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Oncogene-targeted cancer therapies can provide deep responses but
frequently suffer from acquired resistance. Therapeutic approaches to treat
tumours that have acquired drug resistance are complicated by continual
tumour evolution and multiple co-occurring resistance mechanisms.
Rather than treating resistance after it emerges, it may be possible to
prevent it by inhibiting the adaptive processes that initiate resistance, but
these are poorly understood. Here we report that residual cancer persister
cells that survive oncogene-targeted therapy are growth arrested by drug
stress-induced intrinsic type linterferon signalling. To escape growth
arrest, persister cells leverage apoptotic machinery to transcriptionally
suppress interferon-stimulated genes (ISGs). Mechanistically, persister cells
sublethally engage apoptotic caspases to activate DNA endonuclease DNA
fragmentation factor B (also known as caspase-activated DNase), which
induces DNA damage, mutagenesis and stress response factor activating
transcription factor 3 (ATF3). ATF3 limits activator protein 1-mediated

ISG expression sufficiently to allow persister cell regrowth. Persister cells
deficient in DNA fragmentation factor B or ATF3 exhibit high ISG expression
and are consequently unable to regrow. Therefore, sublethal apoptotic
stress paradoxically promotes the regrowth of residual cancer cells that
survive drug treatment.

To discover adaptive mechanisms that enable cancer cells to acquire
drugresistance, we utilized modelsin which treatment with oncogene-
targeted therapies results in death for the majority of cells and effec-
tively purifies a residual population of primarily quiescent cancer
persister cells (Extended Data Fig. 1a-d). A minority of persister cells
regrow into drug-tolerant expanded persister (DTEP) cell colonies
duringthe first 6 months of treatment, modelling the earliest stage of
tumour recurrence (Fig.1a and Extended Data Fig.1a-d). Though DTEP
colonies have beenreported to eventually acquire resistance mutations

and become irreversibly drug resistant after 6 months or more of
treatment’?, it is not known whether mutations contribute to initial
DTEP colony formation.

To gain insight into the transition from persister to DTEP cells
(Fig. 1a), we performed RNA sequencing (RNA-seq) on targeted
therapy-treated persister cells. Beyond previously described per-
sister cell signatures'*”, we observed an enrichment in an ‘anastasis’
signature (Fig. 1b-f and Supplementary Tables 1-3). Anastasis is the
phenomenon wherein cells recover from brief periods of apoptotic
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Fig. 1| Drug-tolerant persister cells undergo chronic sublethal apoptotic
stress-induced DNA damage. a, Microscopy of A375 persister and DTEP cells
treated with 250 nM dabrafenib and 25 nM trametinib. Scale bars, 100 um.

b, BulkRNA-seq gene set enrichment analysis of the anastasis signature in A375
persister cells. The Pvalue was calculated with a permutation test with family-
wise error rate correction. c-f, Single-cell RNA-seq UMAPs of A375 (¢,d) and PC9
(e,f) parental cells and persister cell populations (c,e) with enriched anastasis
gene set cells highlighted in red (d,f). PC9 persister cells derived from 2.5 uM
erlotinib. g, A375 parental and persister cells assessed for mitochondrial release
of cytosolic cytochrome c. h, A375 parental and persister cells assessed for loss
of mitochondrial (MT) potential usingJC-1indicator dye by flow cytometry.

i, A375 persister cells assessed for cleaved caspase 3 and yH2AX either on drug
or following 24 or 72 h of drug removal. j, Flow cytometry quantification of
caspase 3/7 activity reporter geometric means. k, A375 persister cells sorted
for basal, medium (sublethal) and high (lethal) caspase 3/7 activity, replated in
mediawithout drug and assessed for cell viability the following day. I, Parental
and persister cells assessed for yYH2AX with or without cotreatment with 10 pM
caspaseinhibitor QVD.Ini,jandl, parental cells treated for 24 h with250 nM
(i) or for 4 hwith 1 pM staurosporine (j) were used as a positive control.Ing, h,
jandk, n=3biological replicates, the mean + s.d. is shown, and Pvalues were
calculated with two-tailed Student’s t-test. NES, normalized enrichment score.

stress, and this can result in DNA damage, mutagenesis and transfor-
mation®, Similarly, ‘flatliner’ cells which survive transient mitochon-
drial outer membrane permeabilization (MOMP), akey initiating step
toward apoptosis, were recently shown to have increased potential
to form persister cells and also to metastasize’. The melanoma cells
which undergo ‘failed apoptosis’ also gain migration and invasion
properties'®. Therefore, brief encounters with apoptotic stress can
have protumour effects. Whether cancer cells can also tolerate weeks
or months of continuous apoptotic stress such as in the context of
acquired drugresistance is unknown.

Results

Persister cells undergo chronic sublethal apoptotic signalling
We found that persister cells exhibit partial mitochondrial cytochrome
crelease (Fig. 1g and Supplementary Fig. 1) and loss of mitochondrial
potential (Fig. 1h and Supplementary Fig. 2) indicative of sublethal

MOMP. Persister cells also have partially cleaved apoptotic executioner
caspase 3 whichis at alevel below cells treated with a lethal exposure
of apoptosis-inducer staurosporine, consistent with sublethal caspase
activation (Fig. 1i, Extended Data Fig. 2aand Supplementary Fig. 3). Fur-
thermore, using a fluorescent caspase 3/7 activity sensor, we observed
an increase in caspase activity in live persister cells (Fig. 1j and
Supplementary Fig.4), and sorted persister cells withincreased levels
of caspase 3/7 activity were capable of regrowth upon drug removal,
whereas cells with very high caspase activity were not, demonstrat-
ing that persister cells remain viable with apoptotic caspase activity
(Fig. 1k and Extended Data Fig. 2b). This is consistent with a recent
study showing that cells can recover from intermediate but not high
apoptotic caspase 3 activity". In addition, though cancer cell lines
can have spontaneous low level apoptotic signalling™, we found that
persister cell apoptotic signalling is drug-induced because apoptotic
signalling markers are absent before treatment, induced early during
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drug exposure, maintained throughout months of treatment and dis-
sipated within 24 h of drug removal (Fig. 1iand Extended Data Fig. 2c,d).
Therefore, persister cells experience drug stress-induced apoptotic
signalling throughout drug exposure yet remain alive.

DFFB induces DNA damage in persister cells
Inresponse to a variety of acute stresses, apoptotic caspases can pro-
mote DNA damage by activating apoptotic DNA endonucleases®” ™",
We tested whether apoptotic caspases also induce DNA dam-
age in persister cells and found that the pan-caspase inhibitor
quinoline-Val-Asp-difluorophenoxymethylketone (QVD) blocked
persister cell DNA damage across multiple tumour types treated
with targeted therapies (Fig. 11, Extended Data Fig. 2e-h and
Supplementary Fig. 5). Similarly, caspase 9-knockout (KO) persister
cells, which do not undergo drug-induced caspase 3 cleavage, fail to
acquire DNA damage (Extended Data Fig. 2i). We also found that per-
sister cells sorted for increased caspase 3/7 activity have increased
DNA damage compared with persister cells withoutincreased caspase
activity (Extended Data Fig. 2j). Therefore, targeted therapy drugs
induce apoptotic caspase-dependent DNA damage in persister cells.
During apoptosis, DNA endonuclease DNA fragmentation factor
B (DFFB) is activated by caspase 3-mediated proteolytic cleavage of
DFFB chaperone and inhibitor protein DNA fragmentation factor A
(DFFA, also known as ICAD or DFF45), enabling DFFB to form a nucle-
ase active dimer'. Activated DFFB induces DNA breaks, promoting
the extensive fragmentation of chromosomal DNA during apoptotic
cell death” ", but in response to transient sublethal apoptotic stress,
DFFB can also induce acute DNA damage'">?°. We explored whether
the chronic apoptotic stress we observed in persister cells results in
DFFB-mediated persistent DNA damage. Consistent with the activation
of DFFB, we observed the cleavage of DFFA in persister cells (Fig. 2a)
whichis dependent on caspases (Extended DataFig. 2i,k). DFFA cleav-
age was also observed in DTEP cells, indicating continuous DFFB acti-
vation throughout DTEP colony formation (Extended Data Fig. 2k). To
test whether DFFB functionally contributes to DNA damage, we gener-
ated DFFB loss-of-function (LOF) modelsincluding CRISPR-mediated
DFFB-KO cells (Extended Data Fig. 3a-g) and cells with ectopi-
cally expressed non-cleavable mutant DFFA, which is resistant to
caspase-mediated cleavage and blocks endogenous DFFB activity?.
We found that drug-induced DNA damage was absent in all DFFB LOF
persister cell models (Fig. 2b—e and Extended Data Fig. 3h), and the
re-expression of wild-type DFFB, but not nuclease activity-deficient
mutant DFFB?, restored drug-induced DNA damage in DFFB-KO
persister cells (Fig. 2f). Therefore, DFFB endonuclease activity is
the primary source of drug stress-induced DNA damage in targeted
therapy-treated persister cells.

DFFB is required for persister cell regrowth and tumour relapse
Given prior observations that DFFB activation can promote
transformation'***, we explored whether chronic DFFB-induced
DNA damage may promote persister cell escape from growth arrest
to enable regrowth into DTEP colonies. Indeed, we found that DFFB
LOF persister cells were severly hindered in their ability to form DTEP
colonies across all tested tumour types and treatments (Fig. 3a-e
and Extended Data Fig. 3i). We then tested whether DFFB is required
for acquired resistance in vivo. Mice bearing A375 wild-type DFFB
or DFFB-KO melanoma tumours, which formed similarly (Extended
Data Fig. 4a), were treated with dabrafenib and trametinib. Both
wild-type and DFFB-KO tumours initially responded to therapy and
shrunk to a similar minimal residual volume (Extended Data Fig. 4b).
However, whereas wild-type DFFB tumours regrew during further treat-
ment, DFFB-KO tumours remained in a regressed state and failed to
regrow (Fig. 3f). These observations are independent of tumour cell
viability, initial drug response or persister cell formation, which were
eachfound tobe unaffected by DFFB deficiency (Extended DataFig. 4).

Therefore, DFFB s specifically required for persister cells and residual
tumours to regrow during drug treatment.

