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C A N C E R

Activation of the NRF2 antioxidant program sensitizes 
tumors to G6PD inhibition
Hongyu Ding1†, Zihong Chen2,3,4†, Katherine Wu1†, Shih Ming Huang1, Warren L. Wu1,  
Sarah E. LeBoeuf1, Ray G. Pillai1,5,6, Joshua D. Rabinowitz2,3,4, Thales Papagiannakopoulos1,7*

The KEAP1/NRF2 pathway promotes metabolic rewiring to support redox homeostasis. Activation of NRF2 occurs 
in many cancers, often due to KEAP1 mutations, and is associated with more aggressive disease and treatment 
resistance. To identify metabolic dependencies in cancers with NRF2 activation, we performed a metabolism- 
focused CRISPR screen. Glucose-6-phosphate dehydrogenase (G6PD), which was recently shown to be 
dispensable in Ras-driven tumors, was a top dependency. G6PD catalyzes the committed step of the oxidative 
pentose phosphate pathway that produces NADPH and nucleotide precursors, but neither antioxidants nor 
nucleosides rescued. Instead, G6PD loss triggered tricarboxylic acid (TCA) intermediate depletion because of 
up-regulation of the alternative NADPH-producing enzymes malic enzyme and isocitrate dehydrogenase. In vivo, 
G6PD impairment markedly suppressed KEAP1 mutant tumor growth, and this suppression was further augmented 
by TCA depletion by glutaminase inhibition. Thus, G6PD inhibition–induced TCA depletion is a therapeutic 
vulnerability of NRF2-activated cancer.

INTRODUCTION
NFE2L2 (hereafter NRF2) acts as a primary line of defense against 
reactive oxygen species (ROS) to maintain oxidative homeostasis by 
regulating the expression of a plethora of genes involved in meta-
bolic rewiring and ROS clearance (1). NRF2 transcriptionally in-
duces several major mediators of the redox defense system including 
enzymes involved in the metabolism of glutathione (GSH) (2–4), re-
duced form of nicotinamide adenine dinucleotide phosphate (NADPH) 
(5), redoxin protein family members (6, 7), drug biotransformation 
and efflux via multidrug resistance–associated proteins (8), and 
enzymes involved in iron homeostasis (9). Increased production of 
the reducing cofactor NADPH is essential to support the redox 
cycling mechanisms of enzymes that detoxify ROS and xenobiotics 
(10, 11). To maintain the levels of NADPH and other antioxidant 
substrates, NRF2 diverts glutamine, glucose, and glycolytic inter-
mediates into anabolic pathways such as the pentose phosphate path-
way (PPP), glutaminolysis, and de novo serine synthesis (10, 12, 13).

The PPP is thought to play a pivotal role in supporting cancer 
cell survival and growth by generating both NADPH and ribose 
phosphate for nucleotide synthesis (14). Multiple enzymes involved 
in the oxidative PPP (oxPPP) such as glucose-6-phosphate dehydro-
genase (G6PD) and 6-phosphogluconate dehydrogenase (PGD), and in 
the non-oxPPP such as transaldolase and transketolase (TKT) are 
transcriptionally activated by NRF2 (10), leading to increased PPP 
flux (10, 11). G6PD, which catalyzes the first and rate-limiting step 

of the PPP, accounts for most of the cellular NADPH produced in 
most cultured cancer cells (15) and can promote tumor initiation (16). 
However, despite the potential importance of the PPP in cancer 
metabolism, this pathway has not been successfully therapeutically 
targeted in cancer (17, 18).

Maintaining oxidative homeostasis through chronic activation of 
the NRF2 pathway results in a unique set of metabolic requirements 
and associated targetable metabolic dependencies (10, 13, 19–21). 
Kelch-like ECH-associated protein 1 (hereafter KEAP1) is the neg-
ative regulator of NRF2 and is one of the most frequently mutated 
genes in lung adenocarcinoma (LUAD) (22, 23). KEAP1 mutation 
and subsequent NRF2 accumulation lead to metabolic reprogram-
ming to promote the endogenous antioxidant response, which con-
fers proliferative and survival advantages to tumor cells (10, 19, 20). 
We previously demonstrated that Keap1 loss strongly promotes 
Kras-driven LUAD progression (20) and metastasis (24). A plethora 
of emerging clinical data suggest that patients with KEAP1 muta-
tions have poor overall survival and do not respond to the current 
standard of care, radiation (25), immunotherapy (22, 26), and/or 
chemotherapy (22, 27, 28). Therefore, there is a great need to iden-
tify therapeutic vulnerabilities in this genetic subtype of lung cancer 
with KEAP1/NRF2 mutations.

Here, we performed a CRISPR/Cas9–based genetic screen of 
metabolic genes to identify synthetic lethal interactions with Keap1 
mutations. We found that G6PD loss of function (LOF) selectively 
impairs KEAP1 mutant cells. Using both genetic and pharmacological 
approaches in multiple in vivo models, we demonstrate the selective 
dependency of KEAP1 mutant tumors on G6PD. Dependence of 
KEAP1 mutant lung cancer cells on G6PD was not rescued by reducing 
agents or antioxidants. However, it was reversed by supplementation 
with tricarboxylic acid (TCA) cycle precursors. Metabolomic analysis 
of G6PD-depleted KEAP1 mutant cells showed significant depletion 
of TCA intermediates, especially the substrates of malic enzyme (ME) 
and isocitrate dehydrogenase (IDH). Furthermore, combined inhibi-
tion of G6PD and glutaminase, a major enzyme feeding into the 
TCA whose inhibition preferentially impairs KEAP1 mutant cells 
(13, 20, 21, 25, 29), leads to further tumor growth suppression. Thus, 
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oxPPP inhibition, potentially combined with glutaminase inhibi-
tion, holds therapeutic potential for KEAP1 mutant cancers.

