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Identification of cellular processes regulated by NRF2 and dependencies of NRF2-

hyperactivated tumor cells 

 

Abstract 

 

Genetic alterations that lead to hyperactivation of NRF2, the master regulator of 

the cellular antioxidant response, are prevalent in lung cancers, suggesting that 

oxidative stress defense programs are critical for these cancers.  However, how NRF2 

promotes tumor progression is not well understood.  The goal of the studies described 

herein was to interrogate the biological consequences of loss of NRF2 and identify 

dependencies of NRF2-hyperactivated tumor cells using three-dimensional (3D) 

spheroid models which recapitulate the architecture and high oxidative stress 

environment of tumors.  Reduction of NRF2 affected two distinct biological processes in 

tumor cell spheroids: (i) it suppressed cell proliferation in an antioxidant-independent 

manner and (ii) it promoted cell death in the inner luminal space in an antioxidant-

dependent manner.  The ability of tumor cell lines to form spheroids, but not their 

proliferation in monolayer culture, was associated with high NRF2 signature scores.  To 

identify dependencies of NRF2-hyperactivated cells specifically in 3D, we performed 

parallel CRISPR-Cas9 screens targeting a custom set of genes associated with NRF2-

hyperactivated tumors or implicated in NRF2 or antioxidant function in standard 

monolayer and 3D spheroid cultures.  sgRNAs targeting the mTOR negative regulator, 
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TSC1, were highly enriched, while sgRNAs targeting GPX4, a phospholipid 

hydroperoxidase that specifically protects against lipid peroxidation, were depleted.  

Loss of TSC1 increased spheroid size, whereas loss of GPX4 enhanced death of inner 

cells of spheroids via ferroptosis, a non-apoptotic form of cell death.  Interestingly, 

reduction of NRF2 phenocopied the ferroptotic cell death of inner cells observed with 

GPX4 loss and was rescued by a ferropotosis inhibitor, indicating that NRF2 protects 

the inner cells from ferroptotic death.  Inner cells displayed increased lipid peroxidation 

compared to outer cells, and the combined loss of both NRF2 and GPX4 caused death 

of both inner and outer cells of spheroids, suggesting that inner and outer cells have 

different oxidative stress thresholds.  Altogether, this thesis presents novel insights into 

the role of NRF2 in promoting tumor cell proliferation and survival and suggests that 

bypassing multiple oxidative stress defenses is required to efficiently kill tumor cells. 
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Introduction 

 

 Reactive oxygen species (ROS) can cause damage to DNA, which promotes 

mutagenesis and tumor initiation.  It was therefore widely believed that antioxidant 

programs, which neutralize ROS, reduce aging and tumorigenesis by preventing 

oxidative damage to DNA.  Accordingly, multiple clinical trials were initiated in which 

antioxidant supplementation in the diet was tested for efficacy in reducing cancer 

incidence.  Instead, dietary antioxidants were found to increase the incidence of 

cancer1-3.  Many lines of evidence now indicate that tumor cells are dependent on 

antioxidant programs to prevent oxidative stress-induced cell death. 

 Sensors of cellular oxidative stress, such as the nuclear factor erythroid 2-related 

factor 2 (NRF2) pathway, are activated by ROS in order to induce antioxidant programs 

that maintain the cellular redox balance.  The high frequency of genetic alterations that 

stabilize the antioxidant transcription factor NRF2 in numerous tumor subtypes provides 

evidence that antioxidant programs promote tumorigenesis.  Furthermore, patients with 

tumors that have high nuclear abundance of NRF2 are associated with a worse survival 

outcome and chemoresistance4,5.  These observations suggest that activation of the 

NRF2 pathway promotes tumor growth, although the exact mechanisms by which it 

promotes growth are not entirely characterized.   

The aims of the research described in this thesis are to identify cellular 

processes regulated by NRF2 and dependencies of NRF2-hyperactivated tumor cells.  

By understanding the roles of NRF2 in tumor cell growth and identifying vulnerabilities 

of NRF2-hyperactivated tumor cells, we can understand more broadly how antioxidant 



 3 

programs contribute to tumor progression and potentially identify vulnerabilities that can 

be targeted for cancer treatment. 

 

ROS in normal and tumor cells 

 

ROS is a broad term applied to a number of reactive, oxygen-containing 

chemical species.  They vary in reactivity and can be radical and non-radical species.  

Examples of ROS include superoxide (O2•-), peroxides (e.g. H2O2), and hydroxyl radical 

(HO•).  ROS are regulated and tolerated at low levels or even at higher levels to 

mediate many normal physiological processes.   

 

Sources of ROS in cells 

 The major endogenous sources of ROS in the cell are the mitochondria, 

peroxisomes, and endoplasmic reticulum.  One major producer of ROS is cellular 

respiration6.  The cell generates most of its ATP in the mitochondria through oxidative 

phosphorylation, and leakage of electrons from the electron transport chain partially 

reduces oxygen to generate superoxide.  ROS are also produced by enzymatic and 

non-enzymatic reactions.  Reactions catalyzed by NADPH oxidase (NOX) and 

superoxide dismutase (SOD) generate superoxide and hydrogen peroxide, respectively.  

The NOX family of membrane-bound protein complexes generates superoxide by 

transferring an electron from NADPH to oxygen.  ROS generated by NOX are known as 

oxidative bursts and have important physiological roles in host defense7.  SODs are 

enzymes that catalyze the conversion of superoxide into oxygen or hydrogen peroxide, 
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both of which are less reactive than superoxide.  Thus, SODs are considered 

antioxidant enzymes even though ROS (hydrogen peroxide) are generated.  One non-

enzymatic reaction that generates ROS is the Fenton reaction, in which hydrogen 

peroxide reacts spontaneously with ferrous iron (Fe2+) to generate a hydroxyl radical.  In 

these examples and in most instances, ROS are generated as byproducts of necessary 

biological processes.  

 

Functions of ROS in cells 

ROS generated by the cell are not radical species that react with cellular 

biomolecules non-specifically.  At low to moderate levels, ROS are important mediators 

of signal transduction8.  H2O2 is generated in response to growth factor and cytokine 

stimulation, such as in response to platelet derived growth factor (PDGF), epidermal 

growth factor (EGF), insulin, and tumor necrosis factor alpha (TNFa), to promote cell 

proliferation, differentiation, migration, and apoptosis9.  H2O2 oxidation of cysteine 

residues can alter protein function to confer a quick adaptation to changing 

environmental cues10.  For example, oxidation of cysteine residues in the active sites of 

protein tyrosine phosphatases (PTPs) and phosphatase and tensin homolog (PTEN) 

result in their inactivation and leads to rapid and sustained signaling of phosphorylation 

pathways11.  Transcription factors, such as nuclear factor-kappaB (NF-kB), hypoxia 

inducible factor 1 (HIF-1), and activator protein 1 (AP-1), are responsive to ROS and 

become activated in order to relay pro-survival signals10-12.  Importantly, oxidation of 

cysteine residues is reversible, allowing proteins to return to their original state.  ROS at 

high levels can also be produced in a regulated and compartmentalized manner.  For 
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example, immune cells generate high levels of H2O2 (oxidative bursts) using NOX 

complexes in phagosomes as host defense against pathogens13. 

 

Roles of ROS in promoting tumorigenesis 

 To sustain growth and proliferation in cancer cells, excessive activation of normal 

biological processes is required to fulfill an increased energy demand.  Many 

proliferation, metabolism, and survival pathways become activated in cancer cells, 

which result in the production of large quantities of ROS14.  Elevated ROS levels cause 

oxidative damage to DNA which promotes mutagenesis15,16.  A number of studies have 

also shown that ROS-mediated activation of mitogenic signaling and metabolic 

pathways is required for transformation in oncogene-driven models of cancer17,18.  NF-

kB was one of the first transcription factors shown to be activated by ROS19.  Activation 

of NF-kB by ROS promotes proliferation and survival of tumor cells20.  The three major 

subfamilies of mitogen-activated protein kinase (MAPK) pathways, the extracellular 

signal-regulated kinases (ERK), the c-Jun N-terminal kinases (JNK), and the p38 

kinases, are associated with tumor cell survival and proliferation and have been 

observed to be activated by ROS21.  The receptor tyrosine kinase (RTK) and 

phosphatidylinositol 3-kinase (PI3K) pathways are notably active in cancer cells.  

Reversible inactivation of repressors of these pathways (PTPs and PTEN) by ROS have 

been observed shortly after stimulation of cells with growth factors, and this sustains 

signal transduction in cancer cells10.  ROS mediate the metabolic adaptation of cancer 

cells to promote proliferation under different environments.  For example, hypoxic 

regions exist within solid tumors.  Hypoxia induces ROS which inactivates prolyl 
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hydroxylases (PHDs) to stabilize HIF-1a10.  Activation of HIF-1 promotes metabolic 

reprogramming by inducing the expression of genes encoding glucose transporters and 

glycolytic enzymes22.  Additionally, increases in ROS levels can inactivate pyruvate 

kinase M2 (PKM2), thus diverting glucose flux through the pentose phosphate pathway 

(PPP) to generate reducing equivalents (NADPH) for the detoxification of ROS23. 

When ROS production is not balanced by detoxification, cells are under oxidative 

stress that can cause damage to cellular macromolecules such as proteins, DNA, and 

lipids.  Excessive oxidative damage of the cell leads to senescence and is known to 

trigger apoptosis and necrosis24,25.  Polyunsaturated fatty acids (PUFAs) are particularly 

susceptible to oxidative damage.  Peroxidation of PUFAs in lipid membranes lead to 

ferroptosis, a non-apoptotic form of cell death26.  Upregulation of antioxidant programs 

in tumor cells can therefore neutralize oxidative stress to prevent cell death. 

 

Antioxidants in normal and tumor cells 

 

Antioxidants in cells 

The generation and reduction of most enzymatic and non-enzymatic antioxidants 

is regulated by the transcription factor NRF2.  For example, de novo production of the 

tri-peptide glutathione (GSH), the most abundant non-protein thiol in the cell, is 

regulated by NRF227.  GSH is composed of glutamate, cysteine, and glycine.  The rate-

limiting step of GSH synthesis is catalyzed by glutamate cysteine ligase (GCL), which is 

composed of a catalytic subunit (GCLC) and a modifier subunit (GCLM).  Both GCLC 

and GCLM are transcriptionally regulated by NRF2.  NRF2 also regulates the 
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intracellular cysteine abundance through regulation of the cystine/glutamate transporter 

(xCT) encoded by solute carrier family 7 member 11 (SLC7A11).  GSH can exist as an 

oxidized GSH disulfide (GSSG) species, which can be reduced back into GSH; 

therefore, the cellular ratio of GSH:GSSG is crucial for redox homeostasis and is an 

important indicator of oxidative stress.  GSH is an important co-factor for many 

antioxidant enzymes, such as glutathione peroxidases (GPXs) and glutathione S-

transferases (GSTs). 

Genes required for the production of NADPH, another prominent non-enzymatic 

scavenger of ROS, are also transcriptionally regulated by NRF2.  These genes include 

isocitrate dehydrogenase 1 (IDH1), malic enzyme (ME1), as well as multiple genes in 

the PPP, such as glucose-6-phosphate dehydrogenase (G6PD), phosphogluconate 

dehydrogenase (PGD), transketolase (TKT), and transaldolase 1 (TALDO1)28.  NADPH 

is the universal electron donor for redox reactions and reductive biosynthesis29,30, 

including the re-generation of reduced GSH from GSSG.  

There are many different families of enzymatic antioxidants.  These include the 

aforementioned NOXs, SODs, GPXs, and GSTs.  Because NOXs and SODs generate 

H2O2, further conversion is carried out by catalase to neutralize the H2O2 into water and 

oxygen.  The thioredoxin (TXN) system participates in thiol-disulfide exchange reactions 

whereby two cysteine residues of TXN transfer their electrons to break up a disulfide 

bond on a substrate protein and create a disulfide bond within TXN itself.  Reduced 

TXN is regenerated by TXN reductases using NADPH as reducing equivalents.  TXN 

can also be used to reduce other antioxidant enzymes such as peroxiredoxins31. 
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Evidence that antioxidants promote tumor growth 

 It was initially believed that increased levels of ROS lead to mutagenesis of DNA 

and ultimately to cancer.  This led to the initiation of multiple clinical trials in which 

antioxidant supplementation in the diet was tested for efficacy in reducing cancer 

incidence.  In two large studies, not only was there no reduction in cancer incidence 

when diet was supplemented with the antioxidants b-carotene and vitamin E1 or with b-

carotene and vitamin A2, but rather an increase in cancer incidence was observed.  

Long-term follow-up in another, larger study on the effect of dietary vitamin E on cancer 

incidence showed that vitamin E supplementation significantly increased the incidence 

of prostate cancer in healthy males3.  Subsequently, a number of murine models were 

used to examine whether antioxidants support cancer growth.  As observed in the 

human trials, one study showed that dietary supplementation with the antioxidants N-

acetylcysteine (NAC) or vitamin E in oncogene-driven models of lung cancer increased 

tumor progression32.  Another early murine model showed that oncogenes induce 

transcription of Nrf2 to promote ROS detoxification in support of tumor proliferation and 

progression33.  Other studies have shown that GSH is required for tumor initiation, but 

not progression, although combined loss of GSH and TXN is able to cause cell death in 

established tumors34.  It is now understood that ROS and antioxidants in different 

contexts have pro- and anti-tumorigenic properties. 

 

Activation of the NRF2 pathway in normal and tumor cells 

  

The NRF2 pathway is the main sensor of oxidative stress in the cell.  NRF2 is the  
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master regulator of the antioxidant response and is therefore central to maintaining 

redox homeostasis.  In the next few sections, the regulation of NRF2, functions of 

NRF2, and the involvement of NRF2 in cancer will be summarized. 

 

Regulation of NRF2 by KEAP1 

 NRF2 is a Cap ‘N’ Collar, basic-leucine zipper transcription factor encoded by the 

gene NFE2L2 (NRF2 hereafter for simplicity).  It has seven functional domains: Neh1-7.  

Neh2 is at located at the N-terminus and contains lysine residues to which ubiquitin is 

conjugated35.  Regulation of NRF2 is primarily through interaction with the substrate 

adaptor Kelch-like ECH-associated protein 1 (KEAP1), which binds to two sites (ETGE 

and DLG motifs) in the Neh2 domain.  KEAP1 is a cysteine-rich protein with 27 cysteine 

residues and three functional domains: a Bric-a-brac/Tramtrack/Broad (BTB) domain, 

an intervening region (IVR), and a Kelch domain (also referred to as a double glycine 

repeat (DGR) domain).  KEAP1 proteins homodimerize via their BTB domains and bind 

to NRF2 via a “hinge and latch” model36-38.   

Under basal conditions, NRF2 is bound to KEAP1 in the cytosol (Figure 1.1).  

The BTB domain of KEAP1 associates with a Cullin 3 (CUL3)-E3 ligase complex.  This 

complex polyubiquitinates NRF2 between its ETGE and DLG motifs to target NRF2 for 

degradation by the proteasome39.  Thus, NRF2 levels are tightly controlled and 

maintained at low levels under homeostatic conditions. 
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Figure 1.1: The NRF2-KEAP1 signaling pathway. Under homeostatic conditions, 
NRF2 binds to KEAP1 via its ETGE and DLG motifs in the cytosol.  KEAP1 acts as a 
substrate adapter for the CUL3 E3-ligase complex which ubiquitinates NRF2 for 
degradation.  Oxidative stress can modify cysteine residues of KEAP1, causing a 
conformational change that hinders efficient binding to NRF2.  This prevents the 
ubiquitination and degradation of NRF2, which then accumulate and translocate to the 
nucleus.  In the nucleus, NRF2 heterodimerizes with small MAF proteins to bind to 
genes with antioxidant response elements and induce their transcription. Adapted from 
Jaramillo and Zhang, 201339. 
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Under stress conditions, different cysteine residues or combinations of cysteine 

residues in KEAP1 can be modified by different stressors or electrophiles40.  This allows 

KEAP1 to respond to a variety of stresses, including oxidative, metabolic, and 

xenobiotic41.  When the cysteine residues of KEAP1 are modified, there is a 

conformational change in KEAP1 which alters its binding affinity for NRF2 (Figure 1.1).  

NRF2 remains loosely bound to KEAP1 but is no longer ubiquitinated and therefore not 

targeted for degradation36-38.  KEAP1 dimers eventually become saturated with NRF2, 

allowing newly synthesized NRF2 to accumulate and translocate into the nucleus.  In 

the nucleus, NRF2 heterodimerizes with small MAF proteins to bind to DNA promoters 

with antioxidant response elements (AREs). 

 

Alternate mechanisms of NRF2 pathway activation 

 The NRF2 pathway can be activated independently of cysteine modifications and 

conformational changes to KEAP1.  The binding of other proteins to either NRF2 or 

KEAP1 prevents NRF2-KEAP1 binding and stabilizes NRF2.  The cyclin-dependent 

kinase inhibitor p21 is an important regulator of growth-inhibitory cellular processes 

such as cell cycle arrest in response to various stimuli including oxidative stress42,43.  

p21, which is upregulated in response to oxidative stress, competes with KEAP1 to bind 

to the DLG motif of NRF244.  The scaffold protein sequestosome-1 (p62/SQSTM1) 

contains an STGE motif that resembles the ETGE motif of NRF245 and can bind to 

KEAP134,45-47.  Both p21 and p62 prevent NRF2 and KEAP1 from binding efficiently to 

each other, reducing ubiquitination and degradation of NRF2.  Thus, NRF2 can be 

activated in response to oxidative or non-oxidative stressors that impact p21 or p62  
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levels in the cell.   

Post-translational modifications to NRF2 can affect protein stability.  For 

example, phosphorylation of NRF2 by protein kinase C (PKC) interferes with its binding 

to KEAP1, thereby promoting it stabilization and nuclear translocation48,49.  On the other 

hand, phosphorylation of the Neh6 domain of NRF2 by glycogen synthase kinase 3 beta 

(GSK3b) promotes NRF2 recognition by the β-transducin repeat-containing protein (β-

TrCP)-Cullin 1 E3-ligase complex50,51.  Therefore, NRF2 degradation can also be 

enhanced by phosphorylation. 

NRF2 can also be regulated at the transcriptional level.  NRF2 contains an ARE; 

therefore, it can upregulate its own transcription to promote positive feedback.  NRF2 

mRNA levels have been observed to be upregulated by oncogenes such as K-Ras, B-

Raf, and C-Myc33.  Post-transcriptional regulation of NRF2 by numerous miRNAs has 

also been reported51. 

 

Programs regulated by NRF2  

NRF2 regulates many different gene programs required for cytoprotection and 

detoxification.  Cytoprotective gene programs activated by NRF2 including 

antioxidant/electrophile response, drug detoxification, and NADPH regeneration (Figure 

1.2).  NRF2 promotes the synthesis, regeneration, and utilization of the antioxidants 

GSH and TXN by transcriptionally regulating genes such as GCLC, GCLM, TXNRD1, 

and PRDX1.  It also transcriptionally regulates multiple enzymes required to generate 

NADPH, which is the ultimate reducing agent used by antioxidant enzymes for the 

regeneration of antioxidants (such as GSH).  Enzymes involved in NADPH generation 
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that are regulated by NRF2 include G6PD, PGD, TKT, TALDO1, ME1, and IDH1.  

G6PD, PGD, TKT, TALDO1 are enzymes in the PPP; therefore, in order to generate 

NADPH through the PPP, glucose flux is diverted.  Heme and iron metabolism genes 

such as FTL, FTH, and HMOX1 are also transcriptional targets of NRF2.  Activation of 

these genes increases iron storage and decreases labile iron that can react with oxygen 

species to generate ROS. 

 

 

 

Figure 1.2: Antioxidant programs regulated by NRF2. Cytoprotective gene programs 
activated by NRF2 include the antioxidant/electrophile response, NADPH generation, 
drug detoxification, and iron metabolism. Adapted from Gorrini et al, 201352. 
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NRF2 regulates the expression of multiple Phase I, II, and III drug detoxification 

and excretion enzymes such as the GSTs, NAD(P)H dehydrogenase (quinone) 1 

(NQO1), and multidrug resistance-associated protein 1 (MRP1; encoded by ABCC1).  

Therefore, it has been observed that activation of NRF2 promotes drug resistance in 

cancer cells53,54. 

