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SUMMARY:

Drug-tolerant persister cells (persisters) evade apoptosis upon targeted and conventional cancer
therapies and represent a major non-genetic barrier to effective cancer treatment. Here we show
that cells that survive treatment with pro-apoptotic BH3 mimetics display a persister phenotype
that includes colonization and metastasis /77 vivo and increased sensitivity towards ferroptosis
by GPX4 inhibition. We found that sublethal mitochondrial outer membrane permeabilization
(MOMP) and Holocytochrome c release are key requirements for the generation of the persister
phenotype. The generation of persisters is independent of apoptosome formation and caspase
activation, but instead, cytosolic Cytochrome c¢ induces activation of Heme-regulated Inhibitor
(HRI) kinase and engagement of the integrated stress response (ISR) with consequent synthesis
of ATF4, all of which are required for the persister phenotype. Our results reveal that sublethal
Cytochrome c release couples sublethal MOMP to caspase-independent initiation of an ATF4-
dependent, drug-tolerant persister phenotype.
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Abstract

Cancer cells that survive treatment with pro-apoptotic BH3 mimetics do so by undergoing
sub-lethal mitochondrial outer membrane permeabilization and induction of a stress response
via cytochrome c but independent of caspases. They thus acquire a persister state that enables

metastatic colonization in vivo.
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In addition to genetic events that mediate resistance to anti-cancer therapies, a major
contribution to cancer relapse is the emergence of drug-tolerant cells, a phenomenon called
persistence. A key feature of such persister cells is that, in contrast to resistant cells,

their drug-unresponsive phenotype is acquired and provides a temporary survival-advantage
towards treatment.

Persister cells (PS) can be functionally defined as cells that remain alive following a cell
death-inducing treatment, without the selection for resistance mutations. PS from different
cancer cell lines treated under different conditions often have a number of features in
common that differ from the untreated, parental cells (PT) (Shen et al., 2020). These
features, which can serve as a “PS phenotype” include a) transient tolerance of the

initial treatment and often other toxic treatments, b) an acquired dependence on the lipid
peroxidase, GPX4, c) reduced cell cycle kinetics, and d) similar gene expression profiles,
often including, an epithelial to mesenchymal transition (EMT) signature. The ability to

Cell. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kalkavan et al.

Page 3

adapt to microenvironmental stresses by altering phenotype is often evolutionary conserved
and is related to survival strategies in the face of starvation or diapause (Garcia-Jiménez and
Goding, 2019; Rehman et al., 2021). Although the features of therapy-tolerant persister cells
have been defined, the key molecular events that enable a cancer cell to bypass cell death

on exposure to pro-apoptotic cancer therapeutics, especially after initial engagement of the
apoptotic machinery, remain poorly understood.

As the best studied and most complex form of regulated cell death, apoptosis can be
triggered by a wide range of cellular stresses (e.g. oncogenic, metabolic, genetic) and
therapeutics that converge on the intrinsic pathway of apoptosis (Singh et al., 2019). Central
to this pathway is the mitochondrion, which harbors in its intermembrane space (IMS)
crucial caspase activators such as Holocytochrome c (Kalkavan and Green, 2018).

The BCL-2 family effector proteins BAX, BAK and BOK are responsible for mitochondrial
outer membrane permeabilization (MOMP), triggering apoptosis (Bhola and Letai, 2016).
Anti-apoptotic proteins bind and hinder effector protein function. The pro-apoptotic BH3-
only proteins bind via their BH3 domains to anti-apoptotic proteins and/or directly to BAX
and BAK to engage MOMP (Garrido et al., 2006; Tait and Green, 2013). This important
function of the BH3 domain has been exploited therapeutically as BH3 mimetics, such as
Navitoclax, Venetoclax, and MCL-1 inhibitors (Kalkavan and Green, 2018; Merino et al.,
2018).

The initiation of the apoptotic cascade does not inevitably lead to cell death. Ongoing
studies have focused on the consequences of incomplete MOMP (iMOMP) and sublethal
caspase activity on cell fate, challenging the binary character of MOMP to reveal that cells
do not always commit to cell death (Tait et al., 2010). Instead, iMOMP can occur, resulting
in a more nuanced caspase activation and cell survival (Ichim and Tait, 2016).

A key and rapid adaptive survival response to a wide range of triggers relies on the
phosphorylation of the translation initiation factor elF2a by one of four kinases, EIF2AK1/
HRI, EIF2AK2/PKR, EIF2AK3/PERK and EIF2AK4/GCNZ2, each responsive to distinct
upstream stresses (Pakos-Zebrucka et al., 2016). The resulting translational reprogramming
suppresses global cap-dependent translation and enables translation of a subset of MRNAs
encoding proteins that function to alleviate the stress and promote survival (Tian et al.,
2021). Among these is Activating Transcription Factor 4 (ATF4) that initiates a gene
expression program that in the short-term promotes survival by increasing nutrient uptake
and autophagy, and suppressing oxidative stress (Costa-Mattioli and Walter, 2020).

Here we reveal that following treatment with pro-apoptotic BH3 mimetics, drug-tolerant
persisters arise as a consequence of the activation of mitochondrial-nuclear communication
relayed by iMOMP and Cytochrome c-dependent activation of HRI, leading to ATF4
synthesis and function. We found that the persister phenotype, induced by treatment with
BH3 mimetics, is dependent on MOMP and the release of Cytochrome c, as well as HRI
and ATF4. Further, we define a BAX, BAK, BOK-dependent, ATF4-dependent PS gene
signature that can be found in lung cancer patients with residual disease following therapy.
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RESULTS

BH3 mimetics induce persister cancer cells

Cancer treatments generally converge on intrinsic apoptosis as their main cell death effector
mechanism (Singh et al., 2019). We utilized the highly specific BH3 mimetics ABT-737
and S63845 (S6) (Kotschy et al., 2016), which target BCL-2, BCL-XL, BCL-w (ABT-737)
and MCL1 (S6). We first confirmed maximal on-target doses by comparing wildtype (WT)
to BAXand BAK double knock-out (DKO) or BAX, BAK and BOK triple knock-out
(TKO) cells (Figures 1A, S1A and S1B). WT therapy-persisting cells (persister cells, PS)
were released from therapy for 1 day and upon re-exposure to the drugs, proved to be

less sensitive to treatment with BH3 mimetics (Figures 1B and S1C). However, a longer
drug holiday of 6d restored the drug-sensitivity of the initially drug-tolerant persisters to
parental (PT) sensitivity (Figures 1B and S1C), suggesting that the drug-tolerant persister
state was transient. We then examined the behavior of PT and BH3 mimetic-induced PS

in vivo. We generated PC9 PS by treatment with BH3 mimetics and compared the ability
of PS to colonize the lungs to that of the untreated PT cells. PC9 cells were transduced

with mNeonGreen or mCherry, and were then used to generate PT and PS, respectively,
allowing us to distinguish between each population /in vivo. Equal numbers of mNeonGreen-
expressing PT and mCherry-expressing PS cells were simultaneously injected i.v. into

the tail veins of immunocompromised NSG mice. Nine weeks after injection, lungs were
primarily colonized by PS and not by PT (Figure 1C). Similarly, intra-vital assessment

of luciferase-labeled cells after tail vein injection showed that mice injected with BH3
mimetic-induced PS from the colon cancer cell line HCT116 had significantly higher tumor
burden when compared to mice injected with HCT116 PT cells (Figure 1D and 1E).

Since these colonization assays mimic only the late phase of the metastatic cascade after
intravasation, we exploited an /7 vivo orthotopic lung tumor model where we simultaneously
injected PC9 PS and PT labelled with either Cell Trace Violet (CTV) or carboxyfluorescein
succinimidyl ester (CFSE), respectively, into the left lungs of recipient animals. An
advantage of these dyes is the strong and equal labeling of cells (Figure 1F). In line with
previous studies /n vitro, our PS displayed a slower proliferative rate than PT on day 2

after orthotopic injection (Figure 1F) (Chen et al., 2012; Oren et al., 2021; Shen et al.,
2020). To test the invasiveness and intravasation ability of the implanted lung tumor cells,
we measured circulating-tumor cells (CTC) in blood collected from the right heart ventricle.
Interestingly, we found significantly more circulating PS than PT at day 2 (Figure 1G). Next,
we measured the metastatic ratio of the injected cells, which we defined as the cancer cell
percentage in the contralateral lung divided by its percentage in the primary-injection site.

In line with the CTC result, the metastatic ratio revealed a higher metastatic capacity of PS
generated from PC9 or A549 cells (Figure 1G and S1D).

Next, we tested whether PS generated using BH3 mimetics led to cross-resistance towards
other cancer therapies. We compared PT and PS derived from PC9 and HT29 cells and
treated them with targeted and conventional standard-of-care cancer therapies in vitro
(Figures 1H and S1E). In both models, PS exhibited significantly increased viability after
exposure to each drug.
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Recent discoveries on drug-tolerant persisters revealed acquired dependency on the lipid
hydroperoxidase GPX4 for their survival (Hangauer et al., 2017; Yang et al., 2016).
Viability analysis of our apoptosis PS showed increased sensitivity to GPX4-inhibition

by RSL3 compared to PT in PC9 and HT29 cells (Figures 11, S1F and S1G). In line

with this finding, the membrane-targeted lipid ROS sensor C11-BODIPY (Yang et al.,
2014) revealed increased lipid ROS levels (Figure S1H). Moreover, the expression of ChaC
Glutathione-Specific Gamma-Glutamylcyclotransferase 1 (CHAC1) was upregulated, while
the Glutamate-Cysteine Ligase Catalytic Subunit (GCLC) was downregulated in PS when
compared to their PT counterpart (Figure S11I), both indicative of decreased glutathione
metabolism that may explain the increased dependence on GPX4 (Tang et al., 2021).

To identify common characteristics of PS generated with diverse therapies, we performed
RNAseq on therapy-persisting PC9 cells obtained by treatment with conventional
chemotherapy, targeted therapy, or BH3 mimetics (Figure 1J). Our analysis revealed
common gene expression signatures related to metastasis and invasion, cellular stress
responses, upregulated inflammatory signaling and EMT, and downregulated fatty acid
metabolism, oxidative phosphorylation and mTORC1 signaling (Figures 1J and S1J).
Collectively, these data indicate that PS generated using BH3 mimetics have the gene
expression and phenotypic characteristics of drug-tolerant persister cells generated under
different conditions as described by others.

The persister phenotype depends largely on Bcl-2 effectors

By binding to the BH3-groove, BH3 mimetics enable the dissociation of the effector
proteins BAX and BAK from the antiapoptotic proteins and cause MOMP. However,
antiapoptotic, proapoptotic and effector BCL-2 proteins are involved in diverse cell
functions, and the BH3 domain is also necessary for the interaction between BH3-only
proteins and anti-apoptotic proteins (Kale et al., 2018; Popgeorgiev et al., 2018). To
determine whether the presence of BCL-2 family effector proteins is necessary for our
persister phenotype we tested PC9 cells deficient in BAX, BAK, and BOK (TKO). We
treated these TKO cells with our BH3 mimetics and compared them to the PT cells.

