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Abstract

Abstract

Drug-tolerant persisters (DTPs) are a subpopulation of slow-cycling cells that
have been identified in several cancer cell lines following lethal exposure to
targeted and cytotoxic therapeutics and shown to precede acquisition of diverse
and clinically relevant drug resistance mechanisms. To date, much of the data
comes from studies using tyrosine kinase inhibitors and it is unclear if this
persister phenotype is broadly observed in response to drugs that act by various
anti-tumour mechanisms. Herein, a subpopulation of slow-cycling SK-N-AS cells
survived treatment with lethal concentrations of SRA737; a clinically relevant
CHK1 inhibitor. Surviving cells represent a large proportion of the starting
population and have increased global histone H3 lysine 27 trimethylation
(H3K27mes3). Continued lethal SRA737 exposure leads to the emergence of a
drug-tolerant expanded persister (DTEP) population, marked by resumed
proliferation and cross-resistance to other small molecule CHK1/CHK2 and DNA
damage response (DDR) inhibitors. H3K27mes remains elevated in DTEPs but is
diminished after drug release, suggesting a role for epigenetic
regulation/reprogramming in both DTP formation and progression. Inhibition of
the H3K27 methyltransferase EZH2 using tazemetostat inhibits DTP-to-DTEP
transition but fails to abrogate DTP formation or DTEP survival, confirming the
requirement of epigenetic plasticity for persister cell progression. Comparison to
SRA737 resistant populations generated by dose-escalation revealed differential
responses to further CHK1 inhibition and specific enrichment of genes associated
with JAK-STAT signalling in persister-derived populations. Interestingly,
exogenous IFNy, but not JAK inhibition, delayed the emergence of a drug
resistant population from an SRA737-induced DTP bottleneck, suggesting that
overactivation of the IFNy signalling pathway is detrimental to DTP progression.
In conclusion, | have characterised DTPs arising within a novel and clinically
relevant therapeutic context, defined differences between pathways to drug
resistance through DTPs and dose escalation, and uncovered EZH2 activity and
IFNy signalling as potential intervention points to eradicate this persistent

population.
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Embryonic ectoderm development

Epidermal growth factor receptor (inhibitor/inhibition)
Euchromatic histone lysine methyltransferase 2
Epithelial-to-mesenchymal transition
Elongation factor 1 alpha

Escalated to 1 yM (dose-escalated)

Escalated to 10 uM (dose-escalated)
Excitation/Emission

Etoposide

Enhancer of zeste homolog 2

Fatty acid oxidation

Foetal bovine serum

Food and Drug Administration (U.S.)
False discovery rate

Granulocyte-colony stimulating factor
Gemcitabine

Half-maximum growth inhibitory concentration
Granulocyte-macrophage colony-stimulating factor
Gene signature score

Gene set enrichment analysis

H2A.X variant histone
Phosphorylated serine-139 H2A.X
Histone H3

Histone H3 lysine 4

Histone H3 lysine 9

Histone H3 lysine 18

Histone H3 lysine 27

Histone deacetylase
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HER2
HR
HCI

|

I1Cs0
ICAM1/CD54
ICR

IFNy

IL-1a

IL-18

IL-1ra

IL-2

IL-4

IL-10

IL-12 p70
IL-13

IL-16
IL-17A
IL-17E
IL-18/IL-1F4
IL-21

IL-27

IL-32a

J

JAK1/JAK2/JAK3

JAKi

K

K
KDM

L
LOF
Log2FC

M

meA

MAPK

MDS

me1/2/3

MET

MET

MHC Class I/1
MIF

Human epidermal growth factor receptor 2
Homologous recombination
Hydrochloric acid

Half-maximum inhibitory concentration
Intercellular adhesion molecule 1
Institute of Cancer Research
Interferon gamma

Interleukin-1 alpha

Interleukin-1 beta

Interleukin-1 receptor antagonist protein
Interleukin-2

Interleukin-4

Interleukin-10

Interleukin-12 subunit p70
Interleukin-13

Interleukin-16

Interleukin-17A

Interleukin-17E

Interleukin-18

Interleukin-21

Interleukin-27

Interleukin-32 alpha

Janus kinase 1/2/3

Janus kinase inhibitor/inhibition

Lysine
Histone lysine demethylase

Loss-of-function

Fold-change, on a log2 scale

Né-Methyladenosine
Mitogen activated protein kinase
Multi-dimensional scaling

Mono/di/tri-methylated or methylation

MET Proto-Oncogene, receptor tyrosine kinase

Mesenchymal-to-epithelial transition
Major histocompatibility complex class /11

Macrophage migration inhibitory factor

19



Abbreviations

MIP-1a/MIP-133
MMR

MPS1(i)

MRD

mRNA

mTOR

Myc

N

N/A
NB
NFkB
NIR
NSCLC

0
OXPHOS

P

p

PAC
PALB
PBS
PD-1
PDGFR())
PDL-1
PDX
PI3K
PIK3CA
PRC2
PTM(s)
PVDF

R
RAD51
RAS
REL

rh

RNA
RNAI
RNAseq
RPA
RPMI-1640
RT
(R)TKi
RUX

Macrophage inflammatory protein 1-alpha/Macrophage inflammatory protein 1-beta
Mismatch repair

Monopolar spindle kinase 1 (inhibitor/inhibition)

Minimal residual disease

Messenger RNA

Mechanistic target of rapamycin kinase

MYC Proto-Oncogene, BHLH transcription factor

Not applicable

Neuroblastoma

Nuclear factor NF-kappa-B p105 subunit
Near infrared

Non-small cell lung cancer

Oxidative phosphorylation

Probability value

Paclitaxel

Palbociclib

Phosphate-buffered saline

Programmed cell death protein 1

Platelet derived growth factor receptor (inhibitor/inhibition)
Programmed death ligand 1

Patient-derived xenograft

Phosphoinositide 3-kinase
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha
Polycomb repressive complex 2

Post-translational modification(s)

Polyvinylidene fluoride

DNA repair protein RAD51 homolog 1

"Rat sarcoma" GTPase

Released

Recombinant human

Ribonucleic acid

RNA interference

RNA sequencing

Replication protein A

Roswell Park Memorial Institute (RPMI) 1640 medium
Room temperature

(Receptor) tyrosine kinase inhibitor/inhibition
Ruxolitinib
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Abbreviations

S

SAC
SCLC

SD

SDS
Serpin E1/PAI-1
shRNA
ssDNA
SRA
STAT1/3/5
STR
Suz12

T
To
T-25/T-75/T-175
TAZ

TCR

TEAD

TNBC

TNFa

TP53

TREM-1

U

Un
USP1
UTR

W
WEEA1(i)
wT

Y
YAP

Spindle assembly checkpoint
Small cell lung cancer
Standard deviation

Sodium dodecyl sulphate

Serpin family E member 1/Plasminogen activator inhibitor 1

Short-hairpin RNA interference

Single-stranded DNA

SRA737

Signal transducer and activator of transcription 1/3/5
Short tandem repeat

Suppressor of zeste 12 protein homolog

Time zero, time of treatment

Tissue culture flask with 25/75/175 cm? growth area
Tazemetostat

T-cell receptor

TEA domain transcription factor

Triple negative breast cancer

Tumour necrosis factor-alpha

Tumour protein p53

Triggering receptor expressed on myeloid cells 1

Undetermined
Ubiquitin carboxyl-terminal hydrolase 1
Untranslated region

Wee1-like protein kinase (inhibitor/inhibition)
Wild-type

Yes-associated protein

Units & Symbols

°C
cm?
d

9
h

Hg
uL
UM

Degrees Celsius

Squared centimetres

Days

Gravity (gravitational constant)
Hours

Microgram

Microlitre

Micromolar
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Abbreviations

Mm
mL
mM

ng
nm
pH

TEnd
™

%

VEnd
X/x
>orz2

<ors

Micrometre

Millilitre

Millimolar

Millimetre

Nanogram

Nanometre

Potential of hydrogen

Registered trademark

Test sample at end point
Trademark

Percent

Volts

Vehicle sample at end point
Times (multiple)

Greater than, or Equal to or greater than
Less than, or Equal to or less than
Plus or minus

Approximately
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1.1. Knowledge is power

Advances in molecular profiling have helped identify differences between
cancerous and “normal” cells and improved our understanding of cancer
pathogenesis. This has led to the discovery of driver gene alterations that
promote tumorigenesis, dawning a new era of molecularly targeted therapies that
have shown considerable clinical efficacy in defined patient populations. By
specifically effecting cancer cells, targeted agents can also ameliorate side
effects caused by general cytotoxic chemotherapies providing patients with not

only better, but kinder treatments.

A well-known example is the use of herceptin (trastuzumab) to treat human
epidermal growth receptor 2 (HER2) positive breast cancer; a subtype that
harbours genetic amplification of the ERBBZ2 gene, resulting in overexpression of
HER2 receptors at the cell surface (Berger et al. 1988). This induces constitutive
HER2 receptor tyrosine kinase activity and downstream signalling through the
RAS/MAPK and PI3K/AKT pathways to promote cancer cell survival,
proliferation, and metastasis (reviewed in (Moasser 2007)). HER2
overexpression is observed in ~20% of primary breast cancers and is associated
with disease relapse and poorer overall survival (Slamon et al. 1987; Berger et
al. 1988). Herceptin is a humanised recombinant monoclonal antibody directed
against the extracellular domain of the HER2 receptor (Hudziak et al. 1989) to
inhibit its activation and subsequent oncogenic signalling. Herceptin treatment
was shown to effectively inhibit the growth of HER2 overexpressing breast cancer
cells and, furthermore, sensitise them to tumour necrosis factor (TNF)-induced
cell death (Hudziak et al. 1989). Subsequent clinical investigations reported
improved response rates, increased time to progression, and better overall
survival in HER2 positive breast cancer patients receiving herceptin as first-line
and adjuvant chemotherapy (Cobleigh et al. 1999; Vogel et al. 2002; Slamon et
al. 2001). Importantly, the addition of herceptin was not clinically beneficial in

patients without ERBBZ2 amplification or HERZ2 protein overexpression
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(Fehrenbacher et al. 2020), demonstrating the importance of appropriate patient
stratification. The success of these clinical studies culminated in the approval of
herceptin as the first antibody-targeted therapy for the treatment of HER2 positive

metastatic breast cancer in 1998 (Siegel 1998).

Beyond focussing on individual cellular processes, targeted therapies are now
being developed to alter multi-cellular interactions. This is exemplified by
immunotherapies such as avelumab and nivolumab, that act as checkpoint
inhibitors to promote anti-cancer immune responses. Cancer cells display a
variety of tumour-specific antigens on their surface via MHC class I/l receptors
(Segal et al. 2008). Some of these are neoantigens, produced as a result of
irregular protein production caused by increased genetic mutation, dysregulated
RNA splicing, and irregular post-translational modification in cancer cells
(reviewed in (Smith et al. 2019; Minati, Perreault, and Thibault 2020)). During the
course of normal immune surveillance, such “non-self’ antigens are detected by
cognate T-cell receptors (TCR) on circulating CD4 and CD8 positive T-cells,
triggering T-cell activation and subsequent induction of an adaptive immune
response to kill the cell (Townsend et al. 1986). However, cancer cells have
developed a way of subverting this process by, amongst other mechanisms,
overexpressing the programmed death ligand-1 (PDL-1) protein at the cell
surface (Nakanishi et al. 2007; Inman et al. 2007). PDL-1 plays a key role in the
immune checkpoint. Simultaneous binding of PDL-1 to the programmed cell
death protein 1 (PD-1) receptor on T-cells at the time of antigen recognition halts
immune activation to ensure immune responses are executed appropriately
(Freeman et al. 2000). This failsafe mechanism, in place to ensure only “non-
self” cells are destroyed, is exploited by cancer cells to avoid immune-mediated
death (lwai et al. 2002; Yang et al. 2008). As such, PDL-1 overexpression
correlates with poorer prognosis in several cancer types (Ohigashi et al. 2005;
Thompson and Kwon 2006; Nakanishi et al. 2007). Avelumab and nivolumab are
therapeutic antibodies targeted against PDL-1 and PD-1, respectively, whose
binding block the PD-1-PDL-1 interaction to relieve negative regulation on T-cell
activity and promote immune-mediated cell killing (Boyerinas et al. 2015). Both

these agents demonstrated efficacy in clinical trial (Kaufman et al. 2016; Wolchok
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et al. 2013), resulting in their FDA approval for use in the treatment of Merkel cell
carcinoma (avelumab) and advanced melanoma (nivolumab) in 2017 and 2014,

respectively.

Subsequent drug discovery efforts have resulted in FDA approval of >150
targeted therapies for the treatment of multiple cancers (NCI 2023). However, as
observed with general cytotoxic chemotherapies, this initial success has been
undermined by the eventual emergence of resistance. Given that recurrence
rates can be as high as 85% (Corrado et al. 2017) and refractory disease is
associated with poorer survival outcomes (Morris et al. 2014; Crump et al. 2017;
Chihara et al. 2017), drug resistance represents a major limitation to effective,
long-term anti-cancer treatment. Overcoming drug resistance mechanisms
represents an attractive approach to anti-cancer therapy and, as such, is a key

area in cancer research.

1.2. Drug resistance in cancer — inspired by bacteria

Various paths to resistance have been identified in cancer and are broadly
characterised as mutational or non-mutational mechanisms. Some of the most
well characterised include genetic mutation of drug targets (Yun et al. 2008),
upregulation of drug efflux pumps and metabolic enzymes (Bell et al. 1985;
Michael and Doherty 2005), and engagement of compensatory signalling
pathways (Villanueva et al. 2010; Serra et al. 2011). Whether these are pre-
existing and selected for (intrinsic) or acquired under therapeutic pressure is
under investigation in the field of cancer evolution. Nonetheless, rather than
being mutually exclusive, it is likely that a combination of these mechanisms
occur simultaneously within a heterogeneous tumour population to drive the

emergence of drug resistance (Salgia and Kulkarni 2018; Bell and Gilan 2020).

This is exemplified in the treatment of non-small cell lung cancers (NSCLC) with
small molecule receptor tyrosine kinase inhibitors ((R)TKi) targeted against the
epidermal growth factor receptor (EGFR). EGFR amplification or mutations are
detected in up to 89% of patients with NSCLC (Gupta et al. 2009), resulting in
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increased or constitutive activation of the EGFR receptor and downstream
signalling through the PI3K/AKT, RAS/MAPK, and JAK/STAT pathways that
promote cancer cell proliferation, survival, and metastasis (reviewed in (Gerber
2008)). As such, increased EGFR activity is associated with poorer clinical
outcome (Hirsch et al. 2003). Approximately 60% of patients that progress on
first- and second-generation EGFR inhibitors (EGFRI), such as erlotinib and
afatinib, harbour the EGFR™°M gatekeeper mutation (Pao et al. 2005; Yu et al.
2013) that prevents drug binding to the EGFR active site (Yun et al. 2008).
Subsequent molecular profiling revealed additional genomic aberrations in
tumours from EGFRI resistant patients, including amplification of the bypass
signalling genes MET (Bean et al. 2007) and HER2 (Yu et al. 2013), and
mutations in genes encoding downstream signalling proteins, such as PIK3CA
and BRAF (Sequist et al. 2011; Ohashi et al. 2012; Chaft et al. 2012). These
mutations were identified in both the presence and absence of EGFRT79M
providing evidence for the simultaneous emergence of diverse drug resistance
mechanisms from a heterogenous tumour population. Furthermore, several
patient studies reported histological alterations in up to 10% of EGFRI resistant
tumours, including transformation to small cell lung cancer (SCLC) (Yu et al.
2013; Marcoux et al. 2019) and epithelial-to-mesenchymal transition (EMT)
(Sequist et al. 2011), demonstrating the role of cellular plasticity in promoting drug

resistance.

Aside from mutational strategies, there has been accumulating evidence
supporting the role of non-mutational mechanisms in the emergence of drug
resistance. The observation that some patients benefited from a “drug holiday”,
in which their non-responsive tumours regained drug sensitivity following a period
of withdrawal (Kurata et al. 2004; Cara and Tannock 2001), implicated
engagement of a reversible, non-heritable resistance mechanism and suggested
the existence of a “drug-tolerant” cellular phenotype that had not yet progressed
to bona fide genetic resistance. Such cells have, in fact, been reported in bacteria
following anti-microbial exposure since the 1940s, however have only recently

been characterised in human cancer (Sharma et al. 2010).
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Joseph W. Bigger was the first to describe bacterial persistence following the
observation that penicillin treatment failed to completely eradicate all
Staphylococcus pyogenes bacterium (Bigger 1944a; Bigger 1944b). These
persistent cells are slow-growing and harbour no resistance-conferring genetic
mutations, as progeny that emerge from this population are sensitive to antibiotic
exposure (Keren et al. 2004; Lechner, Lewis, and Bertram 2012). In light of this,
they are considered to be regulated by epigenetic processes that alter gene
expression in the absence of changes to the underlying genetic code (reviewed
in (Riber and Hansen 2021)). Experimental investigations and mathematical
modelling showed that bacterial cells stochastically switch between quiescent
persister and normal proliferative states within an unperturbed population, with
the persistence phenotype becoming increasingly prevalent during the stationary
growth phase and in response to antibiotic challenge (Balaban et al. 2004).
Moreover, persister production increases if antibiotic exposure occurs during the
mid-exponential and stationary growth phases (Keren et al. 2004; Lechner,
Lewis, and Bertram 2012), when the population is a mix of slow-growing and
proliferating cells. This relationship was fully described in subsequent reports
concluding that persistence is linked to pre-existing heterogeneity, providing
bacterial populations with a bet-hedging strategy to ensure their survival in the
event of environmental challenges (Balaban et al. 2004; Kussell et al. 2005).
Persisters have been observed in a number of bacterial species in response to
different antimicrobial agents, indicating that they represent a conserved
response to therapy-induced stress. The clinical relevance of this phenotype was
revealed by studies showing that bacterial persisters promote the emergence of
antibiotic resistance by increasing their mutational rate (Windels et al. 2019) and,
as such, providing a reservoir of viable cells for the evolution of drug resistance.

1.3. Identification and characterisation of drug-tolerant persisters in

cancer

The emergence of non-mutationally “drug-tolerant” cancer cell populations was
reported in early drug resistance studies. Initial isolates of doxorubicin-resistant

murine neuroblastoma reverted to a drug sensitive state after doxorubicin
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removal but developed stable resistance with prolonged drug exposure (Baskin,
Rosenberg, and Dev 1981). Unstable drug tolerance was associated with the
appearance of double minute chromosomes, extrachromosomal circular DNA
fragments that can contain resistance conferring or oncogenic gene
amplifications (reviewed in (Gebhart 2005)), that diminished with the acquisition
of stable resistance. These results suggested the emergence of a transiently
drug tolerant population, regulated by non-mutational mechanisms that preceded

overt genetic resistance.

Such cells, termed drug-tolerant persisters (DTPs), were first characterised in
response to a targeted agent by Sharma and colleagues in an in vitro model of
NSCLC following 9 days lethal exposure (~100X Glso value) to the EGFRI
erlotinib (Sharma et al. 2010). DTPs accounted for 0.27% of the starting
population and were largely quiescent, indicating that they represent a rare
subpopulation of cells that can withstand toxic drug concentrations by adopting a
slow-cycling state. In the same study, DTPs were also isolated from other cancer
cell lines using additional agents, suggesting that their emergence is a common
response to therapeutic challenge. This quiescent, drug-tolerant phenotype was
reversed within 9 population doublings following erlotinib withdrawal, mirroring a
clinical “drug-holiday”. DTPs were also able to resume proliferation under
continued lethal erlotinib exposure. These drug-tolerant expanded persisters
(DTEPs) were up to 500-fold less sensitive to EGFRi compared to drug-naive
controls but did not contain known genetic resistance mechanisms, such as
EGFRT79% mutation (Yun et al. 2008; Pao et al. 2005) or MET amplification (Bean
et al. 2007; Engelman et al. 2007). Consistent with this, DTEPs also regained
erlotinib sensitivity following culture in drug-free media; although this took ~30
passages to achieve. Considering day 9 DTPs resensitised at a quicker rate,
these observations suggest that reversibility of the persister cell state is related
to duration of therapeutic challenge. This seminal report revealed the transient,
reversible, and non-mutational characteristics of drug-tolerant persister cell
populations in cancer and defined the rules for isolation and identification of DTPs
in the field.
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1.4. Mechanisms of drug-tolerance in cancer

Drug-tolerant persisters have been identified in a number of cancer cell models,
including melanoma (Roesch et al. 2010), breast (Al Emran et al. 2018), and
colon cancer (Rehman et al. 2021), suggesting they may represent a common
cellular response to therapeutic challenges. This is further supported by recent
reports of DTP emergence in response to alternative chemotherapies with
different mechanisms of action, including anti-microtubule agents and anti-
metabolites (Rehman et al. 2021; Dhimolea et al. 2021). Characterisation of
persister cell populations can improve our understanding of the mechanisms
involved in regulating their formation, progression, and survival and help to
identify potential therapeutic targets to mitigate the development of drug-

resistance through the persister-cell bottleneck.

1.4.1. Epigenetic alterations

In the absence of genetic resistance, persister cells are characterised by global
changes to post-translational epigenetic modifications that regulate gene
expression by altering chromatin architecture and the accessibility of DNA to
transcriptional machinery. Such changes were described by Sharma and
colleagues (2010), who reported differential nuclease digestion of chromatin
extracts from EGFRIi-induced DTEPs compared to parental PC9 cells. Further
analysis of DTP and DTEP transcriptional profiles by RNA-sequencing revealed
a specific upregulation in expression of KDM5A; a histone demethylase that
catalyses the removal of methyl groups from histone H3 lysine 4 residues (H3K4)
(Christensen et al. 2007). Accordingly, this was accompanied by a reduction in
the levels of tri- and di-methylated H3K4 in PC9-DTPs generated with gefitinib
(Sharma et al. 2010). Subsequent knockdown of KDM5A expression using short-
hairpin RNA interference (shRNA) effectively reduced emergence of gefitinib-
induced DTP and DTEP populations. Consistent with the requirement of KDM5A
activity for persister cell formation, the number of DTPs was increased by

overexpression of exogenous KDM5A. Together, these results demonstrate an
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important role for epigenetic mechanisms in the formation and progression of
drug-tolerant cancer cell populations.

Further comprehensive profiling using mass spectrometry revealed extensive
changes to additional epigenetic modifications on histone H3 (Guler et al. 2017).
In particular, modifications associated with repressive heterochromatin, such as
H3 lysine 27 tri-methylation (H3K27mes), were globally increased in PC9-DTPs
generated with erlotinib. Concomitantly, modifications associated with
permissive euchromatin were decreased. Interestingly, these alterations were
absent in PC9-DTEPs and PC9-DTPs that had been recovered in drug free
medium, suggesting that epigenetic mechanisms may be required for maintaining
drug-tolerance in slow-cycling, but not proliferating, persister cell populations. An
RNAI screen of 298 epigenetic genes identified a requirement for the histone H3
lysine 9 methyltransferase EHMT2/G9a for DTP formation in PC9 cells treated
with erlotinib. This effect was confirmed upon genetic (CRISPR knockout) and
pharmacological inhibition of EHMT2/G9a, that resulted in a significant reduction
in the number of DTPs generated following erlotinib exposure. In addition,
EHMT2/G9a knockout substantially abrogated the emergence of DTEP
populations after 30 days exposure to erlotinib when compared to parental
control. This study demonstrates the diversity of epigenetic alterations in drug-
tolerant persister cell populations and provides further evidence for their pivotal

role in drug-induced DTP formation and progression.

In addition to changes in post-translational modifications on chromatin, a novel
epitranscriptomic mechanism has also been reported. Using an in vitro model of
BRAFV69E mutant melanoma (A375 cells), persister cells generated with lethal
concentrations of BRAFi and MEKIi in combination (PLX4032 and cobimetinib,
respectively) showed a reduction in nascent protein production and polysome-
bound mRNAs, indicating a downregulation of translational activity (Shen et al.
2019). Despite this, genome-wide polysome profiling, wherein polysome-bound
mRNAs are sequenced and analysed by Gene Ontology, revealed that 178
genetic transcripts were actually translated with greater efficiency. Further

STRING network analysis showed that these were enriched for genes associated

31



Chapter 1 Introduction

with chromatin remodelling such as ARID5B; a component of the PHF2-ARIDS5B
histone H3K9 demethylase complex (Baba et al. 2011). Characterisation of
polysome-bound mRNAs found an increase in N6-methyladenosine (m°A) at the
5’-untranslated region (UTR), where post-translational modifications can regulate
translation (Shen et al. 2019). Importantly, all of these alterations were reversed
following drug withdrawal, demonstrating their transient induction in the DTP
state. shRNA-mediated knockdown of METTL3 and WTAP, two members of the
m8A methylation complex, significantly inhibited the emergence of persister-
derived drug-resistant colonies in A375 cells under long-term exposure to lethal
doses of PLX4032 and cobimetinib. Importantly, these data reveal that
epigenetic control of gene expression is exerted at the translational and

transcriptional level in DTP populations.

Others have reported similar alterations to epigenetic profiles and expression of
chromatin-modifying genes in additional in vitro DTP models generated with
alternative chemotherapies (Liau et al. 2017; Al Emran et al. 2018; Roesch et al.
2010; Vinogradova et al. 2016), consolidating epigenetic mechanisms as a key
strategy employed by cancer cells to adopt the persister cell state. Perhaps more
importantly, these studies have led to the identification of several epigenetic
enzymes as potential targets to abrogate DTP emergence and progression.
While targeting these enzymes using genetic or pharmacological tools has shown
some efficacy, they have, at most, only delayed the emergence of persister-
derived drug-resistant populations. Failure to completely eradicate DTPs in this
context suggests that additional mechanisms are involved in regulating their

formation and progression under therapeutic stress.

1.4.2. Cellular reprogramming

In line with changes to the epigenetic landscape and chromatin architecture, gene
expression profiles are altered in persister cell populations. Consistent with the
slow-cycling DTP state, cell cycle and proliferation related genes are

downregulated in persisters generated with TKi (Liau et al. 2017; Shen et al.
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2019), Perhaps related to this, enriched genes include those associated with

dormancy, quiescence, and stemness.

Gene set enrichment analysis (GSEA) of RNA sequencing data from dasatinib-
induced DTPs generated in an in vitro model of glioblastoma revealed an
enrichment of gene signatures derived from models of quiescent neural stem cell
and stem-like medulloblastoma (Liau et al. 2017). Consistent with this,
expression of classic cancer stem cell markers CD133 (Singh et al. 2004) and
CD15 (Son et al. 2009) were upregulated at the transcript and protein level in
DTPs. In addition, expression of SOX2, SOX4, and NOTCH1 were increased
(Liau et al. 2017) and notch signalling was upregulated. As master transcriptional
regulators of pluripotent, differentiation and developmental gene expression,
these data suggest that engagement of developmental processes is important for
DTP formation, perhaps by promoting cellular plasticity as a mechanism to
overcome therapeutic challenge.

More recently, induction of stress responses has been reported in persisters.
Persisters generated with irinotecan in a patient-derived xenograft (PDX) model
of colorectal cancer were enriched for a gene signature derived from in vitro
diapaused mammalian embryos (Rehman et al. 2021). Embryonic diapause is a
reversible state of arrested embryonic development that is triggered in response
to unfavourable environmental conditions, such as nutrient deprivation (reviewed
in (Fenelon, Banerjee, and Murphy 2014)). Interestingly, the diapause signature
was not upregulated in tumours that had regrown following removal of
chemotherapy (Rehman et al. 2021), demonstrating transient and reversible
engagement of this mechanism in DTPs. As such, this data suggests that
persister cells adopt a diapause-like state as a stress response strategy to
promote their survival under the unfavourable environmental conditions caused

by therapeutic challenge.

Additional mechanisms reported in DTP models include metabolic rewiring

(Hangauer et al. 2017; Echeverria et al. 2019), endoplasmic reticulum (ER) stress
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(Terai et al. 2018), and inflammatory responses (Guler et al. 2017), illustrating

the breadth of cellular reprogramming undertaken by persister cells (Figure 1-1).
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Figure 1-1: Persister cell mechanisms.

Drug-tolerant persisters employ various mechanisms to promote their survival and adaption to
overcome therapeutic challenge. Different mechanisms may act concurrently; for example,
epigenetic reprogramming can promote expression of quiescence-related genes. The
mechanisms outlined here are not exhaustive but represent what has been discussed herein. For
further reading, please refer to an excellent review article by (Cabanos and Hata 2021). FAO:
fatty acid oxidation; OXPHOS: oxidative phosphorylation; PTMs: post-translational modifications.

1.5. Clinical evidence for DTP emergence in cancer

The observation that up to 50% of patients with EGFRI resistant tumours do not
harbour a validated resistance mutation (Leonetti et al. 2019) suggests that a
considerable proportion of refractory disease could be attributed to non-
mutational mechanisms, such as persistence. However, clinical evidence for the

emergence of a drug-tolerant persister population in patients receiving
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chemotherapy is limited, in part, due to the lack of a bona fide persister cell
‘marker’ or molecular profile that can be used to detect or isolate this rare
population. Aside from the “drug holiday” phenomenon (Kurata et al. 2004; Cara
and Tannock 2001), arguably the most clinically relevant comparison is to
minimal residual disease (MRD) occurring in patients receiving continuous
systemic targeted chemotherapy. MRD can remain clinically silent for several
years but then re-emerge as treatment refractory disease, suggesting the
presence of lingering viable tumour cells at the point of remission. Given these
parallels with DTPs, PDX models of MRD have been used to investigate persister
cell responses to chemotherapy in vivo.

Using a PDX model of colorectal cancer, tumours driven to MRD with standard
of care irinotecan treatment regrew after drug withdrawal (Rehman et al. 2021).
Immunohistochemical analysis of MRD and regrowth tumours revealed a
reduction in proliferative Ki67 staining in MRD samples, mirroring the slow-cycling
DTP state. Ki67 staining returned to control levels following regrowth in the
absence of chemotherapy. Moreover, regrowth tumours showed sensitivity to
further irinotecan treatment after re-implantation into new mice. These results
are consistent with cancer cells entering a transient and reversible drug-tolerant
state. Similar observations were reported using a PDX model of TNBC, in which
MRD was generated with doxorubicin treatment (Echeverria et al. 2019). An
alternative explanation for these results is that chemotherapy enriches for cancer
stem cells that subsequently drive tumour repopulation. However, MRD tumours
were not enriched for CD44Ms"/CD24'°% expression (Echeverria et al. 2019); a
specific phenotype associated with cancer stem-like cells (Hurt et al. 2008;
Ghuwalewala et al. 2016), nor did they display increased tumour-initiation
(Rehman et al. 2021; Echeverria et al. 2019). These results support the identity
of MRD tumours as a drug-tolerant persister population and demonstrates their
emergence in response to drug treatment in vivo. With advances in technologies
such as single-cell RNA sequencing, detection and de-coding of rare persisters
in patients could be on the horizon.
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1.6. The role of drug-tolerance in the evolution of cancer resistance

The discovery that genetic resistance mechanisms can arise de novo from DTPs
has revealed the potential impact of the drug tolerant state in anti-cancer therapy.
PC9 cells harbouring the EGFR™9M gatekeeper mutation following treatment
with the EGFRIi gefitinib were found to originate from both pre-existing resistant
cells and slow-cycling DTPs (Hata et al. 2016). In contrast to early-resistant
clones that arose from pre-existing mutants, late EGFR'"*M-resistant clones
emerged from slow-cycling DTPs after >20 weeks gefitinib treatment.
Accordingly, this was accompanied by decreased sensitivity to gefitinib and a
concomitant increase in sensitivity to osimertinib; a third generation EGFRI
targeted against the EGFRT79°M mutant protein. Together, these results clearly
demonstrate that genetic resistance mutations can be acquired in drug-tolerant
populations during prolonged drug exposure. Given that resistance was
conferred by pre-existing mutants and the DTP bottleneck, this data also
indicates that the two mechanisms occur simultaneously within a heterogeneous

tumour population to drive the emergence of therapeutic resistance (Figure 1-2).

Additional genetic aberrations have been identified in persister-derived, EGFRI
resistant colonies generated from a clonal PC9 cell line (Ramirez et al. 2016).
Clinically relevant mutations, including BRAF®4%6A and MET amplification, as well
as mutations in NRAS and PIK3CA genes were detected following ~10 months
culture in 2.5 yM erlotinib, demonstrating that acquired resistance mechanisms
are not limited by the DTP state. Furthermore, pharmacological screening
revealed differential drug sensitivities amongst EGFRI resistant clones. While all
were resistant to further challenge with additional EGFRI, several populations
demonstrated sensitivity to small molecule inhibitors targeted against MET, MEK,
and mTOR that correlated with genetic alteration of the target or pathway related
proteins. Importantly, this study shows that diverse drug resistance mechanisms
can emerge from clonal populations under the same therapeutic pressure,
providing evidence that drug-tolerant persister cells provide a reservoir for cancer
evolution. Furthermore, these results indicate that the DTP state can provide
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new therapeutic opportunities by targeting activated pathways that may confer
collateral drug sensitivity in the persistent population.
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Figure 1-2: DTP formation and contribution to the evolution of drug-resistance in cancer.
While most tumour cells will die in response to chemotherapeutic exposure, pre-existing resistant
mutants will survive and repopulate a drug-resistant tumour. Alternatively, in response to
therapeutic stress, sensitive cells can adopt a slow-cycling drug-tolerant state characterised by
alterations to epigenetic landscapes and transcriptional profiles. With continued drug exposure,
these persisters can undergo cellular reprogramming or acquire de novo resistance mutations to
resume growth and contribute to the emergence of a drug-resistant tumour.

1.7. A view on drug-tolerance in cancer

Crucially, the studies described heretofore highlight the potential of drug-tolerant
persisters to serve as a heterogeneous reservoir of refractory disease (Figure 1-
2). As a potentially reversible precursor to genetic resistance, targeting DTPs
presents an attractive approach for mitigating drug resistance in cancer.
However, despite our growing understanding of persister cell mechanisms,
attempts to eradicate them by targeting epigenetic processes have resulted only

in delaying the emergence of drug resistant populations from the DTP bottleneck
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(Sharma et al. 2010; Guler et al. 2017; Liau et al. 2017; Shen et al. 2019). As
such, it is evident that there is more to uncover. Furthermore, while therapeutic
contexts are expanding, the majority of data come from studies using tyrosine
kinase inhibitors that supress oncogenic signalling. Hence, it remains unclear
whether the persister cell response is induced by diverse therapeutic agents;
particularly those that interfere with DNA integrity, such as targeted inhibitors of
monopolar spindle 1 kinase (MPS1) or checkpoint kinase 1 (CHK1) that are
currently under clinical investigation (NCT03328494 ; NCT02797964 ;
NCT02797977). In anticipation of their approval for use in the clinic, it is prudent
to investigate and characterise the contribution of persister cells to the

emergence of drug resistance under these novel therapeutic contexts.

1.8. Targeting monopolar spindle 1 kinase (MPS1) in cancer

Also known as TTK, MPS1 is a dual-specificity protein kinase required for correct
chromosomal alignment and segregation as part of the mitotic spindle assembly
checkpoint (SAC) (Abrieu et al. 2001; Maciejowski et al. 2010; Dou et al. 2015).
Preclinical studies have identified MPS1 inhibitor (MPS1i) sensitivity in cancer
cells characterised by inadequate SAC regulation, chromosomal instability, and
aneuploidy, such as triple-negative breast cancer (TNBC) and glioblastoma
(Anderhub et al. 2019; Tannous et al. 2013). In this cellular context, MPS1i also
potentiates the effects of microtubule polymerising agents (Tannous et al. 2013;
Maia et al. 2015; Anderhub et al. 2019). As such, MPS1i are being tested alone
and in combination with paclitaxel in TNBC patients (NCT03328494).

As the majority of the work presented in this thesis was conducted using the small
molecule CHK1 inhibitor (CHK1i) SRA737, the biological function of CHK1 and
rationale for targeting this protein for anti-cancer treatment will be the focus for

the remainder of this introduction.

38



Chapter 1 Introduction

1.9. Targeting checkpoint kinase 1 (CHK1) in cancer

DNA damage can occur as a result of endogenous factors, such as defective
DNA repair mechanisms and high levels of oncogenic signalling, or exogenously
induced by, for example, DNA damaging chemotherapeutic agents. Unrepaired
DNA damage can be a source of genetic alterations that promote malignant
transformation, or genetic instability that results in cell death. Repairing DNA
damage is therefore of utmost importance to ensure faithful replication of the
genetic code during cell division and cell survival. Various repair mechanisms
exist, including homologous recombination (HR) and mismatch repair (MMR),
and are differentially employed depending on the type of DNA damage incurred.
Herein is an overview of the ATR-CHK1 axis of the DNA damage response (DDR)
signalling pathway, its role in cancer, and the development of small molecule
CHK1 inhibitors to therapeutically target cancer cells.

1.9.1. CHK1 is a key effector of the DNA damage response (DDR) signalling
pathway

Checkpoint kinase 1 (CHK1), encoded by the CHEK1 gene, is a highly conserved
serine/threonine protein kinase that coordinates cell cycle and DNA damage
response (DDR) checkpoints to preserve genome integrity (Walworth, Davey,
and Beach 1993; Sanchez et al. 1997). Although CHK1 can be activated in
response to single- (ssDNA) and double-stranded (dsDNA) DNA breaks, it plays
a pivotal role in replication stress caused by replication fork stall during DNA
synthesis (Gupta et al. 2018). Stalled forks leave extended regions of unstable
single-stranded DNA (ssDNA) exposed to degradation by nucleases and, if
unresolved, can lead to irreversible fork collapse and genome instability (Pond et
al. 2019). To protect the nucleotide sequence and initiate DNA repair and/or fork
recovery, exposed ssDNA is coated by replication protein A (Huemer et al.) to
recruit and activate ataxia telangiectasia Rad-3 related protein (ATR) (Zou and
Elledge 2003) that goes on to phosphorylate CHK1 at two sites, Ser-317 and Ser-
345 (Zhao and Piwnica-Worms 2001). Subsequent autophosphorylation at Ser-
296 completes CHK1 activation (Okita et al. 2012) and triggers DDR signalling,
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wherein CHK1 phosphorylates a variety of downstream targets to facilitate fork
repair or, in the event of irrecoverable fork collapse, initiate cell death (Figure 1-
3).

