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Cancer treatments targeting DNA repair deficiencies often encounter drug resistance,
possibly due to alternative metabolic pathways that counteract the most damaging
effects. To identify such alternative pathways, we screened for metabolic pathways
exhibiting synthetic lethality with inhibition of the DNA damage response kinase
Ataxia-telangiectasia-mutated (ATM) using a metabolism-centered Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)/Cas9 library. Our data revealed Kelch-
like ECH-associated protein 1 (KEAP1) as a key factor involved in desensitizing cancer
cells to ATM inhibition both in vitro and in vivo. Cells depleted of KEAP1 exhibited
an aberrant overexpression of the cystine transporter SLC7A11, robustly accumulated
cystine inducing disulfide stress, and became hypersensitive to ATM inhibition. These
hallmarks were reversed in a reducing cellular environment indicating that disulfide
stress was a crucial factor. In The Cancer Genome Atlas (TCGA) pan-cancer datasets,
we found that ATM levels negatively correlated with KEAP1 levels across multiple
solid malignancies. Together, our results unveil ATM and KEAP1 as new targetable
vulnerabilities in solid tumors.
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Deficiencies in major DNA repair pathways are harnessed as a canonical approach to
sensitize cancer cells to DNA-damaging agents. This strategy stems primarily from the
notion of a synergistic relationship between two essential DNA repair pathways cooper-
ating to mediate cancer cell survival and resistance to therapies (1-5). Ataxia-telangiectasia-
mutated (ATM) kinase controls DNA damage responses (DDRs) upon DNA double-strand
break formation (6, 7), and loss of ATM kinase activity or heterozygosity for pathogenic
ATM gene variants increase cancer risks. Indeed, ATM is frequently mutated across cancer
types (8). Conversely, ATM genetic deficiency or its inhibition can be harnessed to sensitize
cancer cells to radiotherapy or eliminate cancer cells with compromised DNA repair
pathways. For example, ATM inhibition sensitizes lung cancer cells to Fanconi anemia
(FA) pathway deficiency, a characteristic which is reflective of the shared role of ATM and
FA proteins in DNA end resection during homologous recombination (9). A recent report
demonstrated that ATM deficiency can also be utilized to sensitize metastatic breast cancer
cells to inhibitors of Poly (Adenosine diphosphate-ribose) polymerase 1 and 2 (PARP1/2),
due to the synergistic roles of ATM signaling and PARP-dependent pathways in DNA
repair (10, 11). Notably, three novel ATM inhibitors (AZD0156, AZD1390, and M3541)
are currently under phase I clinical trials for patients with gastric adenocarcinoma, colorec-
tal cancer (NCT02588105), brain tumor (NCT03423628), and solid tumors
(NCT03225105), potentially opening avenues for their use in combination treatments
based on synthetic lethality.

Although partially effective, the use of DNA repair deficiencies to induce an enhanced
response to therapy and cell death may be hindered by the strong resistance of cancer cells
to DNA-damaging agents. There is increasing evidence that ATM also controls metabolic
pathways, including mitochondrial respiration, pentose phosphate pathway (PPP), and
redox homeostasis, all of which enhance metastatic cancer cells survival in nutrient-poor
tumor microenvironments (12-15). Notably, metastatic breast cancer cells rely heavily
on multiple metabolic pathways, thus implying that metabolic reprogramming may be
key for cancer cells to escape exposure to DNA-damaging agents (16, 17). The pleiotropic
characteristic of ATM is well-exemplified in ataxia-telangiectasia (A-T) disease, particularly
with the discovery that cells lacking ATM experience oxidative stress, implying essential
roles of ATM beyond its canonical DDR function (6, 18). In this regard, ATM phospho-
rylates heat shock protein 27 (HSP27) which in turn binds to glucose-6-phosphate dehy-
drogenase (G6PD), a rate-limiting enzyme of the PPP, to promote the synthesis of
NADPH and ribose-5-phosphate (12). Elevated NADPH increases antioxidant capacity
while ribose-5-phosphate functions as a precursor for de novo nucleotide synthesis. ATM

PNAS 2023 Vol.120 No.6 e2212072120

https://doi.org/10.1073/pnas.2212072120

Significance

Utilizing metabolism-centered
CRISPR/Cas9 screening, we
identified KEAP1 and ATM as
targetable vulnerabilities in
breast and lung cancers. We
showed that KEAP1 is particularly
required for invasive breast and
lung cancer cells to survive upon
ATM kinase inhibition. Our study
provides strong evidence
supporting the stratification of
patients with KEAP1-mutant or
NRF2-hyperactivated tumors as
likely responders to ATM
inhibitors.

Author affiliations: *Developmental Therapeutics Branch,
Center for Cancer Research, National Cancer Institute,
NIH, Bethesda, MD 20892; "Department of Molecular
Biosciences, The University of Texas at Austin, Austin,
TX 78712; “Institute for Cellular and Molecular Biology,
The University of Texas at Austin, Austin, TX 78712; “Drug
Dynamics Institute, College of Pharmacy, The University
of Texas at Austin, Austin, TX 78723; °Early Oncology
R&D, AstraZeneca, Cambridge Biomedical Campus,
Cambridge CB2 0AA, UK; ‘Evotec UK, Oxfordshire OX14
4RZ, England, UK; and 8Surgical Oncology Program,
Center for Cancer Research, National Cancer Institute,
NIH, Bethesda, MD 20892

Author contributions: H.L, M.B., and U.W. designed
research; H.L., Y.X, CN.W.,, HJ.B., M., SW,, J.E.D., and
E.Y.M. performed research; S.T.D. and M.B. contributed
new reagents/analytic tools; H.L, Y.L, Y.X, and S.W.
analyzed data; and U.W. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons  Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
urbain.weyemi@nih.gov.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2212072120/-/DCSupplemental.