Lung colonization capacity of PS (Figure 2A) and their metastatic potential (Figure 2B)
were dependent on the BCL2 effector proteins. Moreover, the sensitivity to RSL3-induced
ferroptosis was similar between untreated and BH3 mimetic-pretreated TKO cells (Figure
2C and S2A). In line with this finding, C11-BODIPY staining as well as CHACI and GCLC
transcripts were not changed in BH3 mimetic-pretreated TKO cells when compared to PT
(Figures S2B and S2C).

To elucidate the downstream pathways that might be involved in the engagement of

the persister phenotype, we conducted RNAseq of WT and TKO cells treated with

control (MOCK) or BH3 mimetics. Enrichment analysis of BAX, BAK, BOK-dependent,
differentially expressed genes (DEGS) in PS versus PT (Figure 2D) further confirmed the
overall dependence on BCL-2 effector proteins for our previously identified pathways, such
as the upregulation of NF «B signaling, EMT and the downregulation of mTORCL signaling
and fatty acid metabolism, and revealed additional pathways such as interleukin signaling
and “response to EIF2AK1 (HRI) to heme deficiency” (Figures 2E and 2F). Interestingly,
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many of the DEGs identified have been associated with metastasis, angiogenesis, and cancer
immune evasion (Figure 2G and S2D). Moreover, a stratification of the top 10 up- and down
regulated DEGs into pathways such as EMT and the cell cycle further identified potential
genes implicated in our persister phenotype (Figure 2H).

Previous work has shown that downregulation of glutathione metabolism correlates with
sensitivity towards ferroptosis (Oren et al., 2021). Indeed, our data reveals several
downregulated DEGs that participate in the glutathione metabolism pathway in WT PS
but not in TKO that have been treated with BH3 mimetics (Figure 2I).

Transcriptomic trajectories reveal a transient ISR expression profile in BH3 mimetic

persisters

To gain more insight into the mechanisms that underlie the generation of the persister
phenotype, we performed single-cell RNAseq on PC9 PT and corresponding PS 1, 3, and 7
days (PS1D, PS3D, and PS7D respectively) after BH3 mimetic treatment. Uniform manifold
approximation and projection (UMAP) analysis revealed the distinct transcriptomes of PT
and the initial (PS1D) persister phenotype, as well as the trending of late PS (PS3D, PS7D)
towards PT (Figure 3A). To dissect the initial events that distinguish PS from PT and

late PS, we next performed a trajectory analysis also known as pseudotime, which is a
computational method that organizes a population of cells into a progression consistent

with patterns of identified, dynamic processes, presumed to represent changes in the

cell states over time (Berge et al., 2020; Street et al., 2018). Whereas late PS exhibited
comparable pseudotime states to PT, PS1D were enriched for a clearly distinct and earlier
state, suggestive of a gradual return to the PT phenotype after BH3 mimetic treatment
(Figures 3A). Interestingly, genes from clusters activated relatively early in pseudotime were
significantly enriched for the EMT pathway (cluster 1) and the integrated stress response
(ISR; cluster 3; Figures 3B, 3C, S2E and S2F). In contrast, clusters corresponding to later
pseudotimes (2 and 4) were enriched for genes central to DNA replication and cell cycle
progression, both hallmarks for late PS and PT. These cluster enrichments also corresponded
to differences in gene set module scores across the PT and PS conditions in real time,
independently linking these biological processes with the experimental conditions (Figure
3D). These data also help to indicate specific genes that may underly the PS phenotype with
broad involvement in metabolism, inflammation, and cell cycle (Figure S2F). Furthermore,
the upregulation of genes involved in the ISR in 1 day PS that gradually waned over the
ensuing days corresponded to the transient state of PS (Figures 3D and S2F).

BH3 mimetics induce a BCL-2 effector-dependent ISR, independent of caspase activation

We explored if and how the ISR was related to MOMP and the persister phenotype.
Consistent with our transcriptomic analysis, we confirmed engagement of the ISR upon
BH3 mimetic treatment by detection of the phosphorylation of elF2a observed within the
first hour after treatment and subsequent detection of ATF4 (Figure 4A). Consequently, PS
contained elevated levels of nuclear ATF4 compared to PT as assessed by confocal imaging
(Figure 4B, 4C and 4D).
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To determine if the translation switch occurs in our BH3 mimetic-induced PS, we
engineered an ATF4 translation reporter (Figure 4E). Treatment with BH3 mimetics led to
increased reporter activity in WT cells (Figures 4F and S3A). This was inhibited by 2BAct,
which prevents phosphorylated elF2a from reprogramming protein translation (Hetz et al.,
2019), and by the ISR inhibitor ISRIB (Figure S3B) (Rabouw et al., 2019). Significantly,
BH3 mimetic-treated BAX, BAK, BOK TKO cells failed to activate the luciferase reporter
(Figure 4F).

Incomplete MOMP, followed by minimal caspase activity upon apoptosis failure can be
associated with cancer cell aggressiveness, mutability, and metastasis (Berthenet et al.,

2020; Ichim and Tait, 2016; Oberst et al., 2016). To test whether caspase activation is

also necessary for ATF4 activation, we treated Casp9-deficient cells with BH3 mimetics.
These cells are unable to activate the caspase cascade (Kuida et al., 1998), but retained the
ability to induce the luciferase translation reporter upon BH3 mimetic treatment (Figure 4G).
Concordantly, APAF1- and Casp9-deficient cells expressed ATF4 in response to treatment
with BH3 mimetics (Figure 4H), as did cells treated with the pan-Caspase inhibitor Q-VD-
OPh (Caserta et al., 2003) (Figure 41).

We then tested which elF2a kinase is responsible for elF2a phosphorylation and ATF4
translation. Upon treatment, only cells silenced for HRI (EIF2AK1) displayed decreased
luciferase reporter activity compared to cells silenced for the other kinases (Figure 4J).
Similarly, treatment with BH3 mimetics of WT but not HRI-deficient cells led to increased
nuclear ATF4 protein (Figures 4K and S3C). Therefore, BH3 mimetics induce an ISR via
HRI, which is dependent on the BCL-2 effectors but independent of caspase activation.

Engagement of sublethal MOMP is crucial for ISR activation

The dependency on BAX and BAK for the generation of PS suggested that iMOMP in
surviving cells might be essential for ISR engagement. We engineered a reporter to reveal
mitochondrial permeabilization, using a split-superfoldGFP (sfGFP) system (Figures 5A and
B) in which GFP1-10 was fused to mCherry and was localized with a fused IMS-localized
tail sequence, while a double GFP11 beta strand was localized to the cytoplasm. We
predicted that MOMP would enable the translocation of GFP11 into the IMS by passive
diffusion, where it could then associate with GFP1-10 to fluoresce green (Figure 5B).

Using this MOMP sensor in A549 PS cells revealed an increased GFP signal (Figure 5C),
which was prevented by silencing of BAXand BAK (Figure 5D and S3D). In contrast,

cells treated with Raptinal, which induces MOMP in a BAX, BAK, BOK-independent
manner (Heimer et al., 2019), showed an increased signal in both siNT and siBAX; siBAK
treated cells (Figure 5D). We next tested if the activation of ATF4 protein expression

was associated with the extent of MOMP in our PS. Indeed, GFP-high cells that had
undergone more extensive sublethal MOMP than GFP-low PS showed higher ATF4 (Figure
5E). Moreover, GFP-high PS displayed increased metastatic potential compared to their
GFP-low PS counterparts (Figure 5F). These results support the idea that BCL-2 effector
proteins promote ATF4 expression and increased colonization by PS /n vivo due to their role
in MOMP. Accordingly, WT cells displayed elF2a phosphorylation and ATF4 expression
upon BH3 mimetics or Raptinal treatment (Figure 5G), while BAX, BAK, BOK TKO cells
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only did so upon treatment with Raptinal (Figures 4F and 5H). Further, Raptinal-treated
TKO cells showed an increased metastatic potential /7 vivo (Figure S3E), which was not
observed when such cells were treated with BH3 mimetics (Figure 2B).

To test the possibility that MOMP, independent of apoptosome and caspase activation, could
drive metastatic potential in PS, we also generated PS from APAF1- and Caspase-9-deficient
PC9 cells. Indeed, intra-pulmonal injection of PT and PS cells from both lines showed
increased metastatic ratio in PS compared to the PT counterpart (Figures 51 and J).

Cytochrome C activates HRI and engages the persister phenotype

Cytochrome ¢ (encoded by CYCS) has a crucial role in the activation of APAF1 and
caspases following MOMP (Hao et al., 2005; Li et al., 2000). Strikingly, silencing of CYCS
significantly reduced ATF4 activation upon BH3 mimetic treatment (Figures 6A, S4A to C).
Additionally, when bovine Cytochrome ¢ was added to cytosolic extracts of WT cells, it

led not only to caspase activation as previously described (Liu et al., 1996) but also elF2a
phosphorylation, which depended on the presence of HRI (Figure 6B, 6C and S4D).

Next, we asked if the Cytochrome ¢ K72R mutant, which is incapable of activating APAF1
(Hao et al., 2005), can engage the ISR upon treatment with BH3 mimetics (Figures S4E,
S4F and S4G). Treatment of cells expressing either WT and or mutant Cytochrome c led to
an increase of ATF4, whereas Cytochrome c-deficient cells harboring only an empty vector
control (pEVEC) showed no ATF4 protein expression upon treatment (Figure 6D). Similarly,
A549 cells that express CYCSK72R upon silencing of endogenous CYCSwith an UTR-
targeting sSiRNA, expressed ATF4 upon treatment with BH3 mimetics, while silencing of
both endogenous and ectopically expressed mutant Cytochrome c significantly diminished
ATF4 expression (Figure S4H and I). Silencing of Holocytochrome ¢ Synthase (HCCS),
required for the generation of mature Cytochrome c, also prevented the synthesis of ATF4
upon BH3 mimetic treatment (Figures 6E and S4C).

We then generated PS from Cytochrome c-deficient cells reconstituted, or not, with

WT or K72R mutant Cytochrome c. While BH3 mimetic-pretreated or untreated CYCS
deficient cells showed similar sensitivity towards a variety of drugs tested, PS from either
reconstituted cell lines displayed drug-tolerance (Figures 6F, 6G, S5A and B). Additionally,
in comparison to PT, PS from cells with reconstituted mutant Cytochrome c displayed
enhanced metastatic potential (Figure 6H). While we observed no difference in recovery of
BH3 mimetic-pretreated or untreated CYCS-deficient cells, it is likely that such cells do not
survive in vivo, and therefore we did not examine their metastatic potential. Therefore, the
ability of BH3 mimetics to generate PS is dependent upon Cytochrome ¢ but independent of
its ability to induce apoptosis.

