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DNA fragmentation factor B suppresses 
interferon to enable cancer persister  
cell regrowth
 

August F. Williams    1, David A. G. Gervasio1, Claire E. Turkal1, 
Anna E. Stuhlfire    1, Michael X. Wang    1, Brandon E. Mauch1, Rhea Plawat    1, 
Ariel H. Nguyen    1, Michelle H. Paw1, Mehrshad Hairani    1, Cooper P. Lathrop1, 
Sophie H. Harris1, Jennifer L. Page    2 & Matthew J. Hangauer    1,3,4 

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 I interferon 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 
drug resistance, we utilized models in 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 
during the first 6 months of treatment, modelling the earliest stage of 
tumour recurrence (Fig. 1a and Extended Data Fig. 1a–d). Though DTEP  
colonies have been reported to eventually acquire resistance mutations 

and become irreversibly drug resistant after 6 months or more of 
treatment1,2, 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 signatures1,3–7, 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 

Received: 14 August 2025

Accepted: 15 October 2025

Published online: 17 November 2025

 Check for updates

1Department of Dermatology, School of Medicine, University of California San Diego, La Jolla, CA, USA. 2Stem Cell Core, Salk Institute for Biological 
Studies, La Jolla, CA, USA. 3Moores Cancer Center, University of California San Diego, La Jolla, CA, USA. 4Altman Clinical and Translational Research 
Institute, University of California San Diego, La Jolla, CA, USA.  e-mail: mhangauer@ucsd.edu

http://www.nature.com/naturecellbiology
https://doi.org/10.1038/s41556-025-01810-x
http://orcid.org/0000-0003-1994-2033
http://orcid.org/0000-0002-9303-3295
http://orcid.org/0000-0001-7937-8708
http://orcid.org/0009-0001-4674-0333
http://orcid.org/0000-0002-2525-8011
http://orcid.org/0009-0005-1790-9776
http://orcid.org/0000-0002-5822-0298
http://orcid.org/0000-0002-5008-6696
http://crossmark.crossref.org/dialog/?doi=10.1038/s41556-025-01810-x&domain=pdf
mailto:mhangauer@ucsd.edu


Nature Cell Biology | Volume 27 | December 2025 | 2143–2151 2144

Article https://doi.org/10.1038/s41556-025-01810-x

MOMP. Persister cells also have partially cleaved apoptotic executioner 
caspase 3 which is at a level below cells treated with a lethal exposure 
of apoptosis-inducer staurosporine, consistent with sublethal caspase 
activation (Fig. 1i, Extended Data Fig. 2a and 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 with increased 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 activity11. In addition, though cancer cell lines 
can have spontaneous low level apoptotic signalling12, we found that 
persister cell apoptotic signalling is drug-induced because apoptotic 
signalling markers are absent before treatment, induced early during 

stress, and this can result in DNA damage, mutagenesis and transfor-
mation8. Similarly, ‘flatliner’ cells which survive transient mitochon-
drial outer membrane permeabilization (MOMP), a key initiating step 
toward apoptosis, were recently shown to have increased potential 
to form persister cells and also to metastasize9. The melanoma cells 
which undergo ‘failed apoptosis’ also gain migration and invasion 
properties10. 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 drug resistance is unknown.

Results
Persister cells undergo chronic sublethal apoptotic signalling
We found that persister cells exhibit partial mitochondrial cytochrome 
c release (Fig. 1g and Supplementary Fig. 1) and loss of mitochondrial 
potential (Fig. 1h and Supplementary Fig. 2) indicative of sublethal 
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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 μm.  
b, Bulk RNA-seq gene set enrichment analysis of the anastasis signature in A375 
persister cells. The P value was calculated with a permutation test with family-
wise error rate correction. c–f, Single-cell RNA-seq UMAPs of A375 (c,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 μM 
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 using JC-1 indicator dye by flow cytometry.  

i, A375 persister cells assessed for cleaved caspase 3 and γH2AX 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 
media without drug and assessed for cell viability the following day. l, Parental 
and persister cells assessed for γH2AX with or without cotreatment with 10 μM 
caspase inhibitor QVD. In i, j and l, parental cells treated for 24 h with 250 nM 
(i,l) or for 4 h with 1 μM staurosporine (j) were used as a positive control. In g, h, 
j and k, n = 3 biological replicates, the mean ± s.d. is shown, and P values were 
calculated with two-tailed Student’s t-test. NES, normalized enrichment score.
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drug exposure, maintained throughout months of treatment and dis-
sipated within 24 h of drug removal (Fig. 1i and 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
In response to a variety of acute stresses, apoptotic caspases can pro-
mote DNA damage by activating apoptotic DNA endonucleases8,13–15. 
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. 1l, 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 without increased 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 dimer16. Activated DFFB induces DNA breaks, promoting 
the extensive fragmentation of chromosomal DNA during apoptotic 
cell death17–19, but in response to transient sublethal apoptotic stress, 
DFFB can also induce acute DNA damage13–15,20. 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) 
which is dependent on caspases (Extended Data Fig. 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) models including 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 activity21. 
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 DFFB22, 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 
transformation14,23, 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 
each found to be unaffected by DFFB deficiency (Extended Data Fig. 4). 