Published February 1, 2023.

10f 10


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:urbain.weyemi@nih.gov
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2212072120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2212072120/-/DCSupplemental
http://orcid.org/0000-0002-4644-8703
https://orcid.org/0000-0002-2721-7790
http://orcid.org/0000-0002-6242-3389
http://orcid.org/0000-0003-4209-7499
mailto:
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2212072120&domain=pdf&date_stamp=2023-2-6

also promotes PPP by upregulating transcription of G6PD gene
in response to increased mitochondrial reactive oxygen species
(ROS) (19-21). Furthermore, ROS are also produced from per-
oxisomes and NADPH oxidases. ATM regulates the turnover of
peroxisomes by inducing pexophagy in response to ROS (22). We
also demonstrated that the NADPH oxidase 4 is up-regulated in
A-T cells and in normal cells treated with ATM inhibitor (14).
These findings suggest roles for ATM in reducing ROS via pexo-
phagy or downregulation of NADPH oxidases. A recent report
from Herrup’s group demonstrated that ATM controls mitochon-
drial biogenesis by phosphorylating the Nuclear Respiratory
Factor 1 (NRF1) in the brain (23). In line with these evident links
between ATM and metabolism, we demonstrated that deletion of
histone H2AX, a major substrate of ATM kinase, impairs mito-
chondrial function and promotes repression of the mitochondrial
biogenesis activator, PGCl-a (24). However, the interplay
between ATM and metabolism, and the clinical relevance of this
link in cancer is yet to be investigated, highlighting major gaps in
our understanding of how ATM and other DNA repair genes
control various metabolic pathways in cancer cells.

In this study, we utilized a metabolism-centered CRISPR
screening to evaluate the metabolic reprogramming ability of can-
cer cells upon resistance to ATM inhibition. We identified Kelch-
like ECH-associated protein 1 (KEAP1), an oxidative stress sensor
that controls the Nrf2-regulated antioxidant pathway, as a critical
driver for resistance to ATM kinase inhibition. KEAP1 depletion
endows cancer cells with a strong ability to heavily rely on cystine
metabolism. This effect is mediated by an aberrant expression of
NREF2-regulated cystine transporter SLC7A11. Inhibition of
disulfide stress rescues cell death promoted by a concomitant ele-
vation in cystine uptake and NADPH depletion resulting from
KEAPI loss and ATM inhibition, respectively. Remarkably, phar-
macological inhibition of ATM abrogates the growth of KEAP1-
deficient breast and lung tumors, which is commonly observed in
human cancers. Our data reveal that ATM levels strongly correlate
with KEAPI levels across multiple solid malignancies, and estab-
lish ATM and KEAP1 as vulnerabilities in solid tumors that can
be targeted therapeutically.

Results and Discussion

Identification of KEAP1 as a Critical Gene for Resistance to ATM
Inhibition. To identify metabolic genes whose loss enhances cell
killing by ATM inhibitors, we first evaluated the efficacy of the
ATM inhibitor AZD1390 using triple-negative breast cancer cells
MDA-MB-231 and hydrogen peroxide as an ATM activator.
Low doses of AZD1390 in the nanomolar range, abolished the
activated form of ATM over 1-h post-drug treatment (Fig. 14).
Using proliferation assays, we evaluated the degree to which
AZD1390 promotes cell death. As expected, only up to 30% of
cell death was observed 8 d following exposure to doses equivalent
to or higher than 30 nM of AZD1390 (Fig. 1B). These data
imply a considerable resistance to ATM inhibitor when used as a
single agent. We performed a CRISPR-based negative selection
screen for metabolic genes whose loss enhances cell killing by
ATM inhibitors (Fig. 1C). We surmise that such genes would
endow cancer cells with an elevated ability to resist and survive
upon ATM inhibition. To selectively evaluate the contribution of
metabolism to such resistance, we utilized a previously established
metabolism-centered CRISPR/Cas9 library (25), which consists of
~30,000 single-guide RNA (sgRNA) targeting ~3,000 metabolic
enzymes, small molecules transporters, and metabolism-related
transcription factors (- 10 sgRNA/gene), and 500 control sgRNAs
in a Cas9-expressing lentiviral vector. MDA-MB-231 cells were
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infected with a low multiplicity of infection (multiplicity of
infection (MOI) = 0.3) to deliver less than one virus particle per
cell to ensure effective barcoding of individual cells. Following a
week of selection, cells were either treated with a moderate dose of
AZD1390 (50 nM) or with DMSO for 14 d. Cells were collected
pre- and post-drug selection, genomic DNA was extracted, and
sgRNA sequences were PCR amplified. Using massive parallel
sequencing, we measured the abundance of all the sgRNAs in
the vehicle and ADZ1390-treated cells at the beginning and the
end of the culture period. To assess the degree to which genes
are required for survival upon ATM inhibition, we calculated
for each gene the beta-score using the MAGeCK MLE pipeline.
'The beta-score for a specific gene is the change in the abundance
of the 10 sgRNAs targeting the gene when comparing the drug-
treated group to the Day 0 untreated group. Our data revealed aryl
hydrocarbon receptor nuclear translocator (ARNT) as potentially
the most required gene for survival upon ATM inhibition (Fig. 1
D and E). However, the beta scores for each of the 10 sgRNA
guides for ARNT indicate that most guides score positively in both
Dimethyl sulfoxide (DMSO) and AZD1390-treated specimens
(81 Appendix, Fig. S14), implying that ARNT deletion may only
alter cell proliferation, rather than promoting sensitivity to ATM
inhibition. Consistent with these observations, nine of the 10
sgRNAs for KEAP1 gene, the second most required hit, show
negative beta-scores in cells treated with AZD1390, among
them five sgRNAs show positive beta-scores in cells treated with
DMSO (SI Appendix, Fig. S1B). A similar pattern of distribution
was observed for phosphate and tensin homolog (PTEN) gene
(SI Appendix, Fig. S1C). Indeed, PTEN loss sensitizes colorectal
cancer cells to ATM inhibitors (26). Therefore, we surmise that
KEAP1 is an important gene required for survival upon ATM
inhibition.

