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SUMMARY
The amino acid cysteine and its oxidized dimeric form cystine are commonly believed to be synonymous in
metabolic functions. Cyst(e)ine depletion not only induces amino acid response but also triggers ferroptosis,
a non-apoptotic cell death. Here, we report that unlike general amino acid starvation, cyst(e)ine deprivation
triggers ATF4 induction at the transcriptional level. Unexpectedly, it is the shortage of lysosomal cystine, but
not the cytosolic cysteine, that elicits the adaptative ATF4 response. The lysosome-nucleus signaling
pathway involves the aryl hydrocarbon receptor (AhR) that senses lysosomal cystine via the kynurenine
pathway. A blockade of lysosomal cystine efflux attenuates ATF4 induction and sensitizes ferroptosis. To
potentiate ferroptosis in cancer, we develop a synthetic mRNA reagent, CysRx, that converts cytosolic
cysteine to lysosomal cystine. CysRx maximizes cancer cell ferroptosis and effectively suppresses tumor
growth in vivo. Thus, intracellular nutrient reprogramming has the potential to induce selective ferroptosis
in cancer without systematic starvation.
INTRODUCTION

Cells maintain intracellular amino acid homeostasis via cytosolic

translational reprogramming and nuclear transcriptional adapta-

tion. Upon amino acid restriction, the integrated stress response

(ISR) is typically induced via general control nonderepressible 2

(GCN2) kinase.1,2 Activated GCN2 phosphorylates eukaryotic

initiation factor 2a (eIF2a), resulting in translational reprogram-

ming that inhibits general protein synthesis but paradoxically in-

creases the translation of a subset of messenger RNAs

(mRNAs).3,4 Inmammalian cells, themost notable example of se-

lective translation during ISR is activating transcription factor 4

(ATF4), a bZip transcription factor that promotes the expression

of genes involved in antioxidant response andamino acid biosyn-

thesis and transport.5 Notably, ATF4 acts as a survival factor for

many cancer cells, and high ATF4 expression is often associated

with poor prognosis.6 It is widely believed that the primary regu-

lation of ATF4 expression is through translational control of pre-

existing mRNA.7,8 The transcriptional regulation of ATF4, how-

ever, remains surprisingly obscure.

Our current understanding of amino acid response has been

largely driven by studies based on full amino acid starvation. It re-

mains unclear whether single amino acid deprivation triggers the

common ISR or elicits a unique cellular response. Cysteine, a

semi-essential amino acid, is required for the synthesis of proteins
M

and many intracellular metabolites such as glutathione (GSH), a

primary cellular antioxidant.9 Cysteine mainly exists as cystine in

the extracellular space and is actively transported into cells via

the cystine-glutamate antiporter system Xc
�.10 Once inside cells,

each cystine is reduced to two molecules of cysteine. Despite its

vital roles in protein synthesis and redox homeostasis, cysteine

issurprisinglymaintainedat low levels in thecytosol.11A large frac-

tion of cysteine is imported into the lysosome by MFSD12 (major

facilitator superfamily domain containing 12),12 whose function is

coupledwith the lysosomal V-ATPase pump.13 Lysosomal cystine

can bemobilized to supply intracellular cysteine by the transporter

cystinosin (CTNS), whose loss-of-function mutations cause the

lysosomal storage disorder cystinosis.14 Cysteine and cystine

are commonly believed to be synonymous inmetabolic functions,

but little is known about how the physiological cycling between

cysteine and cystine contributes to general amino acid response.

Cysteine depletion leads to ferroptosis, a peroxidation-driven

and iron-catalyzed form of non-apoptotic cell death.15,16 Recent

studies revealed key regulatory pathways of ferroptosis in cytosol

and mitochondria, as exemplified by GSH peroxidase 4 (GPX4),17

ferroptosis suppressor protein 1 (FSP1),18,19 and dihydroorotate

dehydrogenase (DHODH).20 Although lysosomes have emerged

as signaling hubs for amino acid metabolism,21 the role of lyso-

somal cystine in ferroptosis remains a fundamental knowledge

gap. Inducible ferroptosis has been harnessed for cancer therapy
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Figure 1. Cysteine deprivation induces ATF4 expression independent of the eIF2a signaling pathway

(A) The top panel shows the western blotting of eIF2a (S/S) and eIF2a (A/A) MEF cells after 8 h of amino acid starvation. The bottom panel shows RT-qPCR results

ofAtf4 (normalized toGapdh) in eIF2a (S/S) and eIF2a (A/A) MEF cells after 8 h of amino acid starvations. Error bars,mean ± SEM; two-tailed t test, **p < 0.01, n = 3

biological replicates.

(B) Total cysteine (left) and cystine (right) levels in MEF cells after 12 h of amino acid starvation. Both measurements are normalized to protein levels. Error bars,

mean ± SEM; two-tailed t test, *p < 0.05, **p < 0.01, ***p < 0.001, n = 3 biological replicates.

(C) The top bar graph shows the RT-qPCR results of Slc7a11 (normalized toGapdh) in MEF cells after 8 h of amino acid starvation. Error bars, mean ± SEM; two-

tailed t test, **p < 0.01, n = 3 biological replicates. The bottom panel shows the representative western blotting of SLC7A11 in starved MEF cells.

(D) Total GSH levels in MEF cells after 12 h of amino acid starvations are normalized to protein levels. Error bars, mean ± SEM; two-tailed t test, **p < 0.01,

***p < 0.001, n = 3 biological replicates.

(E) The top bar graph shows the RT-qPCR results ofNrf2 (normalized toGapdh) in MEF cells after 8 h of amino acid starvation. Error bars, mean ± SEM; two-tailed

t test, *p < 0.05, **p < 0.01, n = 3 biological replicates. The bottom panel shows the representative western blotting of NRF2 in starved MEF cells.

(F) MEF cells with or without Nrf2 knockdown were subject to either 8 h of BSO (10 mM) treatment or 8 h of cysteine starvation. The top bar graph shows the RT-

qPCR results of Atf4 (normalized to Gapdh). Error bars, mean ± SEM; two-tailed t test, **p < 0.01, n = 3 biological replicates. The bottom panel shows the

representative western blotting of ATF4 in starved MEF cells.
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withmany ferroptosis modulators tested for therapeutic potential.

However, theadaptativeATF4 response inevitablycounteracts the

effectiveness of ferroptosis in cancer. It is thus highly desirable if

therapeutic cysteine intervention can be de-coupled from adapta-

tive ATF4 induction. A better understanding of cysteine stress

response will facilitate the rational design of selective ferroptosis

in cancer.

RESULTS

Cysteine stress response is independent of ISR
To compare full amino acid starvation with single amino acid

deprivation, we took advantage of a mouse embryonic fibroblast

(MEF) cell line harboring a non-phosphorylatable eIF2a in which
2 Molecular Cell 83, 1–13, September 21, 2023
the serine 51 (S/S) was mutated to an alanine (A/A).22 Wild-type

eIF2a (S/S) cells readily responded to whole amino acid starva-

tion by showing increased eIF2a phosphorylation and robust

ATF4 induction (Figure 1A), which were abolished in eIF2a

(A/A) cells. Single amino acid withdrawal, however, resulted in

varied ATF4 levels. Notably, cysteine starvation triggered the

strongest ATF4 expression despite the minimal effect on eIF2a

phosphorylation. Strikingly, a potent ATF4 induction was main-

tained in eIF2a (A/A) cells upon withdrawal of cysteine but not

histidine, leucine, or arginine from the medium (Figure 1A). The

eIF2a-independent ATF4 induction was also seen after removal

of methionine, a cysteine precursor, albeit to a lower extent. The

similar finding holds true inMEF cells lacking GCN2 (Figure S1A).

Further confirming the eIF2a independency, the cysteine
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shortage-induced ATF4 upregulation was insensitive to ISRIB, a

small-molecule ISR inhibitor (Figure S1B). Using a firefly lucif-

erase (Fluc) reporter bearing the 50 untranslated region (UTR) of

ATF4, we found comparable Fluc levels between whole amino

acid starvation and cysteine deprivation (Figure S1C), suggest-

ing that mechanisms beyond translational control likely

contribute to the ATF4 induction upon cysteine shortage. We

next measured Atf4 mRNA levels in starved cells using RT-

qPCR. In comparison to full amino acid starvation that induced

Atf4 expression by �2-fold, cysteine deprivation increased

Atf4 mRNA levels by >5-fold (Figure 1A, bottom panel). The dif-

ferential induction of Atf4 between full amino acid starvation and

cysteine deprivation was further confirmed by RNA sequencing

(RNA-seq) (Figure S1D). The transcriptional upregulation of

ATF4 was also seen in HEK293 cells (Figure S1E) and confirmed

by a Fluc reporter driven by the ATF4 promoter (Figure S1F). Be-

sides MEFs and HEK293 cells, we observed the similar cysteine

stress response in several human and mouse cancer cell lines

(Figure S1G). Therefore, cysteine shortage induces a unique

transcriptional induction of ATF4 in the nucleus, which surpris-

ingly overcomes the translational control of ATF4 mediated by

eIF2a phosphorylation.