We then asked if the genes that had been identified as regulated in PS in a BAX, BAK-
dependent manner were also regulated in a CYCS-dependent manner. Genes that are
relevant for glutathione metabolism, and hence might account for the RSL3 sensitivity

of PS, were up- or downregulated by treatment with BH3 mimetics, dependent upon

CYCS expression (Figure 61). Interestingly, the expression of CHAC1, which is involved in
glutathione (GSH) degradation (Crawford et al., 2015), was upregulated only in the presence
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of Cytochrome c. In contrast, the CHAC cation transport regulator homolog 2 (CHAC2)
which competes with CHACL to prevent GSH degradation (Wang et al., 2017), was
downregulated in a Cytochrome c-dependent manner. Similarly, genes including CREBS5,
ATF3, PDK1 and PTGS2 showed significantly diminished expression in CYCS-deficient
BH3 mimetic treated cells compared to CYCS reconstituted PS (Figure 6J and S5C).

We then performed experiments with recombinant elF2a and HRI and purified bovine
Cytochrome c. We observed increased phosphorylation of elF2a upon addition of
Cytochrome ¢ (Figures 6K and S5D). HRI is constitutively active, and is inhibited by hemin
(Berlanga et al., 1998; Igarashi et al., 2008; Yang et al., 1992). We found that the inhibition
of HRI by hemin did not occur in the presence of Cytochrome c (Figure 6L). To further
investigate if Cytochrome ¢ and HRI physically interact in cells upon treatment with BH3
mimetics, we performed immunoprecipitation of endogenous Cytochrome ¢ and 1gG control
from PC9 APAF1-deficient cells that had been treated with or without BH3 mimetics,
resulting in co-immunoprecipitation of HRI and Cytochrome ¢ (Figure 6M) (A low-level

of co-immunoprecipitation of HRI with Cytochrome ¢ in untreated cells was likely due to
release of Cytochrome c upon lysis). In another approach, we expressed HRI-mClover or
mClover in A549 cells before BH3 mimetic treatment (Figure S5E). Immunoprecipitation
of HRI-mClover resulted not only in the co-immunoprecipitation of Cytochrome c, but

also of endogenous HRI, indicative of an activation-induced dimerization of HRI, which

has been described by others (Bauer et al., 2001). Finally, we generated lysates from HRI-
mClover- or mClover-expressing A549 cells and incubated them with equine Cytochrome c.
Immunoprecipitation of HRI-mClover resulted not only in the pull-down of Cytochrome c,
but also of elF2a, the substrate of HRI (Figure S5F). Therefore, the engagement of HRI and
the ISR, leading to the PS phenotype, is a direct effect of the release of Cytochrome c to the
cytosol and its interaction with HRI following iMOMP.

A Cytochrome c — HRI - ATF4 pathway drives the phenotype of persistence

The involvement of ATF4 in various aspects of cancer aggressiveness has been described
(Dey et al., 2015). In line with this, cells silenced for ATF4 and treated with BH3 mimetics
revealed that the statistically significant upregulation of the EMT pathway is dependent on
ATF4 (Figure 7A). Several well-defined transcriptional targets of ATF4 showed increased
expression at early pseudotime, characteristic of PS1D in our sScRNAseq analysis (Figure
S6A). We therefore asked whether ATF4 is the main driver of our observed persister
phenotype. Since BH3 mimetic-induced PS also showed an upregulation of other stress-
associated modulators, such as NRF2 and HO-1, both of which have been associated with
cancer aggressiveness (Bialk et al., 2018; Fox et al., 2020; Inguaggiato et al., 2001; Niture
and Jaiswal, 2012), we tested the response to BH3 mimetics upon silencing these regulators.
The absence of ATF4 led to significant therapy sensitivity and reduced the occurrence of
PS in different cell lines (Figures 7B and S6B to D), while NRF-2 and HO-1 appeared to
be dispensable. Early PS displayed an increased sensitivity towards 2BAct (Figure 7C). To
test the role of ATF4 in the persister phenotype, we generated ATF4-deficient cells (Figure
S6E) and treated them with BH3 mimetics. Surviving cells were exposed to a variety of
pro-apoptotic anti-cancer drugs, revealing equal or higher sensitivity to the same drugs as
ATF47I= PT (Figure 7D).
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Since BH3 mimetics induce BCL-2 effector-mediated apoptotic cell death, we wondered

if the effector proteins were present in PS. BAX but not the other effector proteins were
decreased in PS (Figure S6F). It has been reported that the absence of BAX can lead to
chemoresistance (Erler et al., 2004; Haefen et al., 2004). Silencing of BAX, BAK or BOK
in PC9 cells before treatment with BH3 mimetics revealed that the absence of BAX alone
almost completely abolished sensitivity to the drugs (Figure 7E and S6G) and also decreased
sensitivity towards other therapies in PC9 cells (Figure S6H). To evaluate if the decrease in
BAX relied on the Cytochrome c-dependent activation of the ISR, we tested CYCS-, ATF4-
and HR/-deficient cells treated with BH3 mimetics (Figure 7F and 7G). We observed that
BAX was decreased only in WT cells that had survived BH3 mimetic treatment. Transcript
levels of BAX were similar in Cytochrome c proficient and deficient cells (Figure S6l),
suggesting that post-transcriptional regulation was responsible for the decreased BAX levels
in our PS. One possible explanation for the reduction in BAX might be the engagement of
autophagy, which can target BAX for degradation (Feng et al., 2018; Guan et al., 2015).
ATF4 has been shown to induce autophagy (B’chir et al., 2013; Rzymski et al., 2009)

and consistent with this, we observed that the degradation of p62/SQSTML1, a consequence
of autophagy, occurred in BH3 mimetic-treated WT but not A7F4- or HRI-deficient cells
(Figure 7G).

We examined the sensitivity to GPX4 inhibition and found that the increased sensitivity in
PS was abrogated in ATF4- and HRI-deficient BH3 mimetic survivors (Figures 7H, 71, S6J
and S6K), which corresponded to changes in lipid-peroxidation (Figure S6L) and CHACI
and GCL Cexpression (Figures S6M and S6N). Next, we tested the metastatic capacity of
ATF4- and HRI-deficient cells and their BH3 mimetic treatment-surviving cells /in vivo. The
increased metastatic ratio of WT PS cells (Figure 1G) was largely abolished in the absence
of ATF4 (Figure 7J) or HRI (Figure 7K).

To determine whether ATF4 activation could induce a persister phenotype independent

of IMOMP, we treated cells with Tunicamycin (TN), which leads to ATF4 translation
independent of BCL-2 effector proteins or Caspase-9 (Figure S6Q). These TN-induced PS
revealed decreased sensitivity towards diverse chemotherapies (Figure S6R) and increased
sensitivity towards GPX4 inhibition with RSL3 (Figure S6S).

Finally, we performed a stringent comparative analysis of differentially expressed genes

in BH3 mimetic-treated WT cells that are absent in treated A7F4-or BAX and BAK-
silenced cells (Figure 7L), which revealed several target genes implicated in inflammatory
signaling and immune evasion, metabolism, migration and invasion (Figure 7M). We
suggest that this gene set represents an “apoptosis persister signature.” To test its clinical
relevance, we applied gene set enrichment analysis on published scRNAseq data from lung
adenocarcinoma samples (Maynard et al., 2020). Strikingly, gene set module scores for

up- or down-regulated apoptosis persister genes were significantly greater among samples
from patients with residual disease (RD) compared to those with treatment-naive (TN) or
progressive disease (Figure 7N). Further, the Reactome HRI gene set score was increased in
RD, while the KEGG glutathione metabolism gene score was significantly decreased in RD
compared to TN (Figure 70).
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Because our experimental results identified HRI as the relevant kinase for translation
reprogramming and generation of the persister phenotype in PC9 lung adenocarcinoma
(LUAD) cells, we wondered if HRI expression was present in cancer samples. Pathology
samples from lung, breast, gastric and ovary cancer showed much stronger expression

of HRI compared to their normal tissue counterparts (Figure S7A). HR/ gene expression

is significantly higher in various tumors when compared to the normal tissues (Figures

S7B and C), including LUAD and colon adenocarcinomas. Since RNAseq data revealed a
high inter-patient variation in AR/ expression (Figure S7C), we asked if HR/ (EIFZAKI)
expression correlates with patient survival. We interrogated disease free survival and overall
survival of patients with HR/high (15t quartile) versus low (4™ quartile) tumors. Many HRI-
high tumor-bearing patients showed decreased survival and significantly increased hazard
ratios compared to patients with HRI-low tumors (Figures 7P and S7D, S7E, S7F and S7G).

DISCUSSION

Our work uncovers a new function for Cytochrome c in promoting survival in the presence
of a sublethal incident. We provide evidence of how iMOMP and the release of Cytochrome
c drives translation reprogramming in cells that survive the initiation of apoptosis. As

a major consequence of elF2a phosphorylation, A7/4 mRNA translation leads to the
initiation of the various downstream pathways that are critical for the persister phenotype,
including metabolic reprogramming, cell cycle inhibition, immune evasion, and EMT
induction.

Additionally, we found that our persister phenotype includes an increased metastatic
potential of PS. While the often-described EMT signature of persister cells is suggestive
of an increased metastatic capacity (Nieto, 2011; Shen et al., 2020) and sensitivity towards
ferroptosis correlates with both EMT and increased metastasis (Hangauer et al., 2017;
Ubellacker et al., 2020; Viswanathan et al., 2017; Yang et al., 2014), a direct connection
between a persister phenotype and metastasis has to the best of our knowledge not been
previously described.

We identified the heme-regulated inhibitor (HRI) as the critical kinase that leads to elF2a.
phosphorylation and translational reprogramming in PC9 cells treated with BH3 mimetic
drugs. Our fundamental knowledge about HRI originated in research on erythropoiesis,
where iron deficiency leads to the autophosphorylation and dimerization of HRI and

thus its activation (Berlanga et al., 1998; Miksanova et al., 2006; Rafie-Kolpin et al.,
2003; Yang et al., 1992; Zhang et al., 2019). This evolutionarily conserved pathway
appears to be present in non-hematopoetic cells, including cancer cells where we found
that high expression of HRI correlates with decreased survival of cancer patients. Our
work reveals the crucial impact of HRI on cancer cell survival by linking sublethal
Cytochrome c release to HRI activation. It also provides a possible explanation for the
increased sensitivity towards ferroptosis in drug-tolerant persisters when GSH metabolism
is altered, as a linked trade-off for survival when translational reprogramming takes place.
Transcriptomic changes in the metabolome including a downregulation of the mTORC1
pathway that is dependent on sublethal apoptosis initiation and ATF4 activation is in line
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with findings where mitochondrial dysfunction was accompanied by HRI activation and
mTORC1 downregulation (Condon et al., 2021; Zhang et al., 2019).

