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SUMMARY

Metabolic reprogramming in cancer cells can create metabolic liabilities. KEAP1-
mutant lung cancer is refractory to most current therapies. Here we show that
KEAP1 deficiency promotes glucose dependency in lung cancer cells, and
KEAP1-mutant/deficient lung cancer cells are more vulnerable to glucose depri-
vation than their WT counterparts. Mechanistically, KEAP1 inactivation in lung
cancer cells induces constitutive activation of NRF2 transcription factor and aber-
rant expression of NRF2 target cystine transporter SLC7A11; under glucose lim-
itation, high cystine uptake in KEAP1-inactivated lung cancer cells stimulates
toxic intracellular disulfide buildup, NADPH depletion, and cell death, which
can be rescued by genetic ablation of NRF2-SLC7A11 axis or treatments inhibit-
ing disulfide accumulation. Finally, we show that KEAP1-inactivated lung cancer
cells or xenograft tumors are sensitive to glucose transporter inhibitor. Together,
our results reveal that KEAP1 deficiency induces glucose dependency in lung can-
cer cells and uncover a therapeutically relevant metabolic liability.

INTRODUCTION

Nutrient flexibility is defined as the ability of cells to adapt to changing metabolic environment to maintain

cellular homeostasis encompassing survival and proliferation. Specific genetic alterations in cancer cells

can reprogram their metabolic networks to render them dependent on particular nutrients for survival or

growth, thereby limiting their nutrient flexibility, which is commonly known as nutrient dependency

(Pavlova and Thompson, 2016). Mechanistic understanding of nutrient dependency in cancer cells may

offer attractive therapeutic strategies in cancer treatment, as it suggests that drugs that impair nutrient up-

take or metabolism may be effective in killing or arresting tumor cells that are particularly dependent on

corresponding nutrients while sparring normal cells (Wolpaw and Dang, 2018). A widely recognized ther-

apeutic regimen that targets nutrient dependency is the use of asparaginase to treat patients with acute

lymphoblastic leukemia (ALL) (Narta et al., 2007). Unlike normal cells, ALL cells cannot synthesize aspara-

gine because they lack the corresponding catalytic enzyme asparagine synthetase and thus are reliant

on extracellular asparagine for proliferation. However, to date there has been limited success in targeting

nutrient dependency in solid tumors.

Metabolic reprogramming in cancer cells also increases oxidative stress (Hayes et al., 2020). To maintain the

redox balance, cancer cells upregulate their antioxidant programs through a diverse array of mechanisms,

prominent among which is the activation of the transcription factor NRF2 (Chio and Tuveson, 2017; Hayes

et al., 2020; Lee et al., 2017). Under basal unstressed conditions, NRF2 is targeted for KEAP1-Cullin3 ubiquitin

ligase-mediated polyubiquitination and proteasomal degradation (Baird and Yamamoto, 2020; Kensler et al.,

2007; Sykiotis and Bohmann, 2010). Oxidative stress impairs NRF2 degradation by the KEAP1-Cullin3 ubiquitin

ligase complex. The stabilizedNRF2 subsequently translocates into the nucleus, binds to antioxidant response

elements in gene promoter regions, and regulates the transcription of a host of target genes involved in the

antioxidant defense and cellular redox maintenance (Kensler et al., 2007; Rojo de la Vega et al., 2018; Sykiotis

and Bohmann, 2010). One critical transcriptional target of NRF2 in cellular antioxidant defense is solute carrier

family 7member 11 (SLC7A11, also called xCT), a cystine-glutamate antiporter (Koppula et al., 2018; Sato et al.,

1999). Cancer cells obtain cysteine mainly through the uptake of extracellular cystine—an oxidized cysteine

dimer—via SLC7A11 (Sato et al., 1999). Cysteine then serves as a critical precursor for glutathione (GSH), as
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Figure 1. KEAP1 deficiency promotes glucose dependency in lung cancer cells mainly through SLC7A11

(A) Protein levels of KEAP1, NRF2, and SLC7A11 in different NSCLC cell lines were determined by Western blotting.

Vinculin is used as a loading control.

(B) Cell death upon glucose (Glc) starvation for 0–24 hr in different NSCLC cell lines was analyzed by PI staining.

(C) Western blotting analysis of KEAP1, NRF2, and SLC7A11 protein levels in the control (sgC) and KEAP1 knockout (sg1/

2/3) H1299 cells.

(D) Cell death in KEAP1 knockout H1299 cells upon glucose withdrawal was analyzed by PI staining.

(E) Western blotting analysis of KEAP1, NRF2, and SLC7A11 protein levels in KEAP1-overexpressing H460 cells. EV, empty

vector, OE, KEAP1 overexpressing.

(F) Cell death in KEAP1-overexpressing H460 cells upon glucose withdrawal was analyzed by PI staining.

(G) Western blotting analysis of KEAP1, NRF2, and SLC7A11 protein levels in NRF2-KEAP1 double knockout H1299 cells.

(H) Cell death in NRF2-KEAP1 double knockout H1299 cells upon glucose withdrawal was analyzed by PI staining.

(I) Correlation analysis of SLC7A11 expression in KEAP1 WT vs mutant LUAD tumors from TCGA.
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Figure 1. Continued

(J) Correlation analysis of SLC7A11 expression with KEAP1 mutation status of NSCLC in CCLE database.

(K) Western blotting analysis of KEAP1, NRF2, and SLC7A11 protein levels in SLC7A11-KEAP1 double knockout H1299

cells.

(L) Cell death in SLC7A11-KEAP1 double knockout H1299 cells upon glucose withdrawal was analyzed by PI staining.

(M) Cell death in SLC7A11-KEAP1 double knockout H1299 cells upon glucose withdrawal supplemented with erastin was

analyzed by PI staining.

(N) Western blotting analysis of SLC7A11 protein levels in SLC7A11 knockdown (sh1/2) H460 cells.

(O) Cell death upon glucose withdrawal was analyzed by PI staining in SLC7A11 knockdown H460 cells.

(P) SLC7A11 protein levels in SLC7A11-overexpressing H1299 cells. EV, empty vector, OE, SLC7A11 overexpressing.

(Q) Cell death in SLC7A11-overexpressing H1299 cells upon glucose withdrawal was analyzed by PI staining.

Data are represented as mean G SD; n = 3. *, p < 0.05, **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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well as other metabolites with antioxidant functions, such as hydrogen sulfide and taurine (Combs and DeNi-

cola, 2019). SLC7A11 is overexpressed in many cancers, including KEAP1-mutant lung cancer (Koppula et al.,

2020). Pancancer analysis shows that KEAP1 is mutated in about 3.93% of all cancers, with the highest fre-

quency of mutation in NSCLC at 15.8%. Another mode of alterations in KEAP1 expression in cancers is its

epigenetic control. KEAP1 promoter methylation has also been reported in a number of cancers including

NSCLC, malignant gliomas, primary breast cancer, colorectal cancer and clear cell renal cancer (DeNicola

et al., 2011; Huanget al., 2015; Krall et al., 2017;Wanget al., 2017; Yamadori et al., 2012). Several of these tumor

tissues also exhibit a concomitant increase in NRF1 protein expression. KEAP1 is highly mutated in non-small

cell lung cancer (NSCLC), including up to 20% of lung adenocarcinoma (Cancer Genome Atlas Research

Network, 2014) and 12% of lung squamous cell carcinoma (Cancer Genome Atlas Research Network, 2012).

