
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Apoptotic DNase DFFB Mediates Cancer Acquired Drug Resistance

Permalink
https://escholarship.org/uc/item/0x6521nx

Author
Williams, August Finley

Publication Date
2023
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0x6521nx
https://escholarship.org
http://www.cdlib.org/


 

 
 

UNIVERSITY OF CALIFORNIA SAN DIEGO 
 
 

Apoptotic DNase DFFB Mediates Cancer Acquired Drug Resistance 
 

A Dissertation submitted in partial satisfaction of the requirements  
for the degree Doctor of Philosophy  

 

in  

 

Biomedical Sciences 

 

by 

 

August Williams 

 

 

Committee in charge: 

Professor Matthew Hangauer, Chair 
Professor Frank Furnari 
Professor J. Silvio Gutkind 
Professor Emily Wang 
Professor Jean Wang 
 

 

 

2023  



 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright 
 

August Williams, 2023 
 

All rights reserved.



 
iii 

 

 
 

The Dissertation of August Williams is approved, and it is 
acceptable in quality and form for publication on microfilm and 
electronically. 

 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

University of California San Diego 
 

2023 
 

 
 



iv 
 

DEDICATION 
 

This dissertation is dedicated to all my current and previous mentors and peers. I am 

constantly inspired and motivated by your hard work and dedication. 

 
 
 
 
 
 
 
 
 
 
 

    



v 
 

TABLE OF CONTENTS 
 
 
DISSERTATION APPROVAL PAGE……………………………………………………….iii 
 
DEDICATION……………………………………………………………………………...…iv 
 
TABLE OF CONTENTS………………………………………………………………………v 
 
LIST OF FIGURES…………………………………...………………………………………vi 
 
LIST OF TABLES…………………………………………………………………………...viii 
 
LIST OF ABBREVIATIONS………………………………..………………………………..ix 
 
ACKNOWLEDGEMENTS…………………………………………………………………...xi 
 
VITA………………………………………………………………….……………………...xiii 
 
ABSTRACT OF THE DISSERTATION……………..…………..…………………………xiv 
 
CHAPTER 1………………………………………………….………………………………..1 
 
CHAPTER 2…………………………………………………….……………………………16 
 
CHAPTER 3………………………………….......….……………………………….………71 
 
REFERENCES……………………………………..………...………………………………77 

 

 

 

 

 

 

 

 

 

 



vi 
 

LIST OF FIGURES 

Figure 1: Persister cell and DTEP colony formation models…………………………..…….44 
 
Figure 2: ScRNAseq of parental and persister cells……………………………………...…..45 
 
Figure 3: Drug-tolerant persister cells undergo sublethal apoptotic signaling-induced 
DNA damage……………………………………………………………………...…..………48 
 
Figure 4: Mitochondrial release of cytochrome c flow cytometry assay schematic……….…49 
 
Figure 5: Persister cells survive drug induced sublethal apoptotic signaling that causes 
DNA damage……………………………………………………………………………….…50 
 
Figure 6: Flow cytometry schematic for JC-1 indicator dye-based assessment of loss of 
mitochondrial potential…………………………………………………………………….....52 
 
Figure 7: Cleaved caspase 3 flow cytometry schematic……………………………......…….53 
 
Figure 8: Caspase 3/7 activity reporter flow cytometry schematic……………………..…….54 
 
Figure 9: gH2AX DNA damage flow cytometry schematic…………………………....…….55 
 
Figure 10: Apoptotic DNase DFFB mediates persister cell DNA damage and mutagenesis...56 
 
Figure 11: DFFB expression in persister cell models……………………………………..….57 
 
Figure 12: DFFB loss has minimal effect on parental cancer cell viability…………….…….58 
 
Figure 13: Initial drug response and persister cell formation is independent of DFFB………59 
 
Figure 14: DFFB is required for drug-induced persister cell DNA damage……………….…60 
 
Figure 15: A375 DFFB WT and KO persister cells have similar differential expression of 
DNA repair genes……………………………………………………………………………..61 
 
Figure 16: Acquired BRAF p.R252* mutation DTEP cells have altered drug response……...62 
 
Figure 17: DFFB mediated DNA damage inhibits growth suppressive interferon signaling...64 
 
Figure 18: DFFB mediates gene repression through transcriptional silencing……………….65 
 
Figure 19: Assessment of DNA damage response signaling in A375 DFFB WT persister 
cells……………………………………………………………………………....…......…….66 
 
 



vii 
 

Figure 20: A375 DFFB KO cells exhibit persister cell G1 cell cycle arrest and clonogenic 
potential under drug stress similar to DFFB WT cells, and DFFB KO DTEP colony  
formation is not rescued by DFFB WT supernatant………………………………….………68 
 
Figure 21: DFFB is necessary for acquired resistance………………………………………..69 
 
Figure 22: DFFA and DFFB expression correlate with worse patient survival outcomes.......70 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



viii 
 

LIST OF TABLES 
 
 

Table 1: Gene sets enriched in the scRNAseq persister cell clusters.………………………..46 

Table 2: Enriched Hallmark gene sets from persister cell upregulated genes………………..47 
  



ix 
 

LIST OF ABBREVIATIONS 
 
 
6-TG  6-thioguanine 
 
ATM  Ataxia-telangiectasia mutated  
 
BET   Bromodomain and extraterminal [proteins] 
 
CAD   Caspase-activated DNase 
 
DDR  DNA damage response 
 
DFFA   DNA fragmentation factor A 
 
DFFB  DNA fragmentation factor B 

DTEP   Drug-tolerant expanded persister 
 
EMT   Epithelial-to-mesenchymal transition 
 
H3K9me3 Tri-methylation of H3 lysine 9 
 
HDAC  Histone deacetylase  
 
HPRT   Hypoxanthine-guanine phosphoribosyltransferase 
 
IAP   Inhibitor of apoptosis 
 
ICAD   Inhibitor of CAD  
 
IFNg  Interferon gamma 
 
KO   Knockout 
 
MOMP Mitochondrial outer membrane permeabilization 

PRMT  Protein arginine methyltransferase 
 
QVD  Quinoline-Val-Asp-Difluorophenoxymethylketone 
 
scRNAseq  Single cell RNA sequencing 
 
STING  Stimulator of interferon genes 
 
TNF   Tumor necrosis factor 



x 
 

TRAIL  TNF-related apoptosis-inducing ligand 
 
WES  Whole exome sequencing 
 
WT  Wild type  



xi 
 

ACKNOWLEDGEMENTS 
 
 

 

I would first and foremost like to thank my thesis advisor, Dr. Matthew Hangauer, for 

all his guidance, advice, and patience during my graduate studies. I have greatly benefited from 

all the training he provided and would not be the scientist I am today without his mentorship. I 

appreciate the great example he set both inside and outside the lab, and I greatly look forward 

to any future collaborations. I would also like to thank my SPAC advisor and committee 

member Dr. Jean Wang for her continued advice through all stages of my graduate school 

training, including helpful meetings during my time on the Cancer Biology and Informatics and 

Omics training grant and during my many fellowship application attempts. I greatly appreciate 

all the support from my thesis committee, Dr. Jean Wang, Dr. J. Silvio Gutkind, Dr. Frank 

Furnari, and Dr. Shizhen Wang, for their useful insights, helpful discussions, assistance with 

fellowship applications, and letters of recommendation throughout the years. Your motivation 

and encouragement were extremely beneficial during my graduate studies. I would also like the 

many Hangauer lab members throughout the years who not only greatly contributed towards 

making this project a success, but also made spending time in lab enjoyable, exciting, and fun. 

I would also like to thank my past mentors for believing in me, investing time and energy 

into my training, and for giving me a chance to work in your groups. Thank you for being 

upstanding people, and for setting a positive example in both life and science. Specifically, Dr. 

David Low, Dr. Zachary Ruhe, Dr. Cyril Benes, and Dr. Aaron Hata. I got the wonderful 

opportunity to attend and complete a Ph.D. due to your mentorship and support. 

I would also like to thank all my friends, from both before and during graduate school, 

for providing encouragement, support, and fun during my Ph.D. I greatly appreciate all the 



xii 
 

exciting adventures we had over the past several years that refreshed me during my studies. I 

also feel incredibly lucky for the talented group of scientists with me in my cohort. I am looking 

forward to all the incredible discoveries you will make. 

My life is made infinitely better by my wife, Dr. Kelly Torosian, who I would like to 

thank for all the love and support during my Ph.D. Thank you for all the fun adventures and for 

matching at UCSD for both residency and fellowship. I am grateful we get to be together during 

these years of training and greatly look forward to all that is in store for our future together.  

Finally, I would like to thank my parents and my sister for all their support throughout 

my entire life. I truly would not have made it this far without all your encouragement and love. 

Thank you for setting a great example and for being fun people who are always there for me. I 

hope you see this accomplishment as part of your own. 

 

 

 

 

 

Chapter 2, in full, has been submitted for publication of the material in a research 

article with the title “Apoptotic DNase DFFB mediates cancer persister cell mutagenesis and 

acquired drug resistance.” The authors are: Williams, August F.; Gervasio, David A.G.; 

Turkal, Claire E.; Stuhlfire, Anna E.; Wang, Michael X.; Mauch, Brandon E.; Nguyen, Ariel 

H.; Paw, Michelle H.; Hairani, Mehrshad; Lathrop, Cooper P.; Harris, Sophie H.; Page, 

Jennifer L.; Hangauer, Matthew J. The dissertation author was the primary researcher and 

author of this paper.  



xiii 
 

VITA 
 
 
2015 Bachelor of Science in Biochemistry – Molecular Biology, University of California 
Santa Barbara 
 
2023 Doctor of Philosophy in Biomedical Sciences, University of California San Diego 
 
 
 

PUBLICATIONS 
 

Williams AF, Gervasio DAG, Turkal CE, Hairani M, Wang MX, West AH, Stuhflire AE, 
Mauch B, Paw MH, Lathrop CP, Harris S, Page JL, Hangauer MJ. Apoptotic DNase DFFB 
mediates cancer persister cell mutagenesis and acquired drug resistance. (In Review). 
 
Jensen SJ, Ruhe ZC, Williams AF, Nhan DQ, Garza-Sánchez F, Low DA, Hayes CS. 
Paradoxical activation of a type VI secretion system (T6SS) phospholipase effector by its 
cognate immunity protein. Journal of Bacteriology. (Accepted). 
 
Hu H, Piotrowska Z, Hare PJ, Chen H, Mulvey HE, Mayfield A, Noeen S, Kattermann K, 
Greenberg M, Williams A, Riley AK, Wilson JJ, Mao YQ, Huang RP, Banwait MK, Ho J, 
Crowther GS, Hariri LP, Heist RS, Kodack DP, Pinello L, Shaw AT, Mino-Kenudson M, 
Hata AN, Sequist LV, Benes CH, Niederst MJ, Engelman JA. Three subtypes of lung cancer 
fibroblasts define distinct therapeutic paradigms. Cancer Cell. 2021 Nov 8;39(11):1531-
1547.e10. doi: 10.1016/j.ccell.2021.09.003. Epub 2021 Oct 7. PMID: 34624218; PMCID: 
PMC8578451. 
 
Raoof S, Mulford IJ, Frisco-Cabanos H, Nangia V, Timonina D, Labrot E, Hafeez N, Bilton 
SJ, Drier Y, Ji F, Greenberg M, Williams A, Kattermann K, Damon L, Sovath S, Rakiec DP, 
Korn JM, Ruddy DA, Benes CH, Hammerman PS, Piotrowska Z, Sequist LV, Niederst MJ, 
Barretina J, Engelman JA, Hata AN. Targeting FGFR overcomes EMT-mediated resistance in 
EGFR mutant non-small cell lung cancer. Oncogene. 2019 Sep;38(37):6399-6413. doi: 
10.1038/s41388-019-0887-2. Epub 2019 Jul 19. PMID: 31324888; PMCID: PMC6742540. 
 
Dastur A, Choi A, Costa C, Yin X, Williams A, McClanaghan J, Greenberg M, Roderick J, 
Patel NU, Boisvert J, McDermott U, Garnett MJ, Almenara J, Grant S, Rizzo K, Engelman 
JA, Kelliher M, Faber AC, Benes CH. NOTCH1 Represses MCL-1 Levels in GSI-resistant T-
ALL, Making them Susceptible to ABT-263. Clin Cancer Res. 2019 Jan 1;25(1):312-324. doi: 
10.1158/1078-0432.CCR-18-0867. Epub 2018 Sep 17. PMID: 30224339; PMCID: 
PMC6320296. 
 
 
 
  



xiv 
 

 
 

 
 
 
 
 

 

ABSTRACT OF THE DISSERTATION 
 

Apoptotic DNase DFFB Mediates Cancer Acquired Drug Resistance 
 

 
by 

 

August Williams 

 

Doctor of Philosophy in Biomedical Sciences 

University of California San Diego, 2023 

Professor Matthew Hangauer, Chair 
 

 

The development of oncogene targeted therapies over the past few decades facilitated 

by cancer driver gene identification through next generation sequencing has resulted in 

impressive clinical responses against late-stage cancers. However, robust responses are 

hindered by acquired drug resistance. This is the scenario where a tumor initially responds to 

therapy, but then regrows even in the presence of continued drug treatment. Here, we 

investigate cancer persister cells as a model of acquired drug resistance to identify processes 

that allow tumors to overcome drug pressure. Single cell transcriptomic profiling revealed well-
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characterized drug resistance processes occurring in persister cells such as epithelial-

mesenchymal transition. Interestingly, it also revealed apoptotic signaling as a process shared 

across multiple persister cell models. We found that cancer persister cells survive caspase 3 

activation and minority mitochondrial outermembrane permeabilization (MOMP). This 

sublethal apoptotic signaling activates the nuclease DFFB. DFFB causes mutagenic DNA 

damage resulting in persister regrowth through both genetic and nongenetic mechanisms. 

