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1. Abstract

The DNA damage response is a network of cell checkpoints leading to cellular repair and
genome integrity when DNA insults have occurred. In cancers, enhanced tumour replication
stress and genomic instability along with mutations in oncogenes and tumour suppressor
genes can lead to disruption of the DNA damage response. Tumour survival becomes
dependant on critical checkpoint controls. Drugs to target intact pathways, such as CHK1
inhibitors are therefore desirable and are being evaluated in clinical trials as prospective
anticancer therapies. Cancer treatments have moved to a personalised approach based on
tumour profiling and circulating biomarkers, such as circulating cell free DNA to predict
patient response to targeted treatments. The mechanisms underpinning sensitivity and

resistance to CHK1 inhibitor treatment are still unclear.

This project explores three distinct strands of research to examine both primary and acquired
mechanisms of CHK1i resistance. Firstly, investigating gene and protein expression changes
in Eu-Myc mouse models of B-Cell lymphoma. Wild type Eu-Myc mice are sensitive to CHK1i
treatment, however by contrast Eu-Myc NF-kB c-Rel -/- and RelA T505A lymphomas are CHK1i
resistant. Secondly, the generation and characterisation of U20S osteosarcoma cells with
acquired CHK1i resistance. Lastly, investigating if DNA damage response mutations can be

isolated from patient cfDNA samples on a CHK1 inhibitor clinical trial.

Results have shown that resistance to CHK1 is complex and that there are multiple resistance
mechanisms in place. The Eu-Myc NF-kB c-Rel -/- mice completely downregulate the DNA
damage response and this pattern is shared with some resistant cell lines, but alternative
mechanisms developed in other models. DDR mutations can be detected and tracked in
cfDNA samples and show a large degree of heterogeneity between patients. This study
highlights the importance of the ATR/CHK1 DNA damage checkpoint and how drug resistance

mechanisms can vary between diverse tumour mutational profiles.
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Safe sequencing system

Squamous cell carcinoma

Sodium dodecyl sulphate (SDS) polyacrylamide gel
electrophoresis

Surviving fraction

Small interfering RNA

S-Phase Kinase-Associated Protein 2

Streptavidin magnetic beads

Sample purification beads

Single strand DNA breaks

Transcription activation domain

Tris Acetate-EDTA buffer
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Abbreviation

TAm-seq

TCR

TE

TGCA

TIFIIH

TIPIN

TNF-a

TOPBP1

UMl

USP1

USP7

USP14

USP20

Explanation

Tagged-amplicon deep sequencing

T cell antigen receptor

Tris EDTA buffer

The Cancer Genome Atlas Project

Transcription initiation factor IIH

TIMELESS- interacting protein

Tumour necrosis factor a

Topoisomerase binding protein 1

Unique molecular identifiers

Ubiquitin-specific-processing protease 1

Ubiquitin-specific-processing protease 7

Ubiquitin-specific-processing protease 14

Ubiquitin-specific-processing protease 20

39



Abbreviation

USP35

USP53

uv

uVv-DDB

UVSSA

VCAM-1

VEGF

WES

WGS

WT

XAB2

XPCC

XRCC

Explanation

Ubiquitin-specific-processing protease 35

Ubiquitin-specific-processing protease 53

Ultraviolet

Ultraviolet-damaged DNA binding protein

UV-stimulated scaffold protein A

Vascular cell adhesion molecule 1

Vascular endothelial growth factor

Whole-exome sequencing

Whole-genome sequencing

Wild type

XPA-binding protein 2

Xeroderma pigmentosum complementation group C

X-ray repair cross-complementing protein

40



2. Introduction

2.1. DNA damage response and repair

2.1.1. DNA damage

In each mammalian cell division, billions of nucleotides have to be accurately copied in
order to retain genomic integrity (1,2). All living cells are however continuously exposed
to DNA damaging agents that can cause mistakes in DNA replication (2). Both exogenous
and endogenous agents can lead to DNA damage, with the generation of approximately
10° lesions each day in mammalian genomes (1). Failure to copy DNA correctly during
replication or a high frequency of replication errors will result in genomic changes in
daughter cells (1-3). Changes in DNA through replication error can include gene
amplifications, mutations leading to a change in gene function and deletions or
rearrangements of chromosome segments (2—4). Accumulation of genomic alterations
can potentially lead to unregulated cell growth and survival, deviations in cell cycle control

and cancers (3,4).

2.1.2. Cell cycle checkpoints

Multiple cell cycle checkpoints exist to prevent the accumulation of replication errors and
genomic instability during cell replication (5,6). Cell cycle arrest at these checkpoints
allows time to facilitate cell survival via repair of DNA damage or programmed cell death
via apoptosis (1,7,8). Normal cells have the capacity to arrest in G1, S, or G2 phase of the
cell cycle, allowing multiple time points for repair of potentially lethal DNA damage prior
to DNA replication or mitosis (5,8). Cells halt progression to the next part of the cell cycle
until the previous phase has been successfully completed (9). Figure 2.1 summarises the

cell cycle checkpoints.

At any given time, most normal cells will be in the gap/growth G1/GO0 phases of the cell
cycle, therefore cell cycle arrest at the G1/S checkpoint allows cellular repair prior to
entering DNA replication (5,10). The S phase checkpoint arrests DNA replication to
manage unrepaired DNA damage or repair DNA damage obtained from collapsed
replication forks (8). The G2/M checkpoint allows time to repair DNA double strand

breaks before cells enter mitosis and undergo cell division (8).
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Figure 2.1. Cell cycle checkpoints. Adapted from O’Connor MJ, 2015 (148). Summary of the stages of the cell
cycle leading to cell division. To maintain genome integrity, cell cycle checkpoints are in place. During cell
cycle checkpoints, the cell cycle can be stalled to allow for DNA damage removal or repair before cell cycle
progression occurs. The GO phase, M phase and G1 phase are shown and described. The roles of the G1/S

checkpoint, the S phase checkpoint and the G2/M checkpoint wit

hin the cell cycle are summarised.
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2.1.3. Normal cell replication

Replication of DNA occurs only once during the cell cycle as shown in Figure 2.2. The
initiation of replication is controlled via the replicative DNA helicase minichromosome
maintenance complex 2—7 (MCM2-7) (1,11). During the G1 phase, the licensing process
is initiated when 2 MCM2-7 complexes are loaded at replication origins and are activated
exclusively during the subsequent S phase (1,12). The presence of the origin recognition
complex (ORC), cell division cycle 6 (CDC6) and chromatin licensing and DNA replication
factor 1 (CDT1) are also required to form the pre-replicative complex (11). An excess of
pre-replicative complexes are present in cells but only a selected subset are used to

initiate replication (13).

Origin firing is the activation of licenced origins and is triggered by cyclin-dependent
kinase (CDK) and CDK-like kinase activity (1). This process depends on the stable
association of CDC45 and the DNA replication complex GINS as well as other factors such
as MCM10 which bind to DNA polymerase a (pol-a) (14). Re-replication is prevented by
increased CDK activity and a blockade of MCM2-7 reloading outside of the G1 phase (1).

Replication fork progression is initiated by the CDC45—-MCM2-7—GINS helicase which
unwinds DNA (1). Synthesis of new DNA molecules is initiated by the Pol-a primer
complex which contains DNA primase and polymerase subunits along with replication
factor C (RFC) and proliferating cell nuclear antigen (PCNA)(1). The leading strand is
extended by Pol-e and lagging strand by Pol-6 (1,11). A further key component of fork
progression is the Claspin—TIMELESS—TIMELESS- interacting protein (TIPIN) complex,

which coordinates DNA unwinding (1,15).
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Licensing Firing Progression

Figure 2.2. Principles of DNA replication. Adapted from Gaillard H et al., 2015 (1). DNA replication occurs once during each cell cycle. Replication is initiated by
the DNA helicase minichromosome maintenance complex 2-7 (MCM2-7) which is loaded to the replication origins in G1 phase and activated in S phase. A) Licensing
is the loading of 2 MCM-2 helicases at the replication origins. This requires the origin recognition complex (ORC) and the activity of cell division cycle 6 (CDC6)
ATPase and chromatin and DNA licensing and DNA replication factor (CDT1) protein to form the pre-replicative complex. CDT1 and CDC6 are subsequently released
when the pre-replicative complex is formed. B) Origin firing is triggered by cyclin dependent kinase (CDK) and CDK-like kinase with associated subunit (CDC7-
DBF4). A stable association of CDC45 and the DNA replication complex GINS, which binds to DNA polymerase-a (pol-a), are required for origin firing to occur. At
each fired origin, 2 sister replication forks separate from the origin by the activity of the CDC45-MCM2-7-GINS complex. C) Replication fork progression and DNA
synthesis is initiated by the pol-a complex which contains DNA primase and polymerase subunits along with replication factor C (RFC) and proliferating cell nuclear
antigen (PCNA). The Claspin-TIMELESS-TIPIN complex coordinates DNA unwinding with new DNA synthesis. a4



2.1.4. Mechanisms of DNA damage

DNA damage can be categorised as originating from either exogenous or endogenous
sources (1,2,6,16—19). Exogenous DNA damage occurs from a range of environmental
sources, chemical and physical insults causing damage to DNA (2,4,20) and are shown in
Figure 2.3. Most endogenous DNA damage is due to DNA reacting in hydrolytic and
oxidative reactions with water and reactive oxygen species (ROS) naturally present within

cells (2,4,20).

Examples of exogenous DNA damage

Ultraviolet radiation

Ultraviolet (UV) radiation from the sun is a leading cause of skin cancers and can cause a
range of insults to DNA (2,21). UV radiation can lead to direct excitation and instability of
DNA and also cause indirect damage via photosensitising nearby molecules (2,22). UV
damage, particularly from UVB radiation and the broader spectrum UVC, can cause
pyrimidine dimers within DNA. This leads to distortion of the DNA helix and replication
stress (2,23,24). UVA radiation damages DNA by the formation of DNA adducts and DNA
strand breakages (2,22). UV radiation across all spectrums can also lead to DNA crosslinks

linking between the two strands of the DNA double helix (2,24).

lonising radiation

lonising radiation (IR) consisting of alpha, gamma, beta rays and X-rays is present in the
environment in several different forms. This ranges from soil and rocks to medical
diagnostic purposes and radiotherapy treatment (2,25). IR can damage DNA directly by
the formation of both single and double strand breaks (26). IR can also indirectly trigger
DNA damage by the formation of DNA reactive free radicals which leads to the formation

of base lesions (2,26,27).
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lonising radiation

Chemical insults

Figure 2.3. Examples of exogenous DNA damage. Summary diagram displaying how endogenous DNA
damage can be obtained from ionising radiation, chemical insults, environmental stressors and UV
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radiation and examples of the type of DNA damage caused by each insult.
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Chemical insults

Alkylating agents are found in tobacco smoke, in the industrial setting and are also used
as chemotherapy agents (2). Such agents have an increased affinity for nucleophilic base
ring nitrogens. This can lead to adducted DNA bases and both interstrand and intrastrand
crosslinks which block the metabolic activity of DNA (2). Aromatic amines are also found
in cigarette smoke, from fuel burning and industrial dyes (21,28). When activated by the
P450 monooxygenase system, aromatic amines are converted into alkylating agents with
carcinogenic properties (22). This can subsequently lead to DNA base substitutions and
frameshift mutations leading to DNA damage (2,22). Poly-aromatic hydrocarbons are
carbon compounds associated with carcinogenesis. Sources include incomplete burning
of fossil fuels and cigarette smoke (2,28). Breakdown of these products leads to reactive

intermediates which can cause DNA damage, including DNA adducts (28).