DFFB induces mutagenesis in persister cells

We next explored the mechanism by which DFFB enables persister
cell regrowth. One possible mechanism is by inducing mutagen-
esis and the acquisition of resistance mutations because DFFB has
been reported to promote mutagenesis during acute apoptotic
stress™?*?*, To test this possibility, we performed whole-exome
sequencing on the wild-type DFFB and DFFB-KO A375 cells subjected
to 7 weeks of dabrafenib and trametinib treatment, which revealed
avariety of acquired mutations, supporting recent reports of per-
sister cell stress-induced mutagenesis>* (Supplementary Table 4).
Consistent with DFFB-mediated mutagenesis, we found that A375
DFFB-KO cells had fewer than half as many acquired mutations as
wild-type cells (Extended Data Fig. 5a). An analysis of PC9 cells sub-
jected to 10 weeks of erlotinib treatment similarly revealed that
PC9 DFFB-KO cells acquired fewer mutations than wild-type cells
(Extended Data Fig. 5b and Supplementary Table 5). However, the
magnitude of the contribution of DFFB to acquired mutations was less
in PCY9, potentially because PC9 persister cells also undergo substan-
tial APOBEC3-mediated mutagenesis® and lack the downregulation
of DNA repair genes or upregulation of error prone DNA polymer-
ases, a previously reported feature of stress-induced mutagenesis’
(Extended Data Fig.5c-g). These data suggest DFFBis one of multiple
sources of mutagenesis in persister cells. However, there were no
known resistance conferring mutations found among the acquired
mutations (Supplementary Tables 4 and 5). We therefore searched for
analternative non-mutational mechanism by which DFFB promotes
persister cell regrowth.

DFFB suppresses IFN signalling to enable persister cell regrowth
The RNA-seqanalysis of wild-type persister and DTEP cells revealed sig-
nificantly enriched signatures composed of interferon (IFN)-stimulated
genes (ISGs) inboth populations compared with parental cells, though
ISGs were decreased in cycling DTEP cells (Fig. 4a, Extended Data
Fig. 6a-d and Supplementary Table 2). Tumour cell-intrinsic IFN signal-
ling can contribute to growth arrest* and suppress disseminated cancer
cell growth? and therefore could limit persister cell regrowth. One
potential source of persister cell intrinsic IFNis MOMP, which, inapop-
toticcells, exposes mitochondrial nucleic acids to cytoplasmic pattern
recognition receptors thatinduce type I IFN*, We found that persister
cells, which exhibit MOMP (Fig. 1g,h), also have anincreased exposure
of mitochondrial nucleic acids to cytosol and upregulated IFN expres-
sion (Extended DataFig. 6e,f). We therefore hypothesized that persister
cellregrowthis limited by intrinsic IFN signalling. Although a minority
of wild-type persister cells regrow into DTEP colonies, most wild-type
persister cellsdonot (Fig. 3a-e and Extended Data Fig. 3i), and we found
that the cotreatment of persister cells withJAK inhibitor ruxolitinib to
block IFN signalling increased the proportion of persister cells which
regrew into DTEP colonies (Extended Data Fig. 6g,h). Furthermore,
DTEP colonies are predominantly constituted by quiescent cells
withincreased ISGs, indicating that ISGs remain growth-suppressive
throughout treatment (Extended Data Fig. 6i-1).

Interestingly, we found that drug-treated DFFB-KO cells exhibit
strongly increased IFN transcriptional signatures above the cor-
responding wild-type cells at all timepoints (Fig. 4a-c, Extended
Data Fig. 6m-o0 and Supplementary Tables 6-9). We also observed a
stronger rescue of DTEP colony formation in DFFB-KO thaninwild-type
DFFB persister cells upon treatment with JAK inhibitor (Fig. 4d,e and
Extended Data Fig. 6g,h). Furthermore, STATI, a central IFN pathway
transcription factor which drives prolonged expression of ISGs and is
itselfanISG**, is upregulated throughout drug treatment in DFFB LOF
cellscompared with wild-type cellsinatypelIFN signalling-dependent
manner (Fig. 4f-i and Extended Data Fig. 6p). Increased STAT1 is
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persister cells. a, A375 persister cells exhibit cleaved DFFA, indicating DFFB
activation. b-d, Persister cell DNA damage is absent in A375 (b), PC9 (500 nM
osimertinib) (c) and BT474 (500 nM lapatinib) (d) DFFB LOF persister cells.
Ina-e, 250 nM (a,b,e), 500 nM (c), or 750 nM (d) staurosporine treatment for

50 kDa J----_-‘ B-Tubulin
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cells with the ectopically expressed cleavage-resistant DFFA variant (DFFA-CR).

f, Doxycycline-inducible re-expression of nuclease-active DFFB, but not nuclease-
dead DFFB, in DFFB-KO A375 persister cells restores drug-induced DNA damage.
cl, clone; WT, wild-type.

sufficient to block persister cell regrowth because STAT1 ectopic
overexpression suppresses wild-type DTEP formation (Fig. 4j-m). By
contrast, increased STAT1 has minimal effect on parental cell prolif-
eration, suggesting that IFN signalling in the absence of drug stress is
insufficient toblock growth (Extended Data Fig. 6q,r). These observa-
tions demonstrate that during drug treatment, DFFB suppresses IFN
signalling sufficiently to allow the regrowth of a minority of persister
cells. Consequently, the DFFB-deficient persister cells experience
highly increased IFN signalling which prevents regrowth.

We then explored how DFFB regulates IFN signalling. Though high
levels of DFFB-induced DNA damage were recently reported to promote
transient STING-mediated type I IFN production during direct ectopic
DFFBactivationoracuteviralinfection”, persister cells have lower levels
of drugstress-mediated DFFB-induced DNA damage, and thisis insuffi-
cienttodrive DFFB-dependent IFNinduction (Extended Data Fig. 6f,s).
Type I IFN production is instead regulated independent of DFFB in
persister cells by apoptotic caspases as shown by increased IFNf3
expression upon QVD treatment (Extended Data Fig. 6f), consistent
with prior reports in other contexts***, Given that ISGs are strongly
increased in DFFB-KO persister cells, but expression of type I IFN is
not, we hypothesized that DFFB transcriptionally regulates ISGs down-
stream of IFN signalling. Though DFFB is a nuclease which has some
preference for inducing DNA breaks in specific genomic regions™,
and DFFB-induced DNA damage can affect proximal gene expression™,
we considered it unlikely that DFFB induces coordinated suppressive
DNA breaks at the numerous ISG loci DFFB regulates in persister cells.

Therefore, we instead searched for an ISG suppressing factor, which
isactivated by DFFB.

DFFB activates stress response factor ATF3

We found that stress response factor ATF3 is specifically induced in
drug-treated wild-type cellsat both the persister and DTEP timepoints
(Fig. 5aand Extended DataFig. 7a-c). ATF3 has previously been shown
toeither negatively or positively regulate the expression of ISGsinclud-
ing STAT1in other contexts® . Therefore, we considered ATF3tobe a
candidate mediator of DFFB-induced ISG suppression. We first tested
how ATF3 expressionisinduced in persister cells. ATF3 canbe induced
by a variety of stresses and signals including DNA damage*’, IFN sig-
nalling* and the integrated stress response (ISR)*2. ATF3 isinduced in
wild-type persister cells which have DNA damage and is notinducedin
DFFB-KO persister cells whichlack DNA damage (Extended Data Fig. 7d).
Furthermore, ATF3 expression is rescued in DFFB-KO persister cells
by treatment with topoisomerase inhibitor etoposide, whichinduces
DNA breaks independent of DFFB*, thereby demonstrating that DNA
damagedrives ATF3inductionin persister cells (Fig. 5b). We also found
that JAK inhibitor cotreatment reduced ATF3 levels in persister cells,
indicating that IFN signalling also promotes ATF3 induction (Fig. 5¢c
and Extended Data Fig. 7e).

The ISR is activated by a variety of stresses resulting in the phos-
phorylationof elF2ocand the induction of ATF4, which drives the expres-
sion of target genes including ATF3**. Recently, the ISR was shown to
also be induced via haem-regulated inhibitor kinase activation as a
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Fig. 3| DFFB mediates cancer persister cell regrowth. a-e, Measurement of

the fraction of cells which regrow into DTEP colonies during treatment; A375
melanoma cells treated with 250 nM dabrafenib and 25 nM trametinib comparing
wild-type to DFFB-KO (a), DFFA-CR-expressing (d), or caspase 9-KO (e) cells; PC9
lung cancer cells treated with 300 nM osimertinib comparing wild-type to DFFB-
KO cells (b;) and BT474 breast cancer cells treated with 2 uM lapatinib comparing

wild-type to DFFB-KO cells (c). n =3 biological replicates; mean + s.d.; two-tailed
Student’s t-test. f, Tumour volume of A375 xenograft tumours in mice treated
with dabrafenib and trametinib. Data are normalized to the minimum volume
of each tumour during treatment; n = 3 biological replicates; the individual
measurements are displayed. The two-tailed Student’s t-test was calculated on
the mean of wild-type versus the mean of DFFB-KO.

result of MOMP and cytochrome creleasein cancer cells which recover
fromtransient treatment with cytotoxic concentrations of BH3 mimet-
ics, resultingin cells with persister cell features and metastatic poten-
tial®. We also observed that transient treatment with BH3 mimetics
induces thelSRand induction of ATF3inrecovered A375and PC9 cells
(Extended DataFig. 8a,b). However, we failed to detect phosphorylated
elF2a orincreased ATF4 at any timepoint during targeted therapy treat-
ment, includingin persister cells (Extended DataFigs.7d and 8a,b). An
explanation for this distinctionis that cytotoxic BH3 mimetic-treated
cells exhibit much higher mitochondrial cytochrome c release com-
pared with targeted therapy-treated persister cells, suggesting that
a minimum threshold of cytoplasmic cytochrome c is required to
activate the ISR (Extended Data Fig. 8c-f and Supplementary Fig. 6).
Furthermore, whereas ATF3 induction is dependent on ATF4 during
the ISR, we found that, in persister cells, ATF3 is induced indepen-
dently of ATF4 because ATF4-KO persister cells robustly induce ATF3
(Extended DataFig.8g,h). Therefore, DFFB-dependent ATF3 induction
in persister cells is mediated by DNA damage and IFN signalling, not
thelSR.

ATF3 suppresses ISG expression to promote persister
cellregrowth

We next tested whether ATF3 functionally suppresses ISGsin persister
cells to allow regrowth and found that CRISPR-mediated ATF3 deple-
tionresultedinincreased STAT1and IFN-related gene sets (Fig. 5d,e and
Supplementary Tables 10 and 11). Furthermore, in DFFB-KO persister
cells, which fail to induce ATF3 (Fig. 5a), the ectopic re-expression of

ATF3 decreased STAT1 levels (Fig. 5f). Similarly, the rescue of ATF3
expression in DFFB-KO persister cells by etoposide treatment also
suppressed STAT1 (Fig. 5b). Furthermore, similar to DFFB LOF cells,
ATF3-depleted persister cells are hindered in their ability to regrow
into DTEP colonies (Fig. 5g). Likewise similar to DFFB LOF cells
(Extended Data Fig. 4c-p), the decreased DTEP colony formation
of ATF3-depleted cells was not due to any defect in proliferation or
persister cell viability (Extended Data Fig. 9a,b). ATF3 also remained
highly expressed in wild-type DFFB but not in knockout cells at the
timepoint wild-type DTEP colonies form, consistent with a continuous
role for ATF3in suppressing ISGs throughout DTEP colony formation
(Extended Data Figs. 7c and 9¢).