MOMP can play a role in caspase-independent cell death (CICD), where death is relayed

by a loss of mitochondrial function (Lartigue et al., 2009). Previous work on CICD
indicated that in the absence of caspase activation cells that had evaded death after the
engagement of MOMP and Cytochrome c release were dependent on the activation of the
autophagy machinery and intact mitochondria (Colell et al., 2007). Since ATF4 is a well-
known activator of autophagy (Sui et al., 2013), our results provide a possible mechanistic
explanation for how pro-apoptotic effectors can promote survival. We do not know, however,
whether engagement of autophagy is indeed responsible for the transient drug tolerance we
observe in PS, or if this applies to PS generated under other conditions.

Previous work has also documented how mitochondrial dysfunction can lead to the cytosolic
accumulation of mitochondrial proteins and a mitochondrial unfolded protein response
(UPR™MY, which in turn activates the expression of ATF4 (Melber and Haynes, 2018). In
contrast, our results indicate that unlike the UPR™, the engagement of ATF4 by the ISR

in persister cells does not primarily rely on mitochondrial damage itself but instead is
dependent on Cytochrome c release to the cytosol. Recent evidence revealed that release of
the IMS protein DELEZ1 after cleavage by OMAL can activate the ISR via HRI (Fessler et
al., 2020; Guo et al., 2020). However, whether MOMP is necessary for DELE1 release and
the biological consequences of DELEL release in our system remain unclear.

Additionally, iMOMP can lead to sublethal caspase activation (Liu et al., 2015; Miles and
Hawkins, 2017; Oberst et al., 2016; Paoli et al., 2013). Although, our data supports a
mechanism that is independent of caspases, there is evidence that caspase activation in a
drug-persisting cancer cell induces EMT, can activate PKR and increases mutability by the
sublethal activation of caspase-activated DNAse (CAD) (Berthenet et al., 2020; Miles and
Hawkins, 2017; Saelens et al., 2001). Taken together, it is possible that adaptive responses
can be engaged on various levels after sublethal MOMP initiation.

Limitations of the study

Our approach in this study was to investigate — without any other perturbations — the role of
sublethal engagement of apoptosis. Thus, we created controlled circumstances to induce PS
by the use of BH3 mimetics and /n vitro induction of cell death, followed by assessment of
the persister phenotype /n vitroand in vivo. The extent to which our findings apply to PS
induced by other drug treatments and the further application of our findings to patient data
from human primary cancers and residual disease will be important. Since other therapeutic
treatments can likely engage the ISR via other mechanisms than Cytochrome c-induced
HRI activity, the generalizability of our BH3 mimetic persister cells and the mechanism we
uncovered requires further investigation. This especially applies to /n vivo settings where
cells that survive therapeutic insult are more challenging to study.
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STAR+METHODS
RESOURCE AVAILABILITY

METHODS

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Douglas R Green
(Douglas.Green@stjude.org).

Materials availability—Plasmids generated in this study are obtainable upon request.

Data and code availability—Single-cell RNA-seq data have been deposited at GEO
(accession: GSE189639) and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table. Original western blot images and microscopy
data reported in this paper will be shared by the lead contact upon request.

All original code has been deposited at GitHub (https://github.com/markgene/
MCO015 Persister_public) and is publicly available as of the date of publication. DOls are
listed in the key resources table.

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

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice: RAG1 k.o. (Figure 1E) and NOD.Cg-Prkdcsscid 112rgtm1Wijl/SzJ (NSG) (all other
animal models) mice were used for tumormodels. Age and sex matched cohorts of 5 to

12 weeks old females and males were used in all experiments. The St. Jude Institutional
Animal Care and Use Committee approved all procedures in accordance with the Guide for
the Care and Use of Animals. All mice were housed in pathogen-free facilities, in a 12-hour
light/dark cycle in ventilated cages, with chow and water supply ad libitum.

Cells: Human lung cancer cell line PC9 was purchased from Millipore Sigma (Cat#
90071810). Human lung cancer cell line A549 was kindly provided by Richard J. Webby
(St. Jude Children’s Research Hospital). Human colorectal carcinoma cell line HCT116
was a gift from Richard Youle (Wang and Youle, 2011). Cancer cell line HT29 (human
colorectal) and H226 (human Mesothelioma) were purchased from ATCC.

Cells were maintained in complete DMEM media (10% fetal bovine serum (FBS), 2 mM L-
glutamine and 100 units/ml penicillin-streptomycin). For culturing CYCSKk.o. cells medium
was additionally supplemented with 50ug/ml uridine (Sigma) and 1 mM sodium pyruvate
(GIBCO). All cells used in this study were cultivated at 37°C with 5% CO».

All the cell lines used in tumor studies were confirmed as mycoplasma negative using
MycoAlert Mycoplasma Detection kit (Lonza #LT07). All cell lines have been authenticated
by Hartwell Center (St. Jude Children’s Research Hospital).

Clonogenic survival was assessed by methylene blue staining.
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METHOD DETAILS

In vivo colonization and FACS analysis—PC9 stably expressing mNeon Green were
used as PT. PC9 cells stably expressing mCherry were treated with ABT737 1.5 uM and
S63845 3 uM for 6 h followed by wash and release into complete medium for 2 h,

to generate PS. EasySep Dead Cell Removal (Annexin V) kit (Stemcell Technologies)

was used to harvest live cells according to the manufacturer’s protocol. PT and PS were
injected in combination (0.4 x10° cells in total per mouse) into the teil vein of NSG mice
(200ul in DMEM). When animals were getting symptomatic due to disease progression
they have been euthanized in accordance with our existing humane endpoints (9 weeks
post injection) to assess organ colonization. For ex vivo processing of lung colonization
lungs of animals were resected and kept in PBS. Tissue was minced using scissors and
digested in trypsin supplemented with 100 pg/ml Liberase TM (Sigma-Aldrich) and 200
pg/ml Deoxyribonuclease | (Sigma-Aldrich) for 30 min incubation at 37°C 5% CO,. Organs
were then resuspended in DMEM containing 5% FCS, pipetted up-and down and passed
through a 40 puM strainer. Cells were then washed in FACS Buffer (1g/l sodium azide, 10
g/l PBS powder, 2.5mM EDTA, 1% FCS in MilliQ filtered water). Fixation was performed
using 2% formalin in PBS for 10 minutes at room temperature. Cells were washed twice
in permeabilization buffer (Img/ml Saponin in FACS buffer). Cells were then stained with
Chromotek GFP- and RFP booster for 30 minutes at 4°C. A final wash in permeabilization
buffer was performed before FACS analysis.

In vivo colonization and IVIS Bioluminescence Imaging—PC9 WT or BAX, BAK,
BOK TKaO cells stably expressing tdTomato and firefly luciferase were used as PT. Another
batch of the same cells were treated with ABT737 1.5 uM and S63845 3 uM for 6 h
followed by wash and release into complete medium for 2 h, to generate PS. EasySep

Dead Cell Removal (Annexin V) kit (Stemcell Technologies) was used to harvest live

cells according to the manufacturer’s protocol. PT and PS were injected into separate (0.4
x106cells per mouse) into the teil vein of NSG mice (200ul in DMEM). Optical imaging of
Bioluminescence and/or Fluorescence was performed by using VIS Spectrum or 1V1S-200
imaging systems. 5-10 minutes prior to imaging, animals were injected i.p. with D-Luciferin
(15 mg/ml in sterile saline) at a dose of 150 mg/kg (10 pL/g of body weight). After
administration, animals were anesthetized using Isoflurane (1.5-2% delivered in 100% O2
at 1 I/min) and maintained via nosecone on heated imaging bed within the system for the
duration of the scan. Following imaging, animals were allowed to recover on a heating
blanket under observation and supplemented with oxygen as required.

Orthotopic lung tumors (conventional, non-surgical approach) and FACS
analysis—Cells were treated with ABT737/S63845 (PC9 1.5/3 uM, A549 5/10 pM) 4-6h
followed by wash and release into complete medium for 2 h, to generate PS. EasySep

Dead Cell Removal (Annexin V) kit (Stemcell Technologies) was used to harvest live cells
according to the manufacturer’s protocol. PT were stained with CFSE and PS with CTV
label retention dye (Thermo Scienfic) according to the manufacturer’s protocol, washed
twice in complete medium before further processing. Single injection tumor cell suspensions
with combinations of PT and PS in Matrigel were prepared in one-milliliter syringes

with 30-gauge hypodermic needles for an injection volume of 50 pl (2 x10° total cells
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per mouse). Mice were anesthetized with isoflurane and placed in right lateral decubitus
position. Local disinfection of the left posterior thorax was performed. Transdermal
intrapulmonal injections have been performed at the posterior medial line juxta below
the inferior angle of the scapula, through the intercostal space, 5-7 mm into the thorax.
After injection mice were turned to the left lateral decubitus position and observed for
approximately 15 min. Note: This non-surgical approach is comparable to the published
surgical procedure for intrapulmonary injection (Isobe et al., 2013; Okimoto et al., 2017).

For ex vivo processing of lungs to assess metastatic ratio, left (primary injection site) and
right (metastatic side) lungs of animals were resected and kept separately in PBS. Tissue was
minced using scissors and digested in trypsin supplemented with 100 pg/ml Liberase TM
(Sigma-Aldrich) and 200 ug/ml Deoxyribonuclease | (Sigma-Aldrich) for 30 min incubation
at 37°C 5% CO». Organs were then resuspended in DMEM containing 5% FCS, pipetted
up-and down and passed through a 40uM strainer.

Cells were stained for surface markers CD45-APC (in initial experiments also CD31-
PECy7) for 20 minutes at 4°C. Erythrocyte lysis (NH4Cl, 150mM, KHCO3 10mM, EDTA
0.1mM, pH7.2) was performed at room temperature for 2 minutes. Cells were then washed
in FACS Buffer (1g/l sodium azide, 10 g/l PBS powder, 2.5mM EDTA, 1% FCS in MilliQ
filtered water) before FACS analysis.

For analysis of circulating tumor cells (CTC) 300 ul blood was collected from the right
heart ventricle after mice had been euthanized and collected into vessels containing 30 pl
of EDTA (Invitrogen). 100 pl of blood sample per mouse was stained for surface marker
CD45-APC for 20 minutes at 4°C. Erythrocyte lysis (NH4Cl, 150mM, KHCO3 10mM,
EDTA 0.1mM, pH7.2) was performed at room temperature for 2 minutes. Cells were then
washed in FACS Buffer (1g/l sodium azide, 10 g/l PBS powder, 2.5mM EDTA, 1% FCS in
MilliQ filtered water) before FACS analysis.

Transient transfection: DNA and siRNA transient transfection was performed over 48

h using Viafect™ (Promega) for HEK, A549 and HT29, FugeneHDR (Promega) for

PC9, A549 and HCT116 or Lipofectamine™ 3000 (Invitrogen) for any cell line, and
Lipofectamine™ RNAiIMAX transfection reagents, respectively. Cells were transfected

at 50-75% confluence in serum-free Opti-MEM (Invitrogen) as per the manufacturers’
instructions. The siRNA oligos used were either purchased from Dharmacon as ON-
TARGETDplus siRNA pools of 4 oligos or from IDT as single siRNAs (see Supplementary
Table 4).

