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The integrated stress response effector ATF4 is an
obligatory metabolic activator of NRF2
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In brief

KreB et al. present a comprehensive
explanation of the link between the
integrated stress response (ISR) and the
transcription factor NRF2. The study
highlights how the ISR effector ATF4
augments NRF2 through a combination of
transcriptional and metabolic
mechanisms, thereby adding an
additional layer to the ISR.
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SUMMARY

The redox regulator NRF2 becomes activated upon oxidative and electrophilic stress and orchestrates a
response program associated with redox regulation, metabolism, tumor therapy resistance, and immune
suppression. Here, we describe an unrecognized link between the integrated stress response (ISR) and
NRF2 mediated by the ISR effector ATF4. The ISR is commonly activated after starvation or ER stress and
plays a central role in tissue homeostasis and cancer plasticity. ATF4 increases NRF2 transcription and in-
duces the glutathione-degrading enzyme CHAC1, which we now show to be critically important for maintain-
ing NRF2 activation. In-depth analyses reveal that NRF2 supports ATF4-induced cells by increasing cystine
uptake via the glutamate-cystine antiporter xCT. In addition, NRF2 upregulates genes mediating thioredoxin
usage and regeneration, thus balancing the glutathione decrease. In conclusion, we demonstrate that the
NRF2 response serves as second layer of the ISR, an observation highly relevant for the understanding of

cellular resilience in health and disease.

INTRODUCTION

Adaptation to challenging conditions is an intrinsic cellular
feature and is required to enable cellular plasticity and survival.
As a result of their enhanced proliferation, altered metabolic ac-
tivity, and the capability to invade new microenvironments, can-
cer cells take particular advantage of adaptation strategies for
their own benefit. During cancer growth and metastasis, tumor
cells will most likely encounter nutrient limitations and oxidative
stress, thereby triggering a distinct set of cellular responses.’
Specifically, the integrated stress response (ISR) plays a central
role, as it directs different stress signals into one pathway via
different elF2« kinases serving as stress sensors. Amino acid star-
vation leads to the accumulation of uncharged tRNAs, thereby
activating general control non-derepressible 2 (GCN2).? Hypoxia,
oxidative stress, or lactate accumulation can, among others,
cause the aggregation of unfolded proteins, thereby generating
endoplasmic reticulum (ER) stress and activating the PKR-like
ER kinase (PERK) as a result.® Furthermore, infection with dou-
ble-stranded RNA viruses or heme depletion in erythroid cells
lead to the activation of protein kinase R (PKR) and heme-regu-
lated inhibitor (HRI), respectively.? All four kinases catalyze the
phosphorylation of elF2a on serine 51, causing a block of cap-
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dependent translation. Some genes, however, are selectively
translated under these conditions, most prominently activating
transcription factor 4 (ATF4), where the limited availability of the
ternary complex allows longer ribosomal scanning and translation
ofthe active protein.” ATF4 controls the expression of a large set of
genes involved in amino acid uptake or synthesis” and is instru-
mental for the expression of autophagy-related genes.® Because
of its activation by GCN2, PERK, and PKR as well as HRI, ATF4
is considered as an indicator protein for the activated ISR.

In addition, the oxidative stress response mediated by nuclear
factor erythroid 2-related factor 2 (NFE2L2 or commonly NRF2)
plays animportant role in cellular adaptation. NRF2 is a short-lived
protein which is, in contrast to ATF4, permanently synthesized but
is quickly degraded in the absence of oxidative stress. The NRF2
interaction partner Kelch-like ECH-associated protein 1 (KEAP1)
binds to NRF2 in the cytosol and serves as adapter between
NRF2 and the CUL3/RBX ubiquitin ligase complex, leading to
the proteasomal degradation of NRF2.%” Under conditions of
oxidative or electrophilic stress, KEAP1 is modified at several
cysteine residues, weakening its interaction with NRF2 and finally
resulting in nuclear accumulation of NRF2.° Here, NRF2 induces
the transcription of genes containing an antioxidant response
element.>'°
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A number of studies have demonstrated that ATF4 and NRF2
are both activated under similar stress conditions and in multiple
cancer entities. This has been generally accepted because of the
fact that oxidative stress and ER stress are closely connected
and can cause or enhance each other.'’ For example, the ER-
stress-responsive kinase PERK is able to phosphorylate NRF2,
resulting in a weakened NRF2/KEAP1 interaction and activation
of NRF2."? Contrarily, there is also evidence for an influence of
NRF2 on the ISR/ATF4 pathway. In non-small cell lung cancer
(NSCLC), activated NRF2 triggers asparagine and serine biosyn-
thesis in an ATF4-dependent manner.'>'* In melanoma, NRF2
effectively induces expression of PTGS2, the gene encoding
cyclooxygenase-2, by an indirect mechanism dependent on
ATF4."® However, it is unclear whether the crosstalk between
ATF4 and NRF2 is a general phenomenon or can only occur un-
der certain stress conditions.

Here we demonstrate interdependence between both tran-
scription factors, thereby revealing that ATF4 activation is invari-
ably linked to NRF2 activation. ATF4 ensures elevated NRF2
levels by deploying two mechanisms: (1) the transcriptional in-
duction of NFE2L2 expression and (2) metabolic regulation
mediated by CHAC1-dependent depletion of intracellular gluta-
thione (GSH). Consequently, ATF4 induction by the ISR guaran-
tees the parallel induction of an NRF2-driven antioxidant
response while supporting ATF4-dependent cysteine supply.

RESULTS

Joint activation of ATF4 and NRF2 by glutamine and
cystine limitation

Events triggering the integrated or oxidative stress response
occur frequently during tumor growth and metastasis. Nutrient
limitation, reactive oxygen species (ROS), and cytokines are
common challenges in the primary or metastatic tumor
niche'®° and are reportedly involved in the activation of ATF4
and NRF2'>?'"?* (Figure 1A). Both transcription factors also
play arole in therapy-induced stress, as shown in several studies
where melanomas were treated with mitogen-activated protein
kinase (MAPK) pathway inhibitors.”>>” Notably, MAPK-
pathway-targeting therapy of melanomas leads to the selection
of so-called persisters or escapees, which are capable of out-
lasting therapy.?”**® Yang and colleagues have previously identi-
fied a 40-gene set in single-cell analyses from melanoma es-
capees, which endured dabrafenib-induced stress and
showed a distinct ATF4 signature.’” Re-analysis of this gene
set revealed a concurrent accumulation of numerous NRF2
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target genes (Figure S1), implying that ATF4 and NRF2 might
be jointly active under therapy stress.

To unravel the nature of the interaction between ATF4 and
NRF2, we initially selected a set of bona fide indicator genes
for NRF2 (NQO1, GCLM), ATF4 (ASNS, SHMT2, CTH), and joint
NRF2/ATF4 (HMOX1, SLC7A11) transcriptional activity. All
target genes were bound by NRF2 and/or ATF4 at their respec-
tive promoter regions in melanoma cells (Figure S2A).

As a proof of concept, ATF4 and NRF2 indicator genes were
tested by specific inducers of the ISR and the oxidative stress
response, respectively, in UACC-62 melanoma cells. The elF2«
phosphatase inhibitor salubrinal results in the induction of the
ISR, and consequently ATF4°° and was accompanied by an
elevation of all described ATF4 target genes but also of the
NRF2-specific genes in this gene set (Figure 1B). In line with
this, protein levels of ATF4 and NRF2 were strongly increased
(Figure 1C). In contrast, sulforaphane (SFN), a well-documented
NRF2 activator,*° increased the expression of all tested NRF2
target genes and specifically increased NRF2 but not ATF4 pro-
tein (Figures 1B and 1C).

To monitor joint ATF4 and NRF2 activation, we chose starvation
stress because of its high impact in the tumor niche and mimicked
it by depleting glutamine or cystine for 24 h. By limiting amino acid
availability for translation and GSH synthesis, both amino acid re-
strictions are able to cause the ISR as well as the oxidative stress
response. Indeed, we observed an increase of NRF2 and ATF4
levels under both conditions by western blot (Figure 1D). Confocal
fluorescence imaging revealed a high percentage of nuclear local-
ization of both transcription factors after cystine and glutamine
starvation (Figure 1E). This was generally confirmed in M14 mela-
noma cells by protein blot and standard immunofluorescence
(Figures S2B and S2C). In addition, all ATF4 and NRF2 indicator
target genes were increased to some extent, although GCLM in-
duction was generally low and only reached significance under
conditions of cystine starvation (Figures 1F and 1G). We therefore
analyzed the expression of TXNRD1 and AKR1C3, two additional
well-characterized NRF2 target genes,®' ® and again observed an
induction after salubrinal and sulforaphane treatment as well as
cystine and glutamine withdrawal (Figures S3A and S3C). To iden-
tify the best condition for establishing a robust stress response, a
time-course experiment was carried out for UACC-62 melanoma
cells cultivated in glutamine-free medium, as glutamine starvation
had the strongest effect on both transcription factors. After 2 h of
glutamine starvation, ATF4 and NRF2 levels had already increased
strongly (Figure S3B) and still remained elevated at 24 h. Gene
expression analysis of early (2 h), intermediate (8 h), and late (24

Figure 1. Coactivation of the integrated and oxidative stress responses
(A) Scheme of common joint triggers of the ISR and the oxidative stress response and their downstream transcription factors ATF4 and NRF2.
(B) Left: real-time PCR analysis of ATF4, NRF2, or joint target genes after salubrinal (Sal) treatment (20 uM, 24 h) and sulforaphane treatment (7.5 uM, 24 h) in

UACC-62 human melanoma cells (n = 4).