Inhibition of DFFB blocked persister cell regrowth both in cell culture and in vivo. Given the 

need for targets against stress adaptation mechanisms, DFFB represents a promising therapeutic 

target that could extend the efficacy of already available anti-cancer therapies.
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CHAPTER 1 

INTRODUCTION 
 

Advances in next generation sequencing accelerated the development of oncogene targeted 

therapies with the goal of eliminating tumors while minimizing toxic side effects associated with 

traditional chemotherapy and radiation treatments. Despite impressive responses, drug resistance 

in cancer remains a barrier towards achieving robust responses especially for late-stage disease 

patients.1 Acquired drug resistance, characterized by tumor regrowth after an initial therapy 

response, continues to frustrate clinical efforts towards increasing patient survival. This complex 

phenomenon involves multiple mechanisms including genetic alterations, epigenetic changes, 

altered drug metabolism, and influences from the tumor microenvironment.2,3 Tackling acquired 

drug resistance is therapeutically challenging since these mechanisms can act in combination. 

Thus, understanding the underlying mechanisms of acquired drug resistance is critical for 

developing more effective therapies. 

Persister cells are a subpopulation of tumor cells that survive continuous therapeutic 

pressure and lead to disease recurrence.4 In patients, these cells may represent minimal residual 

disease during a therapeutic intervention. This is the point where tumor volume has decreased to 

a low or clinically undetectable level prior to relapse.5–7 Thus, cancer persister cells represent a 

model system used to investigate acquired drug resistance in the laboratory. Experimentally, 

persister cells are the residual surviving cells following extended (>10 days) therapy exposure that 

is cytotoxic to the majority of the original, or parental, population.4 Persister cells are characterized 

by their ability to enter a quiescent or slow proliferation state, allowing them to evade the cytotoxic 

effects of chemotherapy, oncogene targeted therapy, radiation therapy, and immunotherapy.4,8,9 A 

fraction of persister cells eventually gain the ability to reenter the cell cycle and form growing 
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colonies even under drug pressure.4,10 Despite their critical role in tumor recurrence, the underlying 

mechanisms governing persister cell formation, survival, and regrowth remain poorly understood.  

The persister cell concept was originally described in bacteria from observations that 

repeated penicillin exposures could not sterilize the targeted streptococcal population.11 Even 

though the majority of cells died, approximately 1% of the population survived. Preexisting 

dormant cells rather than cells containing heritable resistance mutations were proposed to explain 

the survival of this bacterial subpopulation,12 and recent microscopy experiments confirmed this 

hypothesis.13 Importantly, bacterial persister cells that regrow upon drug removal remain drug 

sensitive, suggesting that nongenetic survival mechanisms underly the persister phenotype.13 

Bacterial persistence may be mediated by various mechanisms including toxin-antitoxin systems 

as well as stochastic gene expression changes.14,15 Stress responses including sS and SOS are 

activated in bacterial persister cells, which together mediate a stress-induced mutagenic state to 

facilitate adaptation through increased expression of DNA repair proteins and error-prone 

polymerases.15–17 Given shared characteristics between both cancer and bacterial persister cells, 

this survival state may be evolutionarily conserved. Indeed, several recent reports also link 

persister cell characteristics with those involved in embryonic suspension at the blastocyst 

developmental stage termed diapause.18–21 During diapause, cell division and metabolism are 

greatly reduced with embryos entering a reversible dormant state.22 Thus, cancer persister cells 

enter an evolutionarily conserved survival state to escape drug stress. 

One drug resistance scenario involves the Darwinian selection of cells with preexisting 

drug-resistance conferring mutations. However, cancer persister cells survive through nongenetic 

mechanisms like their bacterial counterparts. This is exemplified by the observation that removing 

drug to allow persister cell regrowth gives rise to daughter cells that are sensitive to treatment with 
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the same therapy.4 Observations in the clinic of tumors responding to retreatment following a 

period of treatment withdrawal, known as a “drug holiday,” is consistent with this persister cell 

characteristic.23 While it remains unknown whether the majority of mutations in patients preexist 

or are acquired during therapy, cancer persister cells recapitulate key aspects of acquired drug 

resistance and represent useful models for discovery of fundamental resistance mechanisms. The 

emergence of acquired drug resistance therefore may not be a foregone conclusion and eliminating 

the residual cancer population through any acquired vulnerabilities may represent a strategy for 

increasing cures. 

There are a variety of reports assessing persister cell origins using barcoding and 

microscopy approaches to determine whether these cells arise from preexisting parental cell 

subpopulations. Certain studies demonstrated that persister cells at least partially arise from 

defined preexisting populations.24–26 These studies show that particular traits, such as high 

expression of aldehyde dehydrogenase,24 histone demethylases,25 growth factors,26 or increased 

NOTCH signaling,25 are present in the parental population and are selected for upon drug 

exposure. However, these traits appear stochastically upregulated, or “jackpotted,” in the parental 

population suggesting that any cell has the ability to become drug tolerant.26 Consistent with this 

theory, other studies utilizing DNA barcoding technology examined the diversity of barcodes 

remaining after cytotoxic drug exposure and found that persister cells are primarily induced by 

drug rather than preexisting.19,20,27,28 Another barcoding study showed that this may depend on the 

treatment type, potentially explaining the various conflicting observations from others.29 Thus, 

persister formation is generally mediated by heterogeneous, transient subclonal events that, 

whether preexisting or not, become selected for upon drug exposure.  
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Several survival mechanisms utilized by persister cells have been identified as potentially 

exploitable therapeutic vulnerabilities that could be taken advantage of to eliminate residual 

disease. These diverse mechanisms include growth factor signaling, chromatin remodeling, lipid 

peroxide reduction, apoptotic signaling, and DNA damage response.4,9,24,30–32 In the seminal cancer 

persister cell report, a small screen of thirteen compounds revealed the IGF-1R inhibitor AEW541 

as well as several histone deacetylase (HDAC) inhibitors as compounds that could eliminate 

persister cell formation.4 IGF-1R inhibition was found to have a direct effect on histone 

demethylase KDM5A expression and the resulting chromatin state, suggesting a direct link 

between growth factor signaling and chromatin modification essential to persister formation. 

Further investigations are required to determine the link between IGF-1R and KDM5A in persister 

cells, which may reveal additional targets. Further evidence for the important role chromatin 

architecture plays in persister cell formation is the acquired sensitivity to epigenetic reader 

inhibition. Bromodomain and extraterminal (BET) proteins such as BRD4 facilitate persister cell 

chromatin remodeling and transcriptional changes required for survival. Inhibiting BET proteins 

with JQ1 prevented persister formation in targeted therapy-treated breast cancer models.33,34 

Another chemical screen identified ferroptosis, an iron-dependent cell death mechanism, as an 

acquired sensitivity in cells that enter the drug tolerant persister cell state.30 Specifically, RSL3 

and ML210, inhibitors of the lipid hydroperoxidase GPX4, selectively eliminated persister cells 

without affecting parental cell viability. GPX4 is the enzyme responsible for the reduction of 

phospholipid hydroperoxides.35 The ferroptosis sensitivity in persister cells may be driven by the 

downregulation of antioxidant genes as well as the decreased levels of reducing cofactors NADPH 

and glutathione. This process may be mediated by the stress response transcription factor ATF4, 

but additional studies are required to determine the mechanism underlying this sensitivity.36 
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Persister cells also enter a mesenchymal state during epithelial-to-mesenchymal transition (EMT) 

which has been shown to increase sensitivity to ferroptosis.37 Persister cells also rely on the 

upregulation of inhibitor of apoptosis (IAP) family proteins to avoid cell death from apoptosis 

signaling.9,31 Inhibiting IAPs with SMAC-mimetics impaired persister cell formation from both 

immune therapy (PD-1 checkpoint blockade) and targeted therapy. Another vulnerability is the 

DNA damage response mediated by ataxia-telangiectasia mutated (ATM) kinase that is active in 

persister cells due to accumulated double strand DNA breaks. Co-treatment with an ATM inhibitor 

alongside targeted therapy was toxic to persister cells.32 Caspase 3/7 activity culminating in 

activation of the apoptotic nuclease DNA fragmentation factor B (DFFB) was shown to mediate 

acute (24 hour) DNA damage from targeted therapy treatment, but whether this pathway continues 

to play a role during the longer treatment timepoint persister cell stage has not been elucidated. 

Persister cells are also susceptible to disulfiram potentially through inhibition of aldehyde 

dehydrogenase although additional studies are warranted.24 In summary, diverse persister cell 

vulnerabilities have been reported, but more work is required to deduce the mechanisms 

underlying these vulnerabilities and determine if subpopulations of persisters can escape these 

stresses. Further, whether these treatment strategies will be effective in the clinic remains 

unknown.  

Evidence suggests that the tumor microenvironment also influences drug tolerance and 

resistance. Cancer-associated fibroblasts can promote therapy resistance through both cell-cell 

contacts as well as secreted factors. Examples include integrin signaling through FAK in 

melanoma associated fibroblasts that confer sensitivity to BRAF inhibitors and HGF secretion 

reactivating the MET signaling pathway in non-small cell lung cancer.38–40 Interestingly, HGF can 

also recruit immunosuppressive neutrophils to the tumor, facilitating survival from immune 
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effector cells.41 Hypoxia, which is a common feature of solid tumors, can induce quiescence and 

therefore promote persister cell survival.42–44 Low oxygen-induced factors such as MIG6 decrease 

sensitivity to tyrosine kinase inhibitor treatment by disrupting ERBB protein-protein interactions 

to favor pro-survival EGFR-HER3 signaling in a lung cancer model.44 Several studies also show 

that inflammation, a characteristic feature of the tumor microenvironment, can promote persister 

survival through STAT3, NF-kB, and type I interferon responses.45–48 Notably, the secreted factor 

TGF-b could promote several persister cell characteristics that include transitioning cell states 

through EMT as well as entering a mutagenic state through the downregulation of DNA repair 

factors.45,49 A screen of fifty tumor microenvironment factors to identify pro- and anti-persistence 

factors further confirmed the importance interferon signaling plays in persister formation.50 This 

study highlighted the intricate signaling balance persister cells must maintain to reap beneficial 

interferon-induced properties. While low concentrations of interferon-g promoted persistence, 

higher concentrations hindered survival; both of which were mediated by STAT1.50 This revealed 

an interesting sensitivity in STAT1 high cancer cells to a type I protein arginine methyltransferase 

(PRMT) inhibitor that disrupts RNA processing by blocking methylation of RNA binding proteins 

resulting indirectly in decreased STAT1 expression. These findings suggest that targeting tumor 

microenvironmental factors alongside cancer cell intrinsic mechanisms may offer synergistic 

therapeutic options against cancer persister cells.  

After extended drug treatment, a fraction of persister cells reenter the cell cycle and grow 

into drug-tolerant expanded persister (DTEP) cell colonies. There are several explanations for how 

persister cells reenter the cell cycle. One study utilized cellular barcoding to show that cycling 

persister cells emerge from distinct lineages characterized by a metabolic shift to fatty acid 

oxidation as well as upregulation of antioxidant genes.10 Another study described receptor driven 
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signals that “pulse” the MAP kinase pathway to stimulate entry into the cell cycle.51 These signals 

arise from autocrine or paracrine signaling from nearby cells or from dying cells in a caspase-

dependent process termed apoptosis-induced proliferation.52 During this process related to wound 

healing, stem cell factors, proangiogenic factors, and prostaglandins are released from dying cells 

to stimulate growth and drug resistance in neighboring cells.53–57 Recent literature investigating 

dormant metastatic cancer cells also shows that early cycling cells must overcome the STING 

pathway to emerge into disease relapse.58 In this mechanism, chromatin remodeling and 

hypermethylation of the STING promoter and enhancer stimulated in part by TGF-b promote 

spontaneous outbreaks from disseminated cancer cells. As a result of escaping quiescence, these 

early cycling cells may activate stress survival signaling through the transcription factor ATF4 and 

incur DNA damage.59 Therefore, both cell autonomous and non-cell autonomous mechanisms 

promote initial reentry into the cell cycle. 

Several studies examined the transcriptional landscape at single cell resolution to determine 

persister subpopulations responsible for driving DTEP formation and tumor relapse. One study 

interrogated persister cells and DTEPs derived from patient xenograft models treated with BRAF 

and MEK inhibitors, and identified a nuclear receptor RXRG-driven neural crest stem cell state as 

the main relapse-driving subpopulation.60 Other studies also confirmed that the majority of cell 

states driving relapse contain stem cell markers and characteristics that are potentially mediated 

by TGF-b.61,62 These cell states, although nongenetic, appear heritable to daughter cells under drug 

pressure.63 Importantly, intra- and inter-patient heterogeneity exists in the composition of minimal 

residual disease, indicating that several cell states have the capability to drive resistance. This 

poses significant therapy development and treatment challenges given the many ways drug 

resistance can develop.  



8 
 

Proliferating DTEP colonies at extended timepoints (>6 months) are more drug resistant 

than their early cycling progenitors. These cells are not as drug stressed, indicated by a decrease 

in DNA damage and by the presence of drug-resistance conferring mutations such as the EGFR 

gatekeeper mutation T790M in a non-small cell lung cancer model treated with EGFR 

inhibitors.64–66 Importantly, these drug resistance mutations did not preexist in the starting 

population and each distinct DTEP colony contains unique mutations responsible for resistance, 

suggesting that they were acquired during the treatment period from a cell intrinsic mutagenic 

mechanism.65,66 Recent studies demonstrated that, similar to bacterial persister cells, cancer 

persister cells also enter a stress induced mutagenic state characterized by the downregulation of 

accurate DNA repair enzymes and upregulation of error prone polymerases potentially mediated 

through TGF-b and MTOR signaling.49,64,67 Targeted therapy induces a transient 7- to 50-fold 

increase of the mutagenic rate in persister cells that increases genetic diversity to promote escape 

from drug pressure.27 Inhibiting error prone polymerases, such as REV1, could prevent or delay 

disease relapse in colorectal cancer models treated with targeted therapy.27 However, these error 

prone polymerases may be involved in other undescribed processes that contribute to drug 

resistance since overexpression of the error prone polymerase POLk increased drug resistance 

through an unknown mutagenesis-independent mechanism.68 Therefore, cancer persister cells 

enter a stress induced mutagenic state mirroring that of bacterial persister cells as one strategy to 

escape drug pressure.  