To validate the results from our CRISPR/Cas9 knockout (KO)
library screen, we generated both ARNT and KEAP1 KO clones
by infecting MDA-MB-231 cells with sgRNAs included in the
library. We measured cell survival upon ATM inhibition using
clonogenic assays. Our data revealed that KEAP1 loss robustly
sensitizes cancer cells to both AZD1390 (Fig. 1 Fand G) and the
canonical ATM inhibitor KU60019 (87 Appendix, Fig. S2 A-C).
Specifically, while 50% of MDA-MB-231 parental cells remain
viable upon treatment with 5 nM of AZD1390, only ~1% of
KEAP1-KO cells survived 12 d post-drug treatment. Inversely,
when exposed to ATM inhibitors AZD0156 and AZD1390,
ARNT KO cells exhibit a similar degree of sensitivity as compared
to parental cells (S Appendix, Fig. S3 A-E), confirming that
ARNT loss is not synthetically lethal with ATM inhibition. To
ascertain a requirement for both ATM and KEAP1 in cell survival
in another model of breast cancer, we silenced KEAP1 expression
in luminal breast cancer cell line MCF7 using small interference
RNAs (siRNAs). Following exposure to ATM inhibitor
AZD1390, KEAP1-deficient MCF7 cells were more sensitive to
ATM inhibition than control cells, observations which are con-
sistent with results obtained in KEAP1-KO MDA-MB-231 cells
(SI Appendix, Fig. S4 A and B). These findings confirm that
KEAP1 loss is synthetically lethal with ATM inhibition. To fur-
ther determine whether cooperation between KEAP1 and ATM
is essential for resistance, MDA-MB-231 cells were treated with
the combination of AZD1390 and dimethyl fumarate (DMF),
an FDA-approved KEAP1-NRF2 interaction inhibitor (27, 28).
Measurement of cell death in clonogenic assays revealed over 85%
of cell death following a concomitant inhibition of KEAP1 and
ATM, while only ~30% of cell death was detected with single
agents treatment (S/ Appendix, Fig. S4 Cand D). To determine
whether KEAP1 loss also sensitizes breast cancer cells to ATM
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Fig. 1. Metabolism-centered CRISPR/Cas9 KO library screen identified KEAP1 as a driver for resistance to ATM inhibition. (A) ATM kinase activity inhibition

by AZD1390. MDA-MB-231 cells were pre-treated with the ATM inhibitor AZD

1390 as indicated (10, 30, 50, 100 nM) for 1 h followed by the addition of H,0,

(500 pM) for 30 min. Phospho-p53-Ser'® (p-p53) and phospho-ATM-Ser'*®" (p-ATM) induced by H,O, were probed by western blot and analyzed for ATM kinase
activity. Levels of p53, ATM and tubulin were used as a control. (B) Survival of MDA-MB-231 cells after treatment with indicated AZD1390 concentrations for
8 d. Statistical significance was determined by one-way ANOVA with Tukey's multiple comparisons test. Data are represented as mean + SD; n = 4. *P < 0.05;

#*%%%P < 0.0001. ns, not significant (C) Schematic diagram illustrating the workfl

ow of metabolism-centered CRISPR/Cas9 KO library screen. (D) The Rank plot of

genes generated by MAGeCKFlute, which is sorted based on differential beta score by subtracting the DMSO beta score from the AZD1390 beta score. (E) The
top 10 genes with the lowest differential beta score. (F) Clonogenic assays of parental and KEAPT KO cells (clones #1, #5, #6) after treatment with ATM inhibitor

(AZD1390) as indicated (2.5, 5, 10 nM). (G) Quantification of panel (F).

