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SUMMARY
The interplay between metabolism and chromatin signaling is implicated in cancer progression. However,
whether and how metabolic reprogramming in tumors generates chromatin vulnerabilities remain unclear.
Lung adenocarcinoma (LUAD) tumors frequently harbor aberrant activation of the NRF2 antioxidant pathway,
which drives aggressive and chemo-resistant disease. Using a chromatin-focused CRISPR screen, we report
that NRF2 activation sensitizes LUAD cells to genetic and chemical inhibition of class I histone deacetylases
(HDACs). This association is observed across cultured cells, mouse models, and patient-derived xenografts.
Integrative epigenomic, transcriptomic, and metabolomic analysis demonstrates that HDAC inhibition
causes widespread redistribution of H4ac and its reader protein, which transcriptionally downregulates
metabolic enzymes. This results in reduced flux into amino acid metabolism and de novo nucleotide synthe-
sis pathways that are preferentially required for the survival of NRF2-active cancer cells. Together, our find-
ings suggest NRF2 activation as a potential biomarker for effective repurposing of HDAC inhibitors to treat
solid tumors.
INTRODUCTION

Eukaryotic cells have evolved sophisticated mechanisms to

sense and integrate extracellular information into an intrinsic

signaling system that regulates transcription so that environ-

mental fluctuations can be delivered and responded to in a

timely and accurate manner. A key player in the process is

chromatin, as many chromatin-modifying reactions require

not only the proteinaceous enzymes but also small-molecule

substrates/co-factors that are intermediates of central carbon

metabolism. Indeed, it has been well documented that chemi-

cal modifications of DNA and histones can act as sensors for

fluctuations in cellular metabolic flux and in turn mediate the

transcriptional response to maintain metabolic homeostasis.1

Importantly, we and others have reported that these mecha-

nisms can be hijacked by cancer cells to reprogram gene

expression and facilitate tumor progression.2–4 It is less clear,

however, if distinct metabolic abnormalities also render cancer
C
This is an open access article under the CC BY-N
cells vulnerable to perturbations of chromatin regulatory mech-

anisms. As a result, the therapeutic potential of targeting the

crosstalk between chromatin and metabolism remains under-

explored.

Nearly 20% lung adenocarcinoma (LUAD) tumors carry loss-

of-function mutations in KEAP1 or gain-of-function mutations

in NFE2L2 genes, both of which lead to activation of the NRF2

antioxidant response pathway.5 Activation of this pathway con-

veys several tumor-promoting properties to cells, including an

increase in anabolic processes and production of antioxidant

and detoxifying enzymes.5–7 These effects promote aggressive

disease and drug resistance, which makes NRF2-active tumors

particularly hard to treat. Aberrant NRF2 activation also occurs in

other cancer contexts, such as head and neck squamous cell

carcinoma and hepatocellular carcinoma, through genetic and

non-genetic mechanisms.8,9 It has been reported that metabolic

reprogramming upon NRF2 activation confers sensitivity to

glutaminase inhibition.10,11 However, the KEAPSAKE clinical trial
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(ClinicalTrials.gov: NCT04265534), which evaluated the efficacy

of glutaminase inhibitor CB-839 in patients with KEAP1 muta-

tion, was discontinued due to lack of clinical benefit. As a result,

identifying selective vulnerabilities of NRF2-active cancers that

can be exploited for more effective treatment remains a key

challenge.

Similar to many cancer-associated metabolic alterations, pre-

vious reports have linked NRF2 activation to dysregulated chro-

matin state.12,13 However, little is known about the underlying

mechanisms and their importance for therapy. In this study, we

sought to test if metabolic reprogramming by NRF2 activation

confers potential chromatin-based vulnerabilities. Through a

chromatin-focused CRISPR-Cas9 genetic screen, we uncov-

ered an NRF2-driven sensitivity to class I histone deacetylase

(HDAC) inhibition and defined the underlying molecular basis us-

ing integrative epigenomic, transcriptomic, and metabolomic

analysis. Our findings suggest that cancer cells harboring meta-

bolic alterations may exhibit strong and specific dependencies

on chromatin regulators that can be therapeutically exploited

and highlight the potential of combinatorial targeting of meta-

bolism and chromatin—two emerging and intimately linked can-

cer molecular hallmarks.

RESULTS

NRF2 activation confers preferential vulnerability to
loss of class I HDACs
To model and study NRF2 activation in LUAD, we used mouse

LUADcell linesderived fromtumorsgenerated throughagenetically

engineered mouse model (GEMM) of KrasG12D/+;p53�/�-driven
LUAD.ThissystemalsoenablesCRISPR-Cas9-mediatedknockout

(KO) of a geneof interest such asKeap1.14 Aspreviously described,

KrasG12D/+;p53�/� (KP) and KrasG12D/+;p53�/�;Keap1�/� (KPK) tu-

mors were generated using single guide RNAs (sgRNAs) against

tdTomato (non-targeting control) or Keap1, respectively.10 Thus,

KPK cell lines represent tumor-derived cells with a constitutively

activated NRF2 pathway, and KP cell lines serve as control cells

with normal NRF2 activity.

To identify novel chromatin vulnerabilities associated with

NRF2 activation, we performed a targeted CRISPR-Cas9 ge-

netic screen. KP and KPK cells were infected with a pool of

sgRNAs targeting 612 chromatin regulators15 and passaged

for 14 population doublings (Figure 1A). To confirm the quality

of the screen, we compared the gene effect scores determined

in this screen with that from genome-wide CRISPR-Cas9

screens in non-small cell lung cancer (NSCLC) cell lines from

the DepMap database16,17 and found strong correlation be-

tween the two datasets (Figure 1B). Genes more essential in

the context of activated NRF2 were identified by comparing

the decreases in the abundance of sgRNAs in KP vs. KPK cells

over time (Table S1). Notably, among genes that were essential

in KP, but not KPK, cells, the top hit was Ube2m (Figure S1A),

which is known to interact with the KEAP1 and Cullin-RING

ligase (CRL) E3 ligase complex, and thus served as a positive

control in our screen. Analysis of significantly depleted genes re-

vealed multiple differential dependencies, including genes en-

coding the class I HDACs Hdac1, Hdac2, and Hdac3, which

were synthetically lethal with Keap1 loss (Figures 1C, 1D, and
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S1B). Consistent with this result, in a competition assay assess-

ing the fitness of cell populations carrying various sgRNAs tar-

geting HDAC genes, KPK cells were more sensitive than KP cells

to the loss of HDAC1–3 (Figures 1E–1G). Notably, the effect of

HDAC1/2 loss was less pronounced compared to HDAC3. This

is possibly due to the reported functional redundancy between

HDAC1 and HDAC2.18–20 Taken together, our results suggest

that class I HDAC genes are preferentially required for KPK cell

viability and represent candidate therapeutic targets in the

context of NRF2 activation.

NRF2 activation confers HDAC inhibitor sensitivity
To further validate the genetic screen results and investigate the

therapeutic potential, we used KP cells with or without overex-

pression of NRF2DNeh2, a gain-of-function truncated NRF2

mutant lacking the KEAP1 interacting domain21 (Figure 2A).

NRF2DNeh2 robustly induced NRF2 activation in KP cells

(henceforth referred to as NRF2 overexpression), as indicated

by stabilization of NRF2 protein levels and induction of NRF2

target gene expression (Figures 2B and 2C). In Cas9-expressing

cells carrying empty vector (EV) or an NRF2 overexpression

construct, introduction of sgRNA targeting Hdac3 caused a sig-

nificant decrease in cell fitness as determined by the competition

assay (Figures S2A and S2B).

Next, we examined the effect of pharmacologic inhibition of

HDACs on the viability of cells with activated NRF2. Consistent

with the association between NRF2 activation and genetic de-

pendency on class I HDACs, NRF2-overexpressing KP cells

were more sensitive to several HDAC inhibitors with high speci-

ficity toward class I HDACs22 (Figure 2D). Notably, NRF2 activa-

tion did not alter sensitivity to pan-HDAC inhibitors (Figure 2E).

Moreover, analysis of DepMap datasets indicated that KEAP1-

mutant NSCLC cell lines were, on average, more sensitive to

class I HDAC inhibitors compared to wild-type cell lines, albeit

not significantly (Figure S2C), in contrast to pan-HDAC inhibitors

(Figure S2D).

In further experiments, we focused on the FDA-approved

class I HDAC inhibitor romidepsin.23 To ensure that this finding

is not due to selective pressures of long-term NRF2 activation,

we employed three additional experimental systems. To induce

transient NRF2 activation, we either used KI696, a small mole-

cule that disrupts the interaction between KEAP1 and NRF2, or

a doxycycline (dox)-inducible system of NRF2DNeh2 overex-

pression (Figure 2F). Previous studies have shown that such

transient inductions of NRF2 activation are sufficient to recapit-

ulatemetabolic features of long-term activation, including hyper-

sensitivity to glutaminase inhibition.10,11 In both cases, we

observed increased sensitivity to romidepsin treatment compa-

rable to that of long-term activation (Figures 2G, 2H, and S2F).