There is cross-talk between NRF2 and other transcription factor networks.  NRF2 

and MAFG have ARE-like sequences in their promoters, which promotes positive 

feedback of the NRF2 pathway55,56.  The interplay between the NRF2 and NF-kB 

pathways are particularly complex with evidence of reciprocal regulation that may be 

context- and cell-type specific57-59.  These interactions may be particularly important in 

both inflammation-associated cancers and in cancers with immune suppression.  NRF2 

activates the activating transcription factor 4 (ATF4) program to regulate serine and 

glycine biosynthesis, which promotes tumorigenesis in non-small cell lung cancers60.  

Crosstalk between NRF2 and transcriptional programs regulated by yes-associated 

protein 1 (YAP)61 and heat shock factor 1 (HSF1)62 also contribute to maintaining the 

cellular redox balance in cancers.  Thus, NRF2 is responsive to and can activate other 

signaling pathways. 

It has been proposed that activation of NRF2 promotes proliferation based on 

increased proliferation in Keap1-/- cells and decreased proliferation and Ki67 staining in 

Nrf2-/- cells compared to wild-type cells33,63.  The best characterized functions of NRF2 

in promoting proliferation is via its roles in maintaining the cellular redox balance by 

upregulating antioxidant programs and in regulating metabolic pathways that promote 

anabolic processes.  While loss of NRF2 diminishes proliferation, the extent to which 
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NRF2 affects proliferation, particularly independent of its antioxidant function, is less 

well understood. 

 

Mechanisms of NRF2 hyperactivation in cancer cells 

 Large-scale sequencing studies over the last few years have revealed a high 

frequency of mutations or copy number alterations (CNAs) in NRF2, KEAP1, and CUL3 

across many different cancer types, especially in lung cancers64,65.  Genetic alterations 

in genes that regulate NRF2 stability are observed in 22% of lung adenocarcinomas and 

32% of lung squamous cell carcinomas (Figure 1.3A).  Thus, mutations in the NRF2 

pathway are amongst the most prevalent in lung cancers other than TP53 and 

comparable to commonly altered genes in lung cancers such as CDKN2A, PIK3CA, 

KRAS, EGFR, and STK11.  Mutations in KEAP1 are found throughout the gene (Figure 

1.3B), whereas mutations in NRF2 are found in hotspots in the DLG and EGTE motifs 

(Figure 1.3C).  Interestingly, mutations in KEAP1 are prevalent in both lung 

adenocarcinomas (17%) and lung squamous cell carcinomas (12%), whereas mutations 

in NRF2 are much more prevalent in lung squamous cell carcinomas (18% compared to 

3% in lung adenocarcinomas).  It is not yet understood why NRF2 mutations are 

prevalent in lung squamous cell carcinomas, but not in adenocarcinomas.  NRF2 

mutations are also prevalent in squamous cell carcinomas of the head and neck, 

esophagus, and skin66.   
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Figure 1.3: Genetic alterations in the NRF2 pathway are frequent in many cancer 
types. (A) Frequency of somatic mutations or copy number alterations in NRF2, 
KEAP1, or CUL3 in different cancer types. (B) Location of somatic mutations across 
KEAP1. (C) Location of somatic mutations across NRF2.  All data are from 
cbioportal.org, v3.0.2, July 2019. 
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Most somatic mutations in NRF2 are gain-of-function mutations that prevent binding of 

NRF2 to KEAP165,67.  Loss-of-function mutations in KEAP1 are widespread and most 

often result in activation of the NRF2 pathway68,69.  Because other proteins can bind to 

KEAP1 (such as p62), genetic alterations in KEAP1 could impact pathways that are 

NRF2-independent. 

 Other prevalent mechanisms of NRF2 pathway activation in cancers are 

epigenetic silencing of KEAP1 and alternative splicing of NRF2.  Hypermethylation of 

CpG sites in the promoter of KEAP1 has been observed in lung70,71, prostate72, and 

colorectal73 cancer cell lines.  This reduces KEAP1 expression and leads to NRF2 

accumulation.  A recent study has shown that recurrent transcript variants of NRF2 are 

present in head and neck squamous cell carcinomas and in lung squamous cell 

carcinomas74.  In these tumors, mutations were not observed in NRF2.  Instead, these 

tumors express transcript variants that lack exon 2 or exons 2 and 3, where KEAP1-

interacting domains are found.  Loss of interaction between NRF2 and KEAP1 led to 

NRF2 stabilization and pathway dependence in these tumors.  Upregulation of NRF2 

mRNA transcripts has also been observed in murine models of oncogene-driven lung 

cancer33. 

In most cases, genetic and non-genetic alterations in NRF2/KEAP1/CUL3 result 

in increased stabilization and nuclear accumulation of NRF2.  In non-transformed cells, 

ROS-mediated activation of the NRF2 pathway is reversible.  In cancer cells, 

constitutive and sustained activation of the NRF2 pathway is observed resulting in 

hyperactivation of this pathway. 
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Prognosis of patients with NRF2-hyperactivated tumors 

 Clinically, patients with tumors that have high nuclear abundance of NRF2 or low 

cytoplasmic levels of KEAP1 by immunohistochemical analysis are associated with a 

worse prognosis.  Recurrence-free and overall 5-year survival are worse in patients with 

tumors that have either higher NRF2 or low KEAP1 protein expression4.  Moreover, 

patients with high NRF2 abundance do not benefit from adjuvant chemotherapy4,5.  

NRF2 pathway activation has also been correlated with advanced stages of lung 

cancer75.  To understand the role of NRF2 pathway activation in tumor initiation and 

progression, many labs have used mouse models to investigate in vivo cancer 

phenotypes. 

 

Mouse models of NRF2-hyperactivation in cancers 

 The first mouse models derived to study NRF2 function provided unexpected, 

contrasting results.  Nrf2-null mice were similar to their wildtype counterparts in growth, 

development, and reproduction76.  Although these mice did not exhibit increased 

susceptibility to the development of spontaneous cancers, they were more prone to 

chemical-induced carcinogenesis77.  This suggested that NRF2 had a cancer 

preventative role, particularly in preventing tumor initiation.  On the other hand, 

activation of NRF2 after tumor establishment accelerated tumor progression78,79.  Thus, 

NRF2 is considered to have both cancer preventative and promoting potentials.  

Activation of NRF2 alone is not sufficient to initiate tumorigenesis; however, once 

malignant cells have acquired a sustained proliferation signal (e.g. through activation of  

an oncogene), hyperactivation of NRF2 highly supports tumor outgrowth. 
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 Mouse models have been used to examine how NRF2 supports tumor 

progression.  In one study, K-RasG12D, B-RafV619E, and c-MycERT2-driven models of 

cancer were used to investigate ROS metabolism since it was thought that ROS were 

tumorigenic33.  Instead, ROS levels in oncogene-expressing cells were lower than in 

control cells due to increased detoxification by NRF2.  NRF2 mRNA expression was 

found to be upregulated by oncogenic K-RasG12D, B-RafV619E, and c-MycERT2, which 

highlighted another mechanism of NRF2 pathway activation.  Loss of NRF2 reduced 

tumor burden in the K-RasG12D model, suggesting that NRF2 promotes tumor 

progression by conferring a reduced intracellular state.   

The importance of a reduced intracellular state to tumor progression was 

demonstrated in another study using human organoid models.  In these studies, 

activation of NRF2 in tumor cells was necessary to prevent oxidation of the translational 

machinery in order to stimulate cap-dependent and -independent mRNA translation in 

support of tumor growth80.  Furthermore, growth factor signaling upstream of cap-

dependent translation initiation was impaired in NRF2-deficient cells.  These studies 

showed that maintenance of a reduced cellular state through upregulation of NRF2 is 

important in multiple different tumor models. 

 

Metabolic consequences of NRF2-hyperactivation in cancers 

 In addition to maintaining a reduced intracellular state, NRF2-hyperactivation in 

tumor cells results in metabolic reprogramming that supports rapidly dividing cells.  

NRF2 reprograms glucose flux through the PPP by upregulating transcription of G6PD, 

PGD, TKT, and TALDO1 to generate NADPH and ribose and glutamine metabolism to 
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generate GSH and purines81.  In support of GSH production, NRF2 regulates cysteine 

metabolism by transcriptionally regulating xCT (encoded by SLC7A11), the 

cystine/glutamate antiporter.  Glutamate is exported, while cystine is imported and 

quickly reduced into two cysteine molecules.  The cysteine is then used in de novo GSH 

production.  Glutamine is also directed into GSH production by NRF281.  Using 

metabolic tracing and transcriptional profiling of non-small cell lung cancer cell lines, 

NRF2 was demonstrated to regulate serine/glycine biosynthesis by regulating the 

transcription of key biosynthesis enzymes PHGDH, PSAT1, and SHMT260. 

 Metabolic reprogramming by NRF2-hyperactivation presents new vulnerabilities 

that can be targeted for cancer therapy.  Loss of Keap1 in K-Ras-driven lung cancers 

induces a dependency on glutaminolysis75,82, suggesting that inhibition of glutaminase 

may be an effective target for therapeutic intervention in NRF2-hyperactivated tumors.  

NRF2-mediated upregulation of xCT results in accumulation of intracellular cysteine.  

The cysteines can be used for GSH synthesis, but high levels of cysteine in non-

transformed cells were observed to enter the taurine synthesis pathway via cysteine 

dioxygenase 1 (CDO1) to prevent cysteine accumulation83.  Intermediate byproducts of 

this pathway are cysteine sulfinic acid (CSA) and sulfite (SO32-), which are wasteful and 

toxic.  NRF2-hyperactivated non-small cell lung cancer cells decrease CDO1 

expression by epigenetic silencing of its promoter to prevent utilization of this pathway83.  

Thus, restoration of CDO1 expression could be a vulnerability in NRF2-hyperactivated 

cancer cells. 
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Use of 3D spheroid models to study antioxidant function 

  

Although in vivo models of cancer have yielded significant insights into 

understanding tumorigenesis, in vitro models can provide valuable cell biology insights, 

particularly because of their relative ease of manipulation.  Three-dimensional (3D) 

spheroids are widely used to study biological phenomenon because they better 

recapitulate in vivo architecture of tissues and tumors compared to conventional, two-

dimensional (2D) monolayer cultures.  In 3D cultures of non-transformed, epithelial 

cells, single cells proliferate to form masses of cells or spheroids, with many forming 

hollow central lumens surrounded by polarized cells.  In comparison to 2D monolayer 

cultures, 3D spheroids better recapitulate physiological morphologies such as cell-cell 

and cell-matrix interactions, matrix-attachment and -detachment, apical-basal cell 

polarity, differential nutrient access, and differential gene expression patterns. 

Using 3D models, our lab has shown that high levels of ROS are found in the 

inner core of non-transformed and tumor cell spheroids compared to in the periphery of 

the spheroid84,85.  Loss of critical extracellular matrix interactions leads to an increase in 

ROS production and eventually in death of non-transformed cells in the inner luminal 

center.  Treatment of non-transformed spheroids with exogenous antioxidants such as 

N-acetylcysteine can rescue cell death in this inner luminal region84.  Filling of the 

luminal space is a hallmark of transformation of glandular tissues.  One mechanism that 

could promote tumor cell survival in this inner luminal space is the upregulation of 

antioxidant programs.  This would allow tumor cells to bypass oxidative stress-induced 

cell death.  3D spheroid models therefore present a unique opportunity for the study of  
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antioxidant functions in tumor-relevant contexts.  

 

Goals of dissertation work 

 

In the studies described in this thesis, we use NRF2-hyperactivated lung cancer 

cell lines and 3D spheroid models to study NRF2 function in promoting tumor cell 

growth.  The prevalence of genetic alterations in the NRF2 pathway in lung cancers 

suggests that antioxidant programs are critical for promoting tumor progression, 

although the NRF2-regulated processes that support tumor progression are not entirely 

understood.  The goals of this work were to address the following questions: 

1. What biological processes are regulated by NRF2 in NRF2-hyperactivated tumor 

cells? 

2. What are the dependencies of NRF2-hyperactivated tumor cells? 

3. How does oxidative stress contribute to cell death and how do NRF2-

hyperactivated cancer cells bypass this stress? 

To address these questions, we performed genetic manipulations of NRF2 in lung 

cancer cell lines with hyperactivation in the NRF2 pathway.  We characterized the roles 

of NRF2 in 3D spheroid models to appreciate how NRF2 promotes cell growth in a 

tumor-relevant context.  We then performed CRISPR/Cas9-based screens to uncover 

novel dependencies of NRF2-hyperactivated cell lines in 3D culture conditions.  From 

our functional genomic screens, we followed up on two hits that impact the proliferation 

and survival of tumor cells in 3D spheroids.  Altogether, these data reveal novel insights 
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into ROS-induced cell death mechanisms in 3D tumor spheroids and provide a deeper 

understanding of antioxidant processes that promote tumorigenesis. 
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Abstract 

 

NRF2, the transcriptional master regulator of the antioxidant response, is vital to 

cellular defense mechanisms due to its regulation of redox homeostasis.  Genetic 

alterations resulting in hyperactivation of NRF2 are frequently detected in several types 

of cancer, and patients with tumors that have high NRF2 activity have a worse 

prognosis, suggesting that NRF2-mediated oxidative stress defenses promote tumor 

growth.  However, the mechanisms by which hyperactivation of NRF2 promotes tumor 

progression have not been fully elucidated.  Our lab previously showed that antioxidants 

are upregulated in cancer cells to promote cell survival using three-dimensional (3D) 

spheroid models.  In this study, 3D spheroid models were used to investigate NRF2-

regulated processes that are not adequately recapitulated in conventional, two-

dimensional (2D) monolayer cultures.  NRF2 was found to regulate two distinct 

functional processes – survival of cells in the inner luminal space which was antioxidant-

dependent and proliferation which was antioxidant-independent – to mediate survival 

and growth of lung cancer cell spheroids.  NRF2 scores were correlated with 

proliferation in primary patient tumors, but not with cancer cell lines maintained in 

conventional 2D monolayer culture conditions.  In contrast, high NRF2 scores were 

associated with efficient spheroid formation in 3D cultures.  To reveal dependencies of 

NRF2-hyperactivated lung cancer cell spheroids, CRISPR-Cas9 screens were 

performed in parallel in standard monolayer and 3D culture conditions.  Using this 

approach, the mTOR pathway repressor tuberous sclerosis 1 (TSC1) and the 

antioxidant enzyme glutathione peroxidase 4 (GPX4) were identified as top hits.  Loss 
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of TSC increased proliferation of spheroids, while inhibition of the drop-out hit GPX4 

selectively caused death of inner cells of 3D spheroids via ferroptosis, a non-apoptotic 

cell death pathway induced by lipid peroxidation.  Interestingly, reduction of NRF2 also 

caused ferroptosis of inner cells of spheroids, suggesting that NRF2 transcriptional 

programs prevent ferroptosis.  These data also suggest that inner and outer cells of 

spheroids have differential oxidative stress capacities or that outer cells are able to 

adapt to increased oxidative stress in response to reduction of NRF2 or GPX4.  Both 

down-regulation of NRF2 and inhibition of GPX4 was required to induce cell death in all 

cells of the spheroids, suggesting that targeting multiple antioxidant programs is 

required to efficiently kill tumor cells.  Altogether, these data provide mechanistic insight 

into NRF2 function, through antioxidant-dependent and -independent processes, in 

promoting tumor spheroid formation and reveal exploitable vulnerabilities of NRF2-

hyperactivated tumors.  
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Introduction 

 

Reactive oxygen species (ROS) are important mediators of cell signaling and are 

generated as byproducts of many cellular processes.  They have dichotomous roles in 

promoting and killing cancer cells.  ROS can be pro-tumorigenic by causing damage to 

nucleic acids to promote mutagenesis, and they can also stimulate proliferation and pro-

survival programs by activating key signaling pathway proteins that have redox-

sensitive residues, such as the transcription factor nuclear factor-kappaB (NF-kB).  

However, high levels of ROS caused by an imbalance of ROS production and 

neutralization result in oxidative stress that can cause damage to macromolecular 

structures and trigger cell death.  Therefore, there is a selection for tumor cells that 

upregulate antioxidant programs in order to neutralize ROS and tolerate oxidative 

stress.   

Some cancer cells have been shown to be dependent on oxidative stress 

defense programs.  In various mouse models of cancer, antioxidants have been 

observed to be necessary for tumor initiation, progression, and maintenance1-3.  In 

particular, the transcription factor nuclear factor erythroid 2-related factor 2 (gene 

NFE2L2; hereafter referred to as NRF2 for simplicity), the primary regulator of the 

antioxidant response, has been implicated in both the suppression and promotion of 

tumorigenesis4-7. 

In normal cells, NRF2 has a central role in the cellular stress response by 

regulating genes required for the elimination of ROS, the generation of reducing 

equivalents for the reduction of biomolecules, and for cellular metabolism, drug 
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detoxification, and proliferation7,8.  Regulation of NRF2 in homeostatic conditions is 

tightly controlled at the protein level by kelch-like ECH-associated protein 1 (KEAP1), 

which acts as a substrate adaptor for the cullin-3 (CUL3) E3 ubiquitin ligase complex.  

This complex maintains NRF2 in the cytosol where it is continually targeted for 

degradation; therefore, NRF2 has a half-life of only 10-20 minutes9,10.  Under conditions 

of oxidative stress, key cysteine residues of KEAP1 become modified and cause a 

conformational switch that prevents binding to NRF2.  NRF2 can then accumulate and 

translocate to the nucleus where it activates genes for cytoprotection5. 

Genes that regulate the stabilization and constitutive activation (or 

hyperactivation) of NRF2 (KEAP1, CUL3, and NRF2) are frequently mutated in multiple 

types of cancer.  These mutations are particularly prevalent in non-small cell lung 

cancer11,12, where mutations occur in ~30% of lung squamous cell carcinoma patients 

and in ~25% of lung adenocarcinoma patients, as well as in other squamous cell 

carcinomas13.  This suggests that hyperactivation of NRF2 is especially favorable for 

tumors that develop under high oxidative stress environments and that are associated 

with exposure to carcinogens.  In oncogene-driven models of cancer, such as in K-

RasG12D, B-RafV619E, or MycERT2-driven models, oncogenes can also transcriptionally 

upregulate NRF2 to address the elevated levels of ROS associated with proliferation1.  

Additional non-genetic alterations in the NRF2 pathway that stabilize NRF2 have been 

described in other cancers5,14.  Taken together, these data suggest that cancer cells 

with hyperactivation of the NRF2 pathway have a competitive fitness advantage.  

Importantly, hyperactivation of NRF2 has been associated with a worse clinical 

prognosis3,15,16 and resistance to chemotherapies17-19.  As such, an improved 
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understanding of how NRF2 promotes tumor cell growth could present new 

vulnerabilities for therapeutic intervention in patients with NRF2-hyperactivated tumors 

as well as insight into the roles of oxidative stress defenses in tumor progression. 

3D spheroid models recapitulate in vivo morphologies, such as cell polarization, 

organization of cell layers, and interactions with extracellular matrix, to regulate 

proliferation and survival.  Our lab has previously demonstrated that death of centrally 

localized, matrix-detached, non-transformed cells in 3D spheroids is preceded by an 

elevation in ROS levels, and treatment of spheroids with exogenous antioxidants is 

sufficient to reduce this cell death20.  Therefore, elimination of ROS promotes survival of 

cells in the luminal space.  Tumor cells, on the other hand, are able to survive in the 

high oxidative stress inner luminal space because antioxidant programs are upregulated 

to cope with the increased ROS levels.  For example, oncogene-expressing cells 

display increased levels of the antioxidant glutathione (GSH) and decreased ROS under 

anchorage-independent (matrix-detached) conditions 20,21.  In these oncogene-

expressing cells, glucose flux was directed through the pentose phosphate pathway to 

produce NADPH for antioxidant regeneration20. 

In this study, we investigated the specific cellular functions that are regulated by 

NRF2 in lung cancer cell spheroids.  In addition, we carried out pooled CRISPR/Cas9-

based screens to uncover novel dependencies of NRF2-hyperactivated cell lines in 3D 

culture conditions.  From our pooled screens, we followed up on two hits that impact 

cancer cell growth in 3D spheroids.  Altogether, these findings reveal novel insights into 

ROS-induced cell death mechanisms in 3D spheroids and provide a deeper 

understanding of antioxidant processes that promote tumor progression. 
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Results 

 

Loss of NRF2 reduces 3D spheroid growth 

To identify cellular phenotypes regulated by NRF2, we generated two lung 

cancer cell lines expressing doxycycline (dox)-inducible shRNAs directed against NRF2.  

