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Abstract 

The deadly kidney cancers associated with hereditary leiomyomatosis and 

renal cell cancer (HLRCC) show activation of the nuclear factor (erythroid 2)-like 2 

(NFE2L2, NRF2) transcription factor. NRF2 activation causes chemoresistance 

and limits therapeutic efficacy. However, clear mechanisms of how NRF2 

activation in HLRCC contributes to the progression of the disease are not known, 

and no treatments have been identified to circumvent the NRF2-mediated 

chemoresistance in HLRCC. This dissertation explores the roles of NRF2 in 

cancer, particularly HLRCC. Here, we provide a comprehensive catalog of NRF2 

mutations across all tumor types, and characterize underappreciated NRF2-R34 

mutations that activate the antioxidant response. We then focus on a particular 

cancer harboring NRF2 activation, HLRCC, and provide the first evidence of a role 

for NRF2 in upregulating the iron storage protein, ferritin, to induce a chronic 

proliferative signal in HLRCC. To circumvent the known therapeutic resistance of 

HLRCC, we demonstrate that HLRCC is sensitive to an iron-dependent cell death, 

ferroptosis. Lastly, to further characterize the NRF2 regulatory network, we 

systematically identify previously-unrecognized negative regulators of NRF2. This 

dissertation presents mechanistic insight into the iron-dependent role of NRF2 in 

cancer, particularly HLRCC, while simultaneously identifying new regulators for 

NRF2 and new treatment modalities for HLRCC.  
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Chapter 1: 

Introduction 

Text and figures partially derived from Kerins, M. J., & Ooi, A. (2018). 

Antioxidants & redox signaling, 29(17), 1756-1773 and Praslicka, B. J., Kerins, 

M. J., & Ooi, A. (2016). Current Opinion in Toxicology, 1, 37-45. 

 

1.1 Overview 

Before the “Great Oxygenation Event” (GOE) that took place around 2.4 

billion years ago, the earth was a low-oxygen stew of acidic oceans rich in 

dissolved ferrous iron.1 The onset of GOE was initiated when cyanobacteria and 

their evolutionary ancestors began utilizing photosynthesis to produce molecular 

oxygen (O2) by splitting water molecules. The increased O2 oxidized the ferrous 

iron and resulted in the rusting of the earth. Today, evidence of the oxidized iron 

deposits can be seen in geological deposits as banded red-colored iron-minerals.2 

Only following oxidation of the ferrous iron sinks could oxygen accumulate to the 

~21% atmospheric concentration seen in today’s atmosphere. This profound 

interaction among iron, oxygen, and life persist to present day, where living 

organisms evolved systems to manage and exploit iron in redox chemistry.  

Iron is an essential nutrient in the diet, and is involved in a variety of critical 

intracellular processes including DNA synthesis and cellular respiration. Iron 

serves as a cofactor in many enzymes involved in these processes, due to its 

relative abundance on earth and its chemistry, allowing easy participation in 

reduction and oxidation reactions; indeed, organisms from Archaea to human 
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depend on iron-containing proteins.3 Despite the value of this reactivity in 

performing enzymatic catalysis and electron transfers, iron can also generate the 

highly-reactive hydroxyl radical (OH.) via the Fenton reaction, which can damage 

lipids, proteins, and nucleic acids:4-7 

!"#$ + &#'# → !")$ + '&* + '&⋅ 

Aside from iron, hydrogen peroxide feeds the Fenton reaction; H2O2 can 

form endogenously in biology by a variety of processes ranging from metabolic 

byproducts to immune-related oxidases.8 Thus, cells maintain an appropriately-

sized pool of intracellular iron to balance its beneficial catalytic functions with 

deleterious free radicals by carefully regulating storage of iron, export of iron, 

degradation of major-iron containing proteins, and recycling of iron back into 

biologically valuable cofactors available to redox-active proteins. 

Apart from iron-mediated oxidative stress, cells must also cope with a 

variety of electrophilic and oxidative xenobiotic stressors. These may include 

metabolites from heterotrophic consumption of other organisms or inorganic and 

organic environmental stressors. Development of anti-stress systems to 

ameliorate these toxic exposures was likely critical in early evolutionary 

development. One such system is the Kelch-like ECH-associated protein 1- 

nuclear factor (erythroid-derived 2)-like 2 system (KEAP1-NRF2), which is 

theorized to arise around the GOE.9 In this system, homodimers of KEAP1 

negatively regulate the NRF2 transcription factor by targeting it for ubiquitylation 

and subsequent proteasomal degradation. As expected, NRF2 protein turnover is 

constant and quick under unstressed conditions. Following electrophilic and 
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oxidative stress, cysteine residues on KEAP1 are modified; this induces a 

conformational change in KEAP1, disrupting its interaction with NRF2, and thus 

preventing NRF2 degradation. Newly synthesized NRF2 accumulates, 

translocates to the nucleus, dimerizes with small musculoaponeurotic 

fibrosarcoma (MAF) proteins, and facilitates transcription of a battery of Phase II 

metabolism and cytoprotective genes. For example, bona fide NRF2 target genes 

include NADPH Quinone Dehydrogenase 1 (NQO1), Glutamate-Cysteine Ligase 

Modifier Subunit (GCLM), and the peroxide-scavenging selenoproteins of the 

glutathione peroxidase (GPX) family. 

Deregulated iron signaling and NRF2 signaling have been implicated in 

cancer before. Deregulation of proteins involved in maintaining iron homeostasis 

and activation of the NRF2 transcription factor are associated with poor prognoses 

in many cancers. One particular cancer, hereditary leiomyomatosis and renal cell 

cancer (HLRCC), stands as a valuable case study: it is a hereditary cancer 

syndrome characterized by loss-of-function of the fumarate hydratase (FH) gene. 

Renal tumors harboring FH-/- are deadly, and have been shown to include NRF2 

activation and malformation of iron-sulfur clusters critical for many cellular 

processes.  

Many reviews have focused on NRF2-mediated cytoprotection, as well as 

KEAP1 and non-KEAP1-mediated NRF2 activation.10-14 Mammalian NRF2 

appears to have arisen from an ancestral NRF protein tracing back to eumetazoan 

lineages. Considering the ancient heritage of both NRF2 and iron regulation and 

their mutual crossover in the arena of intracellular stress, this portion of the thesis 
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will discuss NRF2, iron signaling, their relationship, and their roles in cancer. We 

will specifically highlight HLRCC as a potentially unique system where the role of 

NRF2 and iron signaling are deregulated. 

 

1.2 CNC family of transcription factors 

We will begin with an overview of the transcription factor family to which 

NRF2 belongs; by comparing and contrasting NRF2 to its compatriot members, 

we can highlight some of the eccentricities of NRF2 that spur our focus on it in the 

latter research chapters. 

 

1.2.1 CNC family transcription factors: discovery, regulation, functions 

The nuclear factor (erythroid 2)-like (NRF) transcription factors are a subset 

of basic leucine zipper (bZip) Cap ‘n’ Collar (CNC) transcription factors sharing 

close homology; as mentioned, there are three NRF family members: NRF1, 

NRF2, and NRF3.15 The discovery of different NRF family members followed an 

effort to find transcription factors controlling expression of b-globin, a gene required 

for hemoglobin production and proper oxygen transport in vertebrates. 

NRF1 was the first discovered NRF family member, and was identified in a 

cDNA library screen for binding to the erythroid-specific NF-E2/AP1 consensus 

sequence found in the 5’ b-globin locus control region, 5’ – GCTGAGTCA – 3’.16 

Shortly after, NRF2 was found in a comparable cDNA library screen.17 Intriguingly, 

the isolation and characterization of NRF3 arose a few years later following a 

logical deduction: as the genomic locations of nrf1, nrf2, and the NF-E2 subunit 
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p45 (NF-E2p45) were found near hoxB, hoxD, and hoxC genes, respectively, nrf3 

was predicted and shown to map close to the hoxA gene.18 Thus, the CNC family 

of NF-E2, NRF1, NRF2, and NRF3 were predicted to all have arisen from a 

common genetic lineage, diverging after chromosomal duplication. 

Almost immediately after the discovery of NF-E2, NRF1, and NRF2, 

investigators began dissecting the differing roles of these 3 transcription factors. 

As they had all been discovered as mediators of b-globin expression, initial 

investigations looked into their roles in erythropoiesis and hematology. NF-E2p45 

knockout mice showed absence of platelets and hemorrhaging, but very little effect 

on erythroid cell lineages and were able to survive to adulthood.19 In contrast, 

NRF1 knockout mice displayed drastic anemia due to impaired fetal liver 

erythropoiesis and died in utero.20,21 Homozygous Nrf2 knockout mice, however, 

displayed no defects in embryogenesis, fertility, or litter sizes.22 Its roles become 

apparent following challenge with carcinogens, where Nrf2 protects mouse against 

chemical carcinogenesis. Similarly, Nrf3 knockout mice displayed no overt 

phenotype.23 The role of Nrf3 may only be apparent after appropriate challenges: 

for example, Nrf3-/- animals were more likely to develop T-cell lymphoblastic 

lymphoma following benzo-a-pyrene exposure.24 The NRF transcription factors 

also differed in their tissue localization; Nrf1 and Nrf2 are expressed relatively 

ubiquitously, while Nrf3 is strongly concentrated in placental tissue.16-18 

Although these early studies into the differential underpinnings of the NRF 

members showed stark contrasts between the family members, mechanistic 

investigations into their transcriptional modes of action indicated a more conserved 
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process. To alter transcription, all CNC members utilize a similar mechanism. 

Nuclear CNC transcription factors dimerize with the small musculoaponeurotic 

fibrosarcoma, or Maf proteins (MafG, MafK, MafF), to bind to DNA. The resulting 

Maf/bZip factor complexes have the capacity to bind to several related target DNA 

sequences: the palindromic Maf recognition element (MARE, 5’ – 

TGCTGAC(G)TCAGCA – 3’), NF-E2 recognition element (5’ – TGCTGACTCAT – 

3’), and the antioxidant response element (ARE, 5’ – TGABNNNGC – 3’).15,25,26  

Although all members can bind to these sequences, evidence indicates 

there may be some minor differences that have yet to be fully teased out. For 

example, mutations to several bases of the canonical ARE 5’ – TGABNNNGC – 3’ 

do not always abolish NRF2 binding, and moreover can actually enhance binding. 

Particularly, mutations to the distal GC have a wide array of effects, but none 

abolish NRF2 binding.27 Moreover, as has been shown previously,18 NRF2 binds 

more loosely to canonical AREs compared to NRF1 and NRF3. 

Historically, genes under ARE control were of particular interest; many of 

these genes were transcriptionally inducible by electrophilic xenobiotics and 

consisted predominately of detoxifying enzymes like glutathione-S-transferase 

(GST) or NAD(P)H quinone oxidase (NQO1) 28-30. In a paradigm-shifting work, 

ARE-containing genes were discovered to be under the transcriptomic jurisdiction 

of NRF members, particularly NRF2.31 

 

1.2.1 Regulation of NRF family members 

Despite their similarities in binding capacities, the known regulatory 
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networks governing the different NRF family members appear to vary significantly. 

This is due in part to the dominating role discovered for NRF2 in mediating the 

antioxidant response; investigations on NRF members subsequently diverged into 

disparate studies that generally focused on individual members. Mechanistically, 

Nrf1 resides in an inactive, glycosylated state in the endoplasmic reticulum;32-34 

once activated, Nrf1 translocates to the cytosol where it is deglycosylated and 

processed into several active isoforms, each of which harbors differential capacity 

to regulate transcription. Thus, glucose homeostasis, proteostasis, and other 

mechanisms control Nrf1 activity.35 To control protein levels, Nrf1 is constantly 

degraded by the ubiquitin-proteasome system (UPS) by several ubiquitin ligase 

systems, including HRD1, Fbw7-Cul1-Rbx1-Skp1, and b-TrCP.36,37 Indeed, NRF1 

is a well-described regulator of proteasomal function.38,39 Intriguingly, another 

ubiquitin ligase system, the KEAP1-CUL3-RBX1 complex, stabilizes NRF1.40 In 

contrast, this ubiquitylation system constantly degrades NRF2 (discussed in more 

detail later).41 However, following adduction of reactive cysteines on KEAP1 by 

electrophiles, the complex no longer effectively ubiquitylates NRF2 and newly 

synthesized NRF2 can accumulate, translocate to the nucleus, and facilitate or 

repress transcription.42 This mechanism makes NRF2 the primary responder to 

chemical stressors. Other ubiquitylation pathways, including HRD1- and b-TrCP-

dependent mechanisms, also control NRF2 protein levels under some 

circumstances.43,44 Less is known definitively about NRF3 regulation; however, 

studies have shown that NRF3 is controlled in part by a PEST degron sequence, 

and that NRF3 has three isoforms with varying subcellular localizations, including 
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isoform “A” in the ER, isoform “B” in the cytosol, and isoform “C” in the nucleus. 

Akin to NRF1, NRF3 is targeted to and eventually cleaved from the ER.45,46 NRF3 

degradation is proteasomal dependent.46 Hence, the different regulatory elements 

of these NRF transcription factors, despite structural homology, highlight the 

functional differences between the members. Reviews are available describing the 

different signaling nuances of the NRF members.35,47-49 

 

1.2.3 NRF family members and their roles in physiology and cancer 

The different NRF members have been attributed various physiological and 

pathological roles. NRF1 has been shown to be involved in various metabolic 

processes, including insulin resistance, diabetes, and inflammation.50-53 This is, in 

part, due to Nrf1-validated control of enzymes involved in glycolysis, 

gluconeogenesis, and lipid metabolism;49,54 some of these regulated genes appear 

to be NRF1-specific, not shared by other NRF members like NRF2. Nrf1 also 

regulates genes involved in cell differentiation, proteostasis, cell survival, and 

mitosis.49 NRF2 shares several of these functions, such as energy metabolism and 

cell differentiation,55-62 but appears to control several unique genes in its own right. 

Recent works have shown that loss of NRF2 in rodent model can result in a lean 

phenotype.63 Beyond the aforementioned processes, a main function of NRF2 has 

been its role in antioxidation and detoxification. While NRF1 and NRF3 have been 

shown to regulate several detoxification genes,45,64,65 NRF2 has been attributed 

the primary role as master regulator of the antioxidant response due to the KEAP1 

electrophile sensory mechanism and several studies indicating NRF2 induction of 
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these genes to be the most robust. Specific roles of NRF3 have remained the most 

enigmatic; while several target genes have been identified, little clear evidence has 

arisen that determines the in vivo relevance of those genes.48 Indeed, a paucity of 

information exists on NRF3, particularly its physiological roles. For all NRF 

members, evidence continues to accrue that they play a role in a variety of 

physiological processes, with more nuances to their contributions being 

discovered and published frequently. 

All three transcription factors are involved in a variety of diseases, with often 

conflicting roles. For example, distinct and multifaceted roles of all NRF members 

have been found in cancer. Select isoforms of NRF1 have been implicated in 

reduced responsiveness to androgen deprivation therapy in prostate cancer 

cells.66 In contrast, NRF1 has been shown to be critical for protecting against 

hepatic tumors; 100% of animals with conditional liver Nrf1 knockout sporadically 

developed liver steatosis and eventual neoplasias.53 While NRF1 may be 

protective against hepatocellular carcinoma, NRF2 promotes it: NRF2-activating 

mutations are frequently found in hepatocellular carcinoma (~6-14% of tumors),67-

71 and NRF2 activation has been shown to be both an early event and a driver of 

hepatocarcinogenesis.72-74 NRF2 is frequently mutated and activated in cancers, 

and, due to its xenobiotic elimination capability, contributes to chemoresistance 

and poor prognoses in cancers of the liver,75 lung,76,77 gallbladder,78 esophagus,79 

ovary,80 head and neck,81 and gastric system.82 Despite these associations 

between NRF2 activation and cancer progression, NRF2 is well known to protect 

against cancer; Nrf2 knockout mice are much more susceptible to carcinogen-
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induced tumors than those with functional NRF2. The dual roles between NRF2 in 

protecting and promoting cancer have been reviewed extensively elsewhere,83-85 

but current paradigm posits that constitutive NRF2 activation can drive 

carcinogenesis, while intermittent activation protects.86 Akin to NRF1 and NRF2, 

Nrf3 knockout animals are predisposed to cancer. They preferentially develop 

lymphoblastic lymphoma after carcinogen challenge when compared to Nrf3+/+ 

rodents.24 Yet NRF3 appears to have its own tumorigenic roles; it was defined as 

one of 127 significantly mutated and cancer-relevant genes from a pan-cancer 

analysis of more than 3000 tumors by the Cancer Genome Atlas project.87 This 

has clinical relevance. For example, NRF3 expression is correlated with poorer 

prognosis in pancreatic cancer.88 

 

1.2.4 A focus on NRF2: regulation, target genes, and activation in cancer 

Cellular NRF2 levels are mainly regulated at the post-translational level. In 

unstressed conditions, NRF2 protein quantity is kept low through the 

aforementioned interaction with KEAP1 (Kelch-like ECH-associated protein1). 

KEAP1 acts as a substrate adaptor for a Cullin 3 (CUL3) dependent E3 ubiquitin 

ligase complex. In this mechanism, KEAP1 homodimers bind the DLG and ETGE 

motifs of NRF2; NRF2 gets sequestered in the cytoplasm, ubiquitylated, and 

subsequently degraded by the proteasome (Figure 1.1).89,90 

Reactive oxygen species (ROS), endogenous electrophilic stress, or 

environmental stresses covalently modify key cysteine residues on KEAP1. The 

critical cysteine residues on KEAP1 form a “cysteine code,” and are modified by 
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specific electrophilic compounds or metals to disrupt KEAP1-NRF2 interactions.91 

 
 

 

Figure 1.1. NRF2 degradation is mediated by KEAP1. 
NRF2 is constitutively transcribed and translated. It is also constantly degraded 
by the ubiquitin proteasome system mediated by KEAP1-CUL3-RBX1 ubiquitin 
ligase at the protein level. KEAP1 homodimers bind NRF2 at DLG and ETGE 
motifs. 
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 For example, tert-butylhydroquinone and SFN modify C151 of KEAP1,92 

while metals form coordination adducts on Cys226/613.91 This modified KEAP1 

cannot effectively promote NRF2 ubiquitylation, and KEAP1/NRF2 complex locks 

in a “closed” conformation. Newly synthesized NRF2 accumulates, which results 

in an increase in intracellular NRF2 protein (Figure 1.2).93,94 The accumulated 

NRF2 translocates into the nucleus, dimerizes with small MAF proteins, binds to 

AREs, and enhances transcription of its target genes.95,96  

Although KEAP1-mediated degradation of NRF2 dominates NRF2 

regulation, other regulatory mechanisms have been identified, including the b-

TrCP and HRD-1 mechanisms mentioned earlier. Glycogen synthase kinase 3 

(GSK-3b) can phosphorylate NRF2 and facilitate degradation through the b-TrCP-

SKP1-CUL1-RBX1 ligase complex.97 Hydroxymethyl glutaryl-coenzyme A 

reductase degradation protein 1 (HRD1, also known as synoviolin 1 [SYVN1]) was 

also shown to degrade NRF2 following activation of the unfolded protein 

response.98 Other negative regulators of NRF2 exist, and will be discussed in later 

sections. 

Contrary to its cancer prevention roles,83,99,100 NRF2 activation is 

increasingly implicated in cancer development and progression. Evidence for 

NRF2 activation in cancer initially came from discovery of mutations in KEAP1 in 

lung cancer tissues and cell lines.101,102 A somatic KEAP1 loss-of-function mutation 

(G430C) was first discovered in a single case of lung cancer tumor.101 Increased 

NRF2 activity was observed in the KEAP1 mutant samples. Subsequent studies 

revealed somatic gain-of-function NRF2 and loss-of-function KEAP1 mutations 
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Figure 1.2. A simplified model for KEAP1 inactivation and NRF2 activation 
by electrophilic/oxidative stress. 
Under unstressed conditions, KEAP1 homodimers facilitate NRF2 ubiquitylation, 
which marks it for proteasomal degradation. Following NRF2 ubiquitylation, 
KEAP1 is recycled to bind newly-synthesized NRF2. Under conditions of 
oxidative or electrophilic stress, key cysteine residues on KEAP1 are covalently 
modified, preventing it from mediating NRF2 ubiquitylation. Newly-synthesized 
NRF2 can then accumulate and translocate to the nucleus where it dimerizes 
with one of the small MAF proteins to promote the transcription of cytoprotective 
genes. 
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were also over-represented in lung cancer and in other tumor types.101,103 Notably, 

mutations to CUL3 have also shown an NRF2-activating phenotype.104 

Beyond KEAP1 loss-of-function, CUL3 loss-of-function, and NRF2 gain-of-

function mutations, gene mutations that lead to accumulation of electrophilic 

metabolites can drive sustained NRF2 activation. Two hereditary cancer 

syndromes exemplify this mechanism: hereditary leiomyomatosis and renal cell 

cancer (HLRCC) and hereditary tyrosinemia type 1 (HT1).105 Both disorders are 

caused by biallelic inactivation of genes encoding metabolic enzymes: fumarate 

hydratase (FH) in HLRCC and fumarylacetoacetate hydrolase (FAH) in HT1. Loss 

of FH or FAH causes accumulation of the electrophilic metabolites fumarate or 

fumarylacetoacetate, respectively. These metabolites can modify key cysteine 

residues on KEAP1 and result in NRF2 activation.106,107 

Still other mechanisms drive sustained NRF2 activation in cancer. 

Hypermethylation of the KEAP1 promoter has been shown in several tumor 

types.108-112 This results in decreased KEAP1 mRNA production, and allows for 

NRF2 activation. Oncogene activation, including oncogenic mutants of KRAS, 

BRAF, and MYC can also elevate the expression of the NRF2 gene, leading to 

increased NRF2 activity.113,114 

Over the years, the gamut of genes under NRF2 control grew quickly with 

the aid of microarray technology.95,115-118 Putative NRF2 target genes are involved 

in diverse cellular processes, including NAD(P)H regeneration, cellular energetics, 

xenobiotic metabolism, iron homeostasis, pentose phosphate pathway,119 NOTCH 

signaling,120 hematopoietic stem cell maintenance,121 basal airway stem cell 
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proliferation,122 adipogenesis,123 apoptosis, autophagy, cell proliferation and 

differentiation, DNA damage repair, and the immune response.95,96 Many NRF2 

target genes overlap to enact these cellular processes. For example, glucose-6-

phosphate dehydrogenase (G6PD), phosphogluconate dehydrogenase (PGD), 

transketolase (TKT), transaldolase 1 (TALDO1), phosphoribosyl pyrophosphate 

amidotransferase (PPAT), and methylene-tetrahydrofolate dehydrogenase 2 

(MTHFD2) are NRF2 target genes that form the pentose phosphate pathway.58 

The reader is directed to the provided references for more comprehensive lists of 

NRF2 target genes in these various processes. 

 

1.3 Iron metabolism 

This section will provide an overview of the key regulators, sensors, and 

effectors that maintain iron homeostasis intracellularly, as well as provide an 

overview of the roles of iron and iron-signaling in cancer. 

 

1.3.1 Iron-dependent processes 

The profound interactions among NRF2, iron, oxygen, and life are 

embodied in heme, a porphyrin bound iron that is the center of many metabolic 

enzymes (mitochondria complexes, and cytochrome P-450 enzymes), nitric oxide 

signaling effectors (nitric oxide synthases), oxygen storage proteins (myoglobin), 

and oxygen carrier proteins (hemoglobin). Of note, heme, and its associated 

metalloprotein hemoglobin, are required for oxygen transport over large distances 

because of poor dissolution of oxygen in aqueous solutions, including blood 
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plasma. Of all vertebrates, only fish in the family of Channichthyidae do not have 

hemoglobin in their blood due to the cold temperatures of their Antarctic home 

allowing sufficient oxygen to dissolve in blood.124 

Thus, development of complexes capable of binding oxygen, like heme, 

was critical for the evolution of large multicellular organisms and their spread 

across the Earth; indeed, heme-bound iron accounts for ~95% of iron within the 

human body.125 Heme is generated from the anabolic combinations of eight 

succinyl-CoA and eight glycine molecules over eight biosynthetic steps; in the final 

stages of heme synthesis, a single ferrous iron is inserted into a protoporphyrin to 

generate heme. The iron atom maintains four coordinate bonds to the rest of the 

heme prosthetic group, leaving two coordinate bonds available for protein 

interaction (via a histidine residue) and oxygen binding. The iron within heme can 

then bind oxygen for transportation, participation in redox reactions, or electron 

passaging. However, because iron can promote the formation of damaging oxygen 

radicals, synthesis and destruction of heme-bound iron are carefully regulated. 

As mentioned, heme is incorporated into dozens of proteins. As expected, 

many of these are involved in redox processes. The first major class of 

hemeproteins are the globins. This consists of several family members in 

vertebrates. The most dominant form of globin is hemoglobin, which is found in 

erythrocytes. Hemoglobin uses its heme to bind oxygen and carry it from lungs to 

tissues. It is made of alpha and beta chains, although embryonic and fetal 

hemoglobin can also comprise gamma, delta, epsilon, or zeta chains.126 The 

second globin, myoglobin, is expressed in cardiac myocytes and skeletal muscle 
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fibers. It reversibly binds O2 and serves as the primary oxygen protein in muscle 

where it releases oxygen in times of hypoxia, such as exercise.127 Neuroglobin is 

expressed in vertebrate brain and retina, and promotes survival of neurons under 

hypoxia and limits brain damage.128-130 The fourth globin is cytoglobin, which is 

ubiquitiously expressed across tissues. A host of functions have been associated 

with it, including oxygen transport, oxygen storage, nitric oxide metabolism, 

oxidative stress, collagen synthesis, and hypoxia.131,132 

Other heme proteins have active enzymatic activity, forming the second 

major class of heme proteins. Cytochrome P450s are well-known heme proteins 

that utilize heme centers to facilitate oxidation and hydroxylation of xenobiotics and 

metabolites, contributing to phase I metabolism. Catalases, which reduces 

hydrogen peroxide and protect cells from dangerous free radicals, are also heme 

proteins.133 Akin to catalase, the peroxidase family of enzymes are heme proteins, 

and consist primarily of myeloperoxidase, eosinophil peroxidase, and 

lactoperoxidase. These peroxidases generate a variety of damaging compounds 

and radicals, such as hypohalous acids HOCl and HOBr, hypothiocyanous acid, 

reactive nitrogen species, singlet oxygen, and hydroxyl radicals. Myeloperoxidase 

is a critical weapon used by neutrophils during innate immunity where it facilitates 

the production of hypohalous acids HOCl and HOBr that can damage pathogens 

by reacting primarily with thiol groups. Eosinophil peroxidase is similar to 

myeloperoxidase and can produce similar radicals, but is found in eosinophils 

during their attacks on invading parasites. Lactoperoxidase, the last member, is 

found in many exocrine secretions such as tears, milk, saliva, and vaginal fluid. It 
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acts as a defense against microorganisms as well.134 

Many metabolic oxygenase enzymes that are not directly involved in 

detoxification/toxification require heme. For example, secondary amino 

monooxygenase (SAMO) utilizes heme to catalyze oxidative dealkylation of 

secondary amines to aldehydes and primary amines. Prostaglandin H Synthase 

facilitates conversion of arachidonic acid to prostaglandin H2. Indoleamine 2,3-

doxygenase (IDO) and tryptophan 2,3-dioxygenase are components of the 

tryptophan degradation kynurenine pathway, which is used for NAD+ synthesis. 

All these enzymes are heme proteins.135 Thus, heme is central to many metabolic 

pathways. 

The third group of heme proteins include those involved in energy 

metabolism. For example, cytochrome a, cytochrome b, and cytochrome c all have 

electron transfer functions that transfer electrons to the terminal electron acceptor, 

oxygen. Moreover, cytochrome c is involved in a host of other processes where its 

heme can be further utilized.136 For example, cytochrome c release is a basic step 

in apoptosis signaling, and the nitrosylation of its heme is purported to be a 

regulatory mechanism governing this function.137 

The fourth group of heme proteins includes genes involved in several 

signaling and environmental sensing processes. The nitric oxide synthase 

hemoproteins produce the nitric oxide molecule critical for host defense, neuronal 

transmission, and vascular homeostasis.138-140 Similarly, the nitrous oxide acceptor 

protein, soluble guanylate cyclase, also uses heme to sense nitric oxide and 

convert GTP to cGMP, which is the effector required for cellular responses such 
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as vasodilation.141 Another sensor, cystathionine b-synthase, condenses serine 

and homocysteine as part of the transsulfuration pathway. Its heme can bind either 

CO or NO, and binding of either inhibits the enzyme.142,143 

Heme’s roles extend beyond electron shuttling and enzymatic active sites. 

Heme can serve as a signaling molecule and bind directly to certain proteins in so-

called “heme regulatory motifs” (HRMs), originally identified as (K/R)CP(V/I)DH.144 

For example, an HRM was shown to be on ALAS2, one of the aminolevulinic acid 

synthases necessary for heme synthesis. Heme was able to inhibit transport of 

these proteins into the mitochondria, likely as a negative feedback mechanism for 

heme synthesis.145,146 Heme oxygenase 2, HMOX-2, cleaves heme to form 

biliverdin and liberate iron during heme catabolism, and also contains an HRM.147 

Intriguingly, in addition to binding heme at an HRM, HMOX-2 also utilizes heme in 

its active site, making heme both a required cofactor and a regulator for HMOX-2. 

Heme also binds to proteins’ HRMs in other processes, including potassium 

transport,148 circadian rhythms,149,150 transcription (the BACH1 transcriptional 

repressor,151 which will return later), and many more.152 

Iron is also critical for many proteins when it is incorporated as an iron-sulfur 

cluster. Like heme, iron-sulfur clusters can be found in complexes I, II, and III of 

the electron transport chain. An Fe-S cluster can also be found in ferredoxin 

(FDX1), which transfers electrons from NAD(P)H through ferredoxin reductases to 

mitochondrial cytochromes P450. This process is important in metabolism of 

steroids, vitamin D, and bile acids. Considering iron-sulfur proteins have been 

reviewed recently and do not relate as significantly to the previously 
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aforementioned NRF2 transcription factor, this thesis will not focus any more on 

these cofactors.153-155 

Iron permeates biology, playing an important role in processes ranging from 

metabolism to bioenergetics to circadian rhythms. Still, iron can participate in 

Fenton chemistry to generate deleterious free radicals. To facilitate this balance 

between utility and toxicity, evolution has engendered a complex iron regulation 

network. 

 

1.3.2 Intracellular iron regulation—iron transport and storage 

Cells maintain a pool of labile (redox-active, exchangeable, and chelatable) 

iron to be used for biosynthetic processes like heme or iron-sulfur cluster 

generation. Labile iron is very tightly regulated to a cytosolic concentration of 0.5-

1.5 µM at homeostasis, which comprises <5% of total intracellular iron:156 as 

mentioned previously, labile iron can enable the formation of oxygen-derived free 

radicals, such as the highly-damaging hydroxyl radical, through Fenton reaction.  

The product of Fenton reaction, OH., is a potent oxidizer that rapidly reacts 

with nearby proteins and lipids. Its high reactivity gives OH. a short half-life in 

biological systems, on the order of 1 ns.157 Physiological damage from iron-

associated (Fenton reaction-derived) hydroxyl radicals is extensively limited at the 

physiological level because of the relatively low homeostatic levels of labile iron, 

which are maintained by a cellular buffering system.  

A central player in the iron-buffering system is the ferritin protein, an ancient 

intracellular iron storage protein common to all five kingdoms of life.158 Ferritin 
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sequesters excess free iron in a protein “cage” that limits iron’s redox switching. 

Human ferritin consists of 24 subunits composed from ferritin heavy chain (FTH1) 

and ferritin light chain (FTL) polypeptides.159 The ratio of FTH1 to FTL can vary 

widely by tissue or disease state,160 and the functions of each subunit also differ: 

FTH1 contains a ferroxidase active site which can oxidize Fe2+ to Fe3+ for storage 

in the central core, while FTL is the primary stabilizer of the ferritin protein, and 

thus can dominate the FTL/FTH1 ratio in tissues such as the liver, where long-term 

iron storage is necessary.161 Ferritin readily sequesters up to 4500 iron atoms into 

its core,162 preventing the iron from participating in Fenton reactions. Thus, 

increased ferritin expression can have an antioxidant effect. 

In times of iron deficiency, the iron reservoir within ferritin proteins can be 

liberated through ferritinophagy.163,164 Ferritinophagy is an autophagic process that 

utilizes the machinery of mammalian macroautophagy (hereafter referred to as 

autophagy) to deliver ferritin to the lysosome for degradation and iron release. 

Autophagy is a regulated catabolic process that sequesters damaged or misfolded 

proteins and organelles and targets them for lysosomal degradation. A major step 

in autophagy is formation of the autophagosome, a double-membraned vesicle 

containing the proteins or organelles to be degraded in the lysosome. 

Autophagosome formation begins with initiation and nucleation of a phagophore 

to isolate the contents, and involves several autophagy (Atg) genes to initiate 

membrane formation.165  One critical process in isolation membrane expansion is 

the cleavage of LC3 to LC3-I by Atg4, and subsequent lipidation of LC3-I with 

phosphatidylethanolamine to LC3-II by Atg7 and Atg3;166 the lipidation facilitates 
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insertion of LC3-II into both sides of the phagophore membrane, where it serves 

as a scaffold for membrane expansion.167 With LC3-II and other proteins, 

elongation continues until autophagosome formation is completed. The 

autophagosome eventually fuses with the lysosome to degrade its cargo.165 

Autophagy was initially thought to nonselectively target and degrade its 

cargo; however, selective autophagy has recently gained traction as a biologically 

relevant phenomena.168 Selective autophagy is mediated by cargo receptors that 

target specific proteins with relevant motifs for degradation. For example, p62 

selectively recognizes some proteins and binds to LC3-II on the inner 

autophagosomal membrane during autophagosome formation, thus bringing its 

target cargo directly to the autophagosome.169  

A novel cargo receptor for ferritin protein, Nuclear Receptor Coactivator 4 

(NCOA4), was recently discovered.170,171 Researchers had suspected that ferritin 

was degraded in the lysosome,172 but no selective cargo receptor had been 

identified. NCOA4 directly interacts with LC3-II and the c-terminus of FTH1.170,173 

Functionally, NCOA4-deficient cells had decreased bioavailable intracellular iron 

due to their inability to degrade ferritin appropriately.170 Ferritinophagy defines this 

degradative process. 

Besides the flux of labile iron in and out of ferritin, iron enters the cell or exits 

the cell through a series of transporters. Two of the most common entries for iron 

are through divalent metal transporter 1 (DMT1) or transferrin receptor 1 (TFR1). 

DMT1 transports various divalent metals, including Fe2+, Cd2+, Co2+, Mn2+, 

Zn2+, and Ni2+ across membranes. Of physiologically relevant substrates iron, 
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cobalt, manganese, and zinc, Fe2+ is the preferred substrate.174 DMT1 is effectively 

found in all tissues, and is of particular note for its role in the uptake of free dietary 

iron from intestine. Indeed, the role of DMT1 in iron homeostasis was discovered 

when a G185R mutation in DMT1 was shown to be responsible for microcytic 

anemia occurring in a substrain of mice. DMT1-G185R is not properly localized to 

the apical membrane of enterocytes and prevents dietary iron absorption.175-177 For 

intestinal iron absorption, DMT1 iron transport is facilitated by DCYTB, a 

ferrireductase that in conjunction with ascorbate reduces Fe3+ to the necessary 

Fe2+ required for DMT1 transport.174,178-180 

TFR1 binds transferrin, the dominant iron carrier in blood. Transferrin holds 

two ferric iron ions (diferric holo transferrin). Ferric iron does not participate in 

Fenton chemistry, but it is insoluble. Thus, transferrin solubilizes and carries the 

“safe” ferric iron throughout circulation. TFR1 is functional as a membrane 

homodimeric protein complex that binds one transferrin per TFR1. Notably, iron-

free transferrin (apo transferrin) does not bind to TFR1. Following transferrin 

binding to TFR1, the complex is endocytosed. Within the endosome, iron is 

released from transferrin under acidic conditions with the aid of the ferrireductase, 

six-transmembrane epithelial antigen of the prostate 3 (STEAP3).181 Iron is then 

delivered directly to the mitochondria for heme and iron-sulfur cluster incorporation 

or transported to the cytosol via DMT1 or mucolipin 1 (TRPML1).176,182-185 

It merits mentioning that, in some cases, iron is imported into a cell in forms 

other than free iron; heme iron can be imported through select heme transporters, 

such as heme carrier protein 1 (HCP1).186  Other evidence indicates that ferritin 
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from serum can be endocytosed. Putative ferritin receptors have been identified, 

including TIM2, which binds the H-chain of ferritin,187 and SCARA5 which binds 

the L-chain of ferritin.188 Intriguingly, some evidence indicates that ferritin is 

sufficiently stable to resist digestion and can be a source of dietary iron via 

endocytosis.189-191 While the exact mechanisms for this process in the intestine are 

not known, it presents an interesting phenomena.  

To export iron from enterocytes, or other cell types like macrophages or 

hepatocytes, cells predominately rely on ferroportin (FPN1, SLC40A1). FPN1 is 

the only known mammalian iron exporter, with exception to heme export by 

receptor for feline leukemia virus, subgroup C (FLVCR).192-195 Loss of ferroportin 

is embryonic lethal, and ferroportin deficient mice showed accumulation of iron in 

enterocytes, macrophages, and hepatocytes. Phenotypically, they showed stunted 

growth and pallor. FPN1 was shown to be critical for intestinal iron absorption.193-

196 Following export of Fe2+, the copper-containing ceruloplasmin or hephaestin 

enzymes are thought to reduce iron for incorporation into transferrin and 

subsequent systemic transport.197-199 Intriguingly, akin to DMT1, ferroportin is 

purported to transport other divalent metals, including zinc and manganese.200 

Because ferrous iron is potentially deleterious, one wonders how iron is 

transported throughout the cell. Recent evidence is emerging that the human poly 

(rC)-binding proteins 1-4 (PCBP 1-4) may function as chaperones that transport 

intracellular iron from protein to protein.201 PCBP1 was shown to be required for 

ferritin iron mineralization in yeast and was the first discovered iron chaperone.202 

However, PCBPs 2 and 3 members have shown activity toward ferritin, and 
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PCBP4 activated an iron deficiency response.203 Current paradigm posits PCBP4 

serves as an intracellular buffer for other PCBPs.201 Beyond ferritin, several other 

aforementioned iron-relevant proteins have been shown to interact with PCBPs. 

For example, both DMT1 and FPN1 have been shown to interact with PCBPs, 

providing a trafficking network from iron import to export.204,205 Prolyl hydroxylases 

and asparaginyl hydroxylase, which are dioxygenases involved in hypoxia 

response signaling, are targets of PCBP1.206 PCBP1 and PCBP2 have been 

shown to deliver iron to the deoxyhypusine hydroxylase dinuclear iron enzyme 

required for hypusine modification of eukaryotic initiation factor 5A during 

translation elongation and termination.207 Importantly, PCBP1 has been shown to 

be necessary for proper flux and utilization of iron in erythroid cells, implicating 

cross-talk between ferritin, iron, and NCOA4 functions with PCBP1 functions.208 

A summary of labile iron fates can be found in Figure 1.3. 