Other mutagenic processes in cancer persister cells have also been described. Several 

groups have investigated the role APOBEC3 enzymes play in persister cell mutagenesis. When 

foreign DNA is introduced into cells during viral or bacterial infections, APOBEC3 cytidine 

deaminases (APOBEC3A or APOBEC3B) hypermutate the foreign DNA, causing cytosine to 
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uracil to thymine mutations, to promote its degradation.69 The APOBEC mutational signature has 

also been observed in patients, suggesting the enzyme as a potential source for acquired 

mutations.70 Targeted therapy treatment in non-small cell lung cancer models induces APOBEC3A 

or APOBEC3B expression, increases DNA damage, and promotes the accumulation of 

APOBEC3-associated mutations.71,72 Furthermore, genetic ablation of APOBEC3A delays drug 

resistant outgrowth while APOBEC3B overexpression accelerated tumor relapse.71,72 APOBEC3 

enzymes may also promote DTEP formation through deaminase-independent chromosomal 

instability mechanisms.73 Thus, APOBEC3 enzymes represent an important novel therapeutic 

target that warrants additional studies as a potential strategy to combat persister cell mutagenesis 

and acquired drug resistance. Additional processes such as DNA damage from reactive oxygen 

species67 or DNA replication errors74 may also contribute to the persister cell mutagenesis 

phenotype, but the relevance of these mechanisms to different cell and cancer types requires further 

studies.  

The motivating force driving the research in this thesis is identifying additional mutagenic 

and epigenetic mechanisms in persister cells that may promote DTEP formation. Specifically, I 

have focused on understanding if sublethal apoptotic signaling induced by drug stress contributes 

to mutagenesis, epigenetic changes, and DTEP formation and whether this pathway can be 

inhibited as a novel strategy to prevent the emergence of acquired drug resistance. 

Apoptosis is a programmed form of cell death that plays an integral role in development, 

tissue homeostasis, and disease prevention.75,76 Markers of apoptosis include membrane blebbing, 

cleavage of caspases, and DNA fragmentation. There are two apoptotic signaling pathways: 

intrinsic and extrinsic apoptosis. Intrinsic apoptosis is characterized by mitochondrial outer 

membrane permeabilization (MOMP) resulting in release of a variety of factors including 
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cytochrome c into the cytoplasm, apoptosome formation, and caspase 3 activation.77 MOMP is 

mediated by the balance and activity of pro- and anti-apoptotic Bcl-2 family proteins. Extrinsic 

apoptosis is initiated by death receptors located in the cell membrane that respond to extracellular 

ligands. Once these receptors including Fas, tumor necrosis factor (TNF), and TNF-related 

apoptosis-inducing ligand (TRAIL) are activated they signal through caspases 8 and 10 leading to 

the cleavage of BID. BID then translocates to the mitochondria and contributes to MOMP through 

the pore-forming protein BAX, thus serving as a link between the extrinsic and intrinsic apoptotic 

pathways.75 Ultimately, both pathways converge on cleavage and activation of the “executioner 

caspase,” caspase 3.77 Despite its well-known role in cell death, caspase 3 is also involved in death-

independent cellular mechanisms. These include proliferation,78,79 cell state changes,80–83 and 

cancer initiation and progression.84 Importantly, this implies that stressed cells can survive 

apoptotic signaling, even with caspase 3 activation. 

Multiple studies have shown that cells can both recover from and survive during apoptotic 

signaling, generally referred to as sublethal apoptotic signaling. In a processes termed “anastasis” 

(Greek for “rising to life”), removing the toxic stimulus from cells allowed for recovery from 

caspase 3 cleavage but resulted in chromosomal abnormalities with important implications for 

carcinogenesis.85 These recovering cells displayed elevated proangiogenic factors and switched 

from growth-arrested to proliferating to migratory cell states.86 A recent report showed that directly 

inducing caspase 3 activation to lethal levels for some cells nonetheless allowed other cells in the 

population to live.87 This supports that caspase 3 activation alone is insufficient to induce cell 

death, as the level of caspase activation could not distinguish between survival or death.87 Cells 

can also survive “minority MOMP” where a minority of mitochondria outer membranes are 

permeabilized resulting in caspase activity and DNA damage.88 In melanoma models, sublethal or 
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failed apoptosis led to the development of a more invasive phenotype both in vitro and in vivo.89 

Untreated cancer cells also undergo sublethal apoptosis-induced DNA breaks that confer stem cell-

like properties through ATM, NF-kB, and STAT3 signaling.90 Sublethal apoptosis may play a role 

in persister cell formation, since acutely (6 hours) inducing MOMP with BH3 mimetics conferred 

persister phenotypes.36 This was mediated through activation of the integrated stress response and 

transcription factor ATF4 by cytochrome c release from the mitochondria. These studies all 

investigated untreated cancer cells or acute (<24 hours) cytotoxic treatments, but whether sublethal 

apoptosis occurs during chronic stress scenarios as experienced by cancer persister cells remains 

to be determined. Therefore, drug stress-induced sublethal apoptosis represents a potential 

pathway that could promote DNA damage and mutagenesis in persister cells.  

During the final stages of apoptosis, the apoptotic nuclease DFFB (also known as Caspase 

activated DNase, CAD; or DFF40) is activated through proteolytic cleavage of its chaperone and 

inhibitor, DFFA (also known as Inhibitor of CAD, ICAD; or DFF35/45).91 DFFB then dimerizes 

and creates double strand DNA breaks responsible for oligonucleosomal DNA fragmentation that 

is a hallmark of apoptosis.92,93 DFFB activity can also induce single strand DNA nicks.94,95 DFFB 

requires both Mg2+ and Zn2+ for catalytic activity and is composed of three domains: the CIDE-N 

domain mediating homodimerization and DFFA heterodimerization, the C2 domain, and the 

catalytic domain.93,96,97 DFFA is required for proper DFFB protein stability following 

translation.91,98 Thus, cells lacking DFFA also lose DFFB expression. Interestingly, DFFB is 

essential for mediating the majority of cell autonomous DNA fragmentation but is not required for 

cell death, as caspase activity is unaffected by loss of the nuclease.91,99,100 Consistent with this, 

mice genetically modified for DFFA or DFFB deficiency can reproduce and are viable without 
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noticeable abnormalities.99,100 DFFB therefore represents the main DNA damage effector during 

apoptotic signaling. 

DFFB has been hypothesized to play a role both in tumor suppression and promotion. 

DFFB as a tumor suppressor has credence based on observations that radiation or chemical 

mutagen exposure to DFFB knockout (KO) mice have increased rates of tumorigenesis.101,102 

Specifically, 50 weeks following irradiation of C57BL/6 mice, 79% of wild type (WT) mice 

survived compared to 50% of DFFB KO mice.101 While apoptosis was not affected, consistent 

with DFFB not being required for cell death, DFFB KO cells acutely acquired more chromosomal 

aberrations than WT cells. In the skin carcinogenesis model, DFFB KO mice had a four-fold 

(average of 1 papilloma per WT mouse and 4 papillomas per DFFB KO mouse) increase in 

papilloma development versus WT mice.102 Analysis of DFFB expression levels in several cancer 

types suggest DFFB may be playing a tumor suppressor role. Poor prognosis in esophageal 

squamous cell carcinoma is correlated with lower DFFB expression.103 A similar trend holds for 

studies involving colon cancer, renal cell carcinoma, and leiomyosarcoma.104–106 Furthermore, 

glioblastoma cells display decreased DNA fragmentation and low nuclear DFFB localization while 

the human papillomavirus oncoprotein E6 can directly inhibit DFFB-mediated DNA 

fragmentation.107,108 Although these studies suggest DFFB is a tumor suppressor, loss of DFFB or 

DFFA in cancers is rare, as observed through a comparison of normal and cancer tissues.109 Indeed, 

other studies show that DFFB activity is correlated with carcinogenesis and tumor progression. 

Spontaneous DFFB activity through mitochondrial apoptosis promoted micronuclei formation and 

increased cancer metastasis.110 A DFFB-mediated transcriptional signature derived from this study 

also correlated with poor prognosis across cancer types. In addition, high expression of DFFB or 

DFFA is correlated with worse prognosis in several cancer types in including serous ovarian cancer 
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and endometrial hyperplasias.111,112 Interestingly, increased DFFB expression either caused 

therapy sensitivity or resistance depending on the treatment type, which may explain the 

conflicting results in clinical studies.113 Specifically, loss of DFFB conferred resistance of 

cancerous T cells to the antimetabolites methotrexate, 6-mercaptopurine, and cytarabine but 

conferred sensitivity to the topoisomerase II inhibitors etoposide and teniposide.113 Therefore, 

further investigation into the mechanism and regulation of DFFB activity during tumor initiation, 

progression, and drug resistance is warranted to determine favorable scenarios where targeting 

DFFB could provide a benefit to patients. 

As previously discussed with caspase signaling, DFFB has also been implicated in roles 

outside of apoptosis and mutagenesis involved in cell state changes.82,92,114 For example, BH3 

mimetic exposure induced p53-dependent cellular senescence through DFFB-mediated DNA 

damage,114 and DFFB-induced DNA nicks in the p21 promoter allowed for skeletal muscle cell 

differentiation.82 A recent report also demonstrated that caspase-independent DFFB activity can 

promote cancer cell survival from radiation therapy.115 After genotoxic stress introduced by 

radiation, DNA damage signaling from ATM and ATR directly phosphorylates DFFA to recruit 

the DFFA/DFFB heterodimer to chromatin. This “second wave” of DNA damage induced by 

DFFB promotes cell cycle checkpoint control between G2 and mitosis, whereas DFFB or DFFA 

deficient cells prematurely entered mitosis leading to increased genomic instability and toxicity. 

Thus, DFFB represents a potential targetable sublethal apoptosis or DNA damage response 

effector molecule that mediates cell cycle or cell state changes induced by drug stress. 

DFFB also represents an attractive target against mutagenesis, as the nuclease was 

previously described to acutely induce mutations following exposure to diverse treatment 

modalities.116 These studies all utilized the hypoxanthine-guanine phosphoribosyltransferase 
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(HPRT) with 6-thioguanine (6-TG)  assay as a readout of mutagenesis. Cells containing a 

functional HPRT enzyme are killed by the purine analog 6-TG which is converted to a cytotoxic 

metabolite by HPRT. Therefore, any colonies that form after 6-TG exposure are presumed to be 

due to inactivating mutations in the HPRT gene, although other mechanisms of gene silencing are 

possible and direct genome sequencing is required to confirm HPRT assay results.117 Therapies 

that caused HPRT disruption through DFFB activity include TRAIL, the topoisomerase inhibitors 

doxorubicin and SN38, the microtubule poison vincristine, and the proteasome inhibitors 

bortezomib, carfilzomib, ixazomib, and oprozomib.118–120 As expected, directly genotoxic 

therapies such as the DNA cross-linking platinum compound cisplatin and DNA alkylating agent 

temozolomide caused DNA damage and HPRT gene disruption independent of DFFB.118,119 

Interestingly, necroptosis induction and the HDAC inhibitors vorinostat and romidepsin also 

caused DFFB-independent DNA damage and HPRT disruption through unknown 

mechanisms.120,121 Despite BH-3 mimetics such as ABT-737 being previously shown to induce 

DFFB-dependent DNA damage,88 neither BH3 mimetics nor SMAC mimetics alone at 

physiologically relevant levels were mutagenic based on the HPRT assay.122 This may be because 

insufficient concentrations of BH3 mimetic or SMAC mimetic were used in the HPRT assays 

because higher BH3 mimetic as well as SMAC mimetic in combination with TNFa did cause 

DFFB-dependent HPRT disruption.121 In summary, acute (<24 hour) activation of the apoptotic 

pathway with nongenotoxic agents causes DFFB-dependent DNA damage and HPRT inactivation. 

This DFFB activity was postulated to play a role in tumorigenesis or therapy-induced secondary 

tumors.116 Whether DFFB is activated and causes mutations in surviving cells during chronic stress 

or treatments, such as in persister cells, has not been studied. 
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The research objective of this dissertation is to elucidate the role DFFB plays in cancer 

persister cell mutagenesis and regrowth. This is accomplished using several bioinformatic, 

molecular, and cellular biological techniques. Throughout the study, clinically relevant models for 

acquired drug resistance are used including BRAF-mutant melanoma treated with a BRAF and 

MEK inhibitor combination, EGFR-mutant non-small cell lung cancer treated with several 

generations of EGFR inhibitors, and HER2-positive breast cancer treated with a HER2 inhibitor. 

First, we investigate sublethal apoptotic signaling in persister cells followed by mechanistic studies 

to interrogate DFFB activation and activity. We then examine the genetic and nongenetic effects 

DFFB-induced DNA damage confers onto persister cells. Finally, we test whether DFFB ablation 

affects persister cell regrowth in cell culture and in vivo using mice xenograft models. Together, 

these data expand the sublethal apoptotic signaling mechanism to persister cells and reveal the 

critical role DFFB plays in mediating persister cell regrowth under drug stress.  
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CHAPTER 2 
 
DFFB MEDIATES CANCER PERSISTER CELL DNA DAMAGE AND ACQUIRED DRUG 

RESISTANCE 
 

Results 

To discover how persister cells acquire drug resistance and seed tumour regrowth, we 

utilized models in which treatment with cytotoxic concentrations of targeted therapies results in 

death for the majority of cells subsequently revealing a residual population of primarily quiescent 

cancer persister cells (Figure 1a-d). Persister cells occupy a reversible pro-survival cell state such 

that upon drug removal and drug-free regrowth the cells become resensitized to drug.4,30 This 

reversibility indicates an initial non-genetic mechanism of persister cell survival. However, upon 

prolonged drug treatment, a minority of persister cells regrow into drug-tolerant expanded persister 

(DTEP) cell colonies modeling the process of acquired resistance (Figure 1a-d). The mechanisms 

which promote the initial transition from persister cells into DTEP colonies are not known. 

