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Abstract

Multiple cancers regulate oxidative stress by activating the transcription factor NRF2 through 

mutation of its negative regulator KEAP1. NRF2 has been studied extensively in KEAP1-mutant 

cancers, however the role of this pathway in cancers with wildtype KEAP1 remains poorly 

understood. To answer this question, we induced NRF2 via pharmacological inactivation of 
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KEAP1 in a panel of 50+ non-small cell lung cancer cell lines. Unexpectedly, marked decreases in 

viability were observed in >13% of the cell lines—an effect that was rescued by NRF2 ablation. 

Genome-wide and targeted CRISPR screens revealed that NRF2 induces NADH-reductive stress, 

through the upregulation of the NAD+-consuming enzyme ALDH3A1. Leveraging these findings, 

we show that cells treated with KEAP1 inhibitors or those with endogenous KEAP1 mutations 

are selectively vulnerable to Complex I inhibition, which impairs NADH oxidation capacity and 

potentiates reductive stress. Thus, we identify reductive stress as a metabolic vulnerability in 

NRF2-activated lung cancers.

Graphical Abstract

A subset of lung cancer cell lines is sensitive to activation of the transcription factor NRF2. 

The metabolic state of a cancer cell dictates sensitivity to NRF2, whose activation results in a 

NADH/NAD+ imbalance. As a result, blockade of mitochondrial complex I is a synthetic lethality 

in NRF2-activated lung cancers.
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Introduction

To support their rapid proliferation, tumors must adapt their metabolism to an ever-growing 

list of cell intrinsic and extrinsic pressures1–5. One such pressure is the maintenance of 

redox homeostasis as a pre-requisite for tumor proliferation6,7. Tumors have biochemically 

rewired core metabolic pathways to maintain elevated levels of biosynthetic molecules 

and consequently generate increased reactive oxygen species (ROS) compared to normal 

cells8–12. High levels of ROS modify nucleic acids, proteins and lipids—and can provoke 

lethal cellular effects through multiple mechanisms, including creating DNA damage, 

impairing function of mitochondria and other organelles and disrupting the integrity of cell 

membranes6,13.

While redox imbalance in cancer cells has been investigated extensively in the context of 

oxidative stress, the converse of oxidative stress, reductive stress and in particular its impact 

on malignant cells is poorly understood14. Reductive stress is induced by excessive levels 

of antioxidants and high concentrations of reduced nucleotide cofactors, such as NADH, 

required for antioxidant and detoxification reactions. An overly reductive cell state15–19 can 

affect vital cellular processes such as oxidative protein folding in the ER20. Indeed, recent 

studies have demonstrated that reductive stress is just as harmful to cell proliferation as 

oxidative stress21–24 with high levels of NADH leading to disruption of de novo lipid, amino 

acid and nucleotide biosynthesis as a result of decreased electron acceptors25–30.

To counter oxidative stress, tumors rely on NRF2, the central transcriptional regulator of the 

antioxidant response31–35. Under conditions of low oxidative stress, NRF2 binds to KEAP1, 

a tumor suppressor and ROS sensing protein, that leads NRF2 to its rapid proteasomal 

degradation36,37. Under high ROS levels, key ROS-sensing cysteines in the backbone of 

KEAP1 are modified resulting in the dissociation and nuclear translocation of NRF238,39, 

and the consequent induction of several hundred genes involved in antioxidant response31,40. 

NRF2 is activated via genetic inactivation of KEAP1 in many cancers, including ~30% of 

non-small cell lung cancers (NSCLCs)41. In KEAP1-mutant cancers, NRF2 is absolutely 

required for tumor growth functioning as a potent oncogene32,42–45.

To date, a significant body of our knowledge about the role of the NRF2-KEAP1 pathway 

in cancer comes from the discovery that NRF2 functions as an oncogene in the context 

of KEAP1-mutations in lung cancer31,45–50. We hypothesized that NRF2 activity might 

benefit the proliferation of NSCLCs when KEAP1 is not mutated. By activating NRF2 

in a panel of NSCLCs we found, surprisingly, that rather than promote cell proliferation, 

activation of NRF2 via acute pharmacologic or genetic inhibition of KEAP1 potently blocks 

the growth of >13% of NSCLC cell lines –characterizing them as KEAP1-dependent. This 

dependency stems from a cell’s intrinsic preference for glucose utilization– with KEAP1-

dependent cells characterized by lower levels of glycolysis and sensitivity to Complex I 

inhibitors. Mechanistically, we find that NRF2 activation results in an increase in NADH 

levels in KEAP1-dependent but not KEAP1-independent cells. We demonstrate through 

manipulation of glycolysis and NADH oxidation rates, that NADH levels are both necessary 

and sufficient to mediate sensitivity to NRF2 activation. We identify that ALDH3A1, a 

dehydrogenase involved in antioxidant response, has a primary role in increasing NADH 
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levels and sensitizing KEAP1-dependent cells to NRF2 activation. Finally, we demonstrate 

that increased NADH/NAD+ ratio due to treatment with KEAP1-inhibitors or the presence 

of KEAP1-mutations confers exquisite sensitivity to a clinical grade Complex I inhibitor, 

which overwhelms NADH homeostasis in these cells, leading to reductive stress. Thus, we 

reveal how over-activation of an antioxidant signaling pathway leads to a reduced cellular 

state that can create “oxidative addiction” and synthetic lethal opportunities within a subset 

of lung cancers.

Results

Identification of KEAP1-dependent NSCLC cell lines

Multiple studies have identified a proliferation benefit from NRF2 activation in the context 

of KEAP1-mutant NSCLC cell lines44–46,51. We hypothesized that additional NSCLC cell 

lines that are KEAP1-wildtype (WT) would also gain a proliferative advantage following 

NRF2 activation. To test this hypothesis, we treated a panel of 50+ genetically diverse 

NSCLC cell lines (with a majority of lines WT for KEAP1, NRF2, and CUL3) with 

KI696, a potent and specific inhibitor of KEAP1-NRF2 interactions52,53, which leads to 

NRF2 stabilization and activation (Figure 1A). Proliferation was not altered in most lines, 

including KEAP1-mutants (e.g., H2122), and was increased in a limited subset (Figure 

1B). Surprisingly, we find that >13% of NSCLC cell lines have a substantial block in 

proliferation following KEAP1 inhibition (Figure 1B). In support of NRF2 activation 

mediating the proliferation block with KI696, treatment of a subset of NSCLC lines 

with bardoxolone, a well-established NRF2 activator, also potently blocked proliferation 

(Figures S1A–B). Expression of KEAP1-targeting sgRNAs or doxycycline (DOX)-inducible 

shRNAs strongly blocked the proliferation of KI696-sensitive cell lines in comparison to 

non-targeting sgRNA/shRNAs, characterizing these cells as KEAP1-dependent (Figures 

1C, S1C–E). Proliferation was not impacted in KI696-insensitive cells following genetic 

depletion of KEAP1, marking them as KEAP1-independent (Figures 1C, S1C–E). KEAP1-

dependence could be rescued by re-expressing a sgKEAP1-mutant KEAP1 cDNA under a 

DOX-repressible element, and we observed a proliferation block in KI696-sensitive lines 

following DOX treatment and subsequent depletion of KEAP1 (Figures S1F–G).

The strong reliance on KEAP1 for proliferation was quite unexpected given the 

canonical characterization of KEAP1 as a recurrently mutated tumor suppressor in lung 

cancer31,41,45,47,51,54–56. In KEAP1-dependent cells, KI696 treatment leads to a stabilization 

of NRF2 and expression of NRF2 target genes (Figures 1A, S1A), suggesting that KEAP1-

dependency is associated with NRF2 activation. Depleting NRF2 in four KEAP1-dependent 

cell lines did not alter proliferation at baseline (Figures 1D, S1H), but completely reversed 

the proliferation arrest following pharmacological or genetic inhibition of KEAP1 (Figures 

1D, S1H–J).

By analyzing cancer essentiality data from genome-wide CRISPR screens across 800+ 

cancer cell lines57,58, we find that multiple cancer cell lines of different origins are 

sensitive to loss of KEAP1, including breast and skin cancers which share a similar rate 

of dependency as NSCLCs (Figure S1K). These results illustrate that KEAP1-dependency is 
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broadly observed in multiple cancer subtypes highlighting the complex role of established 

oncogenes when their corresponding tumor suppressors are not mutated59,60.

Functional genomic interrogation of KEAP1 dependency

We did not find a correlation between KEAP1-dependency and mutational status of other 

oncogenic pathways (e.g., LKB1, PI3K, p53, KRAS). To search for genes which may 

predict sensitivity or resistance to NRF2 activation, we performed a genome-wide CRISPR 

screen in the KEAP1-dependent cell line CALU6. Following infection with the sgRNA 

library (10 sgRNAs/gene), cells were grown for 11 population doublings in the presence of 1 

μM of KI696 or vehicle control. For each gene, we calculated a CRISPR score by comparing 

the relative fold change between corresponding sgRNAs enriched in KI696 vs. vehicle. This 

analysis identified 79 genes mediating resistance and 422 genes mediating sensitivity to 

KI696 (Figures 1E, S2A, Table S1). Validating our screening approach, we identified NRF2 

as the top-scoring gene that mediated resistance when depleted in KEAP1-dependent cell 

lines (Figure 1E). We also identified that depleting members of the mediator complex (e.g., 

TAF5L and TADA2B), results in resistance to NRF2 (Figure S2B), likely by supporting the 

NRF2 transcriptional program. Consistent with this premise, we also found that depletion 

of MYC, a master regulator of transcription61, decreases NRF2-target gene expression and 

mediates resistance to KI696 (Figures S2C–D). Moreover, MYC transcript levels are lower 

in KEAP1-dependent cells compared to KEAP1-independent (Figure S2E).

There was a striking enrichment of metabolic genes identified as mediators of KI696 

sensitivity in the CRISPR screen, including many genes belonging to mitochondrial 

metabolic pathways (Figure 1F, Table S1). To better define metabolic mechanisms 

of sensitivity to NRF2 activation, we next undertook a metabolism-focused CRISPR 

screen, encompassing ~2000 genes connected to different metabolic processes28 in KEAP1-

dependent (CALU6) and KEAP1-independent (H1975) cells following KI696 treatment 

(Figure 1G, Table S2). We found an enrichment for a subset of glycolytic genes mediating 

sensitivity in KEAP1-independent cells, whereas those genes enriched in oxidative 

phosphorylation (OXPHOS) sensitized KEAP1-dependent cells (Figures 1H, S2E). The 

absence of additional glycolytic or OXPHOS genes scoring in this screen most likely stems 

from their pan-essential nature.