We next sought to determine how ATF3 suppresses ISG expres-
sionin persister cells. ATF3 binds and antagonizes activator protein1
(AP1) transcription factor complex proteins® (Extended Data Fig. 9d),
and AP1was recently reported to drive memory inflammatory gene
expression, including ISGs in epidermal stem cells*. We therefore
tested whether ATF3 suppression of ISGs in persister cells occurs as
aresult of negative regulation of AP1 transcription factor activity.
Consistent with this, we observed that the cotreatment of DFFB-KO
and ATF3-depleted persister cells, which are each deficient in ATF3
and have increased ISGs (Figs. 4a-c and 5a,d,e and Extended Data
Figs.6m-oand7a-c), with AP1inhibitor T-5224 decreased expression
of IFN-related gene sets (Fig. 5h,i and Supplementary Tables 12-15).
By contrast, AP1inhibitor treatment has no effect on IFN-related
gene sets in wild-type persister cells as expected for cells with
intact ATF3-mediated AP1 inhibition (Extended Data Fig. 9e and
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Fig. 4| DFFB suppresses IFN signalling to allow persister cell regrowth.

a, Single-cell RNA-seq Hallmarks IFNa response gene set signature scores in A375
wild-type DFFB and DFFB-KO parental cells and drug-treated cells at the persister
and DTEP timepoints. Pvalues were calculated with the two-sided Mann-Whitney
test. b,c, Single-cell RNA-seq UMAP of similar numbers of A375 wild-type and
DFFB-KO cells at 9 weeks of drug treatment (b) with the enriched Hallmarks IFNo
response gene set highlighted inred (c). d,e, Measurement of the fraction of cells
whichregrew into DTEP colonies during treatment: A375 DFFB-KO cells treated
with 250 nM dabrafenib and 25 nM trametinib for 2 weeks to derive persister
cells, then1puMJAK inhibitor (JAKi) ruxolitinib was added and all three drugs
were maintained for five more weeks (d), and PC9 DFFB-KO cells were treated
with300 nM osimertinib and 5 uM ruxolitinib for 5 weeks (e). f, Total STAT1levels

x

in A375 persister cells cotreated for 14 days with 1 uM TBK1 inhibitor MRT67307
or1uMJAKi. g, A375 caspase 9-depleted (pooled KO) and DFFA-CR-expressing
parental and persister cells analysed for STAT1. h, PC9 wild-type and DFFB-KO
persister cells treated with 500 nM osimertinib analysed for STATL. i, The A375
DFFB-KO cells treated for 7 days with 250 nM dabrafenib and 25 nM trametinib
withand without 1.5 uM of IFNa receptor 1 neutralizing antibody (IFNAR1-nAb)
and analysed for total STAT1 expression. j k, A375 wild-type and STAT1-
overexpressing cells (j) treated with 250 nM dabrafenib and 25 nM trametinib
and analysed for DTEP colony formation (k). 1,m, PC9 wild-type and STAT1-
overexpressing cells (I) treated with 300 nM osimertinib and analysed for DTEP
colony formation (m).Ind, e, kand m, n =3 biological replicates, the mean + s.d.
isshown, and the Pvalues were calculated with the two-tailed Student’s t-test.

Supplementary Tables16 and 17). These datasupport ATF3-mediated
AP1linhibition as a mechanism by which DFFB suppresses ISGs in
persister cells.

On-treatment patient tumours exhibit features of
IFN-enforced persister cell growth arrest

To assess evidence for our findings in patients, we explored datasets
from tumours from patients with melanoma and lung cancer which
were analysed by RNA-seq before and during targeted therapy
treatment**5, We first investigated the anastasis signature which

marks drug-stressed persister and DTEP cells (Fig. 1b-f and
Extended Data Fig. 10a,b) and found that it is increased in both
on-treatment melanoma samples and residual disease lung cancer
samples collected during treatment (Extended Data Fig. 10c,d).
By contrast, the progressive disease lung cancer samples collected at
later timepoints are markedly devoid of the anastasis signature, sug-
gesting that progressive disease tumours have acquired resistance
and do not experience drug stress (Extended Data Fig. 10d). Indeed,
many of the progressive disease tumours were reported to harbour
mutations and non-genetic mechanisms which can cause resistance®.
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Fig. 5| DFFBinduces ATF3 to suppress ISGs and enable persister cell regrowth.
a, ATF3 protein levelsin A375 WT, DFFB-KO and DFFA-CR parental and persister
cells. b, A375 DFFB-KO persister cells treated with or without 100 pM etoposide
for 48 h and analysed for DNA damage, ATF3 and STATL. ¢, A375 wild-type
persister cells cotreated with 1 pM JAKi and analysed for ATF3 expression.

d, Total STAT1and ATF3 levels in A375 cells with CRISPR-mediated ATF3 depletion
(pooled KO). e, Bulk RNA-seq gene set enrichment analysis of Hallmarks

IFNa response gene set using differentially expressed genes between A375
ATF3-KO and wild-type persister cells. The Pvalue was adjusted with the

Benjamini-Hochberg correction. f, Total STAT1 and ATF3 protein levels in
A375DFFB-KO persister cells with ectopically expressed ATF3. g, DTEP colony
formationin A375 wild-type and ATF3-depleted (pooled KO) cells. n = 3 biological
replicates; mean *s.d.; two-tailed Student’s ¢-test. h,i, Bulk RNA-seq gene set
enrichment analysis of A375 ATF3-KO (h) and DFFB-KO (i) persister cells with
versus without cotreatment with 20 pM APl inhibitor T-5224. The IFN-related
genesets are coloured red. n =3 biological replicates. Pvalues were adjusted with
the Benjamini-Hochberg correction. j, Summary diagram. EMT, epithelial-to-
mesenchymal transition.

Similar to persister and DTEP cells (Extended Data Fig. 6l),
both the on-treatment melanoma and residual disease lung cancer
samples have decreased expression of proliferation marker Ki-67
(Extended Data Fig. 10e,f), whereas progressive disease tumours
have high levels of Ki-67 (Extended Data Fig. 10f). On-treatment mel-
anoma and residual disease lung cancer samples are also enriched
for ATF3 and exhibit moderately increased expression of ISGs
(Extended Data Fig. 10g-j) similar to wild-type DFFB persister and
DTEP cells (Figs. 4a and 5a, Extended Data Fig. 6a-c,i,j and 7a-c). By
contrast, consistent with a lack of drug stress, progressive disease
tumours fail to induce ATF3 (Extended Data Fig. 10j) and exhibit even
further increased ISGs (Extended Data Fig. 10h). Without drug stress
to induce tumour cell-intrinsic IFN production, the source of IFN
in progressive disease may be primarily from immune infiltrate*.
Despite high ISGs, progressive disease tumours are proliferative, sug-
gesting that in the absence of drug stress, IFN alone is insufficient to

cause tumour growth arrest. Indeed, we also found that increased
STAT1 has a minimal effect on the proliferation of unstressed paren-
tal cells (Extended Data Fig. 6q,r) yet blocks drug-stressed persister
cell regrowth (Fig. 4j-m). Together, these analyses demonstrate that
multiple core features of wild-type DFFB persister and DTEP cells are
present within drug-stressed residual tumours including anastasis,
ATF3andIFNregulation, but that untreated or fully resistant tumours
which avoid drug stress lack these features.

Discussion

The adaptive mechanisms utilized by cancer cellsto survive drug treat-
mentand develop resistance are poorly understood. Although genetic
resistance mutations often drive long term acquired drug resistance,
the earliest events which enable residual cancer cells to regrow may
be non-genetic*. By exploring the consequences of sublethal apopto-
sis in persister cells, we uncovered a regulatory mechanism in which
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apoptotic DNase DFFB orchestrates the transcriptional repression of
ISGs, enabling escape from IFN-enforced growth arrest and facilitating
initial persister cell regrowth (Fig. 5j). Cancer cells deficient in DFFB
arenotably unable toregrow during targeted therapy treatment. DFFB
also promotes mutagenesisin persister cells, which may contribute to
cancer stress-induced mutagenesis®**. These findings are consistent
with clinical observations thatincreased apoptosis signal in regressed
tumours during drug treatment predicts worse outcome®°.

We found DFFB-mediated DNA damage induces ATF3, which
accumulates during drug treatment and functions as part of IFN
negative feedback machinery that limits persister cell ISG expres-
sion. It was recently shown that cancer cells which survive brief
treatment with cytotoxic concentrations of BH3 mimetics induce
MOMP and cytochrome c release, which activates the ISR including
ATF4 and its target gene ATF3’. We did not observe ISR activation or
ATF4-mediated ATF3 expressionin targeted therapy-treated persister
cells, which exhibit lower MOMP and cytochrome c release compared
with cells which survive brief cytotoxic BH3 mimetic treatment.
Based onthese observations, we propose that there are distinct out-
comes for cancer cellsdepending on the level and duration of MOMP
they experience. Cancer cells which survive transient high levels
of MOMP can activate the ISR in a caspase-independent manner to
form persister cells and gain metastatic potential’, whereas targeted
therapy-treated persister cells experience chronic moderate levels
of MOMP and instead undergo caspase-dependent DFFB-mediated
ISG suppression which promotes regrowth without affecting the
persister cell formation. Given these disparate molecular mechanisms
and phenotypic consequences of apoptotic stress, it seems likely
that there are additional features of sublethal death signalling that
remain to be discovered.

Whereas DFFB-deficient persister cells are almost completely
unable to regrow owingto high levels of IFN signalling, most wild-type
persister cells also remain growth arrested, and only a small minority
regrow into DTEP colonies. Itis unclear why a subset of wild-type per-
sister cells regrow and most do not. One possibility is heterogeneity in
DFFB and IFN signallinglevels. Indeed, persister cells with higher levels
of caspase activity have higher levels of DFFB-induced DNA damage
(Extended DataFig. 2j), and thereis also some heterogeneity in persister
cellISGexpression such that DTEP cells that are proliferating have lower
levels of ISGs (Fig. 4a-c and Extended Data Fig. 6a-d,i,j,n,0). However,
giventhat ATF3 levels are similar among cycling and non-cycling DTEP
cells (Extended Data Fig. 9¢), additional adaptations probably contrib-
ute to DTEP cell cycling which remain to be determined. Beyond IFN
suppression, there are other hurdles that persister cells also probably
need to overcometo escape quiescence, including the re-establishment
of mitogenic signallingand metabolic processes™. Therefore, although
DFFBisacritical factor to enable DTEP formation, afull understanding
ofthetransition from quiescent persister cellinto cycling DTEP cell will
require additional study.

