines 66¢l4 NT, 66cl4
NRF2 KD 3B4 and 66¢l4 NRF2 KD 3B7 were sonicated in 5, 10, 12 and 14 cycles (30 sec ON,
30 sec OFF) at 4 °C with Bioruptor Pico sonication device (Diagenode). Sonicated samples
were subsequently reverse-crosslinked, electrophoresed and analyzed under UV illumination
to identify the adequate cycle number which shears chromatin within the targeted length.
According to the UV scanned gels, 12 cycles were the most optimal sonication repeat for all
cell lines as the 12 cycle gel bands showed darker shades between 200 and 500 bp compared
to other cycle numbers. Thus, all the subsequent biological samples were sonicated in 12 cycles

(Figure 7).
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Figure 7. Sonication cycle number optimized to 12 cycles in all 66¢l4 cell lines after visualization
with agarose gel electrophoresis. Chromatin lysates from cell lines 66¢cl4 NT, 66cl4 NRF2 KD 3B4
and 66cl4 NRF2 KD 3B7 were each fragmented in different number of cycles (30 sec ON, 30 sec OFF)
by Bioruptor Pico (Diagenode) to discover the appropriate cycle number for shearing the DNA into
sizes from 200 to 500 base pairs (bp). The fragmented DNA were presented by agarose gel
electrophoresis for size identification. The input bands sonicated by 12 cycles were located within the
targeted size in all three cell lines. Hence, 12 cycles was selected as the optimal sonication cycle number.

3.3.2 Recombinant anti-NRF2 antibody (EP1808Y) selected as the optimal NRF2-

targeting antibody

Selection of an optimal antibody for ChlP-seq is crucial as its specificity will be a significant
factor in highly enriching genes of interest (Figure 3. F-a). A sensitive antibody will precipitate
large quantities of chromatin fragments crosslinked with the targeted protein, while antibodies
with low specificity will retrieve background noises hindering the specific detection [118]. In
this study, two NRF2 antibodies were used and compared for optimalization to produce
samples with highly enriched NRF2-DNA complexes. Recombinant anti-NRF2 antibody
(EP1808Y) from Abcam and NRF2 (D1Z9C) rabbit mAb from Cell Signaling Technology
were carefully selected as several studies which had used one of the two, validated their

effectiveness against NRF2 [22, 87, 110, 119].
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To compare the ability of EP1808Y and D1Z9C, both antibodies were separately applied to
precleared chromatin samples. Following the procedure, samples were evaluated by gPCR with
primers of five known NRF2-targeted genes including Ngol and Txnrd1. Primer sequences are
shown in Supplementary Table 1 and qPCR results for all five sequences can be found in
Supplementary Figure 3 [87]. Two sets of biologically replicated ChIP samples were
prepared for gPCR examination. From the two gPCR results, EP1808Y vyielded higher
quantities of NRF2-regulated genes in most samples than D1Z9C. The percent input value of
Cr from EP1808Y results were in average 10.34 times and 1.30 times higher than D1Z9C in
the first and second set of ChIP-qPCR, respectively (Figure 8). The results of negative control
normal rabbit 1gG from Cell Signaling Technology maintained a low status in all three cell
lines. This was foreseen as the antibody is non-specific to known antigens [83]. Thus, EP1808Y
was selected to be used for the remaining ChIP performance as it exhibited higher specificity

than D1Z9C.
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Figure 8. Recombinant anti-NRF2 antibody (EP1808Y) (Abcam) exhibited higher
specificity than NRF2 (D1Z9C) rabbit mAb (Cell Signaling Technology) in ChIP samples.
EP1808Y showed distinctly stronger enrichment signals than D1Z9C in 66¢cl4 NT cells when
examined with primers of NRF2-regulated genes which were referenced from an NRF2 ChlP-
seq study by Malhotra et al. [87]. Negative control normal rabbit 1gG (Cell Signaling
Technology), on the other hand, induced low signals as anticipated. Amplified DNA levels
were calculated by percent input method using C; values of input samples for normalization
[89]. The graph presents average values from the first and second set of ChIP-qPCR.
Abbreviation: Txnrd1-P1 (Txnrdl), 66cl4 NT (NT), 66cl4 NRF2 KD 3B4 (3B4) and 66¢l4
NRF2 KD 3B7 (3B7).

3.3.3 Primers of genes Nqol and Txnrd1 selected as optimal primers for validating the

quality of ChIP samples

In advance of conducting high-throughput DNA sequencing, it is important to validate the
quality of the ChlPed DNA. This is commonly done by qPCR assays [67]. To efficiently
examine its quality, primers that exhibit high qPCR amplification signals were required. Thus,
primers that are optimal for assessing the enrichment of NRF2-targeted genes had to be
determined ahead of ChIP-DNA validation. For this experiment, a positive control primer and

several primers of known NRF2-binding sites were prepared, examined, and compared by
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gPCR. The primers of putative NRF2-regulated genes were referenced from a study by
Malhotra et al. (Supplementary Table 1) which contained a list of primers they had organized
for PCR assays based on the genes they had found from their Nrf2 ChlP-Seq peak results [87].
From the list, five primers were specifically selected, as several articles have reported them to
be NRF2-downstream targets that express antioxidant or detoxification enzymes [63, 120, 121].
Among them were primers for genes Ngol and Txnrd1. All primers were used for target gene
amplification in input and IP samples. gPCR was performed twice for two biologically

replicated ChIP samples and percent input values were subsequently calculated [89].

In the two 66¢l4 NT samples enriched by recombinant anti-NRF2 antibody (EP1808Y)
(Abcam), Ngol level was significantly elevated in both first and second set of gPCR
experiments (Figure 8). Although Txnrd1 levels were lower than Ngol, Txnrd1 also resulted
in considerable quantities. The rest of the three genes, however, did not show significant

enrichment signals compared to Ngol and Txnrd1 (Supplementary Figure 3).

For samples amplified with positive control SimpleChIP mouse RPL30 intron 2 primers (Cell
Signaling Technology), positive control Histone H3 (D2B12) rabbit mAb (Cell Signaling
Technology) IP samples showed significant percent input values ranging from 0.165 to 0.298,
whereas values from remaining IP samples ranged from 0 to 0.002 (Figure 9). This was as
expected since Histone H3 mAb would pull down considerate amounts of RPL30 genes,
whereas antibodies of other IP samples would not. RPL30 is a housekeeping gene that is
actively transcribed in all cell types and Histone H3 is a protein bound to most DNA sequences.
Thus, the positive control mAb would enrich RPL30 genes by targeting Histone H3 [85, 88].
For negative controls, concentration levels of the genes both in 66¢l4 NRF2 KD samples and
in normal rabbit IgG (Cell Signaling Technology) IP samples were distinctively low as

expected.
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Taken together, ChIP-gPCR assays showed primers Ngol and Txnrd1 to be the most optimal
in evaluating the quality of NRF2-ChIP samples and further validated the implemented ChIP

method of this study by using control samples.

1 RPL30 Intron 2

a 0.3 ] = Nqgol

c

; E Txnrd1-P1

= _

= =

‘_-oB' 0.2

[ _

c

£

c 0.1

L

c

LU

0.0 I = 1 = I 1 1 I I I 1 I 1 I
NT 3B4 3B7 NT 3B4 3B7 NT 3B4 3B7 NT 3B4 3B7

Histone H3 Rabbit IgG EP1808Y D1z9C

Figure 9. ChIP-gPCR results indicate the effectiveness of the ChlP method practiced in this study.
ChIP DNA immunoprecipitated with Histone H3 (D2B12) rabbit mAb (Cell Signaling Technology)
yields high levels of amplified RPL30 genes in ChIP-qPCR. Meanwhile, RPL30 gene signals can
scarcely be detected in other negative control (Rabbit 1gG) and target (EP1808Y, D1Z9C) samples.
Since RPL30 is a house-keeping gene and Histone H3 are one of the core proteins forming all chromatin
structures in eukaryotic cells [85], it was expected for the RPL30 gene to generate high signals in
Histone H3-ChIP-gPCR and extremely low signals in other antibody-ChIP-qPCR samples. Enriched
DNA levels were measured using percent input method and normalized by C; values of input samples
[89]. Abbreviation: Txnrd1-P1 (Txnrdl), 66cl4 NT (NT), 66cl4 NRF2 KD 3B4 (3B4), 66¢cl4 NRF2 KD
3B7 (3B7), Normal Rabbit IgG from Cell Signaling Technology (Rabbit 1gG), anti-NRF2 antibody
EP1808Y from Abcam (EP1808Y) and NRF2 D1Z9C rabbit mAb from Cell Signaling Technology
(D1Z9C).
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3.4 ChlP-sequencing

3.4.1 Five ChIP biological replicates prepared for ChlP-seq

The aim of this project was to map genome-wide NRF2-binding sites in 66¢l4 cells with
maximal signal-to-noise ratio. However, variability and noise in samples can lead to weak
results [70]. An approach to minimize the impediment is preparing biological replicates to
improve the accuracy and reliability [122]. This method can strip false findings, whereas
genuine findings are emphasized as they will exhibit consistency among the replicates [70]. To
produce significant results holding generalizability in 66cl4 metastatic breast cancer cells,

biological ChlIP replicates were organized to be used for library prep and NGS.

After optimizing the ChIP assay, a total of six sets of biological replicates were first prepared
by repetitively conducting the ChIP procedure with 66cl4 cell lines that were individually
harvested in different time points from three separate batches of cells. To assess the quality of
the replicates, g°PCR was executed in all six ChIP DNA replicates with primers Ngol and
Txnrd1l. Most replicates were immuno-enriched with Ngol and Txnrdl in 66cl4 NT samples
while the gene levels were low in 66cl4 NRF2 KD 3B4 and 3B7 samples (Figure 10). In
general, 66¢cl4 NRF2 KD 3B7 cells presented more effective knock down of NRF2 than 66¢l4
NRF2 KD 3B4. The 66cl4 NRF2 KD 3B4 cell lines was thereupon excluded for gPCR
examination in the latter two replicates (Figure 10. B) and further omitted from library prep
followed by sequencing. Moreover, most negative control normal rabbit IgG ChIP samples
exhibited percent input values close to zero. Overall, 66¢cl4 NT cells displayed higher
enrichment levels of NRF2-ChIP DNA than 66¢l4 NRF2 KD cells in all six replicates and
thereby were verified to be adequate in further proceeding concentration measurements for

library prep.
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Concentration of each replicate was measured with Qubit™ dsDNA HS Assay Kit and Qubit®
3.0 Fluorometer to select the five most dsDNA-enriched samples [90]. Concentrations are
shown in Supplementary Table 4 in the appendices. Amongst the six replicates, all EP1808Y -
ChIP and Rabbit IgG-ChlP samples within the first ChIP replicate could not be detected due to
low readings. The concentration detection range of the dsDNA assay Kit is between 10 pg/ul
and 100 ng/ul which conveys that the samples with low readings had concentrations below 10
pg/ul [90]. Moreover a minimum of 1 - 10 ng of ChIP DNA is advised for library construction
[123]. Consequently, it was decided to use the rest of the five replicates as the first replicate

was not suitable to be used for library prep.
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Figure 10. All 66cl4 NT ChIP replicates confirmed to be enriched in gene fragments targeted by
NRF2. A total of six 66¢l4 biological replicates were prepared and validated by ChIP-gPCR to be
enriched with NRF2-ChIP DNA in 66cl4 NT (NT) samples, whilst being selectively depleted in 66¢l4
NRF2 KD 3B4 (3B4) and 66¢cl4 NRF KD 3B7 (3B7) samples. All anti-NRF2 antibody EP1808Y-
treated NT samples showed significant enrichment of the two NRF2-regulated genes which were Ngol
and Txnrd1. Conversely, all samples that were precipitated with the negative control normal rabbit IgG,
maintained low concentration of the two NRF2-targeted genes. (A) In addition, 3B7 cells generally
presented more effective knock down of NRF2 than 3B4. (B) 3B4 was thereupon excluded for qPCR
examination in the latter two replicates.
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3.4.2 Quality control verifies adequacy of ChIP-library for NGS

Following biological replicate selection, ChiIP libraries of the five replicates were prepared.
Once the libraries were denatured and diluted to 2.5 pM using the Standard Normalization
method from Illumina NextSeq System guideline [94], a QC was performed. This was to assess
adapter ligation, confirm amplification, and identify concentration and size distribution of
DNA fragments. Using Agilent High sensitivity DNA kit, a DNA chip loaded with gel-dye
mixes, markers, and samples were run and examined with 2100 Bioanalyzer instrument
(Agilent Technologies) [92]. Most wells produced highly concentrated libraries and the lengths
of ChIP-DNA were within the targeted range (Figure 11). The average concentration for each
detected peak was 4.67 nM. The recommended minimum library concentration prior to
sequencing is 0.5 nM which means the constructed library contains enough quantities of ChIP-
DNA for sequencing [94]. Furthermore, the detected average insert length was 448.17 bp which
implies the inserted DNA length to be 328.17 bp given that the sizes of Qiagen adapters are
120 bp [91]. As this study had sheared DNA in a length of 200 — 500 bp, the bioanalyzer result
identified adapter ligation and re-confirmed the fragmented DNA length. Taken altogether,
library evaluation confirmed PCR-amplification of adapter-ligated samples and further verified

the library samples to be adequate in both concentration and size distribution for ChlP-seq.
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Figure 11. An electropherogram of EP1808Y-ChlPed 66cl4 NRF2 KD 3B7 sample exhibits
features of a successful ChlP-library prep. The displayed electropherogram is a representative
example from the 5" biological replicate among the graphs from other libraries. The electropherogram
obtained from 2100 Bioanalyzer (Agilent Biotechnologies) shows a clear peak in the 300-base pair (bp)
region with a concentration of 1310.01 pg/ul (not shown in figure) which suggests that it meets the
requirements for subsequent Illumina sequencing [94, 124]. The graph also clearly displays both lower
(green) and upper (purple) marker peaks. While sample peak in distinctly situated in between the
markers, rest of the regions appear to have a flat baseline which altogether indicates a high-quality
library [92]. Abbreviation: Recombinant anti-NRF2 antibody EP1808Y from Abcam (EP1808Y).