Moreover, we overexpressed KEAP1 in KPK cells and observed

reduced NRF2 protein levels and resistance to romidepsin

(Figures 2F and 2G). Additionally, romidepsin significantly sup-

pressed the in vivo growth of KP tumors overexpressing NRF2

but not control tumors (Figures 2I and 2J). Small interfering

RNA (siRNA)-mediated silencing ofHdac3 in conjunction with ro-

midepsin treatment indicated that the NRF2-specific effect of

romidepsin is primarily mediated through Hdac3 inhibition

(Figures S2G‒S2I).
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Figure 1. NRF2 activation confers preferential vulnerability to loss of class I HDACs

(A) Schematic of chromatin-focused CRISPR-Cas9 genetic screen.

(B) Pearson correlation of gene Z score (KP cells t1 vs. t0) of focused CRISPR-Cas9 screen to gene effect score of NSCLC cell lines (n = 94) from CERES 21Q3

DepMap dataset.

(C and D) Scatterplot of genes ranked by beta score (KPK-KP) (C) and ontology analysis of genes more essential in KPK cells (D).

(E) Schematic of competition assay employed to validate hits from the CRIPSR screen.

(F and G) Competition assay in KP and KPK cells to CRISPR-Cas9-mediated KO of HDAC genes (2 cell lines, 2 sgRNA each; p value determined by t test) (F) and

HDAC protein levels upon KO (G); short and long exposure of HDAC1 is indicated.
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HDAC inhibition is associated with DNA damage and pro-

grammed cell death.24–26 To assess apoptosis andDNA damage

levels, we measured phosphorylation of H2A.X (gH2AX) and

cleaved caspase-3 upon romidepsin treatment at a concentra-

tion where NRF2-activated cells showed increased sensitivity

(Figure S2J). Results indicate modest increases in DNA damage

and apoptosis that were similar between EV and NRF2 cells,

suggesting that the observed differences in romidepsin sensi-
tivity are not due to increased DNA damage and/or apoptosis

(Figure S2K).

Romidepsin alters gene expression by genomic
redistribution of histone acetylation and BRD4
Class I HDACs are major regulators of histone acetylation. To

investigate how HDAC inhibition affects histone acetylation to

reprogram gene expression, we performed CUT&Tag27 upon
Cell Reports 43, 113629, January 23, 2024 3
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Figure 2. NRF2 activation confers HDAC inhibitor sensitivity

(A) Schematic indicating domains of the NRF2DNeh2 overactive mutant isoform of NRF2 protein.

(B) NRF2 protein levels upon of overexpression of NRF2DNeh2 in KP cells (NRF2).

(C) Expression of NRF2 target genes in EV and NRF2 KP cells (relative to EV).

(D and E) Comparison of KP EV and NRF2 cells IC50s to various HDAC inhibitors derived from 3 day viability assays (mean of 3 replicates, error bars indicate 95%

confidence interval).

(F) NRF2 protein levels of KP cells carrying doxycycline (dox)-inducible NRF2DNeh2 upon treatment with DMSO, KI696, or dox and of KPK cells overexpressing

luciferase (LUC) or KEAP1.

(G) Viability assay of KP and KPK cells treated with the indicated concentrations for 5 days (images are cropped).

(H) Viability assay of KP cells treated with the indicated concentrations of romidepsin for 72 h.

(I and J) Growth of subcutaneous KP tumors in C57BL/6mice treated with romidepsin or vehicle (I; two-way ANOVA statistical test) and tumor weight at the end of

treatment (J; mean ± SEM, Mann-Whitney statistical test).

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 3. Romidepsin alters gene expression by genomic redistribution of histone acetylation and BRD4

(A) Volcano plot of differential gene expression upon romidepsin treatment (5 nM, 16 h) of KP NRF2 cells.

(B) Distribution of called H4ac and BRD4 peaks (n = 2) across genomic features.

(C) Heatmaps of histone acetylation signal at peaks that do or do not overlap with promoters (within 1.25 kb from a transcription start site [TSS]).

(legend continued on next page)
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romidepsin treatment to profile genomic distribution of the his-

tone acetylation marks H3K27ac and H4ac (poly-acetylation on

H4K5, H4K8, H4K12, and H4K16), as well as BRD4, a histone

acetylation reader protein that activates gene transcription. Ex-

periments were performed in duplicate with high correlation

(r > 0.84) (Figure S3A). We also performed RNA sequencing

and integrated the epigenomic datasets to correlate changes

in histone acetylation landscape to differential gene expression.

HDAC inhibition with romidepsin induced broad gene expres-

sion changes including decreased expression of 1,692 genes

(Figure 3A), which were highly concordant between control and

NRF2-active cells (Figure S3B). In agreement, CUT&Tag of

HDAC2 indicated similar genomic distribution between EV and

NRF2 cells (Figures S3C and S3D), which suggests that class I

HDAC localization is not affected by NRF2 activation.

As expected, romidepsin induced global increase in histone

acetylation levels, while BRD4 levels were largely unchanged

(Figure S3E).We first assessed how genome-wide histone acet-

ylation and BRD4 distributions were affected by HDAC inhibi-

tion. We annotated genomic features of H4ac and BRD4 peaks

and found that romidepsin induced a redistribution of peaks

from promoters to distal intergenic regions (Figure 3B). Consis-

tently, H4ac levels and BRD4 binding at promoter-associated

peaks were reduced following romidepsin treatment (Fig-

ure 3C). Furthermore, we measured H4ac reads at peaks vs.

random genomic regions and observed that upon romidepsin

treatment, H4ac was reduced at peaks and increased in

random regions (Figure 3D). Indeed, romidepsin treatment led

to a >2-fold decrease in the ratio of H4ac peak signal over

genome average (Figure 3D). Finally, we found that the initial

levels of H4ac and BRD4 enrichment correlated with the degree

of loss in H4ac and BRD4 binding following romidepsin treat-

ment (Figures 3E and S3F). Together, these results suggest a

model where HDAC inhibition alters the ratio between the

abundance of H4ac at promoter-associated peaks and at distal

intergenic regions, which in turn dilutes BRD4 binding at H4ac-

high promoters.

Relative changes in histone acetylation, particularly H4ac, and

BRD4 binding at gene promoters correlated strongly with

changes in gene expression (Figure 3F). Consistently, genes

with high levels of H4ac and BRD4 binding at promoters also

showed the largest degree of decrease in expression following

HDAC inhibition (Figure 3G). We also measured absolute (with

spike-in normalization) changes in H3K27ac, H4ac, and BRD4

(Figures S3G and S3H). When adjusting the histone acetylation

signal based on total abundance, there was increased histone

acetylation associated with both upregulated and downregu-
(D) Boxplots of read counts per million (CPM) at called peaks or random regions

background (random regions; B).

(E) Boxplots of read CPM at consensus peaks with low, medium, or high levels at

replicates is shown).

(F) Fold change expression (ROM/DMSO; DEseq2 analysis of RNA sequencing [RN

acetylation and/or BRD4 binding (cutoff: 1.5-fold change).

(G) Fold change expression (as in F) of genes with variable initial levels of H4ac

average of two replicates is shown).

(H) Illustration of how HDAC inhibition can cause gene expression changes by d

All analyses shown are in KP NRF2 cells, and analyses in EV cells are equivalent

Significance in (E) and (F) was determined by t test; ns, not significant; ****p < 0.
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lated genes (Figure S3G), indicating poor correlation with gene

expression changes. Therefore, the relative changes in H4ac

appear to be a major driver of BRD4 re-targeting and transcrip-

tomic changes.

Overall, these results suggest that romidepsin induces gene

expression changes, primarily as a result of broad redistribution

of H4ac and BRD4 binding. In particular, we find diffusion of H4

acetylation away from promoters and highly acetylated peaks. A

previous report suggested that BRD4 distribution is affected

similarly to relative H4ac changes, including displacement from

gene promoters.28 Indeed, we found that genome-wide changes

in BRD4 binding correlated well with H4ac changes and, to a

lesser degree, with H3K27ac (Figure S3I). This suggests a model

where HDAC inhibition induces redistribution of BRD4 driven by

changes in relative H4ac levels and alters gene expression

(Figure 3H).