One such target is the phosphatase cell division cycle 25C (Cdc25C). CHK1
phosphorylates Cdc25C at Ser-216, rendering it inactive and subsequently
unable to dephosphorylate and activate cyclin dependant kinase 1 (CDK1) at Tyr-
15 (Sanchez et al. 1997). CHK1 can also phosphorylate and activate WEEA1,
which in turn phosphorylates and inactivates CDK1 at Tyr-15 (O'Connell et al.
1997). These actions work in concert to inhibit CDK1, CDK1-cyclin B complex
activation, and entry into mitosis, resulting in coordinated G2/M cell cycle arrest.
This provides cells with the opportunity to resolve replication stress through DNA
repair or, in the event of irrecoverable fork collapse, trigger apoptosis. CHK1 can
additionally phosphorylate DNA repair protein RAD51 homolog 1 (RAD51)
(Sgrensen et al. 2005) and tumour protein p53 (TP53) (Shieh et al. 2000; Ou et
al. 2005) to promote HR repair or p53-dependent gene expression, respectively,

illustrating its essential and nuanced functions in DDR signalling.

The ATR-CHK1 axis forms one arm of the DDR pathway. In parallel, a second
signalling cascade regulated by ataxia-telangiectasia mutated protein (ATM) and
checkpoint kinase 2 (CHK2) is activated by dsDNA breaks to induce TP53-
mediated cell cycle arrest and DNA repair (reviewed in (Zannini, Delia, and
Buscemi 2014)). The observation that CHK1 was also phosphorylated by ATM
in response to ionising radiation-induced dsDNA breaks suggested potential
cross-talk between the ATR-CHK1 and ATM-CHK2 signalling pathways
(Cuadrado et al. 2006). Similar conclusions from others (Jazayeri et al. 2006;
Shiotani and Zou 2009) has helped to confirm the interplay between these axes
of the DDR pathway for co-ordinating cellular responses to different DNA insults
(Figure 1-3).
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Figure 1-3: DNA damage response signalling through the ATR-CHK1 and ATM-CHK2 axes.
In response to DNA damage, CHK1 is phosphorylated and activated by ATR. CHK1
phosphorylates a number of downstream targets to promote cell cycle arrest and DNA repair or,
in the event of irrecoverable genomic damage, trigger apoptosis. Cross-talk between the ATR-
CHK1 and ATM-CHK2 axes co-ordinates appropriate cellular responses to different DNA insults.

1.9.2. CHK1 in cancer

Cancer cells are characterised by genome instability caused by high levels of
replication stress, DNA damage, and dysregulated DNA repair. Due to its
fundamental role in maintaining faithful cell division and genome integrity, CHK1
was initially believed to function as a tumour suppressor (Bertoni et al. 1999).
This theory has been largely contradicted following the observation that CHEK1

amplification promotes oncogenic transformation in murine embryonic fibroblasts
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(Lopez-Contreras et al. 2012), and CHK1 expression is upregulated in several
human cancers including breast (Verlinden et al. 2007), colon (Madoz-Gurpide et
al. 2007) and nasopharyngeal cancer (Sriuranpong et al. 2004). Furthermore,
CHEK1 copy number gain is present in tumour samples from patients with
ovarian and small cell lung cancer, osteosarcoma, and diffuse large B-cell
lymphoma (TCGA). Numerous studies have reported a requirement for CHK1 in
tumorigenesis. Homozygous CHEK1 deletion in mouse skin reduced
carcinogen-induced papilloma formation and inhibited progression to carcinoma
(Tho et al. 2012). In another study, CHK1 knockdown induced apoptosis in T-
cell acute lymphoblastic leukaemia cells with endogenously high CHK1
expression and activity (Sarmento et al. 2015). Consistent with the requirement
of CHK1 for recovery from replication stress (Gupta et al. 2018) this was
accompanied by accumulation of DNA damage caused by increased fork stalling,
as measured by enrichment of phosphorylated yH2AX nuclear foci and RPA,
respectively. Furthermore, a genetic screen using RNA interference identified
CHK1 as a potentiator of cisplatin response in ovarian cancer cells (Arora et al.
2010). These observations provided evidence for the role of CHK1 as a tumour
promoter, and therapeutic rationale for the development of small molecule CHK1
inhibitors (CHK1i).

1.9.3. Targeted inhibition of CHK1 using small molecules

The Institute of Cancer Research (London) and others have developed small
molecule CHK1i that are currently under investigation in clinical trials (Table 1-1).

SRA737 is a potent CHK1i with >1000-fold selectivity for CHK1 (ICs0 1.4 nM) over
related DDR effector CHK2 (ICs0 2.4 pM) (Walton et al. 2016) (Appendix Table 1
& 2). SRA737 binds to the ATP binding site of CHK1, preventing ATP hydrolysis
and inhibiting CHK1 kinase activity (Osborne et al. 2016). In HT-29 colon cancer
cells, SRA737 treatment abrogates gemcitabine-induced CHK1 phosphorylation
at Ser-317, Ser-345, and Ser-296 (Walton et al. 2016). Consequently, CHK1-
mediated inactivation of CDK1 is diminished and cells continue to progress
through the cell cycle without optimal DNA damage repair, culminating in
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unrecoverable genomic instability and cell death. Markers of replication stress,
including yH2AX and chromosomal fragmentation, are increased by treatment
with the CHK1i prexasertib in HelLa cells (King et al. 2015), showing that
pharmacological inhibition of CHK1 activity phenocopies genetic CHK1
knockdown (Sarmento et al. 2015). Furthermore, administration of SRA737 in
combination with gemcitabine or irinotecan significantly delayed growth of HT-29
xenograft tumours in vivo compared to either agent alone (Walton et al. 2016),
demonstrating the enhanced therapeutic effect of DNA damaging agents upon
inhibition of CHK1 activity. Together, these data demonstrate the on-target
cellular activity and efficacy of SRA737 treatment in human cancer.

In addition to potentiating the effects of DNA damaging agents, such as
gemcitabine and cisplatin (Walton et al. 2016; Barnard et al. 2016), CHK1i have
also shown benefit in combination with immunomodulatory drugs. SRA737
treatment in combination with low-dose gemcitabine significantly enhanced the
anti-tumour effect of anti-PD-L1 therapy in an in vivo model of SCLC (Sen et al.
2019). This was accompanied by a significant increase in the expression of
chemotactic cytokines CXCL10 and CCL5, and tumour infiltration of CD8 positive
cytotoxic T-cells versus anti-PD-L1 alone. In another study, the CHK1i MK-8776
effectively killed all-trans retinoic acid-resistant acute promyelocytic leukaemia
cells in vitro (Franza et al. 2023), providing evidence that CHK1i can help to
overcome resistance to other therapies. Interestingly, this effect was attributed
to CHK1i-mediated activation of caspase-1 and subsequent proteasomal
degradation of the oncogenic fusion protein PML-RARa. As the authors failed to
robustly confirm CHK1 target engagement, for example by measuring phospho-
CHK1 levels, it's possible that this occurred as a result of off-target MK-8776
activity. Regardless, this result provides new insights into potentially novel

mechanisms of action of small molecule CHK1i.

Given these results and the observation that CHK1i show single-agent efficacy in
cancers with endogenously high levels of DNA damage or dysregulated DDR,
such as MYCN-amplified neuroblastoma (Cole et al. 2011), SRA737 has been

trialled as a monotherapy and in combination with gemcitabine in patients with
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genetically predicted sensitivity to CHK1i (NCT02797964 ; NCT02797977).
Recent data from a first-in-human human Phase I/l clinical trial showed that
treatment with SRA737 in combination with low-dose gemcitabine elicited partial
tumour responses in 25% of patients with anogenital cancer, a disease with high
un-met clinical need, as well as in those with cervical, ovarian, rectal, and lung
cancers (Jones et al. 2023). The use of SRA737 allows for a lower dose of
gemcitabine, resulting in reduced incidence of severe toxicities, leading to
improved tolerability of the combination compared to standard of care
gemcitabine treatment. Altogether, these studies reveal the breadth of potential

applications for the use of CHK1i in the clinic.

Table 1-1: In vitro biochemical and cellular potency values of CHK1 inhibitors.
[l (Osborne et al. 2016); [ (Walton et al. 2016); ¥ (King et al. 2014); ¥ (Guzi et al. 2011);
11 (Montano et al. 2012); 18] (King et al. 2015)

SRA737 Rabusertib MK-8876 Prexasertib

Compound (CCT245737) (LY2603618) | (SCH 900776) | (LY2606368)
Clinical phase I/ Il Il Il
HN Y M . =N —NH
0 o SN N _KH — = .
! I N=/ i
Structure o N ° " N ".":;'""'A‘E‘-n e CN
F ~. N S . T N i
N v D aats A 5 J
~e *‘I A M e o T H."“I.I . N IN|
In vitro ICso (M) 0.0013(1 0.0078! 0.0034 <0.0011®
Cellular potency
Cell line | HT2912 Calu-6 U20S8!] HT296]
Measure | Glso (UM) pS296 ECso(uM) | Glso (M) Glso (M)
Single-agent | 0.70 - 0.55 0.01

Combination | 0.09 0.43 - -
Combo. agent | Gemcitabine Gemcitabine - -

1.9.4. Mechanisms of CHK1 inhibitor resistance

While it's too early to observe mechanisms of resistance in the clinic, pre-clinical
evaluation is ongoing to identify CHK1i drug resistance strategies. To date, no
mutations to the CHK1 drug binding site have been identified in CHK1i resistant
populations generated by dose-escalation (Blosser et al. 2020; Nair et al. 2020;
Zhao et al. 2021). In the absence of a “gatekeeper” mutation, studies have
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utilised omics technologies to characterise and identify potential mechanisms of
CHK1i resistance.

Proteomic analysis showed enrichment of epithelial markers (e.g., E-cadherin
and cytokeratin 18) and concomitant depletion of mesenchymal markers (e.g.,
vimentin) in resistant NCI-H520 cells (squamous Ilung adenocarcinoma)
generated using the CHK1i prexasertib, implicating mesenchymal-epithelial
transition (Su et al.) in acquired CHK1i resistance (Blosser et al. 2020). Although
NCI-H520 cells are of epithelial origin, only a small proportion stain positive for
E-cadherin within bulk populations (Coldren et al. 2006), suggesting that they are
heterogenous in nature. As such, it is unclear whether this result reflects true
MET or selection of E-cadherin positive cells during drug exposure. Conversely,
gene set enrichment analysis (GSEA) revealed upregulation of epithelial-
mesenchymal transition (EMT) related genes in prexasertib resistant ovarian and
sarcoma cell lines, suggesting that alternative resistance mechanisms may be

employed by different cancer types to survive CHK1i exposure.

Genes associated with CHK1 pathway activation were also upregulated in NCI-
H520 resistant cells, including CHEK1, WEE1, and CDCZ25A (Blosser et al. 2020).
This is perhaps unsurprising, as overexpression of drug targets and/or
components of the target signalling pathway would provide cells with a survival
advantage under therapeutic pressure. By contrast, total CHK1 levels were
reduced in CHK1i-resistant U20S cells generated with CCT244747 versus
parental controls (Hunter et al. 2022). This was rescued by treatment with the
proteasomal inhibitor MG132, suggesting that this reduction is mediated by
dysregulated protein degradation. Indeed, further investigation revealed a
concomitant downregulation in the expression of ubiquitin-specific peptidase 1
(USP1); a protein deubiquitinase reported to stabilise and protect CHK1 from
DNA damage-binding protein 1-dependent degradation during genotoxic stress
(Guervilly et al. 2011). Subsequent RNAi-mediated knockdown of USP1
expression in parental U20S cells reduced total CHK1 protein levels and,
accordingly, sensitivity to CCT244747 (Hunter et al. 2022). These results
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demonstrate that inhibition of protein stabilising factors to deplete CHK1 is a

mechanism by which cells can acquire resistance to small molecule CHK1i.

Downstream CHK1 targets have been implicated in additional models of CHK1i
resistance. WEE1 overexpression at the genomic, transcript, and protein level
was observed in two prexasertib resistant NSCLC cell lines (Zhao et al. 2021).
Subsequent WEE1 inhibition using pharmacological (MK1775) and genomic
(RNAI) tools resensitised resistant cells to prexasertib, indicating that increased
WEE1 activity is required for CHK1i resistance and providing therapeutic
rationale for the combinatorial use of WEE1 and CHK1 inhibitors. In another
study, prexasertib resistant BRCA wild-type ovarian cancer cell lines
demonstrated a sustained cell cycle delay in the G2 phase that was caused by
downregulation of cyclin B1 expression and reduced CDK1 activity (Nair et al.
2020). In parental cells, RNAi-mediated gene silencing of cyclin B1 and small
molecule inhibition of CDK1 activity promoted resistance to prexasertib.
Together, these observations suggest that the primary mechanisms of CHK1i
resistance may involve aberrations in the expression and regulation of CHK1

and/or its downstream targets.

While mechanisms of CHK1i resistance continue to be investigated using dose-
escalated models, it remains unclear whether the same strategies would emerge
via a persister cell bottleneck. In anticipation of CHK1i being approved for clinical
use, it is imperative to characterise DTP formation and progression and assess
the contribution of DTP-mediated processes to overt drug resistance under this

novel therapeutic context.
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2.1. Cell lines and culture
2.1.1. Cell lines

Human NSCLC cell line A549 (CRL-10317) was obtained from the American
Type Culture Collection (ATCC) and neuroblastoma cell line SK-N-AS
(94092302) from the European Collection of Authenticated Cell Cultures
(ECACC). TNBC cell line MDA-MB-231 was kindly provided by Professor S.
Linardopoulos (Institute of Cancer Research, UK). All cell lines were
authenticated in-house by short tandem repeat (STR) profiling using a
GenePrint® 10 System (Promega, USA) and confirmed negative for Mycoplasma
contamination using a Venor®GeM Classic Mycoplasma PCR Detection Kit
(Minerva Biolabs, Germany) prior to cryostorage in vapour phase liquid nitrogen
(see Section 2.1.3). Cell lines were renewed every three months and routinely

screened for Mycoplasma contamination every 6 - 12 months.
2.1.2. Culture conditions and passage

A549 were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium
(Sigma-Aldrich, USA) supplemented with 10% foetal bovine serum (FBS; Gibco,
USA). SK-N-AS were maintained in Dulbecco’s Modified Eagle Medium (DMEM,;
Sigma-Aldrich, USA) supplemented with 2 mM L-glutamine (Gibco, USA), 1%
non-essential amino acids (Sigma-Aldrich, USA), and 10% FBS. MDA-MB-231
were maintained in DMEM supplemented with 2 mM L-glutamine, 1 mM sodium
pyruvate (Sigma-Aldrich, USA), and 10% FBS. All cell lines were incubated at
37 °C in a humidified atmosphere of 5% CO2 and cultured in Nunc™ tissue-
culture flasks or plates (Thermo Fisher Scientific, USA), unless otherwise stated.
For passage, cells were washed in phosphate-buffered saline (PBS; Gibco,
USA), detached from the tissue culture flask using 0.25% trypsin-
ethylenediaminetetraacetic acid (EDTA) solution (Sigma-Aldrich, USA or Gibco,

USA), neutralised in medium, and split at an appropriate ratio for each cell line.
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2.1.3. Cryopreservation and recovery

Cells grown in T-75 or T-175 tissue culture flasks were detached using trypsin-
EDTA and neutralised with addition of medium. Cells were centrifuged for 3
minutes at 450 x g, supernatant aspirated, and pellets resuspended in culture
medium supplemented with 50% FBS and 10% dimethyl sulfoxide (DMSO;
Sigma-Aldrich, USA). Cell suspensions were aliquoted into Nalgene® Cryo-
Tubes (Thermo Fisher Scientific, USA), snap-frozen on dry ice, and stored
overnight at -80 °C prior to long-term storage in vapour phase liquid nitrogen.
Cells were recovered by incubating cryotubes in a 37 °C water bath until partially
thawed, and then thaw completed at room temperature (RT; 21 - 24 °C). Cells
were diluted in medium and centrifuged for 5 minutes at 200 x g. Supernatants
were aspirated, pellets resuspended in culture medium, and cells transferred to

a T-25 or T-75 tissue culture flask containing prewarmed medium.

2.1.4. Population doubling time (PDT)

Cells were seeded in a final volume of 5 mL at 2 x 10 cells/mL into T-25 tissue
culture flasks. Cells were detached and counted every 24 - 48 hours for up to 12
days using a Z2 Coulter Particle Count and Size Analyser (Beckman Coulter,
USA). PDTs were calculated from log growth phase data using “exponential

growth equation” non-linear regression analysis in GraphPad Prism 10.0.

2.2. Compounds and recombinant human proteins

Tazemetostat was kindly gifted by Dr Ben Bellenie (Institute of Cancer Research,
UK). All other compounds and human recombinant proteins were sourced,
reconstituted, and stored as outlined in Table 2-1. SRA737, BOS-172722,
gemcitabine, and paclitaxel were verified by LC-MS after reconstitution by Dr
Tatiana McHardy (Institute of Cancer Research, UK). For cell viability (Glso)
assay, stock compounds and vehicle controls were loaded into 384-well source
plates (Labcyte, USA) in preparation for dispense using an Echo 650 Acoustic
Liquid Handler (Labcyte, USA) (see Section 2.3).
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Table 2-1: Source, stock, and storage information for compounds and human recombinant

proteins.

RT = room temperature (21 - 24 °C); BSA = bovine serum albumin; DMSO = dimethyl sulfoxide;
ddH20 = double-distilled water.

g:oTeF::UNd ! Source Solvent Stock Storage
Compounds
SRA737 Insight Biotechnology, UK DMSO 10 mM -80 °C
BOS-172722 | Insight Biotechnology, UK DMSO 10 mM RT (dark)
Gemcitabine | Insight Biotechnology, UK DMSO/Saline 1 mM -80 °C
Paclitaxel Insight Biotechnology, UK DMSO 1 mM -80 °C
AZD1390 Insight Biotechnology, UK DMSO 10 mM -80 °C
KU60019 Insight Biotechnology, UK DMSO 10 mM -80 °C
AZD6738 Insight Biotechnology, UK DMSO 10 mM -80 °C
VE822 Insight Biotechnology, UK DMSO 10 mM -80 °C
LY2603618 Insight Biotechnology, UK DMSO 10 mM -80 °C
MK8776 Insight Biotechnology, UK DMSO 10 mM -80 °C
AZD7762 Insight Biotechnology, UK DMSO 10 mM -80 °C
AZD1775 Insight Biotechnology, UK DMSO 10 mM -80 °C
Tazemetostat | ICR, UK DMSO 10 mM -80 °C
SD-36 Aaron Chemicals, USA DMSO 10 mM -80 °C
Tofacitinib Insight Biotechnology, UK DMSO 10 mM -80 °C
Ruxolitinib Insight Biotechnology, UK DMSO 10 mM -80 °C
BMS-911543 | Insight Biotechnology, UK DMSO 10 mM -80 °C
Palbociclib Insight Biotechnology, UK DMSO 10 mM -80 °C
Etoposide Sigma-Aldrich, USA DMSO 1 mM -80 °C
Puromycin Sigma-Aldrich, USA ddH20 1mM -20 °C
Recombinant human proteins

rh-IL-2 Bio-Techne, USA T e | 100 ugimL | -80°C
rh-1L-6 Bio-Techne, USA PBS + 0.1% BSA | 200 ng/mL | -80 °C
rh-INFy Bio-Techne, USA ddH20 200 ng/mL | -80 °C
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2.3. Cell viability assay for compound Glso determination

2.3.1. CellTiter-Glo® assay

Briefly, CellTiter-Glo® reagent (Promega, USA) and experimental tissue culture
plates were brought to room temperature. CellTiter-Glo® reagent was added 50
pL/well (96-well plates) or 20 pL/well (384-well plates) and plates mixed
vigorously for three minutes using a plate shaker. Plates were incubated at RT
for 10 minutes and luminescence read using an Envision Multilabel Plate Reader
(Perkin Elmer, USA).

2.3.2. Seeding density optimisation

Optimal seeding density and assay end-point were determined for each cell line.
Cells were seeded at a range of densities into solid white 96-well or 384-well
plates (Corning, USA) in a final volume of 100 pyL or 40 pL culture medium,
respectively. Luminescence was measured by CellTiter-Glo® assay every 24
hours for a total of 6 days. Optimal seeding density was determined from the
linear part of the curve before signal plateau. Increases in luminescence signal
were used to calculate the number of expected population doublings for use as
an additional control to monitor changes in proliferation rate that can affect Glso

determination (Table 2-2).

Table 2-2: Optimal conditions for cell viability (Glso) assay.

Cell line Se‘;zi_":vgelcl'ensny (;:"1'_?':‘2’:") End-point (h) | Minimum doublings
A549 750 N/A 96 3.7
SK-N-AS 1500 800 120 2.2
MDA-MB-231 1500 N/A 120 2.2
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2.3.3. Compound Glso determination

96-well tissue culture plates

Cells were seeded at the optimal density into solid white 96-well plates in a final
volume of 100 uL culture medium and incubated for 24 - 36 hours. BOS-172722,
paclitaxel, gemcitabine, and vehicle controls were prepared using an Echo 650
Acoustic Liquid Handler (Labcyte, USA). Stock solutions were dispensed from
384-well source plates (Labcyte, USA) into 96-well U-bottom destination plates
(Greiner, Austria), and diluted in vehicle to nine points at 11X final concentration.
Dispensed compounds were mixed in 100 yL culture medium and added 10
pL/well to assay plates. SRA737 and appropriate vehicle controls were similarly
prepared by manual serial dilution of stock compound in vehicle supplemented
culture medium and added 10 uL/well to assay plates. All compound treatments
were performed in duplicates at a minimum and vehicle concentration was
consistent across the dose range. Plates were gently mixed and incubated at 37
°C, 5% CO:2 for the appropriate time before cell viability was measured by
CellTiter-Glo® assay (see Section 2.3.1). A replicate plate was assayed at time
zero (To). End-point cell viability was calculated relative to the To or vehicle

treated control as follows:

T,
- (e
0

Tena — To

) X 100 or % Vehicle = ( ) x 100

End — TO

where To = luminescence at time of treatment, Tenda = luminescence from
compound treated wells at assay end-point, and Venda = luminescence from
vehicle treated wells at assay end-point. Glso values were determined using four
parameter non-linear regression analysis in GraphPad Prism 10.0. Constraints
were applied if appropriate. Both methods of cell viability analysis produce

comparable Glso values.

384-well tissue culture plates
Cells were seeded at the optimal density into solid white 384-well plates in a final
volume of 40 pL culture medium and incubated for 24 - 36 hours. Compounds

and vehicle controls were dispensed onto cells using an Echo 650 Acoustic Liquid
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Handler (Labcyte, USA) to a 10-point dose-response. All compound treatments
were performed in duplicates at a minimum and vehicle concentration was
consistent across the dose range. Plates were centrifuged for 1 minute at 200 x
g and incubated at 37 °C, 5% COz2 for 120 hours. Cell viability was measured
using the CellTiter-Glo® assay (see Section 2.3.1) and Glso values determined
as previously described (see Section 2.3.3).

Glso values were used to calculate 100X Glso compound doses for drug-tolerant

persister cell experiments and as a measure of drug sensitivity.

2.4. Acute and long-term lethal drug exposure

2.4.1. 15-day time course

A549, SK-N-AS, or MDA-MB-231 cells were seeded into 6-well tissue culture
plates and incubated for 48 hours prior to treatment with the relevant compounds
at 100X Glso, or an equivalent concentration of DMSO vehicle as control (Table
2-3). Compound or vehicle supplemented culture medium was renewed every 4
- 5 days and vehicle treated cells were passaged and diluted back to seeding
density every 5 days. Cells were counted using a Z2 Coulter Particle Count and
Size Analyser (Beckman Coulter, USA) at To and every 24 hours thereafter for a
total of 15 days. A replicate plate was loaded onto an IncuCyte® S3 (Sartorius,
Germany) and 16 fields of view per well imaged every 12 hours by phase contrast
microscopy at 10X magnification. At each time point the surviving proportion was
calculated relative to the To using the % To formula in Section 2.3.3. Responses
between compound treatments were tested for statistical difference by linear
regression using GraphPad Prism 10.0.
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Table 2-3: Conditions for 15- and 50-day persister cell time course experiments.

. Seeding density
Cell line (cells/well) Compound Drug-release (day)
A549 50,000 Gemcitabine 8
SRA737
SK-N-AS 100,000 7
Gemcitabine
BOS-172722
MDA-MB-231 100,000 10
Paclitaxel

2.4.2. 50-day time course

A549, SK-N-AS, or MDA-MB-231 cells were seeded into 6-well tissue culture
plates and treated with compounds as described above (see Section 2.4.1). After
7- (SK-N-AS), 8- (A549), or 10- (MDA-MB-231) days drug exposure, cells were
PBS washed and further cultured in compound or vehicle (drug-release)
supplemented medium for up to 50 days (Table 2-3). Control cells were cultured
and passaged in parallel, and compound supplemented medium was renewed
as previously described (see Section 2.4.1). Phase contrast microscopy images
from 16 fields/well were captured at 10X magnification every 4 - 5 days using an

Incucyte® S3 until end-point.

2.5. Drug-tolerant persister (DTP) and expanded persister (DTEP)

cells

2.5.1. Generation

To generate DTPs, SK-N-AS cells were treated with 10 yM SRA737 (100X Glso)
for a total of 7 days, with compound supplemented medium renewed at day 5.
After 7 days, DTPs were PBS washed and further cultured for up to 50 days in
the presence or absence of SRA737 to generate DTEP or drug-released
populations, respectively. Cells exposed to an equivalent DMSO concentration
were cultured in parallel as a control and passaged back to seeding density as

required. At least three DTP, DTEP, or drug-released populations were
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independently generated for RNA sequencing. DTP, DTEP, and drug-released
populations were verified by STR profiing and confirmed negative for

Mycoplasma contamination prior to cryostorage in vapour phase liquid nitrogen.
2.5.2. mKate2-SK-N-AS stable cell line

SK-N-AS cells were seeded in a final volume of 1 mL/well at 9 x 10* cells/mL into
a 24-well tissue culture plate (Corning, USA) and incubated for 24 hours. Cells
were transduced at a multiplicity of infection of 3 with the Incucyte® Nuclight Red
Lentivirus (Sartorius, Germany) reagent diluted in culture medium supplemented
with 5 ug/mL Polybrene (Merck, Germany) for 24 hours. The Nuclight Red
Lentiviral construct drives expression of a nuclear-restricted mKate2 red
fluorescent protein under the control of an EF-1a promoter and harbours a
puromycin resistance gene. Transduced cells were therefore propagated under
selection with puromycin supplemented culture medium (1 pg/mL; Sigma-Aldrich,
USA) and nuclear mKate2 expression confirmed by red fluorescence microscopy
using an Incucyte® S3. Population doubling time and SRA737-induced DTP
formation were validated against parental SK-N-AS cells prior to experimental
use. mKate2-SK-N-AS cells were only maintained in puromycin supplemented

medium during routine culture; this was removed for experimental use.
2.5.3. DTP quantification

SK-N-AS cells were seeded in a final volume of 5 mL or 15 mL at 2 x 10° cells/mL
into T-25 or T-75 tissue culture flasks, respectively, and incubated for 48 hours
prior to DTP generation with SRA737, or treatment with DMSO as control (see
section 2.5.1). Cells were counted using a Z2 Coulter Particle Count and Size
Analyser at To and day 7. Counts from control treated flasks were multiplied by
the day 5 split ratio to calculate total cell number. Day 7 counts were calculated
relative to the To using the % To formula in Section 2.3.3. Means from three
independent experiments were tested for statistical difference by ordinary one-
way ANOVA with Sidak’s or Tukey’s correction, as indicated, using GraphPad
Prism 10.0.
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2.5.4. DTP-to-DTEP transition

mKate2-SK-N-AS cells were seeded in a final volume of 1 mL/well at 8.4 x 10%
cells/mL into a 24-well tissue culture plate (Corning, USA) and incubated for 48
hours. Prior to compound treatment, plates were imaged by whole-well red
fluorescence and phase contrast microscopy at 4X magnification using an
Incucyte® SX5 (Sartorius, Germany). Cells were treated with SRA737 to induce
DTP formation, or vehicle as control as previously described (see Section 2.5.1).
After 7 days, plates were imaged, and DTPs washed in PBS prior to further
culture in the presence (DTEP) or absence (drug-release) of compound for up to
50 days. All treatments were performed in duplicate. Compound and vehicle
supplemented medium was renewed and vehicle treated cells were passaged
and split back to seeding density every 7 days. Whole-well imaging was
performed every 7 days until end point. Whole-well cell counts were obtained by
Top-Hat segmentation of red fluorescent nuclei using Incucyte software (v2022A)
and plotted for each time point. Counts from control treated wells were
cumulatively multiplied by split ratios to calculate total cell number. Mean total
cell counts at experimental end point from n=2 independent experiments were
tested for statistical difference by unpaired two-tailed Student’s t-test, or ordinary
one-way ANOVA with Sidak’s correction, as indicated, using GraphPad Prism
10.0. Duplicate samples seeded into T-25 tissue culture flasks were collected for

Western blot analysis (see Section 2.10).
2.6. Dose-escalation

Drug-resistant SK-N-AS populations were generated by exposure to increasing
SRA737 concentrations over a period of approximately 3 months. SRA737 was
increased in 2-fold increments once cells had reached unconstrained
proliferation. Thereafter, cells were routinely maintained in 10 yM SRA737 and
resistance confirmed by cell viability (Glso) assay (see Section 2.3). Cells
exposed to equivalent DMSO concentrations were cultured in parallel as a
control. A total of four pooled dose-escalated populations were independently
generated for RNA sequencing. Dose-escalated cells were verified by STR
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profiing and confirmed negative for Mycoplasma contamination prior to
cryostorage in vapour phase liquid nitrogen.

2.7. Dilutive proliferation assay

SK-N-AS cells were seeded in a final volume of 15 mL at 2 x 10° cells/mL into T-
75 tissue culture flasks and incubated for 48 hours. Prior to DTP generation with
SRA737, cells were stained with 2.5 yM ViaFluor® 405 SE Cell Proliferation Dye
(Biotium, USA) diluted in prewarmed PBS for 15 minutes at 37 °C, 5% CO2. Dye
solution was removed, and cells washed in line with the manufacturer’s
instructions. DTPs were generated as previously described (see Section 2.5.1)
and vehicle treated cells passaged as required. At day 7, cells were collected
and resuspended at 0.25 - 1 x 10° cells/mL in PBS, and blue fluorescence signal
intensity measured at Exsos/Emass nm using a BD LSR Il Flow Cytometer (BD
Biosciences, USA). A replicate flask was collected and analysed immediately
after staining (To). Sphero™ Ultra Rainbow standard beads (Spherotech, USA)
were run at each time point to control for instrument variability. Mean signal
intensity from 10,000 events was determined using BD FACSDiva™ software
(BD Biosciences, USA). Means from three independent experiments were tested
for statistical difference by ordinary one-way ANOVA with Tukey’s correction

using GraphPad Prism 10.0.

2.8. B-galactosidase activity assay

Day 7 DTPs and control cells were collected for B-galactosidase activity assay
using the CellEvent™ Senescence Green Flow Cytometry Assay kit (Invitrogen,
USA) in line with manufacturer’s instructions. Briefly, 5 x 10° cells were fixed in
2% paraformaldehyde (Thermo Fisher Scientific, USA) diluted in PBS and then
incubated in working solution (Green Probe diluted 1:1000 in Senescence Buffer)
for 90 minutes at 37 °C in the absence of CO2. Cells were washed and pellets
resuspended in 500 pL 1% bovine serum albumin (BSA; Sigma-Aldrich, USA)
diluted in PBS. Green fluorescence was measured at Exago/Ems20 nm using a BD
LSR Il Flow Cytometer. Cells with a signal intensity 22 x 10* relative fluorescence
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units, representing >2-fold increase compared to DMSO treated control, were
classified as [(-galactosidase positive (senescent) and calculated as a
percentage of 10,000 total events using BD FACSDiva™ software. Means from
three independent experiments were tested for statistical difference by ordinary
one-way ANOVA with Dunnett's or Tukey's correction, as indicated, using
GraphPad Prism 10.0.

2.9. Apoptosis and Cytotoxicity assay

Apoptosis (caspase 3/7 activity) and cytotoxicity (dead cell protease activity) were
measured using the ApoTox-Glo® Triplex assay (Promega, USA). Cells for DTP
generation were seeded at high density (1.25 x 10* cells/well) and those for
control treatment at low density (1.5 x 102 cells/well) in a final volume of 100 yL
in solid white 96-well plates and incubated for 48 hours. All treatments were
performed in triplicate. After 7 days compound or control treatment, plates were
assayed in line with the manufacturer's instructions. Briefly, 20 pL/well
Viability/Cytotoxicity Reagent was added to wells, plates mixed and incubated at
37 °C, 5% COz2 for 90 minutes. Fluorescence intensity was read at two sets of
wavelengths to measure cell viability (Exs00/Emsos) and cytotoxicity (Exsss/Emszo)
using the PHERAstar FSX Microplate Reader (BMG Labtech, Germany).
Caspase-Glo® 3/7 Reagent was then added 100 puL/well, plates mixed and
incubated at RT for 30 minutes. Luminescence was read using a PHERAstar
FSX Microplate Reader. Cytotoxicity and apoptosis values were normalised to
cell viability and then calculated relative to DMSO treated control. Means from
three independent experiments were tested for statistical difference by ordinary
one-way ANOVA with Dunnett's or Tukey's correction, as indicated, using
GraphPad Prism 10.0.
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2.10. Cell lysis and Western blotting

2.10.1. Cell lysis

Plated cells were PBS washed and frozen at -80 °C for a minimum of 24 hours.
Lysis buffer was added directly to wells and cells scraped for efficient
detachment. Total cell lysates were prepared using either NP-40 or RIPA lysis
buffer supplemented with protease (Sigma-Aldrich, USA) and/or phosphatase
inhibitors (Thermo Fisher Scientific, USA) (Table 2-4). All lysates were stored at
-80 °C and kept at 4 °C during handling.

NP-40 lysates were centrifuged at 4 °C for 10 minutes at 20,000 x g for
clarification and protein concentration determined by Bradford assay (see Section
2.10.2). RIPA lysates were sonicated for 10 seconds using an MSE Soniprep
150 followed by 10 minutes incubation on ice and protein concentration
determined by bicinchoninic acid (BCA) assay (see Section 2.10.2).

For histone modifications (excluding yH2AX), 2.5 x 10° total cells were PBS
washed, pelleted, and lysed directly in 50 uL 3X Laemmli sample buffer (200 mM
tris-base pH 6.8, 30% glycerol, 8% sodium dodecyl sulphate (SDS), 4% B-
mercaptoethanol, and 0.03% bromophenol blue).

Table 2-4: Formulation of NP-40 and RIPA cell lysis buffers.

NP-40 RIPA
Formulation 250 mM sodium chloride 140 mM sodium chloride
50 mM HEPES, pH 7.4 10 mM tris-HCI, pH 8.0
0.1% NP-40 substitute 0.1% SDS
10 mM B-glycerophosphate 0.1% sodium deoxycholate
1 mM sodium fluoride 1% Triton X-100
1 mM dithiothreitol
0.1 mM sodium orthovanadate
Additive cOmplete™ mini EDTA-free 100X Halt™ protease and
protease inhibitor phosphatase inhibitor cocktail
1 tablet per 10 mL 100 pL in 10 mL
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2.10.2. Protein quantification

Bradford assay

NP-40 lysates were diluted 1:10 - 1:20 in double-distilled water (ddH20) and 5 uL
added to 200 uL Bradford reagent (Bio-Rad, USA) in a clear 96-well plate. BSA
diluted in ddH20 (0.1 - 2.0 mg/mL) were used as protein standards. All samples
were tested in duplicate. Plates were mixed and incubated at RT for 10 minutes.
Absorbance was read at 590 nm using a Wallac Victor X4 Multilabel Plate Reader
(PerkinElmer, USA), and protein concentrations determined from a standard

curved generated using protein standards.

BCA assay

RIPA lysates and protein standards were prepared as described above (see
Bradford assay) and 10 uL added to 200 pL working BCA reagent (Thermo Fisher
Scientific, USA; copper (ll) sulphate mixed with BCA 1:50) in a clear 96-well plate.
All samples were tested in duplicate. Plates were mixed and incubated at 37 °C
for 30 minutes. Absorbance was read at 570 nm using a Wallac Victor X4
Multilabel Plate Reader and protein concentrations determined as previously

described (see Bradford assay).

2.10.3. Western blotting

Protein lysates were diluted to equal concentration and mixed with 3X Laemmli
sample buffer. Lysates were heat denatured at 95 °C for 5 minutes, and 20 - 25
ug separated on Novex™ WedgeWell™ 10% Tris-Glycine gels (Thermo Fisher
Scientific, USA) using 1X Tris-Glycine SDS running buffer (Thermo Fisher
Scientific, USA) at 150 V for approximately 65 - 80 minutes. SeeBlue™ Plus2
Pre-Stained Protein Standard (Invitrogen, USA) was used as a molecular weight
marker.  Proteins were transferred onto methanol-activated Immobilon-P
polyvinylidene fluoride (PVDF) membranes (Merck, Germany) using 1X Tris-
Glycine transfer buffer (Thermo Fisher Scientific, USA) supplemented with 20%
methanol (Thermo Fisher Scientific, USA) at 120 V for 90 minutes.
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For yH2AX, the above procedure was applied with the following amendments: 8
- 12 ug total protein was separated on NUPAGE™ 4 - 12% Bis-Tris gels
(Invitrogen, USA) using 1X NUPAGE™ MOPS SDS running buffer (Invitrogen,
USA). Proteins were transferred using 1X NuUPAGE™ transfer buffer (Invitrogen,

USA) supplemented with 20% methanol.

For other histone modifications, the same procedure was applied with the
following amendments: 4 - 7 uL lysate were separated on NUPAGE™ 4 - 12%
Bis-Tris gels using 1X NuUPAGE™ MOPS SDS running buffer. Proteins were
transferred onto methanol-activated Immobilon-FL PVDF membranes (Merck,
Germany) using 1X NuUPAGE™ transfer buffer supplemented with 20% methanol.

2.10.4. Detection

After transfer, membranes were air dried for 1 hour at RT, reactivated in
methanol, and washed in TBS-T (50 mM Tris pH 8.0, 150 mM sodium chloride,
0.1% Tween-20) for 5 minutes. Membranes were incubated in blocking buffer
(5% BSA in TBS-T) for 1 hour at RT prior to incubation with primary antibodies
overnight at 4 °C (Table 2-5). Membranes were washed four times in TBS-T for
6 minutes and then incubated with HRP- (Bio-Rad, USA) or IRDye- (LI-COR
Biosciences, USA) conjugated secondary antibodies for 1 - 2 hours at RT (Table
2-5). Membranes were washed four times in TBS-T for 6 minutes. HRP-
conjugated secondary antibodies were detected after membrane incubation in
Pierce™ ECL Western Blotting Substrate, SuperSignal™ West Pico PLUS
Chemiluminescent Substrate, or SuperSignal™ West Femto Maximum
Sensitivity chemiluminescent substrates (Thermo Fisher Scientific, USA) for 3
minutes at RT in the dark. Bound proteins were visualised using the
chemiluminescent channel on a LI-COR Odyssey FX Imager (LI-COR
Biosciences, USA) for 5 minutes. IRDye-conjugated secondary antibodies were
detected by near infrared fluorescence (NIR) using the 700 or 800 channel for 3

minutes.
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2.10.5. Quantification

Protein bands were quantified using Image Studio Lite software (v 5.2; LI-COR
Biosciences, USA). Signal intensities were normalised to loading control (vinculin
or histone H3) and then calculated relative to the indicated control sample.
Phosphorylated proteins were similarly normalised, expressed as a ratio over
equivalent unphosphorylated (total) protein, and then calculated relative to the

indicated control sample.
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Table 2-5: Primary and secondary antibodies used for Western blotting.