Intracellular cysteine can be stored in lysosomes in the form of

cystine. We used high-performance liquid chromatography to

quantify intracellular cysteine and cystine levels. As expected,

cysteine deprivation from themedium lowered intracellular levels

of both cystine and cysteine (Figure 1B). Similar to cysteine star-

vation, treatment with erastin, a potent system Xc
� inhibitor,15

also decreased intracellular cysteine and cystine levels (Fig-

ure S1H). Likewise, erastin treatment led to a robust ATF4 induc-

tion independent of eIF2a phosphorylation (Figure S1I). Notably,

cysteine withdrawal led to a marked increase of SLC7A11, an

essential subunit of the system Xc
� antiporter (Figure 1C). Addi-

tionally, cysteine depletion upregulated the expression of cysta-

thionine g-lyase (CSE) (Figure S1J), an enzyme that breaks down

cystathionine into cysteine. Both SLC7A11 and CSE are down-

stream targets of ATF4,23 representing an adaptive cellular

response to mitigate cysteine shortage.

It is intriguing to find that full amino acid starvation is less

potent in ATF4 induction despite the fact that the medium

also lacks cysteine. We found that withdrawal of cysteine

alone resulted in a more significant decrease of intracellular

cysteine and cystine levels than full amino acid starvation (Fig-

ure 1B). This is likely due to their differential effects on global

protein synthesis. Indeed, puromycin labeling revealed a rapid

inhibition of global protein synthesis upon full amino acid star-

vation but not upon cysteine depletion (Figure S2A). This is in

line with the notion that cysteine starvation minimally induces

ISR. Additionally, cysteine does not seem to affect mTOR

signaling pathway,24 although this feature could be cell-type

specific.17 Unlike full amino acid starvation, cysteine depriva-

tion had little effect on autophagy (Figure S2B). The contin-

uous de novo protein synthesis under cysteine restriction is

expected to further deplete the intracellular cysteine pool.

Supporting this notion, translation inhibition by cycloheximide

(CHX) partially restored the cysteine and cystine levels (Fig-

ure S2C), indicating that translation is a major consumer of

intracellular cysteine.
Cysteine stress response is independent of NRF2
In addition to protein synthesis, cysteine is the rate-limiting pre-

cursor for the synthesis of intracellular metabolites such as

GSH.9 Indeed, there was a 50% reduction of GSH in cysteine-

starved cells (Figure 1D). As expected, a decline in intracellular

GSH led to oxidative stress response as evidenced by the

elevated NRF2 (nuclear factor erythroid 2–related factor 2) 25

(Figure 1E). Given the much higher NRF2 induction under

cysteine starvation, wewonderedwhether the robust ATF4 upre-

gulation was simply a result of excessive oxidative stress

response.26 However, the antioxidant ascorbic acid had little ef-

fect on ATF4 induction upon cysteine starvation (Figure S2D). By

contrast, the same treatment attenuated ATF4 expression

induced by homocysteic acid (HCA), a potent oxidative stress

inducer.26 To substantiate this finding further, we genetically

silenced NRF2 in MEF cells and induced oxidative stress

response by buthionine sulfoximine (BSO), which inhibits GSH

biosynthesis. Knocking down NRF2 suppressed ATF4 expres-

sion induced by BSO but had little effect on cysteine-starved

cells (Figure 1F). Therefore, other mechanisms are likely in place

to mediate the cysteine stress response.

Cysteine stress response is sensitive to lysosomal
cystine
A recent study reported that intracellular cysteine is imported into

the lysosome by MFSD1212 in a process coupled with the

V-ATPasepump13 (Figure 2A). Once inside the lysosome, cysteine

is oxidized to cystine (Figure S2E). Indeed, V-ATPase inhibition by

bafilomycin A1 (BafA1) resulted in an increase of cysteine and a

corresponding decrease in cystine (Figure 2B). Remarkably, the

presence of BafA1 greatly potentiated ATF4 induction in

cysteine-starved cells (Figure 2C). Since the cytosolic cysteine

level was partially restored in the presence of BafA1, this result

suggests that it is the shortage of lysosomal cystine that triggers

Atf4 expression. The same result was obtained by applying

another V-ATPase inhibitor concanamycin A (ConA) (Figures S2F

and S2G). The transcriptional upregulation of ATF4 upon

V-ATPase inhibition was further confirmed by the Atf4 promoter-

driven reporter assay (Figure 2D).Wenext examinedNRF2 activity

using a Fluc reporter containing the antioxidant-responsive

element (ARE).V-ATPase inhibitionevidentlypreventedNRF2acti-

vation (FigureS2H),which is in linewith theelevatedcysteine levels

in the cytosol. We conclude that the transcriptional regulation of

ATF4 is governed by lysosomal cystine in an ISR- and NRF2-inde-

pendent manner.

The lysosomal cystine undergoes efflux via CTNS,14 forming a

cystine-to-cysteine cycle. As expected, silencing CTNS led to an

increase of cystine and a decrease of cysteine levels (Figures 2E

and S3A). Remarkably, ATF4 induction upon cysteine withdrawal

was largely blunted in the absence of CTNS (Figure 2F), and this

was further confirmed by the Atf4 promoter-driven reporter assay

(Figure S3B). The attenuated ATF4 expressionwas rescued by re-

introducing exogenous CTNS (Figures S3C and S3D), excluding

the possibility of off targeting by short hairpin RNAs (shRNAs).

Therefore, an accumulation of lysosomal cystine appears to atten-

uate ATF4 expression. Notably, cells lacking CTNS exhibited

increased NRF2 activation (Figure S3E), which is in line with the

lowered cysteine levels. In comparison to control cells, CTNS
Molecular Cell 83, 1–13, September 21, 2023 3



Figure 2. Lysosomal cystine controls transcriptional regulation of ATF4

(A) Schematic of intracellular cysteine and cystine metabolism, storage, and function.

(B) Total cysteine (top) and cystine (bottom) levels in MEF cells treated with bafilomycin A (50 nM for 12 h) with or without cysteine deprivation. Both mea-

surements are normalized to protein levels. Error bars, mean ± SEM; two-tailed t test, *p < 0.05, ***p < 0.001, n = 3 biological replicates.

(C)The topbargraphshows theRT-qPCRresultsofAtf4 (normalized toGapdh) inMEFcells treatedwithbafilomycinA (50nMfor8h)withorwithoutcysteinedeprivation.

Error bars, mean ± SEM; two-tailed t test, *p < 0.05, n = 3 biological replicates. The bottom panel shows the representative western blotting of ATF4 in MEF cells.

(D) The top panel shows the illustration of a Fluc reporter driven by the Atf4 promoter. The bar graph shows the relative Fluc activities normalized to Renilla

luciferase in transfected MEF cells treated with bafilomycin A (50 nM for 8 h) with or without cysteine deprivation. Error bars, mean ± SEM; two-tailed t test,

*p < 0.05, n = 3 biological replicates.

(E) Total cysteine (top) and cystine (bottom) levels in MEF cells with or without CTNS knockdown. Bothmeasurements are normalized to protein levels. Error bars,

mean ± SEM; two-tailed t test, *p < 0.05, **p < 0.01, ***p < 0.001, n = 3 biological replicates.

(F) The top bar graph shows the RT-qPCR results of Atf4 (normalized to Gapdh) in MEF cells with or without CTNS knockdown before and after cysteine

deprivation. Error bars, mean ± SEM; two-tailed t test, ***p < 0.001, n = 3 biological replicates. The bottom panel shows the representative western blotting of

ATF4 in MEF cells.
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silencing readily suppressed global protein synthesis in cysteine-

starved cells (Figures S3F and S3G), a strong indication of

depleted cytosolic cysteine. Therefore, even under the shortage

of cysteine, an accumulation of lysosomal cystine attenuates the

ATF4 response.
4 Molecular Cell 83, 1–13, September 21, 2023
To further confirm that the attenuated ATF4 response in

cells lacking CTNS is attributed to the accumulated lysosomal

cystine, we treated cells with cysteamine, which resolves

lysosomal cystine accumulation independent of CTNS27 (Fig-

ure S3H). As expected, cysteamine treatment readily



Figure 3. Lysosomal cystine mediates cysteine stress response via the AhR signaling pathway

(A) The left panel shows the illustration of theAtf4promoter regionwith various truncation. Thebottompanel highlights theDRE/XRE consensus sequences.MEFcells

transfectedwithFluc reporters drivenby truncatedAtf4promoter regionswere subjected to cysteamine (0.5mM) treatment (blue bars) or vehicle control (whitebar) for

8 h followed by luminometry. Fluc activities are normalized to Renilla luciferase. Error bars, mean ± SEM; two-tailed t test, **p < 0.01, n = 3 biological replicates.

(B) The top panel shows the simplified AhR signaling pathway. Upon binding of ligands (red dots), AhR translocates into the nucleus and dimerizes with ARNT. The

bottom panel shows the ChIP analysis in MEF cells after 12 h of cysteine starvation in the presence or absence of cysteamine (50 mM). ChIP was performed using

AhR antibody followed by RT-qPCR of the Atf4 promoter. Error bars, mean ± SEM; two-tailed t test, *p < 0.05, n = 3 biological replicates.

(C) MEF cells transfected with AhR-YFP were subjected to 12 h of cysteine starvation in the presence or absence of cysteamine (50 mM). Nuclei were stained with

DAPI. Scale bars, 20 mm.

(D) Principal component analysis based on the untargeted metabolomics data shows a clear separation between cysteamine treatment and CTNS knockdown.

(E) The volcano plot derived from the untargeted metabolomics highlights the top metabolites that increased (orange) or decreased (blue) in response to

lysosomal cystine depletion after cysteamine treatment.