 

1.3.3 Intracellular iron regulation—iron protein regulation 

While many iron-regulating genes have been identified, questions remain: 

what regulates the regulators? How do cells sense changes in iron and alter levels 

of the aforementioned proteins like ferritin, DMT1, or FPN1 appropriately? 

Several transcription factors and transcription factor regulatory pathways 

are implicated in altering levels of iron proteins. For example, TP53, NF-Y, 

ATF/HIPK1and NRF2 regulate FTH1 transcription.209-212 FPN1 gene expression is 

affected by NRF2, MTF1, and HIF2a transcription factors.213-215 DMT1 has been  
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Figure 1.3. Iron transport and storage 
Labile iron is generated in a cell primarily through three mechanisms. First, 
transferrin (white triangle) carries two irons and binds at the transferrin receptor 
(TFR1, black Y). TFR1 with transferrin-bound iron is endocytosed. Transferrin-
bound iron is eventually freed within the lysosome and exported to the cytosol 
for usage. Free iron is also brought into the cell via divalent metal transporter 1, 
DMT1 (orange cylinder). DMT1 directly transports ferrous iron. Labile iron is also 
generated from ferritin degradation; ferritin is degraded by autophagy, whereby 
nuclear receptor coactivator 4 (NCOA4) serves as a cargo receptor for 
autophagy. Ferritin is degraded during autophagy and iron is liberated. Free iron 
is then stored in ferritin again for safekeeping, or used in iron-dependent 
processes. Most notably, it is incorporated into heme or iron-sulfur proteins. It 
can also be exported to plasma by ferroportin (FPN1) (or other basal/apical 
spaces). Throughout, PCBP proteins chaperone and buffer the labile iron. 
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shown to be regulated by NF- kB.216 However, despite several known 

transcriptional regulators for iron-related proteins, a more important mode of 

regulation is post-transcriptional regulation by iron regulatory proteins (IRPs). 

IRPs bind to iron response elements (IRE) located in the 5’ or 3’ 

untranslated regions (UTRs) of several genes. IRPs are comprised of IRP1 and 

IRP2, with IRP2 dominating mammalian iron homeostasis regulation,217 and their 

intracellular levels are responsive to the labile iron pool. In conditions of high labile 

iron, IRP1 and IRP2 is degraded through a proteasomal system; undegraded IRP1 

switches its biological role to function as cellular aconitase.218 Low iron stabilizes 

the IRPs.219-223 

The IRP degradation process is mediated by F-Box and Leucine Rich 

Repeat Protein 5 (FBXL5), which contains an iron-binding hemerythrin domain to 

bind and sense iron levels. In iron replete conditions, FBXL5 hemerythrin domain 

binds iron, stabilizes the protein, and allows it to form a SKP1-CUL1-FBXL5 

ubiquitin ligase complex capable of ubiquitylating IRP1 and IRP2 and mark them 

for degradation.224 FBXL5 itself is degraded in a constitutive degradation process 

by the HECT and RLD domain containing E3 ubiquitin protein ligase 2 (HERC2).225 

Incidentally, HERC2 also regulates NCOA4: in iron replete conditions, HERC2 

binds NCOA4 and facilitates it ubiquitylation and subsequent degradation.164 

Binding of an IRP to an IRE in the 5’ UTR of a gene prevents translation; 

conversely, binding of an IRP to an IRE in the 3’ UTR of a gene stabilizes the 

mRNA and prevents its degradation. Considering IRPs are stabilized in conditions 

of low iron and degraded in conditions of high iron, IRE locations on iron-relevant 
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genes generally follow the expected patterns that would help restore cellular 

homeostasis: 5’ IREs are found on genes like FTL, FTH1, and FPN1. So, when 

iron levels are high, IRPs are degraded/nonfunctional. Translation of these genes 

proceeds, and excess iron is stored or exported. In conditions of low iron, IRPs are 

active. Translation is repressed, and free iron can reenter the labile pool.226 In 

contrast, other genes like DMT1 and TFR1 contain IREs in their 3’ UTRs. IRP 

binding to 3’ IREs stabilizes the mRNA and facilitates translation. Thus, in 

conditions of high iron when IRPs are inactive, DMT1 and TFR1 translation is 

reduced, less iron is imported into the cell, and cellular iron overload does not 

happen. Inversely, in conditions of low iron, IRPs are active, stabilize DMT1 and 

TFR1, and more iron can be imported. Many other genes contain IREs, including 

aconitase 2, e-aminolevulinate synthase, endothelial PAS domain protein 1, and 

cell division cycle 14A.226,227 More are likely to be discovered using computational 

tools.228 Interestingly, it has been shown that Fe2+ can bind to the IRE sequence 

itself and outcompete IRP-IRE interactions.229 The physiological implications of 

this particular mechanism have yet to be determined. 

A figure highlighting the functional roles of IRP-IRE interactions can be 

found in Figure 1.4. 

 

1.3.4 Physiology of iron 

As the goals of my research have been on intracellular roles of iron in health 

and disease, this thesis will not extensively cover physiological regulation of iron 

beyond a cursory overview. 
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Figure 1.4. Iron is regulated at the translation level. 
Iron response element (IRE) hairpin structures can be found within the 5’ or 3’ 
untranslated regions of some genes. In conditions of low iron levels, Iron 
regulatory proteins (IRPs), notably IRP2, are active and bind to the IREs. 
Following IRP2 binding to 5’ IREs (such as that found on ferritin light chain, FTL), 
translation is inhibited. In contrast, IRP binding to 3’ IREs (such as that found on 
divalent metal transporter 1, DMT1) stabilizes the mRNA and leads to increased 
translation. In conditions of high iron, IRP2 is degraded in an FBXL5-dependent 
mechanism. This allows translation of genes with 5’ IREs to proceed unhindered. 
In contrast, genes containing 3’ IREs are less stable and nucleases can more 
readily digest them. Thus, translation of 3’ IRE genes is decreased. 
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The vast majority of the body’s 3-5 g of iron is found in the hemoglobin of 

erythrocytes in the form of heme. This accounts for approximately 65-75% of all 

iron. Another 10-20% is stored in ferritin in the liver, where it can be easily 

mobilized for physiological needs. Another 4% is found in the musculoprotein 

myoglobin, storing oxygen. The remaining 4-15% is distributed throughout other 

tissues. Most iron for erythropoiesis comes from macrophage recycling of 

senescent erythrocytes, which provides the necessary 20 to 25 mg iron required 

for the daily production of ~200 billion red blood cells. Beyond that, only 1-2mg of 

iron is absorbed daily from the diet.230,231 

The relatively low amount of iron absorbed by humans is due to the body’s 

ability to retain iron. It lacks extensive excretion by conventional kidney or liver 

pathways. Rather, the only method to eliminate iron is by enterocyte desquamation 

in the intestine. Since iron elimination by desquamation is not easily regulated, iron 

homeostasis is maintained by regulating absorption of iron into systemic 

circulation. This process is mediated by the hormone hepcidin. Hepcidin is 

produced in the liver in response to excess physiological iron. Hepcidin binds to 

the iron exporter FPN1 on enterocytes, and FPN1 is subsequently internalized and 

degraded in the lysosome.232,233 When hepcidin levels are high, FPN1 is depleted 

from the membrane, iron is retained intracellularly, and the movement of iron into 

plasma is decreased. When hepcidin levels are low, FPN1 is stabilized on the 

membrane and promotes absorption of dietary iron in the duodenum, increases 

iron release from macrophages that recycle old erythrocytes and other cells, and 

mobilizes stored hepatocyte iron.230,231,234 
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Hepcidin expression is increased in conditions of high systemic iron. This is 

mediated by transferrin saturation levels. In brief, when transferrin is sufficiently 

saturated, it outcompetes the homeostatic iron regulator (HFE) protein for 

transferrin binding. HFE is then free to interact with Transferrin Receptor 2 (TFR2) 

to instigate hepcidin transcription in a BMP-SMAD-dependent pathway.234,235 

Besides systemic iron levels, it has also been shown that inflammation and hypoxia 

can affect hepcidin transcription.230  

 

1.3.5 Iron, ferritin, and cancer 

Iron has been strongly implicated in cancer, as described in seminal recent 

reviews.236,237 The dual nature of iron as both a required, beneficial cofactor and a 

cellular toxicant contributing to cell death merits investigation. Ferritin carries 

particular interest as its levels are both low and high in various cancers.236 For 

example, increased c-MYC238 or HRAS239 expression in cancers can repress 

ferritin transcription to expand the free iron pool available for pro-growth 

processes. More recent work showed that PI3K inhibition in glioma cells increased 

ferritin, reduced the labile iron pool, and inhibited cell proliferation. Conversely, 

ferritin transcription can be induced by some cytokines240 that activate NF-κB, a 

transcription factor implicated in tumorigenesis due to its anti-apoptotic and pro-

survival activities;241 by sequestering iron, ferritin acts in a pro-survival role that 

prevents oxidative stress and inhibits cell death.242 

Beyond ROS-mediated activity in cancer, ferritin activates growth signaling. 

Breast cancer-associated inflammatory macrophages can secrete ferritin to induce 
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proliferation,243 and high intracellular ferritin in glioblastoma can activate the pro-

growth FOXM1 transcription factor244 and inhibit the tumor suppressor GADD45.245 

These findings appear to clash with recent findings by Gupta et al, who showed 

that PI3K inhibition elevates ferritin level to deplete the labile iron pool and block 

glioma cell proliferation.246 Clearly, the roles of ferritin in tumor growth are just 

starting to emerge, and I foresee a renaissance of iron biology in cancer in the 

near future. 

Ferritin expression has been investigated for use as a prognostic indicator. 

Amplified FTH1 mRNA expression has been correlated to the presence of 

metastatic disease and higher clinical stages in breast cancer.247,248 Higher FTH1 

expression has been associated with reduced survival in cholangiocarcinoma 

patients.249 Low FTH1 expression in tumor cells and microglia/macrophages 

correlated with shorter survival in patients with anaplastic astrocytomas. 

Interestingly, high FTL levels in microglia/macrophages correlated with shorter 

survival in brain tumors in another study, showcasing differential capabilities of the 

two ferritin subunits.250  

Serum ferritin levels carry prognostic value as well. High serum ferritin 

levels were associated with poorer overall survival in acute myeloid leukemia, lung 

cancer, colorectal cancer, neuroblastoma, and renal cell carcinoma patients.251-255 

However, in other tumor types like head and neck squamous cell carcinoma, 

serum ferritin did not correlate to tumor size, lymph node metastasis, or clinical 

stage;256 thus, it does not appear to be universal for high serum ferritin to 

prognosticate a poorer clinical outcome. 
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Beyond ferritin itself, several regulators of ferritin are implicated in cancer. 

IRP2 has been found to be overexpressed in colorectal cancer compared to normal 

colon; moreover, IRP2 overexpression was correlated to BRAF mutations.257 

Deregulated autophagy, and potentially ferritinophagy, has been implicated 

in cancer, though its role is complex.258,259 Autophagy can be tumor suppressing 

in some instances: deficiency in autophagy genes Atg7, Becn1, or Atg5 are 

implicated in inflammation, genomic instability, and cell death,259 perhaps due to 

accumulation of ROS from accumulated mitochondria.260 Conversely, some 

tumors begin to rely on autophagy. Mutant Ras cells grow tumors more efficiently 

in conditions of functional autophagy than dysfunctional autophagy.260 Even 

selective autophagy, such as that mediated by p62, has been implicated in cancer 

and carcinogenesis of environmental toxicants.261,262 

Few studies have investigated the tumorigenicity of NCOA4 and 

ferritinophagy dysregulation, but some correlations are beginning to emerge. High 

expression of NCOA4 has been identified in invasive ovarian cancer tumor 

cells.263,264 This overexpression of NCOA4 altered iron signaling, and was required 

for malignancy.263 However, overexpression is not consistently tumorigenic. 

Reduction of NCOA4a levels is found in prostate cancer cells and is mitogenic; 

however, overexpression of NCOA4b is also found in prostate cancer and 

promotes cell growth and invasion.265 Similar subunit-specific phenotypic roles 

were seen in breast cancer for the NCOA4 subunits.266 Pancreatic cancer cell lines 

demonstrate increased NCOA4 levels and high ferritinophagy flux.163 It is generally 

speculated that normal cells constitutively degrade ferritin in the lysosome as part 
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of a normal homeostatic process. In contrast, some speculate cancer cells may 

selectively degrade ferritin only when iron is needed for cell proliferation, thus 

protecting themselves against ROS. 

Degradation of ferritin has been proposed in cancer treatment. For example, 

the iron chelator DpdtC was shown to induce ferritinophagy and evoke iron-driven 

oxidative stress and lipid peroxidation.267 Additionally, low-dose paclitaxel and 

RSL3 (an inducer of a recently described form of iron-dependent cell-death, 

discussed in the next section) were shown to induce ferritinophagy and repress 

head and neck squamous cell carcinoma.268 Several iron chelators are under 

investigation for their anti-cancer effects.269 

 

1.4 NRF2 and iron signaling crosstalk 

1.4.1 NRF2 was discovered for its roles in globin regulation  

Dedicated oxygen carriers are critical for the existence of multiple phyla in 

the metazoan kingdom. As its name suggests, the birth of research into nuclear 

factor (erythroid-derived 2)-like 2 (NFE2L2, NRF2) is rooted in erythropoiesis: the 

production of red blood cells, or erythrocytes. The core function of erythrocytes is 

as an oxygen carrier that delivers oxygen to tissues for use in aerobic respiration. 

To do so, erythrocytes are rich in the iron metalloprotein, hemoglobin, which 

utilizes heme-bound iron to bind and transport oxygen. To better understand the 

production of hemoglobin, investigators were attempting to understand the 

transcriptional regulation of the hemoglobin subunits, a and b. The locus control 

region located 5’ of the b-globin gene cluster was known to harbor binding sites for 
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ubiquitous and erythroid-specific transcription factors, including the promiscuous 

AP-1 binding site. One transcription factor, nuclear factor erythroid 2 (NF-E2), was 

shown to bind to the AP-1 site,270 and mediate globin gene expression.271-275 To 

fully characterize all DNA-binding proteins that could interact with the NF-E2 

binding site, Moi and co-workers utilized a cDNA expression library from K652 cells 

to isolate several DNA binding proteins that bound to the AP-1/NF-E2 repeat found 

in the locus control region of b-globin. One of the identified proteins that could bind 

to this region was NRF2.276 

Although NRF2 was discovered as part of an effort to understand globin 

gene regulation, investigations into NRF2 and erythropoiesis quickly diminished 

for two reasons. First, within two years of its discovery, Chan and co-workers 

generated Nrf2 knockout mice. Homozygous Nrf2 knockout (Nrf2-/-) mice showed 

no visible phenotypes: mice exhibited no defects in embryogenesis, were fertile, 

and produced normal litter sizes. Most importantly, hematological markers of Nrf2-

/- mice did not differ from heterozygous or wildtype mice.22 Second, any roles of 

NRF2 in erythropoiesis were marginalized following the seminal works by Itoh and 

co-workers that demonstrated Nrf2 was essential for orchestrating the 

transcriptional induction of phase II detoxification genes carrying an antioxidant 

response element (ARE).31 Indeed, Nrf2 was found to regulate ARE-carrying 

genes. Since then, much of the NRF2 scholarship has sought to characterize its 

roles in detoxification and electrophilic stress mediation. 

Despite a shift from erythropoiesis to toxicology, studies suggest that NRF2 

target genes may still be involved in erythropoiesis. Several NRF2 target genes 
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have been directly implicated as anabolic enzymes necessary for hematopoietic 

cell maturation. In the original study characterizing mouse Nrf2 as well as 

subsequent analyses of the b-globin locus control region, in vitro reporter assays 

indicated that ectopically expressed Nrf2 can increase the expression of a reporter 

under the control of the globin enhancer region,276,277 indicating that Nrf2 may 

participate in globin transcription. More recent studies have confirmed NRF2 

binding to b-globin promoter regions using chromatin immunoprecipitation in 

lymphoblastoid cells treated with 10 µM sulforaphane, an isothiocyanate found in 

cruciferous vegetables that is routinely used to activate NRF2. Notably, NRF2 may 

exhibit tissue-specific b-globin DNA binding and transcriptional induction.278 

Others have extended the globin analyses to human fetal hemoglobin, which 

consists primarily of g-globin, by showing that the NRF2 inducers, tert-

butylhydroquinone (tBHQ, 25 µM), D3T (25 µM), and curcumin (10 µM) all could 

induce g-globin mRNA. Moreover, tBHQ increased protein level, nuclear 

localization, and g-globin promoter binding of NRF2, which led to increased human 

fetal hemoglobin,279 indicating a role for NRF2 in globin production. 

 

1.4.2 NRF2 regulates genes involved in heme biosynthesis 

NRF2 participates in the transcriptional regulation of heme metabolism. In 

particular, recent works have identified novel NRF2 target genes involved in heme 

biogeneration: ABCB6 and FECH. ATP binding cassette subfamily B member 6 

(ABCB6) imports porphyrins, such as coproporphyrinogen III, from the cytosol to 

the mitochondria for further heme anabolism.280,281 The ABCB6 gene also encodes 
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the Lan blood group antigen.282 NRF2 binding to ABCB6 promoter regions was 

first identified in microarray analyses of airway epithelia from smokers.283 A 

putative NRF2-ABCB6 relationship was further characterized when knocking down 

NRF2 in lung derived cell lines, A549 and BEAS-2B, and liver derived cell line, 

HepG2, treated with 10 µM of sulforaphane showed an approximately 70% 

decrease in ABCB6 transcript levels. Additionally, treatment with 10 µM 

sulforaphane showed a 5-fold induction of ABCB6 mRNA in GM12878 

lymphoblastoid cells. However, the same treatment did not induce ABCB6 

transcripts in bone marrow K562 cell lines, indicating that NRF2 modulation of 

ABCB6 may be tissue specific.278  

In addition to ABCB6, ferrochelatase (FECH) is located in the mitochondria 

and participates in heme biosynthesis. In the last step of heme biosynthesis, 

ferrochelatase inserts ferrous iron into protoporphyrin IX to generate the final heme 

cofactor.284 Wu and co-workers identified ferrochelatase as an NRF2 target using 

a gene dose-response model. In this model, they compared gene expression 

profiles of Nrf2-null mice, Nrf2-wildtype mice, Keap1-knockdown mice, and hepatic 

Keap1-knockdown mice. After showing that these models have increased liver 

Nrf2 activation, they identified a modest (<2 fold induction), but significant, 

induction of the Fech gene in the Keap1-knockdown and hepatic Keap1-

knockdown mice relative to the Nrf2-null and Nrf2-wildtype mice.285 The role of 

NRF2 in mediating FECH gene expression was further evaluated in human cell 

lines, whereby NRF2 knockdown in sulforaphane treated (10 µM sulforaphane for 

24 hours) A549, BEAS-2B, and HepG2 cells, decreased FECH mRNA by 42%, 
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29%, and 62% respectively.278 Consistently, treatment with 10 µM sulforaphane 

increased FECH mRNA expression in GM12878 lymphoblastoid cells. However, 

NRF2-mediated FECH induction may be tissue-specific, similar to ABCB6: neither 

sulforaphane treatment nor KEAP1 knockdown in K562 bone marrow cells showed 

increased FECH expression 278. The NRF2-regulated aspects of heme anabolism 

are shown in Figure 1.5.  

 

1.4.3 NRF2 regulates genes involved in heme catabolism 

While Nrf2 regulates biological utilization of oxygen and iron by facilitating 

the transcription of genes that incorporate iron into heme during hemoglobin 

anabolism, NRF2 also regulates mobilization of iron from heme during hemoglobin 

catabolism. Senescent red blood cells are degraded by the mononuclear 

phagocyte system, consisting of primarily splenic macrophages and liver Kupffer 

cells. Following engulfment, erythrocytes are degraded in the phagolysosome and 

hemoglobin is degraded by proteases to liberate the heme cofactor.286 The heme 

is then exported out of the lysosome into the cytosol by the lysosomal membrane-

bound transporter heme-responsive gene 1 (SLC48A1, HRG1).287,288 Knocking 

down NRF2 in A549, BEAS-2B, and HepG2 cells decreases HRG1 expression up 

to 52%, while activation of NRF2 by either KEAP1 knockdown or treatment with 10 

µM sulforaphane results in increased HRG1 mRNA expression by 2-6 folds and 

an increased in HRG1 protein level.278 Although NRF2 activation appears to 

mediate HRG1 transcript and protein levels, it remains unclear to what extent 
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Figure 1.5. NRF2 regulates heme synthesis. 
Several genes involved in the heme biosynthetic pathway are transcription 
targets of NRF2 (red-colored genes). These genes include ABCB6, which 
transports coporphyrinogen III from the cytosol to the mitochondrial 
intermembrane space, and FECH, which inserts ferrous iron into the 
protoporphyrin ring. 
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heme trafficking and catabolism changes.  

Within macrophages, cytosolic heme from red blood cells is metabolized 

into ferrous iron and biliverdin by heme oxygenase (HMOX-1). Biliverdin is further 

metabolized, while the ferrous iron is recycled for fresh erythrocyte production. 

Prior to the discovery of Nrf2-mediated HMOX-1 regulation, Hmox-1 mRNA was 

known to increase following administration of phoebe esters, sodium arsenite, 

H2O2, ultraviolet light, heme, and sulfhydryl compounds to skin fibroblasts. The 

RNA synthesis inhibitor actinomycin D had been shown to inhibit Hmox-1 transcript 

induction following administration of many of these stimuli, thus implicating 

transcription as the key regulatory component for Hmox-1 induction.289 Two 

putative distal enhancer regions at -4kb and -10kb were known to be required for 

induction by several stimuli, including heme, arsenite, and H2O2. They contained 

stress response elements (StREs) which were critical for inducer-dependent 

upregulation of Hmox-1 transcription.290 As the StRE consensus sequence closely 

aligned with the binding site for the AP-1 groups of transcription factors, 

investigations focused on the well-studied Jun and Fos families of factors. 

However, the AP-1 site was identified to be only necessary, but not sufficient, for 

HMOX-1 induction by heme and cadmium; an extended AP-1 site with an 

additional proximal three base pairs was deemed sufficient, which closely mirrored 

an ARE.291 Soon after, Alam and co-workers identified Nrf2 as the dominant 

mediator for Hmox-1. They showed that the expression of a dominant negative 

NRF2 mutant could inhibit Hmox-1 mRNA induction by multiple agents (10 µM 

heme, 100 µM arsenite, 10 µM cadmium, 100 µM zinc, or 50 µM TBHQ) by >85%, 
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refuting the Jun/Fos model.292 These studies defined NRF2 as the main 

transcriptional regulator of HMOX-1. For a more robust discussion on the 

implications of NRF2 and HMOX-1 in health and disease, a comprehensive recent 

review has been conducted.293 

Further studies have demonstrated that a transcriptional repressor, BRCA-

1 associated carboxy terminal helicase (BACH1), can occupy the same binding 

sites on HMOX-1 as NRF2. Bach1 is a BTB-basic leucine zipper transcription 

factor that antagonizes small Maf proteins that activate transcription at NF-E2 

sites, including Nrf2.294 Notably, Bach1 is a heme sensor; upon binding heme, 

Bach1 is ubiquitylated and targeted for proteasomal degradation.295 It was shown 

that Bach1 must be displaced prior to Nrf2 binding to the HMOX-1 gene,296 

indicating that iron-containing hemin and Nrf2 cooperate to induce HMOX-1. 

While free iron generated from heme catabolism can be utilized or stored 

by the cell the remaining heme catabolite, biliverdin, is metabolized to bilirubin by 

either biliverdin reductase A (BLVRA) or biliverdin reductase B (BLVRB). Bilirubin 

subsequently serves as an antioxidant free radical scavenger, and can be 

glucuronidated for excretion. Transcription of biliverdin reductase B increased 

following Nrf2 activation; mice with liver-specific Keap1 knockout showed 270% 

increase of Blvrb mRNA.285 Human BLVRB was also shown to be an NRF2 target 

gene: both KEAP1 knockdown or treatment with 15 µM sulforaphane induced 

BLVRB transcripts 1-3 folds in breast cancer MCF10A cells.297 ChIP-seq and 

microarray analysis were combined to demonstrate that 100 µM diethyl maleate 

targeted Nrf2-MafG binding to a site proximal to Blrvb gene locus, and Blrvb gene 
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transcripts approximately doubled.298 Similarly, 15 µM sulforaphane enhanced 

transcript and protein levels of BLVRA by 1 fold and 5 folds, respectively.297 Hmox-

1 and both biliverdin reductases appear to depend on NRF2, indicating that NRF2 

plays a critical role in heme catabolism; indeed, NRF2 critically mediates crosstalk 

between these two systems: BLVRA can bind heme and transport it into the 

nucleus to induce Hmox-1, likely by delivering heme to the Bach1 repressor and 

abrogating Bach1 activity.299 Like many of the heme or erythropoietic genes 

associated with NRF2 activity, definitive correlation of NRF2’s role in modulation 

of BLVRA or BLVRB transcription to a physiological or pathological outcome is 

wanting. 

Aside from biliverdin reductases, NRF2 has also been implicated in the 

transcription of another enzyme that protects cells against oxidation by heme: 

alpha-1-microglobulin (A1M). The gene for A1M is alpha-1-microglobulin-bikunin 

precursor (AMBP); following cleavage by a protease, furin, AMBP gives rise to 

both A1M and bikunin, an extracellular matrix component. While the precise 

reactions of A1M remain unknown, A1M has cytoprotective and antioxidant effects 

due to its reported multi-faceted role as a reductase/dehydrogenase, heme-

binding and degrading protein, and free radical scavenger.300 In erythroid cells, 

A1M prevents intracellular oxidation, and can bind heme.301-303 The proposed 

antioxidant mechanisms also include upregulation of its own transcription in 

response to hemoglobin, heme, and ROS. These functions have been recently 

reviewed elsewhere.300 SFN treatment (10 µM for 8 hours) of K562 chronic myeloid 

leukemia cells and GM12878 lymphoblastoid cells significantly increased AMBP 
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expression by 2- and 56- fold, respectively.  As expected, when KEAP1 was 

knocked down in K562 cells, AMBP mRNA increased more than 2-fold.  Knocking 

down NRF2 in A549 lung adenocarcinoma cells, and in sulforaphane treated 

(10µM) BEAS-2B bronchial epithelial cells and HepG2 hepatocellular carcinoma 

cells all showed decreased AMBP transcript levels.278 Thus, NRF2 may mediate 

protection against heme- and hemoglobin-induced reactive oxygen species by 

promoting AMBP expression. 

While NRF2 may participate in the safe destruction of heme via its induction 

of HRG1, HMOX-1, and the biliverdin reductases, it may also participate in the 

incorporation of iron back into heme via its upregulation of genes like FECH and 

ABCB6. These complementary roles could place NRF2 as a regulator at both the 

birth and death of iron recycling for erythrocyte production. Because iron 

participates in Fenton reactions, cells may utilize the redox-sensitive KEAP1-NRF2 

system to ensure safe handling of the massive quantities of iron used during the 

generation and destruction of heme necessary for oxygen-facilitated biology. More 

dissection of the role of NRF2 in altering heme metabolism, quantity, or function is 

required in future studies. The NRF2-regulated portions of heme degradation are 

summarized in Figure 1.6. 

 

1.4.4 Other roles of NRF2 in erythropoiesis  

Although NRF2 appears to regulate many genes involved in hemoglobin 

metabolism and iron utilization, Nrf2-/- mice did not show anemia.22 However, 

follow-up studies indicated that older Nrf2-/- mice had signs of anemia and  
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Figure 1.6. NRF2 regulates heme degradation. 
Putative NRF2 transcription targets are in red-colored text. (1) Aged 
erythrocytes, which contain hemoglobin, are endocytosed by macrophages. (2) 
Endocytosed erythrocytes are degraded in the phagolysosome of macrophages 
to liberate heme. (3) Heme is exported from the lysosome to the cytosol by 
HRG1, a transcriptional target of NRF2. (4) HMOX-1, a transcriptional target of 
NRF2, catabolizes heme into biliverdin and free iron. (5) BLVRA, a transcription 
target of NRF2, represses BACH1 and allows NRF2 to promote HMOX-1 
expression. (6) Free iron liberated from heme is recycled for further heme 
synthesis, storage, or export from the cell. (7) Biliverdin is metabolized to 
bilirubin by BLVRA and BLVRB, which are transcription targets of NRF2. 
Bilirubin is then excreted to blood circulation and transported to the liver, where 
it is excreted as bile. (8) The NRF2 transcription target AMBP is proteolytically 
cleaved to A1M, which can bind heme. 
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presented with splenomegaly and spleen toxicity. Indeed, hematological analyses 

showed Nrf2-/- mice had abnormal erythrocyte morphology and were more 

sensitive to H2O2-induced hemolysis.304 Whether these defects are due to 

decreased functional hemoglobin, decreased detoxification, or some combination 

thereof remains unclear. It is possible that alterations to red blood cell function in 

Nrf2-/- mice may arise from decreased antioxidant capacity in erythrocytes. 

Substantial evidence indicates that accumulation of reactive oxygen 

species (ROS) is particularly deleterious to red blood cells and can lead to 

hemolysis.305-307 As expected, ablation of ROS-scavenging selenoproteins, like the 

GPXs, can induce anemia. Red blood cell count, hemoglobin concentration, and 

hematocrit in mice with Cre-Lox-induced deletion of tRNAsec gene Trsp, which 

normally allows synthesis of selenoproteins, were decreased to approximately 

60% of the control. Moreover, combined inactivation of GPX selenoproteins and 

Nrf2 exacerbated the anemia: the same hematopoietic parameters dropped to 

30% of the control. The combined loss of selenoproteins and Nrf2 resulted in 

increased erythrocytes’ intracellular ROS levels. Thus, the battery of Nrf2 

selenoprotein genes critically regulate redox homeostasis in erythrocytes and may 

prevent hemolytic anemia.308 

The antioxidant functions of GPX proteins are complemented by a host of 

other antioxidant defense systems that can be activated by NRF2. Broadly, these 

include the peroxiredoxins system,309,310 the thioredoxin system, and the 

glutathione system. NRF2 has been shown to facilitate the transcription of 

enzymes involved in these defense systems as reviewed recently.311,312 
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Importantly, players in these systems like the peroxiredoxins have been shown to 

be particularly efficient ROS scavengers313,314 capable of affecting both 

physiological iron homeostasis and erythrocyte health.315,316 Excellent reviews 

encompassing the NRF2-peroxiredoxin system are available.312,317-319 

Beyond its role in regulating redox stress during hematopoietic cell 

development, studies have also shown that NRF2 plays a role in hematopoietic 

stem cell (HPSC) maintenance.60 The HPSCs in Nrf2-/- mice exhibit a 65% increase 

in apoptosis compared to Nrf2+/+ mice, which was not associated with an increase 

in ROS; moreover, Nrf2 appears to balance HPSC proliferation, self-renewal, and 

bone marrow localization.320,321 Nrf2-mediated Notch signaling improved HPSC 

function following ionizing radiation.121 Murakami and co-workers demonstrated 

the role of Nrf2 in mediating HPSC fate by using Keap1-deficient mice, which 

presented with almost 10% enhanced granulocyte-monocyte differentiation, and 

compensatory decreased erythroid and lymphoid differentiation. Keap1-/- HPSCs 

mimicked the non-erythroid lineage priming, while combined Nrf2/Keap1 knockout 

restored lineage commitment.322 Given that genes important for heme 

biosynthesis, like ABCB6 and FECH, are transcription targets of NRF2, it seems 

surprising that NRF2 activation favors non-erythroid lineages that depend less on 

heme. To further complicate the role of NRF2 in erythropoiesis, some roles of 

NRF2 in HPSC maintenance are proposed to be independent of oxidative 

stress,321 while other studies indicated that NRF2 protects erythrocytes from 

oxidant-induced hemolysis and anemia.304 Clearly, erythropoiesis is a carefully 

regulated process with many players and processes, and NRF2 mediates 
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erythropoietic processes including cellular antioxidation, stem cell maintenance 

and differentiation, and transcriptional activation of heme anabolic genes. The 

apparently conflicting roles of NRF2 within many hematological processes require 

further dissection. 

 

1.4.5 NRF2 compartmentalizes non-heme-associated iron 

While NRF2 assists with maintaining physiological iron homeostasis due to 

its roles in regulating heme-bound iron, NRF2 also plays a pivotal role in regulating 

iron homeostasis within the labile iron pools. The earliest and most striking 

phenotypic examples of NRF2 effects on iron storage and transportation followed 

the discovery that Nrf2-/- mice showed abnormally white teeth compared to Nrf2+/+ 

mice; this color switch was determined to be due to defective iron utilization in 

developing tooth enamel of Nrf2-/- mice.323 Many investigations have subsequently 

identified and characterized specific genes involved in management of non-heme 

iron. One of its most important functions in this regard is as a transcriptional 

activator of ferritin.  

The first indication of Nrf2 as a transcription factor that modulates Fth1 and 

Ftl transcription arose when depletion of glutathione in rat livers was shown to 

increase both Ftl and Fth1 transcripts.324. Shortly after, AREs were identified within 

the promoter regions of murine Ftl and Fth1 genes.325,326 However, it was unknown 

which transcription factors could bind to the AREs, or if that binding affected 

transcription. The heavy chain of ferritin, Fth1, was first identified as an Nrf2 target 

gene when basal Fth1 mRNA levels in Nrf2-deficient mice were lower than in Nrf2-
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wildtype mice.327 The relationship between Nrf2 activation and Ftl was soon 

uncovered when Ftl transcripts were 2-fold higher in Nrf2+/+ compared to Nrf2-

deficient mouse intestines.328 These two studies provided the first link between 

Nrf2 and Ftl and Fth1 transcription; however, neither study found that Nrf2-

activating xenobiotics could induce Ftl or Fth1, and instead proposed that Nrf2 

functioned solely to enhance basal transcription of ferritin. While chemopreventive 

xenobiotics like the dithiolethiones oltipraz and 1,2-dithiole-3-thione had been 

known to activate Nrf2329 and induce ferritin,330 nobody had directly linked 

xenobiotic activation of Nrf2 to ferritin induction. Pietsch and co-workers connected 

these concepts by showing both Ftl and Fth1 could be induced ~2 fold by 70 µM 

of various dithiolethiones only in the presence of Nrf2 in primary mouse embryo 

fibroblasts.331 They demonstrated using gel shift assays that Nrf2 directly bound to 

the known Fth1 ARE following administration of chemopreventive dithiolethiones 

oltipraz and 1,2-dithiole-3-thione.331 Thus, Nrf2 is responsible for basal 

transcription of ferritin, and xenobiotic-activated Nrf2 can induce ferritin beyond its 

normal levels. 

While the upregulation of ferritin gene transcription by NRF2 alters iron 

homeostasis by increasing iron storage and decreasing labile iron, NRF2 also 

buffers labile iron by altering its flux in and out of the cell. NRF2 does so by 

modulating the expression of ferroportin (FPN1), the only known mammalian 

exporter of iron from the cytosol to the extracellular milieu. FPN1 exports iron from 

iron-absorbing enterocytes of the intestinal lining into the bloodstream, thus 

adjusting the amount of dietary iron entering circulation.196 Similarly, FPN1 is 
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responsible for iron mobilization from the hemoglobin-recycling macrophages and 

iron-storing hepatocytes.196 As iron is only normally lost due to bleeding, 

menstruation, childbearing, or intestinal cell sloughing, the aforementioned 

processes are required to ensure adequate iron supply for cellular functions and 

hemoglobinization without inducing iron overload and the associated oxidative 

stress. The role of Nrf2 in Fpn1 regulation arose from studies on macrophages in 

mice. Multiple groups showed that macrophage mRNA levels of Fpn1 increased 

following erythrophagocytosis.332,333 No transcription factors were identified 

facilitating the response to erythrophagocytosis until Marro and co-workers 

identified that the transcriptional repressor Bach1 controls Fpn1 expression. 10-

fold induction of Fpn1 by heme was due to release of the heme-sensitive Bach1 

repressor; subsequently, a putative ARE was identified approximately -7kb from 

the FPN1 core promoter. Accordingly, treatment with sulforaphane increased Fpn1 

mRNA expression more than fivefold.334 The current model proposes that Bach1 

binds to the ARE until heme exposure, wherein Bach1 leaves the DNA and allows 

Nrf2 to bind in its place and promote Fpn1 transcription. Notably, Nrf2 activation 

may simply displace Bach1 without Bach1 degradation. Regardless, heme 

inactivates Bach1,335 thus providing a consistent regulatory element to Nrf2 

activation of both HMOX-1 and FPN1, two proteins involved in heme catabolism 

and iron recycling. Additional evidence points to Ftl and Fth1 regulation by Nrf2 

requiring Bach1 inactivation.336 

Further studies demonstrated that several Nrf2 activators, including diethyl 

malate (100 µM) and sulforaphane (5 µM), can upregulate Fpn1 mRNA in murine 
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macrophages in an NRF2-dependent, iron-independent manner. The increased 

Fpn1 was estimated to release significantly more (5% extra) intracellular iron to 

the extracellular milieu. Nrf2-mediated increases in iron export from macrophages 

were efficient enough to counteract lipopolysaccharide-induced suppression of 

Fpn1 mRNA expression. This indicates that Nrf2 may regulate iron trafficking 

during inflammation via Fpn1 expression.337 Thus, NRF2 may reduce intracellular 

labile iron pools by inducing expression of the iron storage ferritin proteins FTL and 

FTH1 and the iron exporter FPN1. Further studies using an in vivo model are 

necessary to determine whether alterations to NRF2-mediated ferroportin 

induction can alter inflammation or infection outcomes. 

While excess iron can be sequestered in ferritin or exported by ferroportin, 

iron can also directly impact cellular signaling following its incorporation into a 

protein known as pirin (PIR). PIR directly interacts with B-cell lymphoma 3-

encoded (Bcl-3) to coregulate nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-kB) transcriptional signaling. Crystal structures of PIR show 

it uses iron as a cofactor, suggesting PIR has an enzymatic redox function.338 PIR 

conformations change depending on whether the bound iron is Fe2+ or Fe3+, and 

the redox state of PIR iron alters its allosteric regulation of NF-κB’s DNA binding 

capabilities. It has been proposed that NF-κB’s role in responding to intracellular 

oxidative stress may depend on PIR redox state.339 PIR was initially identified as 

an NRF2 target following an investigation into differential gene expression between 

small airway epithelia of smokers and nonsmokers. Mobility shift assays showed 

direct NRF2 binding to putative AREs.283 NRF2-mediated PIR transcription was 
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validated in HeLa cervical cancer cells: a functional ARE was identified at +281 bp 

downstream of the transcription start site. Additionally, NRF2 knockdown in HeLa 

cells decreased PIR mRNA and protein levels. NRF2 overexpression increased 

PIR mRNA level 30% relative to that of control, and chromatin immunoprecipitation 

demonstrated NRF2 binding to PIR promoter antioxidant response element.340 

Although the role of NRF2 in modulating PIR levels to alter physiology or disease 

progression are unclear, PIR and iron may serve as a pathway linking NRF2 and 

NF-κB transcriptional programs. 

NRF2 activation is generally expected to reduce cytosolic labile iron: ferritin 

can sequester iron, ferroportin can export iron, and pirin can utilize iron as a 

cofactor for intracellular signaling. NRF2 activation can thus enable a reduction in 

the intracellular iron pool, restoring homeostasis in situations of cellular iron 

overload and preventing oxidative stress. NRF2-mediated regulation of labile iron 

pool is summarized in Figure 1.7. 

