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Abstract

NRF2 is a redox-responsive transcription factor the directs the antioxidant
program and several critical metabolic processes. Mutations in NRF2 or its negative
regulator KEAP1 occur in up to one third of non-small cell lung cancers (NSCLCs) and
are often associated with resistance to therapy and poor outcomes. In the present
studies, murine alleles of the Keap1 and Nrf2 mutations found in human NSCLC were
developed and | comprehensively investigated their impact on tumor initiation and
progression. | observed that chronic Nrf2 stabilization by Keap1 loss-of-
function or Nrf2 activating mutation was not sufficient to cause lung tumor initiation,
even when p53 or Lkb1 were deleted. In the context of oncogenic Kras®12P"*,
constitutive Nrf2 activation via Keap1/ Nrf2 mutation promoted lung tumor initiation and
early progression of hyperplasia to low-grade tumors.

When Kras®'?P* was combined with p53 deletion, | observed an
impairment in progression to advanced-grade tumors with Keap1R554@R554Q mytation,
which caused the most robust Nrf2 activation. | discovered that this progression block
was reversed by NRF2 deletion, indicating that the effects of Keap1 mutation in this
model were Nrf2-dependent. | also interrogated the effect of Nrf2 hyperactivation in
another mutational background, the Kras®'2?"*; Lkb1"" model. Interestingly, Nrf2D2%H/*
mutation, which was the most activating towards Nrf2 in this model, blocked progression

to high-grade tumors, suggesting that excess levels of Nrf2 are detrimental to lung

Xii



tumor progression. Finally, | observed that NRF2 overexpression in KEAP1 mutant
human NSCLC cell lines impaired cell proliferation, viability, and anchorage-
independent colony formation. Collectively, these results establish the context-

dependence and activity threshold for NRF2 during the lung tumorigenic process.
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Chapter One: Introduction’

Lung Cancer

Lung cancer continues to account for the highest number of cancer deaths
among both men and women in the United States, with a 5-year survival rate of 21% for
all stages (2). Lung cancer is divided into two main histological subtypes: small-cell lung
cancer (SCLC) and non-small cell lung cancer (NSCLC), representing 15% and 85% of
cases, respectively. NSCLC has a 5-year survival rate of ~16% and comprises
adenocarcinomas (LUADs), squamous cell carcinomas (SCCs), and large cell
carcinomas (LCCs), of which LUADs are the most common subtype and originate from
distal airways (3, 4). SCLC, in contrast, arises from lung neuroendocrine stem cells and
is considered the most aggressive histological subtype, with a 5-year survival rate of 7%
(5). There are numerous treatment options available for LUAD patients including
targeted therapy against Kirsten rat sarcoma viral oncogene homolog (KRAS),
epidermal growth factor receptor (EGFR), and anaplastic lymphoma kinase (ALK), as
well as platinum-based chemotherapy, and immunotherapy, depending on cancer stage
(6). In contrast, there are limited options available for SCLC and SCC patients (7),

actionable drivers found in LUAD, like EGFR and KRAS mutations, as well as ALK

" Note to reader: Portions of this chapter have been previously published in a review article in DeBlasi
and DeNicola 2020, Cancers (Basel) (1). J. M. DeBlasi and G. M. DeNicola: Conceptualization, draft
preparation, review and editing.



fusions, are rare in SCLC and SCC (4). Additional investigation is warranted into all

clinical subtypes to improve clinical outcomes.

Genomic alterations in LUAD

Although there has been emerging progress in targeting driver oncogenes in lung
LUADSs, such as KRAS and EGFR, there are many tumors which lack actionable
drivers. The most common gain-of-function (GOF) mutation in LUAD is KRAS which is
altered in ~30% of cases (8). On the other hand, commonly mutated tumor suppressor
genes in LUAD include tumor protein p53 (TP53), serine threonine kinase 11 (STK17),
and Kelch-like ECH-associated protein 1 (KEAP1) (8); the biology of such genomic
abnormalities and how they interact requires further investigation. The most frequently
mutated tumor suppressor gene in all cancers, TP53, is regarded as the guardian of the
genome, and can also regulate a vast number of metabolic processes, often conferring
metabolic reprogramming when altered (9). STK71 encodes for liver kinase B1 (LKB1)
and is inactivated in ~20% of LUADs (10). LKB1 controls cell polarity, growth, motility,
and metabolism, and when inactivated can cause metabolic deregulation and increased
oxidative stress (11). KEAP1 negatively regulates nuclear factor-erythroid 2 p45-related
factor 2 (NRF2, gene name: NFE2L2), which responds to oxidative stress within the cell
and supports anabolic metabolism. Mutations in the KEAP1-NRF2 pathway occur in up
to 30% of NSCLCs, promote constitutive accumulation of NRF2, and can confer

resistance to therapy through detoxifying reactive oxygen species (ROS) (12).



KEAP1/ NRF2 Biology

KEAP1 is a member of the BTB-Kelch protein family and assembles with Cullin 3
(Cul3) and Rbx1 to comprise Cullin-RING ligases for proteasomal degradation of
proteins like NRF2 (13). KEAP1 has three domains including the Broad complex,
Tramtrack, and Bric-a-Brac (BTB) domain, which facilitates KEAP1 homodimerization
and interaction with Cul3 (14), the intervening region (IVR) domain, which connects the
BTB and Kelch domains and facilitates redox sensing, and the Kelch domain which
mediates substrate binding and can bind to the low-affinity DLG or high-affinity ETGE
motifs of NRF2 (15) (Fig. 1.1). Throughout these domains, there are key cysteine

residues that are modified upon electrophilic or oxidant exposure (Fig. 1.2) (15).

NRF2 is a cap “n” collar (CNC) family member of basic leucine zipper (bZIP)
transcription factors that facilitates the antioxidant response. Once the key cysteine
residues are modified, NRF2 can accumulate in the nucleus and promote expression of
antioxidant enzymes and other metabolic pathways (15). NRF2 is comprised of several
Neh domains (Fig 1.1). The Neh1 domain has the CNC bZIP region responsible for
binding DNA and the small masculoaponeurotic fibrosarcoma (sMAF) proteins that
dimerize with NRF2 (16). The Neh2 domain facilitates interaction with KEAP1 via its
DLG and ETGE domains (17). The Neh3 domain is located at the C-terminus of NRF2
and is important for its transcriptional activity (18), in addition to the Neh4 and Neh5
domains, which comprise the transactivation domain and support transcription of NRF2
target genes (19). Finally, the Neh6 domain facilitates NRF2 negative regulation
(independent of KEAP1) (20), and the Neh7 domain is involved in suppression of NRF2

transcription via the retinoid X receptor a (21).
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Figure 1.1. Domain structure of KEAP1 and NRF2 proteins. The KEAP1 protein
contains the Bric-a-Brac (BTB), intervening region (IVR), and NRF2 binding domains.
NRF2 is comprised of multiple Neh domains that play roles in NRF2-mediated

transcriptional activation and regulation by KEAP1. Created with BioRender.com.

Transcriptional responses regulated by NRF2

The basic leucine zipper transcription factor NRF2 directs the transcription of
both the antioxidant program and metabolic processes that support its function. NRF2
levels are controlled by its interaction with KEAP1, a substrate adaptor for a cullin 3
(CUL3)-based E3 ubiquitin ligase that targets NRF2 for ubiquitination and proteasomal

degradation (22), as highlighted in Figure 1.3.
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Figure 1.2. NRF2 is activated by oxidants, signaling molecules, and
metabolites. KEAP1: KEAP1 is glycosylated by O-GIcNAc transferase (OGT) at
serine 104. The glycolysis byproduct methylglyoxal (MGx) mediates a crosslink
between cysteine 151 with arginine 135, activating the NRF2 transcriptional program.
Further, NRF2 activation can result from fumarate-mediated succination of cysteines
151 and 288. The TCA cycle byproduct itaconate can also activate NRF2 by reacting
with cysteines 151, 273, and 288. Hydrogen peroxide (H202), nitric oxide (NO),
sulforaphane (SFN), and tert-butyl hydroquinone (tBHQ) can activate NRF2 by
modifying cysteine residues 151, 273, 288, 226, and 613. The autophagy adaptor
sequestome 1, p62, activates NRF2 by binding to the Kelch domain region of
KEAP1. NRF2: NRF2 is destabilized by glycation, which is reversed by the enzyme
Fructosamine-3-kinase (FN3K). This figure was previously published in Cancers
(Basel), DeBlasi and DeNicola 2020 (1).
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Figure 1.3. KEAP1/NRF2 regulation. Under non-stressed conditions KEAP1 directs
ubiquitin-mediated degradation of NRF2, resulting in minimal transcription of NRF2
targets. Under oxidative or xenobiotic stress, or when the KEAP1/NRF2 pathway is
mutated, NRF2 is stabilized and promotes transcription of antioxidant response
element (ARE)-containing genes. Created with BioRender.com. This figure was

previously published in Cancers (Basel), DeBlasi and DeNicola 2020 (1).



NRF2 directs the antioxidant response

Oxidative stress refers to an imbalance in ROS production and elimination, and
can cause damage to cells via oxidation (23). Xenobiotics can also cause oxidative
stress and toxicity, warranting defense mechanisms via NRF2 (24). Following exposure
to oxidative or xenobiotic stress, NRF2 binds to the antioxidant response element (ARE)
of its target genes to promote transcription of phase Il detoxifying enzymes (25). These
enzymes play important roles in the antioxidant and stress responses, glutathione
synthesis, and drug metabolism, among others, the description of which is expanded
upon in the subsequent sections. Upregulation of these enzymes by NRF2 can be
potentially exploited for chemoprevention by promoting carcinogen detoxification but
can also cause resistance to chemotherapy, radiation, immunotherapy, and targeted

therapies (26, 27, 28, 29, 30, 31, 32).

Over the past decade, advances in our understanding of the reprogramming of
cellular metabolism in cancer cells have yielded insight into the complex biology of
cancer. As this recently established cancer hallmark encompasses a plethora of
pathways (33), there is still a lack of complete understanding into how metabolic
pathways can be targeted in the treatment of cancer. NRF2 is emerging as a major
regulator of cellular metabolism in both normal and cancer cells. In addition to
orchestrating an antioxidant response to oxidative insults, there are emerging roles of
NRF2 in promoting metabolic processes, including NADPH production (34, 35, 36, 37),
and the metabolism of lipids (37, 38, 39, 40, 41), amino acids (cysteine (42, 43),
glutamine(44, 45), serine/glycine (46, 47), asparagine (48)), nucleotides (35, 49), and

iron/heme (37, 50, 51, 52, 53), as outlined in Figures 1.3 and 1.4. Although these



processes play an important role in supporting the antioxidant response in healthy cells,
and may be exploitable for chemoprevention (30, 31, 32), they are hijacked by cancer
cells to support proliferation and survival (54), warranting further investigation into the
relationship between NRF2-regulated processes and tumorigenesis. Indeed, NRF2
regulates anabolic and catabolic metabolism, both of which can significantly impact
tumorigenesis but are less well understood in the context of NRF2-driven cancer

phenotypes.
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Figure 1.4. NRF2 directs numerous metabolic processes that impact cancer cell
survival and proliferation. Several of these pathways include NADPH production and
the metabolism of lipids, amino acids, nucleotides, and iron/heme. Created with
BioRender.com. This figure was previously published in Cancers (Basel), DeBlasi
and DeNicola 2020 (1).



Glucose Serine/

Glycine
Glycolysis Biosynthesis Lipid
G6P F6P > GA3P 3-PG Pyruvat RRRN=S'S
—> F6P - > — 3-PG - > Pyruvate
NADP* > “ y ~ i
) G6PD B : PHGDH Fatty acids
NADPH <y | Pentose Acetyl-CoA *
e NADP* cety NADP
NADP* osphate - MET A8 I\ NADPH
) PGD Pathway NADPH
NADPH “'v BT Oxaloacetate Malonyl-CoA
R5P < TALDO1, Malate 4
! TKT 3-PS / Citrate — Citrate
PR1PP Nucleotide Seiine Fumarate W \ l
| PPAT | Biosynthesis MTHFAW%SHMH 2 ‘ Isocitrate NADII:somtrate
H .
. . IDH1
Y= P — 10-Formyl-THF Glyiilne Succinate / NADPH l
FECH f\ \ a-Ketoglutarate «— g-Ketoglutarate
A

Succinyl-CoA
Heme \_/
5 N
m, : HMOX1 Md
x v BLVRB1 etabolism

‘Iron CO Biliverdin—, Bilirubin

Lipid ROS GCLC/GCLM TXN, TXNRD1

— GPXx4 ”GsHﬁCysteine<— Cystine Glutémate

. N GSH, GSR r
Ferroptosis GSSG Gy, Glu SLC7A11/xCT I GLS
W | v Glutamine
nthesis ASNS KAsp

Asn
Glutamate

Figure 1.5. NRF2-regulated metabolic pathways. NRF2 directs the transcription of
numerous genes that encode for metabolic enzymes and transporters, including
those involved in the pentose phosphate pathway (G6PD, PGD, TALDO1, TKT),
nucleotide biosynthesis (PPAT, MTHFD2), serine/ glycine biosynthesis (PHGDH,
PSAT1, SHMT1/2), heme/iron metabolism (FECH, HMOX1, BLVRB1), glutathione
synthesis and utilization (TXN, TXNRD1, GSH, GSR, GCLC, GCLM, GPX4), amino
acid metabolism (GLS, ASNS, SLC7A11/xCT), NADPH production (ME1, IDH1), and
lipid biosynthesis (FAS). This figure was previously published in Cancers (Basel),
DeBlasi and DeNicola 2020 (1).



NRF2’s roles in detoxifying reactive oxygen species: cysteine, GSH, TXN

Cysteine is a semi-essential amino acid that can be taken up by cells in both its
reduced (cysteine) and oxidized (cystine) forms. Cysteine transport is poorly
characterized in both normal and tumor tissues and may involve the alanine-serine-
cysteine (ASC), L-amino acid, and/or Xac family of transporters (55, 56, 57). Alternatively,
cysteine can be made by de novo synthesis through the reverse transulfuration pathway
in some tissues (58). Further, cystine is transported via system xc-, the cystine/glutamate
antiporter (59). xCT, the protein encoded by SLC7A11, is a subunit of system xc-, and is
upregulated in many cancer types, including NSCLC, triple-negative breast cancer, and
glioblastomas (60, 61, 62, 63, 64, 65). NRF2 increases intracellular cysteine availability
through multiple mechanisms. NRF2 promotes the transcription of xCT to facilitate cystine
entry into the cell (42).

One of the most critical aspects of NRF2-regulated processes is the antioxidant
tripeptide glutathione (GSH), the most abundant antioxidant molecule in the cell (66).
NRF2 promotes the use of cysteine for synthesizing GSH, which supports detoxification
of oxidants and has been reported to support proliferation in both normal and cancer cells
(67). GSH synthesis is regulated by availability of the amino acid cysteine and the enzyme
glutamate cysteine ligase (GCL), which catalyzes the first step of GSH synthesis and is
composed of the two subunits GCLC (catalytic) and GCLM (regulatory), both of which are
NRF2 target genes (68, 69, 70, 71, 72). GCL facilitates the conjugation of cysteine and
glutamate to produce y-glutamylcysteine, a precursor for GSH (73). Although the
regulation of cysteine metabolism by NRF2 robustly increases GSH levels following NRF2

activation, it is less clear whether NRF2-mediated cysteine accumulation promotes the
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synthesis of other cysteine-derived metabolites. Beyond GCLC and GCLM, NRF2 also
promotes expression of additional enzymes involved in GSH synthesis and utilization,
including GSH reductase (GSR), GSH S-transferases and peroxidases (52). GSH
peroxidase (GPX), along with peroxiredoxins (PRDXs) and catalase facilitate the
conversion of H202 to water (Fig. 1.6). Moreover, both GPXs and GSH S-transferases
use GSH as a cofactor to detoxify ROS and lipid peroxides (74).

NRF2 also regulates expression of genes encoding proteins that reduce oxidized
protein thiols, including thioredoxin (TXN) (75), thioredoxin reductase 1 (TXNRD1) (75),
and sulfiredoxin (SRXN1) (76). These protein systems participate in the regeneration of
PRDXs, which contribute to detoxification of H202 and peroxynitrite (77). Moreover,
TXNRD1 and GSR function to regenerate oxidized TXN and GSH using NADPH for
electron transfer (78, 79) (Fig. 1.6). Both the GSH and TXN systems are critical in the
antioxidant response and are complimentary, although further investigation is needed to
understand their interplay. Collectively, these findings demonstrate the importance of

NRF2 in protecting cells against oxidative stress.

Not all NRF2-regulated processes are favorable to cell proliferation

Our lab recently reported that cysteine accumulation mediated by NRF2 was a
metabolic vulnerability in NSCLC cells as a consequence of stabilization of cysteine
dioxygenase 1 (CDO1) and increased entry of cysteine into the taurine synthesis pathway
(43). This led to wasteful and toxic product formation and depletion of NADPH as a
consequence of excessive cystine reduction, which impaired NSCLC proliferation and

antioxidant function. Notably, CDO1 is epigenetically silenced in NSCLC, particularly in
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KEAP1 mutant adenocarcinomas. Consequently, not all NRF2-regulated processes are

favorable.
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Figure 1.6. Overview of glutathione and thioredoxin systems. NADPH is used as an
electron donor in the glutathione reductase (GSR) (A) and thioredoxin reductase
(TXNRD1) (B) systems. Glutathione peroxidase (GPX) catalyzes the oxidation of
glutathione (GSH) to glutathione disulfide (GSSG), as well as the conversion of H202and
lipid peroxides to water. Thioredoxin (TXN) contributes to regeneration of peroxiredoxins

(PRDXs), which detoxify H202 and peroxynitrite. Created with BioRender.com.
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Moreover, these consequences of NRF2 activation have also been linked to
reductive stress, the accumulation of excessive reducing equivalents (80, 81, 82). In a
mouse model of cardiomyopathy, Nrf2 activation was reported to promote reductive
stress in association with increased GSH levels (80). Additionally, in human lung cancer
cells, NRF2 activation caused reductive stress mediated by NADH, an important reduced
nucleotide co-factor, resulting in decreased cell proliferation (82). These finds suggest
that although NRF2 activation can protect cells from oxidative damage, there can still be

detrimental effects from excess levels of NRF2.

Glutamine

NADPH is not the only cost of cystine import. Because xCT is a cystine-glutamate
antiporter, cystine import must be matched by an equimolar amount of glutamate export.
Accordingly, NRF2 active cells are in a glutamate-deficient state as a consequence of
elevated xCT activity, which limits TCA cycle anaplerosis and increases reliance on
glutamine catabolism to glutamate to support xCT flux (44, 45). In agreement with this
metabolic vulnerability, KEAP1 mutant NSCLC cell lines, PDX models and Keap1-
deficient mouse tumors demonstrate increased sensitivity to glutaminase inhibition with
CB-389 (45, 61). Glutaminase inhibition has also been reported to prevent growth of
recurrent breast tumor cells in a NRF2-dependent manner (49). In support of this NRF2-
mediated dependence on glutamine, it has also been reported that cancer cells with high
antioxidant capacity are dependent on non-essential amino acids (NEAAs) driven by xCT-
mediated excretion of glutamate required for NEAA synthesis (83). This study also
observed therapeutic efficacy in a Keap1 mutant mouse model treated with an inhibitor

of glutaminase or asparaginase.
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The connection between the KEAP1/NRF2 pathway and glutamine metabolism is
not surprising, given that NRF2 upregulates glutaminase, which generates glutamate
from glutamine (84). Recent work has also shown that KEAP1 mutant lung cancer cells
are dependent on glutamine and the glutamine transporter ASCT2 (encoded by SLC1A5)
(45). It has also been suggested that generation of TCA cycle intermediates by alternative
pathways, such as IDH1 and ME1, may contribute to NRF2-mediated glutamine
dependence (85). Furthermore, siRNA depletion of NRF2 in KEAP1 mutant NSCLC cells
decreases incorporation of glutamate into GSH (35), suggesting that glutamate
production from glutamine could support GSH synthesis. These studies highlight a

metabolic vulnerability in NRF2-hyperactive cancer cells.

Serine/Glycine

Serine and glycine are NEAAs that contribute to diverse macromolecules within
normal and cancer cells, including cysteine, sphingolipids, phospholipids, and
nucleotides, among others (86, 87). Serine and glycine can be obtained from extracellular
sources or synthesized de novo from glucose via the serine synthesis pathway (SSP).
The SSP catalyzes the metabolism of the glycolytic intermediate 3-phosphoglycerate
(3PG) by phosphoglycerate dehydrogenase (PHGDH) in the first and rate-limiting step.
SSP-derived serine is subsequently metabolized to glycine in a reaction mediated by
serine hydroxymethyl transferase (SHMT). NRF2 plays an important role in the regulation
of SSP enzymes including PHGDH, phosphoserine aminotransferase 1 (PSAT1), and
SHMT2 via the amino acid starvation-responsive activating transcription factor 4 (ATF4)
(46). Suppression of serine synthesis in KEAP1 mutant NSCLC cell lines impaired the

synthesis of GSH and nucleotides, and depleted cellular NADPH levels (46).
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KRAS/KEAP1 mutant NSCLC cell lines were also found to depend on GLUT8 (SLC2A8)
for serine biosynthesis, suggesting that serine synthesis addiction can also be targeted
at the level of glucose availability (88). Beyond lung cancer, NRF2 SUMOylation in
hepatocellular carcinoma (HCC) was shown to promote de novo serine synthesis via
PHGDH upregulation, leading to serine accumulation and contributing to HCC
maintenance (47). Finally, work has also linked serine availability and PHGDH to
sphingolipid metabolism, with very low serine levels promoting toxic deoxysphingolipid
synthesis (89, 90, 91). In alignment with these studies, earlier work demonstrates the
importance of serine in supporting mitochondrial function through ceramide metabolism
(92). Additional work is needed to determine whether sphingolipid metabolism is
influenced by NRF2 activation in cancer.

Beyond NRF2 regulation, SSP activity is increased in diverse cancer types
because of PHGDH amplification, overexpression, and posttranscriptional regulation (46,
93, 94, 95, 96, 97, 98, 99). To potentially exploit this, PHGDH inhibitors are being explored
as treatments for cancer. PHGDH inhibition has demonstrated preclinical utility in
xenograft models of colon cancer (91), as well as xenografts of breast cancer and renal
cell carcinoma exhibiting brain metastases (100). The latter findings are also important
for NSCLC patients, who can develop brain metastases (101, 102, 103), and thus may
respond to PHGDH inhibition. Both PHGDH inhibitor treatment and whole-body Phgdh
knockdown are non-toxic in mice, which suggests that PHGDH inhibitors may be safe for
patients if adequate serine and glycine are present in the diet (89). In summary, these

studies demonstrate inhibition of the SSP as a potential therapeutic modality in cancer.
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Asparagine

Asparagine is another NEAA that can be obtained from extracellular sources or
synthesized de novo. Asparagine synthetase (ASNS) catalyzes the transamidation of
aspartate and glutamine to produce asparagine (104). ASNS, which like SSP enzymes is
regulated by ATF4, plays an important role in maintaining asparagine levels under
nutrient limiting conditions (105). Further, asparagine has been reported to protect against
cell death from glutamine depletion, implicating its role as a metabolite used by cells to
coordinate response to metabolic stress (106). NRF2 plays an important role in controlling
asparagine availability through the regulation of ASNS. NRF2 regulated the binding of
ATF4 to the ASNS promoter in KEAP1 mutant cells (46). Furthermore, NRF2 was
essential for KRAS-mediated regulation of ATF4 under nutrient stress. In addition,
deletion of KEAP1 enhanced the induction of ATF4 and ASNS following glutamine
deprivation (48). Because asparagine depletion by L-asparaginase is a potential
therapeutic strategy for the treatment of tumors, these studies suggest that the regulation
of ASNS by NRF2 to increase asparagine availability may influence tumor response to L-

asparaginase.

NADPH Production

The pentose phosphate pathway (PPP) is a major contributor to the cellular
NADPH pool (107). NADPH is critical for the synthesis of fatty acids, cholesterol,
mevalonate pathway products (108), nucleotides, folate (107, 109), and proline (54), all
of which can support tumorigenesis. NADPH is also important for survival during ROS-
mediated stress as a result of extracellular matrix (ECM) detachment (110). Further, the

PPP is often altered in cancers to support cell survival and proliferation (111). The PPP

16



comprises both irreversible and reversible reactions that are divided into an oxidative
branch and a non-oxidative branch. The irreversible oxidative branch uses glucose 6-
phosphate (G6P) to produce ribose-5-phosphate (R5P) and NADPH, the latter of which
is critical for redox homeostasis. The reversible non-oxidative branch, in contrast,
supports the production of only R5P for nucleotide synthesis, and serves to link glycolysis
and the PPP (112). The reversibility of this branch allows cells to synthesize R5P even
when NADPH is high. NRF2 directly regulates the transcription of multiple PPP enzymes,
including both oxidative PPP enzymes glucose-6-phosphate dehydrogenase (G6PD) and
phosphogluconate dehydrogenase (PGD), and non-oxidative PPP enzymes
transketolase (TKT) and transaldolase 1 (TALDO1) (35). Additionally, NRF2 has been
observed to indirectly regulate this pathway through the attenuation of microRNAs miR-1
and miR-206, thereby enhancing PPP gene expression (36). Consequently, NRF2 can
both directly and indirectly regulate the expression of PPP enzymes in both branches.
NRF2 also contributes to the NADPH pool via the transcriptional regulation of the
NADPH-producing enzymes malic enzyme 1 (ME1) and isocitrate dehydrogenase 1
(IDH1) (35). Given this apparent redundancy in NADPH-generating pathways, one might
think that targeting any one individually may not dramatically affect the NADPH pool.
Indeed, Zhao et al. reported that despite increased NRF2-mediated transcription of genes
involved in NADPH regeneration, the oxidative PPP contributed less to the NADPH pool,
and consequently was less essential for the growth of KEAP1 mutant cells (113). Overall,
these studies demonstrate the importance of KEAP1 mutational status when evaluating
sensitivity to PPP inhibition in a therapeutic context. However, recent work suggests that

the oxidative PPP plays a unique role in folate metabolism (107). Chen et al.
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demonstrated that while the PPP, IDH1 and ME1 could all support cellular proliferation,
only the PPP could maintain a normal NADPH/NADP+ ratio. Deletion of G6PD resulted
in high NADP?*, leading to dihydrofolate reductase (DHFR) inhibition, and ultimately,
impairment of folate-mediated biosynthesis in colon cancer cells, unveiling an important
connection between NADPH and folate metabolism (107). Supportingly, Mitsuishi et al.
found that silencing the PPP enzymes G6PD or TKT reduced tumor growth in a KEAP1
mutant NSCLC xenograft model in a similar manner to silencing NRF2 (35). Moreover,
Best et al. observed that Keap1 mutant mouse lung tumors expressed high levels of
Taldo1 and were more sensitive to inhibition of the PPP enzyme Pgd with 6-AN compared
with their wild-type counterparts (34). Collectively, these studies highlight the regulation

of the PPP by NRF2, which represents a critical metabolic vulnerability in vivo.

Lipid Metabolism

Lipid synthesis is a highly NADPH-consuming process that competes with cellular
antioxidant systems for NADPH. NRF2 activation suppresses fatty acid synthesis and
desaturation (37, 39) to increase NADPH for detoxification and anabolism in murine liver.
While hepatocyte-specific deletion of Keap1 suppressed the expression of fatty acid
synthesis and desaturation enzymes, deletion of Nrf2 increased their expression (37). A
reduction in fatty acid synthesis enzymes and triglyceride accumulation was also
observed in the livers from a Keap1 hypomorphic mouse model, which has elevated Nrf2
expression, fed a high-fat diet (39).

Although the ability of NRF2 to suppress lipogenesis has been established in liver,
it is unclear whether this also occurs in tumor cells or how this would be compatible with

the growth of a tumor with constitutive NRF2 stabilization. The co-occurrence of other
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mutations in tumor suppressors and oncogenes, however, may alleviate this potential
block. For example, in NSCLC, KEAP1 mutant tumors tend to be highly enriched for
alterations in serine/threonine kinase 11 (STK171), a gene that encodes for the liver kinase
B1 (LKB1) (11). It has been suggested that KEAP1 and STK11 mutations may cooperate;
Lkb1 deletion in MEFs causes increased glucose-dependent lipid biosynthesis and
overall lipid content (114). This work suggests that LKB1-deficient tumor cells can divert
NADPH into anabolic processes, potentially compensating for the lipid synthesis block
conferred by NRF2. Indeed, Jeon and colleagues demonstrated that LKB1-deficient
cancer cells increase NADPH consumption by fatty acid synthase (FAS) due to loss of
AMPK-mediated regulation (115).

Furthermore, NRF2 has been recently reported to enhance mitochondrial fatty acid
oxidation (FAO) (38). When Nrf2 is constitutively active as a result of Keap1 knockout,
mitochondrial oxidation of both short-chain and long-chain fatty acids was increased; in
contrast, Nfe2I2 knockout decreased their oxidation. It was also reported that expression
of an activating Nfe2I2 mutant (Nrf287°Q) decreased adipogenesis in keratin 14 (KRT14)-
positive mouse tissue (40). Further, RNA sequencing (RNAseq) profiling demonstrated
that Nrf2E7°Q esophageal epithelial cells upregulated peroxisome proliferator activated
receptor delta (PPARJ), which regulates FAO (40). More recently, Suzuki and colleagues
showed the contribution of Nrf2 to weight gain in mice during space travel, where systemic
Nfe2l2 knockout decreased FAO-related gene expression and white adipose tissue
homeostasis, in agreement with previous studies demonstrating the importance of NRF2

in lipid metabolism (41). Overall, the role of NRF2-regulated fatty acid metabolism in
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tumorigenesis requires further investigation, especially in the context of co-occurring

mutations.