3.4.3 Multi QC validates quality of ChlP-Seq data

For identification of the NRF2-occupied genomic regions in 66cl4 cells, the quality-verified
libraries underwent massive parallel sequencing by the NTNU’s Genomics Core Facility (GCF)
which produced a FASTQ file of the enriched sequences [94]. The FASTQ file was thereafter
analyzed with Fastp to ensure the quality of the results and possibly remove false reads. Fastp
is a module that parses FASTQ files through QC and data-filtering [96]. This can be run by
Multi QC software (v1.9) [94, 95]. According to Fastp, the vast majority of reads from each
sample were above the quality filter whereas low quality reads and short-fragment reads were
limited to a small percentage. (Figure 12. A). Moreover, the ChiP-library had amplified an

adequate amount of reads approximately ranging from 6 million (mil) to 20 mil. As the aim
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was generating 10 to 20 mil reads with high quality, the results implied a successful ChIP

library prep and sequencing.

Furthermore, the ChlP-sequences were mapped to a set of reference genomes to determine its
quality by validating its origin. The method is recommended to find possible sources of
contamination. The analysis was performed with a bioinformatic tool called FastQ Screen
which is also integrated in MultiQC [95, 125]. The tool first quantifies the user’s input reads
and compares the data against a large sequence dataset extracted from a variety of reference
genomes [125]. The results generated by FastQ Screen showed that ChlP-sequences largely
matched with databases from mice and was followed by multiple genome databases (Figure
12. B). As the ChIP-DNA samples were immunoprecipitated from 66c¢l4 murine cells, this not

only verified the origin of the sample, but also its quality.
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Figure 12. Quality of the 66¢l4 ChlP-seq data was verified by bioinformatic tools implemented in
Multi QC software (v1.9). (A) The library of ChlIP-sequences was validated by Fastp to have high
quality which is indicated with blue-colored bars (passed filter) in the graph. The quality was
determined by screening quality scores of each read. The library also generated a number of reads which
reaches the target range of 10 to 20 million [96]. (B) The graph created from FastQ Screen additionally
confirms high quality of the samples [125]. As expected, the bars show that the ChIP samples purified
from murine 66¢l4 cells mostly match with reference genomes from mice (green) and multiple genome
(red) datasets [95].



3.4.4 Global identification of NRF2 binding sites in 66cl4 murine metastatic breast

cancer cells

3.4.4.1 Bioinformatic ChlP-seq analyses finds 94 significant peaks enriched by anti-NRF2
antibody in 66cl4 NT and one significant peak in 66¢cl4 NRF2 KD 3B7 cells
To obtain a list of significant NRF2-modulated genomic regions in 66c¢l4 cells, bioinformatic
analyses were conducted by the Bioinformatics Core facility (BioCore) of NTNU. The results
for each sample group were pooled for analysis which generated a total of 118 peaks. Once
noise signals were filtered, 94 significant ChlP-seq peaks were identified in 66¢cl4 NT samples
that were precipitated by anti-NRF2 antibody EP1808Y (NT-NRF2 ChIP) (Figure 13,
Supplementary Table 5). However, only one significant peak was found in 66cl4 NRF2 KD
3B7 samples (Supplementary Figure 5). The results confirmed our expectations. As 66cl4
NT cells maintain constitutive expression of NRF2, the cells ChlPed with anti-NRF2 antibodies
were anticipated to extract NRF2-regulated DNA fragments. Negative controls, on the other
hand, are either depleted with NRF2 or its DNA could not be precipitated due to non-specific
binding of normal rabbit IgG. Thus, it was expected to detect only a trivial number of peaks in
those libraries. The bioinformatic results not only confirmed the high efficiency of NRF2 KD
in the 66¢l4 NRF2 KD 3B7 cell lines, but also validated the applied ChlP-seq methodology

and its success.
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Figure 13. A total of 94 significant ChlP-seq peaks were identified in anti-NRF2 antibody-
enriched 66¢l4 NT libraries (NT-NRF2 ChIP). (A) The two most significant ChlP-seq peaks among
the 94 are displayed. Both peaks present a peak height of approximately 70 to 80 (blue line) while the
background 66cl4 NT input data (NT-input) maintain flat (black line) indicating the sequenced peak
region to be highly enriched in NT-NRF2 ChIP samples but not in the background sample. (B) ChiP-
seq peaks are featured with an approximate height of 25 and thus is considered as the least significant
from the 94 peaks. However, NT-NRF2 ChlP samples are clearly distinguished from NT-input samples
in terms of enrichment levels. All peaks presented in this figure were obtained from the Bioinformatics
Core Facility of NTNU.
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3.4.4.2 ChlP-seq peaks are validated to be regions regulated by NRF2

To verify that the ChIP-seq peak regions are NRF2-regulated sites, ChIP-seq peaks were
examined on the UCSC genome browser and observed whether the peaks were located in
vicinity of known NRF2-regulated genes (Supplementary Figure 4) [126]. The list of 94
significant peaks were sorted by significancy of —log 10 (Q value) as recommended by
BioCore. Each peak region was subsequently identified through the browser by investigating
the type of gene or genomic site it occupies. Genes that are both neighboring and located
downstream from the significant peaks were perceived as NRF2-regulated genes. However,
not all peaks were enriched contiguously to annotated genes. For those peaks, genes located
within a window length of 1,000,000 bp (1 Mbp) were additionally discerned. The bp length
was determined to encompass the fact that enhancers are long-distance regulatory elements that
can be situated up to 1 Mbp upstream of a gene [126]. This brought an enumeration of 249
genes situated in proximity of the peaks (Supplementary Table 5). The 249 genes were
thereupon queried on Enrichr to verify if they have been identified as NRF2-regulated genes

in previous literatures [104, 105, 127].

As a result, a total of 40 genes (40/249), neighboring 35 peaks (35/94), were confirmed to be
regulated by NRF2 according to the ENCODE and ChEA Consensus TFs from ChIP-X gene
dataset which was accessed through Enrichr (Figure 14). ENCODE and ChEA Consensus TFs
from ChIP-X is a gene dataset presenting consensus target genes for various types of TF. In
their NFE2L2 (NRF2) data, 40 NRF2-targeted genes were found to overlap with our list of
significant ChIP-seq genes. This indicates that the 40 genes (40/249) are known-NRF2-
regulated genes which is verified by both ENCODE and ChEA (Figure 14. B). The 40 genes
were marked with a significant P-value of 9.49E-16 and combined score of 189.09 (Figure 14.

A) [112-114].
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On the contrary, genes in proximity of the remaining 59 peaks (59/94) were not established as
NRF2-targeted genes in the public database [104, 105, 112-114]. The 59 peaks can be inferred
that these are NRF2-interacting ARESs that is yet to be identified. Furthermore, 46 peaks were
characterized with distal-enhancer-like signatures and 4 peaks with proximal enhancer-like
signatures according to the ENCODE Candidate Cis-Regulator Elements dataset [128]. With
more than half of the peaks (50/94) being featured in enhancer signatures, this reinforces our
expectancy that these peak regions are precipitated from a TF. Altogether, the results
corroborate the list of peak regions to be NRF2-regulated sequences and suggest the 59 regions

within the list to be potential novel NRF2 binding sites.
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Figure 14. Forty genes located by 35 significant peaks were identified as NRF2-regulated genes.
(A) Genes proximate to the 94 significant ChIP-seq peaks were searched on ENCODE and ChEA
Consensus TFs from ChlIP-X gene dataset through Enrichr which confirmed the genes to be targeted by
NRF2 (NFE2L2). (B) A total of 40 genes overlapped with the gene dataset [112-114]. Abbreviation:
The Encyclopedia of DNA Elements (ENCODE), ChIP-X Enrichment Analysis (CHEA).
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3.4.4.3 ChIP peak list of known-NRF2-regulated sites concur with list of putative NRF2
targets

To further establish the findings that the genes in proximate locations of the 35 ChlIP-seq peaks
are known-NRF2-targets, they were contrasted with other putative NRF2-modulated genes. A
list of ten NRF2-dependent transcriptional targets were selected from an NRF2 ChlIP-seq study
performed by Malhotra et al [87]. Among the ten genes, six genes were shown to be
overlapping with our dataset. The genes were Hmox1, Gstm1, Gstm3, Ngol, Txnrd1 and Ephx1.
As an example, in our data, two statistically significant peaks were located upstream within 10
kilobase pairs (kbp) from Hmox1, a renowned NRF2-responsive gene known for expressing
anti-oxidases (Figure 15. A) [129]. Peak heights of the two enriched regions were 57 and 45.
Peak heights reflect the number of ChIP DNA fragment tags overlapping in the specific site
[130]. A peak with a height of 47 was also detected within the intronic region of Gstm1 and 45
kbp upstream of Gstm3 (Figure 15. B). Both genes express glutathione S-transferases which
are major phase II detoxification enzymes that detoxify carcinogens and metabolize

xenobiotics [117].
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Figure 15. Strong significant ChlP-seq peaks were observed in enhancer regions close to putative
NRF2-regulated genes. (A) Two enriched peaks with an average height of 51 were detected in
proximity to gene Hmox1, a well-known NRF2-regualted gene [129]. Both peaks had distal enhancer-
like signatures as indicated with a yellow bar underneath the peaks. In contrast, the input peaks,
presented in top row, only had a highest peak of 12. (B) A peak with a height of 47 was also detected
with a distal enhancer-like signature located within the intronic area of Gstm1 and upstream of Gstm3.
Both genes are known to be NRF2 modulated. Its input peaks, on the other hand, exhibited a peak height
of 15. The peak datasets were displayed with UCSC genome browser [126].

In addition to the list of 94 significant ChlP-seq peaks, peaks that were not incorporated in the
list but nevertheless presented prominent peak heights were also found. Two of those peaks
were located by genes Ngol and Txnrdl (Figure 16. A, B). The two genes are distinguished
NRF2 targets which both translate antioxidant enzymes preventing production of ROSs [131,
132]. Despite being excluded from the list, each peak was distinctly structured compared to its
background input data. The peaks by Ngol and Txnrdl moreover were characterized with
proximal enhancer-like and promoter-like signatures, respectively. These finding corresponded
to previous gqPCR results where elevated enrichment of genes Ngol and Txnrd1 were limited

to NT-NRF2 ChIP samples (Figure 16. C). Taken together, overlapping findings between the
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analyzed NRF2 ChIP peaks and the putative NRF2 target genes clearly indicates that the peak

regions are NRF2-binding sequences.
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Figure 16. Some elevated ChlP peaks were not included in the list of 94 significant peaks but were
situated adjacent to renowned NRF2-regulated genes. (A) A distinct peak with a proximal enhancer-
like signature (orange bar) was found neighboring the transcription start site of Ngol. (B) A peak with
a promoter-like signature (red bar) was located by the transcription start site of Txnrd1. The height of
the peak was 36 while the input peak was below 16. The peak datasets were displayed with UCSC
genome browser [126]. (C) The ChlP-seq datasets corresponded to previous ChIP-qPCR results. The
graphs represent enrichment levels relative to input from two of the six biological ChIP replicates. gPCR
was run with primers of genes Nqol and Txnrdl. Both genes were highly enriched in the same NT-
NRF2 ChIP samples compared to negative controls such as 66cl4 NRF2 KD samples or normal rabbit
IgG-precipitated samples.
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3.5 Overlapping findings of ChlP-seq and RNA-seq data

3.5.1 Three known-NRF2-regulated genes identified

To ensure the identified 35 peaks obtained from ChIP-seq conform with previous findings
acquired from the same 66¢l4 cells, the list of 40 known-NRF2-modulated genes that were
situated in vicinity of the 35 enriched peaks were contrasted against the RNA-seq results. The
genes were compared with the list of seven commonly down-regulated genes of 66¢l4 NRF2
KD 3B4 and 3B7 cell lines attained from RNA seq (Supplementary Table 3). As mentioned
earlier, the seven genes were Enrichr-confirmed to be NRF2-regulated [103-105]. The seven
genes were thus searched upon the list of 40 genes. Consequently, three genes were spotted to
be overlapping (3/7). The genes were Slc48al, Enah and Sim2. SLC48A1 is a heme transporter
that has been reported to be regulated by NRF2 and are recognized to participate in
detoxification strategies similarly to other NRF2-induced enzymes [133, 134]. SIM2 is a
transcription factor that is known for its vital role in development of the central nervous system
while ENAH is an actin-associated protein that supports cell motility and adhesion [135, 136].
However, the two latter proteins have not been extensively investigated on its association to
NRF2 in earlier literatures compared to SLC48A1. Taken together, the three NRF2-targeted
genes identified in both ChIP-seq and RNA-seq results strengthens the probability of the 35

ChlP-seq peak regions to be NRF2-binding sites in 66¢l4 cells.