Antibody Species Dilution Supplier Product #
Primary antibodies
Vinculin Mouse 1:10,000 Sigma V9264
Wee1 Rabbit 1:1000 CST 4936
Cleaved PARP Rabbit 1:1000 CST 9541
pS296-Chk1 Rabbit 1:1000 CST 90178
Total Chk1 Mouse 1:1000 CST 2360
pY15-CDK1 Rabbit 1:1000 CST 4539
Total CDK1 Mouse 1:1000 CST 9116
H3K27ac Rabbit 1:1000 CST 8173
H3K27me3 Rabbit 1:1000 CST 9733
H3K27me2 Rabbit 1:1000 CST 9728
H3K27me1 Rabbit 1:1000 CST 84932
H3K18ac Rabbit 1:1000 CST 9675
H3K9me3 Rabbit 1:1000 Abcam ab8898
H3K4me3 Rabbit 1:1000 Diagenode C15410003
Histone H3 Mouse 1:1000 Active Motif 39763
pS319-H2AX (YH2AX) | Rabbit 1:2000 Abcam ab11174
pY701-STAT1 Rabbit 1:1000 CST 7649
STAT1 Rabbit 1:1000 CST 9172
pY705-STAT3 Rabbit 1:1000 CST 9145
STAT3 Rabbit 1:1000 CST 12640
pY694-STAT5 Rabbit 1:1000 CST 4322
STAT5 Rabbit 1:1000 CST 94205
Secondary antibodies
Qgg;gbbit IRDye- Goat 1:5000 'E';'i;f;gsnces 926-68071
gggé”\}fl’use IRDye- | Goat 1:5000 'E';'i;igsnces 926-32210
Anti-rabbit HRP Goat 1:10,000 Bio-Rad 170-6515
Anti-mouse HRP Goat 1:10,000 Bio-Rad 170-6516
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2.11. RNA sequencing

2.111. RNA extraction and sequencing

Total RNA was extracted from 0.5 - 2 x 108 cells using the MagNA Pure 96
Cellular RNA Large Volume Kit and MagNA Pure 96 automated instrument
(Roche, Switzerland). RNA was quantified and quality control checked for purity
(absorbance 260/280 ~2.0, absorbance 260/230 2.0 - 2.2) using a
NanoPhotometer (Implen, Germany). RNA sequencing was performed at Beijing
Genomics Institute Inc. (BGI Inc.), Denmark or Hong Kong. Briefly, enriched
mRNA was ligated into RNA adaptors to prepare a DNBSEQTM Eukaryotic
mRNA library for sequencing using the DNBSEQTM Next-Generation
Sequencing platform (BGI Inc.). Raw FastQ data were filtered to remove adaptor

sequences and low-quality reads using SOAPnuke software (BGl Inc.).

All RNAseq analysis was performed by Qiong Gao with guidance from Dr

Konstantinos Mitsopoulos (both Institute of Cancer Research, UK).

2.11.2. Alignment and gene read count

RNAseq paired-end reads (read length 100 base pairs) were aligned to the
human GRCh38 reference genome and read counts for each gene were
calculated with STAR Aligner (star2.7.6a) (Dobin et al. 2013).

2.11.3. Differential expression and pathway enrichment analysis

The gene read counts were normalized using trimmed mean of M values (TMM)
(Robinson and Oshlack 2010) in EdgeR (Robinson, McCarthy, and Smyth 2010).
Normalized TMM counts were profiled for differential gene expression using
EdgeR's Quasi-likelihood ratio (gimQLFit). Statistically significant differentially
expressed genes were selected using an absolute fold change =2 and false
discovery rate (FDR) <5%, and further filtered to exclude genes in poorly
annotated genomic regions, or whose expression was affected by time. The

resulting gene lists were functionally annotated using enrichR (Chen et al. 2013;
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Kuleshov et al. 2016; Xie et al. 2021) to identify altered pathways due to the
corresponding treatments. The pathway enrichment was performed using the
following data sources i) the “Hallmark”, “KEGG”, or “GO: Biological Process”
gene set databases from MSigDB (Subramanian et al. 2005; Liberzon et al.
2015), and ii) transcription factor databases from ENCODE (ENCODE 2012) and
CHEA (Lachmann et al. 2010). For individual pathways, the Benjamini—
Hochberg procedure was used to calculate FDR and to adjust for multiple testing.
Furthermore, the pathway enrichment was performed with and without
proliferation associated genes (Gao et al. 2014) to help identify non-proliferative

processes.

RNAseq data from persister and dose-escalated populations could not be directly
compared due to batch effects between sequencing runs. Hence, data were
interrogated for similarities or differences using comparative plots of Logz2FC in
gene expression from DTEP and ESC-10uM populations and Venn diagrams of
significantly enriched pathways. Proportional Venn diagrams were constructed

using BioVenn (Hulsen, de Vlieg, and Alkema 2008).
2.11.4. Gene signature scores

RNAseq data were interrogated for expression of published gene signatures
related to senescence (Fridman and Tainsky 2008), diapause (Rehman et al.
2021), and neural stem cell quiescence (Llorens-Bobadilla et al. 2015). For each
sample, a gene signature (GS) score was calculated as a weighted mean of all
genes in a signature. This was based on the normalised expression of the gene
in the test sample and assignment of a gene-specific weight (1 or -1 according to
the direction of their association with the phenotype in the original publication).
Means from =3 independent experiments were tested for statistical difference by
ordinary one-way ANOVA with Sidak’s correction using GraphPad Prism 10.0.
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2.12. Colony forming assay

Cells were seeded at low density (6 - 12 x 103 cells/well) in a final volume of 2
mLs/well into 6-well tissue culture plates, incubated for 48 hours, and treated with
the indicated concentrations of compound or DMSO as vehicle control. DMSO
concentration was consistent across the dose range. Compound and vehicle
were renewed every 5 days until day 13, when cells were PBS washed and fixed
in 10% trichloroacetic acid (Thermo Fisher Scientific, USA) overnight at RT.
Colonies were stained with 0.4% sulforhodamine B (Sigma-Aldrich, UK) diluted
in 1% acetic acid (Thermo Fisher Scientific, USA) for 90 minutes at RT and
visualised using a UV transilluminator following several washes in 1% acetic acid.
Duplicate samples were collected for histone Western blot analysis (see Section
2.10).

2.13. Cytokine array

Cytokine secretion in cell supernatants was measured using the Proteome
Profiler™ Human Cytokine Array (Bio-Techne, USA). Cell supernatants were
collected from DTP and control cells at days 5 and 7. Supernatants were
centrifuged at 4 °C for 3 minutes at 450 x g to remove particulates, snap-frozen
on dry ice and stored at -80 °C. For analysis, supernatants were thawed on ice
and day 5 and 7 samples thoroughly mixed together. The array procedure was
performed in line with the manufacturer’s instructions. Briefly, 15 pL of
reconstituted Human Cytokine Array Detection Antibody Cocktail was added to
700 uL of supernatant from each sample, mixed, and incubated at RT for 1 hour.
Sample/antibody mixtures were then incubated with pre-blocked array
membranes overnight at 4 °C. Membranes were washed three times for 10
minutes and then incubated with IRDye 800 CW Streptavidin (LI-COR
Biosciences, USA) solution (diluted 1:2000 in Array Buffer) at RT for 30 minutes.
After further washing, bound proteins were detected by NIR fluorescence using
the 800 channel on a LI-COR Odyssey DLx Imager (LI-COR Biosciences, USA).
Signal intensities were measured from duplicate capture antibody spots using
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Empiria Studio software (v 2.3; LI-COR Biosciences, USA), and calculated
relative to DMSO treated control.
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Chapter 3 Drug-tolerant persister cells arise following

lethal exposure to a targeted CHK1 inhibitor

3.1. Introduction

DTPs were first characterised in an in vitro model of NSCLC following lethal
exposure to small molecule EGFR inhibitors (Sharma et al. 2010) and have since
been identified in several cancer cell lines and patient-derived xenografts in
response to both targeted and cytotoxic therapeutics (Liau et al. 2017; Al Emran
et al. 2018; Rehman et al. 2021; Dhimolea et al. 2021), suggesting that they
represent a common tumour response to drug challenge. In the absence of
mutational resistance, DTPs are regulated and characterised by global epigenetic
changes that alter their transcriptional profiles. In particular, persister cell
populations are enriched for epigenetic modifications associated with
heterochromatin formation, such as trimethylated histone H3 lysine 9 (H3KO9me3)
and lysine 27 (H3K27me3), and simultaneously depleted in permissive chromatin
modifications, such as H3 lysine 18 acetylation (H3K18ac) (Liau et al. 2017; Guler
et al. 2017). However, with prolonged drug exposure DTPs can acquire de novo
resistance mutations (Hata et al. 2016; Ramirez et al. 2016; Isozaki et al. 2023).
As a potentially reversible pre-cursor to genetic resistance, targeting DTPs
represents an attractive strategy to mitigate the evolution of drug-resistance in

cancer.

While therapeutic contexts are expanding, to date much of the data comes from
studies using tyrosine kinase inhibitors (TKi) that abrogate oncogenic signalling.
As such, it is unclear if this persister phenotype is also observed in response to
drugs that act by alternative anti-tumour mechanisms, for example those
targeting monopolar spindle 1 kinase (MPS1) or checkpoint kinase 1 (CHK1) that
directly interfere with DNA integrity. The Institute of Cancer Research (ICR) and
others have developed small molecule inhibitors of MPS1 (MPS1i) and CHK1

(CHKH1i) that are currently under investigation in clinical trials (Table 3-1).
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BOS-172722 is small molecule inhibitor of MPS1 (Anderhub et al. 2019), a dual-
specificity protein kinase required for correct chromosomal alignment and
segregation as part of the mitotic spindle assembly checkpoint (SAC) (Abrieu et
al. 2001; Maciejowski et al. 2010; Dou et al. 2015). Preclinical studies identified
MPS1i sensitivity in cancer cells characterised by inadequate SAC regulation,
chromosomal instability, and aneuploidy, such as triple-negative breast cancer
(TNBC). Inthis cellular context, MPS1i also potentiates the effects of microtubule
polymerising agents (Tannous et al. 2013; Maia et al. 2015; Anderhub et al.
2019). As such, BOS-172722 is being tested alone and in combination with
paclitaxel in TNBC patients (NCT03328494).

SRA737 is a potent small molecule inhibitor of CHK1 (Walton et al. 2016); a
serine/threonine protein kinase that co-ordinates cell cycle and DNA damage
repair (DDR) checkpoints in response to genotoxic stress (reviewed in (Zhang
and Hunter 2014)). Preclinical studies revealed that CHK1i demonstrated
greatest efficacy in combination with DNA damaging agents (Walton et al. 2016)
and in cancers with endogenously high levels of DNA damage or dysregulated
DDR, such as MYCN-amplified neuroblastoma (Cole et al. 2011). Accordingly,
SRA737 is being trialled as a monotherapy and in combination with gemcitabine
in patients with genetically predicted sensitivity to CHK1i (NCT02797964 ;
NCT02797977).

In anticipation of the approval of these agents for clinical use, | reasoned that it
is imperative to characterise DTP formation and progression, and to assess the
contribution of DTP-mediated processes to overt drug resistance under these

new therapeutic contexts.

To maximise the clinical relevance of these experiments, | investigated DTP
responses to targeted MPS1 or CHK1 inhibitors within cell line models that reflect
the therapeutic context of pre-clinical investigations and on-going current clinical
trials. Cell lines were also selected based on single-agent MPS1i or CHK1i
sensitivity to minimise overt cytotoxicity caused by excessively high drug
concentrations. In addition, | sought to determine whether DTPs also arose in
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response to the general chemotherapies being clinically evaluated for use in
combination with these targeted agents.
CHK1 inhibitor clinical candidate SRA737 and gemcitabine were tested in A549
(NSCLC) and SK-N-AS (neuroblastoma) cell lines, and MPS1 inhibitor BOS-
172722 and paclitaxel in TNBC cell line MDA-MB-231.

In line with these requirements, the

Table 3-1: In vitro biochemical and cellular potency values of CHK1 and MPS1 inhibitors
in on-going clinical trial.

[l (Osborne et al. 2016); [@ (Walton et al. 2016); 81 (Woodward et al. 2018); 1 (Anderhub et al.
2019)

Target CHKA1 MPS1
Compound SRA737 BOS-172722
Clinical phase I/ I
TR N-
---\_]’_.f‘ T ~:7“‘-|.\ = =
Structure i, " o 5 A N
LY - ‘
In vitro 1Cs0 (UM) 0.0013MM 0.0118
Cellular Glso (uM)
Cell line | HT2912 MDA-MB-231
Single-agent | 0.70 0.094
Combination | 0.09 (gemcitabine) 0.035 (paclitaxel)
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3.2. Identification of a persister cell model

3.2.1. Determining lethal compound concentrations for persister cell studies

DTP cell populations are commonly generated in vitro by exposing tumour cells
to compound concentrations ~100-fold the Glso value. To determine Glso values
for compounds used in the present study, a cell proliferation assay using
CellTiter-Glo® as readout of cell viability was optimised for MDA-MB-231, SK-N-
AS, and A549 cells. Glso values were calculated for each compound in the
appropriate cell line using non-linear regression analysis of concentration-
response data normalised to the number of cells present at the time of treatment
(To). As well as being useful for calculating the total number of population
doublings, cytostatic and cytotoxic drug responses can be differentiated by
identifying data points above or below To, respectively; parameters that are often
neglected by normalisation to a vehicle control.

Measured Glso values ranged from low micromolar to low nanomolar
concentration and agreed with published observations, where available (Table 3-
1 & 3-2). Paclitaxel was more potent than BOS-172722 in MDA-MB-231 cells
(Figure 3-1A & Table 3-2). Similarly, gemcitabine showed greater potency than
SRA737 in both SK-N-AS and A549 cells (Figure 3-1B, 3-1C & Table 3-2)
demonstrating a general trend for increased sensitivity to general
chemotherapies over targeted agents in these cell lines. SK-N-AS and A549 cells
showed comparable sensitivity to gemcitabine (Glso 3 nM & 6 nM, respectively)
but differed considerably in sensitivity to SRA737, with SK-N-AS cells being ~20X
more sensitive than A549 cells (Table 3-2). This could be attributed to differences
in endogenous levels of DNA damage or replication stress, since high levels
confer collateral sensitivity to inhibitors of these pathways.

Glso values were used to derive lethal concentrations (~100X Glso) for DTP
studies (Table 3-2). In SK-N-AS cells the 100X Glso dose for gemcitabine is
situated on the portion of the dose-response curve that falls below To, indicating

that such a concentration will induce a cytotoxic response (Figure 3-1A). For
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SRA737, this dose falls just above the To, suggesting that this treatment will elicit
a cytostatic effect. In A549 cells the dose-response curve indicates that a 100X
Glso dose of gemcitabine will have a cytostatic effect as it remains above To
(Figure 3-1C). The expected effects of lethal BOS-172722 treatment in MDA-
MB-231 cells and SRA737 in A549 cells is uncertain, as the highest doses tested
are below the calculated 100X Glso value for these compounds. Interestingly, the
100X Glso doses for any compound failed to reduce cell viability to 0% of the To
indicating the presence of a subpopulation of surviving cells at assay endpoint.
This is particularly striking in the case of paclitaxel that has low nanomolar
potency in MDA-MB-231 cells, and yet fails to completely kill the starting cell
population. As similar reports have identified surviving cells as drug-tolerant
persisters (Sharma et al. 2010; Liau et al. 2017), these observations suggest the

presence of DTP subpopulations under new therapeutic contexts.
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Figure 3-1: Glso determination of selected compounds in MDA-MB-231, SK-N-AS, and A549

cells.

Non-linear regression analysis of (A) MDA-MB-231, (B) SK-N-AS, and (C) A549 cell viability
measured by CellTiter-Glo® assay 120h (A & B) or 96h (C) after compound addition. Graphs
show meanzSD of triplicate technical replicates and are representative of n=3 independent
experiments. Dotted line represents To. PAC: paclitaxel; GEM: gemcitabine.
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Table 3-2: Summary of cellular potency values (Glso) and approximate 100X Glso compound
concentrations used in DTP experiments.
Glso values are meanzSD.

Concentration (M)

MDA-MB-231 SK-N-AS A549
Gemcitabine Glso (n) 0.003 £ 0.000 (3) | 0.006 +0.001 (3)
Antimetabolite 100X Glso 0.30 0.60
SRA737 Glso (n) 0.092 £ 0.018 (3) | 2.033+0.132 (3)
CHK1 inhibitor 100X Glso 10 200
Paclitaxel Glso (n) 0.002 £ 0.001 (4)
Antimicrotubule | 100X Glso 0.25
BOS-172722 Glso (n) 0.058 + 0.005 (3)
MPS1 inhibitor 100X Glso 10

3.2.2. A subpopulation of cells survive acute lethal compound exposure

To investigate and identify potential DTPs, MDA-MB-231, SK-N-AS, and A549
cells were continuously treated with lethal compound concentrations for 15 days
and observed by microscopy at regular intervals. This experiment was not
conducted in A549 cells using SRA737 as the high 100X Glso dose calculated for

this agent would likely result in overt cytotoxicity.

Surviving populations were observed in MDA-MB-231 cells after 5-, 10-, and 15-
days exposure to 10 yM BOS-172722 or 0.25 yM paclitaxel (Figure 3-2A). Fewer
cells appeared to withstand lethal exposure to paclitaxel at day 5 compared to
BOS-172722. This trend continued up to day 15, suggesting that different
therapeutic assaults may elicit differential persister cell responses in the same
cancer cell line. Surviving cells were also observed in SK-N-AS cells treated with
10 uM SRA737 or 0.3 pM gemcitabine (Figure 3-2C). While cell numbers had
reduced after 15 days gemcitabine exposure, areas of growth were evident under
continued SRA737 treatment. Similarly, a surviving subpopulation of A549 cells
were detected after 4 days treatment with 0.6 uM gemcitabine (Figure 3-2E),
although these appeared to be greater in number compared to SK-N-AS cells

exposed to an equipotent gemcitabine dose (Figure 3-2C). This remained
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consistent up to 12 days exposure, indicating differential persister cell responses
to the same agent across different cancer cell lines. These microscopic
observations demonstrate that there is a subpopulation of cancer cells able to

tolerate lethal exposures to DNA damaging agents.

A defining characteristic of persister cell populations is the adoption of global
epigenetic changes. To investigate whether the remaining cells observed under
microscopy represent a surviving persister cell population, cells were collected
and examined for post-translational modifications on histone H3 (H3) by Western

blotting.

Slight increases in trimethylated H3 lysine 4 (H3K4me3) and lysine 27 (H3K27me3)
were observed at days 5, 10, and 15 in MDA-MB-231 cells treated with 10 uM
BOS-172722 versus To and vehicle treated controls (Figure 3-2B). This coincided
with a small decrease in lysine 27 acetylation (H3K27ac). There were no changes
in trimethylation at lysine 9 (H3K9me3) or acetylation at lysine 18 (H3K18ac).
Contrastingly, the changes observed in SK-N-AS cells were more pronounced.
Treatment with 10 yM SRA737 for 5-, 7-, and 13-days induced a dramatic
reduction in H3K27ac, concomitant with a time-dependent increase in H3K27me3
and a mild decrease in H3K18ac (Figure 3-2D). SK-N-AS cells also showed no
change in H3K9mes levels following SRA737 exposure, however, unlike MDA-MB-
231 cells treated with MPS1i, they showed no increase in H3K4mes, indicating that
different therapeutic assaults can elicit differential epigenetic alterations. In direct
contrast to this, A549 cells treated with 0.6 uM gemcitabine for 4-, 8-, or 12-days
showed a similar pattern of epigenetic alterations to SRA737 treated SK-N-AS
cells. No changes were observed in H3K4mes or H3K9mes levels (Figure 3-2F),
however there was a clear increase in H3K27me3 after 4 days gemcitabine
exposure that was maintained to day 12 and accompanied by a time-dependent
reduction in H3K27 ac.

The global epigenetic alterations observed in SK-N-AS and A549 cells following
lethal drug exposures are consistent with persister models published by others
(Sharma et al. 2010; Guler et al. 2017; Liau et al. 2017; Al Emran et al. 2018),
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providing evidence for the identification of these remaining cells as a drug-tolerant
persister population. Furthermore, these results revealed a particular enrichment
of hypermethylated H3K27 that was accompanied by H3K27 deacetylation.
These marks are strongly associated with the formation of heterochromatin and
gene silencing (Heintzman et al. 2009; Wiles and Selker 2017), indicating that
epigenetic-mediated downregulation of gene expression may play a key role in

DTP emergence under these new therapeutic contexts.

The evidence for positively identifying remaining MDA-MB-231 cells as DTPs is
less clear since the observed changes are relatively minor compared to the
alterations in SK-N-AS and A549 cells. As only a few epigenetic marks were
investigated, expansion using a wider panel of modifications may help to

definitively answer this question.
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Figure 3-2: Putative persister subpopulations are detected in MDA-MB-231, SK-N-AS, and
A549 cells following acute lethal compound exposure.
Continued on next page...
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Figure 3-2: continued

Phase-contrast microscopy images of (A) MDA-MB-231, (C) SK-N-AS, and (E) A549 cells during
lethal exposure to indicated compounds. (B, D & F) Western blot analysis of histone H3
modifications in To, compound, and control-treated cells at given time points. Images captured at
10X magnification, scale bar = 300 ym (A & E) or 400 ym (C). Microscopy images are
representative of n=1 independent experiment. Data shown are from a single experiment. PAC:
paclitaxel; GEM: gemcitabine.

3.2.3. Response to lethal drug exposure is context specific

Microscopic observations suggested that different anti-cancer agents may induce
differential persister cell responses. It is unclear if a given cancer cell line will
generate the same number of DTPs in response to diverse drug challenges, or,
moreover, if a single therapeutic agent will induce the same number of DTPs in
different cancer cell lines. To investigate this, MDA-MB-231, SK-N-AS, and A549
cell numbers were monitored during the course of 15 days continuous lethal drug

exposure.

Quantification confirmed microscopic observations in MDA-MB-231 cells treated
with BOS-172722 or paclitaxel, with cell numbers remaining consistently higher
under 10 yM BOS-172722 (Figure 3-3A). This is consistent with the increased
potency of paclitaxel over BOS-172722 in MDA-MB-231 cells (Figure 3-1A &
Table 3-2). Linear regression analysis revealed a statistically significant
difference in responses to the two compounds (Figure 3-3A) indicating that, in
this cellular model, different therapeutic agents may induce a different number of
DTPs. Despite showing a 30-fold increase in sensitivity to gemcitabine (Figure
3-1B & Table 3-2), SK-N-AS cells responded similarly to lethal concentrations of
SRA737 and gemcitabine (Figure 3-3B). This result is in contrast to microscopic
observations, wherein there was a clear difference in cell number between the
two treatments (Figure 3-2C). Regardless, this quantification demonstrates that
SK-N-AS cells may generate the same number of DTPs in response to different
therapeutic agents.

To investigate if the same agent will induce a similar number of DTPs in different

cancer cell lines, responses to equipotent concentrations of gemcitabine were
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compared between A549 and SK-N-AS cells. Although gemcitabine is similarly
potent in A549 and SK-N-As cells (Table 3-2), responses over 15 days lethal
exposure were statistically different (Figure 3-3C), confirming that the same
therapeutic agent can induce differential persister cell responses in different
cancer cell lines. This is in line with microscopic observations showing more
surviving A549 cells after gemcitabine treatment compared to SK-N-AS cells
(Figures 3-2C & 3-2E). Taken together, these results indicate that persister cell
responses are likely to be context specific, depending on both the type of

therapeutic challenge and cellular context.
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Figure 3-3: Response to lethal compound exposure is dependent on cellular and
therapeutic contexts.

Number of (A) MDA-MB-231, (B) SK-N-AS, and (C) A549 and SK-N-AS cells during the course
of 15 days continuous lethal exposure to indicated compounds, relative to To (dotted line). Shown
in (C) are the number of A549 and SK-N-AS cells over time in response to equipotent
concentrations of gemcitabine. Arrowheads indicate compound renewal. Graphs show
meanzSD of log10 transformed data from three independent experiments. Significance
statements refer to comparison of slopes resulting from linear regression analysis. PAC:
paclitaxel; GEM: gemcitabine. **** p<0.0001; ns = non-significant.
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3.2.4. Investigating progression of putative DTP populations

Another characteristic of persister cells is their ability to resume proliferation with
continued drug exposure (DTP-to-DTEP transition) and to recover following
removal of therapeutic pressure. However, MDA-MB-231, A549, and SK-N-AS
cell numbers had not yet increased by the end of 15 days lethal drug exposure,
indicating that a longer incubation time may be necessary to observe this effect.
To investigate this phenomenon in the remaining populations after short term
lethal exposure, cells were cultured in either the continued presence of 100X Glso
drug concentrations or in vehicle-supplemented medium up to 50 days (Figure 3-
4A).

While remaining cells were observed in MDA-MB-231 cells after 10 days lethal
exposure to BOS-172722 and paclitaxel (Figure 3-2A), no recovery was observed
after a further 40 days culture in the presence of either agent or following drug-
release into vehicle-supplemented medium (Figure 3-4B). This suggests that the
cell population remaining at day 10 were unfit and unable to resume proliferation,

even after removal of therapeutic pressure.

Conversely, a population of proliferating SK-N-AS cells were observed at day 50
after continued culture in the presence and absence of 10 yM SRA737 (Figure 3-
4C; left three panels), demonstrating that the cells surviving 7 days lethal drug
exposure are viable. This result is consistent with published reports from other
DTP models (Sharma et al. 2010; Liau et al. 2017), providing evidence to support
this as a bona fide DTEP population. Interestingly, SK-N-AS cells maintained in
SRA737 had an altered morphology; appearing larger in size and elongated in
comparison to vehicle-treated control (Figure 3-4C). SRA737-released
populations were more similar in appearance to vehicle treated cells. Although
not measured quantitatively, these microscopic observations suggest that
morphological changes may play a role in long-term responses to lethal SRA737
exposure. By contrast, SK-N-AS cells failed to recover after 50 days continuous
exposure to 0.6 yM gemcitabine (Figure 3-4C; right three panels). A small

subpopulation of surviving cells were observed following gemcitabine withdrawal;
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however, in the absence of cell viability assessments it remains unknown if these

cells are viable and/or proliferating.

A similar result was observed in response to gemcitabine in A549 cells (Figure 3-
4D). A small number of cells were present after further culture in both the
presence and absence of gemcitabine, however there was a general loss of
normal morphology when compared to vehicle treated control, with cells
appearing flat and spread out. Although these cells survived, it is unclear if they

are viable, senescent, or apoptotic.

The data presented in Figures 3-2 to 3-4 demonstrate the presence of a
subpopulation of MDA-MB-231, A549, and SK-N-AS cells that are able to survive
acute lethal drug exposures. Alterations to epigenetic profiles consistent with
other DTP models provides evidence to support their identification as a drug-
tolerant population. However, transition to the DTEP state and recovery after
drug withdrawal was only observed in SK-N-AS cells treated with the CHK1i

SRA737, identifying a putative persister cell response for further investigation.
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Figure 3-4: SK-N-AS cells undergo DTP-to-DTEP transition with prolonged exposure to
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(A) Treatment schema used to investigate progression of putative DTP populations in MDA-MB-
231 (top), SK-N-AS (middle), and A549 (Davies et al.) cells under continued lethal compound
exposure (solid lines) or following drug withdrawal (dotted lines). Phase-contrast microscopy
images of (B) MDA-MB-231, (C) SK-N-AS, and (D) A549 cells at Day 50. Images captured at
10X magnification from a single experiment, scale bar = 300 ym. PAC: paclitaxel; GEM:
gemcitabine.

83



Chapter 3

3.3. Confirming persister cell identity in response to lethal SRA737

exposure in SK-N-AS cells

3.3.1. Surviving SK-N-AS cells harbour persister cell hallmarks

Having identified a putative persister cell response in SK-N-AS cells treated with
SRA737, | sought to confirm the identity of remaining cells after lethal drug
exposure as DTPs using the hallmarks of persister cells defined by Sharma and

colleagues (2010).

DTPs are reported to account for <5% of the tumour cell population under
therapeutic challenge (Sharma et al. 2010), however, in the present study, the
remaining cells at day 7 accounted for 24% of the starting population (To) (Figure
3-5A & 3-5B). This could be due to differences in the cellular models and targeted
agents used for DTP generation. While these cells could represent the starting
population, another possibility is that a subpopulation survived initial drug
challenge and subsequently proliferated during treatment. To investigate the
origin of this surviving fraction, SK-N-AS cells were stained with a dilutive
proliferation dye before SRA737 exposure. Since the dye is equally divided
between daughter cells, subsequent reductions in signal intensity can be used as
a proliferative read-out. After 7 days, signal intensity was reduced by >100-fold
in vehicle treated control compared to freshly stained cells at To (Figure 3-5C),
corresponding to 7.5 population doublings. In comparison to vehicle control, cells
treated with 10 yM SRA737 retained a significantly higher level of signal (Figure
3-5C), representing a 5.6-fold reduction versus To and equating to 2.6 population
doublings. Although signal intensity remained relatively high, it was significantly
reduced versus the To population (Figure 3-5C) demonstrating that some cell
division occurred between days 0 to 7. Nonetheless, consistent with the slow-
cycling persister cell hallmark, these data demonstrate that proliferation rate is
reduced in the remaining drug-tolerant population. Furthermore, these results
indicate that the large proportion of DTPs present at day 7 originate from the
starting cell population, rather than a rare group of proliferating cells. This

suggests that DTPs are more prevalent within this therapeutic and cellular context
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and, as such, implies that the potential for obtaining a drug-tolerant state may not

be so rare within bulk tumour cell populations.

The ability to transiently adopt and exit the slow-cycling state is a defining
hallmark of DTPs. Data from long-term experiments suggested that surviving
cells at day 7 can resume proliferation with continued SRA737 exposure and
following SRA737 withdrawal (Figure 3-4C). To further investigate this
phenomenon, | generated a stable SK-N-AS cell line expressing a nuclear-
localised mKate2 red-fluorescent protein and used them to monitor whole-well
cell number during long-term exposure to lethal SRA737 concentration. mKate2-
SK-N-AS cells were validated for use as a suitable experimental model by
comparison of persister cell responses to parental SK-N-AS cells (Appendix
Figure 1). Cells were seeded and treated 48 hours later with 10 yM SRA737
(Figure 3-5D; black arrow). After 7 days, cells were either maintained in SRA737
or cultured in vehicle-supplemented medium for a further 41 days (Figure 3-5D;
purple arrow). Drug-released cells (REL) recovered quickly after SRA737
withdrawal, with cell humbers remaining consistent between days 7 and 13,
followed by a steady increase up until day 48. By experimental end-point, drug-
released populations were proliferating at the same rate as control treated cells,
as demonstrated by a comparable number of population doublings per day
(Figure 3-5E). In comparison, cells continuously exposed to SRA737 did not
begin to recover until after day 20 (Figure 3-5D). Cell numbers increased more
slowly over time, resulting in significantly fewer cells at day 48 compared to drug-
released populations (Figures 3-5D & 3-5F). Consistent with this, SRA737
treated cells proliferated at a significantly reduced rate versus vehicle control at
day 48 (Figure 3-5E), indicating that transition to a proliferating DTEP population
takes longer than recovery following drug withdrawal. In line with long-term
microscopy observations, these results demonstrate that slow-cycling SK-N-AS
survivors can resume proliferation following removal of SRA737 or progress to
DTEPs with continued drug exposure, fulfilling the hallmark of persister cell
transience. In addition, these data reveal the kinetics of recovery from the DTP

state and progression via DTP-to-DTEP transition under this new therapeutic
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context, informing experimental procedures to generate and isolate different
persister cell populations for further studies.

DTPs are also characterised by global epigenetic alterations that facilitate
transcriptional reprogramming. In line with previous results (Figure 3-2D), there
was a global increase in H3K27 tri-methylation (H3K27me3), with concomitant
decreases in K27 mono-methylation (H3K27me1) and acetylation (H3K274c), in
drug-tolerant SK-N-AS cells at day 7 (Figure 3-5G). These changes are
associated with heterochromatin formation and subsequent gene silencing
(Pasini et al. 2010). There was also a mild decrease in H3K18 acetylation
(H3K18ac); a modification associated with gene activation (Wang et al. 2008).
While no alterations were observed in H3K4me3 or H3K9mes, these results remain
consistent with reports from other DTP models (Sharma et al. 2010; Guler et al.
2017; Liau et al. 2017; Al Emran et al. 2018), providing further evidence to support
the emergence of a DTP population in response to lethal SRA737 exposure in
SK-N-AS cells. Furthermore, the enrichment of repressive modifications indicate
alteration of the epigenetic landscape and transcriptional profile in SRA737-
induced DTPs.

Previous studies report that histone alterations observed in DTP populations are
reversed once cells have transitioned to the proliferative DTEP state or recovered
following drug release (Sharma et al. 2010; Guler et al. 2017; Liau et al. 2017; Al
Emran et al. 2018). Indeed, epigenetic changes returned to control levels in SK-
N-AS cells following SRA737 withdrawal (Figure 3-5G). Surprisingly, however,
DTEPs maintained high levels of H3K27 methylation and reduced H3K27
acetylation, suggesting that initiation and preservation of these changes may be
important for DTP and DTEP cell states, but are superfluous once therapeutic
pressure has been removed. Accordingly, the genes regulated by these
epigenetic marks may also be required for persister cell formation and
progression, suggesting a role for epigenetic regulation in DTP emergence and

survival in the context of lethal CHK1 inhibition.
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Together, these results satisfy the persister cell hallmarks of drug-tolerance,
transient slow-cycling, and epigenetic modulation, confirming the emergence of
a bona fide DTP population in SK-N-AS cells in response to lethal SRA737

exposure.
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Figure 3-5: SK-N-AS cells remaining after lethal SRA737 exposure exhibit persister cell
characteristics.

(A) Phase-contrast microscopy images of SK-N-AS cells treated with vehicle (drug-naive) or 10
MM SRA737 (DTP) for 7 days. (B) Number of remaining cells at day 7 relative to the starting
population (To). (C) Quantification of ViaFluor® proliferative dye in the To population and day 7
vehicle or SRA737 treated cells. (D) Quantification of mKate2-SK-N-AS cells treated with vehicle,
SRA737 (DTEP), or SRA737 for 7 days followed by vehicle (REL) at indicated time points. (E)
Number of populations doubling/day in indicated cell populations. (F) Whole-well fluorescence
microscopy images of mKate2-SK-N-AS cells treated as in (D). (G) Western blot analysis of
histone H3 modifications in drug-naive and different persister cell populations at indicated time
points. Continued on next page...
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Figure 3-5: continued

Images captured at (A) 10X magnification, scale bar = 300 ym and (E) 4X magnification, scale
bar = 8 mm. Graphs show meant+SD from three independent experiments. Significance
statements in (C) result from analysis of log10 transformed data by ordinary one-way ANOVA
with Tukey’s correction, in (D) from comparison of log10 transformed means at day 48 by unpaired
two-tailed Student’s t-test, and in (E) from comparison of means by ordinary one-way ANOVA
with Tukey’s correction. **** p<0.0001; ** p<0.01; * p<0.05; ns = not significant.

3.3.2. SK-N-AS DTPs are a heterogeneous population

SK-N-AS day 7 DTPs account for 24% of the starting population (Figure 3-5B); a
figure that exceeds published data for other DTP models by ~5-fold (Sharma et
al. 2010). While these cells are slow-cycling and originate from the starting cell
population (Figure 3-5C) they could also be accounted for by other cell states,
such as apoptosis. To investigate this, day 7 DTPs were assessed for levels of

apoptosis and cytotoxicity using the ApoTox-Glo® triplex assay.

As a positive assay control, SK-N-AS cells were treated with 1 yM etoposide for
7 days. Accordingly, caspase 3/7 (apoptosis) and dead cell protease activity
(cytotoxicity) were significantly increased by 45- and 12-fold, respectively, relative
to DMSO treated control (Figure 3-6A & 3-6B). SK-N-AS DTPs also showed a
significant increase caspase 3/7 and dead cell protease activity; however, this
corresponded to only a 2-to-3-fold induction versus vehicle control. These data
show that a small proportion of remaining cells are apoptotic and/or necrotic but,
importantly, these phenotypes do not predominate in the population. This is
perhaps consistent with the predicted cytostatic, rather than cytotoxic, effect of
lethal SRA737 exposure (Figure 3-1B).

Senescence was also assessed in DTPs using a FACS-based [3-galactosidase
(B-gal) activity assay and a threshold applied to classify cells as B-gal positive
(senescent) or B-gal negative (non-senescent). The CDK4/6 inhibitor palbociclib
has been shown to induce senescence in cancer cell models (Perez et al. 2015)
and, as such, was used as a positive assay control. Correspondingly, SK-N-AS
cells treated with 10 uM palbociclib for 14 days showed a significant 20-fold

increase in the proportion of senescent cells relative to DMSO treated control
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(Figure 3-6C). Interestingly, the number of (-gal positive cells was also
significantly increased in day 7 DTPs, with senescent cells accounting for almost
20% of the total population. This result demonstrates that a considerable
proportion of the DTP population is senescent, however the fate of these cells

remains unknown.

Together, these data indicate that the day 7 drug-tolerant SK-N-AS population
induced by lethal SRA737 exposure is a heterogenous mix of slow-cycling DTPs,
senescent, and apoptotic/necrotic cells. The induction of senescence in a large
proportion of cells is of particular interest as it is unclear to what extent they

contribute to the emergence, survival, and progression of drug-tolerance.
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Figure 3-6: SRA737-induced SK-N-AS DTPs are a heterogeneous population.