Environmental stressors
Environmental stressors such as extreme heat or cold and hypoxia can also lead to DNA
damage (2,29,30). These stresses can lead to the formation of mutations at tri-nuclear

repeats which generate cellular genomic instability (2).
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Examples of endogenous DNA damage

Reactive Oxygen Species

The most common form of DNA damage is from the formation of Reactive Oxygen Species
(ROS) (1,2). These are continuously formed as part of normal cellular biochemical and
metabolic processes (20,31). At low levels ROS are important in redox reactions and as
part of the immunological response, but at higher levels ROS can cause DNA damage. ROS
can therefore can be linked to disease states including heart disease and cancers (2,32).
ROS can lead to DNA base damage by adding to DNA double bonds, reaction with
hydrogen atoms, creation of multiple single strand breaks and modifications to sugar

structures (4,20,33).

Replication errors

Cell replication requires coordination of sequencing pathways and enzymes such as DNA
polymerases to copy DNA accurately (1,32,34). Despite this, the process is error prone
and can lead to thousands of base deletions, insertions and substitutions with each cycle
(32,35). If unrepaired, this can lead to a shift in the reading frame and a potential change
in protein (2,35). Topoisomerase enzymes can also cause DNA breaks when relaxing DNA
strands for replication to occur. Normally strands are also re-ligated by topoisomerase
enzymes to resolve the DNA helix (36,37) . Errors in this process could lead to mismatch

of base alignment and destabilisation of DNA (2,36).

Base deamination

Base deamination provides another source of DNA mutation. This involves the loss of
amine groups leading to a change in DNA bases. This occurs more commonly at the site
of single strand breaks during active replication and transcription and can lead to faults in
translated proteins (2,38). In addition, abasic sites can be formed when bonds between
nitrogen and sugar groups in DNA are cleaved. These sites are unstable and readily

convert to single strand DNA breaks (39).
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DNA methylation reactions occur as part of normal cellular reactions but can also be a
further source of DNA damage. Abnormal base pairing with other residues can lead to
reactions such as erroneous mismatch repair and cytotoxicity (38,39). A summary of the

potential causes of endogenous DNA damage is shown in Figure 2.4.
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Figure 2.4. Examples of endogenous DNA damage. Adapted from Tubbs A and Nussenzweig A, 2017 (32).
A) Cytosine deamination. Loss of amine groups can lead to base changes. B) Depyrimidination — loss of
cytosine or thymine bases and C) Depurination. Loss of guanine or adenine bases are common mutations
that can lead to base substitution if repaired incorrectly. D) Reactive oxygen species leading to
modification of base structure and DNA breaks. E) Single strand DNA breaks and F) Double strand DNA
breaks can occur from DNA insults and during DNA repair processes.
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2.1.5. Replication stress and genomic instability

Genomic instability is the increased propensity for genomic errors or a dysregulation of
cell cycle and is considered to be one of the enabling characteristics of cancer (2—4,40).
Replication stress is characterised by the stalling of replication forks and slowing of new
DNA synthesis leading to a disruption in cell cycle activity (1). High levels of unregulated
DNA damage will lead to increased replication stress, which is a key cause of genome
instability (41). The mechanisms leading to replication stress are discussed in this section

and summarised in Figure 2.5 (42).

Licensed origin scarcity

Deregulated origin activation can lead to licensed origin scarcity during the S phase of the
cell cycle (1). This can result from the partial depletion of the MCM2-7 complex, which is
normally present in abundance. The reduced level of MCM2-7 prevents correct origin
firing during S phase and will mean that replication cannot be completed before the
transition to mitosis (1,43). This can lead to chromosome instability at fragile sites (43).
A decrease in nucleotide supply or a reduction in other replisome proteins can also reduce
the efficiency of replication thus leading to slow replication fork progression and

increased DNA instability (44).

Repetitive elements

Some areas of the chromosome are more prone to DNA gaps and breaks when exposed
to DNA damage. These fragile sites are characterised by trinucleotide repeats, usually
CGG, CAG, GAA, and GCN (1,45). These sites are also prone to forming hairpins that can
provide additional replication stress by inhibiting the progression of replication forks,
leading to DNA breaks (1). There is a strong association with the presence of fragile sites
and oncogene induced replication stress, including amplifications and mutations in

tumour growth promoting genes such as MYC and RAS (44,46).
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D)

Figure 2.5. Mechanisms of replication stress. Adapted from Petropoulos M et al., 2019 (42). A) Replication-transcription collision. B) Formation of
interstrand crosslinks (demonstrated with black interstrand links). C) DNA insults such as base nucleotide changes and deletions which change DNA
structure (demonstrated with structural changes highlighted in red). D) Formation of secondary structures in the DNA such as hybridisations and R
loops. E) Damage such as obtained with insults such as ionising radiation leading to double strand DNA breaks (demonstrated by a gap in DNA). F)
Unscheduled replication from increased origin firing (shown with abnormal area of replication). G) Hybridisation of DNA and RNA which can promote
single strand breaks (highlighted in blue as RNA hybridisation).
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Interstrand crosslinks

Interstrand crosslinks (ICLs) are potentially toxic lesions which prevent DNA strands from
being able to separate. The potential to cause damage to cancer cells with ICLs is
exploited with the use of chemotherapeutic agents, in particular with alkylating agents
and platinum chemotherapy (47,48). Covalent crosslinks occur at the site of DNA damage
between both strands of the double helix leading to blockage of RNA and DNA
polymerases (49). This subsequently can lead to double helix distortion and the disruption
of DNA transcription and replication (48,49). If unrepaired, there is an increased potential

for chromosomal deletions and DNA breaks (48).

Replication-transcription collisions

Transcription and replication sites tend to have an increased rate of errors as the two
processes use the same template concomitantly (1,44). The coding DNA strand is single
stranded during transcription and more unstable than the template strand. Damaged
bases may therefore may not be repaired efficiently (44). Additionally, during
transcription, positive or negative supercoiling can occur behind an elongating RNA
polymerase. This can lead to single-stranded DNA breaks (50). The single stranded coding
DNA strand may hybridise with the newly generated RNA, forming displaced areas of
single stranded DNA known as R loops (1,50). Supercoiling and the accumulation of R
loops can stall replication forks and lead to collisions between concurrent sites of
transcription and replication, again leading to increased DNA breaks and DNA damage

accumulation (1,44,50).
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Unscheduled replication

Unscheduled replication is when the replication origin firing frequency is altered, leading
to either replication occurring more than once during the cell cycle or an increase in origin
firing in the S phase of the cell cycle (1). Re-replication is caused by an upregulation of
CDT1 and CDC6 and this can be stimulated by oncogene upregulation (1,51). Re-
replication also leads to replication fork slowing, although it is not clear if this is due to
increased collisions or due to increased DNA breaks (1,51). Unscheduled replication is
often seen in early malignant lesions and can be driven by an upregulation in oncogene

expression, such as CCNE1, c-MYC and RAS (1,44,51).
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2.1.6. DNA repair mechanisms

DNA repair pathways are selected and activated according to the type of DNA lesion
acquired. These pathways remove and repair most DNA lesions that would otherwise
generate mutation or errors in cellular metabolic processes which could lead to enhanced
replication stress. These pathways can work independently but also cross-link with other
DNA repair mechanisms in order to facilitate repair or cell death (19,52,53). Figure 2.6

shows these mechanisms of DNA repair in more detail (54).

Mismatch repair pathway

The DNA mismatch repair (MMR) pathway is the process of resolving single base
mutations and small insertion/deletion loops formed by DNA polymerase (55-57). MMR
is involved in the repair of DNA damage caused by replication errors along with damage
from alkylating agents, chemotherapy agents such as Cisplatin, UV light and
environmental agents involved in the formation of DNA adducts (58). MMR proteins are
additionally involved in the activation of cell cycle checkpoints and apoptosis pathways in
response to DNA damage (57). The mechanisms behind mismatch repair are not fully
understood but it is well established that loss of mismatch repair or inherited mutations
in MMR genes can lead to a predisposition to cancer as shown in Lynch syndrome (57—

59).

Base excision repair

Modification or loss of bases from small endogenous sources, such as unavoidable
hydrolysis, alkylation and oxidation, are repaired by base excision repair (BER) (38,60).
This DNA repair process normally takes place during the G1 stage of the cell cycle (2). The
pathway is divided into short patch BER (single nucleotide replacement and the
predominant repair pathway) or long patch BER, where between 2 and 13 nucleotides are
replaced. The subtype of BER selected is dependent on the nature of the 5' and 3' ends
at the site of DNA damage (61).
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Figure 2.6. Mechanisms of DNA repair. Figure adapted from Nordicbiosite.com (54). A) Mismatch
repair - this process repairs single base mutations and simple insertions and deletions. B) Base excision
repair. Single base lesions are recognised by DNA glycosylase enzymes and repaired with excision and
DNA polymerase repair. C) Nucleotide excision repair. Lesions such as pyrimidine dimers are detected
and bases upstream and downstream of the lesion are removed before DNA polymerase repair of DNA
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During BER, chromatin remodelling initially occurs at the site of DNA damage. Lesions are
recognised by a series of DNA glycosylase enzymes (2,31,60). These DNA glycosylase
enzymes excise damaged bases and cleave the phosphodiester backbone of the damaged
base. A blocking residue remains attached to the deoxyribose upstream of the excised
base, which is removed by either AP endonuclease 1 (APE1) or polynucleotide kinase
phosphatase (PNKP), a 3' DNA phosphatase and 5' DNA kinase, depending on the

modifications required for repair (31,61,62).

Base removal by a DNA glycosylase generates an abasic or apurinic/apyrimidinic site (AP
site) in DNA (63). For short patch repair, this site is a substrate for APE1, which cleaves
the DNA backbone 5’ to the AP site, generating a 3’-hydroxyl and a 5’-2-deoxyribose-5’-
phosphate (5’-dRP) (2,63). Gap repair is coordinated by the 5'-dRP lyase activity of DNA
polymerase B (Pol-B) (gap tailoring), followed by filling the single nucleotide gap by Pol-
and ligation by either DNA ligase 1 (LIG1) or a complex of DNA ligase 3 (LIG3) and the

scaffold protein X-ray repair cross-complementing protein 1 (XRCC1) (2,31).

For long patch repair up to 13 nucleotides are replaced by Pol 6 or Pol € and gap repair is
completed by LIG1. Poly(ADP-ribose) polymerase 1 (PARP1) and XRCC1 facilitate repair
by recruiting necessary repair enzymes and providing the scaffold for both short patch
and long patch BER (61). The negative charge of the ADP-ribose polymers to the site of
the break is necessary for the recruitment of XRCC, which subsequently recruits PNPK and
DNA polymerase, and facilitates the loosening of chromatin to allow repair (61). BER
protects against cancer, ageing and neurodegeneration and can take place both in the

nucleus and in mitochondria (2,62).
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Nucleotide excision repair

Nucleotide excision repair (NER) manages DNA helix-distorting lesions that interfere with
base pairing and generally obstruct normal replication including bulky pyrimidine dimers,
DNA adducts and crosslinks (63,64). NER is managed down 2 separate pathways — one
that scans the global genome for distortions in the helix and a second that monitors
transcription related damage (64). During the global genome NER (GGNER) pathway, a
complex formed between the UV-damaged DNA binding protein (UV-DDB) and the
GGNER specific DDB2 initiate damage recognition (63). DDB2 binds to and causes a kink
in damaged DNA to facilitate xeroderma pigmentosum complementation group C (XPC)
binding (33,65). XPC, which is complexed with hRAD23B and centrin 2 (CETN2), causes
structural changes to the DNA and the recruitment of transcription initiation factor IIH
(TFIH) (33,65). Defects in the GGNER can lead to an increased development of cancers,

as demonstrated in the skin cancer predisposing condition xeroderma pigmentosum (33).