(C) Corresponding immunoblot, showing ATF4 and NRF2 expression. Vinculin or actin was used as loading control.

(D) Immunoblot of ATF4 and NRF2 in UACC-62 cells after cultivation in cystine-free or glutamine-free medium for 24 h. Vinculin served as loading control.

(E) Corresponding confocal fluorescence images of ATF4 or NRF2 (red) in UACC-62 cells after glutamine or cystine starvation for 24 h. Hoechst 33342 (blue) was
used for nuclear staining. Representative images are shown. To calculate the percentage of cells with ATF4 and NRF2 nuclear localization, 50 cells from each
condition were counted. Images were taken with a confocal laser scanning microscope (Leica TCS SP2) with a 20x objective. Scale bars, 100 pm.

(F and G) Corresponding real-time PCR analysis of UACC-62 cells kept in glutamine-free (F) or cystine-free (G) medium (n = 4).

In (B), (F), and (G), error bars represent SD. The dotted lines visualize the respective control. For each gene, unpaired two-sided t test was carried out (*p < 0.05,

*p < 0.01, **p < 0.001).
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(A) Western blot analysis of NRF2 and ATF4 in UACC-62 non-target and NFE2L2-KO cells kept in glutamine-free, cystine-free, or reconstituted control medium for
24 h. GAPDH served as loading control.
(B) Corresponding real-time PCR analysis showing induction of specific ATF4 or NRF2 target genes or joint target genes, respectively, under conditions of
glutamine withdrawal (24 h) in non-target control or NFE2L2-KO cells (n = 3). Data were normalized to the untreated non-target control.

(C) Western blot analysis of NRF2 and ATF4 in UACC-62 non-target and ATF4-KD cells kept in glutamine-free, cystine-free, or reconstituted control medium for
24 h. Vinculin served as loading control.
(D) Corresponding real-time PCR analysis showing induction of specific ATF4 or NRF2 target genes or joint target genes, respectively, under conditions of
glutamine withdrawal (24 h) in non-target control or ATF4-KD cells (n = 4). Data were normalized to the untreated non-target control.
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h) time points showed that the most robust induction of all target
genes was reached after extended glutamine withdrawal. This
condition was chosen for the subsequent studies.

ATF4 acts as an obligatory NRF2 inducer

After establishing suitable indicator genes for ATF4 and NRF2,
their expression was tested in UACC-62 melanoma cells deficient
for NRF2 or ATF4. After NRF2 knockout (NFE2L2-KO), NRF2 pro-
tein expression was not visible even after glutamine or cystine
withdrawal (Figures 2A and S10A). In response to glutamine with-
drawal, the expression of joint ATF4/NRF2 targets and NRF2 tar-
gets was suppressed in the NRF2-KO cells, while ATF4 target
genes were unaffected (Figures 2B and S3D). Similar results
were gained with an independent NRF2-KO clone (Figures S3E,
S3F, and S10A). The generation of ATF4-KO clones was more
difficult, as it was only possible in our hands to generate UACC-
62 cell clones with reduced ATF4 (ATF4 knockdown: ATF4-KD).
This is in accordance with public data of Cancer Cell Line Ency-
clopedia (CCLE) cell lines, where ATF4 is identified as “common
essential” gene with strongly negative CRISPR dependency
score in contrast to NRF2 (Figure S4A, data derived from https://
depmap.org/portal/)**. However, sequencing revealed frame
shifts and splice mutations of the targeted ATF4 gene regions in
bothalleles (Figure S10B). As ATF4 protein induction was strongly
impaired after glutamine or cystine withdrawal (Figures 2C and
S4C0), it is possible that the antibody recognized lower amounts
of an altered ATF4 version. Interestingly, all glutamine-starva-
tion-inducible ATF4 and NRF2 target genes exhibited reduced
activation in these ATF4-KD cells (Figures 2D, S4B, and S4D).
In addition, NRF2 protein levels were lower when ATF4 was
depleted (Figures 2C and S4C). To test whether this can be
phenocopied in an independent cell line, we generated M14
melanoma cells with endogenous ATF4 knockout. Compared
to the UACC-62, where low ATF4 levels were maintained,
ATF4 was entirely blunted in M14 cells (Figure S4E).
Again, ATF4 knockout had a strongly negative impact on NRF2
expression and activity (Figures S4E and S4F). These results
suggest a critical role of ATF4 in mediating NRF2 activity under
conditions of metabolic stress, while NRF2 is not required for
ATF4 activity.

Toinvestigate NRF2 activation by ATF4 in absence of confound-
ing factors that might be associated with glutamine withdrawal, we
used UACC-62 melanoma cells with doxycycline-inducible ATF4
(IATF4). Doxycycline was applied for 3 days to mimic extended
stress.'® Intriguingly, ATF4 expression was associated with a
strong nuclear translocation as well as an enhanced expression
of NRF2 (Figures 2E, 2F, and S4G). Increased expression of
ATF4 and NRF2 target genes was also observed (Figure 2G), indi-
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cating that ATF4 directly stimulates NRF2 levels and transcrip-
tional activity.

In the absence of exogenous stress, NRF2 has a short half-life of
15-20 min, as it is strongly regulated at the protein level. To test
whether ATF4 increases the half-life of NRF2, we induced ATF4
in the presence of cycloheximide for up to 120 min to prevent de
novo protein translation. Although NRF2 levels were strongly
increased in the presence of ATF4, NRF2 half-life was not altered
(Figure 3A). Conversely, ATF4 knockdown reduced the overall
levels of NRF2 in glutamine-starved melanoma cells but did not
affect NRF2 half-life (Figure S4H). ATF4 was also degraded at a
comparable rate, leading to the conclusion that NRF2 levels
were elevated as long as ATF4 was present. As a transcription fac-
tor, ATF4 recognizes distinct amino acid response elements
(AARE), and it was previously described that the NFE2L2 promoter
contains an AARE site, which is bound by ATF4 after ER stress.*®
Chromatin immunoprecipitation sequencing (ChlP-seq) data from
melanoma cells revealed four more ATF4 binding sites, which were
located in the promoter and first intron of NFE2L2. Three of the five
binding sites contained AARE sites (marked with asterisks in Fig-
ure 3B) and all could be confirmed in an independent ChIP in
UACC-62 iATF4 cells (Figure 3C), strongly implying that NFE2L2
serves as a bonafide target gene of ATF4. Indeed, NFE2L2 expres-
sion was increased in response to several ATF4 triggers, including
doxycycline-inducible ATF4, glutamine starvation, and salubrinal
(Figures 3D-3F). In all cases, this went along with increased
NRF2 protein expression (Figures 1C, 1D, and 2F). To test whether
the coregulation of ATF4 and NRF2 also occurs in vivo, we
analyzed a publicly available microarray dataset of murine mela-
nomas that underwent adoptive T cell transfer and are subject to
high levels of cytokine stress,?” as it was previously reported that
ATF4 is strongly induced in this mouse model early during treat-
ment (EDT) as well as in melanomas relapsing from T cell therapy
(R).?"°° Next to Atf4 and its target gene Asns, we also detected a
profound upregulation of Nfe2/2 and the joint ATF4/NRF2 target
gene Sic7a11in EDT and R samples (Figures 3G and 3H). Although
these data cannot reveal causal events, they show that coregula-
tion of both factors occurs under stress conditions in vivo.

ATF4 causes CHAC1-dependent GSH degradation

Despite the observed transcriptional induction, the major regula-
tion of NRF2 is expected to occur post-transcriptionally.*® We
therefore investigated whether ATF4 adds another layer of
NRF2 regulation independent of NFE2L2 transcription. As
ATF4 plays a prominent role in metabolic adaptation to stress
and NRF2 is responsive to a number of metabolites, we per-
formed mass spectrometry analyses of water-soluble metabo-
lites after doxycycline-induced ATF4 expression in UACC-62

(E) Left: representative confocal fluorescence images of ATF4 or NRF2 (red) in UACC-62 cells transfected with the doxycycline (Dox)-inducible ATF4 expression
vector pSB-ATF4 (IATF4). Cells were incubated with or without100 ng/mL Dox for 3 days. Hoechst 33342 (blue) was used for nuclear staining. Images were taken
with a confocal laser scanning microscope (Leica TCS SP2) with a 20x objective. Scale bars, 100 um. To calculate the percentage of cells with ATF4 and NRF2

nuclear localization, 50 cells from each condition were counted.
(F) Corresponding western blot, using vinculin as loading control.