(F) The top bar graph shows the RT-qPCR results ofAtf4 (normalized toGapdh) inMEF cells treatedwith SR1 (200 nM) or indirubin (2 mM) before and after cysteine

deprivation. Error bars, mean ± SEM; two-tailed t test, **p < 0.01, n = 3 biological replicates. The bottom panel shows the representative western blotting of ATF4

in MEF cells treated with AhR modulators.
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decreased lysosomal cystine with a corresponding increase

of cysteine in the cytosol (Figure S3I). Importantly, cysteamine

treatment led to a pronounced ATF4 induction even under

the nutrient-rich condition (Figure S3J). Therefore, without

absolute starvation, a decrease in lysosomal cystine is

sufficient to trigger ATF4 induction. This was further sup-

ported by the Atf4 promoter-driven reporter assay (Fig-

ure S3K). Altogether, we demonstrate the existence of a

signaling pathway linking lysosomal cystine and nuclear Atf4

gene expression.
Cysteine stress response involves the AhR signaling
pathway
To probe how a shortage of lysosomal cystine leads to transcrip-

tional response of ATF4, we dissected the Atf4 promoter region

using the Fluc reporter assay. Like the endogenous Atf4, a re-

porter containing the 2.5-kb region upstream of the Atf4 tran-

scription start site showed a robust response to cysteamine

treatment that leads to lysosomal cystine depletion (Figure 3A).

Targeted deletion of this upstream region revealed a sub-region

between �400 and �800 bp that was critical for maintaining the
Molecular Cell 83, 1–13, September 21, 2023 5
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cysteamine sensitivity. Analysis of this critical sub-region identi-

fied 13 motifs with similarity to dioxin response element (DRE),

which is also referred to as xenobiotic response element (XRE)

(Figure 3A, bottom panel). The DRE/XRE is recognized by acti-

vated aryl hydrocarbon receptor (AhR),28 which senses a wide

range of environmental stimuli as well as intracellular metabo-

lites.29 To confirm the participation of AhR in the transcriptional

regulation of ATF4, we conducted chromatin immunoprecipita-

tion (ChIP) assays using AhR-specific antibodies. Lysosomal

cystine depletion by cysteamine treatment increased the binding

of AhR to the Atf4 promoter (>3-fold, Figure 3B), which wasmore

prominent under cysteine starvation. The similar result was ob-

tained in cells treated with BafA1 (Figure S3L). Furthermore,

knocking down AhR using shRNA prevented ATF4 induction in

cysteine-starved cells (Figure S3M), confirming AhR-mediated

cysteine response.

AhR normally resides in the cytoplasm as an inactive complex.

Upon ligand binding, AhR translocates into the nucleus, where it

dimerizes with ARNT (aryl hydrocarbon receptor nuclear

translocator) and subsequently binds genomic regions contain-

ing DRE/XRE.30 To monitor AhR localization in response to lyso-

somal cystine shortage, we transfected cells with AhR-YFP that

were primarily localized in the cytoplasm under the normal

growth condition.Cysteinewithdrawal resulted in anuclear accu-

mulation of AhR-YFP (Figure 3C), an indication of AhR activation.

Cysteamine treatment also led to nuclear translocation of AhR-

YFP even under the nutrient-rich condition. Therefore, a cystine

shortage in lysosomes is sufficient to activate AhR. Adding cyste-

amine to cysteine-starved cells substantiated the nuclear locali-

zation of AhR-YFP (Figure 3C). Likewise, BafA1 treatment readily

triggered nuclear re-localization of AhR-YFP, especially under

cysteine starvation (Figure S3N). Collectively, these results indi-

cate that AhR acts as a lysosome-nucleus signaling pathway by

responding to lysosomal cystine shortage.

AhR senses lysosomal cystine levels via the kynurenine
pathway
To identify potential AhR ligands in response to cystine shortage

in lysosomes, we conducted untargeted metabolomics on MEF

cells with either lysosomal cystine accumulation (i.e., CTNS

knockdown) or depletion (i.e., cysteamine treatment). To mini-

mize alterations of amino acid metabolism, cells were grown in

complete media. From five replicates of each condition, the prin-

cipal component analysis (PCA) of metabolite profiling revealed

a clear separation between cysteamine treatment and CTNS

knockdown (Figure 3D; Table S1). Hierarchical clustering anal-

ysis revealed significant association between lysosome cystine

and amino acid metabolism (Figures S4A and S4B). Volcano

plot analysis highlighted the top metabolites that increased or

decreased in response to lysosomal cystine depletion (Fig-

ure 3E). Although cysteamine was recovered as the top metab-

olite as expected, many amino acids showed decreased levels

upon cysteamine treatment (Figure 3E). Intriguingly, kynurenine

metabolism was the top pathway affected by lysosomal cystine

levels. Upon lysosomal cystine depletion, we observed an in-

crease in kynurenine, kynurenic acid, and nicotinamide levels

and a corresponding decrease of tryptophan and picolinic acid

(Figure S4C). The kynurenine pathway is associated with the
6 Molecular Cell 83, 1–13, September 21, 2023
tryptophan catabolism and many kynurenine metabolites are

endogenous ligands for AhR activation.30 We also uncovered

many indole derivatives known as endogenous AhR agonists

such as 5-Hydroxyindole-3-acetic acid (5-HIAA), 2-(10H-indole-
30-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE), and

indirubin (Figures 3E and S4D). To substantiate this finding

further, we treated cysteine-starved cells with AhR modulators.

Although the AhR antagonist SR1 blocked ATF4 induction, the

AhR activator indirubin further boosted the ATF4 levels (Fig-

ure 3F). The modest effect of indirubin suggests that activated

AhR signaling is nearly maximal upon cysteine deprivation.

Cysteine stress response modulates ferroptosis
sensitivity
Since cysteine is a potent regulator of ferroptosis,11 the AhR-

mediated cysteine response could modulate ferroptosis sensi-

tivity. As expected, the cell death under cysteine restriction

was prevented by ferrostatin-1 (a ferroptosis inhibitor) but not

Z-VAD (an apoptosis inhibitor) or necrostatin (a necrosis inhibi-

tor) (Figures S5A and S5B). By contrast, the reduced cell viability

under full amino acid starvation was rescued by Z-VAD only. The

apoptosis induced by full amino acid starvation was further evi-

denced by the cleaved caspase-3 (Figure S5C). One hallmark of

ferroptosis is lipid peroxidation, which can be quantified by C11-

BODIPY staining. Cysteine withdrawal, but not full amino acid

starvation or leucine restriction, caused a large increase in lipid

oxidation (Figure S5D). Additionally, silencing of Slc7a11 pro-

moted ferroptosis of cysteine-starved cells (Figures S5E and

S5F). Since cysteine starvation minimally affects global transla-

tion, the continuous protein synthesis is expected to exacerbate

cysteine depletion and subsequent ferroptosis. Supporting this

notion, the increased ferroptosis susceptibility was prevented

by CHX treatment (Figure S5G). Likewise, CHX also partially

rescued ferroptosis induced by Xc
� inhibitors erastin and sulfa-

salazine (SSZ) (Figure S5H). These results confirm that the

cysteine pool influences the ferroptosis susceptibility.

Wenext investigated the role of lysosomal cystine in ferroptosis.

An inhibited lysosomal influx by BafA1 prevented ferroptosis in

cysteine-starved cells and significantly reduced lipid oxidation

(Figure 4A). Likewise, mobilizing cystine out of lysosomes via

cysteamine treatmentalso rescuedcells fromferroptosis andelim-

inated lipid oxidation (Figure 4B). Both treatments mitigate the

cysteine scarcity in the cytosol at the expense of lysosomal

cystine. We next examined whether a blockade of lysosomal

cystine efflux would maximize ferroptosis. Indeed, cells lacking

CTNS became extremely sensitive to cysteine withdrawal as evi-

denced by a drop in cell viability to �10% (Figure 4C). This was

due to ferroptosis because ferrostatin treatment largely rescued

the cell viability (Figure S5I). Consistently, therewas a surge in lipid

oxidation in those cells (�60%) in comparison with wild-type cells

(15%) (Figure4C, right panel). The lackofCTNSalso renderedcells

highly susceptible to Xc
� inhibitors erastin and SSZ (Figure S5J).

This was mainly due to the lysosomal cystine accumulation

because cysteamine treatment rescued the ferroptotic cell death

(Figure S5K).

An accumulation of cystine in lysosomes is accompanied with

reduced levels of cytosolic cysteine, which likely explains the

increased ferroptosis sensitivity. At the same time, the cystine



Figure 4. Lysosomal cystine modulates the cellular sensitivity to ferroptosis

(A) The left panel illustrates the cysteine (SH) and cystine (S-S) cycling with the action of BafA1. The middle panel shows the cell viability in MEF cells treated with

BafA1 (50 nM) for 24 h with or without cysteine deprivation. Error bars, mean ± SEM; two-tailed t test, *p < 0.05, n = 4 biological replicates. The right panel shows

lipid ROS levels inMEF cells treatedwith BafA1 (50 nM for 18 h) with or without cysteine deprivation. The lipid ROS levels were quantified by C11-BODIPY staining

and flow cytometry. Error bars, mean ± SEM; two-tailed t test, ***p < 0.001, n = 3 biological replicates.