3.5.2 Two intersecting potential NRF2-regulated genes identified

With the intention to detect potential NRF2-targeted genes overlapping in ChlP-seq and RNA-
seq data, the two datasets were again compared. Among the 40 commonly repressed genes

from the RNA-seq results, 32 (32/40) have not been identified to be targeted by NRF2 in prior
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studies. Thus, the 32 genes were searched upon the NT-NRF2 ChIP dataset. Consequently,
gene Ppbp was observed approximately 10 kbp distant from a considerable ChlP-seq peak with
an evident height of 21 (Figure 17. A). This peak was not in the list of 94 significant peaks.
However, the low background signals in 66cl4 NT input samples demonstrate the binding of
NRF2 to the NT-NRF2 ChlIP peak region. Although a 15-heighted peak was found in 66cl4
NT input sample, it was located 1,125 bp downstream from the peak of interest. Interestingly,
an additional intersecting gene, Cxcl3, was identified roughly 30 kb away from the peak. Unlike
Ppbp, gene Cxcl3 was not included within the list of the 40 most transcriptionally-
downregulated genes. The gene was even so notably repressed in the 66¢cl4 NRF2 KD cell lines
suggesting the upregulated transcription in 66¢l4 NT cells (Figure 17. B). Ppbp and Cxcl3 both
encode chemokines which act as chemoattractant for neutrophils [127, 137, 138]. Collectively,
the two genes observed in RNA-seq and ChlP-seq datasets suggest findings of novel NRF2

target genes in 66c¢l4 cells that engage in the immune responses.
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B 66¢cl4 NRF2 KD 3B4 / 66¢l4 NT  66¢cl4 NRF2 KD 3B7 / 66¢l4 NT Average
Gene Log2(fold-Change) padj Log2(fold-Change) padj Log2(fold-Change) padj
Cxcl3 -1.858 0.000532059 -1.944 0.000288662 -1.901 0.0004103605

Figure 17. Two potential NRF2-regulated genes were found in both ChlP-seq and RNA-seq data.
(A) Inthe anti-NRF2 antibody EP1808Y -precipitated 66¢cl4 NT samples (NT-NRF2 ChlIP, second lane),
genes Ppbp and Cxcl3 were each observed approximately 10 kilobase pairs (kbp) and 30 kbp distant
from a considerable ChlP-seq peak with a height of 21. Although a 66¢l4 NT input peak with a height
of 15 was detected in proximity (first lane), the two peaks were separated with an 1,125 bp gap. This
indicates a specific NRF2-binding to the peak region in NT-NRF2 ChIP sample. The peaks are
presented with UCSC genome browser [126]. (B) Gene Cxcl3 was not encompassed within the list of
the 40 most transcriptionally repressed genes of 66¢l4 NRF KD cells in RNA-seq. Nevertheless, it
featured statistically significant values suggesting downregulation in NRF2 KD samples. Abbreviation:
adjusted P-value (padj)).

3.6 Bioinformatic analyses of ChlP-seq peak genes

3.6.1 Both novel and known NRF2-regulated genes are found to participate in a several

functions

As a large portion of genes proximate to ChlP-seq peaks are now verified to be regulated by
NRF2, the genes were further analyzed to observe additional functions they may be involved
in. All 249 genes in vicinity of ChIP peaks were subsequently compared with pathway-gene
sets from Enrichr (Table 1) [104, 105]. The KEGG 2021 Human and BioPlanet 2019 pathway
gene sets confirmed nine genes (GSTM3, GSTM2, GSTM1, MGST2, EPHX1, GSTP1, HMOX1,

ABCC2, BLVRB) to participate in xenobiotic metabolism where most of them (GSTM3, GSTM2,
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GSTM1, MGST2, GSTP1, GGCT) are specifically a component of glutathione metabolism
pathway [139-142]. Moreover, three genes (GSTP1, ABCC1, ABCC2) were identified to
express multi-drug resistance factors, four genes (HMOX1, CSF1, IL1R2, CD9) to be involved
in IL-6/JAK/STAT3 signaling pathway and seven genes (PAK6, NFAT5, CAMK2D, VWF,
MYH1, NFKB2, ACTG1) to participate in inflammation mediated by chemokine and cytokine
signaling pathway according to pathway gene sets BioCarta 2016, MSigDB Hallmark 2020
and Panther 2016, respectively [143-146]. Among the genes, 13 (12/21) have been identified
as NRF2-regulated genes from previous studies, whereas the remaining eight genes (8/21) have
not been linked to NRF2 [112-114]. This suggests that the novel NRF2-regulated genes could

possibly contribute to major biological functions.
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Table 1. Known and potential NRF2-regulated genes are involved in vital biological functions.
Some genes in vicinity of the significant ChlP-seq peaks were identified to be components of major
pathways according to Enrichr and its constituting genomic studies [104, 105]. The pathways were
xenobiotic metabolism, multi-drug resistant factors, IL-6/JAK/STAT3 signaling pathway and
inflammation mediated by chemokine and cytokine signaling pathway. Although majority of the genes
partaking in the pathways are literature-derived NRF2-regulated genes, eight genes have not been
recognized as NRF2-targets to date.

Known NRF2- Potential NRF2-
Pathway References
regulated genes regulated genes

GSTM3, GSTM1,

MGST2, EPHX1,

GSTP1, HMOX1, [139-142,
ABCC2, BLVRB 147]

Xenobiotic metabolism

GSTM3, GSTM1,

Glutathione metabolism MGST2, GSTP1 GGCT
Multi-drug resistant GSTP1, ABCC1, [143]
factors ABCC2
IL-6/JAK/STAT3 HMOXL, CD9 [144] CSF1, IL1R2

signaling pathway

Inflammation mediated
by chemokine and NFAT5, VWF, MYH1,
cytokine signaling PAK6, CAMK2D [145, 146] NFKB2, ACTG1
pathway

3.6.2 Thirty-five genes are highly mutated in clinical metastatic breast cancer samples

To discover the association ChlP-seq peaks may have with metastatic breast cancer, the 249
genes in close distance to ChlP peaks were queried in 16 clinical breast cancer studies under
cBioPortal [108, 109]. However, due to the limited number of genes allowed to be analyzed
simultaneously on the website, 249 genes were divided into groups and separately examined.
Subsequently, 35 genes (35/249) that were found to be altered in more than 3% of patient
cohorts were selected for further analyzation. As a result, 36 % (2312) of queried patients were

found to have a modification in one or more of the 35 genes (Supplementary Figure 6).

73



Among the 35 genes, 14 genes were each altered in more than 10 % of patient cohorts.
Following the analysis, the 14 significantly altered genes were compared with the ENCODE-
and ChEA-derived known NRF2-regulated genes to observe an intersection. Only four (4/14;
ENAH, EPHX1, SRP9, TBCE) were observed to overlap. However, the remaining ten (10/14;
ARID4B, B3GLAT2, CDC73, GLRX2, HHIPL2, MIA3, OTUDG6B, PIP4P2, TAF1A, UCHLS5)

have not been connected to NRF2 in previous literatures.

In addition, a substantial fraction of patients identified with alterations in one or more of the
35 genes were diagnosed with metastatic breast cancer (Supplementary Figure 7). The
metastatic breast cancer study from INSERM exhibited genetic alterations in 65.28% (216) of
cases [148]. Similar studies from the Metastatic Breast Cancer project data and TCGA each
showed alterations in 58.65% (237) and 56.18% (817) cases [108, 109, 149]. Taken together,
the statistics suggest a possibility of both known and novel NRF2-regulated genes in 66¢cl4 NT

to assist breast cancer cells in metastatic progression.

3.7 ChIP-gPCR validates the analyzed ChIP-seq datasets

To validate the ChlP-seq datasets, a ChIP-qgPCR experiment was essential. For thorough
verification, primer sets were generated from ChlP-seq peak regions. From the list of 94 ChIP
peaks, peaks located in proximity of known-NRF2-associated genes were chosen to be used
for primer production. As these genes are ensured to be NRF2-affiliated by other studies,
preparing their primers would enhance the ChIP-gPCR verification method. Among the list of
peaks which are presumed to be NRF2-related, the most significant nine peaks were selected
based on its —log 10 (Q value). The nine peaks were proximate to genes Slc48al, Nbea, Krt9,
Sema3e, Hmox1, Fthi, Slc40al, Abccl and Rpal. Thus, primers were generated from DNA

sequences of these nine peak regions (Supplementary Table 2).
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Using the nine prepared primers, ChIP-gPCR was conducted with the remaining ChIP
biological replicate samples. The experiment, however, was only performed once due to
insufficient volume of residual samples. Identical to the normalization method used in previous
gPCR examinations, C; values of each sample were normalized with adjusted input values to
deduce a percent input result [89]. Consequently, 66¢cl4 NT ChIP samples enriched with anti-
NRF2 antibody (EP1808Y) augmented the most considerable amplification levels with an
average percent input value of 0.15 (Figure 18). However, 66cl4 NT-normal rabbit IgG, 66cl4
NRF2 KD 3B7-EP1808Y and 66cl4 NRF2 KD 3B7-normal rabbit IgG samples yielded an
average percent input of 0.0008, 0.0254 and 0.0004, respectively. The clear contrast indicates
that EP1808Y-enriched 66¢l4 NT samples contained sequences where most of the primers
could bind to, in contrary to the other samples. In other words, the results suggests that the

ChIP-seq dataset analysis has been effective and hence validates the data.
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Figure 18. Following ChIP-seq, ChlP-gPCR was conducted which validated the bioinformatically
analyzed ChlIP-seq dataset. Eight genes (8/9) were highly enriched in NRF2 antibody-enriched 66c¢l4
NT (NT EP1808Y), while values of 66¢cl4 NRF2 KD 3B7 (3B7) and normal rabbit IgG (rabbit 1gG)
ChIP samples were approximately zero. Primer sequences of NRF2-associated genes were selected
from ChIP peak regions contiguous to those genes. The DNA sequences of the peak regions were
extracted with UCSC genome browser and organized for primer production [126]. The Y-axis indicates
percent input enrichment levels normalized by input values [89].



4 Discussion

4.1 Biological findings

NRF2 is a TF that is suggested to be one of the major components of promoting cancer
metastasis and has been a focus of research in various types of cancers [14]. However, an
understanding of its role in breast cancer is lacking. Thus, this study has performed a global
analysis of NRF2 binding sites in 66¢l4 murine metastatic breast cancer cells through ChlP-
seg. The genome-scale investigation was conducted with 66c¢l4 cells that constitutively express
NRF2 and 66c¢l4 cells deficient in NRF2. The ChlP method used in this study were optimized
for the experimental cell line. Using the tailored method followed by high-throughput
sequencing, the results revealed 94 significant ChIP peaks where 59 of them have not been
previously identified. Selected peaks were verified using ChIP-qPCR. The results indicate a

possible finding of novel NRF2-binding sites in 66cl4 cells.