Romidepsin regulates expression of genes that
represent metabolic vulnerabilities of NRF2-active cells
Since romidepsin induced similar transcriptomic changes in

control and NRF2-active cells (Figure S3B) but showed preferen-

tial toxicity toward NRF2-active cells, we reasoned that the

differentially expressed genes could affect pathways that are

more essential for NRF2-active cell viability. To explore this hy-

pothesis, we first examined if known vulnerabilities associated

with KEAP1 loss and NRF2 activation are transcriptionally regu-

lated by romidepsin. It has been well documented that NRF2

activation is associatedwith a specific dependency on glutamine

uptake and catabolism.10,11,29 In addition, NRF2 activation has

been shown to promote serine and glycine biosynthesis and de-

pendency.30,31 Therefore, we examined expression of genes

involved in glutamine uptake32/metabolism and serine/glycine

biosynthesis pathways (Figure S4A). We found that romidepsin

induced downregulation of these genes in vitro (Figure 4A).

Moreover, romidepsin treatment in vivo led to a reduction in pro-

tein levels of ATF4, a master transcriptional regulator of amino

acid metabolism (Figures S4B and S4C). In contrast, we did

not find consistent gene expression changes in glycolysis, TCA

cycle, and NRF2 target genes (Figure 4A).

We next analyzed the CERES genome-wide CRISPR screen

dataset of human cell lines from the DepMap database.16,17 We

identified genes that represent specific dependencies for

KEAP1-mutant NSCLC cell lines and intersected them with the

genes downregulated by romidepsin (Figure 4B; Tables S2, S3,

and S4). Gene Ontology analysis revealed enrichment inMYC tar-

gets (Figure 4C), includingMyc itself and its target genes involved

in purine and pyrimidine synthesis (Figure S4D). Using a
and illustrations indicating the ratio of signal at H4ac peaks (A) compared to

DMSO treatment (peaks were ranked by CPM and split into thirds; one of two

A-seq]) of genes that gain, lose, or have no difference (ND) in promoter histone

and BRD4 binding (promoters were ranked by CPM and split into percentiles;

isplacement and diffusion of BRD4 due to global gain of H4ac.

.

0001.
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competitive cell proliferation assay, we confirmed that genetic KO

ofMyc and several de novo nucleotide synthesis genes wasmore

detrimental to the survival of KP cells with NRF2 activation

(Figures 4D and S4E). Furthermore, romidepsin reduced MYC

protein levels in vitro and in vivo (Figures 4E, 4F, and S4F).

Taken together, these results suggest that class I HDAC inhibi-

tion induces downregulation of several metabolic genes that are

more essential for the survival of cells with NRF2 activation. In

agreement with this, CRISPR-Cas9-mediated KO of Hdac3 in

KP cells led to downregulation of most of these metabolic genes

(Figures S4G and S4H). Furthermore, several metabolic genes

have high pre-existing levels of promoter H4ac (Figures 4G and

4H). Consistent with our global epigenomic analyses (Figures 3E

and 3H), we found loss of H4ac and BRD4 binding at the pro-

moters of these genes upon romidepsin treatment (Figures 4H

and S4I). Overall, these findings suggest that the chromatin re-

programming induced by romidepsin leads to downregulation of

genes involved in NRF2-specific metabolic vulnerabilities.

Romidepsin disrupts metabolic processes that are
essential for NRF2-active cells
To examine how romidepsin-induced changes in metabolic gene

expression affect metabolic flux, we performed isotope tracing

analysis.33 KP cells with or without NRF2 activation were treated

with DMSO, romidepsin, or the glutaminase inhibitor CB-839 for

24 hours and then cultured in 13C-glucose for 1 and 24 hours or

in 13C-glutamine for 8 hours before harvesting (Figures 5A, 5B,

S5A, and S5B). Glutamine tracing indicated that in romidepsin-

treated, but not CB-839-treated, cells, the proportion of 13C-

labeled glutamine was reduced, indicating reduced glutamine up-

take (Figure 5C). Consistent with this finding, media glutamine

consumption was reduced upon romidepsin treatment (Fig-

ure S5C). Romidepsin treatment also reduced 13C incorporation

into further steps of glutamine metabolism (Figure 5D; M+5 gluta-

mate, M+3 aKG). Interestingly, in NRF2-active cells, romidepsin

and CB-839 had a comparable effect on reducing glutamine-

derived 13C incorporation into TCA cycle metabolites (Figure 5E;

M+4 citrate, M+4 succinate, M+4 fumarate, M+4 malate). In addi-

tion, we found strongly reduced incorporation of glutamine carbon

in pyrimidine nucleotides (Figure 5F;M+1, +2, and +3UTP), which

suggests a disruption of de novo nucleotide synthesis.

While glycolysis has been reported to be suppressed byHDAC

inhibition in other tumormodels,34,35 we did not find this to be the

case in our experimental system (Figures S5D and S5E), in

agreement with our gene expression data (Figure 4A). However,

we did find reduced incorporation of glucose-derived 13C in pu-

rine and pyrimidine nucleotides (Figure 5G; 1 h M+5 UTP, 24 h

M+6 and +7 UTP, 1 h M+5 and +6 GTP, 24 h M+7, +8, and +9

GTP), again consistent with the gene expression results indi-
(D) Competition assay showing fraction of RFP+ KPCas9 cells after 14 population

genes (n = 3; Sidak’s multiple comparisons test).

(E) Western blot showing levels of c-MYC upon romidepsin treatment of KP cells

(F) Immunohistochemistry (IHC) staining of c-MYC and quantitation in KPNRF2 tum

Fisher’s least significant difference [LSD] statistical test; related to Figures 2I and

(G) Rank plot of gene promoter H4ac in KP NRF2 cells; top 10% genes with high

(H) Bedgraphs of H4ac and BRD4 binding at indicated gene loci in KP NRF2 cel

*p < 0.05; **p < 0.01.
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cating reduced rate of de novo nucleotide synthesis. Moreover,

we found reduced incorporation of glucose-derived 13C into

serine, which suggests a possible defect in serine biosynthesis

(Figure 5H; M+1, M+2, and M+3 Serine).

Overall, these metabolomic results suggest that romidepsin

disrupts key metabolic processes (serine/glutamine metabolism

and de novo nucleotide synthesis) that support viability of NRF2-

active cells. Specifically, romidepsin disrupts glutamine flux into

the TCA cycle in a similar manner to glutaminase inhibition,

which underlies the NRF2-specific sensitivity to glutaminase

inhibitor.11

Glutamine metabolism suppression partially underlies
the NRF2-specific effect of romidepsin on cell growth
Our findings suggest that glutamine uptake and utilization is a

major aspect of the NRF2-specific effect of romidepsin on cell

metabolism. As a functional investigation, we overexpressed

SLC1A5, an amino acid transporter with higher affinity for gluta-

mine, in KP EV and NRF2 cells (Figure 6A). SLC1A5 overexpres-

sion did not affect expression of other metabolic genes or NRF2

pathway activation (Figures 6A and 6B). Importantly, SLC1A5

overexpression in KP NRF2 cells increased the IC50 of romi-

depsin to EV levels, with no significant effect observed in EV

cells (Figures 6C and S6A). Similarly, romidepsin treatment

had a significant effect on KP NRF2 tumor growth in vivo, which

was abrogated in NRF2 tumors overexpressing SLC1A5 (Fig-

ure 6D). In contrast, EV tumors with and without SLC1A5 over-

expression responded similarly to romidepsin (Figure 6E).

These results suggest that the suppression of glutamine utiliza-

tion at least partially mediates the NRF2-specific effect of romi-

depsin on cell viability.

Glutamine catabolism is a therapeutic target under intense

investigation, including for NRF2-hyperactive lung cancers,10,29

but its efficacy is hindered by resistance mechanisms.36 To

explore the potential synergy between HDAC and glutaminase

inhibition, we performed another chromatin-focused CRISPR-

Cas9 screen in the context of CB-839 treatment and found

that Hdac3 remained as one of the top essential genes in KPK

compared to KP cells (Figure 6F; Table S5). Next, we generated

CB-839-resistant cell lines by treating NRF2-overexpressing

cells with increasing doses of CB-839 up to 500 nM for 2 weeks

(Figure S6B). Control and CB-839-resistant cells showed similar

responses to romidepsin treatment in vitro (Figure S6C). In

agreement with this notion, romidepsin showed comparable ef-

ficacy to CB-839 in the treatment of KP EV and NRF2 overex-

pression tumors (Figures 6G, 6H, S6D, and S6E). Interestingly,

the combination of romidepsin and CB-839 (COMBO) resulted

in improved tumor response compared to either treatment alone

(Figures 6G, 6H, S6D, and S6E), without a significant effect on
doublings, indicating percentage of cells that carry sgRNA against the indicated

(5 nM for 16 h).

ors after 17 days of treatment with DMSO or romidepsin (n = 4 tumor sections,

2J).

est H4ac levels are noted in red.

ls; equal results found in EV cells.
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Figure 5. Romidepsin disrupts metabolic processes that are essential for NRF2-active cells

(A) Schematic indicating glutamine metabolic processes, labeled glutamine carbon contribution (numbers indicate sequential TCA cycles), and genes that are

downregulated upon romidepsin treatment (in red).