(A) Caspase 3/7 and (B) dead cell protease activity measured by ApoTox-Glo® in day 7 SRA737-
induced DTPs relative to vehicle treated control. Cells treated with 1 uM etoposide (ETOP) for 7
days served as a positive control. Graphs show mean+SD of log10 transformed data from three
independent experiments. (C) Proportion of B-galactosidase positive cells in day 7 vehicle
treated controls or SRA737-induced DTPs. Cells treated with 10 uM palbociclib (PALB) for 14
days served as a positive control. Graph shows meanzSD from three independent experiments.
Significance statements result from comparison of means by ordinary one-way ANOVA with
Dunnett’s correction. **** p<0.0001; ** p<0.001.
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3.4. Discussion

To date, no studies on DTP emergence have been conducted using small
molecule inhibitors of MPS1 or CHK1, that exert an anti-cancer effect by
interfering with DNA integrity. With MPS1i and CHK1i currently under clinical
investigation, it is imperative to characterise DTP formation and progression, and
assess the contribution of DTP-mediated processes to overt drug resistance
under these new therapeutic contexts. As such, the work here aimed to identify
persister cell responses to these targeted inhibitors, and their respective
genotoxic combination chemotherapies, using cell line models that reflected the
therapeutic context of pre-clinical investigations and on-going clinical trials. The
MPS1i BOS-172722 and paclitaxel were tested in TNBC cell line MDA-MB-231,
and CHK1i SRA737 and gemcitabine in A549 (NSCLC) and SK-N-AS

(neuroblastoma) cell lines.

Drug-tolerant populations were observed in MDA-MB-231, SK-N-AS, and A549
cells following acute lethal exposure to targeted agents and general
chemotherapeutics. However, a bona fide persister cell response was achieved
only in SK-N-AS cells exposed to the CHK1i SRA737, as evidenced by global
epigenetic alterations, transient slow-cycling, and transition to a DTEP population
with prolonged drug treatment. These observations are in line with recognised
persister cell hallmarks and are consistent with reports from others that have
identified DTP and DTEP populations using TKi (Sharma et al. 2010; Liau et al.
2017; Al Emran et al. 2018), providing positive confirmation of a persister cell

response within this novel therapeutic context.

DTP formation was excluded in the other cellular models based on muted
epigenetic changes and failure to progress or recover in the continued
presence/absence of drug. However, this could be further investigated using a
wider panel of epigenetic marks or alternative experimental procedures for
definitive confirmation. For example, while no persister cell response was
observed in MDA-MB-231 cells following lethal exposure to paclitaxel, DTPs have
been identified and isolated using this agent in MDA-MB-231 3D organoid models
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(Dhimolea et al. 2021). This highlights cell growth conditions as another
contextual difference that may influence persister cell responses to lethal drug
exposure. Although DTP emergence remains unconfirmed in MDA-MB-231 and
A549 models, comparison of responses to lethal drug challenges indicate that
persister cell generation may be context dependant. SK-N-AS cells respond
similarly to lethal concentrations of SRA737 or gemcitabine, indicating that the
same number of DTPs are induced by different therapeutic assaults. In direct
contrast, MDA-MB-231 cells responded very differently to BOS-172722 or
paclitaxel exposure. Furthermore, equipotent doses of gemcitabine induced
differential responses in A549 and SK-N-AS cells. Together, this data indicates
that adoption of the persister cell state is, to some degree, dependent on both
cellular and therapeutic contexts and that certain challenges may be easier to

overcome than others.

Previous studies have concluded that DTPs are rare within bulk tumour
populations, accounting for <5% of the cell population under therapeutic
challenge (Sharma et al. 2010). In the present study, however, SK-N-AS DTPs
surviving 7 days lethal SRA737 exposure account for almost 25% of the starting
population (To). A potential explanation for this result is that the number of DTPs
generated is dependent on the cellular model and therapeutic agent used.
Investigations conducted in other cellular models indicate that this is the case.
Further studies using a dilutive proliferation dye confirmed that these SRA737-
derived persisters originated from the To population, and not from a rare
subpopulation of cells that survived initial drug challenge and subsequently
proliferated during treatment. This implies that, at least in the context of CHK1i,
a considerable proportion of tumour cells can enter a slow cycling DTP state to

survive lethal drug exposure.

Interestingly, a substantial proportion (~20%) of SK-N-AS DTPs are senescent,
as evidenced by an increase in the number of B-galactosidase positive cells. As
the B-galactosidase activity assay was the only method used to quantify
senescence, additional read-outs, such as induction of p21 and p16, would be

useful to corroborate this result. Drug-induced senescence is a recognised
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cellular response to therapeutic stress and several studies indicate that it is
reversible (reviewed in (Saleh, Tyutyunyk-Massey, and Gewirtz 2019)). As such,
it is possible that these cells could eventually exit the senescent state and re-
enter the cell cycle following drug withdrawal or contribute to the emergence of
drug-resistance in an analogous mechanism to DTPs. Senescence could even
form part of an overall persister cell response. It is likely that persistence and
senescence are interlinked, and understanding the nuances of these intertwined

mechanisms could be key to addressing drug resistance arising from them.

Epigenetic alterations are frequently reported in persister cells generated using
TKi (Sharma et al. 2010; Guler et al. 2017; Liau et al. 2017; Al Emran et al. 2018).
Profiling of specific histone H3 modifications revealed similar alterations in
SRA737-derived persisters, particularly global H3K27mes enrichment and
H3K27ac depletion. These modifications are found within heterochromatic,
genetically silent regions of the genome (Wang et al. 2008; Heintzman et al. 2009;
Pasini et al. 2010; Wiles and Selker 2017), indicating that SRA737- and TKi-
induced DTPs are commonly regulated by epigenetic mechanisms that alter gene
expression. These conserved mechanisms could represent pivotal targets to
abrogate the emergence of DTP populations in response to different drug
challenges. On the other hand, no increases were observed in H3K4mes or
H3K9mes in SRA737-induced DTPs indicating that additional, context specific
epigenetic reprogramming also occurs. Of note, these data do not exclude the
presence of alternative epigenetic changes, such as additional histone
modifications or DNA methylation, that may predominate in differentially
generated persister populations. In contrast to other reports, epigenetic
alterations induced by SRA737 treatment were not reversed following DTEP
transition, suggesting that continued epigenetic remodelling is required for DTP

progression in this context.

The data presented herein confirm the emergence of a drug-tolerant persister cell
population in SK-N-AS cells following lethal exposure to the CHK1i SRA737,
identifying the persister cell phenomenon in response to a targeted agent with a

diverse mechanism of action. Furthermore, by investigating the kinetics of DTP
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progression during long-term SRA737 exposure, | have established protocols for
the generation and isolation of DTP, DTEP, and drug-released persister cell
populations for further studies. As such, this work represents the foundation for
additional characterisation of drug-tolerant populations emerging under this novel

therapeutic context.
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Chapter 4 SRA737 resistant populations derived through
the persister cell bottleneck or dose-escalation
employ different mechanisms to overcome

therapeutic challenge

4.1. Introduction

Transition through the DTP bottleneck is one route cancer cells can take to
acquire drug resistance. Experimentally, however, most drug resistance models
are generated for in vitro studies by dose-escalation; where cells are gradually
exposed to increasing drug concentration until proliferation is unconstrained at
lethal doses. Indeed, several studies have used this approach to identify
mechanisms of CHK1i resistance (Blosser et al. 2020; Nair et al. 2020; Lee et al.
2020; Zhao et al. 2021; Hunter et al. 2022). These include altered expression of
CHEKT1 (Blosser et al. 2020; Hunter et al. 2022), WEE1 upregulation (Zhao et al.
2021), and engagement of immune signalling pathways (Blosser et al. 2020).
Interestingly, these studies have not detected any “gatekeeper” mutations in the
CHK1 drug binding site, suggesting that the primary mechanisms of CHK1i
resistance may involve aberrations in the expression and regulation of CHK1
and/or its downstream targets. However, it remains unknown whether the same

drug resistance strategies would emerge via a persister cell bottleneck.

| hypothesised that persister populations employ distinct mechanisms to
overcome therapeutic challenge with SRA737 and that these could represent
potential intervention points to abrogate their formation and progression. To test
this | generated two experimental SRA737-resistant models in SK-N-AS cells,
one derived through the DTP bottleneck and the other via dose-escalation, for
comparison of drug sensitivity profiles, ATR-CHK1 signalling activity, and
transcriptional alterations to identify persister-specific biological processes for

further mechanistic investigation.
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4.2. Characterising SK-N-AS populations emerging from the

persister cell bottleneck

Having identified a persister cell response in SK-N-AS cells under lethal SRA737
exposure, | sought to further characterise populations emerging from the DTP
bottleneck. DTPs were induced by 7 days continuous treatment with 10 yM
SRA737 and subsequently cultured in the presence or absence of drug for a
further 43 days to generate drug-tolerant expanded persisters (DTEPSs) or drug-
released (released) populations, respectively (Figure 4-1A). In parallel, cells

were passaged in the presence of 0.1% DMSO as a drug-naive control.

4.2.1. DTEP and drug-released cell populations are less sensitive to further
challenge with SRA737

DTEPs are considerably less sensitive to SRA737, as shown by a 2100-fold drop-
off in Glso potency (Figure 4-1B & Table 4-1). Normalisation of cell viability data
to the To revealed that DTEPs proliferate at approximately half the rate of their
drug-naive and drug-released counterparts (Figure 4-1B). These results are
consistent with microscopic observations and cell counts during culture in the
presence of 10 yM SRA737 (Figure 3-5). Released populations were also ~2.5X
less sensitive to SRA737, despite being in drug-free culture for 43 days and
recovering their proliferation rate in line with drug-naive controls (Figure 4-1B &
Table 4-1). High SRA737 concentrations induced a cytotoxic response in drug-
naive cells, as identified by data points below To (Figure 4-1B); notably, this effect
was abrogated in both DTEP and released populations suggesting they are more
tolerant of high doses of SRA737.

Therapeutic resistance can be conferred by genetic mutation of drug targets (Yun
et al. 2008) and/or upregulation of drug efflux pumps (Bell et al. 1985), both of
which would be expected to prevent downstream biomarker changes in response
to drug treatment. To determine whether these mechanisms underlie changes in
SRA737 sensitivity in DTEP or released populations, CHK1 activity was
investigated by Western blotting. In response to genotoxic stress, CHK1 is
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phosphorylated by ATR at serine-317 and serine-345, then autophosphorylated
at serine-296 to complete activation (Zhao and Piwnica-Worms 2001; Okita et al.
2012). Accordingly, levels of phosphorylated serine-296 (pS296-CHK1) are a
suitable proxy for CHK1 activity and were increased in drug-naive controls, DTEP
and drug-released populations upon exposure to the DNA damaging agent
gemcitabine (200 nM, 24 h) (Figures 4-1C & 4-1D). This was inhibited in a dose-
dependent manner by a one-hour pre-treatment with SRA737 in all populations,
confirming drug engagement with the target and inhibition of CHK1 activity.
These findings strongly argue against mutation of the CHK1 drug binding site as
the driver of resistance. This result also suggests that increased drug efflux is
unlikely to explain SRA737 tolerance in DTEP and released cells since CHK1
autophosphorylation at Ser-296 was inhibited by similar concentrations of

SRA737 as drug-naive cells.

High doses of SRA737, either alone or in combination with gemcitabine, reduced
total CHK1 protein levels in drug-naive and DTEP populations (Figure 4-1C), and
in released cells to a lesser extent (Figure 4-1D). This observation is consistent
with published results (Walton et al. 2016), though there is currently no evidence
that SRA737 acts as a protein degrader as well as a small molecule inhibitor of
CHK1.
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Figure 4-1: SK-N-AS DTEP and drug-released cells are insensitive to further
pharmacological inhibition of CHK1.

(A) Schematic protocol for generation of persister-derived cell populations. (B) Non-linear
regression analysis of SK-N-AS cell viability measured by CellTiter-Glo® 120h after SRA737
addition in indicated populations. (C & D) Western blot analysis of CHK1 activity in drug-naive,
(C) DTEP, and (D) drug-released (REL) populations after 24h exposure to 200 nM gemcitabine
(GEM) £ SRA737 at indicated concentrations, or 10 uM SRA737 alone (SRA737). Graph shows
meanxSD of two technical replicates and is representative of n=23 experiments. Dotted line shows
proportion of cells at To.
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4.2.2. SRA737-derived DTEP and released cells are cross-resistant to
alternative small molecule inhibitors of CHK1 and CHK2

Glioblastoma persisters derived using the PDGFR inhibitor dasatinib are cross-
resistant to alternative small molecule inhibitors against the same target (Liau et
al. 2017). Additionally, NSCLC DTPs generated with targeted EGFR inhibitors
(EGFRI) are less sensitive to the general cytotoxic agent cisplatin (Sharma et al.
2010). These reports suggest that persister populations induced with a single
targeted agent can acquire cross-resistance to a variety of alternative drugs. In
the present study, SRA737-derived DTEP and drug-released populations were
tested for sensitivity to alternative CHK1 inhibitors (CHK1i) and a dual inhibitor
also targeting CHK2 (CHKZ2i); a closely related protein that orchestrates the
parallel ATM-CHK2 arm of the DNA damage response (DDR) signalling pathway
(Ahn et al. 2000; Smith et al. 2010).

Similar to results obtained using SRA737, DTEP Glso values for the CHK1i
LY2603618 and MK-8876 were reduced by 50- and 70-fold, respectively (Figure
4-2A, 4-2B & Table 4-1). DTEPs are 20X less sensitive to the dual CHK1/CHK2i
AZD7762 (Figure 4-2C & Table 4-1), indicating that these populations are
resistant to additional inhibitors of the DNA damage response (DDR) pathway.
Drug-released cells (REL) are also less sensitive to these alternative
CHK1/CHK2 inhibitors, to a lesser extent (Figure 4-2 & Table 4-1).
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Figure 4-2: SK-N-AS DTEP and drug-released populations are cross-resistant to alternative
small molecule inhibitors of CHK1 and CHK2.

(A — C) Non-linear regression analysis of SK-N-AS cell viability measured by CellTiter-Glo® 120h
after addition of CHK1 inhibitors (A) LY2603618 and (B) MK8776, and (C) dual CHK1/2 inhibitor
AZD7762 in indicated populations. Cells were seeded in the absence of SRA737 to avoid
combination effects. Graphs show meantSD of two technical replicates and is representative of
n=2 experiments. Dotted line shows proportion of cells at To.
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Table 4-1: Summary of cellular potency values (Glso) for indicated compounds in drug-
naive, DTEP, and drug-released populations at day 50.

Glso values are meantSD. Cells are highlighted according to fold-increase in Glso value
compared to drug-naive control. Red =50-fold; orange =10-fold; yellow =2-fold.

Population Glso, uM (n)
Target | Compound Drug-naive DTEP Released
ATM AZD1390 6.83 6.24 7.38
+0.41 (4) +0.60 (2) +0.68 (3)
ATM KUB0019 3.99 8.08 6.70
+0.19 (4) +1.22 (2) +0.77 (3)
ATR AZD6738 0.23 0.55 0.65
+0.04 (4) +0.17 (2) +0.23 (3)
ATR VES22 0.08 0.44 0.31
+0.00 (4) +0.12 (2) +0.16 (3)
CHK1 LY2603618 0.08 0.53
+0.01 (4) +0.18 (3)
CHK1 MK8776 0.09 1.82
+0.01 (4) +0.61 (3)
CHK1 SRA737 0.12 0.55
+0.02 (5) +0.07 (4)
CHK1/2 | AZD7762 0.01 0.20 0.05
+0.00 (4) +0.07 (2) +0.04 (3)
DNA Gemcitabine 0.004 0.008 0.010
+0.001 (5) +0.002 (3) +0.002 (4)
WEE1 | AZD1775 0.05 0.04 0.08
+0.001 (4) +0.001 (2) +0.02 (3)

4.2.3. DTEP and drug-released cells are cross-resistant to additional DDR

inhibitors

To further investigate the scope of drug resistance, SRA737-derived DTEP and
drug-released populations (REL) were tested for sensitivity to additional small

molecule inhibitors of the DDR signalling pathway.

Compared to their drug-naive counterparts DTEPs were less sensitive to the ATR
inhibitors (ATRi) VE822 and AZD6738 by 2.4- and 5.5-fold, respectively (Figure
4-3 & Table 4-1). Additionally, potency of the DNA damaging agent gemcitabine
was consistently reduced by 2-fold in DTEPs. Given that CHK1 is activated by
ATR kinase in response to ssDNA damage and replication stress (Zhao and
Piwnica-Worms 2001), and DTEP and drug-released cells are resistant to
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multiple CHK1i (Figure 4-2), these results suggest that DDR signalling through
the ATR-CHK1 axis is dysregulated in SRA737-derived DTEP populations.

The ATM-CHK2 signalling axis runs in parallel to the ATR-CHK1 pathway and is
activated in response to dsDNA breaks (reviewed in (Ronco et al. 2017)). Cross-
talk occurs between the two arms of the DDR pathway to exquisitely coordinate
cellular responses to DNA damage (Cuadrado et al. 2006; Jazayeri et al. 2006;
Shiotani and Zou 2009). Therefore, it is conceivable that DTEPs generated with
a CHK1i could engage the ATM-CHK2 axis as a compensatory pathway for
survival and, as such, be sensitive to ATM or CHK2 inhibition. The observation
that SRA737-induced DTEPs are, in fact, less sensitive to the dual CHK1/2i
AZD7762 (Figure 4-2C & Table 4-1) suggests this is not the case. This is further
supported by relatively minimal changes in Glso values for the ATM inhibitors
(ATMi) KU60019 and AZD1390 (Figure 4-3 & Table 4-1; reduced by 2-fold and
unchanged, respectively).

Drug-released (REL) populations were also less sensitive to these agents, but
not to the same magnitude as DTEPs (Figure 4-3 & Table 4-1). This difference
could be explained by a gradual return to a drug sensitive control-like state
following drug withdrawal. A notable difference between DTEP and drug-
released cells was in their responses to challenge with the WEE1 inhibitor
(WEE1i) AZD1775. While DTEPs showed no difference in AZD1775 sensitivity
compared to drug-naive controls, Glso potency was robustly reduced by
approximately 2-fold in drug-released cells (Figure 4-3 & Table 4-1) suggesting
that diverse drug resistance mechanisms may be employed by different persister-

derived populations.

These results indicate that cell populations emerging from the persister cell
bottleneck not only harbour selective resistance to the utilised drug, but also to a
wider group of therapeutic agents targeting the same or closely related proteins.
The observation that DTEPs are less sensitive to some but not all DDR inhibitors
tested suggests that they harbour selective, rather than indiscriminate, cross-
resistance. Importantly, observations from the drug-released population
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demonstrate that an acute lethal drug exposure is sufficient for long-term drug-

tolerance.
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Figure 4-3: SK-N-AS DTEP and drug-released cells are similarly cross-resistant to
additional DDR pathway inhibitors.

Potency of additional DDR pathway inhibitors in drug-naive (x-axis) and DTEP or drug-released
(REL) (y-axis) populations. Graph shows mean Glso value from n=2 experiments. Dotted line
represents line of identity.

4.3. Acute lethal SRA737 exposure has long-term effects following

drug release

4.3.1. Drug-released populations show variation in recovering SRA737

sensitivity

Persister cells are characterised by reversible drug-tolerance, as evidenced by a
return to sensitivity upon drug withdrawal (Sharma et al. 2010; Liau et al. 2017).
PC9-DTPs generated using the EGFRI erlotinib quickly regained drug sensitivity
within 9 population doublings in drug-free medium (Sharma et al. 2010). In the
present study, released populations remained less sensitive to SRA737 43 days

(~18 population doublings) after drug withdrawal (Figure 4-2, 4-3 & Table 4-1).
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To investigate the kinetics of drug resensitisation, four independently generated
DTP populations were released into drug-free medium (REL-1 to REL-4) and
retested for SRA737 sensitivity at regular intervals over a period of approximately

40 weeks.

To monitor changes in SRA737 sensitivity over time, Glso values were normalised
to their corresponding time-matched drug-naive control such that a value of 1
denotes equal drug potency, and <1 or >1 indicates increased or decreased
sensitivity respectively. At day 50, all four released populations showed a similar
reduction in sensitivity to SRA737 (Figure 4-4A & Table 4-1). This persisted
through day 121, with REL-1 and REL-4 passing through a period of increased
resistance before re-joining REL-2 and REL-3. Past this point, REL-4 diverged
from the other replicates, on a course towards resensitisation to SRA737; cells
became ~2.6X more sensitive to SRA737 than drug-naive controls at day 185
and then recovered to equal control Glso values by day 274 (Figures 4-4A, 4-4C
& Table 4-2). SRA737 potency fluctuated in REL-1, -2, and -3 up to day 220, with
REL-3 regaining sensitivity to SRA737 by day 274 (Figure 4-4A & Table 4-2).
Despite initially showing similar changes, REL-1 remained insensitive to SRA737
atday 274 (Figures 4-4A, 4-4B & Table 4-2). The differential responses observed
in drug-released populations that have been generated in the same manner

indicate that various routes can be taken to exit and recover from the DTP state.
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Figure 4-4: Drug-released populations regain SRA737 sensitivity via different routes.

(A) SRA737 Glso potency over time in four independently generated drug-released populations
(REL-1 to REL-4) relative to drug-naive controls (dotted line). (B & C) Non-linear regression
analysis of cell viability measured by CellTiter-Glo® 120h after addition of SRA737 in (B) SRA737-
tolerant REL-1 and (C) SRA737 sensitive REL-4 at indicated time points. (D & E) Glso potency
of additional DDR pathway inhibitors in drug-naive (x-axis) and (D) REL-1 or (E) REL-4
populations (y-axis). Dotted line represents line of identity. Graphs show (A, D & E) Glso values
from a single experiment, and (B & C) meantSD of =2 technical replicates.
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4.3.2. Resensitisation to SRA737 is accompanied by resensitisation to additional
DDR inhibitors

To investigate if resensitisation to SRA737 translates to other agents, REL-1 to
REL-4 were tested for sensitivity to the same panel of alternative DDRi and Glso

values plotted against corresponding drug-naive controls.

In the populations that remained resistant to SRA737, cross resistance to other
agents was maintained. REL-1 was less sensitive to alternative CHK1i
(LY2603618 and MK8876), and additional CHK1/2i (AZD7762), ATRi (AZD6738
and VEB822), and WEE1i (AZD1775), as shown by 22-fold increase in Glso values
(Figure 4-4D & Table 4-2). A similar pattern was observed in REL-2 (Table 4-2),
demonstrating continued DDRI cross-resistance in these SRA737-tolerant drug-
released populations. For those populations that were resensitised to SRA737,
sensitivity to other agents was also restored. REL-4 showed similar sensitivities
to DDR inhibitors as drug-naive controls, as indicated by Glso data points on the
line of identity, with the exception of ATRi KU6009 that still had reduced potency
(Figure 4-4E & Table 4-2). Comparable results were obtained from SRA737-
sensitive population REL-3 (Table 4-2), demonstrating the reversal of cross-
resistance that was observed in drug-released populations at day 50 (Figure 4-3
& Table 4-1).

Taken together, these results show that SRA737 and DDRI drug-tolerance can
be reversed in persister cell populations following drug withdrawal. Interestingly,
this data also illustrates variation in the fates of populations following exit from
the DTP state, with some regaining drug sensitivity quickly and others taking

longer to recover.
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Table 4-2: Summary of cellular potency values (Glso) for indicated compounds in drug-
naive cells and replicate drug-released populations at day 274.

Glso values are meantSD. Cells are highlighted according to fold-increase in Glso value
compared to drug-naive control. Red =50-fold; orange =10-fold; yellow =2-fold.

Population Glso, uM (n)

Target Compound Drug-naive REL-1 REL-2 REL-3 REL-4

ATM AZD1390 4.69 5.37 1.52 2.85 419
£174 (3)

ATM KUB0019 3.54 5.37 373 3.53 7.18
£132(3)

ATR AZD6738 0.14 0.58 0.07 0.11 0.19
+0.06 (3)

ATR VES22 0.04 0.12 0.09 0.10 0.07
£0.02 (3)

CHK1 | CCT245737 0.14 0.60 0.30 0.20 0.21
+0.04 (3)

CHK1 | LY2603618 0.06 0.49 0.38 0.07 0.08
£0.03 (3)

CHK1 | MK8776 0.07 0.72 0.37 0.10 0.09
£0.04 (3)

CHK1/2 | AZD7762 0.01 0.06 0.04 0.01 0.02
+0.00 (3)

DNA Gemcitabine 0.003 0.002 0.012 0.003 0.003
+0.001 (3)

WEE1 | AZD1775 0.05 0.24 0.05 0.05 0.05
£0.03 (3)

4.4. Gene expression profiles are altered in SK-N-AS persister cell

populations

Reports from others have identified altered gene expression profiles in persister
cells generated with TKi. Notably, expression of cell cycle and proliferation related
genes are downregulated (Liau et al. 2017), while stem-like gene signatures are
enriched (Liau et al. 2017; Rehman et al. 2021; Dhimolea et al. 2021). One
unanswered question is whether persister cells generated with a differentially
targeted therapeutic agent undergo similar transcriptional reprogramming. To
investigate this, SRA737-derived DTPs, DTEPs, and drug-released populations
were collected for RNA sequencing (RNAseq) and data subsequently

interrogated by gene-set enrichment analysis (GSEA). A minimum of four 4
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independently derived, pooled DTP, DTEP, or drug-released persister
populations were generated for these studies.

4.4.1. Persister cell populations harbour distinct gene expression profiles

Multi-dimensional scaling (MDS) is a statistical technique used to summarise
large, complex datasets with minimal loss of information. In the context of
RNAseq data, gene expression profiles are reduced and plotted such that the
distance between data points is proportional to their similarity (Hout, Papesh, and
Goldinger 2013). This facilitates observation and identification of trends within

complex, high-dimensional datasets.

In the present study, the top two dimensions identified by MDS explained 56%
(dim-1) and 12% (dim-2) of the variance in the data. Day 0 (D0O; pink open
circles) and drug-naive replicates (green circles, diamonds, triangles) clustered
together upon MDS, revealing their close similarity, and indicating minimal gene
expression changes during the 50-day experiment (Figure 4-5). Replicates from
all other treatment conditions similarly clustered with each other, demonstrating
robust transcriptional alterations in different persister cell populations that have
been independently generated. Day 7 DTPs appeared most transcriptionally
distinct compared to controls, as shown by differential clustering based on both
dimensions (dim-1 and dim-2). Gene expression profiles from day 30 and day 50
DTEPs were comparable to day 7 DTPs according to dim-1 but showed similarity
with drug-naive controls by dim-2, suggesting both common and unique
transcriptional changes between persister cell populations. Interestingly, drug-
released (REL) populations shared transcriptional similarity with DTEPs at day
30 and then with controls at day 50. These results not only demonstrate durable
changes in gene expression following acute lethal SRA737 exposure, but also

gradual reversal upon subsequent drug withdrawal.
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Figure 4-5: Transcriptional alterations in DTP and DTEPs are partially reversed after

SRA737 withdrawal.
Multi-dimensional scaling (MDS) of RNAseq expression data from SRA737-induced DTPs,
DTEPs, released (REL) and drug-naive control (D00 & DMSO) populations.

To further explore transcriptional alterations, the distribution of differentially
expressed genes was investigated for each persister cell population, relative to
D00 (absolute fold-change 22, FDR <5%). A total of 5175 and 4983 genes were
differentially expressed in day 7 DTPs and day 50 DTEPs, respectively (Figure
4-6A; left & middle panel). Given that SRA737-induced DTPs and DTEPs are
enriched for repressive epigenetic modifications (Figure 3-5G), | predicted that
the majority of transcripts would be downregulated. However, upregulated genes
accounted for >70% of gene expression changes in DTP and DTEP populations
(Figure 4-6A). CHEKT expression was significantly downregulated in DTPs but
remained unchanged in DTEPs and REL cells. This is consistent with Western
blot data showing comparable levels of total CHK1 protein expression between
drug-naive controls, DTEPs, and REL populations (Figure 1-1C & 1-1D).
Upregulation also accounted for the majority of gene expression changes in REL
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cells (76%) (Figure 4-6A; right panel). In comparison to DTPs and DTEPs, REL
cells showed ~3X fewer gene expression changes overall, supporting the
observation by MDS analysis that transcriptional alterations are partially reversed
following SRA737 withdrawal (Figure 4-6A).

Hierarchical clustering of differentially expressed transcripts revealed four groups
of genes with similar patterns of expression (Figure 4-6B). Group 1 is clustered
by genes that have high mRNA abundance in DTP and DTEP populations relative
to REL and drug-naive control cells. These genes could represent those that are
drug-induced since they are only increased in populations continuously exposed
to SRA737. Group 2 is also defined by genes that are highly expressed in DTPs
and DTEPs, but whose enrichment in REL populations at day 30 is almost
completely reversed at day 50. These expression patterns are mirrored in group
4 by genes that are low in abundance in DTP and DTEP populations and return
to control levels in REL cells by day 50. This data provides further evidence that
gene expression changes induced in day 7 DTPs are gradually reversed with
duration of SRA737 withdrawal, indicating that cells may be returning to a pre-

treatment state.

A final group of genes were found to be affected by time (group 3), with their
MRNA abundance gradually increasing in both drug-treated and time-matched
drug-naive controls. This finding is perhaps not surprising but provides
measurable evidence that long-term 2D culture in vitro can induce gene
expression changes in cells. These changes may account for the small
divergence of the day 30 and day 50 drug-naive control samples in the MDS plot
(Figure 4-5); although it should be noted that these time-dependent changes are
of a much smaller magnitude than those driven by compound treatment. Genes
in this cluster (group 3) were excluded from all groups in subsequent GSEA

analyses.
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Figure 4-6: Persister cell populations adopt distinct gene expression profiles.

(A) Differentially expressed genes in day 7 DTPs (left), day 50 DTEPs (middle), and day 50 drug-
released (REL; right) populations versus Day 0 control (AbsFC 22, FDR <5%). Values correspond
to number of downregulated (blue) or upregulated (red) genes. (B) Hierarchal clustering of
differentially expressed genes in DTP, DTEP, REL and drug-naive control (D00 & DMSO)
populations. (C) Venn diagram of common and uniquely differentially expressed genes in DTP,

DTEP, and REL populations.
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4.4.2. GSEA reveals common transcriptional alterations in different persister cell

populations

Comparison of differentially expressed genes from DTP, DTEP, and REL
populations revealed both common and unique transcriptional alterations. DTPs
and DTEPs shared >50% of gene expression changes (Figure 4-6C), indicating
that a considerable proportion of gene expression changes occurring in day 7
DTPs are maintained in the DTEP state at day 50. This suggests that these
genes may be required not only for DTP formation, but also subsequent survival
and progression. Conversely, 40% and 23% of changes were unique to DTPs
and DTEPs, respectively, suggesting that other transcriptional alterations also
play a role. The majority of differentially expressed genes in REL cells were
shared with either DTPs (64%), DTEPs (78%), or both (83%). The expression of
608 genes were commonly altered in all populations, accounting for 16%, 19%,
and 83% of total changes in DTP, DTEP, and REL populations, respectively. This
data reveals common and unique gene expression changes in DTP, DTEP, and

REL populations that could represent potential persister cell mechanisms.

To further characterise the transcriptional changes underlying these cell states
and discover potential persister cell mechanisms, GSEA was used to identify
enriched and depleted MSigDB Hallmark gene sets that are common to DTP and
DTEP populations. A total of 5 out of 50 hallmark gene sets were significantly
downregulated, including E2F targets and cell cycle related genes (G2/M
checkpoint control, Mitotic spindle, MYC targets) (Table 4-3). This is perhaps
unsurprising given the reduced proliferation rate in DTPs (Figure 3-5C-E) and is
consistent with others reporting similarly altered pathways in DTPs generated
with alternative agents (Liau et al. 2017; Oren et al. 2021; Rehman et al. 2021),
suggesting that downregulation of cell cycle related genes is a common persister
cell characteristic. By contrast, 21 gene sets were significantly upregulated
(Table 4-3) including genes related to apoptosis and EMT. This is consistent with
the observed induction of apoptosis in SRA737-induced DTPs (Figure 3-6A) and
provides molecular confirmation of morphological changes observed by

microscopy during DTP-to-DTEP transition (Figure 3-4C). Notably, several gene
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sets related to cytokine signalling, such as IL-2/STATS signalling and interferon
gamma (IFNy) response, were upregulated, suggesting that engagement of

these pathways may be important for DTP formation and progression.

Together, GSEA has revealed common transcriptional alterations in persister cell
populations arising in response to SRA737 exposure. While adding to persister
cell characterisation within this novel therapeutic context, these alterations could
also represent potentially targetable mechanisms to abrogate DTP formation and

progression.

Table 4-3: Commonly enriched Hallmark gene sets from the MSigDB database in DTP and
DTEP populations.
Terms are ordered by adjusted p-value.

Enriched Terms: MSigDB_HALLMARKS, Adjusted p-value <0.05
Common to DO7_DTP & D50_DTEP

Downregulated Upregulated
E2F Targets TNF-alpha Signaling via NF-kB
G2-M Checkpoint Epithelial Mesenchymal Transition
Mitotic Spindle KRAS Signaling Up
Myc Targets V1 Hypoxia
Estrogen Response Late Inflammatory Response
Coagulation
Interferon Gamma Response
Apoptosis
IL-2/STATS5 Signaling
Myogenesis

UV Response Dn
Complement

p53 Pathway

Estrogen Response Early
IL-6/JAK/STAT3 Signaling
Allograft Rejection
Xenobiotic Metabolism
Interferon Alpha Response
Angiogenesis

Apical Junction

Estrogen Response Late
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4.4.3. Persister cells express gene signatures related to senescence, diapause,

and quiescence

As measured by increased [(-galactosidase activity, a large proportion of
SRA737-induced DTPs are senescent (Figure 3-6C). To investigate if this is also
represented at the transcriptional level, RNAseq data from DTP, DTEP, and REL
cells were evaluated for the expression of a universal senescence signature
derived from multiple in vitro immortalisation and senescence models (Fridman
and Tainsky 2008). This signature was significantly elevated in DTPs (Figure 4-
7A), providing molecular confirmation of the observed senescence phenotype at
day 7. Surprisingly, the signature was increased to a similar level in DTEPs. The
senescence gene signature score was significantly reduced in REL cells
compared to DTEPs, indicating a partial return to the drug-naive state following
SRA737 withdrawal (Figure 4-7A).

Previously characterised persister cells express genes related to embryonic
diapause (Rehman et al. 2021; Dhimolea et al. 2021); a reversible state of
arrested embryonic development that is triggered in response to unfavourable
environmental conditions, such as nutrient deprivation (reviewed in (Fenelon,
Banerjee, and Murphy 2014)). A gene signature derived from diapaused
embryos (Boroviak et al. 2015; Rehman et al. 2021) was significantly elevated in
DTPs, DTEPs, and, to a lesser extent, REL cells (Figure 4-7B), indicating that
SRA737-induced DTPs also enter a diapause-like state. Surprisingly, the
diapause signature score was also increased in day 50 drug-naive control
samples, perhaps suggesting that long-term culture contributes to the expression
of these genes (time-effected genes were not excluded from this analysis) or

mimics unfavourable environmental conditions.

The DTP state is often compared to dormancy, quiescence, and stemness. To
determine if persister populations in the present study share similarities with
these cellular phenotypes, RNAseq data was similarly assessed for expression
of a quiescent neural stem cell signature (Llorens-Bobadilla et al. 2015). Gene
signature scores were significantly increased in DTP and DTEP populations
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(Figure 4-7C), suggesting that persister cells may also adopt a stem cell-like
phenotype. Consistent with their transition to a more pre-treatment-like state,

drug-released cells had a reduced gene signature score compared to DTEPs.

Together, this data demonstrates that persister populations are likely to engage
multiple transcriptional programmes to adopt various cellular states associated

with dormancy.
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Figure 4-7: Persister cells express dormancy-related gene signatures.

(A) Senescence, (B) embryonic diapause, or (C) neural stem cell quiescence gene signature
scores in SRA737-induced DTPs, DTEPs, drug-released (REL) and drug-naive control (D00 &
drug-naive) populations. Graphs show mean+SD of n=4 independently generated populations.
Significance statements result from comparison of means versus D00, unless otherwise
indicated, by ordinary one-way ANOVA with Sidak’s correction. **** p < 0.0001; *** p < 0.001; *
p < 0.05.
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4.5. Characterising dose-escalated SRA737 resistant populations

Transition through the DTP bottleneck is one route by which cancer cells can
acquire drug-resistance. Most drug resistance models are generated for in vitro
studies by dose-escalation; wherein cells are gradually exposed to increasing
drug concentration until proliferation is unconstrained at lethal doses. While
several recent studies have used this approach to identify mechanisms of CHK1i
resistance (Blosser et al. 2020; Nair et al. 2020; Zhao et al. 2021; Lee et al. 2020;
Hunter et al. 2022), it is unclear whether the same strategies would emerge from
a persister-derived drug-resistant population. CHK1 overexpression, for
example, was not observed in DTEPs (Figure 4-1C) but has been reported in a
dose-escalated model of resistance to the CHK1i prexasertib (Blosser et al.
2020). To identify additional differences, | generated a dose-escalated model of
SRA737 resistance in SK-N-AS cells and compared them to DTEP populations.
A minimum of three independently derived dose-escalated populations were

generated for these studies.

4.5.1. Dose-escalated populations are insensitive to further challenge with
SRA737

SRA737 dose-escalation in SK-N-AS cells was carried out over a period of three
months. Cells were proliferating in 1 yM SRA737 by day 37 and routinely
maintained in 10 uM by day 63 (Figure 4-8A & 4-8B). To evaluate acquisition of
drug resistance, escalated populations were tested for SRA737 sensitivity by cell
viability assay. Dose-escalated populations were less sensitive to SRA737 than
drug-naive controls, with Glso values increased by ~5- and ~80-fold in those
escalated to 1 yM or 10 uM, respectively. (Figure 4-8C & Table 4-4). In addition,
the cytotoxic effects at high SRA737 concentration observed in drug-naive
controls were abrogated in escalated populations. These changes in SRA737
sensitivity are comparable to those observed in DTEP populations (Figure 4-1B
& Table 4-1).