depletion, we silenced ATM expression in both parental and
KEAP1 KO MDA-MB-231 cells using siRNAs (S Appendix,
Fig. S54). While ATM silencing only reduced proliferation of
parental cells by 30%, growth of KEAP1-KO cells was reduced
by 80% (SI Appendix, Fig. S5B). These findings recapitulate
oberservations made with ATM inhibitors. Similar trends were
obtained in clonogenic assay (SI Appendix, Fig. S5 C and D).
However, it is worth noting that the effect of ATM silencing was
more pronounced in proliferation assay for both parental and
KEAP1-deficient cells, owing presumably to the limited stability
of siRNAs. Reports established that KEAP1 inhibition sensitizes
head and neck squamous cell carcinoma to ionizing radiation-in-
duced DNA damage, presumably via impairment of DNA repair
by non-homologous end joining (29). To ascertain a selectively
toxic relationship between KEAP1 loss and ATM inhibition, we

PNAS 2023 Vol.120 No.6 e2212072120

examined how inhibition of other related DDR kinases, ATR
and DNA-PK, affects survival of KEAP1-deficient cells (30). The
inhibition of either ATR or DNA-PK did not further sensitize
KEAP1-deficient cells to death (S Appendix, Fig. S6 A-D).
Similar observations were made with the DNA-damaging agent
etoposide (SI Appendix, Fig. S6 E and F), implying that cell death
induced by ATM inhibition does not simply reflect an intrinsic
impairment in DNA repair ability or a systemic accumulation of
DNA damage in KEAP1-deficient cells. Indeed, ATM inhibition
did not lead to accrued DNA damage in KEAP1 KO cells, as
revealed by the insignificant difference between levels of gam-
ma-H2AX foci across all specimen (SI Appendix, Fig. S6 G
and H). Collectively, these results reveal a previously unexplored
synergistic relationship between ATM and KEAP1 in breast can-
cer cells. While most available KEAP1 inhibitors or molecules
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targeting KEAP1-NRF2 interaction have yet to advance beyond
preclinical cancer models presumably due to their lower selectiv-
ity, our findings provide unique evidence of concomitantly tar-
geting a metabolic pathway and DNA repair genes to promote
synthetic lethality in cancer cells.

ATM Correlates with KEAP1 across Human Cancers. KEAP1
and ATM are frequently mutated across cancer types (8, 31). To
investigate whether the synergistic relationship between KEAP1
and ATM may provide clues for any clinical correlation, we
conducted an expression level comparison of KEAP1 and ATM
in a large panel of human malignancies which includes a cohort
of solid tumors of multiple origins (pan-cancers cohort), a cohort
of invasive breast cancer patients, and a cohort of patients with
lung adenocarcinoma from The Cancer Genome Adlas (TCGA)
datasets. The data indicate that the transcript levels of ATM and
KEAP1 inversely correlated across a large panel of over 10,071
specimens from multiple origins (Fig. 24), and with specimens
from breast invasive carcinoma (Fig. 2B), as well as in lung
adenocarcinoma (Fig. 2C), as revealed by the Spearman correlation
coeflicients (pan-cancers panel, n = 10,071, r=-0.35, P< 2.2¢71
breast invasive carcinoma panel, n= 994, r = -0.4, P< 2.2¢""°, lung
adenocarcinoma, n = 503, r = -0.24, P = 3.9¢"®). Collectively,
these observations suggest that at least in a subset of patients,
KEAP1 and ATM may synergistically cooperate to inhibit cancer
cell growth, providing unique clues that vulnerability in both
KEAPI and ATM can be harnessed to increase cancer cell response

to therapy.
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KEAP1 Deficiency Sensitizes Breast and Lung Tumors to
ATM Inhibition. To determine whether KEAP1 is essential for
resistance to the pharmacological inhibition of ATM in vivo, we
generated cancer cells xenografts in immunocompromised Non-
Obese Diabetic (NOD) Severe combined immunodeficiency
(SCID) gamma (NGS) mice utilizing both parental and KEAP1
KO MDA-MB-231 metastatic breast cancer cells. When the
tumors became visible in bioluminescence-based imaging post-
inoculation, mice were randomized and treated daily with either
an ATM inhibitor (AZD0156 or AZD1390) or with a vehicle
(Fig. 3A). Treatment with AZDO0156 led to an ~85% attenuation
of tumor growth when KEAP1 was deleted (Fig. 3 B and O),
compared to parental tumor cells which grew steadily. Parental
tumor cell growth was partly impaired when mice were treated
with AZDO0156 alone, and a similar pattern of tumor growth
was observed with KEAPI-deleted cells treated with vehicle
only. Although very moderate, the effect of ATM inhibitor when
used as a single agent, partially recapitulates previous findings
that ATM silencing is sufficient to reduce triple-negative breast
cancer tumors progression in the lung (32). Remarkably, the
elevated sensitivity of KEAP1-deficient cells to ATM inhibitor
was consistent with a twofold increase in median survival post
AZDO0156 treatment (18 d versus 37.5 d) (Fig. 3D). More
noticeably, we showed that AZDO0156 treatment did not
yield adverse effects, nor changes in body weight throughout
the treatment (87 Appendix, Fig. S7), implying that the drug
is relatively well tolerated in animals. To confirm that our
study was not limited to the use of one single ATM inhibitor,