A549 and H1437 cell lines both harbor genetic alterations in the NRF2 pathway.  A549 

cells carry a mutation in KEAP1, while H1437 cells have a biallelic loss of KEAP1.  

These alterations result in the stabilization and constitutive activation (hyperactivation) 

of NRF2.  Knock-down of NRF2 following induction of the shRNAs was confirmed by 

qPCR (Figure 2.1A).  Down-regulation of NRF2 function was confirmed by reduction in 

expression of the NRF2 transcriptional targets NQO1 (Figure 2.1A), GCLC, and GCLM 

(data not shown) by qPCR.  Fifty-percent downregulation of NRF2 had no effects on 

growth of A549 cells maintained in conventional, 2D monolayer culture conditions, yet 

the more significant downregulation of NRF2 in H1437 cells retarded growth under 

these conditions (Figure 2.1B, left panels). 

Our lab previously demonstrated that normal epithelial cells die in the inner 

luminal space of 3D spheroids, yet tumor cells can survive in this high oxidative stress 

environment20.  This raises the possibility that survival of tumor cells in the inner luminal 

space is dependent on oxidative stress defense programs.  Because NRF2 is so 

frequently hyperactivated in tumors and because of its role as the master regulator of 

the cellular antioxidant response, we postulated that NRF2 may confer an advantage for 

3D growth.  To address whether NRF2 is a dependency of tumor cell growth in 3D 

spheroids, we quantified cell numbers in spheroids with down-regulation of NRF2 over 
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16 days of growth in 3D culture conditions.  Growth of cells in which NRF2 was down-

regulated resulted in a significant reduction in cell numbers in both the A549 and H1437 

cell lines (Figure 2.1B, right panels), with the more significant inhibition observed in 

H1437 cells which display a greater reduction in NRF2 levels.  These data strongly 

suggest that NRF2 is required for A549 and H1437 3D spheroid growth.   

 

 

 

Figure 2.1:  Down-regulation of NRF2 significantly impacts cell growth in 3D 
culture conditions. (A) qPCR confirmation of NRF2 knock-down after 72 hours of 
shRNA induction.  Validation of loss of NRF2 function was determined by qPCR 
assessment of the NRF2 downstream target NQO1 in A549 and H1437 cells.  Data 
presented are mean + SEM from three (A549) or two (H1437) independent 
experiments.  Adjusted p-values from one-way ANOVA with Dunnett’s post-test: 
*p<0.05, **p<0.01. (B) Growth of A549 and H1437 cells with/without NRF2 knock-down 
in 2D (left panels) and in 3D (right panels). For A549 cells, data presented are mean + 
SEM from three independent experiments.  Adjusted p-values from one-way ANOVA 
with Dunnett’s post-test: ns = non-significant, **p<0.01.  For H1437 cells, data 
presented are mean + SD from one representative experiment out of two independent 
experiments.  
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NRF2 promotes proliferation and inner cell survival in 3D spheroids 

Growth of 3D spheroids can be separated into two stages: an early, highly 

proliferative stage in which single cell suspensions begin to form spheroids 

(approximately the first week of culture) followed by a proliferation arrest (quiescent) 

stage in the second week of culture22.  To investigate the effect of reduction of NRF2 on 

spheroid growth at higher resolution, confocal microscopy was performed on A549 and 

H1437 spheroids during the early and late stage.  After eight days (i.e. early stage) of 

growth in 3D culture, spheroids with down-regulated NRF2 were smaller than spheroids 

without down-regulation of NRF2 in both cell lines (Figure 2.2A and B).  Furthermore, 

immunofluorescence staining for the cell proliferation marker Ki67 was also decreased 

in spheroids with down-regulation of NRF2 (Figure 2.2A and C).  These data suggest 

that NRF2 regulates proliferation during the early, proliferative stage of 3D spheroid 

growth.   

After twelve days (i.e. late stage) of growth in 3D culture conditions, confocal 

microscopy analysis of A549 spheroids revealed loss of inner cells (Figure 2.2D).  In 

order to quantitatively compare the extent of luminal clearance between samples, the 

inner luminal space was defined by drawing a boundary one DAPI layer from the outer 

edge of the spheroid (Figure 2.2E, white line) and then the proportion of cells within this 

boundary was calculated as a percentage of the total area of the inner space (Figure 

2.2E).  The inner luminal space was less filled when NRF2 was down-regulated in A549 

spheroids (Figure 2.2F).   
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Figure 2.2: NRF2 promotes proliferation and suppresses inner clearance in 3D 
spheroids. (A) Representative confocal microscopy images of DAPI and Ki67 staining 
in A549 and H1437 spheroids with and without NRF2 knock-down after 8 days of 
growth in 3D culture conditions (representative of three independent experiments). (B) 
Quantification of A549 and H1437 spheroid sizes with and without NRF2 knock-down 
after 8 days of growth in 3D culture conditions.  Data presented are mean + SD from 
one representative experiment out of three independent experiments. (C) Quantification 
of relative Ki67 signal in A549 and H1437s spheroids with and without NRF2 knock-
down after 8 days of growth in 3D culture conditions. Data presented are mean + SD 
from one representative experiment out of three independent experiments. (D) 
Representative confocal microscopy images of DAPI staining in A549 spheroids with 
and without NRF2 knock-down after 12 days of 3D growth (representative of three 
independent experiments). (E) Definition of inner luminal space and calculation of 
percentage of filled inner luminal space.  White line represents boundary of inner space. 
(F) Quantification of filled inner luminal space in A549 spheroids with and without NRF2 
knock-down after 12 days of 3D growth. Data presented are mean + SD from one 
representative experiment out of three independent experiments. (G) Representative 
confocal microscopy images of DAPI staining in H1437 spheroids with and without 
NRF2 knock-down after 13 days of growth in 3D culture conditions (representative of 
three independent experiments).  shRNAs were only induced after spheroids had been 
established (i.e. on day 7 onwards, see timeline at the top). (H) Quantification of filled 
inner luminal space in H1437 spheroids after 13 days of 3D growth.  Data presented are 
mean + SD from one representative experiment out of three independent experiments. 
(I) Representative confocal microscopy images of DAPI and Ki67 staining in H1437 
spheroids with induction of shControl or shNRF2 #2 from Day 0 and over-expressing 
either the control vector or mutant NRF2 (NRF2*) that is not targeted by shNRF2 #2 
after 8 days of growth in 3D culture conditions. (J) Quantification of A549 and H1437 
spheroid sizes with and without NRF2 knock-down and over-expressing either the 
control vector or mutant NRF2 (NRF2*) that is not targeted by shNRF2 #2 after 8 days 
of growth in 3D culture conditions.  Data presented are mean + SD from one 
representative experiment. (K) Quantification of relative Ki67 signal in A549 and H1437 
spheroids with and without NRF2 knock-down and over-expressing either the control 
vector or mutant NRF2 (NRF2*) that is not targeted by shNRF2 #2 after 8 days of 
growth in 3D culture conditions.  Data presented are mean + SD from one 
representative experiment. (L) Representative confocal microscopy images of DAPI 
staining in A549 spheroids with induction of shControl or shNRF2 #1 from Day 0 and 
over-expressing either the control vector or mutant NRF2 (NRF2**) that is not targeted 
by shNRF2 #1 after 12 days of growth in 3D culture conditions. (M) Quantification of 
filled inner luminal space in A549 spheroids with and without NRF2 knock-down and 
over-expressing either the control vector or mutant NRF2 (NRF2**) that is not targeted 
by shNRF2 #1 after 12 days of 3D growth.  Data presented are mean + SD from one 
representative experiment. 
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Figure 2.2 (Continued). 

A

shControl

shNRF2
#1

shNRF2
#2

DAPI Ki67 DIC DAPI Ki67 DIC
A549 (Day8) H1437 (Day8)

1.2
1.0
0.8
0.6
0.4
0.2
0

H1437

100 um

100
80
60
40
20
0

%
 fi
lle
d

H1437

sh
Co
ntr
ol

sh
NR
F2

#1
sh
NR
F2

#2

Day 13Day 7

Doxycycline

Day 0

sh
Co
ntr
ol

sh
NR
F2

#1
sh
NR
F2

#2

12

8

4

0

S
ph
er
oi
d 
si
ze
 (μ
m
2 ) 
x 
10

3

A549 H1437

sh
Co
ntr
ol

sh
NR
F2

#1
sh
NR
F2

#2

sh
Co
ntr
ol

sh
NR
F2

#1
sh
NR
F2

#2

A549

sh
Co
ntr
ol

sh
NR
F2

#1
sh
NR
F2

#2

shControl

shNRF2
#1

shNRF2
#2

shControl

shNRF2
#1

shNRF2
#2

DAPI DIC
H1437 (Day13)

DAPI DIC
A549 (Day12)

R
el
at
iv
e 
K
i6
7 
in
te
ns
ity

100
80
60
40
20
0

%
 fi
lle
d

A549

sh
Co
ntr
ol

sh
NR
F2

#1
sh
NR
F2

#2

B

C

D E G H

area occupied by DAPI in inner core
total area of inner core = % filled

F

DAPI Ki67 DIC
H1437 (Day8)

V
ec
to
r

N
R
F2
*

V
ec
to
r

N
R
F2
*

sh
C
on
tro
l

sh
N
R
F2
 #
2

1.0
1.5
2.0

0
0.5

R
el
at
iv
e 
K
i6
7 
in
te
ns
ity H1437A549

S
ph
er
oi
d 
si
ze
 (μ
m
2 ) 
x 
10

3

10
8

4

0

6

2

Ve
cto
r

NR
F2
*
Ve
cto
r

NR
F2
*

H1437

Ve
cto
r

NR
F2
*
Ve
cto
r

NR
F2
*

A549 DAPI DIC
A549 (Day12)

V
ec
to
r

N
R
F2
**

V
ec
to
r

N
R
F2
**

sh
C
on
tro
l

sh
N
R
F2
 #
1

A549

Ve
cto
r

NR
F2
**
Ve
cto
r

NR
F2
**

sh
Co
ntr
ol

sh
NR
F2

#1

100
80
60
40
20
0

%
 fi
lle
d

I J

K

L M

sh
Co
ntr
ol

sh
NR
F2

#2sh
Co
ntr
ol

sh
NR
F2

#2

Ve
cto
r

NR
F2
*
Ve
cto
r

NR
F2
*

Ve
cto
r

NR
F2
*
Ve
cto
r

NR
F2
*

sh
Co
ntr
ol

sh
NR
F2

#2sh
Co
ntr
ol

sh
NR
F2

#2



 44 

In H1437 cells, down-regulation of NRF2 from the start of 3D culture greatly 

suppressed proliferation and spheroids remained small over two weeks of growth in 3D 

culture conditions such that lumen formation could not be monitored (data not shown).  

To assess the effect of NRF2 knock-down on inner clearance in H1437 spheroids, 

spheroids were cultured for one week in 3D prior to addition of doxycycline.  This 

allowed spheroids to expand in size before induction of shRNAs targeting NRF2 (Figure 

2.2G, schematic on top).  Using this protocol, spheroids became large enough to be 

scored for luminal clearance.  We found that induction of NRF2 knock-down after H1437 

spheroids were established resulted in clearing of the inner cells and a decreased 

proportion of filled inner space (Figure 2.2G and H).  This suggests that NRF2 regulates 

survival of the inner cells of H1437 spheroids.  We confirmed that both suppression of 

proliferation and increased inner clearance induced by shNRF2 are on-target, as 

expression of two mutant variants of NRF2 mRNAs that is not targetable by the shNRF2 

hairpins rescued these phenotypes (Figure 2.2I-M). 

To further evaluate the impact of NRF2 on 3D growth, we tested a large panel of 

lung cancer cell lines with or without NRF2-hyperactivation for growth in 3D culture 

conditions.  Consistent with the NRF2 knock-down data, lung cancer cell lines that did 

not have alterations in the NRF2 pathway did not form spheroids efficiently, while cell 

lines with genetic alterations in the NRF2 pathway formed large spheroids (Figure 2.3).  

Notable exceptions are H23 cells, which did not form spheroids despite having a 

mutation in KEAP1, and H520 and SK-MES-1 cells, which did form spheroids despite 

lacking a mutation in the NRF2 pathway. 
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Figure 2.3: NRF2-hyperactivated lung cancer cell lines form spheroids efficiently. 
Representative images of lung cancer cell lines (A) without genetic alterations in the 
NRF2 pathway or (B) with the indicated genetic alterations in the NRF2 pathway after 
16 days of growth in 3D culture conditions.  In H596 cells, arrowheads indicate inner 
clearance of spheroids. 
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of activation of NRF2 in the cell lines, we derived an NRF2 gene signature and 

quantified each cell line for the extent of NRF-hyperactivation based on this score.  

To derive an NRF2 gene signature, we started with primary patient data from The 

Cancer Genome Atlas (TCGA).  Four tumor subtypes with frequent genetic alterations 

in the NRF2 pathway, namely lung squamous cell carcinoma (LUSC), lung 

adenocarcinoma (LUAD), head and neck squamous cell carcinoma (HNSC), and 

cervical squamous cell carcinoma (CSCC), were selected.  Within each subtype, patient 

data was divided into two groups: those with hyperactivating genetic alterations in the 

NRF2 pathway (mutation/amplification of NRF2 or mutation/deletion of KEAP1 or CUL3) 

and those without genetic alterations in the NRF2 pathway (Figure 2.4A).  The 

expression of each gene was compared between the two groups using a Student’s t-

test with a Bonferroni correction to identify genes that were associated with tumors that 

had genetic alterations in the NRF2 pathway.  For example, 693 genes were found to 

be associated with hyperactivation of NRF2 in LUSC (Figure 2.4B).  This includes both 

genes that had higher expression and genes that had lower expression in tumors with 

genetic alterations in the NRF2 pathway.  In total, 1478 genes from all four subtypes 

were found to be associated with genetic alterations in the NRF2 pathway (Figure 2.4C; 

Venn diagram).   

From the large number of genes that were associated with NRF2-hyperactivating 

alterations, a smaller subset of genes was selected to generate a NRF2 signature.  

First, genes were limited to those that were found to be more highly expressed in 

altered tumors compared to unaltered tumors.  Then, genes that were associated with 

genetic alterations in LUSC and at least two out of the other three tumor types were 
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chosen (Figure 2.4C).  This generated a list of 55 genes that were designated our 

“NRF2 signature” (Table 2.1) 

 

 

 

Figure 2.4: Identification of genes associated with NRF2-hyperactivation. (A) 
Schematic of bioinformatic approach to identify genes associated with hyperactivating 
genetic alterations in the NRF2 pathway. (B) Genes associated with NRF2-
hyperactivation in LUSC samples. Status of genetic alteration in the NRF2 pathway for 
each tumor is displayed on the right. (C) 1478 genes were identified to be associated 
with NRF2-hyperactivation in LUAD, LUSC, HNSC, and CSCC.  These genes were 
further limited to a 55-gene NRF2 signature using the outlined criteria. (D) Expression of 
NRF2 signature genes in 675 cancer cell lines.  Copy number alteration and mutation 
status of KEAP1, CUL3, and NRF2 as well as tissue of origin are displayed. 
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Table 2.1: Genes comprising the NRF2 signature. 
ABCC2 CASKIN1 GCLC ME1 PTGR1 
ABHD4 CBR1 GCLM NECAB2 RIT1 
AIFM2 CBX2 GPX2 NQO1 SLC7A11 
AKR1B10 CYP4F11 GSR NRG4 SRXN1 
AKR1B15 CYP4F3 HRG OSGIN1 TALDO1 
AKR1C1 EPT1 IDH1 PANX2 TRIM16 
AKR1C2 ETFB JAKMIP3 PFN2 TRIM16L 
AKR1C3 FECH KIAA0319 PGD TXN 
ALDH3A1 FTH1 KIAA1549 PIR TXNRD1 
C1orf131 FTHL3 LRP8 PKD1L2 UCHL1 
CABYR G6PD MAFG PRDX1 UGDH 
 

 

The robustness of the NRF2 signature genes was then evaluated using 

transcriptomics data from 675 cancer cell lines to determine whether our NRF2 

signature could be broadly applied for the identification of NRF2-hyperactivation in 

cancer cell lines from multiple tissue types.  Indeed, most cancer cell lines that highly 

expressed NRF2 signature genes had genetic alterations in the NRF2 pathway (Figure 

2.4D).  Finally, the median normalized expression value of the NRF2 signature genes 

was used as an “NRF2 score” for each cell line, which would then serve as an indication 

of NRF2-hyperactivation.  For example, A549 and H1437 cells have relatively high 

NRF2 scores of 1.238 and 1.366, respectively, which would be expected given that they 

both have genetic alterations in KEAP1 (Table 2.2).   

Interestingly, lung cancer cells lines that were observed to form spheroids 

efficiently had high NRF2 scores (Figure 2.3 and Table 2.2).  Cell lines without genetic 

alterations in the NRF2 pathway, but that formed spheroids (i.e. H520 and SK-MES-1 

cells) also had higher NRF2 scores than cell lines that did not form spheroids.  Cell lines 

with genetic alterations in the NRF2 pathway, but that did not form spheroids (i.e. H23 
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cells) had low NRF2 scores.  Thus, activation of the NRF2 pathway, as indicated by 

high NRF2 scores, promotes growth of lung cancer cell spheroids. 

 

Table 2.2: NRF2 scores of lung cancer cell lines tested for 3D growth. 
Cell line NRF2 pathway status NRF2 score 
H522 WT -0.130 
H1975 WT -0.076 
H226 WT -0.019 
SW-900 WT 0.027 
H1568 WT 0.030 
H1838 WT 0.028 
H358 WT 0.154 
H596 WT 0.388 
H520 WT 0.470 

SK-MES-1 WT 0.956 
H23 KEAP1 mutated 0.065 
H1792 KEAP1 mutated 1.200 
H2228 NRF2 mutated 1.234 
A549 KEAP1 mutated 1.238 
H1437 Biallelic loss of KEAP1 1.366 
H460 KEAP1 and CUL3 mutated 1.467 
H1944 KEAP1 mutated 2.057 

 

 

Loss of KEAP1 promotes proliferation and inner cell survival in 3D spheroids 

 To further investigate the role of NRF2-hyperactivation in supporting 3D cell 

growth, we assessed whether activating NRF2 in cells with low NRF2 scores could 

enhance spheroid size and survival of inner cells.  KEAP1 was knocked-out by 

CRISPR-Cas9 in two lung cancer cell lines that do not have genetic alterations in the 

NRF2 pathway and that had lower NRF2 scores: H226 and H596 (Figure 2.3 and Table 

2.2).  We confirmed that knock-out of KEAP1 increased NRF2 activity as determined by 

increased mRNA expression of the NRF2 transcriptional targets, NQO1 (Figure 2.5A), 

GCLC, and GCLM (data not shown).  Loss of KEAP1 increased the size of spheroids in  
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Figure 2.5: Loss of KEAP1 promotes spheroid growth in lung cancer cell lines 
without genetic alterations in the NRF2 pathway. (A) qPCR for NQO1 mRNA 
expression to validate activation of NRF2 after KEAP1 knock-out in H226 and H596 
cells. Data presented are mean + SEM from three independent experiments.  Adjusted 
p-values from one-way ANOVA with Dunnett’s post-test: **p<0.01, ***p<0.001. (B) 
Representative confocal microscopy images of DAPI staining in H226 spheroids with 
knock-out of KEAP1 (taken on Day 14 from one experiment). (C) Quantification of 
H226-sgControl or -sgKEAP1 spheroid size. Data presented are mean + SD from one 
representative experiment. (D) Representative confocal microscopy images of DAPI 
staining in H596 spheroids with knock-out of KEAP1 (taken on Day 12 from one 
experiment). (E) Quantification of spheroid size and percentage of filled inner luminal 
space in H596-sgControl and -sgKEAP1 spheroids.  Data presented are mean + SD 
from one representative experiment. 
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both cell lines (Figure 2.5B-E).  Additionally, a small proportion of H596 cells formed 

spheroids with inner clearance in the absence of genetic manipulation (Figure 2.3; 

arrowheads).  Knock-out of KEAP1 increased survival of H596 cells in the inner luminal 

space (Figure 2.5D and E).  These data provide additional evidence that activation of 

NRF2 supports proliferation in 3D and promotes survival of inner cells of spheroids.  