(G) Real-time PCR analysis showing induction of ATF4 or NRF2 target genes in response to 100 ng/mL Dox in iATF4 UACC-62 (3 days) (n = 4). Data were

normalized to the Dox-free control conditions.

In (B), (D), and (G), error bars represent SD. Significance was calculated by one-way ANOVA with Dunnett’s multiple comparison test (‘p < 0.05, **p < 0.01,

5 < 0.001).
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cells. We found characteristic changes in amino acids and small
peptides, where asparagine strongly increased while other
amino acids (glutamate, aspartate, lysine, arginine) slightly
decreased after 1 day of ATF4 induction. At the same time, levels
of the antioxidant tripeptide GSH were strongly diminished (Fig-
ure 4A). The reduction of GSH was even more pronounced when
ATF4 was induced for an extended time period of 3 days (Fig-
ure S5A) and was confirmed by an independent assay®®
(Figures 4B and 4C). Analysis of earlier time points showed
that GSH levels started to decrease after 8 h of ATF4 induction
(Figures S5B and S5C). Notably, levels of intracellular oxidized
GSH (GSSG) were negligibly low under all tested conditions.
As GSH depletion, e.g., by inhibition of GSH biosynthesis with
the glutamyl cysteinyl ligase (GCL) inhibitor buthionine sulfoxi-
mine (BSO), can induce NRF2° (Figures S5D and S5E), we pre-
sumed that ATF4 mediates NRF2 activation via this mechanism.
To identify potential mediators of ATF4-dependent GSH reduc-
tion, RNA-sequencing data from 501mel melanoma cells treated
with salubrinal were reanalyzed, considering genes from the
Kyoto Encyclopedia of Genes and Genomes (KEGG) gene set
“GSH metabolism.” Here, the vy-glutamylcyclotransferase
CHACT stood out, as it was strongly induced after all tested sa-
lubrinal treatment conditions®' (Figure 4D, left). Similar results
were obtained using an RNA-sequencing dataset of control
and Atf4-KO mouse embryonic fibroblasts (MEFs) treated with
tunicamycin, which activates ATF4 via ER stress.*' Here, the tu-
nicamycin-induced CHAC1 expression was entirely prevented in
Atf4-KO cells (Figure 4D, right). CHAC1 specifically cleaves GSH
into cysteinylglycine and 5-oxoproline, which can be subse-
quently converted to glutamate (Figure 4E, upper panel). ATF4
binds to the promoter of CHAC17, which contains the AARE
sequence 5-TGATGCAAT-3/, as confirmed by ChIP-seq data
with 501mel cells (Figure 4E, lower panel). Intriguingly, analysis
of CCLE cancer cell lines, representing cell lines from different
cancer entities, revealed CHAC1 as the gene with the strongest
positive correlation to ATF4 expression (Figure 4F). Conse-
quently, ATF4 induction in UACC-62 iATF4 melanoma cells led
to elevated CHAC1 RNA and protein expression (Figures 4G
and 4H). CHAC1 was slightly more stable than ATF4 and NRF2
after cycloheximide treatment but was highest when NRF2
showed the strongest stabilization (Figure S5F).

CHAC1 may therefore serve as an NRF2 activator down-
stream of ATF4. To test this hypothesis, we generated melanoma
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cells lacking CHAC1. Strikingly, CHAC1 deficiency led to a pro-
nounced accumulation of GSH in normal medium, approxi-
mately 8-fold higher compared to the control (Figure 5A). Under
conditions of glutamine starvation, GSH levels were lowered but
still remained more than 2-fold elevated compared to untreated
control cells. Curiously, loss of CHAC1 was sufficient to fully pre-
vent the stabilization of NRF2 upon ATF4 induction (Figure 5B).
When CHAC1 was overexpressed for an extended time span,
this led to a pronounced GSH depletion and NRF2 induction
even in absence of additional metabolic stress (Figures 5C, 5D,
S5G, and S5H). CHAC1 was also targeted by CRISPR-Cas9 in
iIATF4 melanoma cells, which resulted in a partial knockout (Fig-
ure 5E). As a result, the increase and cellular localization of NRF2
was impaired (Figure 5F), leading to the conclusion that CHAC1
serves as a major effector of ATF4-dependent NRF2 activation.

To test whether the activation of NRF2 by ATF4 is a general
consequence of the integrated stress response, we used two
additional ISR triggers as well as cell lines from different lineages.
Next to the already described glutamine withdrawal (which acti-
vates the GCN2 kinase), BTdCPU, an activator of HRI, as well as
the PERK activator tunicamycin, leads to very efficient ATF4 and
NRF2 stabilization in UACC-62 melanoma cells (Figures S6A
and S6B). In addition, transcript levels of NFE2L2, CHAC1, and
NRF2 target genes were upregulated under these conditions
(Figures S6E-S6G). Similar results were obtained with the lung
adenocarcinoma cell line H23 and the breast cancer cell line
MDA-MB-468, in which NRF2 was stabilized and at least two
out of three NRF2 target genes were upregulated under condi-
tions of ISR-causing stress (Figures S6C-S6G). The only excep-
tion was observed for glutamine-starved MDA-MB-468 cells,
which tolerated this condition rather well and only showed a
mild induction of both ATF4 and NRF2.

In conclusion, ATF4-dependent NRF2 activation is an obliga-
tory and widespread consequence of ISR-induced stress.

Metabolic connections between ATF4 and NRF2

To better understand the cellular advantage of ATF4-dependent
NRF2 activation, we performed metabolic tracing with '3C-
labeled glutamine, which was added to NRF2-proficient or -defi-
cient iATF4 cells for 4 h. '3C incorporation into metabolites was
analyzed for intracellular metabolites as well as cell-culture su-
pernatants, and ATF4 was induced for 3 days prior to '3C label-
ing (Figures 6A and 6B). ['*C]Glutamine uptake was similar in

Figure 3. ATF4 induces NRF2 transcription

(A) Left: western blot analysis of NRF2 and ATF4 in UACC-62 control (pSB) or ATF4-inducible cells (iIATF4) treated with doxycycline (Dox; 100 ng/mL) for 1 day.
Cycloheximide (CHX; 5 ng/mL) was added to the medium for indicated time points. Right: NRF2 protein amount was quantified using the Fiji gel analyzer tool
(ImageJ) and normalized to the loading control vinculin. This value was set as 1 for the CHX-free condition of each cell line (pSB and iATF4, respectively) and was
used as reference for the ensuing CHX treatments.

(B) Left: genome browser tracks of the NFE2L2 gene with ATF4 binding, evaluated by ATF4 ChIP-seq analysis in human 501mel melanoma cells and an input
control. Right: enriched sequence pattern in the region of the ATF4 binding site. The matrix profile was created in JASPAR 2020.°"

(C) Validation of ATF4 binding to NFE2L2 by ChIP in UACC-62 iATF4 cells after ATF4 induction (100 ng/mL, 3 days).

(D-F) Real-time PCR showing NFE2L2 gene expression in UACC-62 cells (D) upon induction of ATF4 in UACC-62 pSB-ATF4 cells (3 days, 100 ng/mL Dox, n = 3),
(E) after glutamine starvation for 24 h (n = 3), and (F) in response to salubrinal treatment (20 uM, 24 h, n = 3). Error bars indicate SD. Significance was calculated by
unpaired two-sided t test (*p < 0.05, **p < 0.01).

(G and H) Scheme of adoptive T cell transfer in transplanted HCmel3 murine melanomas, as published previously.”*>' Tumors of untreated mice (NT) and mice
early during treatment (EDT) (G) or untreated mice (NT) and mice relapsed after T cell therapy (R) (H) were subjected to microarray analysis, as deposited under
accession numbers GEO: GSE99925 and GSE40213, respectively. Box and whiskers plots show the expression of Atf4, Asns, Nfe2/2, and Sic7a11 in the
respective tumors. An unpaired two-sided t test was performed for statistical analysis (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 4. ATF4 activation causes glutathione depletion

(A) Heat plot showing the changes in amino acids and glutathione (GSH) in UACC-62 control cells (pSB) and iATF4 cells after doxycycline (Dox) induction (100 ng/
mL, 24 h). The graph shows the ratio of Dox versus untreated condition. Mass spectrometry analyses were carried out in triplicates for each condition.

(B) Immunoblot of ATF4 in UACC-62 pSB and iATF4 cells in response to indicated concentrations of Dox. Vinculin served as loading control.