(B) Color indications of isotopologues.

(C‒F) Bar graphs showing isotopologue percentages for the indicated metabolites after U-13C glutamine tracing for 8 h.

(G and H) Bar graphs showing isotopologue percentages for the indicated metabolites after U-13C glucose tracing for the indicated time.
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mouse weight (Figure S6F). Overall, these results suggest that

romidepsin and CB-839 inhibit glutamine metabolism and tumor

growth through distinct mechanisms, which provides the ratio-

nale for combinedHDACand glutaminase inhibition as treatment

for NRF2-active cancer.
NRF2 activation confers sensitivity to HDAC inhibition in
human cells and patient-derived xenografts (PDXs)
To test if the association between NRF2 activation and HDAC in-

hibitor sensitivity is conserved in human cells, we used the

KEAP1-mutant LUAD cell line A549 and targeted NFE2L2 using
Cell Reports 43, 113629, January 23, 2024 9
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Figure 6. Glutamine metabolism suppression partially underlies the NRF2-specific effect of romidepsin on cell growth

(A) Expression of indicated genes in KP EV and NRF2 cells carrying empty vector (LVX) or SLC1A5 overexpression.

(B) Western blot indicating protein levels of NRF2 after SLC1A5 overexpression.

(C) Romidepsin IC50 of KPcells transducedwith empty vector (LVX) or overexpressing SLC1A5 (mean of 3 replicates, error bars indicate 95%confidence interval).

(D and E) Growth of subcutaneous KP EV and NRF2 tumors carrying empty vector (LVX) or SLC1A5 overexpression in C57BL/6 mice treated with romidepsin

(statistical significance determined by two-way ANOVA).

(F) CRISPR-Cas9 focused screen scatterplot of genes ranked by beta score (KPK� KP) of cells treated with CB839 for 14 population doublings (as in Figure 1A).

(G and H) Weights of KP EV and NRF2 tumors treated in C57BL/6 mice as indicated for 2 weeks (mean ± SEM, Mann-Whitney statistical test).

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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the CRISPR-Cas9 system,which led to a partial reduction inNRF2

protein levels and NRF2 target gene expression (Figures 7A and

7B). Consistent with our findings in the murine cell lines, romidep-

sin suppressed expression of MYC, ATF4, and several genes

involved in de novo nucleotide synthesis, glutamine transport,

and serine synthesis (Figures 7C and 7D). In addition, siRNA-

mediated silencing of HDAC3 in A549 cells led to the downregu-
10 Cell Reports 43, 113629, January 23, 2024
lation of several genes involved in glutamine uptake and de

novo nucleotide and serine synthesis (Figure S7A). NRF2 wild-

type (WT) A549 cells were more sensitive to romidepsin than

NRF2 KO cells in vitro (Figure 7E) and in vivo (Figures 7F and

S7B). Additionally, induction of NRF2 activation in the KEAP1

WT cell line NCI-H2009 by overexpression of KEAP1R470C, a

dominant-negative mutant form of KEAP1,37 led to increased
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sensitivity to romidepsin (Figures S7C and S7D). In PDXs of

KEAP1 WT or -mutant tumors, which were generated as previ-

ously described,10 romidepsin treatment caused earlier and stron-

ger suppression of growth inNRF2-active tumors (Figures 7G, 7H,

and S7E), as well as reduction in c-MYC levels (Figure S7F).

Finally, A549 xenograft tumors were sensitive to the combination

of romidepsin and CB-839 (Figures 7I and 7J). Collectively, these

results show that the phenotype and mechanism of HDAC inhibi-

tion we described in murine LUAD can be extrapolated to human

settings and provide pre-clinical evidence of romidepsin as a po-

tential therapeutic for LUAD with NRF2 activation.

DISCUSSION

In this study, we used a focused CRISPR-Cas9 genetic screen to

identify chromatin vulnerabilities driven by NRF2 activation in

LUAD. We identified a preferential dependency on class I

HDAC genes, which translated to increased sensitivity to the

class I HDAC inhibitor romidepsin. Following HDAC inhibition,

global hyperacetylation of the genome displaces transcription

co-activators such as BRD4 from genes with high levels of his-

tone acetylation, such as those involved in cell metabolism. As

a result, we observed reduced rate of glutamine uptake/catabo-

lism as well as de novo nucleotide and serine synthesis, which

imposed selectivemetabolic stress onNRF2-active cancer cells,

causing antitumor effects that can be observed in vitro and in vivo

using human NSCLC cell lines and PDXs.

These pre-clinical findings have several mechanistic and

translational implications. First, targeting of KEAP1/NRF2 alter-

ations in cancer remains a key clinical priority. NRF2 hyperacti-

vation promotes aggressive tumor growth and resistance to

chemotherapy, radiation, and immunotherapy, leading to poor

patient prognosis. A number of therapeutic strategies have

been explored, including small molecules targeting NRF2 itself

or its interaction with KEAP1,38,39 tumor immune-modulating

agents,40,41 and inhibiting metabolic pathways as synthetic le-

thal events.10,11,31,42 In particular, inhibitors of glycolysis and glu-

taminolysis have shown promising effects in pre-clinical

models,10,42,43 as NRF2 activation causes significant changes

to central carbon and amino acid metabolism. Nevertheless,

the glutaminase inhibitor CB-839 as monotherapy has shown

limited success in treating KEAP1-mutant NSCLC in clinical tri-

als. Our study suggests that repurposing the FDA-approved

HDAC inhibitor romidepsin could represent another synthetic le-

thal approach to target NRF2-active tumors. Our in vivo study

suggests that romidepsin has similar efficacy to CB-839 and
Figure 7. NRF2 activation confers sensitivity to HDAC inhibition in hum

(A) Schematic ofCRISPR-mediatedKOandNRF2protein levelsuponNRF2KO (sgN

(B) Fold change expression of NRF2 target genes upon NRF2 KO in A549 cells (

(C) Fold change expression of indicated genes upon romidepsin treatment (5 nM fo

(D) Western blot showing levels of c-MYC and H4ac upon romidepsin treatment

(E) Viability assay of A549 cells treated with the indicated concentrations of romi

(F) Growth of subcutaneous A549 tumors in nude mice treated with vehicle (DMS

(G and H) Relative growth curves of PDX tumors that are wild-type or mutant f

determined by two-way ANOVA).

(I and J) Long-term growth of A549 subcutaneous tumors treated with romideps

SEM, Mann-Whitney statistical test).

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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that the combination of both inhibitors offers additional thera-

peutic effects. Moreover, our in vitro experiments suggest that

romidepsin remains an effective treatment for cancer cells that

have developed adaptive resistance to CB-839. These results

provide strong pre-clinical rationale for evaluating romidepsin,

alone or combined with CB-839, for treating NSCLC or other tu-

mor types harboring a dysregulated KEAP1/NRF2 pathway. In

addition to glutamine metabolism, our epigenome and transcrip-

tome analysis also identified de novo nucleotide synthesis as a

metabolic vulnerability of NRF2-active cancer cells, which was

confirmed by metabolomic and functional studies. Future efforts

are required to evaluate the efficacy of inhibiting nucleotide syn-

thesis, such as inhibitors of dihydroorotate dehydrogenase

(DHODH), in treating NRF2-hyperactive tumors.

Mechanistically, our multi-omics analysis revealed that the

impact of romidepsin on histone acetylation, particularly tetra-

acetylated H4, is more complex than previously reported. Spe-

cifically, the genome-wide modest gain in diffuse H4ac signal

drives a relative loss of H4ac at strong promoter peaks. This

redistribution in H4ac was associated with concomitant changes

in BRD4 binding and gene expression. These findings are in

agreement with a recent report28 and suggest that the initial

chromatin state can be predictive of the epigenetic (defined as

chromatin structure and modifications that regulate genome

accessibility) and transcriptional effects of HDAC inhibition.

Transcriptomic and metabolomic analysis indicated that HDAC

inhibition suppressed metabolic gene expression and activity

in LUAD cells. Specifically, we found disruption of pathways

that support viability and growth during NRF2 activation,

including purine and pyrimidine synthesis, glutamine uptake

and hydrolysis, serine synthesis, and the TCA cycle. The para-

digm of metabolic gene expression modulation by epigenetic

perturbation has been described in several other contexts,

including KMT2D-deficient lung cancer,44 H3K27M-mutant gli-

oma,45 and childhood posterior fossa group A ependymomas.46

In addition, dependency on transcriptional regulation of serine

and nucleotide synthesis has been described in acute myeloid

leukemia (AML).47 Future studies are warranted to investigate

how chromatin abnormality can be hijacked by cancer cells to

transcriptionally reprogram metabolism and if combined target-

ing of chromatin and metabolism represents an effective thera-

peutic strategy in additional settings.