 

NRF2 score is correlated with proliferation in primary patient tumors, but not in cancer 

cell lines 

Given our findings that NRF2 regulates proliferation in 3D spheroids, we next 

assessed whether NRF2 scores correlated with proliferation in primary patient tumors.  

From analysis of TCGA data, tumors with high expression of NRF2 signature genes 

also had high expression of proliferation-associated genes (Figure 2.6A).  The NRF2 

score of primary patient tumors was highly correlated to a proliferation score derived 

from the proliferation signature genes (Figure 2.6B).  While NRF2 score was highly 

correlated with proliferation in primary tumors, NRF2 score did not correlate with 

proliferation of cancer cell lines maintained under conventional 2D monolayer culture 

conditions (Figure 2.6C).  These data provide evidence that NRF2 function may be 

context-dependent and support that 3D spheroid cultures better phenocopy NRF2-

hyperactivated tumors than 2D monolayer cultures. 

  



 52 

 

Figure 2.6: NRF2 score correlates with proliferation in tumors, but not with 
proliferation in cancer cell lines maintained in conventional 2D culture conditions. 
(A) Expression of NRF2 signature genes and proliferation-associated genes in primary 
patient tumors (TCGA data). (B) Correlation between proliferation score and NRF2 
score in primary patient tumors. (C) No correlation between proliferation (doubling time) 
and NRF2 score in cancer cell lines maintained in conventional 2D culture conditions. 
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NRF2 regulates spheroid growth via antioxidant-dependent and -independent 

processes 

Since NRF2 regulates a cellular antioxidant program, we next asked whether 

NRF2-regulated proliferation and suppression of inner clearance are mediated by its 

antioxidant functions.  To address the antioxidant role in inner cell survival, A549 and 

H1437 spheroids expressing either shControl or shNRF2 were cultured in 3D in the 

presence of the antioxidants N-acetylcysteine (NAC) or glutathione ethyl ester (GSH-

EE), a membrane-permeable derivative of glutathione.  The addition of exogenous 

antioxidants should rescue death of inner cells if inner cell survival is due to the 

antioxidant function of NRF2.  H1437 cells were initially cultured without expression of 

the NRF2 shRNAs to allow sufficient growth of the spheroids in order to monitor inner 

cell survival.  We found that, in both cell lines, the survival of cells in the inner luminal 

space can be rescued by exogenous antioxidants even when NRF2 is down-regulated 

(Figure 2.7A-D). 

To examine the role of antioxidants in NRF2-mediated proliferation, we 

investigated whether addition of antioxidants was sufficient to rescue the decreased 

proliferation caused by reduction of NRF2 in H1437 spheroids.  No rescue in Ki67 signal 

intensity or spheroid size was observed in H1437 spheroids in the presence of 

exogenous antioxidants (Figure 2.7E and F). 
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Figure 2.7: Exogenous antioxidants rescue survival of inner cells, but not loss of 
proliferation caused by down-regulation of NRF2. (A) Representative confocal 
microscopy images of DAPI signal in A549 spheroids with induction of shControl or 
shNRF2 and treated with vehicle control or the antioxidants NAC (1 mM) and GSH-EE 
(1 mM) on Day 12 from one out of three independent experiments). (B) Quantification of 
filled inner luminal space in A549 spheroids.  Data presented are mean + SD from one 
representative experiment out of three independent experiments. (C) Representative 
confocal microscopy images of DAPI signal in H1437 spheroids with induction of 
shControl or shNRF2 and treated with vehicle control or the antioxidant NAC (1 mM) on 
Day 12 from one out of three independent experiments.  shNRF2 was induced from Day 
7 onwards (D) Quantification of filled inner luminal space in H1437 spheroids.  Data 
presented are mean + SD from one representative experiment out of three independent 
experiments. (E) Representative confocal microscopy images of DAPI signal in H1437 
spheroids with induction of shControl or shNRF2 and treated with vehicle control or the 
antioxidants NAC (1 mM) and GSH-EE (1 mM) on Day 12 from one out of three 
independent experiments.  shNRF2 was induced from Day 0 onwards. (F) 
Quantification of relative Ki-67 signal intensity and spheroid size in H1437 spheroids 
with induction of shControl or shNRF2 and treated with NAC (1 mM) or GSH-EE (1 
mM).  shNRF2 was induced from Day 0 onwards.  Data presented are mean + SD from 
one representative experiment out of three independent experiments. 
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Figure 2.7 (Continued). 
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Taken together, these findings show that NRF2 is required for both proliferation 

and inner cell survival in A549 and H1437 lung cancer cell spheroids via two distinct 

processes.  Reduction of NRF2 leads to decreased proliferation, which is not rescued 

by addition of exogenous antioxidants, whereas clearance of the luminal space upon 

reduction of NRF2 is rescued by addition of exogenous antioxidants.   

 

Identification of dependencies of 3D growth in NRF2-hyperactivated cell lines 

The identification of genes and/or programs that regulate these NRF2-mediated 

phenotypes in 3D culture could define candidate dependencies of NRF2-hyperactivated 

tumors.  Therefore, we undertook a genetic approach to identify genes that are either 

targets of NRF2 or that collaborate with NRF2 to support cell proliferation and survival 

by performing a pooled CRISPR-Cas9 screen.   

Since the effect of NRF2 knock-down in 2D is not robust, this necessitated that 

the CRISPR-Cas9 screen be performed in 3D spheroids.  This raised numerous 

challenges, most notably because 3D cultures need to be maintained in reconstituted 

basement membrane (Matrigel™) for the duration of the experiments.  In addition, cells 

must be plated sparsely in ultra-low attachment flasks and require replenishment of the 

media without passaging, which disrupts the spheroid structure required for the 

dichotomous survival effects between the inner and outer cells.  Together, these 

requirements entailed the use of large numbers of culture flasks (~700 for a whole 

genome screen of one cell line) and large quantities of culture components, notably 

Matrigel™ which is very expensive.  While genome-wide, pooled CRISPR screens 
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would provide the most comprehensive coverage, practical considerations to limit labor 

and costs necessitated reduction of the scale of the CRISPR library. 

To prioritize genes for a focused CRISPR library, we were interested in selecting 

genes likely to play a role in NRF2-hyperactivated tumors and reasoned that these 

genes are likely to be associated with NRF2-hyperactivation.  These genes had already 

been derived earlier to define an NRF2 score; therefore, the first set of genes included 

in the focused CRISPR library were genes identified from that bioinformatic analysis 

(Figure 2.8A).  Next, we augmented the list of genes identified from our bioinformatics 

analysis of the TCGA data with additional genes of interest.  Since antioxidants have 

been implicated in tumorigenesis and survival in 3D models, we included a 

comprehensive list of redox regulatory genes curated from the literature.  We also 

included a number of genes identified through network analysis (GeneGO) or analysis 

of existing functional screen data (i.e. Project Achilles) (Figure 2.8A).  These analyses 

generated a list of over 2000 genes, the majority of which were derived from our 

analysis of the TCGA data (Figure 2.8B).  To pare down this list of genes, expression 

filters were applied such that genes that were lowly expressed, genes that had a lower 

expression in NRF2-hyperactivated tumors, and genes that were either co-amplified 

with NRF2 or co-deleted with KEAP1/CUL3 were omitted from the CRISPR library.  For 

each gene, approximately 10 sgRNAs were designed.  Additionally, a number of non-

targeting and positive control sgRNAs were included in the library for a total of 

approximately 15,000 sgRNAs. 
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Figure 2.8: CRISPR screening approach to identify dependencies in NRF2-
hyperactivated cell lines. (A) Schematic for the identification of genes for the focused 
CRISPR library. (B) Distribution of source of genes in the focused CRISPR library.  
Expression filters were applied to further narrow down the list to ~1500 genes. (C) 
Schematic for the pooled CRISPR screening approach. (D)  Hits common to both A549 
and H1437 cell lines.  For each cell line, the difference in b-score between 3D and 2D 
growth culture conditions are plotted. 
 

 

Our general screening approach was to simultaneously perform pooled CRISPR-

Cas9 screens under 2D monolayer and 3D spheroid culture conditions (Figure 2.8C).  

A549 and H1437 cells were first transduced with lentiCas9 and then transduced with the 

A TCGA:
LUSC, LUAD, HNSC, CSCC

Student's t-test with Bonferroni correction

Genetic alterations
NRF2: mutation/amplification
KEAP1/CUL3: mutation/deletion

Genes associated with genetic alterations in NRF2 pathway

NRF2-hyperactivated WT

+

Literature, functional/network analyses

B

1500 CRISPR gene list

Filters: 
low expression
co-amplified with NRF2
co-deleted with KEAP1, CUL3

1355 TCGA only103 TCGA + literature

57 GeneGo

453 literature 
only

2074 total

C

Transduce with 
lentiCRISPR library

T0

Cas9-expressing 
cells

monolayer
+

matrigel

3D
+

matrigel

20 days

matched population
doublings

D
TSC1

GPX4

GAPDH

TKT

NRF2

GPI

−1.0

−0.5

0.0

0.5

1.0

−0.2 0.0 0.2 0.4

A549 (3D−2D β-score)

H
14

37
 (3

D
−2

D
 β
-s
co
re
)

MAFG



 59 

15,000 lentiCRISPR library at an expected MOI of 0.25.  Transduced cells were then 

selected using puromycin, after which an aliquot of cells was collected as the reference 

sample (T0) for sequencing.  The remaining cells were plated in 2D monolayer or 3D 

spheroid growth conditions, both in the presence of MatrigelTM, for 20 days.  For the 3D 

spheroid culture condition, cells collected on Day 20 served as the 3D sample for 

sequencing.  The number of population doublings at Day 20 was calculated for the 3D 

sample.  For the 2D culture condition, cell samples were collected at each cell passage.  

Cells collected at the passage most closely aligned with the 3D sample for number of 

population doublings served as the 2D sample for sequencing.  Genomic DNA isolation, 

PCR amplification, and next-generation sequencing were then performed to quantify the 

abundance of each sgRNA from each of the three samples (T0, 2D, and 3D).  Quality 

control analysis and comparison of sgRNA abundance between the 2D or 3D sample 

with the reference T0 sample was performed using the MaGECK-VISPR pipeline23, 

which generates a b-score akin to a log2(fold change).  Thus, a gene with a negative b-

score has sgRNAs that had been negatively selected (depleted), and a gene with a 

positive b-score has sgRNAs that had been positively selected (enriched).  We then 

calculated the difference between 3D and 2D b-scores for each gene.  In this manner, 

we are able to identify hits that were greater dependencies under 3D growth conditions.  

Figure 2.8D shows those hits that were either enriched in both cell lines or depleted in 

both cell lines in 3D compared to 2D culture conditions.   

In total, sgRNAs targeting 43 genes were positively selected for (Supplementary 

Table 1 in the Appendix), and sgRNAs targeting 23 genes were negatively selected for 

(Supplementary Table 2 in the Appendix) in 3D growth in both cell lines.  The evidence 
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that both NRF2 and its binding partner MAFG were drop-out hits in both cell lines, with 

greater depletion in the 3D than in the 2D culture condition, serves as a validation of our 

CRISPR screening approach.  Additionally, we observed three glycolytic and pentose 

phosphate pathway enzymes, specifically glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), glucose-6-phosphate isomerase (GPI), and transketolase (TKT), to be drop-

out hits from the screen.  Interestingly, these enzymes are at important branchpoints in 

glucose metabolism for entry into/exit out of the pentose phosphate pathway (PPP).  

The dependency on these enzymes is consistent with the literature in which NRF2 has 

been shown to support cellular proliferation by redirecting glucose metabolism into the 

PPP24-26.  The most consistent and significant hits from the screen include enrichment 

for sgRNAs directed against tuberous sclerosis protein 1 (TSC1) and depletion of 

sgRNAs directed against glutathione peroxidase 4 (GPX4).  Other hits will be discussed 

in the Appendix. 

 

Loss of TSC1 enhances proliferation in 3D spheroids 

TSC1, in complex with TSC2, serves as an upstream repressor of mTOR 

signaling.  TSC1 was the top hit from our screens, which suggests that activation of 

mTOR signaling provides a fitness advantage for growth in 3D culture conditions.  From 

the pooled CRISPR-Cas9 screen, loss of TSC1 was either not as highly enriched (A549 

cells) or even slightly depleted (H1437 cells) when cells were cultured in 2D monolayers 

(Supplementary Table 1 in the Appendix).   Interestingly, analysis of drug sensitivity 

data from the Genomics of Drug Sensitivity in Cancer (GDSC; Release 7.0)27 shows 

that lung cancer cell lines with high NRF2 scores are correlated with enhanced 
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sensitivity to the PI3K/mTOR inhibitor BEZ235 (Figure 2.9A) and the rapamycin analog 

Temsirolimus (Figure 2.9B), suggesting that tumors with dependencies on NRF2 could 

also have an increased dependency on mTOR signaling. 

To examine the impact of loss of TSC1 on cell growth under 3D culture 

conditions, TSC1 was knocked-out by CRISPR-Cas9 in A549 and H1437 cells with and 

without NRF2 knock-down (Figure 2.9C). In both cell lines, loss of TSC1 increased the 

size of spheroids expressing shControl, but not in spheroids expressing shNRF2 (Figure 

2.9D-G), suggesting that proliferation in 3D is enhanced by activation of the mTOR 

signaling pathway, but only when NRF2 signaling is intact.  Furthermore, while loss of 

TSC1 increased proliferation-associated phenotypes (i.e. spheroid size), it did not 

increase survival of the inner cells of spheroids (Figure 2.9D and H).  This suggests that 

enhancement of proliferation in cancer cells is not sufficient to promote survival in the 

inner luminal space of spheroids. 

 

GPX4 regulates survival of inner cells in 3D spheroids 

GPX4 was the most prominent drop-out hit in both cell lines screened.  GPX4 is 

a phospholipid hydroperoxidase that specifically protects against membrane lipid 

peroxidation.  Inhibition of GPX4 leads to accumulation of lipid peroxidation and results 

in a form of non-apoptotic cell death known as ferroptosis28,29.  Since cells with sgRNAs 

targeting GPX4 were more depleted in 3D culture conditions than in 2D culture 

conditions, this suggested that GPX4 may be required for cell survival and/or growth 

specifically in 3D spheroids.  Previous work from our lab demonstrated that the levels of 

ROS are elevated in the inner core of non-transformed cell spheroids20.    
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Figure 2.9: Loss of TSC1 promotes proliferation, but not survival of inner cells in 
3D spheroids. (A) Correlation of NRF2 score with sensitivity to the PI3K/mTOR 
inhibitor BEZ235 in lung cancer cell lines (data from GDSC).  Spearman correlation r 
and two-tailed p-value are presented. (B) Correlation of NRF2 score with sensitivity to 
the rapamycin analog Temsirolimus in lung cancer cell lines (data from GDSC).  
Spearman correlation r and two-tailed p-value are presented. (C) Western blot 
confirmation of TSC1 knock-out by CRISPR-Cas9 in A549 and H1437 cells. (D) 
Representative confocal microscopy images of DAPI staining in A549 spheroids with 
induction of shControl or shNRF2 and sgTSC1 knock-out on Day 12 from one out of 
three independent experiments. (E) Quantification of A549 spheroid sizes with induction 
of shControl or shNRF2 and sgTSC1 knock-out. Data presented are mean + SD from 
one out of three independent experiments. (F) Representative confocal microscopy 
images of DAPI staining in H1437 spheroids with induction of shControl or shNRF2 and 
sgTSC1 knock-out on Day 12 from one out of three independent experiments. (G) 
Quantification of H1437 spheroids sizes with induction of shControl or shNRF2 and 
sgTSC1 knock-out. Data presented are mean + SD from one out of three independent 
experiments. (H) Quantification of filled inner luminal space in A549 spheroids.  Data 
presented are mean + SD from one out of three independent experiments. 
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Therefore, we postulated that increased ROS results in increased lipid peroxidation in 

the inner cells of 3D spheroids.  Inner cells of cancer cell spheroids could therefore 

have a dependence on GPX4 to suppress lipid peroxidation in order to survive in the 

inner luminal space. 

To assess whether loss of GPX4 affects survival of 3D spheroids, we used the 

GPX4 inhibitor ML210 as a probe to interrogate the effect of loss of GPX4 activity on 

inner cell survival.  A549 and H1437 cells were grown in 3D culture conditions for ten 

days and then treated with ML210 for an additional 3 days.  Spheroids treated with 

ML210 displayed decreased survival of cells in the inner luminal space (Figure 2.10A 

and B), implicating ferroptosis as a cell death mechanism for inner cells of 3D 

spheroids.  This phenocopied the increased clearance observed with down-regulation of 

NRF2 in spheroids (Figure 2.2D and G).   

To address whether inner clearance in spheroids with down-regulation of NRF2 

was mediated by ferroptosis, we cultured A549 and H1437 spheroids in the presence of 

Ferrostatin-1 (Fer-1), a potent and selective inhibitor of ferroposis28.  Fer-1 treatment 

prevented inner clearance when NRF2 was down-regulated in both cell lines (Figure 

2.10C-F), suggesting that NRF2-mediated inner cell survival in spheroids is through 

protection from ferroptosis.  We further investigated whether loss of proliferation 

induced by down-regulation of NRF2 could also be rescued by Fer-1.  The strongest 

effect on proliferation was observed in H1437 cells when shNRF2 was induced from the 

start of 3D culture.  Therefore, shNRF2 was induced in H1437 cells from the start of 3D 

culture in the presence of Fer-1 to determine whether the defect in proliferation could be 

rescued. 
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Figure 2.10: Ferroptosis causes death of inner cells of 3D spheroids. (A) 
Representative confocal microscopy images of DAPI staining in A549 and H1437 
spheroids.  Spheroids were established in 3D culture for ten days and then treated with 
vehicle control or ML210 (10 µM) for three days.  Images were taken on Day 13 of 
culture from one out of three independent experiments. (B) Quantification of filled inner 
luminal space in A549 and H1437 spheroids treated with either vehicle control or with 
ML210 (10 µM).  Data presented are mean + SD from one out of three independent 
experiments. (C) Representative confocal microscopy images of DAPI staining in A549 
spheroids with induction of shControl or shNRF2 and treated with vehicle control or 
Ferrostatin-1 (3 µM).  Images were taken on Day 13 of culture from one out of three 
independent experiments. (D) Quantification of filled inner luminal space in A549 
spheroids with induction of shControl or shNRF2 and treated with vehicle control or 
Ferrostatin-1 (3 µM). Data presented are mean + SD from one out of three independent 
experiments. (E) Representative confocal microscopy images of DAPI staining in H1437 
spheroids with induction of shControl or shNRF2 and treated with vehicle control or 
Ferrostatin-1 (1 µM).  Images were taken on Day 13 of culture from one out of three 
independent experiments.  shNRF2 was induced after spheroids were established (Day 
7 onwards). (F) Quantification of filled inner luminal space in H1437 spheroids with 
induction of shControl or shNRF2 and treated with vehicle control or with Ferrostatin-1 
(1µM).  Data presented are mean + SD from one out of three independent experiments. 
(G) Representative confocal microscopy images of DAPI and Ki67staining in H1437 
spheroids with induction of shControl or shNRF2 and treated with vehicle control or 
Ferrostatin-1 (3 µM).  Images were taken on Day 8 of culture from one out of three 
independent experiments.  shNRF2 was induced from the start of culture. (H) 
Quantification of spheroid size and relative Ki67 signal intensity in H1437 spheroids with 
induction of shControl or shNRF2 and treated with either vehicle control or Ferrostatin-1 
(3 µM). Data presented are mean + SD from one out of three independent experiments. 
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Figure 2.10 (Continued).  
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Treatment of spheroids with Fer-1 did not rescue spheroid size or Ki67 staining (Figure 

2.10G and H).  This suggests that NRF2-mediated regulation of proliferation in 3D does 

not involve inhibition of ferroptosis. 

 

NRF2 regulates lipid peroxidation by suppressing ROS 

Ferroptosis is a distinct form of cell death that can be regulated by multiple 

factors, most prominently oxidation of polyunsaturated fatty acid-containing 

phospholipids (PUFA-PLs), free intracellular iron, and loss of lipid peroxide repair30.  We 

next examined whether any of these factors are affected by loss of NRF2 in 3D culture.  