DFFB is a non-essential gene in mice and a potentially druggable
enzyme® >, Despite beingamember of the apoptotic pathway, DFFB is
notrequired for the execution of cell death® as DFFB-KO cells respond
similarly to drug as wild-type cells (Extended Data Fig. 4) and display
bothincreased cleaved caspase 3 (Extended Data Fig. 4q) and anastasis
signatures (Extended Data Fig. 10a). In addition to our findings that
DFFB-deficient persister cells and residual tumours are unable to
regrow during targeted therapy treatment, DFFB-deficient tumours
are also sensitized to radiation®*. DFFB inhibition may also promote
tumour immunity through the upregulation of immune-stimulating
ISGs such as STING* specifically within drug-stressed tumour cells
(Extended DataFig.10k,l).Indeed, because DFFBis inactive and bound
to DFFA in unstressed cells, it may be possible to achieve DFFB inhibi-
tion specifically within tumour cells under targeted therapy or other
stress. Therefore, DFFB is a unique adaptation factor leveraged by
cancer cellsto adapt to drugstress.

Online content
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Methods

Ethical statement

The University of California San Francisco (UCSF) Institutional Animal
Care and Use Committee approved the mouse xenograft studies which
were performed at the UCSF Preclinical Therapeutics Corein protocol
no.AN179937.

Celllines and culture

A375 (CRL-1619) and BT474 (HTB-20) cells were purchased from
the American Type Culture Collection. PC9 cells were provided
by the Altschuler and Wu Lab at UCSF. A375 cells were cultured in
Dulbecco’s modified Eagle medium (DMEM; Thermo Fisher Sci-
entific) supplemented with 10% foetal bovine serum (FBS) and 1%
antimycotic-antibiotic (Thermo Fisher Scientific). PC9 cells were cul-
tured in Roswell Park Memorial Institute 1640 medium (Thermo Fisher
Scientific) supplemented with 5% FBS and 1% antimycotic-antibiotic.
BT474 cells were cultured in Roswell Park Memorial Institute 1640
medium supplemented with 10% FBS and 1% antimycotic-antibiotic.
All cell lines were maintained in 5% CO, atmosphere at 37 °C. Cell
lines were split with 0.25% Trypsin-EDTA (Thermo Fisher Scientific).
Cell line identities were confirmed with short tandem repeat pro-
filing at the University of California Berkeley Cell Culture Facility.
All cell lines regularly tested negative for mycoplasma through-
out these investigations using the Lonza Mycoalert Mycoplasma
Detection Kit.

Chemical and antibody sources for cell treatments

Dabrafenib (S2807), trametinib (S2673), erlotinib (S7786), osimertinib
(S7297), lapatinib (S2111), staurosporine (S1421), puromycin (S9631),
doxycycline hyclate (§4163) and quinoline-Val-Asp-difluoropheno-
xymethylketone (QVD) (S7311) were purchased from Selleck Chem-
icals. Etoposide (E55500) was purchased from Research Products
International. JC-1 dye (T3168) and digitonin (AC407565000) were
purchased from Thermo Fisher Scientific. Ghost Dyes Violet 510
(13-0870-T100) and Red 780 (13-0865-T100) were purchased from
Tonbo Biosciences. Carbonyl cyanide m-chlorophenyl hydrazone
was purchased from Abcam (ab141229). BioTracker NucView 530 Red
Caspase 3 Dye (PBS) (SCT105) and cytochalasin B (C2743) were pur-
chased from Sigma-Aldrich.JAK inhibitor ruxolitinib (HY-50856), TBK1
inhibitor MRT67307 (HY-13018), thapsigargin (HY-13433), ABT-737
(HY-50907), S63845 (HY-100741) and T-5224 (HY-12270) were pur-
chased from MedChemExpress. Anti-IFNo/ receptor 1 antibody
(ab10739) was purchased from Abcam.

Drugand chemical treatments

Previously described protocols were used®’. In brief, A375 cells were
treated with 250 nM dabrafenib and 25 nM trametinib for 14 days; PC9
cells were treated with 2.5 uM erlotinib for 10 days, or with 300 nM
or 500 nM osimertinib for 9 days; and BT474 cells were treated with
500 nMor 2 pM lapatinib for 10 days to generate persister cells, unless
otherwise indicated. A375 cells were treated with 250 nM dabrafenib
and 25 nM trametinib for 7 weeks for DTEP cell analyses, unless oth-
erwise indicated. The prederived persister cells were assayed while
stillin drug, unless otherwise noted. In experiments utilizing caspase
inhibitor QVD, 10 M QVD was added together with the respective
targeted therapy treatment for the duration of the experiment. Media
anddrugwerereplenished every 3-4 days. For the etoposide treatment
of DFFB-KO persister cells,100 pM etoposide was added to preformed
persister cells for 48 h before 24 h of recovery without any drugs before
protein collection. The control DFFB-KO persister cells for this experi-
ment (Fig. 4b) similarly received a 24-h recovery without any drugs
before protein collection. For the thapsigargin treatments, cells were
treated with1 pM thapsigargin for 4 h. For the BH3 mimetic treatments,
A375 cells were treated with 5 uM ABT-737 and 10 pM S63845 for 2.5 h
thenallowed torecoverin mediawithout drugs for 24 h. PC9 cells were

treated with 1.5 uM ABT-737 and 3 uM S63845 for 3 h then allowed to
recover in normal media without drugs for 2 h.

DTEP colony formation

Cells were plated at low starting densities to avoid the outgrowth of
overlapping DTEP colonies. Drug mediawere refreshed every 3—-4 days.
At 7 weeks in drug for A375 cells, 5 weeks in drug for PC9 cells and
11 weeks in drug for BT474 cells, plates were fixed with 90% methanol
and stained with crystal violet. The observer was blinded to the treat-
ment conditions of the plates before colony counting by microscopy.
Colonies withgreater than 25 cells were considered DTEP colonies. To
calculate the fraction of cells that regrew into DTEP colonies (‘DTEP
fraction’), the number of DTEP colonies per plate was divided by the
sum of the number of isolated single cells plus colonies of any size.

Microscopy
Brightfield photos were captured with the EVOS XL Core microscope
using the 4x LPlan PH2 objective.

Cell viability

Cell viability was assessed with CellTiter Glo (CTG) 2.0 Cell Viability
assay (Promega, G7571). Luminescence was read with a Molecular
Devices SpectraMax iD3 plate reader with SoftMax Pro 7 software.

Single-cell RNA-seq

A375 cellswere cultured with 250 nM dabrafenib and 25 nM trametinib,
andthePC9 cells were treated with 2.5 puMerlotinib for 2 weeks to estab-
lishpersister cells. For the DTEP timepoint, A375 wild-type and DFFB-KO
cells were cultured with 250 nM dabrafenib and 25 nM trametinib for
9 weeks. For all conditions, an untreated parental control was cul-
tured alongside the drug-treated conditions. Cells were then lifted
with trypsin and libraries were generated using the 10x Chromium
Single Cell 3’ v3 kit (10x Genomics). Quality control of the libraries was
conducted with the High Sensitivity D1000 ScreenTape kit with the
Agilent TapeStation and then sequenced using a NovaSeq S4 flowcell
on an lllumina NovaSeq 6000 sequencer at the UCSD Institute for
Genomic Medicine.

Single-cell RNA-seq data processing and mapping

Thefastqfiles were aligned to the human ‘refdata-cellranger-GRCh38-
3.0.0’ genome with10x Genomics Cell Ranger 3.1.0°". The filtered_fea-
ture_bc_matrix’ was used in the Seurat R package version 4.0.3°°, Cells
containing greater than1,000 andless then 7,500 features, and with less
than20% mitochondrial reads, wereincluded in downstream analyses.
Acell cycle score was calculated using the default Seurat method® and
was used to regress cell cycle during normalization and scaling with the
‘SCTransform’ command. To generate uniform manifold approxima-
tionand projection (UMAP) plots, the commands ‘RunPCA, ‘RunUMAP,
‘FindNeighbors, and ‘FindClusters’ were performed with default set-
tings, with30 dimensions used for 'RunUMAP’ and ‘FindNeighbors”.In
the ‘FindClusters’ command, the resolution for A375 and PC9 was set
to 1.0 and 0.15, respectfully. For cluster analyses within the persister
cell populations only, the resolution was set to 0.2 for A375and 0.05 for
PC9.The Seurat command ‘FindMarkers’ was used without thresholds
for fold change or percentage of gene-expressing cells to calculate
differentially expressed genes.

Single-cell RNA-seq persister cell gene signature analysis
Agene set enrichment analysis was conducted with the ClusterProfiler
R package (version 3.18.0)%’. The minimum gene set size for analysis
was set to five, and the Benjamini-Hochberg method was used for
false discovery rate correction. The signature scoring was performed
using the Seurat command ‘AddModuleScore’. To display the enriched
Hallmarks IFNa response gene set ona UMAP, AUCell package version
1.12.0 was used to calculate gene set scores per cell®,
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JC-1mitochondrial membrane potential assay

A375 persister cells were derived and untreated parental cells were
cultured alongside. Cells were then lifted with trypsin for JC-1 stain-
ing. As a positive control, the cells were treated with 50 M carbonyl
cyanide m-chlorophenyl hydrazone for 5 min. Cells were stained with
1.5 pMJC-1 for 30 min away from light at 37 °C. The cells were then
stained with Ghost Dye Red 780 (Tonbo Biosciences, 13-0865-T100)
diluted 1:1,000 in phosphate-buffered saline (PBS; Gibco, 10010023)
for15 minaway fromlight at room temperature. The cells were washed
in PBS and analysed on a BD FACSCanto RUO flow cytometer. At least
30,000 live cell events were collected per sample. Flow cytometry
results were analysed using FlowJo Software (BD Life Sciences) version
10.7.1. See Supplementary Fig. 2 for the gating strategy.