However, it was previously shown that at later timepoints of treatment, expanded DTEP colonies 

possess resistance mutations which did not preexist and are not present in neighboring colonies.65 

Therefore, while it remains unknown whether the majority of resistance mutations in patients 

preexist or are acquired during therapy, these models recapitulate key aspects of acquired 

resistance including the clinical emergence of multiple parallel genetic resistance mechanisms and 

therefore are useful models for discovery of fundamental resistance mechanisms.123–125  

To identify processes that confer drug resistance, we performed single cell RNA 

sequencing (scRNAseq) on targeted therapy-treated A375 melanoma and PC9 lung cancer 

persister cells and untreated parental cells. As previously seen in these and other persister cell 

types,10,59,60,126 we observed heterogeneous persister cell subpopulations (Figure 2a,c, Table 1). To 
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discover pathways which are activated in persister cells, we analyzed the intersection of genes 

upregulated in both persister cells models (Figure 2e, Table 2). Consistent with previous 

observations that persister cells have an epithelial-mesenchymal transition (EMT) signature,4,30,66 

EMT was the most enriched gene set in persister cells. “UV response down” was also enriched, 

consistent with recently described downregulation of DNA repair genes in persister cells.64,67,74 

We also observed decreased cell cycle progression in the persister cell population in agreement 

with prior studies (Figure 2b,d).4 

We then focused on the enriched “Apoptosis” Hallmark gene set signature (Figure 2e,f and 

Figure 3a) because recent reports have shown that mammalian cells can survive brief (< 24 hours) 

periods of apoptotic stress which, if removed before cell death occurs, can promote transient DNA 

damage and genomic alterations.85,88,118–121,127 We hypothesized that sublethal apoptotic signaling 

could also occur in the chronic drug-induced stress setting of persister cells. Consistent with this, 

we observed that live persister cells exhibit partial mitochondrial cytochrome c release (Figure 3b, 

Figure 4) and partial loss of mitochondrial potential (Figure 5a, Figure 6) indicative of incomplete 

mitochondrial outermembrane permeabilization (MOMP). This observation of cytochrome c 

release in viable persister cells is consistent with a recent study which demonstrated that BH3 

mimetic-induced cytochrome C mitochondrial release promotes persistence.36 In addition, we 

found that persister cells have partially cleaved caspase 3 (Figure 3c, Figure 5b, Figure 7) and, 

using a fluorescent caspase 3/7 activity sensor, we observed a corresponding increase in caspase 

activity in live persister cells (Figure 3d, Figure 8). Sorted persister cells with intermediate elevated 

caspase 3/7 activity levels, but not lethally high levels, were capable of regrowth upon drug 

removal thereby confirming the viability of persister cells with sublethal levels of elevated caspase 

activity (Figure 3e, Figure 5c). This finding is consistent with a study showing that cells can 
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recover from intermediate, but not high, caspase activity.87  While there is a small subpopulation 

of parental cells which have sublethal signaling in the absence of drug, consistent with a prior 

report,90 we found that most sublethal apoptotic signaling is drug-induced because apoptotic 

signaling markers appear early during parental cell drug exposure and dissipate within 24 hours of 

drug removal from persister cells (Figure 5d,e). Taken together, these data indicate that persister 

cells undergo drug stress-induced sublethal apoptotic signaling. 

Interestingly, we also found that persister cells from multiple tumour types treated with 

targeted therapies exhibit an increase in DNA damage signal gH2AX which is inhibited by 

treatment with the pan-caspase inhibitor Quinoline-Val-Asp-Difluorophenoxymethylketone 

(QVD) indicating that caspase signaling is required for persister cell DNA damage (Figure 3f, 

Figure 5f-i, Figure 9). We then sought to address how apoptotic signaling promotes DNA damage 

in persister cells. We hypothesized that an apoptotic DNase could transmit sublethal apoptotic 

signaling into DNA strand breaks without persister cell death. During apoptosis, DNase DFFB 

(also known as DFF40 and Caspase-Activated DNase, CAD) is activated by caspase 3-mediated 

proteolytic cleavage of chaperone and inhibitor protein DFFA (also known as DFF45 and ICAD). 

Activated DFFB then dimerizes and induces DNA single and double strand breaks resulting in 

fragmentation of chromosomal DNA during apoptotic cell death.92,94,128 In addition, it was 

previously reported that short term (< 24 hours) minority MOMP can cause DFFB-dependent DNA 

damage.88 Based on this precedent, we sought to determine whether DFFB activation occurs within 

persister cells and mediates DNA damage. Consistent with sublethal activation of DFFB, we 

observed low but detectable levels of caspase-dependent cleavage of DFFA in persister cells 

(Figure 5j, Figure 10a). To test whether DFFB has a functional role, we then generated multiple 

CRISPR-mediated DFFB knockout (KO) clones for each persister cell model (Figure 11a-f). Using 
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these DFFB KO cells, which proliferate similarly to DFFB WT cells in the absence of drug both 

in cell culture and in vivo (Figure 12a-e), we first tested whether DFFB is required for initial drug 

response. This is an important question because the canonical DNA fragmentation role for DFFB 

is associated with apoptotic cell death and it is possible that DFFB KO cells are less sensitive to 

targeted therapy.92 However, consistent with prior reports demonstrating that DFFB is not required 

for apoptotic death,91,99 we found that DFFB KO and WT cells respond similarly to targeted 

therapy treatment (Figure 13a-d). We also found that DFFB KO cells form persister cells and 

minimal residual disease in vivo at similar levels to WT cells (Figure 13e-i). While there is clonal 

variability in each of these assays, this variation is independent of DFFB status when considered 

across cell lines. Therefore, these data indicate that DFFB is not required for cancer cell 

proliferation, drug response or persister cell formation. 

We then tested whether persister cell DNA damage is induced by DFFB. We found that 

drug-induced DNA damage was absent in DFFB KO persister cells across all tested tumour types 

(Figure 10b, Figure 14a-c) and re-expression of WT DFFB, but not nuclease activity deficient 

mutant DFFB,129 restored drug-induced DNA damage in DFFB KO persister cells (Figure 10c). 

Therefore, DFFB DNase activity is the primary source of drug-stress induced DNA damage in 

persister cells. We then sought to determine whether DFFB-induced DNA damage in persister 

cells results in mutagenesis, a potential source of drug resistance. To determine this, we performed 

whole exome sequencing (WES) of single cell bottlenecked DFFB WT and KO A375 cells 

subjected to 7 weeks of drug treatment with dabrafenib and trametinib. Analysis of WES data from 

multiple replicate populations revealed that DFFB WT DTEP cells acquired a variety of mutations 

distinct to each DTEP cell, consistent with a previous report which analyzed EGFR mutant lung 

cancer DTEP cell mutations.65 However, we found that DFFB KO cells had fewer than half as 
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many acquired mutations as WT cells (Figure 10d). These observations indicate that DFFB 

promotes mutagenesis during prolonged drug treatment. 

It was previously reported that cancer stress-induced mutagenesis is facilitated by 

downregulation of DNA repair genes and upregulation of error prone polymerases.27,64,67,74 We 

considered whether DFFB may affect expression of these genes, potentially facilitating error prone 

repair of DFFB-induced DNA damage. However, scRNAseq analysis revealed that both WT and 

KO persister cells possess this same pattern of differentially expressed genes, indicating that DFFB 

promotes mutagenesis independent of indirect effects on DNA repair gene expression (Figure 15). 

We next investigated the WES data to determine if drug resistance-conferring mutations 

were acquired in DFFB WT DTEP cells. A previous report found that the emergence of the EGFR 

T790M gatekeeper mutation in lung adenocarcinoma persister cells in cell culture was not 

detectable until at least 5 months of EGFR inhibitor drug exposure.66 In patients, BRAF inhibitor 

and MEK inhibitor combination treatment resistance-conferring mutations in BRAF mutant 

melanoma have been detected at relapse in the clinic between 3-18 months including MAPK 

pathway MEK1/2 mutations, BRAF amplification, BRAF alternative splicing, and NRAS 

mutations.124,125 Notably, these melanoma clinical studies each also reported several patients with 

acquired drug resistance without identifiable resistance mutations indicating that either unknown 

resistance mutations or non-genetic mechanisms can also mediate resistance. In our WES data, 

which was acquired early when DFFB WT DTEP colonies first emerged at 7 weeks of drug 

treatment, we identified in WT but not DFFB KO cells several mutations that could potentially 

play a role in resistance. These include genes in the MAPK (BRAF) and interferon-g (IFNg) 

pathways (IFNGR1, JAK1) among others. Specifically, one of the sequenced DFFB WT DTEP 

cell-derived samples contained a BRAF p.R252* nonsense mutation that was previously observed 
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in skin basal cell carcinoma and non-small cell lung cancer patients.130,131 We found that these 

BRAF p.R252* DTEP cells are less sensitive than parental cells to BRAF inhibitor dabrafenib 

treatment alone, resistant to additional ERK inhibition, and recover phosphorylated ERK signal 

more robustly than parental cells during treatment (Figure 16). Therefore, this acquired BRAF 

mutation may contribute to persister cell resistance and regrowth into a DTEP colony by promoting 

MAPK signaling during treatment.  

We also identified a variety of other mutations in DFFB WT DTEP cells which could 

potentially contribute to resistance including mutations in HER3 ligand NRG1,132 YAP,133 cell 

cycle genes (PPP2CB, CDK11B),134,135 and alterations affecting the p53 pathway (MDM2).136 

Taken together, these data suggest that DFFB-mediated mutagenesis may directly promote 

acquired resistance in some persister cells. 

Given that DTEP colonies exhibit very slow proliferation consistent with partial resistance, 

and that it is difficult to reconcile a mere two-fold decrease in DFFB KO cell acquired mutations 

with the observed 10-fold decrease in DFFB KO DTEP colony formation, we reasoned that early 

acquired mutations alone may not be sufficient to promote initial DTEP formation aside from rare 

cases. We therefore considered whether there are DFFB-dependent signaling changes which 

promote DTEP formation. To investigate DFFB-mediated signaling pathways, we assessed 

Hallmarks gene sets in WT versus DFFB KO persister cells. We found that all enriched pathways 

were depleted in WT cells compared to DFFB KO cells, suggesting that DFFB-induced DNA 

damage is involved in gene silencing (Figure 17a). We focused on the “Interferon gamma 

response” signature due to the known association of the IFNg pathway with growth arrest and 

persister cell formation.48,50,137 This signature was evenly distributed across DFFB KO 

subpopulations, consistent with this process occurring in a majority of DFFB KO persister cells 
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(Figure 17b). The “Interferon gamma response” signature remained enriched between WT and 

DFFB KO populations at the later DTEP timepoint as well, suggesting that IFNg signaling may be 

a chronic growth suppressive process in cells lacking DFFB (Figure 17c-d). To determine possible 

IFNg signature-promoting mechanisms, we investigated the individual genes responsible for 

driving the signature in DFFB KO cells and identified genes such as CCL2, IFITM2, IFITM3, and 

IL18 which are downstream of DNA-sensing receptors (Figure 17e).138 We reasoned that 

stimulator of interferon genes (STING) protein activation from cytosolic DNA released from 

mitochondria during sublethal apoptotic signaling could explain the upregulation of these genes. 

Consistent with this, we observed increased STING levels across multiple persister cell models 

versus parental cells (Figure 17f-g).139–142 Interestingly, DFFB KO have higher STING levels than 

WT cells overall, potentially indicating that DFFB may regulate STING. Downstream of STING, 

we investigated STAT1 levels given recent literature describing the importance this factor plays 

in modulating persistence.50 Importantly, the level of STAT1 influences how the persistence 

phenotype is affected, as low levels promote while high levels block persistence. While we 

observed a modest increase in STAT1 levels in WT persister cells, DFFB KO persister cells had a 

larger increase (Figure 17h-i). Furthermore, caspase inhibition in WT cells also increased STAT1 

levels indicating that caspase-mediated DFFB activation suppresses STAT1 in DFFB WT persister 

cells (Figure 17j-k). This data is consistent with previous reports in hematopoietic stem cell 

development and viral infection models showing that apoptotic caspases block interferon gene 

activation downstream of STING activated by mitochondrial DNA.140,141 Importantly, our data 

show that the caspase-mediated downregulation of interferon genes is driven by DFFB whereas 

the link between caspase signaling and decreased interferon signaling was previously speculative. 

We then tested whether this interferon pathway affects DTEP colony formation, and indeed found 
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that JAK inhibitor treatment rescued the ability of DFFB KO persister cells to form DTEP colonies 

(Figure 17l). This finding is consistent with a previous report showing that JAK inhibition blocks 

anti-persistence effects from IFNg without interfering with the pro-persistence effects.50 Together, 

this data shows that DFFB suppresses growth-inhibiting interferon signaling stimulated by STING 

and STAT1 activation to promote persister regrowth. Furthermore, the observation of interferon 

pathway modulation, which is central to immune-mediated tumour control, raises the possibility 

that DFFB activity could affect tumour-immune interactions.139,143 

DFFB-induced DNA damage may hinder interferon gene expression through multiple 

mechanisms. One possibility is through mutations. Interestingly, three unique WT DTEP samples 

from the WES experiment contained mutations in IFNGR1, JAK1, and IFNAR2 suggesting 

potential genetic modulation of the pathway. However, exposing the IFNGR1 mutant sample and 

the JAK1 mutant sample to IFNg did not appear to disrupt phosphorylated STAT1 or STAT1 signal 

indicating that these specific novel mutations do not directly interfere with canonical interferon 

signaling (Figure 18a). Another possibility is that DNA damage interferes with gene expression. 

DNA damage directly interferes with gene transcription through transcriptional interference 

wherein transcriptional machinery stalls due to the presence of DNA damage within gene 

bodies.144 To determine if DFFB-induced DNA damage downregulates genes through 

transcriptional interference, we investigated the length of downregulated genes in WT and DFFB 

KO persister cells compared to parental cells because longer length genes are preferentially 

downregulated by stochastically distributed DNA damage during transcriptional interference.145 

Indeed, consistent with DFFB-induced DNA damage-mediated transcriptional interference, we 

observed genes of longer lengths are preferentially downregulated in DFFB WT cells versus DFFB 

KO cells (Figure 18b). We also found this phenotype present in a comparison of DTEP-timepoint 
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cells to persister cells, indicating transcriptional interference as an ongoing chronic process 

throughout drug treatment including at relapse phase (Figure 18c). Along with transcriptional 

interference, DNA damage can also modulate gene expression through promoter methylation or 

repressor relocalization117,146 and DFFB has been specifically reported to affect cell state through 

DNA damage-mediated gene expression changes.82 A previous study reported that persister cells 

accumulate tri-methylation of H3 lysine 9 (H3K9me3) at LINE-1 elements that dampens interferon 

response genes to promote survival.147 H3K9me3 serves as a mark that promotes DNMT1-

mediated maintenance of DNA methylation that could silence gene expression.148 Consistent with 

the hypothesis that DFFB mediates interferon gene silencing, we observed a global decrease in 

H3K9me3 levels in DFFB KO persister cells (Figure 18d). Furthermore, while the identified 

interferon-related mutations in DFFB WT DTEP colonies did not directly impact interferon 

signaling, their presence provides evidence of DNA damage within these genes which may be 

silenced through transcriptional interference and gene methylation induced by DFFB activity. It is 

also possible that DFFB modulates STING signaling by directly degrading cytoplasmic DNA since 

STING levels are higher across multiple models of DFFB KO cells (Figure 17f-g). Therefore, by 

one or more mechanisms, DFFB activity allows persister cells to overcome the growth inhibiting 

effects of interferon signaling.  