While it is not understood how oxidation of PUFA-PLs leads to cell death, it is 

known that activation and incorporation of PUFAs into membrane PLs is required for 

execution of ferroptosis.  In particular, expression of acyl-CoA synthetase long-chain 

family member 4 (ACSL4) is a known predictor of sensitivity to ferroptosis31,32.  ACSL4 

is an enzyme that catalyzes free long chain fatty acids into acyl-CoAs, which is required 

for generation of PUFA-PLs, and deletion of ACSL4 prevents ferroptosis.  We therefore 

probed for ACSL4 expression after down-regulation of NRF2 to determine whether loss 

of NRF2 increased ACSL4 expression to enhance sensitivity to ferroptosis.  H1437 cells 

with induction of shNRF2 were collected after 3, 8, and 16 days in 3D culture.  No 

difference in ACSL4 expression was observed with down-regulation of NRF2 at any of 

these timepoints (Figure 2.11A). 
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Figure 2.11: Reduction of NRF2 induces lipid peroxidation. (A) Western blot for 
ACSL4 in H1437 cells with induction of shNRF2 after 3, 8, and 16 days of growth in 3D 
culture conditions. (B) Fe (II) levels in A549 and H1437 spheroids with induction of 
shControl or shNRF2 after 10 days of growth in 3D culture conditions.  Data presented 
are mean + SEM from three independent experiments. Adjusted p-values from one-way 
ANOVA with Dunnett’s post-test: *p<0.05, **p<0.01. (C) H2O2 levels in A549 and H1437 
spheroids after 10 days of growth in 3D culture conditions.  Data presented are mean + 
SEM from three independent experiments.  Adjusted p-values from one-way ANOVA 
with Dunnett’s post-test: *p<0.05, **p<0.01. (D) Measurement of lipid peroxidation using 
the C11-BODIPY lipid peroxidation probe in A549 spheroids with induction of shControl 
or shNRF2 after 10 days of 3D culture growth (confocal microscopy images with 
ratiometric pseudocoloring from one independent experiment). (E) Quantification of 
relative C11-BODIPY (ratio of mean inner:mean outer region signal) in A549 spheroids 
with induction of shControl or shNRF2 after 10 days of 3D culture growth.  Data 
presented are mean + SD from one representative experiment. 
 

 

Ferroptosis is an iron-dependent form of cell death and use of iron chelators can 

prevent ferroptosis28.  Redox-active iron, either free intracellularly or bound in iron-

containing enzymes (such as lipoxygenase) oxidize membrane PUFAs, and this is 

thought to lead to lethal lipid peroxidation.  Furthermore, addition of exogenous iron, but 

not other divalent cations, potentiates ferroptosis28.  Thus, regulation of iron metabolism 
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can impact sensitivity to ferroptosis.  NRF2 is known to regulate genes involved in iron 

homeostasis such as ferritin heavy chain (FTH1).  We therefore interrogated whether 

loss of NRF2 increases iron levels to enhance sensitivity to ferroptosis in 3D spheroids.  

Fe (III) levels were negligible across all conditions (data not shown).  In comparison to 

spheroids without reduction of NRF2, spheroids with reduction of NRF2 had reduced 

levels of Fe (II) in both A549 and H1437 cell lines (Figure 2.11B), suggesting that the 

increased sensitivity to ferroptosis in cells with down-regulation of NRF2 is not due to 

increased levels of intracellular iron. 

The best characterized contributor to ferroptosis is defective lipid peroxide repair 

of ROS-mediated oxidation resulting in elevated lipid peroxidation and eventually cell 

death.  To address whether down-regulation of NRF2 enhances ROS levels, we 

examined ROS levels (H2O2) after NRF2 knock-down in 3D spheroids.  Indeed, knock-

down of NRF2 in 3D spheroids significantly increased H2O2 levels in both A549 and 

H1437 spheroids (Figure 2.11C).  Next, to examine whether elevated ROS levels 

resulted in increased lipid peroxidation in 3D spheroids, we used C11-BODIPY, a 

fluorescent probe that measures lipid peroxidation.  The C11-BODIPY probe showed 

elevated levels of peroxyl radicals in the inner core of spheroids (Figure 2.11D and E), 

indicating that inner cells of 3D spheroids experience increased levels of lipid 

peroxidation compared to outer cells.   

 

Loss of NRF2 stabilizes GPX4 protein 

The findings above indicated that reduction of NRF2 results in increased levels of 

ROS and increased lipid peroxidation, particularly in the inner lumen of spheroids 
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compared to the outer region.  The inner cells of spheroids with reduction of NRF2 may 

be more sensitized to ferroptosis if there was a decreased level of GPX4; therefore, we 

interrogated GPX4 levels in cells with down-regulation of NRF2.  Surprisingly, down-

regulation of NRF2 dramatically increased GPX4 levels as quickly as 72 hours after 

shNRF2 induction in both 2D and 3D culture conditions (Figure 2.12A).  However, after 

eight days of growth in 3D culture conditions, there was no longer a disparity in GPX4 

levels between spheroids with induction of shControl and spheroids with induction of 

shNRF2 (Figure 2.12A).  This suggests that GPX4 is upregulated in mature spheroids 

even in the absence of genetic manipulation.  At this time point (Day 8 of 3D growth), 

there are inner and outer cells of the spheroids (Figure 2.2A), and the increased GPX4 

could help inner cells cope with the elevated levels of lipid peroxidation. 

One possible explanation for the upregulation of GPX4 following reduction of 

NRF2 is that elevated levels of ROS can activate other cytoprotective programs (e.g. 

NF-kB) that upregulate transcription of antioxidant enzymes.  To address this question, 

we assessed GPX4 mRNA levels by qPCR following knock-down of NRF2.  GPX4 

mRNA levels in cells with induction of shNRF2 were comparable to levels in cells with 

induction of shControls and were not upregulated, suggesting that regulation of GPX4 

by NRF2 is at the protein level (Figure 2.12B).   

 We next postulated that elevated ROS induced by reduction of NRF2 was 

sensed by other cellular programs that could stabilize GPX4 protein.  To explore this 

possibility, we induced ROS in cells by treating cells with tert-butyl hydroperoxide 

(TBHP), a relatively stable alkyl hydroperoxide, or with the GPX4 inhibitor ML210, which 

should specifically increase lipid peroxidation as it inhibits GPX4 activity. 
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Figure 2.12: Down-regulation of NRF2 induces GPX4 protein. (A) Representative 
western blot for NRF2 knock-down and GPX4 after dox-inducible shNRF2 induction in 
2D monolayer conditions (72h) or in 3D culture conditions (3, 8, or 16 days) for A549 
and H1437 cell lines (representative of 2 independent experiments). (B) qPCR 
quantification of NRF2 knock-down and GPX4 mRNA expression in A549 and H1437 
cells after shNRF2 induction (72h) in 2D culture conditions.  Values are normalized to 
RPS9 housekeeping gene and relative to cells with induction of shControl.  Data 
presented are mean + SEM from two independent experiments. (C) Western blot for 
NRF2 and GPX4 in A549 and H1437 cells with induction of either shControl or shNRF2 
and treated with TBHP (10 µM for 48 hours) or ML210 (10 µM for 72 hours) in 2D 
culture. (D) Western blot for NRF2 and GPX4 in A549 and H1437 cells with induction of 
either shControl or shNRF2 and treated with NAC (5 mM) or Trolox (250 µM) for 72h in 
2D culture.  
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Surprisingly, treatment with these ROS inducers did not increase GPX4 protein levels 

(Figure 2.12C).  Treatment of cells with ML210 actually decreased GPX4 protein levels.  

These results suggest that elevated levels of ROS are not sufficient to stabilize GPX4 

protein.  However, it is possible that the ROS inducers used did not elicit the appropriate 

forms of ROS necessary to upregulate GPX4 protein.  To address this, we used a 

converse approach, treating A549 and H1437 cells (with induction of shControl or 

shNRF2) with the antioxidants NAC or Trolox to determine whether neutralization of 

ROS would block the stabilization of GPX4.  After treatment with NAC or Trolox, GPX4 

protein levels in cells with reduction of NRF2 were marginally reduced in both cell lines 

(Figure 2.12D).  These data show that increased ROS levels are not sufficient to 

stabilize GPX4 protein.  This suggests that regulation of GPX4 by NRF2 could be 

through a mechanism independent of its antioxidant- and proliferation-related functions. 

GPX4 belongs to a small class of 25 selenium-containing proteins known as 

selenoproteins33.  Selenoproteins incorporate selenium in the form of selenocysteine 

(Sec), the 21st amino acid.  Selenoprotein biosynthesis is a complex process requiring 

the synthesis of a Sec-specific tRNA and then co-translational incorporation of Sec into 

nascent proteins.  Therefore, a possible explanation for the induction of GPX4 protein 

following down-regulation of NRF2 could be a change in translation for selenoproteins.  

Interestingly, analysis of The Cancer Dependency Map34 (DepMap) data show that the 

top five co-dependencies of GPX4 are genes required for the biosynthesis of Sec (Table 

2.3). 
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Table 2.3: Top co-dependencies of GPX4 are genes required for Sec biosynthesis. 
Data from CRISPR (Avana) Public Release 19Q2 via DepMap. 

Gene Pearson Correlation 
PSTK 0.69 
EEFSEC 0.62 
SEPHS2 0.61 
SEPSECS 0.60 
SECISBP2 0.55 

 

 

To interrogate whether translation of all selenoproteins or just GPX4 specifically 

is affected by down-regulation of NRF2, we used a proteomics approach to measure 

global changes in protein levels.  Since an upregulation of GPX4 was observed by 72 

hours after shNRF2 induction, proteins from cells with induction of shControl or shNRF2 

were isolated after 72h in 2D culture conditions for both A549 and H1437 cell lines.  The 

samples were then TMT-labeled, combined, and analyzed by LC-MS/MS to determine 

the total proteome from each sample (Figure 2.13 and Table 2.4).  From the proteomics 

data, 11 of the 25 described selenoproteins in humans were detected (Table 2.5).  Of 

these 11 proteins, only the genes encoding TXNRD1 and GPX2 have predicted AREs 

to which NRF2 can bind.  Additionally, three of the five selenoprotein biosynthesis 

genes that were co-dependencies of GPX4 (Table 2.3) were also detected by 

proteomics (Table 2.5).   
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Figure 2.13: Proteomic analysis of cells with induction of shNRF2 reveals global 
enrichment of selenoproteins. (A) Schematic of proteomics approach.  All 
selenoproteins or proteins required for selenoprotein biosynthesis detectable by 
proteomics in A549 cells (B) or H1437 cells (C) after 72 hours of shNRF2 induction.  
Data presented are mean log2(fold change) of shNRF2 compared to shControl cells 
from three technical replicates.  Abundance (arbitrary units) of all selenoproteins 
detected in A549 cells (D) or H1437 cells (E).  Data presented are mean + SD from 
three technical replicates. p-values from uncorrected Student’s t-test: *p<0.05, **p<0.01, 
***p<0.001. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 74 

 

 
Figure 2.13 (Continued). 
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Table 2.4: Summary of proteomics data. 
Description Number of proteins 

Total detected 7944 
Significantly changed in shNRF2/shControl in A549 1621 
Significantly changed in shNRF2/shControl in H1437 3001 

 

 

Table 2.5: Abundance of selenoproteins and proteins required for selenoprotein 
biosynthesis by proteomics in A549 and H1437 cells. 

 
Gene shControl 

(Avg. norm. 
value) 

shNRF2 
(Avg. norm. 
value) 

t-test  
p-value 

Fold Change 
(shNRF2/shCtrl) 

A549 

GPX1 3.261 4.637 0.005 1.422 
GPX2 9.630 10.914 0.031 1.133 
GPX4 3.725 4.829 0.002 1.296 
TXNRD1 10.123 8.915 0.000 0.881 
TXNRD2 3.054 2.992 0.767 0.980 
TXNRD3 8.142 7.626 0.043 0.937 
SEPHS2 5.607 6.029 0.021 1.075 
SELH 6.806 8.418 0.008 1.237 
SEP15 5.320 5.962 0.060 1.121 
VIMP 4.631 6.148 0.005 1.328 
SELO 7.090 7.572 0.055 1.068 
EEFSEC 7.618 8.013 0.024 1.052 
SECISBP2 6.425 6.253 0.645 0.973 

H1437 

GPX1 9.386 19.179 0.001 2.043 
GPX2 8.139 7.364 0.156 0.905 
GPX4 10.088 18.055 0.001 1.790 
TXNRD1 10.139 7.535 0.000 0.743 
TXNRD2 15.215 17.144 0.032 1.127 
TXNRD3 11.474 9.916 0.005 0.864 
SEPHS2 10.183 14.908 0.000 1.464 
SELH 7.854 12.873 0.019 1.639 
SEP15 10.580 14.997 0.011 1.418 
VIMP 9.229 16.402 0.000 1.777 
SELO 10.628 11.586 0.007 1.090 
EEFSEC 10.570 10.656 0.787 1.008 
SECISBP2 12.038 12.631 0.046 1.049 
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In both cell lines, almost all of the selenoproteins detected have increased 

expression following down-regulation of NRF2 (Figure 2.13B and C).  This suggests that 

the induction of GPX4 after NRF2 knock-down is not unique, rather most selenoproteins 

are affected by a global modulation to selenoprotein biosynthesis.  Of the biosynthesis 

genes that were singled out, only the protein SEPHS2 was changed (increased) after 

down-regulation of NRF2.  SEPHS2 itself is also a selenoprotein.  In contrast, TXNRD1, 

which contains an ARE, is decreased after NRF2 knock-down.  TXNRD1 is highly 

abundant, up to orders of magnitudes higher than the other detectable selenoproteins 

(Figure 2.13D and E).  The decrease in TXNRD1 protein levels in cells with down-

regulation of NRF2 could release a large fraction of the total Sec pool, which could then 

be incorporated into other selenoproteins.  A complete understanding of this 

translational regulation requires further investigation.  Additional insights from the 

proteomics data will be discussed in the Appendix. 

 

Combined inhibition of GPX4 and NRF2 leads to substantial cell death 

The findings shown above indicate that reduction of NRF2 affects both 

proliferation and survival of inner cells in 3D spheroids.  GPX4, which was a drop-out hit 

from the pooled CRISPR-Cas9 screen in 3D spheroids, was also shown to be critical for 

survival of inner cells by preventing ferroptosis.  Notably, death of inner cells induced by 

down-regulation of NRF2 was also through ferroptosis.  Furthermore, GPX4 itself is not 

a target of NRF2 and is actually induced by loss of NRF2.  Thus, we hypothesized that 

the surviving outer cells after the induction of shNRF2 could be dependent on GPX4.  

Therefore, we assessed the effects of combined reduction of NRF2 and inhibition of 



 77 

GPX4 on 3D spheroid growth.  A549 and H1437 cells were grown under 3D culture 

conditions for 13 days.  For A549 cells, shNRF2 was induced from the beginning of the 

experiment.  For H1437 cells, spheroids were established in 3D for one week before 

shNRF2 was induced to promote formation of spheroids (Figure 2.14A, schematic on 

top).  Spheroids were then treated with ML210 for the final three days of culture.  

Treatment of the shContol vector-transduced A549 and H1437 spheroids with ML210 

increased inner clearance as expected (Figure 2.14A).  In contrast, treatment of 

spheroids with ML210 in combination with down-regulation of NRF2 resulted in death of 

both inner and outer cells (Figure 2.14A). 

Next, we investigated whether combined reduction of NRF2 and inhibition of 

GPX4 activity was specifically lethal in 3D spheroids or whether this combination was 

also lethal to cells in 2D culture conditions.  We carried out dose-response analysis of 

spheroids with induction of shControl or shNRF2 in 2D and 3D culture conditions.  

Notably, A549 cells were sensitive to ML210 even in the absence of genetic 

manipulations in 2D culture conditions, whereas H1437 cells were not sensitive (Figure 

2.14B, left panels).  This could be due to the difference in their KRAS mutation state 

since ferroptosis inducers, such as ML210, were initially identified to be selectively 

lethal in RAS-mutant tumor cells and mesenchymal cell states35-38.  A549 cells have an 

activating KRAS mutation, whereas H1437 cells contain wild-type KRAS.  Down-

regulation of NRF2 in either cell line in 2D sensitized them to ML210 (Figure 2.14B, left 

panels), suggesting that loss of a second antioxidant program is required to observe an 

impact caused by reduction of NRF2 in 2D cultures. 
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Figure 2.14: Combined loss of NRF2 and inhibition of GPX4 leads to death of both 
inner and outer cells in 3D spheroids. (A) Representative confocal microscopy 
images of DAPI staining in A549 and H1437 spheroids with induction of shControl or 
shNRF2.  ML210 (10 µM) was added for the last 72 hours in culture.  Images were 
taken on Day 13 from one out of three independent experiments. (B) A549 and H1437 
dose-response curves to ML210 in 2D and 3D culture conditions.  ML210 was added for 
the final 72 hours in culture.  Data presented are mean + SD from one representative 
experiment. (C) A549 and H1437 dose-response curves to ML210 in 2D and 3D culture 
conditions in the presence of Ferrostatin-1 (3 µM for last 72 hours of culture). (D) 
Assessment of lipid peroxidation using the C11-BODIPY probe in A549 spheroids with 
induction of shControl or shNRF2 after 10 days in 3D culture conditions.  ML210 (1 µM) 
was added for the last 72 hours of culture (representative confocal microscopy images 
with ratiometric pseudocoloring). (E) Quantification of relative C11-BODIPY signal in the 
inner versus outer region of spheroids. Data presented are mean + SD from one 
representative experiment on Day 10. 
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Figure 2.14 (Continued). 
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In 3D cultures, induction of shNRF2 more strongly sensitized spheroids to ML210 

treatment (Figure 2.14B, right panels).  In both 2D and 3D culture conditions, sensitivity 

to ML210 in cells with induction of shNRF2 was completely rescued by co-treatment 

with Fer-1 (Figure 2.14C).  Interestingly, co-treatment with Fer-1 rescued sensitivity of 

A549 cells with induction of shControl to ML210, which we had previously observed to 

be highly sensitive to ML210. 

Given that down-regulation of NRF2 increased lipid peroxidation, we next 

assessed whether the combined loss of NRF2 and GPX4 exacerbated lipid peroxidation 

to potentiate cell death.  As a part of the prior C11-BODIPY experiment (Figure 2.11D), 

we assessed lipid peroxidation in cells with reduction of NRF2 and treated with ML210.  

Cells were treated with one-tenth less ML210 to avoid total cell death.  However, 

excessive cell death was still observed in H1437 spheroids.  Hence, only data for A549 

spheroids is available.  Since the cell plating and data acquisition occurred concurrently 

as the experiment presented in Figure 2.11D, the relative C11-BODIPY signal of A549 

spheroids treated with ML210 can be directly compared to untreated spheroids in Figure 

2.11D.  ML210 treatment in shControl vector-transduced spheroids displayed elevated 

lipid peroxidation in both the inner and outer regions of the spheroids (Figure 2.14D and 

Figure 2.11D).  ML210 treatment in spheroids with induction of shNRF2 also increased 

lipid peroxidation in the inner and outer regions of the spheroids (Figure 2.14D and E) 

compared to untreated spheroids (Figure 2.11D).  The combined effect of down-

regulation of NRF2 and GPX4 inhibition was especially prominent in the inner core of 

3D spheroids and is greater than that observed with down-regulation of NRF2 alone 
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(Figure 2.14E).  Thus, the combined targeting of multiple oxidative stress defense 

programs is required to kill tumor cells efficiently. 

 

Discussion 

  

Here, we have leveraged CRISPR-Cas9 screening and physiologically relevant 

in vitro model systems to uncover novel insights into the role of NRF2 in supporting lung 

cancer cell spheroid growth.  Use of 3D models made it possible to delineate multiple 

independent processes that are regulated by NRF2 to support cancer cell growth as 

well as provide broader insights into other programs that control cancer cell survival and 

proliferation.  These findings were possible because 3D spheroids better recapitulate 

many aspects of the architecture of tumors that cannot be modeled in monolayer 

cultures such as inner and outer cells, differential exposures and adaptations to cellular 

stresses, quiescence, and death of cells in the inner luminal space.  Tumor cells can 

bypass some of these constraints to survive and proliferate in the luminal space.   