Generation of Cell lines—For stable transfections, cells were transfected with a
modified Piggybac expression system (Magnusdottir et al., 2013) for continuous expression.
To remove the inducible expression promoter, we replaced the preexisting 6x Tet-Operators
with a CMV promoter and placed the gene of interest under its control. Additionally, another
variant of this backbone has been established by replacement of the puromycin resistance
gene with zeocin or blasticidin resistance. Stable transfections were then performed by
transfection of cells with the expression vector pPB together with a vector expressing

the PiggyBac transposase which integrates the expression cassette. Stable transductants
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were selected after adding 200 pg/mL zeocin™ (Invitrogen), 0.2 ug/mL puromycin (Sigma-
Aldrich) or 20 ug/mL blasticidin (Invitrogen) with replacement of the medium every 2
days for max. 14 days or were sorted by flow cytometry for Cerulean-, Venus-, GFP-, or
mCherry-positive cells.

Generation of knock out cells was performed by usage of the CRISPR-Cas9 technology.
The different lentiviral vectors used are either carrying Cas9 sequence and sgRNA

sequence (CRISPRv2 GFP, Addgene, a gift from David Feldser; Px458 pSpCas9(BB)-2A-
GFP, Addgene, a gift from Feng Zhang, pSpCas9(BB)-2A-mCherry) or sgRNA carrying
vectors (pLKO5.sgRNA.EFS.PAC, Addgene a gift from Benjamin Ebert) were transfected
simultaneously with Cas9 expressing vectors mentioned above (Heckl et al., 2014; Ran et
al., 2013; Walter et al., 2017). The primer sequences for sgRNAs are listed in Supplementary
Table S3 (Lopez et al., 2016; Shalem et al., 2014). Transiently transfected cells were
selected after 0.2 pg/mL puromycin (Sigma-Aldrich) or 20 pg/mL blasticidin (Invitrogen)
with replacement of the medium every 2 days for max. 10 days or were sorted by flow
cytometry for GFP-, or mCherry-positive cells. Single clones were selected and expanded to
generate BAX, BAK, BOK triple knock-out cells and CYCS-deficient cells.

Flow Cytometry: For intracellular staining cells were fixed and permeabilized according to
the manufacturer’s instructions using Intracellular Fixation & Permeabilization Buffer Set
(BD). To monitor Cytochrome c release, cells were incubated with 20ug/ml digitonin in
PBS (Sigma-Aldrich) for 10 minutes on ice before fixation and further staining procedure.
For nuclear staining of ATF4, the Foxp3 Fixation/Permeabilization (eBioscience) was used
according to the manufacturer’s protocol.

Measurement of cellular lipid peroxidation was performed using BODIPY 581/591 C11
(Thermo Fisher). PT and PS have been treated in 12-well plates with 2uM RSL3 overnight
in the presence or absence of 40 uM Deferoxamine mesylate salt (DFO). Cells were
collected in Hank’s Balanced Salt Solution (HBSS; Gibco) and incubated with 2 uM
BODIPY 581/591 C11 for 20 min at 37 °C. Cells were then washed twice in HBSS and
analyzed via FACS.

Data acquirement and analysis was performed in a spectral analyzer (CYTEK Aurora 5-laser
and 3-Laser) and data was processed using FlowJo software (Tree Star).

IncuCyte Analysis: Cell-death kinetics were monitored by the IncuCyte S3 imaging system
(Essen Bioscience). Dead cells were stained with 400 ng/ml propidium iodide (PI) or 25

nM SYTOX Green (Invitrogen). SYTOX Green- or Pl-positive cells were quantified by

the IncuCyte image analysis software (Essen Bioscience). Data were expressed as positive
events per well. Error bars represent the SD from the mean for triplicate samples.

Cytosolic extracts: Cell-free (cytosolic) extracts were generated as previously described
(Liu et al., 1996). In our studies we followed the detailed protocol that is provided by the
Cold Spring Harbor Protocols (McStay and Green, 2014). Ten 15cm dishes of confluent
cells, were washed with ice-cold PBS. Cells were then scraped and harvested into 50ml
conical tubes filled with ice-cold PBS. After centrifugation (at 250g for 5min. at 4°C), the
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supernatant has been removed and the pellet volume has been estimated. An equal volume
of homogenization buffer (10mM HEPES pH7, 5mM MgCl,, 0.67 mM DTT, 1 protease
inhibitor cocktail tablet (Roche)) has been used to completely resuspend the cells with a
1ml pipette tip. After an incubation of 15 min on ice, the cell suspension has been passed
10 times through a 22-gauge needle using a 3ml syringe. Testing aliquots of the lysate,
this procedure has been repeated until more than 80% of nuclei stained blue in Trypan
blue solution. Then, the homogenized cell suspension has been centrifuged at 15,0009

for 30min 4°C in a 1.5ml microcentrifuge tube, the supernatant has been transferred to a
new tube, and the same centrifugation step has been repeated. Next, the supernatant has
again been transferred to a new tube and centrifuged at 100,000g for 1h 4°C. Finally, the
supernatant has been passed through a 0.22um centrifugal filter. Protein concentration has
been determined by measuring absorbance at 280nm.

HRI elF2a kinase assay: For kinetic analyses of elF2a phosphorylation, HRI (25 nM)
with or without 200nM Cytochrome ¢ was incubated in kinase buffer (20 mM Tris buffer
pH 7.4, 40 mM KCI, 3 mM magnesium acetate and 1 mM DTT) at room temperature for
15 min. A titration of 0.05-12 pg elF2a was prepared in assay buffer and supplemented
with 50 UM ATP. The reaction was initiated by adding the substrate mix to the enzyme

mix and then incubated at room temperature for 5 min (initial velocity conditions). The
HRI kinase reaction rate using 25 nM HRI is linear for the first 20 min (Figure S5C) as
previously published (Guo et al., 2020). The amount of reaction product (phosphorylated
elF2a) formed during the first 5 min was used as the initial velocity. Kinetic constants were
determined using least-squares fit with Prism v.9.

gRT-PCR: mRNA for gRT-PCR were extracted using the RNeasy Mini Kit (Qiagen).
Reverse transcription reactions were performed with M-MLV reverse transcriptase
(Invitrogen) following the manufacturer’s protocol and using random hexamers (IDT).
The primer sequences for gPCR are listed in Supplementary Table S5 (Kim et al.,
2010; Spandidos et al., 2008, 2010; Wang et al., 2012). Real-time PCR was performed
with SYBR™ Green using the QuantStudio™ 7 Flex Real-Time PCR System (Applied
Biosystems).

Western blotting: Cells were either lysed in cell lysis buffer (50mM Tris-Cl pH 7.4, 150
mM NaCl, cOmplete® protease inhibitors cocktail (Roche), and 0.5% Nonidet P-40) or
directly in sample buffer (BioRad) containing DTT. To detect phosphorylation, the cell lysis
buffer was supplemented with phosSTOP® phosphatase inhibitor cocktail (Roche).

Immunoprecipitation: A549 cells were transiently transfected with HRI-mClover or
mClover constructs. 24 h after transfection cells were treated with ABT737 1.5uM, S6

3uM and QvD 20uM for 4 h, washed in ice-cold PBS, trypsinized and again washed in PBS,
followed by an incubation in 2% PFA/PBS for 15 minutes at room temperature, turning
end-to-end. Then samples were quenched in ice-cold glycine/PBS (0.7M) for 5 minutes

at room temperature again turning end-to-end and afterwards washed twice in ice-cold

PBS. Immunoprecipitation was performed using GFP-Trap_MA beads (Chromotek, gtma20)
according to the manufacturer’s instructions. Lysis was performed in 10mM Tris/CI pH
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7.5, 80mM NacCl, 0.5% NP40 substitute, Phosphatase-inhibitor (Roche) and EDTA-free
Protease-inhibitor cocktail (Millipore Sigma). Lysate supernatants were incubated with
beads at 4°C for 4h. Proteins captured on the magnetic beads were boiled in 2x SDS loading
dye for 10 min before subjecting to SDS-PAGE and western blotting.

For in vitro incubation of HRI-mClover or mClover expressing A549 lysates with equine
Cytochrome c, A549 cells were transiently transfected with constructs for 24h, washed in
ice-cold PBS, trypsinized and again washed before lysis (same buffer as above). After lysis,
supernatants were incubated with 100nm of equine Cytochrome c for 20 minutes at room
temperature, followed by GFP-Trap_MA bead incubation at 4°C for 4h. IP was performed as
described above.

For Co-immunoprecipitation of endogenous proteins, PC9 ARAFI7~ cells were treated with
ABT737 1.5 uM and S6 3 pM for 3.5h, then washed in ice-cold PBS, trypsinized and

again washed. This was followed by an incubation in 2% PFA/PBS for 15 minutes at

room temperature, turning end-to-end. Then samples were quenched in ice-cold glycine/PBS
(0.7M) for 5 minutes at room temperature again turning end-to-end and afterwards washed
twice in ice-cold PBS. Lysis was performed in 20mM Tris/Cl pH 7.5, 80mM NacCl, 0.5%
NP40 substitute, Phosphatase-inhibitor (Roche) and EDTA-free Protease-inhibitor cocktail
(Millipore Sigma). Lysate supernatants were incubated with either anti-Cytochrome ¢
antibody (BD #556432, 20 ug) or normal mouse 1gG (sc-2025, 20 ug) at 4°C overnight,
followed by 2h incubation with Protein A/G PLUS-Agarose (sc-2003, Santa Cruz) at 4°C,
and complexes were washed 5 times in cell lysis buffer. Proteins captured were eluted by
boiling in 2x SDS loading dye for 10 min before subjecting to SDS-PAGE and western
blotting.

Single cell RNA seq: PC9 cells were treated with ABT737 1.5 pM and S63845 3 uM for

6h and then washed and released in complete culture medium overnight (PS1D), 3 days
(PS3D) or a week (PS7D) to obtain PS. EasySep Dead Cell Removal (Annexin V) kit
(Stemcell Technologies) was used to harvest live cells from PT, PS1D, PS3D and PS7D
according to the manufacturer’s protocol. The single cell suspension was resuspended in
phosphate-buffered saline containing at the concentration of 1200 cell/ pl. A total of 20000
cells were loaded into each well of a Chromium single cell capture chip (Chromium Single
Cell A Chip Kit, 10X Genomics). The captured single cells on droplets were processed for
cell lysis, reverse transcription followed by library amplification (Chromium Single Cell 3’
Library and gel Bead Kit v2, 10X Genomics) and indexing as per the manufactures protocol.

RNAseq: For comparison of different treatments of PC9 cells total RNA was extracted from
PT or PS which were generated by treatment with ABT737 1.5 uM and S63845 3 uM for 6
h, or Erlotinib 5 pM for 3 d or Paclitaxel 0.5 uM for 3 d (n=3/group).