4.1.1 The 94 significant ChlP-seq peak regions are NRF2-binding sites

The present study identified prominent 94 ChlP-seq peaks in the NRF2 antibody
immunoprecipitated-66¢cl4 NT (NT-NRF2 ChIP) sample (Supplementary Table 5) and a
solitary peak in the 66¢cl4 NRF2 KD 3B7 sample (Supplementary Figure 5). This is reflective
of the ample NRF2 detected in 66¢cl4 NT cells and the deficient concentration of the TF in
66cl4 NRF2 KD cells according to the Western blotting results (Figure 4). Consistently, RNA-
seq findings showed downregulation of NRF2-targeted genes in 66cl4 NRF2 KD cell lines
when contrasted to the 66¢l4 NT cell line (Supplementary Table 3). This indicates the mRNA

expression of NRF2-modulated genes to be lopsided in 66¢l4 NT cells. Furthermore, this is in
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agreement with the prior results achieved in our research group where 66cl4 NT cells were
found to constitutively express NRF2, while both transcription and translation levels of NRF2
were diminished by approximately 90 % in the 66cl4 NRF2 KD cell lines [61].
Correspondingly, copious quantities of NRF2-targeted DNA fragments would be precipitated
in NT-NRF2 IP samples due to the considerable concentration of NRF2 carried in the cell line.
Thus, the discrete difference in the number of ChlP-seq peaks between the NT and NRF2 KD

cell line suggest the significant peak regions in the NT samples to be NRF2-binding sites.

4.1.2 Genes in vicinity of the significant ChlP-seq peaks are potential NRF2-regulated

genes

The NRF2-binding peak regions in NT-NRF2 ChIP samples were located either within or in
proximity of 249 genes. A fraction of the genes (40/249) was verified to be targeted by NRF2
in previous literatures (Figure 14). The genes were dispersed across 35 peaks which exceeds
one-third of all detected peaks. This suggests the remaining genes to be also involved in the
NRF2 pathway. The elevated transcriptional expression of known NRF2-modulated genes in
NT cells from the RNA-seq results further supports this hypothesis. For instance, putative
NRF2-regulated genes Slc48al, Enah, Sim2, Alox5ap, Hipk2, Gsta4 and Tsku were
transcriptionally upregulated in NT cells, where three of the genes (Slc48al, Enah, Sim2) were
moreover identified adjacent to significant ChlP-seq peaks. This was validated by the elevated
enrichment results of Slc48al in ChIP-gPCR assay of NT-NRF2 ChlIP samples (Figure 18).

This indicates active NRF2/ARE signaling pathway in the NT cell line.

As the genes are regulated by NRF2, the products of the genes were expected to corporate in
the detoxification pathway which is a central NRF2-induced mechanism. However, the genes

were instead documented to be separately involved in disparate functions (Table 1) [133-136,
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150]. Intriguingly, these results build on recent evidence that NRF2 is not restricted to a single
biological passage but holds a versatile role in diverse regulatory networks of the immune
system, inflammation, metabolic reprogramming, iron homeostasis, mitochondrial biogenesis

and more [151-153].

However, there are a few limitations in generalizing that all ChIP peak-neighboring genes are
targeted by NRF2. The peak genes were recognized upon several factors including whether it
was encompassed within a window length of 1 Mbp. Although this was determined on account
of the maximal length that distal enhancers can be positioned away from the TSS, this criterion
may have inevitably included NRF2-independent genes. Furthermore, in spite of various genes
being transcriptionally active in NT cells, it cannot be assumed that all genes are directly
regulated by NRF2 as other mediators may additionally be involved in the process. Hence,
investigation of NRF2-binding sites in additional metastatic breast cancer cell lines are
warranted. Nonetheless, known NRF2-regulated genes implicates the remaining peak genes to
be mainly modulated by NRF2. This comprehensive finding reveals potential novel-NRF2-

regulated genes in the murine metastatic breast cancer cell line.

4.1.3 Putative and novel NRF2-regulated genes are associated to metastatic breast

cancer

The abrogated role of NRF2 in lung cancers or squamous cell carcinomas have been long
recognized, but its role in invasive breast cancer has received less attention. Due to limited
research on the topic, whether NRF2 promotes or prevents breast cancer malignancy remains
to be rather vague. A recent study by Zhou et al. states that hyperactivated NRF2/ARE pathway
promotes abnormal ROS regulation which was observed to provoke malignancy in breast

carcinoma [154]. An additional study further maintains that NRF2 is a prognostic factor of
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breast cancer as NRF2 was found to strongly correlate with invasiveness, recurrence and poor
clinical outcomes in breast cancer patients [155]. In accordance with the studies, 35 ChIP-seq
peak genes in NT-NRF ChIP samples, comprising both putative and novel NRF2-regulated
genes, were found to be considerably modified in breast cancer patients and particularly in
metastatic subtypes (Supplementary Figure 7). Novel genes such as TAF1A, HHIPL2 and
MIA3 were significantly altered. NRF2-modulated genes identified by RNA-seq exhibited
similar results (Figure 6). For example, gene ENAH, a known NRF2-regulated gene identified
in both ChIP- and RNA-seq results, showed substantial genomic alterations in invasive breast
cancer [108, 109]. The data contributes to a clearer understanding of specific NRF2-regulated
genes that may promote aggressive breast cancer. However, further research is needed to
establish the network of how the NRF2-regulated genes advances the metastatic features of

breast cancer.

On the other hand, Giudice et al. asserts that NRF2 activation prevents malignant development
of estrogen receptor-mediated breast tumor by redox cycling of reactive estrogen quinones and
ROS [156]. This suggests the contradicting role of NRF2 in inhibiting breast oncogenesis in
normal cells but promoting metastasis in breast cancer cells. This has been reported likewise
in other cancers [157]. However, what biological mechanism shifts the opposing status remains
to be clarified [120]. Hence, further studies should conduct extensive identification of genomic

NRF2-regulations to understand both its role of repressing and promoting breast cancer.

4.1.4 NRF2-regulated genes of 66c¢l4 cells express drug metabolizing enzymes

The present study has suggested that genes in vicinity to the 94 significant ChIP peak regions
are known and potential NRF2-regulated genes that are involved in major biological functions

(Table 1) [104, 105]. The most notable was the xenobiotic metabolism pathway, also known
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as drug metabolism which is a major NRF2-induced function. Drug metabolism refers to
enzymatic modification of foreign compounds which shows resistance against oxidants or
electrophiles [158]. The pathway is divided into three phases (phase I; modification, phase II;

conjugation and phase III; excretion) [159, 160].

In this study, the network of genes encoding components of the drug metabolism pathway were
Ephx1, Hmox1, Gstm1, Gstm2, Gstm3, Gstpl, Gstp2, Mgst2, Abccl, Abcc2, and Ggct. EPHX1
and HMOX1 are enzymes that catalyze phase I reactions, while GSTMs, GSTPs and MGST2
are glutathione S-transferases (GSTs) which are essential enzymes of phase II conjugation
reaction [11]. The pathway can be initiated by oxidative stress. GSTs can then conjugate
glutathione to ROS and electrophiles for detoxification. The conjugated metabolites are
equipped for transportation through efflux transporters such as ABCC1 and ABCC2 which are

multidrug resistance proteins [159, 161].

The known NRF2-modulated drug metabolizing enzymes augment protective effects in healthy
cells. However, they have also been reported to support invasiveness of cancer cells [44, 45].
NRF2-addicted cancer cells upregulate expression of the enzymes which enables cells to evade
chemotherapeutic drugs by glutathione conjugation and subsequent excretion [155, 162].
NRF2-mediated resistance to chemotherapeutic drugs have been observed in different cancers.
Among them are aggressive breast cancer types such as triple negative breast cancer (TNBC).
In TNBC, NRF2 was found to confer resistance to cisplatin, doxorubicin and mitoxantrone

which are all drugs commonly used for metastatic breast cancer. [155, 163, 164].

In addition, a potential NRF2-targeted gene involved in drug metabolism, Ggct, was identified

in our analyses. GGCT is a crucial enzyme participating in glutathione metabolism [165]. It
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has besides been linked to poor clinical outcome in multiple carcinomas including breast cancer

[166-169].

The identification of putative and potential NRF2-regulated genes participating in drug
metabolism reinforce the connection between NRF2 and detoxification mechanisms. This is
consistent with previous findings and hence strengthens the significance of the detected ChlP-
seq peaks. The ChIP-seq analyses further suggested a possibility of the pathway enzymes to
support tumorigenesis through aberrated NRF2 activity. It cannot be denied, however, that a
detailed description is needed on how upregulated NRF2-drug metabolism provokes metastatic
breast cancer. Nonetheless, the NRF2-enriched AREs from 66cl4 NT cells imply a close

correlation between NRF2-regulated antioxidant proteins and metastatic breast cancer.

4.1.5 Role of NRF2 in the tumour microenvironment of breast cancer

A tumor microenvironment (TME) refers to the tumor site combined with a variety of factors
such as the tumor cells itself, infiltrated immune cells, stromal cells, blood vessels and more.
A common role of these components is stimulating tumor progression while suppressing anti-
tumor functions [170]. Cells and proteins of the immune system have been a specific focus in
the field as dysregulated inflammatory mechanisms are known to expose the inflamed site with
the risk of neoplastic transformation through excessive production of ROS which can damage
DNA [171]. Despite active research on TME, its underlying mechanisms remain to be further
investigated in various types of tumors including breast cancer. Thus, it is of interest to identify

how NRF2 may contribute to the TME in aggressive breast cancer.

From this study, the ChIP-seq results revealed peak enrichments in proximity to notable TME-

promoting components which were colony stimulating factor (CSF1), C-X-C motif chemokine
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ligand 3 (CXCL3), pro-platelet basic protein (PPBP), nuclear factor of activated T cells 5
(NFATS), nuclear factor kappa B subunit 2 (NFKB2) and Interleukin 1 Receptor Type 2

(IL1R2). These genes are potential NRF2-regulated genes.

CSF1 are cytokines required for differentiation of M2 macrophages which are also known as
tumor-associated macrophages (TAMSs) [172]. TAMs are major inflammatory players of TME
promoting angiogenesis and proliferation [171]. CSF1 also signals TAM to express cytokines
and proteases such as interleukin-10 (IL-10) and matrix metalloproteinases to stimulate growth
and eventually metastasis [173]. Thus, CSF1 has been considered to correlate with poor
prognosis which is also the case in breast cancer. CSF1 has been heavily found in metastatic

breast tumors along with infiltrated TAMs and IL-10 [173, 174].

Genes CXCL3 and PPBP are also associated to the TME in metastatic breast cancer. CXCL3
and PPBP are both chemokines that potently attract and activate neutrophils by binding to CXC
receptor 2 [127, 138, 175]. The induced neutrophils are the first responders of eliminating
microbial pathogens and repairing damaged tissue. However, dysregulated chemokine-
neutrophil pathway can inversely promote TME progression. Cancer cells diligently recruit
neutrophils by secreting its cognate chemokines. Neutrophil infiltration in tumor subsequently
promote metastasis by producing ROS, angiogenic factors and inhibiting anti-tumor immune
responses [176]. Overexpression of the two chemokines have been observed in multiple
cancers. Elevated levels of PPBP were found to heighten the MAPK and PISBK/AKT/mTOR
pathway and have thus been pointed as a potential biomarker [177, 178]. CXCL3 is also highly
expressed in cancers including metastatic breast cancer [179]. This is consistent with previous
findings from our group which identified increased transcript and protein levels of CXCL3 and

large population of neutrophils in 66c¢l4 cells [180].

In addition, NFAT5 and NFKB2 are potential NRF2-targeted genes encoding TFs that take vital
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roles in immune response [145, 146, 181]. NFATS induces transcription of proinflammatory
cytokines in T cells, such as TNF-a [182]. TNF-a is a constituent of TME with a pro-
tumorigenic role [183]. Thereby, increased expression of NFATS is predictably shown to
advance metastases and was further suggested as a biomarker for inflammatory breast cancer
[184, 185]. The second prospective NRF2-modulated TF, NFKBZ2, is a subunit of NF-xB and
is a main component of the NF-kB noncanonical pathway. This pathway promotes cell
proliferation by enhancing and inhibiting expressions of anti-apoptotic and apoptotic genes,
respectively. Overactivation of this pathway have accordingly been discovered to support

ovarian cancer, glioma, breast cancers and more [186].

Lastly, IL-1R2 is another protein possibly induced by NRF2. IL-1R2 is a negative receptor of
a proinflammatory cytokine interleukin-1 (IL-1) [187, 188]. Despite its IL-1-neutralizing role,
IL-1R2 is found to be highly expressed on regulatory T cells (Treg) in several types of cancers
including breast tumors [189, 190]. This is supported by findings of Tregs stimulating
aggressive malignancies in breast cancer [191]. Taken together, this may indicate that NRF2
contributes to development of aggressive breast cancer through regulating cytokine signaling
pathways. However, this cannot be quickly corroborated as more research is required of the
mentioned TME-associated components. Nevertheless, similar findings of the six proteins in
previous breast cancer research and in the current 66c¢l4 cell line study suggest the involvement

of NRF2 in TME of breast cancers.