Our studies revealed that NRF2 has a large effect on 3D growth by regulating 

two distinct processes during the formation of lung cancer cell spheroids: proliferation 

(which is antioxidant-independent) and inner cell survival (which is antioxidant-

dependent; Figure 2.15).   
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Figure 2.15: NRF2 promotes proliferation and inner cell survival of tumor cell 
spheroids.  Regulation of proliferation by NRF2 is antioxidant-independent and may 
involve activation of the mTOR pathway, while regulation of inner cell survival is 
antioxidant-dependent.  Loss of NRF2 in established tumor cell spheroids increases 
ROS levels, which leads to increased lipid peroxidation in the inner luminal space of 
spheroids.  This ultimately results in ferroptotic death of inner cells and clearing of the 
inner luminal space.  Loss of GPX4 in spheroids does not increase ROS levels but does 
increase lipid peroxidation which also results in ferroptotic death of the inner cells of 
spheroids.  Loss of both NRF2 and GPX4 results in overwhelming oxidative stress and 
lipid peroxidation throughout the spheroid which causes death of all cells. 
 

 

Furthermore, NRF2 score was associated with the ability to form 3D spheroids 

efficiently.  Interestingly, NRF2 score was highly correlated to proliferation in primary 

patient tumors, yet there was no correlation between NRF2 score and proliferation of 

cancer cell lines cultured in conventional 2D monolayer conditions.  This suggested that 

NRF2 function may be context-specific and that the study of NRF2 in 3D spheroids is 

more physiologically relevant. 

The two top hits that were identified in the CRISPR screens, TSC1 and GPX4, 

were found to regulate two independent processes.  Loss of TSC1 enhanced 
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proliferation in spheroids without affecting clearance of the inner cells caused by down-

regulation of NRF2, while loss of GPX4 increased death within tumor spheroids without 

affecting proliferation.  Loss of either of these genes had no major impact on growth in 

2D monolayer conditions.  

The function of NRF2 in the regulation of proliferation has not been as well 

studied as its antioxidant function.  In cancer cells, high levels of ROS are produced by 

altered metabolism, mitochondrial dysfunction, and processes that support cell 

proliferation, such as cellular respiration and protein folding39,40.  Thus, it is widely 

believed that NRF2 indirectly supports proliferation by neutralizing oxidative stresses 

associated with proliferation.  For example, it has been previously shown that 

oncogenes such as K-RasG12D and B-RafV619E up-regulate transcription of NRF2 to 

neutralize ROS, and that loss of NRF2 in these contexts leads to reduced proliferation 

and an oxidized intracellular environment1.  Furthermore, NRF2 has been shown to 

promote proliferation by controlling mRNA translation through maintaining the reduced 

state of specific cysteine residues in regulators of the translational machinery2.  These 

examples show that NRF2 regulates proliferation indirectly through its antioxidant 

function.  Using 3D spheroids, we have shown that the regulation of proliferation by 

NRF2 occurs in the early, highly proliferative stage of spheroid growth and is 

independent of its antioxidant function.  This suggests that other cellular processes 

supported by NRF2, but that are not dependent on its role in neutralizing ROS, could be 

equally as or more important contributors to proliferation.  This will be further discussed 

in Chapter 3.  

It was not unexpected that a top hit from the CRISPR screens was loss of TSC1,  
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an upstream repressor of mTOR.  Activation of the mTOR pathway strongly supports 

proliferation, and during the early phase of spheroid growth, activation of the mTOR 

pathway could be extremely advantageous to the cell.  Loss of TSC1 is not sufficient to 

promote proliferation when NRF2 is also down-regulated.  It was also observed that 

NRF2-hyperactivated lung cancer cell lines were more sensitive to PI3K/mTOR 

inhibitors.  These data suggest that NRF2-hyperactivated tumors may be more 

dependent on mTOR signaling; however, this warrants further investigation.  

We found that down-regulation of NRF2 increased ROS levels, which led to 

elevated lipid peroxidation and ultimately death of the inner cells of spheroids.  This 

process was rescued by treatment with the ferroptosis inhibitor Ferrostatin-1 (Fer-1),  

which suggests that hyperactivation of NRF2 promotes resistance to ferroptosis in order 

to bypass cell death.  Indeed, NRF2 has been shown to mediate resistance to 

ferroptosis-inducing compounds in cancer cells41,42.  Here, we have shown that NRF2 

mediates resistance to ferroptosis induced by oxidative stress associated with 

morphogenesis of spheroids.  The precise gene targets the mediate this protection have 

not been elucidated; however, it is likely that the mechanism is primarily through the 

induction of genes that protect against ferroptosis.  These gene targets may include 

genes involved in iron metabolism such as FTH1, genes required for NADPH synthesis 

such as ME1 and pentose phosphate pathway genes, and genes required to produce 

GSH (the GPX4 co-factor) such as SLC7A11, GCLC, and GCLM7,41-43.  The evidence 

that these genes didn’t score as dependencies in our screen is likely due to the fact the 

multiple genes together contribute to protection from ferroptosis.  In the literature, GPX4 

has been implicated as a downstream target of NRF27,44.  Thus, one hypothesis for the 
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increased sensitivity to ferroptosis upon down-regulation of NRF2 is that GPX4 is down-

regulated.  We have shown that this is not true.  Instead, we showed that GPX4 is not a 

transcriptional target of NRF2 and that GPX4 protein levels are upregulated upon 

reduction of NRF2.  Altogether, our data and that of others have shown that NRF2 is a 

powerful mediator of resistance to apoptotic45,46 and non-apoptotic cell death.  

We observed a dichotomy between the effects of reduction in NRF2 or GPX4 on 

cells within different regions of the spheroid, specifically that inner cells die while outer 

cells survive (Figure 2.15).  We have previously shown that inner cells of normal and 

cancer spheroids have higher levels of ROS than the outer cells20,47, and we have 

shown here that lipid peroxidation is also significantly higher in the inner cells.  One 

possibility for the preferential death of inner cells is that the threshold for death is 

lowered for inner cells due to increased baseline levels of oxidative stress in the center 

of spheroids.  Therefore, loss of either NRF2 or GPX4 alone is sufficient to elevate lipid 

peroxidation above a threshold that induces ferroptosis.  Alternatively, the threshold for 

tolerance against oxidative stress in outer cells could be higher than in the inner cells.  

Our lab has previously demonstrated that matrix-attached outer cells behave differently 

than matrix-detached inner cells20,48.  In particular, outer cells can undergo an adaptive 

response to upregulate pro-survival programs and mediate resistance to drug treatment.  

For example, we have shown that under stress (e.g. dietary restriction or growth factor 

starvation), matrix-attached human mammary cells upregulate b4-integrin to prevent cell 

death49.  Interestingly, b4-integrin has been shown to promote resistance to ferroptosis-

inducing compounds in mammary epithelial cells50.  Similarly, loss of either NRF2 or 

GPX4 in outer cells could induce an adaptive response that initiates pro-survival 
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programs to cope with oxidative stress.  Future work will assess whether a similar 

mechanism, or other molecular changes, also occur in the outer cells of lung cancer 

spheroids in response to elevated oxidative stress.   

Loss of NRF2 and GPX4 resulted in death of both inner and outer cells.  We 

speculate that the loss of both antioxidant genes increases the level of oxidative stress 

for both inner cells and outer cells to trigger the execution of ROS-mediated cell death.  

Rescue of this death was observed by treatment with Fer-1, which suggests that death 

for both inner and outer cells is likely through ferroptosis although further investigation 

into whether both caspase-dependent and other caspase-independent mechanisms of 

cell death are involved is still warranted. 

The finding from these studies have several important implications for cancer 

therapeutics.  One, these studies have provided further support for the use of 3D 

spheroid models to identify therapeutic targets and to understand tumor cell biology that 

may be masked in conventional 2D monolayer assays.  Two, our findings provide 

further support for targeting the antioxidant capacity of cells as a therapeutic strategy in 

cancer cells that have evolved in environments of high oxidative stress, such as in lung 

cancer and squamous cell carcinomas.  These tumors could be identified through 

analysis of the status of NRF2 activation.   We and others3,14,16 have derived NRF2 

signatures for this purpose.  A therapeutic strategy may be through induction of 

ferroptosis either by targeting NRF2 directly, targeting GPX4 directly, targeting NRF2 

transcriptional targets that impact ferroptosis (such as SLC7A11), or through targeting 

other pathways that impact sensitivity to lipid peroxidation (such as ACSL4).  The 

development of compounds targeting anti-ferroptotic regulators may be a promising 
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approach and could be particularly effective in combination treatments akin to 

combination strategies including inhibitors of anti-apoptotic proteins which are being 

tested in clinical trials51.   

Oxidative stress in tumor cells is high because many stresses associated with 

tumorigenesis, such as hypoxia and nutrient deprivation, matrix-detachment, metabolic 

defects, ER stress, and activation of oncogenic signaling pathways increase ROS 

levels.  Importantly, we have observed that inner and outer cells have different 

thresholds for ROS-induced cell death, which suggests that different regions of tumor 

are likely to have differential capacities for oxidative stresses and sensitivity to 

ferroptosis-inducing compounds.  Outer cells of spheroids behave most like tumor cells 

that are proliferative, anchorage-dependent, or have access to nutrients, such as cells 

nearest to blood vessels.  Our findings suggest that these cells within a tumor will have 

a high oxidative stress threshold.  Thus, targeting multiple oxidative stress defense 

programs may be required for maximal killing of all cells within a tumor.  Finally, future 

work should address which patient populations would benefit most from anti-ferroptotic 

strategies, whether this is specifically associated with those tumors exposed to oxidative 

stress, or whether it only occurs during certain stages of tumorigenesis (e.g. 

detachment from extracellular matrix).  Further work into understanding the molecular 

mechanisms that result in the execution of ferroptosis could also present new targets for 

intervention. 
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Methods 

 
Cell culture 

A549 and H1437 cell lines were obtained directly from ATCC and identity was verified 

by STR profiling.  All cells were maintained in RPMI 1640 (Life Technologies) 

supplemented with 10% fetal bovine serum (Sigma-Aldrich) and 1% 

penicillin/streptomycin (Life Technologies) (referred to as ‘complete media’ hereafter).  

Gene knock-down cells were generated using TRIPZ-inducible lentiviral shRNAs or 

TRC lentiviral shRNAs (Dharmacon).  For TRIPZ-inducible shRNAs, doxycycline (1 

µg/mL) was added either at the start of culture or after 7 days as indicated in the 

Results and in figure legends.  Gene knock-out cells were generated by CRISPR-Cas9 

with the sgRNA sequences listed in Table 2.6.  LentiCRISPRv2-blast was used for 

single gene knock-outs (Addgene Cat. No. 83840).  For cell counts and growth of panel 

of cell lines in 3D, cells were plated on 24-well ultra-low attachment plates (Corning) in 

complete media supplemented with 4% Matrigel™ (Corning).  Media was refreshed 

every four days by carefully aspirating 50% of the well volume and replacing with fresh 

complete media containing 1% Matrigel™. 

 

Table 2.6: sgRNA sequences used. 
sgRNA Sequence 
sgControl CGCGATAGCGCGAATATATT 
TSC1 #1 TGACATCGGCTGAACGATG 
TSC1 #2 GACATGACCCAGTAACGAG 
KEAP1 #5 GGCGCTCCATGACCTTGGGG 
KEAP1 #6 AGTACGACTGCGAACAGCGA 

 

 



 89 

Real-time qPCR 

RNA was extracted using PureLink™ RNA Mini Kit (Life Technologies) and cDNA was 

made from 1µg RNA using the qScript cDNA Synthesis Kit (Quanta Biosciences).  Real-

time qPCR was performed on a QuantStudio 7 Flex Real Time PCR System (Thermo 

Fisher) using Power SYBR Green PCR Mix (Life Technologies).  The qPCR primer 

sequences used are listed in Table 2.7.  Expression was normalized to RPS9. 

 

Table 2.7: qPCR primer sequences used. 
Gene Forward primer Reverse primer 
RPS9 GCGCCATATCAGGGTCCGCA CCACCCCCGTAGGGAGAGCG 
NRF2 GAGACAGGTGAATTTCTCCCAAT TTTGGGAATGTGGGCAAC 
NQO1 CAAAAGAAGCTGGAAGCCGC GCCTTCTTACTCCGGAAGGG 
GCLC CAGCCCTACGGAGGAACAATG TGGCCTCAACTGTATTGAACTC 
GCLM CCCAGATTTGGTCAGGGAGT ATCCAGCTGTGCAACTCCAA 
GPX4 TTCCCGTGTAACCAGTTCGG GGTGAAGTTCCACTTGATGGC 

 

 

Western blot 

For analysis of NRF2, cells were treated with MG132 (20 µM) for the last 1.5 hours of 

culture.  Cells were lysed in RIPA lysis buffer (Boston BioProducts) containing protease 

and phosphatase inhibitor cocktails (Roche) and MG-132 (Sigma-Aldrich).  Protein 

concentration was quantified by BCA assay (Thermo Fisher).  Equal amounts of protein 

were run on 4-20% Tris-Glycine gels (Life Technologies) and transferred to PVDF 

membranes.  Membranes were blocked with 5% w/v bovine serum albumin or 5% w/v 

non-fat dry milk in Tris-buffered saline with 0.1% Tween-20.   The following primary 

antibodies were used: β-actin (Sigma Cat. No. A1978), NRF2 (Cell Signaling Cat. No. 

12721S, GPX4 (Abcam Cat. No. ab125066), TSC1 (Cell Signaling Cat. No. 6935), 
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ACSL4 (Santa Cruz Cat. No. sc-271800).  Blots were imaged using Luminata Western 

HRP substrate (EMD Millipore). 

 

Immunofluorescence staining and confocal microscopy   

Cells were plated on Matrigel™-coated, glass-bottom, 24-well plates in complete media 

supplemented with 2% Matrigel™.  Media was replaced every two or three days with 

fresh complete media containing 2% Matrigel™.  Complete media was supplemented 

with NAC, GSH-EE, or Ferrostatin-1 at the concentrations and durations indicated in 

figure legends.  Spheroids were fixed with 4% paraformaldehyde and stained as 

previously described (http://brugge.hms.harvard.edu). The following antibodies were 

used: Ki67 (Dako Cat. No. M724029-2), cleaved caspase-3 (Asp175) (Cell Signaling 

Cat. No. 9661).  Nuclei were counterstained with DAPI (Sigma).  Fluorescent images 

were acquired using the Eclipse Ti-E microscope with A1R point scanning confocal 

(Nikon). Data was processed with NIS Elements software (Nikon). 

 

Bioinformatic analyses to derive NRF2 signature and score 

LUSC, LUAD, HNSC, CSCC primary patient data was retrieved from The Cancer 

Genome Atlas (TCGA) Research Network (https://www.cancer.gov/tcga).  Identification 

of genes associated with NRF2-hyperactivation and NRF2 gene signature were as 

described in the Results.  Data on cancer cell line doubling time was retrieved from 

CRISPR (Avana) Public Release 19Q2 via DepMap (https://depmap.org).  Cell line drug 

sensitivity data was retrieved from the Genomics of Drug Sensitivity in Cancer (GDSC) 

Release 7.0 (https://www.cancerrxgene.org). 
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Pooled CRISPR-Cas9 screen 

A custom, pooled lentiCRISPR library was generated by Sigma-Aldrich.  Identification of 

approximately 1500 genes for the custom library are described in the Results.  For 1400 

of these genes (including 5 essential genes that were specifically included as positive 

controls), the coverage was 10 sgRNAs per gene.  For the remaining genes of interest, 

only those genes in which at least 3 sgRNAs were designed were included in the 

production of the library.  Additionally, 100 non-targeting sgRNAs were included in the 

library for negative controls.  Cloning of sgRNAs into the lentiGuide-puro backbone, 

verification of library content by deep sequencing, and production and titering of virus 

were performed by Sigma.  A549 and H1437 cells were transduced with lentiCas9-blast 

and then with the lentiGuide-puro library at an expected MOI of 0.25 and coverage of 

500 cells per sgRNA.  Immediately after selection, one aliquot of cells was saved as the 

reference sample (T0 sample).  The remaining cells were plated for 2D and 3D culture in 

complete media supplemented with 1% Matrigel™.  Cells cultured in 2D were passaged 

approximately every four days or as needed, with aliquots of cells saved at each 

passage.  Cells in 3D culture were maintained in ulta-low attachment flasks (Corning), 

and media was replenished every four days by carefully aspirating 50% of the media 

and replacing with fresh complete media supplemented with 1% Matrigel™.  After 20 

days in culture, the number of population doublings in 3D was determined and cells 

were collected for gDNA isolation (3D sample).  The saved aliquot of cells cultured in 

2D with the most closely matched number of population doublings was the 2D sample.  

gDNA from the T0, 2D, and 3D samples were isolated using the QIAamp DNA Mini Kit 

(Qiagen).  A nested PCR amplification protocol was used to amplify sgRNA sequences.  



 92 

Outer PCR cycling conditions: 95°C for 2 minutes, then 12 cycles of 95°C for 20 

seconds - 56°C for 30 seconds - 72°C for 18 seconds, lastly 72°C for 2 minutes.  Inner 

PCR cycling conditions: 95°C for 2 minutes, then 18 cycles of 95°C for 20 seconds - 

56°C for 30 seconds - 72°C for 18 seconds, lastly 72°C for 2 minutes.  The primers 

used are listed in Table 2.8. 

 

Table 2.8: Nested PCR amplification primers. 
Outer PCR primers Sequence 
GeCKOv2-outer-F AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG 
GeCKOv2-outer-R CTTTAGTTTGTATGTCTGTTGCTATTATGTCTACTATTCTTTC

C 
Inner PCR primers Sequence 
P5-Amp-GeCKO-F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC

GACGCTCTTCCGATCTNNNNNNCTTGGCTTTATATATCTTGTG
G 

P7.X-Amp-GeCKO-R CAAGCAGAAGACGGCATACGAGATnnnnnnGTGACTGGAGTTC
AGACGTGTGCTCTTCCGATCCAAGTTGATAACGGACTAGC 
where [nnnnnn] is a 6bp index 

 

 

Amplified PCR product was purified and gel extracted using the QIAquick PCR 

Purification Kit (Qiagen) and QIAquick Gel Extraction Kit (Qiagen), respectively.  Quality 

control and quantification of PCR product was determined by TapeStation and qPCR 

analysis at the Bauer Core (Harvard University).  Samples were pooled 1:1 with a 50% 

PhiX DNA spike-in and sequenced on an Illumina NexSeq at the Bauer Core.  Quality  

control, mapping, normalization, and analysis of sequencing data was performed using  

MAGeCK-VISPR23. 
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Measurement of intracellular iron and ROS 

Cells were cultured in 3D in complete media supplemented with 1% Matrigel™ in ultra-

low attachment flasks.  Media was refreshed every four days as described above and 

assayed after 10 days of growth in 3D culture.  Ferrous (Fe2+) and ferric (Fe3+) iron were 

assayed using an Iron Assay Kit (Abcam) as per the manufacturer’s protocol.  H2O2 was 

assessed using the ROS-Glo™ H2O2 Assay (Promega) as per the manufacturer’s 

protocol. 

 

C11-BODIPY lipid peroxidation assay  

Cells were plated on Matrigel™-coated, glass-bottom, 24-well plates in complete media 

supplemented with 2% Matrigel™ and C11-BODIPY™ 581/591 (1 μM; Invitrogen). 

Media was refreshed every two or three days. Ratiometric images of C11-

BODIPY581/591 were obtained by simultaneous acquisition of fluorescent images 

(excitation: 488 nm, emission: 520 nm and 595 nm) using the Eclipse Ti-E microscopes 

with A1R point scanning confocal (Nikon). Data was processed using the NIS Elements 

software (Nikon). 