Invasive breast cancer

8 10 12
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Fig.2. Statistically significant correlation between transcript levels for ATM and KEAP1 across Cancers. (A) 10,071 pan-cancer samples from multiple malignancies
in the TCGA datasets. (B) 994 invasive breast cancer samples in the TCGA dataset. (C) 503 lung adenocarcinoma samples in the TCGA dataset. Spearman r and
P value is shown in the panel. The Log2 expression level is shown for the indicated genes.
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Fig. 3. Depletion of KEAP1-sensitized triple-negative breast cancer cells MDA-MB-231 to ATM inhibition in immunocompromised NOD SCID gamma mice.
(A) Schematics of the experimental metastasis model using MDA-MB-231-luciferase cells. (B) Representative bioluminescence imaging of mice injected with
MAD-MB-231-Luciferase parental or KEAP1 KO clone #1 and treated with vehicle or ATM inhibitor (AZD0156, 20 mg/kg) at week 6. (C) Weekly tumor progression
in mice with indicated treatment based on the bioluminescence imaging by IVIS system. Statistical significance was determined by one tail unpaired welch's t
test. Data are represented as mean + SD; n =5 or 6. *P <0.05; **P <0.01. (D) Survival of mice following the end of treatment with AZD0156 Statistical significance
was determined by log-rank test. * indicates P < 0.05 comparing KO clone1-vehicle (purple curve) to KO clone1-AZD0156 (green curve). (E) Representative
bioluminescence imaging of mice injected with MDA-MB-231-Luciferase parental or KEAP1 KO clone #1 treated with vehicle or ATM inhibitor (AZD1390, 20 mg/kg)
at week 7. (F) Weekly tumor progression in mice with indicated treatment based on the bioluminescence imaging by IVIS system. (G) Representative hematoxylin
and eosin (H&E) staining using heart and lung tissue from mice in (F) harvested at week 7. Note that cells with depleted KEAP1 exhibited strikingly elevated
numbers of nodules, most of which are particularly smaller compared to parental tumors (black arrows). (H) Quantification of area occupied by tumor cells
using hematoxylin and eosin (H&E) staining of lung from mice in (E) harvested at week 7 (mean + SD, n = 7). Statistical significance was determined by with one
tail unpaired welch's t test. Data are represented as mean + SD; n = 7. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

we treated mice with AZD1390, the ATM inhibitor used in KEAP1 is mutated in about 3.93% of all cancers, with the high-
our CRISPR/Cas9 KO library screening. The treatment with est frequency of mutation in non-small cell lung cancer (NSCLC)
AZD1390 significantly reduced MDA-MB-231 parental tumor ~ at 15.8% (33-35). We surmise that KEAP1 mutation, its inacti-
growth in the lung. Remarkably, KEAP1 loss abolished tumor vation or repression can therefore be harnessed to sensitize lung
growth when mice were treated with AZD1390, thus implying  cancer cells to synergistic players, with the ATM kinase identified
that KEAP1 deficiency enhanced tumor sensitivity to ATM in this study as a strong candidate. To evaluate the relevance of the
inhibition (Fig. 3 E and 7). The number and the size of lung  synergistic relationship between ATM and KEAP1 in lung tumors,
nodules remain noticeably high when mice were treated with ~ we analyzed the effect of the pharmacological inhibition of ATM
AZD1390 alone, while KEAP1 loss led to a drastic reduction ~ in KEAP1-deficient lung cancer cells. Specifically, we tested
in lung nodules in mice treated with AZD1390, as revealed by AZD1390 in xenograft models established from control and
the relatively healthy appearance of the lung (Fig. 3 G and H). =~ KEAP1-depleted cells generated using short hairpin RNAs (shR-
These findings suggest that inactivation of KEAP1 is sufficient to NAs) interference approach (Fig. 44). Both control and KEAP1-
sensitize breast tumors to the pharmacological inhibition of ATM  depleted cells were transfected with a luciferase-expressing construct
in vivo, strongly raising the possibility of combining inhibition of to assess tumor growth in vivo using bioluminescence-based imag-
DNA repair genes with selective repression of essential metabolic ing (Fig. 4B). Our data revealed that repression of KEAP1 alone
genes to enhance response to therapy. in NCI-H1299 significantly reduces tumor growth, findings which
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Fig. 4. Knockdown of KEAP1 sensitized non-small lung cancer cells NCI-H1299 cells to ATM inhibition in immunocompromised NOD SCID gamma mice.
(A) Western blot showing KEAPT knockdown level in NCI-H1299-luciferase cells. (B) Schematics of lung cancer xenograft model using NCI-H1299-luciferase cells.
(C) Representative bioluminescence imaging of mice inoculated with NCI-H1299-Luc shCTRL or shKEAP1 cells treated with vehicle or ATM inhibitor (AZD1390,
20 mg/kg) at week 4. (D) Measurement of tumor volume throughout the experiment. (E) Tumor volume at week 4. (F) Image of tumors taken ex vivo at week
4. (G) Ex vivo tumor weight at week 4. Statistical significance was determined by two-tail unpaired student t test. Data are represented as mean + SD; n = 7. *P

<0.05; **P < 0.01.

may not reflect the tumor-promoting function of KEAP1 defi-
ciency in the lung (Fig. 4 C-E). Pharmacological inhibition of
ATM with AZD1390 did not yield a noticeable effect on tumor
growth in mice injected with NCI-H1299 sh-control (shCTRL)
cells. However most strikingly, KEAP1 depletion drastically sen-
sitizes lung cancer cells to ATM inhibition (Fig. 4 C-E). This effect
was substantiated by the dramatic reduction both in tumor volume
and tumor weight at the endpoint (Fig. 4 Fand G). Collectively,
these data validate the synthetic lethality between KEAP1 loss and
ATM inhibition in lung cancer cells, findings that strongly reca-
pitulate observations with metastatic breast cancer cells. While the
reduction in tumor growth observed in KEAP1-deficient cells may
not substantiate the tumor-promoting role of KEAP1 mutations,
particularly in lung cancers, KEAP1-deficient cells may still retain
their highly invasive phenotype. Nonetheless, our study uniquely
unveils the extent to which KEAP1 deficiency can be harnessed to
sensitize tumor cells to ATM inhibition, thus opening avenues of
research involving ATM and KEAPI as novel therapeutic
targets.