4.1.6 Function of NRF2 in heme homeostasis

Senescent red blood cells are degraded in the phagolysosome of macrophages. Heme is then
transported into the cytosol via a heme transporter called HRG1 which is thereafter detoxified

by HMOX1 [192]. This pathway is essential in sustaining heme levels. Thus, HMOX1 and

84



HRGL1 are required for maintaining heme homeostasis [193, 194]. In this study, genes encoding
HRG1 (Slc48al) and HMOX1 (Hmox1) were identified. Slc48al was found in both RNA-seq

and ChlIP-seq results. This implies a possible role NRF2 may take in heme homeostasis.

Slc48al and Hmox1 are known NRF2-targeted genes and have been addressed to have a strong
expressional correlation with each other which is in line with our study [195]. This was
validated in the ChIP-gPCR experiment where both genes were highly enriched in NT-NRF2
ChlIP samples (Figure 18). Slc48al has also been linked to metastatic property of breast cancer.
HRG-1 was found to facilitate growth and invasion of the carcinoma [196]. Although it cannot
be generalized that NRF2-induced Slc48al-upregulation leads to metastasis, findings of the
genes in the present study suggest a possible link between NRF2 and heme homeostasis in

aggressive breast cancer.

4.1.7 Majority of NRF2 binding sites are located in intronic and intergenic regions

It is common knowledge that TFs bind to promoters adjacent to TSSs or regulatory sequences
such as enhancers which can be located nearby or remotely from downstream target genes
[197]. The present study is in line with the expectations where more than a half of the
significant ChlP peaks were in sequences with enhancer-like signatures. However, there were
44 novel NRF2 peaks that were not characterized with any enhancer or promoter signatures
but were located in intronic and intergenic regions. Although NRF2 binding of intronic or
intergenic regions were unforeseen, interaction with the sites were considered universal for
numerous TFs. In a recent ENCODE project, DNase | hypersensitive sites (DHS) analysis was
conducted with 125 human cell types which revealed that 95 % of DHSs were found in intronic
and intergenic regions whereas the remaining 5 % represented TSSs [198]. Another study

stated introns to be major regulatory sites for gene expression rather than promoters and that
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expression of intron-regulated genes are highly expressed in most tissues [199]. Specific
findings of NRF2 binding locations were also established. In ABCC3 gene, NRF2 was found
to interact with two AREs, both located in an intron, in order to induce expression of the gene
[200]. This supports the detection of novel NRF2 peaks positioned within those regions in this
study. Furthermore, it could be inferred that majority of NRF2 binding-AREs that are yet to be

discovered may also be located in intronic or intergenic areas, based on the findings.

4.2 Methodological considerations

4.2.1 Optimal DNA fragment size suiting both ChIP-gPCR and high-throughput

sequencing

gPCR and sequencing technologies each require varying sizes of DNA fragments. For instance,
it is optimal for template sizes to be less than 300 bp for SYBR Green assays [201], whereas
Illumina sequencing recommend lengths ranging from 350 to 550 bp depending on type of kit
and instrument used [202]. Fragments that are too short can induce poor sequencing quality as
the instrument will continue to read the adapter sequences if the insert size is shorter than the
sequencing read length [203]. Inversely, there has been reports that fragments longer than 500
bp can induce poor base qualities and increased errors [204]. Finding a settled size can be thus
challenging. Despite different ChIP-seq studies recommending varying ChlP DNA lengths,
most fall within a range of 100 — 600 bp [66, 69, 205]. As ChIP-seq studies are optimized for
both sequencing and PCR methods, we adapted our aimed fragment length following their
recommendations but further adjusting based on SYBR Green assay and Illumina guidelines

which led us to a length of 200 — 500 bp.
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4.2.2 Adequate cell density required for sonication

Sonication is a widely used technique to shear DNA to optimal lengths for ChIP-seq [69]. The
method was also used for this study which successfully generated DNA lengths in targeted
range of 200 — 500 bp for each biological replicate. However, yielding an optimal size were in
times challenging. Following electrophoresis, bands from input samples were on a few
occasions located above 500 bp ladder band. It was important to unravel the cause as both
under- and over-sheared DNA fragments will directly affect the quality of ChlP-seq NGS data
[91, 205]. After several experiments, it was inferred that it may be caused by excessive cell
concentration. Each cell line was plated in four dishes and harvested together. Following
sonication, a delayed electrophoretic migration was observed for cells that were incubated for
60 hours before harvest. Contrarily, no band retardation was noticed in samples that were
incubated for less than 48 hours. The Bioruptor Pico guidelines from Diagenode stated that
high sample viscosity leads to inefficient DNA shearing and thus advised a cell density of
1,000,000 — 3,000,000 cells per 100 pl for good fragmentation [206]. Despite their findings
being in line with our conjecture, cell numbers within the range till showed dense
concentrations leading to unsatisfying results. Input samples of cell line 66¢l4 NT, 66¢cl4 NRF2
KD 3B7, 66¢cl4 NRF2 KD 3B4 respectively had a cell number of 1,180,000, 1,980,000 and
1,000,000 per 100 pl. However, when cell densities were decreased to 204,000, 242,000 and
140,000 cells, sonication efficiency was significantly improved. Although preparing samples
with low cell density is crucial for optimal DNA fragmentation, the finding indicates that the

required number of cells may vary considerably depending on the type of cell line.
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4.2.3 An alternative DNA fragmentation method

Although the ChIP-seq method has continued to advance ever since its first development in
2007, most of the procedure has maintained the conventional workflow [73]. However, some
steps differ depending on the study. One of those steps is the chromatin fragmentation method
which have two available options: sonication and/or enzymatic digestion. Each are used mainly
for cross-linked ChIP (X-ChlP) and native ChIP (N-ChlIP), respectively. N-ChlIP refers to ChlP
without the crosslinking step and are generally used for studying histone or nucleosome
positions [69]. For N-ChlIP, cells are treated with MNase as the enzymes produce high-
resolution results while the sonication method can disrupt the histone association to DNA [205,
207]. On the other hand, X-ChlIP, ChIP integrated with crosslinking step, is used for sequence-
specific binding proteins such as TFs. Contrarily to N-ChlP, opinions differ on what type of
shearing method is better for X-ChlIP. Some state mechanical shearing techniques are more
suitable since MNase may digest the TF-binding site [205]. Others refute that MNase inversely
manages to provide precise TF-occupied regions with higher resolution by shearing the DNA
fragment into smaller lengths which shows more accurate genomic presentation of where the
TF binds to [208]. The present study has, however, used the sonication method as many NRF2
ChlP-seq studies have employed the same technique which generated meaningful results [22,
87, 209]. Despite the controversy of which fragmentation method ameliorates the identification
of TF-binding sites, it cannot be denied that the conventional method needs to be further
optimized for a higher resolution as TFs only binds to an approximate DNA length of 5 — 15

bp [210].
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4.2.4 Conservative ChlP-seq peak filtering may have excluded well-known NRF2-

regulated genes from list of significant peaks

Ngol and Txnrd1 are considered representative NRF2-regulated genes as their expression have
been reported to be upregulated by NRF2 in numerous studies [87, 211, 212]. Despite the genes
being detected in the ChIP-seq dataset, the genes were not detected in proximity to any of the
94 significant ChlP peaks. This may be due to conservative criteria established by BioCore for
filtering significant peaks from the rest of the peaks. For example, the distinct peak found by
the TSS of Nqgol is speculated to have been considered algorithmically insignificant due to a
13-sized peak in the NT-input sample which was located 250 bp away from the Nqol-peak
region (Figure 16. A). This raises a possibility of novel NRF2-regulated genes being
disregarded from analyses. However, lowering the bar may start to encompass insignificant
peaks that were possibly caused by noise and other variables and hinder identification of NRF2-
binding sites. Thus, overlooking a few peak regions may be inevitable to achieve results with

maximum signal-to-noise ratio.

4.2.5 Specificity of NRF2 antibodies

The quality of a ChiP-seq data is heavily dependent on the sensitivity and specificity of the
antibody that is used to pull down the protein-DNA complex of interest [70]. Antibodies with
high sensitivity and specificity will provide clear results of distinctly enriched peaks and low
background levels [69]. Accordingly, it is important to predict possible outcomes an ineffectual
antibody can bring in order to select one with high quality. Defective antibodies can potentially
cross react to other chromosomal proteins or have poor reactivity against its intended target.
These factors can respectively bring substantial background noises and negligible enrichments

in the region of interest. Fortunately, this can be avoided by carefully selecting the adequate
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antibody using PCR assays following ChIP. In ChIP-PCR, several specific loci with control
regions can be tested using cell lines including knockout or knockdown models. Antibodies
producing elevated signals in positive controls of wild type cells, but ground-level signals in
knockdown cells and negative control regions addresses the high sensitivity and minimal cross-

reactivity [70, 205].

This study selected recombinant anti-NRF2 antibody (EP1808Y) (Abcam) on account of its
high specificity towards NRF2 in 66¢cl4 murine metastatic breast cancer cells compared to
NRF2 (D1Z9C) rabbit mAb (Cell Signaling Technology). EP180Y induced elevated signals in
positive control regions (Ngol, Txnrdl) of 66¢cl4 NT cells and the opposite in 66¢l4 NRF2 KD
3B7 cells. However, some studies have reversely shown high specificity of D1Z9C to both
human and mouse NRF2 [110, 213, 214]. Kemmerer et al. compares four types of NRF2-
targeting antibodies including EP1808Y and D1Z9C and states the latter antibody to have the
highest sensitivity [110]. Huppke et al. additionally demonstrates high sensitivity and
specificity of D1Z9C against NRF2 when cells were treated with NRF2 inducers such as
sulforaphane [214]. Taken together, although selecting an antibody of high quality is important,
specificity of primary antibodies against NRF2 seem to vary based on the types of cells, usage
of an inducer and the overall method utilized in the study. Therefore, it is crucial to take all

experimental components into consideration when choosing the adequate NRF2 antibody.

4.2.6 Usage of control samples

Although ChlP-seq is known to read TF-binding sites with the highest resolution among other
techniques, it can also be interrupted by background noises due to several artifacts [69, 205].
Firstly, open chromatin regions tend to be sheared more easily than heterochromatin regions.

This produces more protein-DNA complexes from the open structures which leads to
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unbalanced number of clustered reads. This is referred as a sonication bias [215]. Additionally,
cross reactivity of antibodies can occur and affect the results. Some genomic regions have more
regulatory proteins and hence ample protein-DNA complexes. Despite the primary antibodies
being designed to bind to the TF of interest, it may also bind to other proteins with similar
epitopes [205, 215]. As a result, genomic regions with concentrated regulatory proteins
generate higher enrichment than sites with less proteins [215]. To avoid these technical and

biological biases, it is essential to include controls in the ChlP-seq study.

There are mainly three types of controls that can be used which are the input sample,
nonspecific IP sample and mock IP sample [69]. Nonspecific IP samples and mock IP samples
are both negative controls. Nonspecific IP samples have chromatins precipitated with a
nonspecific antibody, such as normal rabbit 1gG, whereas mock IP samples are prepared by
conducting an antibody-free IP [69]. However, nonspecific IP controls are more commonly
used as mock IP samples precipitate only a minimal amount of DNA which thereby produces
inconsistent results [69, 215]. Mock IP sample was not incorporated to the present study due
to this reason. Input control, on the other hand, are a portion of the samples that have been
separated following DNA sonication and thus have not been immunoprecipitated. These

controls are crucial in identifying a high-confidence set of TF-binding sites [87].

Input controls can correct the sonication bias. Since input DNA have also been sheared under
the same condition, unevenly enriched genomic regions will be shown in their datasets as well.
Thus, overrepresentation of these sites can be removed by comparing the targeted TF-1P sample
to this control. This typically occurs in proximal enhancer sites or promoters where the
chromatin is open and susceptible for fragmentation [87]. For instance, the input control of
66c¢l4 NT cells from this study displayed higher ChlP-seq peaks at the TSSs of genes Hmox1

and Gstml in contrast to the rest of the background (Figure 15. A, B). This facilitates
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calculating the overrepresentation of ChlP peaks identified in the regions of 66¢cl4 NT-NRF2

ChIP samples.

Furthermore, nonspecific IP controls can amend ChIP-seq data affected by antibody cross-
reactivity [70, 215]. Nonspecific antibodies, namely normal rabbit 1gG from Cell Signaling
Technology, cannot specifically interact with any antigens within the sample but may
nonspecifically bind to irrelevant proteins much like the NRF2-targeting antibodies can [70,
83]. Consequently, spurious genomic sites caused by abundant regulatory proteins in 66cl4
NT-NRF2 ChlP-seq results can be removed by contrasting the peaks with nonspecific IP data.
Using both input and nonspecific IP controls in this study has enabled the production of

meaningful results in determining significantly enriched NRF2-binding sites.