Nucleotide Synthesis

NRF2 supports nucleotide synthesis through both metabolic mechanisms and the
transcriptional regulation of nucleotide synthesis enzymes. NRF2 regulates the activity of
the PPP, which supports nucleotide metabolism by producing the R5P sugar backbone
for nucleotide synthesis, and NADPH for the reduction of ribonucleotides to
deoxyribonucleotides. Additionally, the SSP provides glycine for purine synthesis and one
carbon units for the synthesis of both purines and pyrimidines. Furthermore, NRF2
directly regulates the expression of enzymes involved in de novo nucleotide synthesis.
NRF2 knockdown decreases the mRNA expression of phosphoribosyl pyrophosphate
amidotransferase (PPAT) and methylenetetrahydrofolate dehydrogenase 2 (MTHFD2)
(35). PPAT adds an amine group from glutamine to phosphoribosyl pyrophosphate
(PRPP) in the first step of purine synthesis, while MTHFD2 plays a critical role in the
synthesis of the 10-Formyltetrahydrofolate molecules that are added to the purine ring in
downstream steps. While nucleotide synthesis can support cancer cell proliferation,
recent work has also shown that NRF2 signaling promotes transcriptional and metabolic
reprogramming to support redox homeostasis and increase de novo nucleotide synthesis
during breast tumor recurrence (49). Using in vivo CRISPR screening, Pgd of the
oxidative PPP and Ppat were shown to be downstream NRF2 targets required for
recurrent tumor growth. These studies highlight the importance of NRF2 in directing

nucleotide metabolism for both tumor growth and recurrence.
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Iron/Heme

Iron is essential for cellular metabolic processes, but labile, reactive iron can
promote the formation of ROS, leading to cellular damage and death. To limit the
detrimental effects of free iron, NRF2 regulates many genes involved in iron and heme
metabolism, including heme oxygenase 1 (HMOX1) and the genes encoding the iron
storage protein ferritin, ferritin heavy chain (FTH1) and ferritin light chain (FTL) (52).
Importantly, many interactions between iron and oxygen occur via a porphyrin-bound form
of iron, heme, which is in the center of several metabolic enzymes (116). NRF2 promotes
the synthesis of heme through the regulation of ferrochelatase (FECH), and its transport
via SLC48A1 (50). Surprisingly, NRF2 also promotes the degradation of heme through
HMOX1 and biliverdin reductase B (BLVRB) (37, 51). HMOX1 encodes for a
cytoprotective enzyme that catalyzes heme degradation, resulting in production of iron,
biliverdin, and carbon monoxide (117). BLVRB1 subsequently reduces biliverdin to
bilirubin, which is excreted. Many cellular processes rely on iron and heme, and the role
of these enzymes in NRF2-mediated tumor initiation and progression is poorly
understood.

In cancer, NRF2-mediated disruption of HMOX-1 and ferritin signaling can impact
cancer cell proliferation, angiogenesis, metastasis, and response to therapy, which is
usually influenced by the amount of ROS and iron present (118). HMOX-1 and NRF2
induction can protect against ferroptosis, an iron-mediated form of cell death. In HCC,
Sun and colleagues reported that NRF2 protected HCC cells against ferroptosis via p62-
mediated NRF2 stabilization. In this study, the anti-ferroptotic activity of NRF2 was

dependent on NQO1, HMOX1, and FTH1 (119). NRF2 also transcriptionally regulates
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glutathione peroxidase 4 (GPX4) (120), a key regulatory factor for ferroptosis that
mitigates lipid peroxidation and consequent ferroptosis (121). Another key mediator of
iron/heme metabolism is the transcription factor BACH1. Heme binds to BACH1, resulting
in nuclear export and subsequent ubiquitin-mediated degradation, thereby limiting the
amount of BACH1 available to bind DNA in complex with NRF2 (122); in contrast, when
heme levels are low, BACH1 antagonizes the ability of NRF2 to activate HMOX1 to
promote heme degradation (123). However, BACH1 plays important roles in cancer
beyond its role in heme homeostasis. In a mouse model of lung adenocarcinoma, Keap1
deletion/Nrf2 activation promoted metastasis via Hmox1, which promoted the degradation
of heme to induce the accumulation of Bach1, which regulated a battery of pro-metastatic
genes (53). Collectively, these studies highlight the ways in which NRF2 can modulate
iron/heme metabolism to impact tumor phenotypes.

While it has long been known that NRF2 is imperative to cellular homeostasis via
its role in the antioxidant response, the regulation of metabolic pathways at the interface
between antioxidant defense and cellular proliferation is an emerging and essential
function of NRF2. The recent identification of the regulation of NRF2 by metabolic
perturbations suggest that NRF2 plays a key role in metabolic homeostasis beyond
supporting the antioxidant response. While some of these perturbations have been linked
to cancer (e.g. fumarate hydratase mutations, p62 accumulation), further work is needed

to determine whether others also play a causal role in tumorigenesis.
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NRF2 is stabilized by KEAP1/NFE2L2 mutation

While NRF2 protein levels are highly inducible in normal cells in response to
oxidative and xenobiotic stress or electrophile exposure, constitutive NRF2 expression
is observed in several cancers (124, 125, 126, 127, 128, 129), including the squamous
and adenocarcinoma subtypes of non-small cell lung cancer (NSCLC) (124), and
squamous cancers of the esophagus, skin, larynx, and other tissues (127). NRF2
stabilization most commonly occurs via activating mutations and copy number
amplifications of the NFEZ2L 2 gene or inactivating mutations or deletions in KEAP1 or
CUL3. Mutations in KEAP1 are usually missense loss-of-function mutations, and loss of
heterozygosity (LOH) is often reported in patient tumors (124, 130, 131). NRF2
mutations, in contrast are primarily heterozygous and not associated with LOH (131).
Mutations in KEAP1 can occur throughout the NRF2 binding domain, as well as the
redox sensing domain (Fig. 1.1). Mutations in NRF2 are in the DLG and ETGE motifs
present in the domain that binds to KEAP1, and prevent degradation by KEAP1 (Fig.

1.1)

The context-dependence of NRF2 during different stages of tumorigenesis

The roles of NRF2 in tumorigenesis are context-dependent (34, 43, 45, 46, 53,
132, 133, 134, 135, 136, 137), and likely influenced by different aspects of metabolism.
The role of ROS metabolism is better defined, however, and has been well-
characterized during cancer initiation, progression, and metastasis (74). In healthy cells,
activation of NRF2 promotes the transcription of anti-inflammatory and antioxidant

genes that suppress the development of DNA damage and mutations that can initiate
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tumor formation (138). In contrast, NRF2 supports the survival of transformed cells by
protecting against oxidative damage to support their progression to more advanced-
stage tumors. Consequently, NRF2 activation has been linked with resistance to both
chemo- and radiotherapy (12, 138). NRF2 is known to regulate xenobiotic and drug
efflux, including ATP binding cassette (ABC) transporters which relieve cellular stress

but can confer resistance to chemotherapeutic agents (139, 140, 141).

Pro-tumorigenic effects of NRF2 activation in lung cancer in NSCLC

Mutations in the KEAP1/NRF2 pathway often confer poor outcomes in cancer
patients (124, 125, 126, 127, 128, 129, 142, 143), and are associated with resistance to
chemotherapy and radiation (12, 138). KEAP1/NRF2 mutations have also been reported
to promote cancer cell survival (12), proliferation (137), metabolic reprogramming (35, 46,
61, 143), and metastasis (53). In human NSCLC cell lines, it was observed that shRNA-
mediated NRF2 knockdown reduced cell survival in response to ionizing radiation,
whereas Keap1-deficient mouse embryonic fibroblasts (MEFs) exhibited radio-resistance
due to constitutive Nrf2 activation (12). Moreover, work from my supervisor showed that
NRF2 activation is critical for the proliferation and tumorigenicity of human and mouse
pancreatic cancer cells, as well as murine lung cancer cells in vivo (137).

In another study, NRF2 was reported to promote cancer cell proliferation by
redirecting glucose and glutamine into anabolic metabolism and nucleotide synthesis via
the PI3K-Akt pathway in both human and mouse cells (35). Work from my supervisor also
showed that NRF2 supports nucleotide and glutathione synthesis by regulating
expression of enzymes involved in serine and glycine biosynthesis in human NSCLC cells

(46). Another study has also shown that NRF2 activation in both mouse and human
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cancer cells causes an imbalance in central carbon metabolism via increasing
dependence on glutamine as a result of limited glutamate availability (61).

There have also been several genetically engineered mouse models (GEMMs)
utilized to further our understanding of the KEAP1/NRF2 pathway’s role in lung cancer
(34, 43, 45, 53, 132, 133, 134, 136, 137, 144, 145, 146). My supervisor’s study showed
that Nrf2 activation was critical for Kras®'?P Jung tumor initiation (137). Another study
also reported that Nrf2 activation by Cre-mediated knockout of Keap1 resulted in a
promotion of Kras®'?P-mediated lung tumorigenesis (34). Additionally, another group
observed that Keap1 knockout promoted lung tumor initiation as measured by an

increase in low grade tumors in the Kras®'?® model of early lung adenocarcinoma (144).

In the aforementioned study, it was also observed that Nrf2 activation in the
microenvironment impairs early progression of these Nrf2-active tumors (144),
suggesting that the effects of Nrf2 are influenced by cell types in a tumor, including the
microenvironment. Moreover, recent work has reported that CRISPR-mediated deletion
of Keap1 increased lung tumor size and progression to grade 3 adenocarcinomas in the
Kras®'2P; p5311 model (45). This group also reported an increase in grade 3 tumor
burden with Cre-mediated Keap1 knockout, although this was not reported as a
proportion like their previous study (136), making it challenging to draw conclusions on
the effects of Nrf2 activation on tumor progression. Additionally, grade 5 tumors were
not reported in either of these studies, which usually occur in the Kras®'?P; p5371 model.
Moreover, another group also observed increased tumor size with CRISPR-mediated
Keap1 deletion in the Kras®'?P model. Interestingly, work from our lab has shown that

Keap1R554QR554Q.mediated Nrf2 activation significantly decreases lung tumor size in the
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Kras®12D/*; p5311 model of lung adenocarcinoma (43). There have also been studies
that did not observe changes in lung tumor initiation (147, 148) or size (134, 146, 148)
with Nrf2 activation. Moreover, it's important to note that across these studies, there

were varied phenotypes measured, experimental conditions, and time points.

Finally, Nrf2 has been reported to promote migration and invasion in the
Kras®'2P; p531M Jung cancer model with CRISPR-mediated Keap1 deletion through the
transcription factor BTB and CNC homology 1 (BACH1) in a heme metabolism-
dependent manner (53). In pancreatic cancer, a study by my supervisor showed that
NRF2 loss can promote metastasis in the Kras®'2P/*; p53R270H+ model of pancreatic
ductal adenocarcinoma (PDAC) (149). This increase in PDAC metastasis was also
observed with deletion of TP53-induced glycolysis and apoptosis regulator (TIGAR),
which was associated with increase ROS (149). It is likely that NRF2’s effects on
metastasis are dependent on tissue type, context, and ROS levels. Additional work is

needed to determine NRF2’s role(s) during lung tumor initiation and progression.

NRF2 in healthy cells: activation for chemoprevention

Because NRF2 facilitates cytoprotection and protects against oxidative damage,
it is also important to determine whether NRF2 activators are suitable for
chemoprevention in humans (30, 31, 32). NRF2 was first shown to play a critical role in
the antioxidant response as well as phase Il detoxification, limiting the deleterious
effects of carcinogens (25). Additionally, it has been shown that mice with Nrf2 knockout
are more susceptible to carcinogen exposure (150, 151). Accordingly, NRF2 activators
have been explored as a means of chemoprevention, including sulforaphane (152) and

oltipraz (29). However, because of NRF2’s reported pro-tumorigenic roles, it was

26



unclear whether chronic NRF2 activation could be unsafe in healthy individuals.
Previous work in mouse models has also shown that Nrf2 activation via Keap1 loss is
insufficient to cause lung tumorigenesis, even in the absence of tumor suppressor
genes (34, 133). Alongside these studies with NRF2 activation, there are also several
NRF2 inhibitors being explored for potential application in KEAP1/NRF2 mutant cancers

(153).

It is important to understand the contexts in which NRF2 can support or prevent
cancer phenotypes. Moreover, previous studies have modeled Nrf2 activation by either
conditionally knocking out Keap1 (34, 132, 133, 136, 144, 145) or CRISPR-mediated
deletion of Keap1 (45, 53, 134, 146), but have not actually modeled KEAP1 mutations
that occur in patients. Accordingly, the goal of the experiments performed in this
dissertation were to comprehensively interrogate the effects of Keap1 and Nrf2 mutation

and lung tumor initiation and progression.

27



Chapter Two: Keap1/ Nrf2 mutation is not sufficient

to cause lung tumorigenesis in vivo?

Introduction

It remains unknown whether long-term NRF2 activation is a safe strategy for
cancer prevention in humans. Because NRF2 plays important roles in cellular protection
and redox homeodynamics, there has been interest in pharmacological NRF2 activation
for chemoprevention (30, 31, 32). Additional work is needed to determine whether
constitutive NRF2 activation can transform normal cells. Additionally, whole body Nrf2
activation in mice via Keap1 deletion results in postnatal lethality because of constitutive
Nrf2 activation (155), raising concerns about the feasibility of this approach in humans.
To test whether chronic Nrf2 activation in the lung is sufficient for tumor initiation, | used
mouse models made in our lab harboring Keap1 or Nrf2 mutation targeted to the lung
and aged them. | also investigated the effect of these mutations in Lkb1- or p53-

deficient background and aged them to 500 days. My hypothesis was that these

2 Note to reader: Portions of this chapter have been previously published in DeBlasi et al. 2023, Cancer
Research (154). J.M. DeBlasi: Data curation, formal analysis, investigation, visualization, methodology,
writing—original draft, writing—review and editing. A. Falzone, S. Caldwell, N. Prieto Farigua: Mouse
colony management and collections - Data curation, investigation, methodology, writing—review and
editing. J.R. Prigge, E.E. Schmidt: Nrf2 antibody for IHC - Resources, writing—review and editing. L.I.C.
Chio: Nrf2 targeting vector antibody for IHC - Resources, writing—review and editing. F.A. Karreth: ES
cell targeting - Resources, methodology, writing—review and editing. G.M. DeNicola: Mouse models,
RNA-sequencing - Conceptualization, resources, data curation, formal analysis, supervision, funding
acquisition, investigation, methodology, writing—original draft, project administration, writing—review and
editing.
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mutations would not be sufficient to cause lung tumor initiation, consistent with prior

studies that had determined the effect of Keap1 deletion out to 12-15 months (34, 133).

Keap1R554Q and Nfe2/2P?° murine alleles activate Nrf2-mediated transcription and

metabolism

To understand how NRF2 activation affects lung cancer, our lab developed
murine alleles of either the Keap1R954Q or the Nrf2P2°H mutation found in NSCLC
patients (Fig. 2.1A and B). These mutations prevent Keap1-mediated degradation of
Nrf2, allowing for stable, constitutive expression of Nrf2 and transcription of Nrf2 target
genes (156, 157). The Keap1R%%4Q mutation occurs in Keap1’s Kelch domain, preventing
Keap1 binding to Nrf2’s DLG or ETGE motifs to facilitate Nrf2 degradation (156). The
Nrf202%H mutation occurs in Nrf2’s DLG motif, blocking Keap1-mediated degradation of
Nrf2 (127). To generate the conditionally active (CA)-Keap1R%%4Q allele, a wild-type
Keap1 cDNA of exons 3-5 flanked by loxP sites was added upstream of the R554Q
mutation in endogenous exon 4 of the Keap? gene (Fig. 2.1A) (43). For the Lox-STOP-
Lox (LSL)-Nfe2I2P2% gllele, a loxP-flanked transcriptional and translational STOP (LSL)
cassette was added upstream of the D29H mutation in exon 2 of the endogenous

Nfe2I2 gene (Fig. 2.1B).
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Figure 2.1. Development of mutant Keap1 and Nfe2l2 alleles found in human lung
cancer. (A) The conditionally active (CA)-Keap 1R%54Q allele was generated by inserting a
loxP-flanked, wild type (WT) Keap1 cDNA containing exons 3-5 into intron 2 and
introducing the R554Q mutation into endogenous exon 4 of the Keap1 gene. Prior to
intranasal installation of adenoviral-Cre recombinase Keap1 is wild type. Once the
floxed cargo is excised, mutant Keap1R5%4Q js expressed. PA = poly A signal. (B) The
Lox-STOP-Lox (LSL)-Nfe2I2P29" allele was created by inserting a STOP cassette
flanked by loxP sites into intron 1 and introducing the D29H mutation in endogenous
exon 2 of the Nfe2/2 gene. Following Cre-mediated excision of the STOP cassette,

mutant Nrf2P2°H js expressed.
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For both Keap1R954Q and Nrf2P2°H glleles, Cre-mediated excision of the loxP-
flanked cassettes allows for physiological expression of Keap1R954Q or Nrf2b2%H
recapitulating NRF2 activation in human NSCLC. To validate the functionality of these
alleles, an isogenic system using mouse embryonic fibroblasts (MEFs) was generated,
which allowed the transition from a Nrf2-deficient state (Nrf2LSLLSL) to a Nrf2-stabilized
state (Nrf2D2°H/D29H) "or from a basal Nrf2 state (Keap1*'*) to an activatedNrf2 state
(Keap1R5%4QRS54Q) Using these MEFs, transcriptomic and metabolomic profiling was
performed (Fig. 2.2A-D). Transcriptomic profiling indicated that both Keap1R554@/R554Q
and Nrf2D29HD29H MEFs demonstrated increased transcription of canonical Nrf2 target
genes, including Nqo1, Srxn1, Txnrd1, and Gclc (Fig. 2.2A and B). Non-targeted
metabolomics revealed a robust increase in sulfur-containing metabolites, including
glutathione, N-acetyl-L-cysteine, hypotaurine, and L-cystathionine in the Nrf2D29H/D29H
MEFs, consistent with our lab’s previous findings in Keap1R5%4@R5%4Q MEFs (Fig. 2.2C

and D) (43).

It has also been previously reported that targeting the murine Keap1 locus to
generate a Keap17x allele resulted in the generation of a hypomorphic allele prior to
Cre-mediated recombination, leading to whole body decreased Keap1 levels and
increased Nrf2 transcriptional activity (158). To investigate whether our CA-Keap 1R554Q
allele was hypomorphic, | first validated that MEFs with Keap1*"* or CA-Keap1R554@/R554Q

produced PCR products at the expected size (Fig. 2.3A-C).
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Mutant Keap1 and Nfe2l2 alleles activate Nrf2 transcriptional program and

metabolism. (A) Volcano plot of RNA-sequencing data from murine embryonic

fibroblasts (MEFs) expressing Keap1R5%4@R5%4Q compared to Keap1**. N = 3 technical

replicates, representative of two individual MEF lines. (B) Volcano plot of RNA-

sequencing data from MEFs expressing Nrf2P29H/D2%H compared to Nrf2-SULSL ) which

lack Nrf2 expression. N = 3 technical replicates, representative of two individual MEF

lines. (C) Volcano plot of LC-HRMS metabolomics profiling comparing Keap1R554@/R554Q

MEFs to Keap1** MEFs from our lab’s previous study (43). N = 3 technical replicates,

representative of two individual MEF lines. (D) LC-HRMS metabolomics profiling
comparing Nrf2b29H/D29H MEFs to Nrf2-SHLSL MEFs. N = 3 technical replicates,

representative of two individual MEF lines.
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Figure 2.3. Validation of CA-Keap17%54Q and WT Keap1 alleles. Schematic of (A) CA-
Keap1R%%4Q and (B) WT Keap1 alleles with genotyping primers. (C) Detection of CA-
Keap1R554Q and WT Keap1 by QIAxcel electrophoresis. This figure was previously
published in Cancer Research, DeBlasi et al. 2023 (154).

Next, | performed western blotting and did not find any differences in expression

of Keap1, Nrf2, or Nrf2 target proteins Ngo1 and Gclc between CA-Keap1R5%4@ and WT
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Keap1 MEFs (Fig. 2.4A). My results indicate that the CA-Keap1R5%4Q allele is not
hypomorphic. Overall, my data demonstrate that the mutant Keap 7R554Q and Nfe2/2P29H

alleles activate the Nrf2 transcriptional program and Nrf2-mediated metabolism.
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Figure 2.4. The CA-Keap1R7%%4Q allele is not hypomorphic. (A) Western blot analysis of
Nrf2, Ngo1, Keap1, Gclc, and B-actin expression in WT Keap? and CA-Keap 1R554@/R554Q
MEFs (n=3 individual MEF lines from each genotype). This figure was previously
published in Cancer Research, DeBlasi et al. 2023 (154).

Keap1 or Nrf2 mutation is not sufficient to initiate lung tumorigenesis

In human lung tumors, KEAP1 inactivation is frequently biallelic(124), whereas
NFEZ2L2 mutations are frequently heterozygous (159). In order to test whether
constitutive Nrf2 activation could initiate lung tumor formation, recombination of Keap1
and Nfe2I2 alleles was induced in the lungs of CA-Keap1R%%4* CA-Keap1R554@R554Q or

LSL-Nrf2P2°H* mice via intranasal installation of adenoviral-Cre. | observed no
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significant differences in overall survival between wild-type and Keap1/Nrf2 mutant
groups, with the median overall survival ranging from approximately 650-750 days (Fig.
2.5A). Although | did observe tumors in some mice, these were age-associated tumors,
such as lymphoma. Furthermore, histological examination of the mouse lung to check
for the presence of lung tumors revealed that lung tumor-free survival was also not

different between the genotypes (Fig. 2.5B).
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Figure 2.5. Mutation of Keap1 or Nrf2 does not impact overall or lung tumor-free
survival. A, Overall survival of Keap1/Nrf2 mutant mice. Keap1/Nrf2** (n=17),
Keap1R%4Q* (n=8); Keap1R5%4WURS4Q (n=11); Nrf2P2°H* (n=15). Ns= not significant (Log-
rank (Mantel-Cox) test). B, Lung tumor-free survival of Keap1/Nrf2 mutant mice.
Keap1/Nrf2** (n=11), Keap1R34¥* (n=4); Keap1R%4WR554Q (n=8): Nrf2D2°H* (n=11). This

figure was previously published in Cancer Research, DeBlasi et al. 2023 (154).

My histological examination of lung tissues across genotypes revealed no
abnormal phenotypic changes in both alveolar and bronchiolar cells (Fig. 2.6). These
results indicate that constitutive Nrf2 activation is not sufficient to induce lung tumor

formation.
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Figure 2.6. Mutation of Keap1 or Nrf2 is not sufficient to initiate lung tumorigenesis.
Representative H&E of mouse lung depicting normal bronchiolar and alveolar cells
[scale bars = 100 um (top panel), 20 ym (bottom panel)]. This figure was previously
published in Cancer Research, DeBlasi et al. 2023 (154).

Keap1 or Nrf2 mutation is not sufficient to initiate lung tumorigenesis in

combination with tumor suppressor loss

In order to test whether tumor suppressor loss was required for constitutive Nrf2
activation to initiate lung tumorigenesis, mice harboring p53°* or Lkb171°* alleles were
crossed with Keap1/Nrf2 mutant mice. Intranasal instillation of adenoviral Cre was used
to concomitantly activate Nrf2 and delete these tumor suppressors in the lung (Fig. 2.4).
For these experiments, mice were aged to 500 days, at which timepoint all mice were
euthanized and analyzed histologically for presence of lung tumors. First, | determined
the effect of Nrf2029H*  Keap1R954Q/* or Keap1R954QR554Q mytation in combination with
p53 loss. Although there was a small number of these mice that succumbed to disease

prior to 500 days, they developed age-associated tumors including lymphoma.
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Importantly, | did not observe any differences in overall or lung tumor-free survival
between groups (Fig. 2.7A and B). When examining lung tissue histology, however, |
observed dysplasia in the bronchioles of Keap1R354@/R554Q mjce with p53 deletion (Fig.
2.7C). My observation is consistent with previous work reporting that tracheospheres

derived from Keap1/-;Trp53+ cells had an aberrant morphology (132).
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Figure 2.7. Mutation of Keap1 or Nrf2 is insufficient to initiate lung tumorigenesis with
p53 loss. A, Overall survival of p53" mice expressing wild-type or mutant Keap1/Nrf2.
Keap1/Nrf2+* (n=15); Keap1R554@* (n=7); Keap1RO4WURS%4Q (n=18); Nrf2P2°H* (n=18).
Ns= not significant (Log-rank (Mantel-Cox) test). B, Lung tumor-free survival of p53/f
mice expressing wild-type or mutant Keap1/Nrf2. Keap1/Nrf2** (n=11); Keap1R554@/+
(n=6); Keap1RO54WRS%4Q (n=16); Nrf2P2°H* (n=10). C. Representative H&E of mouse lung
depicting bronchiolar and alveolar cells of the p53™"" models (scale bars = 100 pm (top
panel), 20 um (middle panel), 10 um (bottom panel)). For A and B, mice were infected
intranasally with adenoviral-Cre, followed by collection at 500 days to analyze lung
tissue histology. This figure was previously published in Cancer Research, DeBlasi et
al. 2023 (154).
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Following my analyses in the p53"" model, | investigated the effect of Nrf2D29H/+
Keap1R3%4Q+ or Keap 1R554@/R554Q mytation in combination with Lkb1 deletion. Similar to
what | observed with p53 deletion, | also did not find any differences in overall or lung
tumor-free survival between groups (Fig. 2.8A and B). Additionally, the bronchiolar and
alveolar morphology was phenotypically normal across genotypes, in contrast to what
was observed with p53 deletion (Fig. 2.8C). My data indicate that Nrf2 activation is not

sufficient to initiate lung tumorigenesis, even in the absence of tumor suppressor genes.
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Figure 2.8. Mutation of Keap1 or Nrf2 is not sufficient to initiate lung tumorigenesis with

Lkb1 loss. A, Overall survival of Lkb1"" mice expressing wild-type or mutant
Keap1/Nrf2. Keap1/Nrf2** (n=11); Keap1R5%4¥* (n=7); Keap1R554QR354Q (n=11);
Nrf2D29H+ (n=5). Ns= not significant (Log-rank (Mantel-Cox) test). B, Lung tumor-free
survival of Lkb1% mice expressing wild-type or mutant Keap1/Nrf2. Keap1/Nrf2*/*
(n=11); Keap1R5%4¥* (n=6); Keap1R554QR3%4Q (n=9); Nrf2P2°H*+ (n=4). C, Representative
H&E of mouse lung depicting bronchiolar and alveolar cells of the Lkb1%" models (scale
bars = 100 ym (top panel), 20 um (middle panel), 10 um (bottom panel)). For A and B,
mice were infected intranasally with adenoviral-Cre, followed by collection at 500 days
to analyze lung tissue histology. This figure was previously published in Cancer
Research, DeBlasi et al. 2023 (154).
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Discussion

| observed that our Keap1 and Nrf2 mutant alleles activated both Nrf2-mediated
transcription and metabolism in MEFs, and that our Keap1R%%4Q allele is not
hypomorphic. My results also indicate that Nrf2 activation by Keap1 or Nrf2 mutation is
not sufficient to cause lung tumor initiation, even with p53 or Lkb1 deletion. My results
also corroborate studies that have determined the effect of Keap1 deletion out to 12-15
months (34, 133). | also observed bronchiolar dysplasia in mice with Keap1R554@/R554Q
mutation and p53 loss, reminiscent of a previous study in tracheospheres (132).
Although there was dysplasia in this model, | did not observe this in wild type p53
cohorts. It is possible that bronchiolar cells are permissive for dysplasia because it's
been reported that this cell type is sensitive to NRF2 hyperactivation in a Kras mutant,
Keap1 deficient mouse model (34). This study also reported that bronchiolar cells are
more enriched for Nrf2 target genes compared to alveolar cells (34), which could make
them more sensitive to high Nrf2 levels. It's curious that | didn’t observe this in the
Lkb1"" model, however, given that Lkb1 deletion has been reported to elevate Nrf2
activity in the context of Keap1 loss (160). Additionally, | did not analyze the allele
recombination efficiency in our study. Although my IHC results in Chapters 3-4
demonstrate Nrf2 activation in the lung, | did not verify this in the wild-type Kras
experiments; only genotyping was performed to verify that the alleles were present in
the designated mouse cohorts. | could have performed PCR on the whole lung to
assess recombination, but this may not have worked as only ~1% of cells are infected
with this dose of virus. Additionally, although the mice were genotyped, we do not know

the exact recombination efficiency, although my IHC results in Chapters 3-4 verify Nrf2
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activation in tumor cells. Further investigation into how NRF2 activation affects different

cell types in patients is warranted.