117



Chapter 4

To date, no CHK1 ‘gatekeeper’ mutations have been reported in resistant
populations generated with the CHK1i prexasertib (Blosser et al. 2020; Nair et al.
2020; Zhao et al. 2021), arguing against mutation of the drug binding site as a
primary mechanism of resistance. Consistent with this, gemcitabine-induced
CHK1 autophosphorylation at Ser-296 continued to be inhibited by SRA737 in a
dose-dependent manner in SRA737 dose-escalated cells (Figure 4-8D). In
contrast to DTEPs, SRA737-mediated inhibition of pS296-CHK1 appeared to be
less effective in escalated cells compared to drug-naive controls. This was
confirmed by quantitative analysis of pS296-CHK1 levels that revealed a ~4-fold
drop-off in SRA737 ICso value (Figure 4-8E) and is consistent with the observation
that escalated populations are less sensitive to SRA737 by proliferation assay
(Figure 4-8B). A potential reason for this might be the upregulation of total CHK1
in this population (Figure 4-8D). Indeed, total CHK1 levels were unchanged in
DTEP or released populations compared to drug-naive controls (Figure 4-1C &
4-1D) suggesting different mechanisms may be employed by differentially
generated SRA737 resistant populations. Nonetheless, as CHK1
phosphorylation continues to be dose-dependently inhibited by SRA737, and is
maximally inhibited at 10 pyM, resistance is unlikely to be accounted for by
mutation of CHK1 drug binding site. Unlike for DTEPs, however, these
investigations do not exclude upregulated drug efflux as a mechanism of SRA737

resistance.
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Figure 4-8: Dose-escalated SK-N-AS populations have a distinct resistance phenotype.
(A) Schematic protocol for generation of dose-escalated SRA737 resistant cell populations. (B)
Phase contrast microscopy images of SK-N-AS cells after dose-escalation to 1 yM and 10 uM
SRA737, or 0.1% DMSO as vehicle control. (C) Non-linear regression analysis of SK-N-AS cell
viability measured by CellTiter-Glo® 120h after SRA737 addition in indicated populations. (D)
Western blot analysis of CHK1 activity in drug-naive and 10 yM SRA737 escalated (ESC-10uM)
cell populations after 24h exposure to 200 nM gemcitabine (GEM) + SRA737 at indicated
concentrations, or 10 yM SRA737 alone (SRA737). (E) Non-linear regression analysis of pS296-
CHK1 biomarker modulation measured by scanning densitometry in indicated populations treated
as in (D). Images captured at 10X magnification, scale bar = 300 ym. Graphs show (C) meanzt
SD of three technical replicates and is representative of n=4 experiments, or (E) representative
curves from n=3 experiments. Glso vales are mean+SD of =3 independent experiments.
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4.6. Dose-escalated cells are also cross-resistant to additional small

molecule DDR inhibitors

Escalated populations were next tested for sensitivity to additional CHK1/CHK2
and DDR inhibitors to investigate differences in drug sensitivity profiles between

persister-derived and dose-escalated cells.

Dose-escalated populations demonstrated considerable cross-resistance to the
CHK1i LY2603618 and MK-8876, and the CHK1/2i AZD7762, as shown by ~40-
fold reduction in Glso potency for all three agents (Figure 4-9 & Table 4-4). Similar
results were reported in dose-escalated populations derived with the CHK1i
prexasertib (Nair et al. 2020; Zhao et al. 2021), suggesting that SRA737
resistance may be acquired by the same mechanisms. Escalated cells were also
less sensitive to gemcitabine and the ATRi VE822 and AZD6738, while there was
minimal drop-off in Glso potency for the ATMi KU60019 and AZD1390. These
results are similar to the findings in DTEPs (Figure 4-3 & Table 4-1), indicating a
shared dysfunction in DDR signalling through the ATR-CHK1 axis, regardless of
the route to therapeutic resistance. A notable exception is the differential
response observed to the WEE1i. Glso value for AZD1775 was unchanged in
DTEPs (Figure 4-3 & Table 4-1) but was reproducibly reduced by 2.3-fold in
dose-escalated cells (Figure 4-9 & Table 4-4). A similar reduction in AZD1775
potency was observed in drug-released cells at day 50, and in SRA737-tolerant
REL-1 at day 274 (Tables 4-1 & 4-2). Nonetheless, these data suggest that
SRA737 resistance acquired through different routes can result in similar profiles

of sensitivity to other compounds.
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Figure 4-9: SRA737 resistant populations derived through the persister cell bottleneck or

dose-escalation are similarly cross-resistant to additional DDR inhibitors.

Potency of additional DDR pathway inhibitors in drug-naive (x-axis) and DTEP or escalated (ESC-
10uM) (y-axis) populations. Graph shows mean Glso value from n=2 experiments. Dotted line
represents line of identity.

Table 4-4: Summary of cellular potency values (Glso) for indicated compounds in drug-
naive and 10 pM dose-escalated populations at day 71.
Glso values are meantSD. Cells are highlighted according to fold-increase in Glso value

compared to drug-naive control. Red =50-fold; orange =10-fold; yellow =2-fold.

Population Glso, uM (n)
Target Compound Drug-naive Escalated-10uM
ATM AZD1390 8.39 8.92
+1.36 (4) +3.34 (4)
ATM KU60019 4.63 8.37
+0.65 (4) +3.10 (4)
ATR AZD6738 0.36 el
+0.02 (4) +0.47 (4)
ATR VE822 0.09 i
+0.01 (4) +0.31 (4)
CHK1 LY2603618 0.11 il
+0.01 (4) +0.84 (4)
CHK1 MK8776 0.14 6.24
+0.01 (4) +1.42 (4)
+0.01 (4)
CHK1/2 | AZD7762 <0.01 Lt
+0.00 (4) +0.11 (4)
DNA Gemcitabine 0.004 L0k
+0.000 (4) +0.002 (4)
WEE1 AZD1775 0.06 0.14
+0.01 (4) +0.04 (4)
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4.7. Gene expression profiles are altered in dose-escalated SRA737-

resistant populations

4.7.1. Dose-escalated SRA737-resistant cells harbour transcriptional changes

To further characterise dose-escalated resistant populations, cells escalated to 1
MM (ESC-1uM) or 10 uM (ESC-10uM) SRA737 were collected for RNAseq, and
data subsequently interrogated using GSEA.

The top two dimensions identified by MDS explained 38% (dim-1) and 24% (dim-
2) of the variance in the data (Figure 4-10). MDS plotting of gene expression
data revealed differential clustering of ESC-1uM (blue triangles) and ESC-10uM
(blue circles) resistant populations. These clusters were similarly altered
according to dim-2 but showed a considerable difference in dim-1, suggesting
both common and unique transcriptional changes in each of the dose-escalated
populations. Furthermore, clusters were more spread out indicating differential
gene expression changes among independently derived populations that were
generated in the same manner. Of note, day 37 and day 63 drug-naive controls
(green triangles, circles) clustered distantly from day 0 samples (DOO; pink open
circles), indicating considerable transcriptional changes during the course of the
experiment. Drug-naive data points were also spread out, suggesting there was

more variation between these independently generated replicate samples.
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Figure 4-10: Transcriptional profiles are altered in dose-escalated SRA737-resistant
populations.

Multi-dimensional scaling (MDS) of RNAseq expression data from dose-escalated populations
(ESC-1uM & ESC-10puM) and drug-naive control (D00, DMSO & Untreated (Un)) populations.

A total of 1298 and 1870 genes were differentially expressed (AbsFC 22, FDR
<5%) in ESC-1yM and ESC-10uM resistant cells, respectively (Figure 4-11A).
The number of differentially expressed genes in DTP and DTEP populations was
~4X higher (Figure 4-6A), suggesting that SRA737 resistance achieved by dose-
escalation requires fewer transcriptional changes. Over 85% of gene expression
changes were accounted for by upregulation in ESC-1uM and ESC-10uM
populations (Figure 4-11A). This is slightly higher than observed for persister cell
populations, in which 70-76% of genes were upregulated (Figure 4-6A). Total
CHK?1 protein levels were increased in ESC-10uM cells (Figure 4-8D), however
CHEK1 mRNA expression was not significantly upregulated (Figure 4-11A; right

panel).
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As observed for persisters, hierarchical clustering of differentially expressed
transcripts revealed four groups of genes with similar patterns of expression
(Figure 4-11B). Group 2 is clustered by genes whose mRNA is higher in
abundance in ESC-1uyM and ESC-10uM populations compared to drug-naive
control cells. On the other hand, group 4 is defined by genes that are low in
abundance in dose-escalated cells but high in control populations. These genes
likely represent those that are altered by acquisition of drug resistance, since their
expression is specifically modified only in samples treated with SRA737. In
contrast to persister cells, this analysis revealed a much larger group of genes
that were affected by time (groups 1 & 3), as shown by their progressively
increased mRNA abundance in time-matched controls. These genes were

excluded from all groups in subsequent GSEA analysis.

Comparison of differentially expressed genes from ESC-1uyM and ESC-10uM
cells revealed both common and unique transcriptional alterations.
Approximately 50% of gene expression changes are shared between the two
dose-escalated populations, with the remaining 50% being uniquely altered
(Figure 4-11C).
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Figure 4-11: Dose-escalated SRA737-resistant populations have altered transcriptional

profiles.

(A) Differentially expressed genes in day 37 ESC-1uM (left) and day 63 ESC-10uM (right)
populations versus day 0 (D00) control (AbsFC =2, FDR <5%). Values correspond to number of

downregulated (blue) or upregulated (red) genes.

(B) Hierarchal clustering of differentially

expressed genes in ESC-1uM and ESC-10uM populations and drug-naive controls (D00, UN &
DMSO). (C) Venn diagram showing common and uniquely differentially expressed genes in
ESC-1uM and ESC-10uM populations.
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4.7.2. GSEA reveals common transcriptional alterations in dose-escalated

populations

To further characterise the transcriptional changes underlying the dose-escalated
drug-resistant state and identify mechanisms involved in the acquisition of
SRA737 resistance, GSEA was used to identify enriched and depleted MSigDB
Hallmark gene sets that are common to ESC-1uM and ESC-10uM.

No hallmark gene sets were commonly downregulated in ESC-1uM and ESC-
10uM populations. This is likely a reflection of the minimal number of genes
(<15%) found to be downregulated in either of these samples (Figure 4-11A). Of
note, cell cycle related genes were significantly downregulated in DTP and DTEP
populations (Table 4-3). The absence of these enrichments here indicate that
dose-escalated cells do not adopt a slow-cycling state during acquisition of drug-
resistance. This is supported by cell viability data in which ESC-1uM and ESC-
10uM populations proliferated as much as drug-naive controls during a 5-day
proliferation assay (Figure 4-8C). In contrast, 12 out of 50 hallmark gene sets
were significantly upregulated in both dose-escalated populations (Table 4-5),
including genes related to apoptosis, EMT, and TNFa/NFkB signalling.
Interestingly, all of these gene sets were also significantly upregulated in DTP
and DTEP populations. This suggests that dose-escalated and persister-derived
SRA737-resistant populations share transcriptional alterations and potentially
employ similar mechanisms on the journey to drug-resistance. A limitation of this
analysis is that only the Hallmark gene set collection was interrogated, which
consists of a relatively small number of gene sets. Further investigation using
larger collections, such as gene ontology (containing 10,532 gene sets), will help
to identify potential similarities or differences between differentially derived
SRA737-resistant populations.
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Table 4-5: Commonly enriched Hallmark gene sets from the MSigDB database in dose-
escalated populations.
Terms are ordered by adjusted p-value.

Enriched Terms: MSigDB_HALLMARKS, Adjusted p-value <0.05
Common to D37_ESC-1uM & D63 _ESC-10uM

Downregulated Upregulated

N/A Epithelial Mesenchymal Transition
TNF-alpha Signaling via NF-kB
Coagulation

Estrogen Response Early
Complement

Hypoxia

KRAS Signaling Up
Inflammatory Response
Apoptosis

UV Response Dn

Estrogen Response Late
Apical Junction

4.7.3. Gene signatures related to senescence and quiescence are elevated in

dose-escalated populations

In light of the similarities in Hallmark gene set enrichments between dose-
escalated and persister populations, | wondered if this extended to expression of
the senescence, diapause, or quiescent gene signatures. Indeed, scores for the
senescence and quiescent stem cell signatures were significantly increased to
comparable levels in ESC-1uM and ESC-10uM populations (Figure 4-12A & 4-
12C). While gene signature scores were not increased to quite the same
magnitude as persisters (Figure 4-7A & 4-C), these results indicate that
upregulation of these transcriptional programmes is a common response to drug
challenge with SRA737. By contrast, expression of genes related to embryonic
diapause were unaltered in ESC-1uM and ESC-10uM cells (Figure 4-12B),
suggesting that this represents a persister-specific response. However, this
conclusion is challenged by the observation that gene scores were significantly

increased in drug-naive controls versus DOO.
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Figure 4-12: Dose-escalated SRA737-resistant cells express senescence and quiescence-
related gene signatures.

(A) Senescence, (B) embryonic diapause, or (C) neural stem cell quiescence gene signature
scores in SRA737-resistant ESC-1uM and ESC-10uM populations and drug-naive controls (D00
& drug-naive). Graphs show meanzSD of n=3 independently generated populations Significance
statements result from comparison of means versus DOO by ordinary one-way ANOVA with
Sidak’s correction. **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05.
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4.8. Comparison of persister and dose-escalated populations reveals

persister-specific mechanisms of SRA737 drug-resistance

4.8.1. The ATR-CHK1 DDR signalling axis is differentially altered in persister-
derived and dose-escalated SRA737 resistant populations

Drug sensitivity profiling indicated that dysregulation of DDR signalling could
represent a common SRA737-resistance mechanism adopted by persister-
derived and dose-escalated populations (Figure 4-9). To characterise this
further, biomarker activity in the ATR-CHK1 signalling axis was investigated in
response to genotoxic stress. DTEP, drug-released, and dose-escalated cells
were pre-treated for 1 h with increasing doses of SRA737 prior to induction of
DNA damage using 200 nM gemcitabine. Cells were collected 24 h later and
biomarkers of ATR-CHK1 DDR signalling activity investigated by Western
blotting.

CHK1 activation in response to DNA damage leads to downstream
phosphorylation and inhibition of CDK1 at Tyr-15 , resulting in cell cycle arrest
and DNA repair (O'Connell et al. 1997). This is repressed in the context of CHK1
inhibition, promoting DNA instability and subsequent cell death (Walton et al.
2016). DNA damage can be measured experimentally as an increase in yH2AX
(Mah, EI-Osta, and Karagiannis 2010). Indeed, CDK1 phosphorylation at Tyr-15
(pY15-CDK1) and yH2AX were induced in drug-naive cells treated with 200 nM
gemcitabine (Figure 4-13A, 4-13B & 4-13C). Gemcitabine-induced pY15-CDK1
was abrogated by addition of SRA737 and was concomitant with increased
yH2AX levels, demonstrating robust induction of DNA damage. In DTEP, drug-
released and dose-escalated cells, gemcitabine similarly induced CDK1
phosphorylation, which was inhibited by the addition of SRA737 (Figure 4-13A,
4-13B & 4-13C, respectively). However, in DTEP and dose-escalated
populations this failed to translate into apoptotic cell death, indicated by a relative
reduction in PARP cleavage compared to drug-naive controls (Figure 4-13A & 4-
13C). In drug-released cells, PARP cleavage was observed at the highest doses
of SRA737 in combination with gemcitabine (Figure 4-13B), suggesting CHK1i-
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induced cell death was only partially inhibited in these cells. Drug-induced
increases in YH2AX were attenuated in DTEPs and, to a lesser extent, in drug-
released and dose-escalated cells, indicating that DNA damage does not
accumulate in these populations despite effective CHK1 inhibition. These data
confirm functional DDR signalling through the ATR-CHK1 axis in DTEP, drug-
released, and dose-escalated cells that is inhibited by SRA737, suggesting that
aberrant DDR responses do not account for SRA737 resistance in these

populations.

WEE1 upregulation has been implicated in dose-escalated models of resistance
using the CHK1i prexasertib (Zhao et al. 2021). In agreement with this, WEE1
protein levels were increased in SRA737 dose-escalated cells (Figure 4-13C); a
finding that is consistent with decreased sensitivity of the escalated population to
WEE1i. Total CHK1 levels were also increased in dose-escalated cells.
Interestingly, no increase was observed in WEE1 or CHEK1 mRNA expression
(Figure 4-11A; right panel), suggesting that post-translational mechanisms may
be responsible for the upregulation of these proteins. These changes were not
observed in DTEPs (Figure 4-13A), indicating that WEE1 and CHK1 upregulation
may specifically represent dose-escalated SRA737 resistance mechanisms.
Interestingly, both total CHK1 and WEE1 protein levels were upregulated in drug-
released cells relative to drug-naive controls (Figure 4-13B). This could be
explained by a rebound increase in protein expression following SRA737
withdrawal and exit from the DTP state. As observed for dose-escalated cells,
these increases were not due to upregulated expression of CHEK1 or WEE1 at
the transcript level (Figure 4-6A; right panel). In contrast, total CDK1 protein and
MRNA were reduced in DTEPs but remained unchanged in released and dose-
escalated populations (Figures 4-13A-4-13 & 4-6; middle panel), highlighting a

potential DTEP-specific SRA737 resistance mechanism.

Taken together, these results confirm that the ATR-CHK1 signalling axis is
functionally intact and CHK1 continues to be inhibited by SRA737 in DTEP, drug-
released, and dose-escalated populations. Resistance to SRA737 appears to be

achieved, in part, by compensatory signalling and/or rewiring in the DDR
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pathway; however the exact mechanisms employed differ depending on the route
taken.
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Figure 4-13: Persister-derived and dose-escalated SRA737 resistant populations harbour
distinct alterations in the ATR-CHK1 DDR signalling axis.
(A - C) Western blot analysis of CHK1 activity biomarkers in (A) DTEP, (B) drug-released, and
(C) 10 uM dose-escalated cells after 24h exposure to 200 nM gemcitabine (GEM) + SRA737 at
indicated concentrations, or 10 uM SRA737 alone (SRA737).
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4.8.2. Dose-escalated cells are more sensitive to WEE1/CHK1 inhibitor
combination treatment than DTEPs

CHK1i resistant cells generated by dose-escalation using the CHK1i prexasertib
upregulate WEE1 expression and are resensitised to CHK1i by combination
treatment with a WEE1 inhibitor (Zhao et al. 2021). Consistent with this, dose-
escalated SRA737-resistant populations generated in the present study
overexpress WEE1 protein (Figure 4-13C) and are less sensitive to further
challenge with WEE1i AZD1775 (Figure 4-9 & Table 4-4). In contrast, WEE1
overexpression is not observed in SRA737-induced DTEPs (Figure 4-13A) and
DTEPs show a minimal reduction in sensitivity to AZD1775 (Figure 4-3 & Table
4-1). To investigate to what extent this mechanism is shared between
differentially derived SRA737-resistant populations, DTEPs and dose-escalated
cells were pre-treated with 60 nM AZD1775, representing a non-toxic dose
(Appendix Figure 2), for 24 h and then tested for SRA737 sensitivity.

SRA737 Glso potency was increased 4.2-fold by the addition of AZD1775 in
DTEPs (Figure 4-14A). However, the Glso value for SRA737 under combination
was still ~15X higher in DTEPs compared to SRA737 alone in drug-naive
controls.  These results demonstrate that WEE1i combination partially
resensitises DTEPs to SRA737. A greater effect was observed in dose-escalated
cells. The SRA737 Glso value was reduced by >10-fold upon AZD1775 addition
(Figure 4-14B). Furthermore, SRA737 potency was restored to near control
levels, illustrating that dose-escalated cells are more sensitive to WEE1i

combination than DTEP populations.
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Figure 4-14: Dose-escalated cells are more sensitive to WEE1 and CHK1 inhibitor
combination.

(A & B) Non-linear regression analysis of SK-N-AS cell viability measured by CellTiter-Glo® 120h
after compound addition in (A) DTEP and (B) 10 uM dose-escalated populations, along with their
respective drug-naive controls. Dose-response curves generated following treatment with
SRA737 alone, or SRA737 after 24h pre-treatment with 60 nM AZD1775 (WEE1i). Graphs show
meanzSD of three technical replicates and are representative of n=3 experiments. Glso values
are meantSD of three independent experiments.
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4.8.3. Epigenetic alteration is a persister cell specific strategy

Following the observation of global changes to the epigenetic landscape in
persister cells (Figure 3-5G), histone H3 modifications were investigated in dose-
escalated populations to determine if epigenetic mechanisms are similarly
involved in mediating resistance to SRA737. In contrast to DTPs and DTEPs,
H3K27mes levels were minimally altered in ESC-1uM and ESC-10uM populations
(Figure 4-15A & 4-15B). Furthermore, there were no concomitant decreases in
H3K27me1 or H3K27a, and all other modifications remained unchanged.
Nonetheless, these results suggest that while epigenetic mechanisms are
important for persister cell responses, they may not be necessary for acquisition

of SRA737 resistance in dose-escalated cells.
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Figure 4-15: Epigenetic alterations are specific to persister-derived populations.

(A) Western blot analysis of histone H3 modifications in 1 pM (ESC-1pM) and 10 uM (ESC-
10uM) SRA737 dose-escalated populations and respective controls. (B) Quantitative
comparison of epigenetic changes in persister and dose-escalated cells relative to To. Heatmap
shows mean fold-change in scanning densitometry signal from n=2 experiments.
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4.8.4. |dentifying persister-specific mechanisms by comparison of RNAseq data

Analysis of RNAseq data from persister and dose-escalated populations revealed
comparable alterations in their transcriptional profiles, indicating that they employ
similar mechanisms en route to SRA737 resistance. However, the observation
that considerably more genes are differentially expressed in DTP and DTEP
populations (Figure 4-6A) suggests there may be unique transcriptional
alterations that could represent potentially targetable persister-specific
mechanisms. To identify these differences, gene expression data from persister

and dose-escalated cells were compared.

Direct comparison of differentially expressed genes confirmed similar
transcriptional alterations in DTEP and ESC-10uM populations, with 785 and 102
genes commonly up- or downregulated, respectively (Figure 4-16A). However
the magnitude of change was stronger in DTEPs, as demonstrated by a higher
proportion of datapoints below the line of identity. In addition, a number of genes
were significantly upregulated in DTEPs but were undetected in ESC-10uM cells,

confirming the presence of persister-specific transcriptional changes.

Differentially expressed genes from DTP, DTEP and ESC-10uM populations
were interrogated by GSEA using the MSigDB Hallmarks, KEGG, Gene
Ontology: Biological Process gene set collections, and transcription factor
databases from ENCODE and CHEA. Result comparison identified 16 gene sets
that were commonly enriched in DTP and DTEP populations, including those
related to the IFNy response and IL-2/STATS signalling (Figure 4-16B). As these
genes are specifically enriched in persister populations, they could represent key
biological pathways that are required for DTP formation, survival, and
progression. This is supported by the unique enrichment of genes associated
with IL-6/JAK/STAT3 signalling in DTPs. These results are consistent with
reports from DTP models generated with TKi (Guler et al. 2017; Al Emran et al.
2018), indicating that these pathways represent common persister cell
mechanisms. A total of 29 gene sets were commonly enriched in DTP, DTEP
and ESC-10uM populations. Amongst these were genes associated with SUZ12
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and EZH2 transcriptional activity (CHEA collection) which are both members of
polycomb repressive complex 2 (PRC2). However, the observation that H3K27
hypermethylation (H3K27me3) is more prevalent in DTPs and DTEPs provides
greater evidence for EZH2 activity as a persister-specific mechanism. This is
further supported by the unique enrichment of EZH2-related genes from the
ENCODE collection in DTPs.

Gene set expression data were subsequently interrogated to determine if these
persister-specific pathways are up- or downregulated. For the IFNy response
gene set, the majority of genes were increased in DTP and DTEP populations
(Figure 4-16C). These alterations were largely reversed in drug-released (REL)
cells, although the expression of a subset of genes remained high at day 50.
Similar patterns were observed for IL-2/STAT5 and IL-6/JAK/STAT3 signalling
gene sets (Appendix Figure 3), suggesting engagement of cytokine signalling to
support persister cell responses.

Similarly, the maijority of differentially expressed genes in the EZH2 collection
were increased in DTP and DTEP populations (Figure 4-16D), an effect that was
partially reversed upon SRA737 withdrawal, with a subset of genes remaining
highly expressed in REL cells. These results are surprising. If EZH2 activity is
increased, as indicated by the enrichment of H3K27me3 in DTP and DTEP
populations (Figure 3-5G), it should follow that the expression of target genes is
repressed. Indeed, there are subsets of genes whose expression was reduced
in DTP and DTEP cells versus Day 0 (D00), however this is not the predominant
effect. This is perhaps consistent with the observation that most differentially
expressed genes are upregulated (Figure 4-6A), despite a global increase in
H3K27mes, indicating that regulatory mechanisms to promote gene expression
remain active. Furthermore, EZH2 has been reported to promote gene
expression in some contexts by associating with activating transcriptional
machinery through its transactivation domain (Jiao et al. 2020). Nonetheless, in
combination with the observation that H3K27mes is enriched in DTPs and DTEPs,
these results indicate a role for EZH2 activity in persister cell formation and

progression.
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Figure 4-16: Persister populations harbour unique transcriptional alterations.

(A) Log: fold-change in differentially expressed genes (AbsFC 22, FDR <5%) from day 50 DTEP
(x-axis) and day 63 ESC-10uM (y-axis) populations. Values correspond to number of
downregulated (blue) or upregulated (red) genes. Red line represents line of identity. (B) Venn
diagram showing common and uniquely differentially expressed GSEA gene sets in DTP, DTEP,
and ESC-10uM populations. Heatmaps showing logz normalised gene expression of differentially
expressed genes within (C) interferon gamma response and (D) EZH2 gene sets in DTP, DTEP,
drug-released (REL), and D0OO control populations.
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4.9. Discussion

DTEP populations that emerged during 50 days continuous lethal drug exposure
were >100-fold less sensitive to SRA737 upon drug rechallenge. This was
accompanied by cross-resistance to alternative small molecule CHK1i, and
inhibitors of upstream ATR, demonstrating that persister populations generated
using a specific agent can also acquire resistance to alternative agents targeting
the same protein or pathway. DTEPs showed no collateral sensitivity to ATMi or
CHK1/2i, suggesting that compensatory signalling through the parallel ATM-
CHK2 DDR axis is not employed as a drug resistance strategy in SRA737-
induced persisters.  Similar alterations were observed in dose-escalated
populations, indicating that SRA737 resistance acquired through different routes
can result in similar behavioural outcomes. A notable exception to this was
observed in response to the WEE1i AZD1775, in which dose-escalated cells, but
not DTEPs, demonstrated a reproducible 2.3-fold decrease in drug sensitivity.
Interrogation of the ATR-CHK1 signalling axis revealed specific upregulation of
WEE1 protein expression in these cells, consistent with reports from other dose-
escalated models of CHK1i resistance (Zhao et al. 2021). Accordingly, dose-
escalated cells were resensitised to SRA737 when treated in combination with
AZD1775, whereas Glso potency was only mildly increased in DTEPs. These
results demonstrate that WEE1 upregulation is unlikely to be a driver of SRA737
resistance in persister populations and, as such, indicates drug resistance

acquired through the DTP bottleneck is mediated by alternative mechanisms.

Although CHK1 activity continued to be inhibited and signalling through the ATR-
CHK1 axis remained functional, induction of DNA damage (YH2AX) and
apoptosis (cleaved PARP) was attenuated in DTEP and dose-escalated cells
following combination treatment with SRA737 and gemcitabine, suggesting that
differentially generated SRA737 resistant populations undergo rewiring of the
DDR signalling pathway to overcome genotoxic stress. While drug sensitivity
data indicate that neither population relies on compensatory signalling,
biomarkers of ATM-CHK2 activity were not investigated; this would be useful to

confirm if SRA737 resistant populations engage alternative DNA repair pathways
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to promote survival in the face of DNA damage. Despite these similarities, these
investigations did reveal mechanistic differences between persister and dose-
escalated populations. Total CDK1 protein levels were exclusively
downregulated in DTEPs, while total CHK1 and WEE1 were specifically
overexpressed in dose-escalated cells. Interestingly, neither CHEK1 nor WEE1
gene expression was increased in dose-escalated cells, suggesting that post-
translational mechanisms may be responsible for the observed upregulation in
these proteins. These results indicate that the exact mechanisms underlying
DDR rewiring differ depending on the route to drug resistance. This conclusion
is complicated by an added layer of complexity in light of differential results from
biological replicates. For instance, total CHK1 levels were downregulated in one
DTEP population but remained unchanged in another (Appendix Figure 4), and
WEE1 overexpression was observed in three out of four individually generated
dose-escalated populations (Appendix Figure 5). These observations
demonstrate that drug resistant populations generated in the same way can adopt

different mechanisms or alterations.

This phenomenon is further exemplified by observations from drug-released
populations, which were initially exposed to a lethal dose SRA737 for 7 days to
induce DTP formation and then cultured in drug-fee medium for a further 43 days.
As observed in DTEP and dose-escalated populations, SRA737 continued to
inhibit CHK1 activity and ATR-CHK1 signalling remained intact in drug-released
cells. In addition, high doses of SRA737 in combination with gemcitabine induced
PARP cleavage (apoptosis), indicating a partial return of drug sensitivity following
SRA737 withdrawal. In contrast to DTEPs, total CDK1 levels were unchanged
and total CHK1 and WEE1 were overexpressed in this population, as they were
in dose-escalated cells, and, similarly, was not due to increased CHEK1 or WEE1
gene expression. This could have been caused by a rebound effect following
removal of extreme therapeutic stress or be indicative of an intermediate state
between persister and dose-escalated phenotypes. These alterations were not
observed in all biological replicates; in particular, total CHK1 levels were

unchanged and WEE1 expression was reduced in REL-4 (Appendix Figure 6).
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Persister cells are characterised by reversible drug-tolerance, as evidenced by a
return to sensitivity upon drug withdrawal (Sharma et al. 2010; Liau et al. 2017).
Sensitivity profiling revealed that drug-released cells were generally more
sensitive to rechallenge with additional DDRi than DTEPs but had failed to
completely regain SRA737 sensitivity after 43 days culture in drug-free medium,
demonstrating the long-term effect of acute lethal SRA737 exposure. Further
investigation into the kinetics of drug resensitisation revealed differential
responses between independently generated drug-released populations (REL-1
to REL-4), with two out of four remaining SRA737-tolerant through day 274 (267
days after SRA737 withdrawal). It remains unknown whether these populations
would eventually regain SRA737 sensitivity given more time. Of note,
resensitisation to SRA737 tracked with resensitisation to additional DDRI,
suggesting complete recovery from the DTP state. REL-4 was one of the drug-
released populations that regained SRA737 sensitivity. This is interesting
because total CHK1 and WEE1 overexpression was absent in this population
(Appendix Figure 6); however, it is unclear if this is the cause of return to SRA737
sensitivity. Together, these results demonstrate that acute lethal SRA737
exposure has a durable effect, and drug-released populations generated in the

same manner can take various routes to exit and recover from the DTP state.

RNA sequencing was performed to characterise the transcriptional profiles
underlying the persister and dose-escalated SRA737-resistant states. Analysis
of gene expression data revealed a large number of transcriptional alterations in
DTP, DTEP, and drug-released populations. The majority of gene expression
changes were accounted for by upregulation, which was surprising given the
enrichment of repressive epigenetic modifications (globally increased H3K27mes
and depleted H3K274c) in DTPs and DTEPs. This could potentially be explained
by localised enrichment of repressive histone modifications at regulatory genomic
regions, such as enhancer or promotor sequences, to silence the expression of
specific genes. Indeed, a subset of differentially expressed genes were
downregulated in DTP, DTEP, and drug-released populations. While local
epigenetic changes cannot be determined by Western blotting, molecular

profiling using chromatin immunoprecipitation with sequencing (ChlPseq) or
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Cleavage Under Targets and Tagmentation (CUT&Tag) techniques could be
used to investigate this further.

Consistent with experimental observations of reduced proliferation rate in DTPs
and DTEPs, downregulated Hallmark gene sets included those associated with
cell cycle progression, such as E2F targets and G2/M transition. Upregulated
gene sets included those related to apoptosis, EMT, and inflammatory signalling.
The same pathways were upregulated in dose-escalated cells (ESC-10uM),
suggesting common transcriptional reprogramming and engagement of similar
mechanisms in differentially generated SRA737 resistant populations. This is
further supported by the observation that expression of distinct gene signatures
related to senescence, embryonic diapause, and stem cell quiescence are
increased in persister and dose-escalated populations. However, as the
diapause gene signature was also enriched in control samples it's unclear
whether this mechanism reflects a drug resistant state, or a response to long-

term culture or unfavourable environmental conditions.

To identify persister-specific mechanisms of drug-tolerance and -resistance,
transcriptional profiles from DTP and DTEP populations were compared to those
from dose-escalated cells. Direct comparison of differentially expressed genes
revealed considerable similarity in gene expression changes between DTEP and
ESC-10uM populations. Importantly, however, a number of genes were
differentially expressed in DTEPs but were undetected in dose-escalated cells,
suggesting the presence of unique transcriptional alterations that could represent
persister-specific mechanisms. Further interrogation of RNAseq data using a
wider range of gene set collections revealed a specific enrichment of genes
associated with IFNy responses, IL-2/STATS, and IL-6/JAK/STAT3 signalling
pathways. These pathways are upregulated in DTP and DTEP populations and
partially reversed in drug-released cells, indicating a specific role for cytokine and
inflammatory signalling in DTP formation, survival, and/or progression.
Interestingly, interrogation of the ChIP Enrichment Analysis (CHEA) gene set,
which infers transcription factor activity, showed common enrichment of EZH2

related genes in persister and dose-escalated populations. However, the
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observation that global H3K27 hypermethylation (H3K27me3) is more prevalent in
DTPs and DTEPs than ESC-10uM cells provides greater evidence for EZH2
activity as a persister-specific mechanism. This is further supported by the
unique enrichment of EZH2-related genes from an additional gene set collection
(ENCODE) in DTPs.

The total number of differentially expressed genes was dramatically reduced in
drug-released cells compared to DTP and DTEP populations, suggesting that
gene expression changes are reversed following SRA737 withdrawal. This is
further supported by MDS analysis, which showed that drug-released cells bear
more similarity to drug-naive controls than to DTPs or DTEPs. Additionally,
upregulated genes in the IFNy response and EZH2 gene sets in DTP and DTEP
populations were largely reversed in drug-released cells. Together with drug
sensitivity data, these finding demonstrating the transient and reversible nature
of transcriptional alterations in SRA737-induced DTPs.

Overall, these data demonstrate that DTP and DTEP populations adopt distinct
mechanisms to overcome lethal SRA737 exposure and have identified cytokine
signalling pathways and EZH2 transcriptional activity as putative persister-
specific mechanisms for further study.
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Chapter 5 EZH2-mediated hypermethylation of histone H3
lysine 27 (H3K27) is required for persister cell

progression

5.1. Introduction

In the absence of genetic resistance, persister cells employ epigenetic
mechanisms to adapt and overcome therapeutic challenge. Indeed, persisters
are characterised by global changes to epigenetic histone modifications that alter
DNA accessibility and gene expression profiles (Sharma et al. 2010; Al Emran et
al. 2018). Such changes are believed to facilitate cellular reprogramming and
promote survival in the face of overt drug toxicity (Liau et al. 2017; Guler et al.
2017; Rehman et al. 2021). The observation that multiple epigenetic enzymes
are dysregulated at the transcriptional and protein level in persister populations
(Vinogradova et al. 2016; Guler et al. 2017; Al Emran et al. 2018) makes them an
attractive target for abrogating persister cell formation, progression, and survival.
Consistent with this hypothesis, several studies have reported an anti-persister
cell effect upon pharmacological and/or genetic inhibition of epigenetic enzyme
activity. For example, small molecule inhibition of KDM5 histone demethylases
reduces DTP formation in PC9 cells upon lethal exposure to EGFRI erlotinib
(Vinogradova et al. 2016). In another study, shRNA-mediated knockdown of the
mRNA/DNA m®A methyltransferase complex suppressed DTEP emergence in
response to prolonged BRAFi and MEKi combination exposure (Shen et al.
2019), illustrating the wide range of epigenetic mechanisms exploited by persister
cells and their therapeutic potential.

In the present study, global epigenetic changes have been observed in persister
populations induced with SRA737; in particular, hypermethylation of H3K27 was
increased in day 7 DTP and day 50 DTEP populations (Figure 3-5G), but not in
dose-escalated models of SRA737 resistance (Figure 4-15). Furthermore,
H3K27me3 enrichment in DTPs was reversed following SRA737 withdrawal

(Figure 3-5G). These data suggest that gene expression changes that occur as
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a result of H3K27me3 remodelling may contribute to the adaptive state/plasticity
that promotes DTP formation, survival and/or progression.

H3K27 is methylated by the histone-lysine N-methyltransferase enhancer of
zeste homolog 2 (EZH2) (Cao et al. 2002). Along with suppressor of zeste 12
protein homolog (SUZ12), EZH2 forms part of the core polycomb repressive
complex 2 (PRC2); an epigenetic complex that functions as a transcriptional
repressor by methylating H3K27 residues (Cao and Zhang 2004; Pasini et al.
2004). Consistent with this, GSEA of RNA sequencing data revealed an
enrichment of gene sets associated with EZH2 and SUZ12 transcriptional activity
in SRA737-induced DTP and DTEP populations (Figure 4-16B & 4-16D), further
supporting a role for EZH2 activity in SRA737-induced persister cells.

EZH2 activity has been implicated in the emergence and progression of many
human cancers (Varambally et al. 2002; Kleer et al. 2003; Bachmann et al. 2006;
Pawlyn et al. 2017), spurring the development of commercially available and
clinically utilised small molecule EZH2 inhibitors, including tazemetostat (Knutson
et al. 2013; Hoy 2020). To test the hypothesis that EZH2 activity is required for
persister cell responses in the context of lethal SRA737 exposure, the effect of
EZH2 inhibition on SRA737-induced DTP formation, progression, and survival

was investigated using tazemetostat.
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5.2. Investigating the requirement of EZH2 for persister cell formation

and survival

5.2.1. SRA737-induced DTEPs are not sensitive to EZH2 inhibition

Persister cells are sensitive to pharmacological and genetic inhibition of
epigenetic enzymes (Sharma et al. 2010; Guler et al. 2017; Liau et al. 2017).
Given that gene signatures related to EZH2 transcriptional activity are enriched
(Figure 4-16B & 4-16D) and H3K27me3 levels remain elevated in SRA737-induced
DTEPs after passage through the DTP bottleneck (Figure 3-5G), | reasoned that
DTEPs may now be dependent on EZH2 activity for survival and therefore more
sensitive to EZH2 inhibition. To test this, drug-naive, DTEP, and drug-released
populations were tested for sensitivity to the EZH2 inhibitor tazemetostat in a 5-
day proliferation assay. Glso potencies were >30 pM in each population,
indicating that DTEPs are not collaterally sensitive to tazemetostat (Figure 5-1A).
However, previous reports demonstrate that 214 days treatment is required for
tazemetostat to exert an anti-proliferative effect (Knutson et al. 2013; Knutson et
al. 2014). As such, a colony forming assay was performed to test tazemetostat
sensitivity in this longer context. Due to the reversible nature of epigenetic
alterations following drug release (Figure 3-5G), DTEPs were maintained in
medium containing 10 yM SRA737 for the duration of this experiment. In this
extended investigation, DTEPs showed no increased sensitivity to tazemetostat
(Figure 5-1B). By contrast, a slight decrease in sensitivity was observed, perhaps
reflecting the drug-tolerant/persistent nature of the DTEP population. In addition,
maintenance of H3K27me3 was not necessary for DTEP survival. Despite
increased H3K27 hypermethylation in DTEPs, tazemetostat effectively abrogated
H3K27mes3 levels without affecting cell survival (Figure 5-1C).
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Figure 5-1: SRA737-induced DTEPs are not sensitive to EZH2 inhibition using
tazemetostat.