Patients with lung cancer with KEAP1mutations have shorter overall survival, and KEAP1-mutant lung cancers

are resistant to most current therapies, such as radiotherapy and immunotherapy (Arbor et al., 2018; Jeong

et al., 2017), underscoring the urgent need to develop effective targeted therapies to treat patients with

this type of lung cancer.

In this study, we show that KEAP1 mutation or deficiency in lung cancer cells promotes glucose depen-

dency by promoting NRF2-dependent SLC7A11 expression and inducing disulfide stress–associated

cellular toxicity under glucose limiting conditions. We further show that KEAP1-mutant or -deficient lung

cancer cells or tumors are sensitive to GLUT inhibitor KL-11743, which represents a series of compounds

currently progressing toward clinical development. Our study therefore identifies a targetable metabolic

liability in KEAP1-mutant lung cancer which can be potentially exploited in cancer therapy for treating

this type of largely incurable disease.

RESULTS

KEAP1 deficiency promotes glucose dependency in lung cancer cells at least partly through

SLC7A11

To study the potential role of KEAP1 in regulating nutrient dependency, we compared the survival rates of a

panel of KEAP1-wild-type (WT) and -mutant lung cancer cells in medium deprived of specific nutrients. As

expected, KEAP1-mutant lung cancer cells exhibited markedly increased NRF2 levels compared with

KEAP1-WT lung cancer cells (Figure 1A). We found that KEAP1-mutant lung cancer cells (H2126, H460,

and A549 cells) were more dependent on glucose (i.e., more sensitive to glucose starvation-induced cell

death) than KEAP1-WT counterparts (H1299, H23, and H1703 cells) (Figure 1B). Importantly, the glucose

dependency phenotype in these lung cancer cell lines correlated with the mutation status of KEAP1 but

not of other lung cancer genes (Table S1).

To study whether KEAP1 plays a causal role in regulating glucose dependency in lung cancer cells, we

generated KEAP1-knockout (KO) H1299 cells (a KEAP1-WT lung cancer cell line) using CRISPR-Cas9 tech-

nology. KEAP1 deficiency in H1299 cells markedly increased NRF2 levels (Figure 1C) and rendered these

cells more dependent on glucose (Figure 1D). Wemade similar observations by deleting KEAP1 in H23 cells

(Figures S1A and S1B; of note, H23 cells harbor a KEAP1 silent mutation and therefore still express func-

tional KEAP1 protein (Singh et al., 2006), which was confirmed by NRF2 upregulation caused by KEAP1

deletion in this cell line.) Conversely, overexpression of WT KEAP1 in KEAP1-mutant H460 cells (to the level

slightly lower than that of endogenous mutant KEAP1) decreased NRF2 levels and attenuated glucose de-

pendency (i.e., rendered cells less sensitive to glucose starvation-induced cell death) (Figures 1E and 1F).

Together, our results suggest that KEAP1 deficiency promotes glucose dependency in lung cancer cells.
iScience 24, 102649, June 25, 2021 3
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We next sought to understand the mechanisms by which KEAP1 regulates glucose dependency in lung

cancer cells. Considering that NRF2 is a major effector of KEAP1 (Lee et al., 2017; Rojo de la Vega et al.,

2018), we examined the potential relevance of NRF2 to KEAP1 regulation of glucose dependency. As

shown in Figures 1G and 1H, NRF2 deletion reversed the enhanced glucose dependency in KEAP1-KO

H1299 cells, suggesting that KEAP1 deficiency promotes glucose dependency mainly through NRF2 in

lung cancer cells. This further raised the question of which NRF2 transcriptional target(s) might mediate

glucose dependency in KEAP1-deficient lung cancer cells. One obvious NRF2 target linking the KEAP1-

NRF2 signaling to glucose metabolism is glucose-6-phosphate dehydrogenase (G6PD), the rate-limiting

enzyme in the pentose phosphate pathway (PPP) (Mitsuishi et al., 2012). We confirmed that KEAP1 deletion

increased G6PD levels; however,G6PD deficiency in KEAP1-KO cells further promoted glucose starvation–

induced cell death (Figures S1Cand S1D), rather than attenuated it as did NRF2 deficiency (see Figures 1G

and 1H). These data are consistent with the known role of the PPP in maintaining cell survival (Liu et al.,

2020b) but does not support a role of G6PD as the NRF2 target to mediate glucose dependency in

KEAP1-deficient lung cancer cells.

We and others previously reported that cystine transporter SLC7A11 (also known as xCT) promotes glucose

dependency in cancer cells (Goji et al., 2017; Joly et al., 2020; Koppula et al., 2017; Liu et al., 2020b; Shin

et al., 2017). SLC7A11 is a well-established NRF2 transcriptional target (Rojo de la Vega et al., 2018; Sasaki

et al., 2002). Consistent with this, analyses of data sets from The Cancer Genome Atlas (TCGA) or Cancer

Cell Line Encyclopedia (CCLE) revealed that KEAP1-mutant lung tumors (or lung cancer cell lines) exhibit

significantly higher expression of SLC7A11 than do KEAP1-WT counterparts (Figures 1I and 1J and Table

S2). We confirmed that KEAP1-mutant or -KO lung cancer cells used in our study exhibited markedly

increased SLC7A11 levels (see Figures 1A and 1C, and NRF2 deficiency reversed the increased SLC7A11

expression in KEAP1-KO H1299 cells (Figure 1G). Importantly, similar to NRF2 deficiency (Figure 1H), de-

leting SLC7A11 in KEAP1-KO H1299 or H23 cells largely reversed the increased glucose dependency

caused by KEAP1 deficiency (Figures 1K, 1L, S1E, and S1F). Treatment with SLC7A11 inhibitor erastin in

KEAP1-KO H1299 cells had similar effects (Figure 1M; of note, as expected, KEAP1 deficiency rendered

cells to be more resistant to erastin-induced ferroptosis). Likewise, SLC7A11 knockdown in KEAP1-mutant

H460 cells decreased glucose starvation-induced cell death (Figures 1N and 1O). Conversely, SLC7A11

overexpression in H1299 or H23 cells (which express KEAP1 WT protein and exhibit low SLC7A11 expres-

sion) promoted glucose dependency (Figures 1P, 1Q, S1G, and S1H). Collectively, our data suggest that

KEAP1 deficiency promotes lung cancer cell dependency on glucose at least partly through SLC7A11.
Glucose dependency in KEAP1-deficient lung cancer cells is partly caused by increased

NADPH consumption associated with SLC7A11-mediated cystine uptake

We recently showed that SLC7A11-mediated cystine uptake and its subsequent reduction to cysteine pre-

sents a substantial drain on cellular NADPH reservoir, leading to increased dependency of cancer cells with

high SLC7A11 expression (SLC7A11high) on the glucose-PPP route for NADPH supply; glucose starvation

causes NADPH depletion and marked accumulation of cystine and other disulfide molecules, resulting

in rapid cell death in SLC7A11high cancer cells (Liu et al., 2020b). This raised the question of whether the

glucose dependency phenotype observed in KEAP1-deficient lung cancer cells can be attributed to similar

mechanisms as revealed in SLC7A11high cancer cells (of note, the SLC7A11high cancer cells used in our pre-

vious study do not harbor KEAP1 orNRF2mutation). It is important to note that, although KEAP1-deficient

lung cancer cells generally exhibit high SLC7A11 expression, KEAP1 deficiency is not equivalent to

SLC7A11 overexpression on regulating NADPH homeostasis, because KEAP1 deficiency also increases

the expression of several NADPH-generating enzymes, such as G6PD, 6-phosphogluconate dehydroge-

nase (PGD), malic enzyme 1 (ME1), and isocitrate dehydrogenase 1 (IDH1), all of which are NRF2 targets

and presumably would buffer the increased NADPH consumption caused by cystine reduction upon

SLC7A11 overexpression (Lee et al., 2017).