Moreover, it's important to consider that in this model, only a small percentage of
cells in the lung were infected to activate NRF2. With pharmacological/ whole body
NRF2 activation, all cells in the lung will be affected, unlike in this study. It's also
unknown whether all the NRF2-activated cells in these models persist throughout the
life of the mouse, or if some die off. To interrogate this, | could cross a reporter in with
our Keap1/ Nrf2 alleles and track the cells over time in vivo. Another important
consideration is the cell types affected by Nrf2 activation. In this study, Nrf2 was
activated in primarily lung epithelial cells. In contrast, pharmacological NRF2 activators
will affect all cells in the body, including stromal and immune cells. The recently
developed NRF2 activator, omaveloxolone, was recently approved by the FDA for
Friedreich’s ataxia patients, suggesting that NRF2 activation can be safe in patients
(161). Additional work and clinical study is needed to determine whether NRF2

activators are a safe strategy for chemoprevention.
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Chapter Three: Nrf2 activation promotes lung tumor initiation

and early progression in the Kras®'?® model®

Introduction

Among the multitude of available mouse models for the study these genomic
alterations, all rely on Keap1 deletion via Cre-mediated excision of floxed alleles (34,
133) or CRISPR-Cas9 (45, 53, 134). While these models have proven useful and
allowed for discoveries on the KEAP1/NRF2 pathway’s role in lung tumorigenesis, they
have limitations and may not fully recapitulate the effects of mutated Keap1, as mutation
and deletion can have different effects. Furthermore, CRISPR-mediated deletion of
KEAP1 in cells is variable (can be heterozygous or homozygous), and the Cas9 protein
has been reported to exhibit immunogenicity by evoking the innate and adaptive
immune responses (162). Some of these studies also report use of high viral titers than
can strongly influence disease progression and have inflammatory effects (34, 133). To

overcome these limitations and better understand the KEAP1-NRF2 axis, our lab has

3 Note to reader: Portions of this chapter have been previously published in DeBlasi et al. 2023, Cancer
Research (154). J.M. DeBlasi: Data curation, formal analysis, investigation, visualization, methodology,
writing—original draft, writing—review and editing. A. Falzone, S. Caldwell, N. Prieto Farigua: Mouse
colony management and collections - Data curation, investigation, methodology, writing—review and
editing. J.R. Prigge, E.E. Schmidt: Nrf2 antibody for IHC - Resources, writing—review and editing. L.I.C.
Chio: Nrf2 targeting vector antibody for IHC - Resources, writing—review and editing. F.A. Karreth: ES
cell targeting - Resources, methodology, writing—review and editing. G.M. DeNicola: Mouse models,
RNA-sequencing - Conceptualization, resources, data curation, formal analysis, supervision, funding
acquisition, investigation, methodology, writing—original draft, project administration, writing—review and
editing.
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developed GEMMSs expressing mutant Keap1 or Nrf2 via LOF or hyperactivation,
respectively, both alterations present in human lung cancer. To thoroughly interrogate
lung tumor initiation and early progression, | examined the effect of Keap1/ Nrf2
mutation in the Kras®'?®* model of early lung adenocarcinoma and measured lung
tumor initiation and early progression. My hypothesis was that Nrf2 would promote lung
tumor initiation and early progression, given that work from our lab and others has
shown that Nrf2 is critical to Kras®'?®-mediated lung tumorigenesis in a GEMM (34, 137,

144).

Nrf2 activation cooperates with mutant Kras to promote lung tumor initiation and

early progression

To determine how Keap1/Nrf2 mutation affect lung tumor initiation and early
progression to low-grade adenocarcinoma, Keap1/Nrf2 mutant mice were crossed with
the Kras®'2®* model of early lung adenocarcinoma and infected with intranasal

adenoviral Cre to target all cell types in the lung. (Fig. 3) (163).

2.25x 107 PFU
Adenoviral CMV-Cre

ol Alveolar cells
e
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< 'ta

KraSG1ZD/+

Figure 3. Using the Kras®'?2P* mouse model to investigate lung tumor initiation. An
overview of the amount of adenoviral-Cre used in the experiments for Chapter 3.
Created with BioRender.com.
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| observed no difference in survival between groups, with all mice succumbing to

lung tumors with a median survival of approximately 200 days (Fig. 3.1A and B).

G12D/+

A Kras®'2P* syrvival B Kras Survival
—_ 1 001 -— K 1+|‘+ _ S e
g | K::s1 R554Q/+ ns w® L E :22,—;29““ :| ns
= ~ Keap1RSMQRSS0 g
@ 5
T 50 2 50
o s
3 2
(o]
G T ; -l 1 0
0 200 400 600 0 200 400 600
Days (post-Cre) Days (post-Cre)

Figure 3.1. Keap1/Nrf2 mutation do not affect survival in the Kras®'?P’* model. A,
Overall survival of Keap1 mutant mice with Kras®'?®* mutation. Keap1** (n=16);
Keap1R%54@* (n=18); Keap1R954@R5%4Q (n=18). B, Overall survival of Nrf2 mutant mice
with Kras®12P* mutation. Nrf2** (n=14); Nrf2P2°H* (n=12). Ns = not significant (Log-rank
(Mantel-Cox) test). This figure was previously published in Cancer Research, DeBlasi et
al. 2023 (154).

| next verified that these mutations were activating toward Nrf2 in lung tumors by
performing immunohistochemical (IHC) staining for Nrf2 and the canonical Nrf2 target
Ngo1. | observed that Keap1R3%4@R554Q mytation resulted in the highest degree of Nrf2
activation, followed by Nrf2b2°H* and then Keap1R5%4@* compared to Keap1/Nrf2*/*

expression (Fig. 3.2A-D).
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Figure 3.2. Homozygous Keap1 and heterozygous Nrf2 mutation result in Nrf2
activation in the Kras®'??* model. A, Representative immunohistochemical (IHC)
staining of Nrf2 in Keap1/Nrf2 mutant tumors with Kras®'2P"* mutation (scale bars = 20
um). B, H-scores for Nrf2 (nuclear) IHC staining. C, Representative
immunohistochemical (IHC) staining of Nrf2 target Nqo1 (scale bars = 20 ym). D, H-
For A-D, N=3 mice per genotype and

ANOVA). This figure was previously published in Cancer Research, DeBlasi et al. 2023
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To determine whether Nrf2 activation affects lung tumor initiation, | quantified
lung tumor number across the genotypes and observed that Keap1R3%4@R554Q gnd
Nrf2P2°H+ mutation significantly increased tumor number in the Kras®'?®* model (Fig.
3.3A and B). This observation is consistent with previous studies using the Kras®120/*
model with Keap1 deletion (34, 144). Next, | tested whether Nrf2 affects early tumor
progression by analyzing tumor grade. | quantified the distribution of atypical
adenomatous and bronchiolar hyperplasia (AAH and BH, respectively) and tumors
ranging from grades 1 (adenoma) to 5 (adenocarcinoma). | observed that
Keap1R354Q/R554Q gnd Nrf2P2°H* mutation caused an increase in the proportion and
number of grade 1 tumors compared to Keap1R%%*@* and Keap1/Nrf2*/* expression
(Figs. 3.3C, 3.4A). | also saw that grade 3 tumors were rare in this model across all
genotypes, and an absence of grade 4 and grade 5 tumors (Figs. 3.3C, 3.4A)

precluding the study of later tumor progression.

| also measured tumor size by grade and observed that the median tumor size
did not differ between groups (Fig. 3.4B). However, | did observe some modest
differences in lesion size across the individual grades, including decreased AAH size in
all Keap1/Nrf2 mutant models (Fig. 3.4C). Moreover, | observed that there was a
decrease in grade 3 tumor burden across all Keap1/Nrf2 mutant models (Fig. 3.3D),
which resulted in decreased overall tumor burden (Fig. 3.4D), given that grade 3 tumors
were much larger compared to other grades (Fig. 3.4C). Grade 3 tumors were
extremely rare in the Kras®'2®* model, however, limiting my ability to draw conclusions

on the effect of Nrf2 activation on a small number of tumors. My results indicate that
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constitutive Nrf2 activation cooperates with Kras®'?P"* mutation to promote lung tumor

initiation and early progression to low-grade tumors.
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Figure 3.3. Keap1/Nrf2 mutation cooperates with Kras®'?®* to promote lung tumor
initiation and early progression. A, Representative whole lung H&E-stained section
(scale bars = 2000 ym). B, Tumor number per mouse in Keap1/Nrf2 mutant models
normalized to lung area. *p<0.05, **p<0.01 (one-way ANOVA). C, Distribution of tumor
grades across Keap1/Nrf2 mutant models. *p<0.05 (unpaired t test with Holm-Sidak’s
multiple comparisons test). AAH = atypical adenomatous hyperplasia. BH = bronchiolar
hyperplasia. D, Fraction of lung tumor burden by grade (lung tumor area/ total lung area
per grade). *p<0.05, **p<0.01 (unpaired t test with Holm-Sidak’s multiple comparisons
test). For both C and D, n=10 mice and >2,000 tumors per genotype. This figure was

previously published in Cancer Research, DeBlasi et al. 2023 (154).
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Figure 3.4. Lung tumor burden, size, and number quantification in the Kras®'?®* model
with Keap1/Nrf2 mutation. (A) Distribution of tumor number by grade across Keap1/Nrf2
mutant models. N=10 mice per genotype, *p<0.05, **p<0.01 (unpaired t test with Holm-
Sidak’s multiple comparisons test). (B) Median tumor size per mouse for each
genotype. *p<0.05 (one-way ANOVA). (C) Tumor size by grade across all mice per
genotype. N=10 mice and >2,300 tumors per genotype, *p<0.05, ***p<0.001,
****p<0.0001 (Kruskal-Wallis test with Dunn’s multiple comparisons test). (D) Overall
tumor burden (%) calculated by dividing the total area of lung tumor by the total area of
the lung. *p<0.05, ***p<0.001 (one-way ANOVA). This figure was previously published
in Cancer Research, DeBlasi et al. 2023 (154).
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Discussion

| observed that Nrf2 activation by Keap1R554@/R554Q g Nrf2D29H* mytation
promoted lung tumor initiation and early progression to low-grade tumors in the
Kras®'?P* model. My findings that Nrf2 activation promotes lung tumor initiation are
consistent with previous studies (34, 137, 144), and support the critical role for NRF2 in
the early stages of lung tumorigenesis. My supervisor’s work showed that homozygous
deletion of NRF2 reduced lung tumor number, burden, and AAH proliferation, and
prolonged survival in the Kras®'?P model, highlighting the crucial role for Nrf2 in
Kras®'?P-mediated lung tumor initiation (137). Another group showed that Nrf2
activation by Keap1 knockout in the Kras®'?® model promoted an increase in tumor
number and proportion of low-grade tumors (adenomas), although this study used a
higher titer of virus and conducted analysis 3 months post-Cre (34). An additional study
in the Kras®'?® model observed also observed that Keap1 knockout increased tumor
burden and the number of low-grade tumors at 9, 14, and 18 weeks post-Cre. Despite
variable in methods between these studies, it seems consistent that Nrf2 activation
supports Kras®'2P Jung tumorigenesis.

Moreover, | observed that the Keap1R954@/R554Q gllgle was the most activating
towards Nrf2, followed by Nrf2P2°H* "and then only modest activation in the Keap1Ro54@/+
model. | believe that this is because the KEAP1R554Q mutation recapitulates a null allele
with complete loss-of-function, as it does not bind NRF2 or suppress its transcription,
allowing for high levels of NRF2 activation (156). Additionally, the NRF2P2°H mutation,
which occurs in the low-affinity DLG motif (127), allows for escape of repression by

KEAP1, although there is still one copy of WT NRF2 intact. Additionally, because this
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mutation occurs in the DLG moitif, there is still minimal binding with KEAP1, although
degradation is impaired; this contrasts with mutations that occur in the ETGE motif,
which usually do not have any KEAP1 binding (125). Interestingly, another group using
a Nrf2E7°@* mouse model of SCLC observed that aggressive SCLC tumors
downregulate Nrf2 (164). | don’t know how the degree of Nrf2 activation compares to
the Nrf2P2°" model, however; it may have slightly higher activity since KEAP1 binding
would be completely impaired.

Since most KEAP1 mutant patient tumors undergo LOH/ have biallelic
inactivation (124), it is likely that both copies need to be mutated in our mouse model to
achieve sufficient Nrf2 activation. In contrast, most NRF2 mutations are heterozygous
(165), as mutating one copy is sufficient to cause constitutive NRF2 activation. It is also
likely that the amount of Keap1 and Nrf2 available varies with different mutations and
can influence the degree of relative Nrf2 activity. It was also curious that all Keap1/ Nrf2
mutant models had decreased grade 3 tumor burden. Grade 3 tumors were very rare in
this model, however, limiting my ability to compare tumor proportions of this grade,
although the decreased burden suggests that Nrf2 may impair tumor progression. To
ask this question, | next examined the effects of these mutations in the Kras®'2P*; p53/

model of lung adenocarcinoma, which develops high-grade tumors.
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Chapter Four: Keap1 mutation impairs tumor progression
in the Kras®12D; p53fifl model*
Introduction

Because | observed a decrease in grade 3 tumor burden in the Keap1/Nrf2
mutant models in my previous experiment (Fig. 3.3D), this suggested that Nrf2
activation may impair progression to higher-grade tumors. To investigate this, | used the
Kras®12D/*; p531M model, which develops advanced-grade lung adenocarcinomas and
can be used to study tumor progression (Fig. 4) (166). Additionally, in this Kras®'2D/*;
p531M GEMM, our lab unexpectedly observed that Keap1R954@/R554Q mytation
significantly decreased tumor size (43). Although other groups have examined the effect
of Keap1 deletion in the Kras®'22*; p53/f model, phenotypes assayed varied, and they
did not use Keap1 mutation (34, 53, 134, 146). Some authors reported that Keap1

deletion promoted adenocarcinoma progression (45, 136), while others observed no

4 Note to reader: Portions of this chapter have been previously published in DeBlasi et al. 2023, Cancer
Research (154). J.M. DeBlasi: Data curation, formal analysis, investigation, visualization, methodology,
writing—original draft, writing—review and editing. A. Falzone, S. Caldwell, N. Prieto Farigua: Mouse
colony management and collections - Data curation, investigation, methodology, writing—review and
editing. J.R. Prigge, E.E. Schmidt: Nrf2 antibody for IHC - Resources, writing—review and editing. L.I.C.
Chio: Nrf2 targeting vector antibody for IHC - Resources, writing—review and editing. F.A. Karreth: ES
cell targeting - Resources, methodology, writing—review and editing. G.M. DeNicola: Mouse models,
RNA-sequencing - Conceptualization, resources, data curation, formal analysis, supervision, funding
acquisition, investigation, methodology, writing—original draft, project administration, writing—review and
editing.
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effect on tumor size (134, 146). Therefore, further investigation into Nrf2’s effects on

lung tumor initiation vs. progression was warranted.

2.25 x 107 PFU
Adenoviral CMV-Cre

Alveolar cells

Bronchiolar
cells

Kras®122/+; p531/f

Figure 4. Using the Kras®12P*; p5371f mouse model to investigate lung tumor
progression. An overview of the amount of adenoviral-Cre used in the experiments for

Chapters 4 and 5. Created with BioRender.com.

Nrf2 activation impairs lung adenocarcinoma progression

To determine how Keap1 and Nrf2 mutation affect tumor progression, |
performed comprehensive phenotyping on KP tumors harboring Keap1 or Nrf2
mutation. Similar to my findings in the Kras®'??* model (Fig. 3.1), | observed no
difference in overall survival of the KP model with Keap1 or Nrf2 mutation (Fig. 4.1A

and B).
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Figure 4.1. Keap1/ Nrf2 mutation do not affect survival in the Kras®'2P"*; p53"f model.
A, Overall survival of Kras®'?P"*; p53f mice with Keap1 mutation. Keap1** (n=20);
Keap1R%%4¥+ (n=11); Keap1RO54WRS%4Q (n=25). B, Overall survival of Kras®'2b/*; p53f/
mice with Nrf2 mutation. Nrf2** (n=25); Nrf2P2°H* (n=29). Ns = not significant (Log-rank

(Mantel-Cox) test). This figure was previously published in Cancer Research, DeBlasi et
al. 2023 (154).

Additionally, | observed that Keap1/Nrf2 mutation affected Nrf2 activation in a

similar manner to the Kras®'?P’* model, with Keap1R%%4@R554Q mytation being the most
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activating, followed by Nrf202%H* "and then Keap1R5%4@* compared to Keap1/Nrf2**

expression (Fig. 4.2A-D).
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Figure 4.2. Keap1/ Nrf2 mutation constitutively activate Nrf2 in the Kras®'22/+; p53fi/f
model. A, Representative immunohistochemical (IHC) staining of Nrf2 in Kras®'22"+;
p53"M mice with Keap1/Nrf2 mutation (scale bars = 20 um). B, H-scores for Nrf2
(nuclear) IHC staining. C, Representative immunohistochemical (IHC) staining of Nrf2
target Ngo1 (scale bars = 20 uym). D, H-scores for Nqo1 (whole cell) IHC staining. For
A-D, N=3 mice per genotype and >20,000 tumor cells per mouse. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 (one-way ANOVA). This figure was previously published in
Cancer Research, DeBlasi et al. 2023 (154).
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Upon histological examination, it was very apparent that Keap1R954@R554Q mjce
had decreased overall tumor burden (Fig. 4.3A), which | verified upon quantitation (Fig.
4.4A). Next, | examined tumor progression by tumor grading and observed a significant
decrease in the proportion, number, and burden of grade 3 and 4 tumors in
Keap1R554Q/R554Q mice (Fig. 4.3B and C, Fig. 4.4B). | also observed a modest, non-
significant decrease in the proportion, number, and burden of grade 3 and 4 tumors in
Nrf2P2°H+ mice (Fig. 4.3B and C, 4.4B). Furthermore, | saw an increase in the
proportion, number, and burden of grade 1 tumors in Keap1R5%4@R554Q mjce, suggesting
that there may be a threshold for Nrf2 to promote early progression to low-grade
tumors, but impair late progression to advanced-grade tumors (Fig. 4.3B and C, Fig.
4.4B). Accordingly, | hypothesized that there was likely a threshold effect for Nrf2
activation to allow vs. impair tumor progression. Although there were no differences in
overall median tumor size between groups (Fig. 4.4C), Keap1R534@R554Q AAH and grade

1 tumors were significantly smaller compared to their wild-type counterparts (Fig. 4.4D).

Following my histological analyses, | examined whether tumors that progressed
to the adenocarcinoma stage altered Nrf2 expression and/or activity to further
interrogate my Nrf2 threshold hypothesis. To do this, | analyzed Nrf2 and Nqgo1
expression across all tumor grades and hyperplasia (AAH, BH). My data revealed that
Nrf2 and Ngo1 levels were highly elevated in grade 1 tumors of Keap1/Nrf2 mutant
mice, with Ngo1 exhibiting increased nuclear localization in Keap1R5%4¥R554Q tymors
compared to Nrf2P2°H*tymors (Fig. 4.6A). As tumors progressed to higher grades,
however, Nrf2 and Ngo1 levels were reduced in the Keap1/Nrf2 mutant models (Fig.

4.6A-C). These data suggest that beyond a certain threshold, Nrf2 activation can impair
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advanced-grade tumor progression, warranting selection for a more tolerable level of

Nrf2 expression and activity in higher-grade tumors.
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Figure 4.3. Homozygous Keap1R%%Q impairs adenocarcinoma progression in the
Kras®'2P*; p531M model. A, Representative whole lung H&E-stained section (scale bars
= 2000 pm). B, Distribution of tumor grades across Keap1/Nrf2 mutant models. *p<0.05
(unpaired t test with Holm-Sidak's multiple comparisons test). $ = fewer than three
tumors detected across all mice. C, Fraction of lung tumor burden by grade (lung tumor
area per grade/ total lung area). *p<0.05, ***p<0.001, ****p<0.0001 (unpaired t test with
Holm-Sidak's multiple comparisons test). $ = fewer than three tumors detected across
all mice. For both B and C, n>9 mice and >1,900 tumors per genotype. Only one grade
5 tumor was found in the Keap1R554@/R554Q cohort, and therefore was excluded from

these analyses. This figure was previously published in Cancer Research, DeBlasi et al.

2023 (154).
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Figure 4.4. Lung tumor analysis in the Kras®'2P"*; p53% model with Keap1/Nrf2
mutation. (A) Overall tumor burden (%) calculated by dividing the total area of lung
tumor by the total area of the lung. ****p<0.0001 (one-way ANOVA). (B) Distribution of
tumor number by grade across Keap1/Nrf2 mutant models. N>9 mice per genotype,
*p<0.05, ***p<0.001, ****p<0.0001 (unpaired t test with Holm-Sidak’s multiple
comparisons test). $ = fewer than three tumors detected across all mice. (C) Median
tumor size per mouse for each genotype (one-way ANOVA). (D) Tumor size by grade
across all mice per genotype. N>9 mice and >1,900 tumors per genotype. **p<0.01,
****p<0.0001 (Kruskal-Wallis test with Dunn’s multiple comparisons test). $ = fewer than
three tumors detected across all mice. For (B) and (D), only one grade 5 tumor was
found in the Keap1R954QR3%4Q cohort, and therefore was excluded from these analyses.

This figure was previously published in Cancer Research, DeBlasi et al. 2023 (154).
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Figure 4.5. Lung tumor analysis and tumor cell proliferation/ death in the Kras®'2P*;
p537M" model with Keap1/Nrf2 mutation. (A) Representative immunohistochemical (HC)
staining of Ki-67 (scale bars = 20 ym). (B) Proportion of tumor cells positive for Ki-67
per mouse. *p<0.05 (one-way ANOVA). (C) Percentage of Ki-67 positive tumor cells in
each tumor grade per genotype. N=5 mice per genotype, >20,000 tumor cells per
mouse. **p<0.01 (unpaired t test with Holm-Sidak’s multiple comparisons test). $ =
fewer than three tumors detected across all mice. Only one grade 5 tumor was found in
the Keap1R954@/R554Q cohort, and therefore was excluded from these analyses. (D)
Representative immunohistochemical (IHC) staining of cleaved caspase-3 (CC-3) (scale
bars = 20 ym). N=5 mice per genotype. Positive control is BL6 mouse spleen 1 hour
after irradiation with 7.5 Gy (scale bar = 10 ym). (E) Tumor number per mouse in
Keap1/Nrf2 mutant models normalized to lung area. ****p<0.0001 (one-way ANOVA).
This figure was previously published in Cancer Research, DeBlasi et al. 2023 (154).
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Figure 4.6. Nrf2 expression and activity is reduced in higher-grade tumors. A,
Representative Nrf2 and Ngo1 IHC staining in grade 1 and 4 tumors from Kras®120/+;
p53"" mice with Keap1 or Nrf2 mutation (scale bars = 20 um). B, C Heatmaps depicting
the H-scores per grade from IHC staining for Nrf2 (nuclear) (B), and the Nrf2 target
Ngo1 (whole cell) (C). N=3 mice per genotype, >20,000 tumor cells per mouse. Only
one grade 5 tumor was found in the Keap1R354Q/R554Q cohort, and therefore was

excluded from these analyses. This figure was previously published in Cancer
Research, DeBlasi et al. 2023 (154).
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Discussion

My results indicate the decreased tumor size with Keap1R954@/R554Q mytation in
the Kras®'22*; p531/M model (43) was a result of blocked lung adenocarcinoma
progression. It is curious that high levels of Nrf2 are favorable for promoting lung tumor
initiation, but block progression. One potential reason for this could be that tumor cells
need high levels of NRF2 to initiate and expand, but once tumors are established, high
NRF2 is no longer needed. The models used in my experiments also don’t recapitulate
the stress experienced by patients in our models, such as tobacco smoke or air
pollution, nor chemotherapy/ radiation, all of which could influence the level of NRF2
needed in tumors. In the presence of these factors, high levels of NRF2 may be
beneficial to combat stress in the context of progression. | also observed that tumors
across all genotypes downregulated Nrf2 expression and activity, indicating that high
levels of Nrf2 may not be favorable for tumor progression. Although further investigation
is needed to determine the mechanism of downregulation, possible methods could
include methylation of the Nfe2/2 promoter and/ or that other Nrf2 interacting proteins
contributing to the decrease in Nrf2 levels, such as beta-transducin repeats-containing
protein (B-TrCP)/ glycogen synthase kinase-3 beta (GSK3), which can regulate Nrf2
stability (167).

It is also important to consider the potential reasons why high NRF2 activity could
be detrimental to tumor cells. Possible mechanisms could include reductive stress and/
or a metabolic vulnerability. NRF2 hyperactivation is associated with reductive stress
(80, 81), a state of excessive reducing equivalents, which can disrupt redox balance

and be just as deleterious to tissue as oxidative stress, potentially impeding tumor
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growth (168). It has been observed in human NSCLC cells that NRF2 can cause NADH-
mediated reductive stress and subsequent impair proliferation (169). When considering
if metabolic vulnerabilities can also contribute, work from our lab has shown that Nrf2
activation by Keap1R5%4Q@R554Q n the Kras®'?P*; p5371M model causes Cdo1
accumulation, which can lead to toxic metabolite formation, including cysteine sulfinic
acid (CSA) and sulfite, and depletes NADPH (43). There have also been several studies
showing that NRF2-active tumor cells (in vitro and in vivo) are dependent on
glutaminolysis (45) and subsequently are sensitive to glutamate depletion mediated by
the cystine-glutamate antiporter xCT (44, 61). Additional investigation is needed to
determine if one or multiple mechanisms are contributing to the Nrf2-mediated
progression defect in our mouse model and the proliferation/ viability impairment in vitro.
Moreover, the model with the highest degree of Nrf2 activation had the
impairment in progression. It's likely that the levels of Nrf2 activation in the Nrf2b29H/*
and Keap1R5%4@* models were tolerable for tumor progression. Although NRF2
activation/ KEAP1 inactivation have been reported to support tumorigenesis in many
contexts, there are a few examples where KEAP1 inactivation has been detrimental to
tumor progression and/ or normal tissue physiology. For example, Kras mutation and
Keap1 deletion blocked pancreatic tumor progression and caused pancreatic atrophy
(170). Postnatal lethality also occurs in a whole-body Keap1 deletion model in a Nrf2-
dependent manner (155). There is also a possibility that p53 loss can influence Nrf2
activation, and subsequent effects on tumor progression. Importantly, p53 can suppress
NRF2-dependent transcription of antioxidant response genes (171), suggesting that p53

loss may further enhance NRF2-mediated transcription in a model that already has high
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NRF2 activity, leading to a block in tumor progression. Although this has been reported,
| did not see notable differences in relative Nrf2 activity between the Kras®'?P’* and
Kras®12P'*; p5311 models. Therefore, it may be because the Kras®'?P**; p53"f model
develops high-grade tumors and allows us to study tumor progression. Moreover,
KEAP1 and TP53 mutations do not frequently co-occur in KRAS mutant lung
adenocarcinoma (172), which could potentially explain tumor phenotypes in our mouse

models with these mutations.
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Chapter Five: Determining the role of Nrf2 in Keap1R%54Q-mediated tumor

progression block?®

Introduction

There are several studies that have shown that Keap1-deficient phenotypes
are dependent on Nrf2. For example, in a study where Keap1 deletion impaired
pancreatic tumor progression, this phenotype was reversed by both single-copy or
homozygous deletion of Nrf2 (170), supporting a threshold effect for Nrf2. Additionally,
in a model where systemic homozygous Keap1 deletion caused postnatal lethality, Nrf2
deletion rescued this phenotype (155). Studies like these high the dependence of
Keap1-deficient phenotypes on Nrf2 activation, leading to my hypothesis that the block
in progression in our model is Nrf2-dependent. Additionally, because | saw Nrf2
downregulation as tumors progress, | hypothesized that there is an activity threshold for
Nrf2 in lung tumor progression. However, KEAP1 has additional substrates beyond

NRF2 that have the potential to affect tumor progression, including phosphoglycerate

5 Note to reader: Portions of this chapter have been previously published in DeBlasi et al. 2023, Cancer
Research (154). J.M. DeBlasi: Data curation, formal analysis, investigation, visualization, methodology,
writing—original draft, writing—review and editing. A. Falzone, S. Caldwell, N. Prieto Farigua: Mouse
colony management and collections - Data curation, investigation, methodology, writing—review and
editing. J.R. Prigge, E.E. Schmidt: Nrf2 antibody for IHC - Resources, writing—review and editing. L.I.C.
Chio: Nrf2 targeting vector antibody for IHC - Resources, writing—review and editing. F.A. Karreth: ES
cell targeting - Resources, methodology, writing—review and editing. G.M. DeNicola: Mouse models,
RNA-sequencing - Conceptualization, resources, data curation, formal analysis, supervision, funding
acquisition, investigation, methodology, writing—original draft, project administration, writing—review and
editing.
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mutase 5 (PGAMS5) (173), partner and localizer of BRCA2 (PALB2) (174), mini-
chromosome maintenance complex component 3 (MCM3) (175) and the BRCA2-
interacting transcriptional repressor EMSY (176). These proteins play roles in DNA
damage repair and mitochondrial homeostasis and may be disrupted upon Keap1
mutation. Therefore, | wanted to check whether the tumor progression block in our

Keap1R354Q/R554Q model was dependent on Nrf2, and not other Keap1 substrates.