Transcription coupled NER (TCNER) is initiated by lesion stalled RNA polymerase Il
(RNAPII), an enzyme which synthesises mRNA and microRNA (2). RNA polymerases can
be blocked by bulky adducts, platinum induced intrastrand crosslinks and aromatic
hydrocarbons, by discontinuities in the DNA template strand such as nicks and abasic
sites, and by replication site collisions (65). Defects in the TCNER can lead to severe
neurodevelopmental disorders such as Cockayne syndrome (33). Stalled RNAPII leads to
the recruitment of TCNER-specific Cockayne syndrome proteins Cockayne syndrome WD
repeat protein A (CSA) and Cockayne syndrome protein B (CSB). CSA and CSB are required
for further assembly of a TCNER complex. This includes several TCNER-specific proteins,
such as UV-stimulated scaffold protein A (UVSSA), ubiquitin-specific-processing protease
7 (USP7), XPA-binding protein 2 (XAB2) and high mobility group nucleosome-binding
domain-containing protein 1 (HMGN1) (33,65). The TCNER is localised to the site of DNA
damage due to the stalling of RNAPII, leading to exposure of the lesion site and
recruitment of TFIIH (2,33,65). Both the GGNER pathway and the TCNER pathway
converge at this stage to remove and repair the damage from the transcribed strand

(2,33).
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Interstrand crosslink repair

Interstrand crosslinks (ICL) are generated by chemotherapeutic crosslinking agents such
as Cisplatin, nitrogen mustard and alkylating agents (2). ICL repair is initiated when
replication forks are stalled triggering the activation of DNA repair pathways. Thisinvolves
the coordination of multiple DNA repair mechanisms, including NER and homologous
recombination and occurs in the S phase of the cell cycle (48). ICL repair is initiated by the
chromatin loading of Fanconi anaemia (FA) pathway proteins as discussed later (66). The
assembly of FA proteins and initiation of repair creates intermediate products, such as
single strand and double strand breaks which are subsequently repaired by other repair
mechanisms (2). Defects in FA family proteins lead to Fanconi anaemia, a condition

associated with genomic instability and increased incidence of cancer (48).

Single strand break repair
Single strand breaks (SSB) are a commonly generated source of DNA damage. SSB are
generated from a range of DNA insults, including the base excision repair process, damage

from reactive oxidative species or from exposure to ionising radiation (2,55,67).

There is a marked overlap with the BER pathway and the latter stages of both SSB repair
and BER converge into the same repair pathway (61). PARP1 and PARP2 act as molecular
sensors of DNA damage from both single strand breaks and double strand breaks, which
are recognised by two PARP1 zinc finger motifs. The activation of PARP1 and PARP2 and
the subsequent synthesis of poly(ADP-ribose) (PAR) chains occur rapidly at the site of
single strand DNA breaks (55,68). The PAR chains act as platforms to recruit additional
DNA repair factors (55). X-ray repair cross-complementing protein 1 (XRCC1) is then
recruited to the site of DNA damage through an interaction of its BRCA1 C-terminal (BRCT)
domain BRCT1 with the PAR chains generated by PARP1 and PARP2 (68,69). As
demonstrated in BER, XRCC1 then acts as a scaffold protein for the recruitment of Pol-,
LIG3 and end-processing factors, such as PNKP, to facilitate single strand break repair

(68,69).
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Single-strand breaks formed in association with trapped topoisomerase | involve the
removal of topoisomerase | by tyrosyl-DNA phosphodiesterase 1 (TDP1), followed by
activation of PNKP. Both TDP1 and PNKP rely on PARP1 and XRCC1 for their recruitment
(61)
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Double Strand Break Repair
Non homologous end joining

DNA double strand breaks (DSB) are the most dangerous DNA lesion as these can result
in the loss of large chromosomal regions and catastrophic cell damage (70). For double
strand break repair, two principal mechanisms are used: non-homologous end-joining
(NHEJ) and homologous recombination (HR) (71). NHEJ is involved in the repair of DNA
double strand breaks caused by both endogenous and exogenous toxic agents (55). NHEJ

can occur throughout the cell cycle but predominantly occurs in the G1 phase (70-72).

DSBs are recognised by the Ku70-Ku80 complex that binds and activates the protein
kinase, DNA-dependent protein kinase catalytic subunit (DNA-PKcs) (73). DNAPKcs
undergoes autophosphorylation and activates the endonuclease Artemis, which cuts DNA
substrates at boundaries between double and single stranded DNA (70,74). Nucleotide
addition occurs via the activation of the BX family polymerases, Pol pand Pol A (74). These
polymerases interact with Ku through their BRCT domains to coordinate a repair response
(70). DNA ligation occurs via the interaction of XRCC4 and DNA ligase IV to complete DNA
repair (70,75).

NHEJ is an adaptive process based on the site and complexity of the DSB, and the DNA
ends can be acted upon by repair components multiple times. This variation may arise
from the site of DNA damage and the configuration of the DNA ends requiring repair (74).
During NHEJ, DNA is repaired by direct DNA blunt end joining without the use of a
template and therefore can be prone to errors depending on the level of DNA
modification at the DNA ends (70,71,74). The process of NHEJ is summarised in Figure
2.7.
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Figure 2.7. Non homologous end joining (NHEJ). Figure adapted from Nordicbiosite.com (54). Double
stranded breaks are recognised by Ku70-Ku80. DNA-PKcs activate the endonuclease Artemis, which cuts
DNA substrates at boundaries between single and double stranded DNA sites. Activation of DNA ligase
IV, Pol X polymerases and XRCC4 leads to subsequent DNA repair.
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Homologous recombination

Homologous recombination (HR) is another important mechanism for double strand
break repair. HR preferentially occurs during S and G2 phases as the presence of sister
chromatids are required (71). As the sister chromatid is identical to the damaged DNA
strand, this repair mechanism restores the genetic configuration of the injured
chromosome (76). HRistherefore thought to be more accurate than NHEJ (55,73). Spatial
alignment, sequence pattern and physical cohesion of the two sister chromatids are
thought to be contributory factors for selection of HR as the preferential repair

mechanism rather than NHEJ (73). HR is summarised in Figure 2.8 (54).

During HR, a section of DNA around the site of DNA damage is resected and the correct
DNA sequence on a homologous sister chromatid is used as the template for synthesising
new DNA at the required site (72). Homologous repair is initiated by the generation of
single stranded DNA breaks and this is promoted via proteins including replication protein
A (RPA) and the MRE11-RAD50-NBS1 (MRN complex) (71). RAD51 is recruited and binds
to single stranded DNA promoted by stimulation from the recombinant repair protein
RAD52. This leads to the displacement of RPA coating the single strand DNA in order to
initiate DNA repair (71,77,78).

Other proteins, including the breast cancer susceptibility proteins (BRCA) BRCA1 and
BRCA2, co-localise with RAD51 and lead to a coordination of the components of DNA
repair (71,72). BRCAl isinvolved in the resection of double strand DNA breaks to generate
3’ single strand DNA overhangs and also promoting the loading of RAD51 recombinase
onto the single strand DNA (79). BRCA2 regulates RAD51 recombinase activity through
direct interaction with several BRCA domains (76). BRCA2 also promotes the recruitment

of RAD51 to the site of single strand DNA damage to initiate HR (76).
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Figure 2.8. Homologous recombination (HR). Figure adapted from Nordicbiosite.com (54). During HR,
sections of DNA around the site of DNA damage are resected and repaired with the use of a sister
chromatid. This process occurs preferentially during S and G2 phases of the cell cycle. HR is considered
to be a more accurate repair process than NHEJ.



The repair of double strand breaks involves the crossover of multiple DNA repair
pathways. Homologous recombination is linked to the S and G2 checkpoint pathways
discussed in Sections 2.1.7 and 2.1.9, with RPA being the initiation point of the ATR-CHK1
pathway and the MRN complex being key in the ATM/CHK2 pathway. HRis also used to
reinitiate replication at stalled replication forks and is involved in the repair of interstrand
crosslinks via the Fanconi anaemia pathway (71). Defects in the homologous repair
pathway, such as BRCA1 and BRCA2 mutations, can lead to increased incidence of cancers,

particularly breast and ovarian cancers (61,72,80).

In order to retain genomic integrity after DNA damage, cells have developed a complex
network of DNA damage response (DDR) repair pathways as discussed in Section 2.1.1
(6,19). The role of the DDR pathways is to both activate cell cycle checkpoints which halt
the cell cycle to allow time for cellular repair and also to directly facilitate DNA repair (19).
Figure 2.9 shows a summary of the complex network of DDR pathways. The main
pathways involved in DDR are the ATR/CHK1 pathway activated by single strand DNA
breaks and the ATM/CHK2 pathway activated by double strand DNA breaks.
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Figure 2.9. Summary of DNA damage repair pathways. Figure taken from Dai Y and Grant S, 2010 (92).
This diagram summarises the complexity of the pathways involved in DNA damage repair and how
pathways can interlink with each other. The roles of the DDR pathways are to activate cell cycle

checkpoints and to allow repair of DNA damage.
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2.1.7. The role of the ATR/CHK1 pathway

Ataxia-telangiectasia and Rad 3 related protein (ATR) is a PI3 kinase that regulates the
pathway leading to the phosphorylation and activation of checkpoint protein 1 (CHK1) at
the onset of single strand DNA breaks (18,81,82). This occurs after initial nucleotide
excision repair, at stalled replication forks and the site of resected DNA double strand
breaks (6). The ATR/CHK1 pathway is shown in Figure 2.10. RPA coats single stranded
DNA which activates (ATR) and the co-factor ATR interacting protein (ATRIP) (82—84). RPA
interaction with RAD17 also localises and loads RAD9, RAD1 and HUS1 to the site of DNA
damage, which combine to form a heterotrimeric ring known as the 9-1-1 complex
(17,81,84-86). The 9-1-1 complex subsequently recruits topoisomerase binding protein
1 (TOPBP1) (17,84,85).

Once ATR is activated and localised at the site of the DNA single strand break, ATR signals
to coordinate cell checkpoint activation and DNA repair via multiple ATR substrates
(6,83,87). The ATR/CHK1 pathway predominately exerts checkpoint control at the S and
G2/M phases of the cell cycle (85,88,89). CHK1 is recruited to the site of DNA damage and
activated by phosphorylation at Ser317 and Ser345 by ATR (86,90). Claspin becomes
activated via the ATR dependent phosphorylation of RAD17 and acts as an adapter protein
promoting the phosphorylation of CHK1 by ATR (18,90-92). Autophosphorylation of CHK1
on Ser296 occurs indicating an increase in catalytic activity (93). CHK1 is then released
from chromatin, signalling the presence of DNA damage to downstream CHK1 targets
within the nucleus. CHK1 release within the nucleus thought to be driven by CHK1 Ser345

phosphorylation (92,93).

Autophosphorylation of CHK1 on Ser296 is not required for CHK1 activation but is still an
important marker of CHK1 activity. CHK1 Ser296 autophosphorylation has been shown to
create a docking site for 14-3-3 in y subtype-specific manner (93,94). CHK1 binding to 14-
3-3y then promotes a complex formation between CHK1 and Cdc25A, which induces
Cdc25A-Ser76 phosphorylation. This leads to subsequent Cdc25A ubiquitinylation or

degradation, which could modify cell cycle regulation (93,94).
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Figure 2.10. The ATR/CHK1 pathway. The ATR/CHK1 pathway predominately exerts checkpoint control
at the S and G2/M phases of the cell cycle and is activated at the site of single strand breaks. RPA coats
single stranded DNA activating ATR and ATRIP. RPA interaction with RAD17 also localises and loads the
9-1-1 complex to the site of DNA damage and TOPBP1 is subsequently recruited. Activated ATR then
signals to coordinate cell checkpoint activation and DNA repair. CHK1 is recruited to the site of DNA
damage and activated by phosphorylation at Ser317 and Ser345. Autophosphorylation of CHK1 on
Ser296 is an indicator of CHK1 activity, but not required for activation. Activated CHK1 signals the
presence of DNA damage to downstream CHK1 targets in order to stall cell cycle progression when
appropriate.
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S phase role of CHK1

The S phase DNA damage checkpoint downregulates DNA synthesis in response to cellular
DNA damage accumulated during cell cycle S phase (95,96). CHK1 phosphorylation of cell
division cycle 25A (CDC25A) triggers CDC25A degradation and leads to a decrease in cell
division kinase 2 (CDK2) activity in S phase (19,95). This leads to a reduction in replication
rate or a stalling of replication (86). CHK1 has also been seen to be active during an
unperturbed S phase, suggesting a role in the surveillance of DNA replication under
healthy conditions (89,90). Inhibition of CHK1 has been shown to lead to an increase in
origin firing upstream of the CHK1 blockade (97). Cells subsequently accumulate
incompletely duplicated DNA which can lead to ‘mitotic catastrophe’ and subsequent cell

death (86).