4.2.7 Varying molecular weight of NRF2

Although the manufacturer of the NRF2 (D1Z9C) rabbit mAb (Cell Signaling Technology)
states the NRF2 molecular weight to range between 97-100 kDa [216], the detected 75 kDa
band in this study was considered as NRF2 since the size seems to vary depending on the types
of cell lines and SDS gels used (Supplementary Figure 1) [110, 217]. While some studies
detect molecular weight of NRF2 to be ~95-110 kDa [22, 63, 217], many other groups have
found the size to be 68-80 kDa which conforms with our result [110, 218, 219]. A study from
Kemmerer et al. further presented an NRF2 band of ~80 kDa when electrophoresed in the 4-
12% gradient Bis-Tris SDS PAGE gel but a size above 100 kDa for NRF2 that has migrated in
10% Tris-glycine SDS gels [110]. This strengthens the finding of 75 kDa-sized NRF2 which

was electrophoresed in 4-12% Bis-Tris gels.
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5 Conclusion and Future prospects

This study aimed to perform global profiling to investigate NRF2-binding sites in 66cl4
metastatic breast cancer cell line. Based on the combined analyses using an optimized ChIP
method, massive parallel sequencing and bioinformatic interpretation, it can be concluded that
94 prominent NRF2-binding regions were identified. The data presented 94 significant ChlP-
seq clusters vicinal to known NRF2-regulated genes in 66¢cl4 NT cells enriched by NRF2
antibodies. ChIP-qPCR validated the quality of the results. On the contrary, the 66¢cl4 NRF2
KD cells exhibited a single significant ChlP-seq peak indicating the specific binding of NRF2
in 66¢cl4 NT cells. This was supported by corresponding RNA-seq data. Enrichr- and
cBioPortal-mediated research further suggested NRF2 to contribute to extensive biological

pathways in metastatic breast cancer.

This study expands current knowledge of NRF2 in metastatic breast cancer. Potentially novel
NRF2-regulated genes were highly mutated in aggressive breast cancer biopsies suggesting a
contribution of the genes to metastatic abilities. However, this requires further verification.
Repetition of the used method in additional metastatic breast cancer cell lines will build

generalizability of the results.

To the best of our knowledge, the present study is the first to conduct ChlP-seq on a metastatic
breast cancer cell line. ChlP-seq has ameliorated the identification of novel binding sites.
However, to better understand the precise NRF2 binding segments of these potential NRF2-
regulated genes in metastatic breast cancer cells, future studies could practice reporter gene
assays. Partial regions of the NRF2-binding sites can be cloned into a vector contiguously to a
reporter gene. Once the vector is transfected back into the cell, the NRF2-induced expressional
activity of the reporter proteins will indicate whether the transfected partial promoter or

enhancer is a core region for interacting with NRF2 and subsequently initiating transcription.
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Furthermore, this research has briefly introduced major biological networks that the potential
NRF2-targeted genes partake in, such as the tumor microenvironment. This shows that NRF2
may have a greater role in regulating critical physiological conditions. Thus, the presented
genes can be utilized to enrich the comprehension on the underlying NRF2-mechanisms in
metastatic breast cancer. A full discovery of the NRF2-regulatory system can be uncovered by
comparative analyses employing ChlP-seq. Contrasting NRF2-binding sites of healthy breast
cells to its malignant type may help deciphering the process of how the genes promote
tumorigenesis and metastases. Differentiating tissue-specific NRF2-binding sites using ChIP-
seq data collected from diverse cancer studies can also assist in detailing functional NRF2-
regulated genes in breast cancer. An exhaustive understanding of the NRF2-directed genomic
mechanisms will be a crucial step in developing translational research of metastatic breast

cancer.
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Supplementary Table 1. Primer sequences for ChIP-qPCR to evaluate quality of ChIP samples
prior to sequencing. The sequences were referenced from a NRF2 ChlP-seq study by Malhotra et al.
Txnrd1-P1 and Txnrd1-P2 represent two different NRF2-binding sites within the gene Txnrd1 [87].

Gene
Ngol S-5’-AGTCACCTTTGCACGCTAGG-3’
AS-5’-TCTAAGAGCAGAACGCAGCA-3’
Txnrdl P1 S-5’-CAGCGAGGATGTTGTACGG-3’
- AS-5’-TAAAGAGCTGCGGGTTCCTA-3’
Txnrd1-p2 S-5’-ACAGTGTCGCCAAGCATTTA-3’
AS-5’-ACGCCTGCTCAGTGCTAAGT-3’
Gsta3 S-5’-ATCCTCATTGACAGCCGAAG-3’
AS-5’-CAGTGTTCAGAGGCCAGACA-3’
Gstad S-5’-GGTTCCCCCGTAGAGAATGT-3’
AS-5’-CACGTTGGTTAACGCTTTGTT-3’

S =sense, AS = antisense
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Supplementary Table 2. Primer sequences for ChlP-gPCR to verify ChlP-seq data. The sequences
were extracted from nine significant ChIP-seq peak regions and tailored using an online PCR primer
design tool called GenScript (https://www.genscript.com/tools/pcr-primers-designer).

Gene
Slc48al S-5’-TGACTCAGCATTTTGCAGCCCA-3’
AS-5’-CAGCATGCCCGACAGCCACA-3’
Hmox S-5’-CGCAGCGGCTGGAATGCTGA-3’
AS-5’-CCCCTCCCAACCATGACACAGC-3’
Fthl S-5’-CCACAGCCCTCCAGGCCTTC-3’
AS-5’-GCTCCTTTGGAGGGGTTGGGC-3’
Slc40al S-5-TGTTACTGTGAGGCTTGGGTTGTTCT-3’
AS-5’-ACACATTTCAGCTGGGGAAAATGCAA-3’
Rpal S-5’-CCCATGTCCTCTGGAAGAACAGCC-3’
AS-5’-CCAGCTTGGTGGGGCTGGAG-3’
Abcel S-5’-CCCTGGCTTGAGTTAGGGCGA-3’
AS-5’-GCCACAGTTCCTCCCAGACCG-3’
Krt9 S-5’-CCGCCTGAGCTTTCTGGCCC-3’
AS-5’-GCCAGCATCCAGCCTCACGA-3’
Semage S-5’-ACGGCATTGACAAGACAGTCGG-3’
AS-5’-ATGCACCCTGTCCTGCCCCT-3’
Nbea S-5’-TCTGAGCCAGCCACTTCAGTCA-3’
AS-5’-TGCCCGGTGGGGCTGTTGAT-3’
Tkt S-5’-AGCCCCAAGCAGGAAGCATGA-3’
AS-5’-CCCAGGGCCAGGCAGTCAGA-3’

S =sense, AS = antisense
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Supplementary Figure 1. Immunoblotted nitrocellulose membranes of 66cl4 cells. (A) NRF2
(D1Z9C) rabbit monoclonal antibody from Signaling technology was applied to the membrane and
shows two strong bands sized 75 kDa in the 66cl4 NT lanes. The first band is partially weaker which
was due to insufficient attachment between the gel and the membrane during dry blotting. (B) The same
membrane was subsequently probed with anti-COX IV antibody from Abcam as a loading control and
strong bands of 15 kDa are exhibited in all lanes indicating equal protein loading. The three cell line
samples were each presented in two lanes as technical replicates.
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Supplementary Table 3. RNA-seq results of commonly downregulated genes between NRF2 KD
cell lines (66¢cl4 NRF2 KD 3B4, 66¢cl4 NRF2 KD 3B7) when compared with 66¢l4 NT cell line. 40
commonly downregulated genes with the lowest adjusted p-value (padj) and low log,(fold change)
were selected and sorted from smallest to largest in padj.

66¢cl4 NRF2 KD 3B4 / 66cl4 NRF2 KD 3B7/ Average
66cl4 NT 66cl4 NT g
Gene log,(fold change padj log,(fold changy| pad_l log,(fold chang pad_l
Nfe2l2 -2.881 1.80684E-54 -3.263 5.57476E-70 | -3.072 9.03418E-55
Slc48al -1.324 4.64126E-49 -1.476 5.77967E-61 | -14 2.32063E-49
Gm2a -3.363 6.52239E-43 -3.379 6.22457E-43 | -3.371 6.37348E-43
Hvcnl -4.466 3.08882E-21 -5.806 1.9462E-26 | -5.136 1.54442E-21
Serpinald | -26.037 8.18321E-21 -25.949 1.2037E-20 | -25.993 1.01101E-20
Gstk1 -4.488 1.13618E-20 -5.524 5.09819E-20 | -5.006 3.11719E-20
Aloxbap | -3.323 8.03591E-15 -3.28 2.20362E-14 | -3.3015 1.50361E-14
Ppplri3b | -4.067 1.00425E-13 -4.381 3.27055E-15 | -4.224 5.18479E-14
Pla2g5 -4.438 1.58915E-12 -5.405 2.25451E-18 | -4.9215 7.94574E-13
Ndufa8 -1.154 2.81428E-15 -1.049 1.79811E-12 | -1.1015 9.00462E-13
Enah -1.02 4.19297E-16 -0.896 2.75905E-12 | -0.958 1.37973E-12
Aldh3a2 | -1.133 1.03485E-14 -1.021 8.85119E-12 | -1.077 4.43077E-12
SmpdI3b | -3.566 1.20973E-10 -5.607 5.74318E-22 | -4.5865 6.04865E-11
Sim2 -3.7 1.88569E-10 -4.999 2.71671E-12 | -4.3495 9.56426E-11
Cldn6 -2.444 1.88569E-10 -2.445 2.39858E-10 | -2.4445 2.14213E-10
Shsn -2.969 3.64172E-16 -2.053 1.38228E-09 | -2.511 6.9114E-10
Fstll -1.841 1.51242E-09 -2.135 1.5637E-12 | -1.988 7.56991E-10
Zfp652 -1.671 1.97028E-11 -1.526 1.68804E-09 | -1.5985 8.53872E-10
Gca -4.257 1.81379E-09 -4.608 9.58987E-11 | -4.4325 9.54843E-10
Hipk2 -2.271 3.44478E-12 -1.997 2.42218E-09 | -2.134 1.21281E-09
Cldn9 -1.831 2.24506E-10 -1.705 6.3099E-09 | -1.768 3.2672E-09
Ugtlaba | -4.6 3.04558E-11 -1.47 1.11758E-08 | -6.035 5.60313E-09
Reck -2.833 9.56809E-10 -2.64 1.95964E-08 | -2.7365 1.02766E-08
Car9 -3.15 2.19353E-08 -4.534 1.65614E-17 | -3.842 1.09677E-08
Pdgfrl -6.486 2.19353E-08 -9.18 2.63414E-09 | -7.833 1.22847E-08
Bcl -1.953 2.7802E-08 -2.276 1.68571E-10 | -2.1145 1.39853E-08
Evc2 -3.201 7.60408E-09 -5.163 2.44995E-08 | -4.182 1.60518E-08
Csnk2al | -0.586 1.58684E-13 -0.455 4.58398E-08 | -0.5205 2.292E-08
LoxI1 -2.23 2.19353E-08 -2.215 3.29759E-08 | -2.2225 2.74556E-08
Lrch2 -3.716 8.81502E-13 -2.88 5.51292E-08 | -3.298 2.75651E-08
Mex3a -1.406 1.25523E-10 -1.21 5.7751E-08 | -1.308 2.89383E-08
Serpinala | -12.998 7.00878E-09 -12.216 6.68179E-08 | -12.607 3.69133E-08
Inpp5j -2.535 1.16084E-07 -2.979 1.89616E-09 | -2.757 5.899E-08
Cacng7 -1.907 1.07516E-07 -2.003 2.44995E-08 | -1.955 6.60078E-08
Ppbp -2.443 1.27562E-09 -1.993 1.65082E-07 | -2.218 8.31791E-08
Tshz2 -4.505 2.14798E-07 -7.623 6.68179E-08 | -6.064 1.40808E-07
Gstad -1.964 3.08308E-07 -2.282 1.42836E-09 | -2.123 1.54868E-07
Tsku -1.67 3.65053E-08 -1.575 3.0099E-07 | -1.6225 1.68747E-07
Evc -4.978 4.10625E-08 -5.946 3.02787E-07 | -5.462 1.71925E-07
Csf2rb -5.781 2.07811E-08 -6.729 5.64475E-07 | -6.255 2.92628E-07
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Supplementary Figure 2. Scatter plots presenting interrelation of mRNA expression between
NFE2L2 and NRF2-targeted genes in 60 breast cancer cell lines. mMRNA expression levels of the
seven known NRF2-regulated genes from RNA-seq were searched in Cancer Cell Line Encyclopedia
(CCLE) to examine its association with NFE2L2 expression in breast cancer [107]. Using data from 60
breast cancer cell lines in CCLE, genes (A) ENAH, (B) TSKU, (C) HIPK2 and (D) GSTA4 were found
to have a correlation in mMRNA expression with NFE2I2, verifying the downregulated NRF2 expression
in the 66¢cl4 NRF2 KD cell lines when compared to 66¢l4 NT cells [106, 107]. The x axis and y axis
represent mMRNA expression (RNA-seq) of each NRF2-regulated gene and mRNA expression (RNA-
seq) of NFE2L2, respectively.
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Supplementary Figure 3. Nqol and Txnrd1-P1 was chosen as the optimal primer sets for quality
control of ChIP samples. Genes Ngol and Txnrd1-P1 were highly amplified in 66cl4 NT cells that
was immunoprecipitated by anti-NRF2 antibody (EP1808Y) (Abcam). However, primers Txnrd1-P2,
Gsta3 and Gsta4 did not exhibit significant enrichment signals. Thus, primers Ngol and Txnrd1-P1
were chosen to be used for assessing qualities of ChIP DNA. The primers of five NRF2-regulated genes
were referenced from an NRF2 ChlIP-seq study by Malhotra et al. Txnrd1-P1 and Txnrd1-P2 represent
two different NRF2-binding sites within the Txnrd1 gene [87]. Enriched DNA levels were measured
using percent input method and normalized by Cr values of input samples [89]. The graph presents
average values from the first and second set of ChlP-qPCR. Abbreviation: 66¢l4 NT (NT), 66cl4 NRF2
KD 3B4 (3B4), 66¢cl4 NRF2 KD 3B7 (3B7), Normal Rabbit 1gG from Cell Signaling Technology
(Rabbit IgG) and NRF2 (D1Z9C) rabbit mAb from Cell Signaling Technology (D1Z9C).
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Supplementary Table 4. DNA concentration of six biological ChIP replicates measured prior to
library prep. The first biological ChIP replicate exhibited the lowest dsDNA concentrations and was
thus excluded to be used for library prep. In the first replicate, dsSDNA concentrations of the NT (66c¢l4
NT) and 3B7 (NRF2 KD 3B7) cell lines that were precipitated by anti-NRF2 antibody (EP1808Y)
(Abcam) and normal rabbit 1gG (Cell Signaling Technology) could not be detected. A two-point
standard curve calculation method was applied but could not deduce an estimated concentration value
likewise. To prevent low concentration in later biological replicates, samples were not diluted since the
3 hiological replicate. The concentrations were measured with Qubit™ dsDNA HS Assay Kit and
Qubit® 3.0 Fluorometer at the NTNU Genomics Core Facility [90]. Symbol o indicates that the samples
were diluted 1:2 in TE-buffer and x indicates that the samples were not diluted. Abbreviation: 66¢cl4 NT
(NT), NRF2 KD 3B7 (3B7), Normal Rabbit IgG from Cell Signaling Technology (Rabbit 19G),
immunoprecipitation by anti-NRF2 antibody (EP1808Y) from Abcam (NRF2 IP).