We also considered whether DFFB could contribute to resistance through other non-

mutational mechanisms. We investigated DNA damage response (DDR) signaling that could result 

from persister cell DFFB-induced DNA damage which is not present in DFFB KO cells (Figure 

14). Previous studies have reported that DFFB-induced DNA damage results in context-dependent 

activation of ATM,32 ATR,115 DNA-PK149 or JNK88 including a report which showed that 

spontaneous DNA damage in parental cells results in ATM-mediated activation of NF-kB and 
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phosphorylated STAT3 to promote tumourigenicity and stemness.90 However, we did not observe 

any of these signals in A375 melanoma persister cells (Figure 19a-f) and ATM or DNA-PK 

inhibition did not decrease A375 DTEP colony formation (Figure 19g-i). DFFB-induced 

micronuclei was also reported, but we did not observe a significant increase in WT persister cells 

(Figure 19j).110 It is also possible that DFFB-induced DNA damage promotes persister cell cycle 

arrest to preserve cell viability, analogous to a recent report demonstrating that within 24 hours of 

acute radiation-induced DNA damage, DFFB further amplifies DNA damage resulting in 

prolonged G2 cell cycle arrest to prevent lethal premature mitotic entry.115 DFFB-mediated cell 

cycle arrest might similarly promote cell viability during initial slow DTEP colony formation. 

However, we found DFFB-induced DNA damage is not necessary for persister cell cycle arrest 

because both DFFB WT and KO persister cells are similarly G1 cell cycle arrested, including low 

expression of the proliferation marker Ki-67, despite DFFB KO cells lacking DNA damage (Figure 

2b, Figure 20a,b, Figure 14). It is likely that cell cycle arrest is instead mediated directly by 

dabrafenib- and trametinib-inhibition of MAPK signaling independent of DNA damage in A375 

persister cells. In addition, multiple studies have reported that apoptotic cells can promote survival 

and drug resistance of neighboring cells through secreted factors.52 However, we found that DFFB 

KO persister cell failure to transition into DTEP colonies (see Figure 21) is not rescued by 

supplementation with DFFB WT persister cell conditioned media indicating secreted factors are 

not sufficient to promote DTEP colony formation (Figure 20e). 

We next tested whether DFFB is required for persister cells to regrow into DTEP colonies. 

Strikingly, we found that all DFFB KO persister cell clones were severely hindered in their ability 

to form DTEP colonies across all tested tumour types and targeted therapies (Figure 21a-c). The 

role of DFFB in DTEP colony formation is independent of cell viability because DFFB loss does 
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not result in decreased viability in our tested parental or persister cells (Figure 12a-d, Figure 13) 

or a wide array of other parental cancer cell types (Figure 12e), and DFFB does not promote 

clonogenic growth under drug stress (Figure 20c,d).150,151 We then tested whether DFFB is 

required for acquired resistance in vivo. A375 DFFB WT or KO melanoma tumours were formed 

on opposing flanks of mice which were then treated with dabrafenib and trametinib. Consistent 

with cell culture findings showing that DFFB status does not affect initial treatment response or 

persister cell formation (Figure 13), treatment initially shrunk both DFFB WT and DFFB KO 

tumours to a minimal residual volume (Figure 13i). However, only DFFB WT tumours regrew 

during further treatment (Figure 21d). Together, these data point toward an essential functional 

role for DFFB in acquired resistance to targeted therapy. 

 

Discussion 

Drug stress-induced DNA damage and mutagenesis were recently observed in cancer but 

the mutagenic mechanism remains poorly understood.27,64,67,74 We reasoned that if the mutagenic 

process is gene-driven, it could be inhibited. Based on prior reports showing that cells which 

recover from brief periods (< 24 hours) of certain cytotoxic treatments can acquire DFFB-mediated 

mutations, we hypothesized that chronically drug-stressed persister cells may undergo drug stress-

induced apoptotic signaling without death resulting in DFFB-mediated mutagenesis.85,88,118–

121,127,152 Indeed, our findings reveal that, during long term drug treatment on a timescale relevant 

for the initiation of cancer acquired drug resistance, surviving persister cells from multiple tumour 

types and targeted therapy treatments exhibit sublethal apoptotic signaling and undergo DFFB-

mediated DNA damage and mutagenesis. However, DFFB is not the sole source of acquired 

mutations because DFFB KO cells do acquire some mutations during treatment (Figure 10d) 
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consistent with additional mutagenic mechanisms potentially mediated by reactive oxygen species, 

APOBEC3A/B, other nucleases such as ENDOG, or DNA replication errors in rare cycling 

persister cells.10,27,67,71,72,74,90  Most importantly, we also found that DFFB is required for persister 

cell regrowth into DTEP colonies and tumour relapse. While early DTEP formation is likely due 

to DFFB-mediated suppression of interferon genes, continued DFFB activity in these colonies may 

allow cells to acquire robust drug resistance through both genetic and nongenetic factors. Given 

that DFFB is nonessential for mouse development,99,101 is a potentially therapeutically targetable 

enzyme,153 and that, beyond our persister cell findings which do not depend on elevated DFFB 

expression (Figure 11a-c), high DFFB and DFFA expression in primary tumours nonetheless 

correlates with worse patient outcomes (Figure 22), DFFB has the characteristics of a promising 

therapeutic target. 

 More broadly, sublethal apoptotic caspase signaling has been reported to occur in other 

contexts.82,92,154,155 Therefore, DFFB may also induce DNA damage and mutagenesis in normal 

human tissues under physiological stress. Recent data revealed that nondividing and dividing 

human tissues acquire somatic mutations at a similar rate indicating that unknown mechanisms of 

DNA replication-independent mutagenesis are the major sources of somatic mutations in 

humans.156 Our findings raise the possibility that, in addition to a role in cancer acquired drug 

resistance, DFFB may also promote DNA damage and mutagenesis in other scenarios. 

 

Methods 

Cell lines and culture 

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. A375 cells were cultured in DMEM 
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(Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS) and 1% 

Antimycotic/Antibiotic (AA) (Thermo Fisher Scientific). PC9 cells were cultured in RPMI-1640 

medium (Thermo Fisher Scientific) supplemented with 5% FBS and 1% AA. BT474 cells were 

cultured in RPMI-1640 medium supplemented with 10% FBS and 1% AA. 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 STR profiling at the UC 

Berkeley Cell Culture Facility. All cell lines regularly tested negative for mycoplasma throughout 

these investigations using the Lonza Mycoalert Mycoplasma Detection Kit. 

Chemicals and drugs 

Dabrafenib (S2807), trametinib (S2673), erlotinib (S7786), osimertinib (S7297), lapatinib 

(S2111), staurosporine (S1421), ERK inhibitor SCH772984 (S7101), ATM inhibitor KU-55933 

(S1092), DNA-PK inhibitor NU7441 (S2638), puromycin (S9631), doxycycline hyclate (S4163), 

and Quinoline-Val-Asp-Difluorophenoxymethylketone (QVD) (S7311) were purchased from 

Selleck Chemicals. 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 (CCCP) was purchased from Abcam 

(ab141229). BioTracker NucView 530 Red Caspase-3 Dye (PBS) (SCT105) and cytochalasin B 

(C2743) were purchased from Sigma-Aldrich. Recombinant human TNFa (300-01A) was 

purchased from Peprotech. JAK inhibitor ruxolitinib was purchased from MedChemExpress (HY-

50856). 
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Persister cell derivation 

Previously described protocols were utilized.4,30 Briefly, 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. Pre-derived 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.  

DTEP colony formation 

Cells were plated at low starting densities to avoid outgrowth of overlapping DTEP colonies. 

Specifically, A375 cells were seeded at 4,000 cells per 10 cm dish, and 250 nM dabrafenib and 25 

nM trametinib media was added the next day. PC9 cells were seeded at 5,000 cells per 10 cm dish, 

and 2.5 µM erlotinib or 300 nM osimertinib media was added the next day. BT474 cells were 

seeded at 500,000 cells per 10 cm dish, and 2 µM lapatinib was added 72 hours later. Drug media 

was 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 plates were then blinded by a separate laboratory member prior to 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. For experiments utilizing whole exome sequenced DFFB WT DTEP colony-derived 

cells, these single cell bottlenecked populations were maintained in drug-free media for further 

analysis unless otherwise noted. 
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Clonogenic assay 

The clonogenic growth assay was performed according to a previously reported protocol with 

some modifications.157 Specifically, A375 WT and DFFB KO #1 cells were seeded at 100 cells 

per plate in the indicated concentration of dabrafenib and trametinib. The respective media was 

replenished every 3-4 days. Control cells and cells treated with 1 nM dabrafenib and 0.1 nM 

trametinib were fixed with 90% methanol and stained with 0.5% crystal violet on day 9. Cells 

treated with 10 nM dabrafenib and 1 nM trametinib were fixed and stained at week 4. The plates 

were then blinded and quantification was performed by counting visible colonies.  

Microscopy 

Brightfield photos were captured with the EVOS XL Core microscope using the 4X LPlan PH2 

objective and micronuclei were quantified with the EVOS M5000 and 60X PlanApo N 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 sequencing 

A375 cells were cultured with 250 nM dabrafenib and 25 nM trametinib and PC9 cells were treated 

with 2.5 µM erlotinib for 2 weeks to establish persister cells. A375 WT and DFFB KO cells were 

cultured with 250 nM dabrafenib and 25 nM trametinib for 9 weeks during which WT cells formed 

DTEP colonies but KO cells did not. For all conditions, an untreated parental control was cultured 

alongside the drug-treated conditions. At the time of analysis, cells were 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 



31 
 

Agilent TapeStation and then sequenced using a NovaSeq S4 flowcell on an Illumina NovaSeq 

6000 sequencer at the UCSD Institute for Genomic Medicine.  

Read alignment and data processing 

Fastq files were aligned to the human “refdata-cellranger-GRCh38-3.0.0” genome with 10X 

Genomics Cell Ranger 3.1.0 using the “cellranger count” command to generate single cell feature 

counts for each library.158 The “filtered_feature_bc_matrix” generated for each population was 

used to create a “Seurat object” in the Seurat R package version 4.0.3.159–161 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 for each cell using the default 

Seurat method with a published list of cell cycle genes,162 and this score was used to regress cell 

cycle during normalization and scaling with the “SCTransform” command.  

Determining variable features and mapping 

The commands “RunPCA,” “RunUMAP,” “FindNeighbors,” and “FindClusters” were performed 

with default settings, 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, 

based on visualization of graphed clusters. 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 

“FindMarkerGenes” was used with default parameters to identify differentially expressed genes 

between specified populations or clusters of cells. 

Persister cell gene signature analysis 

Differentially expressed genes between persister cell and parental populations that were shared 

between A375 and PC9 with consistent direction were selected for analysis. From the intersected 

1,051 genes, the 330 upregulated genes were input into the Molecular Signatures Database to 
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discover Hallmark gene set enrichments using a hypergeometric test. This identified 17 gene sets 

with a false discovery rate q value less than 0.001 (Table 2). The apoptosis gene set was assessed 

with the AUCell package version 1.12.0 which calculated gene set scores per cell.163 Briefly, genes 

are ranked from highest to lowest expression in each cell before determining a gene set score based 

on the top 5% of the ranked genes for each “Hallmarks” gene set in each cell. These were then 

visualized on a UMAP with Seurat. Single gene scaled expression was visualized with the Seurat 

“FeaturePlot” command. For individual persister cell clusters and DTEP-timepoint comparisons, 

GSEA was conducted with the ClusterProfiler R package (version 3.18.0) which calculated a 

normalized enrichment score (NES) for each gene set in the specified cluster.164 The minimum 

gene set size for analysis was set to five and the Benjamini-Hochberg method was used for false 

discovery rate correction. Statistically significant pathways are presented in Table 2.  

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. After 2 weeks of culture, cells were lifted with 

trypsin for JC-1 staining. As a positive control, cells were treated with 50 µM carbonyl cyanide 

m-chlorophenyl hydrazone (CCCP) for 5 minutes. JC-1 was dissolved in DMSO (Thermo Fisher 

Scientific, #D12345) at a final concentration of 150 µM 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. 



33 
 

Immunoblotting  

Cancer persister cells were derived with drug treatment in 10 or 15 cm plates. Cells were then 

washed with PBS and lysed using RIPA buffer (Thermo Fisher Scientific, #89900) supplemented 

with Phosphatase inhibitor (Thermo Fisher Scientific, #78420) and protease inhibitor (Thermo 

Fisher Scientific, #78430). Lysates were centrifuged at 14,000 g at 4 °C for 15 min, and the protein 

concentration of the supernatant was determined using the Pierce BCA Protein Assay Kit (Thermo 

Fisher Scientific, #23225). 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 Pre-stained 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% BSA 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 

membrane was imaged using the LICOR Odyssey Imaging System and Image Studio version 5.2. 

b-Tubulin or Vinculin levels were measured as a loading control. Antibody commercial sources 

were: b-Tubulin (Invitrogen, MA5-16308); gH2AX (Cell Signaling Technology, #9718); Cleaved 

caspase 3 (Cell Signaling Technology, #9664); ATM (Cell Signaling Technology, #2873); 

phosphorylated ATM (Abcam, ab81292); ATR (Cell Signaling Technology, #2790); 

phosphorylated ATR (Cell Signaling Technology, #2853); DNA-PKcs (Cell Signaling 

Technology, #38168); phosphorylated DNA-PKcs (Cell Signaling Technology, #68716); JNK 

(Cell Signaling Technology, #9252); phosphorylated JNK (Cell Signaling Technology, #4668); 

NF-kB (Cell Signaling Technology, #8242; phosphorylated NF-kB (Cell Signaling Technology, 

#3033); STAT3 (Cell Signaling Technology, #9139; phosphorylated STAT3 (Y705) (Cell 
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Signaling Technology, #9145); STING (Cell Signaling Technology, #13647); phosphorylated 

STING (Cell Signaling Technology, #19781); Cytochrome c (BioLegend, #612310); DFFB (Santa 

Cruz Biotechnology, SC-374067); DFFA (Abcam, ab108521); IRDye 680RD Goat anti-Mouse 

IgG secondary antibody (LICOR, #926-68070); IRDye 800CW Goat anti-Mouse IgG secondary 

antibody (LICOR, #926-32210); IRDye 680RD Goat anti-Rabbit IgG secondary antibody 

(LICOR, #926-68071); IRDye 800CW Goat anti-Rabbit IgG secondary antibody (LICOR, #926-

32211); Vinculin (Cell Signaling Technology, #4650). 