We first confirmed that KEAP1-mutant lung cancer cells exhibited significantly increased cystine uptake

than KEAP1-WT lung cancer cells (Figure 2A). Likewise, KEAP1 deletion in lung cancer cells increased

cystine uptake (Figures 2B and S2A); interestingly, glucose starvation also increased cystine uptake, result-

ing in a further increase of cystine uptake in KEAP1-KO H1299 cells under glucose starvation (Figure 2B),

which correlated with a KEAP1-independent effect of glucose starvation on inducing NRF2 and

SLC7A11 levels (Figures 2C and 2D). Conversely, KEAP1 restoration in KEAP1-mutant H460 cells decreased

cystine uptake (Figure S2B). Furthermore, deleting NRF2 or SLC7A11 largely abolished the increased
4 iScience 24, 102649, June 25, 2021
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Figure 2. Glucose dependency of KEAP1 deficient cells is partly due to SLC7A11 mediated increased cystine

uptake mediated NADPH consumption

(A) Cystine uptake levels in different NSCLC cells. DPM, disintegrations per min.

(B) Cystine uptake levels in KEAP1 knockout H1299 cells upon control (Glc(+)) and glucose starvation (Glc(�)) conditions.

(C) Western blotting analysis of KEAP1, NRF2, SLC7A11 protein levels in KEAP1 knockout H1299 cells.

(D) qRT-PCR analysis of SLC7A11 in KEAP1 knockout H1299 cells upon glucose starvation.

(E and F) Cystine uptake in NRF2 - KEAP1 double knockout H1299 (E) or SLC7A11-KEAP1 double knockout cells (F).

(G, H, and J), NADP+/NADPH ratios in different NSCLC cells (G), KEAP1 knockout H1299 cell (H), and SLC7A11-KEAP1

double knockout H1299 cells (J) cultured with glucose (Glc(+)) or without glucose (Glc(�)).

(I) Correlation analysis of NADP+ metabolite abundance with KEAP1 mutation status of NSCLC cell lines in the CCLE

database.

(K and L) NADP+/NADPH ratios (K) and cell death analysis (L) of H1299 KEAP1 knockout cells cultured in complete

medium or glucose-free medium with and without 2 mM 2-deoxy glucose (2DG) for 24 hr.

(M and N), NADP+/NADPH ratios (M) and cell death analysis (N) of H1299 KEAP1 knockout cells cultured in complete

medium or glucose-free medium with and without 1 mM tris(2-carboxyethyl)phosphine (TCEP) for 24 hr.

Data are represented as mean G SD; n = 3. *, p < 0.05, **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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cystine uptake in KEAP1-KO H1299 cells (Figures 2E and 2F), suggesting that KEAP1 deficiency promotes

cystine uptake mainly through NRF2-SLC7A11.

As expected, glucose starvation increased cellular NADP+/NADPH ratio (which corresponds to NADPH

depletion); importantly, under glucose starvation, KEAP1-mutant or -deficient lung cancer cells exhibited

muchmore dramatic NADPH depletion than KEAP1-WT cells (Figures 2G, 2H, and S2C). Analysis of metab-

olomic datasets from CCLE (Li et al., 2019) also revealed higher levels of NADP+ in KEAP1-mutant cancer
iScience 24, 102649, June 25, 2021 5
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cells than in KEAP1-WT ones (Figure 2I). Further, SLC7A11 deletion in KEAP1-deficient H1299 cells largely

restored NADPH levels under glucose starvation (Figure 2J). Conversely, KEAP1 overexpression in KEAP1-

mutant H460 cells alleviate NAPDH depletion by glucose starvation (Figure S2D). These data suggest that,

while KEAP1 deficiency leads to the increased expression of genes involved in both NADPH generation

(such as PPP enzymes and ME1) and consumption (such as SLC7A11), it seems that NADPH consumption

caused by SLC7A11-associated cystine metabolism exceeds NADPH generation in KEAP1-deficent cells,

resulting in more NADPH depletion under glucose limiting conditions.

Next, to establish the causal role of NADPH depletion in glucose dependency in KEAP1-KO lung cancer

cells, we tested whether supplying NADPH by 2-deoxyglucose (2DG) treatment can rescue glucose starva-

tion-induced cell death in KEAP1-KO lung cancer cells. 2DG is a glucose analog, with the 2-hydroxyl group

in glucose replaced by a hydrogen in 2DG. Similar to glucose, 2DG can still be shunted to the G6PD reac-

tion in the PPP to generate NADPH (Liu et al., 2020b), but unlike glucose, it cannot be further oxidized by

the PGD reaction in the PPP to support nucleic acid biosynthesis or into the glycolysis pathway downstream

of the phosphoglucose isomerase reaction; thus, 2DG uncouples NADPH production by the oxidative PPP

from energy generation by glycolysis. We showed that 2DG treatment rescued NADPH levels and corre-

spondingly restored cell survival in KEAP1-KO cells under glucose starvation (Figures 2K and 2L). We

also tested the potential rescuing effect of adding reducing agent tris(2-carboxyethyl)phosphine (TCEP)

into the medium, which enables cells to obtain cysteine from medium independent of SLC7A11-mediated

cystine transport (and consequently, there is no need to increase NADPH supply for intracellular cystine

reduction). In support of our hypothesis, we found that TCEP treatment also rescued NADPH depletion

and cell death in KEAP1-KO cells under glucose starvation (Figures 2M and 2N). Further analyses confirmed

that TCEP treatment did not affect cyst(e)ine (cystine and cysteine) uptake in control and KEAP1-KO cells

(Figure S2E). Taken together, our data suggest that high SLC7A11 expression and its associated cystine

metabolism have a significant demand for NADPH supply, resulting in glucose dependency in KEAP1-defi-

cient lung cancer cells. It should be noted that there was no significant difference in growth rates between

KEAP1-deficient/-mutant lung cancer cells and their WT counterparts (Figures S2F and S2G), thereby ruling

out the possibility that the increased glucose dependency observed in KEAP1- deficient/-mutant lung can-

cer cells is simply caused by their high growth rates.
Glucose starvation leads to accumulation of disulfide molecules but not cystine in KEAP1-

deficient lung cancer cells

We recently showed that NADPH depletion in SLC7A11high cancer cells under glucose starvation is accom-

panied with redox system collapse characterized by depletion of reduced GSH but drastic accumulation of

cystine and other disulfide molecules including g-glutamylcystine, glutathionylcysteine, and oxidized

glutathione (GSSG) (Liu et al., 2020b, 2020c). We conducted similar thiol analyses in KEAP1 deficient

lung cancer cells. As expected, KEAP1 deficiency in H1299 cells dramatically increased GSH levels under

glucose replete conditions (Figure 3A). Consistent with this, KEAP1-mutant cancer cells exhibited higher

GSH levels than KEAP1-WT cancer cells from CCLE (Figure S3A). Glucose starvation depleted GSH but

markedly increased the levels of GSSG, g-glutamylcystine, and glutathionylcysteine in KEAP1-KO cells (Fig-

ures 3A–3D). As expected, KEAP1 deficiency significantly increased intracellular cysteine levels under

either glucose replete or depletion condition (Figure 3E). Surprisingly, cystine levels did not apparently

accumulate in KEAP1-KO cells under glucose starvation (Figure 3F).