Therefore, DFFB is 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 
stress13,23,24. 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 
a variety of acquired mutations, supporting recent reports of per-
sister cell stress-induced mutagenesis3,25 (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 PC9, potentially because PC9 persister cells also undergo substan-
tial APOBEC3-mediated mutagenesis25 and lack the downregulation 
of DNA repair genes or upregulation of error prone DNA polymer-
ases, a previously reported feature of stress-induced mutagenesis7 
(Extended Data Fig. 5c–g). These data suggest DFFB is 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 
an alternative non-mutational mechanism by which DFFB promotes 
persister cell regrowth.

DFFB suppresses IFN signalling to enable persister cell regrowth
The RNA-seq analysis of wild-type persister and DTEP cells revealed sig-
nificantly enriched signatures composed of interferon (IFN)-stimulated 
genes (ISGs) in both 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 arrest26 and suppress disseminated cancer 
cell growth27 and therefore could limit persister cell regrowth. One 
potential source of persister cell intrinsic IFN is MOMP, which, in apop-
totic cells, exposes mitochondrial nucleic acids to cytoplasmic pattern 
recognition receptors that induce type I IFN28. We found that persister 
cells, which exhibit MOMP (Fig. 1g,h), also have an increased exposure 
of mitochondrial nucleic acids to cytosol and upregulated IFNβ expres-
sion (Extended Data Fig. 6e,f). We therefore hypothesized that persister 
cell regrowth is limited by intrinsic IFN signalling. Although a minority 
of wild-type persister cells regrow into DTEP colonies, most wild-type 
persister cells do not (Fig. 3a–e and Extended Data Fig. 3i), and we found 
that the cotreatment of persister cells with JAK 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 
with increased ISGs, indicating that ISGs remain growth-suppressive 
throughout treatment (Extended Data Fig. 6i–l).

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–o and Supplementary Tables 6–9). We also observed a 
stronger rescue of DTEP colony formation in DFFB-KO than in wild-type 
DFFB persister cells upon treatment with JAK inhibitor (Fig. 4d,e and 
Extended Data Fig. 6g,h). Furthermore, STAT1, a central IFN pathway 
transcription factor which drives prolonged expression of ISGs and is 
itself an ISG29,30, is upregulated throughout drug treatment in DFFB LOF 
cells compared with wild-type cells in a type I IFN signalling-dependent 
manner (Fig. 4f–i and Extended Data Fig. 6p). Increased STAT1 is 
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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 to block 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 
DFFB activation or acute viral infection31, persister cells have lower levels 
of drug stress-mediated DFFB-induced DNA damage, and this is insuffi-
cient to drive DFFB-dependent IFN induction (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 IFNβ 
expression upon QVD treatment (Extended Data Fig. 6f), consistent 
with prior reports in other contexts32,33. 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 regions34, 
and DFFB-induced DNA damage can affect proximal gene expression35, 
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 
is activated by DFFB.

DFFB activates stress response factor ATF3
We found that stress response factor ATF3 is specifically induced in 
drug-treated wild-type cells at both the persister and DTEP timepoints 
(Fig. 5a and Extended Data Fig. 7a–c). ATF3 has previously been shown 
to either negatively or positively regulate the expression of ISGs includ-
ing STAT1 in other contexts36–39. Therefore, we considered ATF3 to be a 
candidate mediator of DFFB-induced ISG suppression. We first tested 
how ATF3 expression is induced in persister cells. ATF3 can be induced 
by a variety of stresses and signals including DNA damage40, IFN sig-
nalling41 and the integrated stress response (ISR)42. ATF3 is induced in 
wild-type persister cells which have DNA damage and is not induced in 
DFFB-KO persister cells which lack DNA damage (Extended Data Fig. 7d). 
Furthermore, ATF3 expression is rescued in DFFB-KO persister cells 
by treatment with topoisomerase inhibitor etoposide, which induces 
DNA breaks independent of DFFB43, thereby demonstrating that DNA 
damage drives ATF3 induction in 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. 5c 
and Extended Data Fig. 7e).

The ISR is activated by a variety of stresses resulting in the phos-
phorylation of eIF2α and the induction of ATF4, which drives the expres-
sion of target genes including ATF344. Recently, the ISR was shown to 
also be induced via haem-regulated inhibitor kinase activation as a 
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result of MOMP and cytochrome c release in cancer cells which recover 
from transient treatment with cytotoxic concentrations of BH3 mimet-
ics, resulting in cells with persister cell features and metastatic poten-
tial9. We also observed that transient treatment with BH3 mimetics 
induces the ISR and induction of ATF3 in recovered A375 and PC9 cells 
(Extended Data Fig. 8a,b). However, we failed to detect phosphorylated 
eIF2α or increased ATF4 at any timepoint during targeted therapy treat-
ment, including in persister cells (Extended Data Figs. 7d and 8a,b). An 
explanation for this distinction is 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 Data Fig. 8g,h). Therefore, DFFB-dependent ATF3 induction 
in persister cells is mediated by DNA damage and IFN signalling, not 
the ISR.