Dilution : Estimated
Biological | Cell (1:2in Elution Total Concentration | concentration Total
replicate line Sample TE volume | volume (ng/pl) using two- amount of
P ) ) gn point standard | dsDNA (ng)
buffer) curve (ng/pl)
NT | Input o 50 30 20.8 624
NT | NRF2 IP o 50 43 low not possible
Normal
NT | Rabbit o 50 47 low not possible
1gG
st
1% Chip 3B7 | Input o 50 31 22.4 694.4
3B7 | NRF2 1P o 50 39 low not possible
Normal
3B7 | Rabbit o 50 39 low not possible
1gG
NT | Input o 50 42 16.2 680.4
NT | NRF2 IP o 50 55 low not possible
Normal
NT | Rabbit o 50 55 0.363 19.965
nd IgG
s 3B7 | Input ) 50 20 32 640
3B7 | NRF2 1P o 50 56 low not possible
Normal
3B7 | Rabbit o 50 56 low not possible
19G
NT | Input X 50 11 43.8 481.8
NT | NRF2IP X 50 11 0.68 7.48
Normal
NT | Rabbit X 50 18 0.147 2.646
19G
rd
3 ChiP 3B7 | Input X 50 13 48 624
3B7 | NRF2 1P X 50 11 low 0.04 0.44
Normal
3B7 | Rabbit X 50 175 low 0.01 0.175
19G
NT | Input X 30 20 27.3 546
NT | NRF21IP X 30 10 3.55 355
Normal
NT | Rabbit X 30 12 low 0.034 0.408
19G
th
47 ChiP 3B7 | Input X 30 18 12.8 230.4
3B7 | NRF2 IP X 30 12 1.64 19.68
Normal
3B7 | Rabbit X 30 12 low 0.016 0.192
19G
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NT | Input 30 18 41.2 741.6
NT | NRF2 IP 30 13 0.183 2.379
Normal
NT | Rabbit 30 14 low 0.042 0.588
th 19G
57 ChiP 3B7 | Input 30 19 48.4 919.6
3B7 | NRF2IP 30 13 0.128 1.664
Normal
3B7 | Rabbit 30 13 0.051 0.663
1gG
NT | Input 30 12 217 260.4
NT | NRF2 IP 30 12 0.132 1.584
Normal
NT | Rabbit 30 12 0.051 0.612
th 19G
6% ChiP 3B7 | Input 30 18 395 711
3B7 | NRF2IP 30 12 0.0334 0.4008
Normal
3B7 | Rabbit 30 12 0.054 0.648
1gG
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Supplementary Figure 4. Clustered ChlP-seq peaks of the chromosome 3 (108013341-108013442)
region from all six types of sequenced samples are displayed. Each lane represents a sample group
pooled from five biological replicates for bioinformatical analyses. From the top, the samples are the
following in the consecutive order: Normal rabbit 1gG-precipitated 66¢cl4 NRF2 KD 3B7 (3B7), input
of 3B7, anti-NRF2 antibody EP1808Y (EP1808Y)-precipitated 3B7, normal rabbit 1gG-precipitated
66¢cl4 NT (NT), input of NT, EP1808Y -precipiated NT. The EP1808Y -enriched NT group (last lane)
exhibits a 47-sized peak whereas the remaining five sample groups show ground-level peak heights.
The respective samples exhibited a peak height of 6, 16, 14, 9, 15 and 47. The ChlIP-seq peaks were
displayed with UCSC genome browser [126].
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Supplementary Table 5. A total of 94 ChlP-seq peak regions identified through bioinformatic
analyses of sequenced 66¢cl4 NT samples which were precipitated by anti-NRF2 antibody
EP1808Y (Abcam). Abbreviation: Intergenic region (IGR)

Chr Start End Length Fold log10 (p- -log10 (g- Located Locgted ENCODE Proximate
enrichment value) value) genes region cCREs genes
1 | chri6 | 11456403 | 11456566 | 351 16.70268 4457899 | 35.14319 Snx29 Intron gmcer Gsptl
2 | chrie | 94235831 | 94236061 | 231 12.83027 3079792 | 23.13297 Hlcs Intron Ripply3
3 | chr3 | 56239818 | 56239976 | 206 12.00047 28.18617 | 20.68988 IGR e
Distal Csfl,
4 | chr3 | 107823297 | 107823609 | 204 0.63238 27.85611 | 20.42463 Gm36211 | Intron onrancer | Exts
. Distal Otud6b,
5 | chr4 | 14898860 | 14899070 | 194 11.72387 26.90069 | 19.48192 Pip4p2 Intron onrercer | amitas
6 | chro | 103670753 | 103671075 | 193 10.91858 26.62870 | 19.32 Tmem108 | Intron O
Distal Gm16325,
7 | chr3 | 146655081 | 146655266 | 191 10.83192 26.47301 | 19.17393 samd13 | Intron 4930503830
enhancer Rik
8 | chril | 100198774 | 100198898 | 183 10.43743 25.42371 | 18.34202 IGR Krt9
9 | chrlo | 40675408 | 40675578 | 173 10.80407 | 24.37279 | 17.35529 Entpdl Intron Coad2b,
10 | chrs | 14073258 | 14073402 | 162 1061747 | 2313135 | 16.21274 S:‘n:‘agzeg* Intron
Distal Hmox1,
11 | chrs | 75089607 | 75089818 | 151 9.47514 21.89293 | 15.10229 IGR ontencer | woms
Distal Fthi,
12 | chrl9 | 9978532 | 9978675 | 144 9.83882 21.06359 | 14.44668 IGR :
enhancer Rab3ill
13 | chr3 | 121577173 | 121577280 | 142 8.40401 20.88354 | 14.27381 IGR gﬁ;‘ﬂcer Slcada3
Gm35454,
14 | chr9 | 122471682 | 122471850 | 141 9.23456 20.74566 | 14.13852 IGR AT30085K0
8Rik
15 | chrl | 45860464 | 45860635 | 141 9.78767 20.69623 | 14.10862 IGR Distal Sleaal,
enhancer Wdr75
16 | chrl | 182071986 | 182072166 | 135 9.02538 20.09868 | 13.5751 IGR Srp9, Enah
17 | chrie | 14352755 | 14352880 | 130 9.23447 19.50378 | 13.02702 IGR Distal Abccl,
enhancer Fopnl
18 | chri7 | 4626208 | 4626482 | 130 9.51107 19.50378 | 13.02702 IGR SaUBLTMO
Distal Rpal,
19 | chril | 75383549 | 75383810 | 129 7.64764 19.36886 | 12.97207 Smyd4 Intron Mir22hg,
enhancer Prpf8
20 | chri9 | 46227506 | 46227635 | 116 7.38092 17.93685 | 11.63009 Gbfl Intron g‘mcer Pitx3, Nfkb2
21 | chria | 30564535 | 30564657 | 113 5.94044 17.65711 | 11.36401 Tkt Intron Distal Depla,
enhancer Prked
22 | chri3 | 14034034 | 14034181 | 109 8.68126 17.17250 | 10.91453 Thee Intron gmcer Ariddb
23 | chr13 | 34398078 | 34309081 | 109 8.68126 17.17250 | 10.91453 IGR gmcer SIc22a23
24 | chrio | 43771687 | 43771865 | 109 8.68126 17.17250 | 10.91453 IGR Distal Abec2,
enhancer Cox15
25 | chr2 | 6965357 | 6965493 | 109 8.68126 17.17250 | 10.91453 Celf2 Intron
26 | chr4 | 89351638 | 89351756 | 109 8.68126 17.17250 | 10.91453 GM12610 | Intron Distal Cdkn2a,
enhancer Gm12609
Distal Hmox1,
27 | chrs | 75083021 | 75084062 | 106 7.97455 16.87909 | 10.66024 IGR ontencer | oms
28 | chr8 | 60859669 | 60859799 | 106 8.47741 16.83304 | 10.61735 IGR g‘mcer HpfL, Nek1
29 | chr2 | 118659235 | 118659329 | 101 7.82032 16.37119 | 10.17369 IGR E;;;a;cer Pake
Distal Cybsh,
30 | chr8 | 107139891 | 107140000 | 101 7.79112 16.31975 | 10.12425 IGR Terf2, Cogg,
enhancer Nfats
31 | chro | 119641996 | 119642170 | 101 7.79112 16.31975 | 10.12425 Scnl0a Intron g’n';?ricer Scnsa
Distal Rapgef3,
32 | chri5 | 97786821 | 97786915 | 98 6.11812 16.03933 | 9.86455 Sic48al | Intron ontencer | B
33 | chrl | 40033898 | 40034006 | 98 8.12806 16.03524 | 9.86307 IGR Distal 4930456G14
enhancer Rik, 111r2
34 | chris | 27219486 | 27219587 | 98 8.12806 16.03524 | 9.86307 IGR Ankh, Fbx17
35 | chrie | 9132257 9132367 98 8.12806 16.03524 | 9.86307 GMA49448 | Intron Distal GmA9451,
enhancer Usp7
Distal Emc7, Aven,
36 | chr2 | 112433536 | 112433663 | 98 8.12806 16.03524 | 9.86307 ontancer | Nutd
37 | chré | 125672011 | 125672107 | 98 8.12806 16.03524 | 9.86307 vwf Intron Ano2, Cdo
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Tct29,