Immunoblotting

Persister or DTEP cells were derived with drug treatmentin10- or15-cm
plates. Cells were then washed with PBS and lysed using radioimmuno-
precipitation assay buffer (Thermo Fisher Scientific, 89900) supple-
mented with phosphatase inhibitor (Thermo Fisher Scientific, 78420)
and protease inhibitor (Thermo Fisher Scientific, 78430). Lysates were
centrifuged at 14,000g at 4 °C for 15 min, and the protein concentra-
tion of the supernatant was determined using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, 23225). The lysates were mixed
with sample buffer (Thermo Fisher Scientific, NPO007) and denatured
at70 °Cfor10 min. Samples were separated by SDS-PAGE (Bolt 4-12%
Bis-Tris Gel, Life Technologies, NW04120BOX), run with Chameleon
Duo Prestained Protein Ladder (LICOR, 928-60000) and transferred
to a nitrocellulose membrane using the iBLOT 2 Dry Blotting System
(Life Technologies, IB21001). Membranes were blocked with 5% bovine
serum albumin for 1 h at room temperature and then incubated with
primary antibody at 4 °C overnight. LICOR secondary antibodies were
thenincubated with the membrane for1hatroomtemperature,andthe
membranes wereimaged using the LICOR Odyssey Imaging System and
Image Studio version 5.2. Antibody commercial sources are provided
inSupplementary Table 18.

DNA damage, cleaved caspase 3 and cytochrome

cflow cytometry

A375 persister cells were derived, and untreated parental cells were
cultured along with them. For the yH2AX experiments, A375 persister
cells treated with 10 pM QVD for the duration of drug treatment were
also prepared.Cells were then trypsinized and collected for staining.
Cellswere stained with viability dye Ghost Dye Red 510 or 780 for 15 min
away fromlight at room temperature. For cytochrome c staining, cells
were incubated in 50 pg ml™ digitonin in PBS for 10 min onice®*. Cells
were fixed with 4% paraformaldehyde for 10 minat room temperature.
ForyH2AX and cleaved caspase 3 staining, the cells were permeabilized
with 0.3% Triton X-100 in PBS for 10 min at room temperature. Cells
were stained for proteins of interest using primary conjugated antibod-
ies at manufacturer-recommended dilutions in PBS for 30 minto1h
at room temperature. Cells were washed in PBS and analysed on a BD
FACSCanto RUO flow cytometer. At least 30,000 live cell events were
collected per sample. Flow cytometry data were analysed using FlowJo
Software (BD Life Sciences) version10.7.1. See Supplementary Figs.1-6
for the gating strategies.

Caspase 3/7 activity reporter assay

Caspase activity was measured using NucView 530 Caspase 3 Sub-
strate (Biotium, 10408). The positive control cells were derived from
4-h treatment with 1 uM staurosporine. The cells were collected by
trypsinization, washed in PBS and incubated with Ghost Dye Violet
510 cell viability dye following the manufacturer’s instructions. Cells
were washed with PBS plus 1% FBS and subsequently incubated with
5 uM NucView 530 Caspase 3 Substrate for 30 min in PBS plus 1%
FBS and analysed by flow cytometry using a BD FACSAria Il sorter.

See Supplementary Fig. 4 for the gating strategy. Sorted live cells
were collected in PBS plus 10% FBS and used for downstream viability
assays. For testing caspase 3/7 activity-positive persister cell regrowth,
the cells were sorted and plated in drug-free media; 24 h later, CTG
was performed to measure cell viability. To assess regrowth ability,
drug-free media were refreshed on day 3, and CTG was performed on
day 6. DNA damage levels for A375 persister cells with basaland medium
caspase activity were measured by sorting cells and extracting protein
for western blot analysis.

CRISPR editing
Caspase 9-KO cells were generated with Santa Cruz caspase 9 CRISPR
plasmids (h) (sc-400257-K0-2), ATF3-KO cells with Santa Cruz ATF3
CRISPR plasmids (h) (sc-416577) and ATF4-KO cells with Santa Cruz
ATF4 CRISPR plasmids (h2) (sc-400155-KO-2) following manufacturer’s
protocols. In brief, caspase 9 CRISPR plasmid was cotransfected with
caspase 9 HDR plasmid (h2) (sc-400257-HDR-2); ATF3 CRISPR plasmid
was cotransfected with ATF3 HDR plasmid (h) (sc-416577-HDR); and
ATF4 CRISPR plasmid was cotransfected with ATF4 HDR plasmid (h2)
(sc-400155-HDR-2) using UltraCruz Transfection Reagent (sc-395739)
into A375or PC9 cells. The cells were then selected with puromycin; the
expanded and edited cell pools were analysed for depletion of target
proteinviawesternblot. The caspase 9-depleted cells also underwent
clonal selection to identify cells with complete knockout, and the
depleted cells (pooled KO) or the clonal complete-KO clones were
utilized in experiments as described. The ATF3- and ATF4-depleted
(pooled KO) cell pools were used without further clonal selection. The
DFFB CRISPR editing was performed at the UCSF Cell and Genome
Engineering Core. Human DFFB single guide RNA (sgRNA) gl was pre-
viously reported™. Additional guide RNAs (gRNAs) targeting the first
(g4) or second (g2r) exon of human DFFB were designed and cloned into
the eSpCas9(1.1) vector from the Zhang laboratory at MIT (Addgene
plasmid 71814; Research Resource Identifier: Addgene_71814). A375
DFFB-KO clone no. 1 was constructed with sgRNA g1; A375 DFFB-KO
clone no. 2 was constructed with g4; PC9 DFFB-KO clones were both
constructed with g2r; and BT474 DFFB-KO clones were both con-
structed withg4.See Supplementary Table 19 for the guide sequences.
Following sequence verification, the guide constructs were
introduced individually either by transfection or electroporation.
For transfection, the guide constructs were cotransfected with a vector
expressing mCherry and puromycin resistance using Lipofectamine
3000. Transfected cells were selected with puromycin. For electropora-
tion, the cells were electroporated with the CRISPR-Cas9 RNP gRNAs
and high-fidelity Cas9p (Integrated DNA Technologies) using the
Lonza 4D Nucleofector kit SF with programme FF-120. After the cell
expansion, genomic DNA was extracted froma portion of the cell pool
(Nucleospin Blood gDNA extraction kit, Takara Bio), and the target sites
were amplified (Phusion DNA polymerase, NEB) and sequenced using
the primers indicated in Supplementary Table 19 (Sanger sequenc-
ing by GeneWiz; primers and sgRNA cloning oligonucleotides from
Integrated DNA Technologies). CRISPR-Cas9 efficiency was deter-
mined by TIDE analysis (tide.deskgen.com). Clones which showed
only frameshift-causing indels in all alleles were further analysed by
TOPO cloning (Life Technologies) and Sanger sequencing and with the
ICE analysis tool (Synthego). Clones with a DFFB-KO genotype were
subsequently confirmed to lack DFFB protein expression by western
blot (Extended Data Fig. 3d-f).

Lentivirus production

Escherichia coli cultures with lentiviral vectors were grown on LB Agar
Ampicillin-100 plates (Sigma-Aldrich, L5667). A colony was picked
and grown overnight in LB-amp and plasmid DNA was isolated using
the Qiagen HiSpeed Plasmid Midi Kit (Qiagen, 12643) and quantified
with a Nanodrop. HEK293T cells were transfected with packaging
plasmids psPAX2 (Addgene, 12260) and pMD2G (Addgene, 12259)
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in Opti-MEM (Thermo Fisher Scientific, 31985062) and polyethyl-
enimine (Sigma-Aldrich, 764604). Virus-containing supernatant
was collected, centrifuged and then filtered with a 0.45-um filter
(Sigma-Aldrich, SEIMOO3MO00).

Ectopic gene expression

Doxycycline-inducible DFFB expression vectors, STAT1 overexpres-
sion vector and ATF3 vector were obtained from VectorBuilder. The
cleavage-resistant DFFA (DFFA-CR) short isoform construct was pro-
vided by the Elledge lab”. DFFB expression was driven by the third
generation tetracycline-responsive element promoter; STAT1 expres-
sion was driven by the ubiquitin C promoter; and ATF3 expression
was driven by the cytomegalovirus immediate early enhancer/pro-
moter. All the vectors contained a puromycin resistance gene driven
by the phosphoglycerate kinase 1 promoter. The DFFA-CR construct
was transduced into A375 wild-type cells, STAT1 overexpression con-
structinto A375 wild-type and PC9 wild-type cells and wild-type DFFB
(NM_004402.4), nuclease-deficient DFFB (H260N)* or human ATF3
into A375 DFFB-KO cells. Cells were then selected with puromycin. A
single-cell clone confirmed for DFFA-CR expression was isolated and
expanded for experiments. For doxycycline-inducible DFFB, the cells
were seeded and 1.0 pg mI doxycycline was added the following day.
Mediawith doxycycline were refreshed every 3-4 days for the duration
of'the experiment.

Whole-exome sequencing

A single A375 or PC9 wild-type or DFFB-KO cell was used to begin the
experiments. Following initial expansion for 3 weeks, a portion of the
cell population was frozen as the reference and the remaining cells
were utilized for drug treatments. The respective drugs were added
the following day, and drug media were refreshed every 3-4 days. Fol-
lowing 7 weeks of drug treatment for A375 and 10 weeks of treatment
for PC9, each plate was allowed to regrow without drug for 10 days, the
cellswerelifted with trypsinand multiple individual cells were isolated
through single-cell bottlenecksin 384-well plate wells. Single cells were
expanded for 5-6 weeks in drug-free media to accumulate adequate
genomic DNA content for sequencing. Frozen cell pellets had DNA
extracted and libraries prepared for whole-exome sequencing (Agilent
SureSelect V6 58 M) or whole-genome sequencing (A375 pretreatment
reference sample, NEB Ultrall) at Novogene and were sequenced onan
Illumina NovaSeq 6000 PE150.

Single nucleotide variant analysis

Each sequenced sample was analysed according to the GATK best
practices®*". GATK version 4.2.4.0 pipelines were used. Fastq files were
mapped to the hg38 reference genome provided in the GATK shared
resource bucket with BWA®®, Duplicate reads were marked with Picard,
and the base scores were recalibrated with the GATK tool ‘BaseRecali-
brator’. Mutect2 was used to call mutations between the drug-treated
sample and the respective reference sample. Sequencing errors and
contamination were estimated with ‘GetPileUpSummaries’, ‘Calculate-
Contamination’and ‘FilterMutectCalls’. Variants were annotated with
‘Funcotator’. Low frequency (<0.4) mutations were excluded from the
analysis. Output files were analysed with the Maftools R Bioconductor
package version 2.6.05%.