(legend continued on next page)
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iATF4 as well as NFE2L2-KO iATF4 cells, irrespective of ATF4 in-
duction (Figure S7A). A large fraction of aspartate was labeled
with four '3C atoms (m-+4), demonstrating a fast metabolization
of glutamine via glutamate to aspartic acid. This was further
increased after ATF4 induction and was comparable under con-
trol and NFE2L2-KO conditions. An increased fraction of m+4
asparagine was also observed after ATF4 induction irrespective
of the NRF2 status, reflecting the activity of the ATF4 target
ASNS. Furthermore, m+4 succinate and m+4 malate increased
after ATF4 induction in NRF2-proficient and -deficient cells (Fig-
ure S7A). These data show that ATF4 increases the utilization of
glutamine for aspartate/asparagine synthesis as well as the citric
acid cycle. Interestingly, despite the overall reduction in GSH
(Figure 6C, left), the fraction of m+5-labeled intracellular GSH
also increased strongly after doxycycline-mediated ATF4 induc-
tion, indicating high de novo GSH synthesis. This increase was
less pronounced in NFE2L2-KO cells (Figure 6C [right] and Fig-
ure S7A). As it was unexpected that the overall GSH levels
were almost unaffected in NFE2L2-KO cells despite reduced
GSH synthesis, we monitored GSH export by measuring
GSSG in the medium, where GSH is present in its oxidized
form due to the pro-oxidant extracellular conditions. We
observed a tendency for lower medium GSSG levels and there-
fore GSH export in NRF2-deficient cells, providing a possible
explanation for the relative maintenance of intracellular GSH
levels compared to control cells (Figure S7B).

Thus, the ATF4-mediated reduction of intracellular GSH was
counteracted by de novo GSH synthesis, an effect supported
by NRF2. The GSH pathway is strongly connected to the xCT
antiporter system, a heterodimer of SLC7A11 and SLC3A2,
which exports intracellular glutamate in exchange for extracel-
lular cystine. ATF4 induction led to a strong induction of the
extracellular m+5 glutamate/monoisotopic mass (MIM) gluta-
mate ratio, indicating an export of previously metabolized gluta-
mate (Figure 6D). In addition, cystine decreased in the medium of
ATF4-treated cells, leading to a doxycycline/control ratio of 0.76.
In NFE2L2-KO cells, the effect of ATF4 induction on glutamate
export and cystine import was generally lower, with lower gluta-
mate export and higher doxycycline/control ratio of extracellular
cystine (Figure 6D). This speaks for a considerable contribution
of NRF2 to ATF4-mediated xCT activity and is in line with the
role of NRF2 in upregulating the xCT component SLC7A71.
Accordingly, SLC7A11 protein expression was lower in ATF4-
stimulated NRF2-deficient cells compared to NRF2-proficient
controls, while ASNS levels were comparable (Figure 6B).

To test the involvement of CHAC1-dependent GSH depletion
in xCT activation, control and CHAC7-deficient iATF4 cells were
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treated with ['*C]glutamine for 4 h, as described above, and
glutamate and cystine levels were measured in the supernatant.
Similar to NFE2L2-KO cells, CHAC1-KO cells showed an
impaired m+5 glutamate/MIM glutamate ratio and led to a
less pronounced decrease of cystine after ATF4 induction
(Figures 6E and 6F, summarized in Figure 6G). This reflects the
dual role of CHAC1 in (1) providing GSH-derived glutamate as
substrate for xCT and (2) activating NRF2 to elevate SLC7A11.

In summary, activated ATF4 taps the intracellular GSH pool in
a CHAC1- and NRF2-dependent manner to enable sufficient
cystine supply. Of note, ATF4 is also a transcriptional activator
of the cysteinyl tRNA synthetase CARS7, which is induced
NRF2 independently, thereby enabling cysteine incorporation
into proteins and elevating cysteine requirement (Figure S8A).
The depletion of GSH for the benefit of cysteine availability re-
duces cellular antioxidants that are required for intracellular
redox reactions including the reduction of newly imported
cystine to cysteine. However, cystine reduction can also be cata-
lyzed by thioredoxin“® (depicted in Figure 7A), which becomes
more important when GSH is depleted. Several members of
the thioredoxin system and the pentose phosphate pathway,
which provides NADPH for thioredoxin regeneration, are NRF2
target genes, as shown earlier for TXNRD1. Accordingly,
NFE2L2-KO cells are more sensitive to a combination of the
GCL inhibitor BSO and the thioredoxin reductase inhibitor aura-
nofin than control cells (Figure S8B). We therefore tested to what
extent ATF4-dependent NRF2 induction affects the expression
of TXNRD1 (thioredoxin reductase 1), TXN (thioredoxin), G6PD
(glucose-6-phosphate dehydrogenase), and PGD (phospho-
gluconate dehydrogenase). Glutamine starvation of UACC-62
cells for 1 day had no visible effect on the expression of TXN
and PGD, although NFE2L2-KO cells showed lower expression
of both genes under this condition (Figure S8C). However, both
were upregulated after prolonged ATF4 induction for 3 days in
an NRF2-dependent manner (Figure S8D). In addition, TXNRD1
and G6PD increased significantly after glutamine starvation (Fig-
ure 7B) and doxycycline-inducible ATF4 stimulation (Figure 7D).
This could be confirmed at the protein level except for GEPD in
the case of glutamine starvation, suggesting that the accumula-
tion of GBPD protein requires a longer ATF4 stimulus (Figures 7C
and 7E). In the absence of NRF2, basal levels of TXNRD1 and
G6PD were lower, and their ATF4-dependent upregulation was
entirely prevented (Figures 7B-7E).

In conclusion, these data show that the coupling of ATF4 to
NRF2 enhances: (1) cysteine availability by supporting xCT activity
and (2) antioxidant capacity by increasing enzymes of the thiore-
doxin and pentose phosphate pathways (Figure 7F). Accordingly,

(C) Corresponding GSH levels measured by Tietze assay. The assay was performed twice, each time in duplicates.

(D) Heat plots showing gene expression of the KEGG gene set “GSH metabolism” in 501mel melanoma cells treated with salubrinal (Sal, left) or control and Atf4-
KO MEFs treated with tunicamycin (Tm, right) for indicated time points. Data show the ratio of treated versus untreated condition and are derived from GEO:
GSE86808, previously published by Falletta and colleagues,”’ and GEO: GSE158605, published by Torrence et al.*’

(E) Upper image: reaction catalyzed by CHAC1. Lower image: genome browser tracks of the CHAC17 gene with ATF4 binding, evaluated by ATF4 ChlP-seq

analysis in human 501mel melanoma cells and an input control.

(F) ATF4 Pearson correlation analysis, using ATF4 gene expression as dataslice and gene expression 22Q2 public data as dataset from all CCLE cell lines, as
provided by the Cancer Dependency Map (https://depmap.org/portal/; https://depmap.org/portal/ccle/).*?
(G) Real-time PCR of CHACT1 after Dox treatment (100 ng/mL, 3 days) in control or iATF4 UACC-62 cells (n = 3). Significance was calculated by one-way ANOVA

with Dunnett’s multiple comparison test (***p < 0.01). Error bars indicate SD.

(H) Corresponding western blot of ATF4, CHAC1, and NRF2 with vinculin as loading control.
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Figure 5. CHAC1 mediates glutathione
depletion and NRF2 activation

(A) Relative concentration of total glutathione
(GSH), measured by Tietze assay, in control
#2 UACC-62 cells (non-target gRNA) and two inde-
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NRF2-dependent cells are associated with improved tolerance to-
ward the xCT inhibitor erastin and the thioredoxin inhibitor PX-12,
as demonstrated by CRISPR dependency data from the depmap
portal, representing all cancer cell lines with available inhibitor
sensitivity data (Figure S8E). Similarly, high expression of the
NRF2 target genes SLC7A11 and G6PD correlate with higher toler-
ance toward these inhibitors (Figures S8F and S8G). This is consis-
tent with the observation that NRF2-deficient melanoma cells are
more sensitive to cystine depletion than their NRF2-proficient
counterparts (Figure S8H). We next tested the hypothesis that
NRF2 activation affects cellular resilience after ATF4 induction.
Moderate ATF4 induction, as applied in previous experiments,

decreased viability to approximately 50% (UACC-62) and 70%
(M14) after 3 days (Figure S9A), which is expected because of

NRF2

nucleus

10 Cell Reports 42, 112724, July 25, 2023

CHAC1-KO cells, each either transfected with
empty vector (pSB) or iATF4 (pSB-ATF4). To
induce ATF4 expression, 100 ng/mL Dox was
applied for 3 days. Actin served as loading control.
Right: quantification of NRF2 expression in iATF4
and CHACT7-KO iATF4 cells (UACC-62). NRF2
protein amount was quantified using the Fiji gel
analyzer tool (ImageJ) and normalized to the
loading control vinculin. Data are derived from
three independent western blots. For statistical
analysis, one-way ANOVA with Dunnett’s multiple
comparison test was applied (*p < 0.05).