Single copy Nrf2 deletion rescues homozygous Keap1R554Q.mediated tumor

progression impairment

To test whether lowering Nrf2 levels could rescue the block in adenocarcinoma
progression in the Keap1R354WR554Q model, a Nrf2fox allele was crossed into the
Kras®12D/*; p531M and Kras®'2P/*; p53Mf: Keap1R594WR354Q models. Because my
supervisor’'s previous study revealed that complete Nrf2 deficiency impairs tumor
initiation (137), | determined the effect of single copy Nrf2 deletion on tumor
phenotypes. As in my previous experiment (Figure 4.1A), | observed no difference in
overall survival between cohorts with Keap1 mutation (Fig. 5.1A). | also did not see
differences in survival with heterozygous Nrf2 deletion. My supervisor’s previous study
did report an increase in median survival with Nrf2 deletion, although this was in the
Kras®'25* model with homozygous Nrf2 deletion (137). | also observed that Nrf2
deletion in the Keap1R5%4/R554Q model significantly reduced expression of Nrf2 and

Ngo1 (Fig. 5.1B-E, Fig. 5.2A and B).
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Figure 5.1. Single copy Nrf2 deletion decreases Nrf2 expression and activity in the
Kras®'2D/*: p531M model with Keap1 mutation. A, Overall survival of Kras®12D/+; p53f/f
mice with Keap1 mutation and/ or single copy Nrf2 deletion. Keap1*/*; Nrf2** (n=16),
Keap1**; Nrf2i/+ (n=7), Keap1R554Q/R554Q; Nrf2+* (n=10), Keap1R664Q/R554Q: Nrf2ll* (n=11).
Ns = not significant (Log-rank (Mantel-Cox) test). B, Representative
immunohistochemical (IHC) staining of Nrf2 in Kras®'2P*; p531 mice with Keap1
mutation and/ or heterozygous Nrf2 deletion (scale bars = 20 ym). C, H-scores for Nrf2
(nuclear) IHC staining. D, Representative IHC staining of Nrf2 target Nqo1 (scale bars =
20 um). E, H-scores for Nqo1 (whole-cell) IHC staining. For B-E, N=3 mice per
genotype and >20,000 tumor cells per mouse. **p<0.01, ****p<0.0001 (one-way
ANOVA). This figure was previously published in Cancer Research, DeBlasi et al. 2023
(154).
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Moreover, as | previously observed, Nrf2 expression and activity was decreased

in higher-grade tumors (Fig. 5.2A and B).
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Figure 5.2. Immunohistochemical analysis of Nrf2 and Nqo1 across tumor grades in the
Kras®'2P/*; p531M model with single copy Nrf2 deletion. A and B, Heatmaps depicting
the H-scores per grade from IHC staining for Nrf2 (nuclear) (A) and the Nrf2 target
Ngo1 (whole cell) (B). N=3 mice per genotype, >20,000 tumor cells per mouse. Only
one grade 4 and one grade 5 tumor were found in the Keap1R5%4@R554Q: Nrf2+* cohort,
and therefore were excluded from these analyses. This figure was previously published
in Cancer Research, DeBlasi et al. 2023 (154).
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Upon histological examination of the lung tissue, | observed a striking difference
in tumor burden, with single copy Nrf2 deletion having a minimal effect on the
Kras®12D/*; p531M1 model, while dramatically increasing burden in the Kras®'22/+; p53fi/.
Keap1R554@/R554Q model, which | confirmed by quantitation (Fig. 5.3A, Fig. 5.4A). Tumor
number and size were not significantly affected (Fig. 5.4B and C-D). Upon tumor
grading, | observed that Keap1R954@/R554Q mytation blocked adenocarcinoma
progression upon Nrf2"T expression (Fig. 5.3B and C), in agreement with my previous
experiment (Fig. 4.3). Upon single copy Nrf2 deletion (Nrf2%°x*) however,
Keap1R554Q/R554Q mytation failed to impair lung tumor progression (Fig. 5.3B and C).
Additionally, the Keap1R554@R554Q_mediated decrease in grade 3 tumor number and
burden was rescued by single copy deletion of Nrf2 (Fig. 5.3C, Fig. 5.4E). My data
indicate that there is a threshold by which Nrf2 activation can promote or impair lung

tumor initiation or progression.

Following my analyses in these models, | was also interested to see whether
complete deletion of Nrf2 (Nrf2") would affect tumor initiation and progression, given
the importance of Nrf2 in tumor initiation (34, 137, 144). Although | did not directly
analyze these parameters, gross histological examination revealed that homozygous
Nrf2 knockout did not negatively impact tumor number, burden or size (Fig. 5.5A).
Histological quantification is needed, however, to draw conclusions about tumor
initiation and progression. Moreover, overall survival was not significantly affected with

homozygous Nrf2 deletion (Fig. 5.5 B).
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Figure 5.3. Single copy Nrf2 deletion rescues homozygous Keap1R5%4Q-mediated
adenocarcinoma progression impairment in the Kras®'2P’*; p53%¥f model. A,
Representative whole lung H&E-stained sections (scale bars = 2000 um). B,
Distribution of tumor grades across Keap1 mutant/ Nrf2-deleted models. *p<0.05,
***p<0.001, ****p<0.0001 (unpaired t test with Holm-Sidak’s multiple comparisons test).
$ = fewer than three tumors detected across all mice. C, Fraction of lung tumor burden
by grade (lung tumor area per grade/ total lung area). **p<0.01, ***p<0.001 (unpaired t
test with Holm-Sidak’s multiple comparisons test). $ = fewer than 3 tumors detected
across all mice. For both G and H n=7 mice and >1,000 tumors per genotype were
analyzed. Only one grade 4 and one grade 5 tumor were found in the Keap1R554@R554Q
cohort, and therefore were excluded from these analyses. This figure was previously
published in Cancer Research, DeBlasi et al. 2023 (154).
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Figure 5.4. Lung tumor burden, size, and number quantification in the Kras®'2P/+; p53/f
model with single copy Nrf2 deletion. A, Overall tumor burden (%) calculated by dividing
the total area of lung tumor by the total area of the lung. B, Tumor number per mouse
normalized to lung area. C, Median tumor size per mouse for each genotype. For A-C,
*p<0.05, ***p<0.001 (one-way ANOVA). D, Tumor size across all mice per genotype.
N=7 mice and >1,000 tumors per genotype. **p<0.01, ****p<0.0001 (Kruskal-Wallis test
with Dunn’s multiple comparisons test). $ = fewer than three tumors detected across all
mice. E, Distribution of tumor number by grade across Keap1/Nrf2 mutant models. N=7
mice per genotype, **p<0.01, ***p<0.001 (unpaired t test with Holm-Sidak’s multiple
comparisons test). $ = fewer than three tumors detected across all mice. For D and E,
only one grade 4 and two grade 5 tumors were found in the Keap1R554@/R554Q, Nf2+/*
cohort, and therefore were excluded from these analyses. This figure was previously
published in Cancer Research, DeBlasi et al. 2023 (154).
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Figure 5.5. Homozygous Nrf2 deletion does not impact tumor burden, number, or size
in Kras®'20*; p531M model but appears to increase tumor size/ burden in Kras®'20/*;
p5371M; Keap1R554@R554Q model. A, Representative whole lung H&E-stained section
(scale bars = 4 or 5 mm). B, Overall survival of Kras®'?P"*; p5371 mice with Keap1
mutation and/ or homozygous Nrf2 deletion. Keap1**; Nrf2** (n=16), Keap1**; Nrf2f
(n=14), Keap1R5%4ARS4Q: Nrf2+/*+ (n=10), Keap1R5%4WRS4Q, N2 (n=16). Ns = not
significant (Log-rank (Mantel-Cox) test).

Discussion

| observed that the tumor progression block in the Keap1R954@/R554Q model was
dependent on Nrf2, given that single copy Nrf2 deletion rescued this phenotype. |
observed that single copy deletion lowered Nrf2 to a more tolerable level, as indicated

by IHC staining for Nrf2 and Nrf2 target Nqo1. Moreover, consistent with my previous
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experiments, | saw that tumors downregulated Nrf2 expression and activity as they
progressed. Interestingly, upon gross histological examination, | also saw that
homozygous Nrf2 deletion did not affect tumor burden, number, or size. Although formal
analysis is warranted, this examination suggests that concomitant Kras mutation and
p53 loss may mitigate the necessity for Nrf2 activation during tumorigenesis and
progression. Additionally, | don’t know whether complete Nrf2 deletion was achieved in
all tumors, nor the quantification of tumor number or grade. Another group using the
Nrf2flox allele reported that Nrf2 deletion in the bone marrow did not affect tumor burden
in the Kras®'2P* lung cancer model with Nrf2 activated in tumor cells (144). They did,
however, see that Nrf2 activation in immune cells prolonged survival of Nrf2-activated
tumor-bearing mice, and rescued a Nrf2-activated tumor burden increase, suggesting
that Nrf2 activation is important in the tumor microenvironment. Moreover, work from my
supervisor also showed that whole body Nrf2 deletion in the Kras®'2®* model reduced
lung tumor burden and prolonged survival (137). In this case, Nrf2 was deleted in both
tumor and immune cells; it is likely that Nrf2 is critical for tumorigenesis in not only lung

tumor cells, but also the tumor microenvironment.

It will be important to understand exactly how Nrf2 is downregulated during
progression, and how Nrf2 activation/ inhibition affects different tumor grades to see
whether this threshold is applicable to patient tumors. It should also be noted that Nrf2
is activated only in cancer cells in these experiments, and not in the microenvironment,
which is an important consideration for the application of pharmacological Nrf2
activators, given that Nrf2 activation in the microenvironment can affect tumor growth

(144, 177, 178).
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Chapter Six: Keap1 and Nrf2 mutation have

differential effects in the Kras®12P"*; Lkb1%f model

Introduction

Although my results indicate that the tumor progression block in the
Keap1R554Q/R554Q model was dependent on Nrf2, | wanted to see if this was influenced
by mutational background. In KRAS mutant lung adenocarcinoma patients, KEAP1 and
TP53 mutations co-occur in less than 25% of cases, whereas KEAP1 and STK11
mutations co-occur in ~70% of cases (172, 179, 180). It has been suggested that
KEAP1 and STK11 mutations may cooperate because NRF2 can increase availability of
NADPH for ROS detoxification (38), which may allow LKB1-deficient tumors to combat
oxidative stress and use NADPH for anabolic processes. Accordingly, | hypothesized

that mutational background may dictate how Nrf2 influences lung tumor progression.

Keap1/ Nrf2 mutation have differential effects in the Kras©12P"*; Lkb1f/fl model

To further investigate the effects of Nrf2 activation on tumor progression, our

Keap1/Nrf2 mutant models were crossed with the Kras®'2P"*; Lkb1% model (Fig. 6).
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Figure 6. Using the Kras®'22*; Lkb1% mouse model to investigate how Keap1/
Nrf2 mutation affect tumor progression in a different mutational background. An
overview of the amount of adenoviral-Cre used in the experiments for Figures 6.1 and

6.2. Created with BioRender.com.

Because STK11 is frequently co-mutated with KEAP1 in KRAS mutant lung
adenocarcinoma patients, | hypothesized that this model may more closely recapitulate
patient tumors compared to our KP experiments. | did not find any differences in overall
survival with Keap1 mutation (Fig. 6.1A). However, | observed a significant decrease in

overall survival with the Nrf2P2°H* mutation (Fig. 6.1B).
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Figure 6.1. Nrf2 mutation decreases survival in the Kras®'?P"*; Lkb1%" model. A, Overall
survival of Keap1 mutant mice in Kras®'?°*; Lkb1"" model. Keap1** (n=14);
Keap1R%54@* (n=13); Keap1R954@R5%4Q (n=1(). B, Overall survival of Nrf2 mutant mice in
Kras®'2P*; Lkb11%M model. Nrf2** (n=11); Nrf2P2°H* (n=11). Ns, not significant; **,
P<0.01 (Log-rank (Mantel-Cox) test).

| also examined Nrf2 activation in this model by performing IHC staining for the
Nrf2 target Ngo1. Interestingly, | saw both Keap1R5%4@/R554Q gnd Nrf2P2°H*+ mutations
were similar activating, with the Nrf2P2%H* mutant trending slightly higher (Fig. 6.2 A and
B). Moreover, | saw only modest, non-significant activation with Keap1R954@/+,
suggesting that Lkb1 deletion may influence the degree of Nrf2 activity. Moreover,
because these mice died too rapidly, histological examination revealed an absence of
high-grade tumors across all cohorts. Our data in the Kras®'2P"*; p53"f model suggests
that more stark differences in Nrf2 expression and activity are observed in
adenocarcinomas, which could explain why Keap1R5%4@R554Q gnd Nrf2P29H+* were

similarly activating.
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Figure 6.2. Keap1/ Nrf2 mutation significantly increase relative Nrf2 activity in the
Kras®'2P*; kb1 model. A, Representative immunohistochemical (IHC) staining of
Ngo1 in Kras®'22*; L kb1 mice with Keap1/Nrf2 mutation (scale bars = 200 ym). B, H-
scores for Nqo1 IHC staining. N=5 mice per genotype and >20,000 tumor cells per
mouse. ****p<0.0001 (one-way ANOVA).

Because the Nrf2P2°H* mice died sooner before their WT counterparts, | was
unable to compare tumor burden and progression with these models. In order to fairly
compare cohorts, and lower tumor multiplicity, | performed an additional experiment

using a lower titer of adenovirus (10% of original dose) (Fig. 6.3).
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Figure 6.3. Using a lower dose of adenoviral-Cre in the Kras®'2?’*; Lkb1%f mouse
model to decrease tumor multiplicity of induction. An overview of the amount of

adenoviral-Cre used in the experiments for Figures 6.4-6.7. Created with
BioRender.com.

In this experiment, with a lower dose of adenoviral-Cre, | observed that neither

Keap1 nor Nrf2 mutation affected overall survival (Fig. 6.4 A and B).
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Figure 6.4. Keap1/ Nrf2 mutation do not affect survival in the low-dose Cre Kras®'2P/*;
Lkb1"" model. A, Overall survival of Keap1 mutant mice in Kras®'22*; Lkb11%1 model.
Keap1** (n=9); Keap1R34¥* (n=12); Keap1R554WRS54Q (n=12). B, Overall survival of Nrf2
mutant mice with Kras®'?P"*; Lkb1¥ mutation. Nrf2** (n=12); Nrf2P2°H* (n=10). Ns, not

significant (Log-rank (Mantel-Cox) test.
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| next analyzed tumor progression via tumor grading. Histological examination
revealed that Nrf2°2°"* mice had decreased tumor burden (Fig. 6.5A), which | later
validated with quantification (Fig. 6.6E). Upon tumor grading, | observed that Nrf2
mutant mice had increased early progression to low grade 2 tumors and a block in
progression to advanced grade adenocarcinomas (Fig. 6.5B and C). | also saw a
decrease in the proportion and burden of adenomatous, atypical hyperplasia (AAH),
which is likely a result of those cells eventually progressing to low grade 2 tumors.
Moreover, | observed that Keap1R5%4@R554Q mjce had increased bronchiolar hyperplasia
(BH) burden (Fig. 6.5C), supporting the previously established role of Keap1 in

bronchiolar cells (34).

| also examined additional parameters of my lung tumor analysis data.
Consistent with my grading proportion results (Fig. 6.5B), | saw that there was a lower
number of AAH, grade 3 and grade 5 tumors in the Nrf252°"* cohort, as well as an
increase in grade 2 tumors (Fig. 6.6A). Interestingly, AAH and grade 1 lesions were
also smaller with this genotype (Fig. 6.6B). Moreover, although Keap1R554@R554Q did not
affect progression in this model, this cohort had smaller AAH, grade 1, and grade 2
lesions (Fig. 6.6B), suggesting that Keap1 mutation may also impair tumor cell
proliferation in this model, as | had seen in the Kras®'2P"*; p53%" model (Figs. 4.4D,
4.5A and B). | saw a non-significant trend increase in tumor number in the
Keap1R554Q/R554Q gnd Nrf2P2°H* cohorts (Fig. 6.6C), supportive of a pro-initiation role for
Nrf2 activation in our models. | also observed a decrease in overall tumor size in the

Keap1R954@/R534Q cohort (Fig. 6.6D). Although | did not measure tumor cell proliferation
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in this model, this data suggests that there was likely a lower proliferative index in this
model, at least in AAH and grade 1/2 tumors. Finally, | saw a significant decrease in
lung tumor burden in the Nrf2P2%H* cohort (Fig. 6.6E), consistent with the progression

block and decreased size of AAH and grade 1 tumors.
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Figure 6.5. Nrf2P2°" promotes early progression but blocks adenocarcinoma
progression in the Kras®'22*; Lkb1%"" model. A, Representative whole lung H&E-stained
section (scale bars = 4 or 5 mm). B, Distribution of tumor grades across Keap1/Nrf2
mutant models. *p<0.05, ***p<0.001, ****p<0.0001 (unpaired t test with Holm-Sidak's
multiple comparisons test). AAH = atypical adenomatous hyperplasia. BH = bronchiolar
hyperplasia. C, Fraction of lung tumor burden by grade (lung tumor area/ total lung area
per grade). *p<0.05, ***p<0.001 (unpaired t test with Holm-Sidak's multiple comparisons
test). For both B and C, n>8 mice and >1,500 tumors per genotype. $ = fewer than

three tumors detected across all mice.
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Figure 6.6. Lung tumor number, size, and burden in the Kras®'?P"*; Lkb1% model. A,
Distribution of tumor number by grade across Keap1/Nrf2 mutant models. N>8 mice per
genotype, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (unpaired t test with Holm-
Sidak’s multiple comparisons test). $ = fewer than three tumors detected across all
mice. B, Tumor size across all mice per genotype. N>8 mice and >1,500 tumors per
genotype. ****p<0.0001 (Kruskal-Wallis test with Dunn’s multiple comparisons test). $ =
fewer than three tumors detected across all mice. C, Tumor number per mouse
normalized to lung area. D, Median tumor size per mouse for each genotype. E, Overall
tumor burden (%) calculated by dividing the total area of lung tumor by the total area of
the lung. For C-E, N>8 mice per genotype. *p<0.05, **p<0.01 (one-way ANOVA).
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Next, | analyzed Nrf2 expression and activity in our cohorts. | observed that
Keap1R%4@* was only modestly activating (non-significant) (Fig. 6.7A and B).
Interestingly, the Nrf2P2%H* mutation was the most activating towards Nrf2, followed by
Keap1R954@/R5%4Q (Fjg, 6.7A and B), indicating that these mutations can differentially
affect Nrf2 activation in the context of Lkb1 vs. p53 deletion. Moreover, this supports my
hypothesis for a threshold effect of Nrf2, where the cohort with the highest degree of
Nrf2 activation (Nrf2°2°H+) resulted in a tumor progression block. Although the
Keap1R554@/R554Q mytation did not cause a progression block in this model, it was
associated with a reduction in size of some of the lesions, suggesting an anti-
proliferative effect. Finally, | observed that Nrf2 expression and activity was

downregulated with increasing tumor grade (Fig. 6.7C and D).

Keap1 mutation does not block progression in the Kras®'2P"*; Lkb1%/f SPC Cre
model

Although my findings in the Kras®'2P"*; Lkb1%" model were consistent with a Nrf2
threshold effect, my results were partially confounded by the presence of large
squamous tumors in this model. The Kras®'?®*; Lkb1% model is well-studied; however,
the mice form squamous tumors (181, 182), which are rarely observed in patients with
KRAS and STK11 mutations. In this model, | observed squamous and adenosquamous
tumors in not only the Keap1/Nrf2** cohort, but also the Keap1R354@* and
Keap1R554Q/R554Q cohorts. Interestingly, | did not observe any squamous tumors in the
Nrf2P2°H+ cohort, suggesting that Keap1 vs. Nrf2 mutation can affect different cell types.

It's also possible that Nrf2P2°H* mutation did not support survival/ proliferation of cells
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that give rise to squamous tumors. To address the caveat of squamous tumors, | also
performed these experiments with a form of adenoviral-Cre specific to lung alveolar
cells: surfactant protein C (SPC) Cre (Fig. 6.8) (183). Use of this Cre promotes
adenocarcinoma formation, as alveolar type Il cells are considered the primary cell-of-
origin for lung adenocarcinoma (184, 185). In my SPC Cre experiments, | observed that

neither Keap1 or Nrf2 mutation affected overall survival (Fig. 6.9A and B).

Next, | measured tumor progression by performing tumor grading. Similar to the
low-dose Cre experiment, | observed that Nrf2P2°H* mutation blocked progression to
advanced grade 4 and 5 adenocarcinomas (Fig. 6.10A-C). | did not see any changes in
grade 3 tumors across the models, although these tumors were quite rare compared to
the Kras®'2P*; p531/ model. As in my previous experiment (Fig. 6.5B), | also saw a
decrease in the proportion of AAH and an increase in early progression grade 2 tumors
with Nrf2P2°H+ mutation. Interestingly, | saw that Keap1R5%4@* significantly increased the
proportion and burden of grade 5 adenocarcinomas (Fig. 6.10B and C). These findings
suggest that excess high levels block tumor progression, whereas modest Nrf2

activation can accelerate progression in the context of Lkb1 deletion.
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Figure 6.7. Keap1/ Nrf2 mutation constitutively activate Nrf2 in the low-dose Cre
Kras®12P"*; | kb1%1 model. A and B, H-scores for Nrf2 (nuclear) (A) and Ngo1 (whole-
cell) (B) immunohistochemical (IHC) staining. N=3 mice per genotype and >20,000
tumor cells per mouse. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (one-way ANOVA).
C and D, Heatmaps depicting the H-scores per grade from IHC staining for Nrf2
(nuclear) (C) and the Nrf2 target Ngo1 (whole cell) (D). N=3 mice per genotype,
>20,000 tumor cells per mouse. Note that no grade 4 tumors were observed in the
Nrf2b29H* cohort.
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Figure 6.8. Using SPC Cre in the Kras®12P"*; Lkb17f mouse model to target
alveolar type Il cells in the lung. An overview of the amount of adenoviral-Cre and

cells targeted in the experiments for Figures 6.9-6.12. Created with BioRender.com.
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Figure 6.9. Keap1/ Nrf2 mutation do not affect survival in the SPC Cre Kras®'2P/*;
Lkb1¥" model. A, Overall survival of Keap1 mutant mice in the Kras®'2P"*; Stk1 17/
model. Keap1** (n=20); Keap1R5%4¥* (n=18); Keap1Ro54@/R5%4Q (n=11), B, Overall
survival of Nrf2 mutant mice with Kras®'20"*; Lkb 1% mutation. Nrf2** (n=11); Nrf2b2%H/*

(n=10). Ns, not significant (Log-rank (Mantel-Cox) test).
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Figure 6.10. Keap1R554@/R554Q mytation does not block adenocarcinoma progression in
the SPC Cre Kras®'??*; Lkb1"" model. A, Representative whole lung H&E-stained
section (scale bars = 5000 uym). B, Distribution of tumor grades across Keap1/Nrf2
mutant models. *p<0.05, ***p<0.001 (unpaired t test with Holm-Sidak's multiple
comparisons test). AAH = atypical adenomatous hyperplasia. BH = bronchiolar
hyperplasia. C, Fraction of lung tumor burden by grade (lung tumor area/ total lung area
per grade). *p<0.05, **p<0.01, ***p<0.001 (unpaired t test with Holm-Sidak's multiple
comparisons test). For both B and C, n>7 mice and >1,000 tumors per genotype. $ =
fewer than three tumors detected across all mice. Only one grade 5 and two grade 4

tumors were detected in the Nrf2P2%H* cohort, and therefore were excluded from the

analyses.
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In accordance with these findings, | also observed that Nrf2P2°H* increased the
number of grade 2 tumors, while Keap1R%4@* increased the number of grade 5 tumors
(Fig. 6.11A). As with my low-dose Cre experiment, | observed smaller AAH and grade 1
with Nrf2P2°H+ mutation, and smaller grade 1 tumors with Keap1R554Q/R354Q mytation
(Fig. 6.11B). Finally, although | didn’t see any changes in overall tumor number or
tumor size (Fig. 6.11C and D), | did see increased tumor burden with Keap1R%54@/+
mutation (Fig. 6.11E), which is likely accounted for by the increase in grade 5 tumor

burden | observed (Fig. 6.10C).

| next measured Nrf2 activation in this model by performing IHC staining for Nrf2
and Nqgo1. Interestingly, | saw that Nrf2 was similarly expressed across all models with
Keap1/ Nrf2 mutation (Fig. 6.12A). | did, however, see differences in relative Nrf2
activity, where the Nrf2P2°H* cohort had the most intense Ngo1 staining, followed by
Keap1R554@R554Q and a non-significant trend increase in the Keap1R554@* genotype
(Fig. 6.12B). In this model, my data suggest that the level of Nrf2 activity (rather than
total levels) may be more important for progression of tumors originating from alveolar
type Il cells. Additionally, as in my previous experiments, | saw that all tumors
downregulated Nrf2 expression and activity as they progressed (6.12C and D),

consistent with selection of a more optimal level of Nrf2 activation for tumor progression.
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Figure 6.11. Lung tumor number, size, and burden in the SPC Cre Kras®'2P*; kb1
model. A, Distribution of tumor number by grade across Keap1/Nrf2 mutant models.
N>8 mice per genotype, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (unpaired t test
with Holm-Sidak’s multiple comparisons test). $ = fewer than three tumors detected
across all mice. B, Tumor size across all mice per genotype. N>8 mice and >1,500
tumors per genotype. ****p<0.0001 (Kruskal-Wallis test with Dunn’s multiple
comparisons test). $ = fewer than three tumors detected across all mice. C, Tumor
number per mouse normalized to lung area. D, Median tumor size per mouse for each
genotype. E, Overall tumor burden (%) calculated by dividing the total area of lung
tumor by the total area of the lung. For C-E, N>8 mice per genotype. *p<0.05, **p<0.01
(one-way ANOVA).
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Figure 6.12. Keap1/ Nrf2 mutation activate Nrf2 in the SPC Cre Kras®'?P*; kb1
model. A and B, H-scores for Nrf2 (nuclear) (A) and Ngo1 (whole-cell) (B)
immunohistochemical (IHC) staining. N=3* mice per genotype and >20,000 tumor cells
per mouse. *Note that there are only 2 mice in the Keap1/Nrf2** cohort. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001 (one-way ANOVA). C and D, Heatmaps depicting
the H-scores per grade from IHC staining for Nrf2 (nuclear) (C) and the Nrf2 target
Ngo1 (whole cell) (D). N=3* mice per genotype, >20,000 tumor cells per mouse. *Note
that there are only 2 mice in the Keap1/Nrf2** cohort. Only one grade 5 and two grade
4 tumors were detected in the Nrf2P2°H* cohort, and therefore were excluded from the

analyses.
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Next, | performed IHC staining for Nrf2 and Nqo1 across all of our models to be
able to compare how Nrf2 activation was impacted. The models with the highest level of
Nrf2 and Ngo1 expression were the ones that had a promotion of early tumor
progression to low-grade tumors, namely Keap1R554@R554Q gnd Nrf2P2°H* in the
Kras®'2D/* cohort, Keap1R554@/R554Q jn the Kras®'2P*; p53fifl cohort, and Nrf2P2%H* in both
Kras®12P"*; | kb1"M cohorts (Fig. 6.13A and B). These models, except Kras®'?®* were
also associated with a block in tumor progression, suggesting that excessively high
levels of Nrf2 activation can promote early tumor progression, but impair progression to

high-grade tumors.

Finally, | wanted to test the effect of Keap1/Nrf2 mutation on expression of
another Nrf2 target gene, Taldo1. | performed IHC staining for Taldo1 and observed
levels of relative Nrf2 activity comparable to my findings with Ngo1 (Fig. 6.14). | saw
that Keap1R554@R554Q wag the most activating in the Kras®'?P"* and Kras®'2P/*; p53M/
models, while Nrf2P2°H* was the most activating in both Kras©'2P*; Lkb1%" models. |

also observed that tumors downregulated Taldo1 expression as they progressed.

87



*kkk *kkk *kkk

[ [
A kkkk *k | *kk *kokk
| | | |
150+ *% Py % *kk
& ] [ Keap1/Nrf2*™*
S R554Q/+
Z [ Keap1
— R554Q/R554Q
0 Keap1
g 100+ gstu
° [ Nrf2
=]
=
Q
o
3 50+ o
1 2
T L
0 |%‘ T ﬁ QJ &l QI |*| \\I
o 3 ¥ &
s
& Q‘gb @'\ ‘,9'\
l g 0o ¥ ¥
G\ (5{" @9\ . '&Q\ 5
i o o
s
)
B R FT L] R kK
I I T
ok ok | *h Aok ok
I I I T
250"‘ * | * * *
| 1 Keap1/Nrf2**
= 200 ._P 1 KeapiRs54ai+
8. [ KeapRSS4Q/RE54a
E 150 1 Nrf2P2%H+
o
] =
) L]
9 100+ oT®
T o] -
o|®
50- ’_I_’ "I]
0 ‘ & & ’j‘ &
S ) ¥ N
&
o Q‘)’b ‘9\ @’\
s & Y Y
p 0,{1, '{‘9\ . ff)\ -
2 o o
-] 2
Y *Sb *é'b
e
)

Figure 6.13. Nrf2 activation across all models with Keap1/ Nrf2 mutation. A and B, H-
scores for nuclear Nrf2 (A) and whole-cell Nqo1 (B) immunohistochemical staining
across the Kras®'2P'* Kras®'20/*; p53ff Jow-dose Cre Kras®'2P’*; Lkb1%"M and SPC Cre
Kras®12P"*; | kb171 models. N=3* mice per genotype, >20,000 tumor cells per mouse.
*Note that there are only 2 mice in the SPC-Kras®'?P"*; Lkb1%¥ Keap1/Nrf2** cohort.
*p<0.05, ***p<0.001, ****p<0.0001 (two-way ANOVA with Dunnett’'s multiple

comparisons test).

88



>

150+

100

H-Score (Taldo1)

50+

*kkk

ek

EETs

Fdkk

-}—|%|

0
L] T

Keap1/Nrf2

Keap1 R554Q/+
R554Q/R554Q

+/+

Keap1
Nrf2D2oH

Kras®'?®* Taldo1

D Grade
Keap1/Nrf2

Keap1 R554Q/+
R554Q/R554Q

AAH

++

Keap1

(

NrszZSHH

G12DI+, | g
Taldo1

Kras

Figure 6.14. Keap1/ Nrf2 mutation increase expression of Nrf2 target gene Taldo1. A,
H-scores for whole-cell Taldo1 across the Kras®12P*, Kras®126/*; p53%f Jow-dose Cre
Kras®'2D/*: kb1 and SPC Cre Kras®'2P"*; Lkb1" models. **p<0.01, ***p<0.001,
****p<0.0001 (two-way ANOVA with Dunnett’'s multiple comparisons test). B-E,
Heatmaps depicting the H-scores per grade from IHC staining for Taldo1. For A-E, N=
mice per genotype, >20,000 tumor cells per mouse. Note that no grade 4 tumors were
found in the Kras®'2P/*; Lkb1M; Nrf2D29H* cohort. Only one grade 5 tumor was found in
the Kras®12b/+; p53fifl; Keap1R954@/R554Q cohort, one grade 5 and two grade 4 tumors in

the SPC Kras®'2D/*: Lkb11M: Nrf2D29H* cohort, and therefore were excluded from the

analyses.
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Discussion

| discovered that the Nrf2P2H* mutation was the most activating in the Kras®'22/+;
Lkb1%" model, in contrast to what | had observed in the Kras®'2P"*; and Kras®'2P/*; p53fi/f
models, where Keap1R534@/R554Q wag the most activating towards Nrf2. Further
investigation is warranted to determine why these mutations differentially effect Nrf2
activation in different mutational backgrounds. It has also previously been reported that
NRF2 activity is increased with co-mutation of STK11/KEAP1 compared to KEAP1
mutation alone (160), which may partially explain the differences | see between the
models. To interrogate this, | could check what is bound to Nrf2 in both backgrounds
and determine whether this affects activity. For example, B-TrCP can bind to the Neh6
domain of NRF2, causing NRF2 ubiquitination (20). AMP-activated protein kinase
(AMPK), which is activated by LKB1, can disrupt this binding through GSK3, which
could affect NRF2 activation (186). | also would need to determine the relative

expression of both Keap1 and Nrf2 between the models.

| also observed that the most activating mutant, Nrf2P2°H*  promoted early
progression and blocked advanced-grade adenocarcinoma progression, reminiscent of
what | had observed with Keap1R554@/R554Q jn the Kras®'2P*; p531M model. These results
support a threshold effect for Nrf2 during lung tumor initiation and progression. It is also
interesting that Nrf2P2°H* decreased overall survival in our first experiment, but not
when the adenovirus dose was lowered or SPC Cre was used. In our initial experiment,
the mice died as a result of hyperplasia, rather than advanced tumors, as | saw that

Nrf2029H* mice had extensive tumor burden characterized by numerous small tumors.
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This finding fits with my previous experiment showing that Nrf2 activation promotes lung

tumor initiation and low-grade tumor progression (Figure 3.3).