RESULTS
CRISPR/Cas9 metabolic screen identifies dependence 
on G6pd in Keap1 mutant LUAD
To identify novel metabolic vulnerabilities in Keap1 mutant cells, we 
performed a focused CRISPR/Cas9–based screen with single-guide 
RNAs (sgRNAs) targeting 3000 metabolic genes (30) in KrasG12D/+; 
p53−/− (KP) murine LUAD cell lines in the presence or absence of a 
pharmacological NRF2 activator, KI696 (KP + KI) (Fig. 1A) (13, 31). 
To identify the sgRNAs differentially depleted in KP + KI as com-
pared to KP cells, we calculated a relative depletion score. The 
top-scoring synthetic lethal hit, Slc33a1, was recently independently 
shown to be synthetically lethal with KEAP1 mutations (32), supporting 
the rigor of our screen. Among the top most depleted sgRNAs in 
cells with Nrf2 activation were those targeting G6pd (Fig. 1B; fig. S1, 
A to C; and table S1). We validated our screen results by demon-
strating that G6pd LOF is synthetic lethal in a panel of mouse 
LUAD cell lines with either genetic loss of Keap1 or pharmacologic 
activation of Nrf2 with KI696 (Fig. 1C and fig. S1D). In Keap1 null 
cells, we were able to rescue sensitivity to G6pd loss by reexpression 
of wild-type (WT) Keap1 but not missense LOF mutants of Keap1 
(Fig. 1D). Furthermore, inducible short hairpin RNA (shRNA) 
knockdown of G6pd led to a similar growth suppression (fig. S1, 
E and F). Using a panel of KEAP1 WT and mutant human LUAD 
cell lines, we observed increased sensitivity to G6PD depletion in 
KEAP1 mutant compared to WT cell lines (Fig. 1E and fig. S1, G and 
H). Moreover, we could modulate the sensitivity of human cells by 
NRF2 activation in KEAP1 WT cells (Fig. 1F) or KEAP1 comple-
mentation in KEAP1 mutant cells (Fig. 1G). To further validate 
these genetic studies, we performed pharmacological inhibition of 
G6PD using a small-molecule inhibitor, G6PDi-1 (17), and observed 
that either NRF2 pharmacological activation or KEAP1 mutation 
increased vulnerability to pharmacologic inhibition of G6PD 
(Fig. 1, H and I). Furthermore, to determine whether genetic loss of 
the other oxPPP enzymes is synthetic lethal with Nrf2 activation, we 
performed LOF of 6-phosphogluconolactonase, Pgd, and Tkt. We ob-
served that Nrf2 activation did not lead to selective sensitivity to loss 
of these downstream oxPPP enzymes (fig. S1, I and J), which is in 
agreement with the CRISPR screen results (table S1). Cells with Keap1 
mutation or pharmacological Nrf2 activation were less sensitive 
to both genetic loss and pharmacological inhibition of Pgd with 
6-aminonicotinamide (6-AN; fig. S1, I to L), suggesting divergent roles 
of G6pd and Pgd in Keap1 mutant cells, while Tkt deficiency sup-
pressed both Keap1 WT and mutant cell growth (fig. S1, I and J). 
Furthermore, to determine whether G6pd synthetic lethality with Nrf2 
activation occurs in other tumor lineages other than lung, we used 
PDAC (pancreatic ductal adenocarcinoma), colon, and lung squa-
mous cells and observed that pharmacological activation of Nrf2 
sensitized these cells to G6pd loss (Fig. 1J and fig. S1M). Together, our 
data shows that KEAP1/NRF2 mutation predicts sensitivity to genetic 
loss or pharmacologic inhibition of G6PD.

G6PD dependency leads to defects in central carbon 
metabolism
The PPP is the primary source of NADPH (15), an important redox 
cofactor that is required to reduce oxidized GSH and thioredoxin. 

To determine the impact of G6pd depletion or pharmacological in-
hibition on NADPH, we measured the NADP+/NADPH ratio. As 
expected, based on Nrf2’s role as a stimulator of redox defense, 
Keap1 mutant cells have a more reduced NADP+/NADPH ratio 
compared to Keap1 WT cells. Upon G6pd depletion or pharmaco-
logical inhibition, we observed a shift toward a more oxidized 
NADP+/NADPH ratio in both Keap1 mutant and WT cells (Fig. 2A). 
The change in NADP+/NADPH ratio was greater in cells with pharma-
cological Nrf2 activation or Keap1 loss, consistent with G6pd being 
particularly important to NADPH homeostasis in this context. The 
change in the NADP+/NADPH ratio may result in an elevated 
GSSG (oxidized gluthathione)/GSH ratio and ROS levels. Keap1 
mutant cells have a lower GSSG/GSH ratio and ROS compared to 
WT cells (13, 20). However, G6pd loss or pharmacological inhibi-
tion had a minimal effect on both the GSSG/GSH ratio and ROS 
levels in both Keap1 mutant and WT cells (Fig. 2, B and C, and fig. 
S2, A to J), suggesting that other mechanisms might be driving the 
growth dependency on G6PD.

To identify which G6PD/PPP-derived metabolites are critical to 
KEAP1 mutant cell growth, we assessed the ability of downstream 
metabolites (nucleotides, antioxidants, and central carbon metabolites) 
to rescue cell growth in the context of G6PD loss (Fig. 2, D and E, 
and fig. S2, K to N). Unexpectedly, nucleotide precursors or antioxi-
dants as single agents or in combination did not rescue the growth 
of KEAP1 mutant cells with G6PD LOF. The lack of rescue by any 
of the three different antioxidants is in agreement with the minimal 
changes in ROS levels and GSH buffering upon G6PD depletion in 
KEAP1 mutant cells (Fig. 2, B and C, and fig. S2, A to J). In contrast, 
supplementation of pyruvate, a metabolite that supports central carbon 
metabolism, fully rescued the growth of KEAP1 mutant cells with 
G6PD LOF. Pyruvate can serve as a TCA input via pyruvate dehydro-
genase or pyruvate carboxylase. In addition, it can alter cellular redox 
by increasing the NAD+/NADH ratio. To differentiate between these 
mechanisms, we tested whether redox-neutral carbon substrates can 
also rescue the growth inhibition of KEAP1 mutant cells after G6PD 
loss. We observed that multiple other carbon sources for TCA cycle, 
including glutamate, a-ketoglutarate (a-KG), and aspartate, also 
rescued G6PD LOF (Fig. 2F and fig. S2, O to R) or pharmacological 
inhibition (Fig. 2G and fig. S2S).

NRF2 activation can predispose cells to TCA metabolite depletion 
by inducing the expression of the system XC

− transporter SLC7A11, 
which exchanges extracellular cystine for intracellular glutamate. The 
XC

− inhibitor erastin blocks the efflux of glutamate and increases 
intracellular glutamate levels (13). Erastin rescued KEAP1 mutant cells 
in the context of G6PD LOF (Fig. 2F and fig. S2, O to R). Moreover, 
expression of SLC1A3, a glutamate and aspartate importer (33) (Fig. 2H), 
rescued the growth of Keap1 mutant cells in response to G6pd loss 
(Fig. 2I). Thus, multiple modes of restoring TCA metabolites and 
associated amino acids, including pyruvate, a-KG, aspartate, and 
glutamate supplementation, all rescued the synthetic lethality between 
KEAP1 and G6PD. None of these metabolic supplementations were 
able to rescue the growth of cells lacking Pgd (fig. S2T), consistent 
with a distinctive role for G6pd in supporting growth and central 
carbon metabolism in Keap1 mutant cells.