ATF3 suppresses ISG expression to promote persister  
cell regrowth
We next tested whether ATF3 functionally suppresses ISGs in persister 
cells to allow regrowth and found that CRISPR-mediated ATF3 deple-
tion resulted in increased STAT1 and 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 ATF3 in suppressing ISGs throughout DTEP colony formation  
(Extended Data Figs. 7c and 9c).

We next sought to determine how ATF3 suppresses ISG expres-
sion in persister cells. ATF3 binds and antagonizes activator protein 1 
(AP1) transcription factor complex proteins45 (Extended Data Fig. 9d), 
and AP1 was recently reported to drive memory inflammatory gene 
expression, including ISGs in epidermal stem cells46. We therefore 
tested whether ATF3 suppression of ISGs in persister cells occurs as 
a result 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–o and 7a–c), with AP1 inhibitor T-5224 decreased expression 
of IFN-related gene sets (Fig. 5h,i and Supplementary Tables 12–15). 
By contrast, AP1 inhibitor 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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Supplementary Tables 16 and 17). These data support ATF3-mediated 
AP1 inhibition 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 
treatment47,48. 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 resistance49.
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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 infiltrate49. 
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, 
ATF3 and IFN regulation, but that untreated or fully resistant tumours 
which avoid drug stress lack these features.

Discussion
The adaptive mechanisms utilized by cancer cells to survive drug treat-
ment and 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-genetic49. 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 
are notably unable to regrow during targeted therapy treatment. DFFB 
also promotes mutagenesis in persister cells, which may contribute to 
cancer stress-induced mutagenesis3,4,25. These findings are consistent 
with clinical observations that increased apoptosis signal in regressed 
tumours during drug treatment predicts worse outcome50.

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 ATF39. We did not observe ISR activation or 
ATF4-mediated ATF3 expression in targeted therapy-treated persister 
cells, which exhibit lower MOMP and cytochrome c release compared 
with cells which survive brief cytotoxic BH3 mimetic treatment. 
Based on these observations, we propose that there are distinct out-
comes for cancer cells depending 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 potential9, 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 owing to high levels of IFN signalling, most wild-type 
persister cells also remain growth arrested, and only a small minority 
regrow into DTEP colonies. It is unclear why a subset of wild-type per-
sister cells regrow and most do not. One possibility is heterogeneity in 
DFFB and IFN signalling levels. Indeed, persister cells with higher levels 
of caspase activity have higher levels of DFFB-induced DNA damage 
(Extended Data Fig. 2j), and there is also some heterogeneity in persister 
cell ISG expression such that DTEP cells that are proliferating have lower 
levels of ISGs (Fig. 4a–c and Extended Data Fig. 6a–d,i,j,n,o). However, 
given that ATF3 levels are similar among cycling and non-cycling DTEP 
cells (Extended Data Fig. 9c), 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 overcome to escape quiescence, including the re-establishment 
of mitogenic signalling and metabolic processes51. Therefore, although 
DFFB is a critical factor to enable DTEP formation, a full understanding 
of the transition from quiescent persister cell into cycling DTEP cell will 
require additional study.

DFFB is a non-essential gene in mice and a potentially druggable 
enzyme52–54. Despite being a member of the apoptotic pathway, DFFB is 
not required for the execution of cell death55 as DFFB-KO cells respond 
similarly to drug as wild-type cells (Extended Data Fig. 4) and display 
both increased 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 radiation34. DFFB inhibition may also promote 
tumour immunity through the upregulation of immune-stimulating 
ISGs such as STING56 specifically within drug-stressed tumour cells 
(Extended Data Fig. 10k,l). Indeed, because DFFB is 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 cells to adapt to drug stress.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41556-025-01810-x.

References
1.	 Hata, A. N. et al. Tumor cells can follow distinct evolutionary 

paths to become resistant to epidermal growth factor receptor 
inhibition. Nat. Med. 22, 262–269 (2016).

2.	 Ramirez, M. et al. Diverse drug-resistance mechanisms can 
emerge from drug-tolerant cancer persister cells. Nat. Commun. 
7, 10690 (2016).

3.	 Russo, M. et al. Adaptive mutability of colorectal cancers in 
response to targeted therapies. Science 366, 1473–1480 (2019).

4.	 Cipponi, A. et al. MTOR signaling orchestrates stress-induced 
mutagenesis, facilitating adaptive evolution in cancer. Science 
368, 1127–1131 (2020).

5.	 Channathodiyil, P. et al. Escape from G1 arrest during acute MEK 
inhibition drives the acquisition of drug resistance. NAR Cancer 4, 
zcac032 (2022).

6.	 Sharma, S. V. et al. A chromatin-mediated reversible drug-tolerant 
state in cancer cell subpopulations. Cell 141, 69–80 (2010).

7.	 Hangauer, M. J. et al. Drug-tolerant persister cancer cells are 
vulnerable to GPX4 inhibition. Nature 551, 247–250 (2017).