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 γH2AX experiments, A375 persister cells 

treated with 10 µM 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 µg/mL digitonin in PBS for 10 minutes 

on ice was used to selectively permeabilize the cell membrane.165 Cells were fixed with 4% 

Paraformaldehyde for 10 minutes at room temperature. For γH2AX 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. The flow cytometry results were analyzed using FlowJo Software (BD Life Sciences) 

version 10.7.1. 
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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 µM 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 µM NucView 530 Caspase-3 Substrate for 30 minutes (in PBS + 

1% FBS) and analyzed by flow cytometry using a BD FACSAria II 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). 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 

refreshed on day 3 and CTG was performed on day 6. 

CRISPR editing  

CRISPR editing was performed at the UC San Francisco Cell and Genome Engineering Core. 

Human DFFB sgRNA g1 was previously reported.88 Additional guide RNAs targeting the first 

(g4) or second (g2r) exon of human DFFB were designed using the UCSC Genome Browser and 

cloned into the eSpCas9(1.1) vector. eSpCas9(1.1) vector is from the Feng Zhang laboratory at 

MIT (Addgene plasmid #71814; RRID:Addgene_71814). A375 DFFB KO clone #1 was 



36 
 

constructed with sgRNA g1, A375 DFFB KO clone #2 was constructed with g4, PC9 DFFB KO 

clones were both constructed with g2r, and BT474 DFFB KO clones were both constructed with 

g4. 

 

 

 

Following sequence 

verification, the guide constructs were introduced individually either by transfection or 

electroporation. For transfection, guide constructs were co-transfected with a vector expressing 

mCherry and puromycin resistance using Lipofectamine 3000. Transfected cells were selected 

with 1 µg/mL puromycin for 3-4 days. For electroporation, cells were electroporated with the 

CRISPR/Cas9 RNP (gRNAs and high-fidelity Cas9p from IDT, Coralville IA) using the Lonza 

4D Nucleofector kit SF with program FF-120. After 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 the table below (Sanger sequencing by GeneWiz, South San Francisco, CA; primers and sgRNA 

cloning oligonucleotides from IDT, Coralville IA). CRISPR/Cas9 efficiency was determined by 

TIDE analysis (tide.deskgen.com). Clones which showed only frameshift-causing indels in all 

alleles were further analyzed 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. 

DFFB sgRNA Primer 
g1 and g4 Amplification primer, Forward 
 5'-TCTGAGTAAGGTAATGTGGTGTCC-3' 
  

DFFB sgRNA Sequence 

g1 5'-CAGCCCGAGGAAGTTCGGCG-3' 

g2r 5'-GCTCCGTGCCATCCTCGTAC-3' 

g4 5'-TGCCAGGAGGTGCTGCGCAA-3' 
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 Amplification primer, Reverse 
 5'-CCGGGTCTCCTAGCTCTGAT-3' 
  
 Sequencing Primer 
 5'-GAGAGGTGGGAAGAGGGAAGG-3' 
  
g2r Amplification primer, Forward 
 5'-AAAGACAGGCTCTATTTGAAGCG-3' 
  
 Amplification primer, Reverse 
 5'-GGACACCTCAAATGAACGCAAATA-3' 
  
 Sequencing Primer 
 5'-AAAAGACGACCAATTGAACAGCTG-3' 

 

Lentivirus production 

E. coli cultures with lentiviral vectors purchased from VectorBuilder 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) in Opti-MEM (Thermo Fisher 

Scientific, #31985062) and polyethylenimine (Sigma-Aldrich, #764604). Virus-containing 

supernatant was collected, centrifuged, then filtered with a 0.45 µM filter (Sigma-Aldrich, 

#SE1M003M00).  

Doxycycline-induced DFFB re-expression 

Doxycycline-inducible DFFB expression vectors were obtained from VectorBuilder. Lentivirus 

was produced as described above. The WT DFFB [NM_004402.4] or nuclease-deficient DFFB 

(H260N) lentivirus was then transduced into A375 DFFB KO cells.129 Cells were selected with 2 

µg/mL puromycin for 3 days. After expansion, cells were seeded and 1.0 µg/mL doxycycline was 
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added the following day. Media with doxycycline was refreshed every 3-4 days for the duration of 

the experiment. 

Whole exome sequencing and analysis 

To eliminate preexisting genetic heterogeneity, a single A375 WT or DFFB KO cell was used to 

start the experiment. Following initial expansion for 3 weeks, a portion of the cell population was 

frozen for the reference sequence and the remaining cells were plated onto 10 cm dishes at 4,000 

cells per dish. 250 nM dabrafenib plus 25 nM trametinib was added the following day, and drug 

media was refreshed every 3-4 days. Following 7 weeks of drug treatment, the DFFB WT plates 

were composed of primarily DTEP colonies while the DFFB KO plates were almost exclusively 

isolated cells or small clumps of surviving persister cells which had not regrown (see Fig. 3a). 

Then, each plate was allowed to regrow without drug for 10 days, cells were lifted with trypsin, 

and multiple individual cells were isolated through single cell bottlenecks in 384 well plate wells 

to purify their genotypes. The isolated single cells were subsequently expanded for 5 weeks in 

drug-free media in increasing well sizes up to a 10 cm plate to accumulate adequate genomic DNA 

content for genomic sequencing. Frozen cell pellets were sent to Novogene for DNA extraction, 

library preparation for whole exome sequencing (all drug treated samples, Agilent SureSelect V6 

58M) or whole genome sequencing (pre-treatment reference sample, NEB Ultra II), and sequenced 

on an Illumina NovaSeq 6000 PE150. 

Single nucleotide variant analysis 

Each sample was analyzed according to the GATK best practices workflow for data preprocessing 

for variant discovery followed by the somatic short variant discovery workflow.166–168 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.169 Duplicate reads were marked with 
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Picard, and base scores were recalibrated with the GATK tool “BaseRecalibrator.” Mutect2 was 

used to call mutations between the drug treated sample and the respective starting population 

reference sample. Sequencing errors and contamination were estimated with 

“GetPileUpSummaries”, “CalculateContamination”, and “FilterMutectCalls”. Variants were 

annotated with “Funcotator”. Low frequency (frequency < 0.3) mutations, which could arise post-

treatment during expansion from isolated single cells prior to sequencing, were excluded from the 

analysis. Output files were analyzed with the Maftools R Bioconductor package version 2.6.05.170 

In vivo tumour acquired resistance 

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. Sample size was determined based on prior experience 

with this model.30 A375 cells were cultured in DMEM with 10% FBS prior to implantation. Cells 

were suspended in a 1:1 mixture of PBS:matrigel to a final concentration of 1 x 108 cells/mL. 10 

million DFFB WT and KO A375 cells were subcutaneously injected into opposing flanks of 6-8 

week old female NSG mice (Jackson Laboratory, #005557). When tumour volumes reached 100-

200 mm3, drug dosing was started via once daily oral gavage with 100 mg/kg dabrafenib and 1 

mg/kg trametinib. Tumour volumes were measured 1-2 times per week by blinded observers. 

Tumour volumes were normalized to the minimum volume of each tumour during treatment and 

fold change of tumour regrowth from this minimum volume was calculated. To focus analysis on 

acquired resistance, only mice with at least one relapsed tumour (WT or KO), defined by 10-fold 

regrowth from the minimal volume during treatment, were included in Fig. 3d. Additional mice 

which did not exhibit tumour relapse of either WT or KO tumours were excluded from Fig. 3d but 

are included in the Fig. 3 source data. 



40 
 

Micronuclei quantification 

We followed the cytokinesis-block micronucleus cytome assay to investigate micronuclei in drug-

treated cells.171 Twelve thousand A375 cells were plated onto each chamber of NUNC Lab-Tek II 

4-well chamber slides (154526PK) and treated with 250 nM dabrafenib and 25 nM trametinib for 

15 days to generate persister cells, with media being refreshed every 3 days. Because persister 

cells are quiescent and the micronuclei assay requires cell division to identify bi-nucleated cells, 

at day 15 of drug treatment, persister cells were given a 48-hour holiday in drug-free media to 

facilitate initiation of cell division before being treated for 48 hours with cytochalasin B in media 

at a final concentration of 3 µg/mL. Therefore, by necessity, this assay measured early drug-free 

regrowing cells rather than persister cells. For the parental cell control, 12,000 control A375 

parental cells were plated onto each chamber of the slides and allowed to grow for 24 hours in 

drug-free media before being treated with cytochalasin B. Following cytochalasin B treatment, 

cells were fixed in paraformaldehyde at 4% in PBS at room temperature for 10 minutes. Cells were 

then washed three times in PBS before being mounted with DAPI-containing Fluoroshield 

(ab104139). Slides were blinded prior to quantification. A minimum of 200 bi-nucleated cells were 

counted per condition, and four replicates were performed each for the untreated control and drug-

treated groups. 

Patient survival data analysis 

Disease free survival and overall survival Kaplan-Meir curves for DFFB and DFFA expression 

were analyzed and plotted with GEPIA2.172 The median was used for the “Group Cutoff.” All 

cancer types were included in the analysis.  
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CRISPR screen DFFB gene essentiality analysis 

The PICKLES database was used to investigate DFFB essentiality.151,173 Cell lines were sorted by 

cancer type and analyzed with the Score/Sanger dataset.150 Negative Bayes factor values are 

considered non-essential.174 

DFFB WT conditioned media rescue of DFFB KO DTEP colony formation 

Cells were plated and drug treated as described above to form DTEP colonies. WT and DFFB KO 

cells were cultured simultaneously with matching drug concentrations. Once persister cells were 

formed at week 2, media from the respective WT or DFFB KO conditioned media source plates 

were mixed 1:1 with fresh drug media, filtered through a 0.45 µm filter (Sigma-Aldrich, 

#SE1M003M00), and added to the respective experimental plates. DTEP colony formation was 

assessed as described above. 

Data availability 

Single cell RNA sequencing data have been deposited in NCBI’s Gene Expression Omnibus 

(accession number: GSE196018). Whole exome sequencing and whole genome sequencing data 

have been deposited in the NCBI Sequence Read Archive (PRJNA800470). DFFB essentiality 

scores from the PICKLES database is available from the Hart laboratory (https://pickles.hart-

lab.org/). Survival data analysis from the TCGA and GTEx projects are available from the Zhang 

laboratory (http://gepia2.cancer-pku.cn). Expression data for GEPIA2 is available from UCSC 

Xena project (UCSC Toil RNA-seq Recompute) (https://xenabrowser.net/datapages/) and clinical 

data is available from the Genomic Data Commons Data Portal (https://portal.gdc.cancer.gov/). 

Source data are provided with this paper. 
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Statistical analyses 

All statistical tests were performed with GraphPad Prism version 9.0.0 (86), R version 4.0.3, or 

RStudio version 1.2.5033. Unless otherwise noted, mean with standard deviation are plotted on 

graphs with P values calculated using unpaired, two-tailed Student’s t-tests. Differentially 

expressed genes from scRNAseq were calculated using the Wilcoxon Rank Sum test. Gene set 

enrichment was calculated with hypergeometric test. Results from statistical tests are stated or 

represented by the following: ns indicates P>0.05, *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001. All statistical analysis was performed on data from at least three biological 

replicates.  
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Figures 

 