RNA quality was assessed by 2100 Bioanalyzer RNA 6000 Nano assay (Agilent). Libraries
were prepared using TruSeq Stranded mRNA kits (Illumina) and subjected to 100 cycle
paired-end sequencing on the lllumina HiSeq platform.
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scRNA-seq data processing: The libraries were sequenced on Illumina HiSeq with 500
million clusters per library. Cell Ranger (10X Genomics) (version 6.0.1) was used to process
the raw sequencing data and align the reads to the GRCh38 reference genome. The count
matrix was filtered as follows. All mitochondrial and ribosomal protein genes were removed,
as were any genes expressed in 0.15% cells or less per library. Genes expressed at high level
similar to mitochondrial and ribosomal genes were also removed, including MALATL, FTL
and FTH1. Cells were removed by individual libraries based on the number of genes per
cell, proportion of reads mapped to mitochondrial and ribosomal genes (see supplementary
table S2 for the threshold). Each library was normalized by dividing the UMI counts of

each gene within a cell by the total number of UMIs in the cell and natural-log transformed
using loglp function in R base package. A cell cycle score of each cell was calculated

using CellCycleScoring function in Seurat package (Stuart et al., 2019) and cell cycle genes
(Tirosh et al., 2016). The libraries were down-sampled to the same number of cells (3753
cells), merged and scaled by number of genes, proportion of reads mapped to mitochondrial
genes, and cell cycle phases S and G2M scores. Principal component analysis (PCA) was
run on the scaled data. The cells were projected onto a 2-dimension space of Uniform
Manifold Approximation and Projection (UMAP) using the first 40 principal components of
PCA as input and the parameters a=200, b=0.4 (other parameters were defaulted).

Trajectory analysis and differential expression along the pseudotime: Trajectory
analysis was performed with Slingshot using UMAP projection as input, starting cells

of PS1D sample, and approx_points=150 (Street et al., 2018). The analysis of gene
expression along the trajectory was performed with tradeSeq R package followed its official
documentation with default parameters (Berge et al., 2020); 299 genes were differentially
expressed along the pseudotime testing against 2-fold change (12fc=1) identified using
associationTest function. The genes were clustered using hierarchical clustering method with
the modelled gene expression (centered and scaled) and cut into 4 clusters.

Gene set score calculation: The gene set score measures the average gene expression level
of given a gene set. It was calculated using AddModuleScore function of Seurat package
with default parameters. The gene sets were defined based on bulk RNA-seq in this study
(Figure 7N) or from MSigDB database (Liberzon et al., 2015) (Figure 70).

Bulk RNA-seq data analysis: Paired-end sequencing reads were mapped by the pipeline
of St Jude Center for Applied Bioinformatics. Basically, the reads were trimmed with
Trim Galore (version 0.5.0) (Krueger et al., 2021) with default parameters. Then reads
were aligned to the reference mouse hg38 assembly plus ERCC spike-in sequences using
STAR (version 2.7.5a) (Dobin and Gingeras, 2015). The resulting alignments, recorded in
BAM file, were sorted, indexed, and marked for duplicates with Picard MarkDuplicates
function (version 2.19.0) (Broad-Institute, 2019). Transcript quantification was calculated
using RSEM (Li and Dewey, 2011). To examine if there is a global change in gene
expression, RUVg function in RUVSeq package was used for normalization followed by
DESeq2 with reads mapped ERCC spike-in according to RUVSeq manual (Risso et al.,
2014). No global change was found, and differential gene expression analysis was carried
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out using DESeq2 with standard procedure (normalized by the median-of-ratios method with
default parameters (Love et al., 2014).

Enrichment analysis: Gene set enrichment analysis (GSEA) was performed against
MSigDB database (Liberzon et al., 2015) with R package clusterProfiler (version 3.18.1)
(Yuetal., 2012) (Figure 1J, 7A, S1J). Wald statistic calculated from DESeq2 was used
for gene ranking. Over-representation enrichment was performed against MSigDB with R
package clusterProfiler (version 3.18.1) (Figures 2E, 2F, S2F).

Gene expression and survival analysis: For HRI gene expression comparison between
human normal and cancer samples we utilized RNA sequencing expression data of 9,736
tumors and 8,587 normal samples from the TCGA and the GTEX projects which were
analyzed by the Webtool GEPIA2 (Tang et al., 2019). Same datasets and software were used
to determine disease free survival and overall survival in dependence of HRI expression in
various tumors estimated by Mantel-Cox test (Figure S7D, S7E).

Gene expression, survival and clinical information of TCGA LUAD cohort

were downloaded from UCSC Xena (Goldman et al., 2020). EGFR-mutated

lung adenocarcinomas were filter by sample_type of “Primary tumor” and
egfr_mutation_performed of “YES”. Gene expression RNAseq (llluminaHiSeq) was used, in
which the expression value is log2(x+1) where X is the RSEM value. Survival analysis was
performed in R (Figure 7P).

Kaplan Meier Plots have been generated by use of the online webtool Kaplan-Meier Plotter
with univariate Cox regression analysis. Patients have been trichotomized into 15t and 4t
quartile for HR/(217735_s_at) expression using the GSE51105 dataset for gastric cancer
(Brasacchio et al., 2018; Busuttil et al., 2014; Szasz et al., 2016), GSE3149 dataset for
ovarian cancer (Bild et al., 2006; Gy&rffy et al., 2012) and TCGA dataset for renal papillary
cell cancer (Nagy et al., 2021) (Figure S7F) and E-MTAB-365 dataset for breast cancer
relapse-free survival (Figure S7G) (Gued;j et al., 2012; Gydrffy, 2021; Réme et al., 2013).

Pathology: The antibody used for immunohistochemistry corresponding to human
normal and cancer tissue was polyclonal rabbit anti-HR1 HPA016496 (Millipore Sigma).
Images were obtained from the Human Protein Atlas (https://www.proteinatlas.org/
ENSG00000086232-EIF2AK1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Sublethal BH3 mimetic treatment generates persisters in caspase-independent
manner

The persister phenotype implements a heightened metastatic potential

Nuanced iIMOMP and Cytochrome c release function as rheostat for ATF4
activation

The persister phenotype is orchestrated by the Integrated Stress Response and
ATF4
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Figure 1. Targeting anti-apoptotic Bcl-2 proteins induces persister cells
(A) IncuCyte quantification during treatment with 1.5uM ABT737 and 3uM S6 of PC9 WT,

PC9 BAX-and BAK-knockout (DKO), PC9 BAX, BAK, BOK TKO cells and PC9 WT cells
co-treated with 40uM Q-VD-OPh (mean + s.d. of n=3 samples/group).

(B) Clonogenic survival of cells treated or not with 1.5 uyM ABT737 and 3uM S6 for 6h
washed and replated, or treated and then re-seeded again after 1d or 6d and then retreated,
washed, and released to growth. Representative of 3 independent experiments, n=3/group.
(C) Flow analysis of mNeonGreen positive PT or mCherry positive PS, from lungs of NSG
mice 3 months after combined tail vein injection; n=6 lungs/group. MOCK, lungs without
tumor injection.

(D) Intravital images and (E) ROI quantification of luciferase activity 3 weeks after injection
of either PT or PS firefly-luciferase-expressing HCT116 cells (n=10 mice, mean + s.d.).
Representative of 2 independent experiments.
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(F) Flow analysis of CFSE-labelled PT and CTV-labelled PS. Representative histograms

on day 0 before injection and 48h after injection into left apical lungs of NSG mice.
Proliferative index calculated by CFSE or CTV MFI signal loss from initial measurement to
d2 (n=10 lungs/group, data from 2 pooled experiments).

(G) Flow analysis of CFSE-labelled PT and CTV-labelled PS from RAGI™/~ mice (n=10).
Left: Quantification of circulating tumor cells from right heart ventricle blood 48h after
injection. Right: Metastatic ratio representing the ratio between cells in contralateral lung
and primary injection site for PT or PS cells, respectively.

(H) Fractional viability of PC9 PT and PS treated with MOCK, Erlotinib 5uM, Paclitaxel
1uM or Cisplatin 10uM for 3d. N=6 samples/group.

(1) Fractional viability of PC9 PT and PS treated with RSL3 for 3d. N=3 samples/group.

(J) Hallmark pathways enriched across treatment regimens. Enriched pathways were defined
as false discovery rate (FDR) <0.05. Normalized enrichment scores (NES) are shown. PS
were generated by treatment with ABT737 1.5uM and S6 3uM for 6h, or Erlotinib 5uM for
3d or Paclitaxel 0.5uM for 3d. Statistical analysis by 2-way ANOVA (C, G left, H), unpaired
student’s t-test (E), paired student’s t-test (F and G, right) respectively.

*P <0.05; **P <0.01; ***P <0.001; ****P <0.0001. See also Figure S1.
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Figure 2. The persister phenotype depends largely on Bcl-2 effectors

(A) Luciferase activity 2d after injection of firefly luciferase-expressing PT versus PS

1.50

log2 fold change (WT, PS/PT)

Page 30

WT or BAX, BAK, BOK TKO PC9 cells (n=10 mice/group, pooled from 2 independent
experiments). All values are standardized to parental values within each experiment =1.
(B) Metastatic ratio of CFSE-labelled PT or CTV-labelled PS from PC9 WT or BAX, BAK,
BOK TKO PC9 cells. N=5 mice/group (source data for WT from same experiment as Figure

1F).

(C) Fractional viability measured after 3d RSL3 treatment of PT and PS from WT or

BAX, BAK, BOK TKO PC9 cells. Representative of 5 independent experiments shown, n=3

samples/group.

(D) Venn-Diagrams illustrating the number of differentially expressed genes (DEGS) in WT
(PS/PT) but not in BAX, BAK, BOK TKO (ABT737, S6 treated/MOCK) PC9 cells. The
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1090 DEGs that were only upregulated in WT but not in TKO cells (red) and the 1047 DEGs
that were only downregulated in WT but not TKO cells (blue) were further analyzed (E to I).
(E) Enrichment analysis of Hallmark and (F) Reactome pathways shown as gene ratios of
DEGs in WT (PS/PT) but not in BAX, BAK, BOK TKO (treated/MOCK) PC9 cells. The red
bars show the genes up-regulated in PS and the blue down-regulated in PS. Enriched gene
sets with adjusted p-value <0.05 are shown.

(G-1) Top 10 up- and downregulated DEGs in WT (PS/PT) but not in BAX, BAK, BOK
TKO (treated/MOCK) PC9 cells. (source data as in E and F).

(D-1) DEGs have been defined as FC >1.5 and p-value <0.05. The gene sets were defined as
a collection of gene sets in public databases.

Statistical analysis by unpaired student’s t-test (A) or paired student’s t-test (B). *P <0.05.
See also Figure S2.
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Figure 3. Transcriptomic trajectory analysis reveals transient ISR expression profile in BH3-

mimetic persisters

(A) UMAP (upper) and Pseudotime (lower) single cell trajectories of PC9 PT and PS
cells harvested after drug holiday of 1 day (PS1D), 3 days (PS3D) or 7 days (PS7D) and
subjected to single cell RNAseq. The pseudotime was estimated using the Singleshot R

package.