(B) The left panel illustrates the cysteine (SH) and cystine (S-S) cycling with the action of cysteamine. Themiddle panel shows the cell viability in MEF cells treated

with cysteamine (0.5 mM for 24 h) with or without cysteine deprivation. Error bars, mean ± SEM; two-tailed t test, *p < 0.05, n = 4 biological replicates. The right

panel shows lipid ROS levels inMEF cells treatedwith cysteamine (0.5mM for 18 h) with or without cysteine deprivation. Error bars, mean ± SEM; two-tailed t test,

***p < 0.001, n = 3 biological replicates.

(C) The left panel illustrates the cysteine (SH) and cystine (S-S) cycling with the action of CTNS knockdown. The middle panel shows the cell viability in MEF cells

with or without CTNS knockdown before and after 24 h cystine deprivation. Error bars, mean ± SEM; two-tailed t test, ***p < 0.001, n = 4 biological replicates. The

right panel shows lipid ROS levels in MEF cells with or without CTNS knockdown before and after 18 h cysteine deprivation. Error bars, mean ± SEM; two-tailed

t test, ***p < 0.001, n = 3 biological replicates. The middle panel shows the cell viability in MEF cells treated with SR1 (200 nM) or indirubin (2 mM) for 24 h with or

without cysteine deprivation. Error bars, mean ± SEM; two-tailed t test, *p < 0.05, ****p < 0.0001, n = 4 biological replicates.

(D) The right panel shows lipid ROS levels in MEF cells treated with SR1 (200 nM) or indirubin (2 mM) for 18 h with or without cysteine deprivation. Error bars,

mean ± SEM; two-tailed t test, ***p < 0.001, n = 3 biological replicates.
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accumulation in lysosomes attenuates cysteine stress response,

thereby maximizing ferroptosis by inhibiting the adaptive ATF4

expression. Supporting this notion, silencing ATF4 sensitizes fer-

roptosis upon cysteine starvation (Figure S5L). Since AhR medi-

ates ATF4 induction during cysteine response, we used AhR

modulators to dissect the role of ATF4 in ferroptosis. Without

disrupting the cysteine-to-cystine cycle, the AhR inhibitor SR1

promoted ferroptosis of cysteine-starved cells (Figure 4D). Strik-

ingly, the AhR activator indirubin completely rescued the cells

from ferroptosis with a marked reduction in lipid oxidation.

Therefore, an increased ATF4 expression effectively counteracts

ferroptosis, presumably via the increased Xc
� and enhanced

antioxidant response.

Attenuated cysteine stress response sensitizes cancer
cells to ferroptosis
Inducible ferroptosis has been harnessed for cancer therapy in

recent years.31 Common strategies for cysteine depletion include

Xc
� inhibition or application of cysteine-degrading enzymes like
cyst(e)inase,whichhaveshownpromising resultsbypromoting tu-

mor-selective ferroptosis.32,33 However, the efficacy is compro-

mised by rapid adaptation of cancer cells to cysteine limitation

via induced ATF4 expression. Following the lead that a cystine

accumulation in lysosomes potentiates ferroptosis, we hypothe-

sized that a blockade of lysosomal cystine efflux by inactivating

CTNS would maximize ferroptoic death of cancer cells. Notably,

Kaplan-Meier plotter reveals that high expression of CTNS corre-

lates with decreased overall survival of kidney, lung, and gastric

cancer patients (Figure S6A), suggesting an oncogenic role for

CTNS. Using a renal carcinoma cell line UMRC6 that has high

levels of SLC7A11, we found that silencing either SLC7A11 or

CTNS potentiated ferroptosis upon cysteine withdrawal

(Figures 5A and 5B). Remarkably, knocking down both SLC7A11

and CTNS caused severe cell death of UMRC6 cells, which was

further manifested by deficient colony formation in soft agar

(Figures 5C and S6B). The tumor suppressive effect of CTNS

silencing also holds true in another cell line 786-O despite the

low basal levels of SLC7A11 (Figures S6C and S6D). To examine
Molecular Cell 83, 1–13, September 21, 2023 7



Figure 5. Attenuated cysteine stress

response sensitizes cancer cells to ferrop-

tosis

(A) Western blotting of UMRC6 cells subjected to

CTNS and/or SLC7A11 knockdown.

(B) The cell viability in UMRC6 cells subjected to

CTNS and/or SLC7A11 knockdown after 24 h

cysteine deprivation. Error bars, mean ±SEM; two-

tailed t test, *p < 0.05, **p < 0.01, ****p < 0.0001, n =

4 biological replicates.

(C) The bar graph shows the colony formation of

UMRC6 cells subject to CTNS and/or SLC7A11

knockdown in soft agar. Error bars, mean ± SEM;

two-tailed t test, ****p < 0.0001, n = 5 biological

replicates.

(D) Tumor growth curves from UMRC6 cells sub-

ject to CTNS and/or SLC7A11 knockdown in

SCID-beige mice after subcutaneous injection.

Error bars, mean ± SEM; two-way ANOVA test,

**p < 0.01, ****p < 0.0001, n = 10 mice per group.
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the role of CTNS in tumorigenesis in vivo, we conducted xenograft

experiments using immuno-compromised severe combined im-

munodeficiency (SCID)-beige mice. Although silencing SLC7A11

or CTNS suppressed UMRC6 tumor growth, knocking down

both genes resulted in a nearly complete inhibition of tumorigen-

esis (Figure 5D).
Development of CysRx as a ferroptosis inducer
Despite the promising effect ofCTNS silencing in promoting can-

cer cell ferroptosis, the encoded CTNS is crucial in maintaining

lysosomal homeostasis.34 Mutations inCTNS have been associ-

ated with cystinosis, a systemic disease with multiple clinical

manifestations.14 It is thus highly desirable to create an alterna-

tive way to block lysosomal cystine efflux without genetic pertur-

bation. We reason that, by coupling translation of a cysteine-rich

polypeptide and co-translational lysosome targeting, it is

possible to direct cytosolic cysteine into the lysosome (Fig-

ure 6A). A survey of human coding sequences revealed many

cysteine-rich domains in a large group of proteins. For instance,

a cysteine-string protein (CSP) encoded byDNAJC5 contains 15

cysteines within a stretch of 25 amino acids. Cysteine-rich tail 1

(CYSRT1) comprises a similar cysteine-rich motif with a stretch

of 20 amino acids containing 12 cysteines. We fused both CSP

and CYSRT1 motifs to insulin-like growth factor 2 (IGF2) to

enable lysosomal targeting via the mannose-6-phosphate re-

ceptor (M6PR).35 We named this fusion construct as a cyst(e)

ine reverse exchanger (CysRx) because it converts cytosolic

cysteine into lysosomal cystine (Figure 6B, top panel). Inspired
8 Molecular Cell 83, 1–13, September 21, 2023
by the recent success of mRNA vac-

cines,36 we prepared synthetic mRNAs

encoding CysRx for follow-up studies.

Cell fractionation analysis confirmed lyso-

somal localization of CysRx (Figure 6B).

Supporting lysosomal degradation of

CysRx, BafA1 treatment resulted in

CysRx accumulation. Importantly,

CysRx-transfected cells showed a signif-
icant decrease of cytosolic cysteine and a corresponding in-

crease of lysosomal cystine (Figure 6C). Mimicking CTNS knock-

down, CysRx overexpression attenuated ATF4 expression in

response to cysteine withdrawal (Figure 6D). As a result,

cysteine-starved cells became more susceptible to ferroptosis

(Figure 6E).

CysRx induces ferroptosis in cancer
We next transfected UMRC6 cells with CysRx mRNA, which

sensitized cells to ferroptosis with significantly increased lipid

oxidation (Figure 7A). By potently suppressing the adaptive

ATF4 expression (Figure 7B), CysRx inhibited colony formation

of UMRC6 in a dose-dependent manner (Figure 7C). The inhibi-

tory role of CysRx in tumorigenesis was also observed in 786-O

cells (Figure S7A), suggesting that the efficacy of CysRx is inde-

pendent of SLC7A11. The CysRx-induced ferroptosis is not

limited to renal carcinoma cells. Applying CysRx to a lung cancer

cell line A549 not only reduced ATF4 expression (Figure S7B) but

alsopromoted ferroptosis under cysteine starvation (FigureS7C).

To assess the therapeutic potential of CysRx in vivo, we formu-

lated lipid nanoparticles using an ionizable lipid N1,N3,N5-tris(2-

aminoethyl)benzene-1,3,5-tricarboxamide derivatives (TT3) that

enables efficient nucleic acid encapsulation, cellular delivery,

and endosomal release37 (Figure S7D). We also incorporated N1-

methylpseudouridine into the synthesized reporter mRNA that ex-

hibitedprolongedsignals comparedwith thenon-modifiedversion

in transfectedUMRC6cells (FigureS7E).Wenextevaluated theef-

fect of CysRx-TT3 in the xenografted UMRC6 tumors via



Figure 6. Development of CysRx

(A) Schematic of CysRx actions that convert

cytosolic cysteine into lysosomal cystine.

(B) The top panel shows the schematic of CysRx

design. The bottom panels show western blotting

of fractionatedMEF cells transfectedwith CysRx in

the presence or absence of bafilomycin A (50 nM)

for 12 h. Cell fractions are cytoplasmic (Cyto),

lysosomal (Lyso), and mitochondria (Mito). *, non-

specific bands.

(C) Total cysteine (top) and cystine (bottom) levels

in MEF cells after 24 h of CysRx transfection (5 mg).

Both measurements were normalized to protein

levels. Error bars, mean ± SEM; two-tailed t test,

*p < 0.05, n = 3 biological replicates.

(D) The top bar graph shows the RT-qPCR results

of Atf4 (normalized to Gapdh) in MEF cells trans-

fected with CysRx with or without 12 h of cysteine

starvation. Error bars, mean ± SEM; two-tailed t

test, *p < 0.05, n = 3 biological replicates. The

bottom panel shows the representative western

blotting of ATF4 in transfected MEF cells.