 

1.5 NRF2, iron, and cancer 

1.5.1 Iron homeostasis, NRF2, and cancer 

Given that iron is an essential nutrient and iron-containing proteins play 

diverse roles in cell cycle, DNA repair, and metabolism, many proteins involved in 

modulating iron homeostasis are now implicated in cancer, including the 

aforementioned ferroportin and ferritin proteins.341,342 For example, glioblastoma 

cells were found to be particularly dependent on high ferritin levels; knocking down 

ferritin in vitro reduced tumor cell proliferation by 7-fold. Xenograft studies showed  
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Figure 1.7. NRF2 regulates the labile iron pool. 
Putative NRF2 transcription targets are in red-colored font. (1) Labile iron can 
be exported out of the cytosol by FPN1, which is an NRF2 transcription target. 
(2) Labile iron can be sequestered in ferritin, which is composed of FTL and 
FTH1 polypeptide subunits. Both FTL and FTH1 are known transcription targets 
of NRF2. (3) Labile iron can bind to PIR and influence NF-kB transcriptional 
activity. 
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that shRNA-mediated FTH1 or FTL knockdown suppressed tumorigenesis of 

glioblastoma cells.343 Understanding how iron signaling becomes deregulated in 

cancer could lead to novel understandings of the tumor as well as fresh treatment 

avenues. 

One approach is to understand how NRF2 is deregulated in cancer, and 

how that in turn can alter iron homeostasis. Similar to many iron-modulatory 

proteins, NRF2 activation has also been implicated in cancer: NRF2 activation in 

some tumor types such as non-small cell lung cancer is associated with poor 

disease prognosis, including worse overall survival with hazard ratios of 1.75 for 

patients with NRF2 expression and 2.09 for patients with low or undetectable 

KEAP1 expression.344,345 Current models posit that while transient NRF2 activation 

protects cells from deleterious insults and carcinogens, constitutive activation of 

NRF2 actually promotes carcinogenesis. Recent studies have highlighted this 

“dark side” to NRF2 activation in cancer.85,346 For example, somatic mutations that 

activate NRF2 or inhibit KEAP1-mediated degradation of NRF2 have shown 

prevalence in many cancers.347,348 Additionally, some environmental carcinogens 

like arsenic are capable of constitutively activating NRF2 in nanomolar to 

micromolar exposure ranges.349,350 Once activated, NRF2 can promote 

carcinogenesis by facilitating several classical hallmarks of cancer, including 

angiogenesis, metabolic reprogramming, chronic proliferation, and resistance to 

cell death.14,351,352 Additionally, one of the main consequences of constitutive 

NRF2 activation in tumors is its ability to upregulate cytoprotective genes that 

rapidly metabolize and eliminate chemotherapeutics and reduce treatment 
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efficacy.353 While few investigations have unequivocally established relationships 

between dysregulated NRF2, iron, and oxygen in cancer, studies are beginning to 

uncover that NRF2 activation in cancer may promote the disease through its 

modulation of iron signaling. 

Currently, the NRF2 iron-related target gene most strongly associated with 

cancer is HMOX-1.354 Several studies have indicated that inhibition or elimination 

of HMOX-1 in NRF2-activated cells sensitizes them to chemotherapeutics.354 For 

example, A549 cells, a lung cancer cell line with constitutive NRF2 activation, 

shows HMOX-1 overexpression relative to other lung cancer cell lines H23, H127, 

and H460. NRF2 knockdown by RNA interference demonstrated that the high 

levels of HMOX-1 in A549 cells were due to its constitutive NRF2.355 Importantly, 

high HMOX-1 expression decreases susceptibility to cisplatin chemotherapy; both 

genetic or pharmacological inhibition of HMOX-1 boosts cisplatin cytotoxicity in 

A549 cells by 20-50%. Mechanistically, HMOX-1 was proposed to decrease 

reactive oxygen species in the cells.355,356 A similar effect was seen with a different 

pro-apoptotic compound, epigallocatechin 3-gallate (EGCG) in A549 cells. EGCG 

was found to upregulate HMOX-1, and following siRNA-mediated knockdown of 

HMOX-1, cells were significantly more susceptible to apoptosis when exposed to 

50-100 µM EGCG. Intriguingly, the study also found that 100 µM of the iron 

chelator deferoxamine could reduce the EGCG-induced upregulation of HMOX-1, 

indicating a role for iron in resistance to chemotherapeutics.357 Several studies 

have expanded the carcinogenic roles of NRF2 and HMOX-1 beyond lung cancer. 

For example, NRF2-mediated HMOX-1 induction attenuated arsenic trioxide-



 76 

induced cell death and ROS in glioma cells.358 NCI-H292 lung cancer cells 

overexpressing NRF2 and HMOX-1 showed an induction of thymidine 

phosphorylase, and a subsequent increase in angiogenic potential as indicated by 

a 150-200% increase in endothelial cell branching.359 Biallelic fumarate hydratase 

(FH) inactivation, which is the initiating event of hereditary leiomyomatosis and 

renal cell cancer (HLRCC), also activates NRF2.360 In these cells HMOX-1 

knockdown was also shown to be synthetic lethal with the FH inactivation.361 

Clearly, more information on exactly how NRF2-HMOX-1 contributes to cancer is 

needed. 

Aside from HMOX-1, oncogenic relationships between ferritin and NRF2 

are emerging. Much like HMOX-1, several studies have indicated that ferritin 

upregulation protects cells against chemotherapeutics such as doxorubicin or 

carmustine. For example, siRNA-mediated FTH1 knockdown decreased the LD50 

of carmustine from 100 µM to 40µM in U-251 glioblastoma cells, and similar 

depletion of FTH1 and FTL by miR-200b lowered the IC50 of doxorubicin from 20 

µM to <5 µM in MDA-MB-231 breast cancer cells.362,363 Ferritin upregulation has 

been shown to increase resistance to TNF-induced cell death as well.242 Given that 

ferritin transcription is under the control of transcription factors beyond NRF2, such 

as NF-kB,364 the extent to which NRF2 specifically contributes to ferritin 

overexpression and associated chemotherapy resistance remains undetermined.  

The roles of ferritin in cancer go beyond its role in intracellular redox stress 

and cell death. Recent studies on ferritin in cancer show that it can alter 

intracellular signaling. Schonberg and co-workers showed that high ferritin in 
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glioblastoma cells induced a chronic proliferative signal by activating the pro-

mitotic Forkhead Box M1 transcription factor (FOXM1).343 While the exact 

mechanism explaining how ferritin upregulation induces FOXM1 signaling is not 

well-characterized, it could be through an iron-chelation effect induced by iron-

independent upregulation of ferritin. Should NRF2 activation induce intracellular 

iron deficiency, this could have profound implications for many biological iron-

dependent carcinogenic processes, ranging from replication, DNA repair, 

metabolism, and iron-dependent dioxygenase activity.365-372 Iron-dependent 

dioxygenases include the prolyl hydroxylases that negatively regulate the 

proangiogenic transcription factors: Hypoxia Inducible Factors 1a and 2a (HIF1a 

and HIF2a).373 Inhibition of NRF2 has been shown to reduce HIF1a,374,375 mirroring 

the activation of HIF1a seen with iron chelation treatment.373 Interestingly, 

upregulation of ferritin has been shown to lower available iron by an estimated 

25%, decrease prolyl hydroxylase activity by ~75%, and activate HIF1a.376 Thus, 

intracellular iron signaling can serve as a link between HIF and NRF2. Intriguingly, 

translation of HIF2a is also regulated by IRPs: akin to ferritin, HIF2a contains an 

IRE in its 5’ UTR that is particularly susceptible to translational inhibition by 

IRP.377,378 If the NRF2-mediated intracellular iron deficiency holds true, NRF2 

activation will selectively activate HIF1a and not HIF2a, as the latter would have 

been repressed at the translation level. The differential activation of HIF1a versus 

HIF2a may have very different consequences. As was observed in renal cell 

carcinoma, HIF2a, but not HIF1a, confers tumorigenic potential upon inactivation 

of the von Hippel Lindau (VHL) tumor suppressor.379  
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The interplay between transcriptional control of ferritin genes by NRF2 and 

translational control by IRP2 also merits exploration. KEAP1 regulation of NRF2 is 

mediated by a series of reactive thiols;380 different cysteines appear to react with 

different inducers to activate NRF2.14,42,381 IRP2 also seems to show compound-

dependent increases62 or decreases382,383 to IRE binding, likely based on IRP2 

cysteine modifications384. Understanding the combined iron-relevant “cysteine 

code” that determines if and when ferritin protein increases could provide insight 

into the relationship between NRF2 and iron signaling. The roles of NRF2-

mediated iron homeostasis regulation in cancer are summarized in Figure 1.8. 

 

1.5.2 NRF2 regulates sensitivity to ferroptosis, an iron-dependent cell death 

mechanism 

The profound interactions between oxygen and iron create a check and 

balance system that keeps iron-associated oxidative stress in check, while 

allowing cells to utilize the redox properties of iron to enable living processes. 

When thrown out of balance, iron-induced oxidative stress may induce sufficient 

cellular damage to prevent biological activity and cause cell death. Indeed, free 

iron and its associated reactive oxygen species are important initiators and 

mediators of cell death, as reviewed recently.385 One of the main biomolecule 

targets of iron-mediated hydroxyl radicals are lipids. Following abstraction of a lipid 

hydrogen by hydroxyl radicals, the newly-formed lipid radical reacts with another 

nearby lipid to generate a lipid peroxide and a second lipid radical. This process 

propagates forward, generating a series lipid peroxides that alter membrane fluidity 
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and 

 

 

Figure 1.8. NRF2, iron, and cancer. 
NRF2 gain-of-function mutation [green bordered ellipse] and KEAP1 loss-of-
function mutation [red bordered ellipse] are frequently found in cancer. These 
mutations lead to sustained NRF2 activation. (1) NRF2 promotes the expression 
of HMOX-1, which was previously shown to confer chemoresistance. (2) NRF2 
promotes ferritin expression, which was shown to protect cells against TNFa-, 
doxorubicin-, and carmustine-induced cell death. (3) Increased ferritin level in 
glioblastoma cells was shown to promote FOXM1 activity and confer a 
proliferative phenotype. (4) In FH loss-of-function [red bordered ellipse] HLRCC 
cancer cells, HMOX-1 knockdown was shown to be synthetic lethal with the FH 
inactivation. In these cells, fumarate [Fum] inhibits KEAP1 and drives NRF2 
activation and possibly proliferation through ferritin induction. NRF2 transcription 
targets are in red. 

  



 80 

membrane-bound protein mobility. 

NRF2, iron, and oxygen again cross paths upon interrogation of NRF2’s role 

in ameliorating lipid peroxidation. Activated NRF2 protects cells against 

hydroperoxides by upregulating the transcription of the glutathione peroxidase 

(GPX) family of proteins. Glutathione peroxidases utilize monomeric glutathione 

(GSH) to eliminate peroxides, generating water and oxidized glutathione as 

products. Of the GPXs, glutathione peroxidase 4 (GPX4) serves as the primary 

neutralizer of lipid peroxides.386  

Aberrant accumulation of lipid peroxides through inhibition of GPX4 or 

depletion of GSH has been shown to induce ferroptosis, an iron-dependent and 

non-apoptotic form of cell death.387 Ferroptosis was first discovered as the 

mechanism by which RAS synthetic lethal compounds, erastin and RSL3, 

selectively killed RAS activated cells.388 

Beyond its potential exploitation in cancer chemotherapy, ferroptosis is 

thought to contribute to tissue ischemic reperfusion injury, acute renal failure, and 

neurodegeneration. Iron itself is capable of inducing lipid peroxidation, both 

enzymatically and nonenzymatically, though the exact role of iron in ferroptosis is 

unclear.7,389 Regardless, addition of iron chelators such as deferoxamine (DFO) or 

knockdown of the negative regulator of ferritin translation, IRP2, inhibit ferroptosis, 

indicating that ferroptosis is an iron-dependent oxidative cell death.388 To date, 

many ferroptosis-inducing (FIN) compounds have been identified, which generally 

fall into two classes. Class 1 compounds (e.g., erastin) prompt ferroptosis through 

inhibition of SLC7A11, which is a cysteine-glutamate antiporter responsible for the 
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import of extracellular cysteine required for GSH synthesis. Following SLC7A11 

inhibition, GSH synthesis stops, GPX4 cannot eliminate lipid peroxides, and 

ferroptotic cell death commences. On the other hand, Class 2 FIN compounds (e.g. 

RSL3) directly inhibit GPX4 to induce lipid peroxide accumulation and 

ferroptosis.390 

NRF2 activation has long been linked to protection against cell death,13 but 

investigators have only just begun to dissect the role of NRF2 in ferroptotic cell 

death and its relation to iron signaling. Both GPX4 and SLC7A11 are bona fide 

NRF2 target genes,391-393 as are the glutathione synthesis genes γ-

glutamylcysteine synthetase (GCS), glutamate-cysteine ligase modifier 

subunit (GCLM), and glutamate-cysteine ligase catalytic subunit (GCLC),329 so 

NRF2 activation was expected to protect cells against ferroptosis. Additionally, 

degradation of FTL and FTH1, both NRF2 target genes, was shown to enhance 

ferroptosis; the logical assumption follows that NRF2-mediated induction of ferritin 

could desensitize cells to ferroptosis.394 

One of the earliest indications that NRF2 and ferroptosis were related arose 

from a study that showed epicatechin protects against intracerebral hemorrhage 

by activating NRF2. In this study, the authors also identified that epicatechin 

reduced gene expression of critical ferroptosis regulators like IRP2, which is not a 

target gene of NRF2. It remains to be uncovered how the NRF2-mediated 

ferroptosis protection interacts with concurrent IRP2 downregulation, and how 

those pathways converge with iron proteins such as FTL or FTH1.395 Soon after 

the epicatechin work, NRF2 activation via p62-mediated inhibition of KEAP1 was 
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shown to protect hepatocellular carcinoma cells against ferroptosis.396 Specifically, 

NRF2-mediated induction of the iron-related target genes HMOX-1 and FTH1 

protected against ferroptosis; consistently, knockdown of either HMOX-1 or FTH1 

by RNA interference enhanced ferroptotic cell death in hepatocellular carcinoma 

cells.396 Other genes NRF2 regulated may modify ferroptosis sensitivity: NRF2-

mediated induction of metallothionein-1G (MT-1G) has been shown to protect 

against ferroptosis. The ferroptosis inducer sorafenib more potently reduced Huh7 

hepatocarcinoma tumor burden in mice cotreated with MT-1G shRNA. 

Additionally, MT-1G knockdown in hepatocellular carcinoma cells nearly doubled 

erastin- and sorafenib-induced lipid peroxidation.397 NRF2 activation also 

contributes to ferroptosis resistance of head and neck cancer cells; importantly, in 

vivo inhibition of the NRF2 pathway sensitized ferroptosis-resistant head and neck 

cancers to 50 mg/kg of artesunate, a ferroptosis inducer.398 

 Cancer preventive compounds, or chemopreventives, may also protect 

against ferroptosis: 10 µM of the chemopreventive baicalein was shown to protect 

against ferroptosis by preventing NRF2 degradation and increasing GPX4 protein 

levels approximately 3-fold.399 Intriguingly, FINs seem to alter NRF2 levels 

themselves: the Class I ferroptosis inducer erastin appeared to decrease NRF2 

protein levels in pancreatic cancer and head and neck cancer cells,399 yet 

increased NRF2 levels in hepatocellular carcinoma cells.396 This mechanistic 

discrepancy merits further investigation to identify how different FINs affect NRF2 

in different tissues. As many ferroptosis inducers concurrently activate NRF2, 

combining a ferroptosis inducer with an NRF2 inhibitor could provide a synergistic 
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treatment option, although effective pharmacological NRF2 inhibitors remain 

elusive. 

While most results thus far indicate that NRF2 plays a protective role 

against ferroptosis, some results indicate that pathways positively regulated by 

NRF2 can enhance ferroptosis. The ferroptosis inducer erastin was shown to 

induce expression of the NRF2 target gene HMOX-1 in HT-1080 sarcoma cells; 

inhibition of HMOX-1 with 10 µM zinc protoporphyrin eliminated sensitivity to 

erastin-induced ferroptosis.400 Given that HMOX-1 has shown both pro- and anti-

ferroptotic activity, more evidence is needed to discern if and when NRF2-

mediated upregulation of HMOX-1 promotes or inhibits ferroptosis. Importantly, 

changes to intracellular iron levels and localizations must be appropriately 

investigated in the context of NRF2 activation and ferroptosis. NRF2 may regulate 

ferroptosis in a tissue-dependent manner; many of the iron-relevant NRF2 target 

genes described here show cell- or tissue- specific induction. To this end, we must 

understand the mechanistic transcriptional grammar underlying which target 

genes are activated by NRF2 under different conditions and tissues. 

It also remains unclear how NRF2 interacts with other regulators of 

ferroptosis. While some negative regulators of ferroptosis are independent of 

NRF2, such as IRP2 or the DNA damage repair protein Fanconi anemia 

complementation group D2 (FANCD2),401 other yet-to-be-characterized players in 

ferroptosis may be partially regulated by NRF2. For example, NRF2 can 

upregulate expression of genes in the pentose phosphate pathway, pyruvate 

cycling (malic enzyme), and folate metabolism (MTHFD2),58,285 which can 
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generate cellular NADPH.328,402 While NADPH abundance has been determined 

as a biomarker for ferroptosis sensitivity,403 no investigations to date have 

determined the role of NRF2 in enhancing or ameliorating ferroptosis by mediating 

NADPH levels. Figure 1.9 summarizes ferroptosis and its regulation by NRF2. 

One intriguing area to consider is how cells sense lipid peroxides, and if 

NRF2 can sense and react to these particular toxicants. Studies have shown that 

the Class I FIN erastin induces the degradation of KEAP1 in a p62-dependent 

manner.396,404 Considering KEAP1 is less likely to encounter lipid peroxides due to 

compartmentalization (lipid peroxides in lipid and KEAP1 in cytosol), adduction of 

KEAP1 by lipid peroxides seems less likely and lends credibility to an alternative 

hypothesis like p62. In this particular mechanism, p62 phosphorylated at serine 

349 (mouse S351) forms a p-STGE motif that sufficiently mimics the ETGE motif 

of NRF2 to bind KEAP1 and sequester it an autophagy-dependent process.405 It 

remains to be seen how erastin activates p62 in this manner: while one kinase of 

S349 is known (the well-described MTORC1 kinase complex405), is erastin 

activating MTORC1, or is some other kinase taking over? Moreover, will all FINs 

induce p62-dependent KEAP1 degradation? Sorafenib has been shown to induce 

the same ferroptotic cell death. However, considering sorafenib is also a Class I 

FIN, it is possible that simple deprivation of cystine is the activating factor. This 

option seems unlikely: cystine deprivation inhibits the MTORC1 complex,406 yet is 

purportedly the kinase responsible for p62 phosphorylation. To further complicate 

the roles of MTORC1 and p62, p62 has been shown to be required for MTORC1 

activity.407,408 Understanding the differences between Class I and Class II FINs on 
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NRF2 activation may determine the mechanism by which erastin, and potentially 

other ferroptosis inducers, activate NRF2. 
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Figure 1.9. NRF2 protects cells from ferroptosis. 
Ferroptosis is an iron-dependent cell death inducible by FIN compounds. These 
compounds induce ferroptosis by directly or indirectly inhibiting GPX4 activities, 
causing cellular lipid peroxide accumulation and subsequent oxidative cell 
death. NRF2 protects cells from ferroptosis by increasing cellular glutathione 
production. NRF2 promotes glutathione synthesis by increasing expression of 
genes directly involved in the glutathione biosynthetic pathway. NRF2 also 
promotes the expression of SLC7A11, which increases intracellular cysteine 
pools, resulting in increased intracellular glutathione level. GPX4, which is the 
primary regulator of ferroptosis, is also an NRF2 target gene. NRF2 also 
regulates cellular iron availability by promoting the expression of ferritin (FTL and 
FTH1), which reduces the labile iron pool and thus protects cells against 
ferroptosis. Other NRF2 target genes, such as MT-1G and HMOX-1, have been 
shown to regulate ferroptosis. 
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1.6 Hereditary leiomyomatosis and renal cell cancer 

1.6.1. Overview and clinical presentation 

Hereditary leiomyomatosis and renal cell cancer (HLRCC) is an autosomal 

dominant hereditary cancer syndrome with incomplete penetrance. Three main 

tumor types can arise in patients with HLRCC: skin leiomyomas, uterine fibroids 

and occasional leiomyosarcoma, and type 2 papillary renal cell carcinoma 

(PRCC2).409 Others have been reported such as Leydig cell tumors in the testes.410 

HLRCC-associated PRCC2 is an extremely aggressive cancer because the tumor 

metastasizes early thus making surgery ineffective.411 Moreover, the tumor does 

not respond to tested chemo, radio, and targeted therapies. Consequently, PRCC2 

is one of the main causes of death amongst HLRCC patients. 

The HLRCC-associated skin leiomyomas and uterine fibroids arise during 

HLRCC patients’ mid-20s to early-30s, and can adversely affect patients’ quality 

of life.412 Cutaneous leiomyoma are amongst the most common HLRCC 

manifestations, occurring in 76% - 100% of patients.413-415 They present as multiple 

firm, fleshy nodules deriving from bundles of smooth muscle cells, and range from 

0.5 to 2.5 mm in size. Of note, skin leiomyomas are known to be particularly painful, 

described as “burning, pinching, or stabbing,” and appear most frequently on the 

extensor surfaces, trunks, faces, and necks of patients.416 Surgical intervention, 

though effective on solitary leiomyomas, is generally not effective against the 

multiple (10 to 100+) leiomyomas, and the leiomyomas have an estimated 50% 

recurrence. Indeed, most treatment regimens focus on pain relief through use of 

calcium channel blockers or a-adrenergic blockers. It merits mentioning that the 
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emotional and social distress caused by disfiguring leiomyomas may contribute to 

patient depression.417 

Uterine fibroids are extremely common amongst female HLRCC patients, 

ranging from 50 – 100%.413-415 Uterine fibroids are associated with abdominal pain, 

menorrhagia, and metrorrhagia.413 While the general population of women with 

uterine fibroids is high (77%), HLRCC patients present with fibroids early in life and 

frequently have hysterectomies almost 20 years earlier than the average 

population (30 years vs 48 years). Indeed, almost 50% of HLRCC patients’ 

hysterectomies occur before or at 30 years of age.415,417,418 While uterine fibroids 

are generally benign, hysterectomy treatment obviously impacts patients’ quality-

of-life. 

Renal cell carcinoma (RCC) is rarer than cutaneous leiomyomas or uterine 

fibroids, yet is the deadliest. Indeed, ratios of patients with renal cell carcinoma 

amongst those harboring cutaneous leiomyomas and/or uterine fibroids has been 

shown to be 7/45, 2/18, 11/40, and 13/21.413-415,419 While the exact risk of an 

HLRCC patient developing renal cell carcinoma is unclear due to its highly variable 

presentation, it is estimated to be around 15% lifetime risk, although this is higher 

(up to 50%) for North American and Finnish patients.420 The etiology for this 

ethnic/geographic disparity is not known. This tumor can affect the very young, 

with a median age-range of onset near 30-35 years. It can affect the very young, 

with 4% of RCC occurring before the age of 20 and the youngest diagnosed patient 

being 11.420 Intriguingly, an HLRCC patient was diagnosed with Wilms’ tumor at 

the age of 2, indicating juvenile HLRCC may present differently.421,422 HLRCC 
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tumors are aggressive, with ~50% metastasizing to lymph nodes.423 While exact 

mortality and 5-year survival rates are unclear due to disease rarity, one study 

showed 9/13 patients died within 5 years of diagnosis from metastatic disease.415 

A second showed median survival time for metastatic disease of 18 months, with 

only 2 of 34 patients alive after 68 months.424 This is in part due to late diagnosis; 

in the same study, 82% of cases were already metastatic, or quickly became 

metastatic, with diagnosis.424 

HLRCC, and potentially renal cell tumors, are most frequently diagnosed 

following initial incidences of the cutaneous leiomyomas by a dermatologist; the 

notable pain prompts deeper investigation, and the presence of multiple cutaneous 

leiomyomas that are histopathologically confirmed serves as the major criterion.  

Minor criterion, in which a patient should meet two of the following for a clinician to 

suspect HLRCC, include surgical treatment of severely symptomatic uterine 

leiomyoma before the age of 40, Type 2 papillary renal cell carcinoma (or 

purported collecting duct carcinoma, as that has been shown to be morphologically 

similar and perhaps misdiagnosed425) before the age of 40, or a first-degree family 

member who meets these criteria.413 If clinical features suggest HLRCC, genetic 

counseling and molecular genetic testing should be used to validate the diagnosis; 

in some instances, immunohistochemistry may be an appropriate marker. If 

diagnosis is confirmed, it is recommended that family members also be tested. 

Annual screening for renal tumors by contrast-enhanced MRI is recommended in 

all HLRCC patients.420 

First line treatment for suspected HLRCC renal cancer consists of open 
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partial nephrectomy. Consideration for prompt surgical extirpation with wide 

surgical margins and retroperitoneal lymphadenectomy are advised.423 In some 

instances, if partial nephrectomy is deemed insufficient, clinicians may opt for full 

nephrectomy. 

For metastatic HLRCC tumors, no form of systemic therapy has been 

shown to be effective.426 Indeed, no standard of care has been found. Several 

treatments are recommended for use in papillary renal cell carcinoma type II, 

including vascular endothelial growth factor inhibitors (VEGF inhibitors: 

bevacizumab), mammalian target of rapamycin inhibitors (mTOR inhibitors: 

everolimus), receptor tyrosine kinase inhibitors (RTK inhibitors: sunitinib), and 

MET inhibitors (crizotinib, foretenib, savolitinib).421,427 As HLRCC tumors are highly 

glycolytic, Yamasaki et al attempted to treat HLRCC tumors with a glycolysis 

inhibitor, 2-deoxy-D-glucose.428 This proved ineffective. A subset of HLRCC 

tumors express programmed death ligand 1 (PD-L1), but this was not a common 

phenotype. Still, targeted immune checkpoint therapy may be effective on a subset 

of HLRCC cases.429 However, in reality, a clinician utilizing a service like “Up To 

Date” will find that the current recommendation is to enroll an HLRCC patient in a 

clinical trial as none of the aforementioned treatments have proven efficacy.427 

Current clinical trials targeting HLRCC patients include a Phase II study with 

bevacizumab and erlotinib (EGFR inhibitor) combination treatment 

(NCT01130519) and vandetanib (EGFR, VEGFR, and RET RTK inhibitor) with 

metformin (NCT02495103). Regardless, a finer understanding of HLRCC biology, 

and thus potential mechanisms by which to target HLRCC, is required considering 



 91 

the high mortality and early onset of HLRCC-associated clinical phenotypes. 

 

1.6.2 Underlying biology of HLRCC 

HLRCC is caused by a heterozygous loss-of-function mutation in a gene 

encoding the tricarboxylic acid (TCA) cycle enzyme fumarate hydratase (FH), 

which converts fumarate to malate.430 Several mutations have been identified over 

the years, and have been compiled in other sources.413-415,420 Complete loss of FH 

enzymatic activity (FH-/-) occurs following loss of heterozygosity.431 Importantly, 

HLRCC is under-diagnosed. Using FH- and 2-succinylcysteine (2-SC, which will 

be described in greater detail later) specific antibodies, Trpkov et al showed that 

~20% of previously unclassified high-grade papillary renal cell carcinomas were 

actually HLRCC.432 The same study, as well as The Cancer Genome Atlas 

(TCGA), revealed that some cases of sporadic PRCC2 carry a somatic FH 

mutation or reduced FH expression.432,433  

The main biochemical consequence of FH-/- is intracellular accumulation of 

the FH substrate, the metabolite fumarate.106 Fumarate levels in HLRCC cells are 

several hundred folds higher (mM range) than their FH wildtype counterparts.434 

The accumulation of fumarate by FH-/- can disrupt molecular pathways. Because 

fumarate is a Michael acceptor, it can participate in a Michael addition reaction 

with sulfhydryl groups and form a covalent bond on cysteines in a process called 

succination.435 This process is currently thought to be non-enzyme catalyzed, and 

aberrant succination of protein is known to occur and has consequently been used 

as a biomarker for FH inactivation in HLRCC.436,437 
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Initial investigations focused on the role of fumarate and glycolytic shifts in 

activating the hypoxia inducible factors (HIFs). Preliminary work posited that 

fumarate accumulation inhibited the prolyl hydroxylases responsible for HIF 

degradation. This explanation mimicked the already-established mechanism by 

which mutations to succinate dehydrogenase (SDH), which is found in a hereditary 

kidney cancer syndrome that can lead to clear cell kidney cancer, activated HIF 

proteins.438 More investigations tried to uncover the relationship between FH and 

HIF, and found evidence for glycolytic addiction and glucose-dependent 

generation of reactive oxygen species to activate HIF.439 Even the cellular defense 

molecule glutathione has been shown to be succinated, which lead to increased 

redox stress.440,441 This progressed to an investigation on AMP-activated kinase, 

DMT1, and IRP1/IRP2 in HLRCC; investigators surmised decreased iron would 

activate the IRPs and increase HIF1a relative to HIF2a.442 

Despite this increased interest in glycolytic shifts and HIF transcription 

factors, a paradigm shift occurred when two groups simultaneously discovered HIF 

pathways were not the dominating transcriptional programs in HLRCC. Rather, it 

was discovered that accumulated fumarate from FH-/- covalently modifies 

cysteines 151 and 288 on KEAP1, and causes sustained activation of the NRF2 

transcription factor.106,443 Much research has shifted towards understanding the 

role of NRF2 in HLRCC. Regardless, exact mechanisms by which HIF pathways 

become activated in FH-/- conditions remain to be seen and some studies continue 

to focus on understanding the role of metabolic shifts in HLRCC and whether they 

can be therapeutically targeted.444 
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The modification of cysteines to form 2-succinyl cysteine [2-SC] in proteins 

by fumarate, as with KEAP1, is a post-translational modification termed 

succination. As mentioned previously, protein succination represents the main 

biochemical change imposed by FH-/-.445 Since the discovery of succinated KEAP1 

in HLRCC cells, proteomic analyses have identified a large number of proteins as 

targets of succination. These have been conducted in a variety of model systems: 

Fh1 (murine FH)-deficient mice (94 protein succination targets), 3T3-L1 fibroblasts 

maturing to adipocytes in high glucose (~60 succination targets), and FH-mutant 

tumors and HLRCC cancer cell lines (~60 succination targets).446-449 The 

succination targets were proteins involved in a wide array of processes, including 

redox biology, cytoskeleton, heat shock/chaperones, energy metabolism, 

transport, development, and cell cycle. Some key succination targets have been 

functionally validated, and the biological implications of the post-translational 

modification have been determined: for example, aconitase 2, which catalyzes the 

isomerization of citrate to isocitrate, was shown to be succinated at 3 cysteines. 

Aconitase 2 succination was shown to inhibit its activity.447 Almost 10% of another 

protein, adiponectin (involved in glucose regulation and fatty acid breakdown), was 

shown to be succinated. The investigators proposed that succinated adiponectin 

cannot properly polymerize, and thus may contribute to the decreased plasma 

adiponectin seen in diabetes.450 Unfortunately, any effects of succination on the 

function of the vast majority of the remaining targets has not been validated. 

Significantly more validation work is required to understand the implications 

of the succination targets, and the aforementioned screens are likely incomplete 
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catalogues of the succinated proteome, whether due to model system limitations 

or low protein abundance. It merits consideration that any protein with a reactive 

cysteine, particularly mitochondrial or cytosolic, may be a target of succination with 

broad-reaching functional effects. Moreover, fumarate accumulation has been 

shown to affect several specific processes, including oxidative phosphorylation 

(via inhibition of iron-sulfur cluster generation),451 epithelial-mesenchymal 

transition,452,453 DNA methylation,454,455 DNA repair,456 and cell cycle entry.457 

Considering these and other aforementioned processes are all involved in 

tumorigenesis, fumarate has been dubbed an “oncometabolite,” a metabolite 

capable of causing cancer under the right circumstances. This is supported by the 

preclinical data for dimethyl fumarate (DMF), a drug approved by the Food and 

Drug Administration for the treatment of multiple sclerosis. DMF is a membrane-

permeable fumarate analog that is rapidly metabolized by intracellular esterases 

to form monomethyl fumarate and fumarate. Together, these three compounds 

can form dimethylsuccinyl, monomethylsuccinyl, and succinyl adducts on proteins. 

Preclinical carcinogenesis data indicated mice exposed to high DMF doses 

developed renal tumors.458 The exact relationship between the oncometabolite 

fumarate, succination, and these hallmark processes of cancer is not entirely clear. 

Several investigators have found synthetic lethalities between FH-/- and 

other enzymes. For example, it was shown that adenylate cyclases were synthetic 

lethal with FH.459 Another study showed that inhibition of heme oxygenation is 

synthetically lethal when combined with Fh1 deficiency due to alterations in the 

metabolic profile.460 The future of HLRCC treatment is dependent on an in depth 
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understanding of HLRCC biology.  

 

1.7 Conclusions 

Since the GOE, iron and oxygen have been inexorably linked in biology. 

Ties between oxygen and iron are most exemplified in metabolism: aerobic 

organisms utilize oxygen for energy production while exploiting the redox 

properties of iron for oxygen transport, storage and tissue oxygenation 

(hemoglobin and myoglobin), oxidative-phosphorylation electron shuttling 

(mitochondria proteins), and metabolite oxidation (cytochrome P450s). Despite the 

requirement for iron-mediated biology in beneficial oxidative processes, iron and 

oxygen can also damage cells: through the Fenton reaction, iron facilitates the 

production of oxygen-derived free radicals capable of damaging biomolecules. To 

mitigate the damaging aspects of iron and oxygen interactions, vertebrates place 

the bulk of their iron in the protein cofactors heme and Fe-S to appropriately limit 

the interactions of iron and oxygen to only those that benefit the organism. 

Similarly, most iron not bound within heme is sequestered and buffered by 

intracellular storage and transport systems composed of proteins like ferritin and 

ferroportin, thus mitigating iron-induced oxidative damage. 

The careful dance of maintaining appropriate heme levels, while limiting 

excess free iron, encompasses many carefully regulated processes under the 

control of the NRF2 transcription factor. As highlighted in this introduction, NRF2 

promotes the transcription of genes involved in both the synthesis (e.g., ABCB6 

and FECH) and degradation (e.g., HMOX-1 and BLVRB) of heme. However, in 
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vivo validation of the role of NRF2 in physiological heme and iron homeostasis 

phenotypes remains an important knowledge gap in the field. 

Interestingly, iron treatment alone (100 µM ferric citrate) cannot activate 

NRF2. However, NRF2 mediates transcription of ferritin and ferroportin iron 

buffering systems (Table 1), which results in a reduced labile iron pool. Since the 

labile iron pool contributes to many cellular processes, a reduced labile iron pool 

from NRF2 activation is expected to produce a cellular phenotype. Consequently, 

the physiological impacts of NRF2 on iron metabolism are likely to initiate from the 

NRF2 activation rather than from alterations to iron-mediated oxidative stress. It is 

also important to note that certain species of ROS such as H2O2 also serve as 

important signaling molecules. Emerging evidence showed that NRF2 also 

regulates the production of such signaling molecules through transcriptional 

modulation of the heme containing NAPDH oxidases (NOX).461 

The importance of NRF2 in mediating interactions between iron and oxygen 

is becoming apparent as we identify how deregulated NRF2 facilitates iron-

mediated cellular pathologies: disruptions to HMOX-1 and ferritin signaling enable 

cancer progression and reduce treatment efficacies. Since NRF2 can alter iron 

signaling to facilitate cancer and inhibit treatment, it remains critical that we 

understand relationships between NRF2 and iron. The GOE coincided with both 

the onset of biological utilization of iron and NRF2 evolution. Perhaps natural 

selection allowed NRF2 to become a coping strategy for the iron-mediated 

oxidative toxicity that accompanies iron-facilitated biology. This hypothesis 

presents an intriguing question to entertain as novel relationships among NRF2, 
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iron, and oxygen are uncovered. 

To date, while some relationships between iron and HLRCC are beginning 

to be uncovered, any roles of ferritin remain uncovered. This thesis will investigate 

the interplay between NRF2, iron signaling, and HLRCC. 

 

 

Table 1. NRF2 regulates iron-relevant genes 
Function Symbol Gene name 
Heme 
synthesis and 
O2 transport 

HBB Hemoglobin subunit beta 
HBG1 Hemoglobin subunit gamma 1  
ABCB6 ATP binding cassette subfamily B member 6 
FECH Ferrochelatase 

   
Heme 
catabolism  

HRG1/ 
SLC48A1 

Heme-responsive gene 1 

HMOX1 Heme oxygenase 1 
BLVRA Biliverdin reductase A 
BLVRB Biliverdin reductase B 
AMBPàA1M Alpha-1-microglobulin / bikunin precursor à 

Alpha-1-microglobulin 
   
Non-heme 
iron buffering 

FTH1 Ferritin heavy chain 
FTL Ferritin light chain 
FPN1 Ferroportin 
PIR Pirin 

   
Cancer 
progression 

HMOX1 Heme oxygenase 1 
FTH1 Ferritin heavy chain 
FTL Ferritin light chain 

   
Ferroptosis GPX4 Glutathione peroxidase 4 

SLC7A11 Solute carrier family 7 member 11 / System xCT 
HMOX1 Heme oxygenase 1 
FTH1 Ferritin heavy chain 
FTL Ferritin light chain 
MT-1G Metallothionein-1G 

  



 98 

Commentary 1 

As we start our journey into the novel research my colleagues and I have 

conducted over my graduate school time, I would like to provide a simple reflection 

on where we are going next. While the introduction hopefully convinced the reader 

that there is some overlap between NRF2, iron, and HLRCC, it will gradually 

become clearer how these areas connect as the narrative progresses. 

To begin, I will provide a broad overview of NRF2 and KEAP1 mutations in 

cancer. Indeed, this dissertation will largely focus on cancer in the context of 

pathways NRF2 regulates, and pathways regulated by NRF2. Few datasets are as 

large, comprehensive, and standardized as The Cancer Genome Atlas project, 

which allowed for a more in-depth analysis of NRF2 and KEAP1 mutations in 

cancer than any previous study. Additionally, it yielded insights into the poorly-

described NRF2-R34 mutation that turned into a nice, tidy publication and provided 

some new insights into the importance of “non DLG/ETGE” positions of NRF2. On 

a personal note, I would like to highlight that this was my first foray into the realm 

of bioinformatics. Generating the computational data for this paper took many 

weeks of learning to code as I had no significant background in this area. If I were 

to publish a similar paper now, I could likely do it in half of the time. But I guess 

that is the nature of graduate school. Regardless, I think the coding skills I learned 

will benefit me in future research and career prospects. 
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Chapter 2: 

A catalogue of somatic NRF2 gain-of-function mutations in cancer 

 

Text and figures derived from Kerins, M. J., & Ooi, A. (2018). Scientific 

reports, 8(1), 12846. 