Cancer-associated chromatin abnormality is emerging as a

major target for therapeutic intervention, and specific and potent

inhibitors of many chromatin-modifying enzymes have been

developed.48 Nevertheless, only a handful of chromatin-targeted
an cells and patient-derived xenografts (PDXs)

RF2) in a population ofCas9-expressingA549cells compared to control (sgLUC).

relative to sgLUC; mean ± SEM).

r 16 h) of A549 cells determined by RT-qPCR (relative to DMSO;mean ±SEM).

of A549 cells.

depsin for 72 h.

O) or romidepsin (statistical significance determined by two-way ANOVA).

or KEAP1 treated with vehicle (DMSO) or romidepsin (statistical significance

in/CB839 combination or vehicle (I) and tumor weights at endpoint (J; mean ±
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drugs have been approved to treat mainly hematologic malig-

nancies, including HDAC inhibitors (romidepsin and vorinostat),

which are used for treatment of refractory T cell lymphoma,49,50

as well as DNA methyltransferase inhibitors, which are used as

first-line treatment of myeloid malignancies.51 In part, this gap

reflects our limited understanding of the mechanisms of action

and the lack of robust biomarkers for epigenetic therapies.52

Previous studies assessed the efficacy of HDAC inhibitors

mainly through phenotypic observations, gene expression anal-

ysis, and analog-based drug discovery.53 As a result, their pre-

cisemechanism of cell killing is not well understood. Our findings

indicate that romidepsin transcriptionally reprograms amino acid

metabolism and de novo nucleotide synthesis, which renders se-

lective toxicity to NRF2-active cancer cells. This is consistent

with previous reports that HDAC inhibitors synergize with inhib-

itors of electron transport chain and fatty acid oxidation in glio-

blastoma.34 Moreover, disruption of metabolic pathways by

HDAC inhibitors has been reported by several other groups.54–56

Taken together, these results suggest that metabolic alterations

such as NRF2 hyperactivation could serve as effective bio-

markers to predict the efficacy of HDAC inhibitors for treating

solid tumors. We believe that similar concepts and strategies

may be applicable to the identification of new biomarkers and

broaden the number of patients with cancer who could benefit

from other epigenetic drugs.

In summary, our findings provide the evidence andmechanistic

basis for class I HDACs as potent and specific chromatin vulner-

abilities of tumors with NRF2 activation. Moreover, they advocate

retrospective or prospective studies on the NRF2 pathway as bio-

markers to predict solid tumors’ response to HDAC inhibitors. We

propose that the development of effective epigenetic therapies re-

quires the rational design of pre-clinical studies and patient strat-

ification that consider the interplay between the genetic, chro-

matin, and metabolic states of the cancer cell.

Limitations of the study
Our study has several limitations. Firstly, all experimentswere per-

formed in KRAS-mutant LUAD cell lines and tumors. Given that

KRAS mutations has known roles in glutamine metabolism57,58

and sensitivity to HDAC inhibition,59 further study is warranted

to assess if our findings can be extended toKRASWT tumor cells.

Secondly, SLC1A5 is an amino acid transporter that mediates up-

take of glutamine but also other amino acids including serine.60,61

Further analysis is needed to elucidate the relative contributions of

various metabolic pathways to NRF2-specific romidepsin sensi-

tivity. Finally, we acknowledge that romidepsin causes significant

and specific, but only partial, inhibition of growth of NRF2-active

tumors. Further efforts are required to establish strong pre-clinical

rationale for the use of HDAC inhibitors, alone or in combination

(e.g., with standard chemo-/radiation therapy or glutaminase in-

hibitor), in the treatment of NRF2-active lung cancers.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

acetyl-H4 Invitrogen PA1-84526 RRID:AB_2116718

H3K27ac Active motif 39034 RRID:AB_2722569

normal IgG-Rabbit Cell Signaling 2729 RRID:AB_1031062

HDAC1 Cell Signaling 5356 RRID:AB_10612242

HDAC2 Cell Signaling mAb#5113 RRID:AB_10624871

HDAC3 Cell Signaling mAb#3949 RRID:AB_2118371

BRD4 epicypher SKU: 13-2003

NRF2 Papagiannakopoulos lab N/A

MYC (WB) Cell Signaling 9402 RRID:AB_2151827

MYC (IHC) Abcam ab32072 RRID:AB_731658

GMPS Bethyl A302-417A RRID:AB_1907300

IMPDH2 Proteintech 12948-1-AP RRID:AB_2127351

TYMS Bethyl A304-000A RRID:AB_2620349

ATF4 Cell Signaling 11815 RRID:AB_2616025

Biological samples

Paraffin embedded sections of KP tumors This study N/A

Paraffin embedded sections of PDX tumors This study N/A

Chemicals, peptides, and recombinant proteins

Romidepsin MedChemExpress HY-15149

Entinostat MedChemExpress HY-12163

ACY-957 MedChemExpress HY-104008

Vorinostat(SAHA) Selleckchem S1047

Belinostat Selleckchem S1085

KI-696 Papagiannakopoulos lab N/A

Doxycycline Hydrochloride Sigma Aldritch D3072

CB-839 CALITHERA N/A

U-13C Glucose Sigma Aldritch 389374

U-13C Glutamine Cambridge Isotope Laboratories CLM-1822-H-PK

Quisinostat MedChemExpress HY-15433

Fimepinostat MedChemExpress HY-13522

Panobinostat MedChemExpress HY-10224

Tucidinostat MedChemExpress HY-109015

RGFP966 Selleckchem S7229

siHdac3 Horizon - Dharmacon LQ-043553-02-0005

siHDAC3 Horizon - Dharmacon L-003496-00-0005

siCTRL Horizon - Dharmacon D-001810-10-05

Penicillin-Streptomycin Sigma-Aldrich P4458

Puromycin Sigma-Aldrich P9620

Hygromycin B Sigma-Aldrich 10843555001

Blasticidin Sigma-Aldrich SBR00022

Critical commercial assays

Cell Counting Kit-8 Dojindo CK04-20

PureLinkTM Genomic DNA Mini Kit Thermo Fisher K182001

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

RNAiMax Thermo Fisher #13778

Cell titer Glo 2.0 Promega G9241

cDNA Synthesis Kit Takara RR037B

NEBNext Ultra kit New England Biolabs #E7490, #E7770, #E7335, #E7500

Deposited data

CUT&Tag Gene Expression Omnibus GEO: GSE220832

RNA-sequencing Gene Expression Omnibus GEO: GSE220837

CRISPR/Cas9 screen Gene Expression Omnibus GEO: GSE220831

Metabolomics Metabolomics workbench Metabolomics Workbench: ST002999

Experimental models: Cell lines

KP1: KrasG12D/+; p53�/�;sgTomato mouse LUAD Papagiannakopoulos lab10 N/A

KP2: KrasG12D/+; p53�/�;sgTomato mouse LUAD Papagiannakopoulos lab10 N/A

KPK1: KrasG12D/+; p53�/�;sgKeap1 mouse LUAD Papagiannakopoulos lab10 N/A

KPK2: KrasG12D/+; p53�/�;sgKeap1 mouse LUAD Papagiannakopoulos lab10 N/A

KP1 Cas9 This study N/A

KP2 Cas9 This study N/A

KPK1 Cas9 This study N/A

KPK2 Cas9 This study N/A

KP1 empty pCDH vector (referred to as EV) This study N/A

KP1 NRF2dNeh2 (referred to as NRF2) This study N/A

KP1 dox-inducible NRF2dNeh2 This study N/A

KPK1 Luciferase (control to KPK1 KEAP1) This study N/A

KPK1 KEAP1 This study N/A

KP1 EV empty LVX vector This study N/A

KP1 EV SLC1A5 This study N/A

KP1 NRF2 empty LVX vector This study N/A

KP1 NRF2 SLC1A5 This study N/A

A549 ATCC CCL-185

A549 Cas9 sgCTRL This study N/A

A549 Cas9 sgNRF2 This study N/A

H2009 ATCC CRL-5911

H2009 KEAP1 This study N/A

H2009 KEAP1R470C This study N/A

Experimental models: Organisms/strains

C57BL/6 mice Jackson Laboratory RRID:IMSR_JAX:000664

Foxn1nu mice Jackson Laboratory RRID:IMSR_JAX:007850

NOD-scid IL2R gamma null (NSG) mice Jackson Laboratory RRID:IMSR_JAX:005557

Oligonucleotides

See Table S6 This paper N/A

Recombinant DNA

psPAX2 gift from Didier Trono RRID:Addgene_12260

pVSVG Steward et al.62 RRID:Addgene_8454

pCDH-EF1-NRF2DNeh2-MCS-IRES-Puro This study N/A

lentiCas9-Blast Sanjana et al.63 RRID:Addgene_52962

pCLXSN(GFP)-HA-Slc1a5 (mouse) gift from Shao-Cong Sun RRID:Addgene_71458

pLVX-IRES-mCherry Takara bio 631237

pUSEPR (U6-sgRNA-EFS-Puro-P2A-TurboRFP

in pLL3-based lentiviral backbone)