Invivo tumour acquired resistance

Sample size was determined on the basis of prior experience with
this model’. A375 cells were cultured in DMEM with 10% FBS before
implantation. Cells were suspended ina1:1 mixture of PBS:matrigel to
afinal concentration of 1x 108 cells mI™. In total, 10 million wild-type
DFFB and DMEM-KO A375 cells were subcutaneously injected into
opposing flanks of 6-8-week-old female NSG mice (Jackson Labora-
tory, 005557). Mice were housed up to five animals per ventilator cage
with ad libitum food and water on a 12-h light-dark cycle maintained

in an ambient temperature of 67-74 °F and 40-70% humidity. When
tumour volumes reached 100-200 mm?, drug dosing was started
via once daily oral gavage with 100 mg kg™ dabrafenib and 1 mg kg™
trametinib. Tumour volumes were measured one to two times per
week by blinded observers. Tumour volumes were normalized to the
minimum volume of each tumour during treatment. Only mice with at
least onerelapsed tumour (wild-type or knockout), defined by tenfold
regrowth from the minimal volume during treatment, were included
in Fig. 3f. Additional mice which did not exhibit tumour relapse of
either wild-type or knockout tumours were excluded from Fig. 3f but
areincluded in the Fig. 3 source data. Mice were killed upon reaching
the maximal allowed tumour burden of 2,000 mm?.

RNA extraction and quantitative RT-PCR

RNA from A375 parental cells and cells treated with 1 pM dabrafenib
and 100 nM trametinib with and without 10 pM QVD for 6 days was
extracted with TRIzol (Thermo Fisher,15596026) following the manu-
facturer’s protocol. RNA was converted to cDNA with the RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher, K1621) before quantify-
ing IFNBI levels with TagMan assay (Thermo Fisher, 4331182).

Bulk RNA-seq analysis

Biological triplicates of A375 wild-type, DFFB-KO cll1 and ATF3-depleted
(pooled KO) parental cells, persister cells and persister cells cotreated
for the duration of persister formation with 20 pM APLinhibitor T-5224
were trypsinized and RNA was isolated with the RNeasy Mini Kit (Qia-
gen, 74104). The libraries were constructed with lllumina Stranded
mRNA Prep and sequenced using aNovaSeq S4 flowcell onan Illumina
NovaSeq 6000 sequencer at the UCSD Institute for Genomic Medicine.
Analysis was performed using Partek Flow software (v12.1.0) with
default options, unless otherwise noted. Reads were aligned to human
hg38 reference genome with STAR aligner, v2.7.8a. The Partek task
‘quantify to annotation model’ quantified reads with the Ensembl 112
release. Differentially expressed genes were calculated with DESeq2
using default settings (v1.46.0), and gene set enrichment analysis was
performed with clusterProfiler (v4.14.6). The Benjamini-Hochberg
method was used for false discovery rate correction.

Cytosolic mitochondrial DNA isolation and PCR

Cytosolic DNAwasisolated as previously described’. Inbrief, cells from
each condition were splitinto two pellets. For the whole-cell fraction,
DNA was extracted from the first pellet with the DNeasy Blood and Tis-
sue Kit (Qiagen, 69504). For the cytosolic fraction, the second pellet
was resuspended in150 mM NaCl, 50 mM HEPES pH 7.4 and 25 pg ml™*
digitoninfor10 minatroom temperature. This mixture was centrifuged
(150g) at 4 °C for10 min and supernatant serially collected three times.
The supernatant was then centrifuged (17,000g) at 4 °Cfor 10 min, and
the pellet DNA was cleaned with the Qiaquick Nucleotide Removal Kit
(Qiagen, 28115). All DNA was quantified by spectrophotometry. The
primers in Supplementary Table 19 were used for PCR with Power-
Track SYBR Green Master Mix (Thermo Fisher, A46012). The cytosolic
fraction measurements were normalized to the respective whole-cell
fraction measurement.

Statistics and reproducibility

Allstatistical tests were performed with GraphPad Prism version 9.0.0
(86), Rversion4.0.3 or RStudio version1.2.5033. No statistical methods
were used to predetermine sample sizes, but our sample sizes are simi-
larto those reported in previous publications’”. No datawere excluded
fromthe analyses unless otherwise stated. The experiments were not
randomized. The investigators were not blinded to allocation during
experiments and outcome assessment unless otherwise stated. The
datadistribution was assumed to be normal, but this was not formally
tested. For the Pvalues, nonsignificant (n.s.) indicates P> 0.05. Differ-
entially expressed genes fromsingle-cell RNA-seqwere calculated using
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the Wilcoxon rank-sum test. Differentially expressed genes from bulk
RNA-seq datawere calculated using the Wald testin DESeq2. Gene set
enrichment analysis was performed using aKolmogorov-Smirnov-like
statistic. The signature scoring significance between selected popula-
tions was calculated with the two-sided Mann-Whitney test. Multiple
testing correction was performed using the Benjamini-Hochberg
method. All experiments were repeated at least two times except for the
datainFig.3i, Extended DataFig.2j and the RNA-seq and whole-exome
sequencing experiments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All dataare available from the authors without restriction. Single-cell
and bulk RNA-seq data have been deposited in NCBI's Gene Expres-
sion Omnibus (GEO) (accession number: GSE196018). Whole-exome
and whole-genome sequencing data have been deposited in the
NCBI Sequence Read Archive (PRINA800470). Previously published
data that were reanalysed here are available under accession codes
PRJNA591860 for lung cancer patient single-cell RNA-seq dataand EGA
S00001000992inthe European Genome-phenome Archive for mela-
noma patient RNA-seq data. Source data are provided with this paper.
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Extended Data Fig. 1| Persister cell and DTEP colony formation models.
a, A375 BRAF V60OE melanoma cells treated with 250 nM dabrafenib and 25 nM
trametinib. b, PC9 EGFR mutant lung adenocarcinoma cells treated with 2.5 uM

Drug

|

10 days

erlotinib. ¢, PC9 cells treated with 500 nM osimertinib. d, BT474 HER2+ breast
cancer cells treated with 2 uM lapatinib. Time shown to DTEP colony formation
includes initial persister cell formation treatment period. Scale bar =100 pm.
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Extended DataFig. 2 | Persister cells undergo chronic drug-induced sublethal
apoptotic stress that causes DNA damage. a, Quantification of cleaved caspase
3 from flow cytometry of live-gated cells. b, Relative growth in drug-free media
for 6 days of A375 persister cells after sorting for basal or medium (sublethal
elevated) caspase 3/7 activity. See Supplementary Fig. 5 for sorting strategy.

¢, A375 cells treated with 250 nM dabrafenib and 25 nM trametinib for 24 or48 h
and assessed for cleaved caspase 3 or DNA damage marker yH2AX. d, A375
parental, persister, and DTEP cells derived from 7 weeks of treatment with

250 nM dabrafenib and 25 nM trametinib analyzed for cleaved caspase 3.

e-h, Parental and persister cells assessed for yH2AX with and without treatment

notsignificant.

with10 pM caspase inhibitor QVD. e, PC9 cells treated with 500 nM osimertinib.
f,PC9 cells treated with 2.5 uMerlotinib. g, BT474 cells treated with 500 nM
lapatinib. h, A375 parental and persister cells assessed by flow cytometry for
YH2AX.i,A375WT and caspase 9 KO clones analyzed for caspase 9, cleaved
caspase 3, cleaved DFFA, and yH2AX. j, A375 persister cells sorted by caspase 3/7
activity levels and assessed for cleaved caspase 3 and yH2AX. k, A375 persister
and DTEP cell caspase-dependent cleaved DFFA. 250 nM (c,d,j, k), 500 nM (e,f), or
750 nM (g) staurosporine treatment for 24 h was used as a positive control.
Fora,b,h, n=3biological replicates, mean +s.d.; two-tailed Student’s t-test; ns,
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CRISPR-mediated caspase 9-depleted (pooled KO) A375 cells used in Fig. 4g.

Extended Data Fig. 3| CRISPR knockout, DNA damage and DTEP formation
data. a-c, DFFB expression in parental and persister cells. a, A375 cells treated
with 250 nM dabrafenib and 25 nM trametinib. b, PC9 cells treated with 2.5 uM
erlotinib. ¢, BT474 cells treated with 500 nM lapatinib. d-f, DFFB loss of
expression in CRISPRKO clones. cl, clone.d, A375 DFFBKO clones. e, PC9 DFFB
KO clones. WT cllis a control WT clone which failed to lose DFFB expression
during CRISPR editing. f, BT474 DFFB KO clones. g, Caspase 9 expression in

h, PCO cells treated with 2.5 pM erlotinib were assessed for DNA damage marker
YH2AX. Parental cells were treated for 24 h with 500 nM staurosporineasa
positive control. i, PC9 cells treated with 2.5 uM erlotinib for 5 weeks were
analyzed for DTEP formation. n = 3 biological replicates, mean +s.d.; two-tailed
Student’s t-test.
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Extended Data Fig. 4| DFFB deficiency does not affect parental tumour cell
proliferation or initial drug response. a-b, A375 DFFB KO cells form tumours
andrespond to drugin vivo similarly to WT cells. cl, clone. a, A375 xenograft
tumour formation and b, initial drug response to dabrafenib and trametinib in
mice. n =6 biological replicates; mean + s.d. is shown; P values calculated with
two-tailed Student’s t-test; ns, not significant. c-f, Clonal variability in parental
cellgrowthrates in cell culture isindependent of DFFB WT or loss of function
(LOF) status. DFFA-CR, cleavage resistant DFFA. g-k, WT and DFFB LOF cell initial
3 day drug treatment response. gk, A375 cells treated with 250 nM dabrafenib

and 25 nM trametinib. h, PC9 cells treated with 2.5 uM erlotinib. i, PC9 cells
treated with 500 nM osimertinib. j, BT474 cells treated with 2 uM lapatinib.

I-p, WT and DFFB LOF persister cell formation. I,p, A375 cells treated with
dabrafenib and trametinib. m, PC9 cells treated with erlotinib. n, PC9 cells
treated with 500 nM osimertinib. 0, BT474 cells treated with 2 puM lapatinib.