(F) Corresponding immunofluorescence staining
for NRF2 (red). Hoechst 33342 (blue) was used for
nuclear staining. Representative images are
shown. Images were taken with an inverted mi-
croscope (DMI 6000 B, Leica) with a 63x objec-
tive. Scale bars, 25 um.

iATF4

ATF4’s antiproliferative effects in mela-

noma cells and other cell types.>*' In

contrast, ATF4 expression provided mela-

noma cells with a growth advantage in the

presence of erastin, which is in accor-
dance with the elevated xCT activity in ATF4 induced cells. In
NRF2-KO cells, cellular viability after ATF4 induction was more
strongly reduced (Figure S9B) and decreased further with
increasing ATF4 dosage (Figure S9C). To test whether overacti-
vated NRF2 has the contrary effect, the influence of KEAP1 was
tested in the context of ATF4 activation. KEAP1 is considered as
the major suppressor of NRF2 activity and is frequently mutated
in NSCLC, resulting in permanently activated NRF2.** The
NSCLC cell lines H23 and A549 contain wild-type and mutant
KEAP1, respectively, leading to highly elevated NRF2 levels in
the case of A549 cells (Figure S9D). The iATF4 construct was trans-
fected into both cell lines. In both cases, ATF4 induction reduced
intracellular GSH (Figure S9E). Interestingly, ATF4 only had a minor
effect on KEAP1-mutant A549 cells but reduced viability of H23
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Figure 6. Metabolic changes after ATF4 induction

(A) Schematic representation of the metabolic tracing experiment using ['*C]glutamine.

(B) Protein blot showing NRF2, ASNS, and SLC7A11 expression in UACC-62 cells used for metabolic analyses after ATF4 induction (100 ng/mL doxycycline
[Dox], 3 days). Actin or vinculin served as loading control, respectively.

(C) Left: GSH levels in control and NFE2L2-KO UACC-62 cells normalized to UACC-62 control cells in the absence of Dox. Of note, GSSG levels were negligibly
low. Right: ratio of newly synthesized GSH (GSH m+5) to unlabeled GSH (GSH monoisotopic mass, MIM) in indicated cell lines.

(legend continued on next page)
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cellsto 60% (Figure S9F). Next, the relevance of KEAP1 was inves-
tigated in melanoma cells. KEAP1 was knocked down in UACC-62
iATF4 cells, resulting in a strong increase of NRF2 levels and its
target genes (Figures S9G and S9H). Under these conditions,
ATF4 induction no longer impaired cellular viability (Figure S9l).
In summary, NRF2 plays an important role in maintaining viability
and cellular resilience after ATF4 activation.

DISCUSSION

Here, we describe NRF2 activation as an obligatory conse-
quence of the ISR-mediated ATF4 induction. We identified tran-
scriptional upregulation of the NFE2L2 gene as well as CHAC1-
mediated GSH depletion as two independent mechanisms by
which ATF4 exerts its NRF2-stimulatory function.

The RS is caused by several triggers that lead to the activation of
any of the four kinases GCN2, PERK, HRI, and PKR, resulting in
ATF4 activation. Intriguingly, most of the kinase triggers have
been previously connected to an imbalance in thiol metabolism
and oxidative stress. Amino acid depletion, such as glutamine,
glutamate, or cysteine starvation, triggers the GCN2 kinase and re-
sults in reduced cysteine or GSH supply.” ER stress, the trigger for
PERK activity, is closely coupled to a disturbance of the redox bal-
ance, which impairs the correct formation of disulfide bonds and,
thereby, protein folding.”® HRI, originally described to respond pri-
marily to heme deprivation, is in fact activated by multiple triggers
including oxidative stress.*® The protein kinase PKR is activated by
double-stranded RNA, e.g., during viral infection.” Several RNA vi-
ruses were reported to impair mitochondrial function or increase
NADPH oxidase activity, causing redox imbalance in the host
cell.*” From an evolutionary perspective, a coupling of the ISR to
NRF2 is therefore an efficient means to counteract immediate
stress and keep the damage under control. In this context the
maintenance of cysteine availability plays a central role, as it is
tightly linked to cellular redox balance. Here, we show that ATF4
and NRF2 join forces on multiple levels. As a result of their involve-
ment in SLC7A11 transcription, ATF4 and NRF2 increase the
abundance of the xCT antiporter.*®“° Notably, SLC3A2 —the bind-
ing partner of SLC7A11 in the heterodimeric xCT—is also induced
by cysteine deprivation,’® suggesting an involvement of ATF4 and/
or NRF2. Next to cystine import, ATF4 also increases cysteine de
novo synthesis by inducing CTH and CBS, which catalyze the last
steps of cysteine synthesis in the trans-sulfuration pathway.">? In
the present study, we further demonstrate CHAC1-driven GSH
degradation as another ATF4-dependent means to fuel the xCT
transporter, as ATF4 activation in CHAC1-deficient cells had
impaired xCT antiporter activity. This reduced xCT activity was
likely caused by a combination of reduced glutamate availability
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and reduced NRF2 activation occurring in the absence of
CHAC1. Of note, the degradation of GSH also generated
cysteine-glycine, whose levels were quickly reduced in response
to ATF4 activation (Figure S9J), indicating cysteine-glycine dipep-
tidase activity and further utilization of GSH-derived cysteine.

The observation that ATF4 causes an overall reduction of GSH
seems peculiar at first sight, particularly in the light of ATF4-
dependent stimulation of de novo GSH synthesis that was
observed by us and others.*' However, our data show that
GSH levels are strongly affected by both CHAC1-dependent
GSH degradation on the one side and de novo GSH synthesis
on the other side, leading, in the cell lines investigated in this
study, to a net GSH decrease. It is, however, likely that several
features, e.g., the basal GSH levels of the cells or cell types, the
extent of ATF4 induction, and other underlying factors (such as in-
dependent NRF2 activators), may affect this balance, thus result-
ing in different effects on the net GSH levels after ATF4 activation.

Next to the GSH pathway, reduction equivalents such as
NADPH play an important role in the intracellular redox balance.
Genes of the pentose phosphate pathway such as G6PD and
PGD are involved in providing NADPH. Both are not direct
ATF4 target genes, and their transcription requires the activity
of NRF2. The parallel NRF2-dependent increase of thioredoxin
pathway genes further supports the resilience of cells undergo-
ing the ISR and can compensate for the loss of GSH. In line
with this, single disruption of the GSH or thioredoxin pathway
is well tolerated in mouse models for B cell lymphoma or breast
cancer, while a combination of both strongly impairs tumor
growth. %5

Because of the short half-life of both ATF4 and NRF2, the
stress response is only transiently active under acute stress.
However, chronic stress has a longer-lasting effect on ATF4
and NRF2, e.g., in experimental tumors undergoing adoptive
T cell transfer®® and BRAF inhibitor therapy.?’ Consequently,
the linkage between ATF4 and NRF2 increases cellular resilience
and provides the potential to support the survival of tumor cells
undergoing therapy or encountering challenging conditions in
the tumor microenvironment.

Limitations of the study

When investigating the crosstalk between the effectors of the in-
tegrated and oxidative stress response, we found an obligatory
ATF4-dependent NRF2 activation, which became the focus of
this study and was further characterized. However, we do not
exclude a regulation in the reverse direction, and ample data
from several research groups including ours indicate indeed an
influence of NRF2 on ATF4 activity.'>'® Although the NRF2
knockout had no effect on ATF4 target gene expression in our

(D) Left: ratio of exported labeled glutamate (Glu m+5) to unlabeled glutamate (Glu MIM) in the medium of indicated cells after 4 h of previous [*C]glutamine
labeling. Right: ratio of total extracellular cystine in the medium of Dox-treated (ATF4-induced) versus untreated cells after 4 h.

(E) Protein blot showing CHAC1, ATF4, and NRF2 expression in control (non-targeting gRNA) and CHAC7-KO UACC-62 iATF4 cells used for metabolic su-
pernatant analyses after ATF4 induction (100 ng/mL Dox, 3 days). Actin served as loading control.

(F) As in (D), but with control and CHAC17-KO cells expressing iATF4, as described in (E).

(G) Schematic overview of the fate of [ 3C]glutamine afterits uptake iniATF4 cells. Next to the tricarboxylic acid (TCA) cycle and asparagine synthesis, ATF4 causes
a net reduction of GSH, which is used to fuel the xCT transporter to enable cysteine supply. At the same time, ATF4-dependent NRF2 activation enhances GSH

synthesis and xCT antiporter activity.

For (C), (D), and (F), significance was calculated by one-way ANOVA with Tukey‘s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001). Error bars represent

SD.
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Figure 7. NRF2 maintains thioredoxin and NADPH pathways after ATF4 activation

(A) Overview of cystine import and reduction by the xCT antiporter and thioredoxin/NADPH, respectively, in the absence of glutathione. Trx-SH, reduced thi-
oredoxin; Trx-S,, oxidized thioredoxin.

(B) Real-time PCR of thioredoxin reductase 1 (TXNRD1) and glucose-6-phosphate dehydrogenase (G6PD) in control and NFE2L2-KO UACC-62 cells. Where
indicated, cells were kept in the absence of glutamine for 1 day (n = 4).

(C) Corresponding western blot. GAPDH and vinculin served as loading controls.