G6PD deficiency depletes TCA metabolites and represses 
cell respiration in Keap1 mutants
To determine how G6pd inhibition or loss affects central carbon 
metabolism, we analyzed both TCA metabolite pools and labeling 
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Fig. 1. G6PD is synthetic lethal with NRF2 activation and KEAP1 mutations. (A) Schematic of pooled sgRNA library screen. KP (Keap1 WT) and KP + KI (Keap1 
WT + Nrf2 activator) cells infected with sgRNA library virus were passaged for 14 population doublings before collection. (B) Enrichment of genes according to difference 
between KP + KI versus KP. Negative score signifies increased sensitivity in KP + KI cells. A full table is shown in table S1. (C) Proliferation of KP (Keap1 WT), KP treated with 
Nrf2 activator, or KPK [Keap1 knockout (KO)] cells with G6pd KO (n = 3). (D) Proliferation of KPK (Keap1 KO) overexpressing vector, Keap1 WT, or Keap1 LOF cDNA (G333C 
and R470C) cells with G6pd KO (n = 3). (E) Proliferation of KEAP1 WT or KEAP1 mutant human cell lines with sgG6PD-1 KO (n = 3). (F) Proliferation of NCI-H1299 (KEAP1 WT) 
and H1299 treated with NRF2 activator cells with G6PD KO (n = 3). (G) Proliferation of A549 (KEAP1 mutant) overexpressing KEAP1 WT or vector with G6PD KO (n = 3). 
(H) Relative viability of KP (Keap1 WT) and KP + KI (Keap1 WT + Nrf2 activator) treated with G6PDi-1 (G6PD inhibitor) for 3 days (n = 4). (I) Relative viability of KPK (Keap1 KO) 
overexpressing Keap1 WT or Vector treated with G6PDi-1 (G6PD inhibitor) for 3 days (n = 4). (J) Proliferation of HY19636 (Keap1 WT PDAC), DLD1 (KEAP1 WT colon cancer), 
and Calu-1 (KEAP1 WT lung squamous) treated with NRF2 activator cells or vehicle with G6PD KO (n = 3). **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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with U-13C-glucose tracer. G6PD inhibition had minimal effect on 
the pool sizes of glycolytic intermediates and 13C incorporation (fig. 
S3, A and B). Pharmacological inhibition and genetic loss of G6pd 
decreased TCA cycle metabolite pools, particularly in the context of 

Keap1 mutations and Nrf2 activation (Fig. 3A and fig. S3, C and D). 
This was associated with decreased fractional glucose contribution to 
TCA intermediates and associated amino acids in the Nrf2-activated 
cells, which was further accentuated by pharmacological G6pd 
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inhibition (Fig. 3, B and C, and fig. S3E). Consistent with the de-
creased TCA intermediate levels and labeling, we observed decreased 
oxygen consumption in response to loss or inhibition of G6PD in 
both mouse and human LUAD cells (fig. S3, F to H). Hypothetically, 
glucose flux through G6PD and PPP could be a substantial source 
of pyruvate/lactate and downstream TCA intermediates. To explore 
this possibility, we performed [1,2-13C] glucose tracing (fig. S3I) (34) 
and found that PPP carbon flux into pyruvate/lactate (M + 1) is 
minimal compared to glycolytic flux [lactate (M + 2)] (fig. S3J), and 
accordingly, the PPP is not a major route from glucose to the TCA 
cycle. Instead, as we have previously shown, the decreased glucose 
contribution to TCA in cells with Nrf2 activation might be explained 
by exchange of intracellular glutamate for extracellular glutamine 
(13). Overall, SLC7A11 overexpression and associated glutamate 
export from cells explains the impact of Nrf2 activation but not of 
G6pd LOF or inhibition on TCA intermediates.

On the basis of prior studies, G6PD LOF can lead to compensatory 
increase of IDH and ME activity to maintain NADPH pools, which 
could further drain carbons from the TCA cycle (15). In agreement 
with prior studies, we observed that NRF2 activation induces cyto-
plasmic IDH1 and ME1 (Fig. 3, D and E, and fig. S3, K and L), while 
mitochondrial IDH2 and ME2 remain unchanged (10). Therefore, 
we hypothesized that, together with elevated levels of the substrate 
NADP+ in the context of G6PD LOF, the higher levels of cytoplasmic 
IDH1 and ME1 enzymes in KEAP1 mutant cells will consume TCA 
intermediates to make NADPH. To estimate the ME flux, we used 
U-13C-glutamine tracer, which generates M + 3 pyruvate from 
TCA-derived M + 3/M + 4 malate via ME. The fraction of M + 3 
pyruvate and lactate normalized to M + 3/M + 4 malate indicates 
the relative flux of ME compared with glycolysis, without regard to 
the isozyme, compartment, or cofactor involved (35). We observed 
an increase in malic flux upon G6pd loss (Fig. 3F).

For IDH, we checked the product/substrate pool size ratio as a 
proxy readout and observed that G6pd loss or inhibition significantly 
increased the -KG/citrate and isocitrate ratio, consistent with higher 
Idh activity (Fig. 3G and fig. S3, M and N). Moreover, pyruvate 
rescued the depleted citrate and malate pool size in G6pd depleted 
Keap1 knockout (KO) cells (Fig. 3, H and I, and fig. S3O), without 
affecting the NADP+/NADPH status. Together, these data indicate 
that in the absence of G6PD, KEAP1 mutant cells fail to maintain 
TCA intermediate homeostasis due to drainage of TCA intermedi-
ates by the combined activities of SLC7A11, IDH, and ME.

G6PD is required for KEAP1 mutant tumor growth
To determine whether G6pd is required for Keap1 mutant tumor 
growth in vivo, we subcutaneously inoculated Keap1 WT and 
mutant cells expressing doxycycline-inducible shRNAs against G6pd 
or control red fluorescent protein (RFP) into C57BL/6J mice. Inducible 
knockdown of G6pd much more strongly attenuated tumor growth 
in Keap1 mutant than WT tumors (Fig. 4, A and B, and fig. S4A). 
Furthermore, inducible knockdown of G6PD repressed A549 (KEAP1 
mutant) tumor growth but not H1299 (KEAP1 WT) tumor growth 
(Fig. 4, C and D, and fig. S4, B to D).