It seemed that the SPC Cre model is most representative of the human condition,
as this Cre was specific to the hypothesized cell-of-origin for lung adenocarcinoma,
alveolar type Il cells. Moreover, squamous cell carcinoma patients rarely have
mutations in STK717 or KRAS. My experiments with CMV Cre in this model were
confounded by the presence of squamous tumors, although | did not observe any in the
Nrf2029H* cohort. It was also curious that Keap1R954@* promoted progression to grade 5
tumors in the SPC Cre model, which may be supportive of an optimal Nrf2 level needed
to cooperate with Lkb1 deletion. Moreover, in lung cancer patient tumors with a KEAP1
mutation, loss-of-heterozygosity is often observed, indicating that tumors usually start
with only one copy mutated. This could be partially why the Keap1R%54@* promoted
tumor progression in this Lkb1-deficient model. Overall, my data supports a threshold
effect for Nrf2 in lung tumor initiation and progression, given that the models with the
highest degree of Nrf2 activation promote early progression but block adenocarcinoma

progression.
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Chapter Seven: Understanding the mechanisms by which NRF2 hyperactivation

can impair tumor cell proliferation and progression®

Introduction

Because my data suggested evidence for a Nrf2 threshold in vivo, | wanted to
see if | could further interrogate this using an in vitro system. One hypothesis for why
excess Nrf2 activation could be detrimental to tumor progression was the potential for
reductive stress, an accumulation of excess reducing equivalents that has been linked
to NRF2 activation (80, 81) and can have detrimental effects on cell proliferation. To
interrogate this mechanism, | overexpressed NRF2 in a panel of Keap1 mutant NSCLC
cell lines and evaluated their phenotype. | also performed experiments to determine
whether the effects of NRF2 are based on its target genes. Finally, | used IHC to

interrogate potential mechanisms related to the tumor progression block.

6 Note to reader: Portions of this chapter have been previously published in DeBlasi et al. 2023, Cancer
Research (154). J.M. DeBlasi: Data curation, formal analysis, investigation, visualization, methodology,
writing—original draft, writing—review and editing. A. Falzone, S. Caldwell, N. Prieto Farigua: Mouse
colony management and collections - Data curation, investigation, methodology, writing—review and
editing. J.R. Prigge, E.E. Schmidt: Nrf2 antibody for IHC - Resources, writing—review and editing. L.I.C.
Chio: Nrf2 targeting vector antibody for IHC - Resources, writing—review and editing. F.A. Karreth: ES
cell targeting - Resources, methodology, writing—review and editing. G.M. DeNicola: Mouse models,
RNA-sequencing - Conceptualization, resources, data curation, formal analysis, supervision, funding
acquisition, investigation, methodology, writing—original draft, project administration, writing—review and
editing.
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KEAP1 mutations are associated with NRF2 dependence in NSCLC

Previous work has reported that KEAP1 mutant lung cancer cells are “NRF2-addicted”
meaning that they depend on NRF2 for their proliferation (187). To support this, analysis
of DepMap data (188) indicated that NSCLC cell lines with high NRF2 activity (46),

which were enriched for KEAP1 mutations, demonstrated dependence on NRF2 (Fig.

7.1A).
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Figure 7.1. NSCLC cells with high NRF2 activity exhibit NRF2 dependence. A,
Dependency scores obtained from DepMap(188) and represented as NFEL2 22Q2
Public+Score, Chronos for NSCLC cell lines previously determined to have high or low
NRF2 activity(46). NRF2 mutant line symbols are represented by yellow, KEAP1 mutant
lines by dark red or dark blue, and KEAP1 deleted lines by green. ***p<0.0001

(unpaired t-test). This figure was previously published in Cancer Research, DeBlasi et
al. 2023 (154).
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NRF2 overexpression impairs NSCLC cell proliferation, viability, and anchorage-

independent colony formation

To directly interrogate my hypothesis that excess NRF2 activation above a
specific threshold is detrimental to lung tumor cell proliferation, | used lentiviral
transduction to overexpress wild-type NRF2 in five KEAP1 mutant lung cancer cell lines
(H1944, H322, A549, HCC15, H460). | verified overexpression of NRF2 via western blot
analysis of NRF2 and targets GCLC, xCT, and GSR (Fig. 7.2A). | observed increased
expression of NRF2 in all cell lines and increased expression of NRF2 targets upon
lentiviral transduction, indicating that NRF2 binding sites were not saturated by the level
of NRF2 in these cells (Fig. 7.2A). | then examined the effect of NRF2 overexpression
on cell proliferation and viability over the course of four days using live cell imaging (Fig.
7.2B-F). Similar to what | observed in the Kras®'?P"*; p53f model upon Keap1R554@/R554Q
mutation, | observed that NRF2 overexpression decreased cell proliferation in all cell
lines (Fig. 7.2E). Additionally, | saw that NRF2 overexpression increased cell death in 4

out of 5 cell lines (Fig. 7.2F).
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Figure 7.2. NRF2 overexpression impairs lung cancer cell proliferation and viability. A,
Western blot analysis of NRF2, 3-actin, and NRF2 target GCLC, xCT, and GSR
expression in KEAP1 mutant lung cancer cell lines transduced with pLX317-empty
vector (EV) or pLX317-NRF2 (NRF2). B, Representative images of HCC15 cells
transduced with EV or NRF2 demonstrating cell confluency (enhanced contour) and cell
death (Sytox Green) (scale bars = 100 ym). C, D, Analysis of EV and NRF2 HCC15 cell
proliferation and death over 96 hours. Proliferation is represented as % confluency at
each time point, and cell death as the number of Sytox Green positive cells per area
normalized to % confluency. N=3 technical replicates per cell line, and two independent
experiments. E, F, Area under the curve (AUC) analysis of cell proliferation (E) and
Sytox Green-positive cell death (F) in KEAP1 mutant lung cancer cells lines +/- NRF2,
normalized to empty vector control. *p<0.05, ***p<0.001, ****p<0.0001 (one-way
ANOVA). For B-F NSCLC cells were seeded in triplicate in 96-well plates at a density of
2,500 cells/ well. This figure was previously published in Cancer Research, DeBlasi et
al. 2023 (154).
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| also observed impaired anchorage-independent colony formation in soft agar in all
cell lines (Fig. 7.2H and I). These results suggest that there is an optimal threshold of
NRF2 expression and activity permissive for lung cancer cells in vitro, and that

excessive NRF2 activation can impair lung cancer phenotypes.
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Figure 7.3. NRF2 overexpression impairs anchorage-independent soft agar colony
formation. A, Representative images of H460 and HCC15 soft agar colony formation +/-
NRF2. B, Quantification of soft agar colony number of KEAP1 mutant lung cancer cell
lines. *p<0.05 (one-way ANOVA). N=3 technical replicates per cell line, two
independent experiments. For A and B, 5,000 cells per well were seeded in 6-well
plates in triplicate. This figure was previously published in Cancer Research, DeBlasi et
al. 2023 (154).
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Investigating how excess Nrf2 activation can impair tumor cell proliferation

| next wanted to interrogate the mechanism(s) by which high levels of Nrf2 could
impair tumor cell proliferation and tumor progression. First, | determined whether the
effects of NRF2 were dependent on its target genes. In order to this, Cheyenne
Schneider in our lab created a transcriptionally inactive version of NRF2 lacking the
transactivation domain (ANEH4/5), where NRF2 could still bind DNA, but there would be
no transcription of its target genes, as previously described by another group (19). |
overexpressed empty vector (EV) control, wild-type (WT) NRF2, and ANEH4/5 NRF2 in
a panel of Keap1 mutant NSCLC cell lines. | observed comparable expression of NRF2
with WT and ANEH4/5 overexpression (Fig. 7.4. A). Moreover, while | saw induction of
NRF2 target genes GSR and HMOX1 with WT NRF2 overexpression in most of the cell
lines, | did not see this induction in the ANEH4/5 mutant, indicating a lack of NRF2
transcriptional activity. Additionally, | saw that unlike WT NRF2, ANEH4/5 NRF2 did not
impair NSCLC cell proliferation or viability (Fig. 7.4 B and C), indicating that NRF2'’s

antiproliferative effects are dependent on its transcriptional activity.
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Figure 7.4. Transcriptionally inactive NRF2 does not impair tumor cell proliferation or

viability. A, Western blot analysis of NRF2, V5 tag, B-actin, and NRF2 targets GSR and
HMOX1 expression in KEAP1 mutant lung cancer cell lines transduced with PLX317-
empty vector (EV), PLX317-NRF2WT-V5, or PLX317-NRF2245-v5, B, C, Area under the

curve (AUC) analysis of cell proliferation (B) and Sytox Green-positive cell death (B) in

KEAP1 mutant lung cancer cells lines, normalized to empty vector control. Proliferation
is represented as % confluency at each time point, and cell death as the number of
Sytox Green positive cells per area normalized to % confluency. N=3 technical
replicates per cell line. *p<0.05, **p<0.01, ****p<0.0001 (one-way ANOVA). For B-C,
NSCLC cells were seeded in triplicate in 96-well plates at a density of 2,500 cells/ well.
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Next, because my results suggests that Nrf2’s effects are transcriptional, |
performed experiments to test whether reductive stress was contributing to the NRF2-
mediated proliferation and viability defect. NRF2-mediated transcriptional regulation of
the GSH and TXN systems could promote excess reducing equivalents, as previously
observed in a mouse model of cardiomyopathy (80). NRF2 has also been recently
reported to promote reductive stress via NADH in NSCLC cell lines (82). To test the
hypothesis that excess reducing equivalents are responsible for NRF2’s effects in vitro,
| treated H460 and HCC15 cells with buthionine sulfoximine (BSO) to block gamma-
glutamylcysteine synthetase and subsequent GSH synthesis, auranofin to inhibit
TXNRD1, or erastin to inhibit xCT/ impair cysteine metabolism/ GSH synthesis. | used
concentrations of these drugs previously validated by our lab (89, 189) and performed
the treatment upon selection for NRF2 overexpression or empty vector control
expression. | observed that none of these drugs rescued the proliferation or viability

defect caused by NRF2 overexpression (Fig. 7.5).
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Figure 7.5. Blocking cysteine metabolism or inducing ROS does not rescue NRF2-
mediated proliferation or viability defect in H460 or HCC15 cells. A-D, Area under the
curve (AUC) analysis of cell proliferation (A, C) and Sytox Green-positive cell death (B,
D) in H460 and HCC15 cells +/- NRF2, normalized to empty vector control treated with
DMSO. *p<0.05, ***p<0.001, ****p<0.0001 (one-way ANOVA). Cells were seeded in

triplicate in 96-well plate at a density of 2,500 cells/ well.
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In another attempt to see if GSH was mediating NRF2’s toxicity, | also examined
the effects of CRISPR-mediated deletion of GSR. | used GSR knockout A549 cell
generated by Chang Jiang in our lab and performed overexpression of NRF2 to see if
this could protect against NRF2's effects. | did not observe any rescue effect (Fig. 7.6),
suggesting that glutathione may not be responsible for NRF2's detrimental effects in

vitro.
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Figure 7.6. GSR deletion does not rescue NRF2-mediated proliferation defect in A549
cells. A, Western blot analysis of NRF2, a-tubulin, NRF2 targets GSR, GCLM, GCLC,
xCT, TXN1 expression in A549 cells transduced with pLX317-empty vector (EV) or
pLX317-NRF2 (NRF2). B, C, Area under the curve (AUC) analysis of cell proliferation
(B) and Sytox Green-positive cell death (C) in A549 cells +/- NRF2, normalized to empty
vector control with sgControl (sgCon). *p<0.05, ns=non-significant (one-way ANOVA).
Cells were seeded in triplicate in 96-well plate at a density of 2,500 cells/ well.

101



Understanding how excess Nrf2 activation can impair tumor progression

Alongside my in vitro experiments, | also wanted to investigate potential
mechanism(s) for the progression block in our mouse models. My supervisor previously
observed in a pancreatic cancer mouse model that Nrf2 deletion promoted metastasis
to the lung, and that this was associated with increased extracellular signal-regulated
kinase (ERK) activity (149). | hypothesized that excess Nrf2 activation in our model may
be decreasing ERK activity, suppressing invasiveness and progression. To test this, |
performed IHC staining for phospho-ERK in Keap1/ Nrf2** and. | did not observe any
meaningful changes in staining across cohorts, possibly indicating either a technical/
lack of specificity issue, or no actual changes in this pathway in our model (Fig. 7.7A
and B). A previous study showed that phospho-ERK staining was increased in
adenocarcinomas compared to adenomas in the Kras®'2"*; p53%f model (190), which |
did not observe. This study measured phospho-ERK staining in 7- and 10-week-old
tumors, however, whereas | measured at end-of-life (~14-17 weeks), so it is also

possible that tumors do not need to upregulate phospho-ERK at this later time point.
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Figure 7.7. Nrf2 activation does not affect phospho-ERK levels in Keap1R954QR554Q
mutant models. A, H-scores for phospho-ERK (pERK) IHC staining across mouse
models with or without homozygous Keap1 mutation. Two-way ANOVA with Dunnett’s
multiple comparisons test. B, Heatmaps depicting the H-scores per grade from IHC
staining for pERK staining. N=3* mice per genotype, >20,000 tumor cells per mouse.
*Note that there are only 2 mice in the SPC-Kras®'?P"*; Lkb1%¥f Keap1/Nrf2** cohort.
Only one grade 5 tumor was found in the Keap1R5%4@R554Q cohort, and therefore was

excluded from these analyses.

Next, to test my hypothesis that redox status is altered in Keap1/ Nrf2 mutant
tumors | performed IHC staining for 4-HNE, a by-product and marker of lipid
peroxidation. | did not see any significant changes in staining, except for an increase in
lipid peroxidation in the Kras®'?P"*; Lkb1/; Nrf2P29H+ model (Fig. 7.8A-E). This may be
an artifact though, given that NRF2 is important for mitigating lipid peroxidation (191),
and suggests that 4-HNE may not be a good indicator of NRF2 activation/ overall
oxidation status in these models. Moreover, although 4-HNE can induce oxidative
stress, at low concentrations it has been reported that 4-HNE can be cytoprotective
through NRF2-mediated TXNRD1 activation (192). This crosstalk may influence the IHC
results, and there is also a possibility for lack of antibody specificity in this experiment

since | did not use a positive control.
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Figure 7.8. Keap1/ Nrf2 mutation differentially affect lipid peroxidation across Kras®'?b/*
mouse models. A, H-scores for 4-HNE IHC staining across Keap1/ Nrf2 mutant mouse
models. *p<0.05 (two-way ANOVA with Dunnett’s multiple comparisons test). B-E,

Heatmaps depicting the H-scores per grade from IHC staining for 4-HNE. For A-E, n=3
mice per genotype, >20,000 tumor cells per mouse.
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Discussion

| observed that wild type NRF2 overexpression impairs NSCLC cell lines
proliferation, viability, and anchorage-independent colony formation. | also observed
that these effects were dependent on NRF2 target genes, as overexpression of a
transcriptionally inactive version of NRF2 did not impair cancer phenotypes. Although |
did not see any rescue effects with my drug treatment or sgGSR experiments, it is
possible that the timing of drug treatment was too late (i.e., | could have pre-treated with
these drugs prior to selection), and/or that GSH, TXN, nor xCT are contributing to
NRF2’s detrimental effects. Looking at redox status could be informative as to whether
reductive stress is a possible mechanism. | also did not test NADH-mediated reductive
stress, which was reported by another group using a pharmacological NRF2 activator in
vitro (82). In addition to measuring the NADH/NAD+ ratio in cell lines with NRF2
overexpression, | could also treat cells with the NAD+ precursor a-ketobutyrate to

promote NADH recycling.

Moreover, | did not observe any changes in vivo with pERK or 4-HNE staining,
which could potentially be due to lack of antibody specificity. Regarding pERK, it has
been previously observed that pERK expression is low in low-grade adenomas, but high
in adenocarcinomas in the Kras®'2?*; p53"f model (190). It is also possible that lipid
peroxidation may not change even if there are changes in NADPH/ NADP+, NADH/
NAD+, or GSH/GSSG ratios, warranting the need for a direct measure of protein redox
states in the mouse models and cell lines with NRF2 overexpression. A technical
limitation faced with this approach, however, was that the tumors in the Kras®12b/+;

p531M; Keap1R554@R554Q model were too small to cut out and freeze. | only had formalin-
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fixed paraffin-embedded (FFPE) tissue, therefore limiting my ability to conduct assays

where frozen tissue is needed.

Additional work is needed to determine the mechanism(s) by which NRF2
impairs cell proliferation and viability, as well as tumor progression. Additional
experiments could also include treating Kras®'2P/*; p531/f; Keap1R554@/R554Q mijce with
BSO to block glutathione synthesis or auranofin to inhibit thioredoxin reductase and see
if this rescues the progression block, and/ or treating Kras®'2P"*; p53%f mice with N-
Acetylcysteine (NAC) to see if this phenocopies the effects of Nrf2 activation via the
accumulation of reducing equivalents. Ongoing work in our lab will also determine
whether knockout of major cytosolic reductases, glutathione reductase (GSR), or
thioredoxin reductase 1 (TXNRD1) rescues the Keap1R554@/R554Q_mediated progression

block.
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Chapter Eight: Implications and Future Directions’

My data indicate that constitutive Nrf2 activation is not sufficient to initiate lung
tumorigenesis, even in the context of of tumor suppressor deletion (p53 or Lkb1 up to
500 days). These findings correspond with previous work demonstrating that Keap1
loss is insufficient to cause lung tumor formation, alone (133), and also in the context of
p53 or Lkb1 deletion up to ~350-450 days (34). Additionally, this work is important when
considering NRF2 activation as a potential modality for chemoprevention. Beyond NRF2
activators that have been explored for this purpose (29, 152), omaveloxolone, a newly
developed NRF2 activator, has been FDA-approved in patients with Friedreich’s ataxia,
and is safe with minimal toxicity (161). It would be interesting to see how the Kras®'20/+;
p53"M and Kras®'?P"*; Lkb1"" models respond to pharmacological Nrf2 activation, given
that we've only tested the effects of Nrf2 activation prior to lung tumor initiation.
Moreover, this treatment would activate Nrf2 in the microenvironment, unlike our mouse
models. Since a previous study showed that Nrf2 activation in immune cells impairs
early progression of Nrf2-active tumors, it is possible that a pharmacological Nrf2
activator may have a similar effect in vivo. Moreover, it would be important to titrate the
level of Nrf2 activation with the drug, as a certain threshold is likely needed to impair

late tumor progression. A potential challenge could be if excess Nrf2 activation

7 Note to reader: Portions of this chapter have been previously published in a review article in DeBlasi
and DeNicola 2020, Cancers (Basel) (1). J. M. DeBlasi and G. M. DeNicola: Conceptualization, draft
preparation, review and editing.
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becomes detrimental to immune cells as well, although this has not been previously
reported. | also discovered that Nrf2 activation promotes lung tumor initiation in the
Kras®'2P* model of early lung adenocarcinoma. These findings corroborate previous
studies showing that Keap1 deletion promotes initiation in the Kras®'?* model (34,
144). My results also unexpectedly revealed that excess Nrf2 activation can impair
tumor progression in both the Kras®'22*; p53%f and Kras®'22"*; Lkb1%f models in a

dosage-dependent manner. These findings are summarized in Figure 8.
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Figure 8. Working model of Nrf2 threshold in lung tumor initiation and
progression. NRF2 exhibits context-dependent roles in lung tumorigenesis and
progression. NRF2 activation is not sufficient to transform normal cells, even in the
absence of tumor suppressor genes, but can promote Kras®'?P Jung tumor initiation. At
low levels, Nrf2 permits tumor progression; however, at high levels, Nrf2 blocks

progression to advanced-grade tumors. Created with BioRender.com

108



Previous work from our lab reveal that the Keap1R5%4@/R554Q mytation caused
smaller tumors in the Kras®'2P"*; p5371 model (43), which my analyses revealed is a
result of impaired tumor progression caused by high Nrf2 activity. This observation of
blocked tumor progression with Nrf2 activation has not reported by other groups
studying Nrf2 in lung cancer mouse models. Some studies observed the Keap1 deletion
promotes adenocarcinoma progression (45, 136), whereas others did not analyze tumor
grade (34, 134, 146). The studies that reported increased progression with Keap1
inactivation used either a floxed allele (136) or CRISPR-mediated deletion (45). It's
possible that complete Keap1 deletion was not achieved in all lung tumor cells, thus
resulting in more modest Nrf2 activation compared to our Keap1/ Nrf2 mutant models.
CRISPR-mediated deletion in cells is also variable (can be heterozygous or
homozygous), and the Cas9 protein has been reported to cause immunogenicity (162),
which can influence disease progression. Additionally, there are distinct biological
differences between deletion vs. mutation of Keap1. These studies also did not observe
any grade 5 tumors in the Kras®'?0"*; p53"f model (45, 136), unlike studies by us and
others (154, 166, 193), and they did not analyze hyperplasia. Moreover, they did not

check whether Nrf2 levels were downregulated in higher-grade tumors.

It is curious that Keap1R954@/R554Q plocked progression in the Kras®'20/*; p53f/
model, whereas Nrf2P2°"* plocked progression in the Kras®'?®*: Lkb1%" model. Further
investigation is warranted to determine why Keap1 mutation is more activating in the
context of p53 loss, whereas Nrf2 mutation is more activating with Lkb1 deletion.
Previous work has shown that Keap1 mutation and Lkb1 deletion cooperate to enhance

Nrf2 activity (compared to Keap1 mutation alone) (160), but it is still unclear if this
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applies to the mouse models in my experiments, and why Keap1 vs. Nrf2 mutation elicit
different effects in different mutational backgrounds. There could be influences from the
tumor microenvironment, and/ or the relative expression of Keap1/ Nrf2 in these
models. Moreover, in the mouse genome, Keap1 and Stk11 are located on different
chromosomes, whereas in humans, KEAP1 and STK11 are both on chromosome 19
(160). Therefore, it is likely a combination of external factors that dictate how these
mutations influence tumor phenotypes and relative Nrf2 activity. Furthermore, Nrf2’s
threshold-dependent effects are comparable to what has been previously reported for
oncogenes Myc and Ras, where low levels support transformation and cell proliferation,

but excess levels can cause senescence or cell death (194, 195).

An important consideration for this work was whether the block in progression in the
Keap1R554@/R554Q model was dependent on Nrf2. Beyond NRF2, KEAP1 has additional
substrates that play roles in mitochondrial homeostasis and DNA. damage repair,
including PGAM5 (173), PALB2 (174), MCM3 (175) and EMSY (176). It is plausible that
dysregulation of these proteins could impair tumor progression. Although this possibility
cannot be entirely excluded, my data suggests that Nrf2 hyperactivation plays a direct
role in the Keap1R5%4Q-mediated tumor progression block, given that Nrf2 deletion
rescues this phenotype. This is also supported by the finding that high levels of Nrf2 via
Nrf2P2%H+ in the Kras®'2P"*; Lkb1%" model also block progression, and that
overexpression of NRF2 in human lung cancer cell lines impairs their proliferation,
viability, and anchorage-independent growth. Moreover, | observed that lung tumors
downregulate Nrf2 expression and activity during tumor progression, suggesting that

high levels of Nrf2 are not favorable for progression.
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In corroboration with these results, it has been reported that a Keap1-binding
defective Nrf2E7°2 mouse model of small-cell lung cancer (SCLC) with p53/ p16
inactivation (164) exhibited downregulation of Nrf2 in aggressive SCLC tumors,
although the mechanism of how tumors downregulate Nrf2 is yet to be elucidated. It is
also still unclear how exactly Nrf2 can prevent tumor progression. Potential metabolic
vulnerabilities linked to NRF2 activation that could explain this include CDO1-mediated
toxic metabolite formation/ NADPH depletion (43), xCT-mediated glutamate depletion
(44, 45, 61), and reductive stress via aldehyde dehydrogenase 3A1 (ALDH3A1) (169).
Additional work is needed to determine if these metabolic liabilities or other mechanisms

regulate NRF2-mediated progression and proliferation defects.

It is challenging to determine in which contexts NRF2 activation is advantageous,
given that KEAP1 and NRF2 mutations are common in NSCLC patients and associated
with poor prognosis. In patient data, it's been observed that KEAP1 mutations are an
initiating driver along with KRAS and TP53 mutations in lung adenocarcinoma (196),
which agrees with my finding that Nrf2 activation promotes lung tumor initiation, and
suggests that additional mutations may be required to overcome a NRF2-mediated

progression block.

Although my results did not indicate that NRF2 activation conferred poor
outcomes in our mouse models, it's important to acknowledge that our models do not
capture all the features of patient tumors. For example, the mice did not develop
metastases with sufficient frequency, preventing examination of the effect of Nrf2
activation on metastasis as previously reported (53). Additionally, mice are not exposed

to tobacco smoke and other environmental carcinogens where NRF2 activation may
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promote survival (26, 27, 28, 29). | have also not tested the response of these models to
chemotherapy, targeted therapy, immunotherapy, or radiation, of which resistance to is
commonly reported in patients with KEAP1/ NRF2 mutation. KEAP1 inactivation or
NRF2 hyperactivation causes accumulation of NRF2, leading to increased expression of
antioxidant enzymes and drug efflux pumps (197), which can contribute to therapeutic
resistance. Moreover, this resistance is usually observed in advanced tumors, where
high levels of NRF2 activation are likely beneficial for tumors to evade therapy, unlike in

our mouse models where there’s an absence of stress/ therapy.

Further investigation is needed to verify whether these approaches can be
translated clinically. First, it needs to be understood how exactly NRF2 is downregulated
during tumor progression, and how pharmacological NRF2 activation/ inhibition affects
different tumor grades in our mouse models. These experiments will be important to
clarify the NRF2 threshold, and how pharmacological activation of NRF2 compares to
KEAP1/NRF2 mutation. Additionally, our mouse models only activate NRF2 in tumor
cells, whereas pharmacological NRF2 activation will affect NRF2 levels in the
microenvironment, which can also affect tumor growth (144, 177, 178). It would also be
of value to look at NRF2 expression in patient tumors and see if this is affected by the
degree of differentiation. Based on my findings in our mouse models, | would except
more advanced/ poor differentiated patient tumors to have less NRF2 expression
compared to less advanced tumors. Collectively, this work will further elucidate the
contexts in which NRF2 can support and impair lung tumor initiation and progression,
respectively. These findings highlight the diverse roles that NRF2 plays during different

stages of tumorigenesis in various contexts, and the distinct roles for ROS metabolism
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and metabolic regulation. Additional experiments are warranted to understand how

NRF2 regulates redox status and tumor progression in our mouse models.
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Chapter 9: Materials and Methods

Mice

Mice were housed and bred in accordance with the ethical regulations and
approval of the IACUC (protocols #: ISO0003893R and 1S00007922R). Generation of
the Keap1 targeting vector was previously described (43). Briefly, the CA-Keap1R554Q
allele (Keap1tm'6émdn MGI: 7327097) was made by inserting a wild-type Keap? cDNA
containing exons 3-5 flanked by loxP sites upstream of the R654Q mutation in exon 4 of
the Keap1 gene. Keap1 was targeted in C10 murine ES cells and cells were selected
with blasticidin. To make the LSL-Nfe2/2P29+ allele (Nfe2l2tm1emdn MGI: 7327101), a
STOP cassette flanked by loxP sites was inserted into intron 1 and codon 29 in
endogenous exon 2 was mutated from an aspartic acid to a histidine. The endogenous
NfeZ2/2 locus was targeted in C10 murine ES cells and puromycin was used to select
positive cells. For both alleles, positive clones were screened by copy number real-time
PCR and injected into blastocysts. Genotyping primers were as follows: for the
Keap1R5%4Q gllele: Mutant forward: 5’-ATGGCCACACTTTTCTGGAC-3’; wild-type (WT)
forward: 5-GGGGGTAGAGGGAGGAGAAT-3’; Common reverse: 5'-
GCCACCCTATTCACAGACCA-3'. The WT PCR product was 326 bp and the mutant
PCR product 584 bp. For the Nfe2/2°%°1 allele: WT forward: 5'-
GAGGCAGGTAGTTCTCTGAGTTTG-3’; Common reverse: 5'-

GCAAATGCACTGAGACACTCAT-3’; Mutant forward: 5'-
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CTAGCCACCATGGCTTGAGT-3'. The WT PCR product was 189 bp and the mutant
PCR product 282 bp. All mice were maintained on a mixed C57BL/6 genetic
background. In addition to Keap1R®%4Q and Nrf2P2°H mice, p53fox
(RRID:IMSR_JAX:008462); Stk11%* (RRID:IMSR_JAX:014143); Nrf2flox
(RRID:IMSR_JAX:025433); and LSL-Kras®'?P* (RRID:IMSR_JAX:008179) mice were
used. For mouse lung tumor experiments, intranasal installation of 2.25 x 107 PFU
adenoviral-Cre or SPC Cre (University of lowa) was used to induce lung tumors as
previously described (163). For low-dose adenoviral-Cre experiments in the Kras©'2P/*;
Stk1171 model, 2.25 x 10% PFU was used to induce lung tumors. Adenoviral infections

were performed under isofluorane anesthesia.