8.	 Tang, H. L. et al. Cell survival, DNA damage, and oncogenic 
transformation after a transient and reversible apoptotic 
response. Mol. Biol. Cell 23, 2240–2252 (2012).

9.	 Kalkavan, H. et al. Sublethal cytochrome c release generates 
drug-tolerant persister cells. Cell 185, 3356–3374.e22 (2022).

10.	 Berthenet, K. et al. Failed apoptosis enhances melanoma cancer 
cell aggressiveness. Cell Rep. 31, 107731 (2020).

11.	 Nano, M., Mondo, J. A., Harwood, J., Balasanyan, V. & Montell, D. J.  
Cell survival following direct executioner-caspase activation. 
Proc. Natl Acad. Sci. USA 120, e2216531120 (2023).

12.	 Liu, X. et al. Self-inflicted DNA double-strand breaks sustain 
tumorigenicity and stemness of cancer cells. Cell Res. 27, 
764–783 (2017).

13.	 Lovric, M. M. & Hawkins, C. J. TRAIL treatment provokes mutations 
in surviving cells. Oncogene 29, 5048–5060 (2010).

14.	 Ichim, G. et al. Limited mitochondrial permeabilization causes 
DNA damage and genomic instability in the absence of cell death. 
Mol. Cell 57, 860–872 (2015).

15.	 Ali, M. et al. Small-molecule targeted therapies induce 
dependence on DNA double-strand break repair in residual tumor 
cells. Sci. Transl. Med. 14, eabc7480 (2022).

16.	 Benada, J., Alsowaida, D., Megeney, L. A. & Sørensen, C. S. 
Self-inflicted DNA breaks in cell differentiation and cancer.  
Trends Cell Biol. 33, 850–859 (2023).

17.	 Iglesias-Guimarais, V. et al. Chromatin collapse during 
caspase-dependent apoptotic cell death requires DNA 
fragmentation factor, 40-kDa subunit-/caspase-activated 
deoxyribonuclease-mediated 3′-OH single-strand DNA breaks.  
J. Biol. Chem. 288, 9200–9215 (2013).

18.	 Larsen, B. D. & Sørensen, C. S. The caspase-activated DNase: 
apoptosis and beyond. FEBS J. 284, 1160–1170 (2017).

19.	 Liu, X., Zou, H., Widlak, P., Garrard, W. & Wang, X. Activation of 
the apoptotic endonuclease DFF40 (caspase-activated DNase or 
nuclease): oligomerization and direct interaction with histone H1. 
J. Biol. Chem. 274, 13836–13840 (1999).

20.	 Haimovici, A. et al. Spontaneous activity of the mitochondrial 
apoptosis pathway drives chromosomal defects, the 
appearance of micronuclei and cancer metastasis through the 
caspase-activated DNAse. Cell Death Dis. 13, 315 (2022).

http://www.nature.com/naturecellbiology
https://doi.org/10.1038/s41556-025-01810-x


Nature Cell Biology | Volume 27 | December 2025 | 2143–2151 2151

Article https://doi.org/10.1038/s41556-025-01810-x

21.	 Kula, T. et al. T-Scan: a genome-wide method for the systematic 
discovery of T cell epitopes. Cell 178, 1016–1028.e13 (2019).

22.	 Meiss, G., Scholz, S. R., Korn, C., Gimadutdinow, O. & Pingoud, A.  
Identification of functionally relevant histidine residues in the 
apoptotic nuclease CAD. Nucleic Acids Res. 29, 3901–3909 (2001).

23.	 Miles, M. A. & Hawkins, C. J. Executioner caspases and CAD are 
essential for mutagenesis induced by TRAIL or vincristine.  
Cell Death Dis. 8, e3062 (2017).

24.	 Miles, M. A., Harris, M. A. & Hawkins, C. J. Proteasome inhibitors 
trigger mutations via activation of caspases and CAD, but 
mutagenesis provoked by the HDAC inhibitors vorinostat and 
romidepsin is caspase/CAD-independent. Apoptosis 24, 404–413 
(2019).

25.	 Isozaki, H. et al. Therapy-induced APOBEC3A drives evolution of 
persistent cancer cells. Nature 620, 393–401 (2023).

26.	 Ivashkiv, L. B. & Donlin, L. T. Regulation of type I interferon 
responses. Nat. Rev. Immunol. 14, 36–49 (2014).

27.	 Hu, J. et al. STING inhibits the reactivation of dormant metastasis 
in lung adenocarcinoma. Nature 616, 806–813 (2023).

28.	 Killarney, S. T. et al. Executioner caspases restrict mitochondrial 
RNA-driven Type I IFN induction during chemotherapy-induced 
apoptosis. Nat. Commun. 14, 1399 (2023).

29.	 Cheon, H., Wang, Y., Wightman, S. M., Jackson, M. W. & Stark, G. R.  
How cancer cells make and respond to interferon-I. Trends 
Cancer 9, 83–92 (2023).