We also conducted thiol analyses in KEAP1-mutant H460 cells with KEAP1 restoration, which revealed that

glucose starvation markedly depleted GSH and resulted in drastic accumulation of disulfides in H460 cells;

KEAP1 restoration attenuated glucose starvation-induced disulfide accumulation of cystine, g-glutamyl-

cystine, and glutathionylcysteine (Figures S3B–S3G). The relative moderate phenotype from KEAP1-

restored cells likely relates to the low level of ectopically expressed KEAP1 in H460 cells; correspondingly,

KEAP1 restoration only moderated decreased NRF2 and SLC7A11 in H460 cells (see Figure 1E).

Since our data showed that 2DG or TCEP treatment rescued NADPH depletion and cell death in KEAP1-KO

H1299 cells under glucose starvation (Figures 2K–2N), we further characterized the effect of 2DG or TCEP

treatment on thiol profiles in KEAP1-KO cells under glucose starvation. As shown in Figures 3G–3I, 2DG or

TCEP treatment totally rescued the accumulation of GSSG, g-glutamylcystine, or glutathionylcysteine in

KEAP1-KO cells under glucose starvation. 2DG also largely restored GSH levels, whereas TCEP only

moderately increased GSH levels in KEAP1-KO cells under glucose starvation (Figure 3J). Consistent
6 iScience 24, 102649, June 25, 2021
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Figure 3. KEAP1 deletion in lung cancer cells leads to buildup of disulfide molecules but not cystine upon glucose

starvation

(A–F) The concentrations or relative fold changes of glutathione (GSH; (A), oxidized glutathione (GSSG; (B), g-glutamylcystine

(C), glutathionylcysteine (D), Cysteine (E), and Cystine (F) in KEAP1 KO H1299 cells upon glucose starvation.

(G–L) The concentrations or relative fold changes of GSSG (G), g-glutamylcystine (H), glutathionylcysteine (I), GSH (J),

cysteine (K), and cystine (L) in KEAP1 KO H1299 cells upon glucose starvation supplemented with either 2-DG or TCEP.

Data are represented as mean G SD; n = 3. *, p < 0.05, **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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with the reducing effect of TCEP, we observed that TCEP treatment dramatically increased intracellular

cysteine levels but depleted intracellular cystine (Figures 3K and 3L). Together, our data show that glucose

starvation depletes GSH and results in accumulation of disulfidesmolecules in KEAP1-deficient lung cancer

cells, and further suggest that the disulfide accumulation plays a causal role in inducing cell death in

KEAP1-deficient lung cancer cells under glucose starvation.

Our results also reveal that, under glucose starvation, the redox system change in KEAP1-KO H1299 cells

largely phenocopied that of SLC7A11 high cancer cells (with intact KEAP1 status) (Liu et al., 2020b) with one

major difference, namely the lack of cystine accumulation in KEAP1-KO H1299 cells under glucose starva-

tion. We reasoned that this discrepancy can potentially be explained by upregulation of additional NRF2

targets in KEAP1-deficient lung cancer cells (Lee et al., 2017): (1) upregulation of glutamate-cysteine ligase

(GCL, the rate-limiting enzyme in GSH biosynthesis which consists of GCLM and GCLC) would promote

cystine flux to g-glutamylcystine and glutathionylcysteine under glucose starvation; Figure S4A), thereby

preventing cystine accumulation in KEAP1-deficient lung cancer cells; (2) upregulation of presumed cystine

reductases glutathione reductase (GSR) and thioredoxin reductase 1 (TXNRD1) would facilitate cystine

reduction to cysteine and mitigate cystine accumulation under glucose starvation in KEAP1-deficient

lung cancer cells. Indeed, KEAP1-mutant lung tumors or KEAP1-deficient H1299 cells exhibited increased

expression of these NRF2 target genes (Figures S4B and S4C). Furthermore, treatment with buthionine sul-

foximine (BSO; a GCL inhibitor), 1,3-bis-(2-chloroethyl)-1-nitrosourea (BCNU; a GSR inhibitor), or auranofin

(a TXNRD1 inhibitor) further promoted cell death in KEAP1-KO H1299 cells under glucose starvation
iScience 24, 102649, June 25, 2021 7
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Figure 4. KEAP1 deficiency sensitizes lung cancer cells or lung tumors to GLUT inhibition

(A) Cell viability in different NSCLC cell lines upon KL-11743 treatment was analyzed by CCK8.

(B) NADP+/NADPH ratios in different NSCLC cell lines upon KL-11743 treatment.

(C and D) Cell viability in KEAP1 KO H1299 cell lines upon KL-11743 treatment was analyzed by CCK8 (C) or PI staining (D).

(E) NADP+/NADPH ratios in control and KEAP1 KO H1299 cell lines upon KL-11743 treatment.

(F and G) Cell death inNRF2-KEAP1 double knockout H1299 cells (F) or SLC7A11-KEAP1 double knockout H1299 cells (G)

upon KL-11743 treatment was analyzed by PI staining.

(H and I), NADP+/NADPH ratios in NRF2-KEAP1 double knockout H1299 cells (H) and SLC7A11-KEAP1 double knockout

H1299 cells (I) treated with KL-11743.

(J) Tumor volumes of control (sgC) or KEAP1-knockout (KEAP1 sg2) H1299 xenograft tumors at different times after

treatment with KL-11743 or vehicle. Data are mean +/� SD; n = 7 independent repeats.
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Figure 4. Continued

(K and L), Endpoint weights of sgC (K) or KEAP1 sg2 (L) H1299 xenograft tumors treated with KL-11743 or vehicle. Error

bars are mean G s.d., n = 7 independent repeats.

(M) Representative images of hematoxylin and eosin and cleaved caspase-3 or Ki67 immunohistochemical staining of sgC

and KEAP1 sg2 H1299 xenograft tumors treated with KL-11743 or vehicle. The experiment was repeated twice,

independently, with similar results. Scale bars, 20 mm.

(N and O) Immunochemistry scoring of cleaved caspase-3 (N) and Ki67 (O) staining. Error bars are means +/� SD, n = 8

randomly selected magnification fields.

Data are presented as (if mentioned otherwise) meanG SD; n = 3. *, p < 0.05, **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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(Figures S4D–S4F). However, these treatments did not increase cystine levels in KEAP1-KO cells under

glucose starvation (Figure S4G), suggesting that the lack of cystine accumulation in KEAP1-KO H1299 cells

is less likely caused by the increased expression of GCL, GSR, or TXNRD1. Another potential reason for the

lack of cystine accumulation in KEAP1-KO H1299 cells is the more moderate upregulation of SLC7A11 in

this cell line compared with that in other SLC7A11high cancer cells which exhibit drastic cystine accumula-

tion under glucose starvation, such as UMRC6 cells (Liu et al., 2020b) (Figure S4H). Consistent with this,

KEAP1 deletion in H1299 cells resulted in less potent cell death than that in UMRC6 cells under glucose

starvation (Figure S4I).