Yadira Soto-Feliciano N/A

TRE- NRF2DNeh2-EFS_rtTA_P2A_Puro in LV2 This study N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

LV2_RPBSA_Hygro_EF1a_hKEAP1 Papagiannakopoulos lab N/A

LV2_RPBSA_Hygro_EF1a_hKEAP1R470C Papagiannakopoulos lab N/A

Software and algorithms

Graphpad Prism v6 and v9 Graphpad Software N/A

Bowtie2 Langmead et al.64 N/A

Picard (v2.24.2). https://github.com/broadinstitute/

picard/releases/tag/3.1.1

N/A

MAGeCK Li et al.65 N/A

MAGeCKFlute Wang et al.66 N/A

IGV Robinson et al.67 N/A

MACS2 Zhang et al.68 N/A

bedtools (v2.27.1). https://github.com/arq5x/bedtools2 N/A

FlowJo v10 FlowJo software N/A

featureCounts (v2.0.0). Liao et al.69 N/A

DEseq2(v1.32.0). Love et a.70 N/A

ChIPseeker71(v1.28.3). Wang et al.71 N/A

deeptools (v3.3.2) Ramirez et al.72 N/A

ggplot2 (v3.3.2) Wickham73 N/A

FIJI - ImageJ https://imagej.net/software/fiji/ N/A

Agilent Profinder B.10.00 Software Agilent Technologies N/A

QuPath software (v0.3.2) Bankhead et al.74 N/A
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Chao Lu,

PhD, Email: cl3684@cumc.columbia.edu.

Materials availability
Plasmids and cell lines generated in this study are available upon request.

Data and code availability
d All high throughput sequencing data included in this study are available in GEO accession number GSE220839. Metabolomics

data are available in The Metabolomics Workbench Project: https://doi.org/10.21228/M84F0M. All other original data reported

in this paper are available from the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
KP and KPK cell lines were established in a previous study by the Papagiannakopoulos lab.10 For experiments outlined in Figures 1

and S1, two independent KP and two independent KPK cell lines were used. For all other experiments, KP and KPK cells refer to one

of the two KP and KPK cell lines respectively and n refers to the number of experimental replicates. All cells were maintained in either

DMEM or RPMI-1640 (Sigma-Aldrich) supplemented with 10% FBS (Sigma-Aldrich) and 1x Penicillin-Streptomycin (Sigma-Aldrich).

Cells were incubated at 37� in 5%CO2 atmosphere. All cell lines were routinely tested for mycoplasma contamination. For antibiotic-

based selection, puromycin (Sigma-Aldrich) was used at 5ug/ml, hygromycin (Sigma-Aldrich) at 500ug/ml and blasticidin (Sigma-

Aldrich) at 5ug/ml. For fluorophore-based selection, cells were sorted by the Flow Cytometry Shared Resource at Columbia Univer-

sity using a BD Influx Cell Sorter.
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Animal models
For KP and A549 in vivo studies, 6–8 weeks old male C57BL/6 mice (Cat# 000664) and Foxn1nu mice (Cat# 007850) were purchased

from The Jackson Laboratory. All mice were housed under specific-pathogen-free (SPF) conditions and followed the guidelines of

Columbia University animal facility. All mice experiments were carried out with the protocol approved by the Institutional Animal

Care and Use Committee (IACUC) at Columbia University.

For the Patient-derived xenograft (PDX) experiment, the study was approved by the NYU Langone Medical Center Institutional

Animal Care and Use Committee. Animals were housed according to IACUC guidelines in ventilated cages in a specific pathogen-

free (SPF) animal facility. We usedmale and female littermates of NOD-scid IL2R gamma null (NSG) mice approximately 6–8 weeks

in age.

METHOD DETAILS

Plasmid construction and Lentivirus production
Lentivirus were generated by transfecting 293T cells with the indicated expression plasmid and the psPAX2 (Addgene) and pVSVG62

(Addgene) packaging vectors at a ratio of 4:2:3, respectively. Viral supernatants were collected 48 and 72 h after transfection, filtered

and used for transduction of cells in 1:1 ratio with medium. NRF2DNeh2, Keap1 (mouse and human), and KEAP1R470C overexpres-

sion constructs were generated by the Papagiannakopoulos lab. For CRISPR/Cas9 gene knock-out, we used the lentiCas9-blast

plasmid63 (Addgene) and the pUSEPR vector for sgRNA (U6-sgRNA-EFS-Puro-P2A-TurboRFP in pLL3-based lentiviral backbone).

For sgRNA design the CRISPick platform (BROAD institute) was used (Table S6). For SLC1A5 overexpression, cDNA was obtained

from Addgene (Plasmid #71458) and cloned into pLVX-IRES-mCherry (Takara Bio).

sgRNA library
The gRNA library targeting murine chromatin regulators was constructed as previously described.15 Briefly, it consisted of sgRNA

sequences (six per gene) targeting 612 mouse chromatin regulators that were designed using BROAD sgRNA Designer75 and 36

non-targeting control sgRNAs.15This library was synthesized by Agilent Technologies and cloned into the pUSEPR lentiviral vector

to ensure a library representation of >10,000X using a modified version of a previously described protocol.75 Then, it was selectively

amplified using barcoded forward and reverse primers that append cloning adapters at the 5 - and 3 -ends of the sgRNA insert, pu-

rified using theQIAquick PCRPurification Kit (Qiagen), and ligated into BsmBI-digested and dephosphorylated pUSEPR vector using

high-concentration T4 DNA ligase (NEB). Ligated pUSEPR plasmid DNAwas electroporated into Endura electrocompetent cells (Lu-

cigen), recovered for 1 h at 37�C, plated across four 15cm LB-Carbenicillin plates (Teknova), and incubated at 37�C for 16 h. The total

number of bacterial colonies was quantified to ensure a library representation of >10,000X. Bacterial colonies were scraped and

briefly expanded for 4 h at 37�C in 500mL of LB-Carbenicillin. Plasmid DNA was isolated using the Plasmid Plus Maxi Kit (Qiagen).

Focused CRISPR/Cas9 screen
Derivatives of KP andKPK cells were generated by stable lentiviral transduction of Cas9with blasticidin resistance (Addgene#52962).

Cells were maintained with blasticidin selection throughout the experiment. Transduction of Cas9-expressing KP/KPK cells was per-

formed at anMOI of approximately 0.2 by incubating cell suspension in lentiviral supernatant and centrifugation at 1500 rpm for 1.5 h

at room temperature before being returned to a humidified incubator. An initial population was infected to represent a 2500x repre-

sentation of the epigenetic library; 36 h post-transduction cells were resuspended and replated in 10 mg/mL puromycin and selected

for another 48 h. After complete puromycin selection cells were trypsinized, pooled, a cell sample representing time-0hr (t0) of the

screen was reserved and stored at �20�C. The remaining cells from each line were then passaged into Vehicle (Figures 1A–1D)

or CB839 250nM (Figure 6I) conditions. CB839 treatment was initially started when cells had initially attached after initially being

plated at a concentration of 125nM. This was then increased to 250nM and maintained constantly during the subsequent passage.

Each condition was performed in technical triplicate for the entire screen andmaintained in 15 cm tissue culture dishes (Corning) with

at least 2500x library representation maintained throughout all culture and library preparation steps. Population doublings for each

cell line and condition were recorded and a sample was collected when a particular condition had reached 14 cumulative population

doublings and stored at �20�C.
Genomic DNA from collected cell pellets were prepared with purelink mini kit (ThermoFisher) according to the manufacturer’s sug-

gested protocol. Amplification of 5ug gDNA equivalent was done as described previously15,76 and sequenced using an Illumina Next-

seq 500 high output with 40% PhiX spike-in.

Computational analysis was done using MAGeCK.65 Briefly, the sequencing data were de-barcoded and the 20 bp sgRNA

sequence was mapped to the reference sgRNA library without allowing for any mismatches. The read counts were calculated for

each individual sgRNA and normalized, and differential analysis was done between KP and KPK samples. Quality control, gene

hit identification and graphs were generated using MAGeCKFlute66 and ggplot2 R package.

Cell growth competition assay
Cells were transduced with Cas9, selected with blasticidin for 1 week, and then transduced with the sgRNA constructs containing

RFP overexpression (at least 2 per gene; Table S6). At 3 days (t0) and then after 14 population doublings (t1), cells were analyzed by
20 Cell Reports 43, 113629, January 23, 2024
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flow cytometry. Flow cytometry data were acquired on 16 laser BDFortessa. All data were analyzed using the FlowJo (V10) software.

The percentage of RFP positive cells was determined by gating using uninfected Cas9 cells for each cell line.