For c-p, n=3biological replicates; mean *s.d. is shown; P values calculated with
two-tailed Student’s t-test. ns, not significant. q, Cleaved caspase 3 analyzed in
A375WT and DFFB KO parental and persister cells. r, DFFB essentiality in CRISPR
screen data from the PICKLES database”. Negative scores reflect non-essentiality.
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Extended Data Fig. 5| DFFB contributes to persister cell mutagenesis.

a,b, Whole exome sequencing analysis of mutations acquired by A375 cells during
7 weeks of dabrafenib and trametinib treatment (a) and PC9 cells during 10 weeks
of 2.5puMerlotinib treatment (b). a, n = 8 WT biological replicates and 9 DFFB KO

biological replicates.b,n=7 WT and 7 DFFB KO biological replicates. a,b, Mean +

s.d.; two-tailed Student’s t-test. c-g, Comparison of gene expression changes
associated with stress-induced mutagenesis including downregulated repair
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genes, downregulated high fidelity polymerases, and upregulated error prone
polymerases’, in persister versus parental cells. ¢-f, A375 persister cells derived
from 250 nM dabrafenib and 25 nM trametinib. c,d, A375 WT cells analyzed with
(c) scRNAseq and (d) bulk RNAseq. e,f, A375 DFFB KO cells analyzed with (e)
scRNAseq and (f) bulk RNAseq. cl, clone. g, PC9 persister cells treated with 2.5 uM
erlotinib and analyzed with scRNAseq. Mismatch repair (MMR); homology-
directed repair (HR).
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | Increased STAT1 and IFN-stimulated genes restrict
persister cell regrowth. a, SCRNAseq Hallmarks IFN alpha response gene set
signature scores in PC9 cells. P values calculated with Mann-Whitney test.

b-c, ScCRNAseq UMAP visualizations of PC9 parental cells and persister cells
derived from 2.5 pM erlotinib for 14 days (b) and cells with enriched Hallmarks
IFN alpharesponse gene set highlighted in red (c). d, Hallmarks IFN alpha
response gene set signature scores in A375 cycling (MKI67 +) versus noncycling
(MKI67-) DTEP cells. P value calculated with two-sided Mann-Whitney test. e, A375
cells analyzed for cytosolic mitochondrial DNA. f, IFNB1 mRNA expressionin
A375 cells treated with 1M dabrafenib and 100 nM trametinib for 6 days with
and without 10 uM caspase inhibitor QVD treatment. cl, clone. g, DTEP formation
from A375 WT persister cells treated with 250 nM dabrafenib and 25 nM
trametinib for 2 weeks followed by the addition of 1 uMJAK inhibitor ruxolitinib
for Sweeks. h, DTEP formation from PC9 persister cells co-treated with 300 nM
osimertinib and 5 pM ruxolitinib for 5 weeks. i-k, SCRNAseq UMAP visualizations
of A375 parental cells, persister cells derived from treatment with 250 nM

dabrafenib and 25 nM trametinib for 14 days, and DTEP cells treated for 9 weeks
(i), cells with enriched Hallmarks IFN alpha response gene set highlighted in red
(§), and cells colored by cell cycle stage (k).1, SCRNAseq MKI167 (Ki-67) expression
in A375 parental (Par), persister (Per), and DTEP cells. m, Bulk RNAseq enriched
Hallmarks gene sets between A375 DFFB KO versus WT persister cells. Normalized
enrichment score, NES. EMT, epithelial-to-mesenchymal transition. P values
adjusted with Benjamini-Hochberg correction. n-o, scRNAseq UMAPs of A375
WT and DFFB KO persister cells (n) and cells with enriched Hallmarks IFN alpha
response gene set highlighted inred (o). p, A375 cells treated with 250 nM
dabrafenib and 25 nM trametinib and assessed for STAT1 at multiple timepoints.
q-r, A375(q) and PC9 (r) parental cell proliferation with or without overexpressed
STATL.s, A375 cells treated with 1 uM staurosporine (STS) for 4 hanalyzed for
activation of IFN signaling upstream of ISG expression. e-h,q-r, n = 3 biological
replicates; mean +s.d. is shown; P values calculated with two-tailed Student’s
t-test. ns, not significant.
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Extended DataFig. 7| ATF3 inductionin persister cells is dependent on DFFB. treated with 250 nM dabrafenib and 25 nM trametinib analyzed for ATF3 at the

a, ATF3 expression levels between A375 WT and DFFB KO persister and DTEP cells indicated times. d, A375 WT and DFFB KO cells treated with 250 nM dabrafenib
measured with scRNAseq. P values calculated with the two-sided Wilcoxon Rank and 25 nM trametinib analyzed for yH2AX, ATF4, and ATF3 at the indicated times.
Sum test with Bonferroni correction. cl, clone. b, ATF3 expressionin PC9 WT and e, PC9 persister cells derived from 500 nM osimertinib with or without 5 uMJAK
DFFB KO cells treated with 500 nM osimertinib. ¢, A375 WT and DFFB KO cells inhibitor ruxolitinib and analyzed for ATF3 levels.
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Extended DataFig. 8| ATF3 isinduced in persister cellsindependent of the
integrated stressresponse. a, A375 WT cells treated with ER stressinducer 1uM
thapsigargin for 4 h, BH3 mimetics 5 pM ABT-737 and 10 puM S63845 for 2.5 h
followed by 24 hrecovery, and persister cells analyzed for ISR genes
(phosphorylated (p) elF2a, total elF2a, ATF4) and ATF3.b, PC9 WT cells treated
with1pM thapsigargin, BH3 mimetics 1.5 uM ABT-737 and 3 pM S63845 for 4 h

followed by 2 hrecovery, and persister cells analyzed for ISR genes and ATF3.

c-f, Flow cytometry analysis of cytochrome C release in A375 (c,d) and PC9 (e, f)
parental, persister, and BH3 mimetic-treated cells. d and f, Fractional loss of
cytochrome C (geometric means) are plotted on the right graphs. n = 3 biological
replicates; mean +s.d. is shown; P values calculated with two-tailed Student’s
t-test. g,h, A375(g) and PC9 (h) WT and ATF4 CRISPR-depleted (pooled KO)
persister cells were analyzed for ATF3 levels.
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A375WT persister cells versus persister cells co-treated with 20 pM APl inhibitor
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Extended Data Fig. 10 | Analysis of persister cell signatures within patient
tumours. a,b, SCRNAseq anastasis gene set signature scores in A375 parental,
persister,and DTEP timepoint DFFB WT and KO cells (a) and PC9 parental and
persister cells (b). Anastasis remains elevated at the DTEP timepoint, indicating
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error rate correction. d, Anastasis gene set signature scores in treatment naive
(TN), residual disease (RD), and progressive disease (PD) patient non-small

cell lung cancer tumours treated with EGFR targeted therapy. e, MKI167 (Ki-67)
expression in pretreatment and on-treatment melanoma patient tumours.
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f,Ki-67 expression in each lung cancer treatment response stage. g-h, Hallmarks
IFN alpha response gene set expression analyzed in on-treatment versus
pretreatment patient melanoma (g) and lung cancer tumour treatment
response stages (h). g, P value adjusted with Benjamini-Hochberg correction.

i, ATF3 expression in pretreatment and on-treatment patient melanoma
tumours. j, ATF3 expression in each lung cancer treatment response stage.
Pvalue calculated with the two-sided Wilcoxon Rank Sum test with Bonferroni
correction. k,l, A375 (k) and PC9 (I) WT and DFFB KO parental and persister
cells analyzed for STING expression. a,b,d,h, P values calculated with two-sided
Mann-Whitney test.d,h, n=1,073 (TN), 572 (RD), and 2,109 (PD) cells analyzed
from15(TN),12 (RD), and 17 (PD) patients. e,i, n = 11 patients. P values calculated
with two-sided paired ratio t-test.
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Software and code

Policy information about availability of computer code

Data collection  NovaSeq 6000 Sequencer (RNA sequencing, whole exome and whole genome sequencing). Molecular Devices SpectraMax iD3 plate reader
(Cell viability). EVOS XL Core microscope (microscopy). Agilent TapeStation (cDNA library quality control). BD FACSCanto RUO flow cytometer.
(Flow cytometry - JC-1 mitochondrial depolarization, cytochrome c release). BD FACSAria Il flow cytometry sorter (Caspase 3/7 activity). iBLOT
2 Dry Blotting System (Western blot transfer). LICOR Odyssey Imaging System (Western blot imaging).

Data analysis 10X Genomics Cell Ranger version 3.1.0 (scRNAseq). Seurat R package version 4.0.3 (scRNAseq). ClusterProfiler R package version 4.14.6 (sc
and bulk RNAseq). AUCell package version 1.12.0 (scRNAseq). Partek Flow Software version 12.1.0. (bulk RNAseq). DESeq?2 version 1.46.0.
FlowJo™ Software (BD Life Sciences) version 10.7.1 (flow cytometry). Image Studio version 5.2 (Western blot). SoftMax Pro version 7.0.3 (Plate
reader - cell viability). GATK version 4.2.4.0 pipelines (whole exome and whole genome sequencing). Maftools R Bioconductor package version
2.6.05 (whole exome sequencing). PICKLES version 3 (DFFB essentiality across cell lines). GraphPad Prism version 9.0.0 (graphs and statistical
analysis). R version 4.0.3 (graphs, statistical analysis, RNAseq analysis). RStudio version 1.2.5033 (graphs, statistical analysis, RNAseq analysis,
WES analysis). Affinity Designer version 2.5.3 (figures).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Single cell and bulk RNA sequencing data have been deposited in NCBI's Gene Expression Omnibus (accession number: GSE196018). Whole exome sequencing data
have been deposited in the NCBI Sequence Read Archive (PRINA800470). DFFB essentiality scores from the PICKLES database is available from the Hart laboratory
(https://pickles.hart-lab.org/). Human lung cancer data were extracted from data in Maynard et al. Cell 2020, PMID: 32822576. Human melanoma data were
extracted from data in Kwong et al. J Clin. Invest. 2015, PMID: 25705882.
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Sample size We used at least 3 biological replicates for all experiments except the scRNAseq experiment.

Data exclusions  For scRNAseq analysis: cells were excluded for quality control as described in the methods section. For WES analysis: low variant allele
frequency mutations were excluded as defined in the methods to focus on mutations that were acquired during drug treatment.

Replication All experiments were repeated at least two times except for data in Fig. 4i, Extended Data Fig. 2j, and the RNAseq and WES experiments.

Randomization  Randomization of mice is not relevant for the reported mouse experiments because both experimental conditions (WT and KO tumours) were
included on opposing flanks of each mouse.

Blinding All DTEP colony formation experiments were blinded prior to counting and in vivo tumor measurements were taken by blinded observers.
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Materials & experimental systems Methods
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Antibodies

Antibodies used B-Tubulin (Invitrogen, MA5-16308); Vinculin (Cell Signaling Technology, #4650); yH2AX (Cell Signaling Technology, #9718); Cleaved
caspase 3 (Cell Signaling Technology, #9664); STAT1 (Cell Signaling Technology, #9176); phosphorylated STAT1 (Cell Signaling
Technology, #9167); phosphorylated TBK1 (Cell Signaling Technology, #5483); phosphorylated IRF3 (Cell Signaling Technology,
#37829); ATF3 (Cell Signaling Technology, #33593); STING (Cell Signaling Technology, #13647); Caspase 9 (Cell Signaling Technology,
#9502); Cytochrome c (BioLegend, #612310); DFFB (Santa Cruz Biotechnology, SC-374067); DFFA (Abcam, ab108521); ATF4 (Cell
Signaling Technology, #11815); phosphorylated elF2a (Cell Signaling Technology, #3398); elF2a (Cell Signaling Technology, #5324);
IRDye 680RD Goat anti-Mouse IgG secondary antibody (LICOR, #926-68070); IRDye 800CW Goat anti-Mouse IgG secondary antibody
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Validation

(LICOR, #926-32210); IRDye 680RD Goat anti-Rabbit IgG secondary antibody (LICOR, #926-68071); IRDye 800CW Goat anti-Rabbit I1gG
secondary antibody (LICOR, #926-32211).