(D) Real-time PCR of TXNRD1 and G6PD in control and NFE2L2-KO UACC-62 cells with iATF4. Where indicated, cells were kept in the presence of doxycycline
(Dox; 100 or 250 ng/mL, 3 days, n = 4).

In (B) and (D), significance was calculated by one-way ANOVA with Dunnett’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001). Error bars represent
SD.

(legend continued on next page)
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experimental model, we repeatedly observed increased ATF4
protein levels in glutamine- and cystine-starved NRF2-KO cells.
Itis therefore likely that NRF2 also affects upstream regulators of
ATF4 with consequential high relevance, e.g., under conditions
of elevated oxidative stress.

Furthermore, we identified CHAC1 as important regulator of
NRF2. Although we only observed reasonable CHAC1 protein
amounts after stress induction, the CHAC1 knockout already
had a major effect on GSH levels in the absence of stress. This
implies that low basal CHAC1, probably below detection levels
of the commercial antibodies, already regulates basal GSH
levels, with possible effects on NRF2 even in the absence of
ATF4-inducing stress. The physiological role of CHAC1 under
basal conditions requires future studies.

Another gap in knowledge is the molecular basis for CHAC1-
mediated NRF2 activation. It is, however, likely that CHAC1-
dependent GSH depletion affects the interaction between
KEAP1 and NRF2 through altering ROS and GSH levels. KEAP1
contains several cysteine residues that are highly susceptible to
oxidative stress and whose oxidative modifications cause
conformational changes that impair the binding to NRF2 and
result in NRF2 accumulation.”® KEAP1 can also be modified by
glutathionylation.”® A precise analysis of CHAC1-dependent
KEAP1 modifications and the resulting altered KEAP1-NRF2 inter-
actions will be essential to further characterize this mode of NRF2
activation.
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Antibodies

Anti-CHAC1 antibody Sigma-Aldrich Cat#SAB2700669

Anti-CHAC1 antibody Sigma-Aldrich Cat#AV42623; RRID:AB_1846608

Anti-B-Actin Antibody (C4)
Asparagine synthetase (G-10)
ATF-4 (D4B8) Rabbit mAb

F(ab’)2-Goat anti-Mouse IgG (H + L) Cross-
Adsorbed Secondary Antibody, Alexa
Fluor™ 488

G6PD (G-12)
GAPDH (G-9)

Goat Anti-Mouse IgG (H + L) Secondary
Antibody, HRP

Goat Anti-Rabbit IgG (H L)-HRP Conjugate

Goat anti-Rabbit IgG (H + L) Cross-
Adsorbed ReadyProbes Secondary
Antibody, Alexa Fluor™ 594

KEAP1
Lamin B1 (B10)

Mouse Anti-Vinculin monoclonal antibody
Nrf2 antibody [EP1808Y]

TRXR1 (D1T3D) Rabbit mAb
xCT/SLC7A11 (D2M7A) Rabbit antibody

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling Technology
Invitrogen

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Thermo Fisher Scientific

Bio-Rad

Thermo Fisher Scientific

Cell Signaling Technology
Santa Cruz Biotechnology

Sigma-Aldrich

abcam

Cell Signaling Technology
Cell Signaling Technology

Cat#sc-47778; RRID:AB_626632
Cat#sc-365809; RRID:AB_10843357
Cat#11815; RRID: AB_2616025
Cat#A-11017; RRID:AB_2534084

Cat#sc-373886; RRID:AB_10918100
Cat#sc-365062; RRID:AB_10847862
Cat# 31444; RRID:AB_228307

Cat#170-6515; RRID:AB_11125142
Cat#11037; RRID:AB_2556545

Cat#4678; RRID: AB_10548196

Cat#sc-374015;
RRID:AB_10947408

Cat# V9131; RRID:AB_477629

Cat#ab62352; RRID:
AB_944418

Cat#15140; RRID: AB_2798725
Cat#12691; RRID: AB_2687474

Chemicals, peptides, and recombinant proteins

3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromid (MTT reagent)
5-Sulfosalicylic acid hydrate (SSA)
5,5-Dithiobis(2-nitrobenzoic acid (DTNB)
Acrylamide

Auranofin

BSA

BSO

Bsp119I (BstBlI)

BTdCPU

Cycloheximide

Cystine

DMEM

DMEM (without L-Glutamine, L-Methionine
and L-Cystine)

Doxycycline

Dpnl

Erastin

FAST AP

Fetal bovine serum

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich

Roth

Sigma-Aldrich

Serva

Sigma-Aldrich

Thermo Fisher Scientific
Calbiochem

AppliChem
Sigma-Aldrich

PAN

Thermo Fisher Scientific

Calbiochem

Thermo Fisher Scientific
Cayman

Thermo Fisher Scientific
Sigma-Aldrich

Cat#M2128; CAS:

298-93-1

Cat#390275; CAS: 5965-83-3
Cat#D8130; CAS: 69-78-3
Cat#T802.1; CAS: 79-06-1
Cat#6733; CAS: 34031-32-8
Cat#11930; CAS: 9048-46-8
Cat#19176; CAS: 5072-26-4
Cat#ER0121

Cat#324892; CAS: 1257423-87-2
Cat#A0879; CAS 66-81-9
Cat#C8755; CAS: 56-89-3
Cat#P04-03550
Cat#21013-024

Cat#324385; CAS: 24390-14-5
Cat#ER170

Cat#61-90-5; CAS: 61-90-5
Cat#EF0654

Cat#F7524

(Continued on next page)
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GlutaMax Thermo Fisher Scientific Cat#35050-061

Gilutathione reductase Sigma-Aldrich Cat#G3664; CAS: 9001-48-3
Hoechst 33342 Invitrogen Cat#H3570; CAS: 23491-52-3

Hygromycin B
L-Glutathione reduced
Methionine

Nicotinamide adenine dinucleotide
phosphate (NADPH)

Nonfat dried milk powder
OptiMEM

Penicillin/Streptomycin

Protease inhibitor (PIC)

Primer “random”

Puromycin

Q5 High-Fidelity DNA Polymerase
Salubrinal

Sulforaphane

SYBR green

T4 DNA ligase

Trypsin 0.5%/EDTA 0.2% in PBS
Tunicamycin

Capricorn Scientific
Sigma-Aldrich
Sigma-Aldrich
Biomol

AppliChem
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Roche
Calbiochem
NEB
Sigma-Aldrich
LKT lab
Invitrogen
Invitrogen
PAN
Sigma-Aldrich

Cat#HYG-H; CAS: 31282-04-9
Cat#G4251; CAS: 70-18-8
Cat#M5308; CAS: 63-68-3
Cat# 16156; CAS: 2646-71-1

Cat#A0830

Cat#11058-021

Cat#P0781

Cat#P8340

Cat# 11034731001

Cat#P9620; CAS: 58-58-2
Cat#M0491S

Cat#SML0951; CAS: 405060-95-9
Cat#S8047; CAS: 4478-93-7
Cat#S7563; CAS: 163795-75-3
Cat# 15224017
Cat#P10-024100

Cat#654380; CAS: 11089-65-9

Critical commercial assays

cDNA synthesis Kit
Fugene HD transfection reagent
QIAamp DNA Mini Kit

SuperSignal™ West Pico PLUS
Chemiluminescent Substrate

TRIzol reagent
XtremeGene siRNA transfection reagent

Thermo Fisher Scientific
Promega

Qiagen

Thermo Fisher Scientific

Invitrogen
Roche

Cat#K1622
Cat# E2311
Cat#61304
Cat#34577

Cat#15596018
Cat# 04 476 093 001

Deposited data

Original immunoblots

Mendeley Data Repository

https://doi.org/10.17632/4c28f788v4.1.

Experimental models: Cell lines

UACC-62 NCI/NIH N/A
M14 NCI/NIH N/A
H23 ATCC N/A
A549 ATCC N/A
MDA-MB-468 ATCC N/A
Oligonucleotides

Oligonucleotides for cloning, ChIP, siRNA Sigma-Aldrich N/A

transfection or for RT-PCR, see Table S1

Recombinant DNA

pCMV (CAT)T7-SB100X
pU6-(Bbsl)CBh-Cas9-T2A-mCherry

(Matés, L., et al.)®”
(Chu, V.T., et al.)*®

Addgene, Cat#34879
Addgene, Cat#64324

Software and algorithms

Carestream Molecular Imaging
CFX Manager Software

Fiji

Fusion FX Software
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Carestream
Bio-Rad
ImagedJ
Vilber

N/A
N/A
N/A
N/A
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GraphPad Prism9 software GraphPad Software N/A

Leica application suite Leica N/A
TraceFinder™ Vv 3.3 Thermo Fisher Scientific N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Svenja
Meierjohann (svenja.meierjohann@uni-wuerzburg.de).

Materials availability
Plasmids and cell lines generated in this study are available from the lead contact on request.