ATR/CHK1 signalling in times of replication stress leads to reduced replication firing and a
subsequent S phase cell cycle blockade. This reduces the rate of DNA replication to allow
DNA repair (86). The mechanism behind this is not fully understood at this stage (6,86).
These findings highlight the cellular dependency for the ATR/CHK1 pathway but also
demonstrates that CHK1 under normal conditions plays a role in the regulation of origin

firing.

Role of CHK1 in G2/M phases

The G2 DNA damage checkpoint ensures the maintenance of cell viability by stalling the
progression into mitosis in cells with DNA damage (98). In the event of DNA damage
during the G2 phase of the cell cycle, CHK1 phosphorylates the tyrosine kinase Weel
(99,100). This leads to CDK1 phosphorylation at Tyrl5 and prevents cells from entering
mitosis (6). In addition, CHK1 phosphorylation of CDC25B at Ser323 during interphase
prevents premature cell entry into mitosis by negatively regulating CDC25B at the

centrosome (101).

Normally CDC25C activates CDK1 by dephosphorylation at the Tyr15 site to allow normal
G2/M transition and therefore CHK1 acts to hold the cells at G2 in the event of damage

and delay mitosis (99,100). Phosphorylation of CDC25C at Ser216 leads to the creation
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of a binding site for 14-3-3 proteins, which leads to the exportation of CDC25C from the
nucleus and thus further prevent CDK1 and cyclin B activation, thus halting mitosis

(18,100,102,103).

CHK1 levels are regulated at different points of the cell cycle. For normal G2/M phase cell
cycle progression to occur, CHK1 must be kept inactive. This can occur by the PLK1
dependent phosphorylation and degradation of the adaptor protein Claspin (86). CHK1
also cannot be activated at the point of mitotic entry (104). This is likely because DNA at
this stage is double stranded and therefore the CHK1 recruitment proteins and activators
such as RPA and ATR are not present (105). This mechanism is controlled by PKB/AKT
although the mechanism behind this is not known (86,105). In addition, the increase in
CDC25C activation and subsequent increase in CDK1 and cyclin B activity in late G2 also
leads to a decrease in CHK1 activity. This is via phosphorylation of CHK1 at Ser 280/301
and prevents CHK1 activation by ATR (104). These restrictions of CHK1 in G2 allow cell

cycle progression to mitosis.
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2.1.8. Other roles of CHK1

Fanconi anaemia pathway

The Fanconi anaemia (FA) proteins are a family of proteins that form a pathway to repair
DNA crosslinks (66). Eight of the FA proteins (FANCA, B, C, E, F, G, L, and M) form the FA
core complex required for the monoubiquitination of FANCD2 and the subsequent
assembly of FANCD2 nuclear foci (55,106). FANCD?2 interacts with BRCA2/FANCD1 to
facilitate the repair of interstrand crosslinks (106,107). FANCC, FANCE and FANCD1 form

a complex together which is integral to enable crosslink repair (66).

The FANC/BRCA complex and FANC proteins additionally interact with other key DDR
proteins, including BRCA1, ATM, the MRN complex and H2A histone family X (yH2AX)
highlighting the complexity and interaction between different repair pathways (49,107—
109). CHK1 directly phosphorylates FANCE at 2 sites, threonine 346 and serine 374, to
facilitate cross link repair (106). Loss of CHK1 has been demonstrated to impair FANCD2
monoubiquitination. This again highlights the importance of CHK1 in the regulation of

other cellular repair mechanisms (107).

AKT pathway

AKT/protein kinase B is another key cell cycle regulator that also interacts with CHK1
(110,111). A downstream effector of growth factor receptors and the PI3 Kinase (PI3K)
pathway, AKT is activated by PDK1 at threonine 308 and by mTORC2 and DNA dependent
protein kinase (DNAPK) at serine 473 (112). Activity of AKT is high at the G2/M phase of
the cell cycle and can regulate cell cycle transition between G2 and M cell cycle phases
(113). AKT activation can lead to the promotion of antiapoptotic activity and override G2
cell cycle arrest (113). In addition, enhanced AKT activity has been associated with

resistance to chemotherapeutic agents (111).

DNAPK can directly phosphorylate AKT in the presence of DNA double strand breaks,
indicating cross talk between multiple DNA damage and repair pathways (114). AKT can
phosphorylate CHK1 at a different site on serine 280 which is in close proximity to serine

317 and serine 345 which are activated by ATR (110,113,115). Phosphorylation of CHK1
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at this site by AKT inhibits CHK1 activation and prevents ATR activation on serine 345
(115). Location of BRCA1 to the site of DNA damage is impaired when AKT is activated
which may lead to a reduction in CHK1 activation (110). Cells showing resistance post
treatment CHK1 and PARP inhibitors in combination have been shown to have an

amplification of AKT (116).

MK2 signalling

The p38MAPK/MK2 signalling complex is considered to be a stress response pathway
activated by a variety of DNA damaging stimuli including UV radiation and reactive oxygen
species (18,117). MK2 can directly phosphorylate CDC25B and CDC25C in response to
genotoxic stress on the Ser323 14-3-3 binding site in CDC25B and also the Ser216 14-3-3
binding site on CDC25C (18). These sites are both also CDC25 phosphorylation targets for
CHK1 and CHK2 (118). MK2 has a significant role in the phosphorylation of CDC25B and
CDC25C in response to UV-induced DNA damage (18,118).

Downregulation of MK2 has been demonstrated to halt DNA damage induced G2/M and
intra-S phase checkpoints (117-119). The P38/MAPK complex is thought to have an
impact on cell cycle regulation both independently and via crosstalk with the ATM and

ATR pathways (120-123).
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2.1.9. The ATM/CHK2 pathway

The ATM/CHK2 pathway is involved in the repair of double strand DNA breaks (18,82,124—
126). Ataxia-telangiectasia mutated protein (ATM) is a large molecular weight protein
that crosslinks with many DNA damage response pathways (7). In response to DNA
damage, ATM is recruited to the site of DNA damage by NBS1, part of the MRE11-RAD50-
NBS1 (MRN) complex (124,127). p53 binding protein 1 (53BP1) and BRCA1 optimise the
MRN complex-ATM link (128). ATM is also bound by MDC1 which is activated by the
phosphorylation of histone H2AX at the site of DNA damage (129). The combination of
the MRN complex and H2AX activation lead to the enhancement of ATM recruitment (18).
Checkpoint kinase 2 (CHK2) activation is triggered by phosphorylation on Thr68 by ATM
(18,130). This leads to subsequent CHK2 autophosphorylation on Thr383 and Thr387
(130). The ATM/CHK2 pathway is summarised in Figure 2.11

Like CHK1, CHK2 is a mediator to many downstream effectors. Activated CHK2
phosphorylates CDC25A leading to degradation and lack of CDK1/cyclin B activation
(55,131). CHK2 also causes cell cycle arrest by phosphorylating the tumour suppressor
p53 on Serl5 and Ser20 (132,133). This results in both p53 stabilisation and activation
(133). p53 is a transcription factor which initiates the transcription of genes involved in
DNA repair, cell cycle arrest and apoptosis (132,134,135). p53 also has a series of negative
regulators, such as mouse double minute 2 (MDMZ2), a ubiquitin ligase that targets p53
for degradation (132,136,137). In response to DNA damage, p53 is phosphorylated by
many kinases including ATR and CHK1 as well as ATM and CHK2, leading to cross-talk
between the DNA damage response repair pathways (132). Phosphorylation of p53 by
CHK2 and the other kinases listed blocks the interaction between p53 and MDM2 leading
to accumulation of p53 (132,135). Active p53 promotes the transcription of CDKN1A,
which encodes the CDK inhibitor p21, leading to p53-mediated G1 cell cycle arrest
(137,138).
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Figure 2.11. The ATM/CHK2 pathway. The ATM/CHK2 pathway is involved in the repair of double strand
DNA breaks. In response to DNA damage, ATM is recruited by NBS1, part of the MRN complex. The
combination of the MRN complex and H2AX activation leads to enhanced ATM recruitment. CHK2
activation is triggered by phosphorylation on Thr68 by ATM, leading to subsequent CHK2
autophosphorylation on Thr383 and Thr387. Like CHK1, CHK2 can act on many downstream effectors.
Phosphorylation of p53 by both ATM and CHK2 lead to an activation of p53. CHK2 phosphorylates p53
on Serl5 and Ser20. p53 activation leads to activation of the CDK inhibitor p21, which mediates G1
checkpoint arrest.
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CHK2 is also involved in G2/M phase cell cycle regulation. Similar to CHK1, CHK2 can also
phosphorylate CDC25C downstream (138,139). CDC25C translocates to the cytoplasm via
an interaction with 14-3-3 proteins (138,140). Once in the cytoplasm, CDC25C can no
longer dephosphorylate and activate the cyclin B1/Cdk1 complex required for successful
G2/M transition (138). The crossover between the ATR/CHK1 and the ATM/CHK2

pathways is shown in Figure 2.12.
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Figure 2.12. Interactions between the ATR/CHK1 and ATM/CHK2 pathways. There is significant
crosstalk between the ATR/CHK1 and the ATM/CHK2 pathways to halt the cell cycle and allow cellular
repair. Both CHK1 and CHK2 are mediators to many downstream effectors. Activated CHK1 and CHK2
phosphorylates CDC25A leading to degradation and lack of CDK1 activation. Like CHK1, CHK2 can also
phosphorylate CDC25C downstream. CDC25C is translocated to the cytoplasm via an interaction with
14-3-3 proteins. Once in the cytoplasm, CDC25C can no longer dephosphorylate and activate the cyclin
B1/Cdk1 complex required for successful G2/M transition. CHK1 can also be a direct target of ATM. ATR,
CHK1, ATM and CHK2 can all phosphorylate and activate p53, leading to an impact on downstream
effects.
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2.1.10. Multiple roles of CHK2

CHK2 participates in DSB repair by phosphorylating the breast cancer susceptibility
proteins, BRCA1 and BRCA2 (138,141,142). HR is then preferentially selected to repair
DNA damage over NHEJ. Post DNA damage, CHK2 phosphorylation of BRCA1 facilitates
the recruitment of RAD51 to the DNA lesion. This leads to the reduced action of MRE11,
which is involved in the promotion of the NHEJ pathway (138,143). RAD51 subsequently

promotes HR by promoting DNA strand invasion (55).

CHK2 also has been shown to have a role in base excision repair. CHK2 phosphorylates
and activates the transcription factor forkhead box protein M1 (FoxM1) which
subsequently stimulates the transcription of the genes encoding the BER factor XRCC1
and BRCA2 (144). The crossover between the different DNA checkpoints and repair
pathways again highlights the complexity of the repair processes required to ensure DNA
integrity is maintained. Table 2.1 compares the role of CHK1 and CHK2 in cell cycle control

and DNA repair.

2.1.11. CHK1 in cancer

Genomic instability and DNA damage are recognised enabling characteristics of cancer
(40). The activation of proto-oncogenes or inactivation of tumour suppressor genes can
further accelerate tumour growth and progression (40,44). Mutations in the DDR can
predispose to cancer and allow tumour proliferation despite significant DNA damage (71).
Mutations in tumour suppressor genes such as TP53 and Rb can lead to the dysregulation
of cell cycle checkpoints including the ATM/CHK2 pathway, generating replication stress
and genomic instability (145,146). In addition, replication stress can be further enhanced
by increased expression of proto-oncogenes such as RAS, cyclin E and MYC, which can lead

to increased origin firing and increased expression of CDK activity (82,147-151).
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Table 2.1. Comparison of CHK1 and CHK2 function. Table summarising the main regulators and
downstream effects of CHK1 and CHK2. There is crossover between the ATR/CHK1 pathway and the
ATM/CHK2 pathway, however both CHK1 and CHK2 are known to have different downstream effects
and interact with separate additional pathways.