KEAP1 deficiency sensitizes lung cancer cells or lung tumors to GLUT inhibition

Our aforementioned data prompted us to further test whetherKEAP1-mutant lung cancer cells are sensitive to

pharmacologic inhibition of glucose transporter (GLUT)-mediated glucose uptake. In our study, we tested KL-

11743, a potent pan-GLUT1 and GLUT3 inhibitor developed by Kadmon (Liu et al., 2020a) (note that KL-11743

was named as compound 8 in this study), considering that both GLUT1 and GLUT3 are often co-expressed in

tumors or cancer cell lines.We found that, compared to KEAP1-WT lung cancer cells, KEAP1-mutant lung can-

cer cells weremore sensitive to KL-11743 (Figure 4A), which correlated withmoreNADPH depletion under KL-

11743 treatment in KEAP1-mutant lung cancer cells (Figure 4B). Extending this correlative observation, we

further showed that KEAP1 deletion sensitized H1299 cells to GLUT inhibition and that GLUT inhibition

induced more NADPH depletion in KEAP1-KO H1299 cells than in their WT counterparts (Figures 4C and

4D). We made similar observations in H23 cells with KEAP1 deletion (Figures S5A and S5B). Conversely,

KEAP1 restoration in KEAP1-mutant H460 cells alleviated KL-11743-induced cell death and NADPH depletion

(Figures S5C and S5D). Unlike NRF2 target genes, GLUT1 or GLUT3 (also called SLC2A1 or SLC2A3, respec-

tively) did not exhibit increased expression in KEAP1-mutant lung cancers (or lung cancer cells) compared with

KEAP1-WT counterparts (Figures S5E–S5H). Consistent with this, KEAP1 deletion in H1299 cells did not signif-

icantly affect GLUT1 or GLUT3 levels (Figure S5I) or glucose uptake with or without KL-11743 treatment (Fig-

ure S5J), suggesting that the differential sensitivity to GLUT inhibition cannot be attributed to the differential

GLUT expression or glucose uptake between KEAP1-WT and -KO cells. Using the same double KO cells we

generated earlier, we further showed that NRF2 or SLC7A11 deletion largely abolished the increased GLUT

inhibition-induced cell death or NADPH depletion in KEAP1-KO lung cancer cells (Figures 4F–4I and S5K).

Likewise, treatment with SLC7A11 inhibitor erastin had similar effects (Figure S5L). Therefore, mirroring our

data from glucose starvation, our results show that KEAP1 deficiency sensitizes lung cancer cells to GLUT in-

hibition largely through the NRF2-SLC7A11 axis.

Our aforementioned data suggest that KEAP1 deficiency sensitizes lung cancer cells to pharmacological

inhibition of GLUTs. To further interrogate these concepts in vivo, we tested KL-11743 in xenograft models

established from control and KEAP1-KO H1299 cells (sgC and KEAP1 sg2 tumors). KEAP1 deletion moder-

ately promoted H1299 xenograft tumor development (Figure 4J; compare vehicle-treated groups between

sgC and KEAP1 sg2 tumors), which is consistent with the tumor suppression function of KEAP1 in lung can-

cer (Romero et al., 2017). Analysis of xenograft tumor samples confirmed significantly increased SLC7A11

levels in KEAP1 KO xenograft tumors (Figure S5M). Importantly, while KL-11743 had negligible effects on

the growth of control tumors with no obvious impact on end point tumor weight (Figures 4J and 4K), KL-

11743 significantly suppressed the growth of KEAP1 KO tumors, resulting in dramatic reduction in tumor

weight at endpoint (Figures 4J, 4L, and S5N). Immunohistochemical (IHC) analyses in these tumor samples

revealed more cleaved caspase-3 staining in KEAP1-KO tumors than in control tumors treated with KL-

11743, indicating that KL-11743 treatment induced more cell death in KEAP1-KO tumors than in control tu-

mors (Figures 4M and 4N). While KEAP1-KO tumors exhibited increased cell proliferation compared with

control tumors as measured by Ki-67 staining, KL-11743 treatment did not significantly affect tumor cell

proliferation (Figures 4M and 4O). Finally, we showed that KL-11743 treatment did not have obvious
iScience 24, 102649, June 25, 2021 9
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adverse effects on animal weight throughout the treatment (Figures S5O and S5P), suggesting that the

drug is well tolerated in animals.

Recently we showed that KL-11743 treatment selectively suppressed SLC7A11high tumor growth in lung

cancer patient-derived xenografts (PDXs) (Liu et al., 2020b). As shown in Table S3, gene mutation analyses

in these PDXs revealed that the two SLC7A11low PDXs that are insensitive to KL-11743 (TC393 and TC551)

are KEAP1 WT; among the three SLC7A11high PDXs that are sensitive to KL-11743, TC333 and TC494 are

KEAP1 mutant, whereas TC453 is KEAP1 WT (as well as NFE2L2 WT; NFE2L2 gene encodes NRF2). It is

possible that the high expression of SLC7A11 in TC453 is driven by other mechanisms independent of

the KEAP1-NRF2 signaling axis. It should be noted that KL-11743 sensitivity in these five PDX lines does

not correlate with mutation status of other commonly mutated lung cancer genes, such as TP53, KRAS,

or PIK3CA, except that there is somewhat correlation with STK11 mutation (Table S3), which is not surpris-

ing, considering that KEAP1 and STK11 are significantly co-mutated in lung adenocarcinoma (Skoulidis

et al., 2015). Together, our results show that KEAP1 deficiency sensitizes lung cancer cells or tumors to

GLUT inhibition and suggest to use GLUT inhibitors for the treatment of KEAP1 mutant lung cancer.
DISCUSSION

NRF2-mediated antioxidant programs require cysteine to provide the key precursor for synthesizing GSH

and other antioxidants. Owing to the high demand for antioxidant defense, cancer cells mainly rely on ob-

taining cysteine from extracellular environment through nutrient transporters. However, because of the

highly oxidizing extracellular environment, extracellular cysteine is highly unstable, with only ~30-min

half-life in culture medium (Ishii and Bannai, 1985), and quickly oxidized to cystine; consequently, cystine

concentration is much higher than that of cysteine in extracellular space or culture medium. Therefore, can-

cer cells obtain cysteine mainly through SLC7A11-mediated cystine uptake. Consistent with this, SLC7A11

is a strong NRF2 transcriptional target (Sasaki et al., 2002). However, SLC7A11high cancer cells also have to

endure a significant cost resulting from SLC7A11-mediated cystine uptake: the buildup of intracellular

cystine and its derived disulfide molecules can potentially cause disulfide stress and be highly toxic to cells.

This forces cells to quickly reduce cystine to cysteine (or disulfide molecules to their corresponding

reduced metabolites) through NADPH-consuming reduction reactions. Correspondingly, NRF2 also upre-

gulates the transcription of multiple NADPH-generating enzymes (such as G6PD, PGD, andmalic enzymes)

and reductases (such as GSR and TXNRD1) to buffer NADPH consumption caused by disulfide reduction

(Lee et al., 2017).