To test the importance of G6pd in autochthonous tumorigenesis, 
we used multiple LUAD GEMMs (genetically engineered mouse 
models), which better recapitulate the heterogeneity, histological pro-
gression, and tumor microenvironment of human LUAD. First, we 
used animals with conditional Kras, p53, and Cas9 alleles (KrasLSL-G12D/+; 
p53fl/fl; Rosa26LSL-Cas9/LSL-Cas9; hereafter KPC). KPC mice were 

intratracheally infected with bifunctional pUSEC (hU6::sgRNA1- 
sU6::sgRNA2-EFS::Cre) (24) lentiviruses that enable the expression 
of Cre recombinase and two independent sgRNAs (36) (Fig. 4E). 
We assessed whether G6pd loss attenuated growth of Keap1 mutant 
as opposed to WT tumors. In agreement with previous work (18), 
loss of G6pd in Keap1 WT tumors (sgNeo-sgG6pd.1) did not sup-
press tumor growth (Fig. 4F and fig. S4, E and F). However, substantial 
suppression was observed for Keap1 mutant tumors (sgKeap1-sgG6pd) 
(Fig. 4F and fig. S4, E and F). Immunohistochemical analysis revealed 
that CRISPR/Cas9–dependent editing of Keap1 was efficient, as 
90% of tumors had increased Nqo1, a bona fide Nrf2 target (fig. S4, 
G and H). However, CRISPR/Cas9–based G6pd editing was largely 
selected against as we observed that 40% of sgKeap1-sgG6pd tumors 
retained the G6pd (Fig. 4G and fig. S4G).

To ensure more robust loss of both Keap1 and G6pd, we used 
KPC GEMMs with conditional loss of Keap1 (KrasLSL-G12D/+; p53fl/fl; 
Keap1fl/+; Rosa26LSL-Cas9/LSL-Cas9; hereafter KPKC). Animals were 
intratracheally infected with pUSEC (hU6::sgRNA1-sU6::sgRNA2- 
EFS::Cre) lentivirus, expressing two independent sgRNAs against 
G6pd (sgG6pd.1-sgG6pd.2) or controls (sgNeo-sgNeo) (Fig. 4H). 
Similar to our KPC model, we observed that G6pd loss led to 
preferential attenuation of tumor growth in Keap1 mutant tumors 
(Fig. 4I). We observed enhanced efficiency in knocking out G6pd 
with a second guide targeting G6pd (sgG6pd.1-sgG6pd.2) resulting 
in G6pd loss in 80% of tumors (Fig. 4, J and K) compared with 60% 
when using a single guide (Fig. 4G). The robust deletion of G6pd 
completely abrogated the protumorigenic effect of Keap1 loss as 
compared to the G6pd WT control group (sgNeo-sgNeo) (Fig. 4I 
and fig. S4, I and J). Together, these data demonstrate that G6pd is 
required for Keap1 mutant tumor growth and highlight the poten-
tial therapeutic benefits of targeting G6pd in genetically stratified 
Keap1 mutant tumors.

G6PD inhibition synergizes with glutaminase inhibition 
in KEAP1 mutant tumors
Our studies suggest that G6PD loss or inhibition leads to growth 
suppression in KEAP1 mutant cells through depletion of TCA 
intermediates (Figs. 2 and 3). Therefore, we hypothesized that G6PD 
inhibition might synergize with therapeutic strategies that suppress 
TCA anaplerosis (Fig. 5A). Consistent with this, Keap1 mutant tumors 
are sensitive to the glutaminase inhibitor CB-839 (13, 20, 21, 25, 29), 
which blocks glutamine-driven anaplerosis (13, 37). Keap1 mutant 
mouse LUAD cells exhibited increased sensitivity to a G6pd inhibi-
tor (G6PDi-1) in the presence of low concentrations of CB-839 that 
do not affect cell viability (Fig. 5, B and D; fig. S5A; and Table 1). 
The human LUAD cell line A549 (KEAP1 mutant) also showed the 
same G6PDi-1-CB-839 synergy (Fig. 5, C and E; fig. S5B; and 
Table 2), while overexpression of WT KEAP1 cDNA largely rescued 
this sensitivity. Bliss analysis indicated that the synergy of CB-839 
and G6PDi-1 is dependent on NRF2 activation and KEAP1 muta-
tion status (Tables 3 and 4).

Since currently available G6pd inhibitors are not suitable for 
in vivo studies, we used an inducible G6pd knockdown tumor model 
to assess the synergy of G6pd LOF with CB-839 synergy in vivo. We 
observed that knockdown of G6pd suppressed tumor growth and 
that addition of CB-839 even further attenuated tumor growth of 
Keap1 mutant tumors (Fig. 5, F and G, and fig. S5, C and D). 
CB-839 combined with G6PD knockdown markedly inhibited tumor 
growth in human KEAP1 mutant LUAD tumors (Fig. 5H and fig. S5E). 
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These data support the potential for combining glutaminase and 
G6PD inhibition to target KEAP1-mutated LUAD, a major genetic 
subtype of lung cancer with unmet clinical need.

DISCUSSION
Emerging clinical data highlight that alterations in the KEAP1/NRF2 
pathway result in resistance to multiple therapies (22, 25–28). 
Therefore, identification of new vulnerabilities to target these tumors 

has been of great interest. Previous preclinical studies from our group 
and others have identified synthetic lethal interactions in KEAP1/NRF2 
mutant LUAD (12, 13, 20, 21, 32). However, it remains to be seen 
whether any of these metabolic targets alone or in combination with 
existing therapies will pave the way to viable therapeutic approaches 
in the clinic.

Although previous studies have suggested that G6PD or the PPP 
enhances tumor growth by protecting cells from ROS (38) and pro-
moting nucleotide synthesis (16), there is a lack of in vivo studies 
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measurement at day 21 (n = 6). *P < 0.05, **P < 0.01, and ****P < 0.0001. Detailed statistics analysis of (F) to (H) is presented in table S3.
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demonstrating the importance of the PPP in tumorigenesis. Although 
G6pd was not required for Kras-driven mouse LUAD with WT 
Keap1 (18), in this study, we demonstrate that G6PD genetic loss or 
pharmacological inhibition selectively suppresses growth of a genetic 
subset of LUAD with KEAP1 mutations and NRF2 activation. In 
our study, we used orthogonal genetic approaches to selectively de-
plete G6PD in tumors and determine the tumor cell–autonomous 
dependence on G6PD. In addition, we used the first on-target cellular 
G6PD inhibitor, G6PDi-1 (17). Our study provides a preclinical 
platform to test the efficacy of new generation G6PD inhibitors in 
KEAP1 mutant LUAD. Although the therapeutic index of G6PD 
inhibitors remains unknown, a large percentage of people are defi-
cient in G6PD and are asymptomatic (39, 40), suggesting that pharma-
cological inhibition of G6PD may be tolerated.