 

Michael John Kerins and Aikseng Ooi 

 

2.1 Abstract 

Identification and characterization of somatic mutations in cancer have 

important prognostication and treatment implications. Genes encoding the Nuclear 

factor (erythroid-derived 2)-like 2 (NRF2) transcription factor and its negative 

regulator, Kelch-like ECH-associated protein 1 (KEAP1), are frequently mutated in 

cancer. These mutations drive constitutive NRF2 activation and correlate with poor 

prognosis. Despite its apparent significance, a comprehensive catalogue of 

somatic NRF2 mutations across different tumor types is still lacking. Here, we 

catalogue NRF2 mutations in The Cancer Genome Atlas (TCGA) database. 226 

unique NRF2-mutant tumors were identified from 10,364 cases. NRF2 mutations 

were found in 21 out of the 33 tumor types. A total of 11 hotspots were identified. 

Of these, mutation to the R34 position was most frequent. Notably, R34 and D29 

mutations were overrepresented in bladder, lung, and uterine cancers. Analyses 

of corresponding RNA sequencing data using a de novo derived gene expression 

classifier showed that the R34 mutations drive constitutive NRF2 activation with a 
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selection pressure biased against the formation of R34L. Of all R34 mutants, R34L 

conferred the least degree of protein stabilization, suggesting a pro-tumor NRF2 

half-life threshold. Our findings offer a comprehensive catalogue of NRF2 

mutations in cancer that can help prognostication and NRF2 research.  

 

2.2 Introduction 

The NRF2 (Nuclear factor (erythroid-derived 2)-like 2) transcription factor is 

the master regulator of cellular antioxidant responses.462 When activated, NRF2 

promotes the transcription of its target genes, many of which are involved in the 

augmentation of cellular reducing capacity and in the detoxification and efflux of 

xenobiotics.463-465 Thus, NRF2 activation protects cells against chemical and 

oxidative insults.  

Several studies have shown that NRF2, together with its negative regulator 

KEAP1 (Kelch-like ECH-associated protein 1), are frequently mutated in 

cancer.101,102,104,466-469 These mutations phenotypically converged at the 

constitutive activation of NRF2.103,470 Since NRF2 activation protects cells against 

xenobiotics and oxidative insults, these mutations correlate with chemo- and radio-

resistance, and result in poor clinical outcomes.103 Indeed, patient survival has 

been shown to be significantly poorer in tumors harboring NRF2 activation, 

including lung,76,77 gallbladder,78 esophageal,79 ovarian,80 head and neck,81 and 

gastric cancers.82 As such, identification of cancer cases with constitutive NRF2 

activation has important prognostic implication. 
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Mechanistic studies have revealed that KEAP1 interacts with NRF2 through 

the conserved ETGE and DLG motifs residing in the N-terminal tail of NRF2.471 

These interactions enable KEAP1 to function as a substrate adaptor protein for a 

Cullin-3 (CUL3) containing E3 ubiquitin ligase complex that mediates NRF2 

ubiquitylation.472 In this system, KEAP1 functions as a cellular redox sensor, 

whereby critical cysteine residues on its surface are amenable to covalent 

modification by electrophiles and reactive oxygen species.91,93,94 These 

modifications render KEAP1 unable to mediate NRF2 ubiquitylation, enabling 

NRF2 to accumulate and perform its transcriptional function. Somatic NRF2 

mutations in cancer mainly occurred within the ETGE and DLG motifs.467 The focal 

nature of somatic NRF2 mutations presents an attractive genetic screening 

modality that could be used to identify cancers with constitutive NRF2 activation. 

Moreover, the mutant forms of NRF2 are unique to cancer cells and therefore may 

be targeted as a treatment strategy. Despite the focal nature of NRF2 mutation, a 

thorough cataloging of NRF2 mutation in cancer has yet to be reported, hampering 

the development of an easy NRF2 mutation screening method.  

Here we catalogue somatic NRF2 mutations in cancer cases reported in 

The Cancer Genome Atlas (TCGA). By cross analyzing somatic mutations with 

gene expression analyses, we report NRF2 mutations that result in constitutive 

NRF2 activation. 

 

2.3 Methods 

2.3.1 TCGA mutation data 
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Somatic mutations and RNASeq data were downloaded from The Cancer 

Genome Atlas (TCGA) consortium (http://cancergenome.nih.gov/) on March 2, 

2017. Somatic mutation data from 33 tumor types identified using 4 different 

somatic mutation-calling algorithms (MuSE, MuTect2, SomaticSniper, and 

VarScan2) were utilized in the analyses. 

 

2.3.2 Data availability and ethical considerations 

The datasets analyzed in this manuscript were generated by the TCGA 

Research Network and are freely available from The Cancer Genome Atlas 

(TCGA) consortium (http://cancergenome.nih.gov/). Only de-identified, publicly 

available data were downloaded and used for this study. Patients’ consent and 

institutional review board approval for the collection of the original data were done 

by TCGA. All methods were carried out in accordance with relevant guidelines and 

regulations. 

 

2.3.3 Statistical analyses 

All statistical analyses were performed in R statistical environment.473 

Correlations between mutation type and frequency of NRF2 activation, KEAP1 

mutation, or NRF2 mutation were performed using Pearson’s product-moment 

correlation test. Correlation p-values were calculated according to Fisher’s 

transformation. P-values for mutation enrichment/overrepresentation were 

estimated by Monte Carlo simulation with the estimated p-values calculated as 

P(b) = (b + 1)/(m + 1), where b is the number of permutations with enrichment 
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frequency greater than or equal to that observed in the TCGA data and m is the 

number of random permutations, which is 5×106 for each estimated p-value. For 

efficiency, permutations were performed using an in-house C++ implemented R 

function utilizing the Rcpp package.474 All p-values were adjusted for multiple 

testing according to the method proposed by Benjamini and Hotchberg. An 

estimated p-value of <0.05 is deemed significant. 

 

2.3.4 RNA sequencing analysis	 

Raw RNA sequencing count data for non-small cell lung cancers (LUAD 

and LUSC) were used in RNA seq analyses. Differential gene expression between 

tumor and normal lung tissues was assessed using the DESeq2 package.475 

Genes with an adjusted p-value of <0.05 and at least 2.5 log2 fold change were 

deemed significant and utilized for downstream analysis. 

Variance stabilized transformed relative expression levels were used to 

develop an NRF2 activation signature. Twelve tumor and 12 normal tissues were 

set aside as a training set. The 12 tumors in the training set consisted of 6 cases 

with either NRF2-DLG or -ETGE motif mutations (3 LUAD and 3 LUSC cases) and 

6 cases with low relative KEAP1 expression amongst KEAP1 mutant cases (3 

LUAD and 3 LUSC cases), while the 12 normal tissues consisted of 6 cases of 

LUSC and 6 cases of LUAD normal tissues. To minimize tumor type effects (LUSC 

vs LUAD), the absolute difference in relative gene expression levels between 

LUAD and LUSC, |dr|, were calculated and ranked in increasing order so that 

genes with the lowest |dr| (genes with the least inter tumor type difference) will be 
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on the top of the list. Next, sequential hierarchical clustering that progressively 

adds one gene from the list (starting with the top two genes) into a developing 

signature per iteration was performed. With each iteration, a machine learning 

score (MLS) was calculated, whereby -./ = .12345/.12357. LInter is the intergroup 

Euclidean distance (between normal cases and tumor cases), and LIntra represents 

the intragroup Euclidean distance (distance between different individual cases 

within the same hierarchical cluster). From this sequential clustering analysis, we 

found that the top 28 genes from the list gave the best distance between the NRF2 

activated tumor cases from the NRF2 low normal cases. This 28 genes signature 

was then used in the testing set, which consisted of all lung cancer cases to test 

its ability to stratify samples based on NRF2 activation.  

 

2.3.5 Cell culture conditions 

HEK293 cells were obtained from American Type Culture Collection 

(ATCC) (Manassas, VA). HEK293 cells were cultured in Dulbecco’s modified 

Eagle’s medium with high glucose (4.5g/L) (DMEM) and 10% fetal bovine serum 

(FBS). All FBS was heat inactivated at 56oC for 30 minutes. Cells were cultured at 

37°C in atmospheric air enriched with 5% CO2. For both sustained culture and 

experiments, HEK293 cells were cultured on flasks and dishes coated with poly-

D-lysine. 

 

2.3.6 Plasmid generation and ectopic gene expression 

MYC3-NRF2 (Addgene #21555) and HA2-KEAP1 (Addgene #21556) were 
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obtained from Addgene (Cambridge, MA) following their characterization.476 HA-

Ubiquitin was a gift from Edward Yeh (Addgene #18712).477 Site-directed 

mutagenesis was carried out on MYC3-NRF2 to generate NRF2 mutations. The 

KEAP1 open reading frame was isolated from HA2-KEAP1 and cloned into 

pCDNA3.1(+) to generate PCDNA3-KEAP1. Site-directed mutagenesis was 

carried out on PCDNA3-KEAP1 to generate KEAP1 mutations. 

To evaluate the role of KEAP1 in mediating the degradation of different 

NRF2 mutants, HEK293 cells were transfected with the different NRF2 mutant 

plasmids and either PCDNA3-KEAP1 or empty PCDNA3.1(+) using Attractene 

transfection reagent (Qiagen, Valencia, CA). Twenty-four hours post-transfection, 

cells were prepared for immunoblot analysis. Three biological replicates were used 

to quantify relative band intensities with ImageJ software. 

 

2.3.7 ARE-Luciferase assays 

Cells were transfected with pGL4.37[luc2P/ARE/Hygro] (Promega, 

Madison, WI), pRL Renilla Luciferase (Promega), and indicated empty vectors, 

NRF2 expression vectors, and KEAP1 expression vectors. Forty-eight hours after 

transfection with indicated plasmids, cells were assayed for luciferase activity 

using dual-luciferase reporter assay system (Promega). 

 

2.3.8 Immunoblotting 

Primary antibodies used in this study were raised against b-actin (ACTB) 

(1:10,000 in milk, Sigma A1978, St. Louis, MO), HA (1:1000 in milk, Cell Signaling, 
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Danvers, MA), MYC (1:1000 in milk, Cell Signaling 2276), and KEAP1 (1:1000 in 

milk, Cell Signaling 4678). 

 

2.3.9 Immunoprecipitation 

Cells were transfected with indicated plasmids for 48 hours. For 

ubiquitylation analyses, cells were treated with 10µM MG132 for four hours prior 

to harvesting. Cells were harvested in radioimmunoprecipitation buffer and 

immunoprecipitated overnight at 4oC. 

  

2.3.10 Cycloheximide chase assay 

HEK293 cells were transfected with indicated plasmids. Forty-eight hours 

post-transfection, cells were washed with phosphate-buffered saline (PBS) and 

100µg/mL cycloheximide in serum-free DMEM was added to all plates; plates were 

placed back in 37oC incubator. After five minutes, cells were lysed in 1X Laemmli 

sample buffer as a zero timepoint. Lysates were then collected, boiled, and frozen 

for later immunoblot analysis. Subsequent plates were similarly harvested every 

30 minutes for the duration of the chase assay.  

Following immunoblotting, three biological replicates of blots were 

quantified using ImageJ software with ACTB as a loading control. Half-life was 

calculated according to the exponential decay equation 8 9 = 8:"*;3 where N(t) 

is the quantity at time t with N0=N(0) and l is the rate constant such that ℎ=>? −

>A?"	(9C/#) = 	
EF	(#)

;
. Student’s t-test was used to evaluate significance between WT 

and mutant NRF2 half-lives, with p<0.05 deemed significant. 
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2.4 Results 

2.4.1 Consensus somatic mutation calling in TCGA data 

We obtained somatic mutation data for 10,364 tumor cases, spanning 

across 33 different tumor types (Figure 2.1a). TCGA utilizes 4 different somatic 

mutation-calling algorithms, which have slight differences in sensitivity and 

specificity.478,479 For the purpose of cataloging somatic NRF2 mutations, we used 

mutation sites that were called by at least 2 of the 4 mutation-calling algorithms to 

achieve a compromise between mutation calling accuracy and sensitivity. This 

restricted the total mutation calls from 2,851,982 down to 2,143,125 unique 

mutation sites (Figure 2.1b). Importantly, all NRF2 and KEAP1 mutations were 

concurrently called by all 4 somatic mutation-calling algorithms, indicating the high 

confidence of those calls. 

 

2.4.2 NRF2 and KEAP1 mutations are overrepresented in tumors with known 

association to carcinogen exposure 

There was a total of 226 cases of tumors with somatic NRF2 and 222 cases 

with somatic KEAP1 mutations. Of these, 12 cases harbored both NRF2 and 

KEAP1 mutations. Random sampling showed that the overlapped 12 cases could 

have happened by random chance alone (Figure 2.2a). Consistent with the 

literature, certain tumor subtypes show higher representation of either somatic  
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Figure 2.1. Overview of TCGA dataset.  
(a) Number of cases analyzed within each tumor type. (b) Overlaps of unique mutations 
identified by different mutation calling algorithms. Mutations identified by two or more 
algorithms (shaded) were used in downstream analyses. 
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Figure 2.2. NRF2 and KEAP1 mutations are overrepresented in tumors 
associated with carcinogen exposure. 
(a) Number of cases identified with NRF2 mutation, KEAP1 mutation, or both. 
(b) Percentage of cases within tumor types harboring non-synonymous NRF2 
mutations. (c) Percentage of cases within tumor types harboring non-
synonymous KEAP1 mutations. (d) Median number of mutations per case by 
tumor type. Median number of mutations in NRF2-active cases was significantly 
higher than that in NRF2-inactive cases for the tumor types indicated (* indicates 
p <0.05). (e) Median number of transversion mutations positively correlates with 
percentage of cases harboring NRF2 activation (p<0.05), but median number of 
transition mutations does not (p > 0.05). 
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NRF2 or KEAP1 mutations. Somatic NRF2 mutations were most frequently found 

in lung squamous cell carcinoma (LUSC), followed by esophageal carcinoma 

(ESCA) and uterine corpus endometrial carcinoma (UCEC) cancers (Figure 2.2b). 

Somatic KEAP1 mutations were most frequently found in lung adenocarcinoma 

(LUAD), followed by LUSC and liver hepatocellular carcinoma (LIHC) (Figure 

2.2c). There is also a strong overlap among tumor types with somatic NRF2 or 

KEAP1 mutations. Many of these tumor types are associated with exposure to 

xenobiotics,480 suggesting carcinogen exposure as a selection pressure that 

selects for cells with sustained NRF2 activation phenotype. Many tumor types with 

NRF2 activation (either NRF2 or KEAP1 non-synonymous mutation) show 

increased frequency of mutations (Figure 2.2d). Moreover, across tumor type, 

there is a significant correlation between the frequency of NRF2 activation and 

transversion mutation events (correlation = 0.89, p-value = 7x10-12), but not to 

transition mutation events (correlation = 0.21, p-value = 0.23) (Figure 2.2e). 

These correlations hold true even when the analyses were performed on 

either NRF2 or KEAP1 mutations alone (NRF2-transversion correlation = 0.69 , p 

= 9.34x10-6; KEAP1-transversion correlation = 0.83, p = 1.77x10-9; NRF2-transition 

correlation = 0.20, p = 0.27; KEAP1-transition correlation = 0.17, p = 0.34) (Figure 

2.3). This is indicative of carcinogen exposure, as transversion mutations are 

associated with exposure to alkylating agents. The significant correlation between 

NRF2 activation and carcinogen-associated transversion mutations is in 

agreement with the known correlation between NRF2 and KEAP1 mutations and 

cancer cases from smokers.467 Consistently, the NRF2 target gene, aldose ketose  
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Figure 2.3. Transversion mutations correlate with NRF2 and KEAP1 
mutations.  
Median number of transversion mutations within tumor type positively correlates 
with percentage of cases harboring KEAP1 (correlation = 0.83, p = 1.77x10-9) or 
NRF2 (correlation = 0.69 , p = 9.34x10-6) mutations within tumor type. Median 
number of transition mutations within tumor type does not correlate with 
percentage of cases harboring KEAP1 (correlation = 0.17, p = 0.34) or NRF2 
(correlation = 0.20, p = 0.27) mutations within tumor type. 
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reductase family 1 member B10 (AKR1B10), was also reported as a reliable 

biomarker for smoking in lung cancers, and its expression is a good surrogate for 

NRF2 activation in lung cancer.481,482 More recently, Orrù and co-workers 

demonstrated that diethylnitrosamine, an alkylating agent, induced a high 

frequency of NRF2 gain-of-function mutations in a rat liver carcinogenesis model. 

The mutations were found in the preneoplastic lesions. Moreover, they showed 

that NRF2 gain-of-function mutations were critical for the onset of hepatocellular 

carcinoma in the model.483 

 

2.4.3 R34 is the most frequently mutated amino acids in NRF2 

NRF2 protein consists of 605 amino acids, and mutations were mainly found 

within the NEH2 domain, where the ETGE and DLG motifs are located (Figure 

2.4a). Several mutations outside of the DLG and ETGE motifs, including W24, 

Q26, R34, and D77, were found to be significantly overrepresented. Upon closer 

inspection, we found that R34 is the most frequently mutated residue of NRF2 

(Figure 2.4b), and accounted for 14.2% of all NRF2 mutations. Tumor types 

distribution analysis showed R34 mutations were found in tumors of bladder, 

cervical, esophageal, head and neck, lung, and uterine origins (Figure 2.4c). The 

R34 was also the only amino acid position to be preferentially enriched within 

several tumor types, including bladder, lung squamous cell, and uterine cancers 

(Figure 2.4d).  

Contrary to NRF2 mutations, KEAP1 mutations ranged the length of the 

protein (Figure 2.4e). Five positions were preferentially mutated (Figure 2.4e). 
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Figure 2.4. NRF2 and KEAP1 are preferentially mutated at positions 
including and beyond NRF2-DLG and NRF2-ETGE motifs. 
(a) Number of nonsynonymous mutations at each NRF2 amino acid position 
from M1 to N605. Labeled amino acids were significantly enriched (p<0.05). (b) 
Number of nonsynonymous mutations at each NRF2 amino acid position along 
the DLG motif, shown from R25 to F37. R34 was the most frequently mutated 
NRF2 amino acid in the entire protein within this dataset. (c) Frequency of R34 
mutant cases by tumor type. (d) R34 mutation is significantly enriched (p < 0.05) 
in specific tumor types. (e) Number of nonsynonymous mutations at each 
KEAP1 amino acid position from M1 to C624. Labeled amino acids were 
significantly enriched (p<0.05). 

 



 114 

 

Figure 2.5. Transversion mutations at overrepresented NRF2 and KEAP1 
positions. 
Transversion mutations were enriched at overrepresented positions for NRF2 (p 
= 5.767x10-15) and KEAP1 (p = 0.041) relative to all mutations identified. 
Enrichment significance was calculated by binomial test. 
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Figure 2.6. RNA sequencing reveals NRF2-activating mutation. 
(a) Schematic showing workflow for identifying an NRF2-activation gene 
signature. (b) Machine Learning Scores for sequential addition of genes 
identified 28 genes as the highest-scoring geneset. (c) Hierarchical clustering 
analysis of RNA sequencing data of all lung tumor (LUSC and LUAD) cases 
using Ward’s minimum variance method with the 28 gene signature. G1 was 
designated as the normal tissue cases, G2 as the NRF2-active group, and G3 
as the NRF2-inactive group. Individual cases designated as normal, KEAP1-
mutant, or NRF2 mutant are indicated with vertical lines below their clustered 
position.  KEAP1 and NRF2 mutants were enriched in G2 relative to G3 (p<0.05). 
R34 mutants were enriched in G2 relative to G3 (p<0.05). (d) Heatmap showing 
coordinated increased expression of canonical NRF2 target genes in the G2 lung 
tumor cases. 
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As expected, positions where NRF2 and KEAP1 mutations were 

overrepresented were significantly enriched for transversion mutations (Figure 

2.5). 

 

2.4.4 RNA sequencing data revealed amino acid changes that activate NRF2. 

Having catalogued somatic NRF2 mutations, we sought to determine 

whether those mutations have a functional impact. Given that NRF2 activation 

promotes the transcription of its target genes, we evaluated NRF2 activation using 

the corresponding gene expression profiles. We focused our analysis on lung 

cancer, both LUSC and LUAD, since these are the tumor types with the most NRF2 

and KEAP1 mutant cases. To perform the evaluation in an unbiased manner, we 

utilized a machine learning approach to construct an NRF2 activation signature 

(Figure 2.6a). A subset of RNASeq data from 12 NRF2 activated tumor and 12 

normal control cases were set aside as a training set. These 12 NRF2 activated 

tumor cases consisted of 6 cases (3 LUSC and 3 LUAD) with NRF2 mutations and 

6 cases (3 LUSC and 3 LUAD) with KEAP1 mutations. The 6 NRF2 mutant cases 

were chosen based on mutation at the DLG or ETGE motifs, which are known to 

activate NRF2, while the 6 KEAP1 mutant cases were chosen based on low 

KEAP1 expression levels. We performed differential gene expression analysis to 

identify genes that are differentially regulated between tumor and normal tissues. 

This analysis filtered the number of transcripts from 24,507 to 2,112. Since the 

training set consisted of two tumor types (LUSC and LUAD), we devised a scoring 

algorithm to remove the tumor type bias (described in Methods section).  
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Using this scoring system, genes were ranked and the 28 top scoring genes 

were chosen as the NRF2 activation signature (Table 2.1). We chose to use 28 

top scoring genes because 28 gave the best stratification of the cases in the 

training set (Figure 2.6b). Using this signature, we evaluated NRF2 activity in 995 

lung cancer cases. We identified that 423 cases were deemed to have constitutive 

NRF2 activation (Figure 2.6c). Accordingly, these cases showed coordinated 

upregulation of classical NRF2 target genes, 

AKR1B10, AKR1B15, GPX2, TXNRD1, GCLM, 

and GCLC (Figure 2.6d). Furthermore, out of 

these 423 cases, 165 cases harbored either 

NRF2 or KEAP1 mutation. The analyses also 

indicated that the most frequently occurred R34 

mutant is an activating mutation. The complete 

catalogue of lung NRF2 mutations with 

transcriptomic data, their frequency of 

occurrence, and the inferred impact on activity 

are summarized in Table 2.2. A handful of 

unique mutations appeared in both the NRF2-

activated and NRF2-inactivated grouping; this 

may be caused by tumor heterogeneity between 

tissue sections used for exome and RNA 

sequencing. 

 

Table 2.1. 28 gene signature. 
Gene 

Number Gene 
1 AKR1B10 
2 HOXC13 
3 TRHDE 
4 DRC7 
5 CD5L 
6 GRIA1 
7 C11orf97 
8 SFTPC 
9 NR0B1 

10 WFDC6 
11 MCEMP1 
12 CD300LG 
13 RETN 
14 LINC01314 
15 HBA1 
16 CYP2F1 
17 SFRP5 
18 C4orf22 
19 RPL13AP17 
20 LOC105373580 
21 DUSP27 
22 C6orf118 
23 FABP4 
24 SEC14L3 
25 OR6K3 
26 RS1 
27 BARX1 
28 LGI3 
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Table 2.2. The complete catalogue of lung NRF2 mutations. 
Frequency of occurrence and the inferred/validated impact on 
activity. * indicates a position that has been shown to active NRF2 
previously. 
Mutation Frequency Total %active Likely 

NRF2 
activator? 

Functional 
Validation 

Here? 
G3 

NRF2 
inactive 

G2 
NRF2 
active 

W24R 1 0 1 0 NO NO 
W24C 0 1 1 1 YES ACTIVE 
Q26R 0 1 1 1 YES ACTIVE 
Q26P 0 1 1 1 YES ACTIVE 
Q26L 0 1 1 1 YES ACTIVE 
D29H 1 5 6 0.83 YES* NO 
D29G 1 2 3 0.67 YES* NO 
D29N 0 5 5 1 YES* NO 
D29Y 0 3 3 1 YES* NO 
L30F 0 4 4 1 YES* NO 
G31R 0 1 1 1 YES* NO 
G31A 0 5 5 1 YES* NO 
G31V 0 1 1 1 YES* NO 
R34P 1 4 5 0.8 YES ACTIVE 
R34Q 0 5 5 1 YES ACTIVE 
R34G 1 5 6 0.83 YES ACTIVE 
D77G 0 1 1 1 YES ACTIVE 
D77Y 0 1 1 1 YES ACTIVE 
E79V 1 0 1 0 NO NO 
E79Q 0 7 7 1 YES* NO 
E79K 0 1 1 1 YES* NO 
E79D 0 1 1 1 YES* NO 
E79G 0 1 1 1 YES* NO 
T80A 0 1 1 1 YES* NO 
T80K 0 2 2 1 YES* NO 
G81S 0 2 2 1 YES* NO 
G81V 0 1 1 1 YES* NO 
E82Q 1 0 1 0 NO* NO 
E82D 0 1 1 1 YES* NO 

H107R 0 1 1 1 YES INACTIVE 
M235I 0 1 1 1 YES INACTIVE 
F289L 0 1 1 1 YES INACTIVE 
L370V 0 1 1 1 YES INACTIVE 
S414N 1 0 1 0 NO NO 
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 To evaluate the functional impact of NRF2 and KEAP1 mutations identified 

in the activating signature, we utilized a luciferase reporter construct under the 

control of the antioxidant response element (ARE) enhancer. NRF2 binds to ARE 

sequence to drive expression of a luciferase reporter that serves as an indicator 

for NRF2-mediated transcriptional activation. We developed NRF2 expression 

constructs for the non-DLG and non-ETGE NRF2 mutants found in the activated 

signature, as well as the R34L NRF2 mutant. All mutants enhanced luciferase 

activity to levels similar to wildtype NRF2, indicating none of the mutants were 

deleterious to NRF2 activity (Figure 2.7a). As expected, KEAP1 expression 

ablated wild type NRF2 luciferase activity to <10% of its original level. However, 

KEAP1 introduction reduced luciferase activation by NRF2-R34G, -R34P, -R34L, 

and -R34Q to only 60%; similarly, W24C, Q26R, Q26L, Q26P, D77G, and D77Y 

retained significant activity after KEAP1 expression. Activity of some mutants 

found in the signature (H107R, M235I, F289L, and L370V) was still repressed by 

KEAP1, indicating a possible secondary mechanism for NRF2 activation may be 

present in those tumors (Figure 2.7b). We also evaluated several of the KEAP1 

mutations found in the activating signature, focusing on those mutation positions 

that were overrepresented (Figure 2.4e). All of the KEAP1 mutations evaluated 

were unable to repress NRF2-mediated luciferase activity as effectively as wild 

type KEAP1 (Figure 2.7c). This demonstrates that many of the NRF2 and KEAP1 

mutations identified in the NRF2-activating signature modulate NRF2 activity. 
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Figure 2.7. Overrepresented NRF2 and KEAP1 mutations converge at NRF2 
activation.  
(a) Ectopic expression of non-DLG and non-ETGE NRF2 mutants (including to 
R34 mutants) increased ARE luciferase activity (relative light units, RLU) relative 
to empty vector, indicating that those mutations do not affect the transcriptional 
activity of NRF2. (b) Percentage of luciferase activity remained when each of 
those mutants was co-expressed with wild type KEAP1. All NRF2 mutants 
retained high activity in the presence of KEAP1 except H107R, M235I, F289L, 
and L370V. * indicates p<0.05 by ANOVA and post-hoc Tukey’s test relative to 
EMPTY vector (a) or WT NRF2 (b). E82G NRF2 mutant was used as a positive 
control. (c) Wild type NRF2 was co-expressed with KEAP1 mutants, with wild 
type KEAP1 and EMPTY (wild type NRF2 alone) used as positive and negative 
controls respectively. Ectopic expression of all mutants did not reduce NRF2-
mediated transcription compared to that of wildtype KEAP1. * indicates p<0.05 
by ANOVA and post-hoc Tukey’s test relative to EMPTY vector. 
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2.4.5 Mutational bias at R34 position of NRF2 

Since mutation at the R34 position is the most frequently occurring NRF2 

mutation and is located outside the ETGE and DLG sites known to be essential for 

KEAP1 binding, we sought to further evaluate mutational changes that are relevant 

to this position. The R34 of NRF2 is encoded by a CGA codon. Thus, a single point 

mutation to this codon can result in either R34G, R34Q, R34P, or R34L amino acid 

change (Figure 2.8a). All of these mutants retained NRF2-mediated ARE-

luciferase activity (Figure 2.7a, b). Upon evaluating the TCGA mutation database, 

we found that R34L was not represented in the 10,364 cases of tumors evaluated 

in this study, while R34G was significantly overrepresented (Figure 2.8b). The 

R34G mutation could be found in 5 of the 33 evaluated tumor types (Figure 2.8c). 

To empirically evaluate the functional impact of each of these R34 mutants NRF2, 

we co-expressed each of these mutants with KEAP1 and found that all these 

mutations protect NRF2 against KEAP1-mediated degradation, with R34L showing 

the least protective effects among them (Figure 2.8d). 

Fukutomi and co-workers have shown through in vitro binding assay 

between ETGE-deleted NEH2 domain of NRF2 and KEAP1 that R34Q mutation 

impairs the DLG-KEAP1 interaction.484 As binding at both DLG and ETGE motifs 

is required for ubiquitylation of NRF2,485 we assessed whether R34 mutants 

impaired KEAP1’s ability to mediate NRF2 ubiquitylation. As expected, mutations 

to R34 position showed lower ubiquitylation (Figure 2.9). 
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Figure 2.8. R34 mutation is biased against R34L. 
(a) Genetic code table of possible mutations to R34 codon. (b) R34G was 
significantly enriched amongst the 34 R34 mutations identified, while R34L was 
absent in the TCGA dataset. (c) Distribution of the different variants of R34 
mutations across tumor types. (d) Western blots of HEK293 cells co-transfected 
with MYC-tagged wildtype (WT) or mutant NRF2 and either KEAP1 (+) or empty 
vector control (-). KEAP1 overexpression cannot decrease NRF2-R34 mutants’ 
protein levels, except NRF2-R34L. ACTB was used as a loading control. MYC-
NRF2 and KEAP1 were resolved on the same 7% SDS-PAGE gels for 
corresponding sets of samples, while ACTB was resolved on 15% gels. WT, 
E82G, and R34G were run on one set of gels, while R34L, R34P, and R34Q 
were run on a separate set of gels. 
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Figure 2.9. NRF2-R34 ubiquitylation. 
NRF2-R34 mutants are more resistant to ubiquitylation compared to WT NRF2. 
ACTB was used as a loading control. 
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2.4.6 Mutation at R34 stabilizes NRF2 with R34L conferring the least stabilization 

To empirically determine the stability of the different NRF2 R34 mutants, we 

performed cycloheximide chase assays to determine the half-life (t1/2) of each 

mutant. The analysis showed that R34L is the least stable mutant (Figure 2.10a). 

Subsequent t1/2 estimation showed that the R34L has a t1/2 of 22 minutes compared 

to 15 minutes of wild-type NRF2 (Figure 2.10b). The NRF2-E82G mutant, which 

was used as a positive control, was the most stable, with a t1/2 of 58 minutes. The 

t1/2 of other NRF2-R34 mutants were in between 31 and 49 minutes, with R34L 

having the shortest half-life. Thus, the absence of R34L in the cases analyzed may 

indicate that the increased stability conferred by R34L mutation does not pass the 

transcriptional reprogramming threshold to be positively selected during cancer 

development and progression. 

 

2.5 Discussion 

Activating the NRF2 transcription factor has long been recognized as a 

means to protect cells against chemical carcinogenesis and environmental 

insults.486-490 However, recent studies revealed that many tumors exhibit 

constitutive NRF2 activation driven by either somatic mutation to NRF2 itself or to 

its regulatory genes.103,469,470 Tumors with constitutive NRF2 activation are more 

aggressive and are more resistant to most treatment modalities, prompting the 

need to identify tumor cases with NRF2 mutations for potential patients 

stratifications and to develop NRF2 inhibitors.491 Given the role of NRF2 in 

protecting tissues against redox insults, exploiting NRF2 inhibition as a treatment  
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Figure 2.10. Mutation at R34 extends 
NRF2 half-life.  
(a) Representative western blot of 
MYC-tagged wildtype (WT) or mutant 
NRF2 protein levels decreasing over 
time following cycloheximide treatment 
(100 µg/mL). ACTB was used as a 
loading control. MYC-NRF2 was 
resolved on 7% SDS-PAGE gels, while 
ACTB was resolved on 15% gels. (b) 
NRF2 wildtype and mutant protein half-
lives calculated from densitometry 
analyses of 3 biological replicates of 
cycloheximide chase. * indicates 
p<0.05 relative to WT by 2-tailed t-test 
and error bars represent ±SD. 
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strategy needs to be tumor selective as inhibiting NRF2 in normal cells may lead 

to increased cellular oxidative damage, increased cytotoxicity of 

chemotherapeutics, and increased susceptibility to malignant transformation. 

One strategy to target cancer-specific proteins is with inhibitors that target 

the mutant variant of the protein: drugs such as gefitinib (against mutant EGFR) 

and vemurafenib (against BRAF V600E) have a good degree of success in cancer 

management.492,493 The development of such mutant-specific compounds requires 

that cancer-specific mutations happen in a predictable manner. For example, 

oncogenic BRAF mutations regularly occur at the P-loop and the activation domain 

(V600 is located within the activation domain).494 Thus, drug development efforts 

can concentrate on developing compounds that target the cancer specific variant, 

while leaving wild-type protein in normal cells untouched. This study demonstrates 

that somatic NRF2 mutations in cancer fulfill this criterion. Specifically, the 

distribution of somatic NRF2 mutations are very similar to those sustained by 

oncogenes whereby the mutation is focal at certain locations. As such, it opens up 

opportunities to develop mutant specific NRF2 inhibitors, allowing tumor specific 

NRF2 inhibition while leaving wild type NRF2 in normal tissues to carry out its 

protective functions. Additionally, the nature of the focal mutations also allows for 

individualized mutation screening, whereby the mutational hotspots can be 

amplified with appropriate PCR primers followed by Sanger sequencing. Such 

screening strategy may be developed into a diagnostic method when mutant 

specific NRF2 inhibitors become available.  

Consistent with previous studies,466,467 our results also showed that somatic 
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NRF2 mutations primarily occurred at the ETGE and the DLG motifs, which 

interfere with KEAP1 binding. Several mutations outside the DLG/ETGE motifs to 

NRF2 were also frequently mutated (p<0.05), including W24, Q25, D77, and R34. 

While a few isolated mutations to these locations have been reported and shown 

to mitigate NRF2-KEAP1 interactions,484 we focused on the R34 mutation and 

found it to be the most frequently mutated amino acid position and the only position 

significantly enriched across many tumor types. We identified 34 cases harboring 

R34 mutations; these are high confidence mutations, as they were called by at 

least two of the mutation-calling algorithms used, and 30/34 mutations were called 

by all four algorithms. Upon evaluation of possible R34 mutations, there is a 

selection bias against R34L mutation. Using ARE-Luciferase reporter assay, we 

found that R34L mutant could still evade KEAP1-mediated decrease in NRF2 

transcriptional activity. Half-life analysis showed that R34L mutation still stabilizes 

NRF2. However, it is the least stable among the NRF2 R34 mutants, indicating a 

potential minimal stability threshold for NRF2 to benefit cancer growth. Although 

mechanistic underpinning behind the overrepresentation of longer half-life NRF2 

mutants in cancer is still lacking, constitutive/sustained versus intermittent NRF2 

activation has been proposed as the distinguishing feature that separate cancer 

prevention and cancer promotion properties of NRF2 activation.103,495 Given that 

NRF2 R34L has the shortest half-life and is significantly negatively selected for in 

cancer, future studies into the potential periodicity of NRF2-R34L activation may 

offer clues into the hypothesis behind constitutive versus intermittent NRF2 

activation in cancer prevention and promotion.  
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Apart from somatic NRF2 mutation, somatic mutations that activate NRF2 

can range from direct loss-of-function KEAP1/CUL3 mutations,102,104,468 to KEAP1 

gene silencing,496 to somatic mutations that lead to accumulation of 

oncometabolites,105,106,497 or ETGE/ETGE-like motifs containing proteins.498 

Intriguingly, our analysis revealed several KEAP1 mutations that were significantly 

enriched; some of these locations have been characterized, including KEAP1-

G333C which has been shown to not bind NRF2 and subsequently not suppress 

NRF2-mediated transcription. In contrast, KEAP1-R470C mutants have exhibited 

enhanced NRF2 binding: these “superbinder” mutants were shown to not suppress 

NRF2-mediated transcription, albeit through an unknown mechanism.499 

Identifying which biochemical class of KEAP1 mutant those identified in this 

manuscript fall under could lead to novel insights into NRF2-KEAP1 relationships. 

Stratification of the lung cancer cases based on our NRF2 activation 

identifier revealed a large number of cases appeared to have NRF2 activation, yet 

did not harbor an NRF2 or KEAP1 mutation. Thus, mutations to other genes may 

also contribute to the observed NRF2 activation phenotype. Given the prognostic 

and potential treatment implications of identifying cases with NRF2 activation, 

there is a need to identify all NRF2 regulatory genes, which when mutated drive 

constitutive NRF2 activity. To date, much of what is known is based on piece-meal 

efforts of identifying one regulatory gene at a time; genome wide systematic 

identification of the NRF2 regulatome may offer a more powerful way of 

reanalyzing TCGA and other legacy data to identify the mechanisms by which 

NRF2 becomes activated in tumors.  
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Of the genes identified in our NRF2 activation signature, AKR1B10 was the 

only bona fide NRF2 target gene. AKR1B10 can be found in other NRF2-activation 

gene expression signatures,81,500 and its overexpression has been associated with 

lung cancers in particular.501 Besides AKR1B10, one gene in our signature, 

NR0B1, has been utilized in other NRF2-activation signatures;500,502,503 how NRF2 

regulates NR0B1 expression has not been identified. The other genes identified in 

our signature have not been found in several other signature we looked at for NRF2 

activation.77,81,500,503 It remains unclear if and how these genes are regulated by 

NRF2. 

Apart from mutation sites and gene expression changes, the 

overrepresentation of NRF2 and KEAP1 mutations in tumor types with known 

association to carcinogen exposure provides a glimpse into the roles of NRF2 in 

cancer development and progression. We identified that tumors with NRF2 or 

KEAP1 mutations show higher frequencies of transversion mutations. Many 

carcinogen-associated Michael acceptors, such as acrolein in cigarette smoke or 

quinone metabolites of polyaromatic hydrocarbons found in exhaust fumes, are 

known to cause both transversion mutations and NRF2 activation.504-510 Given the 

role of NRF2 in protecting cells against environmental insults, exposure to 

environmental carcinogens like cigarette smoke may exert a selection pressure for 

cells with constitutive NRF2 activation. Thus, NRF2 activation may allow cells to 

endure the insults from mutagens and carcinogens, and survive to undergo 

malignant transformation. Indeed, recent work by Orrù and co-workers showed 

that NRF2 activating mutations were acquired during early carcinogenesis in a rat 



 130 

carcinogenesis model using diethylnitrosamine (an alkylating agent) as the 

carcinogen. They also showed that NRF2 activation was necessary for expansion 

of initiated cells.483 However, we cannot rule out the possibility that NRF2-

activating gene mutations contribute toward cancer progression rather than 

development. 