(B) Heatmap of differentially expressed genes along pseudotime (299 genes) identified using
the tradeSeq R package. The expression was scaled and centered by gene, and the genes
were clustered into four groups using hierarchical clustering.
(C) Scaled expression profiles of gene clusters along pseudotime.
(D) Violin plots visualizing gene set scores of selected gene sets.

See also Figure S2.
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Figure 4. BH3 mimetics induce an ISR, dependent on Bcl-2 effectors but independent of caspase

activation

(A) Immunoblot with the indicated antibodies of PC9 PT and PS, generated by treatment
with ABT737 1.5uM and S6 3uM for the indicated times.
(B) Confocal microscopy images of PC9 PT and PS after 4h treatment with ABT737 and S6.
Cells were stained for Hoechst (blue), ATF4 (green) and Phalloidin (red).
(C) Fluorescence intensity of immunofluorescence from (B) measured in one dimension
across the cell through the nucleus. One representative of n=19 PT and n= 18 PS

measurements shown.

(D) Mean intensity of immunofluorescence from (B) measured within the nuclear area in PT
(n=19) and PS after 2h (n=9), 3h (n=15) or 4h (n=18) treatment. Dots indicate individual

cells.

(E) Schematic representation of the luciferase-expressing ATF4 translation reporter
construct and its activation under alternative translation conditions.
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(F) Luciferase activity assay from (E) showing normalized firefly luciferase activity in PC9
WT and BAX, BAK, BOK TKO cells treated with ABT737 1uM and S6 2uM + 2Bact
20uM. Data is shown as fold change of RFL compared to MOCK control (mean + s.d. of
n=3 samples/group).

(G) Same as (F) in CASPASE9 KO PC9 cells (mean + s.d. of n=3 samples/group).

(H) Immunoblot of endogenous ATF4, APAF1 and CASPASEY in PC9 cells after transient
expression of Cas9 and either sgNT, sgAPAFI or sg CASPASEY. Cells were treated with
ABT737 1uM and S6 2uM for 6h.

() Immunoblot of endogenous ATF4 in PC9 cells after treatment with ABT737 1uM and S6
2UM and QVD-OPh 10uM.

(J) Luciferase activity assay showing normalized firefly luciferase activity in PC9 cells
expressing luciferase ATF4 translation reporter. Cells were silenced with siNT or siRNA for
each of the EIF2a- kinases indicated and treated + ABT737 1uM and S6 2uM for 6h. n=5
samples/group.

(K) Flow analysis of nuclear ATF4 after MOCK or ABT737 1.5uM and S6 3uM + 2BAct
50pM treatment for 4h in WT or HR/™~ cells. N=4 samples/group.

Statistical analysis by unpaired student’s t-test (D) or 2-way ANOVA (F, G, J and K). *P
<0.05; **P <0.01; ***P <0.001; ****P <0.0001. See also Figure S3.
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Figure 5. Engagement of sublethal MOMP is crucial for ISR activation
(A) Schematic representation of the mitochondrial and cytosolic expression system for the

MOMP sensor and (B) its function upon MOMP.

(C) Confocal microscopy images of A549 PT and PS expressing the MOMP sensor system.
PS were generated by 6h treatment with ABT737 1.5uM and S6 3uM and then released
overnight before imaging. 3D blend mode image was generated with IMARIS.

(D) Flow analysis of A549 cells expressing the MOMP sensor. Cells were transfected with
either non-targeted (siNT) or BAX and BAK targeting siRNA (siBAX; siBAX) and treated
with MOCK, ABT737 5uM and S6 10uM or Raptinal 5uM. Representative histograms from
n=3 samples/group are shown.

(E) Fow analysis of A549 PT and PS expressing the iMOMP sensor. Left upper panel:
representative histogram showing strategy of gating GFP high (25%) and low (25%) cells.
Left lower panels: dot plots showing cytosolic ATF4 and GFP in the two stratified groups.
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Right panel: quantitation of ATF4 positive cells in PT or PS, GFP high and GFP low cells.
N=6 samples/group. One representative of 2 independent experiments shown.

(F) Metastatic ratio representing the ratio between cells from the contralateral lung and
primary injection site. Analysis of CTV-labelled PS from NSG mice was performed 2d after
intrapulmonal injection of either GFP-high or GFP-low sorted PS cells respectively (n=10
mice/group).

(G-H) Flow analysis of nuclear ATF4 after MOCK or ABT737 1.5uM and S6 3uM or
Raptinal 5uM + 2BAct 50uM treatment for 4h in WT (G) or BAX, BAK, BOK TKO cells
(H). Mean + s.d. of n=4 samples/group are shown.

(1, J) Metastatic ratios between cells from the contralateral lung and primary injection site.
Analysis of CFSE-labelled PT and CTV-labelled PS from ARAFI~ (1) or CASPI '~ (J)
PC9 cells was performed 2d after intrapulmonal combined injection (h=6 mice/group).
Statistical analysis was performed using unpaired student’s t-test (F), 2-way ANOVA (E,
G and H) or paired student’s t-test (I and J). *P <0.05; **P <0.01; ***P <0.001; ****P
<0.0001. See also Figure S3.
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Figure 6. Cytochrome c activates HRI and engages the persister phenotype
(A) Immunoblot with the indicated antibodies of PC9 cells that had been transfected with

non-targeting (SiNT) or 2 different CYCStargeting siRNAs, and treated + ABT737 1.5uM
and S6 3uM for 4h. All samples were treated with Q-VD-OPh 20uM.
(B) Immunoblot of cytosolic extracts from PC9 cells treated + 100nM bovine Cytochrome c

for 30min in the presence of 50uM ATP.
(C) Immunoblot of cytosolic extracts from PC9 WT
bovine Cytochrome ¢ or 10ug/ml poly I:C for 30 mi

and HRI-silenced cells treated + 100nM
n in the presence of 50uM ATP.

(D) Immunoblot with the indicated antibodies of PC9 CYCS ™~ cells, reconstituted + WT
or K72R mutant CYCS and treated + ABT737 1.5uM and S6 3uM for 4h. All samples were

treated with Q-VD-OPh 20uM.
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(E) Immunoblot with the indicated antibodies of PC9 cells that had been transfected with
non-targeting (SiNT) or different HCCS-targeting siRNAs and treated + ABT737 1.5uM and
S6 3uM for 4h. All samples were treated with Q-VD-Oph 20uM.

(F) Fractional viability of PT and BH3-mimetic survivors generated from PC9 CYCS/~
cells treated with a titration of ABT737 and S6. Mean + s.d. of 3 samples. One
representative of n=2 independent experiments shown.

(G) Fractional viability of PT and PS generated from PC9 CYCS™" cells, reconstituted +
WT or K72R mutant CYCSand treated + ABT737 1.5uM and S6 3uM. One representative
of n=2 independent experiments shown.

(H) Metastatic ratio of PT and PS generated from PC9 CYCS™" cells that had been
reconstituted with CYCS K72R mutant (n=6 mice/group). Statistical analysis by paired
student’s t-test. *P <0.05.

(1) and (J) gPCR analysis of transcripts involved in glutathione metabolism (I) or diverse
transcripts that have been identified as BCL2 effector protein dependent (J) of PT and PS
generated from PC9 CYCS™" cells, reconstituted + WT CYCS. N=3 samples are shown.
Statistical analysis was performed using unpaired student’s t-test. **P <0.01, ***P <0.001;
****P <0.0001.

(K) Immunoblot and HRI enzyme kinetics in the presence or absence of Cytochrome c
100nm with recombinant proteins. One representative fitting curve from n=3 independent
experiments shown.

(L) Immunoblot of in vitro kinase reaction with recombinant elF2a and HRI, in the presence
or absence of Cytochrome ¢ and £ hemin titration (from 2uM max. to 3nM min., 1.5
dilutions in kinase buffer).

(M) Immunoprecipitation of endogenous Cytochrome c or 1gG (negative control) from
APAF1 KO PC9 cells treated + ABT737 and S6.

See also Figures S4 and S5.
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Figure 7. Cytochrome ¢ — HRI — ATF4 axis drives the phenotype of persistence
(A) Cancer hallmarks pathway analysis in BH3-mimetic treated versus untreated cells

significantly changed in siNT (PS/PT) but not siA7F4 (ABT737, S6 treated/ MOCK) PC9
cells.

(B) Fractional viability of PC9 cells that had been transfected with siNT, siA7F4, siHMOX1
or siNRF2Z, and treated with a titration of ABT737 and S6. One representative of 2
independent experiments shown.

(C) Fractional viability of PC9 PT and PS that had been treated with 50uM of 2BAct. N=3
samples/group.

(D) Fractional viability of PT and BH3-mimetic survivors that were generated from ATF4 7~
cells, and had been treated with MOCK, Erlotinib 5uM, Paclitaxel 1uM or Cisplatin 10uM
for 3d. N=3 samples/group.
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(E) IncuCyte quantification during treatment with ABT737 (1.5uM) and S6 (3uM) of PC9
cells transfected with siNT, siBAX; siBAK; siBOK or a combination of siBAX and siBAK
WT. Data are mean = s.d. of n=3 samples/group. One representative of 3 independent
experiments is shown.

(F) Immunoblot of BAX in WT and CYCSKO cells treated + ABT737 and S6.

(G) Immunoblot of BAX in WT and A7F4 KO and HR/ KO cells treated + ABT737 and S6.
(H) Fractional viability of PT and BH3-mimetic survivors generated from PC9 ATF47~ cells
treated with a titration of RSL3. One representative of 7 independent experiments shown.
(I) Fractional viability of PT and BH3-mimetic survivors generated from PC9 HR/™~ cells
treated with titration of RSL3. One representative of 6 independent experiments shown.

(J) Metastatic ratio of PT and BH3-mimetic survivors generated from PC9 ATF4~~ (n=10
mice/group).

(K) Metastatic ratio of PT and BH3-mimetic survivors generated from PC9 HR/”~ (n=5
mice/group), (same experiment as Figure 1E).

(L) Venn-Diagrams illustrating the number of differentially expressed genes (DEGS) in
SINT (PS/PT), sIATF4 (ABT737, S6 treated/MOCK) or siBAX/BAK (ABT737, S6 treated/
MOCK) PC9 cells. Numbers of up- and down-regulated genes are shown.

(M) DEGs dependent on ATF4 and BAX, BAK. Top 10 genes from 227 up- and 93
down-regulated DEGs that are significantly changed in siNT- but not siA7TF4- or siBAX/
BAK:-silenced cells are depicted.

(N) Gene set score for an apoptosis signature generated with DEGs in PS and not PT that
are dependent on ATF4 and BAX, BAK (see also M), that are up- or down-regulated in
human lung cancers from patients which were treatment-naive (TN, n=1073 samples), had
residual disease (RD, n=572 samples) or had progressive disease (PD, n=2109 samples). The
published data set is from Maynard et a/., 2020.