(A) Non-linear regression analysis of cell viability measured by CellTiter-Glo® 120h after
tazemetostat addition in drug-naive, DTEP, and drug-released (REL) populations. (B) Images
of SRB-stained colonies in drug-naive and DTEP populations after 13 days exposure to
tazemetostat (TAZ) at indicated concentrations. DTEPs were maintained in culture medium
supplemented with 10 yM SRA737 for the duration of the experiment. (C) Western blot analysis
of H3 lysine 27 tri-methylation (H3K27mes) in samples corresponding to (B). Images shown in (B)
& (C) are representative of two independent experiments. Graph shows meantSD of two
technical replicates and is representative of n=2 experiments. Dotted line represents proportion
of cells present at To.

148



Chapter 5

5.2.2. EZH2 activity is not required for DTP formation

In addition to reducing persister cell survival, several studies also report that
inhibition of epigenetic enzymes prevents DTP formation in response to lethal
drug exposure (Sharma et al. 2010; Vinogradova et al. 2016; Al Emran et al.
2018; Shen et al. 2019). Following the observation of elevated H3K27me3 in
SRA737-induced DTPs, | hypothesised that K27 hypermethylation was required
for cells to adopt the DTP state and that inhibition of this process would abrogate
DTP formation in response to lethal SRA737 exposure. As cells would require
pre-treatment with tazemetostat to drive down H3K27 tri-methylation prior to DTP
induction with SRA737, the dose and duration of tazemetostat treatment was first
optimised in SK-N-AS cells. While tazemetostat reduced H3K27mes3 levels in a
dose-dependent manner after 24 h (Figure 5-2A, left panel), the effect was
greater after 120 h incubation (Figure 5-2A, right panel) suggesting an optimal
pre-treatment time of at least 5 days. Encouragingly, no anti-proliferative effect
was observed at any of the doses tested (Figure 5-1A). In light of these results,
SK-N-AS cells were pre-treated with 1 uM tazemetostat for 7 days and then
exposed to 10 yM SRA737 alone or in combination with 1 yM tazemetostat, and
DTPs quantified at day 7 (Figure 5-2B).

Consistent with previous results, treatment with tazemetostat alone had no
impact on cell number compared to DMSO treated control (Figure 5-2C), and
H3K27 tri-methylation was effectively inhibited in all tazemetostat treated
samples at To and day 7 (Figure 5-2D). There was no significant decrease in the
number of DTPs formed under tazemetostat combination treatment versus
SRA737 alone (Figure 5-2C), indicating that EZH2-mediated H3K27
hypermethylation is not required for DTP formation in response to lethal drug
exposure. SRA737-induced DTPs were previously shown to enter a slow-cycling
state and originate from the starting cell population using a dilutive proliferation
dye (Figure 3-5C). Similarly, DTPs generated with SRA737 alone or in
combination with tazemetostat retained comparable levels of the ViaFluor® dye
(Figure 5-1E), demonstrating that persister cell behaviour is not altered when

H3K27 methylation is abrogated.
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Taken together, these data show that H3K27 hypermethylation by EZH2 is not
required for SK-N-AS cells to enter the DTP state in response to lethal SRA737
exposure, nor are DTEPs dependent on EZH2 activity for survival. An important
implication of these findings is that we would not expect the use of tazemetostat
to eradicate persister cell populations arising in the context of SRA737 treatment
in the clinic. However, these results do not exclude the requirement for H3K27 mes
and EZH2 activity in DTP-to-DTEP transition.
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Figure 5-2: EZH2 histone methyltransferase activity is not required for SRA737-induced
DTP formation.

(A) Western blot analysis of histone H3 lysine 27 tri-methylation (H3K27mes) in SK-N-AS cells
after treatment with indicated concentrations of tazemetostat (TAZ) for 24h (left) or 48h (right).
(B) Schematic protocol for generation of DTPs with SRA737 alone or in combination with TAZ.
(C) Number of DTPs at day 7 following treatment with TAZ or SRA737 as single agents, and in
combination (SRA+TAZ). (D) Western blot analysis of H3K27 methylation in To and day 7
samples corresponding to (C). (E) Quantification of ViaFluor® proliferative dye in To populations,
day 7 controls, and indicated DTP populations. Graphs show meantSD of three independent
experiments. Dotted line in (C) represents proportion of cells present at To. Western blots shown
are representative of n=2 experiments. Significance statements result from comparison of means
by ordinary one-way ANOVA with Tukey’s correction. ns = not significant.

5.2.3. Tazemetostat induces senescence in SRA737-induced DTPs

SRA737-induced DTPs are a heterogenous population of cells, with some
undergoing apoptotic or cytotoxic cell death, and others becoming senescent

(Figure 3-6). To determine if SRA737 and tazemetostat combination treatment
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alters this composition, apoptosis, cytotoxicity, and senescence were measured
in day 7 DTPs.

For apoptosis and cytotoxicity, an ApoTox-Glo® triplex assay was carried out.
SK-N-AS cells treated with 1 uM etoposide for 7 days were used as a positive
assay control and, accordingly, significantly increased caspase 3/7 (apoptosis)
and dead cell protease activity (cytotoxicity) in SK-N-AS cells (Figure 5-3A & 5-
3B). There was no significant change in levels of apoptosis or cytotoxicity in
DTPs generated with SRA737 and tazemetostat in combination, although these
tended to be slightly reduced compared to SRA737 alone, suggesting a mild
abrogation of cell death upon tazemetostat addition. A similar result was
observed in cells treated with 1 uM tazemetostat. Cell death was slightly reduced
in SRA737-induced DTPs in this experiment compared to previous results (Figure
3-6A & 3-6B). Regardless, this data shows that the addition of tazemetostat does
not alter levels of apoptosis or cytotoxicity in the day 7 DTP population.

Senescence is significantly induced in DTPs generated with SRA737 (Figure 3-
6C). To investigate this under tazemetostat combination, senescence was
assessed in day 7 DTPs using a FACS-based [3-galactosidase (B-gal) activity
assay and a threshold applied to classify cells as 3-gal positive (senescent) or -
gal negative (non-senescent). SK-N-AS cells treated with 10 uM palbociclib for
14 days were used as a positive assay control and, correspondingly, significantly
increased the proportion of B-gal positive cells compared to DMSO treated control
(Figure 5-3C). Surprisingly, treatment with SRA737 in combination with
tazemetostat significantly increased the number of B-gal positive cells by 2.3-fold
compared to SRA737 alone (42.6% and 18.3%, respectively), demonstrating a
substantial increase in the proportion of senescent cells in the day 7 DTP
population. The number of B-gal positive cells was also increased following
treatment with 1 uyM tazemetostat alone, however this was not statistically
significant versus DMSO control (Figure 5-3C). Together, these results
demonstrate that the addition of tazemetostat alters the composition of SRA737-
DTPs by promoting entry into senescence.
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Figure 5-3: EZH2 inhibition induces B-galactosidase activity in SRA737-induced DTPs.

(A) Caspase 3/7 and (B) dead cell protease activity measured by ApoTox-Glo® in day 7 DTPs
generated with SRA737 alone or in combination with tazemetostat (SRA+TAZ) relative to DMSO
treated control. Cells treated with 1 uM etoposide (ETOP) for 7 days served as a positive control.
Graphs show meantSD of log10 transformed data from n22 independent experiments. (C)
Proportion of B-galactosidase positive cells in day 7 vehicle treated controls or indicated DTP
populations. Cells treated with 10 uM palbociclib (PALB) for 14 days served as a positive control.
Graph shows meantSD from three independent experiments. Significance statements result
from comparison of means by ordinary one-way ANOVA with Tukey’s correction. **** p<0.0001;
*** p<0.001; ** p<0.01; * p<0.05; ns = not significant.
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5.3. Investigating the requirement of EZH2 activity for DTP

progression

5.3.1. Tazemetostat abrogates DTP-to-DTEP transition under continued
SRA737 exposure

The observation that tazemetostat failed to abrogate the formation or survival of
SRA737-induced persister cells does not exclude the possibility that EZH2
activity is important for progression of DTPs to DTEPs. Indeed, Sharma and
colleagues reported that inhibition of class | and Il histone deacetylases (HDACs)
virtually eliminated the emergence of DTEP clones in response to lethal EGFRI
exposure (Sharma et al. 2010). The shift in DTP population dynamics under
SRA737 and tazemetostat combination treatment away from death and towards
senescence suggests an alteration in the long-term response of the cells and
resultant DTEP population. To test this, | used a stable, nuclear-labelled mKate2-
SK-N-AS cell line to monitor cell number during the course of long-term exposure

to 10 yM SRA737 alone or in combination with 1 yM tazemetostat (Figure 5-4A).

In line with previous observations, tazemetostat alone had no significant effect on
cell proliferation, and cells maintained in SRA737 alone gradually progressed as
DTEPs after 14 days of treatment (Figure 5-4B, left panel). In contrast, cells
maintained in a combination of SRA737 and tazemetostat did not progress and
the number of cells declined throughout the time-course, resulting in a significant
reduction in cell number at day 51 (Figure 5-4B, left panel & 5-4C). Consistent
with this, the proliferation rate of cells maintained under combination treatment
was significantly reduced compared to those treated with SRA737 alone (Figure
5-4D).

As cellular senescence is at least partly responsible for the inhibition of
proliferation under SRA737 and tazemetostat combination, and senescence can
be reversed (reviewed in (Saleh, Tyutyunyk-Massey, and Gewirtz 2019)), | tested
whether cells treated with SRA737, tazemetostat, or both agents in combination,
could recover following complete drug withdrawal. Drug-released populations
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were generated by removing single-agent or combination treatment after 7 days
and subsequently culturing cells in DMSO-supplemented medium. DTPs
generated with SRA737, or with SRA737 and tazemetostat in combination
resumed proliferation after drug withdrawal, but the recovery was slower for those
treated with the combination (Figure 5-4B, left panel). Although proliferation rate
had recovered to control levels (Figure 5-4D), there were significantly fewer cells
following release from combination treatment at day 51 (Figure 5-4B, left panel &
5-4C). H3K27mes3 levels agreed with previous observations. SRA737 exposure
induced H3K27 tri-methylation across the time-course and this was inhibited by
tazemetostat treatment (Figure 5-5). Removal of SRA737 and tazemetostat was
accompanied by a return of H3K27 methylation back to control levels at day 51.
These results demonstrate that combination treatment with tazemetostat inhibits
the progression of DTEPs from the SRA737-induced DTP bottleneck, and that
this effect is reversed following complete drug withdrawal.

These observations support a hypothesis that DTPs could require EZH2 activity
to exit from the DTP state and become DTEPs, or to recover from drug
withdrawal. To test this, DTPs generated under combination treatment were
released into either 10 yM SRA737 or 1 uM tazemetostat alone at day 7 (Figure
5-4A; SRA+TAZ>SRA and SRA+TAZ>TAZ, respectively). Surprisingly, DTP
progression remained supressed in cells that were released into SRA737 alone,
despite recovery of H3K27mes levels following tazemetostat removal (Figure 5-
4B, right panel, 5-4C & Figure 5-5). Furthermore, this anti-proliferative effect
remained significant versus prolonged exposure to SRA737 alone (Figure 5-4B,
right panel). In contrast, cells released into tazemetostat alone proliferated in line
with combination-induced DTPs that had been recovered in DMSO, with no
significant difference in the number of cells at day 51 (Figure 5-4B, right panel &
Figure 5-4C). Moreover, these cells had recovered proliferation rate to control
levels (Figure 5-4D). This was observed despite continued effective EZH2
inhibition (Figure 5-5). Together, these data demonstrate that DTPs generated
with SRA737 and tazemetostat can resume proliferation if the therapeutic
pressure imposed by SRA737 is removed but are unable to recover with

continued SRA737 exposure, even after tazemetostat withdrawal.
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Figure 5-4: EZH2 activity is required for DTP progression under continued SRA737
exposure.

(A) Schematic protocol for generation of indicated DTEP populations with SRA737 alone or in
combination with TAZ. (B) Quantification of mKate2-labelled SK-N-AS cells treated as shown in
(A) at indicated time points. (C) Whole-well fluorescence microscopy images of mKate2-SK-N-
AS cells treated as in (A) at experimental end-point (day 51). (D) Proliferation rate measured by
number of population doublings per day in day 51 control and persister-derived populations as
indicated. Images captured at 4X magnification, scale bar = 8 mm. Graphs show mean+SD from
n=2 independent experiments. Significance statements in (B) result from analysis of log10
transformed data by ordinary one-way ANOVA with Sidak’s correction, and (D) from comparison
of means by ordinary one-way ANOVA with Tukey’s correction versus DMSO control, unless
otherwise indicated. **** p<0.0001; *** p<0.001; ** p<0.01; * p<0.05; ns = not significant.
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Figure 5-5: Biomarker modulation in SRA737 and tazemetostat combination studies.
Western blot analysis (upper panel) and quantification (lower panel) of H3K27 methylation in
control and different persister cell populations at indicated time points. Heatmap shows mean
fold-change in scanning densitometry signal of n=4 independent experiments.

5.3.2. Populations emerging from a combination-induced DTP bottleneck are
more resistant to SRA737

Having generated persister populations with SRA737 and tazemetostat
treatment, | wondered whether cells generated under drug combination
responded differently to further challenge with SRA737.

To investigate this, DTEP and drug-released populations generated with SRA737
alone or in combination with tazemetostat were tested for SRA737 sensitivity.
Dose-response curves and Glso potency values were not obtained for cells under
continuous SRA737 and tazemetostat combination treatment, or those released
into SRA737 alone, as their proliferation rate was insufficient for robust

measurement (Figure 5-4D). DMSO and tazemetostat controls were equally
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sensitive to SRA737 and Glso values were consistent with previous observations
in SK-N-AS cells (Figure 5-6 & Table 5-1). In line with previous results, SRA737-
induced DTEPs and SRA737 drug-released cells were ~70X and ~7X less
sensitive to SRA737, respectively, compared to DMSO control (Figure 5-6 &
Table 5-1; 10 yM SRA737 and SRA737>DMSO). The average Glso values in
populations  released from  combination treatment into DMSO
(SRA737+TAZ>DMSO) or tazemetostat alone (SRA737+TAZ>TAZ) were 4.74
MM and 4.86 pM, respectively, representing a greater reduction in SRA737
potency compared to SRA737>DMSO populations (Figure 5-6 & Table 5-1).
Furthermore, the maximal effect observed at 30 yM SRA737 was also reduced
in these cells compared to both SRA737-induced DTEP and drug-released
populations (Figure 5-6). Although the Glso data shows a relatively high degree
of variation amongst the biological replicates, these results suggest that
populations emerging from a combination DTP bottleneck are even more
resistant to SRA737 than those generated with SRA737 alone.

—— DMSO
1uM TAZ
—— 10uM SRA737
--0-- SRA>DMSO
--a--  SRA+TAZ>DMSO
4 SRA+TAZ>TAZ

125

100

75

50

25

Cell viability (% DMSO Ctrl)

SRA737 (uM)

Figure 5-6: Persister-derived populations emerging from SRA737 and tazemetostat
combination treatment appear to be more resistant to SRA737.

Non-linear regression analysis of cell viability measured by CellTiter-Glo® 120h after SRA737
addition in drug-naive and indicated persister-derived populations. Graph shows meantSD of
two technical replicates and is representative of n=3 experiments.

158



Chapter 5

Table 5-1: Summary of cellular potency values (Glso) for SRA737 in indicated persister-
derived and control populations.

Glso values are meantSD. Cells are highlighted according to fold-increase in Glso value
compared to drug-naive (DMSO) control. Red =50-fold; orange =10-fold; yellow =2-fold. N/A; not
applicable, Un; undetermined.

; SRA737 Glso, pM Fold-change from
Population () e
DMSO 0.18 N/A

+0.02 (3)
1 uM TAZ 0.18 0.98
£0.02 (3)
SRA737>DMSO 1.33 7.36
+0.94 (3)
SRA737+TAZ Un N/A
SRA737+TAZ>DMSO 4.74 26.36
+2.43 (3)
SRA737+TAZ>SRA737 Un N/A
SRA737+TAZ>TAZ 4.86 27.03
+5.42 (3)
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5.4. Discussion

Epigenetic alterations are frequently reported in persister cells generated using
TKi, with several epigenetic enzymes shown to be important for their formation
and progression (Sharma et al. 2010; Guler et al. 2017; Liau et al. 2017;
Vinogradova et al. 2016; Shen et al. 2019). Profiling of specific histone H3
modifications revealed similar alterations in SRA737-induced persisters. In
particular, there is a global enrichment of H3K27 tri-methylation in DTP and DTEP
populations that was not present in dose-escalated SRA737-resistant cells.
Furthermore, RNA sequencing revealed an enrichment of gene sets related to
EZH2 transcriptional activity in DTPs and DTEPs that was partially reversed
following SRA737 withdrawal, suggesting a role for the EZH2 methyltransferase
in persister cell formation and survival. However, EZHZ2 inhibition using the small
molecule inhibitor tazemetostat failed to abrogate DTP formation or DTEP
viability, suggesting that K27 hypermethylation and EZH2 activity are not
essential for adoption of the DTP state or DTEP survival in the context of SRA737
exposure. This observation could be explained by activity of other K27
methyltransferases, such as G9a (Wu et al. 2011), that remain functional while
EZH2 is inhibited; however, this is unlikely since H3K27 methylation was
effectively diminished in DTP and DTEP populations. Another possibility is the
presence of additional epigenetic alterations that were not explored as part of
initial characterisation, such as alternative histone modifications or DNA
methylation. Moreover, as H3K27me3 enrichment was accompanied by a
reduction in H3K27ac, inhibition of histone deacetylases might also be required to
mitigate DTP formation. Since H3K27ac levels were not measured as part of
these investigations, it is unclear whether histone deacetylase activity continues

to maintain a repressive chromatin state while EZH2 is effectively inhibited.

While tazemetostat failed to inhibit DTP formation in response to lethal SRA737
exposure, further characterisation of the day 7 DTP population revealed a
significant increase in the proportion of senescent cells compared to SRA737
alone. Subsequent culture under continuous combination treatment significantly

hindered DTEP outgrowth, indicating a requirement for EZH2 activity during DTP-
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to-DTEP transition under lethal SRA737 exposure. This is consistent with reports
from other DTP models following inhibition of epigenetic enzymes (Sharma et al.
2010); however, it remains unknown if promotion of cellular senescence by
tazemetostat is the mechanism of action underlying these findings. Interestingly,
DTPs generated with combination treatment resumed proliferation following
release into DMSO or tazemetostat but failed to recover when released into
SRA737 alone, despite restoration of H3K27mes levels. This inhibitory effect was
equal to those maintained under combination for the duration of the experiment
and was significantly reduced versus SRA737 exposure alone. Together, these
data suggest that DTPs induced by combination treatment are different to those
generated under SRA737 alone, perhaps in terms of adaptive capability, and
inhibition of EZH2 leads to a DTP state that is more difficult to recover from. The
mechanisms by which tazemetostat exerts this anti-persister effect could be
investigated using additional ChIPseq analysis to identify regions of the genome

and genes that are differentially regulated under combination treatment.

Crucially, SRA737 potency was reduced even further following transition through
the SRA737 and tazemetostat combination DTP bottleneck. In comparison to
SRA737 drug-released populations, combination DTPs released into DMSO or
tazemetostat were ~3.5X less sensitive to SRA737. Although SRA737 sensitivity
could not be measured in DTEPs generated by continuous exposure to SRA737
and tazemetostat, these data indicate that populations emerging from this
combination bottleneck are even more resistant to SRA737 than those generated
with SRA737 alone. As such, it will be important to assess the impact this may

have on the evolution of drug-resistance.

Altogether, these studies have revealed a role for EZH2 activity in DTP-to-DTEP
progression under lethal SRA737 exposure and exposed a potential drawback of

abrogating DTP progression using tazemetostat.
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Chapter 6

IFNy activation hinders DTEP
emergence under lethal SRA737

exposure
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Chapter 6 IFNy activation hinders DTEP emergence under
lethal SRA737 exposure

6.1. Introduction

Cytokines are the key signalling molecules of the immune system. They are
secreted by immune and non-immune cells to activate and coordinate immune
and inflammatory responses to a range of pathogens. Cytokine signalling is
mediated by JAK-STAT pathways, wherein receptor binding activates janus
kinases (JAKs) that subsequently phosphorylate and activate signal transducer
and activator of transcription (STAT) transcription factors to promote expression
of target genes. Multiple cytokine-JAK-STAT signalling pathways exist to elicit
pleiotropic effects in target cells by promoting expression of genes that regulate
proliferation, differentiation, and migration (Figure 6-1). Dysregulated JAK/STAT
signalling is prevalent in many inflammatory and autoimmune diseases, such as
rheumatoid arthritis and systemic lupus erythematosus, resulting in the
development of targeted small molecule JAK inhibitors that are approved for

clinical use or under clinical investigation (Table 6-1).

While the primary function of cytokine signalling is to coordinate appropriate
immune responses, these pathways can be hijacked by cancer cells to promote
survival and tumour progression (Figure 6-1). Upregulated IFNy signalling is
associated with metastatic and invasive disease (Lo et al. 2019; Chen et al.
2023), as well as impaired immune detection by cytotoxic T-cells (Lane et al.
2018). Constitutive STATS activation in head and neck, and prostate cancer cell
lines promotes tumour survival and growth by inhibiting apoptosis and increasing
proliferation and migration (Koppikar et al. 2008; Gu et al. 2010). Furthermore,
IL-6-STAT3 signalling activity is upregulated and required for the development of
vincristine-resistance in an in vitro model of medulloblastoma (Sreenivasan et al.
2020), demonstrating the role of cytokine signalling pathways in the acquisition

of therapeutic resistance.
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Figure 6-1: IL-2, IL-6, and IFNy signalling through the JAK-STAT pathway.
Cytokine-receptor binding activates JAK kinases that phosphorylate STAT transcription factors.
Activated STAT dimers translocate to the nucleus to induce transcription of target genes that
promote pleiotropic effects in cells, including proliferation, differentiation, and migration.

In the present study, transcriptional profiling of SRA737-induced DTP and DTEP
populations revealed an increase in the expression of genes involved in multiple
cytokine signalling pathways, including IL-2, IL-6, and IFNy (Figure 4-16B, 4-16C
& Appendix Figure 3). Interestingly, these pathways were not enriched in dose-
escalated SRA737-resistant cells, indicating that upregulated cytokine signalling
is a persister-specific mechanism. Consistent with this hypothesis, dysregulated
inflammatory signalling has been reported in other stress and drug-induced
persister cell models (Guler et al. 2017; Al Emran et al. 2018; Kurppa et al. 2020).
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However, there are limited studies investigating their contribution to DTP

formation and progression.

The majority of IL-2, IL-6, and IFNy related genes are increased in persister
populations, suggesting that upregulation of these signalling pathways is required
for DTP formation, survival, and progression. As such, | hypothesised that
suppression of cytokine signalling using commercially available JAK inhibitors or
STAT protein degraders (Table 6-1) would reduce DTP formation in response to
lethal SRA737 exposure. Conversely, | reasoned that priming these pathways
with exogenous cytokines would promote adoption of the persister cell state and
increase the number of DTPs generated under SRA737.

Table 6-1: In vitro biochemical and cellular potency values of JAK or STAT inhibitors.
1 (Wan et al. 2015); & (Changelian et al. 2003); B! (Quintas-Cardama et al. 2010); ! (Zhou et al.
2019)

Compound BMS-911543 Tofacitinib Ruxolitinib SD-36
Target JAK2 JAK1/2/3 JAK1/2 STAT3
Clinical Phase I/ Approved Approved N/A
1l 2] [3] [4]
In vitro 1Cso (nM) JAK1: 360 JAK1: 112 JAK1: 3.3 STAT3 DCso: 60
JAK2: 1.1 JAK2: 20 JAK2: 2.8
JAKS: 75 JAKS: 1 JAKS: 428
Cellular potency Y 2 (3] 4]
Cell line | SET-2 HUO3 Ba/F3 Molm-16
Measure | Proliferation Proliferation Proliferation Proliferation
ICs0 (NM) | 60 324 126 13
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6.2. Investigating the role of IFNy-JAK1/2-STAT1 signalling in DTP

formation in response to lethal SRA737 exposure

6.2.1. Cytokine secretion is upregulated in SRA737-induced DTPs

Cytokine secretion was measured in supernatants from SRA737-induced DTPs
and drug-naive controls using a cytokine array. Cytokines that were specifically
upregulated in persisters were identified by a 22.5X increase in signal intensity
versus drug-naive controls (Figure 6-2) and represented 36.1% of all cytokines
tested (13 out of 36). This considerable alteration in secretion profile suggests
that modification of cytokine and/or immune signalling may be important for DTP
formation. Included in this shortlist were IFNy, IL-2, and IL-6 themselves, that are
known to regulate the expression of other cytokines such IL-4 (Kovanen et al.
2005) and CCL5 (Liu, Guan, and Ma 2005). In agreement with this, IL-4 and
CCLS5 levels were increased in supernatants from SRA737-induced DTPs (Figure
6-2). Although from a single experiment, these results help validate the gene
expression data at the protein level and provide further evidence implicating
cytokine signalling in persister cell formation under lethal SRA737 exposure.
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Figure 6-2: SRA737-induced DTPs upregulate cytokine secretion.

Measurement of 36 cytokines in day 7 DTP cell supernatants using the Proteome Profiler™
Human Cytokine Array. Signal intensities are expressed relative to a time-matched DMSO-
treated control. Graph shows meanSD of two technical replicates from a single experiment.
Red dotted line represents a 2.5X increase in signal intensity versus DMSO control.

6.2.2. Optimising conditions for persister cell studies using exogenous IFNy and
JAK/STAT inhibitors

Gene expression and cytokine array data show that SRA737-induced DTPs
upregulate IL-2, IL-6, and IFNy signalling. If these pathways are required for DTP
formation, the number of DTPs generated in response to SRA737 could be
reduced or increased by inhibiting or priming the signalling pathways,
respectively.

Before investigating these hypotheses, | first examined the response of SK-N-AS
cells to exogenous human recombinant IL-2, IL-6, and IFNy. IL-2, IL-6, and IFNy
receptor binding activates intracellular JAK-STAT signalling pathways (Figure 6-
1) whose activation can be measured by Western blotting for phosphorylated
STAT proteins. IFNy was the only cytokine to induce STAT phosphorylation in
SK-N-AS cells, with increased pY701-STAT1 observed at even the lowest dose
tested (Figure 6-3A & Appendix Figure 7A). Consistent with published values,
IFNy-mediated STAT1 activation was inhibited most effectively by the small
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molecule JAK1/2 inhibitor ruxolitinib, with an 1Cso of 0.02 uM (Figure 6-3B, Tables
6-1 & 6-2 & Appendix Figure 7B & 7C). To test the hypothesis that inhibiting IFNy
signalling will abrogate DTP formation, SK-N-AS cells will need to be treated with
ruxolitinib in combination with SRA737. As such, it is important to use a
concentration that will supress STAT1 activation without causing overt
cytotoxicity. Encouragingly, ruxolitinib was only weakly anti-proliferative in SK-
N-AS cells, with a Glso value of 21.53 uM (Table 6-2 & Appendix Figure 7E).
Together, these results outline the optimal experimental conditions to investigate

the role of IFNy-mediated JAK1/2-STAT1 signalling in persister cell studies.
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Figure 6-3: SRA737-induced DTP formation is unaffected by inhibition or activation of the
IFNy-JAK1/2-STAT1 pathway.

(A) Western blot analysis of activated pY701-STAT1 levels in SK-N-AS cells after treatment with
indicated concentrations of IFNy for 1h. (B) Western blot analysis of IFNy-induced pY701-STAT1
activation after 24h pre-treatment with indicated concentrations of ruxolitinib. (C) Schematic
protocol for generation of DTPs with SRA737 alone, or in combination with RUX (left panel) or
IFNy (right panel). (D) Number of DTPs at day 7 following treatment with RUX, IFNy or SRA737
as single agents, or in combination (SRA+RUX or SRA+IFNy). (E) Quantification of ViaFluor®
proliferative dye in To populations, day 7 controls, and indicated DTP populations. (F) Western
blot analysis of pY701-STAT1 levels in To and day 7 samples treated as in (C). Graphs show
meanzSD of three independent experiments. Dotted line in (C) represents proportion of cells
present at To. Western blots shown are representative of three independent experiments.
Significance statements in (D) result from comparison of means by ordinary one-way ANOVA with
Sidak’s correction, and (E) from comparison of means by ordinary one-way ANOVA with Tukey’s
correction. ns = not significant.
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Table 6-2: Potency of JAK/STAT inhibitors in SK-N-AS cells as measured by pY701-STAT1
modulation (ICso) and cell viability (Glso).
Glso values represent a single experiment.

Target Compound pY701-STAT1 modulation Cell Viability
ICs50, UM Glso, pM
JAK2 BMS-911543 0.28 24.74
JAK1/2/3 Tofacitinib 0.14 >30
JAK1/2 Ruxolitinib 0.02 21.53
STAT3 SD-36 0.96 >30

6.2.3. DTP formation is unaffected by inhibition or activation of IFNy-JAK1/2-
STAT1 signalling

To investigate the requirement for IFNy-mediated JAK-STAT1 signalling in DTP
formation, the pathway was inhibited or primed by pre-treating SK-N-AS cells with
0.5 pM ruxolitinib for 24 h or 1 ng/mL IFNy for 1 h, respectively, before DTP
induction with 10 yM SRA737 (Figure 6-3C). Cells were then maintained in
SRA737 alone, or in combination with either ruxolitinib or IFNy, and DTPs
quantified at day 7. There was no difference in the number of DTPs generated
under SRA737 exposure alone or in combination with either ruxolitinib or IFNy
(Figure 6-3D). Furthermore, there was no alteration in proliferative dye retention
upon combination treatment with ruxolitinib or IFNy (Figure 6-3E), despite
effective pathway inhibition or activation at To and day 7 (Figure 6-3F), indicating
that these DTPs similarly originate from the starting cell population and adopt the
same slow-cycling state as those induced with SRA737 alone. Consistent with
published data describing STAT1 as an interferon-stimulated gene (Shuai et al.
1992), cells treated with 1 ng/mL IFNy for 7 days showed an increase in total
STAT1 protein level compared to DMSO or ruxolitinib treated controls (Figure 6-
3F). A small increase in total STAT1 was also observed in SRA737-induced
DTPs, consistent with the cytokine array finding that these cells secrete IFNy;
however this was not accompanied by an increase in pY701-STAT1 levels.
Strikingly, total STAT1 was upregulated to the greatest level in DTPs generated
with SRA737 and IFNy, indicating an additive effect of this combination treatment

on IFNy signalling. This could be explained by an increase in overall IFNy
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concentration as a result of upregulated cytokine secretion from DTPs (Figure 6-
2) and exogenous treatment.

6.2.4. Inhibition or activation of IFNy signalling does not alter composition of the
SRA737-induced DTP population at day 7

The observation that neither inhibition nor activation of the IFNy-JAK1/2-STAT1
signalling pathway impacted DTP formation in response to SRA737 does not
exclude the possibility that ruxolitinio or IFNy alter the day 7 persister cell
population. Indeed, the same conclusion was made for tazemetostat (Figure 5-
2C-D) and subsequent studies revealed that tazemetostat increased the
proportion of senescent cells in SRA737-induced DTPs (Figure 5-3C).

To investigate potential changes to the day 7 population, DTPs generated under
SRA737 alone, or in combination with ruxolitinib or IFNy, were assayed for levels
of apoptosis and cytotoxicity as previously described (see Section 5.2.3). In line
with previous results, levels of apoptosis and cytotoxicity were higher in SRA737-
induced DTPs versus DMSO-treated controls; but this increase was not
significantly affected by the combination of SRA737 with ruxolitinib or IFNy
(Figure 6-4A & 6-4B).

Senescence was also quantified by (-galactosidase activity assay, as previously
described (see Section 5.2.3). Consistent with previous results, the number of -
galactosidase positive cells was increased in SRA737-induced DTPs compared
to DMSO control (Figure 6-4C). While this was unaffected by the addition of IFNy,
there was a small but significant decrease in the number of senescent cells under
SRA737 and ruxolitinib combination treatment in comparison to SRA737 alone
(Figure 6-4C; 10.9% vs. 18.3%, respectively). However, the observation that this
was not significantly altered compared to the SRA737 and IFNy combination and
that the addition of IFNy failed to inversely induce senescence, suggests this
reduction may not be biologically important. As such, it would be interesting to

see if this decrease has an effect on DTP progression. Nonetheless, these data
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demonstrate that addition of ruxolitinib or IFNy causes minimal compositional
change to the SRA737-induced DTP population.
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Figure 6-4: The SRA737-induced DTP population is unperturbed by combination treatment
with ruxolitinib or exogenous IFNy.

(A) Caspase 3/7 and (B) dead cell protease activity measured by ApoTox-Glo® in day 7 DTPs
generated with SRA737 alone or in combination with ruxolitinib (SRA+RUX) or IFNy (SRA+IFNYy),
relative to DMSO treated control. Cells treated with 1 uM etoposide (ETOP) for 7 days served as
a positive control. Graphs show meanzSD of log10 transformed data from three independent
experiments. (C) Proportion of B-galactosidase positive cells in day 7 controls or indicated DTP
populations. Cells treated with 10 uM palbociclib (PALB) for 14 days served as a positive control.
Graph shows meanzSD from three independent experiments. Significance statements result
from comparison of means by ordinary one-way ANOVA with Tukey’s correction. **** p<0.0001;
** p<0.01; * p<0.05; ns = not significant.
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6.2.5. SRA737-induced DTPs have an IFNy-like secretory cytokine profile

Although neither ruxolitinib nor IFNy altered the cellular composition of SRA737-
induced DTPs, | wondered whether there might be any changes to their secretory
profiles instead. To investigate this, supernatants from combination-induced
DTPs were similarly analysed by cytokine array as previously described (see
Section 6.2.1). SK-N-AS cells treated for 7 days with 1 ng/mL IFNy served as a
positive control and, accordingly, showed upregulated secretion in 50% (18 out
of 36) of all cytokines tested, including IL-2, IL-4, and IL-6 (Figure 6-5A).
Conversely, cytokine secretion was effectively inhibited by exposure to 0.5 yM
ruxolitinib, with only IL-17A and complement component C5/C5a showing

increased secretion.

There was remarkable similarity in the secretory profiles from DTPs generated
with 10 yM SRA737 and cells treated with IFNy alone (Figure 6-5A & 6-5B).
SRA737-DTPs shared 13 cytokine enrichments with IFNy treated controls,
including IL-1ra, G-CSF, and complement component C5/C5a (Figure 6-5A & 6-
5B; purple). This suggests that SRA737-induced DTPs adopt a similar cellular
state to cells that have been stimulated with IFNy. DTPs generated with SRA737
and IFNy in combination shared an almost identical profile with DTPs induced by
SRA737 alone, sharing 91.7% of enrichments (Figure 6-5A & 6-5B; green). The
observation that total STAT1 was highly overexpressed in DTPs generated under
SRA737 and IFNy combination (Figure 6-3F) suggested cumulative upregulation
of IFNy signalling in these cells. However, the addition of IFNy did not appear to
have a synergistic effect on cytokine secretion, as shown by similar alterations
compared to DTPs generated with SRA737 alone (Figure 6-5A & 6-5B).
Interestingly, cytokine secretion was not inhibited in DTPs generated under
SRA737 and ruxolitinib combination treatment, indicating that JAK1/2 inhibition
alone is insufficient to overcome this phenomenon in response to lethal SRA737

exposure.

An important caveat of these data is that this experiment was performed on a
single occasion. Nonetheless, these results demonstrate a clear similarity
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between SRA737-induced DTPs and IFNy stimulation. While these alterations
do not appear to be important for DTP formation, this work will now focus on

whether there is a subsequent effect on DTP-to-DTEP transition.
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Figure 6-5: Cytokine secretion in SRA737-induced DTPs phenocopies direct IFNy
stimulation.

(A) Analysis of cytokine secretion in day 7 supernatants from control treated SK-N-AS cells (0.5
MM RUX or 1 ng/mL IFNy) and DTPs generated with SRA737 alone, or in combination with RUX
(SRA+RUX) or IFNy (SRA+IFNy) using the Proteome Profiler™ Human Cytokine Array. Signal
intensity is expressed relative to a time-matched DMSO-treated control. (B) Comparison of
cytokine secretion between IFNy-treated control (x-axis) and DTPs generated with SRA737 alone
or in combination with IFNy (y-axis). Dotted line represents line of identity. Heat map and graph
shows mean of two technical replicates from a single experiment.
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6.3. Investigating the requirement of IFNy-JAK1/2-STAT1 signalling

for persister cell progression

6.3.1. Ruxolitinib fails to abrogate DTP-to-DTEP transition under SRA737

exposure

Although the IFNy response was shown to be upregulated in day 7 DTPs (Figure
4-16C), pathway inhibition using the JAK1/2i ruxolitinib failed to reduce DTP
formation under lethal SRA737 exposure (Figure 6-3D). Combined with the
observation that genes associated with IFNy responses are also upregulated in
day 50 DTEPs (Figure 4-16C), | reasoned that JAK1/2-STAT1 signalling may
instead be required for DTP progression. To test this, mKate2-SK-N-AS cells
were used to monitor cell number during the course of long-term exposure to 10
MM SRA737 alone or in combination with 0.5 yM ruxolitinib (Figure 6-6A).
mKate2-SK-N-AS cells treated with 0.11% DMSO or 0.5 pM ruxolitinib alone were

cultured in parallel as controls.

In line with previous observations, ruxolitinib had no significant effect on cell
proliferation, and cells maintained in SRA737 gradually recovered as DTEPs after
13 days of treatment (Figure 6-6B, left panel). The addition of ruxolitinib failed to
inhibit the progression of a DTEP population under continued SRA737 exposure
(Figure 6-6B, left panel). In fact, responses were so similar that there was no
significant difference in cell number at day 48 or proliferation rate between the
two populations (Figure 6-6B, left panel, 6-6C & 6-6D). As such, these results
suggest that JAK1/2 activity is not essential for DTP-to-DTEP transition under
prolonged lethal SRA737 exposure.