Data and code availability
® Microarray and RNA seq data reanalysed in this study were previously deposited in the Gene Expression Omnibus (GEO) under
the accession numbers GEO: GSE99925, GEO: GSE40213, GEO: GSE86806 and GEO: GSE158605. Original immunoblots
have been deposited to Mendeley Data Repository and are available at https://doi.org/10.17632/4c28f788v4.1.
® This paper does not report any original code.
® Any information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

UACC-62 and M14 cells were obtained from NCI/NIH (DCTD Tumor Repository, National Cancer Institute at Frederick, Frederick,
MD, USA). H23 and A549 lung adenocarcinoma and MDA-MB-468 breast cancer cells were obtained from the American Type Cul-
ture Collection (ATCC). All cells have been authenticated and are regularly tested for contaminations. Cultivation was done in DMEM
with 10% FCS (PAN biotech, Aidenbach, Germany) and 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA) at 37°C and
5% CO,. Where indicated, doxycycline, salubrinal, BSO, auranofin or tunicamycin (Sigma-Aldrich, St. Louis, MO, USA), sulforaphane
(LKT Laboratories, St Paul, MN, USA), cycloheximide (AppliChem, Darmstadt, Germany), BTdCPU (Calbiochem/Merck, Darmstadt,
Germany) or erastin (Cayman Chemical, Ann Arbor, MI, USA) was added. For cystine-free or glutamine-free medium, DMEM lacking
glutamine, methionine and cystine (Thermo Fisher Scientific, Waltham, USA) containing 10% FCS and 1% penicillin/streptomycin
was used and 1x GlutaMax (Thermo Fisher Scientific, Waltham, USA), 200 uM methionine (Sigma-Aldrich, St Louis, USA) and
200 uM cystine (Sigma-Aldrich, St Louis, USA) were omitted or added, depending on the required medium composition. As control,
all supplements were added to obtain fully reconstituted medium.

METHOD DETAILS

siRNA transfection

Non-targeting siRNA (Sigma-Aldrich, St Louis, USA) or siRNA directed against human ATF4 (Horizon Discovery Bioscience, Cam-
bridge, UK) or human KEAP1 (Horizon Discovery Bioscience, Cambridge, UK) was delivered to the cells using XtremeGene siRNA
transfection reagent (Roche, Basel, Switzerland). Transfection was performed according to the manufacturer’s protocol. siRNA iden-
tifier are shown in Table S1.

Stable transfection

For the doxycycline-inducible expression of ATF4, the pSB-ET-iE-ATF4 construct (shortly pSB-ATF4) was used.'® To generate the
CHACH1 overexpression construct, human CHAC1 was amplified via PCR and was cloned into the transposase vector pSB-ET-IE (see
cloning primers in Table S1). Integration occurred after co-transfection with the sleeping beauty transposase vector pPCMV-(CAT)T7-
SB100. To generate stable melanoma and NSCLC cells, the respective expression construct was transfected with Fugene HD trans-
fection reagent (Promega, Fitchburg, Massachusetts, USA) according to the manufacturer’s protocol. Positive cells were selected
with 2 ng/mL puromycin (Calbiochem/Merck, Darmstadt, Germany).
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CRISPR/Cas9 mediated gene knockout

For CRISPR/Cas9 mediated gene knockout in human melanoma cells, gRNA expression constructs were generated by cloning the
respective gRNA template into the vector pU6-(Bbsl)CBh-Cas9-T2A-mCherry (Addgene #64324). Cloning primers for gRNA target-
ing NFE2L2 and ATF4 were described previously,'® while those targeting CHAC1 are described in Table S1. Non-targeting gRNA
constructs served as controls. Human melanoma cell lines were transfected with gRNA constructs by using Fugene HD transfection
reagent (Promega, Fitchburg, USA). Cells were then selected using 350 ug/mL hygromycin (Sigma-Aldrich, St Louis, USA) and single
clones were picked and reseeded. gDNA was isolated from single cell clones (QlAamp DNA Mini Kit, Qiagen).

MTT assay

Cells were seeded in triplicates in a 96-well plate at equal numbers. After indicated treatment, 5 mg/mL MTT (3-(4,5- dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) (Sigma-Aldrich, St Louis, USA) was added at a ratio of 1:5 to the cells for 2 h. Afterward, cells
were lysed with 150 uL DMSO for 20 min. Analysis of the developed formazan accumulation was performed in a microplate reader
(FLUOstar Omega, BMG Labtech, Ortenberg, Germany) at 590 nm with a reference filter of 620 nm.

Protein lysis and western blot

Cells were lysed in RIPA lysis buffer (50 mM Tris pH 8.0; 50 mM NaCl; 1% Nonidet-P40; 0.5% deoxycholate, 0.1% SDS; 10 ung/mL
aprotinin; 10 pg/mL leupeptin; 200 uM NazVOy4; 1 mM PMSF; and 100 mM NaF). Shortly after, 40 pg of protein was separated by 10—
14% polyacrylamide SDS-PAGE. Proteins were transferred onto Amersham nitrocellulose membranes (GE Healthcare, Chicago, IL,
USA) and were blocked with 5% BSA (Serva, Heidelberg, Germany) in TBS with 0.1% Tween 20. Incubation with the primary anti-
bodies took place at 4°C overnight. The following antibodies were used in this study: NRF2 ([EP1808Y], ab62352) antibody was pur-
chased from Abcam, Cambridge, UK. Antibodies directed against ATF4 (#11815), TXNRD1 (#15140), and KEAP1 (#4678) were from
Cell Signaling Technology, Danvers, USA. Antibodies against G6PD (sc-373886), ASNS (sc-365809), beta-actin (sc-47778), Lamin
B1 (sc-374015) and GAPDH (sc-365062) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-vinculin (V9131)
and anti-CHAC1 (#SAB2700669 or #AV42623) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibody directed against
SLC7A11 (# PA1-16893) was from Thermo Fisher Scientific (Waltham, MA, USA). For protein detection, membranes were incubated
with secondary antibodies: anti-mouse (31444, Thermo Scientific, Waltham, MA, USA) or anti-rabbit (170-6515, Bio-Rad, CA, USA),
were coupled to horseradish peroxidase and visualized with the ECL detection kit (Thermo Fisher Scientific, Waltham, MA, USA) or
with the Alexa Fluor 488 anti-mouse antibody (A11017) (Invitrogen, Carlsbad, CA, USA) and a Fusion SL imaging system (Vilber Lour-
mat, Eberhardzell, Germany). In each western blot, the molecular weight (kDa) of the most adjacent molecular weight marker is
shown.

Nuclear and cytoplasmic fractionation

Cells were resuspended in cold PBS and freshly added inhibitors (dithiothreitol (1:1000), phenylmethylsulfonylfluoride (1:100), pro-
tease inhibitor cocktail (Sigma-Aldrich, St. Louis, USA, 1:1000), B-glycerophosphate (1:100)). After centrifugation, the supernatant
was discarded and cell pellets were lysed in PBS and 0.1% NP-40 with freshly prepared inhibitors. The resulting lysate contained
the cytosolic fraction and was collected for further analysis. The lysis step was repeated to improve the purity of the nuclear fraction.
After centrifugation, the nuclear pellet was lysed in nuclei lysis buffer (20 mM HEPES pH 7.4, 400 mM NaCl, 1.5 mM MgCl,, 0.1 mM
EDTA, 15% glycerol) with freshly added inhibitors. Following 15 min of incubation on ice, samples were sonicated in a Bioruptor (Di-
agenode, Denville, USA). To pelletize the nuclear cell debris, samples were centrifuged at 4°C. Supernatants containing the nuclear
lysate were transferred into new tubes and were used for western blot analysis.

Mass spectrometry and isotope tracing
Water-soluble metabolites were extracted with 590 uL ice-cold MeOH/H,O (80/20, v/v) containing 0.01 uM lamivudine (Sigma-
Aldrich, St. Louis, USA). After centrifugation of the resulting homogenates, supernatants were transferred to an RP18 SPE
(50 mg/1 mL tubes, Phenomenex, Aschaffenburg, Germany) that had been activated with 0.5 mL CH3CN and conditioned with
0.5 mL of MeOH/H,0 (80/20, v/v). The eluate of RP18 SPE-column was evaporated in a SpeedVac (Savant, Thermo Fisher Scientific,
Waltham, USA). Dry sample extracts were redissolved in 75 uL. 5 mM NH4OAc in CH3CN/H,O (50/50, v/v). 15 uL supernatant was
transferred to LC-vials. Metabolites were analyzed by LC-MS using the following settings: For LC-MS analysis 3 uL of each sample
was applied to a XBridge Premier BEH Amide (2.5 um particles, 100 x 2.1 mm) UPLC-column (Waters, Dublin, Ireland). Metabolites
were separated with Solvent A, consisting of 5 mM NH4OAc in CHzCN/H,O (40/60, v/v) and solvent B consisting of 5 mM NH4OAc in
CH3CN/H,0 (95/5, v/v) at a flow rate of 200 pul/min at 30°C by LC using a DIONEX Ultimate 3000 UHPLC system (Thermo Fisher
Scientific, Bremen, Germany). A linear gradient starting after 2 min with 100% solvent B decreasing to 10% solvent B within
23 min, followed by 16 min 10% solvent B and a linear increase to 100% solvent B in 2 min. Recalibration of the column was achieved
by 7 min prerun with 100% solvent B before each injection. Ultrapure H,O was obtained from a Millipore water purification system
(Milli-Q Merck Millipore, Darmstadt, Germany). HPLC-MS solvents, LC-MS NH,OAc, standards and reference compounds were pur-
chased from Merck.