Function CHK1 CHK2
Cell cycle S, G2/M G1/S, G2/M
Activation Single stranded DNA Double stranded DNA

breaks

breaks

Main regulator

ATR

ATM

Main downstream targets

CDC25A, CDC25C, WEEL1,
CDK1, CDC2

CDC25A, CDC25C, p53,
BRCA1, BRCA2

Crossover pathways

ATM/CHK2, FA pathways,
PI3K/AKT, MK2

ATR/CHK1, Base excision
repair
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Cancer cells are highly mutagenic but still require some checkpoint regulation and intact
DNA repair pathways to survive. Loss of the p53-driven G1 checkpoint as shown in Figure
2.13 can lead to a reliance on the ATR/CHK1 pathway to maintain replication and to
facilitate cell repair (6,87). Deletions of ATR and CHEK1 are embryonically lethal in animal
models, highlighting the importance of this checkpoint pathway for survival (7,85,124).
CHK1 mutations in cancers are rare and there are no known inherited CHEK1 gene
mutations which predispose to cancers in contrast to other checkpoint mediators

including TP53, CHEK2, ATM and BRCA1/2 (89,146).

Frameshift mutations of CHEK1 have been shown in tumours with impaired mismatch
repair, such as gastric, colorectal and endometrial cancers (41,85,152). An overexpression
of CHK1 has also been demonstrated in small cell lung, nasopharyngeal and triple negative
breast cancers (89,153-155). Many cancers do however have proto-oncogene
upregulation in genes such as RAS or MYC, or a mutation in a tumour suppressor gene,
such as TP53 or ATM. Oncogene upregulation or mutation in tumour suppressor genes
could lead to enhanced replication stress and an increased dependence on the ATR/CHK1

function for cell survival (19,146,148,151).

The development of drugs to inhibit CHK1 is therefore appealing to exploit tumour
dependence on this pathway to promote irreparable tumour cell damage and cell death

(19,87).
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Figure 2.13. Dependence on ATR/CHK1 pathway in TP53 mutant cancers. In cancers with TP53 gene
mutations, apoptosis cannot be driven by the activation of P21 and DNA repair downstream cannot be
activated. Due to dysregulation of p53, cells become more genomically unstable with increased
replication stress. This causes increased reliance on the ATR/CHK1 pathway for maintenance of cellular
regulation and cell survival.
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2.1.12. CHK1 as a potential therapeutic target

CHK1 inhibitors have been in development for many years and a summary of clinical trials
to date is shown in Table 2.2 and ongoing clinical trials are shown in Table 2.3. Given the
dependency of many cancers on the ATR/CHK1 pathway in cellular repair, CHK1 is an
attractive therapeutic target (6,19,146,150).

Acting on the principles of ‘synthetic lethality’ as seen with PARP inhibitors (PARPi) and
BRCA1/BRCA2 mutations, cells that already have a loss of G1 checkpoint or proto-
oncogene enhancement will have enhanced genomic instability (6,148). In theory this will
make cells with enhanced genomic instability more sensitive to CHK1 inhibition, as this
could lead to replication fork collapse and irreparable DNA damage (84,89,156). The
proposed mechanism of CHK1i monotherapy is shown in Figure 2.14. In comparison to
cells treated with PARP inhibitors, however, the cellular response to CHK1 inhibitors is
likely to be more complex. This is because CHK1 has many roles and interactions within
the DNA damage response pathways and there may be more complex compensatory

signalling mechanisms in place.

Pre-clinical studies have shown success with CHK1 inhibition as a combination therapy
with chemotherapy agents including Gemcitabine and Cisplatin (116,157-159). There is
also evidence in pre-clinical studies for efficacy as a single agent in cancers driven by MYC
and RAS (147). Initial CHK1 inhibitors were less specific and clinical trials had to be
stopped due to significant side effects, including cardiac toxicity (151,160,161) and
hyperglycaemia (162). More recently developed CHK1 inhibitors have been designed to
be more specific to CHK1 (6,19).

81



Table 2.2. Completed CHK1 inhibitor trials to date.
included in the trial and the trial outcome.

Drugs summarised with trial phase, cancer types

Drugs are also listed whether they were delivered as a
monotherapy or in combination with other anticancer therapies.

Drug Study Phase Additional Cancer types Outcome Ref
drugs
AZD7762 NCT00413686 | | Single agent/ Advanced solid Completed (163-
with tumours 166)
Gemcitabine
NCT00473616 | | Single agent/ Advanced solid Terminated (161)
with tumours due to
Irinotecan cardiotoxicity
NCT00937664 | | Gemcitabine Advanced solid Terminated (167)
tumours due to
cardiotoxicity
PF-00477736 NCT00437203 | | Gemocitabine Advanced solid Terminated (168)
tumours due to
business
reasons
MK8776/ NCT00779584 | | Single Advanced solid Completed (157)
SCH099776 agent/with tumours/Lymphoma
Gemcitabine
NCT00907517 | | Single Acute leukaemia Terminated — | (169)
agent/with DLT of
Cytarabine prolonged QT
interval
NCT01521299 | | Hydroxyurea Advanced solid Withdrawn — (170)
tumours insufficient
patients
NCT01870596 | I Cytarabine Acute myeloid Completed (171)
leukaemia
GDC-0575 NCT01564251 | I/l Gemcitabine Solid tumours Completed (172)
Lymphomas
Rabusertib/ NCT00415636 | | Pemetrexed Solid tumours Completed (166,1
LY2603618 73,17
4)
NCT00839332 | I/1I Single Pancreatic cancer Completed (175)
agent/with
Gemcitabine
NCT00988858 | I/II Pemetrexed Advanced non-small Completed (176)
cell lung cancer
NCT01139775 | I/l Pemetrexed/ Non-small cell lung Completed (177)
Cisplatin cancer
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Drug Study Phase Additional Cancer types Outcome Ref
drugs
NCT01296568 | | Pemetrexed/ Advanced/Metastatic | Completed (166,1
Gemcitabine solid tumours 78)
NCT01341457 | | Gemcitabine Advanced/Metastatic | Completed (166,1
solid tumours 79,18
0)
NCT01358968 | | Desipramine/ | Advanced/Metastatic | Completed (19,16
Pemetrexed/ solid tumours 6,181)
Gemcitabine
CCT245737/ NCT02797964 | I/1l Single agent Solid tumours Completed (182)
SRA737 Lymphomas
NCT02797977 | I/l Gemcitabine Solid tumours Completed (183)
Lymphomas
LY2603618 NCT01115790 | I/1l Single agent Advanced/Metastatic | Completed (184)
(Prexasertib) solid tumours
NCT02124148 | | Single agent/ Advanced/Metastatic | Completed (185)
Cisplatin/ solid tumours
Cetuximab/
G-CSF/
Pemetrexed/
Fluorouracil/
LY3023414/
Leucovorin
NCT02203513 | Il Single agent High grade serous Active, not (186,1
ovarian, triple recruiting 87)
negative breast
cancer, metastatic
castrate resistant
prostate cancer,
BRCA mutant breast
or ovarian cancer
NCT02514603 | | Single agent Advanced/Metastatic | Completed (188)
solid tumours
NCT02555644 | | Cisplatin plus Advanced Head and Completed (189)
radiotherapy/ | neck squamous cell
Cetuximab cancer
plus
radiotherapy
NCT02649764 | | Cytarabine Advanced AML/MDS | Active, not (190)
and recruiting
Fludarabine
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Drug Study Phase Additional Cancer types Outcome Ref
drugs
NCT02735980 | Il Single agent Advanced small cell Completed (191)
lung cancer
NCT02778126 | | Single agent Advanced/metastatic | Completed (192)
solid tumours
NCT02808650 | | Single agent Recurrent or Active, not (193)
refractory solid recruiting
tumours in paediatric
patients
NCT02860780 | | Ralimetanib Advanced/metastatic | Completed (194)
solid tumours
NCT02873975 | |l Single agent Cancers with HR Active, not (195)
deficiency/raised recruiting
replication stress
NCT03057145 | | Olaparib Advanced/metastatic | Active, not (196)
solid tumours recruiting
NCT03414047 | Il Single agent Platinum resistant Active, not (197)
ovarian cancer recruiting
NCT03495323 | | LY3300054 Advanced/metastatic | Active, not (198)
(PDL1 solid tumours recruiting
inhibitor)
NCT03735446 | | Mitoxantrone/ | Relapsed or Terminated (199)
Carboplatin / advanced AML/MDS | (Sponsor
Cytarabine decision)

84




Table 2.3. Active CHK1i trials (as of April 2021). Clinical trials are currently recruiting for the CHK1
inhibitor Prexasertib within multiple primary tumour sites.

Drug Study Phase | Additional drugs Cancer type Status Ref
LY2603618 NCT04023669 | | Cyclophosphamide | Recurrent refractory/ | Active and | (200)
(Prexasertib) progressive recruiting
medulloblastoma in
paediatric patients
NCT04032080 | II LY3023414 Metastatic triple Active and | (201)
(P13K, DNA-PK and negative breast recruiting
mTOR inhibitor) cancer
NCT04095221 | I/l Irinotecan Desmoplastic small Active and | (202)
round cell tumour recruiting

and
rhabdomyosarcoma
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Figure 2.14. Proposed mechanism of CHK1i action as a single agent. In cancers already predisposed to
genomic instability, for example tumours with TP53 gene mutations, cells become reliant on the
ATR/CHK1 pathway for regulation of genomic instability and cell survival. CHK1 inhibition will leave cells
in these circumstances without checkpoint regulation and vulnerable to replication fork collapse.
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2.1.13. Potential mechanisms of CHK1 inhibitor resistance

Previous CHK1 inhibitor studies have shown potential routes of drug resistance. A
summary of some of these mechanisms is shown in Figure 2.15. A study examining the
MK-8776 drug in cancer cell models has shown that cells responsive to this CHK1 inhibitor
had an upregulation of CDK2 and cyclin A with an associated increase in double stranded
DNA breaks (203). This study used multiple different cell lines from different tumour
types, including prostate and colorectal cell lines (203). Drug sensitivity was associated
with an increased accumulation of CDC25A (203). Cells in this study displaying drug
resistance failed to dephosphorylate tyrosine 15 on CDK2 and therefore subsequently

failed to activate CDK2 (203).

Treatment with the CHK1 inhibitor LY2603618 (Rabusertib) in head and neck cancer cell
lines showed that sensitivity to the drug was dependent on CDK activity, highlighting CDK1
as significant in drug response. Increased CDK1 was indicative of reduced drug sensitivity
(204). CDK1 has the potential to upregulate origin firing and overcome S phase replication
stalling (204). CDK1 has also been shown to activate the MAPK/ERK pathway, which could

potentially compensate for cell damage and enhance cell survival (204).

A study into BRCA wild type ovarian cancer using the CHK1 inhibitor Prexasertib has been
published (205). This has shown that in both tumour biopsies and cell line models,
resistance to Prexasertib is caused by a prolonged delay in the G2 phase of the cell cycle
due to low CDK1/cyclin B activity (205). The cancer model in this study normally is
dependent on the ATR/CHK1 pathway for cell survival due to the presence of a TP53
mutation, but behaves differently to BRCA mutated ovarian cancers where PARP
inhibition leads to synthetic lethality due to a fault in HR (205). This highlights mutation
differences between the same tumour groups, which can lead to separate mutations

indicating drug sensitivity or resistance.
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Figure 2.15. Further proposed mechanisms of CHK1i resistance. A) Shows the proposed mechanism of
CHK1i sensitivity and B) proposed mechanism of CHK1i resistance for MK-8776. A) CHK1i sensitivity is
dependent on CDC25A activation leading to further DNA damage and generation of double strand
breaks. B) If CDC25A is not increased then cells can overcome CHK1i resistance. C) Shows the proposed
mechanism of CHK1i sensitivity and D) the proposed mechanism of resistance to the CHK1i Rabusertib
in an ATR/CHK1 dependent head and neck cancer cell line. C) CHK1i inhibition leads to increased
apoptosis and deregulation of replication fork activity. D) In resistant cells, increased CDK1 expression
can overcome S phase checkpoint regulation. This is associated with high levels of replication stress and

activation of additional pathways such as MAPK/ERK.
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Research into the CHK1 resistant mantle cell lymphoma cell line JEKO-1 response to the
Chk1 inhibitor PF-00477736 showed that resistant cells had a shorter S phase and a
reduced expression of cell cycle checkpoint proteins, including cyclin D1 (206). The gene
transcripts of resistant cells in this study were investigated further. Upregulated genes

were in cell survival pathways including MERK and NF-kB (206).