 

2.6 Conclusions 

This study provides an overview of NRF2 mutations in cancer in one of the 

largest curated datasets presented. We identified four NRF2 mutation hotspots 

that fall outside the well-established DLG and ETGE motifs, and five KEAP1 

mutation hotspots. Of all NRF2 mutant hotspots, R34 was the most frequently 

mutated. Functional and transcript analyses revealed R34 mutation prevents 

KEAP1-mediated NRF2 degradation, stabilizes the protein, and leads to NRF2 

activation (Figure 2.11). Future computational approaches may focus on the 

development of a web application that integrates existing knowledge on NRF2 

signaling, allowing easy indexing and consolidation of knowledge that may guide 

prediction of cellular changes following specific alterations to the NRF2 signaling 

pathway. 
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Figure 2.11. Mutation at R34 activates NRF2. 
NRF2 proteins harboring a mutation at position R34 (R34X, light blue) cannot be 
degraded by KEAP1 efficiently. Thus, it allows constitutive activation of NRF2 
and enhanced expression of its target genes, which are implicated in 
chemoresistance. The R34 mutation sits between the DLG and ETGE motifs, 
which are currently the “canonical” amino acids required for KEAP1 binding. 
However, we have found that mutations to R34 are the most frequent in cancer. 
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Commentary 2 

At this point, we have well-established that NRF2 is frequently activated in 

cancer; several mechanisms, such as the KEAP1 and NRF2 mutations we saw, 

are well-known and logical NRF2 activation pathways. But mutations to what other 

genes, either gain-of-function or loss-of-function, could be activating NRF2? From 

our RNA sequencing analysis, there are many lung cancer cases that harbor an 

NRF2 activation phenotype, but lack a mutation to a “canonical” NRF2 pathway. 

This concept will come back during the final research chapter of this thesis. 

In the next chapter, we narrow the roles of NRF2 in cancer to its specific 

roles in HLRCC. We will show that NRF2, through its role as a regulator of ferritin, 

plays a pivotal role in enhancing growth signaling in HLRCC, a role for NRF2 that 

extends beyond the typical “chemoresistance” phenotype associated with it. Prior 

to this work, no investigations had attributed a role for ferritin in HLRCC. We show 

that these cells rely on ferritin, and subsequently, NRF2. While HLRCC serves as 

a case study for this particular function of NRF2, I wonder: is this role of NRF2 

contributing to carcinogenesis in other cancers? Is it unique to HLRCC due to the 

combined action of NRF2 activation and IRP2 inhibition? It may be somewhat 

unique, but I would surmise that other tumors undergo similar signaling in select 

cases. Another feature to keep in mind: as new roles for NRF2 are continually 

discovered, how do they fit with the roles described here? Too often we use 

reductionist methodologies to probe biology, and this work is no different; however, 

we must consider that NRF2 “wears many hats” in human biology, and integrating 

them together cohesively and comprehensibly continues to challenge scientists.  
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Chapter 3: 

Fumarate mediates a chronic proliferative signal in fumarate hydratase inactivated 

cancer cells by increasing transcription and translation of ferritin genes 

 

Text and figures derived from Kerins, M. J., Vashisht, A., Liang, B. X. T., 

Duckworth, S. J., Praslicka, B. J., Wohlschlegel, J. A., & Ooi, A. (2017). 

Molecular and cellular biology, MCB-00079. 

 

Michael John Kerins1, Ajay Vashisht2*, Benjamin Xi-Tong Liang1, Spencer Jordan 

Duckworth1, Brandon John Praslicka1, James Akira Wohlschlegel2, Aikseng 

Ooi1# 

 

3.1 Abstract 

Germline mutations of the gene encoding the tricarboxylic acid cycle (TCA 

cycle) enzyme, fumarate hydratase (FH), cause a hereditary cancer syndrome 

known as hereditary leiomyomatosis and renal cell cancer (HLRCC). HLRCC 

associated tumors harbor biallelic FH inactivation that results in the accumulation 

of the TCA cycle metabolite, fumarate. Although it is known that the fumarate 

accumulation can alter cellular signaling, if and how fumarate confers a growth 

advantage remains unclear. Here we show that fumarate accumulation confers a 

chronic proliferative signal by disrupting cellular iron signaling. Specifically, 

fumarate covalently modifies cysteine residues on iron regulatory protein 2 (IRP2), 

rendering it unable to repress ferritin mRNAs translation. Simultaneously, fumarate 
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increases ferritin genes transcription by activating the NRF2 (Nuclear factor 

(erythroid-derived 2)-like 2) transcription factor. In turn, increased ferritin protein 

promotes the expression of the pro-mitotic transcription factor, FOXM1 (Forkhead 

box protein M1). Consistently, clinical HLRCC tissues showed increased 

expression of both FOXM1 and its proliferation associated target genes. This 

finding demonstrates how FH inactivation can endow cells with a growth 

advantage.  

 

3.2 Introduction 

HLRCC patients carry a germline inactivating mutation in one of the 

fumarate hydratase (FH) alleles and are prone to develop skin leiomyomas, uterine 

fibroids, and renal cell carcinoma of type 2 papillary morphology.430 HLRCC 

associated tumors harbor loss-of-heterozygosity at the FH locus, indicating 

biallelic FH inactivation as the tumor-initiating event.430 However, it remains 

unclear how FH inactivation drives carcinogenesis.  

The most direct consequence of FH inactivation is intracellular fumarate 

accumulation. The accumulated fumarate can covalently modify cysteine residues 

of proteins in an unanalyzed process termed succination and cause many 

alterations in cellular signaling.446 Succination in HLRCC cells was first discovered 

on Kelch-like ECH-associated protein 1 (KEAP1), a negative regulator of the 

Nuclear factor (erythroid-derived 2)-like 2 (NRF2) transcription factor.106 Since 

HLRCC is driven by FH inactivation, chronic succination of KEAP1 results in 

constitutive NRF2 activation and increased expression of its target genes.106 
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Besides KEAP1, the Krebs cycle enzyme, Aconitase 2 (Aco2), was reported as a 

succination target in Fh knockout mouse tissues and succination inhibited its 

activity.446 Despite dramatic cellular changes induced by protein succination, it 

remains unclear whether succination contributes to FH-inactivation-driven 

carcinogenesis. 

The expansion of FH-inactivated cells into a tumor mass indicates that the 

FH inactivation somehow endows the cells with a chronic proliferative signal, which 

is a fundamental hallmark of cancer.511 While the mechanisms by which cancer 

cells with oncogenic mutations in growth signaling genes acquire such a signal is 

clear, how the loss of a TCA cycle enzyme induces proliferative signaling is 

enigmatic. Analogous to chronic exposure to an electrophilic carcinogen, FH 

inactivated cells are chronically exposed to high levels of intracellular fumarate. 

Thus, understanding the mechanisms by which FH inactivation contributes to 

carcinogenesis has profound implications in cancer biology. 

 

3.3 Methods 

3.3.1 Alignment of Aconitase protein family members 

Amino acid sequences for mouse Aco2 (NCBI Reference Sequence 

NP_542364.1), human IRP2 (IREB2/ACO3, NP_004127.1), and human IRP1 

(IREB1/ACO1, NP_001265281.1) were aligned using Clustal Omega.512 

 

3.3.2 Reagents and chemicals 

Stock solutions of 50mM dimethyl fumarate (DMF, Santa Cruz 
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Biotechnology, Dallas, TX, USA, sc-239774) and 100mM monomethyl fumarate 

(MMF, Sigma, St. Louis, MO, USA, 651419) were dissolved in DMSO or Serum 

Free Media (pH adjusted to 7.4 with HEPES buffer, Thermo Fisher, Waltham, MA, 

USA, 15630080-1M) respectively. Stock solutions of 20mM ferric citrate (Fe, 

Sigma F3388) and 50mM deferoxamine (DFO, Sigma D9533) were dissolved in 

water. MG132 (Sigma, M7449) was used as a proteasome inhibitor.  

 

3.3.3 Cell culture conditions 

UOK262 was a generous gift from Dr. Marston Linehan (National Cancer 

Institute, NIH, Bethesda, MD, USA).513 HEK293 and HK2 cell lines were obtained 

from ATCC (Manassas, VA, USA). HEK293FT cells were purchased from Life 

Technologies (Thermo Fisher). UOK262, HK2, and derivative cells were cultured 

in RPMI 1640 supplemented with 10% fetal bovine serum (FBS). All FBS was heat 

inactivated for 30 minutes at 56°C. HEK293 cells were cultured in DMEM with high 

glucose (4.5g/L, no pyruvate) supplemented with 10% FBS. HEK293FT cells were 

cultured in DMEM with no pyruvate and high glucose supplemented with 10% FBS 

and 500 µg/mL geneticin. Cells were cultured at 37oC in atmospheric air enriched 

with 5% CO2. For both long term culture and experiments, HEK293 and HEK293FT 

cells were cultured on vessels coated with poly-d-lysine. 

 

3.3.4 Construction of Flag-tagged FH vectors 

Transient expression of FH in UOK262 was achieved using a lentiviral 

construct based on the pLKO.5 vector (Sigma). The U6 promoter was swapped 



 137 

out for a CMV promoter to generate pLKO.5-CMV. The FH open reading frame 

was cloned into the pLKO.5-CMV to give rise to pLKO-FH. 

 

3.3.5 Construction of FTL, FTH1, and Flag-tagged IRP2 expression vectors 

Total RNA was extracted from HEK293 cells using TRIzol reagent (Life 

Technologies, Thermo Scientific) according to a manufacturer’s protocol. First 

strand cDNA synthesis was performed using the SuperScript® IV (Life 

Technologies) reverse transcriptase using FTL-, FTH1-, or IREB2-specific primers. 

Subsequent second strand syntheses, amplifications, and the introduction of a N-

terminal flag tag to IREB2 were performed using Phusion DNA polymerase (NEB, 

Ipswich, MA, USA). The resulting IREB2 open reading frame PCR product was 

cloned into the pIRESpuro3 (Clontech, Mountain View, CA, USA) vector to make 

the pIRESpuro3-N-Flag-IRP2 construct. Site directed mutagenesis was performed 

with the Q5 Site-directed mutagenesis kit (NEB, E0552S) to generate A523R 

mutant pIRESpuro3-N-Flag-IRP2. FTL and FTH1 open reading frame PCR 

products were cloned into pLKO.5-CMV to generate pLKO-CMV-FTL and pLKO-

CMV-FTH1. 

 

3.3.6 Construction of FTL and FTH1 5’ UTR luciferase vectors 

DNA fragments corresponding to chr19:48965309-48965507 

(GRCh38/hg38) and chr11:61967426-61967660 (GRCh38/hg38), which 

correspond to the 5’ untranslated regions (UTRs) of the FTL and FTH1 genes, 

respectively, were amplified from human genomic DNA isolated from HEK293 
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cells. Firefly luciferase open reading frame was amplified from pGL4.21 (Promega, 

Madison, WI USA) by PCR using appropriate forward primers to allow splice 

overlap extension PCR with the FTL and FTH1 5’ UTRs isolated previously. The 

resulting PCR products were cloned into pECE vector (Addgene, Cambridge, MA, 

USA), giving rise to pECE-FTL-IRE-LUX an pECE-FTH1-IRE-LUX. Renilla 

luciferase open reading frame derived from pRL (Promega) was cloned into pECE 

to produce pECE-RL. This vector was used as a transfection control in the dual-

luciferase assays. 

 

3.3.7 Construction of Myc-NRF2 vector 

pCDNA3-Myc3-Nrf2 was made available from Addgene following its 

characterization and publication.514 Myc-tagged NFE2L2 was isolated from 

pCDNA3-Myc3-Nrf2 and cloned into pIRESpuro3 to make NRF2-MYC. Cells were 

transfected with this plasmid using Attractene® transfection reagent (Qiagen, 

Valencia, CA USA). 

 

3.3.8 shRNA-Scr, shRNA-FTL, and shRNA-FTH1 vectors 

The pLKO.5 vector (Sigma) was used to generate the following plasmids: 

shRNA-FTL (21 base pair sequence: 5’– CTG GAG ACT CAC TTC CTA GAT –

3’), shRNA-FTH1 (21 base pair sequence: 5’– GCC GAA TCT TCC TTC AGG ATA 

–3’), and shRNA-Scr scrambled control (21 base pair sequence: 5’– GAC TAG 

AAG GCA CAG AGG GAT –3’). shRNA-Scr was used as a non-targeting control 

plasmid, and targets no known human genes. 
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3.3.9 Lentivirus production and transient transduction  

Lentivirus for all pLKO plasmids was produced using the ViraPowerTM 

Lentiviral Expression System (Thermo Fisher) according to a manufacturer’s 

protocol. For transient lentiviral transduction, cells were used for experiments at 

48 hours after transduction. Transduction efficacy was verified via western blot.  

 

3.3.10 Stable cell line production for UOK262-FHres and UOK262-FH-/- 

UOK262 parental cells were transduced with pLKO.5-CMV or pLKO.5-FH 

to generate UOK262-FH-/- and UOK262-FHres. Cells with the FH stably 

incorporated into their genome were selected using 2µg/ml puromycin. Long-term 

cultures of the resulting stably transfected cells were maintained in puromycin 

media, while experiments using these cells were conducted without puromycin. 

 

3.3.11 Generation of NRF2 knockout HEK293 line 

NRF2 was knocked out in the cells using a commercial CRISPR/Cas9 

NRF2 knockout system (Santa Cruz sc-400017) following the manufacturer’s 

recommendations. Knockout was verified using Sanger sequencing (Figure 3.1a) 

and western blot (Figure 3.1b). Long-term cultures of the resulting stably 

transfected cells were maintained in puromycin media, while experiments using 

these cells were conducted without puromycin. 
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Figure 3.1. Validation of HEK293-NRF2-/-. 
(a) NRF2 was isolated by PCR from HEK293-NRF2-/- gDNA. Genomic analysis 
of HEK293-FH-/- revealed a large deletion of DNA between exons 2 and 4. (b) 
Western blot analysis of HEK293-NRF2-/- revealed an absence of NRF2 protein 
and the canonical NRF2 target gene NQO1 compared to wildtype HEK293. 
Additionally, 4 µM of the strong NRF2 activator sulforaphane (SFN), was able to 
induce NRF2 and NQO1 in wildtype cells, but not in the NRF2-/- cells. 
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3.3.12 Generation of FH knockout HEK293 line 

 FH was knocked out in cells using methods described in.515 Two sets of 

oligonucleotides were used to generate sgRNAs to target Cas9 to FH gene loci: 

set A primers SiteAfor (5’– CAC CGG GAG GCA CTG CTG TTG GTA C –3’) and 

SiteArev (5’– AAA CGT ACC AAC AGC AGT GCC TCC C –3’), and set B primers 

SiteBfor (5’– CAC CGG AGC TCA TAG ATT CTT GGC A –3’) and SiteBrev (5’– 

AAA CTG CCA AGA ATC TAT GAG CTC C –3’). sgRNAs were cloned into 

pSpCas9(BB)-2A-GFP (Addgene) to generate pSpCas9-GFP-A and pSpCas9-

GFP-B. To generate a homology-directed repair (HDR) template plasmid, we 

isolated the puromycin resistance cassette from pGL4.21 (Promega) using BamH 

I and Sal I restriction sites and cloned the cassette into pUC19 (Addgene) to 

generate pUC19-Puro; DNA sequences flanking the sgRNA sites were added to 

the 5’ and 3’ of the puromycin cassette to generate homology-directed repair arms. 

To generate a 5’ HDR arm, a DNA fragment corresponding to chr1:241668363-

241669362 (GRCh37/hg19) was isolated from HEK293 gDNA. To generate a 3’ 

HDR arm, a DNA fragment corresponding to chr1:241669413-241670412 

(GRCh37/hg19) was similarly isolated. Isolated 5’ HDR arm and 3’ HDR arm PCR 

products were subsequently cloned into pUC19-Puro to generate pUC19-Puro-

FHHDR. HEK293 cells were transfected with pSpCas9-GFP-A, pSpCas9-GFP-B, 

and pUC19-Puro-FHHDR. Cells with FH stably knocked out were selected using 

2µg/ml puromycin and single colonies were screened for FH knockout using 

immunoblot and by PCR amplification of the FH gene from HEK293-FH-/- gDNA. 

Validation of knockout is shown by Sanger sequencing of insertion of puromycin 
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resistance cassette in the first FH allele (Figure 3.2a), Sanger sequencing of an 

insertion in the second FH allele (Figure 3.2b), and immunoblot (Figure 3.2c). 

Primers used for gDNA amplification were: 5’– CTG GTA GAT TTT AAT GGC ATG 

CTG –3’ and 5’– AAC CCT CAT CCT TCC CTA TAC TTT G –3’. Long-term 

cultures of the resulting stably transfected cells were maintained in puromycin 

media, while experiments using these cells were conducted without puromycin. 

 

3.3.13 MMF and DMF treatments 

For MMF and DMF treatments, cells were treated with specified 

concentrations of MMF or DMF, and were refreshed every 24 hours for at least 48 

hours before harvesting for analyses. 

 

3.3.14 UOK262-FH-/-, UOK262-FHres, and UOK262-shRNA proliferation assays 

Early passage UOK262-FH-/- and UOK262-FHres cells were seeded in 96-

well plates at 3000 cells/well in media containing 80µM MMF or vehicle controls. 

Cell proliferation was measured using the CellTiter 96® AQueous One Solution 

Cell Proliferation Assay (MTS) (Promega) according to a recommended 

manufacturer’s protocol. For all groups, media were refreshed every 24 hours. For 

shRNA proliferation assays, parental UOK262 cells were transduced with specified 

shRNA viruses on a 10cm dish. The following day, media was refreshed. After an 

additional 24 hours, cells were seeded in 96-well plates at 3000 cells/well, and cell 

proliferation was measured daily. 
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Figure 3.2. HEK293-FH-/- validation. 
Exon 6 was isolated by PCR from HEK293-FH-/- gDNA. Two PCR products were 
identified. Genomic analysis of HEK293-FH-/- revealed an insertion (a) in one PCR 
product and a puromycin resistance cassette in the other PCR product (b). (c) 
Western blot analysis of HEK293-FH-/- show no FH protein compared to wildtype 
HEK293. 
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3.3.15 Immunoblotting 

The following primary antibodies were used in immunoblotting experiments: 

ACTB (1:10000 in milk, Sigma A1978), AKR1B10 (1:1000 in bovine serum albumin 

(BSA), Santa Cruz sc-100501), FBXL5 (1:2500 in milk, Biolegend, San Diego, CA, 

USA, 672602), FH (1:1000 in BSA, Cell Signaling, Danvers, MA, USA, 4567), 

FLAG (1:1000 in milk, Cell Signaling 8146), FOXM1 (1:500 in milk, Santa Cruz sc-

502), IRP2 (1:1000 in BSA, Santa Cruz sc-33682), FTH1 (1:1000 in BSA, Santa 

Cruz sc-25617), FTL (1:1000 in BSA, Santa Cruz sc-74513), MYC (1:1000 in milk, 

Cell Signaling 2276), NQO1 (1:1000 in milk, Santa Cruz sc-32793), NRF2 (1:1000 

in milk, Santa Cruz sc-13032), phospho-STAT3 (1:1000 in milk, Cell Signaling 

9145), STAT3 (1:1000 in milk, Cell Signaling 9139), and Ubiquitin (1:1000 in milk, 

Cell Signaling 3936). Band densitometry was quantified using Image Lab software 

(BioRad). 

 

3.3.16 Immunoprecipitation and mass spectrometry analysis of flag-tagged IRP2  

FLAG-tagged IRP2 protein was overexpressed in HEK293 cells by 

transiently transfecting the cells with the pIRESpuro3-N-Flag-IRP2 vector. On 

Days 2 and 3 post-transfection, cells were co-treated with 40 µM dimethyl fumarate 

and 200 µM deferoxamine. Cells were harvested for immunoprecipitation on Day 

4 post-transfection. Immunoprecipitation experiments were performed using a 

Magnetic DYKDDDDK Immunoprecipitation Kit (Clontech #635696) according to 

the manufacturer’s recommendations. Samples were eluted in 1X Laemmli sample 

buffer with protease inhibitor and β-mercaptoethanol, and then resolved on 7% 



 145 

SDS-PAGE gels. A band of approximately 105 kDa, as visualized by coomassie 

blue staining, was excised for LC/MS/MS analysis. 

Excised bands were reduced, alkylated, and digested in-gel using trypsin 

as previously described.516 In-gel digests were then desalted, fractionated online 

by reversed phase chromatography using a Thermo Fisher easy-nLC 1000 liquid 

chromatography system, and analyzed by tandem mass spectrometry on a 

Thermo Fisher Q-Exactive mass spectrometer.517,518 Database searching was 

performed using the MSGF+ search algorithm and a human protein database and 

considered differential modification of cysteine residues by carbamidomethylation 

(+57.021464), 2-succination (+116.010959), 2-monomethyl-succination 

(+130.026609), and 2-dimethyl-succination (+144.042259).519 Peptide spectral 

matches were filtered using percolator-derived q-value of 0.01.520 

 

3.3.17 Ubiquitylation of IRP2 

HEK293 cells were transiently transfected with pIRESpuro3-N-Flag-IRP2 

vector. On days 2 and 3 post-transfection, cells were treated with 80 µM MMF. On 

day 4, cells were co-treated with 10 µM MG132, 80 µM MMF, or 200 µM Fe as 

indicated for 4 hours. Whole cell extracts were harvested, protein was normalized 

by BCA protein assay, and extracts were utilized for downstream 

immunoprecipitation and SDS-PAGE analyses as described previously. 

 

3.3.19 Luciferase Assays 

HEK293 cells were plated on 10cm dishes in DMEM media supplemented 
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with 10% FBS and transfected the same day with pECE-RL and either pECE-FTL-

IRE-LUX or pECE-FTH1-IRE-LUX plasmids using the Attractene® transfection 

reagent (Qiagen). The following day, the transfected cells were transferred into 6-

well plates. After allowing cells to adhere for 24 hours, cells were dosed with 

appropriate concentrations of compounds diluted in RPMI+10%FBS. Media and 

chemicals were refreshed every 24 hours. Following 48 hours of exposure, cells 

were lysed and used in the Dual-Luciferase® Reporter (DLRTM) system (Promega) 

according to the manufacturer’s recommendations. 

 

3.3.20 RNA interference 

siRNA transfections were performed with OligofectamineTM (Thermo Fisher) 

reagent according to a manufacturer’s protocol. Two different species of FH 

targeting siRNA were used: siFH-1 (Thermo Fisher FH HSS103687) and siFH-2 

(Thermo Fisher FH HSS103688). Non-targeting siRNA Silencer® negative control 

(Thermo Fisher Ambion® AM4637) was used a non-targeting scrambled siRNA 

(siScr) transfection control. Cells were harvested for immunoblotting 72 hours post-

transfection.  

 

3.3.21 qPCR 

Total RNA was extracted from adherent cells using TRIzol reagent 

according to a manufacturer’s recommended protocol. Complementary DNA was 

synthesized using High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher 

/ Applied Biosystems 4368814) and the qPCR was performed using Taqman Fast 
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Advanced Master Mix (Applied Biosystems, Foster City, CA) with appropriate 

Taqman probe. The following Taqman probes (Thermo Fisher / Applied 

Biosystems) were used in this study (Gene symbol - Assay ID): ACTB – 4352935, 

AURKA - Hs01582072_m1, AURKB - Hs00945855_g1, CDK1 - Hs00938777_m1, 

FOXM1 -Hs01073586_m1, FTH1 - Hs01000476_g1, FTL - Hs00830226_gH, and 

GCLM - Hs00157694_m1. Results were analyzed using 2-ΔΔCT method.521 

 

3.3.22 Statistical and microarray analyses 

All statistical analyses were performed in R statistical environment.522 Gene 

expression microarray data were processed using a robust multichip averaging 

algorithm.523 Differentially expressed genes between tumors and normal kidney 

tissues were determined using the linear model for microarray analysis 

algorithm.524 

 

3.4 Results 

3.4.1 Fumarate accumulation confers a chronic proliferative signal in HLRCC 

cells 

To determine whether fumarate accumulation confers a chronic proliferative 

signal, we created a pair of isogenic FH-reconstituted (FHres) and control (FH-/-) 

HLRCC cell lines by stably transducing the well-characterized HLRCC cell line, 

UOK262,513 with a functional flag-tagged FH (UOK262-FHres) or with the 

corresponding empty vector control (UOK262-FH-/-). Since increased NRF2 

protein level in HLRCC cells is a direct consequence of KEAP1 succination, NRF2 
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protein level and upregulation of its target genes serves as a good indicator of 

cellular protein succination in these cells.106 Expectedly, the FH reconstitution 

resulted in lowered protein levels of NRF2 and of the NRF2 target gene AKR1B10, 

indicating that it drove a reduction in intracellular fumarate concentration and 

therefore, lowered protein succination (Figure 3.3a). Using this isogenic pair of 

HLRCC cell lines in a cell proliferation assay, we found that the FH reconstituted 

cells, UOK262-FHres, had a significantly lower proliferation rate compared to the 

control UOK262-FH-/- cells (Figure 3.3b). This reduced growth rate can be 

abrogated by the addition of a membrane permeable form of fumarate, 

monomethyl fumarate (MMF) (Figure 3.3c). This supports the hypothesis that 

fumarate promotes cell proliferation in FH inactivated cells. Thus, we sought to 

determine the mechanism by which FH inactivation promotes cell proliferation. 

 

3.4.2 Fumarate accumulation increases intracellular ferritin level 

We focused our investigation on protein succination, as it is one of the most 

prominent cellular changes induced by FH inactivation.448 To date, succination of 

two proteins in the context of fumarate accumulation have been described in detail. 

These two proteins are KEAP1, which was identified in HLRCC, and Aco2, which 

was identified in Fh knockout mouse tissue. Succination of KEAP1 resulted in 

NRF2 activation, while succination of Aco2 inhibited its aconitase activity.106,446 

Aco2 belongs to a family of proteins that includes the iron regulatory protein 1 

(IRP1, also known as Aconitase 1, ACO1) and the iron regulatory protein 2 (IRP2, 

also known as Aconitase 3, ACO3).525 Both IRP1 and IRP2 (collectively denoted  
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Figure 3.3. Fumarate accumulation confers chronic proliferation. 
(a) Western blots of NRF2 and its transcription target AKR1B10 after reintroduction 
of FH into FH-/- HLRCC tumor cell line UOK262. b-actin (ACTB) was a loading 
control. (b) Cell viability measured by formazan production of UOK262 cells (FH-/-

) after reintroduction of FH (UOK262-FHres). Data are presented as mean ± 
standard deviation of a representative experiment. Curves were statistically 
significantly different as determined by two-way ANOVA for FH genotype 
(p<0.001), but not for time (p>0.05). (c) Cell viability measured by formazan 
production of UOK262 cells (FH-/-) after reintroduction of FH (UOK262-FHres) and 
80µM MMF treatment. Data are presented as mean ± standard deviation of a 
representative experiment. Curves were statistically significantly different as 
determined by two-way ANOVA for MMF treatment (p<0.001), but not for time 
(p>0.05). 
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as IRPs) play central roles in cellular iron signaling, with IRP2 exerting a dominant 

effect.217 Interestingly, both NRF2 and IRPs interplay to regulate the expression of 

the ferritin light chain (FTL) and the ferritin heavy chain (FTH1) genes.328 These 

genes encode the different subunits of ferritin, which is a cellular iron storage 

protein recently shown to promote cancer cell proliferation.244 Specifically, NRF2 

promotes FTL and FTH1 transcription, while IRP2 represses the translation of the 

resulting transcripts by binding to a hairpin structure located in the 5’ untranslated 

region (5’UTR) known as an Iron Response Element (IRE) (Figure 3.4a). Thus, we 

hypothesized that fumarate accumulation in FH inactivated cells drives a chronic 

growth signal by increasing ferritin expression in a concerted manner: it increases 

ferritin genes transcription through NRF2 activation, and increases ferritin mRNAs 

translation by inhibiting IRP2 (Figure 3.4a).  

To determine the effects of FH inactivation on intracellular ferritin level, we 

transiently knocked down FH in an immortalized human kidney epithelial cell line, 

HK2. The knockdown resulted in increased intracellular FTL and FTH1 protein 

levels (Figure 3.4b), indicating that FH inactivation increases cellular ferritin level. 

Since the effects of transient siRNA mediated knockdown could be different from 

those of biallelic FH inactivation, we further tested the observed effects by creating 

FH knockout HEK293 cells using CRISPR gene editing technology. Consistently, 

the knockout also resulted in higher FTL and FTH1 protein levels (Figure 3.4c). 

Moreover, reconstitution of a functional FH in HLRCC cells, UOK262, decreases 

FTL and FTH1 protein levels (Figure 3.4d), supporting that FH inactivation 

increases cellular ferritin level. Since the most direct consequence of FH 
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Figure 3.4. Fumarate accumulation increases ferritin. 
(a) Ferritin transcriptional and translational regulation. NRF2 can transcribe FTL 
and FTH1 genes. IRP2 can bind FTL and FTH1 mRNA iron response element 
hairpins in the 5’ untranslated regions to repress translation. (b) Western blots 
of HK2 cells show a relative increase in FTL and FTH1 protein levels upon 
siRNA-mediated FH knockdown. ACTB was a loading control (c) Western blots 
of HEK293 cells show a relative increase in FTL and FTH1 protein levels upon 
CRISPR/Cas9-mediated FH knockout. Increased NRF2 levels indicate stable 
knockout. ACTB was a loading control. (d) Western blots from FH rescued 
(FHres) and control (FH-/-) UOK262 cells show increased FTL and FTH1 in 
conditions of nonfunctional FH. ACTB was a loading control. (e) Addition of 80 
µM monomethyl fumarate (MMF) or 40 µM dimethyl fumarate (DMF) to HEK293 
cells increases FTL and FTH1 protein levels. ACTB was a loading control. 
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 inactivation is intracellular fumarate accumulation, we proceeded to simulate 

fumarate accumulation in HEK293 cells by treating them with two different 

membrane permeable forms of fumarate: MMF and dimethyl fumarate (DMF). 

Treatments with either DMF or MMF lead to increase FTL and FTH1 protein levels 

(Figure 3.4e), supporting that fumarate accumulation increases intracellular ferritin 

level.  

 

3.4.3 IRP2 is a succination target 

To date, the only aconitase family member reported as a succination target 

has been the mouse Aco2.446 Multiple protein sequence alignment of the mouse 

Aco2 with the human IRP1 and IRP2 revealed that the succination sites identified 

in mouse Aco2 are conserved in both human IRP1 and IRP2, suggesting that these 

proteins may be succination targets as well (Figure 3.5a). We focused our 

investigation on IRP2 because it is the functionally dominant member.217 Using 

tandem mass spectrometry analyses, we identified multiple succinated cysteine 

residues on an ectopically expressed flag-tagged IRP2 immunoprecipitated from 

DMF-treated HEK293 cells, supporting human IRP2 as a succination target (Figure 

3.5b). 

However, peptides derived from the regions of IRP2 spanning residues 

C512 to C516 and C578 to C581 were not detected in this analysis, as the peptides 

generated by trypsin digestion were too large to identify using our proteomics 

platform. To more closely interrogate these regions, we generated an IRP2-A523R 

mutant, which introduced an additional tryptic digestion site. Tandem mass 



 153 

 

Figure 3.5. IRP2 is a succination target. 
(a) Multiple sequence alignment of mouse Aco2, human IRP2 (ACO3), and IRP1 
(ACO1). Succination sites reported in Fh-/- mouse Aco2 are conserved in human 
IRP1 and IRP2. These sites are highlighted red. (b) Adducts sites on flag-tagged 
wildtype IRP2, as determined by LC-MS/MS. Black bars represent peptides 
detected in the mass spectrometry analysis. (c) Adducts sites on flag-tagged 
IRP2-A523R, as determined by LC-MS/MS. Black bars represent peptides 
detected in the mass spectrometry analysis. 
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spectrometry analyses of the IRP2-A523R revealed that C512 and C581 are 

succinated. These residues are conserved between human IRP2 and mouse Aco2 

(Figure 3.5c). C512 was previously shown to be critical in maintaining the 

translational repression function of IRP2.526 Thus, succination of IRP2 may partly 

contribute to the increased ferritin protein levels in FH inactivated cells. 

 

3.4.5 Fumarate inhibits IRP-mediated translational repression 

To quantify the effects of fumarate on IRP-mediated FTL and FTH1 

translational repression, we developed constructs that allow the expression of a 

chimeric gene consisting of a firefly luciferase open reading frame carrying either 

the 5’UTR of FTL (pECE-FTL-IRE-LUX, Figure 3.6a) or the 5’UTR of FTH1 (pECE-

FTH1-IRE-LUX, Figure 3.6b). The transcription of this chimeric gene is controlled 

by an SV40 promoter, which allows constitutive transcription in the transfected 

cells. Together with these vectors, we have also created a transfection control 

vector, pECE-RL (Figure 3.6c). pECE-RL has the Renilla luciferase gene 

controlled by the same SV40 promoter as the pECE-FTL-IRE-LUX and the pECE-

FTH1-IRE-LUX. The 5’UTRs of the FTL and the FTH1 mRNAs each contain an 

IRE. By fusing them to the firefly luciferase gene, we enable IRPs to control the 

translation of the firefly luciferase gene, allowing the quantification of IRP-IRE 

binding mediated translational repression through luciferase reporter assays. 

In conditions of high intracellular iron level (supplemented with 200μM iron 

citrate, Fe), IRPs do not bind to IREs, resulting in higher firefly luciferase activity in 

the HEK293 cells transfected with the constructs (Figures 3.7a, 3.7b). Inversely, in 
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Figure 3.6. Luciferase construction vector maps. 
(a) Vector construction of pECE-FTH1-IRE-LUX. The 5’ untranslated region 
(UTR) of FTH1 mRNA, which contains an Iron Response Element under the 
repressional control of Iron Regulatory Proteins, was placed in front of a firefly 
luciferase open reading frame, effectively placing the luciferase under Iron 
Regulatory Protein control. SV40 is a constitutive promoter, removing any 
transcriptional regulation. (b) Vector construction of pECE-FTL-IRE-LUX. The 5’ 
untranslated region (UTR) of FTL mRNA, which contains an Iron Response 
Element under the repressional control of Iron Regulatory Proteins, was placed 
in front of a firefly luciferase open reading frame, effectively placing the luciferase 
under Iron Regulatory Protein control. SV40 is a constitutive promoter, removing 
any transcriptional regulation. (c) Vector construction of pECE-RL. Renilla 
luciferase open reading frame was placed directly behind the constitutive SV40 
promoter, reducing any transcriptional or translational control elements from its 
production. pECE-RL was used as a transfection control. 
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Figure 3.7. Fumarate 
inhibits IRP-
mediated 
translational 
repression. 
(a-b). IRE reporter 
assays using Dual-Glo 
Luciferase Assay 
(Promega) indicate 
appropriate 
responsiveness to iron 
levels for both pECE-
FTL-IRE-LUX (a) and 
pECE-FTH1-IRE-LUX 
(b) cotransfected with 
pECE-RL into HEK293 
cells. 200 µM of the 
iron chelator 
deferoxamine (DFO) 
or ferric citrate (Fe) 
were used to modulate 
iron levels. Data are 
presented as mean ± 
standard deviation. * 
indicates p-value 
<0.05 by student’s t-
test relative to vehicle 
treatment.  

(c) Immunoblots of HEK293 cells treated with DFO show increased IRP2 and 
decreased FTL, FTH1, and FBXL5 protein levels. Treatment with Fe resulted in 
opposite effects. ACTB was a loading control. (d-g) IRE reporter assays using 
Dual-Glo Luciferase Assay (Promega) with dimethyl fumarate and monomethyl 
fumarate treatments. HEK293 cells were cotransfected with pECE-RL and either 
pECE-FTL-IRE-LUX (d, f) or pECE-FTH1-IRE-LUX (e, g). Cells were treated 
with increasing concentrations of either dimethyl fumarate (d, e) or monomethyl 
fumarate (f, g). Data are presented as mean ± standard deviation. * indicates p-
value <0.05 by student’s t-test relative to vehicle treatment. (h-i) Western blots 
of HEK293 cells treated with increasing concentrations of DMF (h) or MMF (i) 
show dysregulated iron signaling, as indicated by simultaneously high protein 
levels of IRP2, FBXL5, FTL, and FTH1. ACTB was a loading control. (j) Western 
blots of UOK262-FH-/- control cells and UOK262-FHres cells. FH reconstitution 
leads to decreased NRF2, IRP2, FBXL5, FTH1, and FTL protein levels. ACTB 
was a loading control. 
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the presence of an iron chelator (200μM deferoxamine, DFO), IRP represses the 

translation of the firefly luciferase, resulting in lower activity (Figures 3.7a, 3.7b). 

Western blot analysis showed that the iron and DFO treatments increased FTL 

and FTH1, and decreased IRP2, accordingly (Figure 3.7c). Cellular IRP2 level is 

regulated by the cellular iron sensor, F-Box and Leucine-Rich Repeat Protein 5 

(FBXL5), which is stabilized in conditions of high iron.527,528 FBXL5 mediates IRP2 

ubiquitylation, marking it for proteasomal degradation. Hence, iron treatment 

increases FBXL5 protein level, while DFO treatment decreases it (Figure 3.7c). 

Using the luciferase reporter constructs, we found that DMF or MMF treatments, 

which simulate intracellular fumarate accumulation, can decrease the ferritin 

translational-repression activity of IRPs (Figures 3.7d-3.7g). Accordingly, western 

blot analysis of the DMF- and MMF-treated samples also showed an increase in 

ferritin levels in the DMF and MMF treated groups as compared to the vehicle 

control groups (Figures 3.7h, 3.7i). DMF and MMF treatments also lead to 

increased FBXL5 (Figures 3.7h, 3.7i); however, the treatment also resulted in 

concurrently increased IRP2, FTL, and FTH1 protein levels. Since in canonical iron 

signaling, IRP2 represses the translation of FTL and FTH1, the simultaneous 

increase in FBXL5, FTL, FTH1, and IRP2 upon DMF and MMF treatments indicate 

that fumarate accumulation disrupts normal iron signaling. We also evaluated 

levels of iron signaling proteins in FH inactivated cells. UOK262-FH-/- cells 

consistently had higher protein levels of FBXL5, FTL, FTH1, and IRP2 relative to 

UOK262-FHres cells (Figure 3.7j) indicating that FH inactivation can alter iron 

signaling. 
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In canonical iron signaling, IRP2 is marked for ubiquitylation and 

subsequent proteasomal degradation by FBXL5. The paradoxical concurrent 

increases in FBXL5 and IRP2 following fumarate treatment or FH inactivation may 

be due to impaired ubiquitylation of IRP2 by FBXL5, as evidenced by the 

decreased IRP2 ubiquitylation following MMF treatment (Figure 3.8). 