Figure 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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Figure 2: ScRNAseq of parental and persister cells. a-b, ScRNAseq of A375 persister cells 
treated with 250 nM dabrafenib and 25 nM trametinib compared to untreated parental cells. a, 
A375 UMAP showing clusters within persister and parental populations. See Table 2 for 
enriched gene sets between persister cell clusters. b, A375 UMAP colored by cell cycle stage. 
Bar graph shows fraction of cells in each cell cycle stage. c,d ScRNAseq of PC9 persister cells 
treated with 2.5 µM erlotinib compared to untreated parental cells. c, PC9 UMAP showing 
clusters within persister and parental populations. See Table 2 for enriched gene sets between 
persister cell clusters. d, PC9 UMAP colored by cell cycle stage. Bar graph shows fraction of 
cells in each cell cycle stage. e, Top enriched Hallmarks gene sets composed of genes 
upregulated in both A375 and PC9 persister cells versus parental cells. False discovery rate q 
value represents the Benjamini-Hochberg corrected hypergeometric P value. See Table 2 for 
all enriched pathways. f, PC9 cells with high Hallmarks Apoptosis gene set scores highlighted in 
red. 
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Table 1: Gene sets enriched in the scRNAseq persister cell clusters. See methods for cluster 
differentiation. Clusters are labeled in figure 2a,c.  
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Table 2: Enriched Hallmark gene sets from persister cell upregulated genes. Differentially 
expressed genes shared between A375 and PC9 were investigated with a hypergeometric test to 
identify enriched pathways.  
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Figure. 3: Drug-tolerant persister cells undergo sublethal apoptotic signaling-induced DNA 
damage. a, ScRNAseq UMAP of A375 parental cells and persister cells derived from 2 weeks of 
treatment with 250 nM dabrafenib and 25 nM trametinib. Cells with enriched Hallmarks Apoptosis 
gene set are highlighted in red. b, A375 parental and persister cells assessed for mitochondrial 
release of cytosolic cytochrome c as a readout for mitochondrial outer membrane permeability 
(MOMP) with flow cytometry measurement of live-gated cells. c, Western blot of A375 persister 
cells and parental cells measuring cleaved caspase 3 fragments. d, Flow cytometry quantification 
of caspase 3/7 activity reporter geometric means. e, A375 persister cells were 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. f, A375 parental and persister cells derived with 250 
nM dabrafenib and 25 nM trametinib for 2 weeks assessed for DNA damage marker gH2AX with 
and without co-treatment of 10 µM caspase inhibitor QVD. For all experiments, persister cells 
were pre-derived with drug treatment and assayed while maintained in drug unless otherwise 
noted. c,d,f, Parental cells treated for 24 hours with 250 nM (c,f) or 4 hours with 1 µM (d) 
staurosporine were used as a positive control. b,d,e, n = 3 biological replicates; mean ± s.d. is 
shown; P values calculated with two-tailed Student’s t-test, *P<0.05; ***P<0.001; ****P<0.0001. 
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Figure 4: Mitochondrial release of cytochrome c flow cytometry assay schematic. Gating 
strategy used for A375 parental cells and persister cells derived from treatment with 250 nM 
dabrafenib and 25 nM trametinib in Figure 1b. See methods for details of this assay.  
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Figure 5: Persister cells survive drug induced sublethal apoptotic signaling that causes 
DNA damage. a, A375 parental and persister cells assessed for incomplete loss of mitochondrial 
(MT) potential using JC-1 indicator dye by flow cytometry measurement of live-gated cells. See 
Supplementary Fig. 3 for gating strategy. b, Quantification of cleaved caspase 3 geometric mean 
from flow cytometry of live-gated cells. See Supplementary Fig. 4 for gating strategy.  c, 
Relative growth in drug-free media for 6 days of A375 persister cells after sorting for basal 
caspase 3/7 activity or medium (sublethal elevated) caspase 3/7 activity. See Supplementary Fig. 
5 for gating and sorting strategy. d, A375 cells treated with 250 nM dabrafenib and 25 nM 
trametinib for 24 or 48 hours and assessed for cleaved caspase 3 or DNA damage marker 
gH2AX. 250 nM staurosporine treatment for 24 hours was used as a positive control. e, A375 
persister cells derived from 2 weeks of treatment with 250 nM dabrafenib and 25 nM trametinib 
were assessed for cleaved caspase 3 or gH2AX following 1, 3, and 6 days of drug removal. 250 
nM staurosporine treatment for 24 hours was used as a positive control. f-h, Parental and 
persister cells assessed by western blot for gH2AX with and without treatment with 10 µM 
caspase inhibitor QVD. Parental cells treated for 24 hours 500 nM staurosporine (PC9) or 750 
nM staurosporine (BT474) were used as a positive control. f, PC9 cells treated with 2.5 µM 
erlotinib. g, PC9 cells treated with 500 nM osimertinib. h, BT474 cells treated with 500 nM 
lapatinib. i, A375 parental and persister cells assessed by flow cytometry of live-gated cells for 
gH2AX geometric mean fluorescence with and without 10 µM QVD. See Supplementary Fig. 6 
for gating strategy. j, A375 persister cells exhibit caspase-dependent cleaved DFFA indicating 
DFFB activation. Conditions with caspase inhibitor were treated with 10 µM QVD for the 
duration of the experiment. For all experiments, persister cells were pre-derived with drug 
treatment and assayed while maintained in drug. For a, b, c, i, n = 3 biological replicates, mean 
± s.d.; two-tailed Student’s t-test; *P<0.05; **P<0.01; ns, not significant. 
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Figure 6: Flow cytometry schematic for JC-1 indicator dye-based assessment of loss of 
mitochondrial potential. Gating strategy used for Extended Data Figure 3a. Representative flow 
cytometry gating for loss of mitochondrial potential in A375 parental cells and persister cells 
treated with 250 nM dabrafenib and 25 nM trametinib. Results from triplicate biological 
replicates are presented in Extended Data Figure 3a. For the positive control, cells were treated 
with mitochondrial oxidative phosphorylation uncoupler carbonyl cyanide m- 
chlorophenylhydrazone (CCCP) (50 μM) for 5 minutes. Gating was set to compare relative 
levels of incomplete loss of mitochondrial potential, indicated by intermediate levels of loss of 
JC-1 red fluorescence, as illustrated.  
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Figure 7: Cleaved caspase 3 flow cytometry schematic. Gating strategy used for A375 
parental cells and persister cells derived from treatment with 250 nM dabrafenib and 25 nM 
trametinib in Extended Data Figure 3b.  
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Figure 8: Caspase 3/7 activity reporter flow cytometry schematic. a, Representative gating 
strategy for sorting caspase 3/7 activity sensor levels in A375 parental cells, persister cells 
treated with 250 nM dabrafenib and 25 nM trametinib, and staurosporine- treated positive control 
cells. Representative caspase 3/7 activity sensor levels for each condition shown in bottom row. 
This gating strategy was used to sort the Basal, Medium and High Caspase 3/7 activity level 
persister cell populations for Figure 1d,e and Extended Data Figure 3c.  
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Figure 9: gH2AX DNA damage flow cytometry schematic. Representative flow cytometry 
gating for  gH2AX in A375 parental cells, persister cells treated with 250 nM dabrafenib and 25 
nM trametinib, and positive control etoposide-treated cells. 10 μM QVD co- treatment was 
present for the duration of the experiment for QVD treated cells. Parental cell treatment with 100 
μM etoposide for 30 minutes was used as a positive control. This gating was used for Extended 
Data Fig. 3i.  
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Figure 10: Apoptotic DNase DFFB mediates persister cell DNA damage and mutagenesis. a, 
A375 persister cells exhibit cleaved DFFA indicating DFFB activation. b, A375 persister cell DNA 
damage is absent in DFFB KO persister cells. In a and b, 250 nM staurosporine treatment for 24 
hours was used as positive control. c, Doxycycline-inducible re-expression of nuclease active 
DFFB, but not nuclease dead DFFB in DFFB KO A375 persister cells restores drug-induced DNA 
damage. d, Whole exome sequencing analysis of mutations acquired by DFFB WT and KO #1 
A375 cells during 7 weeks of dabrafenib and trametinib treatment. Data points represent genotypes 
of individual cells which were isolated following treatment, expanded without drug and whole 
exome sequenced. n = 8 WT biological replicates and 9 DFFB KO biological replicates; mean ± 
s.d.; two-tailed Student’s t-test. **P<0.01; ***P<0.001. For all experiments, persister cells were 
pre-derived with drug treatment and assayed while maintained in drug unless otherwise noted. 
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Figure 11: DFFB expression in persister cell models. 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. d, A375 DFFB KO clones. e, PC9 DFFB KO clones. f, BT474 
DFFB KO clones. For all experiments, persister cells were pre-derived with drug treatment and 
assayed while maintained in drug. 
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Figure 12: DFFB loss has minimal effect on parental cancer cell viability. a-c, Cell growth 
rates in cell culture for (a) A375, (b) PC9 and (c) BT474 parental DFFB WT cells and DFFB KO 
clones. n = 3 biological replicates; mean ± s.d. is shown; P values calculated with two-tailed 
Student’s t-test; ***P<0.001; ns, not significant. d, A375 WT and DFFB KO growth rates when 
injected into mice. n = 6 biological replicates; mean ± s.d. is shown; P values calculated with two-
tailed Student’s t-test; ns, not significant. e, DFFB essentiality assessed using CRISPR screen data 
across many cell lines from the PICKLES database using the Score/Sanger dataset from the 
indicated cancer types. Negative scores reflect non-essentiality.174 
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Figure 13: Initial drug response and persister cell formation is independent of DFFB. a-d, 
Quantification of WT and DFFB KO cell initial 3 day drug treatment response. a, A375 cells 
treated with 250 nM dabrafenib and 25 nM trametinib. b, PC9 cells treated with 2.5 µM erlotinib. 
c, PC9 cells treated with 500 nM osimertinib. d, BT474 cells treated with 2 µM lapatinib. e-h, 
Quantification of WT and DFFB KO persister cell formation. e, A375 cells treated with dabrafenib 
and trametinib. f, PC9 cells treated with erlotinib. g, PC9 cells treated with osimertinib. h, BT474 
cells treated with lapatinib. For a-h, n = 3 biological replicates; mean ± s.d. is shown; P values 
calculated with two-tailed Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; ns, 
not significant. i, A375 WT and DFFB KO xenograft models treated with dabrafenib and 
trametinib and monitored for tumor volume. n = 6 biological replicates; mean ± s.d. is shown. 
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Figure 14: DFFB is required for drug-induced persister cell DNA damage. a-c, Cells were 
assessed for DNA damage marker gH2AX. Parental cells were treated for 24 hours with 500 nM 
staurosporine (PC9) or 750 nM staurosporine (BT474) as a positive control. a, PC9 persister cells 
were treated with 2.5 µM erlotinib. b, PC9 persister cells were treated with 500 nM osimertinib. 
c, BT474 persister cells were treated with 500 nM lapatinib.  For all experiments, persister cells 
were pre-derived with drug treatment and assayed while maintained in drug. 
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Figure 15: A375 DFFB WT and KO persister cells have similar differential expression of 
DNA repair genes. a-b, Log(Fold Change) of scRNAseq mean expression values in persister cells 
compared to parental cells are shown. a, A375 WT cells. b, A375 DFFB KO clone #1 cells. 
Mismatch repair (MMR); homology-directed repair (HR). 
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Figure 16: Acquired BRAF p.R252* mutation DTEP cells have altered drug response. a, 
A375 DTEP cells with an acquired BRAF p.R252* mutation (DTEP clone WT-4) were treated 
with dabrafenib for 3 days and compared to nonmutated A375 parental cells. Data are normalized 
to untreated cells. b, A375 BRAF p.R252* mutant DTEP cells and nonmutated parental cells were 
treated with 250 nM dabrafenib, 25 nM trametinib, and ERK inhibitor SCH772984 for 14 days. c, 
A375 BRAF p.R252* mutant DTEP cells and nonmutated parental cells were assessed for 
phosphorylated ERK (p-ERK) following treatment with 1 µM dabrafenib and 100 nM trametinib 
for 1 or 6 days. a-c, All cells were maintained in drug-free media prior to these experiments. For 
a,b, n = 3 biological replicates; mean ± s.d. is shown; P values calculated with two-tailed Student’s 
t-test. **P<0.01; ***P<0.001; ****P<0.0001. 
 