38 | chr | 78110402 | 78110526 | 98 8.40466 16.03524 | 9.86307 IGR Distal Sicloa7,
enhancer Ednra
Distal Eya3,
39 | chr4 | 132624376 | 132624530 | 91 7.55055 15.25735 | 9.18591 IGR Atpifl,
enhancer Sesn2, Rpa2
Proximal
40 | chr2 | 34869758 | 34869857 | 88 7.85146 1491803 | 8.86747 Psmd5 Intron enanee | cuta
Gm24910,
41 | chr7 | 40388299 | 40388410 | 88 7.85146 1491803 | 8.86747 Gm28807 | Intron 4933402C06
Rik
Distal 1118bp,
42 | chr7 | 102025872 | 102025976 | 88 7.85146 1491803 | 8.86747 Rnfl21 Intron ontencer | o
43 | chr3 | 108013341 | 108013442 | 84 6.65687 14.46726 | 8.48032 Gstm1l Intron Distal gstm2,
enhancer Gstm3
H2al2a,
44 | chrz | 18019235 | 18019358 | 84 7.07864 1442945 | 8.44819 IGR GM13330,
MIIt10
Distal Gm1647,
45 | chr3 | 69118880 | 69118997 | 81 7.25196 1411521 | 8.15494 Kpnad Intron Trimss,
enhancer 1780
46 | chré | 88779880 | 88780004 | 79 6.87328 13.86720 | 7.91727 Mgl1 Intron L‘g’t@}m
47 | chrio | 92878077 | 92878238 | 78 7.29826 1382184 | 7.87402 Cfap54 Intron Nead,
48 | chri2 | 98522216 | 98522319 | 78 7.57486 13.82184 | 7.87402 Kenk10 | Intron ngigsgs'
Gm7168,
49 | chri7 | 13905736 | 13905851 | 78 7.57486 13.82184 | 7.87402 Afdn Exon Tcte2,
Gm49936
50 | chr2 | 5615054 | 5615146 | 78 7.57486 13.82184 | 7.87402 camkid | Intron gf};‘cer Nudts
51 | chre | 49928212 | 49928314 | 78 7.29826 13.82184 | 7.87402 IGR mfg‘%
52 | chr7 | 75587918 | 75588015 | 78 7.29826 13.82184 | 7.87402 Akapl3 | Intron Distal KIhi25,
enhancer Sv2b
A230001
53 | chr3 | 102270955 | 102271073 | 78 7.12722 13.70250 | 7.83219 ViloRik | Intron Vangl1, Ngf
Distal Faap100,
54 | chrll | 120387328 | 120387445 | 77 6.20420 1358047 | 7.72104 Nploc4 Intron Actgl,
enhancer Tspanl0
. Proximal GmA40155,
55 | chr3 | 137879440 | 137879568 | 70 6.56427 12.91070 | 7.0817 Dnajbl4 | Intron eraneee | s
56 | chrl9 | 4046046 | 4046151 | 70 6.65837 12.89518 | 7.05795 IGR En';frlcer Gstp2, Gstpl
57 | chrl0 | 119757395 | 119757485 | 69 7.02166 12.74773 | 6.91906 g:giosz Intron Tmbim4
58 | chrid | 99548102 | 99548269 | 69 7.02166 12.74773 | 6.91906 GM41230 | Intron Dis3, Mzt
59 | chrig | 50498901 | 50499018 | 69 7.02166 12.74773 | 6.91906 IGR zmcer Prri6
60 | chr6 | 55014367 | 55014455 | 69 7.02166 12.74773 | 6.91906 IGR ﬁgg‘l Gars,
61 | chr4 | 89234546 | 89234669 | 69 6.54604 12.69885 | 6.90955 IGR Smizeoa.
Distal Utrn,Gm487
62 | chrio | 12299053 | 12299148 | 68 6.60483 12.63720 | 6.85258 IGR 2,
enhancer Gm4g721
63 | chri3 | 66300097 | 66300210 | 65 6.03054 12.33110 | 6.55919 GM26754 | Intron AC192334.1
64 | chrs | 136109233 | 136109341 | 65 6.03054 12.33110 | 6.55919 Rasa4 Intron e
Tafla,
65 | chrl | 183387785 | 183387898 | 64 6.34768 12.18861 | 6.42096 IGR Hhipl2,
Mia3
66 | chr1io | 119727123 | 119727212 | 59 6.74506 11.69687 | 5.97219 Gripl Intron 8?.‘;‘173337
DNase- Ccll,
67 | chril | 82174984 | 82175081 | 59 6.74506 11.69687 | 5.97219 IGR Hakanes | omizass
X Abccl,
68 | chri6 | 14350870 | 14351017 | 59 6.74506 11.69687 | 5.97219 IGR Distal Fopnl,
enhancer Myhl1,
Marfl
69 | chrl6 | 55616570 | 55616663 | 59 6.74506 11.69687 | 5.97219 IGR g;’l‘jfooa
70 | chro | 23168286 | 23168415 | 59 6.74506 11.69687 | 5.97219 IGR Distal Bmper
enhancer
Distal Fancd2,
71 | chré | 113487411 | 113487530 | 59 5.31599 11.60728 | 5.92101 Creld1 Intron Cidec,
enhancer Rpusd3
72 | chri6 | 94060214 | 94060314 | 57 6.24023 11.43644 | 5.75826 IGR sim2
Zfp382,
Zfp566,
73 | chr7 | 30117984 | 30118090 | 52 5.30205 10.92847 | 5.28597 IGR Zfp82,
Zfpl4,
Cox7al
Kcn_j6
74 | chri6 | 94956613 | 94956707 | 50 6.19186 10.67058 | 5.04474 Kcnjé Intron \(,;"r'l';ft)
Kenj1l5
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Gm15972,

75 | chri8 | 23774354 | 23774490 | 50 6.19186 10.67058 | 5.04474 Mapre2 Intron Distal Mapre2
enhancer (splice

variant)

76 | chr3 | 104322747 | 104322845 | 50 6.19186 10.67058 | 5.04474 IGR oo,
77 | chr3 | 123256889 | 123256987 | 50 6.46846 10.67058 | 5.04474 IGR Distal Sec24d,
enhancer Synpo2

78 | chr3 | 126811766 | 126811927 | 50 6.19186 10.67058 | 5.04474 camk2d | Intron AK2, Arsj
79 | chr7 | 118104821 | 118104931 | 50 6.46846 10.67058 | 5.04474 Rps15a Exon eDn';;arlcer Arl6ipl
Distal Gm20479,

80 | chr7 | 27383360 | 27383499 | 47 5.86653 10.25134 | 4.72387 Sptbnd Intron Shkbp.,
enhancer Ltbp4, Blvrb

Proximal

81 | chrlo | 36451218 | 36451349 | 47 4.67467 10.22378 | 4.70391 Pegfs Intron e | Heatd2
82 | chrl | 143632998 | 143633086 | 41 5.91526 9.67029 | 4.18256 Cdc73 Intron BogalZ, 6
Distal Gm30192,
83 | chrig | 81253058 | 81253164 | 41 5.91526 0.67029 | 4.18256 IGR N 4930504M1

enhancer 7Rik

Gm28258,
B130024 B130024G1
84 | chr7 | 70308765 | 70398853 | 41 5.91526 9.67029 | 4.18256 GloRik. | Mntron SRt esta
Gm29683

85 | chr3 | 152677239 | 152677334 | 38 5.62596 031879 | 3.89843 AI115009 | Intron Pigk, AKS
Olfr2l3,

86 | chré | 116514979 | 116515073 | 38 4.94119 9.25272 | 3.85098 Olfr212 | Intron GMS580,
Olfr214

87 | chri2 | 8076194 | 8076304 | 33 5.63866 8.60764 | 3.33797 Gm33037 | Intron g;ﬁ:cer Ldah
88 | chrl | 181009829 | 181009936 | 31 3.89556 8.40735 | 3.11645 Ephx1 Intron Distal 9130409123

enhancer Rik

89 | chr3 | 51670874 | 51670974 | 28 5.20691 8.16043 | 2.8885 Mgst2 Intron :;ﬂ:::l‘:r' Setd?
90 | chr2 | 31128124 | 31128212 | 25 5.36206 775449 | 2550403 Fnbpl Intron Distal Gprio7,
enhancer Ncsl

91 | chr3 | 60707283 | 60707373 | 24 4.90424 753305 | 2.4093 IGR Distal Gm38326,
enhancer P2ryl

Nup93

Distal (splice

92 | chrs | 94262758 | 94262846 | 24 4.90424 753305 | 2.4093 Nup93 Intron variant),
enhancer Sic12a3,

Herpudl

93 | chri2 | 115334193 | 115334333 | 18 4.03904 6.90630 | 1.84058 IGR :gm;gg
Ighv2-3,

94 | chri2 | 113625520 | 113625633 | 16 4.66366 6.68330 | 1.69745 Ighv5-6 | Exon :gmg‘z‘
Ighv5-8
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Supplementary Figure 5. One significant peak was detected in the anti-NRF2 antibody
(EP1808Y)-enriched 66¢cl4 NRF2 KD 3B7 sample. A single enriched peak was detected in the
negative control sample (third lane) indicating the KD efficiency of NRF2 in the 66¢cl4 NRF2 KD 3B7
(3B7) cell line. From the top in a consecutive order, each lane presents ChiP-seq data from the following
samples: Normal rabbit 1gG-precipitated 3B7, input of 3B7, EP1808Y -precipitated 3B7, normal rabbit
IgG-precipitated 66¢l4 NT (NT), input of NT, EP1808Y -precipiated NT. Each sample exhibited a peak
height of 23, 10, 157, 13, 10 and 40, respectively. The ChlP-seq data is displayed with UCSC genome
browser [126].
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Supplementary Figure 6. Thirty-five genes were highly mutated in clinical breast cancer patients.
Among the genes found adjacent or in vicinity of the 94 significant ChIP-seq peaks, 35 were each found
to be mutated in more than 3 % of breast cancer patient cohorts according to 16 combined clinical breast
cancer studies. Alteration rates of 14 genes were especially surpassing beyond 10 % where ten of the
genes have not been identified as NRF2-regulated genes as yet. The red bars indicate gene amplification
alterations. The datasets were accessed through cBioPortal [108, 109].
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Supplementary Figure 7. Known and novel NRF2-regulated genes of 66cl4 cells may assist the
progression of metastatic breast cancer. A considerable number of breast cancer patients with genetic
alterations amongst the highly mutated 35 NRF2-regulated genes (known and potential) are diagnosed
with the metastatic subtype. Thirty-five genes proximate to the significant ChlP-seq peaks were each
altered in more than 3 % of breast cancer patient cohorts according to 16 clinical breast cancer studies.
The genetic modification frequency was explicitly higher in metastatic breast cancer studies. The
combined datasets and bar graph were obtained from cBioPortal [108, 109].
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7.2 Peak caller analyzation of pooled 66cl4 NT input samples

Peak caller: MACS version 2.1.1.20160309 [101]

# Command line: callpeak -f BAM -t IP_pooled.bam -c Input_pooled.bam -g 1870000000 -n
pooled IP-INput

# ARGUMENTS LIST:

# format = BAM

# effective genome size = 1.87e+09

# band width = 300

# model fold = [5, 50]

# gvalue cutoff = 5.00e-02

# Larger dataset will be scaled towards smaller dataset.

# Range for calculating regional lambda is: 1000 bps and 10000 bps
# Broad region calling is off

# Paired-End mode is off

# tag size is determined as 86 bps

# total tags in treatment: 60198312

# tags after filtering in treatment: 47382114

# maximum duplicate tags at the same position in treatment = 1
# Redundant rate in treatment: 0.21

# total tags in control: 51530051

# tags after filtering in control: 34196682

# maximum duplicate tags at the same position in control = 1
# Redundant rate in control: 0.34

#d=288

# alternative fragment length(s) may be 88,510,575 bps
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7.3 Material solutions

Cell culture media
DMEM (500 ml)
10% FBS (50 ml)
1% L-glutamine (5 ml)
1% Penicillin-streptomycin (5 ml)

ChIP-gPCR master mix
2X SYBR Green PCR Master Mix (10 ul)
2.5 uM Forward primer (2 pl)
2.5 uM Reverse primer (2 ul)
DNA template (2 ul)
RNase-free water (4 ul)

LiCl wash buffer (cold)
250 mM LiCl
10 mM Tris pH 8.0
1 mM EDTA
0.5% NP-40
0.5 % Na-Deoxycholate

1.25 M Glycine (cold)
75.07 g/mol Glycine (9.38 g)
Deionized distilled water (100 ml)

10% Na-Deoxycholate
2.5 g Na-Deoxycholate
Deionized distilled water (25 ml)
Filter sterilization

Protease inhibitor cocktail (complete)
50X stock

RIPA buffer (50 ml)
10mM Tris pH 8.0
1 mM EDTA
140 mM NaCl
1% Triton X-100
0.1% SDS
0.1 % Na-Deoxycholate
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RIPA/Glycine buffer

—
o
w

10mM Tris pH 8.0

1 mM EDTA

140 mM NaCl

1% Triton X-100

0.1% SDS

0.1 % Na-Deoxycholate
125 mM Glycine

20 mM Tris-base
137 mM NacCl

20 mM Tris-base
137 mM NacCl
0.1% Tween 20

TE buffer (cold)

10 mM Tris-HCI pH 8.0
1 mMEDTA
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