Tumors with NRF2 activation have high antioxidant capacity and 
can buffer redox stress by inducing multiple enzymes that generate 
NADPH in addition to G6PD, including cytosolic IDH1 and ME1 
(10, 11). At the same time, NADPH demand may be enhanced by 
elevated GSH and thioredoxin. How these factors balance was un-
clear. Here, we show that genetic loss or pharmacological inhibition 
of G6PD does not affect ROS levels and redox homeostasis, indicating 
that NADPH production from alternative pathways is sufficient, at 
least in culture, for redox balance in KEAP1 mutant cells. However, 
we observed that in the absence of G6PD, there was an impairment 
in TCA metabolite levels. This can be reversed with pyruvate, TCA 
intermediates, or TCA-related amino acids. On the basis of prior 
studies, G6PD depletion induced more cytosolic IDH1 and ME1 flux, 
which depletes TCA metabolites (15). IDH1 and ME1 are NRF2 
targets. We show that G6PD loss increased flux through IDH1 and 
ME1 in KEAP1 mutant cells. These findings are in line with our 
previous observations that NRF2 activation rewires cellular metab-
olism toward increased antioxidant metabolism at the expense of 
respiration, TCA cycle anaplerosis, and amino acid synthesis (13, 21). 
This rewiring leaves KEAP1 mutant cells vulnerable to manipula-
tions that deplete TCA intermediates.

Furthermore, we demonstrate that this is not specific to lung 
cancer and that pancreatic cancer cells with Nrf2 activation are also 
more dependent on G6pd. These data suggest that tumors of other 
lineages that acquire Nrf2 activation by genetic (41–46), epigenetic 
(47–49), or posttranscriptional (50) alterations may also require G6pd 
for NADPH and TCA cycle homeostasis and therefore be susceptible 
to G6pd inhibition.

When viewed in typical pathway diagrams, the PPP and TCA are 
the least closely connected among all central carbon pathways, with 
the PPP branching from the top of glycolysis and the TCA fed from 
lower glycolysis, as well as by amino acid and fatty acid catabolism. 
These diagrams, however, obscure redox connections: cytosolic 
NADPH can be made by the oxPPP or by ME and IDH. ME, partic-
ularly, drains TCA intermediates. Thus, the PPP helps maintain 
TCA homeostasis not directly by providing carbon but by provid-
ing NADPH that satiates other TCA-draining, NADPH-producing 
enzymes. Here, we show that this previously unrecognized function 
of G6PD is critical to TCA homeostasis in the context of KEAP1 
mutation, which leads to NRF2-dependent increases of multiple 
NADPH-producing enzymes that contribute to the cataplerosis of 
TCA cycle intermediates.

Furthermore, we demonstrate that not all oxPPP enzymes are 
synthetic lethal with KEAP1 mutations. We demonstrate that Keap1 
mutant cells are less sensitive to both genetic and pharmacological 
inhibition of Pgd. Our findings also demonstrate that unlike G6PD, 
Pgd loss cannot be rescued by TCA cycle metabolites, suggesting 
that these two oxPPP enzymes sometimes have divergent roles in 
cellular metabolism. This discrepancy is also noted in T cells, where 
inhibition of G6PD led to decreased cytokine production (17), while 
loss of PGD enhanced antitumor function (51). In this context, 
oxPPP should not be simply viewed as a linear pathway but two steps 
with distinct biological outcomes. Prior studies have suggested that 
inhibition of PGD with 6-AN may be a therapeutic target in LUAD 
(52). However, the tumor cell–autonomous and non-cell–autonomous 
effects and the metabolic mechanisms underlying 6-AN sensitivity 
remain unknown. In addition, many studies have demonstrated that 
6-AN is not a PGD-specific inhibitor and has off-target activity 
against glycolysis and NAD+ biosynthesis (53, 54).

Table 2. IC50 of G6PDi-1 with supplement of CB-839 in human cell 
lines (n = 3). 

G6PDi-1 IC50 (M)
CB-839 (nM)

0 12 16 48

A549 + vector 23.745 6.935 6.475 2.69

A549 + KEAP1 WT 29.055 16.6 16.43 14.015

Table 1. IC50 of G6PDi-1 with supplement of CB-839 in mouse cell 
lines (n = 4). 

G6PDi-1 IC50 (M)
CB-839 (nM)

0 6 12

WT 70 44.41 40.405

WT + Nrf2 activator 50.65 31.315 24.9

KO + vector 42.08 30.09 24.98

KO + Keap1 WT 80.05 46.9 36.595

Table 3. Bliss synergy score of G6PDi-1 with CB-839 in mouse cell 
lines (n = 4). 

Bliss synergy score

WT 6.581 ± 1.49

WT + Nrf2 activator 13.665 ± 1.45

KO + vector 38.896 ± 1.58

KO + Keap1 WT 19.658 ± 1.42

Table 4. Bliss synergy score of G6PDi-1 with CB-839 in human cell 
lines (n = 3). 

Bliss synergy score

A549 + vector 21.085 ± 0.69

A549 + KEAP1 WT 3.119 ± 1.04
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Last, the glutaminase inhibitor CB-839 is a well-established means 
of suppressing KEAP1 mutant cells and tumors in mouse models 
(13, 20, 21, 25, 29) and is currently being tested in multiple phase 2 
clinical trials in patients with KEAP1 or NRF2 mutant LUAD 
(KEAPSAKE: NCT04265534 and BeGIN: NCT038724270). In this 
study, we demonstrate that CB-839 synergizes with G6PD inhibition 
to suppress KEAP1 mutant tumor growth. Implementation of this 
strategy depends on the development of new G6PD inhibitors for 
in vivo testing in preclinical models and eventually advancement 
into clinic use. Notably, mutations that lead to G6PD deficiency are 
well tolerated, and phase 1 studies with CB-839 showed minimal 
toxicity (55). Therefore, combined glutaminase and G6PD inhibi-
tion could be a promising new therapeutic approach for patients with 
KEAP1 mutant tumors.

MATERIALS AND METHODS
Mice
All animal studies described were approved by the NYU Langone 
Medical Center Institutional Animal Care and Use Committee 
(IACUC). Animals were housed according to IACUC guidelines in 
ventilated caging in a specific pathogen–free animal facility. For 
transplantation experiments, 5 × 105 mouse cells were implanted 
subcutaneously into C57BL/6J female mice (the Jackson Laboratory, 
000664), or 1 × 106 human cells were subcutaneously implanted into 
NSG (NOD scid gamma mouse) mice (the Jackson Laboratory, 005557) 
approximately 6 to 8 weeks in age. Tumor volume was measured by 
caliper, and volume was calculated (0.5 × length × width2). After 
tumor volume reaching 50 to 100 mm3, animals were randomized 
and assigned to a treatment group. Animals either received CB-839 
(200 mg/kg) or vehicle (Calithera) twice daily administered through 
oral gavage as previously described (56) or doxycycline diet (Bio-Serv, 
S3888). No animals were excluded from analysis. Tumor growth was 
tracked for a minimum of six tumors per experimental group.