(E) The left panel shows the cell viability in MEF

cells transfected with CysRx with or without 12 h of

cysteine starvation. Error bars, mean ± SEM; two-

tailed t test, ***p < 0.001, n = 4 biological replicates.

The right panel shows lipid ROS levels in trans-

fected MEF cells. Error bars, mean ± SEM; two-

tailed t test, **p < 0.01, n = 3 biological replicates.
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intratumor administration. Compared with the TT3 control ex-

pressing the nano-luciferase peptide HiBiT, CysRx-TT3 induced

a significant delay in tumor progression after weekly injection (Fig-

ure 7D, left panel). Supporting enhanced ferroptotic cell death, tu-

mors treated with CysRx-TT3 displayed significant accumulation

of 4-hydroxynonenal (4HN), a by-product of lipid peroxidation

(Figures S7F and S7G). The increased lipid oxidation was further

confirmed by C11-BODIPY staining using isolated tumor samples

(Figure S7H). The tumor suppressive effect of CysRx is partly due

to the attenuated cysteine stress response as evidenced by the

lowered ATF4 levels in isolated tumor samples (Figure S7I). We

further tested the therapeutic potential of CysRx-TT3 in combina-

tion with the system Xc
� inhibitor imidazole ketone erastin (IKE).

Similar to prior studies,38 intraperitoneal administration of IKE

(10 mg/kg) suppressed tumor growth. Intratumoral administration

of CysRx-TT3 further reduced tumor growth with increased 4HN

accumulation (Figures S7F, right panel and S7G), suggesting a

synergistic effect in promoting ferroptotic cell death in vivo.

Notably, systemic administration of IKE resulted in weight loss
Mol
(Figure 7E), which was not evident in mice

treated with CysRx-TT3. Therefore,

CysRx holds therapeutic potential in can-

cer treatment by inducing ferroptosis.

DISCUSSION

Our work indicates that cysteine and

cystine are not synonymous in metabolic

regulation. Although cytosolic cysteine

contributes to the synthesis of proteins
and antioxidants, it is the lysosomal cystine that mediates the

adaptive stress response. Upon cysteine withdrawal, the lyso-

somal cystine is mobilized via CTNS to mitigate cysteine

shortage. This feature likely explains the insensitivity of cysteine

to nutrient signaling pathways such asGCN2 andmTOR, despite

the fact that cysteine is the least abundant amino acid inside

cells.11 Only when the lysosomal cystine efflux is blocked (e.g.,

by CTNS knockdown), does cysteine starvation inhibit global

protein synthesis. Since many other amino acids (e.g., leucine)

are potent regulators of mTOR, their shortage triggers robust

general amino acid response. It is conceivable that full amino

acid starvation compromises the unique cysteine stress

response. Unlike the general amino acid response, the cysteine

stress response is independent of theGCN2/eIF2a phosphoryla-

tion pathway. Previous studies reported similar findings in ani-

mals with sulfur amino acid restriction.39 We demonstrate that

cysteine stress response is characterized by transcriptional up-

regulation of ATF4. Acting as a master regulator of amino acid

homeostasis, ATF4 protects cells from nutrient starvation by
ecular Cell 83, 1–13, September 21, 2023 9



Figure 7. CysRx induces ferroptosis in cancer

(A) The top panel shows the cell viability in UMRC6 cells after 24 h of CysRx (5 mg) transfection with or without cysteine deprivation. Error bars, mean ± SEM; two-

tailed t test, **p < 0.01, n = 4 biological replicates. The bottom panel shows the lipid ROS levels in UMRC6 cells after 18 h of CysRx (5 mg) transfection with or

without cysteine deprivation. Error bars, mean ± SEM; two-tailed t test, *p < 0.05, **p < 0.01, n = 3 biological replicates.

(B) The top bar graph shows the RT-qPCR results of Atf4 (normalized to Gapdh) in UMRC6 cells after 12 h of CysRx (5 mg) transfection with or without cysteine

deprivation. Error bars, mean ± SEM; two-tailed t test, **p < 0.01, n = 3 biological replicates. The bottom panel shows the representative western blotting of ATF4

in UMRC6 cells after 12 h of CysRx (5 mg) transfection with or without cysteine deprivation.

(C) Quantified colony formation of UMRC6 cells transfected with CysRx treatment in soft agar. Error bars, mean ± SEM; two-tailed t test, **p < 0.01, ***p < 0.001,

n = 5 biological replicates. Images were taken 21 days post plating and treatment.

(D) Tumor growth curves from UMRC6 cells implanted bilaterally in SCID-beige mice. Mice were treated with IKE or vehicle control (10 mg/kg/2 days) for 25 days.

CysRx or HiBiT mRNA (0.5 mg/kg/7 days) was intratumorally injected into each flank in the form of LNP. Representative magnetic resonance imaging (MRI)

images are shown with tumors in green treated with CysRx-TT3 and tumors in red treated with HiBiT-TT3. Error bars, mean ± SEM; two-way ANOVA test,

**p < 0.01, ***p < 0.001, n = 6 mice per group.

(E) Body weight of SCID-beige mice treated with intraperitoneal administration of IKE (10 mg/kg/2 days) or equal volume of vehicle for the duration of the study.

Error bars, mean ± SEM; two-tailed t test, **p < 0.01, n = 6 mice per group.
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regulating the expression of amino acid synthetic genes and their

transporters to ensure a constant supply of nutrients.

Perhaps the most surprising finding is the lysosome-nucleus

signaling pathway that mediates the cysteine stress response.

We found that AhR, a member of the basic-helix-loop-helix su-

perfamily of transcription factors, is activated upon lysosomal

cystine depletion. AhR is known as a promiscuous receptor

because of its propensity to bind to a variety of exogenous and

endogenous ligands with different chemical characteristics.30

Untargeted metabolomics revealed a hyperactivated kynurenine

pathway in response to lysosomal cystine shortage. The kynur-

enine pathway is associated with tryptophan metabolism.40 Pre-
10 Molecular Cell 83, 1–13, September 21, 2023
vious studies reported that a tryptophan synthase from Escher-

ichia coli catalyzes tryptophan biogenesis from indole and

cysteine.41 It is possible that lowered cystine drives tryptophan

degradation in mammalian cells. Supporting this notion, untar-

geted metabolomics also uncovered many tryptophan byprod-

ucts such as 5-HIAA, ITE, and indirubin. Like kynurenine metab-

olites, many of those tryptophan products are potent AhR

activators. Thus, the AhR signaling pathway senses a much

broader range of intracellular metabolites, forming a new layer

of lysosome-nucleus communication.

Cysteine is a potent regulator of ferroptosis, and many ferrop-

tosis inducers interfere with cysteine metabolism. However, the
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roleof lysosomal cystinehasbeen largely overlooked. Since lyso-

somal cystine controls the cysteine stress response, the adaptive

ATF4 induction is expected to counteract the inducible ferropto-

sis. This mechanism provides a potential explanation for why en-

gineered cysteine-degrading enzyme cyst(e)inase has limited ef-

ficacy in vivo on tumor regression.33 Of note, upregulated ATF4

enables tumor progression under adverse conditions.42 Tomaxi-

mize ferroptosis in cancer, it is thus important to minimize the

adaptive cysteine response. By promoting the cysteine-to-

cystine cycle inside cells, it is possible to achieve cysteine deple-

tionwithout inducing cysteine stress response. The development

of CysRx not only confirms the regulatory role of lysosomal

cystine in cysteine response but also provides a platform of

mRNA engineering to starve cancer cells of specific amino acids

without gross nutrient perturbation. As a result, CysRx acts as a

cytosolic cysteine sponge and a lysosomal cystine dumpster.

Although the former maximizes cysteine depletion, the latter

blocks the adaptive cysteine response. Serving as a proof-of-

principle, CysRx administration in the form of lipid nanoparticles

effectively induced tumor ferroptosis in vivo. Given the broad

function of AhR in immune responses,30 we envision that

CysRx offers a promising therapeutic approach to a wide range

of human diseases via intracellular nutrient reprogramming.

Limitations of the study
Although lysosomal cystine shortage triggers transcriptional upre-

gulation of ATF4 via the AhR signaling pathway, how exactly AhR

senses cystine levels remains elusive. More specifically, how the

kynurenine pathway responds to lysosomal metabolites warrants

further investigation. Additionally, activating AhR alone is not suffi-

cient to induce ATF4 expression under the normal growth condi-

tion, suggesting the existence of co-factors sensitive to cysteine

deprivation. Identifying such co-factors in cysteine stress

response will be one of our future endeavors. A recent study re-

ported that different cancer cell lines haveawide range of cysteine

sensitivities.43 To generalize the concept that lysosomal cystine

governs ferroptosis sensitivity in cancer, additional studies using

different cancer cells are needed. The development of CysRx

represents a prototype in achieving intracellular nutrient reprog-

ramming. However, on-target delivery of CysRx will be highly

desirable in future therapeutic applications. In coupling with tis-

sue-specific nanolipid particles, we envision that CysRx holds

the potential to selectively induce cancer cell ferroptosis in vivo.
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Slc7a11 shRNA primer #1 (mouse):

CGAACAAAAAAGCAGGCGGTACCGAATCAGCCT

CGAGGCTGATTCGGTACCGCCTGCC

IDT N/A

Slc7a11 shRNA primer #2 (mouse):

ACCGGGAGGGAAACTAAAAATGGAGCTCGAGCT

CCATTTTTAGTTTCCCTCTTTTTTG

IDT N/A

Slc7a11 shRNA primer #2 (mouse):