Protein extraction and western blot analysis
Whole cell lysates were prepared in SDS Lysis Buffer (ThermoFisher) and resolved on 3–8% or 4–12% gradient SDS-PAGE gels

(ThermoFisher) transferred to nitrocellulose membrane, blocked in 5% non-fat milk in PBS plus 0.5% Tween 20, probed with primary

antibodies and detected with horseradish peroxidase-conjugated a-rabbit or a-mouse secondary antibodies (Cell Signaling). The

blots were imaged using a ChemiDoc MP Imaging system (Bio-Rad) or exposed to X-ray films (Research Products International).

Viability assays and treatments
For 72h viability assays, 1500 kP cells, 3000 A549 or 5000 H2009 cells were plated in 96-well plates in RPMI-1640 medium, the next

day cells were treated, and cell viability was determined 72h post treatment using CCK8 assay (Dojindo). AUC and IC50s were deter-

mined using the Graphpad Prism v6 and v9 software. For 5-day assays, 1500 kP or KPK cells were plated in 12-well plates in RPMI-

1640 medium, the next day cells were treated, and cell viability was determined post treatment by Crystal Violet stain (Sigma). For

induction of NRF2 activation in KP carrying dox-inducible NRF2DNeh2, cells were treatedwith 1mMKI-696 (Papagiannakopoulos lab)

or 1 mg/ml Doxycycline (Sigma-Aldrich) for 7 days before experiments. For siRNA treatments, cells were transfected using the

RNAiMax reagent (Thermo Fisher #13778) according to the manufacturer’s instructions with the indicated siRNA, and viability

was determined by Cell titer Glo 2.0 (Promega).

The concentration of in vitro Romidepsin treatments throughout the study was adjusted to account for differences in cell number

and plate well size, as well as due to use of two stocks with different potency (second batch of drug was 5 to 10-fold more potent).

Allograft and xenograft studies
For KP and A549 in vivo studies, C57BL/6 mice or Foxn1nu mice were subcutaneously injected with KP (5 3 105 per injection) and

A549 (Figures 7F and S7B 5 3 106 per injection; Figures 7I and 7J 2 3 106 per injection) cells respectively into the flanks (2 injec-

tions/mouse). Mice were treated after tumor establishment, approximately 5 days post injection. Subsequent intraperitoneal (IP)

treatments and tumor measurements were performed 2–3 times a week on the days indicated in each figure. Romidepsin

(1 mg/kg IP; Medchem Express) was dissolved in 10% DMSO in Corn oil (Sigma Aldrich). CB-839 (200 mg/kg Orally; twice a day;

CALITHERA) was formulated in 25% (w/v) hydroxypropyl-b-cyclodextrin in 10 mmol/L citrate (pH 2.0), at 20 mg/mL for a final dosing

volume of 10 mL/kg.

For the Patient-derived xenograft (PDX) experiment, KEAP1-mutant (MSK-LX-337) and KEAP1-WT (MSK-LX-210) PDX were es-

tablished in a previous study.10 PDX tumors were stored in cryo-tubes in 10% dimethyl sulphoxide (DMSO) containing Dulbecco’s

Modified Eagle Medium (DMEM) media containing 10% FBS and 20 mg/ml Gentamicin. After stabilized and expanding in NOD-scid

IL2R gamma null (NSG)mice, tumors were trimmedwith the size of 3mm3 3mmx 3mmand subcutaneously transplanted near both

flanks into NSGmale and female littermates approximately 6–8 weeks in age. Engraftment was checked every 5 days after transplan-

tation. After the tumor establishment phase, animals were randomized and assigned to a treatment group. Tumor volume was

measured by caliper and volume was calculated (Length x Width2 x 0.5). Animals either received Romidepsin 1 mg/kg or vehicle

Corn Oil twice weekly administered through intraperitoneal injection. The treatment volume was settled as 100 mL per mouse. Tumor

growth was tracked for a minimum of 8 tumors per experimental group. Tumors with volume less than 20 mm3 at the time of the first

measurement were excluded from the final analysis.

Statistical analyses were done using Prism (v9), specifically two-way ANOVA was used for comparison of tumor growth between

each condition and Fisher’s Least Significant Difference for multiple comparisons. For comparisons of tumor volumes and weights,

the test was chosen by performing D’Agostino-Pearson and Shapiro-Wilk normality test: if both conditions passed both tests, Stu-

dent’s t-test was used, otherwise we performed Mann-Whitney U-test.

CUT&Tag
CUT&Tag was performed as described previously,27 with an additional step of light fixation to better preserve histone acetylation/TF

binding. In brief, 1 3 105 cells were lightly fixed with 0.1% paraformaldehyde 50, neutralized by Glycine 125mM, and washed once

with 1 mL of wash buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM Spermidine (Sigma-Aldrich), 13 Protease inhibitor cocktail

(Roche)). Concanavalin A-coated magnetic beads (Bangs Laboratories) were washed twice with binding buffer (20 mM HEPES pH

7.5, 10 mM KCl, 1 mM MnCl2, 1 mM CaCl2). 10 mL/sample of beads were added to cells in 400ul of wash buffer and incubated at

room temperature for 15 min. Beads-bound cells were resuspended in 100 mL of antibody buffer (20 mM HEPES pH 7.5, 150 mM

NaCl, 0.5 mM Spermidine, 0.06% Digitonin (Sigma-Aldrich), 2 mM EDTA, 0.1% BSA, 13 Protease inhibitor cocktail and incubated

with indicated antibodies or normal rabbit IgG (Cell Signaling) at 4� overnight on nutator. After being washed once with Dig-wash

buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM Spermidine, 0.05% Digitonin, 13 Protease inhibitor cocktail), beads-bound

cells were incubated with 1 mL Guinea pig anti-rabbit secondary antibody (Antibodies Online ABIN101961) and 2 mL Hyperactive

pA-Tn5 Transposase adapter complex in 100 mL Dig-300 buffer (20 mM HEPES,NaOH, pH 7.5, 0.5 mM Spermidine, 13 Protease

inhibitor cocktail, 300 mM NaCl, 0.01% Digitonin) at room temperature for 1 h. Cells were washed three times with Dig-300 buffer

to remove unbound antibody and Tn5 and then resuspended in 300 mL of tagmentation buffer (10 mM MgCl2 in Dig-300 buffer)
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and incubated at 37�C for 1 h. 10 mL of 0.5M EDTA, 3 mL of 10%SDS and 5 mL of 10mg/mL Proteinase Kwere added to each sample

and incubated at 50�C for 1 h to terminate tagmentation. DNA was purified using chloroform isoamyl alcohol (Sigma Aldrich) and

eluted with 25 mL ddH2O. For library amplification, 21 mL of DNA was mixed with 2mL i5 unique index primer (10 mM), 2 mL i7 unique

index primer (10 mM) and 25 mL NEBNext High-Fidelity 2X PCRMaster Mix (NEB) and subjected to the following PCR program: 72�C,
5 min; 98�C, 30 s; 13 cycles of 98�C, 10 s and 63�C, 10 s; 72�C, 1 min and hold at 10�C. To purify the PCR products, 1.13 volumes of

pre-warmed Ampure XP beads (Beckman Coulter) were added and incubated at room temperature for 10 min. Libraries were

washed twice with 80% ethanol and eluted in 20 mL of 10 mM Tris-HCl, pH 8. Libraries were sequenced on an NextSeq 550 platform

(Illumina, 75 cycles High Output Kit v2.0) and 75-bp paired-end reads were generated. To determine global level differences in his-

tone acetylation signal we used spike-in controls. For H3K27ac, 2ul of SNAP-ChIP K-AcylStat panel nucleosomes (EpiCypher) was

added as spike-in control at the primary antibody incubation step. For H4ac, 5000 S2 Drosophila cells were added at the cell-bead

binding step. For BRD4, 10000 K562 cells were added at the cell-bead binding step.

CUT&Tag data analysis
CUT&Tag reads of KP cell samples were mapped to the mouse genome assembly mm10 using Bowtie264 (v2.3.5.1, parameters:

–local –very-sensitive-local –no-unal –no-mixed –no-discordant –phred33 -I 10 -X 700). Potential PCR duplicates were removed

by the function "MarkDuplicates" (parameter: REMOVE_DUPLICATES = true) of Picard (v2.24.2). Genomic enrichments of CUT&Tag

signals were generated using deeptools (v3.3.2, parameters bamCoverage –normalizeUsing CPM –binSize 25 –smoothLength 100)

and visualized using IGV.67 Peaks were called using MACS268 (parameters: –f BAMPE -g mm –broad). Consensuses of H3K27ac,

H4ac and BRD4 peaks across conditions were generated by the ‘cat’ function (Linux) and ‘sort’ and ‘merge’ functions of bedtools

(v2.27.1). The read counts of H3K27ac, H4ac and BRD4 CUT&Tag data in genomic elements were measured by featureCounts

(v2.0.0).69 Differential analysis was performed using DEseq2(v1.32.0).70 Peak annotation was done using ChIPseeker71(v1.28.3).