Anaerobic metabolism mediates resistance to NRF2 activation

To further investigate the metabolic basis for KEAP1-dependency, we focused on 

the opposing forms of glucose utilization that were differentially essential following 

KI696 treatment in KEAP1-dependent and –independent cells. The ratio of extracellular 

acidification rate (ECAR) to oxygen consumption rate (OCR) is used to characterize the 

preference for aerobic vs. anaerobic metabolism62. By comparing the OCR/ECAR ratio 

of 12 NSCLC models to their corresponding sensitivity for KI696, we found a strong 

correlation between a preference for aerobic metabolism and NRF2 sensitivity, whereas 

cells with high glycolytic rates were insensitive to NRF2 activity (Figure 2A). These results 

were further substantiated by comparing KEAP1-dependency to a glycolytic gene signature; 

NSCLCs marked by a high glycolytic gene signature possessed a lower sensitivity to NRF2 

activation (Figure 2B, Table S3). Interestingly, we found that KEAP1-independent cells 
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had on average higher lactate dehydrogenase (LDH) activity compared to their KEAP1-

dependent counterparts (Figure S2F). Moreover, KEAP1-independent cell lines had higher 

levels of phosphofructokinase (PFK), one of the rate-limiting enzymes in glycolysis (Figures 

2C, S2G). The higher glycolytic rates characterizing KEAP1-independent cells suggested 

this form of glucose utilization might be a mechanism to adapt to NRF2 activation. 

Therefore, we over-expressed PFK in KEAP1-dependent CALU6 cells, and observed not 

only an increase in glycolysis as measured by lactate secretion but a partial rescue of 

proliferation following NRF2 activation (Figures 2D, S2H–I).

Given the well-established connection between hypoxia and glycolytic reprogramming63, 

we induced hypoxia in KEAP1-dependent cells, and observed increased expression in the 

glycolytic enzyme HK2 (Figure S2J). Importantly, induction of hypoxia largely rescued 

NRF2 sensitivity in KEAP1-dependent cells, but had no effect on KEAP1-independent cells 

(Figure 2E). Our results suggest that high glycolytic rates are sufficient to overcome NRF2 

sensitivity. Thus, we next asked whether decreasing glycolysis within KEAP1-independent 

cells results in NRF2-sensitivity. To this end, we blocked the initial and terminal steps of 

glycolysis by growing KEAP1-independent cells in galactose-containing media or treating 

cells with sodium oxamate, an LDH inhibitor64, respectively. As expected, both treatments 

resulted in a strong sensitization to NRF2 activation in KEAP1-independent cells (Figures 

2F–G). These results indicate that upregulation of glycolysis is both necessary and sufficient 

to rescue NRF2 sensitivity.

NRF2 activation disrupts mitochondrial metabolism in KEAP1-dependent cells which are 
hypersensitive to ETC disruption

We next investigated the impact of NRF2 activation on mitochondrial respiration65, finding 

a substantial decrease in maximal respiratory capacity in KEAP1-dependent cells following 

KI696 treatment (Figure 3A). This defect in respiration was the result of NRF2, as loss 

of the transcription factor completely rescued OCR following KI696 treatment (Figure 

3B). Inhibition of mitochondria function also extended to mitochondrial metabolism, where 

we found that TCA metabolites were largely downregulated following NRF2 activation in 

KEAP1-dependent cell lines and are consistent with previous studies53,65 (Figure 3C Table 

S4). Importantly, KI696-mediated defects in TCA metabolism are completely dependent on 

NRF2 in CALU6 cells (Figure S3A Table S4). Curiously, we did not observe substantial 

changes in mitochondrial gene or protein expression in KEAP1-dependent cells following 

NRF2 activation (Figures S3B–C) in comparison to canonical NRF2 targets, suggesting 

NRF2-regulation of mitochondrial function is posttranslational or dependent on a change 

in metabolite(s) levels. These results indicate that NRF2 activation can be particularly 

detrimental to cancer cells which are reliant on mitochondrial function for their proliferation.

Given the prominent role of the electron transport chain (ETC) in regulating oxygen 

consumption, we asked if there was altered sensitivity to inhibition of ETC complexes 

between KEAP1-dependent and KEAP1-independent cells. In general, we found comparable 

IC50 values for ETC inhibitors targeting complexes II-V between dependent and 

independent cells (Figures 3D–E). Interestingly, KEAP1-dependent cells demonstrated a 

striking sensitivity to the Complex I inhibitors piericidin, rotenone, and phenformin (Figures 
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3D–E, S3D–E). Because pyrimidine biosynthesis is compromised following complex III-V 

inhibition66,67, we hypothesized that a depletion in uridine levels might mask differential 

sensitivity between the two cell populations for Complex III-V inhibitors. Indeed, 

supplementation with uridine resulted in an increased sensitivity of KEAP1-dependent 

cells to Complex III-V inhibition compared to KEAP1-independent cells (Figure S3F). 

Collectively, these results establish that a cell’s intrinsic preference for glucose utilization 

(aerobic vs. anaerobic fermentation) dictates its sensitivity to NRF2 activation, with 

inhibition of ETC complexes, a particular liability for KEAP1-dependent cells.

NRF2 activation results in NADH reductive stress in KEAP1-dependent cells

We hypothesized that NRF2 sensitivity arises from a shared metabolic activity in KEAP1-

dependent and –independent cells and only reveals itself upon NRF2 activation because it 

is limiting in dependent cells but not in independent cells. Our metabolic characterization 

of KEAP1-dependence revealed a heightened sensitivity to ETC inhibition and that an 

increase in glycolytic rates could reverse NRF2 sensitivity. Because one of the shared 

biochemical activities of ETC and glycolysis is regulating NADH oxidation (Figure S4A), 

we investigated whether NRF2 activation results in heightened NADH levels, which can 

block multiple cellular reactions dependent on NAD+ 25–30. We constructed a panel of 

NSCLC cell lines that stably express SoNar, a genetically encoded NADH/NAD+ reporter68 

that measures differences in the relative levels of NADH and NAD+. At baseline, we found 

that KEAP1-dependent and KEAP1-independent cells had a similar ratio of NADH/NAD+ 

(Figure S4B). However, following KI696 treatment we found a consistently higher NADH/

NAD+ ratio generated in KEAP1-dependent cells compared to KEAP1-independent cells 

that were mirrored by traditional methods to measure NADH/NAD+ (Figure 4A, S4C–E). 

Furthermore, genetic depletion of KEAP1 using DOX-inducible shRNAs also mediated 

an increased NADH/NAD+ ratio in KEAP1-dependent but not KEAP1-independent cells 

(Figures S4F–I). The increase in NADH/NAD+ ratio was completely reliant on NRF2, as 

depletion of the transcription factor blocked the KI696-mediated increase in the NADH/

NAD+ ratio (Figures 4B, S4J). These results demonstrate NRF2 activation is both necessary 

and sufficient to mediate high NADH/NAD+ ratio in KEAP1-dependent cells.

To determine whether NADH/NAD+ imbalance was a primary mechanism underlying 

NRF2 sensitivity, we treated cells with β-nicotinamide mononucleotide (NMN), an 

NAD+ precursor69, which substantially rescued both high NADH/NAD+ ratio upon NRF2 

activation and the concomitant proliferation block in KEAP1-dependent cells (Figures 4C–

D, S4K). Supplementation with NMN reversed the KI696-mediated defects in respiration 

in KEAP1-dependent cells (Figure S4L), most likely by providing the required NAD+ 

equivalents for the TCA cycle. Furthermore, KEAP1-dependent cells expressing the NADH 

oxidizing enzymes LbNOX or NDI170–72 were partially protected from NRF2-mediated 

defects in proliferation and respiration in comparison to cells expressing a control protein 

(METAP2) (Figures 4E, S4M–N). Consistent with our findings that increasing glycolysis 

through induction of hypoxia or over-expression of PFK rescued NRF2 activation, we 

also found these perturbations decreased the overall magnitude change in NADH/NAD+ 

following NRF2 activation (Figures S5A–B). Conversely, KEAP1-independent cells treated 

with a pyruvate kinase inhibitor led to the activation of pyruvate dehydrogenase which 
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increases the NADH/NAD+ ratio by shunting pyruvate away from lactate production73, 

resulting in increased sensitivity to NRF2 activation (Figure S5C). We also wondered 

whether NRF2 sensitivity in KEAP1-dependent cells might be due to high levels of GSH, 

however decreasing GSH levels with the GCLM inhibitor buthionine sulphoximine (BSO) 

did not rescue NRF2 activation in CALU6 cells (Figure S5D). These results suggested that 

upon activation of NRF2 in KEAP1-dependent cells, NADH-reductive stress is induced, 

leading to a block in proliferation.

Our findings suggested that KEAP1-dependency may arise, in part, from a metabolic 

preference to utilize ETC for NADH oxidation, resulting in a corresponding sensitivity 

to Complex I blockade previously observed (Figure 3E). To probe this hypothesis, we 

measured NADH/NAD+ ratio in KEAP1-dependent and KEAP1-independent cells following 

sequential treatments with rotenone and oxamate. KEAP1-dependent cells possessed a 

higher NADH/NAD+ ratio following Complex I inhibition compared to KEAP1-independent 

cells (Figure 4F). However, LDH-based NADH oxidation, accounted for the majority of 

the NADH oxidation in both cell types and was indeed higher in KEAP1-independent 

cells (Figure S5E). Collectively, our findings provide one explanation by which cells with 

lower glycolytic rates are unable to cope with NADH reductive stress brought upon NRF2 

activation.