KrasLSL-G12D/+; p53fl/fl; Rosa26LSL-Cas9/LSL-Cas9 mice is bred as described 
before (24); KrasLSL-G12D/+; p53fl/fl; Keap1fl/+; Rosa26LSL-Cas9/LSL-Cas9 
mice is bred from KrasLSL-G12D/+; p53fl/fl; Rosa26LSL-Cas9/LSL-Cas9 mice 
and Keap1fl/fl mice (Taconic, 8799). Mice with the appropriate geno-
type aged 6 to 8 weeks were randomly selected to begin tumor initi-
ation studies with pUSEC virus. Mice were intratracheally infected 
with lentiviruses as described (57). Total tumor burden and grading 
analyses were conducted on >6 mice per genotype. No mice were 
excluded from analyses. The total lung area occupied by each tumor 
was measured on hematoxylin and eosin (H&E)–stained slides using 
QuPath software (58). All tumor burden and IHC (immunohisto-
chemistry) analyses were done in a blinded fashion in which the 
researcher was unaware of which genotype the samples had.

Virus packaging and concentration
Lentivirus was produced by cotransfection of human embryonic 
kidney–293 (HEK293) cells with viral plasmid with packaging 
vectors [psPAX2 and VSV-G (vesicular stomatitis virus G)] using 
PEI Pro (PolyPlus). Retrovirus was produced by transfection of 
Plat-E cells with viral plasmid using PEI Pro (PolyPlus). For-
ty-eight hours after transfection, virus is harvested and filtered 
with 0.45 M polyvinylidene difluoride (PVDF) filter, and re-
ceipt cells are infected with virus in the presence of polybrene 
(8 g/ml; Millipore). For large scale of virus production and 
concentration, virus is harvested and filtered with 0.45 M PVDF 

filter, then concentrated by ultra centrifuging at 25,000 rpm for 
2 hours, and dissolved in phosphate-buffered saline overnight. 
Virus tittering is performed as previously reported (59).

Cell lines and culture
Murine KrasG12D/+; p53−/− WT and Keap1 mutant isogenic clonal 
cell lines and HY19636/HY15549 cell lines were previously estab-
lished (20, 60). Murine cell lines were originally derived from female 
mice. Human cell lines were acquired from American Type Culture 
Collection. All cell lines tested negative for mycoplasma (PlasmoTest, 
InvivoGen). All cell lines were cultured in a humidified incubator at 
37°C and 5% CO2. Cells were maintained in either Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) or RPMI 1640 (Cellgro, Corning) 
supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich) 
and gentamicin (Invitrogen).

Metabolic CRISPR/Cas9 genetic screen
Metabolic library is a gift from K. Birsoy (30). Virus was produced 
by cotransfection of HEK293 cells with lentiviral library pool with 
packaging vectors (psPAX2 and VSV-G) using PEI Pro (PolyPlus). 
The titer of lentiviral supernatants was determined by infecting tar-
get cells with several amounts of virus in the presence of polybrene 
(8 g/ml; Millipore), counting the number of puromycin-resistant 
infected cells after 3 days of selection. KP and KP + KI cells were 
infected at a multiplicity of infection of ~0.3 and selected with 
puromycin (8 g/ml) 72 hours after infection. An initial pool of cells 
was harvested for genomic DNA extraction. Remaining cells were 
cultured for 14 doublings, after which cells were harvested for ge-
nomic DNA extraction. sgRNA inserts were polymerase chain reac-
tion (PCR)–amplified and then purified and sequenced on a MiSeq 
instrument (Illumina) according to prior studies (30). Sequencing 
reads were mapped, and the abundance of each sgRNA was tallied. 
Gene score is defined as the median log2 fold change in abundance 
between the initial and final populations for all sgRNAs targeting 
the gene. The differential gene score is the difference between the KP 
and KP + KI cell gene scores.

Cell proliferation and viability assays
For cell proliferation assays conducted under different drug or media 
conditions as indicated, cells growing in DMEM were trypsinized, 
counted (Countess II, Thermo Fisher Scientific), and plated into 
12-well plate dishes (BD/Falcon) in 2 ml of RPMI media. For rescue 
experiments, cells were treated with indicated drugs as legends or 
30 mM hypoxanthine (Acros Organics, 122010250), 16 mM thymidine 
(Sigma-Aldrich, T1895), 50 M trolox (Acros Organics, AC218940010), 
100 nM liproxstatin (Selleck Chemicals, S7699), 0.5 mM N-acetyl-
l- cysteine (Acros Organics, 160280250), 100 M palmitic acid 
(Cayman Chemical, 21911), 2 mM pyruvate (Thermo Fisher Scien-
tific, 11360070), 2 mM dimethyl-2-oxoglutarate (a-KG precursor, 
Sigma-Aldrich, 349631), 6 mM glutamate (Sigma-Aldrich, G8415), 
20 mM aspartate (Sigma-Aldrich, A7219), and 500 nM erastin 
(EMD Millipore, 329600), or 1 M KI-696 [Nrf2 activator; provided by 
C. Thomas, National Cancer Institute (NCI)]. In experiments where 
the Nrf2 activator (KI696) was used, cells were pretreated with 1 M 
for at least 7 days before the start of the experiment. Proliferation 
experiments were carried out for 5 days after drug treatment and 
collected by staining. Mouse cells are plated 2000 per well, and hu-
man cells are plated 10,000 per well. Cells were stained with a 0.5% 
crystal violet (Fisher Scientific) solution in 20% methanol. Plates 
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were then washed and dried, and crystal violet was eluted in 400 l 
of 10% acetic acid and measured at 595-nm wavelength by spectrom-
eter (Molecular Devices).

For cell viability assays, cells were plated in a white, opaque 96-well 
plate (Corning) with clear bottom at a density of 2000 cells per well for 
mouse cells and 5000 cells per well for human cells in RPMI-1640 
media and drug added at the same day. After 3 days, cell viability 
in the presence of all compounds was assessed by CellTiter-Glo 
(Promega) and measured by spectrometer (Molecular Devices). All 
data are represented as relative to KEAP1 WT group vehicle-treated 
condition. G6PDi-1 was synthesized as previously described (17), 
and 6-AN was obtained from Cayman Chemical (10009315).

Synergy score
The expected drug combination responses of G6PDi-1 with CB-839 were 
calculated on the basis of ZIP reference model using SynergyFinder 2.0 
(61). Scores higher than 10.0 are regarded as significant synergy.