Murine embryonic fibroblast generation and culture

MEFs were isolated from E13.5-14.5-day old embryos and maintained in
pyruvate-free DMEM (Corning) containing 10% FBS, 100 units/mL penicillin and 100
pug/mL streptomycin (Gibco) in a humidified incubator with 5% CO2 and 95% air at 37
°C. MEFs were used within four passages and infected with control empty adenovirus or

adenoviral-Cre (University of lowa) at an approximate multiplicity of infection of 500.

RNA-sequencing preparation and analysis

Samples were prepared using the RNeasy plus mini kit (Qiagen, 74134). RNA
quality was checked with the QlAxcel RNA QC kit (Qiagen, 929104 ). Additional RNA
QC, sequencing, mapping to the mouse genome, and analysis were performed by
Novogene. Differentially expressed genes (DESeq2) with p < 0.05 were included in the
volcano plot.
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LC-HRMS conditions for MEF non-targeted metabolomics

Sample preparation and conditions were previously described (43). Briefly, cells
were extracted in 80% methanol and analyzed by liquid chromatography-high
resolutions mass spectrometry (LC-HRMS) using a Vanquish UPLC systems coupled to
a Q Exactive HF mass spectrometer. A Luna 3 ym HILIC 200 A, LC Column 100 x 2
mm (Phenomenex, Torrance, CA, Part N: 00D-4449-B0) was used for chromatographic
separation. Both positive and negative mode were used for the MS1 scan. Data
analysis was done using El Maven v0.3.1 (198). The identification of metabolites was
based on comparison of retention time and m/z value of sample peaks with an internal

library (MSMLS Library, Sigma Aldrich).

Immunohistochemistry (IHC)

Mouse lung tissue was fixed with 10% formalin overnight, transferred to 70%
ethanol and paraffin embedded to be sectioned. Unstained tissue sections were de-
paraffinized in xylene followed by rehydration in a graded alcohol series. Antigen
retrieval was performed by boiling in 10 mM citrate buffer (pH 6). Antibodies used for
IHC include affinity-purified NRF2 (1:150 or 1:300) (199), NQO1 (Sigma Aldrich,
RRID:AB_1079501, 1:500, 0.4 yg/ mL), Ki-67 (Cell Signaling Technology,
RRID:AB_2620142, 1:200, 1.35 pg/ mL), Cleaved Caspase-3 (Cell Signaling
Technology, RRID:AB_2070042, 1:1000, 0.04 ug/ mL), phospho-ERK (Cell Signaling
Technology, RRID:AB_331772, 1:400, 0.13 pg/ mL), Taldo1 (Sigma-Aldrich,
RRID:AB_10675127, 1:1000, 0.1 ug/ mL). Following overnight incubation at 4 °C in

primary antibody, the InmPRESS HRP goat anti-rabbit kit (Vector Laboratories,
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RRID:AB_2631198) was used as directed by manufacturer’s instructions. DAB
peroxidase (HRP) substrate (Vector Laboratories, SK-4105) was used to develop
immunohistochemical staining, followed by counterstaining with hematoxylin (Vector
Laboratories, H-3404). Slides were scanned with the Aperio imager at 20x and the H-
score of at least five representative regions/ mouse was analyzed with QuPath
software(200). Representative images were captured using the Axio Lab.A1 microscope

at 40x (Carl Zeiss Microimaging Inc.).

Tumor grading analysis and histology

Lung tumor grading was performed manually as previously described (166).
Tumor grading distribution percentages were calculated by dividing the number of
tumors in a specific grade by the total number of tumors per mouse. Tumor burden by
grade was calculated by dividing the area of the lung covered by a specific tumor grade

by the total lung area.

NSCLC cell lines and culture

Human lung cancer cell lines used include H1944 (RRID:CVCL_1508), H322
(RRID:CVCL_1556), A549 (RRID:CVCL_0023), HCC15 (RRID:CVCL_2057), and H460
(RRID:CVCL_0459) and were previously described (46). All cell lines were acquired
from an authentic source (Hamon Cancer Center Collection). Cells were cultured in
RPMI 1640 (Gibco) containing 5% FBS without antibiotics in a humidified incubator with
5% CO2 and 95% air at 37 °C. Cells were confirmed to be free of mycoplasma with the
MycoAlert kit (Lonza) immediately upon receipt and aliquots were frozen. Cell lines
were tested monthly for mycoplasma and used within 10-20 passages.
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Lentivirus generation and infection of NSCLC cells

Lentiviruses were made by transfecting Lenti-X 293T cells (Takara 632180)
overnight with polyethylenimine (PEI), lentiviral plasmid (pLX317-NRF2%T(130)),
pLX317-NRF2VT-V5, pLX317-NRF2245-V5, or the control pLX317 empty vector(43)),
and packaging plasmids pCMV-dR8.2 dvpr (RRID:Addgene_8455) and pCMV-VSV-G
(RRID:Addgene_8454) in DMEM containing 10% FBS. Expression of the V5 tag and
deletion of NEH4/5 domains were performed via site-directed mutagenesis performed
by Cheyenne Schneider (New England BioLabs E0554). To generate NRF2-
overexpressing cells, NSCLC cells were transduced for 24 h with lentiviruses in medium
containing polybrene (8 ug/mL). After transduction, infected cells were selected with 0.5
pg/mL (H1944, H322, H460) or 1 pug/mL (A549, HCC15) puromycin for 72 h.
Immediately following selection, cells were seeded in respective puromycin
concentrations for the indicated assays. For sgGSR experiments, A549 sgCon and
sgGSR cells were generated by Chang Jiang as previously described (201). First,
lentiviral transduction was used to stably express Streptococcus pyogenes Cas9 in
A549 cells, followed by selection with 4 ug/mL blastocidin. Following this, A549s were
transduced with guide RNAs against GSR (sgGSR) or non-targeting (sgCon) and
selected with 1 yg/mL puromycin. Following validation of GSR knockout, lentiviral NRF2
overexpression was performed as described above in cells stably expressing guide

RNAs.
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Cell proliferation and cell death assays

NSCLC cells were monitored with the CELLCYTE X™ live cell imaging
instrument (Cytena) over the course of 96 hours. Prior to imaging, SYTOX Green
nucleic acid stain (Thermo Fisher Scientific, S7020) was added to medium at a final
concentration of 20 nM. Images were acquired from each well at 8-hour intervals and
analyzed using CellCyte Studio (CELLINK). Cell confluency was represented as the %
of the image covered by cells. The number of dead cells was normalized to cell
confluency [number of Sytox Green positive cells/ mm?/ cell confluency]. The area
under the curve (AUC) values were calculated by summing the proliferation or
normalized dead cell number at each time point. For drug treatments, cells were treated
upon replacing the medium with selection antibiotic following transduction. Auranofin
(#A6733) was obtained from Sigma Aldrich. L-Buthionine-(S,R)-Sulfoximine (BSO)
(#14484) and erastin (#17754) were obtained from Cayman Chemical. All drugs were
dissolved in DMSO (#N182) from VWR Scientific Inc. As a control, DMSO was used at

a final concentration of 0.2%.

Western blotting

Cells were lysed in ice-cold RIPA buffer with protease inhibitors (Fisher Scientific,
P1A32955) followed by sonication in a water bath sonicator (Diagenode). Protein was
quantified using the DC protein assay (Bio-Rad). Lysates were prepared with 6X SDS
sample buffer containing 12% (v/v) B-ME (VWR) and separated on Bolt™ or NuPAGE
4-12% Bis-Tris gels (Invitrogen). SDS-PAGE separation was followed by transfer to

0.45 pm nitrocellulose membranes (GE Healthcare). The membranes were blocked in
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5% non-fat milk in Tris-buffered saline with 0.1% Tween 20 (TBST). For immunoblotting,
the following antibodies diluted in 5% milk in TBST were used: KEAP1 (Millipore Sigma,
RRID:AB_2921362, 1:2000, 0.5 pg/ mL), NRF2 (Cell Signaling Technologies, D1Z9C,
RRID:AB_2715528, 1:1000, 1.11 pg/ mL), NQO1 (Sigma Aldrich, RRID:AB_1079501,
1:1000, 0.2 ug/ mL), GCLC (Sana Cruz Biotechnology, H-5, RRID:AB_2736837,
1:1000, 0.2 ug/ mL), xCT (abcam, RRID:AB_778944, 1:1000, 1 ug/ mL), GSR (Santa
Cruz Biotechnology, RRID:AB_2295121, 1:1000, 0.2 yg/ mL), B-actin (Invitrogen
AM4302, RRID:AB_2536382, 1:100,000, Lot #2666237). V5 tag (Cell Signaling
Technologies, D3H8Q, RRID:AB_2687461, 1:1000, 0.192 yg/ mL), HMOX1 (Enzo,
RRID:AB_10617276, 1:1000, 1 yg/ mL), TXN1 (Cell Signaling Technologies, C63C86,
RRID:AB_2272594, 1:1000, Lot #3), GCLM (GeneTex, RRID: AB_10730087, 1:1000,
0.33 pug/ mL). HRP secondary antibodies used include goat anti-rabbit IgG (Jackson
ImmunoResearch Labs, RRID: AB_2313567, 1:10,000, 0.08 pg/ mL), goat anti-mouse
IgG (Jackson ImmunoResearch Labs, RRID:AB_10015289, 1:10,000, 0.24 pg/ mL), and
goat anti-rat IgG (Jackson ImmunoResearch Labs, RRID:AB_2338128, 1:10,000, 0.24
pug/ mL). Membranes were developed with Clarity ECL substrate (Bio-Rad) or a luminol-

based homemade ECL substrate.

Soft agar colony formation assays

6-well plates were coated with a 0.8% agar prepared in RPMI. NSCLC cells were
then seeded in 0.4% agar in RPMI. After the cell/ agar mixture solidified, RPMI medium
containing 10% FBS, Pen/Strep and puromycin was added to each well and replenished

every few days. Colonies were allowed to form for 10-16 days, and wells were stained
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with 0.01% crystal violet in a 4% paraformaldehyde in PBS solution. Plates were

scanned on a flatbed scanner and ImagedJ was used to quantify colonies.

DepMap Analysis

NFEZ2L2 dependency scores were downloaded from the DepMap database v.
22Q2 (188). Values were plotted from CRISPR (DepMap 22Q2 Public+Score, Chronos)
for non-small cell lung cancer cell lines that my supervisor previously evaluated for high

or low NRF2 activity (46).

Quantification and statistical analysis

Graphpad Prism9 software was used for statistical analyses and P values < 0.05
were considered significant, with symbols as follows: *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001. All data is represented as mean +/- standard deviation unless otherwise

stated. For all experiments, similar variances between groups were observed.

Data Availability

The gene expression data generated in this thesis are publicly available in Gene
Expression Omnibus (GEO) at GSE212942. The data for the NFE2L2 dependency scores
analyzed in this study were obtained from the DepMap database v. 22Q2 at

https://depmap.org/portal/download/all/.
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Appendix A: Keap1R554@/R5554Q Metabolomics

Fold
Change | p-value FDR
3-SULFINO-L-ALANINE_neg ﬁ 0.0022559 | 0.080067
0.0002063
GLUTATHIONE_neg 18.148 6 | 0.020171
GLUTATHIONE_pos 13.179 | 3.08E-05 | 0.010066
HYPOTAURINE_neg 6.6494 | 0.0028703 | 0.080409
HYPOTAURINE_pos 5.866 | 0.0023674 | 0.080067
N-ACETYL-L-CYSTEINE_neg 5.5681 | 0.0023646 | 0.080067
0.0003139
N-ACETYL-L-CYSTEINE_pos 5.3289 6 | 0.024551
L-CYSTATHIONINE_neg 5.1072 | 0.0013865 | 0.080067
S-5'-ADENOSYL-L-HOMOCYSTEINE_neg 4.4167 | 0.0021156 | 0.080067
S-5'-ADENOSYL-L-HOMOCYSTEINE_pos 4.0788 | 0.0024573 | 0.080067
URIDINE 5'-DIPHOSPHO-N-
ACETYLGLUCOSAMINE_neg 3.6978 | 0.038236 | 0.30511
PHENYLACETALDEHYDE_pos 3.3232 | 0.0051765 | 0.13493
0.0001483
L-CYSTEIC ACID_neg 3.1211 8 | 0.019339
L-CYSTATHIONINE_pos 3.0515| 0.041104 | 0.30907
4-HYDROXY-L-PHENYLGLYCINE_pos 2.7458 | 0.10797 | 0.47576
MONO-METHYL GLUTARATE_pos 2.7136 | 0.030428 | 0.29744
XANTHOSINE_neg 2.4639 | 0.0086153 | 0.1767
GUANOSINE 5-TRIPHOSPHATE neg 2.2639 0.1841| 0.56139
URIDINE-5-MONOPHOSPHATE_neg 2.244 | 0.077708 | 0.43406
3-METHOXY-4-HYDROXYMANDELATE neg 2.2199 | 0.13156 | 0.49563
METHYL JASMONATE_neg 1.9189 |  0.19595 | 0.56752
GUANOSINE 5-TRIPHOSPHATE_pos 1.8349 |  0.16971| 0.53572
D-GLUCOSAMINE 6-PHOSPHATE_neg 1.785| 0.017219 | 0.21718
2,6-DIHYDROXYPYRIDINE_pos 1.776 | 0.062761 | 0.39732
N-ACETYL-L-ASPARTIC ACID neg 1.7219| 0.085461 | 0.44827
D-GLUCONATE_neg 1.6973 | 0.013536 | 0.19309
RIBITOL neg 1.6226 |  0.16016 | 0.52328
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IS_L-HISTIDINE_pos 1.6217 | 0.062302 | 0.39732
HOMOCYSTEINE pos 15946 | 0.23384 | 0.61363
N-ACETYL-DL-METHIONINE_pos 1.5935 |  0.04487 | 0.32489
O-ACETYL-L-CARNITINE_pos 1.59 | 0.012122 | 0.18837
CITRATE neg 1.5741| 0.084073 | 0.44827
3-METHYL-2-OXINDOLE_pos 1.5736| 0.35769 | 0.73583
N-ACETYL-D-MANNOSAMINE_neg 1.5623 | 0.014815| 0.19309
ALPHA-AMINOADIPATE_pos 1.5461 | 0.035121| 0.30511
FORMYL-L-METHIONYL PEPTIDE_pos 1.5442 0.1606 | 0.52328
ALPHA-AMINOADIPATE_neg 1.5213 | 0.025041| 0.27197
ADENOSINE 5-TRIPHOSPHATE pos 1514 | 0.099695 | 0.47531
CREATININE_neg 15138 |  0.16231| 0.52448
DEOXYCYTIDINE_neg 1507 | 0.10151| 0.47531
MESO-TARTARIC ACID_neg 15046 | 0.20591 | 0.5834
IS_L-ARGININE_neg 1.504 | 0.063413| 0.39732
URATE_ neg 1.4991 0.44435| 0.75191
PYRIDOXAL 5'-PHOSPHATE. neg 1.4858 | 0.43215| 0.75191
OMEGA-HYDROXYDODECANOIC ACID neg 1.4857 | 0.13502 | 0.49563
IS L-SERINE_pos 1.4855| 0.090176 | 0.45791
IS_L-LYSINE_neg 1.4832| 0.03276 | 0.30511
URIDINE 5'-DIPHOSPHOGLUCURONIC

ACID neg 1.4783 |  0.03311| 0.30511
CYTIDINE 5'-TRIPHOSPHATE_pos 1.4691 0.32045| 0.7086
CREATININE pos 1.4677| 0.15142 | 0.50604
2-OXOADIPIC ACID neg 1.4644 |  0.22086 | 0.59971
URIDINE 5'-DIPHOSPHOGLUCOSE_neg 1.4553 | 0.042238| 0.3116
PYRIDOXAMINE_pos 1.4489| 0.30061| 0.67744
SN-GLYCEROL 3-PHOSPHATE_ neg 1.4473| 0.053891| 0.37627
CAFFEATE_neg 1.4397 | 052957 | 0.77182
TRANS-ACONITATE neg 1.4256 | 0.13538 | 0.49563
N-ACETYL-L-ASPARTIC ACID pos 1.4252 | 0.014461| 0.19309
SHIKIMATE_neg 1.4131| 0.020877 | 0.24009
0-PHOSPHORYLETHANOLAMINE_pos 1.4107 0.2258 | 0.60471
N-ACETYL-DL-GLUTAMIC ACID neg 1.4089 | 0.34298 | 0.72882
D-GLUCURONOLACTONE_neg 1.3955 | 0.12428 | 0.49563
ALPHA-D-GLUCOSE 1-PHOSPHATE_ neg 1.3892 | 0.071234 | 0.42201
TAURINE pos 1.387 | 0.089804 | 0.45791
TRANS-CINNAMALDEHYDE_pos 1.3838 | 0.053626 | 0.37627
Beta-ALANINE_pos 1.3784 | 0.095146 | 0.47308
N-ACETYL-DL-METHIONINE_neg 1.3759 | 0.21863 | 0.59971
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L-ALANINE_neg 1.3558 0.15115 | 0.50604
PROPIONATE_neg 1.3552 0.4733 | 0.75534
N-ACETYLSEROTONIN_pos 1.3469 0.35095 | 0.73026
D-GLUCOSE-6-PHOSPHATE_neg 1.3467 0.12775 | 0.49563
UROCANATE_pos 1.3351 0.64995 | 0.81805
GAMMA-LINOLENIC ACID_pos 1.3342 0.12712 | 0.49563
IS_GLYCINE_neg 1.3276 0.39224 | 0.74152
METHYL JASMONATE_pos 1.3252 0.21299 | 0.59914
S-HEXYL-GLUTATHIONE_pos 1.3246 | 0.0062141 | 0.15186
PHOSPHOCHOLINE_pos 1.3233 0.10868 | 0.47576
IS_LEUCINE_neg 1.3088 0.028627 | 0.29744
IS_L-VALINE_neg 1.3048 | 0.0094197 0.1767
IS_L-PROLINE_pos 1.3035 0.012526 | 0.18837
CREATINE_neg 1.3007 0.26171 | 0.65177
IS_L-PROLINE_neg 1.3003 0.070193 | 0.42201
4-AMINOBUTANOATE_pos 1.3002 0.14891 | 0.50604
IS_L-HISTIDINE_neg 1.296 0.13077 | 0.49563
TRIGONELLINE_pos 1.2946 0.029835 | 0.29744
CYTIDINE_pos 1.2931 0.29324 | 0.67744
GLUTARIC ACID_neg 1.2913 0.006809 | 0.15661
N-ACETYL-DL-SERINE_neg 1.2911 0.095585 | 0.47308
IS_L-THREONINE_pos 1.2891 0.085986 | 0.44827
IS_L-TYROSINE_pos 1.2856 0.1445 | 0.50604
IS_D-ASPARTATE_neg 1.2818 0.010207 0.1767
CARNOSINE_pos 1.2814 0.3032 | 0.67744
CREATINE_pos 1.2757 0.12737 | 0.49563
L-SERINE_pos 1.2751 0.28535 0.6762
3-UREIDOPROPIONATE_neg 1.2723 0.65348 | 0.81805
ADENOSINE 5'-MONOPHOSPHATE_neg 1.2711 0.42822 | 0.75191
2-DEOXY-D-GLUCOSE_neg 1.2689 0.41939 | 0.75191
TRANS-CYCLOHEXANE-1,2-DIOL_pos 1.2671 0.064887 | 0.39732
10-HYDROXYDECANOATE_neg 1.2671 0.32082 0.7086
IS_L-VALINE_pos 1.2595 0.030172 | 0.29744
URIDINE 5'-DIPHOSPHO-N-

ACETYLGLUCOSAMINE_pos 1.2595 0.081843 | 0.44445
SN-GLYCEROL 3-PHOSPHATE_pos 1.2531 0.014034 | 0.19309
IS_L-ISOLEUCINE_neg 1.2527 0.10707 | 0.47576
IS_L-PHENYLALANINE_neg 1.2493 0.041009 | 0.30907
MALONATE_neg 1.2482 0.08008 | 0.44101
IS_L-TYROSINE_neg 1.2481 0.16491 | 0.52854
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QUINATE_neg 1.2382 0.037163 | 0.30511
PHOSPHOCREATINE pos 1.237 0.37757 | 0.74152
IS D-ASPARTATE_pos 1.2353 0.17328 | 0.53771
IS L-THREONINE neg 1.2321 0.64461 | 0.81805
GLYCINE_pos 1.2203 0.14741 | 0.50604
D-GLUCOSAMINE 6-PHOSPHATE pos 1.2161 0.44336 | 0.75191
IS _L-ALANINE neg 1.2144 0.25871 | 0.65177
GLYCEROL 2-PHOSPHATE_ pos 1.2133 0.13377 | 0.49563
D-GLUCOSE 6-PHOSPHATE pos 1.2083 0.2964 | 0.67744
cis-5,8,11,14,17-Eicosapentaenoic acid_pos 1.2039 0.074276 | 0.42363
URIDINE-5-MONOPHOSPHATE pos 1.203 0.46089 | 0.75191
GUANOSINE 5'-DIPHOSPHATE neg 1.202 0.33981 | 0.72683
URIDINE 5'-DIPHOSPHATE neg 1.2007 0.25595 | 0.64985
IS _L-ALANINE_pos 1.2003 0.45934 | 0.75191
FORMYL-L-METHIONYL PEPTIDE neg 1.1981 0.074758 | 0.42363
O-SUCCINYL-L-HOMOSERINE neg 1.197 0.43611 | 0.75191
ADENOSINE 5'-DIPHOSPHATE neg 1.1911 0.32383 0.7086
IS_L-PHENYLALANINE_pos 1.1893 0.037649 | 0.30511
N-ACETYL-D-MANNOSAMINE_pos 1.1831 0.036701 | 0.30511
2'-DEOXYGUANOSINE 5'-

MONOPHOSPHATE pos 1.1814 0.46732 | 0.75191
IS GLYCINE pos 1.1781 0.11091 | 0.47576
GUANOSINE 5'-MONOPHOSPHATE_pos 1.177 0.49039 | 0.76574
BIS2-ETHYLHEXYLPHTHALATE pos 1.1748 0.68507 | 0.82419
MYO-INOSITOL neg 1.1745 0.3352 0.7241
HEPTANOIC ACID pos 1.1737 0.13706 0.4962
NAD pos 1.1714 0.51899 | 0.77157
TAURINE neg 1.171 0.18522 | 0.56139
GUANOSINE 5'-MONOPHOSPHATE_neg 1.1644 0.55017 0.7851
IS L-GLUTAMIC ACID pos 1.1608 0.45869 | 0.75191
OXALIC ACID_neg 1.1597 0.35111 | 0.73026
IS_L-GLUTAMIC ACID_neg 1.1593 | 0.0028791 | 0.080409
PHOSPHONOACETATE neg 1.1565 0.4867 | 0.76574
CHOLINE_ pos 1.1544 0.77478 | 0.88502
CYTIDINE 5'-DIPHOSPHOCHOLINE_pos 1.1535 0.32586 0.7086
GLYCINE neg 1.1528 0.04059 | 0.30907
L-PROLINE_pos 1.1527 0.22371| 0.60324
2,3-DIHYDROXYBENZOATE neg 1.1507 0.65017 | 0.81805
L-CARNITINE_pos 1.1419 0.18682 | 0.56183
3-METHYLGLUTARIC ACID neg 1.1384 0.27245| 0.66166
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BUTANAL_pos 1.123 0.41632 | 0.75191
4-HYDROXY-2-QUINOLINECARBOXYLIC

ACID_pos 1.1211 0.73595 | 0.85642
N6-DELTA2-ISOPENTENYL-ADENINE_pos 1.1188 0.61336 | 0.81805
L-PROLINE_neg 1.1141 0.36886 | 0.73583
CAPRYLIC ACID_neg 1.1137 0.1002 | 0.47531
OROTIC ACID_neg 1.1113 0.45714 | 0.75191
L-ARABITOL_pos 1.1033 0.69075 | 0.82594
ADENOSINE 5'-DIPHOSPHATE_pos 1.1027 0.53484 | 0.77182
CYTIDINE 5'-DIPHOSPHATE_neg 1.1016 0.59305 | 0.81362
DEOXYCYTIDINE_pos 1.0973 0.46816 | 0.75191
N-ACETYL-L-ALANINE_neg 1.0925 0.38035 | 0.74152
SORBATE_neg 1.0904 0.65596 | 0.81805
ACETYLCHOLINE_pos 1.0869 0.528 | 0.77182
DEOXYCARNITINE_pos 1.0869 0.528 | 0.77182
DIACETYL_pos 1.0858 0.52519 | 0.77182
PALMITOYL-DL-CARNITINE CHLORIDE_pos 1.084 0.036223 | 0.30511
GUANOSINE 5'-DIPHOSPHATE_pos 1.0834 0.44795| 0.75191
URIDINE 5'-DIPHOSPHATE_pos 1.0815 0.36871 | 0.73583
5-AMINOPENTANOATE_neg 1.0791 0.62111 | 0.81805
D---ARABINOSE_neg 1.0749 0.8046 | 0.89629
CYTIDINE 5'-DIPHOSPHATE_pos 1.0747 0.59218 | 0.81362
GUANIDINOACETATE_pos 1.0675 0.56589 | 0.79306
S-DIHYDROOROTATE_neg 1.0591 0.86095 0.9325
ADENINE_pos 1.0578 0.6702 | 0.82147
CITRAMALATE_neg 1.0569 0.80747 | 0.89694
D-XYLOSE_neg 1.0558 0.84011 | 0.92531
ADENOSINE 5'-MONOPHOSPHATE_pos 1.0553 0.79084 | 0.88939
PYRIDINE-2,3-DICARBOXYLATE_neg 1.0505 0.85901 0.9325
5,6-DIHYDROURACIL_pos 1.0501 0.55695 | 0.78617
METHYL ACETOACETATE_pos 1.0438 0.8836 | 0.93992
3-NITRO-L-TYROSINE_neg 1.0424 0.30162 | 0.67744
1-AMINOCYCLOPROPANE-1-

CARBOXYLATE_pos 1.041 0.79386 | 0.88939
THYMIDINE 5'-MONOPHOSPHATE_neg 1.041 0.92165 | 0.95766
NG-NG-DIMETHYLARGININE

DIHYDROCHLORIDE_neg 1.0329 0.91175 | 0.95507
N-METHYL-D-ASPARTIC ACID_neg 1.0313 0.8873 0.9402
L-RHAMNOSE _neg 1.029 0.84635 | 0.92956
3-AMINOISOBUTANOATE_neg 1.0259 0.9217 | 0.95766
4-HYDROXY-L-PROLINE_neg 1.0254 0.91319 | 0.95507
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S-MALATE_neg 1.0242 0.85939 0.9325
L-THREONINE_pos 1.0221 0.87874 | 0.93992
L-GLUTAMIC ACID_pos 1.0179 0.92854 | 0.96047
3-HYDROXY-3-METHYLGLUTARATE_neg 1.0143 0.9568 | 0.97934
BETAINE_pos 1.0078 0.94634 | 0.97118
ITACONATE_ neg 1.0075 0.963 | 0.98131
L-ALANINE_pos 1.0074 0.96637 | 0.98143
S-HEXYL-GLUTATHIONE_neg 1.0033 0.97417 | 0.98373
5'-CMP_pos 1.0026 0.99208 | 0.99219
L-ASPARAGINE_pos 0.99768 0.98566 | 0.99072
PYRIDOXAL 5'-PHOSPHATE_pos 0.99673 0.99219 | 0.99219
TRANS-4-HYDROXYPROLINE_pos 0.99432 0.96374 | 0.98131
HIPPURATE_pos 0.99203 0.97618 | 0.98373
L-THREONINE_neg 0.98938 0.97609 | 0.98373
INOSINE_neg 0.98554 0.94462 | 0.97118
L-GLUTAMIC ACID_neg 0.98495 0.77627 | 0.88502
L-ASPARAGINE_neg 0.98363 0.94202 | 0.97118
DECANOATE_neg 0.97828 0.86444 0.9337
NICOTINAMIDE_pos 0.97745 0.89252 | 0.94318
IS_L-SERINE_neg 0.97691 0.92337 | 0.95766
N-METHYL-D-ASPARTIC ACID_pos 0.9754 0.85951 0.9325
3,4-DIHYDROXYPHENYL GLYCOL_neg 0.97515 0.88031 | 0.93992
D---3-PHOSPHOGLYCERIC ACID_neg 0.97506 0.78974 | 0.88939
GUANIDINOACETATE_neg 0.9747 0.88463 | 0.93992
SALICYLAMIDE_pos 0.97441 0.87755 | 0.93992
4-AMINOBUTANOATE_neg 0.97146 0.69006 | 0.82594
NEPSILON,NEPSILON,NEPSILON-

TRIMETHYLLYSINE_pos 0.96789 0.8305 0.9173
O-PHOSPHORYLETHANOLAMINE_neg 0.96591 0.79745 | 0.89087
N-ACETYLNEURAMINATE_neg 0.96245 0.7203 | 0.85087
HYPOXANTHINE_neg 0.96024 0.87016 | 0.93728
N-ACETYL-DL-GLUTAMIC ACID_pos 0.95898 0.89724 | 0.94561
2-METHYLPROPANOATE_neg 0.95885 0.6811 | 0.82419
Beta-ALANINE_neg 0.95698 0.66876 | 0.82147
O-ACETYL-L-SERINE_pos 0.95695 0.66549 | 0.82147
N-ACETYL-L-LEUCINE_pos 0.95458 0.73014 | 0.85474
4-HYDROXY-3-