 

3.4.6 Sustained NRF2 activation partly contributes to increase intracellular ferritin 

level 

Both FH inactivation and fumarate accumulation activate NRF2, and both 

FTL and FTH1 are transcription targets of NRF2. Thus, NRF2 activation may partly 

contribute to the observed increased ferritin genes expression in FH inactivated 

cells by increasing their transcription. Quantitative PCR (qPCR) analyses revealed 

that the transcript levels of both FTL and FTH1 were higher in the UOK262-FH-/- 

cells than in the UOK262-FHres cells, suggesting that FH inactivation promotes the 

transcription of FTL and FTH1 genes (Figure 3.9a). To determine the contribution 

of NRF2 in promoting the transcription of FTL and FTH1 genes in the context of 

fumarate accumulation, we generated NRF2 knockout HEK293 cells (HEK293-

NRF2-/-) using CRISPR gene editing technology. Using this cell line, we found that 

DMF treatment increased FTL and FTH1 transcripts in the HEK293-NRF2+/+ but 

not in the HEK293-NRF2-/- cells, indicating that NRF2 mediates the fumarate-

induced FTL and FTH1 transcription (Figure 3.9b). Moreover, HEK293 cells 

transfected with myc-tagged NRF2 showed increased FTH1 and FTL protein levels 

compared to cells transfected with empty vector, indicating that NRF2 plays an  
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Figure 3.8. IRP2 ubiquitylation is decreased by MMF. 
Ubiquitylation of N-terminal flag-tagged IRP2. The day after transfection with 
flag-tagged IRP2 (N-Flag-IRP2 construct), HEK293 cells were treated with 80 
µM monomethyl fumarate (MMF) (+) or vehicle control (-) for 2 days. MMF media 
was refreshed after 24 hours. After two days of MMF treatment, all cells were 
treated with 10 µM MG132; additionally, indicated cells were co-treated with 200 
µM Fe (or vehicle) and/or 80 µM MMF (or vehicle). 4 hours after treatment, cells 
were harvested for protein. Protein was normalized, and lysates were split into 
whole cell extract for SDS-PAGE analysis or immunoprecipitation using anti-Flag 
conjugated beads. Following overnight incubation, immunoprecipitated product 
was prepared for SDS-PAGE analysis. All samples were resolved on SDS-
PAGE and analyzed by Western blotting. IP=Immunoprecipitated product. 
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Figure 3.9. NRF2 activation by fumarate contributes to ferritin 
accumulation. 
(a) Quantitative reverse transcription PCR shows FH reconstitution in UOK262 
(UOK262-FHres) decreases relative FTL and FTH1 transcripts. Changes in 
expression were normalized to UOK262-FHres. GCLM is a NRF2 target gene 
known to be upregulated in HLRCC. Error bars represent standard deviation. * 
indicates p-value <0.05 by student’s t-test. (b) Quantitative reverse transcription 
PCR of HEK293-NRF2-/- and HEK293-NRF2+/+ cells treated with 40 µM DMF or 
vehicle (Veh). Changes in expression were normalized to vehicle treatment. 
Error bars represent SD. * indicates p-value <0.05 by student’s t-test. (c) 
Western blot of HEK293 transfected with pIRESpuro3 (Vector) or NRF2-MYC, 
and treated with vehicle or 80µM MMF. ACTB was a loading control. (d) Western 
blot of HEK293-NRF2-/- and HEK293-NRF2+/+ treated with vehicle, 80 µM MMF, 
or 40 µM DMF. ACTB was a loading control. (e) Western blot of HEK293-NRF2-

/- treated with increasing concentrations of DMF, 200 µM DFO, or 200 µM Fe. 
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important role in modulating the expression of these genes (Figure 3.9c). In myc-

NRF2 transfected cells, MMF treatment could further increase FTL protein levels 

without further activating NRF2 (Figure 3.9c). This effect may be attributed to 

inhibition of IRP2 activity. 

To better understand how fumarate-mediated IRP2 inhibition contributes to 

increased ferritin protein levels independent of NRF2, we treated both HEK293-

NRF2+/+ and HEK293-NRF2-/- cells with MMF and DMF. As expected, MMF and 

DMF treatments lead to increase FTL and FTH1 protein levels in HEK293-NRF2+/+ 

cells (Figure 3.9d). However, in HEK293-NRF2-/- cells, MMF and DMF treatment 

only increased FTL protein level (Figure 3.9d). Increasing concentrations of DMF 

in HEK293-NRF2-/- cells increased FTL protein levels in a dose responsive 

manner, but not FTH1 (Figure 3.9e). These results indicate that in the absence of 

NRF2, fumarate can still mediate an increase in FTL protein level; this effect is 

likely mediated by IRP2 inhibition, and demonstrates that both increased 

transcription and translation cooperate to increase FTL protein level, while FTH1 

protein level is more dependent on NRF2-mediated transcription.  

UOK262 cells cannot be transfected efficiently using routine DNA 

transfection strategies. Furthermore, UOK262-FH-/- and UOK262-FHres exhibit 

large differences in transduction and transfection efficiencies, making direct 

evaluation of FTL and FTH1 translation using the dual-luciferase method 

impossible. We quantified the increased FTH1 and FTL protein levels in UOK262-

FH-/- by immunoblot densitometry and normalized the quantifications by their 

relative transcript levels (Figure 3.10). Consistently, the analysis revealed that 
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Figure 3.10. Translation of FTL/FTH1 in UOK262-FH-/- and -FHres. 
Densitometry quantitation of FTL and FTH1 protein was conducted on UOK262-
FH-/- and UOK262-FHres immunoblots, using ACTB as a loading/normalization 
control. Relative fold changes in protein level were divided by relative fold 
changes in mRNA levels within each cell type. * represents p<0.05 by student’s 
t-test calculated from 3 independent sets of experiments. 
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increases to FTL protein could not be accounted for by increased transcription 

alone, implicating both increased transcription and increased translation 

contributed to the fumarate-mediated increased FTL protein, while the increases 

to FTH1 protein could be accounted for by increased transcription alone. 

 

3.4.7 FH inactivation activates the FOXM1 transcription factor 

Ferritin confers a chronic growth signal by activating FOXM1 (Forkhead box 

protein M1) signaling.244 FOXM1 controls the expression of genes regulating 

progression through G2/M phases of the cell cycle, and overexpression of FOXM1 

is associated with cancer progression.529 Hence, we evaluated the activities of 

FOXM1 signaling in the context of FH inactivation and fumarate accumulation. 

Immunoblot analyses showed that UOK262-FH-/- has a higher level of FOXM1 than 

UOK262-FHres, suggesting that FH inactivation activates FOXM1 signaling (Figure 

3.11a). qPCR analyses revealed increases in the levels of FOXM1 transcripts, as 

well as the transcripts of FOXM1 target genes AURKA, AURKB, and CDK1 in 

UOK262-FH-/- as compared to UOK262-FHres, supporting that FOXM1 is activated 

in FH inactivated cells (Figure 3.11b). To determine if the observed FOXM1 

signaling activation was a result of fumarate accumulation, we simulated fumarate 

accumulation in the UOK262-FHres cells by MMF treatment. Immunoblot analyses 

revealed that the MMF treated cells had higher levels of FOXM1 (Figure 3.11c). 

To ascertain the role of ferritin in mediating the observed activation of FOXM1 

signaling, we overexpressed FTL and FTH1 by co-transducing UOK262-FHres and 

HEK293 cells with lentiviruses carrying those genes. When ferritin was 



 164 

 

 
Figure 3.11. FH inactivation promotes FOXM1 signaling. 
(a) Western blot of the FH inactive UOK262-FH-/- cell line and the FH 
reconstituted cell line UOK262-FHres. (b) Quantitative reverse transcription PCR 
shows FH reconstitution in UOK262 decreases relative FOXM1 transcripts and 
its downstream targets AURKA, AURKB, and CDK1. Changes in expression 
were normalized to UOK262-FHres. GCLM is a NRF2 target gene known to be 
upregulated in HLRCC. Data are presented as mean ± standard deviation of a 
representative experiment. * indicates p-value <0.05 by student’s t-test. (c) 
Western blot of UOK262-FHres treated with vehicle or 80 µM monomethyl 
fumarate show increased FOXM1 signaling with MMF. (d) Western blot of 
UOK262-FHres cells and HEK293 cells transduced with pLKO-CMV empty vector 
(Control) or pLKO-CMV-FTL and pLKO-CMV-FTH1 (Ferritin) show ferritin 
overexpression increases FOXM1 protein level. (e) Western blot of UOK262 
cells transduced with shRNAs targeting FTL (shRNA-FTL) or FTH1 (shRNA-
FTH1) show decreased FOXM1 signaling relative to shRNA-Scr, a nontargeting 
shRNA control. (f) Cell viability of UOK262 cells after transduction with shRNA-
Scr, shRNA-FTL, or shRNA-FTH1. Data are mean ± standard deviation of a 
representative experiment. shRNA-FTL and shRNA-FTH1 knockdown curves 
were statistically significantly different from shRNA-Scr curve as determined by 
two-way ANOVA for shRNA treatment (p<0.001), but not for time (p>0.05). 
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overexpressed, both cell lines showed increases in FOXM1 protein levels, 

indicating that ferritin increases FOXM1 protein level (Figure 3.11d). Sequential 

FTL and FTH1 knockdown in UOK262 cells using shRNAs also resulted in 

decreased FOXM1, supporting that ferritin activates FOXM1 signaling in FH 

inactivated cells (Figure 3.11e). To evaluate if ferritin contributes to a progrowth 

phenotype in UOK262-FH-/- cells, we assessed proliferation following FTL or FTH1 

knockdown. Knockdown of either FTL or FTH1 decreased proliferation rate in 

UOK262 (Figure 3.11f), indicating ferritin can mediate growth in UOK262 cells. 

Previous reports indicated FOXM1 was activated by ferritin through STAT3 

signaling.244 Although UOK262-FH-/- has increased STAT3 phosphorylation 

relative to UOK262-FHres cells (Figure 3.12a) and shRNA-mediated knockdown of 

either FTL or FTH1 decreased FOXM1, only FTL knockdown reduced STAT3 

phosphorylation (Figure3.12b). Additionally, ferritin overexpression increases 

FOXM1 (Figure 3.11d) without altering STAT3 phosphorylation in UOK262-FHres 

cells, indicating that ferritin may activate FOXM1 through a different mechanism 

(Figure 3.12c).  

To evaluate the validity of ferritin-FOXM1 signaling pathway in clinical 

samples, we reanalyzed previously published gene expression microarray data 

derived from HLRCC tumors and normal kidney tissues (GSE26574 and 

GSE20896).106,530 Concordant with our cell culture models, HLRCC tumors 

showed significant increased expression of FTL, FTH1, and FOXM1, as well as 

FOXM1 target genes AURKA, AURKB, and CDK1 as compared to normal kidney 

tissues (Figure 3.13). 
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Figure 3.12. STAT3 signaling and ferritin in UOK262. 
STAT3 signaling is altered in UOK262-FH-/- versus UOK262-FHres, but ferritin 
overexpression or knockdown cannot alter STAT3 signaling. (a) Western blot of 
UOK262-FH-/- and UOK262-FHres show a change in STAT3 phosphorylation 
level. (b) Western blot of UOK262 cells transduced with shRNAs targeting FTH1 
show no change in STAT3 signaling relative to shRNA-Scr (a nontargeting 
shRNA control). shRNA targeting FTL show decreases in both total STAT3 and 
pSTAT3. (c) Western blot of UOK262-FHres cells transduced with pLKO-CMV 
empty vector (Control) or pLKO-CMV-FTL and pLKO-CMV-FTH1 (Ferritin) show 
no change in STAT3 signaling with ferritin overexpression. 
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Figure 3.13. Iron and FOXM1 signaling pathway disruption in HLRCC 
patients. 
Relative mRNA levels for ferritin genes (FTL, FTH1), FOXM1, FOXM1 target 
genes (CDK1, AURKA, AURKB), and non-ferritin NRF2 targets (GCLM, 
AKR1B10) in HLRCC tumors and in normal kidney tissues. FDR indicates false 
discovery rate. 
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3.5 Discussion 

Study of hereditary cancers has led to discovery and characterization of 

many physiologically and pathologically important tumor suppressors, including 

TP53,531 RB,532 PTEN,533 and APC.534 Many of these classical tumor suppressors, 

such as the cell cycle protein RB, mediate cell growth. Indeed, sustaining chronic 

proliferation is one of the most fundamental hallmarks of cancer.511 

While it is clear how somatic mutations to genes involved in growth signaling 

mediate the chronic proliferation signal, mechanisms by which mutations to 

metabolic tumor suppressors such as FH confer such a signal were not known. In 

this study, we show that fumarate, which accumulates as a result of FH 

inactivation, functions as a mitogen to activate chronic proliferative signaling. 

Mechanistically, fumarate increases ferritin gene transcription through NRF2 

activation and increases ferritin gene translation by inhibiting IRP2. In turn, ferritin 

activates the pro-growth transcription factor FOXM1 (Figure 3.14). Previous 

reports on ferritin growth signaling described how the cancer had high ferritin due 

to increased iron intake.244 In contrast, we demonstrate how cancer cells use an 

electrophilic oncometabolite to hijack ferritin regulation in an iron-independent 

mechanism to increase ferritin levels. 

Implications of increased ferritin in FH deficient cells on signaling networks 

requires further investigation. The established function of ferritin is to sequester 

free iron. Fumarate-mediated, iron-independent upregulation of ferritin could 

induce intracellular iron deficiency, yet the concurrent accumulation of FBXL5 

would indicate otherwise. These counter intuitive changes in IRP2, ferritin, and 
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FBXL5 levels should be explored in the context of intracellular signaling; because 

iron is an important cofactor in heme and iron-sulfur containing enzymes, many 

carcinogenesis-associated pathways could be altered by iron-independent ferritin 

upregulation, including DNA synthesis,365,366 DNA repair,367-369 metabolism,370,371 

and iron-dependent dioxygenase activity.372 Moreover, iron-independent functions 

of ferritin, such as its role in chemokine receptor-mediated cell migration or 

proinflammatory PI3K signaling,535,536 could be altered in FH deficient cancers. 

Considering we have shown that FOXM1 can be activated when ferritin is 

overexpressed without changes to STAT3 signaling, as was previously reported, 

future inquiries into this pathway should evaluate if high ferritin activates FOXM1 

through modulation of iron levels or through iron-independent signaling pathways. 

Our results indicate that the thiol reactivity of fumarate underlies the 

mechanism by which it activates the observed chronic proliferative signaling, 

suggesting that other thiol-reactive compounds may also exert a similar effect. In 

addition to fumarate, fumarylacetoacetate (FAA) is another known cysteine-

reactive oncometabolite.537 FAA accumulates following fumarylacetoacetate 

hydrolase (FAH) inactivation in hereditary tyrosinemia type 1 (HT1), a genetic 

disorder that can progress to hepatocellular carcinoma (HCC).538,539 Inhibition of 

FAA formation can significantly lower cancer incidences, indicating that FAA 

accumulation drives HCC formation in HT1 patients.540 Our data implies that FAA 

may provide a chronic growth signal in HT1 associated HCC through a similar 

mechanism. Oncometabolites are not the only-thiol modifying compounds 

implicated in cancer. DMF, which is used clinically to treat psoriasis and multiple 
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sclerosis, can induce kidney tumors akin to HLRCC at sufficiently high 

concentrations (200 and 400 mg/kg/day).458 

Additionally, some environmental toxicants or their activated metabolites 

are also electrophiles capable of modifying cysteine residues: toxicants like 

acrolein can form cysteine adducts,541 and may also elicit growth modulation 

through concerted NRF2 activation and IRP2 inhibition. However, while NRF2 

activation may be a common outcome of thiol-modifying compounds and Michael 

acceptors,542,543 any generalizable inhibition of IRP2 repression by endogenous 

compounds and xenobiotics is premature. Indeed, in opposition to our description 

of fumarate-mediated decreases in IRP2-IRE binding activity, mice exposed to 

cigarette smoke showed increased IRP2-IRE binding activity, and a thiophene 

derivative has been shown to enhance IRP2 binding to the FTL IRE.382,383 

Furthermore, fumarate seems to differentially affect the translation of FTL and 

FTH1. Looking forward, a “cysteine code” may exist for IRP2, whereby increases 

or decreases to IRP2-IRE binding interactions are determined by which IRP2 

cysteines are modified, what the structure of those modification are, and how the 

adducts interact with IREs of diverse nucleotide composition. Given the multitude 

of genes under IRE control, the alterations to iron signaling networks and 

downstream pathways may vary widely. 

 

3.6 Conclusions 

In conclusion, our result shows how FH inactivation disrupts cellular iron 

signaling and induces a chronic proliferative phenotype, providing a mechanistic 
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explanation of how the inactivation of FH can give rise to a fundamental cancer 

hallmark. We showed that, due to NRF2 activation and IRP2 inhibition, cells harbor 

high ferritin levels. The ferritin is required for FOXM1 pro-mitotic signaling and cells 

appear to rely on the ferritin (Figure 3.14). 
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Figure 3.14. FH inactivation confers chronic proliferative signaling. 
Diagram shows how FH inactivation increases ferritin to promote proliferation. 
FH, a TCA cycle enzyme that catalyzes the hydration of fumarate to form malate 
is inactivated HLRCC. FH inactivation causes fumarate accumulation. The 
accumulated fumarate (purple) activates the NRF2 transcription factor, which 
transcribes the ferritin genes FTL and FTH1. Concurrently, the accumulated 
fumarate also inhibits IRP2, which normally represses the translation of FTL and 
FTH1, leading to a net increase in ferritin and subsequent FOXM1- dependent 
proliferative signaling. 
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Commentary 3 

In Chapter 3, we showed intimate relationships between NRF2, iron, and 

HLRCC growth. One of the challenges with HLRCC is that it has NRF2 activation; 

akin to other tumors harboring NRF2 activation, HLRCC tumors are particularly 

resistant to current therapies. Thus, a worthwhile question is: how can we kill 

HLRCC while sparing the patients’ healthy cells? 

Using informatics, as well as our interest and knowledge in iron signaling, 

we discovered that HLRCC is particularly sensitive to ferroptosis, an iron-

dependent cell death. This is intriguing considering NRF2 activation is present; 

traditionally, tumors harboring NRF2 activation are resistant to ferroptosis. 

However, while fumarate accumulation provides many carcinogenic hallmarks, like 

sustained growth rate, it ends up being the folly of the tumor. Like all choices, the 

tumor’s reliance on fumarate becomes its weakness as it places it on a precipice 

for death by lipid peroxidation. Chapter 4 explores how, despite the high NRF2 and 

high ferritin levels present in HLRCC, we can still preferentially kill HLRCC cells 

with just the right type of drug class.  
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Chapter 4: 

FH inactivation in hereditary leiomyomatosis and renal cell cancer is synthetic 

lethal with ferroptosis induction 

 

Text and Figures derived from Kerins, M. J., et al. (2018). Cancer 

Science, 109(9), 2757. 

 

Michael John Kerins, John Milligan, James A. Wohlschlegel, Aikseng Ooi 

 

4.1 Abstract 

Hereditary leiomyomatosis and renal cell cancer (HLRCC) is a hereditary 

cancer syndrome characterized by inactivation of the Krebs cycle enzyme 

fumarate hydratase (FH). HLRCC patients are at high risk of developing kidney 

cancer of type 2 papillary morphology that is refractory to current radio-, chemo-, 

and immuno- therapies. Hence, an effective therapy for this deadly form of cancer 

is urgently needed. Here we show that FH inactivation (FH-/-) proves synthetic 

lethal with inducers of ferroptosis, an iron-dependent and nonapoptotic form of cell 

death. Specifically, we identified gene signatures for compound sensitivities based 

on drug responses for nine different drug classes against the NCI-60 cell lines. 

These signatures predicted ferroptosis inducers would be selectively toxic to FH-/- 

cell line UOK262. Preferential cell death against UOK262-FH-/- was confirmed with 

four different ferroptosis inducers. Mechanistically, the FH-/- sensitivity to 

ferroptosis is attributed to dysfunctional GPX4, the primary cellular defender 
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against ferroptosis. We identified that C93 of GPX4 is readily post-translationally 

modified by fumarates that accumulate in conditions of FH-/-, and that C93 

modification represses GPX4 activity. Induction of ferroptosis in FH-inactivated 

tumors represents an opportunity for synthetic lethality in cancer. 

 

4.2 Introduction 

Hereditary leiomyomatosis and renal cell cancer (HLRCC) is a hereditary 

cancer syndrome characterized by the variable development of uterine fibroids, 

cutaneous leiomyomas, and kidney cancer of type 2 papillary morphology.544 

HLRCC-associated kidney cancers are notably aggressive, have poor prognosis, 

and are resistant to current radio-, chemo-, and immuno- therapies, prompting an 

urgent need to identify new treatment avenues.421 

HLRCC is caused by loss-of-function mutations to the gene encoding the 

TCA cycle enzyme, fumarate hydratase (FH). HLRCC patients harbor a germline, 

inactivating mutation to one of the FH alleles.544 Loss of heterozygosity at the FH 

locus, which results in the complete loss of FH enzymatic function, are invariably 

found in the disease tissues, solidifying FH inactivation as the tumor initiating event 

in HLRCC.  

The loss of FH enzymatic function imparts unique molecular changes to the 

cells. Upon FH inactivation, its substrate, fumarate, accumulates to a high level in 

the cells. This accumulated fumarate can form adducts on cysteine residues of 

proteins in a process known as succination.445 Several proteins, including Kelch-

like ECH associated protein 1 (KEAP1),545 aconitase 2 (ACO2),546 and iron 
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regulatory protein 2 (IRP2),547 have been reported to be succinated in FH-

inactivated cells, and the succination events can alter cellular signaling. For 

example, succination of KEAP1 allows for the accumulation and activation of the 

Nuclear Factor (Erythroid-2)-like 2 (NRF2) transcription factor, which orchestrates 

the dominant cellular transcriptional programming observed in HLRCC cells.545,548 

More recently, we showed that NRF2 activation and IRP2 succination 

increases cellular ferritin level in a concerted manner, and the ferritin drives 

HLRCC cells’ proliferation.547 Despite the unique and distinguishing biology driven 

by the FH loss, a strategy to specifically target HLRCC cells has yet to come to 

fruition. We reasoned that the unique transcriptional changes induced by the FH 

loss would enable us to identify targetable vulnerabilities through bioinformatics 

approaches. We utilized the k-TSP (k top scoring pair) algorithm on previously 

published NCI-60 mechanism of action-based drug screening data to develop 

gene expression identifiers that could predict sensitivity against nine classes of 

drugs. Using these identifiers, we identified and validated that drugs capable of 

inducing ferroptosis, an iron-dependent and non-apoptotic form of cell death, are 

synthetic lethal with FH inactivation. We went on to elucidate the mechanism 

behind the synthetic lethality. 

 

4.3 Materials and Methods 

4.3.1 Chemicals and reagents 

Erastin (Selleck, Houston, TX), RSL3 (Cayman Chemicals, Ann Arbor, MI), 

ML162 (Cayman), dimethyl fumarate (DMF, Santa Cruz Biotechnology, Dallas, 
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TX), Tert-butyl Hydroperoxide (TBHP, Santa Cruz), 5,5'-dithiobis-(2-nitrobenzoic 

acid) (DTNB, Santa Cruz), crystal violet (Santa Cruz), monosodium glutamate 

(TCI, Portland, OR), reduced glutathione (GSH, Millipore-Sigma, St. Louis, MO), 

and deferoxamine (DFO, Millipore-Sigma) were purchased from these companies. 

 

4.3.2 Cell culture 

UOK262 cells were a generous gift of Dr. Marston Linehan (National Cancer 

Institute, NIH, Bethesda, MD). All cells were cultured in RPMI1640 supplemented 

with 10% heat-inactivated fetal bovine serum (FBS) at 37oC in atmospheric air 

supplemented with 5% CO2. Lentivirus packaging was conducted in DMEM media 

with 1mM sodium pyruvate to improve virus yield. Transfections were performed 

using Attractene (Qiagen, Hildebrand, Germany). UOK262-FHres and UOK262-EV 

were generated previously.547 

 

4.3.3 Generation of HK2-FH-/+ 

HK2-FH-/+ cells were created using CRISPR/Cas9 system with single guide 

RNAs (sgRNAs) (5’-CAC CGG GAG GCA CTG CTG TTG GTA C-3' and 5’-CAC 

CGG AGC TCA TAG ATT CTT GGC A-3').549 Cells were transfected without a 

homology-directed repair arm. Edited cells were screened by Sanger sequencing 

to identify cells harboring indel mutations in one of the FH alleles. 

 

4.3.4 Generation of HK2 FH KO cell lines 

CRISPR/Cas9 technology was utilized to knockout FH in HK2 cells. Two 
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non-targeting sgRNAs (Control-1: 5’-GTA GCA CAT GGC GAC TCT TA-3' and 

Control-2: 5’- GGC TCA ACG GAC TGT CAC GG -3’) and two sgRNAs targeting 

FH (sgFH-3: 5’- AAT TCT CCC AGA CCT GAC CG -3’ and sgFH-5:5’- CCA GTC 

TGC CAT ACC ACG AG -3’) were cloned into the pL-CRISPR.EFS.GFP, a 

generous gift from Benjamin Ebert (Addgene #57818).550 The resulting virus 

particles were used to transduce HK2-FH-/+ to generate control and FH-/- HK2 cells.  

 

4.3.5 Generation of HT1080-FH-/- 

CRISPR/Cas9 technology was utilized to knockout FH in HT1080 cells with 

sgRNA 5’-CAC CGG GTA TCA TAT TCT ATC CGG A-3'. A homology directed 

repair (HDR) arm was generated to allow for the insertion of a puromycin selection 

cassette into the editing locus. Puromycin-resistant clones were screened for FH 

knockout by immunoblot. 

 

4.3.6 Dose-response viability assays 

Cell viability following treatment was measured using the CellTiter 96 

AQueous One Solution assay (Promega, Madison, WI) at 72 hours post-treatment. 

Dose response analyses were performed using the non-linear regression model 

implemented in the DRC package in R statistical environment.551-553 Statistical 

significance difference between testing groups were assessed by ANOVA test. All 

curve comparisons were considered significant unless otherwise noted in Figure 

legend. 
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4.3.7 Crystal violet staining 

For crystal violet staining, cells were fixed in 4% paraformaldehyde at 72 

hours post-treatment, and then stained with crystal violet solution (0.5% w/v crystal 

violet in 20% v/v methanol). 

 

4.3.8 Immunoblotting 

Primary antibodies used for immunoblotting were: ACTB (Sigma A1978), 

FH (Cell Signaling 4567, Danvers, MA), Flag (Cell Signaling 8146), GPX4 (Abcam 

41787, Cambridge, MA), 2-succinylcysteine (Discovery Antibodies crb2005017, 

Billingham, England), and NRF2 (Santa Cruz sc-13032). ACTB was used as a 

loading control. Band densitometry was quantified by Image Lab software (Bio-

Rad). 

 

4.3.9 mRNA qPCR analysis 

RNA was isolated and prepared for qPCR analyses as described 

previously. The following Taqman probes were purchased (Thermo): ACTB 

(4352935), FTL (Hs00830226_gH), AKR1B10 (Hs00252524_m1), GCLM 

(Hs00157694_m1), NQO1 (Hs01045994_m1), SLC7A11 (Hs00921938_m1), 

TXNRD1 (Hs00917067_m1), and FH (Hs00895618_m1). Results were analyzed 

by using the 2-DDCT method.521 

 

4.3.10 Isolation and mass spectrometry analysis of GPX4 

The open reading frame of GPX4 with an in-frame c-terminal Flag 
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sequence, together with the GPX4 3’UTR of human GPX4 mRNA (NM_002085.4), 

were cloned into pCDNA3.1(+) (Thermo) to make pCDNA-GPX4cFlag. This 

plasmid is used to ectopically express GPX4 in HEK293 cells, which was purified 

by immunoprecipitation using anti-FLAG beads (Sigma M8823). The 

immunoprecipitated GPX4-FLAG protein was visualized by Coomassie blue 

staining and excised for mass spectrometry analysis. 

 

4.3.11 Glutathione peroxidase enzyme assay 

Lysates or enzymes were incubated with 500µM GSH and TBHP (purified 

GPX4: 16µM, whole cell lysate: 62.5µM) in 300mM Tris-HCl buffer pH8.0 for 45 

minutes. Remaining GSH was measured by quenching the enzymatic reaction with 

three volumes of 2mM DTNB and measuring absorbance at 412nm. The average 

amount of GSH used over time was calculated from three biological replicates.  

 

4.3.12 Fumarate measurements 

Fumarate concentrations were measured using a fumarate assay kit 

(ab102516, Abcam). 

 

4.3.13 Reduced glutathione measurements 

Reduced glutathione levels (GSH) were measured using the GSH-Glo kit 

(V6911, Promega). 

 

4.3.14 Determining sensitive and resistant cell lines by mechanisms of action 
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Analyses were performed using R statistical programming language. Anti-

tumor compounds with known mechanisms of action were previously tested 

against the NCI-60 cancer cell line for relative sensitivity or resistance.403 Raw data 

was retrieved from Shimada et al.403 Only compounds with known mechanisms of 

action were used in downstream analyses. Only mechanisms of action with more 

than one compound in the class were evaluated. Within each mechanism of action, 

Euclidean distances between each drug were determined. Mean distances were 

calculated for each drug. An optimal cutoff was used to remove drugs that elicited 

atypical responses compared to others in their mechanism of action. Ward 

clustering of drugs was performed according to clustering algorithm proposed by 

Murtagh and Legendre.554 Drugs with the same mechanism of action that clustered 

together were defined as a drug class. 

In the available dataset, median-subtracted -log10(GI50) values indicated a 

cell line was sensitive to a drug, while positive values indicated resistance. Within 

each drug class, a cell line was determined to be sensitive if it was sensitive to at 

least 95% of the drugs in the class. A cell line was determined to be resistant if it 

was not sensitive to any drugs within the class. Drug classes that did not have any 

cell lines determined to be either sensitive or resistant were removed from the 

analysis. 

 

4.3.15 Identification of drug sensitivity signatures 

Affymetrix microarray analyses (platform Human Genome U133 Plus 2.0) 

of the NCI-60 cancer cell lines was retrieved from the National Cancer Institute’s 
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CellMinerTM database.555,556 Gene expression profile for the UOK262 cell line was 

performed on the same platform and the data normalization and transformation 

were done together with the NCI-60 data in a single batch. Briefly, raw CEL files 

were processed using a robust multichip-averaging algorithm implemented in the 

Affy package. A custom CDF for Affymetrix Human Genome U133 Plus 2.0 

(hgu133plus2hsentrezgcdf) was used. This CDF implement selected 20,056 high 

confident probes. Quality control was implemented by removing one outlier 

replicate for each cell line, with outliers defined as replicates with the maximum 

standard deviation from mean of that particular cell line. 

Following the quality control filtering, gene expression classifiers to identify 

sensitivity or resistance to each drug class were predicted using the k-Top Scoring 

Pairs algorithm.557,558 Following identification of the gene pair signature, UOK262 

microarray data was compared against NCI-60 microarray data for the defined 

sensitive and resistance cell lines. 

 

4.4 Results 

4.4.1 Ferroptosis-inducers may target HLRCC 

To find therapeutic vulnerabilities associated with HLRCC, we utilized a 

legacy dataset consisting of median subtracted –log10(GI50) data of 156 

chemotherapeutic compounds tested against the NCI-60 cell lines.403 The 

mechanisms of action (MOA) of these 156 compounds are known. Through cluster 

refinement, we grouped them into 9 different MOAs (Figure 4.1a, Table 4.1), and 

then identified the NCI-60 member cell lines that were sensitive or resistant to each 
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MOA (Table 4.2). Guided by the identified sensitive and resistant cell lines for each 

MOA, we performed machine learning using the k-tsp algorithm on the gene 

expression microarray data for the corresponding NCI-60 cell lines to identify 

classifiers to predict sensitivity for each of the 9 MOAs. Using the identified 

classifiers, we predicted that HLRCC cells would be sensitive only to Ferroptosis 

Inducers (FINs) (Figure 4.1b). HLRCC cells were predicted to be minimally 

responsive (e.g. Ds), nonresponsive (e.g. YK), or resistant (e.g. HDAC) to all other 

mechanisms of action tested (Figure 4.1b), which is consistent with previous drug 

screening studies.559 
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Table 4.1. Compound clusters for 9 mechanisms. 
156 compounds clustered into 9 different mechanisms of action. 

Drug Class Compound Names 
Tubulin affecting 

(Tu) 673187; 673188; 255109; 330507 

Alkyating at N-7 
position of guanine 

(A7) 

329680; 3088; 762; 6396; 9706; 34462; 56410; 132313; 
344007; 135758; 182986 

Histone deacetylase 
inhibitors (HDAC) 736101; 701852; 726630; 736098 

Topoisomerase 2 
inhibitor (T2) 

82151; 123127; 122819; 141540; 164011; 279836; 
301739; 349174; 355644; 638066; 627505 

DNA/RNA synthesis 
inhibitor (Ds,Rs) 368390; 153353; 143095; 19893 

Topoisomerase 1 
inhibitor (T1) 

740645; 364830; 94600; 374028; 100880; 105132; 
606172; 295499; 606497; 302991; 606499; 606985; 
610456; 610457; 610458; 610459; 616348; 618939; 
643833; 681632; 682298; 683558; 709237; 706744; 
735037; 736493; 736624; 369395; 603071; 107124; 
176323; 249910; 606986; 609699; 629971; 673596; 
681634; 681635; 639174; 681633; 681638; 681639; 
681642; 681640; 681641; 681643; 681646; 681644; 
681645; 683555; 737518 

Ferroptosis inducer 
(FIN) AE; PE; FIN56; MEII; RSL3; 1S3R; ML162; ML210 

Tyrosine kinase 
inhibitor (YK) 

745750; 669364; 693255; 715055; 718781; 727989; 
732517 

Antifolates (Df) 740; 633713; 132483; 352122; 134033; 184692; 
174121 

DNA synthesis 
inhibitor (Ds) 

368390; 153353; 143095; 19893; 287459; 312887; 
105014; 145668; 63878; 606869 
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Figure 4.1. HLRCC cells are predicted to be sensitive to ferroptosis 
inducers. 
(a) Ward clustering analysis of different drugs reveals most drugs within a cluster 
have the same known mechanism of action. Clustering was based on relative 
sensitivity or resistance of the NCI-60 cancer cell lines to various compounds 
with known mechanisms of action. Drugs within a cluster not conforming to the 
dominant mechanism of action (red) were removed from later analyses. (b) 
Gene expression signature of NCI-60 cancer cell lines that are sensitive or 
resistant to various drug classes. Cell lines that were sensitive or resistant to a 
drug class were utilized in a k-TSP prediction algorithm to identify a two-gene 
classifier that predicts sensitivity. Each box represents a gene expression of a 
tested cell line determined to be sensitive or resistant to a particular drug class. 
Red (green) indicates low (high) gene expression for the k-TSP predicted gene. 
Gene expression levels of UOK262, an HLRCC cell line, of the k-TSP predictor 
genes for each drug class are also presented. The predictions indicate HLRCC-
derived cell line UOK262 will only be sensitive to ferroptosis inducers (FIN). 
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Table 4.2. NCI-60 cell sensitivities.  
NCI-60 member cell lines that were sensitive or resistant to each MOA. S = 
Sensitive, R = Resistant 
Drug 
Class 

 
NCI-60 Cell Lines 

Tu 
S 

ME.MDA_MB_435; CO.HT29; BR.MCF7; CO.COLO205; LE.SR; CNS.SF_539; 
CO.HCT_116; LC.NCI_H460; CO.SW_620; ME.MALME_3M; ME.LOXIMVI; 
CNS.SNB_75; CNS.U251; ME.UACC_62 

R 
CNS.SNB_19; RE.786_0; CNS.SF_295; RE.RXF_393; LC.NCI_H322M; 
BR.MDA_MB_231; RE.ACHN; LC.NCI_H226; CO.HCT_15; LC.HOP_92; RE.UO_31; 
RE.CAKI_1; RE.A498; LC.EKVX; BR.BT_549; OV.OVCAR_4; OV.NCI_ADR_RES 

A7 
S 

LC.NCI_H460; LE.HL_60; LE.MOLT_4; LE.SR; LE.CCRF_CEM; RE.ACHN; 
ME.UACC_62; RE.CAKI_1; CNS.SF_295; PR.DU_145; BR.MCF7; RE.SN12C; 
LC.NCI_H23; RE.786_0; CNS.SF_539; ME.LOXIMVI; CNS.SF_268; LC.A549; CNS.U251 

R 
LC.NCI_H226; LE.K_562; ME.UACC_257; RE.A498; OV.OVCAR_5; OV.OVCAR_3; 
OV.IGROV1; OV.OVCAR_4; CO.KM12; ME.SK_MEL_28; ME.SK_MEL_2; LC.EKVX; 
BR.MDA_MB_231; LC.NCI_H322M; BR.HS578T; RE.TK_10 

HDAC S 
LE.CCRF_CEM; LE.RPMI_8226; LE.MOLT_4; LE.HL_60; LE.SR; LC.NCI_H522; 
OV.NCI_ADR_RES; LE.K_562; ME.MDA_MB_435; CO.HCT_116; ME.MALME_3M; 
LC.NCI_H460 

R CNS.U251; ME.M14; OV.IGROV1; LC.HOP_62; CNS.SF_295; LC.NCI_H23; 
CNS.SNB_19; LC.EKVX; ME.SK_MEL_28; BR.HS578T 

T2 
S LE.MOLT_4; LC.NCI_H460; LE.CCRF_CEM; CNS.U251; RE.SN12C; LC.A549; 

LC.HOP_62; CNS.SNB_19; CNS.SF_295; CNS.SF_539 

R 
RE.A498; PR.PC_3; ME.M14; CO.HT29; ME.SK_MEL_2; OV.OVCAR_3; 
ME.SK_MEL_28; OV.OVCAR_5; BR.MDA_MB_231; ME.MDA_MB_435; RE.TK_10; 
OV.OVCAR_4; ME.UACC_257; RE.UO_31; CO.HCT_15; OV.NCI_ADR_RES 

Ds,Rs 
S LC.NCI_H460; ME.LOXIMVI; LC.A549; CO.HCT_116; LE.SR; CO.HCT_15; BR.MCF7; 

RE.786_0; RE.ACHN; OV.IGROV1; RE.CAKI_1; CO.HT29; LC.HOP_62 

R 
OV.OVCAR_3; ME.M14; OV.OVCAR_4; RE.RXF_393; LC.NCI_H522; BR.T47D; 
BR.MDA_MB_231; ME.SK_MEL_28; RE.TK_10; LC.HOP_92; LC.EKVX; LC.NCI_H226; 
OV.SK_OV_3; ME.UACC_257; CNS.SNB_75; ME.SK_MEL_2 

T1 
S LE.SR; LE.CCRF_CEM; LE.MOLT_4; LC.NCI_H460; ME.UACC_62; LC.HOP_62; 

ME.LOXIMVI; RE.786_0; RE.CAKI_1 

R 
ME.MDA_MB_435; PR.PC_3; ME.MALME_3M; OV.OVCAR_5; LC.NCI_H322M; 
OV.OVCAR_3; CO.KM12; ME.SK_MEL_28; OV.OVCAR_4; CO.COLO205; 
ME.SK_MEL_2; LC.EKVX; BR.MDA_MB_231; RE.TK_10; BR.HS578T 

FIN S LC.NCI_H522; ME.LOXIMVI; OV.IGROV1; RE.UO_31; LE.CCRF_CEM; LE.SR; 
LC.HOP_62; CO.HT29; LE.HL_60; OV.OVCAR_4 

R LC.A549; RE.SN12C; ME.SK_MEL_28; CNS.SNB_19; LC.NCI_H322M 

YK S RE.TK_10; RE.ACHN; OV.SK_OV_3; RE.CAKI_1; LC.NCI_H322M; OV.IGROV1; 
RE.UO_31 

R CNS.U251; LC.NCI_H23; BR.BT_549; CNS.SNB_19 

Df 

S N/A 

R 
LC.HOP_62; RE.UO_31; LC.NCI_H522; LE.RPMI_8226; ME.UACC_257; RE.A498; 
ME.SK_MEL_28; OV.OVCAR_3; CO.COLO205; BR.T47D; RE.TK_10; LC.HOP_92; 
OV.SK_OV_3; CNS.SNB_75; BR.BT_549; RE.RXF_393; LC.NCI_H226; LC.EKVX; 
BR.MDA_MB_231; BR.HS578T; ME.SK_MEL_2; OV.OVCAR_4 

Ds 
S CO.HCT_116; LC.A549; RE.CAKI_1; RE.ACHN; LC.HOP_62 

R BR.T47D; LC.NCI_H522; OV.OVCAR_3; RE.RXF_393; BR.MDA_MB_231; CNS.SNB_75; 
OV.OVCAR_4 

4.4.2 Ferroptosis induction can selectively kill HLRCC cells 

Ferroptosis is a non-apoptotic, iron-dependent cell death originally identified 
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as the mechanism by which the RAS synthetic lethal compound, erastin, 

selectively killed the RAS-activated, fibrosarcoma HT1080 cell line.560 To validate 

the predicted sensitivity of HLRCC cells to ferroptosis, we compared the erastin 

LC50 value of the HLRCC cell line, UOK262, to that of the well-established, 

erastin-sensitive HT1080 cell line and found UOK262 to be more sensitive (Figure 

4.2a, Table 4.3). Next, we determined if erastin was inducing iron-dependent, 

ferroptotic cell death in UOK262 by co-treating the cells with erastin and 100µM 

deferoxamine (DFO), an iron chelator. As expected, DFO abrogated the erastin-

induced cell death, indicating that erastin engenders ferroptosis in UOK262 cells 

(Figure 4.2b). 