Cell Death by ATM Inhibition in KEAP1-Depleted Cells Is Partly
Caused by Aberrant Disulfide Bonds Buildup and Stress
upon NADPH Depletion. KEAP1 is a substrate adaptor for an
E3-ubiquitin ligase complex with a high binding affinity for nuclear
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factor erythroid 2-related factor 2 (NRF2). KEAP1 controls
redox homeostasis via its dissociation from NRF2, followed by
NRF2 nuclear translocation, and subsequent activation of NRF2-
regulated antioxidant response genes (36, 37). KEAP1 loss leads
to high dependency on glucose metabolism (35). A striking recent
report by Gan’s group established that, under glucose starvation,
KEAP1 deficiency causes an elevated cystine uptake via aberrant
overexpression of the NRF2-regulated cystine transporter
SLC7A11, followed by accumulation of disulfide molecules, with
the oxidized glutathione (GSSG) being one of the most abundant
forms (35). The findings provided a piece of strong evidence that
glucose deprivation coupled with KEAP1 loss may be responsible
for the toxic accumulation of disulfide molecules upon NADPH
pool depletion, a phenomenon described as disulfide stress. The
buildup of disulfide molecules is characteristic of a profound
depletion in the reduced GSH pool, subsequently leading to redox
system collapse and cell death. Indeed, cancer cells depend heavily
on GSH synthesis primarily from the cysteine pool to overcome
the high demand for antioxidant defense required for survival and
resistance to therapy (38-40).

Consistent with the model of glucose starvation in KEAP1-
deficient cells (35), we surmise that NADPH depletion by ATM
inhibition may synergize with KEAP1 loss to promote the accu-
mulation of disulfide molecules and cytotoxicity due to

pnas.org



depletion in the GSH pool. As expected, KEAP1 loss led to a
robust accumulation of NRF2 and overexpression of its target
SLC7A11 (Fig. 5A4). These observations raise the possibility that
KEAP1-deficient cells may heavily rely on cystine uptake for
GSH synthesis and survival upon stress. As such, NADPH
depletion by ATM inhibition may drastically impair the survival
of KEAP1-deficient cells, presumably via disulfide molecules
buildup, and an imbalance in GSH/GSSG ratio. More specifi-
cally, depletion in the pool of GSH may favor an environment
prone to the accumulation of disulfide molecules such as GSSG,
and disulfide stress. Indeed, previous studies demonstrated that
ATM increases the pool of NADPH by promoting the activity
of G6PD, a rate-limiting enzyme of the PPP (12). To determine
the degree to which ATM may impact NADPH production, we
measured the NAPDH pool in parental and KEAP1-deficient
cells upon ATM inhibition. As shown in Fig. 5B, ATM inhibi-
tion is accompanied by a significant depletion in the NADPH
pool 14 d post-drug treatment. Most interestingly, these

observations are paralleled by a drastic reduction in the GSH/
GSSG ratio in KEAP1 KO cells from 6 d up to 14 d post-drug
treatment (Fig. 5 Cand D). Strikingly, ATM inhibition strongly
potentiates these effects.

To determine whether the reduction of disulfide molecules or
inhibition of cystine transporter (SLC7A11) is sufficient to rescue
KEAP1-deficient cells from death upon ATM inhibition, we
treated parental and KEAP1 KO cells with the disulfide molecules
reducing agent  tris-(2-carboxyethyl)-phosphine ~ (TCEP).
Remarkably, the TCEP treatment reversed GSH/GSSG ratio
imbalance, as revealed by the drastic decrease in the GSSG pool
(Fig. 5E) and the elevation in the GSH/GSSG ratio (Fig. 5F).
‘These observations were substantiated by the evidence that TCEP
treatment significantly rescued cell death induced by ATM inhi-
bition in KEAP1-deficient cells to the level of AZD1390-treated
parental cells (Fig. 5 G and H). Likewise, treatment with cystine
transporter inhibitor Erastin led to a similar pattern of mitigation

(Fig. 5 7 and ), further supporting that disulfide molecules
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Fig. 5. Cell death by ATM inhibition upon KEAP1 loss is partly caused by aberrant disulfide bonds buildup and stress upon NADPH depletion. (A) Activation of
SLC7A11 in KEAP1-deficient cells. NRF2 and SLC7A11 levels were probed by western blot using MDA-MB-231-Luc parental, KEAP1 KO clone#1, 5 and 6. Tubulin was
used as a loading control. (B) Concentrations of NADPH in MDA-MBA-23-luc cells upon ATM inhibition for 14 d. (C and D) Ratio of GSH/GSSG in MDA-MBA-23-luc
cells upon ATM inhibition for 6 d (C) or for 14 d (D). (E and F) Level of GSSG (), and ratio of GSH/GSSG (F) in MDA-MBA-23-luc cells supplemented with 0.5 mM
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Quantification of (G). (/) Clonogenic assays of parental and KEAP1 KO cells (clones #1, #6) after