30.	 Cheon, H. & Stark, G. R. Unphosphorylated STAT1 prolongs the 
expression of interferon-induced immune regulatory genes.  
Proc. Natl Acad. Sci. USA 106, 9373–9378 (2009).

31.	 Moeed, A. et al. The caspase-activated DNase drives inflammation 
and contributes to defense against viral infection. Cell Death 
Differ. 31, 924–937 (2024).

32.	 Rongvaux, A. et al. Apoptotic caspases prevent the induction 
of type I interferons by mitochondrial DNA. Cell 159, 1563–1577 
(2014).

33.	 White, M. J. et al. Apoptotic caspases suppress mtDNA-induced 
STING-mediated type I IFN production. Cell 159, 1549–1562 (2014).

34.	 Larsen, B. D. et al. Cancer cells use self-inflicted DNA breaks to 
evade growth limits imposed by genotoxic stress. Science 376, 
476–483 (2022).

35.	 Larsen, B. D. et al. Caspase 3/caspase-activated DNase promote 
cell differentiation by inducing DNA strand breaks. Proc. Natl 
Acad. Sci. USA 107, 4230–4235 (2010).

36.	 Labzin, L. I. et al. ATF3 is a key regulator of macrophage IFN 
responses. J. Immunol. 195, 4446–4455 (2015).

37.	 Cai, X., Xu, Y., Kim, Y.-M., Loureiro, J. & Huang, Q. PIKfyve, a class III 
lipid kinase, is required for TLR-induced type I IFN production via 
modulation of ATF3. J. Immunol. 192, 3383–3389 (2014).

38.	 Badu, P., Baniulyte, G., Sammons, M. A. & Pager, C. T. Activation of 
ATF3 via the integrated stress response pathway regulates innate 
immune response to restrict Zika virus. J. Virol. 98, e01055–24 
(2024).

39.	 Mao, J. et al. Reactivation of senescence-associated endogenous 
retroviruses by ATF3 drives interferon signaling in aging.  
Nat. Aging 4, 1794–1812 (2024).

40.	 Amundson, S. A. et al. Fluorescent cDNA microarray hybridization 
reveals complexity and heterogeneity of cellular genotoxic stress 
responses. Oncogene 18, 3666–3672 (1999).

41.	 Ho, H. H., Antoniv, T. T., Ji, J.-D. & Ivashkiv, L. B. Lipopolysaccharide- 
induced expression of matrix metalloproteinases in human 
monocytes is suppressed by IFN-γ via superinduction of ATF-3 
and suppression of AP-11. J. Immunol. 181, 5089–5097 (2008).

42.	 Jiang, H.-Y. et al. Activating transcription factor 3 is integral to the 
eukaryotic initiation factor 2 kinase stress response. Mol. Cell. 
Biol. 24, 1365–1377 (2004).

43.	 Le, T. T. et al. Etoposide promotes DNA loop trapping and barrier 
formation by topoisomerase II. Nat. Chem. Biol. 19, 641–650 (2023).

44.	 Costa-Mattioli, M. & Walter, P. The integrated stress response: 
From mechanism to disease. Science 368, eaat5314 (2020).

45.	 Ku, H.-C. & Cheng, C.-F. Master regulator activating transcription 
factor 3 (ATF3) in metabolic homeostasis and cancer. Front. 
Endocrinol. 11, 556 (2020).

46.	 Larsen, S. B. et al. Establishment, maintenance, and recall of 
inflammatory memory. Cell Stem Cell 28, 1758–1774.e8 (2021).

47.	 Kwong, L. N. et al. Co-clinical assessment identifies patterns 
of BRAF inhibitor resistance in melanoma. J. Clin. Invest. 125, 
1459–1470 (2015).

48.	 Maynard, A. et al. Therapy-induced evolution of human lung 
cancer revealed by single-cell RNA sequencing. Cell 182, 
1232–1251.e22 (2020).

49.	 Russo, M. et al. Cancer drug-tolerant persister cells: from 
biological questions to clinical opportunities. Nat. Rev. Cancer 24, 
694–717 (2024).

50.	 Hu, Q. et al. Elevated cleaved caspase-3 is associated with 
shortened overall survival in several cancer types. Int. J. Clin. Exp. 
Pathol. 7, 5057–5070 (2014).

51.	 Yang, C., Tian, C., Hoffman, T. E., Jacobsen, N. K. & Spencer, S. L. 
Melanoma subpopulations that rapidly escape MAPK pathway 
inhibition incur DNA damage and rely on stress signalling. Nat. 
Commun. 12, 1747 (2021).

52.	 Zhang, J. et al. Resistance to DNA fragmentation and chromatin 
condensation in mice lacking the DNA fragmentation factor 45. 
Proc. Natl Acad. Sci. USA 95, 12480–12485 (1998).

53.	 Kawane, K. et al. Impaired thymic development in mouse embryos 
deficient in apoptotic DNA degradation. Nat. Immunol. 4, 138–144 
(2003).

54.	 Woo, E.-J. et al. Structural mechanism for inactivation and 
activation of CAD/DFF40 in the apoptotic pathway. Mol. Cell 14, 
531–539 (2004).