Cytosolic NADPH is mainly supplied from glucose via the oxidative PPP (which generates NADPH through

G6PD and PGD). Consequently, glucose starvation significantly limits NADPH supply in KEAP1-deficient

cancer cells, despite that these cells express high levels of NADPH-generating enzymes and reductases;

combining glucose starvation with high cystine uptake in KEAP1-deficient lung cancer cells leads to

NADPH depletion, drastic accumulation of disulfide molecules (including GSSG, g-glutamylcystine, and

glutathionylcysteine), and ultimately cell death. While previous studies showed that glucose starvation in-

duces massive accumulation of intracellular cystine (as well as these other disulfides mentioned above) in

SLC7A11high cancer cells (which are non-lung cancer cells and do not harbor KEAP1 mutation) (Liu et al.,

2020b; Yamaguchi et al., 2020), surprisingly, in this study, we found that glucose starvation does not induce

obvious cystine accumulation in KEAP1-KO H1299 cells. The lack of cystine accumulation in this cell line is

particularly striking given that glucose starvation actually increases cystine uptake in these cells (Figure 2B).

Apparently, the resulting redox defects caused by NADPH depletion and accumulation of other disulfide

molecules can still cause substantial cell death in KEAP1-KOH1299 cells under glucose starvation, although

the cell death is somewhat less potent than that in other SLC7A11high cancer cells which exhibit dramatic

cystine accumulation under glucose starvation (Liu et al., 2020b) (Figure S4I). These observations suggest

that (i) different reductase enzymes, potentially with different Km values for NADPH, likely govern the

reduction of cystine and other disulfides, such that with the extent of NADPH depletion in KEAP1-KO

H1299 cells under glucose starvation, cystine reductase(s) can still reduce cystine to cysteine whereas

the reductases for other disulfides cannot function appropriately, resulting in selective accumulation of

these other disulfides but not cystine in this context; (ii) other SLC7A11high cancer cells presumably would

experience more severe ‘‘NADPH bankruptcy’’ under glucose starvation than do KEAP1-KO H1299 cells

used in this study, likely because these other SLC7A11high cancer cells express higher SLC7A11 (see Fig-

ure S4H) and/or because the upregulation of other NADPH-generating enzymes (such as malic enzymes)
10 iScience 24, 102649, June 25, 2021
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by NRF2 activation helps alleviates the ‘‘NADPH bankruptcy’’ in KEAP1-KO H1299 cells under glucose

deprivation. It should also be noted that the disulfide profiles in KEAP1-overexpressing H460 cells and

KEAP1 KOH1299 cells are somewhat different: under glucose starvation, KEAP1-overexpressing H460 cells

showed KEAP1-dependent changes in cystine, g-glutamylcystine, and glutathionylcysteine but not GSSG,

whereas KEAP1 KO H1299 cells exhibited KEAP1-dependent changes in g-glutamylcystine, glutathionyl-

cysteine, and GSSG but not cystine, suggesting that KEAP1 regulation of disulfide stress under glucose

starvation could be context (cell line) dependent. Further studies will be directed to further address these

important questions.

Previous studies also showed that KEAP1 deficiency promotes glutamine dependency at least partly

through SLC7A11-mediated glutamate export, and KEAP1-mutant lung cancer cells or tumors are sensitive

to glutaminase inhibitors (Galan-Cobo et al., 2019; Muir et al., 2017; Romero et al., 2017; Sayin et al., 2017).

Consistent with this, we found that KEAP1 deficiency in H1299 or H23 cells decreased intracellular gluta-

mate levels under basal, glucose starvation or GLUT inhbition condition (Figures S6A and S6B); impor-

tantly, SLC7A11 deletion reversed the decreased intracellular glutamate levels in KEAP1 KO H1299 cells

(Figure S6C). Further, SLC7A11 overexpression, similar to KEAP1 deficiency, decreased intracellular gluta-

mate levels in H1299 or H23 cells (Figures S6D and S6E). These data could suggest a model that, with

decreased intracellular glutamate levels, more glucose is shunted through the glycolysis pathway to sup-

port the TCA cycle, leading to glucose dependency in KEAP1-deficient cells, which would further predict

that KEAP1-deficient cells should be sensitive to 2DG (a glycolysis inhibitor), much like these cells are sen-

sitive to GLUT inhibition. However, our data showed that 2DG actually completely rescued glucose starva-

tion-induced cell death in KEAP1-deficient cells (see Figure 2L). Therefore, our current data does not

appear to support this model.

While the exact contribution of SLC7A11-mediated glutamate export in determining glucose dependency

in KEAP1-deficient/-mutant cells remains to be further studied, currently we favor a model that the meta-

bolic underpinnings underlying the glucose or glutamine dependency phenotype in KEAP1-deficient lung

cancer cells are different: while KEAP1 deficiency-induced glutamine dependency is primarily driven by the

cellular need for maintaining anaplerosis (because SLC7A11high cancer cells export a large amount of intra-

cellular glutamate), KEAP1 deficiency-induced glucose dependency mainly relates to redox maintenance

resulting from cystine uptake (Koppula et al., 2020). Consequently, glucose starvation (or GLUT inhibition)

mainly induces cell death in KEAP1-deficient lung cancer cells, whereas the major cellular defect in KEAP1-

deficient lung cancer cells with glutamine starvation (or glutaminase inhibition) is cell growth arrest (Galan-

Cobo et al., 2019; Romero et al., 2017; Sayin et al., 2017). Because of the different underlying mechanisms

and resulting cellular phenotypes of these two nutrient dependencies in KEAP1-mutant lung cancer, it will

be interesting to test whether combining GLUT and glutaminase inhibitors might achieve synergistic ther-

apeutic effects for treating KEAP1-mutant lung cancer (as well as whether this combinatorial treatment will

also cause more toxicities). In future preclinical studies, GLUT inhibitors should also be further combined

with other standard of cares, such as immunotherapy and radiotherapy, for treating KEAP1-mutant lung

cancer.
Limitations of study

We acknowledge the limitation of the NADPHmeasurement method used in our study, as discussed in pre-

vious studies (Lu et al., 2018). However, while this technique limitation could present a particular problem

for quantitative flux modeling of NADPH metabolism, it should not change the direction and approximate

magnitude of large and qualitative changes as shown in this study, and therefore should not affect our

conclusion that KEAP1 deficiency promotes NADPH depletion under glucose starvation or GLUT inhibition

condition. We also acknowledge the limited number of xenograft models tested in this study. Future work

with additional preclinical models is needed to further explore therapeutically targeting glucose depen-

dency in KEAP1-mutant lung cancer.
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RRID:AB_10844829
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Myc Cell Signaling Technology Cat# 2276 S, RRID:AB_331783

SLC7A11 Cell Signaling Technology Cat# 12691 S, RRID:AB_2687474
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GLUT3 Santa Cruz Biotechnology Cat# sc-74497, RRID:AB_1124974

NRF2 Cell Signaling Technology Cat# 12721 S, RRID:AB_2715528
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anti-cleaved caspase-3 Cell Signaling Technology Cat# 9661, RRID:AB_2341188