To test if DTPs induced by SRA737 and ruxolitinib combination treatment were
equally capable of recovery following complete drug withdrawal, drug-released
populations were generated by removing single-agent or combination treatment
after 7 days and subsequently culturing cells in DMSO-supplemented medium
(Figure 6-6A). DTPs generated under SRA737 and ruxolitinib combination
treatment showed no difference in proliferative recovery after drug withdrawal
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(SRA+RUX>DMSO) in comparison to SRA737-released cells (SRA>DMSO), as
demonstrated by no difference in day 48 cell number or proliferation rate between
the two populations (Figure 6-6B, left panel, 6-6C & 6-6D). Furthermore, no
differential responses were observed after release into SRA737
(SRA+RUX>SRA) or ruxolitinib (SRA+RUX>RUX) alone compared to their
counterparts treated with SRA737 only (Figure 6-6B, right panel, 6-6C & 6-6D).

Together, these data demonstrate that long-term inhibition of JAK1/2 activity fails
to abrogate DTP progression under continued lethal SRA737 exposure or delay
recovery from the SRA737-induced DTP state.
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Figure 6-6: DTP-to-DTEP transition under lethal SRA737 exposure is unaffected by
ruxolitinib-mediated inhibition of JAK1/2.

(A) Schematic protocol for generation of indicated DTEP populations with SRA737 alone or in
combination with RUX. (B) Quantification of mKate2-labelled SK-N-AS cells treated as shown
in (A) at indicated time points. (C) Whole-well fluorescence microscopy images of mKate2-SK-
N-AS cells treated as in (A) at experimental end-point (day 48). (D) Proliferation rate measured
by number of population doublings per day in day 48 control and persister-derived populations,
as indicated. Images captured at 4X magnification, scale bar = 8 mm. Graphs show mean+SD
from n=2 independent experiments. Significance statements in (B) result from analysis of log10
transformed data by ordinary one-way ANOVA with Sidak’s correction, and (D) from comparison
of means by ordinary one-way ANOVA with Tukey’s correction versus DMSO control, unless
otherwise indicated. **** p<0.0001; *** p<0.001; ns = not significant.
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6.3.2. Exogenous IFNy treatment hinders DTP-to-DTEP transition under
continued SRA737 exposure

The expression of IFNy response genes was upregulated in day 7 DTPs
generated with SRA737 (Figure 4-16C), but further addition of IFNy failed to
promote DTP formation or alter the composition of the day 7 SRA737-induced
DTP population (Figures 6-3 and 6-4, respectively). Since IFNy response genes
were also upregulated in day 50 DTEPs (Figure 4-16C), | hypothesised that IFNy
stimulation might instead promote quicker transition from the DTP to DTEP state
with long-term SRA737 exposure. To test this, mKate2-SK-N-AS cells were used
to measure long-term proliferation under SRA737 and IFNy combination
treatment (Figure 6-7A). mKate2-SK-N-AS cells treated with 0.11 % DMSO or 1

ng/mL IFNy were cultured in parallel as controls.

In contrast to the hypothesis under test, cell numbers in DTPs generated with and
continuously exposed to SRA737 and IFNy (SRA+IFNy) actually declined and
remained supressed through day 48 in comparison to single-agent SRA737
exposure, resulting in considerably fewer cells at day 48 (Figure 6-7B, left panel
& Figure 6-7C). Consistent with this, there was a significant reduction in
proliferation rate between combination-treated cells and those exposed to
SRA737 alone (Figure 6-7D). These results demonstrate that the addition of IFNy
hinders DTEP emergence from the SRA737-induced DTP state.

Following this observation, | wondered if DTPs generated by SRA737 and IFNy
combination treatment were less capable of recovery following complete drug
withdrawal. To test this, drug-released populations were generated as previously
described (see Section 6.3.1) and proliferation monitored over time (Figure 6-7A).
Combination and single-agent SRA737 DTPs recovered similarly after release
into DMSO-supplemented medium at day 7, resulting in no significant difference
in cell number at day 48 (Figure 6-7B, left panel & 6-7C). Furthermore, these
cells (SRA+IFNy>DMSO) recovered proliferation rate to control levels by day 48
(Figure 6-7D). These data demonstrate that DTPs generated by SRA737 and
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IFNy combination treatment are equally capable of revival following complete

removal of therapeutic pressure.

These observations support a hypothesis that overstimulation of the IFNy
signalling pathway inhibits DTP progression under prolonged lethal SRA737
exposure. As such, if overactivation of IFNy signalling is required for the
observed anti-proliferative effect, cells should recover following removal of
exogenous IFNy. Conversely, continued IFNy treatment should inhibit population
recovery. To test these hypotheses, DTPs generated under combination
treatment were released into either 10 yM SRA737 or 1 ng/mL IFNy alone at day
7 (Figure 6-7A; SRA+IFNy>SRA and SRA+IFNy>IFNy, respectively).
Surprisingly, cells that were released into SRA737 alone did not resume
proliferation, and there was no difference in cell number at day 48 compared to
those that were continuously exposed to combination treatment (Figure 6-7B,
right panel & 6-7C). In contrast, cells released into IFNy alone proliferated in line
with combination-induced DTPs that had been recovered in DMSO, with no
significant difference in the number of cells at day 48 (Figure 6-7B, right panel &
Figure 6-7C). These cells also showed an almost complete recovery of
proliferation rate to control levels (Figure 6-7D).

This additional data shows that DTPs generated by combination treatment with
SRA737 and IFNy can resume proliferation if the therapeutic pressure imposed
by SRA737 is removed. However, they are unable to recover under continued
lethal SRA737 exposure, even following removal of exogenous IFNy. As
observed for tazemetostat combination studies, these data suggest that DTPs
induced by combination treatment are different to those generated under SRA737
alone, and overstimulation of IFNy signalling leads to a DTP state that is more

difficult to recover from.
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Figure 6-7: Exogenous IFNy treatment abrogates DTP-to-DTEP transition under lethal
SRA737 exposure.

(A) Schematic protocol for generation of indicated DTEP populations with SRA737 alone or in
combination with IFNy. (B) Quantification of mKate2-labelled SK-N-AS cells treated as shown
in (A) at indicated time points. (C) Whole-well fluorescence microscopy images of mKate2-SK-
N-AS cells treated as in (A) at experimental end-point (day 48). (D) Proliferation rate measured
by number of population doublings per day in day 48 control and persister-derived populations as
indicated. Images captured at 4X magnification, scale bar = 8 mm. Graphs show mean+SD from
three independent experiments. Significance statements in (B) result from analysis of log10
transformed data by ordinary one-way ANOVA with Sidak’s correction, and (D) from comparison
of means by ordinary one-way ANOVA with Tukey’s correction versus DMSO control, unless
otherwise indicated. **** p<0.0001; *** p<0.001; ** p<0.01; * p<0.05.
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6.4. Characterising populations emerging from a combination-
induced DTP bottleneck

6.4.1. Populations emerging under SRA737 alone and in combination with
ruxolitinib or IFNy respond similarly to further challenge with SRA737

Having generated persister populations with SRA737 in combination with
ruxolitinib or IFNy, | wondered whether these cells behaved differently in
response to further drug challenge. To investigate this, DTEP and drug-released
populations were tested for SRA737 sensitivity.

Control cells exposed to DMSO, 0.5 uM ruxolitinib, or 1 ng/mL IFNy were equally
sensitive to SRA737 and Glso values were consistent with previous observations
in SK-N-AS cells (Figure 6-8A & 6-8B, left panels & Table 6-3). In comparison to
previous results, SRA737-induced DTEPs were slightly more sensitive to
SRA737 (~2X), with an average Glso of 6.56 yM (Figure 6-8A, left panel, and
Table 6-3). Conversely, drug-released populations were ~7X less sensitive, as
shown by a SRA737 Glso of 4.05 yM.

SRA737 Glso values were similar in DTEPs generated with SRA737 alone or in
combination with ruxolitinib (Figure 6-8A, left panel & Table 6-3). SRA737
potency was also comparable in combination DTPs maintained in SRA737 only
(SRA+RUX>SRA). In comparison, combination DTPs recovered into DMSO
(SRA+RUX>DMSO) or ruxolitinib alone (SRA+RUX>RUX) were slightly more
sensitive to SRA737 and Glso values were similar to SRA737 drug-released
populations (SRA737>DMSO). These results are consistent with previous data
showing partial resensitisation to SRA737 following drug withdrawal (Table 4-1 &
5-1). Interestingly, a very similar pattern of results was observed in populations
generated from SRA737 and IFNy combination studies (Figure 6-8B, left panel &
Table 6-3). Together, these observations indicate that passage through an
SRA737-induced bottleneck in combination with ruxolitinib or IFNy does not alter
responses of emerging DTEP or drug-released populations to further challenge
with SRA737.
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Populations were additionally tested for ruxolitinib sensitivity. Measuring
population changes were more difficult in this case due to the relative low potency
of ruxolitinib. Consistent with previous observations in parental SK-N-AS cells,
control populations had Glso values ~20 uM (Figure 6-8A & 6-8B, right panels &
Table 6-3). Small decreases in Glso potency and maximal effect at top dose (30
MM) were observed in some of the differentially derived populations, however this
was limited by the assay dose range used for testing. As such, it is not presently
possible to assess if populations emerging from the differential DTP states are
altered in response to further challenge to ruxolitinib; however, they certainly don’t
show increased drug sensitivity. It would be necessary to repeat this experiment

with a wider dose range to characterise this fully.
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Figure 6-8: SRA737 potency is unchanged in populations emerging from the SRA737 and
ruxolitinib or SRA737 and IFNy combination DTP bottlenecks.

Non-linear regression analysis of cell viability measured by CellTiter-Glo® 120h after compound
addition in populations from (A) SRA737 and ruxolitinib (SRA+RUX), or (B) SRA737 and IFNy
(SRA+IFNy) combination studies. Graphs show mean+SD of two technical replicates and is
representative of n=1 independent experiments.
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Table 6-3: Summary of cellular potency (Glso) values for SRA737 or ruxolitinib in indicated
persister-derived and control populations.

Glso values are meantSD. Cells are highlighted according to fold-increase in Glso value
compared to drug-naive (DMSO) control. Red =50-fold; orange =10-fold; yellow =2-fold. N/A; not
applicable, Un; undetermined.

SRA737 Ruxolitinib
i Fold-change Fold-change
Population Glso, uM (n) trom DMSO Glso, UM (n) o DMSO
DMSO 0.14 N/A 20.6 N/A
+0.02 (3) + 3.6 (3)
0.5 uM RUX 0.16 1.11 22.3 1.08
+0.02(3) +0.6 (3)
1 ng/mL IFNy 0.16 1.10 22.1 1.07
+0.01(3) +0.9 (3)
10 uM SRA737 L 46.16 >30 Un
+3.74 (2) )
SRA737>DMSO Al 28.51 28.8 1.40
+3.04 (3) (1)
SRA737+RUX 63.80 26.4 1.28
+0.7(2)
SRA737+RUX>DMSO 3.62 25.49 21.8 106
£2.60(3) +2.8(2)
SRA737+RUX>RUX . 14.71 18.9 0.91
+0.79 (3) +0.3(2)
SRA737+RUX>SRA737 58.93 25.3 122
£11(2)
SRA737+IFNy 84.90 >(?;) Un
5.05 35.51 25.5 1.24
SRA737+IFNy>DMSO
v £3.19 (3) £22(2)
4.04 28.43 24.4 118
SRA737+IFNy> IFN
) Y +2.40 (3) +3.7 (2)
62.94 >30 U
SRA737+IFNy>SRA737 . n
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6.5. Discussion

Transcriptional upregulation of inflammatory response genes are reported in
persister cells generated with targeted TKi (Guler et al. 2017; Al Emran et al.
2018). Consistent with this, gene sets related to IL-2 and IL-6 signalling pathways
and IFNy responses are specifically upregulated in SRA737-induced DTP and
DTEP populations, and are partially reversed after drug withdrawal, suggesting
that engagement of these pathways represents a common persister cell response
to diverse therapeutic challenges. This is further supported by the observation
that cytokine secretion is increased in supernatants from day 7 SRA737-induced
DTPs. Despite these common observations, studies investigating the
requirement of cytokine signalling for DTP formation, survival, and progression

are lacking.

Considering the vast majority of genes in the IFNy response signature are
upregulated, | hypothesised that SRA737-induced DTP formation could be
abrogated by inhibiting the IFNy signalling pathway using the small molecule
JAK1/2 inhibitor ruxolitinib. However, there was no change in the number of
DTPs generated by SRA737 alone or in combination with ruxolitinib. There were
also no considerable alterations to the proportion of apoptotic, cytotoxic, or
senescent cells in the day 7 DTP population. This occurred despite effective
inhibition of IFNy signalling, as measured by reduced phospho-STAT1 activation,
indicating that DTP formation in response to lethal SRA737 exposure is not
dependent on IFNy-JAK1/2-STAT1 signalling.

A potential explanation for the absence of an anti-persister response upon
JAK1/2 inhibition is that ruxolitinib failed to abrogate cytokine secretion in
SRA737-induced DTPs, despite showing effective inhibition as a single-agent in
control SK-N-AS cells. Although this experiment was performed on one occasion
and would require repeating to confirm, this result indicates that inhibition of
JAK1/2-STAT1 signalling is insufficient to overcome cytokine production and
secretion in DTPs arising in response to SRA737. Moreover, ruxolitinib did not
inhibit the emergence of a SRA737-resistant DTEP population and combination-
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induced DTPs were equally capable of recovery following drug withdrawal.
Together, this data indicates that alternative mechanisms of IFNy pathway
activation or compensatory signalling may contribute to cytokine production
and/or signalling in SRA737-induced DTPs. Further investigation using
biomarkers of IFNy-JAK1/2-STAT1 pathway activity, such as IFN receptor
activation or downstream target gene expression, or alternative cytokine-JAK-

STAT signalling would help to characterise these mechanisms.

Alternatively, | hypothesised that priming the IFNy pathway with exogenous
cytokine would promote adoption of the persister cell state and increase the
number of DTPs generated under SRA737. However, as observed for ruxolitinib,
there was no difference in the number of DTPs when IFNy was included, nor were
there any alterations to the day 7 DTP population in terms of apoptosis,
cytotoxicity, or senescence. This was surprising given the observed
overexpression of total STAT1 protein in DTPs generated with SRA737 and IFNy
combination treatment. Since STAT1 is an interferon stimulated gene, this
suggested synergistic overstimulation of the IFNy signalling pathway in
combination-induced DTPs. However, this did not translate to a cumulative effect
on cytokine secretion, since secretory profiles were comparably altered in DTPs
induced with SRA737 alone. This could provide a potential explanation for the
lack of synergy observed in this therapeutic combination. Cytokine profiling also
revealed a striking similarity in secretory profiles from DTPs generated with
SRA737 alone, or in combination with IFNy, and control cells treated with 1 ng/mL
IFNy, including increased secretion of IFNy itself. 1t would be important to confirm
these results by repetition or using an alternative method, such as RT-qPCR, to
ensure these results are not due to a limitation of the cytokine array used.
Nonetheless, this data indicates that SRA737-induced DTPs may activate IFNy
response pathways, perhaps through autocrine IFNy signalling, as a mechanism

to promote their survival or maintain the DTP state.

Surprisingly, the emergence of a drug-resistant DTEP population was inhibited
by combination treatment with SRA737 and IFNy, especially since there were no

alterations to the day 7 DTP population under combination treatment. This effect
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was not dependent on the continued presence of IFNy, as combination DTPs
released into SRA737 alone could not progress to DTEPs. This anti-proliferative
effect was equal to those maintained under combination treatment for the
duration of the experiment and was substantially reduced versus SRA737
exposure alone. Conversely, combination DTPs released into IFNy quickly
resumed proliferation in line with those generated and released from single-agent
SRA737 exposure. Together, these data suggest that day 7 DTPs generated by
SRA737 in combination with IFNy are different to those generated with SRA737
alone and are less capable of overcoming therapeutic challenge with SRA737.

While these data confirm that inhibition of JAK1/2 activity is insufficient to
abrogate DTP formation or progression, results indicate that overactivation of the
IFNy response pathway hinders DTP-to-DTEP transition and emergence of a

drug-resistant population under prolonged lethal SRA737 exposure.
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Chapter 7 General Discussion

7.1. Introduction

The emergence of drug-tolerant persister cells in response to targeted therapies
has been identified as a non-mutational resistance mechanism in cancer that can
precede acquired genetic resistance and serve as a reservoir for refractory
disease (Sharma et al. 2010; Ramirez et al. 2016; Russo et al. 2019). Persister
cells have been studied extensively in the context of tyrosine kinase inhibitors
(TKi) and have recently been detected in response to alternative chemotherapies
with different mechanisms of action, including anti-metabolites (Rehman et al.
2021), anti-microtubule agents (Dhimolea et al. 2021), DNA damaging agents
(Dhimolea et al. 2021; Rehman et al. 2021), immunomodulatory drugs (Sehgal et
al. 2021), and even radiotherapy (Zhao et al. 2023), indicating that they represent
a common resistance strategy in response to drug challenge. To date, no studies
have been conducted using small molecule inhibitors that interfere with DNA
integrity, such as those targeting MPS1 or CHK1. With small molecule
MPS1/CHK1 inhibitors currently under clinical investigation, the aims of this
thesis were to identify and characterise persister cells arising in response to these
novel agents, determine their contribution to the emergence of drug resistance,
and identify potential therapeutic intervention points to abrogate their formation,

survival, and/or progression.
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7.2. DTPs mediate resistance to SRA737

Results presented in chapter three demonstrate the formation of putative
persister cell populations in MDA-MB-231, SK-N-AS, and A549 cells after acute
exposure to lethal concentrations (~100X Glso) of targeted MPS1 or CHK1
inhibitors, and the general chemotherapeutics paclitaxel or gemcitabine.
However, a bona fide persister response consistent with the hallmarks defined
by Sharma and colleagues (2010) was achieved only in SK-N-AS cells exposed
to the CHK1i SRA737.

A DTP response was excluded in MDA-MB-231 and A549 models within the remit
of the characterisation work performed in these studies. Specifically, this was
based on muted epigenetic changes and failure to progress or recover in the
continued presence/absence of drug by day 50. However, these observations do
not absolutely exclude the identity of surviving MDA-MB-231 or A549 cells as
drug-tolerant persisters. As only a small number of histone modifications were
measured, it is possible that putative DTPs harbour alternative or additional
epigenetic alterations that play a role in DTP formation, survival, and progression
under these differential contexts. The full epigenetic landscape of these cells
could be defined using techniques such as CUT&Tag to investigate this further.
Data presented in chapter three also indicate that DTP responses are context
specific; depending on both the cellular model and therapeutic agent used. As
such, it's possible that DTPs formed in response to MPS1i, paclitaxel, or
gemcitabine may require longer treatment and/or recovery times to exit the
persister cell state. Furthermore, DTP responses could be influenced by the
genetic background or initial drug sensitivity of the cells; for example, a highly
potent agent may induce a DTP state that is more difficult to overcome. Indeed,
neither MDA-MB-231 nor A549 ‘DTPs’ progressed under or recovered from lethal
exposure to paclitaxel or gemcitabine, respectively, whose Glso values are both
in the low nanomolar range. Additionally, while no persister cell response was
observed in MDA-MB-231 cells following lethal exposure to paclitaxel, DTPs have
been identified and isolated using this agent in MDA-MB-231 3D organoid models
(Dhimolea et al. 2021). This highlights cell growth conditions as another
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contextual difference that may influence persister cell responses to lethal drug

exposure.

By contrast, a consistent subpopulation of drug-tolerant SK-N-AS cells survive 7
days treatment with a lethal dose of SRA737. These cells are slow-cycling and
harbour global epigenetic alterations, including hypermethylation and
deacetylation at H3K27 residues. Drug withdrawal reverses these changes and
restores SRA737 sensitivity to parental levels. Conversely, prolonged drug
exposure leads to the emergence of a proliferating population that are 2100X less
sensitive to SRA737. These results satisfy the persister cell hallmarks defined
by Sharma and colleagues who first characterised a transiently slow-cycling,
reversibly drug-tolerant DTP population in PC9 cells following lethal exposure to
small molecule EGFR inhibitors (Sharma et al. 2010). Furthermore, these
observations are consistent with reports from others that have identified DTP and
DTEP populations using additional TKi (Liau et al. 2017; Hangauer et al. 2017;
Al Emran et al. 2018; Shen et al. 2019), providing confirmation of a persister cell

response under the novel therapeutic context of CHK1 inhibition.

SK-N-AS DTPs give rise to an expanded persister (DTEP) population with
prolonged SRA737 exposure or resume growth after drug withdrawal (drug-
released). In addition to being 2100X less sensitive to SRA737, DTEPs are also
cross-resistant to alternative CHK1i, such as LY2603618 (rabusertib), as well as
DDR inhibitors targeting upstream ATR. In addition, DTEPs show no collateral
sensitivity to ATMi or CHK2i, indicating that compensatory engagement of the
parallel ATM-CHK2 DDR signalling axis is not a mechanism employed by
persister cells to withstand SRA737 exposure; however, this was not confirmed
by Western blotting for biomarkers of ATM-CHK2 activity. These results indicate
that populations emerging from a DTP bottleneck are resistant to the utilised drug
and a wider group of therapeutic agents targeting the same protein or pathway.
These observations are in line with reports from others detailing cross-resistance
in TKi-induced persister populations (Ravindran Menon et al. 2015; Liau et al.
2017; Hangauer et al. 2017), suggesting that therapeutic cross-resistance is a

common persister cell characteristic, perhaps reflecting their drug-tolerant nature.
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This has potential implications for treating persister-derived drug-resistant
tumours in the clinic that may also demonstrate similar cross-resistance profiles.
As such, it is imperative to identify and exploit therapeutic vulnerabilities that

target persisters and populations emerging from the DTP state.

A caveat to this work is that only one CHK1i was used in a single cancer cell line.
Expansion into alternative CHK1i, additional small molecule inhibitors of the DDR
signalling pathway, such as ATRI, and other models of neuroblastoma would

provide further support for DTP responses as a survival strategy to these agents.

7.3. DTPs are more prevalent in response to SRA737 exposure

SK-N-AS DTPs surviving 7 days lethal SRA737 exposure account for almost 25%
of the starting population (To) and, furthermore, originate from the To cells. By
contrast, previous studies have concluded that DTPs are rare within bulk tumour
populations, accounting for <5% of the cell population under therapeutic
challenge (Sharma et al. 2010). A potential explanation for this differential result
is that DTP responses are context specific. It's reasonable to assume that
different cancer types may harbour different persister cell capacities, or that DTP
responses are related to the mechanism of therapeutic assault. For instance, a
CHK1 inhibitor may require several rounds of cell division to accumulate
irrecoverable levels of DNA damage, giving more cells a window of opportunity
to survive by adopting the DTP state. This theory is supported by results from
chapter three, where the number of cells surviving acute lethal drug exposure
differed between cancer cell lines and type of therapeutic assault. For instance,
a higher proportion of A549 cells survive gemcitabine treatment in comparison to
SK-N-AS cells, despite exposure to equipotent lethal doses (100X Glso). These
observations are in line with Sharma et al. (2010) who isolated a different number
of DTPs from melanoma (1.71%) or colorectal (4.31%) cancer cell lines exposed
to the RAF kinase inhibitor AZ628. Nevertheless, this result indicates that, in the
context of CHK1i, a considerable proportion of cells can adopt the DTP state to

survive drug challenge; a finding that contrasts with the current understanding in

192



Chapter 7 General Discussion

the field and highlights the importance of characterising persister cell responses
using a broader range of targeted therapeutics.

An important implication of this result is that this increases the pool of viable cells
available for acquisition of de novo resistance mutations. Recent reports have
shown that DTPs transiently employ adaptive mutability in response to
therapeutic stress. This mechanism is utilised by bacterial persisters to boost
genetic diversity and promote survival under unfavourable environmental
conditions (McKenzie et al. 2001; Ponder, Fonville, and Rosenberg 2005;
Rodriguez et al. 2012; Gutierrez et al. 2013). Colorectal cancer DTPs generated
with cetuximab (EGFR targeted monoclonal antibody) alone, or in combination
with dabrafenib (BRAFVY6°E inhibitor), downregulated the expression of mismatch
repair (MMR) and homologous recombination (HR) genes, including MLH1 and
BRCA1 (Russo et al. 2019). As MMR and HR are high-fidelity DNA repair
mechanisms, these results suggest that faithful restoration of DNA damage
lesions may be inhibited in drug-tolerant cells. Furthermore, the expression of
error-prone DNA polymerases, such as POLk, POLA, and POLy, were increased
while high-fidelity enzymes, such as POLe and REV1, were decreased, indicating
a potential switch to haphazard DNA replication. Importantly, these alterations
were reversed upon drug withdrawal and were also not observed in genetically
resistant populations, confirming their specific induction in the transient DTP
state. Interestingly, pharmacological inhibition of REV1 activity delayed
outgrowth of a persister-derived drug resistant population in response to
prolonged cetuximab exposure (Russo et al. 2022), suggesting that these
mechanisms represent viable therapeutic targets to abrogate DTP progression.
These results suggest a general reduction in the efficacy of DNA repair and
replication processes that may contribute to adaptive mutability in drug-tolerant
populations. Indeed, mathematical modelling and experimental studies utilising a
modified version of the Lurai-Debrick fluctuation test revealed a 7- to 50-fold
increase in the mutation rate of persister populations compared to drug-sensitive
cells (Russo et al. 2022), demonstrating the link between suppression of DNA

integrity and increased mutational rate in DTPs, and providing evidence for the
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contribution of adaptive mutability to the emergence of spontaneous resistance

mutations in drug-tolerant cancer cell populations.

A more recent study has unveiled a novel source of mutability in drug-tolerant
persisters. EGFRT"%M_resistant NSCLC clones emerging from a gefitinib-
induced persister cell bottleneck showed enrichment of apolipoprotein B
messenger RNA editing catalytic polypeptide-like (APOBEC) mutational
signatures (Isozaki et al. 2023). APOBEC proteins are cytidine deaminases that
catalyse the deamination of cytidine to uridine in DNA and RNA, causing C>T or
C>G mutations in the event of ineffective repair (Butler and Banday 2023). Their
activity has been implicated in promoting tumour development, with APOBEC
mutational signatures identified in various cancer types (Alexandrov et al. 2013;
Jakobsdottir et al. 2022). Consistent with an enrichment of APOBEC mutational
signatures, APOBEC3A (A3A) mRNA and activity was increased in PC9 DTPs
after 14 days exposure to gefitinib or osimertinib (Isozaki et al. 2023). As
observed for mechanisms of adaptive mutability, this was reversed by drug
withdrawal. While overexpression of doxycycline-inducible, catalytically active
wild-type A3A (A3AWT) failed to increase the number of DTP colonies, CRISPR-
mediated A3A knockout delayed the emergence of drug resistant PC9
populations under prolonged osimertinib exposure. This was accompanied by a
reduction in APOBEC mutational signatures in DTPs generated with lorlatinib; a
small molecule inhibitor of anaplastic lymphoma kinase (ALK). Importantly, this
phenotype was rescued by re-expression of exogenous A3AWT, although an
enzymatically inactive control was not used to verify that this was due to A3A’s
deaminase activity. Together, this data demonstrates the role of APOBEC
enzymes in facilitating adaptive mutability in drug-tolerant cancer cell populations
and highlights the value in targeting these enzymes to abrogate the emergence
of resistant disease. However, the authors do address some key caveats to this
work. Firstly, clinically relevant mutations that arise in EGFRi-refractory disease,
such as EGFRT®M, cannot be attributed to APOBEC-driven mutagenesis since
the base substitutions involved are not APOBEC substrates. Secondly, the
APOBEC mutations observed in persister populations are not predicted to alter

protein sequence. As such, while this is certainly promising work, it is clear that
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the biological significance of APOBEC induction in drug-tolerant cancer cells

requires further investigation.

Considering these mutational processes are engaged in persister cells, the large
DTP population observed under SRA737 exposure could further promote the
evolution of drug resistance by increasing the reservoir of viable cells. Additional
interrogation of RNAseq data would reveal if the expression of MMR/HR-related
genes are downregulated, or any APOBEC family members are upregulated in
SRA737-induced persister populations. Furthermore, comparison to dose-
escalated cells would help to determine if these processes are persister-specific
or represent common drug-resistance mechanisms. Indeed, work from our group
(unpublished; Dr Michael Walton and Dr Fiona Want) and others (Kanu et al.
2016; Periyasamy et al. 2021) have shown that APOBEC3A/B expression and
activity is upregulated in response to treatment with various chemotherapeutic
agents in vitro, including those that induce replication stress. As CHK1 is a key
mediator of the replication stress (RS) response, CHK1 inhibitors could similarly
induce APOBEC activity. Moreover, given that CHK1i reduces cellular capacity
to recover from RS or DNA damage by inhibiting the DDR, DTPs surviving lethal
CHK1i exposure could be primed for the acquisition of genetic resistance and
have increased mutational rates. These mechanisms could work in concert to
drive adaptive mutability in DTPs generated with CHK1i. DNA sequencing would
reveal if the frequency of genetic mutation is increased in SRA737-induced

persister populations to help answer this interesting question.

7.4. Persistence and dormancy are interlinked

Further investigation of the day 7 DTP population revealed that ~20% of SRA737-
induced DTPs are positive for B-galactosidase activity, a marker of cellular
senescence. In addition, conditioned medium is enriched for secretory factors
that form part of the senescence-associated secretory phenotype (SASP),
including IL-6, GM-CSF, GROa, and ICAM-1 (Coppé et al. 2008). Finally,
expression of a universal senescence-associated gene signature (Fridman and

Tainsky 2008) is upregulated in DTP and DTEP populations and is partially
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reversed by drug withdrawal. It was surprising to find that this signature is still
enriched in DTEPs, considering they have exited the DTP state and resumed
proliferation. Perhaps this reflects a long-term consequence of becoming a DTP
or is symptomatic of incomplete recovery of proliferation rate to control levels. It
would be interesting to re-investigate expression of the senescence signature at
a later time-point when DTEPs have completely restored proliferation.
Nonetheless, these data strongly implicate cellular senescence in SRA737-
induced persister cell responses. Similar observations were recently reported in
dormant persister-like cells induced by combination EGFRI/MEKi treatment
(Kurppa et al. 2020). Molecular profiling using Assay for Transposase-Accessible
Chromatin sequencing (ATACseq) revealed an enrichment of TEA domain (Smith
et al.) transcription factor motifs, suggesting that TEAD activity is important for
this dormant drug-tolerant state. Indeed, both pharmacological inhibition and
genetic knockout of the TEAD coactivator yes-associated protein (YAP) reduced
the number of drug-induced dormant cells and abrogated regrowth following drug
withdrawal. Similar results were observed in primary human acute myeloid
leukemic (AML) cells after treatment with the antimetabolite chemotherapy
arabinosylcytosine (Ara-C) (Duy et al. 2021). While these studies were not DTP
focussed, the dormant populations generated after drug exposure harboured
persister cell characteristics including drug-tolerance, epigenetic alterations,
resumed proliferation with prolonged drug exposure, and recovery after drug
withdrawal. As such, these data implicate senescence in DTP formation and
reveal key similarities between chemotherapy induced dormancy and

persistance.

This data also raises further interesting questions. Drug-induced senescence is
a recognised cellular response to therapeutic stress and several studies indicate
that it is reversible (Kurppa et al. 2020; Duy et al. 2021; Saleh, Tyutyunyk-
Massey, and Gewirtz 2019). As such, it's possible that these cells could
eventually exit the senescent state and re-enter the cell cycle following drug
withdrawal or contribute to the emergence of drug-resistance in an analogous
mechanism to DTPs. Senescence could even form part of an overall persister

cell response. It is likely that persistence and senescence are interlinked, and
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understanding the nuances of these intertwined mechanisms could be key to
addressing drug resistance arising from them. Combined with the observation
that some SRA737-induced DTPs are apoptotic or necrotic, this data is
particularly fascinating as it implies that not all persisters have the same fate upon
lethal drug exposure. Some will adopt the DTP state, while others will enter
senescence or commit apoptosis. Some may even become persisters and then
perish. It would be interesting to investigate this further to identify regulatory
mechanisms that could be targeted to eradicate persister cell emergence or alter
cell fate, for example by promoting commitment to apoptosis over persistence.
Indeed, combination studies using SRA737 and the EZH2i tazemetostat revealed
a >2-fold increase in the number of senescent cells in the day 7 DTP population.
This was accompanied by a small abrogation of apoptotic and cytotoxic
responses, indicating that tazemetostat directs cells away from death and
towards senescence, potentially allowing more cells to survive lethal SRA737
exposure. However, long-term combination treatment delayed the progression
of DTEPs from an SRA737-induced DTP bottleneck, suggesting that
tazemetostat-mediated inhibition of epigenetic plasticity impedes exit from the
DTP state. Still, it remains unclear if tazemetostat hinders DTP-to-DTEP
transition by promoting senescence in DTPs. Techniques such as lineage tracing
using lentiviral barcodes could be used to determine the fate of these senescent
cells. For example, the observed inhibitory effect of tazemetostat could be

explained if all senescent cells eventually commit apoptosis.

More recently, induction of stress responses has been reported in persisters.
Persisters generated with irinotecan in a patient-derived xenograft (PDX) model
of colorectal cancer were enriched for a gene signature derived from in vitro
diapaused mammalian embryos (Rehman et al. 2021). Embryonic diapause is a
reversible state of arrested embryonic development that is triggered in response
to unfavourable environmental conditions, such as nutrient deprivation (reviewed
in (Fenelon, Banerjee, and Murphy 2014)). Interestingly, the diapause signature
was not upregulated in tumours that had regrown following removal of
chemotherapy (Rehman et al. 2021), demonstrating transient and reversible

engagement of this mechanism in DTPs. Interrogation of RNA sequencing data
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from additional PDX studies revealed that this signature was upregulated in
patient minimal residual disease (MRD) samples compared to matched pre-
treatment tumours. Furthermore, Kaplan-Meier analysis of TGCA data for
patients with colorectal cancer showed that high signature expression was
associated with reduced survival probability. Together, these data provide
evidence for DTP formation in vivo and highlight the potential clinical implications

of persister cell responses for prognosis and survival.

Similar results were obtained using a 3D organoid PDX model of triple negative
breast cancer (TNBC) (Dhimolea et al. 2021). In this case, treatment persistent
tumours were characterised by an embryonic diapause-like state in which MYC
Proto-Oncogene, BHLH transcription factor (Grossmann et al.) activity was
suppressed. Transcriptional profiling of persisters generated in vitro revealed
that this was accompanied by a downregulation of metabolic processes, including
DNA synthesis, RNA translation, and oxidative phosphorylation. Mechanistic
investigations showed that overexpression of doxycycline-inducible Myc reduced
the number of persistent cells arising in response to drug exposure, whereas
CRISPR-mediated Myc knockout promoted chemotherapeutic resistance. These
data reveal a key role for Myc in regulating biosynthetic dormancy as part of the

persister/diapause-like cell state.

In agreement with these studies, the diapause signature defined by Rehman et
al. (2021) is enriched in SRA737-induced DTP and DTEP populations and is
partially reversed after drug withdrawal. Furthermore, the MSigDB Hallmark ‘Myc
Targets’ gene set is downregulated in DTP and DTEPSs, but not in drug-released
populations. Altogether, this suggests that persister cells adopt a diapause-like
state as a common stress response strategy to promote their survival under
therapeutic challenge. A caveat to this is that the diapause signature is also
enriched in control populations, perhaps suggesting that long-term culture
contributes to the expression of these genes or mimics unfavourable
environmental conditions. As such, characterisation of these mechanisms in

SRA737-induced persisters warrants further investigation to determine if they
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represent a therapeutic target to specifically abrogate DTP formation, survival,
and/or progression.

In further support of the link between persistence and dormancy, the expression
of a gene signature derived from quiescent neural stem cells is also enriched in
SRA737-induced DTP and DTEP populations, and is partially recovered following
drug withdrawal. There is much discussion in the field about whether drug-
tolerant persisters are in fact cancer stem cells (CSCs). Indeed, increased
expression of classic CSC markers, including CD133 (Sharma et al. 2010) and
ALDH (Raha et al. 2014), is reported in some DTP models. However, this is not
consistent across all DTP studies. Furthermore, several reports have
demonstrated that cancer cells can stochastically enter and exit the DTP state
(Rehman et al. 2021; Dhimolea et al. 2021; Oren et al. 2021; Duy et al. 2021),
while CSCs follow hierarchal proliferation and are capable of self-renewal. In
addition, DTPs do not show increased tumour initiating potential (Rehman et al.
2021; Echeverria et al. 2019), which is a key CSC characteristic. As such, the

consensus is that DTPs share stem-like properties but are not CSCs themselves.

The enrichment of three distinct signatures that define separate cellular states
suggests that DTPs are a highly heterogeneous population. However, it remains
unclear whether these results are due to the simultaneous expression of different
signatures within a cell, or the presence of different populations. These questions
could be addressed using single-cell RNAseq or using a clonal population to
reduce population heterogeneity.

7.5. Distinct drug-resistance mechanisms emerge from the DTP

bottleneck

Transition through the DTP bottleneck is one route by which cancer cells can
acquire drug resistance. Experimentally, most drug resistance mechanisms are
studied using dose-escalated models with several reports using this approach to
identify mechanisms of resistance to CHK1 inhibitors. To date, no studies have
made a direct comparison between dose-escalated and persister-derived CHK1i
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resistant models to investigate if the same strategies emerge via the DTP

bottleneck.