CGAACAAAAAAGAGGGAAACTAAAAATGGAGC

TCGAGCTCCATTTTTAGTTTCCCTCC

IDT N/A

Slc7a11 shRNA primer #1 (human):

ACCGGGGTGTTTCTGAGTAGTAATTACTCGAGTA

ATTACTACTCAGAAACACCTTTTTTG

IDT N/A

Slc7a11 shRNA primer #1 (human):

CGAACAAAAAAGGTGTTTCTGAGTAGTAATTA

CTCGAGTAATTACTACTCAGAAACACCC

IDT N/A

AhR shRNA primer #1 (mouse):

ACCGGTGAGGTGCCTGCTGGATAATTCTCGAGAA

TTATCCAGCAGGCACCTCATTTTTTG

IDT N/A

AhR shRNA primer #1 (mouse):

CGAACAAAAAATGAGGTGCCTGCTGGATAATTC

TCGAGAATTATCCAGCAGGCACCTCAC

IDT N/A

AhR shRNA primer #2 (mouse):

ACCGGCAGAGCTCTTTCCGGATAATACTCGA

GTATTATCCGGAAAGAGCTCTGTTTTTTG

IDT N/A

AhR shRNA primer #2 (mouse):

CGAACAAAAAACAGAGCTCTTTCCGGATAAT

ACTCGAGTATTATCCGGAAAGAGCTCTGC

IDT N/A

pAtf4 (-1200bp) F: ATTGACTAGTACGCCTGGGCC

AATCAGCTCGAC

IDT N/A

pAtf4 (-1000bp) F: ATTGACTAGTTCTCATGGGGCCTT

TAGGACGAT

IDT N/A

pAtf4 (-800bp) F: ATTGACTAGTCATTTCTGCTTGCTG

TCTGCCGG

IDT N/A

pAtf4 (-500bp) F: ATTGACTAGTGCGTTGCCTGCGACG

CCGGCGCT

IDT N/A

pAtf4 (-400bp) F: ATTGACTAGTGCTCACCGGGGTCC

CCGTGTCAT

IDT N/A

pAtf4 (-300bp) F: ATTGACTAGTCGTATTAGGACGCGA

GGACAAGC

IDT N/A

pAtf4 (-200bp) F: ATTGACTAGTCACAATGGCCTTGGG

CCCGCGTG

IDT N/A

pAtf4 (-100bp) F: ATTGACTAGTCCATCCAGGCTCTTC

ACGAAATC

IDT N/A

pAtf4 (-400bp) R: ATGCGGATCCCCCGAGATGATTAA

GCTAAGACA

IDT N/A

pAtf4 (-800bp) R: ATGCGGATCCGGCGGCGGCACGCCC

TAAACCCG

IDT N/A

pAtf4 (-1000bp) R: ATGCGGATCCAGAAAAGTGCACTACT

TTATAGG

IDT N/A

pAtf4 (0bp) R: ATGCGGATCCGTTGTGGGGCTTTGCTGG

ATTCGAG

IDT N/A

Recombinant DNA

pLJM1-Tmem192-mRFP-3xHA Addgene 134631

Firefly luciferase (pcDNA3.1) This study N/A

(Continued on next page)
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Software and algorithms

Prism 9 version 9.2.0 GraphPad https://www.graphpad.com/

scientificsoftware/prism/

FlowJo v10.7 BD Biosciences https://www.flowjo.com/solutions/flowjo

R The R Project for

Statistical Computing

https://www.r-project.org/

Perl Perl https://www.perl.org/

Compound Discoverer 3.1 Thermo Fisher Scientific https://thermofisher.com

DESeq2 Love et al.44 https://bioconductor.org/

packages/release/bioc/html/

DESeq2.html

ImageJ NIH https://imagej.nih.gov/ij/

Docker 25.0.5 Docker https://www.docker.com/

Python 3.9 Python https://www.python.org/

STAR 2.7.10a Dobin et al.45 https://github.com/alexdobin/STAR

Bowtie 1.2.3 Langmead et al.46 https://bowtie-bio.sourceforge.net/

Cutadapt 2.8 Cutadapt https://cutadapt.readthedocs.io/en/stable/

edgeR 3.40.1 Robinson et al.47 https://doi.org/10.18129/B9.bioc.edgeR

Custom Code This study https://doi.org/10.5281/zenodo.8197060
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RESOURCE AVAILABILITY

Lead contact
All material request should be directed to Shu-Bing Qian (sq38@cornell.edu).

Materials availability
Reagents and materials produced in this study are available from the lead contact pending a completed Materials Transfer

Agreement.

Data and code availability
d All Sequencing data are available in the Gene Expression Omnibus database (accession number, GSE237928). All raw images

are available in Mendeley data. All data are publicly available as of the date of publication. Accession numbers and DOI are

listed in the key resources table.

d All custom code has been deposited to GitHub and Zenodo. DOI are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
MEF cells, HEK293, UMRC6, 786-O, MDA-MB-231, A549, B16F10, and AT3 cells were maintained in Dulbecco’s Modified Eagle’s

Medium (DMEM) with 10% fetal bovine serum (FBS). eIF2a(S/S) & eIF2a(A/A) MEFs were additionally supplemented with 5% non-

essential amino acids (Invitrogen: 11140-050). All cells were grown at 37�C with 5% CO2.

Mouse strains
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, NSG, mice catalog number 005557 were sourced from The Jackson Laboratory and bred in house

(Cornell University, USA) with the supervision of the Center for Animal Resources and Education (CARE) breeding program. All an-

imals used in this study were handled in accordance with federal and institutional guidelines, under a protocol approved by the Cor-

nell University Institutional Animal Care and Use Committee, protocol 2017-0035. Mice were housed under specific pathogen-free

conditions in an Association for the Assessment and Accreditation of Laboratory Animal Care International-accredited facility and

cared for in compliance with the Guide for the Care and Use of Laboratory Animals.
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METHOD DETAILS

Antibodies
The following reagents were used at their indicated experimental concentrations and time points; cycloheximide (Sigma Aldrich:

C7698-5G), puromycin (Sigma Aldrich: P7255-250MG), bafilomycinA (Sigma Aldrich: B1793), concanamycinA (Sigma Aldrich:

C9705), cysteamine (Sigma Aldrich: M9768), SR1 (Sigma Aldrich: 182706), indirubin (Sigma Aldrich: SML0280), erastin (Sigma

Aldrich: E7781), sulfasalazine (Sigma Aldrich: S0883), Z-VAD-fmk (Invivogen: tlrl-vad), necrostatin-1 (Santa-Cruz Biotechnology:

sc-200142), ferrostatin-1 (Sigma Aldrich: SML0583), L-buthionine-sulfoximine (Sigma Aldrich: B2515). Antibodies are listed below:

ATF4 (Cell Signaling: 11815S), P-eIF2a (Cell Signaling: 3398S), eIF2a (Cell Signaling: 5324S), b-Actin (Sigma: A5441), Slc7a11

(Abcam: ab37185), Nrf2 (Santa Cruz: sc-365949), Cystinosin (Aviva Systems Biology: ARP44766_P050), GCN2 (Cell Signaling:

3302S), HiBit (Promega: N2410), Rpl4 (Proteintech: 11302-1), Progranulin D (R&D Systems: AF2557), Mrps18b (Proteintech:

16139-1), HSP90 (Cell Signaling: 8165S).

Amino acid starvation
For cystine and methionine deprivation, the experiment was carried out by incubating cells in DMEM, high glucose, no glutamine, no

methionine, no cysteine (Thermo Fisher: 21013024) with 10% dialyzed FBS (Sigma Aldrich: F0392). For leucine, histidine, and argi-

nine deprivation, the experiment was carried out by incubating cells in DMEM, high glucose, no arginine, no histidine, no leucine,

respectively, (custom prepared by Gibco/Invitrogen) with 10% dialyzed FBS (Sigma Aldrich: F0392). For full amino acid starvation,

the experiment was carried out by incubating cells in HBSS buffer (Lonza) with 10% dialyzed FBS (Sigma Aldrich: F0392). Samples

were collected at indicated experimental time points.

Real-time quantitative PCR
Following experimental conditions, total RNA was isolated by TRIzol reagent (Invitrogen) and reverse transcription was performed

using High-Capacity cDNA Reverse Transcription Kit (Invitrogen). Real-time PCR analysis was conducted using Power SYBR Green

PCRMaster Mix (Applied Biosystems) and data was generated using a LightCycler 480 Real-Time PCR System (Roche Applied Sci-

ence). qPCR oligo sequences are listed in key resources table.

Lentiviral shRNAs
All shRNA targeting sequences were cloned into DECIPHER pRSI9-U6-(sh)-UbiC-TagRFP-2A-Puro (Cellecta, CA). shRNA targeting

sequences listed below were based on RNAi consortium at the Broad Institute (https://www.broad.mit.edu/rnai/trc). Lentiviral par-

ticles were packaged using Lenti-X 293T cells (Clontech) grown in DMEM media. Virus-containing supernatants were collected at

48 hrs post transfection and filtered with Millex-HA Syringe Filter Unit, 0.45 mm (Millipore) to eliminate any debris. Cells were infected

with the lentivirus for 48 hrs before selection by 2 mg/mL puromycin. shRNA oligos are listed in key resources table.

siRNA transfection
siRNAs targeting mouse Nrf2 (Santa Cruz: sc-37049) or scramble control (Santa Cruz: sc-37007) were transfected into MEF cells us-

ing Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruction. Knockdown efficiency was examined 48 hrs after

siRNA administration.