Quantitative PCR analysis
mRNA was harvested from cells using an RNeasy mini kit (QIAGEN) 
according to the manufacturer’s protocol. Extracted mRNA was 
used to synthesize cDNA using the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosciences, Thermo Fisher Scientific) 
according to the manufacturer’s protocol. Gene expression was 
analyzed by quantitative PCR (qPCR) on a QuantStudio 3 (Applied 
Biosciences, Thermo Fisher Scientific). A list of specific primers used 
can be found in table S2.

Immunoblotting
Cells were collected and lysed in 200 l of ice-cold radioimmuno-
precipitation assay buffer (Thermo Fisher Scientific) supplemented 
with 5 M EDTA and 1× protease and phosphatase inhibitor (Thermo 
Fisher Scientific) and mixed on a rotator at 4°C for 10 min. Super-
natant was collected after centrifugation at 15,000 rpm for 15 min. 
Protein concentrations were determined using the Bio-Rad DC 
Protein Assay. Twenty milligrams of total protein was separated on 
a 4 to 12% bis-tris gradient gel (Invitrogen) and then transferred onto 
PVDF membrane (Bio-Rad). Goat anti-Rabbit immunoglobulin G (IgG) 
(H + L) horseradish peroxidase (HRP) and Goat anti-Mouse IgG 
(H + L) HRP secondary antibody were used as secondary antibodies 
(Invitrogen, Thermo Fisher Scientific). Antibodies to ACTIN (ab8226) 
and G6PD (ab993) were obtained from Abcam Inc. Antibody to 
HSP90 (610418) was obtained from BD Biosciences. Antibody to 
NQO1 (HPA007308) was obtained from Sigma-Aldrich.

Immunohistochemistry
Mice were euthanized by carbon dioxide asphyxiation. Lung with 
tumors were dissected, infused, and fixed with 10% formalin 
overnight; transferred to 70% ethanol; and then embedded in 
paraffin. Sections (3 mM thick) were cut and stained with H&E.  
Immunohistochemistry on paraffin-embedded sections was performed 
using antibodies against Nqo1 (1:100; Sigma-Aldrich, HPA007308) 
and G6pd (1:5000; Abcam, ab993). Chromogenic IHC was performed 
on a Leica Bond RX, and stained slides were imaged on a Leica 
SCN400 F whole-slide scanner. For Nqo1 and G6pd staining, antigen 
retrieval was performed using antigen retrieval buffer pH 6 (Leica) 
for 20 min. For detection, Leica Bond Polymer Refine Detection 
secondary antibody (Leica, no. DS9800) was used according to the 
manufacturer’s protocol for Nqo1 and G6pd.

ROS and lipid ROS analysis
ROS in cultured cells were measured by incubating cells with 5 mM 
CM-H2DCFDA (Life Technologies, C6827) for 30 min at 37°C.  
2,7-Dichlorofluorescein diacetate fluorescence was acquired on the 
BD LSRFortessa (BD Biosciences) flow cytometer at fluorescein 
isothiocyanate (FITC) channel and analyzed using FlowJo software 
(Tree Star, Ashland, Oregon).

Lipid ROS in cultured cells were measured by incubating cells 
with 10 M Image-iT Lipid Peroxidation Sensor (Life Technologies, 
C10445) for 30 min at 37°C. Fluorescence was acquired on the BD 
LSRFortessa (BD Biosciences) flow cytometer at FITC and PE-CF594 
channel and analyzed using FlowJo software (Tree Star), and the 
ratio of FITC/PE-CF594 was regarded as lipid ROS level.

Mitochondrial respiration
Oxygen consumption rate experiments were performed using the 
XFe-96 apparatus from Seahorse Bioscience (Agilent, Santa Clara, 
CA). Cells were seeded at least five replicates for each condition in 
RPMI to reach 90% confluence at the day of measurement. Medium 
was completely replaced with reconstituted Seahorse RPMI with 
10 mM glucose and 2 mM glutamine (no sodium bicarbonate) ad-
justed to pH 7.4 and incubated for 60 min at 37°C in a CO2-free 
incubator before measurements.

sgRNA and shRNA cloning and cell line generation
KO of target genes was achieved by cloning sgRNAs into lentiCRISPRv2 
puro and lentiCRISPRv2 hygro backbones (Addgene plasmid 
nos. 98290 and 98291, respectively) (62). Briefly, backbones were 
digested with Bsm BI (New England Biosciences, Ipswich, MA) and 
purified with a gel extraction kit (QIAGEN). sgRNAs primers were 
designed according to sgRNA Designer (Broad Institute) and were 
annealed and phosphorylated using T4 PNK (New England Bio-
sciences). Phosphorylated and annealed oligos were then ligated into 
the purified digested backbones using Quick Ligase (New England 
Biosciences). Vectors were transduced into cells and selected with 
puromycin (8 g/ml) or hygromycin (600 g/ml) for 5 days. KO of 
target gene was subsequently verified by Western blot. Oligos were 
obtained from Integrated DNA Technologies (Coralville, IA). Double 
guide sgRNAs were designed according to previous report (36); briefly, 
sU6 promoter is inserted to 2sgRNA ultramer through PCR and 
Gibson assembly with pDonor_sU6 (Addgene plasmid no. 69351), then 
digested with Bbs I, and ligated to Bsm BI–digested lentiCRISPRv2 
puro or pUSEC backbone.

Doxycycline-induced knockdown of G6pd was achieved by clon-
ing hairpin-targeting G6pd into the pLKO.1-TETON-Puro vector 
(Addgene plasmid no. 21915) (63). Briefly, hairpins are designed 
according to Genetic perturbation platform (Broad Institute) and 
annealed hairpin is ligated into the Eco RI + Age I–digested backbone 
with Quick Ligase (New England Biosciences) at a 3:1 insert:vector 
molar ratio. Vectors were transduced into cells through virus and 
selected with puromycin (8 g/ml). Knockdown of G6pd was verified 
by Western blot and qPCR analysis following 72 hours of treatment 
with doxycycline (1 g/ml). Cell lines transduced with the first 
two efficient shRNAs, along with an anti-RFP shRNA as control, 
were used in the study. Oligos were obtained from Integrated DNA 
Technologies (Coralville, IA).

Keap1-complemented cells were generated by cloning mouse Keap1 
cDNA into Gibson compatible lentiviral backbone with a hygromycin 
resistance cassette according to previous paper (64). Keap1 G333C 
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and R470C point mutation were generated by QuikChange II 
Site-Directed Mutagenesis (Agilent). Cells overexpressing SLC1A3 
were generated by cloning human SLC1A3 into the pMXS-blast 
retroviral backbone. Cells infected were selected with either puro-
mycin (8 g/ml) or blasticidin (600 g/ml).