 

Proteomics 

Cells were plated in complete media and allowed to adhere to plates for 24 hours.  

shRNAs were induced by replacing media with fresh complete media containing 

doxycycline (1 µg/mL).  Seventy-two hours after induction of shRNAs, cells were 

trypsinized, washed with PBS, and snap frozen.  Cells were syringe-lysed in 8 M urea 

and 200 mM EPPS pH 8.5 with protease inhibitor.  BCA assay was performed to 
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determine protein concentration of each sample.  Samples were reduced in 5 mM 

TCEP, alkylated with 10 mM iodoacetamide, and quenched with 15 mM DTT. 100 µg 

protein was chloroform-methanol precipitated and re-suspended in 100 µL 200 mM 

EPPS pH 8.5.  Protein was digested by Lys-C at a 1:100 protease-to-peptide ratio 

overnight at room temperature with gentle shaking. Trypsin was used for further 

digestion for 6 hours at 37°C at the same ratio with Lys-C.  After digestion, 30 µL 

acetonitrile (ACN) was added into each sample to 30% final volume.  200 µg TMT 

reagent (126C, 126N, 126C, 127N, 127C, 128N, 128C, 129N, 129C, 130N, 130C, 130N 

or 131C) in 10 µL ACN was added to each sample and mixed.  After 1 hour of labeling, 

2 µL of each sample was combined, desalted, and analyzed using mass spectrometry.  

Total intensities were determined in each channel to calculate normalization factors.  

After quenching using 0.3% hydroxylamine, six samples were combined in 1:1 ratio of 

peptides based on normalization factors.  The mixture was desalted by solid-phase 

extraction and fractionated with basic pH reversed phase (BPRP) high performance 

liquid chromatography (HPLC), collected onto a 96 six well plate and combined for 24 

fractions in total52.  12 fractions were desalted and analyzed by liquid chromatography-

tandem mass spectrometry (LC-MS/MS).  Mass spectrometry data were collected on an 

Obitrap Fusion mass spectrometer in-line with a Proxeon NanoLC-1200 UHPLC.  The 

100 μm capillary column was packed with 35 cm of Accucore 150 resin (2.6μm, 150 Å; 

Thermo Fisher Scientific). Spectra were converted to mzXML.  A SEQUEST-based 

software tool was used for database searching including all entries from the Mouse 

UniProt Database.  The data was searched using a precursor ion tolerance of 50 ppm, 

fragment ion tolerance of 0.9 Da with trypsin specificity, and allowing two missed 
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cleavages.  Oxidation on methionine residues (+15.995 Da) was used as variable 

modification, and carbamidomethylation of cysteine residues (+57.021), TMT tags on 

lysine residues, and peptide N termini (+229.163 Da) were used as fixed modifications. 

Quantified protein with total intensities > 100 summed across eleven channels were 

used for further analysis.  

 

Dose response curves 

Cells were plated on Matrigel™-coated, 96-well plates in complete media supplemented 

with 2% Matrigel™ and doxycycline (1 µg/mL).  Media was refreshed every two or three 

days, and cells were treated for the final three days of growth with ML210 at multiple 

doses.  Plates were fixed with 4% paraformaldehyde on Day12.  Cells expressing 

doxycycline-inducible shRNAs also express RFP driven by the same tetracycline 

response element.  Therefore, to determine relative live cell numbers, RFP-positive 

areas were measured using an Acumen Cellista (TTPLabTech). 

 

Statistical analysis 

Statistical analysis and data visualization were performed using GraphPad Prism or  

RStudio. 
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Chapter 3 

 

 

Discussion 
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Summary and perspectives 

  

The dichotomous role of antioxidants in tumorigenesis is starting to be 

appreciated.  Our current understanding is that antioxidants prevent tumor initiation yet 

promote tumor progression.  Targeting the antioxidants responsible for transformation is 

a promising anti-cancer strategy; however, there are many antioxidants that allow cells 

to adapt to oxidative stress.  Due to overlapping functions of many antioxidants (either 

as a result of multiple isoforms of functionally identical enzymes or enzyme 

promiscuity), the effect of targeting singular antioxidants may not be sufficient to prevent 

tumor progression.  Thus, identifying and targeting vital antioxidant programs or 

dependencies of antioxidant programs is critical.  Moreover, understanding how cancer 

cells bypass oxidative stress-induced cell death during tumorigenesis may highlight new 

vulnerabilities that can be targetable.  In these studies, we addressed the role of NRF2, 

the transcriptional master regulator of the cellular antioxidant response, in promoting 

tumor cell growth using 3D spheroid models.  Then, using a pooled CRISPR-Cas9 

screening approach, we identified TSC1 and GPX4 as regulators of NRF2-

hyperactivated lung cancer spheroid growth. 

We showed that NRF2 score did not correlate with proliferation in cancer cell 

lines maintained in conventional 2D monolayer conditions.  Yet, our bioinformatic 

analysis of TCGA data showed that NRF2 score is highly correlative with proliferation in 

primary patient lung tumors.  This indicated that NRF2 function may be context-specific 

and that biological processes regulated by NRF2 may not be adequately recapitulated 

in 2D monolayer cultures.  Using 3D spheroid models, we showed that reduction of 
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NRF2 significantly impacted tumor cell growth in both A549 and H1437 cells.  

Interestingly, when a panel of lung cancer cell lines were tested for 3D growth, cell lines 

with high NRF2 scores were associated with efficient spheroid formation.  Furthermore, 

our analyses revealed that NRF2 regulates proliferation and inner cell survival in 

antioxidant-independent and antioxidant-dependent manners, respectively.  These 

specific proliferation and inner cell survival phenotypes would not have been observed 

in 2D monolayer cultures. 

A significant finding from our studies is that death of inner cells of spheroids, 

either when NRF2 is reduced or when GPX4 is inhibited, is through ferroptosis.  

Similarly, NRF2 has been observed to prevent ferroptosis in studies of glioblastoma1 

and head and neck2 cancer cells.  In the SELECT clinical trial, dietary supplementation 

with vitamin E, a lipophilic antioxidant known to prevent lipid peroxidation, increased 

cancer incidence in healthy adult males3.  Those studies and the research described in 

this thesis suggest that suppressing ferroptosis promotes tumor progression.  It remains 

unclear whether specific tumor types are more sensitive to ferroptotic cell death and 

whether activation of other antioxidant programs can also suppress ferroptosis.  

Furthermore, it is unclear whether there are other cell death pathways, in addition to 

ferroptosis, that can be suppressed by NRF2-hyperactivation. 

Sensitivity to ferroptosis has been implicated in various cancer cell states, such 

as mesenchymal4, drug-tolerant persister5, and de-differentiated6 cell states.  It is 

currently unclear whether these are similar or potentially the same cell states.  

Commonalities between these GPX4-dependent states, including expression of 

mesenchymal markers and enrichment of polyunsaturated fatty acids, suggests that 
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they are likely the same.  One possibility that explains the sensitivity of inner cells of 

spheroids to ferroptosis is that the inner cells are in a mesenchymal cell state while 

outer cells are not.  Detachment of cancer cells from the extracellular matrix induces 

cellular changes that promote cancer cell survival during anchorage-independence.  

One such change is an epithelial-to-mesenchymal transition (EMT)7.  Therefore, the 

sensitivity of inner cells to ferroptosis could be attributable to a mesenchymal cell state 

as a result of detachment from the extracellular matrix.  This could be addressed by 

immunofluorescence staining for epithelial and mesenchymal markers in 3D spheroids 

to examine whether inner cells express more mesenchymal markers. 

Another possible explanation for the sensitivity of inner cells to ferroptosis is a 

differential oxidative stress threshold between the inner and outer cells of tumor 

spheroids.  We have previously shown that inner cells of non-transformed and tumor 

cell spheroids have higher levels of ROS8,9, and here we have shown that inner cells 

have higher levels of lipid peroxidation compared to outer cells.  The additional amount 

of ROS needed to induce oxidative stress and cell death in inner cells could be 

responsible for the increased ferroptosis sensitivity.  Therefore, perturbation of either 

NRF2 or GPX4 alone is sufficient to elevate oxidative stress above a threshold required 

to cause cell death.  On the other hand, we previously showed that outer cells of non-

transformed and tumor cell spheroids have lower levels of ROS compared to inner 

cells8,9, and here we have shown that outer cells have lower levels of lipid peroxidation 

compared to inner cells.  Reduction of either NRF2 or GPX4 alone may not be sufficient 

to increase ROS above a threshold required to induce oxidative stress or death in the 

outer cells. 
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A third explanation for the survival of outer cells when NRF2 or GPX4 is down-

regulated is that outer cells have an increased tolerance for oxidative stress compared 

to inner cells.  Our lab has previously demonstrated that matrix attachment provides 

pro-survival cues to outer cells in response to drug treatment.  Matrix attachment allows 

cells to undergo adaption to the stress of drug treatment, whereas matrix-detached 

inner cells die10.  Similarly, matrix attachment could provide outer cells with pro-survival 

signals that allow for their adaption to increased oxidative stress when NRF2 is reduced 

or when GPX4 is inhibited.  Inner cells are detached from matrix and may not receive 

these cues or be able to undergo adaptation to the increased oxidative stress, which 

ultimately results in their death.  While the mechanisms regulating oxidative stress-

induced cell death are not clearly understood, the data presented in this thesis suggests 

that different cells within a tumor have differential oxidative stress thresholds. 

One takeaway for our studies is that targeting multiple antioxidant programs may 

be required to kill NRF2-hyperactived tumor cells.  The CRISPR screening data is 

consistent with this hypothesis, as few drop-out hits were direct targets of NRF2.  This 

suggests that loss of a single antioxidant enzyme is not sufficient to reduce cellular 

fitness significantly.  To interrogate the effect of loss of multiple genes simultaneously, a 

future approach could be to perform multiplexed, pooled CRISPR-Cas9 screens in 

which multiple sgRNAs targeting different genes involved in antioxidant regulation are 

introduced into the same cell. 

Because NRF2 function has been primarily assessed in monolayer cultures, 

other NRF2-mediated phenotypes may not have been adequately assessed in vitro thus 

far.  For example, NRF2-mediated metabolic reprogramming may be better assessed in 
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3D spheroid models.  Our lab has demonstrated that detachment of non-transformed 

mammary epithelial cells from the extracellular matrix results in diminished glucose 

uptake8.  Diminished glucose and glutamine metabolism in tumor cells spheroids have 

also been observed by the DeBerardinis lab11.  In the DeBerardinis study, altered 

glutamine metabolism in tumor cell spheroids was dependent on IDH1 and IDH2 for the 

transfer of NADPH from the cytosol to the mitochondria in order to suppress 

mitochondrial ROS.  Loss of either IDH1 or IDH2 significantly reduced spheroid size but 

had no impact on monolayer cell growth.  Interestingly, the NRF2-hyperactived lung 

cancer cell line H460 was used for those studies.  NRF2 has been described to regulate 

metabolic reprograming of glucose and glutamine into anabolic pathways12 and 

transcriptionally regulates IDH1.  The phenotypes in the DeBerardinis study may be 

regulated by NRF2 and could not have been studied in 2D monolayer cultures since 

those phenotypes were also specific to 3D spheroids.  Future studies could examine 

whether the phenotypes observed by the DeBerardinis lab are dependent on NRF2, and 

the combined inhibition of IDH1 and GPX4 could be examined to determine whether 

significant cell death in spheroids would be observed.  Entirely undescribed NRF2-

mediated metabolic processes may still be revealed using 3D spheroids.   

Another key takeaway from the research presented in this thesis is the 

importance of context when studying ROS- and antioxidant-mediated biological 

processes.  While the only antioxidant program examined in these studies was the 

NRF2 pathway, our observations suggest that using 3D spheroids may serve as a more 

appropriate model to interrogate oxidative stress and antioxidant biology than 

conventional 2D monolayer cultures.  Using 3D spheroids to study biological processes 
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may be particularly relevant in tissue systems that form acinar structures, such as in the 

lung. 

 

Unanswered questions and future directions 

 

We have shown that NRF2 regulates multiple biological processes that contribute 

to tumor progression, but a number of outstanding questions regarding the role of 

antioxidants and NRF2 in promoting tumorigenesis still remain. 

One question that was raised was whether inner cells and outer cells of 

spheroids have differential thresholds for oxidative stress with inner cells having a low 

threshold and outer cells having a comparatively high threshold.  A differential oxidative 

stress threshold could explain why targeting multiple antioxidants pathways was 

required to efficiently kill all cells of the spheroids.  We have performed reverse phase 

protein array (RPPA) on A549 and H1437 spheroids after eight days of growth in 3D 

culture conditions.  Preliminary analysis supports that down-regulation of NRF2 results 

in activation of stress pathways and pathways that promote adaption to stress.  Pro-

survival programs that were activated in spheroids with down-regulation of NRF2 

include the anti-apoptotic proteins MCL1 and BCL-xL and the NF-kB and mTOR 

pathways.  Notably, the MAPK stress pathways p38 and JNK, which are involved in 

adaptation to stress, were also upregulated upon down-regulation of NRF2 in spheroids.  

A future aim would be to investigate whether these signals are exclusively activated by 

the outer cells of spheroids.  One limitation to using an unbiased approach for the 

distinct profiling of inner and outer cells is the current inability to sort and separate these 
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groups of cells.  Instead, this question can be addressed by immunofluorescence 

staining for stress and adaptation markers in lung cancer cell spheroids with and without 

down-regulation of NRF2.  Furthermore, spheroids can be treated with GPX4 inhibitors 

and inhibitors of pro-survival pathways (e.g. with BCL-xL inhibitors) to determine 

whether these combinations would cause death of inner and outer cells of spheroids. 

The specific mechanisms that lead to ferroptotic cell death in the inner cells are 

still not entirely understood.  For instance, the sources and types of ROS that are 

induced in the inner cells remain unknown.  We also cannot yet exclude that reduction 

of NRF2 impacts the composition of lipid membranes (e.g. increased proportion of 

polyunsaturated fatty acid-containing phospholipids) which leads to an increased 

susceptibility to ferroptosis.  The precise lipid membranes that are affected as well as 

the executioners of ferroptosis also remain unknown at this time.  Understanding these 

phenomena could present new targetable vulnerabilities. 

Another important question to address is whether the hits from the CRISPR-Cas9 

screen are specific to NRF2-hyperactivated lung tumor cells since these would be the 

most appealing targets for therapeutic intervention in NRF2-hyperactived tumors.  At 

this time, we cannot exclude that the hits from our screens are regulators of 3D 

spheroid growth for all lung cancer cell lines or, even more broadly, for all cell lines that 

can form 3D spheroids.  To address this issue, a key next step is to validate the top hits 

from the initial screen in a larger panel of NRF2-hyperactivated and wild-type lung 

cancer cell lines.  This can be achieved by performing secondary, pooled CRISPR-Cas9 

screens in in vivo xenograft models with a CRISPR library consisting of a selection of 

the top hits from the initial screen.  Follow-up of dependencies that are specific to 
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NRF2-hyperactivated cell lines should be further pursued in vitro and with GEMMs.  

One consideration for the secondary screens is confounding genetic alterations.  For 

example, GPX4 was identified from the pooled CRISPR-Cas9 screens as a dependency 

in both A549 and H1437 spheroids.  However, A549 cells were also sensitive to the 

GPX4 inhibitor ML210 in 2D culture conditions.  This is likely because RAS-mutant 

tumor cells have been described to be sensitive to GPX4 inhibition, which was later 

identified to be due to their mesenchymal cell state13-15.  A549 cells are KRAS-mutated, 

and from our preliminary RPPA analysis, have low expression of the epithelial cell 

markers E-cadherin, EMA, and claudin-7 and high expression of the mesenchymal cell 

markers fibronectin and N-cadherin compared to H1437 cells (data not shown), 

suggesting that A549 cells are mesenchymal.  This would explain their sensitivity to 

ML210 even in 2D culture conditions.  Thus, when performing the secondary validation 

screens, and more specifically when following-up on GPX4, cell states, specifically 

mesenchymal status, should be carefully considered. 

Upregulation of antioxidant programs primarily promotes tumor progression once 

cancer cells have acquired a proliferative signal.  It is commonly reported that a primary 

mechanism by which NRF2 supports proliferation is through redox homeostasis, but we 

have shown that NRF2-regulated proliferation in 3D is antioxidant-independent.  Other 

reported roles of NRF2 in supporting proliferation is through metabolic reprogramming, 

which is distinct from its antioxidant function.  We have shown that NRF2-mediated 

phenotypes vary in different in vitro culture conditions.  Therefore, one avenue of 

research to pursue is whether transcriptional targets of NRF2 are different depending on 

context.  For example, ChIP-Seq could be performed on NRF2 isolated from NRF2-
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wildtype lung cancer cell lines stimulated with ROS, NRF2-hyperactivated cell lines 

maintained as 2D monolayers, and NRF2-hyperactivated cell lines cultured in 3D.  This 

would inform whether certain pathways or processes that promote proliferation or 

metabolic reprogramming are activated in context-specific manners.  Of particular 

interest would be pathways that are activated in 3D spheroids specifically, as these may 

have been underappreciated previously. 

 

Concluding remarks 

 

 The findings in this thesis present new insights into the role of NRF2 in promoting 

tumor progression.  Targeting NRF2 in patients with established NRF2-hyperactivated 

tumors remains an attractive therapeutic strategy, although specific inhibitors for NRF2 

do not currently exist.  These patients are likely to respond to inhibition of NRF2; 

however, combined inhibition of NRF2 and additional antioxidant programs, such as 

GPX4, will likely be required to kill all cells within the tumor.  One potential issue with 

this strategy is toxicity, which needs to be further addressed.  Further research is 

required to understand whether the combination of inhibiting both NRF2 and GPX4 will 

be effective in only lung cancers with NRF2-hyperactivation, in other tumor types that 

are likely to have evolved in high oxidative stress environments, or in all tumors with 

NRF2-hyperactivation regardless of tissue-of-origin.  More generally, targeting oxidative 

stress defenses, either by downregulating multiple antioxidant programs or by 

increasing oxidative stress in tumor cells, may be a successful strategy for the treatment 

of cancer.  



 111 

References 

1 Fan, Z. et al. Nrf2-Keap1 pathway promotes cell proliferation and diminishes 
ferroptosis. Oncogenesis 6, e371, doi:10.1038/oncsis.2017.65 (2017). 

2 Shin, D., Kim, E. H., Lee, J. & Roh, J. L. Nrf2 inhibition reverses resistance to 
GPX4 inhibitor-induced ferroptosis in head and neck cancer. Free Radic Biol 
Med 129, 454-462, doi:10.1016/j.freeradbiomed.2018.10.426 (2018). 

3 Klein, E. A. et al. Vitamin E and the risk of prostate cancer: the Selenium and 
Vitamin E Cancer Prevention Trial (SELECT). JAMA 306, 1549-1556, 
doi:10.1001/jama.2011.1437 (2011). 

4 Viswanathan, V. S. et al. Dependency of a therapy-resistant state of cancer cells 
on a lipid peroxidase pathway. Nature 547, 453-457, doi:10.1038/nature23007 
(2017). 

5 Hangauer, M. J. et al. Drug-tolerant persister cancer cells are vulnerable to 
GPX4 inhibition. Nature 551, 247-250, doi:10.1038/nature24297 (2017). 

6 Tsoi, J. et al. Multi-stage Differentiation Defines Melanoma Subtypes with 
Differential Vulnerability to Drug-Induced Iron-Dependent Oxidative Stress. 
Cancer Cell 33, 890-904 e895, doi:10.1016/j.ccell.2018.03.017 (2018). 

7 Buchheit, C. L., Weigel, K. J. & Schafer, Z. T. Cancer cell survival during 
detachment from the ECM: multiple barriers to tumour progression. Nat Rev 
Cancer 14, 632-641, doi:10.1038/nrc3789 (2014). 

8 Schafer, Z. T. et al. Antioxidant and oncogene rescue of metabolic defects 
caused by loss of matrix attachment. Nature 461, 109-113, 
doi:10.1038/nature08268 (2009). 

9 Takahashi, N. et al. Cancer Cells Co-opt the Neuronal Redox-Sensing Channel 
TRPA1 to Promote Oxidative-Stress Tolerance. Cancer Cell 33, 985-1003 
e1007, doi:10.1016/j.ccell.2018.05.001 (2018). 

10 Muranen, T. et al. Inhibition of PI3K/mTOR leads to adaptive resistance in matrix-
attached cancer cells. Cancer Cell 21, 227-239, doi:10.1016/j.ccr.2011.12.024 
(2012). 



 112 

11 Jiang, L. et al. Reductive carboxylation supports redox homeostasis during 
anchorage-independent growth. Nature 532, 255-258, doi:10.1038/nature17393 
(2016). 

12 Mitsuishi, Y. et al. Nrf2 redirects glucose and glutamine into anabolic pathways in 
metabolic reprogramming. Cancer Cell 22, 66-79, doi:10.1016/j.ccr.2012.05.016 
(2012). 