63 
 

Figure 17: DFFB mediated DNA damage inhibits growth suppressive interferon signaling. 
a, ScRNAseq analysis of Hallmark enriched gene sets in A375 DFFB WT compared to DFFB 
KO clone #1 cells treated with 250 nM dabrafenib and 25 nM trametinib for 2 weeks. b, UMAP 
of A375 WT and DFFB KO cells treated for 2 weeks with 250 nM dabrafenib and 25 nM 
trametinib. Cells with enriched Hallmarks Interferon gamma response gene set are highlighted in 
red. c, ScRNAseq analysis of Hallmark enriched gene sets in A375 DFFB WT compared to 
DFFB KO clone #1 cells treated with 250 nM dabrafenib and 25 nM trametinib for 9 weeks. a,c; 
False discovery rate q value represents the Benjamini-Hochberg corrected P value. Negative 
normalized enrichment scores indicate relative depletion of the gene set in DFFB WT persister 
cells. d, UMAP of A375 WT and DFFB KO cells treated for 2 weeks with 250 nM dabrafenib 
and 25 nM trametinib. Cells with enriched Hallmarks Interferon gamma response gene set are 
highlighted in red. e, UMAPs of A735 WT and DFFB KO persister cells colored with indicated 
gene expression levels. f-k, Parental and persister cells were assessed for (f-g) STING or (h-k) 
STAT1. A375 persister cells were treated with 250 nM dabrafenib and 25 nM trametinib. PC9 
persister cells were treated with 500 nM osimertinib. (j) 10 µM QVD or 50 µM LEHD were 
added to pre-derived persister cells for 3 days. (k) 10 µM QVD was added with osimertinib for 
the duration of the 10 day treatment. l, Effect of JAK inhibition on DTEP colony formation. 
A375 WT and DFFB KO cells were treated with 250 nM dabrafenib and 25 nM trametinib for 2 
weeks to derive persister cells, then 1 µM JAK inhibitor ruxolitinib was added and all three 
drugs were maintained for the remaining 5 week duration of the experiment. DTEP fraction 
refers to the fraction of all surviving cells which regrew into DTEP colonies; n = 3 biological 
replicates; mean ± s.d. is shown; P values calculated with two-tailed Student’s t-test. *P<0.05, 
**P<0.01; ***P<0.001. 
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Figure 18: DFFB mediates gene repression through transcriptional silencing. a, A375 
parental cells, IFNGR1 mutant DTEP cells (clone WT-1), and JAK1 mutant DTEP cells (clone 
WT-7) were assessed for phosphorylated STAT1 (p-STAT1) and STAT1 following treatment 
with 1 or 10 ng interferon-g for 72 hours. b,c, Length of differentially expressed downregulated 
genes in A375 WT or DFFB KO (b) persister cells versus parental cells and (c) DTEP timepoint 
cells versus persister cells. Bar indicates average. **P<0.01, ****P<0.0001. d, A375 WT and 
DFFB KO parental and persister cells treated with 250 nM dabrafenib and 25 nM trametinib for 
14 days were analyzed for H3K9me3. 
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Figure 19: Assessment of DNA damage response signaling in A375 DFFB WT persister 
cells. a-f, Western blots of A375 DFFB WT parental and persister cells assessed for (a) ATM, 
(b) ATR, (c) DNA-PK, (d) JNK, (e) STAT3, and (f) NF-kB phosphorylation. For (d) and (f), 
treatment with 20 ng TNFa for 10 minutes was used for a positive control. g,h, Identification of 
minimally toxic concentrations of DNA damage response inhibitors (g) KU-55933 (ATMi) and 
(h) NU7441 (DNA-PKi) in A375 parental cells to use for subsequent DTEP colony formation 
assays in i. i, Test of whether ATM or DNA-PK inhibition blocks DTEP colony formation. A375 
WT cells were treated with 250 nM dabrafenib and 25 nM trametinib for 7 weeks to form DTEP 
colonies. During this treatment ATM or DNA-PK inhibitor was added at week 2 to pre-derived 
persister cells and was maintained for the remaining 5 week duration of the experiment. Control 
conditions were the same as in Extended Data Fig. 10b. DTEP fraction refers to the fraction of 
all surviving cells which regrew into DTEP colonies. For g-i, n=3 biological replicates; mean ± 
s.d. is shown; P values calculated with two-tailed Student’s t-test. *P<0.05; **P<0.01; 
***P<0.001; ns, not significant. j. A375 persister cells derived from 250 nM dabrafenib and 25 
nM trametinib were allowed to regrow without drug for 48 hours and were analyzed for 
micronuclei. n=4 biological replicates; mean ± s.d. is shown; P values calculated with two-tailed 
Student’s t-test. ns, not significant. 
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Figure 20: A375 DFFB KO cells exhibit persister cell G1 cell cycle arrest and clonogenic 
potential under drug stress similar to DFFB WT cells, and DFFB KO DTEP colony 
formation is not rescued by DFFB WT supernatant. a, A375 DFFB KO clone #1 parental and 
persister cells analyzed for cell cycle phase fractions with scRNAseq. Compare to A375 DFFB 
WT persister cell cycle phase fractions in Extended Data Fig. 2b.  b, UMAP displays of expression 
values of the proliferation marker Ki-67 for A375 WT and DFFB KO clone #1 cells. c, 
Identification of sub-cytostatic concentrations of dabrafenib to allow for assessment of clonogenic 
growth under drug stress in d. A375 WT and DFFB KO clone #1 parental cells were tested for cell 
viability at 10 nM dabrafenib and 1 nM trametinib or 1 nM dabrafenib and 0.1 nM trametinib for 
3 days. Data are relative to untreated wells. d, A375 WT and DFFB KO clone #1 were assessed 
for clonogenic growth under sub-cytostatic concentrations of drug stress. 100 cells were plated in 
drug media at the concentrations indicated. Untreated and 1 nM/0.1 nM dabrafenib/trametinib 
conditions were fixed at day 9 when outgrowth had occurred whereas 10 nM/1 nM 
dabrafenib/trametinib were fixed at week 4 when outgrown colonies formed. For c, n = 3 biological 
replicates, d, n=5 biological replicates; mean ± s.d. is shown; P values were calculated with two-
tailed Student’s t-test. ns, not significant. e, A375 DFFB KO persister cells derived from treatment 
with 250 nM dabrafenib and 25 nM trametinib were cultured in conditioned media from drug-
treated DFFB WT cells (WT Supernatant) or KO clone #1 cells (KO Supernatant), or without 
conditioned media. DTEP colony formation was measured following 7 total weeks of drug 
treatment. DTEP fraction refers to the fraction of all surviving cells which regrew into DTEP 
colonies. n = 3 biological replicates; mean ± s.d. is shown; P values were calculated with two-
tailed Student’s t-test. **P<0.01; ns, not significant. 
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Figure 21: DFFB is necessary for acquired resistance. a-c, Fraction of all surviving cells which 
regrew into DTEP colonies during prolonged treatment with targeted therapies. n = 3 biological 
replicates; mean ± s.d.; two-tailed Student’s t-test; **P<0.01, ***P<0.001, ****P<0.0001. a, 
A375 BRAF V600E melanoma cells treated with dabrafenib and trametinib. b, PC9 EGFR mutant 
lung cancer cells treated with osimertinib. c, BT474 HER2 amplified breast cancer cells treated 
with lapatinib. d, Response and acquired resistance of A375 DFFB WT and KO xenograft tumours 
in mice treated with dabrafenib and trametinib. To display fold change in tumour regrowth 
following initial treatment response, data are normalized to the minimum volume of each tumour 
during treatment; n = 3 biological replicates; mean ± s.d.; two-tailed Student’s t-test. 
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Figure 22: DFFA and DFFB expression correlate with worse patient survival outcomes. 
Correlation between (a,b) DFFB or (c,d) DFFA mRNA expression and (a,c) disease free survival 
or (b,d) overall survival across all tumours types using TCGA data. HR, Hazard Ratio; p(HR), P 
value of the Hazard Ratio. P value calculated with log-rank test. 
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CHAPTER 3 
 

CONCLUSION 
 

The ability for a subpopulation to survive, adapt, and regrow during stressful exposures 

ensures the continued existence of a population. Survival and adaptation strategies are 

evolutionarily conserved across biological systems including bacteria, vertebrate embryos, and 

cancer cells.2,3,15,22 First described in the 1940’s, persister cells were observed as a subpopulation 

of bacteria that survived penicillin treatment.11,12 These cells entered a dormant or quiescent pro-

survival cell state and were responsible for seeding disease relapse. A similar subpopulation of 

cancer persister cells has been observed and investigated throughout the past decade. The 

Darwinian selection of preexisting cells containing resistance mutations is one scenario by which 

drug resistance emerges. This fatalistic scenario is difficult to therapeutically combat given the 

myriad potential resistance mechanisms available to cells. However, persister cells survive through 

reversible, nongenetic mechanisms indicating that drug resistance is not a foregone conlusion.4,12 

In parallel with epigenetic changes, both bacterial and cancer persister cells increase their 

mutagenic rate to increase genetic diversity and adapt to drug treatment.17,27,64,67 This process in 

the context of cancer acquired drug resistance remains poorly understood. Thus, investigating this 

residual surviving subpopulation is crucial to eliminate disease and increase cures by discovering 

targetable vulnerabilities.  

 The research in this dissertation reveals the role sublethal apoptosis signaling plays in 

mediating a stress response in cancer persister cells. First, we observed and characterized sublethal 

apoptotic signaling in persister cells. We then investigated one of the apoptotic signaling effector 

molecules responsible for DNA fragmentation, DFFB, for its role in persistence. Drug stress 

activates DFFB in persister cells and DFFB is the major source of DNA damage during 
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nongenotoxic drug treatments. This DNA damage resulted in both genetic and epigenetic changes 

that promoted persister cell regrowth under drug pressure. While we characterized important 

details concerning the sublethal apoptosis pathway in cancer persister cells, additional 

investigations into its activity in persister cells as well as expanding the scope of sublethal 

apoptotic signaling to other diseases is warranted.  

 Cells have the ability to survive apoptotic signaling when exposed to stressful 

environments.85,88,89 A recent study proposed that sublethal apoptosis initiated by BH3 mimetics 

induces several persister cell characteristics including drug tolerance, EMT, and ferroptosis 

sensitivity.36 This acutely-triggered phenotype depends on cytochrome C release from the 

mitochondria, is caspase independent, and causes translational reprogramming that ultimately 

activates the transcription factor ATF4. However, whether sublethal apoptotic signaling occurs in 

persister cells derived from prolonged drug treatment remains unknown. Importantly, we showed 

that cancer persister cells under chronic oncogene targeted therapy stress also display sublethal 

apoptosis characteristics including minority MOMP, cytochrome C release and caspase activation. 

We then focused on caspase-dependent phenotypes including DNA damage, mutagenesis and 

suppression of interferon signaling. It will be important for future studies to determine caspase-

dependent and caspase-independent sublethal apoptotic signaling functions. Studies regarding 

mitochondrial dynamics in persister cells, for example, could illuminate other factors that promote 

persister cell survival.175 Furthermore, the degree of MOMP persister cells can tolerate will be 

interesting to determine. Persister cells could either be resilient to MOMP or poised on the edge 

of death from further MOMP induction. We also observed a partial cleavage of caspase 3 to the 

p19 fragment. Factors mediating this partial cleavage, potentially the IAP family, should be 

investigated as a potential vulnerability, given that SMAC mimetics have already been shown to 
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kill persister cells.9,31 Together, our data provide valuable insights into the sublethal apoptosis in 

persister cells, but more studies are required to fully characterize this pathway. 

 We then focused on the role the apoptotic nuclease DFFB plays in cancer persister cells 

given its dominant role in mediating DNA damage. While we found that DFFA is cleaved and 

DFFB is required for DNA damage in persister cells, indicating DFFB activation, more work is 

required to determine how DFFB is fully regulated in persister cells. A recent study discovered a 

novel DFFB regulation event modulated by DNA damage response signaling factors ATM and 

ATR. These kinases activate DFFB through DFFA phosphorylation to induce single strand DNA 

nicks that promote cell cycle checkpoints and cancer cell survival following radiation-induced 

DNA damage.115 While we did not find evidence that DFFB influenced the cell cycle in our 

oncogene targeted therapy-derived persister cells, it could be that DFFB-induced DNA damage 

does affect cell cycle progression in other treatment contexts. Whether DFFA is phosphorylated 

to activate DFFB in our persister cell models should also be investigated. However, we did not 

observe ATM or ATR activation by phosphorylation in our A375 model, and therefore the full 

scope of this novel DFFB activation mechanism should be investigated. DFFB localization may 

be another important factor given the above study provided evidence for DFFB recruitment to 

chromatin fractions.115 However, previous literature shows that DFFB/DFFA nuclear localization 

does not signal DFFB activity.176,177 Whether there is a DFFB/DFFA localization change in 

persister cells remains unknown, but this could be important to determine as a strategy for 

therapeutically blocking DFFB activity. Therefore, understanding the spectrum of DFFB 

regulation in persister cells is an important next step from the research in this dissertation.  

DNA damage is a crucial cellular event that can introduce mutations, impact gene 

expression, disrupt chromatin architecture, and initiate integral signaling cascades.32,117,146,178 
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Given recent literature focusing on the importance acquired mutations play in persister cells, we 

first focused on the mutagenic activity of DFFB.27,64–67 While we identified approximately double 

the amount of mutations in WT cells versus KO cells, the impact these mutations play in 

facilitating persister regrowth requires further investigation. First, our early A375 DTEP colony 

cells remained reversibly drug tolerant, indicating that mutations alone do not fully confer drug 

resistance at this early DTEP formation timepoint. This finding is consistent with other reports 

showing that early DTEPs remain reversibly drug tolerant, suggesting that epigenetic factors play 

a more dominant role in initial persister regrowth.4,26 It remains possible that mutations still 

promote DTEP formation since several identified mutations are in genes reported to play a role in 

cancer, including a BRAF mutation that increases MAPK signaling. Determining which mutations 

or combinations of mutations contribute to persister growth will require introducing these specific 

mutations into cells and observing their DTEP formation ability. Importantly, mutations 

responsible for robust drug resistance do emerge at later timepoints.65,66 Thus, mutagenesis is an 

important event in DTEPs and blocking mutagenic DFFB activity remains a viable strategy to 

combat drug resistance. 

Beyond mutations, DFFB mediates important epigenetic changes including the suppression 

of growth-inhibiting interferon signaling to promote DTEP formation. Two previous studies 

identified the important role caspase signaling plays in suppressing interferon signaling during 

hematopoietic development and viral infections.140,141 The suppression of interferon production is 

integral for controlling the level of inflammatory cell death. These studies investigated caspase 

and MOMP signaling to show that these factors influence interferon suppression but the role of 

DFFB was not explored. Here, we showed that DFFB is indeed the apoptotic effector responsible 

for interferon suppression in the context of cancer acquired drug resistance across multiple models. 
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This is an important finding given the necessity for cancer persister cells to modulate STAT1 

signaling levels.50 There are multiple possibilities for how DFFB decreases interferon signaling. 

These include degrading mitochondrial DNA that leaks into the cytoplasm to decrease STING 

activation, dampening interferon gene expression through transcriptional interference or global 

chromatin changes, and disrupting interferon protein function through mutagenesis. We did 

observe that DFFB effects both transcriptional silencing as well as global chromatin architecture, 

but whether additional factors contribute to interferon signaling modulation should be investigated. 

Although we found that isolated DTEP samples with interferon gene mutations contained 

functional IFNg signaling, it remains possible that this signaling is affected under drug treatment. 

Given this evidence, the ability for DFFB to mediate both genetic and epigenetic changes in 

persister cells makes it an attractive target to inhibit drug stress-adaptive processes.  

DFFB mediated DNA damage and mutagenesis may be involved in additional 

physiological processes beyond cancer including aging and neurodegenerative diseases. The major 

cellular mutagenic source in human somatic and germ cells may not be mitotic activity but could 

instead be sublethal apoptotic signaling. A recent study showed that post-mitotic and proliferative 

primary human tissues accumulate somatic mutations throughout life at a constant rate.156 This 

mutation rate has a strong association with aging across mammals, suggesting that mutational 

processes could be a contributing factor to aging.179 Whether mutations are a major aging 

accelerator is controversial given that people with higher mutation rates from error prone 

polymerases do not always show signs of premature aging.180 Indeed, a study showed that the loss 

of epigenetic information through DNA damage without mutagenesis drastically accelerated aging 

phenotypes in mice suggesting that DNA damage itself and consequent epigenetic reprogramming 

plays a greater role during aging than mutagenesis.178 Whether mutagenesis or epigenetic 



76 
 

reprogramming is more important for aging, we showed that DFFB mediates both processes, 

revealing the nuclease as an important factor for future aging investigations. DFFB could also play 

a role in neurodegenerative diseases such as Alzheimer’s disease. DNA damage accumulates in 

Alzheimer’s disease brain astrocytes, decreasing their ability to provide neuronal support.181 In an 

experimental rat model of Alzheimer’s disease, decreased DFFB expression from glutamate 

antibody treatment promoted disease stabilization and a corresponding decrease in neuronal and 

glial cell death.182 Furthermore, an unpublished study using Alzheimer’s Disease Neuroimaging 

Initiative cohort data identified the neuronal apoptotic process and DFFB expression as highly 

enriched in Alzheimer’s disease patients.183 Therefore, sublethal apoptotic signaling and DFFB-

mediated DNA damage should be investigated for its role in both aging and neurodegeneration.  

 In conclusion, sublethal apoptotic signaling and the apoptotic nuclease DFFB play 

important roles outside of cell death. We investigated the importance DFFB-mediated DNA 

damage plays in promoting cancer acquired drug resistance, implicating DFFB as a novel 

therapeutic target. Finally, further research into the role sublethal apoptotic signaling and DFFB 

play in other biological processes including aging and neurodegenerative disease is important to 

determine if targeting DFFB in these situations could improve patient’s lives. 
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