(O) Gene set score for Reactome HRI response and KEGG Glutathione metabolism gene set
that were up- or down-regulated in human lung cancers from the data set in (N). Statistical
analysis was performed using t-test ****P <0.0001.

(P) Kaplan Meier survival curve of patients with EGFR-mutant lung adenocarcinoma
expressing high (4 quartile) or low (15t quartile) HRI from TCGA database lung
adenocarcinoma (LUAD) cohort. Hazard ratio (HR) and p-value is indicated. N=20/group.
Statistical analysis was performed using 2-way ANOVA (C and D) and paired student’s
t-test (J and K). **P <0.01, ***P <0.001; ****P <0.0001. See also Figures S6 and S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Cytochrome C — AF 647 BioLegend Cat# 612310, RRID:AB_2565241
CD45 - APC BD Cat# 559864 RRID:AB_398672
GAPDH (0411) HRP Santa Cruz Cat# sc-47724 HRP RRID:AB_627678
HRI (D-12) Santa Cruz Cat# sc-365239 RRID:AB_10843794
elF2alpha CST Cat# 9722 RRID:AB_2230924

elF2 pS51 Abcam Cat# ab32157 RRID:AB_732117
ATF-4 CST Cat# 11815 RRID:AB_2616025

HRI (D-12) (EIF2AK1)

Proteintech

Cat# 20499-1-AP RRID:AB_10697665

PKR (EIF2AK2) Santa Cruz Cat# sc6282 RRID:AB_628150

Perk (EIF2AK3) CST Cat# 3192 RRID:AB_2095847

GCN2 (EIF2AK4) CST Cat# 40457 RRID:AB_2799177

Nrf2 Santa Cruz Cat# sc13032 RRID:AB_2263168
Heme Oxygenase 1 Antibody (A-3) Santa Cruz Cat# sc-136960 RRID:AB_2011613
GAPDH-HRP Santa Cruz Cat# sc47724-HRP RRID:AB_627678
B-Actin Antibody (C4) HRP Santa Cruz Cat# sc-47778 HRP RRID:AB_2714189
Caspase9 CST Cat# 9502S RRID:AB_2068621
HCCS Abcam Cat# ab234874

APAF-1 CST Cat# 5088S RRID:AB_10556958
BAX CST Cat# 2772 RRID:AB_10695870

BAK CST Cat# 3814 RRID:AB_2290287

BOK Abcam Cat# ab186745 RRID:AB_2728737
Cytochrome ¢ (D18C7) Rabbit mAb CST Cat# 11940S RRID:AB_2637071
Amersham ECL Rabbit I9gG, HRP-linked whole Ab (from donkey) Amersham Cat# NA934 RRID:AB_772206
Chytive)\’s Amersham ECL Mouse 1gG, HRP-linked whole Ab (from Amersham Cat# NA931 RRID:AB_772210

sheep

Anti-NRF2 antibody [N2C2] Genetex Cat# GTX103322 RRID:AB_1950993
GFP-Booster Alexa Fluor® 488 Chromotek Cat# gb2AF488 RRID:AB_2827573
RFP-Booster Alexa Fluor® 568 Chromotek Cat# rb2AF568 RRID:AB_2827576

BODIPY™ 581/591 C11

Thermo Fisher

Cat# D3861

Cytochrome C BD Cat# 556432 RRID:AB_396416
GFP-Trap Magnetic Agarose Chromotek Cat# gtma-20 RRID:AB_2631358
p62/SQSTM1 Sigma Cat# P0067 RRID:AB_1841064
Bacterial and Virus Strains

NEB®10-beta Competent E.coli (High Efficiency) NEB Cat# C3019H

NEB 5-alpha Competent E.coli NEB Cat# C2987H

NEB® Stable Competent E.coli (High Efficiency) NEB Cat# C3040H
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

TOPO™ TA Cloning™ Kit for Sequencing, with One Shot™ TOP10
Chemically Competent E. coli

Thermo Fisher

Cat# K4575J10

Biological Samples

Chemicals, Peptides, a Recombinant Proteins

ABT-737 MCE Cat# HY-50907
S63845 MCE Cat# HY-100741
ISRIB MCE Cat# HY-12495
2BAct AOBIOUS Cat# 2143542-28-1
Paclitaxel MCE Cat# HY-B0015
RSL3 Selleck Chemicals Cati# S8155
Irinotecan MCE Cat# HY-16562
Erlotinib Cayman Cat# 10483
Vemurafenib (PLX4032) Cayman Cat# 10618
Raptinal Millipore Sigma Cat# SML1745
Digitonin Sigma-Aldrich Cat# D141

Eif2s1, His tagged human,recombinant Sigma-Aldrich Cat# SRP5232
Eif2akl1 (HRI) Human Protein Thermo Scientific Cat# PV5856

3X FLAG® Peptide Sigma-Aldrich Cat# FA799

AC DEVD AFC Enzo Life Sciences Cat# ALX260032M005
Cytochrome c from Saccharomyces cerevisiae Sigma-Aldrich Cat# C2436
Cytochrome C, equine Sigma-Aldrich Cat# C2506
Cytochrome C, bovine Sigma-Aldrich Cat# C2037
Liberase TM Sigma-Aldrich Cat# 5401119001
DNase I, Grade I1, from bovine pancreas Sigma-Aldrich Cat# 10104159001
Corning® Matrigel® Basement Membrane Matrix, LDEV-Free Corning Cat# 356234
Deferoxamine mesylate salt Sigma-Aldrich Cat# D9533-1G
Critical Commercial Assays

RNeasy Mini Kit Qiagen Cat#74104
Direct-zol RNA MicroPrep (200 Preps) w/ Zymo-Spin IC Columns Zymo Research Cat# R2062
(Capped)

Intracellular Fixation & Permeabilization Buffer Set BD Cat# 554714

eBioscience Foxp3 / Transcription Factor Staining Buffer Set

Thermo Scientific

Cat# 00-5523-00

Dual-Luciferase Reporter 1000 Assay System Promega Cat# E1980
CellTiter-Glo Luminescent Cell Viability Assay Promega Cat# G7572
CellTrace™ CFSE Cell Proliferation Kit, for flow cytometry Thermo Scientific Cat# C34554
Cell Trace Violet Thermo Scientific Cat# C34557
Clarity™ Western ECL Substrate, 500 ml, 1705061 Bio-Rad Cat# 1705061
Xt MES Running Buffer, 1610789 Bio-Rad Cat# 1610789
20S Proteasome Lysis Buffer CAYMAN Chemicals Cat# 10011098
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Lipofectamine 3000 Transfection Reagen

Thermo Scientific

Cat# 3000001

Fugene HD Transfection Reagent, Promega, FUGENE HD Promega Cat# E2311
Transfection

ViaFect Transfection Reagent Promega Cat# E4981
Lipofectamine™ RNAIMAX Transfection Reagent Therno Scientific Cat# 13778075
Ercc RNA Spike-In Mix Thermo Scientific Cat# 4456740

pcDNA3.1/V5-His TOPO TA Expression Kit

Thermo Scientific

Cat# K480001

ANTI-FLAG® M2 Affinity Gel,purified immunoglobulin, buffered Sigma-Aldrich Cat# A2220
aqueous

SYBR Green PCR Master Mix Applied Biosystems Cat#4309155
Chromium Next GEM Single Cell 3’ Library Kit v3.1 16 rxns 10X Genomics PN-1000157
Chromium Next GEM Chip G Single Cell Kit, 16 rxns 10X Genomics PN-100012

Mycoalert Detection kit

Lonza

Cat# LT07-318

EasySep Dead Cell Removal (Annexin V) kit

STEMCELL technologies

Cat# 17899

et al., 2010; Spandidos et
al., 2008, 2010; Wang et
al., 2012)

Next Seq 500/550 High Output Kit v2 Illumina Cat#FC-404-2002

TruSeq Stranded mRNA Kkits Illumina Cat#20020595

Zombie Violet Viability Kit Biolegend Cat#423113

Deposited Data

SuperSeries GSE189639

bulllk RNA-seq of parental and persister cells generated human cancer GSE189625

cells

scRNAseq of PC9 parental and persister cells GSE189638

Experimental Models: Cell Lines

H. sapiens: PC9 ATCC

H. sapiens: HCT116 Richard Youle

H. sapiens: HT29 ATCC

H. sapiens: A549 Richard J. Webby, SJIRH

H. sapiens: H226 ATCC

Experimental Models: Organisms/Strains

NOD.Cg-Prkdcsscid 112rgtm1Wjl/SzJ (NSG) In house

Ragl~/~ In house

Oligonucleotides

sgRNA see Table S3 abm (Lopez et al., 2016; N/A
Shalem et al., 2014)

SiRNA see Table S4 Dharmacon, IDT N/A

gPCR primer see Table S5 Origene sequences, (Kim N/A

Recombinant DNA

Piggybac expression system (inducible)

(Magnusdattir et al.,
2013)

pPB constitutive CMV

This paper
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REAGENT or RESOURCE SOURCE IDENTIFIER
pPB (puro)-mCherry This paper
pPB (puro)-mNeonGreen This paper
pPB (puro)_hUTR(ATF4) luci_IRES RenLuciferase This paper
pPB (puro) mitoV1 AifTail-mCh-GFP1-10 This paper
pPB (Blast) This paper
pPB (Blast) 2xGFP11 (M3) This paper
pPB (Zeo) This paper
pPB (Zeo)_CYCS This paper
pPB (Zeo)_CYCS K72R This paper
pPB Luciferase-tdTomato This paper
pcDNA TOPO TA mClover This paper

pXG290 (HRI-mClover)

(Guo et al., 2020)

Addgene 141284

Px458 pSpCas9(BB)-2A-GFP (Ran et al., 2013) Addgene 48138
pLKO5.sgRNA.EFS.PAC (Heckl et al., 2014) Addgene 57825
CRISPRv2 GFP (Walter et al., 2017) Addgene 82416
pSpCas9(BB)-2A-mCherry In House N/A

Software and Algorithms

Trim Galore (v0.5.0)

Babraham Institute

RRID:SCR_011847

Picard (v 2.19.0)

Broad Institute

RRID:SCR_006525

RSEM

Dewey lab

RRID:SCR_013027

DESeq2 (v1.30.1)

Michael Love

RRID:SCR_015687

Cell Ranger (v6.0.1)

10X Genomics

RRID:SCR_017344

Slingshot (v1.8.0)

Kelly Street

RRID:SCR_017012

STAR (v 2.7.53)

Alexander Dobin

RRID:SCR_004463

Seurat (v4.0.4)

Satija lab

RRID:SCR_016341

tradeSeq (v1.4.0)

Lieven Clement

RRID:SCR_019238

clusterProfiler (v3.18.1)

Guangchuang Yu

RRID:SCR_016884

R (v 4.0.5) R project RRID:SCR_001905
RUVseq (v1.24.0) Davide Risso RRID:SCR_006263
FlowJo v10 FlowJo, LLC RRID:SCR_008520
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