METHOXYPHENYLGLYCOL_neg 0.94423 0.77637 | 0.88502
PHOSPHOCREATINE neg 0.94347 0.4481 | 0.75191
5-OXO-L-PROLINE_pos 0.94253 0.65041 | 0.81805
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NALPHA-ACETYL-L-LYSINE pos 0.94182 0.75657 0.8752
L-LYSINE neg 0.94113 0.77473 | 0.88502
ADENOSINE_pos 0.9402 0.63742 | 0.81805
DIACETYL neg 0.93966 0.67807 | 0.82419
L-ORNITHINE neg 0.9375 0.79208 | 0.88939
CYTOSINE_pos 0.93712 0.50669 | 0.76574
URIDINE neg 0.92838 0.78253 | 0.88687
L-TYROSINE_pos 0.9278 0.48779 | 0.76574
SODIUM BENZOATE neg 0.92779 0.68495 | 0.82419
RETINOATE neg 0.92501 0.60865 | 0.81805
PYRIDOXINE_neg 0.92372 0.61732 | 0.81805
L-GLUTAMINE_pos 0.92369 0.23732 | 0.61659
LAURIC ACID neg 0.92098 0.66867 | 0.82147
URACIL neg 0.92045 0.66302 | 0.82147
HYPOXANTHINE_ pos 0.917 0.7071 | 0.84035
L-ARGININE neg 0.91696 0.69828 0.8324
2-QUINOLINECARBOXYLIC ACID pos 0.91669 0.78165 | 0.88687
D-RIBOSE _neg 0.91382 0.60688 | 0.81805
cis-5,8,11,14,17-Eicosapentaenoic acid_neg 0.9137 0.60141 | 0.81649
ALLANTOIN neg 0.91256 0.71096 | 0.84239
CYTIDINE_neg 0.91079 0.76256 | 0.87953
D-MANNOSAMINE_pos 0.91058 0.82157 | 0.91001
4-METHYLCATECHOL neg 0.90967 0.7272 | 0.85386
ALLANTOIN pos 0.90945 0.72308 | 0.85158
NG-NG-DIMETHYLARGININE

DIHYDROCHLORIDE pos 0.90895 0.68366 | 0.82419
NONANOATE neg 0.90381 0.55248 | 0.78553
PHOSPHOCHOLINE neg 0.90245 0.91354 | 0.95507
4-IMIDAZOLEACETIC ACID_pos 0.90186 0.2988 | 0.67744
FERULATE neg 0.90186 0.85232 0.9325
PYRIDOXAL neg 0.8998 0.49913 | 0.76574
D--GALACTOSAMINE_pos 0.89703 0.51778 | 0.77157
HEPTANOIC ACID neg 0.89661 0.65695 | 0.81805
S-5'-ADENOSYL-L-METHIONINE_pos 0.89592 0.73356 | 0.85619
D--GLUCOSAMINE_pos 0.89589 0.51681 | 0.77157
2-DEOXY-D-GLUCOSE pos 0.89506 0.63862 | 0.81805
DOCOSAHEXAENOIC ACID _neg 0.89486 0.63562 | 0.81805
N-ACETYL-L-ALANINE pos 0.89396 0.20495 0.5834
D-GLYCERIC ACID neg 0.89173 0.6399 | 0.81805
L-METHIONINE neg 0.89044 0.48716 | 0.76574
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N-ACETYL-L-PROLINE_pos 0.88913 0.54814 | 0.78507
N-ALPHA-ACETYL-L-ASPARAGINE_pos 0.88809 0.53243 | 0.77182
THYMINE_ neg 0.88739 0.54666 | 0.78507
D-GLUCURONIC ACID_neg 0.88416 0.67853 | 0.82419
L-TRYPTOPHAN_neg 0.88398 0.59755 | 0.81408
FUMARATE_neg 0.8839 0.30231 | 0.67744
PALMITOLEIC ACID_neg 0.88148 0.59628 | 0.81408
L-TYROSINE_neg 0.87912 0.23034 | 0.61267
INOSINE_pos 0.87734 0.57044 | 0.79374
L-SERINE_neg 0.87691 0.22062 | 0.59971
L-ISOLEUCINE_neg 0.86862 0.51579 | 0.77157
D-SORBITOL_pos 0.8673 0.57886 | 0.79977
PIPECOLATE_pos 0.86514 0.27041 | 0.66082
ACETOACETATE_pos 0.86142 0.36407 | 0.73583
MONO-METHYL GLUTARATE_neg 0.85975 0.46922 | 0.75191
L-PHENYLALANINE_neg 0.85883 0.41987 | 0.75191
5-HYDROXYINDOLEACETATE_neg 0.85883 0.62492 | 0.81805
L-VALINE_pos 0.85797 0.56907 | 0.79374
D-SORBITOL_neg 0.85775 0.4987 | 0.76574
ETHYLMALONIC ACID_neg 0.85768 0.63327 | 0.81805
LEUCINE neg 0.85694 0.50209 | 0.76574
L-HISTIDINE_neg 0.85639 0.32621 0.7086
DEOXYURIDINE_neg 0.85481 0.30036 | 0.67744
D-FRUCTOSE_neg 0.85377 0.64277 | 0.81805
MYRISTIC ACID_neg 0.85113 0.36565 | 0.73583
CARNOSINE_neg 0.84975 0.39458 | 0.74152
L-METHIONINE_pos 0.846 0.4967 | 0.76574
CITRULLINE_pos 0.84584 0.44704 | 0.75191
ADIPIC ACID_pos 0.84167 0.50058 | 0.76574
1-AMINOCYCLOPROPANE-1-

CARBOXYLATE_neg 0.84093 0.74384 | 0.86303
INDOLE-3-ACETALDEHYDE_pos 0.83921 0.65516 | 0.81805
L-TRYPTOPHAN_pos 0.83771 0.57531 | 0.79769
XANTHINE_neg 0.83268 0.45241 | 0.75191
5-OXO-L-PROLINE_neg 0.83255 0.49058 | 0.76574
NICOTINATE_pos 0.83105 0.295 | 0.67744
O-SUCCINYL-L-HOMOSERINE_pos 0.82735 0.63782 | 0.81805
N-ACETYL-L-PHENYLALANINE_pos 0.82734 0.39605 | 0.74152
ACETOACETATE_neg 0.82541 0.35112 | 0.73026
L-ASPARTATE_neg 0.82365 0.15022 | 0.50604
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DIETHYL 2-METHYL-3-OXOSUCCINATE_neg 0.82331 0.44718 | 0.75191
L-VALINE_neg 0.81968 0.46761 | 0.75191
5'-METHYLTHIOADENOSINE neg 0.8196 0.065035 | 0.39732
2-QUINOLINECARBOXYLIC ACID_neg 0.81953 0.50662 | 0.76574
GLYCERALDEHYDE 3-PHOSPHATE DIETHYL

ACETAL_neg 0.81817 0.39737 | 0.74152
L-ORNITHINE_pos 0.81796 0.53494 | 0.77182
FOLIC ACID_pos 0.81764 0.61828 | 0.81805
ADENINE_neg 0.8154 0.010394 0.1767
L-GLUTAMINE__neg 0.81414 0.12861 | 0.49563
L-ASPARTATE_pos 0.81216 0.11438 | 0.47576
4-PYRIDOXATE_pos 0.80866 0.56172 | 0.79005
N-FORMYLGLYCINE_pos 0.80494 0.64968 | 0.81805
4-COUMARATE_ neg 0.80045 0.060974 | 0.39732
PHENYLPYRUVATE neg 0.80045 0.060974 | 0.39732
N-ACETYL-L-PROLINE_neg 0.79327 0.11139 | 0.47576
2-HYDROXYPHENYLACETIC ACID_neg 0.79145 0.41644 | 0.75191
3-HYDROXYPHENYLACETATE_neg 0.79145 0.41644 | 0.75191
THYMINE_pos 0.78557 0.50723 | 0.76574
L-PHENYLALANINE_pos 0.78516 0.42684 | 0.75191
PYRROLE-2-CARBOXYLATE_neg 0.77929 0.38428 | 0.74152
QUINOLINE_pos 0.77913 0.23372 | 0.61363
THYMIDINE_neg 0.77773 0.25322 | 0.64713
4-HYDROXYBENZOATE_neg 0.77724 0.52418 | 0.77182
4-ACETAMIDOBUTANOATE_neg 0.77463 0.41264 | 0.75191
D---3-PHOSPHOGLYCERIC ACID_pos 0.77269 0.19025 | 0.56183
N,N-DIMETHYL-1,4-

PHENYLENEDIAMINE_pos 0.76967 0.3869 | 0.74152
5'-METHYLTHIOADENOSINE_pos 0.76926 0.020874 | 0.24009
RS-MEVALONIC ACID LITHIUM SALT _neg 0.76388 0.46189 | 0.75191
GUANINE_pos 0.75887 0.12427 | 0.49563
GAMMA-LINOLENIC ACID neg 0.75676 0.61989 | 0.81805
3-2-HYDROXYPHENYLPROPANOATE_neg 0.75334 0.34585 | 0.73026
DIMETHYLBENZIMIDAZOLE_pos 0.75254 0.45496 | 0.75191
N-ACETYLPUTRESCINE_pos 0.75074 0.34018 | 0.72683
URACIL_pos 0.75074 0.4414 | 0.75191
N-METHYL-L-GLUTAMATE_pos 0.74879 0.44378 | 0.75191
ERYTHRITOL_neg 0.74871 0.39787 | 0.74152
LINOLEATE_ neg 0.74514 0.36732 | 0.73583
HISTAMINE_pos 0.74484 0.39826 | 0.74152
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INDOLE-3-ACETAMIDE_pos 0.74187 0.55506 | 0.78617
ARACHIDIC ACID_neg 0.73868 0.65049 | 0.81805
ELAIDIC ACID neg 0.73413 0.4194 | 0.75191
OLEATE_neg 0.73413 0.4194 | 0.75191
NICOTINATE_neg 0.73262 0.24875 | 0.63986
SODIUM

GLYCOCHENODEOXYCHOLATE_neg 0.72892 0.37339 | 0.74109
N-FORMYLGLYCINE_neg 0.72632 0.63066 | 0.81805
PYRIDOXINE_pos 0.72 0.38382 | 0.74152
PENTANOATE_neg 0.70927 0.44807 | 0.75191
L-KYNURENINE_pos 0.70729 0.39001 | 0.74152
SUCCINIC ACID_neg 0.70495 0.28081 | 0.67323
D-PANTOTHENIC ACID_pos 0.69817 0.10211 | 0.47531
4-ACETAMIDOBUTANOATE_pos 0.69674 0.35932 | 0.73583
D-PANTOTHENIC ACID_neg 0.69616 0.14281 | 0.50604
N-ACETYLNEURAMINATE_pos 0.68571 0.26821 | 0.65957
NALPHA-ACETYL-L-LYSINE_neg 0.68521 0.1124 | 0.47576
HIPPURATE_neg 0.68287 0.42422 | 0.75191
PALMITATE_neg 0.67673 0.15647 | 0.51849
LAUROYLCARNITINE_pos 0.67161 0.26148 | 0.65177
4-PYRIDOXATE_neg 0.67126 0.44929 | 0.75191
L-LYSINE MONOHYDROCHLORIDE_pos 0.66755 0.49274 | 0.76574
IS_L-CYSTINE_neg 0.66297 0.19172 | 0.56183
N-ALPHA-ACETYL-L-ASPARAGINE_neg 0.65837 0.10923 | 0.47576
5-METHYLCYTOSINE HYDROCLORIDE_pos 0.63944 0.27814 0.6713
PYRIDOXAL_pos 0.63316 0.1699 | 0.53572
4-HYDROXY-2-QUINOLINECARBOXYLIC

ACID_neg 0.62975 0.21851 | 0.59971
STEARATE neg 0.6205 0.20358 0.5834
N-ACETYL-L-LEUCINE_neg 0.61558 0.033756 | 0.30511
DAMP_pos 0.61289 0.2174 | 0.59971
D-LACTOSE_pos 0.60994 0.23812 | 0.61659
HEPTADECANOATE_neg 0.60935 0.17882 | 0.55055
3-4-HYDROXYPHENYLLACTATE_neg 0.60388 0.011767 | 0.18837
2-HYDROXYBUTYRIC ACID_neg 0.60076 0.30097 | 0.67744
BETAINE_neg 0.59555 0.38968 | 0.74152
O-PHOSPHO-L-SERINE_pos 0.56628 0.019883 | 0.24009
O-ACETYL-L-CARNITINE_neg 0.55849 0.13563 | 0.49563
NICOTINAMIDE_neg 0.55796 0.26797 | 0.65957
CITRULLINE_neg 0.55482 0.17323 | 0.53771
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0-PHOSPHO-L-SERINE_neg 0.53678 | 0.024799 | 0.27197
3-METHYL-2-OXOVALERIC ACID neg 0.51788| 0.11413| 0.47576
N-ACETYL-D-TRYPTOPHAN pos 0.50842 | 0.19254 | 0.56183
3-4-HYDROXYPHENYLPYRUVATE neg 0.50645 | 0.14249 | 0.50604
RAC-GLYCEROL 1-MYRISTATE neg 0.50189 | 0.073106 | 0.42363
D-RIBOSE 5-PHOSPHATE neg 0.49613 | 0.099664 | 0.47531
L-KYNURENINE. neg 0.4952| 0.10932| 0.47576
4-GUANIDINOBUTANOATE_ pos 0.48556 | 0.0089583 | 0.1767
2-HYDROXY-4-METHYLTHIOBUTYRIC

ACID neg 0.47779 | 0.062543 | 0.39732
OPHTHALMIC ACID pos 0.46432 | 0.0099405| 0.1767
OPHTHALMIC ACID neg 0.42791 0.13287 | 0.49563
METHYL ACETOACETATE neg 0.39206 | 0.14717 | 0.50604
ALPHA-KETOGLUTARIC ACID neg 0.35544 | 0.0018711 | 0.080067
PYRUVATE neg 0.28238 | 0.67323
THIAMINE_pos 0.36478 | 0.73583
THIAMINE MONOPHOSPHATE_pos 0.19129 | 0.56183
IS L-CYSTINE_pos 5.15E-05 | 0.010066

Appendix A. Metabolites in Keap1R554@/R554Q MEFs compared to Keap1** MEFs via
LC-HRMS from our lab’s previous study (43). N=3, representative of two individual MEF
lines. Significantly altered metabolites with a p-value < 0.05 are bold.
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Appendix B: Nrf2D29H/D2%H Metabolomics

Fold
Change | p-value FDR

GLUTATHIONE neg 0.0004529 | 0.040811
GLUTATHIONE_pos 5.6944 | 0.00027915| 0.036383
3-SULFINO-L-ALANINE_neg 4.3252 6.80E-05 | 0.013589
N-ACETYL-L-CYSTEINE pos 3.715 0.0052455 | 0.083427
N-ACETYL-L-CYSTEINE_ neg 2.576 6.95E-05 | 0.013589
3-METHOXY-4-

HYDROXYMANDELATE_neg 2.5373 0.0032181 | 0.069903
HYPOTAURINE pos 2.5249 | 0.00073063 | 0.040811
3-UREIDOPROPIONATE neg 2.3495 0.095864 0.25498
PYRIDOXAL 5'-PHOSPHATE pos 2.215 0.11915 0.28234
HYPOTAURINE neg 21974 | 0.00056858 | 0.040811
5-AMINOPENTANOATE neg 2131 0.011989 | 0.097486
L-CYSTATHIONINE neg 2.1221 0.036153 0.1415
S-5-ADENOSYL-L-METHIONINE_pos 2.0541 0.18387 0.38386
S-5'-ADENOSYL-L-HOMOCYSTEINE pos 2.0346 0.11267 0.27881
S-5-ADENOSYL-L-HOMOCYSTEINE neg 1.9619 0.15749 0.34401
GAMMA-LINOLENIC ACID neg 1.8054 0.16393 0.35217
HOMOCYSTEINE pos 1.6952 0.019998 0.10315
PHENYLACETALDEHYDE_pos 1.6616 0.010787 | 0.089742
L-CYSTEIC ACID neg 1.615 0.0081453 | 0.083427
ARACHIDIC ACID_neg 1.5959 0.19452 0.39832
OPHTHALMIC ACID neg 1.479 0.0025216 | 0.064642
MONO-METHYL GLUTARATE_ pos 1.4508 0.026704 0.11474
CREATININE neg 1.4363 0.1065 0.27217
PYRIDOXAL 5'-PHOSPHATE neg 1.4165 0.38193 0.58386
N-FORMYLGLYCINE neg 1.4128 0.32882 0.55138
GUANIDINOACETATE neg 1.4034 0.36536 0.56655
GUANOSINE 5'-TRIPHOSPHATE neg 1.3999 0.19493 0.39832
L-CYSTATHIONINE pos 1.3976 0.1093 0.27395
IS L-CYSTINE neg 1.3763 0.25075 0.47135
OPHTHALMIC ACID_pos 1.3575 0.017711 0.10315
ADENOSINE 5'-TRIPHOSPHATE pos 1.3463 0.10084 0.26285
CREATININE pos 1.322 0.0522 0.17151
D-GLUCURONOLACTONE neg 1.3174 0.33934 0.55496
PHOSPHONOACETATE neg 1.3113 0.10423 0.26812
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IS_GLYCINE_neg 1.3041 0.11524 0.28125
URIDINE 5'-DIPHOSPHO-N-

ACETYLGLUCOSAMINE_pos 1.3009 0.10018 0.26285
N,N-DIMETHYL-1,4-

PHENYLENEDIAMINE_pos 1.2924 0.019237 0.10315
OXALIC ACID_neg 1.2861 0.48156 0.67677
N-ACETYL-DL-METHIONINE_neg 1.28 0.11862 0.28234
URACIL_pos 1.2779 0.34064 0.55496
LAUROYLCARNITINE_pos 1.2728 0.43924 0.63782
IS_L-SERINE_neg 1.2685 0.17406 0.3696
SN-GLYCEROL 3-PHOSPHATE_pos 1.249 0.046638 0.15857
D-GLUCONATE_neg 1.2471 0.0062113 | 0.083427
CYTIDINE 5'-TRIPHOSPHATE_pos 1.2391 0.3328 0.55138
N-ACETYL-DL-METHIONINE_pos 1.2335 0.24657 0.46575
IS_L-THREONINE_neg 1.2142 0.33144 0.55138
MALONATE_neg 1.2128 0.51588 0.70389
IS_L-TYROSINE_pos 1.2114 0.10842 0.27351
N-ACETYLPUTRESCINE_pos 1.2089 0.36499 0.56655
N-ACETYL-D-MANNOSAMINE_neg 1.2026 0.25768 0.4775
IS_L-GLUTAMIC ACID_pos 1.2025 0.097796 0.25837
THIAMINE MONOPHOSPHATE_pos 1.2014 0.30624 0.52518
IS_L-HISTIDINE_neg 1.1993 0.01029 | 0.087466
4-COUMARATE_ neg 1.1966 0.56264 0.71995
PHENYLPYRUVATE neg 1.1966 0.56264 0.71995
D-GLUCOSE 6-PHOSPHATE_pos 1.1935 0.33561 0.55368
MYO-INOSITOL_neg 1.184 0.1956 0.39832
IS_L-LYSINE_neg 1.1833 0.058419 0.18273
4-HYDROXYBENZOATE neg 1.175 0.26215 0.48349
FERULATE_ neg 1.1744 0.56568 0.71995
N6-DELTA2-ISOPENTENYL-ADENINE_pos 1.1728 0.38507 0.58386
FORMYL-L-METHIONYL PEPTIDE_pos 1.1722 0.36405 0.56655
4-AMINOBUTANOATE_pos 1.1601 0.0026452 | 0.064642
PALMITOLEIC ACID_neg 1.153 0.30461 0.52518
D-GLUCOSE-6-PHOSPHATE_neg 1.148 0.076573 0.22682
QUINATE_neg 1.1448 0.35199 0.56405
HEPTANOIC ACID_pos 1.1439 0.36344 0.56655
S-HEXYL-GLUTATHIONE_pos 1.1436 0.63715 0.77129
CREATINE_pos 1.1428 0.081607 0.23462
D-RIBOSE 5-PHOSPHATE_neg 1.142 0.51371 0.70389
DIETHYL 2-METHYL-3-

OXOSUCCINATE_neg 1.1348 0.12582 0.29284
MESO-TARTARIC ACID_neg 1.1316 0.69917 0.80825
S-MALATE_neg 1.1301 0.28762 0.50429
BIS2-ETHYLHEXYLPHTHALATE_pos 1.1296 0.5495 0.71995
TRANS-CYCLOHEXANE-1,2-DIOL_pos 1.1284 0.61669 0.76015
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IS_L-ARGININE_neg 1.1282 0.055874 0.17907
NAD_pos 1.1278 0.69362 0.80711
IS_L-ISOLEUCINE_neg 1.1267 0.060928 0.18758
L-GLUTAMINE__neg 1.1259 0.40736 0.60912
SALICYLAMIDE_pos 1.1258 0.41976 0.61934
L-SERINE_neg 1.1251 0.37314 0.5744
2-DEOXY-D-GLUCOSE_neg 1.12 0.72232 0.82823
GLYCEROL 2-PHOSPHATE_pos 1.1188 0.18035 0.37913
L-ASPARAGINE_neg 1.1183 0.32908 0.55138
2'-DEOXYGUANOSINE 5'-

MONOPHOSPHATE_pos 1.1131 0.34532 0.55856
LAURIC ACID_neg 1.1122 0.44456 0.63782
L-ARABITOL_pos 1.1117 0.80454 0.88874
IS_LEUCINE_neg 1.1105 0.086324 0.24057
OROTIC ACID_neg 1.1093 0.33903 0.55496
Beta-ALANINE_pos 1.1067 0.044107 0.15537
N-ACETYL-L-ALANINE_neg 1.1065 0.12271 0.28904
N-ACETYL-DL-SERINE_neg 1.1063 0.10761 0.27321
METHYL JASMONATE_pos 1.1062 0.4 0.60387
HEPTADECANOATE_neg 1.0997 0.43409 0.63569
O-ACETYL-L-CARNITINE_pos 1.0944 0.13892 0.3104
ELAIDIC ACID_neg 1.0941 0.4597 0.65361
OLEATE_neg 1.0941 0.4597 0.65361
IS_L-TYROSINE_neg 1.0888 0.31462 0.53491
CITRATE_neg 1.088 0.080893 0.23429
N-ACETYLSEROTONIN_pos 1.0851 0.54461 0.71995
MYRISTIC ACID_neg 1.0836 0.50729 0.70088
TAURINE_neg 1.0825 0.15952 0.34467
4-HYDROXY-L-PHENYLGLYCINE_pos 1.0821 0.65717 0.7882
N-ACETYL-L-ASPARTIC ACID_pos 1.081 0.0042965 0.08076
DOCOSAHEXAENOIC ACID_neg 1.0783 0.44145 0.63782
IS_L-VALINE_pos 1.0773 0.22986 0.45012
PALMITATE_neg 1.0764 0.67121 0.79528
ALPHA-D-GLUCOSE 1-PHOSPHATE_neg 1.0739 0.58488 0.73533
S-HEXYL-GLUTATHIONE_neg 1.0715 0.15955 0.34467
10-HYDROXYDECANOATE_neg 1.0699 0.75905 0.84832
IS_L-PHENYLALANINE_neg 1.0696 0.3457 0.55856
STEARATE neg 1.0695 0.61831 0.76015
PALMITOYL-DL-CARNITINE

CHLORIDE_pos 1.0624 0.23024 0.45012
ADENOSINE 5'-DIPHOSPHATE_neg 1.0606 0.59871 0.74791
PYRROLE-2-CARBOXYLATE_neg 1.0591 0.4103 0.61
IS_L-PROLINE_neg 1.0575 0.52924 0.71546
ALPHA-AMINOADIPATE_neg 1.0572 0.64003 0.77238
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4-HYDROXY-3-

METHOXYPHENYLGLYCOL neg 1.0554 0.62456 0.76313
DECANOATE neg 1.0539 0.56712 0.71995
FUMARATE neg 1.0472 0.71869 0.8265
PYRIDOXAMINE pos 1.0459 0.85442 0.91779
IS L-PROLINE pos 1.0451 0.53318 0.71641
N-METHYL-D-ASPARTIC ACID pos 1.0447 0.55473 0.71995
O-SUCCINYL-L-HOMOSERINE neg 1.0408 0.69263 0.80711
IS _L-VALINE neg 1.0333 0.40793 0.60912
IS L-HISTIDINE pos 1.0311 0.60348 0.75146
O-PHOSPHORYLETHANOLAMINE neg 1.0302 0.66549 0.79331
URIDINE 5'-DIPHOSPHOGLUCURONIC

ACID neg 1.0286 0.7399 0.83855
MONO-METHYL GLUTARATE_ neg 1.0273 0.72496 0.82883
CYTIDINE pos 1.0271 0.82158 0.89731
GLYCINE_pos 1.0251 0.55925 0.71995
TAURINE pos 1.0251 0.7872 0.87691
XANTHOSINE neg 1.0244 0.91902 0.95744
GLYCINE neg 1.0242 0.74755 0.83992
ADENOSINE 5'-DIPHOSPHATE pos 1.0228 0.44533 0.63782
2-OXOADIPIC ACID neg 1.0192 0.86389 0.92543
TRANS-4-HYDROXYPROLINE pos 1.0188 0.81962 0.89731
URIDINE 5'-DIPHOSPHATE pos 1.017 0.80691 0.88874
ADENOSINE 5'-MONOPHOSPHATE pos 1.0133 0.86947 0.92561
METHYL JASMONATE neg 1.0123 0.97067 0.99113
SN-GLYCEROL 3-PHOSPHATE neg 1.0111 0.84021 0.90752
IS D-ASPARTATE pos 1.0102 0.92173 0.95744
TRANS-ACONITATE neg 1.0086 0.89359 0.93923
RAC-GLYCEROL 1-MYRISTATE neg 1.0067 0.97155 0.99113
QUINOLINE_pos 1.0063 0.98541 0.99113
cis-5,8,11,14,17-Eicosapentaenoic acid pos 1.0055 0.98311 0.99113
Beta-ALANINE neg 1.0052 0.89125 0.93923
N-ALPHA-ACETYL-L-ASPARAGINE pos 1.0052 0.95065 0.97845
URIDINE 5'-DIPHOSPHATE neg 1.004 0.96509 0.99042
L-THREONINE neg 1.0034 0.98392 0.99113
PHOSPHOCHOLINE neg 1.0027 0.98853 0.99113
IS _L-SERINE pos 1.0015 0.98004 0.99113
5,6-DIHYDROURACIL pos 0.99862 0.99497 0.99497
3-METHYLGLUTARIC ACID neg 0.9974 0.98859 0.99113
4-HYDROXY-2-QUINOLINECARBOXYLIC

ACID pos 0.99735 0.98356 0.99113
IS _L-ALANINE pos 0.9924 0.92408 0.95744
IS L-GLUTAMIC ACID neg 0.98934 0.87353 0.92561
CYTIDINE 5'-DIPHOSPHOCHOLINE pos 0.98783 0.91542 0.95744
NONANOATE neg 0.9874 0.95092 0.97845
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PHOSPHOCHOLINE_pos 0.98704 0.79619 0.8844
N-ACETYL-D-MANNOSAMINE_pos 0.98702 0.83167 0.90329
N-METHYL-D-ASPARTIC ACID_neg 0.98581 0.86952 0.92561
URATE_neg 0.98349 0.92561 0.95744
IS_D-ASPARTATE_ neg 0.98285 0.2926 0.51074
CYTIDINE_neg 0.98214 0.87289 0.92561
GUANOSINE 5'-DIPHOSPHATE_neg 0.98039 0.8064 0.88874
IS_L-ALANINE_neg 0.9798 0.53941 0.71983
2,6-DIHYDROXYPYRIDINE_pos 0.97959 0.8833 0.93343
3-AMINOISOBUTANOATE_neg 0.97945 0.84501 0.91019
N-ACETYL-L-ALANINE_pos 0.97848 0.5787 0.72991
4-METHYLCATECHOL _neg 0.97613 0.92162 0.95744
FORMYL-L-METHIONYL PEPTIDE_neg 0.97343 0.74755 0.83992
IS_L-PHENYLALANINE_pos 0.97259 0.36119 0.56655
4-IMIDAZOLEACETIC ACID_pos 0.97085 0.62017 0.76015
N-ACETYLNEURAMINATE_neg 0.97019 0.73558 0.83852
N-ACETYL-L-ASPARTIC ACID_neg 0.9676 0.608 0.75455
CITRAMALATE_ neg 0.96611 0.60982 0.75455
N-METHYL-L-GLUTAMATE_pos 0.96606 0.67815 0.79972
CAPRYLIC ACID_neg 0.96433 0.53569 0.71731
L-SERINE_pos 0.9621 0.5467 0.71995
3,4-DIHYDROXYPHENYL GLYCOL_neg 0.96196 0.36391 0.56655
L-CARNITINE_pos 0.96126 0.59002 0.73942
DIMETHYLBENZIMIDAZOLE_pos 0.96058 0.68485 0.80276
SORBATE_neg 0.95933 0.74735 0.83992
RIBITOL_neg 0.95761 0.67904 0.79972
CYTIDINE 5'-DIPHOSPHATE_neg 0.95012 0.63151 0.76922
ADENOSINE 5'-MONOPHOSPHATE_neg 0.94978 0.83518 0.90459
IS_GLYCINE_pos 0.94872 0.38526 0.58386
SODIUM BENZOATE_neg 0.94823 0.53065 0.71546
D---3-PHOSPHOGLYCERIC ACID_neg 0.94598 0.55359 0.71995
INOSINE_neg 0.93889 0.48286 0.67677
ADENINE_pos 0.93657 0.2682 0.48997
L-KYNURENINE_neg 0.93552 0.73873 0.83855
4-HYDROXY-L-PROLINE_neg 0.93312 0.75937 0.84832
GUANIDINOACETATE_pos 0.93244 0.15723 0.34401
DEOXYCYTIDINE_pos 0.93187 0.095735 0.25498
L-ALANINE_pos 0.93085 0.18555 0.38386
N-ALPHA-ACETYL-L-ASPARAGINE_neg 0.93005 0.55281 0.71995
O-PHOSPHORYLETHANOLAMINE_pos 0.92984 0.34743 0.55903
2-METHYLPROPANOATE_neg 0.92893 0.38447 0.58386
ACETYLCHOLINE_pos 0.92777 0.11653 0.28125
DEOXYCARNITINE_pos 0.92777 0.11653 0.28125
LINOLEATE_ neg 0.92598 0.82012 0.89731
DIACETYL_neg 0.92535 0.25391 0.47501
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TRIGONELLINE_pos 0.92372 0.001282 | 0.055695
1-AMINOCYCLOPROPANE-1-