ALDH3A1 partially underlies NADH-reductive stress in KEAP1-dependent cells

To explore the mechanisms by which NRF2 activation increases NADH levels in KEAP1-

dependent cells, we focused on 105 enzymes that utilize NAD+ and are up-regulated 

following NRF2 activation. We further filtered corresponding NAD+-utilizing enzymes 

based on their ability to mediate resistance to NRF2 activation when depleted, identifying 

ALDH3A1 as a compelling candidate (Figure 5A). ALDH3A1 is an NRF2-responsive 

gene (Figures S3B–C) that functions in antioxidant defense, specifically by converting 

reactive aldehydes to their corresponding carboxylic acids74,75. The dehydrogenase activity 

of ADLH3A1 results in the conversion of NAD+ to NADH, and depletion of this gene led 

to a substantial decrease in the NADH/NAD+ ratio following NRF2 activation in KEAP1-

dependent cells (Figures 5B, S5F–G). ALDH3A1 over-expression was sufficient to increase 

the NADH/NAD+ ratio in CALU6 cells (Figure 5C). Consistent with the role of MYC 

in regulating the NRF2 transcription program, depleting MYC reduced both the levels of 

ALDH3A1 and NADH/NAD+ following NRF2 activation (Figures S2C, S5H). Importantly, 

depletion of ALDH3A1 in KEAP1-dependent cells overcame the proliferation block and 

restored respiration and TCA metabolite levels following NRF2 activation (Figures 5D, S5I–

K).

To probe the role of ALDH3A1 in cells, we analyzed metabolites with mass spectrometry 

for m/z values consistent with aldehydes found in human cells, the predominant substrates 

for aldehyde dehydrogenases76,77, including ALDH3A1. We identified a significant 

depletion in metabolites consistent with m/z values for phenylacetaldehyde (PAA) and 

4-hydroxy-phenylacetaldehyde (4PAA) in ALDH3A1-depleted CALU6 cells (Figures 5E–

F, Table S5). High concentrations of PAA are known to block cancer cell proliferation 

through a ROS-based mechanism78. Our cellular data suggests that ALDH3A1 has a role 
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in aldehyde clearance and to provide additional evidence, we established an ALDH3A1 in 

vitro assay finding that both PAA and 4PAA function as substrates of ALDH3A1 resulting in 

an increase in NADH absorbance following addition of either aldehyde (Figure 5G). Using 

LCMS, we further confirmed the carboxylate products of PAA and 4PAA in the ALDH3A1 

in vitro assay (Figure 5H). Following activation of NRF2 and a concomitant increase in 

ALDH3A1 levels, we observed a decrease in metabolites consistent with PAA and 4PAA in 

a panel of NSCLC cells (Figure 5I).

As we identified ALDH3A1 as a key driver of the NADH/NAD+ ratio following 

NRF2 activation, we wondered whether NADH-reductive stress is solely due to NAD+ 

consumption or arises from defects in NADH turnover due to ETC dysfunction. To address 

this question, we localized SoNar to both the cytosol and mitochondrial matrix and found 

heightened levels of NADH in both locations following NRF2 activation (Figure S5L). Our 

findings suggest that NRF2 mediates NADH-reductive stress through NAD+ consumption 

and ETC dysfunction, and further illustrates how in the absence of oxidative stress, over-

expression of antioxidant defense genes reshapes the cellular redox state to an overly 

reduced environment leading to a block in proliferation.

Disruption of Complex I activity is a metabolic liability in KEAP1-mutant cells

Our results suggest that NRF2 can result in an imbalance of NADH/NAD+, constituting 

a liability that may be exploited in cellular states with hyperactive NRF2 signaling. We 

tested this hypothesis by treating a panel of KEAP1-dependent, KEAP1-independent, and 

KEAP1-mutant cells with IACS-010759 (IACS), a potent Complex I inhibitor79, finding 

that KEAP1-mutant cells had a substantial increase in NADH/NAD+ following treatment 

(Figures 6A, S6A). Consistent with our hypothesis, KEAP1-independent cells, that were 

co-treated with KI696 and IACS also had substantial increases in NADH levels (Figures 

6A, S6A). The increase in NADH levels following IACS treatment, directly translated to 

lower IC50 values in KEAP1-mutant and KEAP1-dependent cell lines compared to KEAP-

independent cells (Figure 6B). Moreover, we found IACS potently blocked the growth of 

KEAP1-dependent and NRF2-activated cells in soft agar but not KEAP1-independent cells 

(Figures 6C, S6B–C). We next asked whether IACS would be effective in targeting KEAP1-

mutant tumors in vivo, finding that IACS strongly blocked the growth of a KEAP1-mutant 

patient-derived xenograft (PDX) but had no effect on a KEAP1-WT PDX (Figures 6D–G, 

S6D–E). By depleting ALDH3A1 in KEAP1-mutant cells we found a partial rescue of 

IACS treatment (Figures S6F–G). Over-expression of LbNOX and NDI1 in H460 cells or 

treatment with NMN, also led to a partial rescue of IACS treatment (Figures S6H–I). These 

results reveal that the NADH/NAD+ ratio is at its tipping point in KEAP1-mutant cells and 

that a slight disruption in NADH oxidation through Complex I inhibition coordinated with 

hyper-active NRF2 signaling overwhelms NADH homeostasis leading to reductive stress 

and a blockage in cell proliferation (Figure 6H). Collectively, our results illustrate how 

reductive stress can be leveraged as a synthetic lethal opportunity within a genetically– and 

metabolically-defined subset of cancers.
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Discussion

Activation of NRF2 has been widely regarded as a favorable event in cancer growth 

via the activation of oxidative stress-responsive genes. Our study identifies a previously 

unappreciated role for NRF2 in NADH-reductive stress. Herein, we provide one explanation 

for the metabolic cost that cancer must pay to harbor high NRF2 activity, providing the 

metabolic context required to support this pathway. By pharmacologically profiling a large 

panel of genetically diverse NSCLC cell lines in combination with functional genomic 

analysis, we uncovered, that NRF2 activity can only be tolerated under certain metabolic 

contexts required to offset high NADH levels. These findings indicate that NADH levels are 

both necessary and sufficient for NRF2 sensitivity and that the precise cellular pathways 

used for NADH oxidation are a key determinant for enduring NRF2 activation. Cells 

with high glycolytic rates tolerate NRF2 activation and do not incur high levels of NADH-

reductive stress compared with their counterparts which rely more heavily on Complex I 

for NADH oxidation. As a result, cells with low glycolytic rates suffer an NADH/NAD+ 

imbalance imposed by NRF2 activity.

Our study highlights a growing appreciation for the role of NADH-reductive stress in cell 

biology21–24 and directly demonstrates how high levels of reductive stress mediated through 

an imbalance in NADH/NAD+ directly impact cancer cell growth. Overcoming oxidative 

stress has been at the forefront of understanding why cancers activate NRF2. Excitingly, 

our results illustrate that for a subset of NSCLCs, overcoming NADH-reductive stress is a 

critical determinant for cell proliferation. Cancer dependency (DEPMAP) analysis revealed 

the essential role of KEAP1 across multiple cancers, suggesting that KEAP1 regulation 

of NADH-reductive stress may be a general requirement for proliferation. Based on our 

dissection of this dependency in NSCLCs, we anticipate that many KEAP1-dependent 

cancers will have lower rates of glycolysis and a high dependence on Complex I for NADH 

oxidation. Our investigation of NRF2-mediated reductive stress strongly suggests that the 

aldehyde dehydrogenase, ALDH3A1, an NRF2-target gene has a substantial role in the 

regulation of NADH/NAD+ in KEAP1-dependent cells through its control of the aldehydes 

PAA and 4PAA. Metabolism of phenylalanine has been suggested to give rise to PAA78,80, 

and although its role in tumors is still emerging, recent studies have demonstrated that at 

high levels PAA increases ROS and is cytotoxic to breast cancer cells78.

Given the central role of the mitochondria in generating cellular ROS81, it is not surprising 

that NRF2 would modulate mitochondrial activity as one mechanism to downregulate 

ROS levels. Our study indicates a key role in the manipulation of NADH levels as a 

mechanism by which NRF2 controls mitochondrial function and supports a growing body of 

literature connecting NRF2 with mitochondrial regulation53,65. NRF2 launches two parallel 

campaigns to quelch a rise in oxidative stress by: 1) increasing antioxidant levels and 2) 

decreasing the cellular sources of oxidative stress, in this case mitochondrial respiration. Our 

work suggests that NRF2 does not directly modulate mitochondrial gene or protein levels, 

rather relying on a yet to be described posttranslational mechanism to regulate mitochondria. 

Given the reductive cellular environment brought upon by NRF2 activation that we describe, 

it would not be surprising if reductive protein stress brought about by incorrect disulfide 
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bond formation is an additional mechanism by which NRF2 stymies mitochondrial function 

and cancer growth.

While an abundance of cancer genomics studies indicate that NRF2 activation is a common 

event in NSCLCs, our work begins to illuminate when this activation may be permissible. 

Loss of KEAP1 is not sufficient to initiate tumor growth and is thought to function in a 

supportive role following oncogene activation such as KRAS or loss of p5332,42,45. Our 

results suggest that a cancer cell may only be able to support NRF2 activation once its 

glycolytic rate is increased to overcome the burden of NRF2-induced reductive stress. 

While loss of NRF2 is not lethal, loss of KEAP1 leads to postnatal lethality due to 

esophageal hyperkeratinization, disruption of renal function and bone mineralization82–84. 

Whether these dysfunctions arise from NADH-reductive stress remains to be determined 

but underscores that NRF2 activation can only be tolerated in certain metabolic contexts. 

Undoubtedly, new therapies aimed at activating NRF285 in non-glycolytic tissues may have 

unexpected side effects caused by NRF2-induced reductive stress. In particular, there is 

growing interest in activating NRF2 to treat patients with mitochondrial diseases86,87 and 

our work would suggest caution should be taken, given its impact on respiration. Future 

studies treating NSUFS4-mouse models of Leigh syndrome88 with NRF2 activators, may 

go a long way in determining the therapeutic potential of activating NRF2 in this set of 

diseases.

The sensitivity of KEAP1-mutant cells to Complex I inhibition may arise from their 

limited capacity to oxidize additional NADH. The partial rescue of IACS-010759 following 

depletion of ALDH3A1 suggests that there are likely additional mechanisms by which 

NRF2 regulates NADH levels in KEAP1-mutant cells or there are off-targets associated with 

this inhibitor. While clinical reports suggest that IACS-010759 is tolerable in humans89,90, 

its anti-cancer efficacy is limited because of toxicity. While this clinical trial did not rely on 

biomarkers to guide patient selection our finding suggests IACS-010759 may be useful use 

in patients harboring KEAP1-mutations.