All MS-analyses were performed on a high-resolution Q Exactive mass spectrometer equipped with a HESI probe (Thermo Fisher
Scientific, Bremen, Germany) in alternating positive- and negative full MS mode with a scan range of 69.0-1000 m/z at 70K resolution
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and the following ESI source parameters: sheath gas: 30, auxiliary gas: 1, sweep gas: 0, aux gas heater temperature: 120°C, spray
voltage: 3 kV, capillary temperature: 320°C, S-lens RF level: 50. XIC generation and signal quantitation was performed using
TraceFinder V 3.3 (Thermo Fisher Scientific, Bremen, Germany) integrating peaks which corresponded to the calculated monoiso-
topic metabolite masses (MIM +/— H+ = 3 mMU). Analyses were generally performed in three independent biological replicates.
Notably, in contrast to reduced glutathione (GSH), intracellular oxidized glutathione (GSSG) was only detected at negligibly low
concentrations.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde and were permeabilized and stained for immunofluorescence as published previously.'®
Anti-NRF2 (ab62352, Abcam, Cambridge, UK) or anti-ATF4 (#11815, Cell Signaling Technology, Danvers, USA) antibodies were used
forimmunofluorescence staining. After three PBS washing steps, secondary antibody incubation was carried out in the dark for 1 h at
room temperature with Alexa Fluor 594 goat anti-rabbit IgG (11037) (Life Technologies, Carlsbad, CA, USA). Hoechst 33342 (Invitro-
gen, Carlsbad, CA, USA) was used for nuclear staining. Samples were analyzed by inverted fluorescence microscopy or confocal
laser scanning microscopy (Leica, Wetzlar, Germany).

RNA extraction, cDNA synthesis, and RT-qPCR

RNA isolation of cell pellets was performed using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. cDNA synthesis was done using the RevertAid First Strand cDNA Synthesis Kit (Fermentas, Waltham, MA, USA) with hex-
amer primers in accordance with the manufacturer’s protocol. RT-gPCRs were performed and analyzed with the CFX Connect Real-
Time System (Bio-Rad Laboratories, Munich, Germany) using SYBR Green reagent. Gene expression was normalized to ACTB as
housekeeping gene using the AAct method. The sequences of the oligonucleotides purchased from Sigma-Aldrich (St. Louis,
MO, USA) are indicated in Table S1.

Tietze assay
GSH concentrations were determined by using the modified Tietze assay.®° A total of 2 x 10° cells per sample were seeded and
treated as indicated. To prepare the cell pellets, they were resuspended in a mixture of 1x PBS, 5% sulfosalicylic acid (SSA;
Sigma-Aldrich, St Louis, USA), and GSH assay buffer (143 mM phosphate buffer, 6.3 mM EDTA, adjusted to pH 7.5) at a ratio of
1:3. Cell solubilization was achieved by subjecting the samples to three freeze-thaw cycles followed by centrifugation
(12000 rpm, 4°C, 15 min).

For the determination of glutathione (GSH) levels, assay buffer with freshly added 0.34 mM NADPH (Biomol, Hamburg, Germany),
6 mM 5-5'-dithiobis-2-nitrobenzoic acid (Sigma-Aldrich, St Louis, USA), H20 and cell pellet supernatant were added to a 1.5 mL
cuvette (in a 7:1:1:0.5 ratio). The cuvette was then incubated at room temperature for 20 min. A standard curve was generated using
defined GSH concentrations ranging from 10 uM to 320 pM. The reaction was initiated by adding 1 U/ml of glutathione reductase (GR;
Sigma-Aldrich, St Louis, USA). The concentration of GSH was determined by measuring the rate of change in absorption at 412 nm
using a spectrophotometer. Duplicate measurements were taken, and the GSH concentrations were calculated by comparing them
to known standard concentrations and the cell numbers.

Chromatin immunoprecipitation (ChIP)

For NRF2 chromatin immunoprecipitation in UACC-62 cells, NRF2 was stabilized with sulforaphane (7.5 uM) for 24 h or the equivalent
amount of DMSO (1:1000) before ChIP was conducted. NRF2 antibody (ab62352, Abcam, Cambridge, UK) was used for immuno-
precipitation.'®>° For ATF4 ChIP, 501mel cells were kept in glucose-deprived medium for 4 h to induce ATF4 expression. ATF4 ChiP
sequencing was performed in human 501mel melanoma cells as described.®® To prepare the Chlp, approximately 1x107 cells were
harvested from 70 to 80% confluent 15 cm dishes by trypsinization. They were then collected into 50 mL Falcon tubes (Corning; Cat#
430828) and centrifuged at 800 x g for 4 min. The media was aspirated, and the cells were cross-linked by adding 45 mL of ice-cold
PBS containing 0.4% paraformaldehyde. The cell suspension was rotated for 10 min at room temperature, followed by quenching
with glycine to a final concentration of 0.2 M for 10 min. For lysis, the cells were resuspended in 1 mL of ChlP lysis buffer (50 mM
Tris-HCI pH 8.0, 10 mM EDTA, 10 mM sodium butyrate, 1% SDS, 43PIC (Roche; Cat#05056489001)). The cell suspension was
passed through a 25-gauge needle and sonicated for approximately 12 min in a Covaris S220 until obtaining 200-400 bp fragments
(verified using the Agilent High Sensitivity DNA Kit on a Bioanalyzer (Agilent; Cat# 5067-4626)). The sonicated chromatin was cleared
by centrifugation at 13,000 x g for 10 min, and the supernatant was diluted 8-fold in ChIP dilution buffer (16.7 mM Tris pH 8.0, 167 mM
NaCl, 1.2 mM EDTA, 1% Triton X-100, 0.01% SDS). Sonicated chromatin was incubated with NRF2 antibody ([EP1808Y], ab62532,
abcam, Cambridge, UK) or rabbit polyclonal anti-ATF4 antibody (#11815, Cell Signaling Technology, Danvers, USA), respectively,
and was rotated overnight in a 50 mL Falcon tube.

For immunoprecipitation, Dynabeads G were washed, resuspended in ChlP dilution buffer, and blocked overnight with 0.5 mg/mL
BSA. Immunoprecipitation was performed using the blocked Dynabeads, which were rotated for 1 h at 4°C. The beads were washed
three times with low salt wash buffer (20 mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS), high salt wash
buffer (20 mM Tris-HCI pH 8.0, 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS), and LiCl wash buffer (10 mM Tris-HCI pH
8.0, 250 mM LiCl, 1 mM EDTA, 1% sodium deoxycholate, 1% NP-40), with each wash transferred to a new DNA LoBind tube

Cell Reports 42, 112724, July 25, 2023 21




¢? CellP’ress Cell Reports

OPEN ACCESS

(Eppendorf; Cat# Z666548). The beads were then eluted in 0.2 mL elution buffer (100 mM NaHCO3, 1% SDS). To reverse cross-link-
ing of the ChlPed DNA, the eluted material was incubated overnight at 55°C with the addition of 0.3 M NaCl (final concentration),
20 mg RNase A (Invitrogen; Cat# 12091021), and 20 mg Proteinase K (Roche; Cat# 311582800). ChIPed DNA was recovered using
a QlAquick PCR Purification Kit (Qiagen; Cat# 28106). Purified ChIP-DNA was quantified using the Qubit DNA quantification assay
system (Thermo Scientific, Waltham, USA). Precipitated DNA was amplified with specific primers encompassing enriched NRF2
binding peaks by real-time PCR. The oligonucleotides are displayed in Table S1. For Chlp sequencing, 4 ng DNA were used for
cDNA libraries preparation using the NEBNext Ultra Il DNA Library Prep Kit for lllumina (New England Biolabs, Ipswich, USA) accord-
ing to the manufacturer’s instructions. DNA fragments were amplified by 12 cycles of PCR and library quality was analyzed with a
Fragment Analyzer (Agilent, Santa Clara, USA). Sequencing was done using a NextSeg500 or HiSeq4000 lllumina platform (San
Diego, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS
Generally, the graphs show the arithmetic mean values of at least 3 datapoints, unless indicated otherwise, with error bars represent-
ing standard deviations. Individual values, representing independent biological samples, are shown in each graph. Data were

analyzed using GraphPad Prism software, with the statistical tests described in the figure legends. p values correlate with symbols
as follows, ns = not significant, *p < 0.05; **p < 0.01; **p < 0.001.
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