A recent study has also been published examining SRA737, the CHK1i used in the clinical
trial described in this thesis (116,207). This was performed in ovarian cancer cell lines in
combination with the PARP inhibitors Olaparib and Niraparib (116). In this study,
sensitivity to the combination of CHK1i and PARPi was thought to be caused by an AMPK-
dependent inactivation of ERK, AKT and NF-kB. Knockdown of either ATM or AMPKa lead
to CHK1i drug resistance via ERK and AKT (116). It is difficult to ascertain if these changes
are due to a response to one of the drugs in isolation, or both PARPi and CHK1i given in
combination. This is because the data in this study was presented for both PARPi and

CHK1i given in combination only.

Published data to date on CHK1 inhibitor resistance suggests that CHK1 inhibitor drug
resistance involves alterations in cell cycle checkpoint control and/or upregulation of
additional cell cycle survival pathways. Potential reasons for differences between drugs
could be because of variations in mutation expression between cell lines examined, or

contrasts between CHK1 inhibitors, with different CHK1 target and off target effects.

Previous unpublished work performed by the Perkins’ lab has also shown that NF-kB
mediators may have a role in CHK1 inhibitor resistance based on studies in cellular and
animal models. The interactions between NF-kB and DNA damage will therefore be

explored further within this thesis.
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2.2. The NF-kB family of transcription factors

2.2.1. Introduction to the NF-kB pathway

The Nuclear Factor-kB (NF-kB) family of transcription factors play a critical role in the
regulation of the cellular stress response including inflammation, immunological
processes, cancer and cell survival pathways (208,209). The NF-kB response can be
activated by a wide range of stimuli including immunoreceptors, cytokine and growth
factors and genotoxic stress (210,211). Phosphorylation of NF-kB subunits can lead to
either an enhancement or downregulation of target gene transcription depending on both

the stimuli and the cellular context (208,211).

The NF-kB family consists of five members, NF-kB1/p50, NF-kB2/p52, RelA (p65), c-Rel,
and RelB (212). All subunits share a Rel homology domain (RHD) which is responsible for
DNA binding and dimerization (210,212). The NF-kB family subunits are shown in Figure
2.16. The transcription activation domain (TAD) required for the positive regulation of
gene expression is present in RelA, c-Rel and RelB only (212). The additional family
members, NF-kB1 and NF-kB2 have longer precursor proteins that can be cleaved during
translation or via phosphorylation-induced partial proteolysis to their active DNA-binding

forms of p50 and p52 (210).

NF-kB activation can provide a rapidly generated first line of defence against cellular
stressors (210). Prior to induction, pre-synthesised NF-kB complexes are held in an
inactive form in the cytoplasm by the inhibitor of NF-kB (IkB) proteins (209,212,213).
These consist of IkBa, IkBB and IkBe (210,212). In the presence of an inducing stimulus,
phosphorylation of the IkBs by the IkB kinase (IKK) complex promotes their ubiquitylation
and degradation leading to subsequent NF-kB localisation and activation within the
nucleus (210,214). Strong activators of NF-kB such as TNF-a can cause rapid IkB
breakdown in minutes highlighting the speed of acute cellular responses to stress (214).
NF-kB1 and NF-kB2 also contain, in their C termini, the ankyrin repeat motifs that are
found in the IkBs, which can mediate interaction with NF-kB subunits and which can them-
selves function as IkB proteins (210). NF-kB has 2 main routes of activation, the canonical

and the non-canonical pathways.
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Figure 2.16. The NF-kB subunits. The mammalian NF-kB transcription factor consists of five proteins:
p65 (RelA), RelB, c-Rel, p105/p50 (NF-kB1), and p100/p52 (NF-kB2). Figure shows RelA, RelB and c-Rel,
plus the subunits for p105 and p50 (NF-kB1) and the subunits p100 and p52 (NF-kB2). The transcription
factors can associate with each other to form distinct transcriptionally active homo- and heterodimeric
complexes. They all share a conserved 300 amino acid long amino-terminal Rel homology domain (RHD).
Sequences within the RHD are required for dimerization, binding of DNA, interaction with 1kBs, and
translocation to the nucleus. NF-kB1 and NF-kB2 have longer precursor proteins that can be cleaved
during translation or via phosphorylation-induced partial proteolysis to their active DNA-binding forms
of p50 and p52. NF-kB1 and NF-kB2 proteins additionally contain ankyrin repeats (ANK), similar to those
found in IkBs, and therefore can also function as IkBs.
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Canonical NF-kB pathway

The canonical NF-kB pathway is mediated by the scaffold protein NF-kB essential
modulator (NEMO/IKKy) and the IKKs IKKa and IKKB (209). This pathway is typically
activated by proinflammatory cytokines including IL-1 and TNF-a when a rapid response
is required, for example with a viral infection (215). IKKa and IKKB phosphorylate NF-kB-
bound IkBs, leading to IkB ubiquitination and proteasomal degradation (209,216). Free
IkBs are also degraded via a ubiquitin-independent proteasomal degradation pathway
(209). The degradation of IkBs allows free NF-kB dimers containing a combination of RelA,
c-Rel and p50 to translocate to the nucleus and therefore activate gene expression

(209,217,218).

Non-canonical NF-kB pathway

The non-canonical pathway activates NF-kB in a NEMO-independent, but in a NF-kB
inducing kinase (NIK) and IKKa-dependent manner (209,217). Activation of the non-
canonical pathway are from signals that activate TNF receptors, such as RANKL and CD40
(209). Non-canonical NF-kB signalling controls a wide range of processes including B-cell

survival and maturation, dendritic cell activation, and bone metabolism (219).

NIK, which is a kinase implicated in the phosphorylation of IKKa, has several roles in the
non-canonical pathway. Upon receptor triggering, adaptor proteins from the TRAF family
enable the recruitment of NIK. IKKa then targets p100, for phosphorylation and
ubiquitination and leads to the limited proteolysis of its ankyrin-like C-terminus (215).
This liberates a p52 subunit that forms a heterodimer with RelB. The p52:RelB dimer then
subsequently localises to the nucleus and binds to DNA to activate transcription

(209,215,217).

Active NIK/IKK1 complex also phosphorylates the p100 within IkB&. This results in the
partial degradation of the IkB& complex and the release of bound NF-kB dimers for nuclear
localisation and gene activation (209). A summary of both the canonical and non-

canonical pathways is shown in Figure 2.17.
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Figure 2.17. NF-kB signalling pathways. A) The canonical pathway is mediated by NEMO (IKKy) and IKKa
and IKKB. This pathway is typically activated by proinflammatory cytokines when a rapid response is
required. IKKa and IKKB phosphorylate NF-kB-bound IkBs, leading to IkB ubiquitination and proteasomal
degradation. This allows free NF-kB to translocate to the nucleus and activate gene expression. B) The
non-canonical pathway requires activation in an NF-kB inducing kinase (NIK) and IKKa-dependent manner.
This pathway is activated from signalling from receptors such as CD-40L. IKKa phosphorylates p100. This
promotes NIK dependent processing of p100 into p52, which can form a dimer with RelB. The p52:RelB
dimer localises to the nucleus and binds to DNA to activate transcription.
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2.2.2. NF-kB and DNA damage

NF-KkB plays an important role in the maintenance of routine cellular homeostasis and NF-
kB activation is triggered early in the event of DNA damage. NF-kB signalling is triggered
by many different cell pathway mediators, from pro-inflammatory signals to apoptotic
signals (215,217). DNA damaging agents can directly activate NF-kB via IKK dependent
complexes (217). The NF-kB pathways crosslink into other key DNA damage signalling
pathways. ATM activates NF-kB by IKK protein interactions, leading to IKK degradation
and RelA Ser 276 phosphorylation (217).

Activation of the IKK complex in a NEMO-dependent way leads to the phosphorylation of
IkBa on serines 32 and 36, and its subsequent ubiquitination, similar to the classical NF-
kB pathway (215). ATM also directly activates the NF-kB pathway by transporting from
the nucleus to the cytosol. During this process, activated ATM binds to and
phosphorylates Ser85 of IKKy, triggering NF-kB ubiquitin-dependent nuclear translocation
(220,221).

CHK1 can also directly trigger NF-kB signalling. Loss of CHK1 signalling in the presence of
mutant p53 leads to the promotion of a caspase-2 apoptotic response in the presence of
DNA damage. This is known as the CHK1 suppressed (CS) pathway (222). Persistently
raised CHK1 levels in response to DNA damage in TP53 mutant cells inhibits the CS-
pathway and the activation of caspase-2. This also leads to the regulation of NF-kB activity
and the induction of cell pro-survival mediators such as interleukin 6 (IL-6) and vascular

endothelial growth factor (VEGF) (222).
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2.2.3. The role of NF-kB in cancer

NF-kB has a complex role in cancer which can vary according to the stimulus and pathways
activated (210). NF-kB signalling can therefore trigger both oncogene activation and
tumour suppression depending on the activating circumstance (210). Multiple tumour
suppressor genes such as TP53, ARF and PTEN, can regulate NF-kB by modulating NF-kB
transcriptional activity. This subsequently suppresses the ability of NF-kB to express genes

that promote tumour growth and survival (210,223,224).

NF-kB upregulation of cytokines, such as TNF-a and IL-6, and cellular adhesion genes can
lead to increased inflammation and promote tissue damage and cell proliferation
(210,225). NF-kB has been shown to promote inflammation in inflammatory bowel
disease which can in turn lead to the development of colitis associated colorectal cancer
(226). NF-kB1 has also shown to be protective against cell damage against known
carcinogens, including alkylating agents in haematological malignancy (210,227). The
response to DNA damage is very much dependent on the stimulus and the cellular
environment as the same response was not demonstrated in response to ionising

radiation (227).

Cell growth is a requirement for cancer proliferation and can be accelerated through
abnormal activation of cell cycle regulation, or via the dysregulation of normal cell
pathways and growth signals (228). NF-kB target genes which can regulate cell
proliferation include cyclin D1, cyclin E1 (CCNE1), CDK2, and c-MYC, while growth
signalling includes interleukin 6 (IL6) (228). Inhibition of NF-kB has been shown to halt
cancer cell growth in multiple cancers, including breast cancer, melanoma and B-cell

lymphoma (228-231).

NF-kB is known to regulate anti-apoptotic genes such as BCL-XL and BCL2 and can lead to
the promotion of cell survival by upregulation of these genes. This has been
demonstrated in haematological malignancies, including B-cell lymphomas (225). NF-kB
also indirectly prevents mitochondrially-mediated apoptosis via neutralisation of cell

damage-initiating reactive oxygen species (228).
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The formation of new blood vessels is crucial for tumour development and progression,
and rapid tumour growth can quickly exceed existing blood supplies (228). Many of the
signals which orchestrate angiogenesis are dependent on NF-kB signalling. The NF-kB-
coordinated inflammatory cytokines TNFa, IL-1, and IL-6 can increase the expression of
VEGF, which is one of the main regulators of new blood vessel growth (219,228). NF-kB
can additionally promote a metabolic switch in cancer cells, from oxidative
phosphorylation to glycolysis (the Warburg effect) by inducing the expression of glycolytic
enzymes while also repressing mitochondrial gene expression (210,232). These metabolic

changes can furthermore promote cancer growth and survival.