In summary, our findings provide a complex picture for the role of metabolic tumor 

suppressors in controlling the proliferation of cancer cells. They provide one explanation 

for how metabolism-centered oncogenic pathways are supported and the metabolic rewiring 

required for proliferation upon their activation. Importantly, this study identifies a cellular 

signaling pathway whose activation directly controls reductive stress within cancer cells. 

Our findings are in line with previous studies demonstrating the critical role that NAD+ 

plays in multiple cellular pathways and how maintenance of NADH homeostasis is required 

for tumor progression25–30. Moreover, the discovery that AMPK, long considered to 

harbor tumor suppressive functions, is paradoxically required for the growth of tumors by 

regulating lysosomal gene expression, supports the essentiality of some tumor suppressors91. 

Collectively, our study provides a metabolic context by which NRF2 activation can create 

synthetic lethal opportunities through the generation of NADH-reductive stress, forming the 

basis to exploit this form of stress in treating KEAP1 mutant cancers.
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Limitations of Study

In this study we identified that a subset of NSCLC cell lines is hypersensitive to NRF2 

activation. NRF2 activation results in NADH-reductive stress through the over-expression 

of ALDH3A1 leading to ETC dysfunction. However, our study does not address the root 

cause of this mitochondrial dysfunction. Although depletion of ALDH3A1 or increasing 

NAD+ levels following treatment with NMN restored oxygen consumption following NRF2 

activation, they did not do so fully, suggesting additional mechanisms. We still know very 

little about how an overly reductive cell state regulates different organellar pathways, and 

whether this occurs at the level of nucleotide co-factors as described herein or at the level 

of reduced proteins or lipids. Thus, more studies are needed to understand the impact of 

reductive stress so that it may be exploited for the development of anti-cancer therapies.

STAR Methods

RESOURCE AVAILABILITY

Lead contact—Further information and requests for reagents should be directed to the 

Lead Contact, Liron Bar-Peled (LBAR-PELED@mgh.harvard.edu).

Materials availability

• All unique/stable reagents generated in this study are available from the Lead 

Contact with a completed Materials Transfer Agreement.

Data and code availability

• Source data for graphs can be found in Data S1. The RNA-seq data have been 

deposited in GEO: GSE221194 and the proteomics data have been deposited in 

PRIDE: PXD039027 and both are publicly available. The accession numbers are 

provided in the key resources table.

• This paper does not report original code.

• Any additional information required to reanalyze data reported in this paper is 

available from the lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—All cell lines were grown in RPMI-1640 (Corning) media containing 10% 

FBS (Corning), Penicillin-Streptomycin (100 mg/ml, Millipore) and 1% GlutaMax (Gibco). 

All cell lines were tested at least once for Mycoplasma and if not noted elsewhere were 

obtained from American Tissue Type Collection (ATCC). All MGH cell lines were kindly 

provided by Dr. Aaron N Hata. Whenever thawed, cells were passaged at least three times 

before being used in experiments. For normoxia and hypoxia experiments, cell lines were 

maintained at 5% CO2 with the indicated oxygen concentrations.

Animal Studies—Patient-derived xenografts (PDX) used in this study were previously 

described in45. PDX tumors were stored in cryo-tubes in 10% dimethyl sulphoxide (DMSO) 

containing Dulbecco’s Modified Eagle Medium (DMEM) media containing 10% FBS and 
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20 mg/ml Gentamicin. NOD-SCID IL2R gammanull (NSG; NOD.Cg-Prkdcscid Il2rgtm1Wjl/

SzJ) mice were purchased from Jackson laboratories (Strain #: 005557).

METHOD DETAILS

Lentivirus virus production—Mammalian lentiviral particles harboring sgRNA-

encoding plasmids, shRNA-encoding plasmids, or cDNA-encoding plasmids were co-

transfected with the psPAX2 envelope and VSV-G packaging plasmids into actively growing 

HEK-293T cells (ATCC) using Xtremegene-HP (Sigma) transfection reagent as previously 

described93. Virus-containing supernatants were collected 48 hours after transfection, 

filtered to eliminate cells and target cells were infected in the presence of 8 μg/ml polybrene 

(Millipore) at a concentration of 2.5 × 105 cells/well. 24 hours later, cells were selected with 

puromycin (Sigma-Aldrich) or blasticidin (Sigma-Aldrich) and analyzed 3–10 days after 

selection was initiated. The sequences of sgRNAs and shRNAs used in this study can be 

found in Table S6.

cDNA cloning and mutagenesis—cDNAs were amplified using Q5 High-Fidelity 2X 

master mix (NEB) and subcloned into pCW57.1-DOX on or pCW57.1-DOX off (Addgene) 

or pLentiCRISPRv2 (Addgene) by T4 ligation or Gibson cloning (NEB). Site directed 

mutants were generated using QuikChange XLII site-directed mutagenesis (Agilent), using 

primers containing the desired mutations. The sequences of primers used in this study can be 

found in Table S6. The SoNar cDNA is previously described68. All constructs were verified 

by DNA sequencing.

Cell lysis—The indicated cell lines were rinsed once with ice-cold PBS and lysed with 

Triton lysis buffer (1% Triton X-100, 40 mM HEPES pH 7.4, 2.5 mM MgCl2 and 1 tablet 

of EDTA-free protease inhibitor (Roche) (per 25 ml buffer)) and gentle sonication using a 

QSonica 700A water-chilled sonicator. The soluble fractions of cell lysates were isolated by 

centrifugation at 13,000 rpm in a microcentrifuge for 10 min, normalized and proteins were 

denatured by the addition of 5X sample buffer and boiling for 5 min as described94. Samples 

were resolved by 8%–16% SDS-PAGE and analyzed by immunoblotting.

Monolayer proliferation assay—Unless otherwise noted, cells were pre-treated with 

KI696 for 3 days in 6-well plates, prior to the onset of proliferation assays. For cell 

lines harboring Doxycycline (DOX)-inducible or repressible cDNAs or shRNAs, cells were 

treated with DOX 3 days in 6-well plates prior to the onset of proliferation assays. For all 

other compounds, pre-treatment occurred in a 6-well plate for 2 days with the indicated 

concentrations listed in the figure legends. At the onset of a proliferation assay, cells were 

cultured in 96-well plates at 2.5 × 103 cells per well in 100 μl of RPMI and the indicated 

compound or vehicle control was added for compounds where pre-treatment was required. 

For all other compounds, agents were administered 24 hours after cell seeding. Where 

indicated (Figure S3F), tissue culture media was supplemented with 400 μM uridine. To 

quantify cell proliferation crystal violet staining was used as described in95 with slight 

modification. Briefly, culture media was removed and 50 μL of crystal violet stain (0.5% in 

25% methanol) was added to cells for 30 min at room temperature. After removal of crystal 

violet, cells were washed with water and dried overnight before quantification. Cell viability 
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was quantified in ImageJ (NIH v2.0.3) as previously described in96 on threshold images. 

To calculate half maximal inhibitory concentrations (IC50) cells were cultured at 2.5 × 103 

cells per well in 100 μL RPMI media and compounds were added the following day. Cell 

viability was assessed on day six of treatment using crystal violet staining. IC50 values were 

calculated using log(inhibitor) vs % normalized response formula in Prism v.7 (GraphPad). 

For Figure S1I, cells transduced with the indicated sgRNAs were seeded in a 96-well plate 

in 100 μL of media and 50 μl of Cell Titer Glo reagent (Promega) was added to each well 

and the luminescence read on the SpectraMax M5 plate reader (Molecular Devices).

Anchorage-independent growth assay—Multiple NSCLC cell lines were tested for 

their ability to form colonies in soft agar. Cells were seeded at concentrations between 3.0–

6.0 × 104 cells/well in a 6-well plate, cell concentrations required to form viable colonies 

in a 3-week time frame. CALU6, H460 and H2122 were seeded at 3.0 × 104 per well. 

MGH-134 and H1975 were seeded at 6.0 × 104 cells/well. Where indicated, cells were 

pre-treated with 1 μM of KI696 for 3 days prior to the onset of anchorage independent 

growth. For all assays, an equal number of cells from each comparison group was embedded 

in a solution of 0.4% Noble agar solution (Difco Labs) and the indicated agents or vehicle 

control were added to the 0.4% Noble agar solution before solidification. Cells were then 

placed on top of hardened layer of 0.6% agar in a 6-well plate. Cells were grown for 14–20 

days at 37°C with 5% CO2. Fresh media (200 μL) was added every 5 days. Bright field 

images were obtained using light microscopy (Nikon Eclipse Ti) with x10 objective lens and 

colony formation area was measured in ImageJ (NIH, v2.0.3) as described in96.

Animal Studies—All animal studies described were approved by the NYU Langone 

Medical Center Institutional Animal Care and Use Committee. Animals were housed 

according to IACUC guidelines in ventilated cages in a specific pathogen-free (SPF) 

animal facility. Patient-derived xenograft (PDX) tumors were stored in cryo-tubes in 10% 

dimethyl sulphoxide (DMSO) containing Dulbecco’s Modified Eagle Medium (DMEM) 

media containing 10% FBS and 20 mg/ml Gentamicin. Upon thawing, PDX tumors were 

trimmed to approximately 3 mm3 and surgically transplanted subcutaneously in the flanks of 

6–8 week old male and female NSG mice. Vetbond was used to close wounds. Engraftment 

was checked every 3 days after transplantation. After the establishment of tumors, mice 

harboring tumors with volumes of 50–100 mm3 were randomized and assigned to a 

treatment group. Subcutaneous tumor volumes were calculated according to the following 

formula: volume (mm3) = (a2 × b) × (π/6), in which a is the smaller dimension and b is the 

larger dimension. Animals either received 5 mg/kg IACS-010759 or vehicle 0.5% Methyl 

cellulose (100 μl per dose) 3 times a week through oral gavage for a total of 3 weeks. Tumor 

growth was tracked for a minimum of 8 tumors per experimental group.