All antibodies are commercially available and used at dilutions recommended by manufacturer. B-Tubulin (Invitrogen, MA5-16308;
https://www.thermofisher.com/antibody/product/beta-Tubulin-Loading-Control-Antibody-clone-BT7R-Monoclonal/MA5-16308).
yH2AX (Cell Signaling Technology, #9718; https://www.cellsignal.com/products/primary-antibodies/phospho-histone-h2a-x-
ser139-20e3-rabbit-mab/9718). Cleaved Caspase-3 (Cell Signaling Technology, #9664; https://www.cellsignal.com/products/primary-
antibodies/cleaved-caspase-3-asp175-5ale-rabbit-mab/9664). DFFB (Santa Cruz Biotechnology, SC-374067; https://www.scbt.com/
p/cad-antibody-f-11). STING (Cell Signaling Technology, #13647; https://www.cellsignal.com/products/primary-antibodies/sting-
d2p2f-rabbit-mab/13647). Cytochrome c (BioLegend, #612310; https://www.biolegend.com/nl-be/products/alexa-fluor-647-anti-
cytochrome-c-antibody-10789). DFFA (Abcam, ab108521; https://www.abcam.com/icad-antibody-epr42222-ab108521.html). IRDye
680RD Goat anti-Mouse IgG secondary antibody (LICOR, #926-68070; https://www.licor.com/bio/reagents/irdye-680rd-goat-anti-
mouse-igg-secondary-antibody). IRDye 800CW Goat anti-Mouse 1gG secondary antibody (LICOR, #926-32210; https://
www.licor.com/bio/reagents/irdye-800cw-goat-anti-mouse-igg-secondary-antibody). IRDye 680RD Goat anti-Rabbit IgG secondary
antibody (LICOR, #926-68071; https://www.licor.com/bio/reagents/irdye-680rd-goat-anti-rabbit-igg-secondary-antibody). IRDye
800CW Goat anti-Rabbit IgG secondary antibody (LICOR, #926-32211; https://www.licor.com/bio/reagents/irdye-800cw-goat-anti-
rabbit-igg-secondary-antibody). Vinculin (Cell Signaling Technology, #4650; https://www.cellsignal.com/products/primary-antibodies/
vinculin-antibody/4650). Ghost Dye Red 780 (Tonbo Biosciences, #13-0865-T100; https://tonbobio.com/products/ghost-dye-
red-780). STAT1 (Cell Signaling Technology, #9176; https://www.cellsignal.com/products/primary-antibodies/stat1-9h2-mouse-
mab/9176); phosphorylated STAT1 (Cell Signaling Technology, #9167; https://www.cellsignal.com/products/primary-antibodies/
phospho-stat1-tyr701-58d6-rabbit-mab/9167); phosphorylated TBK1 (Cell Signaling Technology, #5483; https://www.cellsignal.com/
products/primary-antibodies/phospho-tbk1-nak-ser172-d52c2-xp-rabbit-mab/5483); phosphorylated IRF3 (Cell Signaling Technology,
#37829; https://www.cellsignal.com/products/primary-antibodies/phospho-irf-3-ser386-e7j8g-xp-174-rabbit-mab/37829); ATF3 (Cell
Signaling Technology, #33593; https://www.cellsignal.com/products/primary-antibodies/atf-3-d2y5w-rabbit-mab/33593); Caspase 9
(Cell Signaling Technology, #9502; https://www.cellsignal.com/products/primary-antibodies/caspase-9-antibody/9502); ATF4 (Cell
Signaling Technology, #11815; https://www.cellsignal.com/products/primary-antibodies/atf-4-d4b8-rabbit-mab/11815?
srsltid=AfmBOogE-nDZWY-2noWj6UWXU9IEG7CrixJxg1kRSYQI-E0iDCabd5GQc); phosphorylated elfF2a (Cell Signaling Technology,
#3398; https://www.cellsignal.com/products/primary-antibodies/phospho-eif2a-ser51-d9g8-xp-rabbit-mab/3398?
srsltid=AfmBOooGIINOKybTM26vwTXgU6KpwmENDwyN3njH7GfPKoJKI2p9Xbfs); elF2a (Cell Signaling Technology, #5324; https://
www.cellsignal.com/products/primary-antibodies/eif2a-d7d3-xp-rabbit-mab/5324?
srsltid=AfmBOop9cnstgtunbhBpquA71M1IDE6H4igBXIJTB7QGULL75FGpuEqy).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

A375 (CRL-1619) and BT474 (HTB-20) cells were purchased from the ATCC. PC9 cells were provided by the Altschuler and Wu
Lab at UC San Francisco as stated in the methods section.

Cell line identities were confirmed with STR profiling at the UC Berkeley Cell Culture Facility.

Mycoplasma contamination All cell lines regularly tested negative for mycoplasma throughout these investigations using the Lonza Mycoalert

Mycoplasma Detection Kit.

Commonly misidentified lines  None of the cell lines used are commonly misidentified.

(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals
Wild animals
Field-collected samples

Ethics oversight

6-8 week old female NSG mice (Jackson Laboratory, #005557)
The study did not involve wild animals.
The study did not involve samples collected from the field.

The University of California San Francisco Institutional Animal Care and Use Committee (IACUC) approved the xenograft studies
which were performed at the UCSF Preclinical Therapeutics Core in protocol #AN179937.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

X, A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

JC-1 mitochondrial membrane potential assay

A375 persister cells were derived with 250 nM dabrafenib and 25 nM trametinib for 2 weeks and untreated parental cells
were cultured alongside. Cells were then lifted with trypsin for JC-1 staining. As a positive control, cells were treated with 50
UM carbonyl cyanide m-chlorophenyl hydrazone (CCCP) for 5 minutes. JC-1 was dissolved in DMSO (Thermo Fisher Scientific,
#D12345) at a final concentration of 1.5 uM and cells were stained for 30 minutes away from light at 37 °C. Cells were then
stained with Ghost Dye Red 780 (Tonbo Biosciences, #13-0865-T100) diluted 1:1000 in PBS (Gibco, #10010023) for 15
minutes away from light at room temperature. Cells were washed in PBS and analyzed on a BD FACSCanto RUO flow
cytometer using 488 nm and 640 nm lasers for green and red fluorescence respectively. At least 30,000 live cell events were
collected per sample. The flow cytometry results were analyzed using FlowJo Software (BD Life Sciences) version 10.7.1. See
Supplementary Fig. 3 for gating strategy.

DNA damage, cleaved caspase 3, and cytochrome c flow cytometry

A375 persister cells were derived with 250 nM dabrafenib and 25 nM trametinib for 2 weeks and untreated parental cells
were cultured alongside. For yH2AX experiments, A375 persister cells treated with 10 uM QVD for the duration of drug
treatment were also prepared. After 2 weeks of culture, cells were trypsinized and collected for staining. Cells were stained
with viability dye Ghost Dye Red 510 or 780 diluted 1:1000 in PBS for 15 minutes away from light at room temperature. For
cytochrome c staining, incubation in 50 pug/mL digitonin in PBS for 10 minutes on ice was performed to selectively
permeabilize the cell membrane.63 Cells were fixed with 4% paraformaldehyde for 10 minutes at room temperature. For
YH2AX and cleaved caspase 3 staining, cells were permeabilized with 0.3% Triton X-100 in PBS for 10 minutes at room
temperature. Cells were stained for proteins of interest using primary conjugated antibodies at manufacturer recommended
dilutions in PBS for 30 minutes to 1 hour at room temperature. Cells were washed in PBS and analyzed on a BD FACSCanto
RUO flow cytometer using 405 nm and 640 nm lasers for blue and red fluorescence respectively. At least 30,000 live cell
events were collected per sample. Flow cytometry data were analyzed using FlowJo Software (BD Life Sciences) version
10.7.1. See Supplementary Figs. 2 and 7 for cytochrome c flow cytometry, Supplementary Fig. 4 for cleaved caspase 3 gating
strategy, and Supplementary Fig. 6 for yH2AX gating strategy.

Caspase 3/7 activity reporter assay

Caspase activity was measured using NucView 530 Caspase-3 Substrate (Biotium #10408). A375 persister cells were pre-
derived from 2 week treatment with 250 nM dabrafenib with 25 nM trametinib while parental cells were cultured alongside.
Positive control cells were derived from 4-hour parental cell treatment with 1 uM staurosporine and these pre-apoptotic cells
were assayed by flow cytometry prior to death. Adherent tumour cells were collected by trypsinization (~1 million cells/
sample), washed in PBS, and incubated with Ghost Dye Violet 510 cell viability dye following the manufacturer’s instructions.
Cells were washed with PBS + 1% FBS and subsequently incubated with 5 uM NucView 530 Caspase-3 Substrate for 30
minutes in PBS + 1% FBS and analyzed by flow cytometry using a BD FACSAria Il sorter. Cells not treated with NucView 530
Caspase-3 Substrate were used as unstained controls. Fluorescence was measured as follows: Ghost Dye Violet 510 (405 nm
laser, 525/50 filter), NucView 530 Caspase-3 Substrate (488 laser, 530/30 filter). See Supplementary Fig. 5 for gating strategy.
Sorted live cells were collected in PBS + 10% FBS and used for downstream viability assays. For testing caspase 3/7 activity-
positive persister cell regrowth, cells were sorted and plated at 1,000 cells per well in 12-well plates in drug-free media. 24
hours later, CTG was performed to measure cell viability. To assess regrowth ability, drug-free media was refreshed on day 3
and CTG was performed on day 6. The DNA damage levels for A375 persister cells with basal and medium caspase activity
were measured by sorting cells and extracting protein for western blot analysis as described in the methods section.

BD FACSCanto RUO (cytochrome c, JC-1, cleaved caspase 3, gH2AX) and BD FACSAria Il (caspase 3/7 activity).
The flow cytometry results were analyzed using FlowJo™ Software (BD Life Sciences) version 10.7.1.

At least 30,000 live cell events were collected per sample. Live cells were determined using the Ghost Dye Red 780 (Tonbo
Biosciences, #13-0865-T100) or Ghost Dye Violet 510 (Tonbo, #13-0870-T100).

Live (x = SSC-A, y = FSC-A) and singlet (x = FSC-W, y = FSC-H) gates were used. Live cells were further confirmed with Ghost
Dye Red 780/ Violet 510 (x = FSC-A, y = Ghost dye - Red 780/Violet 510). Each respective condition was then analyzed. See
Supplementary Figures 1-6 for all gating strategy schematics.

IE Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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