Immunoblotting
Cells were washed with PBS (Gibco) and then lysed on ice using cell lysis buffer (50 mM Tris [pH7.5], 150 mMNaCl, 1 mM EDTA, 1%

Triton X-100, 2 U/ml DNase and protease inhibitor cocktail tablet). The lysates were incubated on ice for 30 min and spun down at

10,000 rpm for 3 mins to collect supernatant. Collected supernatant was measured by protein assay (Bio-Rad: 500-0112) to quantify

the protein concentration. Equal amount of proteins across samples were mixed with SDS-PAGE sample buffer (50 mM Tris [pH6.8],

100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol) and heated for 9 mins at 95�C. Denatured proteins were

separated on SDS-PAGE and transferred to PVDF membranes (Fisher). Membranes were blocked in TBS containing 5% non-fat

milk and 0.1% Tween-20 for 1 hr. Phospho-proteins were blocked in TBS containing 5% BSA and 0.1% Tween-20 for 1 hr. Blocking

was followed by incubation with primary antibodies overnight at 4�C. Membranes were washed using TBST followed by subsequent

incubation using horseradish peroxidase-coupled secondary antibodies at room temperature for 1 hr. Immunoblots were washed

again using TBST and visualized using enhanced chemiluminescence (ECL- Plus, GE Healthcare).

Cysteine, cystine, and glutathione measurement
Intracellular cysteine and glutathione levels were measured by methods described previously48 with optimization. Cells were grown on

100mmdishesuntil 80%–90%confluent.Cellswere lysedon ice in lysisbuffer (50mMTris [pH7.5], 150mMNaCl, 1mMEDTA,1%Triton

X-100, 2 U/ml DNase and protease inhibitor cocktail tablet), followed by centrifugation at 10,000 rpm for 8 min at 4�C. The supernatant

wascollectedand100mLof samplewasmixedwith10mLTCEP (50mMinboratebuffer [pH7.4]) (SigmaAldrich) in a vial and incubatedat

25�C for 10 min. 90mL of a solution containing 1% TCA and 1 mM EDTA was then added. The total solution was centrifuged for

10 min at 10,000g at 4�C. 100mL of the obtained supernatant, 20mL of 10 mM CNBF solution (4-chlorro-3,5- dinitrobenzotrifluorride
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[Sigma Aldrich: 197017]), 20mL of methanol, and 50mL of borate buffer (0.2 M [pH 8.0])) were mixed and incubated at 25�C for 20 min.

Derivatization was terminated with 10mL of 2M HCl followed by HPLC analysis (see below).

Intracellular cystine was measured as described previously49 with optimization. Cells were grown on 100 mm dishes until 80%–

90% confluent. Cells were lysed on ice in lysis buffer (50 mMTris [pH7.5], 150mMNaCl, 1 mMEDTA, 1% Triton X-100, 2 U/ml DNase

and protease inhibitor cocktail tablet). 100 mL of sample was mixed with 100 mL of 6% 5-Sulfosalicylic Acid Dyhydrate solution

(Sigma: S3147), followed by centrifugation at 3,000g for 15 min at 4�C. The supernatant was collected and 25 mL of freshly made

derivatizing solution was added. Samples sat at room temperature for 20 mins, followed by rotary evaporation. Dried material

was dissolved in 150 mL of phase A solution followed by HPLC analysis (see below).

All resulting solutions for cysteine, glutathione, and cystine were filtered through a 0.22 mm filter membrane (Millipore Corporation,

Belfast, MA, USA) and injected into a chromatographic system. High performance liquid chromatography (HPLC) was performed us-

ing a LC-20AT pumpwith a SPD-20AV UV-vis detector monitored at 270 and 220 nm (Shimadzu, Japan) equip with an Ultra Aqueous

C18 column (100 Å, 5 mm, 250 mm3 4.6 mm; Restek, USA) at a flow rate of 1 mL/min with a mobile phase containing 0.1% trifluoro-

acetic acid (TFA) in H2O or acetonitrile. Values were normalized to protein concentration by Bradford assay.

Polysome profiling
15% and 45% sucrose solutions were freshly prepared using polysome buffer (10 mM HEPES [pH 7.4], 100 mM KCl, 5 mM MgCl2,

100 mg/ml cycloheximide, 2% Triton X-100) and loaded into SW41 ultracentrifuge tubes (Beckman). A 15%-45% density gradient

was made using a Gradient Master (BioComp Instruments). Following experimental conditions, cells were washed using ice-cold

PBS three times and then lysed in polysome lysis buffer (polysome buffer, 100 mg/ml cycloheximide, 10% Triton X-100). Cell debris

were removed by centrifugation at 14,000 rpm for 10min at 4�C. 500mL of supernatant was loaded onto the sucrose gradient followed

by ultra-centrifugation for 2 hr 30 min at 35,000 rpm at 4�C in a SW41 rotor. Separated samples were fractionated at 0.75 ml/min

through an automated fractionation system (Isco) that continually monitors OD254 values.

Puromycin labeling
Puromycin labeling was performed as previously described50 with some modifications. Cells were grown to 70%–80% confluence

and treated with puromycin (10 mg/ml) for 10 min. Cells were washed twice with ice-cold PBS, and then lysed on ice using cell lysis

buffer (50 mM Tris [pH7.5], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 2 U/ml DNase and protease inhibitor cocktail tablet). The

lysates were incubated on ice for 30 min and spun down at 10,000 rpm for 3 mins to collect supernatant. Collected supernatant was

followed by protein assay to measure protein concentration. Equal amount of proteins across samples were mixed with SDS-PAGE

sample buffer (50 mM Tris [pH6.8], 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol) and heated for 9 mins at

95�C. Denatured proteins were separated on a 10% SDS-PAGE gel and transferred to Immobilon-P membranes. Membranes were

blocked for 1 hr in TBS containing 5% nonfat milk and 0.1% Tween 20, followed by incubation with puromycin antibodies (1:100 dilu-

tion) overnight at 4�C. The membrane was then washed with TBST and incubated with HRP-conjugated anti-mouse immunoglobulin

G (IgG) (1:5000 dilution) for 1 hr at room temperature, followed by TBST wash and visualization using enhanced chemiluminescence.

Luciferase reporter assay
Firefly luciferase reporters were co-transfectedwith a Renilla reporter plasmid intoMEF cells orCTNS knockdown cells for 4 hrs. Trans-

fected cells were treated with amino acid starvation and/or compound treatment at indicated timepoints. Firefly and Renilla luciferase

activities were measured using Dual-Luciferase Reporter Assay System (Promega). Relative values of firefly luciferase activities were

normalized to Renilla luciferase control. Oligo sequences used for construction of truncated Atf4 promoter regions are listed in the

STAR Methods.

Cell viability assay
Cells were seeded into 96-well plates at 3,000 cells per well. After 16 hr, cells were subject to conditions of the indicated experiments.

Cells were incubated for 24 hr in their experimental conditions and cell viability was measured using the CellTiter-Blue viability assay

(Promega) following the manufacturer’s instructions. Relative cell viability in the presence of starvation and/or compounds was

normalized to the vehicle-treated controls after background subtraction.

Lipid peroxidation measurement
Cells were plated in 6-well dishes and followed by indicated treatments. After treatment, cells were incubated with fresh medium

containing 2 mM BODIPY 581/591 C11 dye (Invitrogen: D3861) for 15 min. Cells were next collected and washed twice with ice-

cold PBS followed by fluorescence-activated cell sorting (FACS) analysis using Thermo Fisher Attune NxT. Fluorescence captured

during analysis was gated and plotted using FCS Express 7.

Chromatin immunoprecipitation
Cells were cross-linked using 1% formaldehyde for 10min at room temperature. The cross-linking reactionwas quenchedwith 250mM

Glycine for 5min. 500 mL. Cells were lysed in lysis buffer (5mMHEPES pH8.0, 85mMKCl, 0.5%NP-40, protease inhibitormix) followed

bycentrifugation at1000g for 5minutesat4�C.Thecell pelletwas resuspended in400mLRIPABuffer (PBS,1%NP-40,0.1%SDS,0.5%
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sodiumdeoxycholate,protease inhibitormix)on ice for20min.Cell lysatesweresubjected tosonication (Bioruptor) for15sonand30soff

for 15 min at highest setting to achieve a mean DNA fragment size of 200-1000 bp. Lysates were then clarified by centrifugation at

21,000 g at 4 �C for 15 min and the supernatant was collected. The AhR antibody was added and the mixture was rotated overnight.

Pre-cleared protein A/G beads were mixed with 100 mg BSA and 100 mg sonicated sperm DNA followed by incubation with the lysates

for 2 h. Beadswerewashed sequentially by lysis buffer, high salt buffer (1%TrionX-100, 0.1%sodiumdeoxycholate, 50mMTris-HCl pH

8.0, 0.5MNaCl, 5mMEDTA), LiCl immunecomplexwashbuffer ( 0.25MLiCl, 0.5%NP-40, 0.5%sodiumdeoxycholate, 10mMTris-HCl

pH 8.0, 1mMEDTA), followed by twowasheswith TE buffer (10mMTris-HCl pH 8.0, 1mMEDTA). The protein-DNA complexwas eluted

by adding 200 ul freshly prepared elution buffer (1% SDS, 0.1 M NaHCO3) with rotation at room temperature for 15 min. The reverse

crosslinking was carried out by adding 10 ul 5M NaCl and incubated at 65�C overnight or 4 h, followed by adding 10 mL 0.5M EDTA,

20 mL Tris-HCl pH 8.0, 1 mL of proteinaseK and RNase A at 50�C for 1 h. DNAwas purified by phenol/chloroform and chloroform extrac-

tion and isopropanol precipitation. The primers used for downstream qPCR were listed in key resources table.