Genome-wide and metabolism-focused CRISPR screens—CRISPR screens were 

conducted as previously described in97. Briefly, CALU6 cells were infected with a genome-

wide CRISPR library (Addgene,97) or CALU6 and H1975 cells were infected with a 

metabolism-focused CRISPR library (Addgene,28) ensuring a multiplicity of infection ~0.3 

following 3 days puromycin selection. Cells were allowed to recover for 1 day and an initial 

input was taken with the number of infected cells corresponding to 1000X the size of the 
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library. The screen was initiated by treating cells (~200 × 106 cells for genome-wide and 30 

× 106 for metabolism-focused) with DMSO or 1 μM KI696, maintaining this cell number 

and compound for 11 population doublings. At the end of the screen, cells were harvested, 

and genomic DNA was extracted using Macherey Nagel Blood XL kit (Macherey). Libraries 

were generated from each sample by PCR based amplification of the sgRNA amplicon 

from 200 μg of genomic DNA using custom PCR primers harboring an index primer and 

illumina 5’ and 3’ adaptors. Libraries were pooled and analyzed on a NextSeq500 (Illumina) 

using single end 75bp reads. sgRNAs were mapped and quantified as described in97 with 

modifications as described. Raw sgRNA counts for each screen were filtered to remove 

guides with poor representation in the library input. Read counts were then normalized using 

a “median ratio method” adapted from98.To calculate a “CRISPR Score” for each gene, 

log2 normalized DMSO and KI696 sgRNA values were subtracted from corresponding input 

values and the median sgRNA value for each gene was determined. The difference between 

DMSO and KI696 CRISPR scores is presented.

Gene set enrichment analysis (GSEA) and metabolic pathway enrichment—
GSEA99 was carried out using pre-ranked lists from genome-wide CRISPR-score values 

using the fast GSEA package in100 Gene sets were collected from MSigDB version 7.4 

and top/bottom 250 gene categories were then stratified into subcategories as described in 

Figure 1F. To identify KI696 mediated sensitivity from different metabolic pathways, genes 

were curated into different metabolic pathways as described in101 and a CRISPR value for 

each pathway was determined by calculating the aggregate CRISPR-score for each gene 

comprising this pathway (see Figures 1H, S2A).

Glycolytic signature—A glycolytic gene signature was calculated for NSCLC cell lines 

according to102 with slight modifications. Briefly, the mean expression of glycolytic genes, 

as defined in KEGG glycolysis gene set V7.5.1, was calculated for NSCLC cell lines by 

using publicly available transcriptomic data (20Q4) from DEPMAP103. Expression values 

were then Z-score normalized to get glycolytic gene-score = (xi-μ)/σ, where xi is the mean 

expression value of glycolytic genes of the ith sample (NSCLC cell line), μ is the average 

expression of glycolytic gene across all samples and σ is the standard deviation of glycolytic 

gene expression across all samples.

Seahorse Flux Analyses—Oxygen consumption rates (OCR) and extracellular 

acidification rates (ECAR) were measured using XFe96 Extracellular Flux Analyzer 

(Agilent) as described previously with slight modifications1. Briefly, all cell lines were 

plated on a poly-L-lysine coated 96-well Seahorse plates (Agilent) at 10 × 103 cells/well, 

with the exception of H522 and H661 that were seeded at 15 × 103 and 5 × 103 cells/well, 

respectively. Cells were treated with KI696 (1 μM) or DMSO for 48 hours in RPMI media. 

To analyze OCR and ECAR, the media was changed to RPMI supplemented with 2 mM 

L-glutamine and 10 mM D-glucose, but lacking sodium bicarbonate. Measurements of 

OCR were carried out at baseline and after injections of oligomycin (1.5 μM), FCCP/Na 

Pyruvate (3 μM/1 mM), and Antimycin (1 μM). To measure ECAR, the assay media 

was modified to RPMI supplemented with 2 mM L-glutamine and ECAR was measured 

following the injections of D-glucose (10 mM), oligomycin (1.5 μM), and 2-Deoxyglucose 
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(100 mM). OCR/ECAR measurements were carried out at baseline. All OCR and ECAR 

values were normalized to total protein content as measured by BCA (Pierce) according to 

manufacturer’s instructions.

Confocal imaging of cell lines expressing SoNar reporter—NSCLC cell lines 

expressing the indicated the SoNar reporter were seeded on poly-lysine coated 8-well 

chamber (iBidi) at 10 × 103 cells per well and treated with compounds as described 

in the text. For KI696 treatments, cells were pre-treated for 2 days with 1 μM KI696 

or vehicle control prior to seeding on glass bottom dishes. Dishes were firmly mounted 

the stage adaptor of Zeiss 710 Laser Scanning Confocal microscope (Carl Zeiss Inc.). 

Constant temperature (37°C), humidity, and 5% CO2 atmosphere are maintained throughout 

the duration of cell imaging. Images were acquired using a 63X oil objective. Relative 

NAD+ levels were determined by exciting SoNar expressing cells with a 488 nm laser 

and measuring emission at 500–520 nm range. Relative NADH levels were determined by 

exciting SoNar expressing cells with a 405 nm laser and measuring emission at 500–545 nm 

range. Acquisition parameters were kept identical between samples. Images were acquired 

using a 63X oil objective. Ratiometric images of SONAR were processed using ImageJ 

(NIH, v2.0.3) to 32-bit images and presented in 16 colors mode. Threshold images were 

quantified for mean fluorescence intensity in ImageJ.

Flow cytometry analysis—NSCLC cells expressing the indicated SoNar reporter were 

seeded at 0.25 × 106 cells/well in a 6-well plate for 48 hours. Cells were dislodged by 

trypsin digestion, resuspended in FACS buffer (PBS + 1% FBS, 2 mM EDTA) and treated 

sequentially at room temperature with 0.5 μM Rotenone (Sigma-Aldrich) followed by 5 mM 

sodium oxamate (Sigma-Aldrich). The fluorescent signal at 530 nm following excitation at 

405 nm (NADH binding) or 488 nm (NAD binding) was measured every 2 min for a total of 

30 min by an Aurora (Cytek) flow cytometer. The ratio of λex = 488 nm/λem = 530 nm to 

λex = 405 nm/λem = 530 nm signal was determined using Flowjo v10.6.

Lactate dehydrogenase (LDH) activity—LDH activity was determined as described 

in104. Briefly, cell pellets were lysed in water and the supernatant was cleared by 

centrifugation at 13,000 × rpm for 10 min at 4°C. Protein concentration was determined 

by Bradford (Bio-Rad). To initiate the NADH oxidation assay equal concentrations of cell 

lysate (20 μL) were added into 80 μL of a reaction buffer (1 mM sodium pyruvate, 0.5 

mM NADH and 200 mM Tris pH 7.5). NADH oxidation rate was determined by kinetic 

absorbance at 340 nm which was collected every 2 min for 30 min using SpectraMax 

M5 plate reader (Molecular Devices). To determine LDH activity, NADH half-life was 

determined by one-phase exponential decay model using Prism v7 (GraphPad) and LDH 

activity is represented as 1/NADH(half-life).

Lactate measurement—Cell lines were cultured at 1 × 106 cells per well in a 6-well 

plate in 2 mL of RPMI culture media. The following day, culture media was replaced 

with 1 mL of serum-free RPMI after three successive washes with PBS. After 8 hours, 

the entirety of the supernatant (1 mL) was collected and mixed with a 50 μL of reaction 

buffer (30 mM Tris (Sigma-Aldrich) pH 7.4, 40 μM resazurin (Sigma-Aldrich), 0.01 U 
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rLDH (Abcam), 0.05 U Diaphorase (Sigma-Aldrich), 1 mM NAD+ (Cayman). Reactions 

were carried out at room temp for 30 min in an opaque 96-well plate. The fluorescent signal 

corresponding to NADH oxidation was measured (550–585 nm) using SpectraMax M5 plate 

reader (Molecular Devices) and normalized to cell number.

In vitro ALDH3A1 assay—ALDH3A1 in vitro assay was conducted in 100 μl 0.1 M Tris 

buffer (pH 7.5) in a 96-well plate supplemented with 2.5 mM NAD+ (Cayman), 1 mM of 

phenylacetaldehyde (PAA, Sigma) or 4-hydroxyphenylacetaldehyde (4PAA, this study) and 

FLAG-purified METAP2 or ALDH3A1 from CALU6 cells. To initiate the assay, 4PAA or 

PAA was added immediately after the addition of enzyme, and the reaction was monitored 

by tracking NADH absorbance at 340 nm at 2-minute intervals on the SpectraMax M5 plate 

reader for 1 hour. For LCMS quantification of substrates and products from the in vitro 

ALDH3A1 assay samples were on a iHILIC column (5 μm, 150 mm × 2.1 mm I.D., Nest 

Group) coupled to an Agilent 6546 LC/Q-TOF with an ESI source operated in negative 

positive mode. The identity of each metabolite was confirmed by matching retention time 

and/or MS/MS fragmentation data to standard compounds and/or a database.

GCMS analysis—1 × 106 cells were cultured in a 6 cm dish in a total of 5 mL RPMI 

media and treated with DMSO or KI696 (1 μM) for 48 hours. Cells were washed with 

0.9% NaCl solution and immediately flash frozen in liquid nitrogen. Metabolite extraction 

was undertaken by adding 800 μL ES1 (H2O:L-Norvalin (1 mg/mL) : Glutarate (1 mg/mL), 

15 mL:37.5 μL:37.5 μL) (all from Sigma-Aldrich) followed by addition of chloroform 

(500 μL). Samples were vortexed, centrifuged at 13,000 × rpm for 10 min, 4 °C and 

the upper phase was dried and derivatized with TBDMS (Sigma-Aldrich) for downstream 

GC-MS analyses. Samples were analyzed on an Agilent 7890B GC system was coupled to 

5977B single quadrupole mass spectrometer equipped with an electron ionization source. 

Automated injections were performed with an Agilent 7693 autosampler. The injector 

temperature was held constant at 270 °C. Injections of 1 μL were made in spitless mode. 

Chromatography was performed on a HP-5ms Ultra Inert Column (30 m × 0.25 mm, 0.25 

μm film thickness, Agilent). Helium carrier gas was used at a constant flow of 1ml/min. 