CARBOXYLATE_pos 0.91846 0.13558 0.30824
3-HYDROXY-3-METHYLGLUTARATE_neg 0.91684 0.13809 0.3104
TRANS-CINNAMALDEHYDE_pos 0.91289 0.6701 0.79528
5'-CMP_pos 0.90994 0.66018 0.78939
BUTANAL_pos 0.90759 0.51667 0.70389
2,3-DIHYDROXYBENZOATE_neg 0.90709 0.70076 0.80825
L-GLUTAMIC ACID_pos 0.90619 0.020073 0.10315
5'-METHYLTHIOADENOSINE_pos 0.90328 0.28173 0.4962
DEOXYURIDINE_neg 0.90294 0.48291 0.67677
L-TYROSINE_pos 0.90188 0.21855 0.43602
N-ACETYL-DL-GLUTAMIC ACID_neg 0.9011 0.11356 0.27926
D-RIBOSE_neg 0.89982 0.015457 0.10315
L-GLUTAMINE_pos 0.89642 0.084324 0.23892
ALPHA-AMINOADIPATE_pos 0.89568 0.32673 0.55138
ACETOACETATE_pos 0.89524 0.68573 0.80276
3-NITRO-L-TYROSINE_neg 0.89336 0.28044 0.4962
GUANOSINE 5'-DIPHOSPHATE_pos 0.89264 0.41232 0.61067
ACETOACETATE_neg 0.89114 0.12761 0.29523
S-DIHYDROOROTATE_neg 0.88997 0.27037 0.48997
GAMMA-LINOLENIC ACID_pos 0.88845 0.57092 0.72243
THYMIDINE_neg 0.88755 0.18486 0.38386
SHIKIMATE_neg 0.88031 0.30614 0.52518
N-ACETYL-L-PROLINE_pos 0.88016 0.0080898 | 0.083427
D-LACTOSE_pos 0.87619 0.49608 0.69027
L-ASPARTATE_pos 0.87603 0.077549 0.22798
GUANOSINE 5'-TRIPHOSPHATE_pos 0.87531 0.69564 0.80711
3-METHYL-2-OXINDOLE_pos 0.87433 0.48762 0.68092
ITACONATE_neg 0.87312 0.022439 0.10959
N-ACETYL-L-PROLINE_neg 0.8706 0.36659 0.56655
L-METHIONINE_neg 0.86784 0.015658 0.10315
PIPECOLATE_pos 0.86473 0.024584 0.11076
URACIL_neg 0.86468 0.1356 0.30824
GUANOSINE 5'-MONOPHOSPHATE_pos 0.86104 0.52878 0.71546
L-HISTIDINE_neg 0.85971 0.018669 0.10315
L-PROLINE_neg 0.85941 0.018018 0.10315
THYMINE_pos 0.85932 0.65191 0.7843
D---3-PHOSPHOGLYCERIC ACID_pos 0.85906 0.48186 0.67677
NICOTINATE_pos 0.85821 0.27893 0.4962
L-ASPARTATE_neg 0.85748 0.024929 0.11076
RETINOATE_neg 0.85677 0.82699 0.9007
L-GLUTAMIC ACID_neg 0.85634 0.020368 0.10315
L-TYROSINE_neg 0.85614 0.017427 0.10315
GUANOSINE 5'-MONOPHOSPHATE_neg 0.85588 0.54557 0.71995
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5'-METHYLTHIOADENOSINE neg 0.85377 0.31465 0.53491
L-PROLINE_pos 0.85184 0.0052661 | 0.083427
4-AMINOBUTANOATE _neg 0.85004 0.0054431 | 0.083427
OMEGA-HYDROXYDODECANOIC

ACID neg 0.84905 0.40816 0.60912
CYTIDINE 5'-DIPHOSPHATE pos 0.84794 0.25554 0.4758
NALPHA-ACETYL-L-LYSINE_pos 0.84518 0.1253 0.29284
L-ISOLEUCINE_neg 0.84074 0.024043 0.11076
PROPIONATE neg 0.83996 0.17488 0.3696
LEUCINE_neg 0.83773 0.0078476 | 0.083427
PENTANOATE neg 0.83101 0.050244 0.16649
ADIPIC ACID pos 0.83086 0.056478 0.17954
5-OX0O-L-PROLINE_pos 0.82624 0.16859 0.3602
PYRIDINE-2,3-DICARBOXYLATE neg 0.8262 0.053594 0.17463
ADENINE_ neg 0.82543 0.054993 0.17771
PYRIDOXINE_neg 0.8229 0.03105 0.12779
BETAINE_pos 0.8217 0.0020985 | 0.064642
1-AMINOCYCLOPROPANE-1-

CARBOXYLATE neg 0.82087 0.29899 0.51957
2-DEOXY-D-GLUCOSE pos 0.81892 0.057901 0.18257
URIDINE 5'-DIPHOSPHOGLUCOSE neg 0.81584 0.36338 0.56655
D-GLUCOSAMINE 6-PHOSPHATE_pos 0.8155 0.28052 0.4962
CARNOSINE neg 0.81472 0.21857 0.43602
L-VALINE_neg 0.8127 0.015207 0.10315
D-SORBITOL_pos 0.81242 0.063626 0.19137
SODIUM

GLYCOCHENODEOXYCHOLATE neg 0.81226 0.15053 0.33315
HIPPURATE_pos 0.81111 0.49943 0.69247
D-GLYCERIC ACID neg 0.81104 0.15081 0.33315
CYTOSINE_pos 0.81004 0.0043375 0.08076
THYMINE neg 0.80967 0.062671 0.19137
cis-5,8,11,14,17-Eicosapentaenoic acid_neg 0.80834 0.56511 0.71995
GLYCERALDEHYDE 3-PHOSPHATE

DIETHYL ACETAL _neg 0.80719 0.032574 0.1313
N-ACETYL-L-LEUCINE_pos 0.80549 0.036855 0.1415
2-HYDROXYPHENYLACETIC ACID neg 0.80525 0.24294 0.46111
PYRIDOXAL neg 0.80346 0.35638 0.56655
D---ARABINOSE neg 0.80198 0.12985 0.29865
3-HYDROXYPHENYLACETATE neg 0.80141 0.23488 0.45241
NICOTINATE neg 0.80024 0.44407 0.63782
L-PHENYLALANINE neg 0.79953 0.0040483 0.08076
THYMIDINE 5'-MONOPHOSPHATE_neg 0.79931 0.23437 0.45241
O-ACETYL-L-CARNITINE neg 0.79912 0.041453 0.15007
URIDINE 5'-DIPHOSPHO-N-

ACETYLGLUCOSAMINE neg 0.79786 0.63535 0.77129
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D-XYLOSE_neg 0.79702 0.11055 0.27533
N-ACETYL-L-LEUCINE_neg 0.79667 0.094133 0.25383
IS_L-THREONINE_pos 0.79624 0.23855 0.45722
L-RHAMNOSE_neg 0.79534 0.27548 0.4962
NEPSILON,NEPSILON,NEPSILON-

TRIMETHYLLYSINE_pos 0.79254 0.038186 0.14253
L-VALINE_pos 0.79186 0.035647 0.1415
L-ASPARAGINE_pos 0.7906 0.019886 0.10315
D-PANTOTHENIC ACID_pos 0.79045 0.039823 0.14552
N-ACETYL-L-PHENYLALANINE_pos 0.78881 0.024918 0.11076
4-HYDROXY-2-QUINOLINECARBOXYLIC

ACID_neg 0.78865 0.20955 0.42233
O-PHOSPHO-L-SERINE_neg 0.78506 0.038276 0.14253
ALLANTOIN_pos 0.78304 0.037275 0.1415
L-TRYPTOPHAN_neg 0.78232 0.0024641 | 0.064642
CHOLINE_pos 0.78117 0.020266 0.10315
URIDINE-5-MONOPHOSPHATE_pos 0.78098 0.093255 0.25321
N-ACETYLNEURAMINATE_pos 0.77962 0.019507 0.10315
5-HYDROXYINDOLEACETATE neg 0.77684 0.22248 0.43934
O-ACETYL-L-SERINE_pos 0.77134 0.19808 0.40129
D-SORBITOL _neg 0.77093 0.024637 0.11076
L-THREONINE_pos 0.76844 0.085023 0.23917
GLUTARIC ACID_neg 0.76741 0.08344 0.23814
NICOTINAMIDE_pos 0.76659 0.012977 | 0.097684
NALPHA-ACETYL-L-LYSINE_neg 0.76382 0.078277 0.22841
L-ARGININE_neg 0.7631 0.037102 0.1415
L-METHIONINE_pos 0.76246 0.0086969 | 0.083427
L-TRYPTOPHAN_pos 0.76169 0.0022501 | 0.064642
ERYTHRITOL _neg 0.76144 0.012991 | 0.097684
D-PANTOTHENIC ACID_neg 0.76136 0.0063876 | 0.083427
NG-NG-DIMETHYLARGININE

DIHYDROCHLORIDE_pos 0.76113 0.014836 0.10315
L-ALANINE_neg 0.75974 0.56355 0.71995
O-PHOSPHO-L-SERINE_pos 0.7554 0.012738 | 0.097684
L-LYSINE_neg 0.75485 0.0075808 | 0.083427
2-QUINOLINECARBOXYLIC ACID_neg 0.75145 0.074636 0.22277
3-2-HYDROXYPHENYLPROPANOATE neg 0.74977 0.11876 0.28234
3-4-HYDROXYPHENYLLACTATE_neg 0.74864 0.0088547 | 0.083427
5-0XO-L-PROLINE_neg 0.73188 0.012217 | 0.097486
ALPHA-KETOGLUTARIC ACID_neg 0.7297 0.018865 0.10315
UROCANATE_pos 0.72783 0.43704 0.63762
PYRIDOXINE_pos 0.7221 0.026603 0.11474
FOLIC ACID_pos 0.72121 0.22162 0.43934
4-GUANIDINOBUTANOATE_pos 0.72036 | 0.00069806 | 0.040811
CAFFEATE_neg 0.71906 0.55709 0.71995
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ADENOSINE_pos 0.71662 0.089267 0.24408
L-KYNURENINE_pos 0.7151 0.005298 | 0.083427
CREATINE_neg 0.71423 0.51295 0.70389
CITRULLINE_neg 0.71265 0.13877 0.3104
SUCCINIC ACID_neg 0.71153 0.04225 0.15018
L-PHENYLALANINE_pos 0.709 0.0017179 | 0.064642
ALLANTOIN_neg 0.70799 0.0011254 | 0.055004
L-ORNITHINE_neg 0.70784 0.013682 0.10094
XANTHINE_neg 0.70701 0.0065134 | 0.083427
NICOTINAMIDE_neg 0.70305 0.018285 0.10315
HYPOXANTHINE_pos 0.69954 0.0066692 | 0.083427
METHYL ACETOACETATE_pos 0.69901 0.24221 0.46111
2-QUINOLINECARBOXYLIC ACID_pos 0.69608 0.021598 0.1069
RS-MEVALONIC ACID LITHIUM SALT_neg | 0.69495 0.0084792 | 0.083427
HISTAMINE_pos 0.69377 0.026997 0.11474
DEOXYCYTIDINE_ neg 0.68887 0.27014 0.48997
L-ORNITHINE_pos 0.68305 0.0088211 | 0.083427
D--GALACTOSAMINE_pos 0.67881 0.020268 0.10315
D--GLUCOSAMINE_pos 0.67881 0.020268 0.10315
CITRULLINE_pos 0.67836 0.042016 0.15018
DIACETYL_pos 0.67031 0.27068 0.48997
HYPOXANTHINE_neg 0.66774 0.017645 0.10315
4-ACETAMIDOBUTANOATE_neg 0.6647 0.020578 0.10315
URIDINE_neg 0.66263 0.036519 0.1415
N-ACETYL-DL-GLUTAMIC ACID_pos 0.66099 0.42956 0.63142
HEPTANOIC ACID neg 0.65916 0.27923 0.4962
CARNOSINE_pos 0.65914 0.10351 0.26802
GUANINE_pos 0.65852 0.010048 | 0.087306
5-METHYLCYTOSINE

HYDROCLORIDE_pos 0.65791 0.059148 0.18355
2-HYDROXYBUTYRIC ACID_neg 0.65036 0.047508 0.16013
INOSINE_pos 0.64809 0.02306 0.10996
PHOSPHOCREATINE_ neg 0.64702 0.039283 0.1449
N-FORMYLGLYCINE_pos 0.64314 0.048741 0.16289
D-FRUCTOSE_neg 0.64299 0.017994 0.10315
3-4-HYDROXYPHENYLPYRUVATE_neg 0.639 0.0029627 | 0.068141
4-PYRIDOXATE_pos 0.63402 0.06325 0.19137
HIPPURATE_neg 0.63178 0.032574 0.1313
2-HYDROXY-4-METHYLTHIOBUTYRIC

ACID_neg 0.63 0.045629 0.1565
4-ACETAMIDOBUTANOATE_pos 0.62601 0.028353 0.11921
THIAMINE_pos 0.61056 0.019006 0.10315
BETAINE_neg 0.60556 0.044796 0.15565
URIDINE-5-MONOPHOSPHATE neg 0.6021 0.33237 0.55138
O-SUCCINYL-L-HOMOSERINE_pos 0.59994 0.0072478 | 0.083427
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DAMP_pos 0.59627 0.087149 |  0.24057
PYRIDOXAL_pos 0.59594 | 0.0091261 | 0.083427
ETHYLMALONIC ACID neg 0.59158 0.025868 | 0.11365
PHOSPHOCREATINE pos 0.5862 0.087367 | 0.24057
L-LYSINE MONOHYDROCHLORIDE_pos 0.58473 0.0293 | 0.12187
INDOLE-3-ACETALDEHYDE_pos 0.58309 | 0.0093936 | 0.083475
D-GLUCOSAMINE 6-PHOSPHATE_neg 0.56353 0.23326 | 0.45241
INDOLE-3-ACETAMIDE_pos 0.54456 0.020499 | 0.10315
3-METHYL-2-OXOVALERIC ACID neg 0.53609 0.016897 | 0.10315
NG-NG-DIMETHYLARGININE

DIHYDROCHLORIDE_neg 0.52195| 0.0089341 | 0.083427
4-PYRIDOXATE_neg 0.50189 0.008741 | 0.083427
METHYL ACETOACETATE_neg 0.49196 | 0.0068957 | 0.083427
D-GLUCURONIC ACID neg 0.46323 | 0.0091749 | 0.083427
N-ACETYL-D-TRYPTOPHAN_pos 0.43048 0.024359 | 0.11076
D-MANNOSAMINE_pos 0.32083 | 0.0018402 | 0.064642
PYRUVATE_neg - 0.044983 | 0.15565
IS_L-CYSTINE_pos 0.022703 | 0.10959

Appendix B. Metabolites in Nrf2P2°H/D29H MEFs compared to Nrf2tSHLSL MEFs via LC-
HRMS. N=3, representative of two individual MEF lines. Significantly altered metabolites

with a p-value < 0.05 are bold.
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No warranties are given. The license may not give you all of the permissions necessary for
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From: Cancers Editorial Office <cancers@mdpi.com>

Sent: Friday, September 15, 2023 3:05 AM
To: Deblasi, Janine M
Subject: EXT:Re: Copyright permissions

Dear Janine,

Thanks for your email. Cancers is an open access journal and copyright
is retained by the authors. The papers published in Cancers can be
accessed for free.

More information is available at: https://www.mdpi.com/authors/rights

By the way, may | know if you or your team have/has any proposal in
preparation? If so, would you consider Cancers as one of your possible
options? Please feel free to contact us if you have any other questions.

Have a nice day.

Best regards,
Editorial Office
cancers@mdpi.com

Journal Editor
Ms. Fiona Huang
fiona.huang@mdpi.com

Cancers received an updated Journal Impact Factor of 5.2 (2022, 72/241
(Q2)), 5-Year Impact Factor: 5.6: https://www.mdpi.com/journal/cancers
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https://linkedin.com/company/cancers-mdpi and
https://facebook.com/CancersMDPI

Disclaimer: The information and files contained in this message are
confidential and intended solely for the use of the individual or entity

to whom they are addressed. If you have received this message in error,
please notify me and delete this message from your system. You may not
copy this message in its entirety or in part, or disclose its contents

to anyone.

On 9/13/2023 5:34 PM, Deblasi, Janine M wrote:
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> attachments.

>

> Hello,

>

> We published a review article in your Cancers journal in 2020, and |
> would like to use some of the figures and text in my PhD

> dissertation. As long as properly cited, is it allowed to adapt

> figures and text? It looks like this should be ok based on

> https://creativecommons.org/licenses/by/4.0/
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Attribution-NonCommercial-NoDerivatives 4.0
International (CC BY-NC-ND 4.0)
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You are free to:
Share — copy and redistribute the material in any medium or format

The licensor cannot revoke these freedoms as long as you follow the license terms.

Under the following terms:

Attribution — You must give appropriate credit, provide a link to the license, and indicate if
changes were made. You may do so in any reasonable manner, but not in any way that
suggests the licensor endorses you or your use.

NonCommercial — You may not use the material for commercial purposes.

NoDerivatives — If you remix, transform, or build upon the material, you may not distribute
the modified material.

No additional restrictions — You may not apply legal terms or technological measures that
legally restrict others from doing anything the license permits.

Notices:

You do not have to comply with the license for elements of the material in the public
domain or where your use is permitted by an applicable exception or limitation.

No warranties are given. The license may not give you all of the permissions necessary for
your intended use. For example, other rights such as publicity, privacy, or moral rights may
limit how you use the material.
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Deblasi, Janine M

From: Beeler, Sierra <sierra.beeler@aacr.org> on behalf of Cancer Research
<Cancerres@aacr.org>

Sent: Wednesday, May 24, 2023 9:55 AM

To: Deblasi, Janine M

Cc DeNicola, Gina M

Subject: EXT:Re: Copyright Inquiry

Hi Dr. Deblasi,

Thank you for your email. Please note that per AACR policy authors are allowed to “Submit a copy of the
article to a doctoral candidate's university in support of a doctoral thesis or dissertation” without requesting
permission. Additional information is available at: https://aacriournals.ora/pages/co

Additionally, as this manuscript was published under a CC-BY-NC-ND license: “The CC-BY-NC-ND License
permits use, distribution, and reproduction of the published article in any medium, provided that the article is
properly cited, the use is non-commercial, and no modifications or adaptations are made.”

In sum, it is acceptable for you to include the manuscript in your thesis along with proper citation, but any
manuscript figures should not be modified. I hope this clarifies. Please let me know if you have any
further questions.

Best,

Sierra Beeler
Staff

Cancer Research

From: Deblasi, Janine M <Janine.Deblasi@moffitt.org>
Sent: Tuesday, May 23, 2023 5:17 PM

To: Cancer Research <Cancerres@aacr.org>

Cc: DeNicola, Gina M <Gina.DeNicola@moffitt.org>
Subject: Copyright Inquiry

Hello,

We recently published an article in your journal, and | would like to use some of the figures and text in my PhD
thesis. As long as properly cited, is it allowed to modify figures and/ or reuse text?

https://aacrjournals.org/cancerres/article/doi/10.1158/0008-5472.CAN-22-3848/725886/Distinct-Nrf2-
Signaling-Thresholds-Mediate-Lung
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Appendix D: Institutional Animal Care and Use Committee Approval

UNIVERSITY OF
SOUTH FLORIDA

RESEARCH INTEGRITY AND COMPLIANCE
INSTITUTIONAL ANIMAL CARE & USE COMMITTEE

MEMORANDUM
TO: Gina DeNicola,

FROM: :L““A/ O/V(DMQ&C

Farah Moulvi, MSPH, |ACUC Coordinator
Institutional Animal Care & Use Committee
Research Integrity & Compliance

DATE: 71112017

PROJECT TITLE: Therapeutic Targeting of NRF2-Regulated Metabolism in Lung Cancer.
H Lee Moffitt Cancer Center

FUNDING SOURCE:

|ACUC PROTOCOL #: R |S00003893

PROTOCOL STATUS: APPROVED

The Institutional Animal Care and Use Committee (IACUC) reviewed your application requesting the use of
animals in research for the above-entitled study. The IACUC APPROVED your request to use the following
animals in your protocol for a one-year period beginning 7/11/2017:

Mouse: LSL-K-RasG12D x LSL-Nfe2|2D29H 195

( (4-8wks/15-20gms/M-F))

Mouse: nu/nu or NOD/scid ((4-8wks/15- 650
20gms/M-F))

Mouse: pS3FL/FL x LSL-Nfe212D29H 195
( (4-8wks/15-20gms/M-F))

Mouse: LSL-K-RasG12D x p53FL/FL 195
((4-8w,s/15-20gms/M-F))

Mouse: LSL-K-RasG12D x Keap1R554Q 195
((4-8wks/15-20gms/M-))

Mouse: LSL-K-RasG12D x Keap1R470C 195
((4-8wks/15-20gms/M-F))

Mouse: C57BL/6 ((4-8wks/15-20gms/M-F)) 450
Mouse: LSL-Nfe2|2E739Q ((4-8wks/15- 195
20gms/M-F))

Mouse: LSL-Nfe2|2D29H ({4-8wks/15- 195
20gms/M-F))

Mouse: p53FL/FL x Keap1R554Q ((4-8wks/15- 195
20gms/M-F))

Mouse: LSL-K-RasG12D x LSL-Nfe2I2E79Q 195
((4-8wks/15-20gms/M-F))

195
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Mouse: p53FL/FL x LSL-Nfe2|2E79Q
( (4-8wks/15-20gms/M-F))

Mouse: p53FL/FL ((4-8wks/15-20gms/M-F)) 310
Mouse: p53FL/FL x Keap1R470C ((4-8wks/15- 195

20gms/M-F))
Mouse: Keap1R554Q ({4-8wks/15-20gms/M-F)) 195
Mouse: LSL-K-RasG12D p53F|iF| x 195
Keap1R470C ((4-8wks/15-20gms/M-F))

Mouse: LSL-K-RasG12D p53F|/F| x 195
Keap1R554Q ((4-8wks/15-20gms/M-F))

Mouse: LSL-K-RasG12D p53FI/Fl x LSL- 195
Nfe2l2E79Q ((4-8wks/15-20gms/M-F))

Mouse: LSL-K-RasG120 ((4-8wks/15- 310
20gms/M-F))

Mouse: LSL-K-RasG120 p53FI/FI x LSL- 195

Nfe212D29H ((4-8wks/15-20gms/M-F))
Mouse: Keap1R470C ( (4-8wks/15-20gms/M-F)) 195
Mouse: Nrf2 flox ( (4-8wks/15-20gms/M-F)) 195

Please take note of the following:

+ JACUC approval is granted for a one-year period at the end of which, an annual renewal form must
be submitted for years two (2) and three (3) of the protocol through the elACUC system, After three
years all continuing studies must be completely re-described in a new electronic application and submitted
to IACUC for review,

« All modifications to the IACUC-Approved Protocol must be approved by the IACUC prior to
initiating the modification. Modifications can be submitted to the IACUC for review and approval as an
Amendment or Procedural Change through the el ACUC system. These changes musl be within the scope
of the original research hypothesis, involve the original species and justified in writing. Any change in the
IACUC-approved protocol that does not meet the latter definition is considered a major protocol change
and requires the submission of a new application,

« All costs invoiced to a grant account must be allocable to the purpose of the grant. Costs allocable
to one protocol may not be shifted to another in order to meet deficiencies caused by overruns, or for other
reasons convenience, Rotation of charges among protocols by month without establishing that the rotation

schedule credibly reflects the relative benefit to each protocol is unacceptable,

RESEARCH & INNOVATION « RESEARCH INTEGRITY AND COMPLIANCE
INSTITUTIONAL ANIMAL CARE AND USE COMM|TTEE
PHS No, A2100<01, AAALAC No, 000434, USDA No, 58-R=0015
University of South Florida « 12901 Bruce B, Downs Blva,, MDC35 » Tampa, FL 33612-4799
(813) 9747106 » FAX (813) 9747091
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UNIVERSITY oF
SOUTH FLORIDA

USF RESEARCH & INNOVATION

RESEARCH INTEGRITY & COMPLIANCE
INSTITUTIONAL ANIMAL CARE & USE COMMITTEE

MEMORANDUM
TO: Gina DeNicola,
FROM:
Farah Moulvi, MSPH, IACUC Coordinator
Institutional Animal Care & Use Committee
Research Integrity & Compliance
DATE: 6/3/2020
. Investigation of NRF2-dependent Metabolic Liabilities
PROJECT TITLE: Therapeutic Targeting of NRF2-Regulated Metabolism in Lung and Pancreatic Cancer
Federal government or major agency that awards grants based on peer-reviewed
proposals (NIH, NSF, DOD, AHA, ACS, etc.)
FUNDING SOURCE: Non-Profit (Private Foundations, H. Lee Moffitt Cancer Center, etc.), For Profit (Industry
Sponsored) or Other
National Institute of Health; H Lee Moffitt Cancer Center
IACUC PROTOCOL #: R 1S00007922
PROTOCOL STATUS: APPROVED

The Institutional Animal Care and Use Committee (IACUC) reviewed your application requesting the use of animals in
research for the above-entitled study, The |ACUC APPROVED your request to use the following animals in your
protocol for a one-year period beginning 6/3/2020:

Mouse: C57BL/6 ((4-8wks/15-20gms/M-F)) 120
Mouse: pS3FLIFL x LSL-Nfe2[2D28H ( (4-8wks/15- o
20gms/M-F))

Mouse: LSL-Nfe212D29H ((4-8wks/15-20gms/M=E)) 85
Mouse: LSL-K-RasG12D x pS3FL/EL ((4-8w,s/15-

20gms/M-F)) 85
Mouse: Nrf2 flox ( (4-8wks/15-20gms/M-F)) 85
Mouse: p53FL/FL x Keap1R554Q ((4-8wks/15- 85
20gms/M-F))

Mouse: LSL-K-RasG12D x LSL-Nfe2I2D29H ( (4- 85
8wks/15-20gms/M-F))

Mouse: LSL-K-RasG12D p53F|/F| x Keap1R554Q ((4- 85
8wks/15-20gms/M-F))

Mouse: p53FL/FL ((4-8wks/15-20gms/M-F)) 85
Mouse: LSL-K-RasG12D x Keap1R554Q ((4-8wks/15- 85
20gms/M-F))
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Mouse: LSL-K-RasG12D p53FI/F| x LSL-Nfe2|2D29H 85
((4-8wks/15-20gms/M-F))

Mouse: Keap1R554Q ((4-8wks/15-20gms/M-F)) 85
Mouse: LSL-K-RasG12D ((4-8wks/15-20gms/M-F)) 85
Mouse: NSG SC|D (640 weeks/15-30g/male and 600

female)

Mouse: Stk11 Flox/flox (4-8wks/15-20gms/M-F) 85
Mouse: Stk11 Flox/Flox x LSL-Nfe2|2D29H (4- 85
8wks/15-20gms/M-F)

Mouse: Stk11 Flox/Flox x Keap1R554Q (4-8wks/15- 85
20gms/M-F)

Mouse: LSL-K-RasG12D x Stk11 Flox/Flox (4- 85
8wks/15-20gms/M-F)

Mouse: LSL-K-RasG12D x Stk11 Flox/Flox x LSL- 85
Nfe2l2D29H (4-8wks/15-20gms/M-F)

Mouse: LSL-K-RasG12D x Stk11 Flox/Flox x 85
Keap1R554Q (4-8wks/15-20gms/M-F)

Mouse: LSL-K-RasG12D x p53FIFl x H11LSL-Cas9 x 100
Keap1R554Q ((4-8wks/15-20gms/N-F))

Mouse: LSL-K-RasG12D x p53F|/F| x H11LSL-Cas9

((4-8wks/15-20gms/M-F)) 100

Mouse: LSL-K-RasG12D x p53FI/Fl x H11LSL-Cas9 x 100
LSL-Nfe212D29H ((4-8wks/15-20gmsiM-F))

Please take note of the following:

* JACUC approval is granted for a one-year period at the end of which, an annual renewal form must be
submitted for years two (2) and three (3) of the protocol through the elACUC system, After three years all
continuing studies must be completely re-described in a new electronic application and submitted to IACUC for review.

+ All modifications to the IACUC-Approved Protocol must be approved by the IACUC prior to initiating the
modification, Modifications can be submitted to the |ACUC for review and approval as an Amendment or Procedural
Change through the elACUC system. These changes must be within the scope of the original research hypothesis,
involve the original species and juslified in wriling. Any change in the IACUC-approved protocol that does not meel the
latter definition is considered a major protocol change and requires the submission of a new application,

« All costs invoiced to a grant account must be allocable to the purpose of the grant. Costs allocable to one
protocol may not be shifted to another in order to meet deficiencies caused by overruns, or for other reasons
convenience, Rotation of charges among protecels by month without establishing that the rotation schedule credibly
reflects the relative benefit to each protocol is unacceptable,

INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE
PHS No, A4100-01, AAALAC No, 000434, USDA No, 58-R-0015
University of South Florida « 12901 Bruce B. Downs Blvd., MDC35 « Tampa, FL 336124799
(813) 974-7106 « FAX (813) 974-7091
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