treatment with ATM inhibitor (AZD1390) supplemented with Erastin at 0.5 uM. (/) Quantification of data shown in (/). Statistical significance was determined by
two-tail unpaired student t test. Data are represented as mean + SD; n = 3 or 4. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.
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buildup upon ATM inhibition strongly sensitizes KEAP1-deficient
cells to death. To confirm the relevance of KEAP1-NREF2-
SLC7AL11 axis to the cell death induced by ATM inhibition, we
examined the extent to which KEAP1 restoration affects SLC7A11
expression and cell survival. As shown in SI Appendix, Fig. S8,
modest KEAP1 complementation was sufficient to slightly reduce
SLC7A11 expression level (51 Appendix, Fig. S8A), partially restor-
ing KEAP1-depleted cells’ ability to overcome cytotoxicity induced
by ATM inhibition (87 Appendix, Fig. S8 B and C). However, it
is worth noting that SLC7A11 depletion alone resulted in higher
cytotoxicity (SI Appendix, Fig. S8 D and E).

Collectively, these findings suggest that KEAP1-deficient cells
heavily rely on cystine metabolism to produce sufficient amounts
of reduced GSH required for their survival in a highly antioxidant
system-demanding environment, and that depletion of NADPH
upon ATM inhibition overloads cells with disulfide molecules,
thus leading to cell death (Fig. 6).

The aberrant overexpression of SLC7A11 in KEAP1-depleted cells
implies an elevated potential for cystine accumulation. While our
current study does not provide evidence of cystine accumulation in
KEAP1-deficient cells, it should be noted that the cystine molecules
directly uptaken by SLC7A11 at the cell membrane are likely rapidly
converted into cysteine due to the existence of cystine reductase.
Inversely, a lack of sufficient amount of other reductases responsible
for converting disulfide molecules into their reduced forms may
underlie the lower GSH/GSSG ratio observed in KEAP1-depleted
cells, particularly in the absence of a functional ATM (Fig. 6).

We have identified KEAP1 and ATM as novel targetable vulnera-
bilities in breast and lung cancers utilizing metabolism-centered
CRISPR/Cas9 screening. Our study provides strong evidence sup-
porting the stratification of patients with KEAP1-mutant or NRF2-
hyperactivated tumors as likely responders to ATM inhibitors. We
showed that KEAP1 is particularly required for invasive breast and
lung cancer cells to survive upon ATM inhibition. Beyond targeting
KEAP1-mutant lung cancers, our study opens up a unique line of
investigation on using the combination of ATM and KEAP1 inhib-
itors in multiple human malignancies to yield an enhanced response
to therapy.

The significance of the findings in this study lies in two major
areas. One is the identification of an unprecedented synthetic

Glutamate

lethality between inhibition of the DNA repair response kinase
ATM and deficiency in KEAP1, a master regulator of redox home-
ostasis in mammalian cells. KEAP1 is mutated in about 3.93% of
all cancers, with the highest frequency of mutations in NSCLC at
15.8%. Patients with NSCLC exhibit a significantly lower median
survival, owing to the lack of effective therapeutic options and the
immune-evasive phenotype of KEAP1-mutant cancer cells. The
second major significance of our study is that we provide unique
clues for stratifying patients with KEAPI-mutant or NRF2-
hyperactivated tumors as likely responders to ATM inhibitors.

Materials and Methods

Compounds. ATM inhibitors AZD1390 and AZD0156 were generously provided
by AstraZeneca via a Materials Transfer Agreement. Both drugs were pharma-
ceutical grade and were used for the in vivo studies. All in vitro experiments
were conducted using AZD1390 (Cat. S8680), AZD0156 (Cat. S8375), Ku-60019
(Cat. $1570), Erastin (Cat. S7242),VE-821 (Cat. 58007), NU7441 (KU-57788, Cat.
$2638) from Sellechchem. DMF (Cat. 242926-100G) and TCEP hydrochloride (Cat.
C4706-10G) were purchased from Sigma-Aldrich. Etoposide was kindly provided
by Dr. Mirit Aladjem's group.

Metabolism-Centered CRISPR/Cas9 KO Library Screen. In this study,
the human CRISPR metabolic gene library was used to identify metabolic
genes responsible for ATM inhibition resistance in the breast cancer cell
line, MDA-MB-231. The library was a gift from David Sabatini's laboratory to
Addgene (Addgene #110066). The CRISPR KO library screen was performed
as described previously (41). Briefly, we transduced the library which con-
tains 29,790 gRNAs targeting 2,981 human metabolic genes (~10 gRNAs
per gene and 500 control gRNAs targeting intergenic region) at a low MOI
(~0.3) to ensure effective barcodmg of individual cells. Then, the transduced
cells were selected with 1 g mL™" of puromycin for 7 d to generate a mutant
cell pool, which were then splitinto three groups, one group was then frozen
and designated as Day 0 sample, the other two groups were treated with
vehicle (DMSO) and AZD1390 (50 nM) for 14 d, respectively. After treatment,
at least 16 million cells were collected for genomic DNA extraction to ensure
over 500X coverage of the human CRISPR metabolic gene library. The sgRNA
sequences were amplified using NEBNext” High-Fidelity 2X PCR Master Mix
and subjected to Next Generation Sequencing by the Genomic Sequencing and
Analysis Facility of the University of Texas at Austin. The sgRNA read count and
hits calling were analyzed by MAGeCKFlute (42). Read counts for the CRISPR
Screen are shown in Dataset S1.
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Cell Culture and Plasmid Transient Transfection. The human breast cancer
cell lines MDA-MB-231 (from American Type Culture Collection (ATCC)) and
MCF7 (from ATCC), were grown at 37 °C with 5% CO, in Dulbecco's Modified
Eagle Medium (DMEM) (Fisher Scientific), supplemented with 10% Fetal Bovine
Serum (Thermo Scientific). Cells were authenticated using a colorimetric signal
amplification system, and tested for mycoplasma contamination (R&D systems).
All media were supplemented with penicillin and streptomycin (Gibco).
Model of Experimental Metastasis Using MDA-MB-231-luc Cells.