Heatmaps were generated using deeptools (v3.3.2) functions computeMatrix and plotHeatmap. For visualization we used the R

package ggplot273 (v3.3.2). For genome-wide signal correlations we used deeptools (v3.3.2) functions multiBigwigSummary and

plotCorrelation. Promoters were defined as 2.5kb regions centered around the TSS. Random regions were generated by the using

the shuffle function of bedtools (v2.27.1) and the peak consensus as input.

For all analyses, duplicates were considered for each condition, except EV ROM BRD4 where we excluded one replicate due to

poor quality. For peak annotation we use the consensus of two replicates (Figure 3B). For normalized signal heatmaps one represen-

tative replicate is shown for each condition (Figures 3C and S3G). For figures indicating CPM we calculate the average of two rep-

licates (Figures 3D and 3E, 3G, S3F, and 4G). For differential read count analysis we performed DEseq2 analysis with two replicates

(Figure 3F).

To assess global level differences in CUT&Tag signal we compared the ratio of spike-in reads to total number of reads and deter-

mined the scaling factor. For K27ac, the number of reads for each barcode was counted and used the ratio of H3K27ac to total H3 as

the scaling factor. For H4ac, reads were mapped to the Drosophila genome (Dmel_A4_1.0) and themapping percentage was used to

determine the scaling factor. For BRD4, reads weremapped to the human genome (GRCh38) and themapping percentage was used

to determine the scaling factor.

RNA isolation, quantitative reverse transcription PCR (RT-qPCR) and RNA-sequencing
Total RNAwas extracted in TRIzol (Invitrogen) and precipitated in ethanol (DECON Labs). For qRT-PCR, cDNA was then synthesized

with cDNA Synthesis Kit (Takara) according to the manufacturer’s protocols. The relative expression of targeted genes was

measured by qRT-PCR with indicated primers (Table S6) and SYBR Green Master Mix (ThermoFisher) using the ABI 7500 Real-

Time PCR Detection System (Applied Biosystems). For RNA-sequencing, RNA samples were submitted to Columbia University

Genome Center for library preparation, sequencing and bioinformatic analysis up to generation of a reads count table of each

gene. For control and CB839-resistant cell lines RNA-sequencing libraries were prepared using NEBNext Ultra kit (New England Bio-

labs #E7490, #E7770, #E7335, #E7500) and sequenced using a Nextseq500/550 sequencer. Paired-end reads were obtained and to

the mouse genome assembly mm10 using Bowtie2 (v2.3.5.1). The mapped reads count of each gene was measured by feature-

Counts (v1.6.1). The differential gene expression was calculated by the R package DESeq2 (v1.28.0), and visualization was done us-

ing ggplot2 (v3.3.2) R package.

DepMap dataset analysis
The datasets that were used were the CERES 21Q3 Public+Score and the Prism repurposing secondary screen 19Q4. Data were

downloaded for subsets that included NSCLC cell lines with or without KEAP1mutations. For statistical analysis, the test was chosen

by performing D’Agostino-Pearson and Shapiro-Wilk normality test: if both conditions passed both tests, Student’s t-test was used,

otherwise we performed Mann-Whitney U-test. For CERES, comparison of the mutant and wild-type cell line subsets was done by

calculating the gene-effect difference between the two.

Metabolic tracing
For glucose tracing analysis, 2x105 kP cells (n = 3) were plated in 6-well plates overnight in RPMI medium (Sigma). After 24 h, the

media was replaced with fresh RPMI medium containing DMSO or Romidepsin. At 48 h the media was replaced with fresh
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glucose-free RPMI medium (Sigma) containing 10% dialyzed fetal bovine serum (Gibco), 2.0 g/L 13C6-glucose (Sigma) and DMSO or

5nM Romidepsin. Cells were harvested at 49 and 72 h and processed as described below.

For glutamine tracing, 2x105 kP cells (n = 3) were plated in 6-well plates overnight in RPMI medium (Sigma). After 24 h, the media

was replaced with fresh RPMI medium containing DMSO, 1nM Romidepsin or 150nM CB-839. At 48 h the media was replaced with

fresh glutamine-free RPMI medium (Sigma) containing 10% dialyzed fetal bovine serum (Gibco), 2.0 g/L 13C5-glutamine (Cambridge

Isotope Laboratories) and DMSO, 1nM Romidepsin or 150nM CB-839. Cells were harvested at 56 h and processed as described

below.

Metabolite harvesting and liquid chromatography-mass spectrometry analysis
Cells were washed with cold PBS, lysed in 80% Ultra LC-MS acetonitrile (Thermo Scientific) supplemented with 20 mM deuterated

2-hydroxyglutarate (D-2-hydroxyglutaric-2,3,3,4,4-d5 acid (d5-2HG), Cambridge Isotope Laboratories) as an internal standard on ice

for 15 min, and centrifuged for 10 min at 20,000 x g at 4�C. 200 mL of supernatants were subjected to mass spectrometry analysis.

Liquid chromatography was performed using an Agilent 1290 Infinity LC system (Agilent, Santa Clara, US) coupled to a Q-TOF 6545

mass spectrometer (Agilent, Santa Clara, US). A hydrophilic interaction chromatography method with a ZIC-pHILIC column (150 3

2.1mm, 5 mm; EMDMillipore) was used for compound separation at 35�Cwith a flow rate of 0.3 mL/min. Mobile phase A consisted of

25 mM ammonium carbonate in water and mobile phase B was acetonitrile. The gradient elution was 0–1.5 min, 80% B; 1.5–7 min,

80% B / 50% B, 7–8.5 min, 50% B; 8.5–8.7 min, 50% B / 80% B, 8.7–13 min, 80% B. The overall runtime was 13 min, and the

injection volume was 5 mL. The Agilent Q-TOF was operated in negative mode and the relevant parameters were as listed: ion spray

voltage, 3500 V; nozzle voltage, 1000 V; fragmentor voltage, 125 V; drying gas flow, 11 L/min; capillary temperature, 325�C; drying
gas temperature, 350�C; and nebulizer pressure, 40 psi. A full scan range was set at 50 to 1600 (m/z). The reference masses were

119.0363 and 980.0164. The acquisition rate was 2 spectra/s. Targeted analysis, isotopologues extraction (for the metabolic tracing

study), and natural isotope abundance correction were performed by the Agilent Profinder B.10.00 Software (Agilent Technologies).

These data are available at the NIH Common Fund’s National Metabolomics Data Repository (NMDR) Website, the Metabolomics

Workbench,77 https://www.metabolomicsworkbench.org where they have been assigned Project ID ST002999. The data can be ac-

cessed directly via the Project DOI: https://doi.org/10.21228/M84F0M.

Histology
Tumors were fixed in 10% Formalin (Fisher Chemical) for 48 h and then stored in 70% ethanol at 4�C. Paraffin embedding and

sectioning was done at the Histology Service of the Molecular Pathology Shared Resource at Columbia University Medical center.

Immunohistochemistry experiments were done at Experimental Pathology Research Laboratory at New York University Langone

Health. We evaluated at least 4 tumors per condition by measuring signal intensity on whole sections (1 section per tumor). Quan-

titation of signal was done using QuPath software74 (v0.3.2) and statistical analysis using Prism (v9) and Fisher’s Least Significant

Difference for multiple comparisons.

Glutamine and glucose consumption
2x105 KP cells (n = 3) were plated in 6-well plates overnight in RPMI medium (Sigma). After 24 h, the media was replaced with fresh

RPMI medium containing DMSO, 1nM Romidepsin or 150nM CB-839. At 48 h the media was replaced with fresh glutamine-free

RPMI medium (Sigma) containing DMSO, 1nM Romidepsin or 150nM CB-839. Media were harvested at 56 h, centrifuged to remove

dead cells and frozen at �80�C. Cells were harvested and counted. Measurement of metabolites was done using a YSI 7000 enzy-

matic analyzer at the Cell Metabolism core that is part of the Donald B. and Catherine C. Marron Cancer Metabolism Center at the

Memorial Sloan Kettering Cancer Center. Consumption was calculated by comparison to media from wells without any cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were processed and analyzed using Excel, Graphpad prism (Versions 6 and 8) or R. For comparisons, we performed

normality test (D’Agostino’s K-squared test) and used unpaired or paired two-tailed Student’s t-test, Mann-Whitney U test or

one-way-ANOVA as described in the corresponding figure legend. All experiments were repeated at least twice with three replicates

involved. The results in Figures were presented as group mean and standard error of the mean (SEM), unless indicated otherwise in

the figure legend. Statistical significance is indicatedwith asterisks as follows: ns, no significance; *p < 0.05; **, p < 0.01; ***, p < 0.001;

****, p < 0.0001.
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