55.	 Samejima, K. & Earnshaw, W. C. Trashing the genome: the role of 
nucleases during apoptosis. Nat. Rev. Mol. Cell Biol. 6, 677–688 
(2005).

56.	 Ma, F. et al. Positive feedback regulation of type I interferon by the 
interferon-stimulated gene STING. EMBO Rep. 16, 202–212 (2015).

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2025

http://www.nature.com/naturecellbiology
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Nature Cell Biology

Article https://doi.org/10.1038/s41556-025-01810-x

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 Core in protocol 
no. AN179937.

Cell lines 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% CO2 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 (S4163) 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-IFNα/β receptor 1 antibody 
(ab10739) was purchased from Abcam.

Drug and chemical treatments
Previously described protocols were used6,7. In brief, A375 cells were 
treated with 250 nM dabrafenib and 25 nM trametinib for 14 days; PC9 
cells were treated with 2.5 μM erlotinib for 10 days, or with 300 nM 
or 500 nM osimertinib for 9 days; and BT474 cells were treated with 
500 nM or 2 μM 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 
still in drug, unless otherwise noted. In experiments utilizing caspase 
inhibitor QVD, 10 μM QVD was added together with the respective 
targeted therapy treatment for the duration of the experiment. Media 
and drug were replenished every 3–4 days. For the etoposide treatment 
of DFFB-KO persister cells, 100 μM 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 with 1 μM thapsigargin for 4 h. For the BH3 mimetic treatments, 
A375 cells were treated with 5 μM ABT-737 and 10 μM S63845 for 2.5 h 
then allowed to recover in media without drugs for 24 h. PC9 cells were 

treated with 1.5 μM ABT-737 and 3 μM 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 media were 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 with greater 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 4× 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 cells were cultured with 250 nM dabrafenib and 25 nM trametinib, 
and the PC9 cells were treated with 2.5 μM erlotinib for 2 weeks to estab-
lish persister 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 Illumina NovaSeq 6000 sequencer at the UCSD Institute for 
Genomic Medicine.

Single-cell RNA-seq data processing and mapping
The fastq files were aligned to the human ‘refdata-cellranger-GRCh38-
3.0.0’ genome with 10x Genomics Cell Ranger 3.1.057. The ‘filtered_fea-
ture_bc_matrix’ was used in the Seurat R package version 4.0.358–60. Cells 
containing greater than 1,000 and less then 7,500 features, and with less 
than 20% mitochondrial reads, were included in downstream analyses. 
A cell cycle score was calculated using the default Seurat method61 and 
was used to regress cell cycle during normalization and scaling with the 
‘SCTransform’ command. To generate uniform manifold approxima-
tion and projection (UMAP) plots, the commands ‘RunPCA,’ ‘RunUMAP,’ 
‘FindNeighbors,’ and ‘FindClusters’ were performed with default set-
tings, with 30 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 A375 and 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
A gene set enrichment analysis was conducted with the ClusterProfiler 
R package (version 3.18.0)62. 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 IFNα response gene set on a UMAP, AUCell package version 
1.12.0 was used to calculate gene set scores per cell63.
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JC-1 mitochondrial 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 µM carbonyl 
cyanide m-chlorophenyl hydrazone for 5 min. Cells were stained with 
1.5 µM JC-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) 
for 15 min away from light 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 treatment in 10- or 15-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, NP0007) and denatured 
at 70 °C for 10 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 
then incubated with the membrane for 1 h at room temperature, and the 
membranes were imaged using the LICOR Odyssey Imaging System and 
Image Studio version 5.2. Antibody commercial sources are provided 
in Supplementary Table 18.

DNA damage, cleaved caspase 3 and cytochrome  
c flow cytometry
A375 persister cells were derived, and untreated parental cells were 
cultured along with them. For the γH2AX experiments, A375 persister 
cells treated with 10 µM QVD for the duration of drug treatment were 
also prepared.Cells were then trypsinized and collected for staining. 
Cells were stained with viability dye Ghost Dye Red 510 or 780 for 15 min 
away from light at room temperature. For cytochrome c staining, cells 
were incubated in 50 µg ml−1 digitonin in PBS for 10 min on ice64. Cells 
were fixed with 4% paraformaldehyde for 10 min at room temperature. 
For γH2AX 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 min to 1 h 
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) version 10.7.1. 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 µM 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 µM NucView 530 Caspase 3 Substrate for 30 min in PBS plus 1%  
FBS and analysed by flow cytometry using a BD FACSAria II 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 basal and 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-KO-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 A375 or PC9 cells. The cells were then selected with puromycin; the 
expanded and edited cell pools were analysed for depletion of target 
protein via western blot. 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) g1 was pre-
viously reported14. 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 with g4. 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 from a 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-μm filter 
(Sigma-Aldrich, SE1M003M00).

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 lab21. 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-
struct into A375 wild-type and PC9 wild-type cells and wild-type DFFB 
(NM_004402.4), nuclease-deficient DFFB (H260N)22 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 μg ml−1 doxycycline was added the following day. 
Media with 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 
cells were lifted with trypsin and multiple individual cells were isolated 
through single-cell bottlenecks in 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 Ultra II) at Novogene and were sequenced on an 
Illumina NovaSeq 6000 PE150.