The GC oven temperature program was 100 °C initial temperature with 3 min hold time and 

ramping at 10 °C/min to a final temperature of 300 °C with 12 min hold time. The transfer 

line temperature was 250 °C, and the source temperature was 230 °C. After a solvent delay 

of 5.5 min, mass spectra were acquired at 2.9 scans/s with a mass range of 50 to 550 

m/z. Data processing was performed with MassHunter Workstation Software Quantitative 

Analysis (Version B.09.00 / Build 9.0.647.0, for GCMS and LCMS).

LCMS analysis—2.5 × 105 cells were cultured in a 6 well plate in 4 mL of RPMI 

and treated with DMSO or KI696 (1 μM) for 48 hours. On the day of sample collection, 

cells were washed three times with a 75 mM ammonium carbonate solution followed 

by extraction with 70% ethanol at 70°C for 3 min. The supernatant was cleared by 

centrifugation at 13,000 × rpm for 10 min at 4°C and immediately stored in −80°C until 

further processing by LCMS.

LCMS analysis was performed on a platform consisting of an Agilent 1260 Infinity II LC 

pump coupled to a Gerstel MPS autosampler (CTC Analytics, Zwingen, Switzerland) and an 
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Agilent 6550 Series Quadrupole TOF mass spectrometer (Agilent, Santa Clara, CA, USA) 

with Dual AJS ESI source operating in negative mode as described previously (Fuhrer et 

al, 2011). The flow rate was 150 μl/min of mobile phase consisting of isopropanol:water 

(60:40, v/v) with 1 mM ammonium fluoride. For online mass axis correction, two ions in 

Agilent’s ESI-L Low Concentration Tuning Mix (G1969–85000) were used. Mass spectra 

were recorded in profile mode from m/z 50 to 1,050 with a frequency of 1.4 s for 2 × 0.48 

min (double injection) using the highest resolving power (4 GHz HiRes).

All steps of mass spectrometry data processing and analysis were performed with MATLAB 

(The Mathworks, Natick, MA, USA) using functions embedded in the Bioinformatics, 

Statistics, Database, and Parallel Computing toolboxes as described previously in105. The 

resulting data included the intensity of each mass peak in each analyzed sample. Peak 

picking was done for each sample once on the total profile spectrum obtained by summing 

all single scans recorded over time, and using wavelet decomposition as provided by the 

Bioinformatics toolbox. In this procedure, a cutoff was applied to filter peaks of less than 

5,000 ion counts (in the summed spectrum) to avoid detection of features that are too 

low to deliver meaningful insights. Centroid lists from samples were then merged to a 

single matrix by binning the accurate centroid masses within the tolerance given by the 

instrument resolution. Starting from the HMDB v4.0 database106, we generated a list of 

expected ions including deprotonated, fluorinated, and all major adducts found under these 

conditions. All formulas matching the measured mass within a mass tolerance of 0.001 Da 

were enumerated. As this method does not employ chromatographic separation or in-depth 

MS2 characterization, it is not possible to distinguish between compounds with identical 

molecular formula. The confidence of annotation reflects Level 4 but – in practice - in the 

case of intermediates of primary metabolism it is higher because they are the most abundant 

metabolites in cells biological extracts. The resulting matrix lists the intensity of each mass 

peak in each analyzed sample. An accurate common m/z was recalculated with a weighted 

average of the values obtained from independent centroiding.

RNAseq analysis—CALU6 cells were cultured in 6-well plates (2.5 × 105 cells/well) and 

treated with KI696 (1 μM) or vehicle control for 48 hrs. RNA was isolated by RNeasy Kit 

(Qiagen) following the manufacturer’s instructions and digested with DNase (Qiagen) from 

n=2 samples per condition. mRNA-seq libraries were prepared using NEBNext® Poly(A) 

mRNA Magnetic Isolation Module (NEB) kit according to manufacturer’s instructions. 

Libraries were then quantified by Kappa Library Quantification (Roche), pooled, and 

sequenced by single-end 75 base pairs using the Illumina NextSeq 500 platform. FASTQ 

files were then processed using RNA Express module (Illumina) and raw counts were 

further processed in R (v.4.0.3) and edgeR107 to obtain relative gene expression.

Proteome wide analysis of NRF2 activation—CALU6 cells were cultured in 6-well 

plates (0.25 × 106 cells) and treated with 1 μM KI696 for 48 hrs. Cells were washed once 

with ice-cold PBS, snap-frozen in liquid nitrogen and stored at −80°C until use. Frozen cell 

pellets were lysed in PBS supplemented with Benzonase (Santacruz) and protease inhibitors 

(Roche) using a chilled bath sonicator (QSONICA) and centrifuged for 3 min at 300 g. 

Proteins were quantified by BCA assay (Thermo Scientific) and a total of 50 μg of total 
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protein extracts were used for each TMT channel. Protein extracts were reduced with 5 

mM 5-Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) (Sigma-Aldrich) for 2 min 

at room temperature, followed by alkylation using 20 mM Iodoacetamide (Sigma-Aldrich) 

for 30 min in the dark at room temperature. SP3 magnetic beads (Cytiva) were prewashed 

with LC-MS grade water and 250 μg combined SP3 beads (1:1 hydrophobic:hydrophilic) 

and LC-MS grade ethanol were added to each sample to reach a final concentration of 

50% ethanol. SP3 protein binding occurred for 30 min at room temperature and beads were 

subsequently washed 3 times with 80% ethanol for resuspended with 175 ul of Trypsin/

Lys-C (1 μg, Thermo Scientific A40009) in 200 mM EPPS (pH 8.4)/5 mM CaCl2. Proteins 

were digested overnight (16 h) at 37°C and peptides were dried using a Speedvac (Thermo 

Scientific). Peptides were desalted with stage tips using the following procedure: Peptides 

were reconstituted with 5% acetonitrile/0.1 % formic acid and loaded onto Empore C18 

disks (3M) packed into a 200 μl pipette tips pre-equilibrated with LC-MS grade methanol 

and water containing 0.1% formic acid. C18 disk were washed 10 times with LC-MS grade 

water containing 0.1 % formic acid and subsequently eluted with 80% acetonitrile/0.1% 

formic acid and dried using a Speedvac (Thermo Scientific). Peptides were quantified with 

Quantitative Colorimetric Peptide Assay (Thermo Scientific) and 5 μg of total peptides 

were labeled using TMTpro16-plex reagents (Thermo Scientific). Briefly, peptides were 

reconstituted with 30% acetonitrile/70% 200 mM EPPS (pH 8.4) and labeled with 50 μg 

of TMT reagent per channel for 75 min at room temperature with rotation. Labeling was 

terminated by the addition of 5% hydroxylamine (Acros Organics) for 15 min, followed by 

supplementation with 10% formic acid. Samples were pooled and dried using a Speedvac 

(Thermo) and fractionated using high pH reversed phase fractionation (Thermo Scientific) 

following the manufactures directions.

Fractionated samples were reconstituted with 2% acetonitrile/0.1 % formic acid and 

subjected to liquid chromatography using an Easy nLC 1200. The columns used are an 

Acclaim PepMap trap Column (75 μm × 20 mm packed with 3-μm particles of C18 

stationary phase) and an EASY-Spray analytical column (75 μm × 500 mm packed with 

2-μm particles of C18 stationary phase). Peptides were loaded onto the trap column using 

0.1 % formic acid in water. Peptides were separated over a 190 min gradient, consisting of 

5–28% solvent B over 155 min, 28–43% solvent B over 25 min, 43–95% solvent B over 

10 min, and 90% solvent B held for 10 min. Solvent A was 0.1% formic acid in water and 

solvent B was 80% acetonitrile and 0.1% formic acid in water. Peptides were ionized at 

2300 V and analyzed on an Orbitrap Eclipse mass spectrometer coupled with a FAIMSpro 

system. Ionized peptides were separated using FAIMSpro (1.5 sec per cycle). MS1 was 

analyzed in the orbitrap at 120,000 resolution using 50 ms ion injection time (IIT) and 250% 

automatic gain control (AGC). Collision energy was set to 36% (CID) and fragmented ions 

were detected in the ion trap using default IIT and AGC. Real time search function was 

enabled to detect human peptides. Synchronous precursor selection was enabled and was set 

to isolate twenty notches. MS3 was analyzed in the orbitrap with the mass range at 100 – 

500 Da and the resolution at 50,000.

Acquired RAW data were analyzed using ProteomeDiscoverer v2.5 (Thermo Scientific) 

using the SequestHT module. Data was search against the UniProtKB human universal 

database (UniProt UP000005640, downloaded May 2020) combined with the common 
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Repository of Adventitious Proteins (cRAP, classes 1,2,3, and 5). Parameters were set 

as follows: MS1 tolerance of 10 ppm, MS/MS mass tolerance of 0.6 Da, trypsin (full) 

digestion with a maximum of zero missed cleavages, minimum peptide length of 6 and 

maximum of 144 amino acids. Cysteine carbamidomethylation (57.021 Da) and methionine 

oxidation (15.995 Da) were set as dynamic modifications. Lysine- and N-ternimous- 

TMTpro modification (304.207 Da) was set as static modification. A false discovery rate 

(FDR) of 1% was set for peptide-to-spectrum matches using the Percolator algorithm and 

for protein assignment. Reporter ion quantification was based on signal over noise (S/N) 

with the co-Isolation Threshold at 50, S/N threshold at 10, and SPS mass matches threshold 

at 50%. Abundances was normalized to total peptides. Protein ratio was calculated using 

PD2.5 pairwise ratio based algorithm and t-test was used for significance.

NADH/NAD+ measurement—0.25 × 106 CALU6 cells were treated with 1 μM KI696 or 

vehicle control in 6-well plates for 48 days. The ratio NADH/NAD+ was determined NAD/

NADH-Glo™ Assay Kit (Promega) following the manufacturer’s protocol. Absorbance was 

measured using a SpectraMax M5 plate reader (Molecular Devices).

4-Hydroxyphenylacetalaldehyde Synthesis—

To a flame dried round bottom flask, 4-Hydroxyphenethyl alcohol (0.7 g, 5.1 mM) was 

added under nitrogen atmosphere, then anhydrous DMSO (7.0 mL) was added. While 

stirring, TEA (1.4 mL, 10 mM) was added slowly. A solution of pyridine-sulfur trioxide 

complex (2.5 g, 16 mM) in anhydrous DMSO (5 mL) was added dropwise to the alcohol. 