Results presented in chapter four address this question. DTEP and dose-
escalated populations are similarly altered in sensitivity to SRA737, alternative
CHK1 inhibitors, additional DDRIi targeting CHK2 and ATR, and gemcitabine. No
CHK1 “gatekeeper” mutations have been reported in dose-escalated models of
CHK1i-resistance using prexasertib (Blosser et al. 2020; Nair et al. 2020; Zhao
et al. 2021). Consistent with this, SRA737 continues to inhibit CHK1 activation in
DTEPs and dose-escalated cells, although CHEK1 mutational status was not
confirmed by DNA sequencing. Furthermore, ATR-CHK1 signalling remains
functionally active in response to gemcitabine exposure and continues to be
inhibited by SRA737. In both populations, however, on-target SRA737 activity
fails to induce DNA damage or apoptosis, as shown by abrogation of yH2AX and
cleaved PARP accumulation, indicating that persister and dose-escalated
populations are equally able to cope with genotoxic stress. These results agree
with reports from dose-escalated models of prexasertib resistance (Blosser et al.
2020; Nair et al. 2020; Zhao et al. 2021), suggesting that this represents a
common strategy to overcome CHK1i. This could be conferred by engagement
of other DNA repair or biosynthetic pathways. Indeed, prexasertib resistant
OVCARS cell lines are enriched for genes associated with DNA mismatch and
base excision repair (Nair et al. 2020). Further interrogation of RNAseq data
would reveal if alternative DNA repair pathways are employed in SRA737-
induced persister or SRA737-resistant dose-escalated populations, and to what
extent this represents a common mechanism of CHK1i resistance. Regardless,
these results suggest that SRA737 resistance acquired through different routes
results in similar drug sensitivity profiles and common dysregulation of the DDR
signalling pathway. One speculation is that each transition through a DTP
bottleneck would be unique, resulting in different cellular outcomes. However,
RNA sequencing and drug sensitivity profiling revealed remarkable similarity in
transcriptional and behavioural profiles between independently generated DTP,
DTEP, or drug-released persister populations, suggesting that populations

generated in the same manner can arrive at similar destinations.
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However, further interrogation of the ATR-CHK1 signalling axis revealed key
differences between the two SRA737-resistant populations. In line with previous
reports from dose-escalated models of CHK1i resistance using prexasertib,
SRA737 dose-escalated cells upregulate WEE1 protein expression (Zhao et al.
2021). Increased WEE1 levels could explain the selective reduction in potency
of the WEE1i AZD1775 in dose-escalated cells. WEE1 protein levels are
unaltered in DTEPs, indicating that this is not a drug-resistance mechanism
employed by persister cells to overcome SRA737. Accordingly, combination
treatment with AZD1775 resensitises dose-escalated cells to SRA737 more
effectively than in DTEPs. Dose-escalated cells also upregulate CHK1; a
mechanism that has also been reported in prexasertib resistant cells (Blosser et
al. 2020). While this was not observed in persisters, one independently
generated DTEP population did show a reduction in CHK1 protein levels.
Interestingly, this was reported in CHK1i-resistant U20S cells generated with
CCT244747 (Hunter et al. 2022), a pre-clinical compound related to SRA737
(Walton et al. 2012), suggesting that different resistance mechanisms can arise
using alternative inhibitors of the same therapeutic target. This effect arose from
the concomitant downregulation of USP1, resulting in CHK1 protein
destabilisation and promotion of its proteasomal degradation (Hunter et al. 2022).
It would be interesting to investigate if this same mechanism was employed by
SRA737-induced DTEPs.

By contrast, CDK1 protein and gene expression is specifically downregulated in
SRA737-induced DTEPs. Reduced cyclin B1 expression and CDK1 activity is
reported to promote prexasertib resistance in a dose-escalated model of BRCAWT
ovarian cancer by inducing a sustained G2 cell cycle delay (Nair et al. 2020),
suggesting that the same drug-resistance mechanisms can emerge in dose-
escalated and persister-derived drug-resistant populations. However, no
changes to CDK1 expression are present in SRA737 dose-escalated cells,
indicating that, in this context, downregulation of CDK1 could represent a

persister-specific drug-resistance mechanism.
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Profiling of specific histone H3 modifications revealed epigenetic alterations in
SRA737-derived persisters that are reversed after drug withdrawal. In particular,
H3K27 hypermethylation is globally enriched alongside depletion of H3K27
acetylation in DTP and DTEP populations; modifications associated with
heterochromatic, genetically silent regions of the genome (Wang et al. 2008;
Heintzman et al. 2009; Pasini et al. 2010; Wiles and Selker 2017). These same
alterations were reported in PC9 DTPs generated with erlotinib (Guler et al.
2017), indicating that SRA737- and TKi-induced DTPs are commonly regulated
by epigenetic mechanisms that alter gene expression. Furthermore, there were
minimal changes to global epigenetic profiles in dose-escalated cells, suggesting
that epigenetic mechanisms are specifically required for DTP formation, survival,
or progression. Indeed, epigenetic alterations are consistently reported in
persister cells generated using TKi (Sharma et al. 2010; Guler et al. 2017; Liau
et al. 2017; Al Emran et al. 2018), confirming the importance of epigenetic
mechanisms in persister cell biology. An important consideration for this data is
that measurement of histone modifications by Western blotting can only provide
information about changes to the global epigenetic landscape, neglecting the
contextual importance of epigenetic alterations at regulatory genomic loci, such
as enhancer or promotor regions. As such, while no substantial changes were
observed in dose-escalated populations using this method, this does not exclude
the presence of localised epigenetic alterations that can alter gene expression.
Techniques such as ChIPseq or CUT&Tag could be used to define these
changes and their transcriptional consequences in SRA737-induced DTP
populations, as well as reveal alterations to a wider range of epigenetic

modifications that were unexplored in this work.

Interrogation of RNAseq data from dose-escalated cells and DTP and DTEP
populations revealed common and unique transcriptional changes. Several gene
sets were commonly upregulated in persister and dose-escalated cells, including
those related to apoptosis and EMT. These have been similarly reported in dose-
escalated models of prexasertib resistance (Blosser et al. 2020), suggesting that
these represent common CHK1i resistance mechanisms. Consistent with other
DTP models generated with TKi (Liau et al. 2017; Shen et al. 2019),
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topoisomerase inhibitors (Rehman et al. 2021), and anti-microtubule agents
(Dhimolea et al. 2021), cell cycle and proliferation related genes are
downregulated in SRA737-induced persisters, but not in dose-escalated
populations. This could be representative of the slow cycling DTP state or reflect
induction of persister-related dormancy (see Section 7.4). Regardless,
downregulation of proliferative activity is a common persister cell strategy.

The expression of gene signatures related to senescence, quiescence, and
embryonic diapause have been reported in other DTP models (Liau et al. 2017;
Kurppa et al. 2020; Duy et al. 2021; Rehman et al. 2021; Dhimolea et al. 2021)
and are upregulated in SRA737-induced DTP and DTEPs. Their expression was
partially recovered after SRA737 withdrawal, indicating that these represented
persister-specific mechanisms. However, this is challenged by the observation
that senescence and quiescence signatures were also increased in dose-
escalated cells, suggesting that these may actually be common drug resistance
mechanisms. Further investigation using cellular markers could be used to
determine whether these gene expression changes translate to a senescent or

quiescent phenotype, as observed for persister populations (see Section 7.4).

Interestingly, a number of pathways related to inflammatory responses and
cytokine signalling are upregulated in SRA737-derived persister populations.
These include IL-2/STATS5, IL-6/JAK/STAT3, and IFNy response genes that have
similarly been reported in other DTP models (Guler et al. 2017; Al Emran et al.
2018; Isozaki et al. 2023). Given that these gene sets were not enriched in dose-
escalated SRA737-resistant populations, these results indicate that they

represent genuine persister-specific mechanisms.

Together, these results demonstrate that distinct SRA737-resistance
mechanisms can arise through the DTP bottleneck, contributing to the growing
body of evidence that DTPs are a potential source of alternative or additional
drug-resistance mechanisms. As such, persister-derived populations represent

a different entity that require selective targeting to eradicate.
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7.6. Entry into the DTP state has long-term consequences

Persister cells are characterised by reversible drug-tolerance, as evidenced by a
return to sensitivity upon drug withdrawal (Sharma et al. 2010; Liau et al. 2017).
PC9-DTPs generated using the EGFRI erlotinib regain drug sensitivity within 9
population doublings in drug-free medium (Sharma et al. 2010), and glioblastoma
DTPs resensitise to dasatinib as quickly as two weeks after drug withdrawal (Liau
et al. 2017). By comparison, CHK1i-induced DTPs remain less sensitive to
SRA737 43 days after drug release (equivalent to ~18 population doublings).
This is quite remarkable considering SK-N-AS DTPs are induced by only 7 days
treatment with lethal SRA737 concentrations. A potential reason for this disparity
is that a DTP state induced by a CHK1 inhibitor may be more difficult to recover
from than TKi exposure, especially given the function of CHK1 in coordinating
DNA damage responses and maintaining genome integrity (Walworth, Davey,
and Beach 1993; Sanchez et al. 1997; Gupta et al. 2018). This also highlights
the importance of characterising persister cells using a diverse range of
therapeutic agents in different cancer types, since not all persister responses may
be the same.

Drug-released cells recover proliferation rate, reverse epigenetic changes, and
re-express CDK1 after 43 days culture in SRA737-free medium, suggesting a
return to a control-like state. While RNA sequencing revealed a relatively smaller
number of differentially expressed genes in drug-released cells compared to
DTPs and DTEPs, gene sets that were upregulated in DTP and DTEP
populations are only partially restored after SRA737 withdrawal, indicating that
drug-released cells had not yet fully recovered from the DTP state. Indeed, DDRI
profiling revealed incomplete drug resensitisation in these cells, as shown by Glso
values remaining elevated; but not to the same magnitude as DTEPs. This is
further supported by the partial induction of apoptosis (cleaved PARP) in drug-
released populations upon treatment with SRA737 in combination with
gemcitabine that is absent in SRA737-resistant DTEPs. Together, these data
demonstrate that while adoption of the DTP state is transient and reversible, there

are long-term consequences to becoming a persister cell.
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These observations are in line with those from a recent report using drug-
released persisters (DRPs) generated by 6 weeks drug withdrawal after initial
DTP induction with the EGFRI gefitinib (Jacob Berger et al. 2021). Despite
regaining drug sensitivity, PC9 DRP populations generated 4.2X more DTPs
upon drug re-challenge compared to drug-naive control. This was maintained
210 weeks after DTP induction, suggesting that entry into the persister cell state
leaves an imprint long after cells have recovered. This effect was mathematically
quantified as “chance to persist” (CTP), which was calculated to be higher in DRP
populations and accounted for by selective enrichment of cells with a greater CTP
probability. Furthermore, CTP increased with duration of initial drug exposure
and multiple cycles of drug treatment suggesting that drug-tolerance is, to some
degree, a heritable trait. It would be interesting to investigate whether SRA737-
released persisters show the same response to rechallenge with lethal drug
concentrations. Considering the large proportion of DTPs generated in response
to SRA737 exposure and the chance of adopting the DTP state accumulating
with treatment time and cycles, this could provide an even greater reservoir for

the emergence of treatment refractory disease.

Further long-term studies using four independently generated SRA737-released
populations showed that, despite being similarly less sensitive to SRA737 at day
50 (43 days after drug withdrawal), only two populations (REL-3 and REL-4)
resensitised to SRA737 by day 274 (~40 weeks). Furthermore, each of these
two populations took different routes to SRA737 resensitisation, with REL-4
regaining sensitivity ~12 weeks earlier than REL-3. SRA737 resensitisation is
accompanied by restored sensitivity to additional DDRI inhibitors while,
conversely, populations remaining resistant to SRA737 are also cross-resistant
to these agents. These results indicate that not all DTPs are created equal; some
can fully recover drug sensitivity while others maintain a drug-resistant state long

after alleviation of therapeutic pressure.

A potential explanation for these differential results are the alterations observed
in the ATR-CHK1 signalling axis between REL-1 to REL-4. For example, REL-4

regained SRA737 sensitivity the quickest and was the only population without
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overexpression of CHK1 or WEE1 at day 50. By contrast, REL-1 remained
insensitive to SRA737 and overexpressed both these proteins. However, these
cannot be the sole determinants since CHK1 and WEE1 were similarly
overexpressed in REL-3, that eventually resensitised to SRA737 after ~40 weeks
in drug-free medium. Therefore, there must be additional mechanisms involved
in regulating recovery from the DTP state. Given these differential results in
populations generated in the same manner, it would be interesting to determine
what these mechanisms are. As it stands, these data reveal the long-term
consequences of adopting the DTP state in response to SRA737. This could
have potential clinical implications as it suggests that use of a “drug-holiday” may
not be an effective therapeutic strategy when treating patients with DDR

inhibitors.

7.7. EZH2 activity is required for DTEP emergence from the DTP

bottleneck

H3K27 is methylated by the histone methyltransferase EZH2 that works in
concert with SUZ12 as part of PRC2 protein complex; an epigenetic complex that
functions as a transcriptional repressor by methylating H3K27 residues (Cao et
al. 2002; Cao and Zhang 2004; Pasini et al. 2004). Global enrichment of
H3K27me3 in DTP and DTEP populations suggests a requirement for EZH2
activity and gene suppression in SRA737-induced DTP formation, survival, or
progression. This is supported by concomitant global depletion of H3K27
acetylation in these cells, a mark associated with active gene expression (Wang
et al. 2008; Pasini et al. 2010). Consistent with this hypothesis, genes associated
with EZH2 and SUZ12 transcriptional activity are enriched in DTPs and DTEPs,
with these changes partially reversed after SRA737 withdrawal. Moreover, an
increased H3K27me3s/H3K274ac ratio is observed in PC9-DTPs generated with
erlotinib (Guler et al. 2017) and proteomic analysis of lapatinib-induced SKBR3
persisters revealed an increase in EZH2 methyltransferase activity (Pham et al.
2020), suggesting that engagement of EZH2 activity is a common persister
mechanism that could be targeted to abrogate DTP formation. Combined with

the observation that minimal global epigenetic changes are observed in dose-
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escalated SRA737-resistant cells, these data indicate that engagement of EZH2
activity is predominantly a persister-specific strategy.

EZH2 inhibition using the small molecule inhibitor tazemetostat failed to abrogate
DTP formation in response to lethal SRA737 exposure, or inhibit DTEP survival,
despite effective depletion of H3K27me3 levels. This contradicts observations
from PC9 persisters in which tazemetostat-mediated EZH2 inhibition reduced the
number of DTPs generated in response to erlotinib exposure (Guler et al. 2017).
Emergence of a DTEP population from an SRA737-induced bottleneck was
inhibited by tazemetostat in long-term studies, demonstrating that EZH2 activity
is required for DTP-to-DTEP transition. The observation that this effect is not
dependent on the continued presence of tazemetostat after day 7 indicates that
combination induced DTPs are fundamentally different to those generated under
SRA737 alone, and EZH2 inhibition leads to a DTP state with reduced capacity
to overcome therapeutic pressure imposed by SRA737. As such, these data
support a therapeutic rationale for the combinatorial use of tazemetostat with
SRA737 to prevent further growth and expansion of DTPs to a bona fide drug
resistant population.

Further mechanistic investigations will be required to decipher the observed
effects of tazemetostat on SRA737-induced persister cell progression. Evidence
indicates that tazemetostat exerts its inhibitory effect at the early DTP stage.
Therefore, molecular profiling of combination DTPs using H3K27mes-directed
ChIPseq could be used to identify genes that are specifically regulated by EZH2
and reveal potential mechanisms underlying this altered DTP state. Additionally,
it would be interesting to determine if EZH2 enzymatic activity alone or its function
as part of the larger PRC2 complex is important for the observed anti-persister
effect. This could be achieved using pharmacological or genetic tools to inhibit
individual PRC2 components, including SUZ12 and embryonic ectoderm
development (EED) proteins that are both essential for PRC2 function (Pasini et
al. 2004; Cao et al. 2014). The effect of EZH2 overexpression on DTP formation,
population composition, and progression could also be investigated as part of

complementary studies.
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Notably, while tazemetostat combination delays DTP progression under
prolonged SRA737 exposure, it does not eradicate these cells, at least in vitro. It
is unclear if this inhibitory effect alone would be efficacious enough to mitigate
the emergence of drug-resistance in the clinic. It is possible that these remaining
DTPs eventually die or are cleared by the immune system. Certainly, SRA737-
induced DTPs increase secretion of a number of cytokines that are reported to
promote immune cell infiltration into solid tumours, including CCL5 and CXCL10
(Zumwalt et al. 2015; Dangaj et al. 2019; Mowat et al. 2021). As the majority of
persister cell studies are conducted in vitro, or using immunodeficient/
immunocompromised animal models, it remains unclear how DTPs interact with
the microenvironment and the immune system. As such, the development of
alternative in vitro or in vivo models may be required to answer these key

questions.

Alternatively, the remaining DTPs could eventually overcome drug challenge and
resume proliferation given more time. The characteristics of the resulting
population are unknown, however drug sensitivity testing in combination DTPs
that were recovered into drug-free medium suggests that these cells could be
even more resistant to SRA737. While this requires confirmation and further
characterisation, these results have potential implications for the use of
tazemetostat in combination with SRA737 in the clinic. A way of addressing this
could be to assess emerging populations for further therapeutic vulnerabilities
using pharmacological and/or genetic screens.

7.8. IFNy signalling — master regulator of DTP cell fate?

IL-2/STATS, IL-6/JAK/STAT3, and IFNy response genes are specifically
upregulated in SRA737-induced DTP and DTEP populations, suggesting a role
for inflammatory signalling in DTP formation, survival, and/or progression.
Consistent with this, conditioned medium from day 7 DTPs was enriched for pro-
inflammatory cytokines and chemokines that are known to be regulated by these
signalling pathways, such as IL-4 (Kovanen et al. 2005), CCL5 (Liu, Guan, and
Ma 2005), and CXCL10 (Ren, Kennedy, and Colletti 2002), as well as IL-2, IL-6,
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and IFNy themselves. Upregulation of genes associated with inflammatory
signalling has been similarly reported in TKi-induced DTPs (Guler et al. 2017; Al
Emran et al. 2018), indicating that persister cells engage these mechanisms as

a common response to drug challenge.

This raises questions about the function of inflammatory signalling and cytokine
secretion in DTP biology. Molecular profiling of persister-like cells emerging in
response to EGFRI revealed an enrichment of INFy, TNFa, and IL-6/JAK/STAT
signalling pathways that was accompanied by increased senescence markers,
including B-galactosidase activity and p27X® induction (Kurppa et al. 2020),
suggesting a key role for immune and inflammatory signalling pathways in
mediating or regulating cellular senescence. This is interesting given that a large
proportion of SRA737-induced DTPs are senescent, as shown by ~20% staining
positive for 3-galactosidase activity, and also express a senescence-associated
gene signature. Day 7 DTPs also secrete high levels of IL-6; a prominent soluble
SASP factor (Coppé et al. 2008). As such, activation of inflammatory signalling
and resultant cytokine secretions could promote entry into and maintenance of a

senescent state as part of a persister response to SRA737 exposure.

Another potential function of cytokine signalling in DTPs is to promote adaptive
mutability. ATACseq analysis of PC9 DTPs with increased A3A activity and
MRNA expression revealed an increase in chromatin accessibility upstream of
the transcription start site of the APOBECS3A gene (Isozaki et al. 2023). This was
enriched for NFkB and STATZ2/3 transcription factor motifs. RNAi-mediated NFkB
knockdown abrogated APOBEC3A gene expression in response to osimertinib
exposure. Combined with the observation that IFNy can activate NFkB (Lin,
Jamison, and Lin 2012; Mitchell et al. 2019), and IFNy secretion and pathway
gene expression are increased in SRA737-DTPs, this suggests that IFNy

signalling could promote DTP survival by driving adaptive mutability.

As key mediators of immune responses that regulate cell proliferation,
differentiation, and migration, persister cells could potentially exploit
cytokine/JAK/STAT signalling pathways to promote their survival under
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therapeutic assault. Indeed, medulloblastoma cells exposed to IL-6
supplemented medium were less sensitive to the alkaloid chemotherapy agent
vincristine (Sreenivasan et al. 2020). This was found to be due to autocrine IL-6
signalling that activated STAT3 transcriptional activity and expression of IL-6
target genes. In addition, IL-2 signalling activates the JAK1/3/STATS pathway to
induce expression of the anti-apoptotic BCL-2 gene (Akbar et al. 1996).
IFNY/JAK/STAT1 signalling can also induce PD-L1 expression to promote
immune evasion in cancer (Moon et al. 2017; Garcia-Diaz et al. 2017). Since
these cytokines are increased in SRA737-DTP supernatants, it's possible they
function in a similar autocrine/paracrine manner to promote DTP survival. This
theory is supported by the observation that STAT1 protein expression is
increased inday 7 DTPs. As an IFNy stimulated gene, its upregulated expression
could be the result of increased IFNy secretion in the DTP microenvironment,
leading to the hypothesis that inhibiting this pathway using a small molecule JAK
inhibitor would abrogate DTP formation, survival, or progression. Against the
hypothesis under test, inhibition of IFNy-JAK1/2-STAT1 signalling using the
JAK1/2 inhibitor ruxolitinib failed to abrogate DTP formation or delay the
emergence of a DTEP population in response to SRA737 exposure. Perhaps
this is unsurprising given that JAK inhibition also failed to inhibit the emergence
of drug-tolerant PC9 clones under prolonged erlotinib exposure (Sharma et al.
2010). A potential reason for this result could be the engagement of
compensatory JAK/STAT or alternative signalling pathways that promote or
regulate IFNy signalling. Certainly, ruxolitinib combination treatment did not

suppress cytokine secretion in SRA737-DTPs.

By contrast, combination treatment with exogenous IFNy inhibited DTP-to-DTEP
transition and the emergence of a DTEP population under prolonged SRA737
exposure. This result was surprising given that | expected priming the IFNy
pathway to promote DTP progression and no alterations in levels of apoptosis,
cytotoxicity, or necrosis were observed in the day 7 DTP population to indicate
an anti-persister effect. = The only differential result was a substantial
overexpression of STAT1 protein in combination-induced DTPs, indicating

hyperactivation of the IFNy signalling pathway in these cells. However, this was

210



Chapter 7 General Discussion

not reflected by a cumulative increase in cytokine secretion. Perhaps signalling
hyperactivation crosses a threshold that is no longer compatible with persister
cell adaptability or survival. The exact nature of the remaining cells after ~50
days combination treatment was not investigated; it would be interesting to find
out whether they have entered a prolonged dormant state. However, the
observation that these cells could be tested for drug sensitivity in a proliferation
assay that was conducted in the absence of continued drug exposure suggests
this is not the case. This combination effect was not dependent on the continued
presence of IFNy as cell numbers remained suppressed after release into
SRA737 alone. As such, this indicates that IFNy alters the early DTP state in a
way that renders them less capable of recovery with continued therapeutic
challenge with SRA737. Further profiling using RNA sequencing could help to
reveal the molecular mechanisms underlying this effect.

There is considerable similarity in DTP responses to combination treatment with
exogenous IFNy and the EZH2 inhibitor tazemetostat. The addition of neither
agent had an impact on SRA737-induced DTP formation or population
composition, and yet they both inhibited DTP progression under prolonged
SRA737 exposure. This is conferred by alterations to the early DTP state, since
cells were unable to progress with continued SRA737 exposure following removal
of tazemetostat or IFNy. It's very interesting that this short-term combination
treatment dictated long-term cellular responses, and perhaps reflects reduced
cellular plasticity in the day 7 DTP population. Further investigation and
comparison of these populations will help determine if these effects are regulated

by common mechanisms.
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7.9. Concluding remarks

This study is the first to identify and characterise the emergence of a drug-tolerant
persister cell population using a small molecule CHK1 inhibitor, adding to the
body of work investigating the emergence of this problematic population and
expanding the persister cell response into a novel therapeutic context.
Furthermore, | have identified EZH2 as a target to abrogate DTP progression,
consolidating the requirement of epigenetic modifications to support cellular
plasticity as a common persister cell mechanism. Moreover, | have uncovered
additional evidence to support the engagement of inflammatory signalling
pathways as a shared tactic in persister cell populations and characterised an
anti-persister effect using exogenous IFNy. In light of SRA737 being under
clinical investigation, this expands our knowledge of the persister cell response
into a new, therapeutically relevant context. This is particularly poignant since
other agents targeting DNA repair mechanisms are similarly in clinical trial or
approved for use, such as the PARP inhibitor olaparib. Therefore, identification
of a DTP response within this class of anti-cancer agents could inform clinical

practice.

To date, the persister cell phenomenon has been identified in additional cancer
cell types (AML, breast and colorectal cancer, melanoma, glioblastoma) in
response to a growing number of diverse chemotherapeutic agents, including
targeted small molecules, anti-metabolites, immunomodulatory drugs, and even
radiotherapy, demonstrating the extent of the persister cell problem. It is
becoming increasingly evident that persister cells represent a common response
to drug challenge, and it is imperative that further studies are conducted to identify
therapeutic interventions to undermine and/or abrogate the drug-tolerant state for

the successful treatment of cancer.
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Appendix Table 1: In vitro biochemical kinase screen for SRA737.

Screen was performed against 124 kinases at 10 yM SRA737 by MRC Dundee. Values are %
remaining activity. Adapted from Walton et al. (2016).

Kinase % Kinase % Kinase % Kinase %

CHK1 4 | LKB1 44 | Aurora A 75 | MAPKAP-K2 94
ERKS8 4 | MST4 44 | MLK1 75 | p38g MAPK 95
NUAK1 6 | MINK1 44 | PDK1 76 | ROCK2 95
CLK1 6 | GSK3b 47 | EPH-A2 76 | NEK2a 96
RSK 7 | DAPK1 48 | HIPK1 77 | PAK2 96
BRSK1 12 | MST2 48 | PAKG6 77 | ERK2 98
MARK3 13 | TAK1 48 | MEKK1 77 | EF2K 98
VEG-FR 13 | PAK4 49 | Lck 78 78 | PKBb 100
PHK 15 | S6K1 52 | ASK1 80 | TESK1 101
CHK2 15 | TSSK1 53 | CK2 81 | RIPK2 101
PKD1 17 | p38d MAPK 54 | EPH-B4 81 | IKKe 102
RSK2 19 | TAO1 54 | PKCa 82 | EPH-B2 102
MARK2 21 | PIM1 56 | SRPK1 82 | IR 102
CDK2-Cyc A 23 | TLK1 59 | TTBK1 82 | PLK1 103
MLK3 23 | MKK2 61 | CSK 82 | MKK6 104
DYRK3 24 | DYRK2 61 | SmMMLCK 84 | JNK1 104
Aurora B 26 | MNK1 62 | SYK 84 | TIE2 104
MSKA1 30 | GCK 64 | CK1 85 | IGF-1R 104
TrkA 31| YES1 65 | SGK1 87 | EIF2AK3 105
AMPK 32 | PRK2 67 | PKCy 87 | JNK3 106
FGF-R1 33 | MKK1 68 | PIM2 88 | JNK2 107
BRSK2 35 | CAMK1 69 | p38b MAPK 90 | BRK 108
PIM3 36 | PAK5 70 | IKKb 91 | NEK6 109
TTK 36 | PRAK 71 | PCKz 92 | IRR 109
MELK 37 | TBK1 71 | HIPK2 92 | OSR1 109
JAK2 37 | EPH-A4 71 | PKBa 93 | HER4 110
IRAK1 38 | BTK 72 | PKA 93 | EPH-B1 111
STK33 39 | CAMKKb 73 | ABL 93 | MAPKAP-K3 114
MARK4 39 | IRAK4 73 | ZAP70 93 | p38a MAPK 120
DYRK1A 41 | ERK1 75 | EPH-B3 93 | MSK1 122
MARK1 43 | MNK2 75 | Src 93 | HIPK3 124
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Appendix Table 2: In vitro biochemical selectivity of SRA737 against selected kinases.
Adapted from Walton et al (2016).

Kinase % Inh. @ 10 uM Biochemical ICso | Fold-selectivity
(MRC Dundee) (nM)

CHK1 96 14 -
ERKS8 96 130 93
PKD1 83 298 213
RSK2 81 361 258
RSK1 93 362 258
FLT3 - 582 416
MARK3 87 698 499
NUAKA1 94 711 507
CLK2 94 1370 978
BRSK1 88 1660 1190
CHK2 85 1260 1320
VEG-FR 87 15800 1500
AMPK 68 2970 2120
PHK 85 3470 2480
CDK2-Cyclin A 77 3850 2750
CDK1-Cyclin B - 9030 6450
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Appendix Figure 1: mKate2-SK-N-AS cells are a suitable model for persister cell studies.
(A) Merged phase-contrast and red-fluorescence microscopy images of mKate2-SK-N-AS cells
treated with vehicle (Drug-naive), SRA737 (DTEP), or SRA737 for 7 days followed by vehicle
(Released) at indicated time points. (B) Number of day 7 DTPs in parental and mKate2-SK-N-
AS cells, relative to the starting population (To). (C) Quantification of epigenetic post-translational
modifications on histone H3 lysine 27 (H3K27) in mKate2-SK-N-AS DTP, DTEP, and Released
(REL) populations, relative to To. Images captured at 10X magnification, scale bar = 300 ym.
Data shown are from a single experiment.
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Appendix Figure 2: Potency of WEE1i AZD1775 in parental SK-N-AS cells.

Non-linear regression analysis of cell viability measured by CellTiter-Glo® 120h after compound
addition in parental SK-N-AS cells. Graph shows meantSD of three technical replicates and is
representative of n=3 experiments. Glso value is mean+SD of three independent experiments.
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Appendix Figure 3: Gene expression changes in additional cytokine signalling pathways.
Heatmaps showing logz normalised gene expression of differentially expressed genes within (A)
IL-2/STAT5 and (B) IL-6/JAK/STAT3 gene sets in DTP, DTEP, drug-released (REL), and D00
control populations.
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Appendix Figure 4: ATR-CHK1 signalling in independently generated DTEP populations.
(A & B) Western blot analysis of CHK1 activity biomarkers in replicate DTEP populations
following 24h exposure to 200 nM gemcitabine (GEM) £ SRA737 at indicated concentrations, or

10 uM SRA737 alone (SRA737).
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Appendix Figure 5: ATR-CHK1 signalling in independently generated dose-escalated

pop

ulations.

(A - D) Western blot analysis of CHK1 activity biomarkers in replicate ESC-10uM populations
following 24h exposure to 200 nM gemcitabine (GEM) £ SRA737 at indicated concentrations, or
10 uM SRA737 alone (SRA737).
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Appendix Figure 6: ATR-CHK1 signalling in independently generated drug-released
populations.
(A - D) Western blot analysis of CHK1 activity biomarkers in replicate drug-released (REL)
populations following 24h exposure to 200 nM gemcitabine (GEM) + SRA737 at indicated
concentrations, or 10 yM SRA737 alone (SRA737).
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Appendix Figure 7: Optimising recombinant human cytokine and small molecule JAK
inhibitor doses for use in persister cell studies.

(A) Western blot analysis of activated STAT proteins in SK-N-AS cells after treatment with
indicated concentrations of IL-2 (right), IL-6 (middle) or IFNy (right) for 1h. (B) Western blot
analysis of IFNy-induced pY701-STAT1 activation after 24h pre-treatment with indicated
concentrations of JAKi BMS-911543, tofacitinib, ruxolitinib, or STAT3 PROTAC SD-36. (C & D)
Non-linear regression analysis of scanning densitometry data from Western blots shown in (B).
(E) Non-linear regression analysis of cell viability measured by CellTiter-Glo® 120h after
compound addition in SK-N-AS cells. Western blots and biomarker modulation ICso values are
from a single experiment. Graph in (E) shows mean+SD of three technical replicates and Glso
values from a single experiment.

237



	Abstract
	List of figures
	List of tables
	Abbreviations
	Chapter 1  Introduction
	1.1. Knowledge is power
	1.2. Drug resistance in cancer – inspired by bacteria
	1.3. Identification and characterisation of drug-tolerant persisters in cancer
	1.4. Mechanisms of drug-tolerance in cancer
	1.4.1. Epigenetic alterations
	1.4.2. Cellular reprogramming

	1.5. Clinical evidence for DTP emergence in cancer
	1.6. The role of drug-tolerance in the evolution of cancer resistance
	1.7. A view on drug-tolerance in cancer
	1.8. Targeting monopolar spindle 1 kinase (MPS1) in cancer
	1.9. Targeting checkpoint kinase 1 (CHK1) in cancer
	1.9.1. CHK1 is a key effector of the DNA damage response (DDR) signalling pathway
	1.9.2. CHK1 in cancer
	1.9.3. Targeted inhibition of CHK1 using small molecules
	1.9.4. Mechanisms of CHK1 inhibitor resistance


	Chapter 2  Materials and methods
	2.1. Cell lines and culture
	2.1.1. Cell lines
	2.1.2. Culture conditions and passage
	2.1.3. Cryopreservation and recovery
	2.1.4. Population doubling time (PDT)

	2.2. Compounds and recombinant human proteins
	2.3. Cell viability assay for compound GI50 determination
	2.3.1. CellTiter-Glo® assay
	2.3.2. Seeding density optimisation
	2.3.3. Compound GI50 determination
	96-well tissue culture plates
	384-well tissue culture plates


	2.4.  Acute and long-term lethal drug exposure
	2.4.1. 15-day time course
	2.4.2. 50-day time course

	2.5. Drug-tolerant persister (DTP) and expanded persister (DTEP) cells
	2.5.1. Generation
	2.5.2. mKate2-SK-N-AS stable cell line
	2.5.3. DTP quantification
	2.5.4. DTP-to-DTEP transition

	2.6. Dose-escalation
	2.7. Dilutive proliferation assay
	2.8. β-galactosidase activity assay
	2.9. Apoptosis and Cytotoxicity assay
	2.10. Cell lysis and Western blotting
	2.10.1. Cell lysis
	2.10.2.  Protein quantification
	Bradford assay
	BCA assay

	2.10.3. Western blotting
	2.10.4. Detection
	2.10.5. Quantification

	2.11. RNA sequencing
	2.11.1. RNA extraction and sequencing
	2.11.2. Alignment and gene read count
	2.11.3. Differential expression and pathway enrichment analysis
	2.11.4. Gene signature scores

	2.12. Colony forming assay
	2.13. Cytokine array

	Chapter 3 Drug-tolerant persister cells arise following lethal exposure to a targeted CHK1 inhibitor
	3.1. Introduction
	3.2. Identification of a persister cell model
	3.2.1. Determining lethal compound concentrations for persister cell studies
	3.2.2. A subpopulation of cells survive acute lethal compound exposure
	3.2.3. Response to lethal drug exposure is context specific
	3.2.4. Investigating progression of putative DTP populations

	3.3. Confirming persister cell identity in response to lethal SRA737 exposure in SK-N-AS cells
	3.3.1. Surviving SK-N-AS cells harbour persister cell hallmarks
	3.3.2. SK-N-AS DTPs are a heterogeneous population

	3.4. Discussion

	Chapter 4 SRA737 resistant populations derived through the persister cell bottleneck or dose-escalation employ different mechanisms to overcome therapeutic challenge
	4.1. Introduction
	4.2. Characterising SK-N-AS populations emerging from the persister cell bottleneck
	4.2.1. DTEP and drug-released cell populations are less sensitive to further challenge with SRA737
	4.2.2. SRA737-derived DTEP and released cells are cross-resistant to alternative small molecule inhibitors of CHK1 and CHK2
	4.2.3. DTEP and drug-released cells are cross-resistant to additional DDR inhibitors

	4.3. Acute lethal SRA737 exposure has long-term effects following drug release
	4.3.1. Drug-released populations show variation in recovering SRA737 sensitivity
	4.3.2. Resensitisation to SRA737 is accompanied by resensitisation to additional DDR inhibitors

	4.4. Gene expression profiles are altered in SK-N-AS persister cell populations
	4.4.1. Persister cell populations harbour distinct gene expression profiles
	4.4.2. GSEA reveals common transcriptional alterations in different persister cell populations
	4.4.3. Persister cells express gene signatures related to senescence, diapause, and quiescence

	4.5. Characterising dose-escalated SRA737 resistant populations
	4.5.1. Dose-escalated populations are insensitive to further challenge with SRA737

	4.6. Dose-escalated cells are also cross-resistant to additional small molecule DDR inhibitors
	4.7. Gene expression profiles are altered in dose-escalated SRA737-resistant populations
	4.7.1. Dose-escalated SRA737-resistant cells harbour transcriptional changes
	4.7.2. GSEA reveals common transcriptional alterations in dose-escalated populations
	4.7.3. Gene signatures related to senescence and quiescence are elevated in dose-escalated populations

	4.8. Comparison of persister and dose-escalated populations reveals persister-specific mechanisms of SRA737 drug-resistance
	4.8.1. The ATR-CHK1 DDR signalling axis is differentially altered in persister-derived and dose-escalated SRA737 resistant populations
	4.8.2. Dose-escalated cells are more sensitive to WEE1/CHK1 inhibitor combination treatment than DTEPs
	4.8.3. Epigenetic alteration is a persister cell specific strategy
	4.8.4. Identifying persister-specific mechanisms by comparison of RNAseq data

	4.9. Discussion

	Chapter 5 EZH2-mediated hypermethylation of histone H3 lysine 27 (H3K27) is required for persister cell progression
	5.1. Introduction
	5.2. Investigating the requirement of EZH2 for persister cell formation and survival
	5.2.1. SRA737-induced DTEPs are not sensitive to EZH2 inhibition
	5.2.2. EZH2 activity is not required for DTP formation
	5.2.3. Tazemetostat induces senescence in SRA737-induced DTPs

	5.3. Investigating the requirement of EZH2 activity for DTP progression
	5.3.1. Tazemetostat abrogates DTP-to-DTEP transition under continued SRA737 exposure
	5.3.2. Populations emerging from a combination-induced DTP bottleneck are more resistant to SRA737

	5.4. Discussion

	Chapter 6 IFNγ activation hinders DTEP emergence under lethal SRA737 exposure
	6.1. Introduction
	6.2. Investigating the role of IFNγ-JAK1/2-STAT1 signalling in DTP formation in response to lethal SRA737 exposure
	6.2.1. Cytokine secretion is upregulated in SRA737-induced DTPs
	6.2.2. Optimising conditions for persister cell studies using exogenous IFNγ and JAK/STAT inhibitors
	6.2.3. DTP formation is unaffected by inhibition or activation of IFNγ-JAK1/2-STAT1 signalling
	6.2.4. Inhibition or activation of IFNγ signalling does not alter composition of the SRA737-induced DTP population at day 7
	6.2.5. SRA737-induced DTPs have an IFNγ-like secretory cytokine profile

	6.3. Investigating the requirement of IFNγ-JAK1/2-STAT1 signalling for persister cell progression
	6.3.1. Ruxolitinib fails to abrogate DTP-to-DTEP transition under SRA737 exposure
	6.3.2. Exogenous IFNγ treatment hinders DTP-to-DTEP transition under continued SRA737 exposure

	6.4. Characterising populations emerging from a combination-induced DTP bottleneck
	6.4.1. Populations emerging under SRA737 alone and in combination with ruxolitinib or IFNγ respond similarly to further challenge with SRA737

	6.5. Discussion

	Chapter 7 General Discussion
	7.1. Introduction
	7.2. DTPs mediate resistance to SRA737
	7.3. DTPs are more prevalent in response to SRA737 exposure
	7.4. Persistence and dormancy are interlinked
	7.5. Distinct drug-resistance mechanisms emerge from the DTP bottleneck
	7.6. Entry into the DTP state has long-term consequences
	7.7. EZH2 activity is required for DTEP emergence from the DTP bottleneck
	7.8. IFNγ signalling – master regulator of DTP cell fate?
	7.9. Concluding remarks

	References
	Appendix