Single nucleotide variant analysis
Each sequenced sample was analysed according to the GATK best 
practices65–67. 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 BWA68. 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 2.6.0569.

In vivo tumour acquired resistance
Sample size was determined on the basis of prior experience with 
this model7. A375 cells were cultured in DMEM with 10% FBS before 
implantation. Cells were suspended in a 1:1 mixture of PBS:matrigel to 
a final concentration of 1 × 108 cells ml−1. 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 mm3, drug dosing was started 
via once daily oral gavage with 100 mg kg−1 dabrafenib and 1 mg kg−1 
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 one relapsed 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 
are included in the Fig. 3 source data. Mice were killed upon reaching 
the maximal allowed tumour burden of 2,000 mm3.

RNA extraction and quantitative RT–PCR
RNA from A375 parental cells and cells treated with 1 μM dabrafenib 
and 100 nM trametinib with and without 10 μM 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 IFNB1 levels with TaqMan assay (Thermo Fisher, 4331182).

Bulk RNA-seq analysis
Biological triplicates of A375 wild-type, DFFB-KO cl1 and ATF3-depleted 
(pooled KO) parental cells, persister cells and persister cells cotreated 
for the duration of persister formation with 20 μM AP1 inhibitor T-5224 
were trypsinized and RNA was isolated with the RNeasy Mini Kit (Qia-
gen, 74104). The libraries were constructed with Illumina Stranded 
mRNA Prep and sequenced using a NovaSeq S4 flowcell on an 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 DNA was isolated as previously described70. In brief, cells from 
each condition were split into 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 in 150 mM NaCl, 50 mM HEPES pH 7.4 and 25 μg ml−1 
digitonin for 10 min at room temperature. This mixture was centrifuged 
(150g) at 4 °C for 10 min and supernatant serially collected three times. 
The supernatant was then centrifuged (17,000g) at 4 °C for 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
All statistical tests were performed with GraphPad Prism version 9.0.0 
(86), R version 4.0.3 or RStudio version 1.2.5033. No statistical methods 
were used to predetermine sample sizes, but our sample sizes are simi-
lar to those reported in previous publications7,25. No data were excluded 
from the 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 
data distribution was assumed to be normal, but this was not formally 
tested. For the P values, non significant (n.s.) indicates P > 0.05. Differ-
entially expressed genes from single-cell RNA-seq were calculated using 
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the Wilcoxon rank-sum test. Differentially expressed genes from bulk 
RNA-seq data were calculated using the Wald test in DESeq2. Gene set 
enrichment analysis was performed using a Kolmogorov–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 
data in Fig. 3i, Extended Data Fig. 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 data are 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 (PRJNA800470). Previously published 
data that were reanalysed here are available under accession codes 
PRJNA591860 for lung cancer patient single-cell RNA-seq data and EGA 
S00001000992 in the 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 V600E melanoma cells treated with 250 nM dabrafenib and 25 nM 
trametinib. b, PC9 EGFR mutant lung adenocarcinoma cells treated with 2.5 μM 

erlotinib. c, PC9 cells treated with 500 nM osimertinib. d, BT474 HER2+ breast 
cancer cells treated with 2 μM lapatinib. Time shown to DTEP colony formation 
includes initial persister cell formation treatment period. Scale bar = 100 μm.
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Extended Data Fig. 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.  
c, A375 cells treated with 250 nM dabrafenib and 25 nM trametinib for 24 or 48 h 
and assessed for cleaved caspase 3 or DNA damage marker γH2AX. 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 γH2AX with and without treatment 

with 10 μM caspase inhibitor QVD. e, PC9 cells treated with 500 nM osimertinib.  
f, PC9 cells treated with 2.5 μM erlotinib. g, BT474 cells treated with 500 nM 
lapatinib. h, A375 parental and persister cells assessed by flow cytometry for 
γH2AX. i, A375 WT and caspase 9 KO clones analyzed for caspase 9, cleaved 
caspase 3, cleaved DFFA, and γH2AX. j, A375 persister cells sorted by caspase 3/7 
activity levels and assessed for cleaved caspase 3 and γH2AX. 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.  
For a,b,h, n = 3 biological replicates, mean ± s.d.; two-tailed Student’s t-test; ns, 
not significant.
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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 μM 
erlotinib. c, BT474 cells treated with 500 nM lapatinib. d-f, DFFB loss of 
expression in CRISPR KO clones. cl, clone. d, A375 DFFB KO clones. e, PC9 DFFB 
KO clones. WT cl1 is a control WT clone which failed to lose DFFB expression 
during CRISPR editing. f, BT474 DFFB KO clones. g, Caspase 9 expression in 