After stirring for 1 h at room temperature, the reaction was diluted with CH2Cl2, then 

washed with ice-cold water. The organic layer was dried over Na2SO4, filtered, and 

concentrated to dryness. Purification using silica gel chromatography with hexane:ethyl 

acetate as eluent (5:1 to 2:1) yielded 147 mg (23%) of 4-hydroxyphenylacetaldehyde. 1H 

NMR (400 MHz, CDCl3): δ = 9.70 (t, J = 2.4Hz, 1H), 7.08–7.04 (m, 2H), 6.84–6.80 

(m, 2H), 5.37 (br s, 1H), 3.61 (d, J = 2.4Hz, 1H); 13C NMR (100MHz, CDCl3): δ = 

201.1, 155.2, 131.0, 123.9, 116.0, 49.8; LCMS (ESI): calcd for [C8H8O2]+H = 137.1; 

found 137.1. The spectroscopic data are in good agreement with those reported in the 

literature108,109 and can be found in Data S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism (v10.0.7) for Mac (GraphPad 

Software) or R statistical programing language (v4.0.3, R-project.org). Statistical values 

including the exact n, statistical test, and significance are reported in the Figure Legends. 

Statistical significance was defined as * p< 0.05 and unless indicated otherwise determined 

by 2-tailed Student’s t-test or one-way Anova. All post-hoc analyses are indicated 

in the figure legends. A False Discovery Rate (FDR) was calculated for Proteomics 

(using Proteome Discover, v2.5, Thermo), RNA-sequencing (EdgeR107) and metabolomics 

(Limma110) analysis to correct for multiple comparisons. CRISPR-scores were calculated 

as described in CRISPR screen section. For the KI696 and Bardoxolone small molecule 
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screens, a Z-score was calculated using the following method: Z-Score= (xi-μ)/σ, where xi is 

the fold-change (KI696/DMSO) of the ith sample, μ is the mean fold-change (KI696/DMSO) 

across all samples and σ is the standard deviation of fold-change (KI696/DMSO) across all 

samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Small molecule and CRISPR screens identifies KEAP1 as a dependency in 

lung cancer

2. The glycolytic vs. oxidative nature of cancer cells underlies KEAP1 

dependency.

3. NRF2 activation induces NADH-reductive stress through the upregulation of 

ALDH3A1

4. NADH-reductive stress is a metabolic liability in NRF2-activated cancers
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Figure 1: Identification of KEAP1-dependent NSCLC cell lines.
(A) Representative immunoblot analysis of NSCLC cell lines following treatment with the 

NRF2-activator KI696 (1μM) for 48 hrs. (B) NRF2 activation in a panel of 50+ NSCLC 

cell lines identifies KI696-sensitive cell lines. Cells were pre-treated with KI696 (1 μM) 

for 48 hrs and proliferation was determined by crystal violet staining following another 

6 days of treatment. (C) Depletion of KEAP1 blocks proliferation of KI696-sensitive 

cell lines. KI696-sensitive (herein referred to as KEAP-dependent) and KI696-insensitive 

(KEAP1-independent) cell lines expressing sgRNAs targeting KEAP1 or a non-targeting 

control were analyzed for proliferation defects as described in (B) (Data are represented as a 

mean ± SEM, n=5 biological replicates). (D) Depletion of NRF2 rescues KI696-sensitivity. 

NSCLC cell lines expressing the indicated sgRNAs were treated with KI696 (1 μM) and 

proliferation was determined as described in (B) (Data are represented as a mean ± SEM, 

n=5 biological replicates). (E) Genome-wide CRISPR screen identifies genes mediating 
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resistance and sensitivity to KEAP1-dependency. Highlighted genes are key mediators of 

sensitivity (red) or resistance (blue) (see also Table S1). (F) Genes localized to metabolic 

pathways function as key mediators of sensitivity to NRF2 activation in CALU6 cells (see 

also Table S1). (G) Metabolism-focused CRISPR screen identifies metabolic regulators of 

NRF2 sensitivity. KEAP1-dependent CALU6 (red) and KEAP1-Independent (black) H1975 

cells were infected with a metabolism-focused sgRNA library and treated as described in (E) 

(see also Table S2). (H) Inactivation of oxidative phosphorylation (OXPHOS) sensitizes 

KEAP1-dependent cells to NRF2 activation whereas blockage of glycolysis sensitizes 

KEAP1-independent cells to NRF2 (see also Figure S2E). Statistical significance was 

determined by One-way ANOVA with Sidak’s corrections for multiple comparisons. *** 

indicates p-values < 0.0001.
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Figure 2: Metabolic requirements for NRF2 sensitivity.
(A) NRF2 sensitivity correlates with higher levels of oxidative metabolism. Oxygen 

consumption rate (OCR) and extracellular acidification (ECAR) were measured in a panel 

of NSCLC cells and the OCR/ECAR for each cell line was plotted against its corresponding 

sensitivity to NRF2 activation (Data are represented as a mean ± SEM, n=6–8 biological 

replicates). (B) KEAP1-dependent cells have a lower glycolytic gene signature (see also 

Table S3). (C) The rate-limiting glycolytic enzyme phosphofructokinase, platelet isoform 

(PFKP), is highly expressed in KEAP1-dependent cells. Quantification of PFKP levels 

relative to β-actin (see also Figure S2G). (D) PFKP overexpression restores proliferation 

following NRF2 activation. Relative proliferation of CALU6 cells expressing FLAG-

PFKP or FLAG-METAP2 (control) was determined by crystal violet staining following 

doxycycline (DOX) (100 nM) and KI696 (1 μM) treatment (Data are represented as a 

mean ± SEM, n=5 biological replicates). (E) Hypoxia rescues NRF2 sensitivity. Relative 

proliferation in a panel of NSCLC cell lines following treatment with KI696 (1 μM) and 

culture in normoxic (20% O2) or hypoxic conditions (1.5% O2) was determined as in (D) 

(Data are represented as a mean ± SEM, n= 5 biological replicates). (F-G) Glycolytic 

inhibition sensitizes cells to NRF2 activation. KEAP1-independent cells were treated with 

KI696 (1 μM) and cultured in media containing glucose (10 mM) or galactose (10 mM) (F) 

or co-treated with sodium oxamate (10 mM) (G) and relative proliferation was determined 

as in (D) (Data are represented as a mean ± SEM, n=5 biological replicates). (H) NRF2 

activation decreases maximal respiration in KEAP1-dependent cells. Maximal respiration 
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was determined in a panel of NSCLC lines following treatment with KI696 (1 μM) for 

48 hrs (Data are represented as a mean ± SEM, n=6–8 biological replicates). * indicates 

p-values < 0.05, *** indicates p-values < 0.0001. One-way ANOVA with Sidak’s post-hoc 

correction and two-tailed student’s t-test were used to determine statistical significance.
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Figure 3: NRF2 activation decreases mitochondrial activity in KEAP1-dependent cells.
(A) NSCLC cell lines were treated with KI696 (1 μM) for 48 hrs and the oxygen 

consumption rate (OCR) was determined using a Seahorse Bioflux analyzer (Data are 

represented as a mean ± SEM, n= 6–8 biological replicates). (B) NRF2 regulates OCR in 

KEAP1-dependent cells. CALU6 cells expressing the indicated sgRNA targeting NRF2 or a 

control, were treated with KI696 (1 μM) for 48 hrs and OCR was determined as described 

in (A) (Data are represented as a mean ± SEM, n=6–8 biological replicates). (C) NRF2 

activation decreases TCA metabolites in KEAP1-dependent cell lines. NSCLC cell lines 

were treated with KI696 (1 μM) for 48 hrs and the levels of the indicated metabolites 

were determined by GCMS (see methods). Fold change (KI696/DMSO) is depicted in the 

plots (Data are represented as a mean, n= 5 samples per group with 4 biological replicates 

per sample). (D-E) Complex I inhibition is selectively toxic to KEAP1-dependent cell 

lines. Schematic of different ETC inhibitors used in this study (D). IC50-values (E) were 
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determined for a panel of NSCLC cell lines (Data are represented as a mean ± SEM, 

n= 4–5 samples/group measured in 4–6 biological replicates). * indicates p-values < 0.05, 

** indicates p-values < 0.01, *** indicates p-values < 0.0001. Statistical significance was 

determined by Student’s t-test and corrected for multiple hypotheses by False Discovery 

Rate (FDR), see Methods.
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Figure 4: NRF2 induces NADH-reductive stress in KEAP1-dependent cells.
(A) NRF2 activation increases the NADH/NAD+ ratio in KEAP1-dependent but not 

KEAP1-independent cells. Immunofluorescence analysis of NSCLC cell lines stably 

expressing the NADH/NAD+ reporter SoNar following treatment with KI696 (1 μM) for 48 

hrs. The representative NADH/NAD+ ratiometric image was constructed by taking the ratio 

of the emission intensity of 405 (NADH binding) vs 488 (NAD+ binding) for SONAR (see 

also Figures S4D–E). (B) NRF2 depletion rescues KI696-mediated NADH/NAD+ increase. 

NSCLC cells expressing SoNar as in (A) and corresponding sgRNAs targeting NRF2 or 

a control were treated with KI696 and cells were analyzed as in (A) (see also Figure 

S4J). (C-D) Supplementation with NMN restores the NADH/NAD+ ratio following NRF2 

activation and rescues proliferation in KEAP1-dependent cells. KEAP1-dependent NSCLCs 

were treated with KI696 and NMN (1mM) where indicated and analyzed as in (A) or 

assayed for a change in proliferation by crystal violet staining 6 days post treatment (D) 

(Data are represented as a mean ± SEM, n= 4–5 biological replicates) (see also Figure 

S4K). (E) Over-expression of NADH oxidizing enzymes partially rescues NRF2 activation. 

CALU6 cells stably expressing NDI1, LbNOX or METAP2 (control) were treated with 

KI696 and assayed for proliferation as described in (D) (Data are represented as a mean ± 

SEM, n= 5 biological replicates). (F) KEAP1-dependent cells have a higher rate of Complex 

I NADH oxidation compared to KEAP1-independent NSCLCs. NSCLC cell lines stably 

expressing SoNar were treated with rotenone (0.5 μM) and analyzed by flow cytometry 
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taking the ratio of the emission intensity at λem 530nm after excitation at λex 405 nm 

(NADH binding) or λex 488 nm (NAD+ binding).
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Figure 5: Identification of ALDH3A1 as a mediator of NRF2 reductive stress.
(A) Expression and dependency of NAD+ utilizing enzymes following NRF2 activation 

in CALU6 cells. Scatter plot of NAD+-utilizing enzymes identified in metabolism-focused 

CRISPR screen (see also Table S2) and proteomics (see also Figure S3C) following KI696 

treatment. (B) ALDH3A1 depletion rescues high NADH levels following NRF2 activation. 