Table 4.3. LC50 values of cell lines to various ferroptosis-inducing 
treatments (FIN) 

Cell Line / Treatment FIN LC50 ± SD 
UOK262parental Erastin 1.19 ± 0.04 µM 

UOK262parental + 40 µM DMF Erastin 0.42 ± 0.02 µM 
HK2 Erastin 3.92 ± 0.57 µM 

HK2 + 40 µM DMF Erastin 2.60 ± 0.11 µM 
HT1080 Erastin 3.00 ± 0.06 µM 

HT1080-FH-/- Erastin 0.27 ± 0.03 µM 
A498 Erastin 2.48 ± 0.17 µM 

A498 + 40 µM DMF Erastin 1.12 ± 0.24µM 
UOK262-EV Erastin 1.78 ± 0.15 µM 

UOK262-FHres Erastin 4.25 ± 0.15 µM 
HK2-FH+/+ Erastin (DMEM media) 2.23 ± 0.03 µM 
HK2-FH+/- Erastin (DMEM media) 2.06 ± 0.15 µM 

UOK262-EV RSL3 28.68 ± 1.43 nM 
UOK262-FHres RSL3 50.36 ± 6.14 nM 
UOK262-EV ML162 35.20 ± 1.00 nM 

UOK262-FHres ML162 59.62 ± 4.29 nM 
UOK262-EV Glutamate 1.98 ± 0.70 mM 

UOK262-FHres Glutamate 80.03 ± 3.03 mM 
HT1080-parental Glutamate 43.90 ± 3.15 mM 

HT1080-FH-/- Glutamate 16.25 ± 2.07 mM 
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Figure 4.2. FH inactivation sensitizes cells to erastin-induced cell death. 
Erastin dose response curves of: (a) canonically ferroptosis-sensitive HT1080 
cell line and HLRCC cell line, UOK262, (b) UOK262 and immortalized 
nonmalignant kidney epithelial cells HK2, (c) UOK262 with 100µM deferoxamine 
(DFO) or vehicle (Veh). (d) Immunoblot of UOK262 stably transduced with either 
empty vector (UOK262-EV) or flag-tagged FH (UOK262-FHres) and qPCR 
analyses of NRF2 target genes expression following FH reintroduction into 
UOK262. mRNA levels show NRF2 target genes decrease. * indicates p< 0.05 
by t-test. Error bars represent ± standard deviation of three biological replicates. 
(e) Ectopic expression of FH (FHres) in UOK262 significantly reduced sensitivity 
to erastin. (f) Immunoblots showing successful FH knockout in HT1080-FH-/- 
compared to parental HT1080 (HT1080-parent). (g) Erastin dose response 
curves of HT1080-FH-/- and HT1080-parent reveal loss of FH significantly 
sensitizes HT1080 to erastin. (h) Erastin dose response curves of HK2-FH+/+ 
and HK2-FH+/- show no difference between FH wild type and heterozygous 
mutant. ANOVA p=0.81. All points on dose response curves are presented as 
mean ± standard deviations of a representative experiment. 
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To evaluate the potential cancer cell selectivity of the erastin-induced cell 

death, we compared the effectiveness of erastin in killing UOK262 cells to that of 

an immortalized, non-malignant kidney epithelia cell line, HK2. Again, we found 

that UOK262 was more sensitive, indicating that HLRCC cells could be 

preferentially more sensitive to ferroptosis than normal kidney cells (Figure 4.2c, 

Table 1).  

 

4.4.3 FH inactivation sensitizes HLRCC cells to ferroptosis 

HLRCC is caused by FH inactivation, which results in intracellular fumarate 

accumulation and increased protein succination. Thus, we hypothesized that FH 

inactivation sensitizes HLRCC cells to ferroptosis. To test this hypothesis, we 

generated isogenic FH rescued (UOK262-FHres) and empty vector control 

(UOK262-EV) derivative UOK262 lines. UOK262-FHres stably expresses a fully 

functional, flag-tagged version of FH. As expected, the ectopic expression of FH 

reduces NRF2 protein levels, indicating that it lowered intracellular fumarate levels 

and reduced protein succination (Figure 4.2d). Indeed, qPCR analysis showed 

mRNA levels of NRF2 target genes decreased following FH reintroduction (Figure 

4.2d). We found UOK262-EV is more sensitive to erastin than its FH-rescued 

counterpart UOK262-FHres (Figure 4.2e, Table 4.3), supporting our hypothesis that 

FH inactivation is responsible for ferroptosis sensitivity in HLRCC. To further test 

our hypothesis, we generated an FH knockout derivative cell line of HT1080 to see 

if we could further sensitize the cell line to ferroptosis (Figure 4.2f). As expected, 

HT1080-FH-/- cells were more sensitive than HT1080-parental cells to erastin 
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treatment (Figure 4.2g). 

HLRCC patients harbor a germline inactivating mutation to an FH allele in 

all healthy cells in their bodies. Therefore, for a treatment modality to be truly 

selective in HLRCC patients it must distinguish between homozygous and 

heterozygous FH mutant cells. To test this, we generated a heterozygous FH 

mutant HK2 cell line (HK2-FH+/-). This cell line harbors an inactivating frameshift 

mutation in exon 6 of FH (Figure 4.3a). Dose response studies showed that the 

HK2-FH+/- was no more sensitive to erastin than HK2-FH+/+, indicating that erastin 

is selectively killing the FH-/- HLRCC cells (Figure 4.3b). Furthermore, 

CRISPR/Cas9-mediated complete ablation of FH (using two independent FH 

targeting sgRNAs) in HK2-FH+/- sensitized it to ferroptosis induction (Figure 4.3c, 

4.3d). 

 

4.4.4 FH-/- sensitizes cells to multiple ferroptosis inducers 

Mechanistic studies on ferroptosis inducing compounds have identified 

GPX4 inhibition as the converging mechanism of action for those compounds.387 

GPX4 is an essential selenocysteine-containing enzyme responsible for clearing 

cellular lipid peroxides generated from the iron-catalyzed Fenton reaction.561 

GPX4 utilizes glutathione as a coenzyme; thus, ferroptosis inducers can inhibit 

GPX4 either by limiting intracellular glutathione availability, or by directly binding 

to and inhibiting GPX4. Erastin induces ferroptosis through inhibition of SLC7A11, 

the antiporter responsible for import of cystine in exchange for intracellular 

glutamate.560 Cystine is necessary for glutathione synthesis. While erastin  
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Figure 4.3. FH status affects NRF2 signaling and ferroptosis sensitivity. 
 (a) Frameshift deletion in exon 6 of HK2-FH+/-. (b) Erastin dose response curves 
of HK2-FH+/+ and HK2-FH+/- show no difference between FH wild type and 
heterozygous mutant. ANOVA p=0.81. All points on dose response curves are 
presented as mean ± standard deviations of a representative experiment. (c-d) 
FH knockout in HK2-FH+/- cells with two different sgRNAs sensitizes them to 
erastin. Immunoblot shows loss of FH protein increases NRF2 protein level. 
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appears to be toxic to HLRCC cells due to glutathione depletion, ferroptosis can 

be induced by mechanisms beyond SLC7A11 inhibition. RSL3 and ML162 induce 

ferroptosis through direct GPX4 inhibition.387 Consistently, UOK262-EV was more 

sensitive to both RSL3 and ML162 than UOK262-FHres (Figures 4.4a-4.4b). 

One further mechanism to induce ferroptosis exploits the glutamate-cystine 

concentration gradients necessary for SLC7A11 activity. Extracellular glutamate 

can induce ferroptosis by blockading SLC7A11 antiporter activity.560 UOK262-EV 

cells were much more sensitive to treatment with monosodium glutamate than 

UOK262-FHres (Figures 4.4c-4.4d). HT1080-FH-/- cells were also more sensitive to 

glutamate than HT1080-parental cells (Figure 4.4e).  

To ensure glutamate treatments were inducing ferroptosis, we treated 

UOK262-EV and UOK262-FHres with DFO, the known ferroptosis inhibitor. DFO 

treatment abrogated glutamate sensitivity in both UOK262-EV and UOK262-FHres 

(Figure 4.5a). 

As glutamate can enter the Krebs cycle, we sought to evaluate whether the 

glutamate treatment alters fumarate levels. Consistent with previous reports,530 FH 

inactivation increased fumarate levels in UOK262-EV relative to UOK262-FHres 

and in HT1080-FH-/- relative to HT1080-parental. However, glutamate treatment 

did not significantly alter fumarate levels except in UOK262-FHres, whereby 

fumarate levels increased slightly (Figure 4.5b). To validate that glutamate was 

inducing ferroptosis by reducing GSH levels, we measured GSH following 

glutamate treatment. Consistent with previous reports on Fh-/- mice,548 reduced 

glutathione (GSH) levels in FH inactivated cells UOK262-EV and HT1080-FH-/- 
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Figure 4.4. Cells with fumarate accumulation are sensitive to multiple 
ferroptosis inducers. 
(a-c) Dose response curves of UOK262-EV and UOK262-FHres treated with (a) 
RSL3 (b) ML162 or (c) Glutamate showing that UOK262-EV is significantly more 
sensitive to all three compounds. (d) Crystal violet staining of UOK262-EV and 
UOK262-FHres cells following treatment with monosodium glutamate. (e) Dose 
response analysis showing HT1080-FH-/- is significantly more sensitive to 
glutamate than HT1080-parent.  
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Figure 4.5. Glutamate-induced cell death is rescued by DFO and impacts 
fumarate and GSH levels. 
(a) 100μM DFO mitigates glutamate-induced toxicity in both UOK262-EV and 
UOK262-FHres. (b) Fumarate, (c) GSH concentration in HT1080-FH-/-, HT1080-
parental, UOK262-EV, and UOK262-FHres after glutamate (Glu) treatment: 
HT1080 (16mM glutamate), UOK262 (2mM). 50µM buthionine sulfoximine 
(BSO) treatment was used as a positive control for GSH depletion. 
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were higher than their counterpart cell lines with functional FH (UOK262-FHres and 

HT1080-parental). As expected, glutamate decreased free glutathione levels 

across all tested cells (Figure 4.5c). 

 

4.4.5 FH inactivation sensitizes cells to ferroptosis via intracellular fumarate 

accumulation 

The main biochemical consequence of FH inactivation is fumarate 

accumulation. To evaluate if fumarate can sensitize cells to ferroptosis, we treated 

UOK262, HK2, and a clear cell kidney cancer cell line, A498, with 40µM of the 

membrane-permeable form of fumarate, dimethyl fumarate (DMF). Across all cell 

lines, DMF sensitizes cells to erastin-induced cell death, indicating that FH 

inactivation sensitizes cells to ferroptosis via intracellular fumarate accumulation 

(Figures 4.6a-4.6c). 

It is worth noting that while DMF enhances fumarate levels,562 DMF 

treatment also depletes glutathione, which could be contributing to the enhanced 

ferroptosis induction in this model system (Figure 4.6d-4.6f)  

 

4.4.6 Fumarates covalently modifying C93 of GPX4 and inhibiting its activity  

NRF2 could confer protection against ferroptotic cell death through several 

mechanisms. Importantly, GPX4 is a transcription target of NRF2; thus, sustained 

NRF2 activation may lead to increased GPX4 expression and, therefore, more 

resistance to ferroptotic cell death. Paradoxically, NRF2 is constitutively active in 

HLRCC cells, and UOK262-EV cells do show higher GPX4 protein levels than  
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Figure 4.6. DMF sensitizes cells to ferroptosis. 
(a-c) 40µM dimethyl fumarate (DMF) significantly enhances erastin activity in 
UOK262 (a), HK2 (b), and A498 cells (c). All points on dose response curves 
are presented as mean ± SD of a representative experiment. (d-f) GSH 
concentration following treatment with 40µM DMF in UOK262 (d), A498 (e), or 
HK2 (f) cells. * indicates p<0.05 by t-test between treatments. All error bars 
represent ± SD. 
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UOK262-FHres cells (Figure 4.7a). This contradiction led us to hypothesize that 

GPX4 activity is inhibited in FH inactivated cells, and the inhibition is due to 

succination of GPX4 by fumarate. To assess whether GPX4 is succinated in the 

presence of fumarate, HEK293 cells were transfected with a vector that ectopically 

expresses flag-tagged GPX4. Transfected cells were treated with DMF to mimic 

fumarate accumulation, and the flag-tagged GPX4 was isolated for mass 

spectrometry analysis. Monomethyl-succinyl and dimethyl-succinyl adducts were 

identified on GPX4-C93, indicating that the C93 of GPX4 is amenable to covalent 

modification by fumarate (Figures 4.7b-4.7c). 

To assess the impact of fumarate-mediated modifications to C93 of GPX4, 

we generated a C93E mutant version of GPX4 that mimics 2-succinylcysteine. 

GPX4-WT and GPX4-C93E proteins were isolated and utilized in an enzyme assay 

that measured the ability of GPX4 proteins to reduce tert-butylhydroperoxide 

(TBHP) in the presence of glutathione (Figure 4.8a). GPX4 from either cells 

expressing either wildtype GPX4 or GPX4-C93E mutant was isolated with anti-

FLAG magnetic beads (Figure 4.8b). GPX4 protein amounts were titrated using 

western blot to ensure equivalent loading between the wildtype and mutant GPX4 

isoforms. 

GPX4-C93E depleted glutathione slower than GPX4-WT, suggesting that 

the succinated form of GPX4 has reduced activity (Figure 4.9a). To validate 

succination of native GPX4 in FH-/- HLRCC cells, we immunoprecipitated GPX4 

from UOK262-EV and UOK262-FHres and immunoblotted for 2-succinylcysteine. 

As expected, UOK262-EV showed increased succinated GPX4 compared to  
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Figure 4.7. C93 of GPX4 is amenable to succination. 
(a) GPX4 protein levels were higher in UOK262-EV than in UOK262-FHres. (b-c) 
Monomethyl-succinyl adducts (+130 Da) (b) and dimethyl-succinyl adducts 
(+144 Da) (c) were found on C93 of flag-tagged GPX4 isolated from HEK293 
cells treated with 40µM dimethyl fumarate. 
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Figure 4.8. GPX4 enzyme assay quality control. 
(a) Schematic of the GPX4 enzyme reaction. (b) Coomassie brilliant blue 
staining of immunoprecipitated lysates of GPX4-WT and GPX4-C93E. (c) Levels 
of isolated GPX4 protein within lysates were titrated using immunoblot and 
densitometry. 
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Figure 4.9. GPX4-C93E and UOK262 cell lysates show reduced GPX4 
activity. 
(a) GPX4-C93E showed reduced enzymatic activity. Immunoblot of GPX4 
indicates equal loading. (b) Immunoblot showing GPX4 immunoprecipitated 
from UOK262-EV lysates has higher 2-succinylcysteine (2SC) modification than 
that from UOK262-FHres. (c) Whole cell lysates from UOK262-EV showed 
reduced GPX4 activity than UOK262-FHres. Bars represent the mean of 3 
biological replicates, and error bars represent standard deviation. * indicates 
student’s t-test p<0.05. 
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UOK262-FHres. Consistent with previous works,437 whole cell lysates from 

UOK262-EV showed marked increase in pan-protein succination as compared to 

UOK262-FHres (Figure 4.9b). Enzyme assay (GSH-dependent reduction of TBHP) 

also showed that UOK262-EV whole cell lysates had significantly lower activity 

than UOK262-FHres, indicating repressed GPX4 activity (Figure 4.9c). 

 

4.5 Discussion 

Targeting cancer specific vulnerabilities offers the ability to kill cancer cells 

while sparing normal cells. Such targeted strategies can be seen in compounds 

that selectively inhibit products produced from gain-of-function oncogene mutants 

that are essential to cancer cell survival. For example, Vemurafenib selectively 

inhibits BRAF-V600E and offers robust and dramatic responses that prolong 

patients’ lives.492 In contrast to oncogene gain-of-function-driven tumors, it is much 

more difficult to selectively target cancers that arise from loss-of-function mutations 

to tumor suppressor genes. 

One strategy is to target pathways activated by the tumor suppressor loss. 

However, such pathways are typically essential to other cellular systems, resulting 

in unwanted collateral damages. HLRCC is unique in the sense that the tumor 

suppressor (FH) loss drives an expansion of the catalogue of succinated proteins. 

Thus, targeting the succinated proteins that are otherwise unsuccinated in normal 

tissues may offer the specificity seen in strategies that target cancer specific gain-

of-function mutations. In this study, we demonstrated that GPX4 succination, a 

feature specific to FH inactivated cancer cells, is targetable using ferroptosis 
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inducing compounds. As such, the finding serves as a proof of concept for future 

drug development.  

From a cell signaling standpoint, it becomes apparent that HLRCC cells are 

primed to die by ferroptosis. HLRCC cells require FH inactivation to be 

tumorigenic, and the FH inactivation increases cellular protein succination. 

Consequently, essential proteins, such as GPX4, become succinated and display 

reduced enzymatic activity. The cells do not spontaneously die from ferroptosis 

because FH inactivation also activates NRF2. NRF2 coordinately reduces the 

intracellular labile iron pool by increasing expression of ferroportin and ferritin, the 

proteins which export and store iron, respectively.563 NRF2 also drives the 

increased expression of GPX4 and glutathione biosynthesis. Thus, NRF2 

activation may be critical in countering the effects of the reduced GPX4 activity.  

This delicate balance between maintaining FH inactivation, while keeping 

the iron-driven oxidative stress in check, is a vulnerability unique to FH inactivated 

cells. Future efforts to develop treatments for this deadly disease may focus on 

targeting this particular vulnerability. For example, we have previously shown that 

ferritin knockdown retards cell proliferation.547 Prolonged ferritin knockdown is 

actually lethal to HLRCC cells (see Chapter 3), potentially through ferroptotic cell 

death. While ferritin knockdown is harder to achieve in vivo, ferritin could still be 

modulated through iron chelation. For this particular purpose, it is important to 

emphasize that the type of iron chelators useful for reducing ferritin while still 

sensitizing cells to ferroptotic cell death would be the redox active iron chelators, 

such as Triapine and Dp44mT.564 
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The role of glutathione in the interplay between HLRCC and ferroptosis 

sensitivity remains enigmatic. Our work and others548 have shown that fumarate 

hydratase inactivation increases free GSH levels, while additional groups have 

shown GSH levels remain relatively constant441 or decreased565 following fumarate 

hydratase inactivation. While we and others have shown DMF consistently reduces 

GSH levels,441,565 different fumarate esters have been shown to differentially 

modulate GSH levels.566 More in-depth investigations on the reactions between 

fumarate species and glutathione, and their roles in ferroptosis induction, are 

necessary. 

It is worth noting that the succinated GPX4 remains active, but with reduced 

activity. We reason that this incomplete loss of enzymatic activity could also 

partially explain the modest LC50 difference that we saw with current ferroptosis 

inducing compounds. On the bright side, this apparent altered kinetic suggests a 

binding or catalytic difference between the succinated form and the native form of 

GPX4, allowing for the development of compounds that specifically target 

succinated GPX4 and further reduce potential unwanted side effects. Other 

possibilities to further optimize ferroptosis induction as a means to treat HLRCC 

include combination therapies with fumarate esters such as dimethyl fumarate; 

HLRCC cells are unable to metabolize fumarate, and fumarate was shown to 

enhance sensitivity to ferroptosis. 

While our data shows FH inactivation sensitizes cells to ferroptosis for 

multiple FINs, there remains a therapeutic gap in the relative selectivity of different 

agents: glutamate engendered a much larger therapeutic window than any of the 
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other compounds. More investigations must focus on identifying ferroptosis 

inducers to improve potency and selectivity of current agents. Moreover, most of 

the identified and characterized ferroptosis inducers have poor pharmacokinetic 

properties that preclude their use in vivo. As others have recently highlighted,567 

the development of potent, bioavailable FINs is an urgent priority in cancer 

development. Ferroptosis induction has shown promise in drug-resistant cancers 

beyond HLRCC, such as head and neck cancers and tumor persister-cells,396,567 

magnifying the necessity for further development of FINs. 

Aside from FINs selectively killing FH inactivated cells, other synthetic lethal 

combinations have been identified for HLRCC. SLC7A11 inhibition by 

sulfasalazine was synthetic lethal in cells from Fh1 null mice.565 Heme oxygenase 

inhibition was shown to be synthetic lethal with Fh1 deficiency in mouse cells.361 

Intriguingly, heme oxygenase is critically involved in iron homeostasis, and has 

been shown to affect ferroptosis sensitivity.563 Toxicities of reactive-oxygen 

species (ROS) inducers, notably the proteasome inhibitor bortezomib, were also 

shown to inversely correlate with fumarate hydratase activity.568 Ferroptosis 

induction is also a ROS-dependent process. Commonalities between these 

different mechanisms of cell death further indicate that exploration of HLRCC 

treatment modalities should focus on tipping the precariously balanced ROS and 

iron homeostasis found in FH-inactivated tumors towards cell death. 

HLRCC is an aggressive and deadly disease that afflicts younger adults. 

While the incidence of HLRCC is low, its unique biology warrants the development 

of a curative treatment strategy that may remove it from the list of deadly diseases 
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altogether. This understudied and underappreciated malignancy not only 

manifests in the form of quickly-progressing and fatal renal cell carcinomas, but 

also presents as skin lesions that are disfiguring, painful, and unnecessarily 

detrimental to patients’ quality of life. A treatment strategy that targets FH 

inactivated cells will also have the potential to develop into topical treatments that 

can eliminate these debilitating leiomyomas. We have shown that FH inactivation 

and fumarate accumulation sensitize cells to ferroptotic cell death; manipulation of 

this cell death pathway could yield a synthetic lethal agent that kills HLRCC-

associated renal tumors, while sparing nearby healthy tissues. As we continue to 

unravel this novel cell death modality and identify new FINs to move it into in vivo 

studies, the unmet clinical needs of HLRCC patients could serve as a valuable 

ferroptosis proving ground. 

 

4.6 Conclusions 

Cells harboring loss of fumarate hydratase function, which is the critical 

event in the development of the deadly renal cancer associated with Hereditary 

Leiomyomatosis and Renal Cell Cancer, are sensitive to ferroptosis. 

Mechanistically, this can be attributed to fumarate accumulation, which is a 

consequence of fumarate hydratase inactivation, causing inhibition of the 

glutathione peroxidase 4 enzyme (GPX4). GPX4 mitigates lipid peroxides. As lipid 

peroxide accumulation is the hallmark event for ferroptosis induction, GPX4 

inhibition by fumarate keeps cells at a precipice of overwhelming lipid peroxidation 

(Figure 4.10). Thus, a ferroptosis inducer pushes the cells over the threshold and 
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induces cell death. 
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Figure 4.10. Mechanism for fumarate sensitivity in HLRCC. 
In HLRCC, FH is inactivated (red cross), preventing the conversion of fumarate 
to malate. Fumarate (purple) accumulates and inhibits GPX4. As GPX4 is the 
primary defender against ferroptosis, its inhibition predisposes cells to 
ferroptosis. Considering fumarate also activates the NRF2 transcription factor 
which transcribes GPX4, this inhibition at the protein level in fact sensitizes a cell 
that should be “defended” against ferroptosis. 
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Commentary 4 

To summarize what we have seen so far: NRF2 is activated in cancers, 

particularly those with R34 mutations (Chapter 1); NRF2 provides a constitutive 

growth signal in HLRCC by upregulating ferritin mRNA, which in conjunction with 

IRP2 inhibition allows for ferritin accumulation and growth signaling to occur 

(Chapter 2); and we can target a tumor that has NRF2 activation by finding the 

right “chink” in the NRF2 armor…in this case, the cytoprotective GPX4 enzyme 

was overextended given its inhibition by fumarate. 

NRF2 is playing multiple roles: from chemoresistance to growth signaling. 

Because FH inactivation provides a unique biochemical environment, we were 

able to circumvent NRF2 activation and preferentially kill a cell type with NRF2 

activation. But it seems unlikely that this will always be the case. So, to better 

understand the roles of NRF2 in cancer, and potentially overcome its 

hyperactivation in cancer, we must systematically determine all inputs that are 

feeding into the NRF2 pathways. To do this, we utilized a clever reporter system 

and the relatively new technology of the CRISPR screen to identify all negative 

regulators of NRF2. 
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Chapter 5: 

Genome wide CRISPR screen reveals autophagy disruption as the convergence 

mechanism that regulates the NRF2 transcription factor 

 

Text and figures derived from a publication accepted for publication in the journal 

Molecular and Cellular Biology. 

 

Michael J Kerins, Pengfei Liu, Wang Tian, William Mannheim, Donna Zhang, 

Aikseng Ooi 

 

5.1 Abstract 

The nuclear factor (erythroid 2)-like 2 (NRF2, NFE2L2) transcription factor 

regulates the expression of many genes critical in maintaining cellular 

homeostasis. Its deregulation has been implicated in many diseases including 

cancer, metabolic, and neurodegenerative diseases. While several mechanisms 

by which NRF2 can be activated have gradually been identified over time, a more 

complete regulatory network of NRF2 is still lacking. Here we show through a 

genome wide CRISPR screen that a total of 273 genes, when knocked out, will 

lead to sustained NRF2 activation. Pathway analysis revealed a significant 

overrepresentation of genes (18 of the 273 genes) involved in autophagy. 

Molecular validation of a subset of the enriched genes identified eight high 

confidence genes that negatively regulate NRF2 activity irrespective of cell type: 

ATG12, ATG7, GOSR1, IFT172, NRXN2, RAB6A, VPS37A, and the well-known 
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negative regulator of NRF2, KEAP1. Of these, ATG12, ATG7, KEAP1, RAB6A, 

and VPS37A are known to be involved in autophagic processes. Our results 

present a comprehensive list of NRF2 negative regulators, and reveal an intimate 

link between autophagy and NRF2 regulation. 

 

5.2 Introduction 

The nuclear factor (erythroid 2)-like 2 (NRF2, NFE2L2) transcription factor 

regulates the basal and stressor-inducible expression of genes containing 

antioxidant response element (ARE) in the promoter region.27,31 NRF2 activation 

promotes transcription of target genes involved in xenobiotic metabolism and 

efflux, thus making NRF2 a critical component of the cellular response to 

endogenous and exogenous toxicants and oxidants. Beyond its role in 

detoxification, NRF2 has pleiotropic roles in cancer chemoprevention,85,569-571 

energy metabolism,55-59 proliferation and differentiation,59-62 iron and heme 

cycling,572,573 inflammation,574 and apoptosis.14 NRF2 activation has shown 

promise in alleviating many complex ailments, including diabetes575-578 or 

neurodegenerative diseases.579-583 

While NRF2 plays a pivotal role in many normal biological processes, its 

deregulation can contribute to pathologies like cancer.14,86,346,584 Constitutive 

NRF2 activation has been correlated with poor prognoses in many cancers, 

including cancers of the lung, gallbladder, esophagus, ovary, head and neck, and 

gastric systems.76-79,81,82,585 Indeed, NRF2 and its negative regulators are 

frequently mutated in cancer, and those mutations collectively result in sustained 
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NRF2 activation.348,586 

Given its multitude of beneficial and pathological roles, NRF2 activation is 

tightly regulated. The primary negative regulator of NRF2, Kelch-like ECH-

associated protein 1 (KEAP1),41 forms a ubiquitin ligase complex with Cullin-3 

(CUL3) and ring-box 1 (RBX1) proteins.587 In this complex, two molecules of 

KEAP1 bind two amino acid motifs, DLG and ETGE motifs, which reside in the 

Nrf2-ECHhomology domain 2 (Neh2) of NRF2.47 When both motifs are bound, the 

KEAP1 complex can bring a single molecule of NRF2 into the E3 ubiquitin ligase 

machinery for ubiquitylation. Electrophilic and oxidative stress can modify redox-

active cysteine residues on KEAP1, antagonize KEAP1’s capacity to mediate 

NRF2 ubiquitylation. This allows newly synthesized NRF2 to accumulate, 

translocate to the nucleus, and promote transcription of target genes by binding to 

the ARE DNA sequence.42,588,589 

While the KEAP1 degradation route is regarded as the primary pathway for 

tuning NRF2 protein levels, other repressors have been added to the NRF2 

regulatory network. The β-TrCP-SKIP1-CUL1-RBX1 E3 ubiquitin ligase complex 

can bind NRF2 at DSGIS or DSAPGS degrons found on NRF2 and promote NRF2 

ubiquitylation and degradation.590-592 Phosphorylation of the DSGIS motif by GSK-

3 can enhance NRF2 degradation by this complex. Both the KEAP1 and β-TrCP 

degradation pathways require Cullin substrate adaptor recycling mediated by 

CAND1.593 Additionally, during activation of the endoplasmic reticulum stress 

response pathway, Synoviolin 1 (SYVN1, HRD1) was identified as an E3 ligase 

responsible for ubiquitylating NRF2 during liver cirrhosis.594  



 212 

While the KEAP1, β-TrCP, and SYVN1 pathways directly modulate NRF2 

protein level and activity, other signaling pathways indirectly affect NRF2. For 

example, arsenic inhibits autophagic flux and allows for accumulation of 

autophagosomes that sequester KEAP1 in a p62-dependent mechanism.595,596 

This compartmentalization of KEAP1 into autophagosomes and away from 

cytosolic NRF2 allows for NRF2 to accumulate, translocate to the nucleus, and 

promote transcription of its target genes. This mechanism indicates a role for 

autophagy in NRF2 regulation; genetic depletion of the autophagy related genes, 

autophagy related 5 (ATG5),597 autophagy related 7 (ATG7),598-600 and beclin-1 

(BECN1),601 have been shown to activate NRF2.  

Known negative regulators of NRF2 encompass diverse cellular functions. 

Aside from the aforementioned ubiquitylation and autophagy pathways, the 

metabolic gene (fumarate hydratase, FH), histone modifying enzyme (SET domain 

containing 6HK methyltransferase, SETD6), and transcription factor (BTB domain 

and CNC homolog 1, BACH1) all negatively regulate NRF2 activity.545,602-604 

To systematically discover genes that negatively impact NRF2 activity, we 

conducted a genome wide CRISPR/Cas9 screen that knocked out 17,996 genes 

in conjunction with a reporter system for NRF2 activation. We identified 273 genes 

negatively regulating NRF2. We conclude autophagy regulates NRF2. 

 

5.3 Materials and Methods 

5.3.1 Reagents 

The following compounds were used in this study: blasticidin (Gibco 
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A11139-03), hygromycin (Thermo 10687010), puromycin (A11138-03), and 

sulforaphane (LKT Labs S8044). Insulin was purchased from Sigma (I6634).  

 

5.3.2 Cell culture and reagents 

All cell lines (BEAS-2B, MDA-MB-231, HK2, and NCI-H1299) cells were 

purchased from the ATCC. HK2, BEAS-2B, and NCI-H1299 cells and derivatives 

were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with high glucose 

(4.5 g/L) and no pyruvate supplemented with heat-inactivated 10% fetal bovine 

serum (FBS). MDA-MB-231 was cultured in MEM medium supplemented with 10% 

FBS and 6 ng/mL insulin. All cells were cultured at 37oC in atmospheric air 

enriched with 5% CO2. 

 

5.3.3 Construction of ARE-BSD-PEST 

The open reading frame of a blasticidin resistance gene (BSD, blasticidin-

s-deaminase, obtained as a gene fragment from IDT) with a c-terminal sequence 

encoding a PEST sequence from mouse ornithine decarboxylase gene (KLP RSH 

GFP PAV AAQ DDG TLP MSC AQE SGM DRH PAA CAS ARI NV) was cloned 

into pGL4.37 (Promega E364A) in place of the endogenous luciferase gene. The 

resultant clone was named ARE-BSD-PEST (Figure 5.1). 
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Figure 5.1. Design and validation of ARE-BSD-PEST reporter 
(a) ARE-BSD-PEST consists of a transcriptional pause site (TPS), followed by a 
synthetic sequence consisting of a triple antioxidant response sequence (3X 
ARE), a minimal promoter, an open reading frame for a blasticidin resistance 
gene with a PEST degron sequence (BSD-PEST), and a terminator; the BSD-
PEST transcription is under the control of the NRF2 transcription factor. (b) 
Western blot showing effective KEAP1 knockout. Western blot shows activation 
of NRF2 as well as NRF2 transcriptional target genes NQO1 and FTL. ACTB 
was used as a loading control. (c) HK2-BSD cells harboring KEAP1 knockout 
(HK2-BSD-sgKEAP1) are more resistant to blasticidin than control cells. 
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5.3.4 Generation of HK2-BSD 

ARE-BSD-PEST was transfected into HK2 cells using Attractene 

transfection reagent (Qiagen). One week after transfection, cells with stable 

incorporation of ARE-BSD-PEST were selected for with 300 μg/mL hygromycin. 

Single colonies were isolated and screened by RT-PCR for induction of BSD 

following treatment with 4 µM sulforaphane, a known NRF2 inducer; the colony 

showing the greatest induction of BSD following sulforaphane treatment was 

termed HK2-BSD. 

 

5.3.5 Cell viability 

HK2-BSD was transfected using Attractene (Qiagen) with pSpCas9(BB)-

2A-GFP (a gift from Feng Zhang, Addgene #48138549) plasmids encoding for 

sgRNA targeting no known gene in the human genome (control, 20 bp sequence: 

GTA GCA CAT GGC GAC TCT TA), or a mixture of three sgRNAs targeting 

KEAP1 (20 bp sequences: CCA GTT CAT GGC CCA CAA GG, GCT GCG GGA 

GCA GGG CAT GG, or GGC GCT CCA TGA CCT TGG GG) to make HK2-BSD-

sgControl or HK2-BSD-sgKEAP1. KEAP1 knockout was validated by western blot. 

HK2-BSD-sgControl and HK2-BSD-sgKEAP1 were treated with varying 

concentrations of blasticidin; 72 hours later, viability was measured using MTS 

assay (Promega) according to the manufacturer’s protocol. 10 µg/mL blasticidin 

was selected as the optimized concentration for maximal cell death in non-NRF2 

activated cells with minimal cytotoxicity to NRF2-activated cells. 
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5.3.6 sgRNA virus preparation 

The human activity-optimized CRISPR knockout plasmid library was 

purchased from Addgene (pooled library #1000000067). This library was 

previously developed by the Sabatini and Lander laboratories.605 It consists of two 

pooled sub-libraries, A and B, that collectively encode sgRNAs targeting all human 

genes for knockout. The libraries were electroporated into Endura 

electrocompetent cells and assessed for the number of colony-forming units. After 

validating the transformation efficiency was greater than 20-fold of the library size, 

plasmid was isolated and prepared for virus packaging. For sgRNAs targeting 

individual genes, requisite primers were annealed, phosphorylated, and cloned 

into pL-CRISPR.EFS.GFP vector (a gift from Benjamin Ebert, Addgene 

#57818).550 Lentivirus for all plasmids was produced and titered using the 

ViraPower lentivirus expression system (Thermo Fisher) according to the 

manufacturer’s protocols. 

 

5.3.7 sgRNA screen and sequencing 

sgRNA libraries were transduced into 2.1 x 109 HK2-BSD cells (1.05 X 109 

cells per library) at 0.1 multiplicity of infection (MOI), which achieves an 

approximate 1000x coverage of the total library. 72 hours post transduction, cells 

were selected with 2 μg/mL of puromycin to kill off untransduced cells. The 

surviving cells were expanded back to 2.1 X 109 cells in media containing 2 μg/mL 

puromycin. Fifty percent of the surviving cells were used for genomic DNA 

isolation, and the isolated DNA was used as a template for total library coverage 
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controls. The remaining 50% of cells were selected in media containing 10 μg/mL 

blasticidin. Surviving cells were expanded back to ~2.1 X 109 cells in media 

containing 10 μg/mL blasticidin. Total genomic DNA was isolated from the 

blasticidin selected cells and was used as template for samples with sustained 

NRF2 activation. We used High Fidelity Q5 polymerase (NEB) to amplify the 

sgRNA cassette from the isolated DNA templates. PCR amplicons were purified 

and subjected to next-gen sequencing using Hiseq2500 with 10% PhiX spike-in. 

 

5.3.8 Identification of enriched genes 

Sequencing fastq files were quality trimmed and processed into bins 

containing different sgRNA sequences using an in-house C++ implemented 

hashmap. Statistical evaluation of the significance of enrichment for sgRNA 

species was performed by comparing the Poisson means for each sgRNA in 

control to that in the sustained NRF2 activation samples according to the E-test.606 

The test statistic was defined as: G = H;I*;J
HJ;I$;J

 where K = 3J
3I

 and t1 is the total 

number of counts in the unselected samples (also known as library coverage), 

while t2 is the total number of counts in the enriched sample (also known as 

enriched sample coverage). λ1 and λ2 represent the Poisson mean for each sgRNA 

in the total library and in the enriched sample respectively. Known NRF2 targets 

were compiled from recent reviews 86,346. 

 

5.3.9 Gene Ontology analysis 

Gene ontology (GO) enrichment analyses were conducted on the enriched 
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genes in the R statistical environment.607 Gene-to-GO annotations defining 

relationships between genes and GO terms were accessed from NCBI. 

Significance testing was performed using the hypergeometric test to assess 

enrichment for the number of genes found in the blasticidin-selected samples for 

a specific GO term compared to the number of genes found in the unselected 

(total) samples for a specific GO term, with Holm correction for multiple testing. 

Only GO terms with at least 2 genes enriched were taken forward for further 

analysis. We then took the set of enriched genes and GO terms, and propagated 

the GO terms forward to their parental terms until we reached a converging 

biologically relevant term, “autophagy.” Directed acyclic graphs were generated 

using DiagrammeR in the R statistical environment.608 

 

5.3.10 NRF2 induction validation by gene knockout 

Cells were plated at 30% confluency and transduced with relevant sgRNAs. 

For MDA-MB-231, BEAS-2B, and NCI-H1299 cell lines, cells were harvested for 

western blot 5-7 days later. HK2 cells were harvested approximately 3 weeks post-

transduction. 