CRISPR-mediated caspase 9-depleted (pooled KO) A375 cells used in Fig. 4g.  
h, PC9 cells treated with 2.5 μM erlotinib were assessed for DNA damage marker 
γH2AX. Parental cells were treated for 24 h with 500 nM staurosporine as a 
positive control. i, PC9 cells treated with 2.5 μM 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 
and respond to drug in 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 
cell growth rates in cell culture is independent 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. g,k, A375 cells treated with 250 nM dabrafenib 

and 25 nM trametinib. h, PC9 cells treated with 2.5 μM erlotinib. i, PC9 cells 
treated with 500 nM osimertinib. j, BT474 cells treated with 2 μM lapatinib.  
l-p, WT and DFFB LOF persister cell formation. l,p, A375 cells treated with 
dabrafenib and trametinib. m, PC9 cells treated with erlotinib. n, PC9 cells 
treated with 500 nM osimertinib. o, BT474 cells treated with 2 μM lapatinib.  
For c-p, n = 3 biological 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 
A375 WT and DFFB KO parental and persister cells. r, DFFB essentiality in CRISPR 
screen data from the PICKLES database71. 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 2.5 μM erlotinib 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 

genes, downregulated high fidelity polymerases, and upregulated error prone 
polymerases3, in persister versus parental cells. c-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 μM 
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 Data Fig. 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, ScRNAseq UMAP visualizations of PC9 parental cells and persister cells 
derived from 2.5 μM erlotinib for 14 days (b) and cells with enriched Hallmarks 
IFN alpha response 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 expression in 
A375 cells treated with 1 μM dabrafenib and 100 nM trametinib for 6 days with 
and without 10 μM 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 μM JAK inhibitor ruxolitinib 
for 5 weeks. h, DTEP formation from PC9 persister cells co-treated with 300 nM 
osimertinib and 5 μM 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 
(j), and cells colored by cell cycle stage (k). l, ScRNAseq MKI67 (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 in red (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 
STAT1. s, A375 cells treated with 1 μM staurosporine (STS) for 4 h analyzed 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 Data Fig. 7 | ATF3 induction in persister cells is dependent on DFFB. 
a, ATF3 expression levels between A375 WT and DFFB KO persister and DTEP cells 
measured with scRNAseq. P values calculated with the two-sided Wilcoxon Rank 
Sum test with Bonferroni correction. cl, clone. b, ATF3 expression in PC9 WT and 
DFFB KO cells treated with 500 nM osimertinib. c, A375 WT and DFFB KO cells 

treated with 250 nM dabrafenib and 25 nM trametinib analyzed for ATF3 at the 
indicated times. d, A375 WT and DFFB KO cells treated with 250 nM dabrafenib 
and 25 nM trametinib analyzed for γH2AX, ATF4, and ATF3 at the indicated times. 
e, PC9 persister cells derived from 500 nM osimertinib with or without 5 μM JAK 
inhibitor ruxolitinib and analyzed for ATF3 levels.
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Extended Data Fig. 8 | ATF3 is induced in persister cells independent of the 
integrated stress response. a, A375 WT cells treated with ER stress inducer 1 μM 
thapsigargin for 4 h, BH3 mimetics 5 μM ABT-737 and 10 μM S63845 for 2.5 h 
followed by 24 h recovery, and persister cells analyzed for ISR genes 
(phosphorylated (p) eIF2α, total eIF2α, ATF4) and ATF3. b, PC9 WT cells treated 
with 1 μM thapsigargin, BH3 mimetics 1.5 μM ABT-737 and 3 μM S63845 for 4 h 
followed by 2 h recovery, 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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Extended Data Fig. 9 | Additional ATF3 and AP1 data. a,b, A375 ATF3-depleted 
(pooled KO) cells assessed for parental cell proliferation (a) and persister cell 
formation (b). n = 3 biological replicates; mean ± s.d. is shown; P values 
calculated with two-tailed Student’s t-test. ns, not significant. c, A375 WT DTEP 
cycling (MKI67 + ) and noncycling (MKI67-) cell ATF3 scRNAseq expression.  

P values calculated with the two-sided Wilcoxon Rank Sum test. d, STRING 
analysis of ATF3 interactions. e, Bulk RNAseq gene set enrichment analysis of 
A375 WT persister cells versus persister cells co-treated with 20 μM AP1 inhibitor 
T-5224. n = 3 biological replicates. EMT, epithelial-to-mesenchymal transition.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-025-01810-x

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 
that DTEP cells remain drug stressed. cl, clone. c, Anastasis gene set expression 
analyzed in on-treatment versus pretreatment patient melanoma tumours 
treated with BRAF + /- MEK targeted therapy. Normalized enrichment score, 
NES. P value calculated with a two-sided permutation test with family-wise  
error rate correction. d, Anastasis gene set signature scores in treatment naïve 
(TN), residual disease (RD), and progressive disease (PD) patient non-small 
cell lung cancer tumours treated with EGFR targeted therapy. e, MKI67 (Ki-67) 
expression in pretreatment and on-treatment melanoma patient tumours.  

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.  
P value calculated with the two-sided Wilcoxon Rank Sum test with Bonferroni 
correction. k,l, A375 (k) and PC9 (l) 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 
from 15 (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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