Biological samples

PDX TC393 University of Texas MD Anderson

Cancer Center

N/A

PDX TC551 University of Texas MD Anderson

Cancer Center

N/A

PDX TC333 University of Texas MD Anderson

Cancer Center

N/A

PDX TC494 University of Texas MD Anderson

Cancer Center

N/A

PDX TC453 University of Texas MD Anderson

Cancer Center

N/A

Chemicals, peptides, and recombinant proteins

Deoxy-D-glucose, 2-[1-14C]- Perkin Elmer Cat#
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G6PD enzyme Sigma Cat# G4134

DMEM without glucose Thermo Fisher Cat# 11966

RPMI-1640 Sigma Cat# R8758

Penicillin-Streptomycin Life Technologies Cat# 15140-122
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DMEM Sigma Cat# D6429

DPBS Sigma Cat# D8537

NADPH Tetrasodium Salt Roche Cat# 10107824001
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cDNA Reverse Transcription Kit Applied Biosystems Cat# 43-688-14

QuantiTect SYBR Green PCR Kit Qiagen Cat# 204143

TaqMan� Universal PCR Master Mix Applied Biosystems Cat# 4305719

CCK8 Dojindo Cat# CK0413
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H1299 Laboratory of Bingliang Fang N/A

H23 Laboratory of Bingliang Fang N/A

H1703 Laboratory of Bingliang Fang N/A
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H460 Laboratory of Bingliang Fang N/A
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UMRC6 Laboratory of W. G. Kaelin N/A

H1299 KEAP1 knockout cell line This paper N/A
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H1299 KEAP1 & SLC7A11 double knockout cell line This paper N/A

H23 KEAP1 & SLC7A11 double knockout cell line This paper N/A

H1299 KEAP1 knockout G6PD knockdown cell line This paper N/A

H460 SLC7A11 knockdown cell line This paper N/A

H1299 SLC7A11 overexpressing cell line This paper N/A

H23 SLC7A11 overexpressing cell line This paper N/A

Experimental models: organisms/strains

Mouse: athymic nude mice (female, 4-6 weeks old,

homozygous for Foxn1 nu)

Experimental Radiation Oncology

Breeding Core Facility at MD

Anderson Cancer Center

N/A

Oligonucleotides

RT-PCR primers (Table S4) This paper N/A

SLC7A11-sg3 5’-CACCGATGAGCTTGATCGCAAGTTC-3’ This paper N/A

SLC7A11-sg4 5’-CACCGAAGTATTACGCGGTTGCCAC-3’ This paper N/A

NRF2-sg2 5’-CACCGTTACAACTAGATGAAGAGAC-3’ This paper N/A

NRF2-sg3 5’-CACCGCAGATCCACTGGTTTCTGAC-3’ This paper N/A

sgC 5’-CACCGGCACTACCAGAGCTAACTCA-3’ This paper N/A

KEAP1-sg1 5’-CACCGCTTGTGGGCCATGAACTGGG-3’ This paper N/A

KEAP1-sg2 5’-CACCGTGTGTCCTCCACGTCATGAA-3’ This paper N/A

KEAP1-sg3 5’-CACCGGAGGACACACTTCTCGCCCA-3’ This paper N/A

Recombinant DNA

LentiCRISPR-V2 Addgene Cat# 52961

pGIPZ-shSLC7A11-1 MD Anderson Cancer Center shRNA

and ORFeome Core Facility

Cat# V2LHS_204910
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pGIPZ-shSLC7A11-2 MD Anderson Cancer Center shRNA

and ORFeome Core Facility

Cat# V2LHS_251161

pGIPZ-shG6PD-1 MD Anderson Cancer Center shRNA

and ORFeome Core Facility

Cat# V2LHS_92826

pGIPZ-shG6PD-2 MD Anderson Cancer Center shRNA

and ORFeome Core Facility

Cat# V3LHS_315154

pLVX-M-puro Zhang et al., 2018 Plasmid# 125839, RRID:Addgene_125839

pLVX-M-blast SLC7A11 Liu et al., 2020b, 2020c N/A

pLVX-M-puro KEAP1 This paper N/A

Software and algorithms

GraphPad GraphPad https://www.graphpad.com, RRID:SCR_002798

ImageJ (Schindelin et al., 2012) https://imagej.net/Fiji/, RRID:SCR_003070

Cancer Dependency Map Portal Cancer Dependency Map Portal https://depmap.org/portal/, RRID:SCR_017655

FlowJo FlowJo https://www.flowjo.com/solutions/flowjo,

RRID:SCR_008520

BD Accuri C6 Plus BDBiosciences https://www.bdbiosciences.com/us/instruments/

research/cell-analyzers/bd-accuri/m/1294932/

features/software, RRID:SCR_014422

UCSC Xena UCSC Xena http://xena.ucsc.edu/, RRID:SCR_018938
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Boyi Gan (bgan@mdanderson.org)
Materials availability

All unique reagents generated in this study are available from the lead contact with a completed Material

Transfer Agreement.
Data and code availability

This study did not generate such unique reagents.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

H1299, H23, H460, H1703, A549 and H2126 were cultured in a 37�C incubator in a 5% CO2 atmosphere.

A549 and H2126 cells were cultured in Dulbecco’s modified Eagle medium supplemented with 10% fetal

bovine serum and 10,000 U/mL of penicillin-streptomycin. H460, H1299, H1703, HCC-193 and H23 cells

were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum and 10,000 U/mL of peni-

cillin-streptomycin. For glucose- or cystine-deprivation experiments, cells were cultured in glucose and/or

cystine-free DMEM with dialyzed FBS as previously described (Chauhan et al., 2019; Lee et al., 2020; Lin

et al., 2014b). Glucose-free DMEM was obtained from Life Technologies (no. 11966-025).
METHOD DETAILS

Constructs and generation of overexpression, knockdown, or knockout cell lines

CRISPR-mediated knockout plasmids containing guide RNAs targeting KEAP1, NRF2 and SLC7A11 were

generated in LentiCRISPR-V2 (Addgene, #52961) according to the standard protocol. The sequences of

G6PD shRNAs and guide RNAs are listed in Table S4. The expression vectors containing SLC7A11

cDNA are described in our previous publication (Koppula et al., 2017). The KEAP1 cDNA was a kind gift

from Dr. Bing Xia at Rutgers Cancer Institute of New Jersey. The KEAP1 cDNA was subsequently cloned
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into the lentivirus expression vector pLVX-Puromycin or Blasticidin stable cell lines were generated as

described previously (Lei et al., 2020; Zhang et al., 2020).

Real-time PCR

Real-time PCR was performed as described previously (Dai et al., 2017; Lee et al., 2016). Briefly, total RNA

was extracted from cells using RNeasy (Qiagen), and first-strand cDNA was prepared with a high-capacity

cDNA reverse transcription kit (Applied Biosystems, ABI). Real-time PCR was subsequently performed us-

ing the QuantiTect SYBR Green PCR kit (Qiagen) or TaqMan Universal PCRMaster Mix (ABI) and was run on

Stratagene MX3000P. For quantification of gene expression, the 2-DDCt method was used. b-Actin expres-

sion was used for normalization. The sequences of all the primers are listed in Table S4.