 

5.3.11 Western blotting and antibodies 

Cells were harvested in Laemmli sample buffer. Lysates were boiled, 

sonicated, and resolved by SDS-PAGE, and then subjected to immunoblot 

analysis. Primary antibodies against the following proteins were used: FTL (Santa 

Cruz Biotechnologies sc-74513, 1:1000), GAPDH (Santa Cruz Biotechnologies sc-
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32233, 1:3000), GCS (Santa Cruz Biotechnologies sc-55586, 1:1000), KEAP1 

(Santa Cruz Biotechnologies sc-15246, 1:1000), NQO1 (Santa Cruz 

Biotechnologies sc-32793, 1:1000), NRF2 (Santa Cruz Biotechnologies sc-13032, 

1:1000), and p62 (Santa Cruz Biotechnologies sc-28359, 1:1000). 

 

5.3.12 Data Availability 

Data is available at the NCBI Sequence Read Archive. 

 

5.4 Results 

5.4.1 CRISPR-screen design and validation 

To uncover negative regulators of NRF2, we developed a human cell-based 

system that screens for cells harboring NRF2 activation. This system was based 

on a reporter construct, ARE-BSD-PEST, consisting of a transcriptional pause site 

followed by multiple ARE enhancer sequences for NRF2 binding and a minimal 

promoter controlling the transcription of a blasticidin-s-deaminase gene (BSD, a 

blasticidin resistant gene) with a PEST degron sequence (Figure 5.1a). This 

construct allows for high expression of BSD only following sustained NRF2 

activation and NRF2 binding to the ARE to enhance transcription. 

We stably transfected the ARE-BSD-PEST construct into HK2 cells, an 

immortalized, nonmalignant cell line derived from human kidney epithelia to make 

HK2-BSD cells. To test the utility of this cell in pooled CRISPR screen, we 

transfected the HK2-BSD cells with sgRNA targeting KEAP1. The sgKEAP1 

treated cells showed loss of KEAP1 protein, increased level of NRF2 protein, and 
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increased levels of the NRF2 transcription targets NQO1 and FTL compared to 

cells transfected with a non-targeting control sgRNA, sgControl (Figure 5.1b). To 

understand whether the activated NRF2 was sufficient for blasticidin resistance, 

we treated HK2-BSD cells transfected with either sgKEAP1 or sgControl with 

varying concentrations of blasticidin for 72 hours. The dose response showed that 

the cells with sgKEAP1 were more resistant to blasticidin than those with the 

sgControl (Figure 5.1c), allowing for the selection of cells with sustained NRF2 at 

a blasticidin concentration of 10 μg/mL. 

 

5.4.2 CRISPR screen 

To systematically knock out all human genes and identify genes that 

negatively regulate NRF2, we utilized a pooled viral CRISPR sgRNA library in a 

scheme shown in Figure 5.2a. We transduced HK2-BSD cells with the sgRNA 

library at 0.1 multiplicity of infection (MOI) at 1000X library coverage. The sgRNA 

library virus vector confers puromycin resistance. Therefore, positively transduced 

cells were selected with 2 μg/mL puromycin and expanded. Fifty percent of the 

expanded puromycin resistant cells were used for genomic DNA isolation, whereby 

the isolated gDNA was used as a template for total library coverage control. The 

remaining fifty percent of cells were selected and expanded in media containing 

10 μg/mL blasticidin; total genomic DNA isolated from these blasticidin resistant 

cells was used as a template for samples with sustained NRF2 activation. 

Following sequencing and mapping of the sgRNA PCR amplicons, we identified 
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Figure 5.2. CRISPR screen identifies negative regulators of NRF2 
(a) HK2-BSD cells were transfected with the CRISPR libraries at 0.1 multiplicity-
of-infection (MOI) to maximize probability of 1 sgRNA species per cell. Cells 
were selected in 2 µg/mL puromycin to kill untransduced cells. 50% of cells were 
collected for gDNA isolation of the unselected (total) samples. 50% were 
selected for NRF2 activation with blasticidin. gDNA was collected for the 
blasticidin-selected samples. sgRNA sequences were amplified by PCR and 
sequenced using massively parallel sequencing. Genes were mapped to 
sgRNAs and genes statistically significantly enriched in the blasticidin-selected 
samples were identified as the enriched samples. (b) Distribution of Log10-
transformed counts greater than 0 from the 11032 sgRNA species representing 
7957 genes present in the blasticidin-selected samples. sgRNAs targeting 
previously-described negative regulators of NRF2 activity are identified by green 
color. sgRNAs targeting NRF2 itself are blue-colored. (C) Log10-transformed 
counts of all sgRNAs species targeting known negative regulators of NRF2 that 
have greater than zero count identified in the CRISPR screen. (d) Plot –
log10(adjusted p-value) versus pseudo log2(fold change) of statistically 
significantly enriched sgRNAs found in the blasticidin-selected samples. 
sgRNAs targeting well-described negative regulators of NRF2 activity are 
identified by color. (e) Peptide sequence of the Neh2 degron domain of 
NRF2/NFE2L2 that harbored sgRNAs enriched in the blasticidin-selected 
samples; the enriched sgRNAs target genome regions near the negative 
regulatory domain of NRF2, allowing for possible activating mutations after Cas9 
activity. 
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11,032 sgRNA species representing 7,957 genes that were present in the 

blasticidin-selected samples (Figure 5.2b). Several known negative regulators of 

NRF2, including ATG5, ATG7, BECN1, FH, BACH1, SETD6, KEAP1, CUL3, and 

CAND1 were found in the blasticidin-selected samples (Figure 5.2c); this suggests 

the screen functioned as expected to select for negative regulators of NRF2. 328 

sgRNA species targeting 273 unique genes were statistically significantly enriched 

in the blasticidin-selected samples (Figure 5.2d). This indicates that those genes, 

when knocked out, lead to sustained NRF2 activation. Again, known negative 

regulators of NRF2 passed the statistical threshold, including CUL3, KEAP1, 

CAND1, BECN1, and ATG7. 

Interestingly, 2 sgRNAs targeting NRF2 (NFE2L2) were statistically 

enriched in the blasticidin-selected samples (Figures 5.2b, 5.2d). Upon inspection, 

we identified that both these sgRNAs target the Neh2 domain of NRF2, which is 

required for KEAP1 binding (Figure 5.2e). This suggests that the DNA repair 

following the CRISPR-mediated double strand break may have resulted in 

activating mutations that disrupt KEAP1 binding and result in an activating 

mutation.  

 

5.4.3 Pathway analyses 

We sought to identify signaling pathways involving the 273 genes enriched 

from the screen. Following Gene Ontology (GO) annotation, we identified a clear 

enrichment of 13 GO terms that were related to 18 of the 273 genes (Figure 5.3a). 

By back propagating the 13 enriched terms through the GO directed acyclic graph,  
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Figure 5.3. Transformed counts of sgRNAs found in the blasticidin-
selected samples that target genes known to be induced or inhibited 
following NRF2 activation.  
Functional areas are included. sgRNAs with black bars were statistically 
significantly enriched, sgRNAs with grey bars were found in the blasticidin-
selected samples but were not statistically enriched. 
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we identified “autophagy” as the converging biological pathway shared by the 

majority of those genes (Figure 5.3b). This indicates autophagy is a converging 

cellular process that regulates NRF2. 

Of the 273 significantly enriched genes, 25 were each targeted by at least 

2 sgRNA species (Figure 5.3c).  Gene ontology associated with these 25 genes 

are presented in Table 5. Again, many genes are associated with autophagy-

related GO terms. Other general biological functions relevant to these 25 genes 

include stress response, proteostasis and protein modification, trafficking, growth 

and development, and immune system. It is worth noting that TXNRD1, a bona 

fide NRF2 target gene is among these 25 genes. Hence, TXNRD1 may form a 

negative feedback loop, whereby NRF2 upregulates expression of TXNRD1 which 

in turn represses NRF2 signaling. 

To look holistically for known NRF2 target genes that could be participating 

in a feedback loop with NRF2, we broadened our search by looking at all genes in 

the blasticidin-selected samples, instead of just the statistically significantly 

enriched sgRNA species. We identified 54 sgRNA species targeting 33 unique 

genes that are known NRF2 targets (Figure 5.4); only sgRNA species targeting 

TXNRD1 were statistically significantly enriched (Figure 5.4).  

 

5.4.4 Gene validation 

We selected 19 genes for validation. Seventeen of these 19 genes were 

those with at least 2 significantly enriched sgRNA species in the blasticidin-

selected samples (Figure 5.3c), and the remainder 2 genes had 1 significantly  
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Figure 5.4. 
Enriched genes are 
involved in 
autophagy 
pathways 

(a) Gene ontology 
(GO) enrichment on 
273 significantly 
enriched genes 
revealed enrichment 
of 13 GO terms. Red 
line indicates an 
adjusted p-value of 
0.05. (b) Directed 
acyclic graph of 
relationships 
between the 13 GO 
terms identified in (a) 
and the 18 of 273 
genes annotated to 
these processes. 
Two additional GO 
terms, “autophagy of 
nucleus” and 
“autophagy”, were 
propagated from 
their children terms. 
(c) 25 genes were 
targeted by at least 2 
enriched sgRNAs. 
Black bars represent 
genes carried 
forward for 
validation. Genes 
with “A” above their 
bar were involved in 
the GO autophagy 
annotations in (b).  
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Table 5. Gene Ontology (GO) terms associated with enriched genes that 
were targeted by at least 2 sgRNA species. 	
All genes were found in the blasticidin-selected samples and are statistically 
significantly enriched. TXNRD1, a bona fide NRF2 target gene, is bolded.	

Function	 GO	Term	 Genes	
Autophagy	 late	nucleophagy	 ATG9A;ATG7	

piecemeal	microautophagy	of	the	
nucleus	

RB1CC1;ATG7	

autophagy	 ATG10;RB1CC1;ATG7	
autophagy	of	mitochondrion	 RB1CC1;ATG12;ATG9A;ATG

3;ATG7	
autophagosome	assembly	 RB1CC1;TMEM41B;ATG12;

ATG9A;ATG3;ATG7	
macroautophagy	 VPS37A;ATG10;RB1CC1;AT

G12;ATG3;ATG7	
Stress	response	 cellular	response	to	oxidative	stress	 TXNRD1;NFE2L2	

cell	redox	homeostasis	 TXNRD1;NFE2L2	
Proteostasis	and	

protein	
modification	

cellular	protein	modification	process	 ATG3;ATG7	
proteasome-mediated	ubiquitin-
dependent	protein	catabolic	process	

NFE2L2;CUL3	

positive	regulation	of	protein	
modification	process	

ATG10;ATG7	

protein	modification	by	small	protein	
conjugation	

ATG10;ATG7	

proteasomal	ubiquitin-independent	
protein	catabolic	process	

KEAP1;NFE2L2	

post-translational	protein	modification	 KEAP1;CAND1;CUL3	
protein	ubiquitination	 KEAP1;NFE2L2;ATG3;ATG7;

CAND1;CUL3	
Trafficking	 protein	targeting	to	membrane	 VPS37A;ATG3	

transmembrane	transport	 SLC39A9;LRRC8A	
intra-Golgi	vesicle-mediated	transport	 RAB6A;GOSR1	
retrograde	transport,	endosome	to	Golgi	 RAB6A;GOSR1	
ER	to	Golgi	vesicle-mediated	transport	 GOSR1;CUL3	
protein	lipidation	 ATG10;ATG7	
C-terminal	protein	lipidation	 ATG12;ATG7	
protein	transport	 ATG10;ATG9A;ATG7;GOSR

1	
Growth	and	
Development	

aging	 NFE2L2;ATG7	

Immune	system	 viral	process	 KEAP1;NFE2L2;RAB6A	
neutrophil	degranulation	 ATG7;RAB6A;CAND1;TUBB	
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enriched sgRNA (COLEC10 and NRXN2). These 19 genes included known 

negative regulators of NRF2 as controls: KEAP1 and ATG7. Seven of these genes 

are involved in autophagy as defined by the GO analysis (Figures 5.3b, 5.3c). 

Validation was performed in 4 different cell lines; these cell lines do not harbor any 

known gene mutations that could activate NRF2, and are derived from a variety of 

tissue/disease origins. They include MDA-MB-231 (breast cancer), HK2 (non-

cancerous kidney), BEAS-2B (non-cancerous lung), and NCI-H1299 (lung cancer). 

Of the 19 genes tested, all showed increased protein levels of NRF2 and of 

select NRF2 transcription-target genes (FTL, GCS, or NQO1) in at least one of the 

four cell lines tested when compared to control, non-targeting sgRNA (Figure 5.5a-

d). Loss of 17/19 genes showed NRF2 induction across all four cell lines; ATG10 

and ATG12 did not show NRF2 induction in BEAS-2B (Figure 5.5e). Knockout of 

17 of the genes showed increases in at least two target genes across two of the 

four cell lines tested (Figure 5.5f). Eight of the genes (ATG12, ATG7, GOSR1, 

IFT172, KEAP1, NRXN2, RAB6A, and VPS37A) showed target gene induction for 

all four cell lines. Intriguingly, many of the gene knockouts showed KEAP1 

induction relative to control sgRNA (Figure 5.5g). Levels of p62, which sequesters 

and degrades KEAP1 via autophagy, were unchanged across sgRNA treatments, 

suggesting a yet-to-be-determined mechanism of KEAP1 compartmentalization. 

 

5.5 Discussion 

The bulk of NRF2 regulation has been confined to a small number of 

degradation pathways mediated by relatively few key players: KEAP1-CUL3- 
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Figure 5.5. Genes identified by CRISPR screen are negative regulators of 
NRF2 and NRF2 transcriptional targets 
(a-d) Western blots of NRF2, KEAP1, P62, and NRF2 target genes following 
knockdown of genes identified as negative regulators by the CRISPR screen. 
Genes were knocked out in HK2 (a), NCI-H1299 (b), MDA-MB-231 (c), and 
BEAS-2B (d) cell lies. (e-g) Summary of western blot results (a-d) showing 
NRF2 activation (e), target gene induction (f), and KEAP1 induction (g). 

RBX1, β-TrCP-SKIP1-CUL1-RBX1, and SYNV1 pathways. Considering the role of 
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NRF2 in a variety of physiological and pathological processes, identifying 

additional contributors to the NRF2 regulatory network will provide insight into the 

underlying mechanisms of various NRF2-related processes. We utilized a pooled 

CRISPR-screen based methodology to systematically identify 17 previously 

uncharacterized negative regulators of NRF2, with 8 of them, when knocked out, 

consistently upregulating NRF2 and NRF2 target genes across multiple cell lines. 

Using the CRISPR screen methodology, we found more than 11,000 

sgRNAs present in the blasticidin selected samples. Importantly, many of these 

sgRNAs targeted known negative regulators of NRF2, including ATG5, ATG7, 

BECN1, FH, BACH1, SETD6, KEAP1, CUL3, and CAND1. Of these, only BECN1, 

KEAP1, CUL3, and CAND1 were deemed statistically significantly enriched 

despite all of them appearing in the blasticidin selected samples. The absence of 

statistical enrichment for BACH1 may be explained by the unique mechanism by 

which BACH1 inhibits NRF2 activity. BACH1 does not directly inhibit NRF2; rather, 

it binds to the ARE to block NRF2 from binding. When BACH1 is knocked out, 

NRF2 levels do not increase beyond basal levels as they would with KEAP1 

knockout; basal levels of NRF2 may have been insufficient to induce BSD 

transcription to a high enough level to confer adequate resistance that allowed a 

successful selection. 

The notable absence of the others could be due to slowed growth during 

the expansion phase of the experiment. For example, loss of ATG5 is associated 

with decreased proliferation in some cell types.609-613 Similarly, loss of SETD6 

retards growth.614,615 Loss of Krebs cycle function, such as that seen with FH 
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inactivation, slows growth initially in most cell types, while the population adapts to 

the new metabolic pathways activated for sufficient energy and anabolic 

processes. Indeed, FH is considered as an ‘essential gene’ in some cell 

systems.605 The study design and statistical methodology used here cannot 

account for different growth rates over the puromycin and blasticidin selection time 

periods. 

Despite the caveats of the statistical methodology, we narrowed the total 

set of 7,957 unique genes identified in our screen to 273 potential negative 

regulators of NRF2, by picking out those that were statistically enriched in the 

blasticidin-selected samples. Gene ontology analyses indicate these genes were 

particularly enriched in autophagy processes. This is not entirely unexpected; 

previously, NRF2 has been shown to be activated by dysfunctional autophagy. As 

mentioned, arsenic can inhibit autophagic flux, allowing for p62-dependent 

sequestration of KEAP1, and eventual NRF2 activation; additionally, silencing of 

autophagy genes ATG5, ATG7, and BECN1 is known to activate NRF2. 

Intriguingly, the NRF2 activator bis(2-hydoxybenzylidene)acetone induces 

autophagy more poorly in NRF2 deficient cells, suggesting NRF2 plays a critical 

role in autophagy.616 This screen suggests that links between NRF2 and 

autophagy are more intimate and complicated than what has been discovered. We 

showed that KEAP1 was induced following knockout of many of the genes 

uncovered here, despite concomitant increases in NRF2 protein. This may be 

attributed to compartmentalization of KEAP1 in autophagosomes, akin to the 

arsenic-induced autophagy blockade. The exact roles of each of these 273 genes, 
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particularly the validated 7 genes that were also known to be involved in autophagy 

by GO analysis, merit further investigation. 

Intriguingly, several genes in this CRISPR screen only had one sgRNA 

species that was deemed significantly enriched by our statistical method. We 

highlighted that the sgRNAs targeting NRF2 may in fact be activating sgRNAs that 

mutate or knock out the degron required for KEAP1-mediated ubiquitylation. We 

hypothesize that some of the genes with only one sgRNA represented in the 

blasticidin selected sample may be mutating to a variant that activates NRF2 (i.e., 

causing neomorphic mutations).  

Of the 17 genes selected for validation (excluding KEAP1 and ATG7), some 

have shown relationships to the NRF2 pathway in the past. Most notably, TXNRD1 

is a verified target gene of NRF2 with a known ARE enhancer.617,618 Chronically 

TXNRD1-deficient hepatocytes show NRF2 induction,619 corroborating the efficacy 

of the screen presented here. Other works have demonstrated that both ATG10 

and ATG7 contain reactive thiols that are sensitive to oxidative stress, akin to 

KEAP1.620 If any cross-signaling exists between NRF2 activation by oxidative 

insult, and ATG10/7 thiol-mediated stress response, remains to be uncovered. 

Several validated NRF2 inhibitor genes (ATG12, IFT172, CELA2A, 

TXNRD1) may be regulated themselves by NRF2; thus, some may serve as 

feedback loops to turn off NRF2 following its activation. For example, ATG12 was 

shown to be reduced in NRF2 knockdown cells.621 Similarly, in NRF2 knockout 

heart cells, IFT172 was shown to be downregulated.622 Tert-butyl-hydroquinone 

(TBHQ), a well-described NRF2 inducer, was shown to increase CELA2A 
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mRNA;623 and, as mentioned previously, TXNRD1 is a well-described NRF2 target. 

Despite these correlations between NRF2 activity and the induction of these 

genes, ATG12, IFT172, and CELA2A are not bona fide NRF2 target genes, so the 

mechanism by which NRF2 activates these genes remains unknown. For these 

genes and others from Figure 5.3, their absence may increase 

oxidative/electrophilic stress and activate NRF2 via conventional KEAP1 

inactivation. Regardless, careful examination into the “off switches” of NRF2 are 

needed. Current paradigms posit that 1: KEAP1 brings NRF2 back into the cytosol 

to turn off its signaling,624 and 2: BACH1, a bona fide NRF2 target gene, competes 

with NRF2 for ARE binding, mitigating its signaling.625 It remains unknown whether 

ATG12, IF172, CELA2A, TXNRD1, or any of the target genes found in Figure 5.3 

contribute to these OFF signaling paths or form part of a new, uncharacterized 

inhibitory feedback loop.  

 Due to its sustained activation in cancer, NRF2 contributes to many 

hallmarks of cancer.86 Identification of a potent and specific NRF2 inhibitor has 

been a longstanding goal in cancer biology, with many of the purported inhibitors 

showing significant toxicity, in part due to a poor mechanistic understanding of their 

pharmacology.626 For example, the frequently-used inhibitor brusatol is known to 

mitigate NRF2 activity through inhibition of protein translation.627 This mechanism 

is nonspecific and may limit the efficacy of brusatol and other NRF2 inhibitor 

compounds in the clinic. Thus, an urgent need exists for improved NRF2 inhibitors. 

A better understanding of the mechanisms underlying NRF2-relevant functions of 

the 273 genes identified in our screen, may augment current efforts to identify 
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NRF2 inhibitors. 

 

5.6 Conclusions 

Here, we demonstrate the utility of a CRISPR screen to identify previously 

uncharacterized negative regulators of NRF2. We identified autophagy as a 

converging regulatory mechanism governing NRF2 activity. Following autophagy 

disruption, NRF2 is activated. 

 

5.7 Collaborator acknowledgements 

We would like to thank the UCLA TCGB sequencing core under the 

direction of Dr. Xinmin Li for technical advice. 

  



 234 

Chapter 6: 

Conclusions and Future Directions 

6.1 Conclusions 

NRF2 is a member of the CNC family of transcription factors. Despite similar 

homology across the family, NRF2 carries particular interest because it pervades 

so many physiological and pathological pathways. Indeed, NRF2 plays 

dichotomous roles in biology. On one hand, NRF2 is well-known to protect against 

chronic diseases, including cancer: NRF2-/- animals are significantly more 

susceptible to carcinogen-induced cancers. On the other hand, NRF2 activation 

facilitates chemoresistance, sustained proliferation, and other hallmarks of 

cancer.86 Thus the roles of NRF2 in health and disease are highly dependent on 

context: healthy individuals may want to consider activating NRF2 to boost their 

cellular defense systems against insults; in contrast, if an individual has a cancer 

harboring NRF2 activation, a desirable option may be to inhibit NRF2 and/or treat 

the cancer more aggressively to overcome the NRF2 activation. Because NRF2 

plays such a complex, dichotomous role, the present studies were undertaken to 

further define roles and regulation of NRF2 in cancer. We investigated the 

spectrum of NRF2 in cancer (Chapter 2), the role of NRF2 in modulating 

proliferative ferritin signaling in an NRF2-activated cancer (HLRCC) (Chapter 3), a 

method to circumvent NRF2 activation in HLRCC (Chapter 4), and new insights 

into NRF2 regulatory pathways (Chapter 5). 

Chapter 2 served as an overview of the current status of NRF2 and KEAP1 

mutations in cancer. Many analyses of NRF2 or KEAP1 are performed on small 
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sample sizes. For example, Shibata et al found several NRF2 mutations in a 

sample size of near 100 patients.347 We performed an analysis for mutations on 

the largest dataset (to date), which had more than 10,000 cases of various tumor 

types. Analyses revealed a few key insights: first, NRF2-activating mutations are 

correlated with transversion mutations, which are generally associated with 

toxicant exposures. NRF2 may be playing a role in protecting toxicant-exposed 

cells from undergoing cell death, and allows them to turn cancerous. However, that 

is entirely speculation. Secondly, we discovered that the most frequently mutated 

position of NRF2 was NOT part of the DLG and ETGE motifs that have received 

the most attention. Rather, R34, which falls three amino acids after the DLG motif, 

was the most frequently mutated position. We showed that most mutations to this 

position were activating mutations; they inhibit NRF2 binding to KEAP1 and 

subsequent ubiquitylation of NRF2, expanding the model of “required” amino acids 

from DLG to include R34. Lastly, we found that only three of the non-silent potential 

mutations possible at R34 were seen in patient tumors. The missing mutation, 

R34L, was shown to be the least stabilizing. We concluded that a threshold of 

NRF2 activation may be required to bestow a tumorigenic advantage. Overall, we 

provided a comprehensive look at NRF2-activating mutations in cancer. 

In Chapter 3, we began investigating the role of NRF2 on modulating iron 

signaling in a hereditary cancer syndrome, HLRCC. HLRCC-associated renal cell 

cancers, pathologically caused by loss of function to the fumarate hydratase gene 

(FH), are worth investigating due to their aggressive nature, high mortality rate, 

and incidence amongst young people. Moreover, their biology is particularly 
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intriguing for uncovering novel insights into metabolite functions. HLRCC is 

biochemically characterized by accumulation of the TCA cycle metabolite, 

fumarate. Fumarate accumulation can post-translationally modify proteins’ 

cysteine residues and alter function. Succination of KEAP1 activates NRF2, and 

alters the transcriptional programs of the cells. We discovered that fumarate-

mediated activation of NRF2, in conjunction with fumarate-mediated inhibition of 

IRP2, causes an increase in intracellular ferritin. The key finding was that HLRCC 

cells are particularly reliant on ferritin for growth; nay, they rely on ferritin for 

survival. Without either ferritin subunit, cells began to die after about 5 days. This 

may be due to increased redox damage from free iron. Regardless, NRF2 plays a 

critical role in increasing ferritin and sustaining HLRCC growth. 

Chapter 4 expanded our findings from Chapter 3 in HLRCC. Given 

dysregulation of iron signaling, we were interested in finding a treatment modality 

for this devastating cancer syndrome. This is particularly challenging due to the 

NRF2 activation accompanying HLRCC, which renders the cells chemoresistant. 

Using computational tools, we identified that HLRCC may be preferentially 

sensitive to ferroptosis, an iron-dependent cell death. Using molecular biology and 

genetic editing, we supported this prediction with several model systems to 

demonstrate that FH inactivation sensitizes to ferroptosis. Moreover, we 

uncovered a mechanistic underpinning for this sensitivity - decreased glutathione 

peroxidase (GPX) activity. Fumarate appears to inhibit GPX4, the primary 

defender against ferroptosis. So, while fumarate confers chemoresistance to many 

drug classes by activating NRF2, it also engendered an “Achilles heel” for this 
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tumor by inhibiting the defender against ferroptosis. 

Considering the widespread roles of NRF2 discovered thus far, we were 

interested in uncovering novel regulators of NRF2 that could further illuminate the 

role of NRF2 in physiology and potentially cancer. We decided to take an unbiased 

approach to uncovering negative regulators of NRF2. Using an NRF2 reporter 

construct and a CRISPR screen protocol, we systematically knocked out all genes 

in the human genome to identify all negative regulators of NRF2. While we found 

many previously-unreported NRF2 regulators, the key conclusion came from 

tracing their functions to a common biological process: autophagy. We discovered 

NRF2 is regulated by several players in autophagy; whether the genes converge 

on some particular NRF2-activating mechanism in autophagy remains to be seen. 

Here, I have demonstrated that NRF2 is activated in many cancers by 

mechanisms not widely considered (i.e., R34 mutation). Moreover, the work here 

presents the first evidence for NRF2-mediated control of growth signaling by 

ferritin. This burgeoning relationship could be very important in many cancers with 

NRF2 activation. I then showcased how, because of the unique fumarate 

accumulation phenotype of HLRCC, it was sensitive to a particular form of cell 

death despite NRF2 activation. This showcases how the proper biological 

understanding of a tumor may allow circumventing of the chemoresistance in the 

right instances; indeed, to help understand other genes that may be activating 

NRF2, we took a broader spectrum look at genome-wide regulators of NRF2 and 

found autophagy as a convergence point for many NRF2 activators. 

6.2 Future Directions 



 238 

In this final section I will take some time to speculate, broadly, on areas I 

would move into next with the research I have undertaken. This is not meant to be 

necessarily specific experiments or approaches, but rather a discussion on the 

broad areas of biology that require more investigation and the implications thereof. 

 

6.2.1 A renaissance for ferritin, iron, and IRPs 

Bluntly, iron signaling in cancer is criminally understudied. There is 

significant evidence it is deregulated in cancer, but few mechanisms explain 

neither how this is occurring nor the functional impacts of the deregulation. Ferritin 

carries particular interest; anecdotally, some investigators hypothesize that it was 

one of the first proteins to arise in evolution. Considering it is universal across life, 

this does not seem farfetched. Yet very few roles for ferritin outside of “iron storage” 

have been discovered. Considering ferritin has been around for millions of years, 

it seems likely that functions and roles may have extended beyond its original iron 

storage role. Simply, ferritin biology is ripe for scientific investigation. 

That said, ferritin functions would likely fall under two categories: roles 

attributed to its protein / peptide structure, and roles attributed to its iron chelation 

function. Both are equally valid. Perhaps a start right now would be to pursue the 

mechanism by which ferritin induces growth signaling. In a pilot experiment, I found 

that deferoxamine (an iron chelator) strongly induced FOXM1, indicating it is likely 

an iron chelation effect by which ferritin exerts its effect rather than the 

phosphorylation of STAT3 as originally proposed. However, the molecular 

mechanism connecting “iron chelation” to “FOXM1 activation” is not entirely clear. 
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Indeed, the downstream effects of intracellular iron chelation by ferritin are not well 

known. Considering how many processes require iron, this seems like a major 

paucity in cell biology. 

The exact contributions of NRF2 to the ferritin-induced growth signaling 

(Chapter 3) should also be fully elucidated. Is this a general trend for all NRF2-

activated cancers? Is NRF2-mediated induction of ferritin transcription sufficient to 

overcome normal IRP repression of translation? The nuances of transcription and 

translation in ferritin, particularly in cases of oncogenic activation of a pathway, 

merits more investigation to identify generalizable outcomes. 

Other iron signaling proteins may be of interest as well. Both ferritinophagy 

proteins (NCOA4, HERC2) or iron chaperones (PCBPs 1-4) are almost completely 

uninvestigated in disease, much less cancer. Indeed, these proteins arrive at what 

I would consider the main fault with how many scientists approach iron in biology. 

Most people look at raw quantity: iron overload or not. What really matters is 

“where is the iron?” If iron remains sequestered in ferritin, it is neither reactive nor 

biologically available. More investigations need to be performed on how iron flux 

changes in cancer, how the iron regulating proteins change, and where the iron 

lies. Coupled with a deeper understanding of the iron-relevant and iron-

independent functions of many of these proteins could carry the interplay between 

iron, signaling, and cancer into a new age. 

It is possible that some of these genes may be mutated sufficiently 

frequently in some cancers to merit investigating the consequences of such 

mutations on cancer development or progression. I would propose a “rare 
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oncogene” hypothesis for some iron signaling genes, and potentially any other as 

well. To illustrate this, consider the mutation spectrum for IRP2 in the same data 

set as seen in Chapter 2. The profile looked very similar to KEAP1, with mutations 

spread along the length of the protein. However, out of 110 IRP2 mutations in the 

data set, there were four R622C mutations that had the codon change CGT to 

TGT. If either the C or G of CGT had mutated to anything other than TGT (which 

encodes cysteine), the resultant amino acid would have been S, G, L, P, or H. Is 

the mutation to cysteine, then, functionally important? It is statistically unlikely that, 

with so many mutation options, the only mutation occurring four times would be 

CGT to TGT. IRP2 is not unique. This trend of “rare repeated” mutations appears 

in other genes. Looking at these particular mutations could potentially serve as 

both a source for understanding carcinogenesis, as well as a source of meaningful 

mutations for genetically probing the functions of genes. 

Iron regulatory proteins are intriguing proteins. Only a handful of mRNAs 

have validated IREs, yet there exists a relatively elaborate HERC2-FBXL5-IRP-

IRE system for controlling translation of these mRNAs. Considering here we 

showed that IRP can be modified by fumarates, and others have shown 

comparable modifications by xenobiotics, the regulatory roles of IRPs may start to 

expand as we understand how post translational modifications of IRPs impact their 

affinity for different mRNA sequences. Is the current suite of IRE-containing genes 

complete? That is doubtful. IRP-IRE pulldowns have revealed many more genes 

in a systems approach, but few have been validated for IRP responsiveness, nor 

has their role in an iron response been determined. Moreover, could certain 
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endogenous metabolites, toxicants or even mutations alter affinity to binding to 

prefer one sequence over another? Or even an entirely different sequence? Much 

like KEAP1 has a “cysteine code”, it would be intriguing to identify if a similar 

phenotype is true for IRP1 and IRP2. 

 

6.2.2 Moving ferroptosis in HLRCC to clinical relevance 

HLRCC is a devastating disease. Although it is rare, mortality is very high 

and it affects patients during their most societally productive ages: 20s, 30s, 40s, 

and 50s. Considering we have identified a potential treatment option for this 

disease (Chapter 4), future investigations should move quickly to continue 

validating this treatment option. Three major steps remain: 

1. Identifying a pharmacodynamically favorable ferroptosis inducer 

2. In vivo validation 

3. Enhancing the therapeutic window between FH-/- and FH+/- 

For point one, there are some challenges. The most widely used ferroptosis 

probes in vitro (erastin and RSL3) do not show good pharmacodynamics 

properties, with poor solubility and short half-lives. The laboratory that discovered 

ferroptosis, under the direction of Dr. Brent Stockwell, has developed erastin into 

imidazole ketone erastin, which purportedly has better properties for in vivo 

use.628,629 However, it is currently not available commercially. A better option may 

be depletion of cyst(e)ine in vivo using the recently-developed cyst(e)inase 

enzyme. Cystine depletion should be as effective as erastin, glutamate, or RSL3. 

Cyst(e)inase has shown no apparent toxicity in vivo, likely due to active 



 242 

transsulfuration pathways in most cells.630 

In vivo validation of FH-/- sensitivity to ferroptosis carries some challenges. 

The major HLRCC cell line, UOK262, does not efficiently grow tumors in a 

xenograft model (taking months to grow to sufficient size to start a treatment) and 

UOK262-FHres does not grow in xenograft model at all. Since xenograft of an 

HLRCC tumor is not viable, one would hope a genetic animal model of Fh-/- would 

be available that grows tumors. However, systemic Fh knockout in mouse leads to 

fumarate deficiency and death, and kidney-specific Fh mouse knockouts do not 

develop tumors, only cysts. While a better animal model is developed, the logical 

course of action is to knock out FH in another cell line, or multiple, and test that in 

a xenograft or allograft model; ideally an allograft model to allow for immune 

competence. 

The third hurdle to overcome in continuing to improve and validate 

ferroptosis induction in HLRCC is to find a method to enhance the therapeutic 

window between the tumor cell (FH-/-) and the surrounding healthy tissues (FH+/-). 

Adjuvant therapies to ferroptosis inducers are not well-described right now, likely 

because of their relatively recent development. However, given that Chapter 3 

demonstrated how reliant these cells are on ferritin, ferritin depletion may be a 

viable strategy to enhance the efficacy of FINs. Ferritin reduction would provide a 

two-pronged approach: it would free iron to participate in Fenton chemistry and 

enhance ROS, while also eliminating the constitutive growth signaling present. 

Three treatment options seem like viable candidates for ferritin reduction. 

First, autophagy induction could augment ferroptosis induction. Using a compound 



 243 

like rapamycin (or the clinically relevant everolimus, which is approved for kidney 

cancer treatment) to induce autophagy would promote ferritinophagy, reduce 

ferritin, and enhance ferroptosis. Second, redox-active iron chelators could 

enhance ferroptosis. Redox-active iron chelators sequester iron and reduce the 

“free iron pool”, thus allowing the FBXL5-IRP-Ferritin axis to reduce ferritin 

translation. However, the iron stays redox-active and able to participate in Fenton 

chemistry.631 A third option requires something that does not yet exist, an NRF2-

specific inhibitor. However, developing NRF2 inhibitors is an area of active 

research. Several different compounds have been purported NRF2 inhibitors, but 

often turn out to be inhibiting NRF2 by some other mechanism, such as by 

translation inhibition.627 

Should all these hurdles be overcome and ferroptosis induction looks 

promising for HLRCC, a clinical trial should begin as soon as possible. 

 

6.2.3 The tip of the NRF2 iceberg 

Chapter 2 highlighted how NRF2-activating mutations are frequent in 

cancer. However, a large portion of lung cancer cases in the NRF2-active group 

did not harbor a known NRF2, KEAP1, or CUL3 mutation. This indicates other 

mechanisms may be at play. While some mechanisms, such as genomic 

hypermethylation of the KEAP1 promoter, can activate NRF2, there could be still 

undiscovered pathways that are inhibiting NRF2. If members of these pathways 

are mutated, tumors harboring those mutations may be chemoresistant and 

require more aggressive treatment. Chapter 5 found several novel genes that may 



 244 

be NRF2 activating in some tumors. A more mechanistic understanding of how 

these genes are repressing NRF2 is required. 

One intriguing discovery that arose in Chapter 2 was the R34 mutation. 

R34L was absent in clinical samples, and we posited that R34L did not sufficiently 

stabilize NRF2 to confer a tumorigenic advantage. That said, R34L did increase 

NRF2 half-life marginally. Does the quantity of NRF2 play a role in cancer or 

general physiology? For example, are only certain genes with a particular ARE 

sequence or chromatin state able to be transcriptionally upregulated by high 

amounts of NRF2 versus low amounts of NRF2? This seems plausible, as cells 

may need to fine tune NRF2 levels to enhance transcription of just a subset of 

genes. This could have wide reaching implications for NRF2 biology, as well as for 

its roles in cancer and other diseases. Indeed, the grammar of NRF2 induction is 

not well-defined: different NRF2 induction conditions, tissues, and cellular states 

all seem to lead to different NRF2 target gene inductions. A significant effort needs 

to be made to unravel the “traffic” signaling that directs NRF2-mediated gene 

induction. Potentially even more interestingly, unraveling NRF2 in conjunction with 

NRF1 and NRF3 may provide unique insights into this family of transcription 

factors, including their redundancies and non-redundancies. 

As mentioned, researchers are trying to identify NRF2 inhibitors for use in 

diseases like cancer where aberrant NRF2 activation is preventing effective 

treatment. However, these efforts focus on identifying a pan-NRF2 inhibitor. Is this 

a beneficial prospect? Many chemotherapeutics induce NRF2 in healthy cells, 

which protects them from the adverse effects of the therapeutic. A pan-NRF2 
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inhibitor may mitigate this cytoprotection and enhance toxicity in not just the cancer 

cells of interest, but also the surrounding healthy tissue. In essence, adding an 

NRF2 inhibitor would simply shift the therapeutic window of a chemotherapeutic, 

not widen it. No research has addressed this question yet. Considering NRF2 can 

be activated in cancer by a myriad of mechanisms (NRF2 mutation, KEAP1 

mutation, etc.), attempting to find an inhibitor specific to a particular mechanism 

would not be widely applicable. Regardless, the question is worth answering. One 

possible experiment to address this would be to compare LC50 values of cells with 

and without constitutive NRF2 activation treated with a chemotherapeutic (e.g., 

cisplatin) in the presence and absence of a drug-mimicking genetic NRF2 inhibitor 

(siRNA, shRNA). This could answer whether pan-NRF2 inhibition enhances the 

sensitivity of a healthy cell or NRF2-active tumor cell to a chemotherapeutic more 

effectively, and shed light on the value of searching for pan-NRF2 inhibitors. 

Chapter 5 indicated that several negative regulators of NRF2 are 

autophagy-related genes. This carries particular interest considering that ferritin is 

also regulated by autophagy. Is there any crosstalk between ferritinophagy and 

NRF2 activation? No studies have addressed this question yet, and considering 

the intimate relationships between NRF2 and iron signaling, it merits investigation. 

Indeed, more relationships between NRF2 and other pathways are 

constantly being uncovered. While the Chapter 5 CRISPR screen presents an 

initial attempt to find some of these new relationships, it has its limitations: it was 

conducted in one cell line, and only found negative regulators of NRF2. Would the 

epigenetic and chromatin differences across tissue types yield different hits? 
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Undoubtedly.  Could a system be designed that would find positive regulators of 

NRF2? Surely. Continuing to probe these relationships in other settings and using 

other methodologies will yield even more insights into NRF2 biology. 
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