CALU6 and MGH-134 cells stable expressing SoNar and the indicated sgRNAs were treated 

with KI696 for 48 hrs. The representative NADH/NAD+ ratiometric image was constructed 

by taking the ratio of the emission intensity of 405 nm (NADH binding) vs 488 nm (NAD+ 

binding) for SoNar (see also Figure S5G). (C) ALDH3A1 is sufficient to increase NADH/

NAD+ ratio in KEAP1-dependent cells. The NADH/NAD+ ratio CALU6 or MGH-134 cells 

expressing SoNar and over-expressing ALDH3A1 or Metap2 (control) was determined by 

flow cytometry. (D) Loss of ALDH3A1 rescues proliferation following NRF2 activation. 

KEAP1-dependent NSCLC cells expressing the indicated sgRNAs were treated with KI696 
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(1 μM) and proliferation was determined as described in (D) (Data are represented as a mean 

± SEM, n= 5 biological replicates per condition). (E) ALDH3A1 regulates aldehyde levels 

in KEAP1-dependent cells. Plot compares fold change with corresponding significance 

for mass spectrometry analysis of CALU6 cells expressing the indicated sgRNAs. Each 

data point corresponds to an m/z value consistent with an aldehyde identified in human 

cells92 (see also Table S5, Methods). (F) PAA and 4PAA are regulated by ALDH3A1. 

CALU6 cells expressing the indicated sgRNAs were treated with KI696 for 48 hrs and the 

relative levels of metabolites consistent with PAA and 4PAA were analyzed as described 

in (E) (Data are represented as a mean ± SEM, n= 3 biological replicates). (G) PAA and 

4PAA are ALDH3A1 substrates. PAA and 4PAA and NAD+ were added to highly purified 

ALDH3A1 or a control protein (METAP2) and NADH accumulation was determined in 

vitro by monitoring its absorbance at 340 nm (Data are represented as a mean ± SEM, 

n= 3 biological replicates). (H) Liquid chromatography mass spectrometry (LCMS)-based 

fragmentation corresponding to substrates (NAD+, PAA, 4PAA) and products (NADH, 

phenylacetate, 4-hydroxyphenylacetate) from ALDH3A1 reaction conducted in (G) (see 

also Methods). (I) PAA and 4PAA levels are regulated by NRF2. The indicated cell lines 

were treated with KI696 for 48 hrs and metabolites consistent with PAA or 4PAA were 

determined as described in (E) (Data are represented as a mean ± SEM, n= 3 biological 

replicates and normalized to DMSO treated samples) * indicates p-values < 0.05, ** 

indicates p-values < 0.01, *** indicates p-values < 0.0001. One-way ANOVA with Sidak’s 

post-hoc correction was used to determine statistical significance. Scale bar: 25 μm.
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Figure 6: Inducing NADH-reductive stress selectively blocks proliferation of NRF2-activated 
NSCLCs.
(A) IACS-010759 (IACS) a Complex-I inhibitor, selectively increases NADH/NAD+ ratio 

in KEAP1-dependent (red) and KEAP1-mutant cells (blue) but not KEAP1-independent 

cells. NSCLC cells stably expressing SoNar were treated with IACS and analyzed by 

immunofluorescence. The representative NADH/NAD+ ratiometric image was constructed 

by taking the ratio of the emission intensity of 405 nm (NADH binding) vs 488 nm 

(NAD+ binding) for SoNar (see also Figure S6A). (B) IACS selectively blocks NSCLC 

proliferation following NRF2 activation. IC50 values were calculated for each cell line 

and where indicated cells were also treated with KI696 (1 μM) (Data are represented as 

a mean ± SEM, n= 6 biological replicates). (C) IACS selectively inhibits the anchorage-

independent growth of NSCLCs with hyperactivate NRF2 signaling. Representative images 

of NSCLC cell lines grown in soft agar following treatment with IACS-017509 (200 nM) 

or co-treated with KI696 (1 μM) as indicated (Data are represented as a mean ± SEM, 
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n= 6–8 biological replicates) (see also Figure S6C). (D) Schematic for in vivo study. (E) 

IACS selectively blocks the growth of KEAP1-mutant tumors. Relative tumor growth of 

subcutaneous patient-derived xenografts (PDX) WT or mutant (MUT) for KEAP1 receiving 

vehicle or IACS (5 mg/kg) (Data are normalized to first treatment, n=10 KEAP1-WT, 

Vehicle; 12 KEAP1-WT IACS, 14 KEAP1-MUT Vehicle, 18 KEAP1-MUT IACS (see also 

Figure S6E). (F-G) Representative immunohistochemistry staining (F) and quantification 

of Ki67 serial sections taken from KEAP1-WT and KEAP1-MUT PDX tumors treated 

with IACS or vehicle. (H) Model. NRF2 activation following pharmacologic inhibition 

or mutation of KEAP1 increases ALHD3A1 resulting in NADH reductive stress. KEAP1-

dependent and -independent cells utilize different NADH oxidation pathways to counter 

reductive stress. * indicates p-values < 0.05, ** indicates p-values < 0.01, *** indicates p-

values < 0.0001. One-way ANOVA with Sidak’s post-hoc correction was used to determine 

statistical significance. Scale-bar: 25 μm for immunofluorescence and 50 μM for soft agar 

and immunohistochemistry.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

NRF2 Abcam Cat#: ab62352

KEAP1 Cell Signaling Tech Cat#: 7705

HMOX1 Proteintech Cat#: 10701–1-AP

NQO-1 Cell Signaling Tech Cat#: 3187S

HK2 Cell Signaling Tech Cat#: 2867T

ALDH3A1 Novus Biologicals Cat#: NBP2–15340

FLAG Sigma Cat#: F7425

β-ACTIN Cell Signaling Tech Cat#: 4970

HRP-labeled anti-mouse Cell Signaling Tech Cat#: 7076

HRP-labeled anti-rabbit Cell Signaling Tech Cat#: 7074

Bacterial and Virus Strains

DH5α Fisher Scientific Cat#:18265017

Chemicals, Peptides, and Recombinant Proteins

DMEM Corning Cat#:15–013-CV

RPMI-1640 Corning Cat#: ICN1646454

FBS Corning Cat#: 35–010-CV

GlutaMax Invitrogen Cat#: 35050061

Penicillin-Streptomycin Millipore Cat#: P0781

Blasticidin Fisher Scientific Cat#: 50712728

Puromycin Sigma-Aldrich Cat#: P8833

Sequencing grade modified trypsin Promega Cat#: V5111

DMSO Fisher Scientific Cat#: MT-25950CQC

Urea VWR Intl Cat#: 97063–798

CHAPS hydrate Sigma-Aldrich Cat#: C3023

DTT Fisher Scientific Cat#: BP1725

Protease Inhibitor Cocktail Sigma-Aldrich Cat#: 5892791001

Polybrene Sigma-Aldrich Cat#: TR-1003-G

X-tremegene HP transfection reagent Sigma-Aldrich Cat#: 6366236001

Cell Titer Glo reagent Promega Cat#: 88836

KI696 MedChemExpress Cat#: HY-101140

Bardoxolone-methyl MedChemExpress Cat#: HY-13324

Piericidin A Cayman Cat#: 15379

Rotenone Sigma-Aldrich Cat#: R8875

Phenformin Cayman Cat#: 14997

Atpenin A5 Cayman Cat#: 11898

Antimycin A Cayman Cat#: 19433
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REAGENT or RESOURCE SOURCE IDENTIFIER

Sodium azide Sigma-Aldrich Cat#: S8032

Oligomycin A Cayman Cat#: 11342

IACS-010759 Cayman Cat#: 25867

2-Deoxyglucose Sigma-Aldrich Cat#: D8375

β-Nicotinamide mononucleotide MedChemExpress Cat#: HY-F0004

Sodium oxamate Cayman Cat#: 19057

AZD7545 Cayman Cat#: 19282

Phenylacetaldehyde Sigma Cat#: 107395

4-Hydroxyphenylacetaldehyde This Study N/A

Critical Commercial Assays Cat#: UN3334

Seahorse XFe96 FluxPac Agilent Cat# 102601–100

NAD/NADH-Glo™ Assay kit Promega Cat#: 103344–100

Deposited data

RNA-seq data This study GEO: GSE221194

Proteomics data This study PRIDE: PXD039027

Recombinant DNA

pLenti:SoNar-NES This study

pCW57.1: FLAG-METAP2 This study N/A

pCW57.1: FLAG-LbNOX This study N/A

pCW57.1: FLAG-NDI-1 This study N/A

pCW57.1: FLAG-PFKP This study N/A

pCW57.1:FLAG-KEAP1-PAM mutant This study N/A

pLENTI-CRISPRv2:sgCTRL This study N/A

pLENTI-CRISPRv2:sgNRF2_9 This Study N/A

pLENTI-CRISPRv2:sgNRF2_10 This Study N/A

pLENTI-CRISPRv2:sgKEAP1_9 This Study N/A

pLENTI-CRISPRv2:sgKEAP1_10 This Study N/A

pLENTI-CRISPRv2:sgALDH3A1_5 This Study N/A

pLENTI-CRISPRv2:sgALDH3A1_7 This Study N/A

pLKO-Tet-On: shGFP 111 

pLKO-Tet-On: shKEAP1_1 This Study N/A

Human CRISPR Metabolic Gene Knockout Library 28 110066

Human Activity-Optimized CRISPR Knockout Library 97 1000000100

Software and Algorithms

Prism (v7.0e) GraphPad https://www.graphpad.com/scientific-
software/prism/

FlowJo (v10.0.7) Treestar Inc. https://www.flowjo.com/

ImageJ NIH https://imagej.net/software/fiji/

R version (4.0.3) The R Project for Statistical 
Computing

https://www.r-project.org
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