13 Yang, W. S. & Stockwell, B. R. Synthetic lethal screening identifies compounds 
activating iron-dependent, nonapoptotic cell death in oncogenic-RAS-harboring 
cancer cells. Chem Biol 15, 234-245, doi:10.1016/j.chembiol.2008.02.010 (2008). 

14 Dixon, S. J. et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. 
Cell 149, 1060-1072, doi:10.1016/j.cell.2012.03.042 (2012). 

15 Yang, W. S. et al. Regulation of ferroptotic cancer cell death by GPX4. Cell 156, 
317-331, doi:10.1016/j.cell.2013.12.010 (2014). 

 
 
 
 
 
  



 113 

Appendix 

 

Additional insights on regulators of 3D spheroid growth and proteomic analysis 

of NRF2-hyperactivated tumor cells  

 

Patricia Cho, Laura M. Selfors, Tian Zhang, Steven P. Gygi, Joan S. Brugge 

 

 

Statement of contribution: 

P.C. and J.S.B designed the studies and interpreted the data.  Bioinformatics analysis 

of the pooled CRISPR-Cas9 screen was performed by L.M.S., and proteomics was 

performed by T.Z. (lab of S.P.G).  P.C. performed all other experiments and analysis.  

Chapter was written by P.C. with guidance and editing from J.S.B. and Angie Gakidis. 

 

 

 
  



 114 

Supplementary results and discussion 

 

The pooled CRISPR-Cas9 screening approach and proteomic analysis in NRF2-

hyperactivated A549 and H1437 cell lines described in Chapter 2 revealed a number of 

additional hits that warrant further investigation.  These include hits that were common 

to both cell lines (Supplementary Tables 1 and 2) as well as cell line-specific hits.  

Notable hits from the CRISPR-Cas9 screen will be discussed here first, followed by 

insights from the proteomic analysis. 

 

Glucose metabolism 

As discussed in Chapter 2, a number of genes involved in glucose metabolism 

were more highly depleted in 3D than in 2D culture conditions for both cell lines, namely 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), glucose-6-phosphate 

isomerase (GPI), and transketolase (TKT) (Supplementary Table 2 and Figure 2.8D).  

Two additional glucose metabolism genes, aldolase A (ALDOA) and phosphogluconate 

dehydrogenase (PGD), were also drop-out hits in the CRISPR screen; however, they 

were both similarly depleted in 2D and 3D growth conditions (data not shown).  Taken 

together, these findings suggest that glucose metabolism could be a dependency of 

NRF2-hyperactivated tumors.   
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Supplementary Table 1: Commonly enriched hits between A549 and H1437 cells 
from pooled CRISPR-Cas9 screens (positive 3D-2D differential b-scores).  2D and 
3D b-scores and FDR values are compared to T0 sample.  The difference between 3D 
and 2D b-scores is calculated for each cell line (3D-2D).  Genes ranked from greatest to 
smallest difference in 3D-2D b-score for H1437 cells. 

 A549 H1437  

Gene 
2D  
score 

2D  
FDR 

3D  
score 

3D  
FDR 

2D 
score 

2D  
FDR 

3D 
score 

3D  
FDR 

A549  
3D-2D 

H1437  
3D-2D 

TSC1 0.427 0.027 0.746 0.021 -0.327 0.519 0.940 0.027 0.318 1.268 
PSMA6 -0.873 0.021 -0.573 0.034 -1.884 0.021 -1.175 0.027 0.300 0.709 
HNRNPK -0.815 0.021 -0.739 0.022 -1.675 0.021 -1.051 0.029 0.076 0.623 
MAT2A -0.829 0.021 -0.793 0.022 -1.556 0.021 -0.934 0.034 0.036 0.622 
PGAM5 -0.110 0.832 -0.083 0.898 0.459 0.060 1.073 0.026 0.027 0.614 
RRM1 -0.516 0.045 -0.424 0.080 -1.526 0.021 -1.013 0.030 0.093 0.513 
CCT3 -0.876 0.021 -0.875 0.021 -1.544 0.021 -1.119 0.027 0.001 0.425 
FDXR -0.270 0.375 -0.110 0.848 -1.497 0.021 -1.091 0.029 0.160 0.405 
MRPS2 -0.215 0.512 -0.107 0.850 -1.122 0.022 -0.727 0.076 0.107 0.395 
KCTD9 -0.035 0.980 0.068 0.868 0.412 0.089 0.782 0.033 0.103 0.370 
PSMD4 -0.617 0.031 -0.358 0.155 -0.673 0.079 -0.335 0.579 0.260 0.338 
PLK1 -0.580 0.034 -0.487 0.052 -0.719 0.060 -0.383 0.507 0.093 0.336 

POLR2H -0.423 0.089 -0.402 0.097 -1.394 0.021 -1.066 0.029 0.021 0.328 
NAA35 0.189 0.283 0.487 0.027 -0.694 0.072 -0.370 0.528 0.298 0.324 
VARS2 -0.255 0.409 -0.108 0.848 -1.419 0.021 -1.096 0.028 0.147 0.323 
SPRED1 0.103 0.647 0.439 0.037 -0.024 0.987 0.287 0.617 0.336 0.311 
COX20 0.011 0.949 0.015 0.964 -0.985 0.026 -0.692 0.094 0.004 0.292 
CSTA 0.270 0.082 0.489 0.027 -0.191 0.780 0.088 0.918 0.219 0.279 
ATP1A1 -0.346 0.194 0.012 0.972 -1.101 0.022 -0.845 0.044 0.358 0.257 
EEF2 -0.615 0.031 -0.521 0.044 -1.699 0.021 -1.454 0.026 0.094 0.245 
FBL -0.186 0.585 -0.025 0.982 -0.977 0.026 -0.741 0.076 0.161 0.236 
WAC 0.050 0.858 0.479 0.027 -0.373 0.433 -0.166 0.834 0.428 0.207 
BCL2L1 -0.950 0.021 -0.502 0.051 -0.389 0.402 -0.189 0.808 0.448 0.199 
BACH1 0.313 0.048 0.492 0.027 0.047 0.883 0.246 0.731 0.179 0.198 
AKIRIN2 -0.709 0.026 -0.425 0.080 -0.663 0.084 -0.493 0.308 0.285 0.170 
BRD4 -0.581 0.034 -0.528 0.044 -0.851 0.035 -0.688 0.097 0.053 0.163 
PSMB7 -0.615 0.031 -0.524 0.044 -1.075 0.022 -0.920 0.034 0.091 0.154 
IMP4 -0.730 0.026 -0.705 0.023 -1.053 0.022 -0.916 0.034 0.026 0.137 
IARS2 -0.497 0.050 -0.426 0.080 -1.031 0.023 -0.900 0.036 0.071 0.131 
CHEK1 -0.683 0.026 -0.543 0.040 -0.784 0.042 -0.663 0.116 0.139 0.121 
ORC6 -0.444 0.077 -0.291 0.300 -0.875 0.032 -0.757 0.070 0.153 0.119 
RBM19 -0.693 0.026 -0.495 0.051 -0.961 0.026 -0.848 0.044 0.198 0.113 
LARP1 0.275 0.078 0.615 0.021 -0.516 0.203 -0.410 0.453 0.340 0.106 
TICRR -0.650 0.027 -0.549 0.040 -1.024 0.023 -0.923 0.034 0.101 0.102 

ZDHHC11 -0.020 0.997 0.043 0.931 -0.753 0.048 -0.692 0.094 0.063 0.060 
RPS6 -0.988 0.021 -0.861 0.021 -1.543 0.021 -1.485 0.026 0.128 0.058 
NOP2 -0.689 0.026 -0.565 0.035 -1.357 0.021 -1.300 0.027 0.124 0.057 
CPSF4 -0.565 0.034 -0.474 0.057 -1.534 0.021 -1.477 0.026 0.091 0.056 
TXN -0.508 0.048 -0.387 0.111 -1.344 0.021 -1.296 0.027 0.121 0.047 

RABGGTB -0.876 0.021 -0.875 0.021 -1.892 0.021 -1.845 0.026 0.001 0.047 
GINS3 -0.588 0.034 -0.307 0.259 -1.420 0.021 -1.375 0.027 0.281 0.045 
PELP1 -0.521 0.044 -0.474 0.057 -1.352 0.021 -1.319 0.027 0.047 0.033 
VHL -0.432 0.084 -0.429 0.080 -1.194 0.022 -1.165 0.027 0.003 0.029 
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Supplementary Table 2: Commonly depleted hits between A549 and H1437 cells 
from pooled CRISPR-Cas9 screens (negative 3D-2D differential b-scores).  2D and 
3D b-scores and FDR values compared to T0 sample.  The difference between 3D and 
2D b-scores is calculated for each cell line (3D-2D).  Genes ranked from greatest to 
smallest difference in 3D-2D b-score for H1437 cells. 

 A549 H1437  

Gene 
2D  
score 

2D  
FDR 

3D  
score 

3D  
FDR 

2D 
score 

2D  
FDR 

3D 
score 

3D  
FDR 

A549  
3D-2D 

H1437  
3D-2D 

GPX4 -0.502 0.050 -0.704 0.023 0.077 0.838 -1.000 0.030 -0.202 -1.077 
GAPDH -0.673 0.026 -0.967 0.021 -1.793 0.021 -2.577 0.024 -0.294 -0.784 
SNRNP70 -0.801 0.021 -0.819 0.021 -2.027 0.021 -2.679 0.024 -0.018 -0.652 
NFE2L2 -0.781 0.021 -0.836 0.021 -0.690 0.072 -1.295 0.027 -0.055 -0.605 
THOC3 -0.538 0.040 -0.802 0.021 -1.410 0.021 -1.965 0.026 -0.265 -0.555 
MAFG -0.646 0.027 -0.746 0.022 -0.162 0.828 -0.661 0.117 -0.101 -0.499 
VCP -1.010 0.021 -1.027 0.021 -1.880 0.021 -2.213 0.026 -0.017 -0.333 

SNRPD2 -0.191 0.571 -0.272 0.350 -0.807 0.039 -1.139 0.027 -0.081 -0.332 
GPI -0.167 0.653 -0.489 0.051 -0.742 0.050 -1.046 0.029 -0.323 -0.304 
TKT -0.273 0.367 -0.412 0.086 -0.557 0.156 -0.838 0.046 -0.139 -0.282 
EIF3A -0.522 0.044 -0.530 0.044 -0.573 0.142 -0.847 0.044 -0.008 -0.274 
NIFK -0.867 0.021 -0.948 0.021 -0.986 0.026 -1.228 0.027 -0.081 -0.242 
UBC -0.110 0.832 -0.126 0.817 -0.905 0.028 -1.116 0.027 -0.016 -0.212 
DNA2 -0.584 0.034 -0.767 0.022 -0.782 0.042 -0.959 0.034 -0.183 -0.177 
PKM -0.208 0.538 -0.307 0.259 -0.832 0.038 -1.003 0.030 -0.099 -0.170 
DCTN6 -0.355 0.178 -0.366 0.141 -0.788 0.042 -0.922 0.034 -0.011 -0.135 
MAP2K1 -0.068 0.944 -0.101 0.868 -0.948 0.026 -1.073 0.029 -0.033 -0.125 
ALG1 -0.288 0.316 -0.371 0.137 -0.942 0.026 -1.030 0.029 -0.083 -0.088 
MT1E -0.419 0.090 -0.570 0.034 -0.464 0.268 -0.524 0.264 -0.151 -0.060 

WBSCR22 -0.120 0.798 -0.187 0.640 -0.749 0.050 -0.801 0.055 -0.066 -0.052 
RPA1 -0.497 0.050 -0.520 0.044 -1.094 0.022 -1.134 0.027 -0.023 -0.039 
ERBB2 -0.580 0.034 -0.920 0.021 0.078 0.833 0.057 0.965 -0.339 -0.021 
FKBPL -0.276 0.358 -0.339 0.186 -0.786 0.042 -0.802 0.055 -0.063 -0.016 
 
 

One technical challenge to investigating how NRF2-hyperactivation leads to a 

dependency on glucose metabolism is that many of the genes are essential in most cell 

lines, in particular, loss of GAPDH and ALDOA are pan-lethal.  Therefore, genetic 

manipulation of these genes is likely to kill all cells, leaving few surviving cells to assay.  

An alternative approach would be to use pharmacologic inhibitors of glucose 

metabolism enzymes; however, specific inhibitors of these enzymes do not currently 

exist.  Therefore, targeting glucose metabolism by genetic manipulation or 

pharmacological inhibition could be challenging.  Since a link between NRF2 and 
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glucose metabolism has already been established1-3 and because of potential technical 

complications, we decided not to pursue this area of research.   

 

Cyclophilin A 

Peptidylprolyl isomerase A (PPIA), also known as cyclophilin A, was a drop-out 

hit specific to H1437 cells.  sgRNAs targeting PPIA were depleted in 3D (b-score = -

1.465, FDR = 0.026), but not in 2D (b-score = 0.186, FDR = 0.572.).  Upregulation of 

PPIA has been observed in diseases such as rheumatoid arthritis, autoimmune disease, 

and cancer4.  In particular, PPIA expression and secretion have been observed to be 

increased in response to oxidative stress5.  Moreover, elevated levels of PPIA have 

been detected in oral squamous cell carcinomas6 and in pancreatic cancer cell lines7 in 

comparison to normal cells.  PPIA can be inhibited with the compound cyclosporin, 

which is widely used as an immunosuppressant.  Treatment of cells with cyclosporin 

has been observed to increase cellular ROS levels8-10.  Since cyclosporin is 

commercially available, it would be interesting to investigate whether NRF2-

hyperactivated tumor cells cultured in 3D are more sensitive to PPIA inhibition than 

NRF2-wildtype tumor cells.  However, one confounding issue is that cyclosporin targets 

multiple cyclophilins, which complicates interpretation of the results. 

 

PGAM5 

The mitochondrial serine/threonine-protein phosphatase also known as PGAM 

family member 5 (PGAM5) was another hit identified in H1437 cells.  sgRNAs targeting 

PGAM5 were more enriched in 3D (b-score = 1.073, FDR = 0.026) than in 2D (b-score 
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= 0.459, FDR = 0.060), which suggests that loss of PGAM5 provides a fitness 

advantage to cells.  Interestingly, PGAM5 is known to bind to KEAP111 and forms a 

complex with KEAP1 and NRF2 at the mitochondria12.  This results in the repression of 

NRF2-dependent gene expression.  Thus, loss of PGAM5 could free NRF2 from the 

mitochondria and promote survival under conditions of oxidative stress, such as in the 

inner luminal space of 3D spheroids.  The enrichment of sgRNAs targeting PGAM5 from 

our pooled CRISPR-Cas9 screen is consistent with this hypothesis.  A recent study 

showed that loss of PGAM5 increased viability of matrix-detached cells, increased 

luminal filling in mammary acini, suppressed ROS levels, and increased tumor burden in 

a xenograft model13.  Findings from that study could be attributable to increased NRF2 

activity, which was not examined and should be investigated further. 

  

Insights from proteomic analysis 

 One important finding from the proteomic analysis is that proteins encoded by 

our NRF2 signature genes are down-regulated in cells with induction of shNRF2 

compared to cells with induction of shControl in both cell lines (Supplementary Figure 

1A and B).  Furthermore, some proteins encoded by genes that have putative NRF2 

binding sites (antioxidant response elements (AREs)) actually have increased 

expression after NRF2 knock-down (Supplementary Figure 1C and D).  The expression 

of genes with AREs is therefore not a reliable indication of NRF2 activity and suggests 

that NRF2 may repress expression of some ARE-containing genes by blocking binding 

of other transcriptional enhancers.  Thus, this proteomics approach validated our NRF2 

signature as a dependable indicator of NRF2 activation.  
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Supplementary Figure 1. NRF2 signature proteins, but not ARE-containing 
proteins, are down-regulated after NRF2 knock-down. All differentially expressed 
proteins in A549 cells (A) and H1437 cells (B) with induction of shNRF2 compared to 
cells with induction of shControl after 72 hours in 2D culture.  NRF2 signature proteins 
are highlighted in red.  Statistical significance determined by uncorrected Student’s t-
test (p < 0.05).  All differentially expressed proteins in A549 cells (C) and H1437 cells 
(D) with induction of shNRF2 compared to cells with induction of shControl after 72 
hours in 2D culture.  Proteins encoded by genes containing ARE binding sites are 
highlighted in red.  Statistical significance determined by uncorrected Student’s t-test (p 
< 0.05). (E) Top enriched GeneGo pathways determined from down-regulated proteins 
in cells with induction of shNRF2 common to both A549 and H1437 cell lines. (F) Top 
enriched GeneGo pathways determined from up-regulated proteins in cells with 
induction of shNRF2 common to both A549 and H1437 cell lines. 
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Supplementary Figure 1 (Continued). 
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A large fraction of the down-regulated proteins in cells with induction of shNRF2 

are known NRF2 targets.  GeneGO pathway analysis of these proteins identified 

multiple pathways involving NRF2, oxidative stress, and metabolic pathways 

(Supplementary Figure 1E).  In addition to genes in our NRF2 signature, one of the top 

down-regulated proteins in response to reduction of NRF2 is nuclear receptor subfamily 

0 group B member 1 (NR0B1), which has been implicated as a transcriptional regulator 

in NRF2-hyperactivated cells14.  Because NR0B1 expression is tightly linked to genetic 

alterations in the NRF2 pathway in NSCLC, complexes containing NR0B1 may be an 

attractive target for therapeutic intervention in tumors with NRF2 hyperactivity.   

The connection between NRF2 and proteins that were up-regulated in response 

to down-regulation of NRF2 was less obvious.  The top enriched pathways amongst up-

regulated proteins range from cytoskeleton remodeling to E-cadherin signaling to TGF-b 

signaling (Supplementary Figure 1F).  Particularly interesting is the identification of 

immune response pathways which are up-regulated upon reduction of NRF2 (e.g. Th2 

cytokines-induced genes and immune response to Type I interferon), suggesting that in 

tumor cells with hyperactivation of NRF2, the ability to elicit an immune response may 

be affected.  Recent studies in cancer cell lines and murine tumor models suggest that 

hyperactivation of NRF2 supports an immunosuppressive environment that promotes 

“immune cold” tumors15-17.  Moreover, activation of NRF2 can strongly suppress the 

activity of NF-kB18-20, a pleiotropic transcription factor that is central to the regulation of 

the immune response.  Understanding how NRF2-hyperactivation in tumor cells 

suppresses the immune milieu of a tumor could lead to the identification of effective 

immunotherapeutic strategies. 
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The two proteins that had the highest induction after down-regulation of NRF2 in 

both cell lines were the transporter solute carrier family 34 member 2 (SLC34A2) and 

the immune co-stimulatory protein V-set domain-containing T-cell activation inhibitor 1 

(VTCN1; also known as B7-H4).  SLC34A2 is a pH-sensitive sodium-dependent 

phosphate transporter.  Investigations into the role of SLC34A2 in cancer have been 

limited, with some evidence that over-expression of SLC34A2 promotes 

tumorigenesis21-23.  To date, we are unaware of any connection between SLC34A2 and 

NRF2.  As such, it would be interesting to investigate the relationship between these 

two proteins, whether SLC34A2 protein expression is suppressed directly or indirectly 

by NRF2, or whether up-regulation of SLC34A2 is ROS-dependent.  This could provide 

additional insight into the cellular response to oxidative stress.   

The up-regulation of B7-H4 in cells with induction of shNRF2 is particularly 

interesting because NRF2 has been observed to suppress immune activation in tumors, 

as discussed above.  The up-regulation of B7-H4 has been confirmed by reverse phase 

protein array analysis, where it was also amongst the highest upregulated proteins after 

down-regulation of NRF2 (data not shown).  This was observed across all conditions – 

in both cell lines, with both shNRF2 hairpins, at all time points (3, 8 and 12 days), and in 

2D and 3D culture conditions.  B7-H4 is an immunosuppressive co-stimulatory signal 

that inhibits the proliferation and function of CD4+ and CD8+ T cells24-26 and is elevated 

in many tumors, yet the processes that regulate B7-H4 expression remain poorly 

understood.  One possible mechanism of regulation could involve the increase of ROS 

in cells with induction of shNRF2.  Exploration into the regulation B7-H4 by NRF2 could 

provide therapeutic vulnerabilities for tumors with high B7-H4 expression. 
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