Untargeted metabolomics
Approximately 1million cells were plated on a 10 cmcell culture dish for overnight followed by cysteamine treatment (0.1mM) for 4 hr.

Cells were washed twice in ice-cold PBS buffer followed by addition of 80% ice-cold methanol. Cells were collected using cell

scrapper and vortexed at 1800 rpm for 5 min. The mixture was sonicated in Ultrasonic bath for 20 min followed by centrifugation

at 14,000 g for 10 min at 4�C to pellet the cell debris. Supernatants were subjected to metabolomics analysis using a Vanquish

UHPLC coupled online to a Q Exactive mass spectrometer (Thermo Fisher Scientific). Both C18 and HILIC with positive and negative

modes were conducted. Data were analyzed using Compound Discoverer 3.1 (Thermo Fisher Scientific).

In vitro transcription
Plasmid containing the sequence of eGFP was used as a template for PCR reactions to generate the desired CysRx and control se-

quences. Transcription reactions were performed at 37�C for 2 hours using themMESSAGEmMACHINE T7 Transcription Kit (Invitrogen

1344).Buffer conditions for the reaction contained50mMTris [pH7.8], 1mMMgCl2, 5mMKCl, and0.8mMDTT. Triphosphate-derivatives

of N1-methylpseudouridine (J) (APExBIO: B8049) were used in place of UTP to generatemodified nucleoside-containing RNA. The syn-

thesized RNAs were capped by adding 6 mmol/L purified Vaccina capping enzyme, 0.5mM GTP, and 0.1mM SAM to the reaction. The

reactionoccurredat37�Cforanadditional2hours.Following transcription, the templateplasmidsweredigestedwithTurboDNase.RNAs

were thenpoly(A) tailed following themanufactures instructions (Invitrogen:AM1350).Reactionswere terminatedusing2.5M lithiumchlo-

ride, and RNAswere ethanol precipitated overnight at�20�C. RNAswere pelleted by centrifugation, washedwith 75% ethanol and then

reconstituted in nuclease-free water. The concentration of RNA was determined by measuring the optical density at 260 nm.

Cell fractionation
MEF cells were grown in four 15cm dishes until 80% confluent (�33 108 cells) followed by washing twice with ice-cold PBS. Lyso-

somes were isolated with lysosome isolation kit (Thermo Fisher - 89839) according to the instructions with the following optiprep gra-

dients (8%, 12%, 16%, 19%, 23%, 27%). Lysosomes were enriched in fraction #2 (12%-16%), and mitochondria were enriched in

fraction #4 (23%-27%).

Colony formation on soft agar
A solid base layer was formed by coating a 6-well plate with 2 mL of 0.6% agarose in DMEM growth media. After 30 minutes at 24�C,
1000 cells/mL were mixed with 0.5mL of 0.3% low melting point agarose and 4.5mL of DMEM growth media. One milliliter of the

mixture was seeded onto the 6-well plate coated with base agar. Cells were allowed to grow for 21 days. Colonies were photo-

graphed and counted. For CysRx treatment, cells were treated with either 3ug or 5ug of CysRx on day 1, which was placed directly

into the top layer mixture.

Formulation of mRNA-loaded TT3 lipid nanoparticles
TT3 lipid nanoparticles were formulated as previously described.37 Briefly, TT3, 2-dioleoyl-sn-glycero-3-phosphoethanolamine

(DOPE), cholesterol, 1,2-dimyristoyl-snglycerol, methoxypolyethylene glycol (DMG-PEG2000) were mixed at a molar ratio of 20/

30/40/0.75 at the ethanol phase. CysRx or Control mRNA (TT3: mRNA=10: 1, mass ratio) was diluted in citrate buffer as the aqueous

phase. TT3 lipid nanoparticles were prepared by mixing 1 volume of the ethanol phase with 3 volume of the aqueous phase using a

microfluidic device (Precision NanoSystems, Vancouver, BC, Canada).

Xenotransplantation of UMRC6 cells
One million UMRC6 (shScramble, shCTNS, and/or shSlc7a11) cells suspended in 100 mL 13 PBS and 100 mL Matrigel were injected

subcutaneously, bilaterally on the flanks of NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice. Mice were monitored for tumor growth

three times per week using digital calipers. Health and body condition were also monitored concurrently. Animals were sacrificed by

CO2 euthanasia (3.5L/min) when tumors reached humane endpoint of 2000mm3 or body condition started to deteriorate. Tumors

were excised from the flank using a surgical 10 blade, weighed and flash frozen or fixed in 4% PFA.
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CysRx treatment of UMRC6 tumors
Previously established UMRC6 tumors were immediately excised from CO2 euthanized mice and minced using a surgical 10 blade.

Approximately 2-3mm3 portions of tumor were bilaterally implanted into 6–8-week-old NSGmice. Animals were monitored for tumor

growth and randomized into treatment groups when tumors reached 150-200mm3 in size. IKE/vehicle treated animals received intra-

peritoneal injections every other day (10 mg/kg). CysRx-TT3 treatment was conducted via weekly intratumoral (IT) injections (100uL)

for three weeks. Tumors for IT injectionswere demarcated into four quadrants and an equal volume (25uL) of CysRx-TT3was injected

into each quadrant. HiBit-TT3was injected into the other flank as control. Miceweremonitored for tumor growth three times per week

using digital calipers. Health and body condition were alsomonitored concurrently. Animals were sacrificed by CO2 euthanasia (3.5L/

min) oneweek after final administration or when the body condition started to deteriorate. Tumors were excised from the flank using a

surgical 10 blade, weighed and either flash frozen or fixed in 4% PFA.

Magnetic resonance imaging of mice
Magnetic resonance imaging (MRI) of mice was conducted using a 1T M3 compact MRI from Aspect Imaging Ltd. Mice were anes-

thetized using 2.5% isoflurane and placed onto the specimen arm, coil was then placed around the subject and fixed in place. Mice

were scanned using a T2 weighted scan without contrast agent, slice thickness was set to 1mm, with an inter-slice gap of 0mm, A

total of 20 slices were obtained per animal. Raw image DICOMSwere exported fromMR system and imported into VivoQuant image

analysis software by Invicro, a Konica Minolta Company. A tumor region of interest layer was created using automatic thresholding

settings and a thickness of 5; the tumor was followed and highlighted throughout the image stack. Minor, manual modifications were

made to the automatic tracing of the tumor when extraneous anatomy was included in the tumor region of interest. Once the tracing

was complete a 3-dimensinal render was created and outputted into an animated GIF format.

Immunohistochemistry
Tumorswereexcised frommiceandflash frozen in liquidnitrogen, followedbyembedding inO.C.T. (Tissue-Teck: 4583). Tissuesections

(15 mm thickness) were created using a Leica Cryostat (CM1950). Slides were dehydrated for 20mins at room temperature, followed by

fixingusing4%PFA for 7mins.Slideswere then rehydrated ingradedalcoholsandstainedwithhematoxylin andeosin (H&E) orby immu-

nohistochemistry. For immunohistochemistry, antigen retrieval was completed bymicrowaving slides at high power in citrate buffer [pH

6.0] for 21 mins. Slides were immersed in 25% hydrogen peroxide in methanol for 10 mins to inhibit endogenous peroxidase activity.

Slideswereblocked inBSA toprevent non-specific antibodybinding for 45mins, and then incubatedwith 4HNE (Abcam: ab46545) anti-

body overnight at 4�C. The next day, slides were incubated in biotinylated secondary antibody, followed by streptavidin HPR conjugate

(Invitrogen Histostain) at room temperature. Immunoreactivity was visualized using DAB (Invitrogen), counterstained with hematoxylin

(Fisher CS401-1D), dehydrated andmounted. Slideswere scanned using a Leica DMi8microscope and analyzed using Image J. Amin-

imum of five focal planes (20X) per tumor were analyzed and averaged to quantify 4HNE positive cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean ± SEM, unless otherwise stated. At least three independent biological replicates have been performed

for each experiment. The number of independent experiments is indicated. Statistical tests used and specific p values are indicated

in the figure legends.

RNA-seq analysis
To align sequencing reads, the 50 and 30 adapters of the readswere trimmed byCutadapt (version 2.8) using the following parameters:

-g ‘‘^GGG’’ -a ‘‘A{10}’’ -n 2 -m 15 –max-n=0.1. The trimmed reads with length shorter than 15 nucleotides were excluded from the

analysis. To keep accurate reading frame, low-quality bases at both ends of the reads were not subject to clip. The trimmed reads

were first aligned to rRNAs using Bowtie (version 1.2.3) with the following parameters: -v 0 –norc. rRNA sequences were downloaded

from the nucleotide database of NCBI and RNAcentral.51 The reads unaligned to rRNAs were then mapped to the custom mouse

transcriptome using STAR (version 2.7.10a) with default parameters. To avoid ambiguity, reads mapped to multiple positions or

with >2 mismatches were disregarded for further analysis. Differential expression of genes was analyzed using edgeR separately

for each pair of conditions. Calculated p values were adjusted for multiple comparison with the Benjamini-Hochberg method. Genes

with fold change >2 and adjusted p value >0.05 were defined as differentially expressed genes.
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