Late stage cancers often involve progression from localised to metastatic disease.
Activation of the canonical NF-kB pathway has been implicated in epithelial-mesenchymal
transition (EMT). This process is thought to promote tissue invasion and subsequently
enhance metastatic potential (225,228). Activation of an EMT pattern involving genes
such as MMP2/9 encoding matrix metalloproteinases, VCAM-1 encoding vascular
adhesion molecule 1 and ICAM-1 encoding intracellular adhesion molecule 1 was found
to be dependent on NF-kB activation in a breast cancer model. Reversal of EMT in this
cell model was stimulated by NF-kB inhibition (228,233). It has also been suggested that
NF-kB may promote EMT and metastatic potential through transcriptional activation of
TWIST, another EMT promoting transcription factor, in a study involving nasopharyngeal

cancer cell lines (234).

The regulation of NF-kB in cells can depend on the functional status of key tumour
suppressor genes and on oncogene expression (235). NF-kB and p53 can cause inhibition
of each other by altering the regulation of gene expression of each other respectively
(236). RelA competes with p53 for the transcriptional coactivator proteins p300 and
CREB-binding protein (CBP) which potentially can alter the cellular balance between
survival and apoptosis (210,236). p53 also can inhibit RelA mitochondrial localisation and
subsequently prevent oxidative phosphorylation leading to a change in cellular metabolic

regulation (237).
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Mutations in the oncogene KRAS and mutations in the tumour suppressor gene TP53 have
been found in 20% to 25% of all cancers respectively. The rates of KRAS mutation are
especially raised in pancreatic, colorectal, and lung cancers (235). TP53 mutations are
common in multiple cancers including ovarian and prostate cancers (238,239). Wild type
p53 often suppresses NF-kB function as part of normal cell regulation. TP53 mutation
causes loss of NF-kB suppression, therefore upregulation of NF-kB can occur in cancers
and lead to cancer proliferation (235). Mutation in KRAS has been shown to activate NF-
kB in both cellular models and in mouse models of lung cancer (210,235,240,241). Some
studies have shown this in conjunction with a TP53 mutation (240), however other studies

have demonstrated KRAS to activate NF-kB irrespective of p53 mutational status (241).

2.2.4. Claspin and the DNA damage response

Claspin is an adaptor protein which has an essential role in the ATR/CHK1 signalling
pathway (242). Claspin mediates CHK1 phosphorylation and its subsequent activation by
ATR in response to DNA damage (243,244). Claspin also plays a role in the surveillance of
normal replication progression and may be associated with the regulation of origin firing
(244-246). High levels of Claspin have been shown to increase the tolerance to replication
stress in cancer (247). This stabilising role is structural, as Claspin forms a complex with
TIMELESS and Tipin called the replication fork protection complex. This complex interacts
with DNA polymerase € and helicases during leading strand synthesis (247,248). This
interaction with TIMELESS and TIPIN is thought to be independent of the ATR/CHK1

pathway but necessary for normal replication fork progression (246,247).

Expression of Claspin fluctuates at different stages of the cell cycle. Claspin levels are
minimal in GO/G1 phases, at peak high levels during S/G2 phases and Claspin levels
abruptly decrease at the onset of mitosis (243,249,250). Claspin degradation is tightly
regulated via ubiquitination and is controlled by multiple ubiquitin ligases and

deubiquitinases (244).
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Regulation of Claspin is thought to be controlled in unperturbed cell cycles by the
transcription factor E2F, however in the presence of DNA damage Claspin can also be
regulated by the NF-kB pathway (244,251,252). This regulation of Claspin is dependent
by change in IKK activity and can lead to both inhibitory and activating control of Claspin
function (252). Data also suggests that depletion of RelB, c-Rel or p52 results in reduction
of Claspin both at the protein and RNA levels, indicating that these NF-kB subunits also

have an impact on Claspin regulation (223).

Degradation of Claspin is required for checkpoint recovery after cell cycle arrest (252,253).
This leads to the deactivation of CHK1 to allow cell cycle re-entry once DNA damage has
been repaired and replication can safely proceed (244). Claspin levels are therefore
adapted depending on cell cycle stage, however CHK1 can phosphorylate and stabilise
claspin to allow continued checkpoint activation. CHK1 inhibition therefore could lead to
the destabilisation of claspin and a subsequent increased replication fork instability and

replication stress (245).

2.2.5. Role of Claspin in cancer

To date, there have been multiple studies of Claspin in a range of cancers to see if there
is an association between prognosis and Claspin expression (244). Studies in non-small
cell lung cancer have shown that high levels of Claspin expression in early stage of the
disease are a poor prognostic factor and often correlated with high disease activity (254).
High Claspin expression has also been demonstrated in high grade renal carcinomas,
gastric and ovarian clear cell carcinomas and thought to correlate with increased cancer
proliferation (255-257). High levels of Claspin have also been demonstrated in viral
associated cancers, for example HPV-associated cervical cancer (258). This could be due
to an upregulation of CHK1 expression, leading to cell checkpoint activation and cellular
repair and survival. It may also be possible that increased expression is demonstrated due
to high cell turnover in high grade cancers with increased proliferation as more cells would

be active.
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Other studies have suggested that Claspin could act both as a tumour suppressor and an
oncogene. Claspin has been shown to regulate BRCA1 phosphorylation on serine 1524,
which is associated with CHK1 activation and promotion of cellular repair (234). However,
it was also shown that cells with higher Claspin expression also had increased
proliferation. There must be additional drivers of cell proliferation activated in these
circumstances, as demonstrated in the cancers described, but the mechanisms behind this

are not fully understood (234).

2.2.6. NF-kB regulation of Claspin

The NF-kB pathway has been shown to control the regulation of Claspin (252). The IKK-
NF-kB pathway is activated by numerous cellular stresses including cytokines to stimulate
the expression of target genes (259). IKK-NF-kB signalling is required to maintain normal
levels of Claspin expression and disruption of IKK function has been shown to impair ATR

mediated DNA repair following DNA damage (252).

The NF-kB subunit c-Rel has additionally been shown to directly activate transcription of
Claspin. c-Rel can directly bind to the Claspin promoter and directly modulate Claspin
RNA transcription (252). Recruitment of c-Rel to Claspin is dependent on IKKp signalling
but is independent of IKKa (252). This link between the ATR-Chk1 pathway and NF-«kB
signalling via Claspin is not fully understood, however it may link together complex cellular
stress signals with the DNA damage response and repair in order to trigger cell survival or

cell apoptosis (244,252).

2.2.7. NF-kB mouse models and CHK1 inhibition

The Perkins’ lab have used mouse models to investigate CHK1 inhibitor response in B-cell
lymphoma. The Eu-Myc mouse is a transgenic model with upregulation of the oncogene
c-MYC. This leads to the development of aggressive B-cell lymphomas (260). Previous
work by the Perkins’ lab has demonstrated that upon tumour development, this mouse
model is highly sensitive to a 9-day treatment course of CHK1 inhibitor (CHK1i)
monotherapy. This is demonstrated by a reduction in tumour bulk compared to vehicle
treated controls (147). The CHK1 inhibitor used in this study was the tool compound
CCT244747 and a precursor of SRA737, the CHK1 inhibitor used in the phase 1/2 clinical
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trial discussed in this thesis in Section 2.4 (147,150). Similar outcomes were also

demonstrated in the same mouse model using SRA737.

Additional work by the Perkins’ lab has been conducted in NF-kB mouse models to assess
CHK1i sensitivity. This work has shown that when the NF-kB c-Rel -/- mouse and NF-kB
RelA T505A mutant mouse were crossed onto the Ep-Myc mouse model, the resulting
lymphomas were resistant to CHK1 inhibition (261). In the Ep-Myc/c-Rel -/- and Ep-
Myc/RelA T505A models with tumour resistance, Claspin levels have been demonstrated
to be low (261). The reason behind this low level of Claspin is unclear and in contrast to
some of the other cancer models discussed which display high levels of Claspin in
aggressive cancer models (254—-256,258). The response of other DNA damage response
pathway genes is also unknown in both the Ep-Myc CHK1i sensitive and the CHK1i
resistant Eu-Myc/c-Rel -/- and Ep-Myc/RelA T505A models.

This project will therefore further examine the expression of Claspin and other DNA
damage response markers in both the CHK1i sensitive and NF-kB mutant CHK1i resistant
mouse models to look for potential mechanisms of both CHK1i drug sensitivity and drug

resistance.
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2.3. Circulating cell free DNA

2.3.1. Introduction to circulating biomarkers

Over the last ten to fifteen years, treatment in cancer has moved from being tumour site
specific to a more personalised and targeted approach. Alongside this, there has been a
huge increase in the amount of research into the use and application of circulating cell
free DNA (cfDNA) in cancer. The mutational profile of cancers can alter throughout the
disease course in order to promote cell survival and metastatic potential (40,44).
Different disease sites within the same patient can harbour different mutations as
diversity increases within the sub-clone populations. This can lead to increased drug

resistance as more mutations appear (262).

Moreover, for many disease sites, the traditional method of tissue biopsy can be
challenging due to patient fitness and limited tumour accessibility. This can make it more
difficult to capture mutational change on disease progression and treat cancers with
targeted therapy (263). Hence, the capture of mutation changes over time in cancer from
a minimally invasive blood sample is desirable and can in some cases be used to alter

clinical management of tumours.

The technology available to assess circulating tumour biomarkers has also developed
rapidly over the last decade and several different circulating biomarkers have been
identified for clinical use (264). Circulating tumour cells (CTCs) can be identified within
the circulation providing additional information from primary tumour sites (264—-266).
CTC numbers are normally very small and require complex technology to capture cells
accurately (267). Micro RNA (miRNA) can also be detected as a circulatory biomarker.
mMiRNA consists of small non-coding regions of RNA which have a role with gene
transcription and regulation (264,266). miRNA expression can become unregulated in
cancers making this ideal to track tumour related changes, however miRNA is difficult to
extract because of small fragment size and due to miRNA attachment to lipids and

proteins (266).
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The most clinically used circulating biomarker is cfDNA. This is now used frequently in
trials and in clinical practice for indications such as mutation detection and serial tumour
monitoring (268—273). Further focus within this project will be on the use of cfDNA as a

circulating tumour biomarker.

2.3.2. The origin of circulating cell free DNA

cfDNA consists of small DNA fragments present in the normal circulating bloodstream
(274). These fragments are thought to be released from cell damage accrued during both
necrosis and apoptosis (275-277). Normal physiological levels of cfDNA are low in healthy
individuals but increased in pro-inflammatory conditions, including rheumatoid arthritis,
sepsis and myocardial infarction (276-279). cfDNA fragments have an modal length of
166 base pairs but depending on nuclease activity fragments can be longer due to the

inclusion of duplicate and triplicate sequences (280).

There is now established use of cfDNA testing in clinical practice. cfDNA is now used in
pre-natal screening to detect foetal conditions including Downs syndrome and Edwards
syndrome, as foetal cfDNA can be detected and distinguished from maternal DNA
(281,282). The use of cfDNA has also been developed extensively both in clinical trials

and in standard practice in cancer.
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2.3.3. cfDNA and cancer

Circulating tumour DNA (ctDNA) is the fraction of cfDNA specifically from tumour origin
(283). The overall tumour derived fraction of cfDNA is only a small proportion of the
overall total cfDNA and can be less than 2% in total (262,284). There is more variation in
fragment size in tumour derived cfDNA, from smaller fragments of approximately 90 base
pairs to much longer fragments of up to 10,000 base pairs. This is thought to be due to
the high cellular turnover of tumours and more fragments coming from necrosis rather

than apoptosis therefore creating more irregularity in fragment size (280).