Gas chromatography–mass spectrometry analysis of  
polar metabolites and stable isotope tracing
For all experiments involving stable isotope tracers, the isotope tracer 
nutrient was substituted for unlabeled nutrient at the same concen-
tration normally found in the base RPMI media. In addition, 
dialyzed FBS was used as a supplement in place of FBS.

For analysis of cells, 1 × 105 cells were seeded in 1 ml of RPMI 
1640 in 12-well plates. For tracing experiments, media contained 
11 mM U-13C–d-glucose or 1,2-13C–d-glucose (Cambridge Isotope 
Laboratory) with normal glutamine or 2 mM U-13C–d-glutamine 
with normal glucose. Cells were cultured for different hours and then 
washed twice in ice-cold 0.9% saline and collected by scraping in 
250 l of 80% (v/v) of ice-cold methanol containing norvaline 
(1.4 mg/ml; Sigma-Aldrich, N7627). Samples were vortexed for 
10 min at 4°C and then centrifuged at 15,000 rpm for 5 min. Super-
natant was transferred to fresh tubes and then dried in a speed vac 
(Thermo Fisher Scientific). Dried metabolite extracts were then 
derivatized with 20 l O-methoxyamine-hydrochloride reagent 
(Sigma-Aldrich, 33045) in pyridine (Sigma-Aldrich) at a concentration 
of 20 mg/ml for 60 min at 37°C and 30 l of N-tert-butyldimethylsilyl- 
N-methyltrifluoracetamide with 1% tert-butyldimethyl chlorosilane 
(Sigma-Aldrich, 375934) for 30 min at 37°C. After derivatization, 
samples were analyzed by gas chromatography–mass spectrometry 
(GC-MS) using an HP-5MS column (Agilent Technologies) in an 
Agilent Intuvo 9000 gas chromatograph coupled to an Agilent 5977B 
mass spectrometer. Helium was used as the carrier gas at a flow rate 
of 1.2 ml/min. One microliter of sample was injected in split mode 
(split 1:1) at 270°C. After injection, the GC oven was held at 100°C 
for 1 min and then increased to 300°C at 3.5°C/min. The oven was 
then ramped to 320°C at 20°C/min and held for 5 min at 320°C. The 
MS system operated under electron impact ionization at 70 eV; the 
MS source and quadrupole were held at 230° and 150°C, respectively; 
the detector was used in scanning mode; and the scanned ion range 
was 10 to 650 mass/charge ratio (m/z). Mass isotopomer distribu-
tions were determined by integrating the appropriate ion fragments 
for each metabolite (65) using MATLAB (MathWorks) and an algo-
rithm adapted from Fernandez et al. (66) that corrects for natural 
abundance. For all data, total or relative metabolite pool sizes are 
normalized to cell counts for each condition.

Isotope tracing and metabolite extraction for liquid 
chromatography–MS
For extraction of water-soluble metabolites for liquid chromatography–
MS (LC-MS) analysis (67), cells were plated and grown to 60 to 
90% confluency in six-well plates. At the start of an experiment, the 
appropriate medium was added to cells, which included isotope 
tracers and/or chemical inhibitors as described. Cells were incubat-
ed at 37°C at 5% CO2 for 3 hours (unless otherwise noted). For all 
experiments involving small-molecule agents, dimethyl sulfoxide 
concentrations were <0.2%. After 3 hours, medium was removed 
by aspiration and metabolome extraction was performed (without 
any wash steps) by the addition of −20°C extraction solvent 
(40:40:20 acetonitrile:methanol:water + 0.5% formic acid; 50 to 

100 l of extraction solvent per 1 l of packed cell volume). After a 
1- to 2-min incubation on dry ice, the extract was neutralized by the 
addition of 15% NH4HCO3 (w/v; 70 l per 800 l of extraction 
solvent). The samples were incubated at −20°C for ~30 min, at 
which point the wells were scraped and the extract was transferred 
to 1.5-ml Eppendorf tubes and centrifuged (20 min, 16,000g, 4°C). 
The resulting supernatant was frozen on dry ice and kept at −80°C 
until LC-MS analysis.

LC-MS analysis
LC-MS measurement was performed with a quadrupole Orbitrap 
mass spectrometer (Q Exactive or Q Exactive Plus, Thermo Fisher 
Scientific) operating in negative ion mode and coupled to hydrophilic 
interaction chromatography via electrospray ionization (68). Scans 
were performed from m/z 70 to 1000 at 1 Hz and 140,000 resolu-
tion. LC separation was on a XBridge BEH Amide column (2.1 mm 
by 150 mm by 2.5 mm particle size and 130 Å pore size; Water, 
Milford, MA) using a gradient of solvent A [20 mM ammonium 
acetate and 20 mM ammonium hydroxide in 95:5 water:acetonitrile 
(pH 9.45)] and solvent B (acetonitrile). Flow rate was 150 ml/min. 
The LC gradient was 0 min, 90% B; 2 min, 90% B; 3 min, 75%; 7 min, 
75% B; 8 min, 70%, 9 min, 70% B; 10 min, 50% B; 12 min, 50% B; 
13 min, 25% B; 14 min, 25% B; 16 min, 0% B, 20.5 min, 0% B; 21 min, 
90% B; and 25 min, 90% B. Autosampler temperature was 5°C, and 
injection volume was 10 l.

For improved detection of NAD(P)+ and NAD(P)H (69, 70), the 
injection volume was increased to 15 l, and selected ion monitor-
ing scans with m/z window ranging from 640 to 765 were added. 
The LC gradient was modified as 0 min, 85% B; 2 min, 85% B; 3 min, 
60% B; 9 min, 60% B; 9.5 min, 35% B; 13 min, 5% B; 15.5 min, 5% B; 
16 min, 85% B; and 20 min, 85% B.

Data were analyzed using the El-MAVEN (Elucidata) software 
(71), with compounds identified on the basis of exact mass and reten-
tion time match to commercial standards. For tracer experiments, 
isotope labeling was corrected for natural 13C abundance (72).

Quantification and statistical analysis
Values are presented as means ± SEM. n presented in figure legends 
stands for number of technical repeats. For statistical analysis, we 
used GraphPad Prism software (GraphPad): two-way analysis of 
variance (ANOVA) for tumor growth, F test for median inhibitory 
concentration curve, and one-sided Student’s t test for cell prolifer-
ation, metabolite analysis, and gene expression analysis. For synergy 
score, score higher than 10 is regarded as significant synergy. All 
experiments were repeated at least twice. All cell proliferation experi-
ments and metabolite analysis contained three biological replicates. 
Cell viability assays contained at least three biological replicates, and 
animal experiments and materials generated and analyzed from 
animal experiments contained a minimum of 6 biological replicates 
with a maximum of 10.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk1023

View/request a protocol for this paper from Bio-protocol.
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