Tumor implantation by tail-vein injection. All animals were treated in accord-
ance with the recommendations of the NIH and approved by the University of
Texas at Austin Committee on Animal Care. All animal procedures were performed
according to protocols approved by the University of Texas at Austin Institutional
Animal Care and Use Committee (IACUC). Tail vein injection was performed as
previously described (43). Six- to eight-week-old female immunocompromised
NOD SCID gamma mice (Stock #: 005557, Jackson Laboratory) were injected
with MDA-MB-231-Luc parental and KEAP1 KO clone#1 cells via the lateral tail
vein using 29-gauge needles, and followed up for metastases burden. In brief,
1 x 10° cells suspended in 200 uL DMEM were injected into the tail vein of each
mouse on day 0. After tumors became established in the lung on day 1, mice were
randomized and treated with either AZD0156 or AZD1390. Mice (six to seven per
treatment group) received the following agents by oral gavage as specified by
the experimental protocols: vehicle (0.5% w/v HPMC, 0.1% w/v Tween 80) or ATM
inhibitors (AZD0156 or AZD1390) at 20 mg/kg, daily for 5 days a week. After 6 or
7wk, animals were sacrificed and examined macroscopically and microscopically
for the presence of metastases.

Drug treatment and imaging. Tumor growth was monitored weekly using biolu-
minescence imaging. Briefly, mice were intraperitoneally injected with 100 mg/kg
luciferin (in 200 pL) with a 25G needle and imaged using the IVIS Lumina instru-
mentin the procedure room. Before the imaging, mice were anesthetized by using
isoflurane for approximately less than 15 min at a time.

All mice were killed using a CO, chamber, and tissues were collected. Upon
collection, tissues were fixed in 10% normal buffered formalin followed by sec-
tions and H&E staining. Tumor burden was calculated by quantifying the area of
tumor nodules in lung region using QuPath software.

Model of Lung Cancer Xenograft Using NCI-H1299-luc Cells. All animals
were treated in accordance with the recommendations of the NIH and approved
by the University of Texas at Austin Committee on Animal Care. All animal proce-
dures were performed according to protocols approved by the University of Texas
at Austin IACUC. On day 0, 6- to 8-wk-old female and male mice were injected
subcutaneously on the right flank with NCI-H1299 (2 x 10° cells in 100 pL of
RPMI 1640 with 50% Matrigel). After tumors became established on day 7,
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mice (seven per treatment group) were randomized based on tumor volume
and received the following agents as specified by the experimental protocols:
vehicle (0.5% w/v hydroxypropyl methylcellulose (HPMC), 0.1% w/v Tween 80)
or AZD1390 (20 mg/kg) daily for 5 days a week by oral gavage. Animals were
observed daily, and tumor volume and body weight were measured three times
per week. Tumor volumes were calculated using the following formula: (length
x width?)/2. In addition, tumor growth was monitored weekly using biolumi-
nescence imaging, as previously described. During the procedures, any animal
experiencing rapid weight loss (greater than 20%, measured weekly), debilitating
diarrhea, rough coat, hunched posture, labored breathing, lethargy, persistent
recumbence, jaundice, anemia, significantly abnormal neurological signs, bleed-
ing from any orifice, self-induced trauma, impaired mobility, or has difficulty
obtaining food or water was immediately euthanized. In addition, mice were
euthanized when they became moribund. At week 4 after innoculation, all mice
were sacrificed using a CO, chamberand tissues were collected. Upon collection,
tumor tissues were fixed in 10% normal buffered formalin and weighed followed
by sections for H&E immunostaining. No human participant was involved in this
study. Animal experiments are reported following Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines.

statistical Analysis. Statistical analyses were performed using GraphPad Prism
9 software (GraphPad Software). A value of P < 0.05 was considered statistically
significant. Data are presented as mean = SD.

Protocols for Generation of stable luciferase expression MDA-MB-231(231-Luc)
cells, Establishment of KO and knockdown cell lines, SiRNA transfection, western
blots, Immunofluorescence, Ectopic expression of KEAP1, Clonogenic assay and pro-
liferation assay, GSH/GSSG measurement, NADPH measurement, TCGA pan-cancer
datasetanalysis, can be found in S/ Appendix, Materials and Methods. All methods
were carried out in accordance with relevant guidelines and regulations.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix. Read counts for the CRISPR Screen are provided
in Dataset S1.
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