Cell death and viability assays

To measure cell death or cell viability, cells were seeded into 12 well plates or 96 well plates 1 day before

treatment. Cell death was measured by PI staining followed by FACS analysis. Following appropriate treat-

ment, cells were trypsinized and resuspended in 100 ml of PBS containg 2mg/ml of PI. The cells were incu-

bated for 30 min at room temperature and analyzed with an LSRII flow cytometer (BD Biosciences). Cell

viability was measured using the CCK8 kit. Following appropriate treatment, media was replaced with me-

dia containing CCK8 reagent. The plate was incubated for 1 hr at 37�C in the Co2 incubator. Cell viability

was measured by microplate reader (FLUOstar Omega, BMG Labtech).

NADP+ and NADPH measurement

The intracellular levels of NADPH and total NADP (NADPH + NADP+) were measured as previously

described (Liu et al., 2020b; Wagner and Scott, 1994). Briefly, cells were cultured in six-well plates over-

night. On the next day, the cells were lysed in 300 ml extraction buffer (20 mM nicotinamide, 20 mM

NaHCO3 and 100 mM Na2CO3), centrifuged, and supernatant was split into two 150 ml aliquots. For total

NADP measurement, 20 ml cell supernatant was added from one 150 ml aliquot into a 96-well plate and

mixed with 80 ml of NADP-cycling buffer (100 mM Tris-HCl pH8.0, 0.5 mM thiazolyl blue, 2 mM phenazine

ethosulfate and 5 mMEDTA) containing 0.75 U of G6PD enzyme (Sigma, no. G4134). After 1 min incubation

in the dark at 30 �C, 20 ml of 10 mM glucose-6-phosphate was added to the mixture, and the change in

absorbance at 570 nm was measured every 1 min for 6 min at 30 �C with a microplate reader. For NADPH

measurement, the other 150 ml supernatant was incubated at 60 �C for 30 min (to destroy NADP+ without

affecting NADPH), followed by the same procedures in parallel as for total NADPmeasurement. Eventually,

the concentration of NADP+ was calculated by subtracting [NADPH] from [total NADP].

Cystine and glucose uptake assays

Cystine uptake using [14C]cystine (Perkin Elmer) was conducted as described previously (Zhang et al., 2018,

2021). Glucose uptake was conducted similar to cystine uptake. In brief, cells were washed with PBS once

and replaced with glucose-freemedium containing 0.1 mCi 2-[1-14C]deoxy-D-glucose (Perkin Elmer) with or

without indicated drugs. After incubation for 2 h at 37 �C, cells were washed twice with cold PBS and lysed

in 0.1 mM NaOH. Radioactivity was measured using a Tri-Carb Liquid Scintillation Analyzer (PerKinElmer,

model 4810TR) with a quench curve. All experiments were carried out in triplicate.

Western blotting

Western blotting was conducted as previously described (Liu and Gan, 2016; Liu et al., 2016). Tumor tissues

were ground to powder in a liquid nitrogen-cooled mortar and pestle and then lysed in ten volumes of

NP40 buffer as previously described (Lin et al., 2014a). The primary antibodies and concentrations used

for Western blotting were following: KEAP1 (Santa Cruz, sc-365626, 1:1000 dilution), G6PD (1:1,000, Cell

Signaling Technology, no. 12263 S), vinculin (1:5,000, Sigma, no. V4505), Myc tag (1:2,000, Cell Signaling

Technology, no. 2276 S), SLC7A11 (1:2,000, Cell Signaling Technology, no. 12691 S), GLUT1 (1:1,000,

Thermo Fisher, no. PA5-16793), GLUT3 (1:1,000, Santa Cruz, no. sc-74497), NRF2 (1:1,000, Cell Signaling

Technology, no. 12721 S).

Xenograft experiments

All the xenograft experiments were performed as previously described (Lei et al., 2021; Xiao et al., 2017)

and in accordance with a protocol approved by the Institutional Animal Care and Use Committee and Insti-

tutional Review Board at The University of Texas MD Anderson Cancer Center. The study is compliant with
18 iScience 24, 102649, June 25, 2021
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all relevant ethical regulations regarding animal research. Female 4- to 6- week-old athymic nude mice

(Foxn1nu/Foxn1nu) were purchased from the Experimental Radiation Oncology Breeding Core Facility

at MD Anderson Cancer Center and housed in the Animal Care Facility at the Department of Veterinary

Medicine and Surgery at MD Anderson. Cancer cell lines were resuspended in FBS-free RPMI and the

same number of cells were injected into mice subcutaneously. Tumor progression was monitored by

bi-dimensional tumor measurements twice a week until the endpoint. The tumor volume was calculated

according to the equation volume = 0.5 3 length 3 width2. When the tumors had grown to around

50–100 mm3 in volume, the mice were assigned randomly into 2 groups (n > 5 per group) and treated

with 100 mg kg�1 KL-11743 or vehicle (0.5% methylcellulose, 0.25% Tween-80 in water) by intraperitoneal

administration every 2 d.
Histology and immunohistochemistry

Xenograft tumor samples were collected and fixed in 10% neutral-buffered formalin (ThermoFisher Scien-

tific) overnight. Tumors were washed with PBS and then transferred to 70% ethanol followed by embed-

ding, sectioning, and hematoxylin and eosin staining. For immunohistochemical staining, tissue sections

were processed according to methods previously described (Gan et al., 2010; Gan et al., 2006). The primary

antibodies used for immunohistochemistry were anti-Ki-67 (D2H10) (1:500), Cell Signaling Technology,

9027 S) and anti-cleaved caspase-3 (1:500), Cell Signaling Technology, 9661 s). Images were obtained at

4003 magnification on an Olympus BX43 microscope.
Thiol metabolite extraction & analysis

Intracellular levels of labile thiol species were quantified through a modified extraction and sample deriv-

atization procedure optimized to prevent oxidation prior to analysis as previously described (Liu et al.,

2020b). Briefly, cells cultured in appropriate treatment conditions were quickly washed in 1ml ice-cold

PBS and then extracted once in 500 ml of ice cold extraction buffer consisting of 40% methanol, 40% aceto-

nitrile and 20%water containing 100mM formic acid and 1mM EDTA. The levels of glutathione and cysteine

weremaintained for at least 48h under these conditions. These extracts were further derivatized with benzyl

chloroformate with the following standard mixture: [U-13C-15N-cysteine, 1 mgml�1; U-13C-15N-cystine,

10 mgml�1; 2313C-1315N-glutathione (labeled on the glycine carbons and nitrogen), 50 mgml�1 ;

4313C-2315N-glutathione disulfide. Analyte concentrations were quantified by comparison to standard

curves prepared by the same method. To determine intracellular concentrations, the total cell volume

on replicate plates was determined using packed cell volume tubes.
Gene expression and metabolomic correlation analysis

Data from the cancer dependencymap (Tsherniak et al., 2017) was downloaded from the depmap data por-

tal (https://depmap.org/portal/). Cell lines were selected based on their NSCLC classification. The cell lines

were further classified based on their KEAP1 mutation status. Data from the TCGA LUAD cohort were

downloaded from the UCSC Xena browser and analyzed. The generation of data is described in detail

on the UCSC Xena website (Goldman et al., 2020).
QUANTIFICATION AND STATISTICAL ANALYSIS

Results of cell culture experiments were obtained from at least 3 independents repeats. Data are repre-

sented asmeansG standard deviation (SD). Statistical significance (p values) were calculated using upaired

Student’s t-tests, 2-way ANOVA analysis by GraphPad Prism 8.0 (GraphPad Software, Inc.). **, p < 0.01; ***,

p < 0.001; ****, p < 0.0001.
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