DNA is also thought to be actively released by cancer cells to promote metastatic
transformation at distant sites (285,286). Evidence for this has been supported by
findings in work performed in cancer cell lines (285). The presence of circulating tumour
cells in the blood, and micro-metastatic deposits, such as in the bone marrow and liver,
could also contribute to the release of ctDNA (266). Proposed mechanisms of cfDNA

release are shown in Figure 2.18.
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Figure 2.18. Proposed mechanisms of cfDNA release. Adapted from Johann DJ et al., 2018 (274). cfDNA
is released by normal cells during apoptosis and during inflammatory processes, which can lead to
necrosis. Additional circulating biomarkers include miRNA and CTCs. ctDNA is the proportion of cfDNA
released directly from the tumour cells. In addition, some DNA can enter the circulation in exosomes
during degradation. Tumours are also believed to directly release DNA to enhance metastatic potential.
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The amount of c¢fDNA can vary according to tumour site. Some cancers, such as
pancreatic, breast and melanoma have higher levels of cfDNA compared to low levels seen
in renal and thyroid malignancies (287—289). The reasons for this are not clear but may
be related in renal cancers to a rapid renal excretion of cfDNA (289). Low levels are seen
in primary brain tumours and this is thought to be due to reduced cfDNA transfer across

the blood-brain barrier (287).

Studies have demonstrated that cancer mutations can be detected in cfDNA and tests are
now routinely used in clinical practice for some cancers including lung cancer. This has
enabled a personalised treatment approach and a treatment shift from the primary

cancer site to targeted tumour mutations where appropriate (270,290-293).

2.3.4. Utilisation of cfDNA testing in cancer
cfDNA is now regularly utilised in oncology both in the clinical practice and in early phase
trials. This section discusses the use of cfDNA within these fields in more detail and how

over the last few years this has revolutionised personalised medicine in oncology.

Mutation screening

Clinical trials in cancer have moved to screening patients for molecular targets or pathway
mutations which make a drug response more likely. Prostate cancers commonly harbour
mutations in the DNA damage response genes including BRCA1 and BRCA2, ATM and
CHEK2 (294). Mutations in these genes make a response to targeted agents, such as PARP
inhibitors more likely (294). cfDNA sampling and next generation sequencing panels
targeted to look for DNA damage repair mutations can be used to identify patients who
are more likely to have a response to the treatment (294). In addition, testing cfDNA after
an interval of treatment can show some prognostic signs of response or resistance. This
can be shown by either an increase or decrease in cfDNA or a change in the mutation
profile within the cfDNA (294). The hope is that the appropriate use of biomarkers likely
to indicate response or resistance to treatment will lead to increased drug response and

more efficient drug development (264).
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Diagnostic use

There is some scope to use cfDNA as a primary diagnostic tool in cancer. This could be
useful in identifying mutation patterns in patients who have an unknown primary site of
disease. In addition, biopsies of tumours may prove difficult to perform either due to
patient fitness or tumour location. Numerous gene panels have been created to identify
mutation patterns in patients or to look at mutations within a specific tumour site, such
as lung cancer (295). One of the main challenges with using cfDNA as a diagnostic tool
would be the variable amount of cfDNA in patients. The larger the gene panel, the greater
the amount of patient cfDNA is required. In addition, some patients will have large
guantities of cfDNA whereas some patients will have small amounts. Accounting for the
correlation of disease burden and increasing amounts of cfDNA, use in early detection of

disease may be difficult due to overall low cfDNA yield (295).

Outside of the clinical trial setting, there are commercial kits available, including
Foundation 1 CDX liquid panel, that use large multigene panels to screen for common
tumour mutations (296). The aim of performing these screening panels is to give a clue
to tumour diagnosis or demonstrate evidence of targetable treatment mutations.
Examples of patient groups who can benefit from such screening are patients with lung
cancer or cholangiocarcinoma (297). Further tumour genetic profiling could be
therapeutically useful as these tumours are difficult to biopsy but can have targetable and

therefore treatable mutations (297).

Assessment of early cfDNA changes due to drug treatment

Clinical trials have incorporated cfDNA testing to gain more information about early
tumour response to treatment. Samples can be taken to measure how cfDNA changes
post drug treatment, with lower cfDNA levels indicating an early treatment response.
cfDNA can be used in early drug development as a proof of mechanism to show that the
intended genetic target has been reached and if it is responding to treatment (264). Use
of cfDNA for this purpose can make drug development more efficient by recognition of
early response and resistance markers and aid the selection of target patient groups based

on mutation profile.
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Tumour burden and treatment response

Determination of the response to cancer treatment is normally based on clinical review
and imaging (295). Studies in metastatic breast cancer, colorectal cancer and melanoma
have demonstrated that there is a correlation with a reduction in cfDNA levels in patients
responding to therapy (273,298,299). In breast cancer patients, increase in tumour
burden through cfDNA can be detected earlier in comparison to CT imaging and circulating
tumour cells (300). This presents the possibility of being able to detect progressive

disease at a much earlier stage.

In patients receiving immunotherapy treatment for melanoma, there can be uncertainty
as to whether progression on CT imaging demonstrates true disease progression or
pseudoprogression from an immune response (298). A rise in cfDNA levels in association
with progression on imaging may be able to give more certainty into distinguishing true

disease progression (298).

cfDNA mutational profiles have been tracked throughout treatment courses to assess if
specific tumour clones present at the start of treatment respond differently to therapy
(295). Whole-exome sequencing of samples taken from breast and lung patients at
different stages of treatment have demonstrated increases in gene expression in genes
conferring drug resistance, including PIK3CA in breast cancer and EGFR in lung cancer

(295,301).

In current practice, patients commence new treatments when clinical or radiological
disease progression is demonstrated. There is some debate as to whether therapeutic
options should be explored on biochemical cfDNA relapse, however the benefit to this is
unknown and both patient fitness and risk of the potential side effects need to be

considered when making these treatment decisions (273,292).
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Resistance tracking

cfDNA can be used to track the change in mutational profile of a cancer over time,
including mutations that can confer treatment resistance. In lung adenocarcinoma,
patients with an EGFR exon 19 or 21 mutation can be treated with targeted EGFR inhibitor
treatment (302,303). In the event of acquired resistance, cfDNA sampling can be accessed
in clinical practice to identify the EGFR T790 mutation, which confers resistance to first
line EGFR inhibitors, such as the reversible drugs Gefitinib and Erlotinib; and second
generation EGFR inhibitors, including the irreversible drug Afatinib (304,305). When this
mutation has been identified, patient treatment can be changed to the third generation
EGFR inhibitor Osimertinib, which can work in the presence of an acquired T790M
mutation (293,306). The identification of patients who will benefit from specific EGFR
targeted treatments can improve patient outcomes. There will also be a reduction in
morbidity from treatment toxicity in patients identified as being unlikely to respond to

targeted therapies.

Further mutations that confer resistance to second line therapies, such as the C797S
mutation have been subsequently identified in patient cfDNA samples (270). This has
driven the development of new drugs in order to overcome this drug resistance and the

generation of third line EGFR inhibitors to overcome further acquired mutations (306).

Studies in BRCA mutated ovarian, breast and prostate cancers have shown that cfDNA can
identify changes in the BRCA genes which can lead to a repair of the initial homology-
directed repair (HRD) defect (BRCA reversion) and resistance to PARP inhibitor treatment
(307-309). These mutations are base substitutions or insertions/deletions which restore
the reading frame of the gene generating functional BRCA proteins (307,308). cfDNA
samples were compared both pre- and post PARP inhibitor in patients undergoing
treatment and new reversion mutations were found in post treatment samples (307-
309). Further studies in ovarian cancer with evidence of BRCA reversion have shown that
the combination of a PARP inhibitor alongside other DNA damage pathway drugs
including Weel inhibitors and ATR inhibitors may overcome PARP inhibitor resistance

(310,311).
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There are now large-scale prospective studies tracking genetic changes in individual
tumour sites, for example, the TracerX studies in non-small cell lung cancer and renal clear
cell cancer (290,312—-314). These collect both circulating free DNA and biopsy samples
from patient diagnosis until death to monitor tumour clonal change (314,315). The aim
of such studies is to discover the evolutionary pattern of primary tumours and metastatic
disease to aid the understanding of cancer evolution (314,315). Figure 2.19 summarises

the use of cfDNA in cancer.
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Figure 2.19. Use of cfDNA in cancer. Adapted from Bronkhorst AJ. et al., 2015 (345). Summary of how
cfDNA can be utilised in cancer. Single samples and serial cfDNA samples are now in use in diagnosis,
screening and management of cancers in a range of different categories.
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2.3.5. De novo vs acquired resistance mechanisms to targeted cancer treatments

The development of targeted treatments has revolutionised the management of some
cancers (316). These cancers include EGFR mutated lung adenocarcinomas, BRAF
mutated melanomas and BRCA resistant ovarian cancers (270,314,316—320). The
identification of the driving mutations and the development of a targeted treatment has
helped to improve outcomes in these patient groups. Resistance to the targeted
treatments however is at some point inevitable (316,321,322). The mechanism of drug

resistance can either be primary (de novo) or acquired (316).

De novo drug resistance

Primary or de novo resistance is the lack of upfront treatment response to a drug. True
primary resistance to a drug in a clearly defined and selective population for a targeted
treatment is uncommon (316). Difficulty in identifying a molecular marker to indicate
drug response may also contribute to de novo drug resistance as the patient selection
group for likely responders may not be selective enough (316). De novo resistance can be

caused by tumour mutation or patient related factors.

Examples of de novo resistance caused by tumour mutation include the presence of both
an EGFR exon 19 mutation as well as an EGFR T790M mutation at diagnosis (321,323).
This would confer resistance to first line therapies such as with Erlotinib and Gefitinib from
the offset (316,323,324). Another example would be in gastrointestinal stromal tumours
(GISTs). Tumours harbouring a KIT exon 9 or 11 mutation respond well to therapy with
the multi kinase inhibitor Imatinib (325,326). In contrast to this, patients with wild type

tumours without a KIT mutation do not respond well to Imatinib therapy (325,326).

Patient factors relating to de novo drug resistance can be altered by pharmacokinetic
factors (316). This can include the absorption, distribution, metabolism and excretion of
drugs and all of these factors can vary widely between patients (316). Drug distribution
in patients of different body habitus and the renal clearance of a drug between different
age groups are some examples of how patient factors can impact on the response to the

same drug (327,328). Interactions between co-existing patient medications can
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additionally change drug levels, for example via cytochrome P450 inhibitors and inducers
which can impact on hepatic drug metabolism (316,328). Overcoming de novo resistance
to a new drug is difficult and may require the development of an alternative drug, or

delivering the drug in combination with an additional treatment (316).

Acquired drug resistance

Acquired drug resistance is the loss of response to a drug in patients who initially respond
to treatment. The mechanisms behind acquired resistance are complex and can vary
between patients and tumour types (316,321,328,329). This type of resistance normally
leads to ongoing downstream cell pathway signalling despite the presence of treatment.
Acquired drug resistance is inevitable with all cancer therapies and in all palliatively
treated cancers that require sustained treatment courses (316). Changes in target
mutation such as a second mutation can lead to this resistance mechanism. For example,
this can be the acquirement of the T790M mutation in EGFR mutant lung cancer, or the
development of a subsequent C797S mutation which alters response to the T790M
targeted drug Osimertinib (270,324). Another example of acquired drug resistance is seen
in patients with BRCA mutated ovarian cancers (307). Tumours with BRCA mutations have
a defect in homologous recombination repair, however this mutation can be overcome

and the protein become functional by subsequent additional mutations in the gene (330).

Tumours can develop an upregulation of alternative cell cycle pathways to bypass the
pathway inhibited by a targeted agent. This has been demonstrated in EGFR lung
adenocarcinoma, where tumours treated with EGFR inhibitors have subsequently
developed MET amplifications (316,331,332). BRAF amplifications have also led to
resistance with BRAF inhibitors in melanoma (286,318). Resistance to drug treatments
can also be acquired through the histological transformation of the original tumour. For
example, EGFR mutant lung cancers can transform from an adenocarcinoma to the more
aggressive and rapidly growing neuroendocrine tumours which do not respond to the

targeted agents (316,321,333).
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There are several mechanisms that can be used to overcome acquired drug resistance.
Drugs can be specifically designed to overcome the new acquired mutations, such as with
the T790M mutations in EGFR mutated lung cancer and the development of Osimertinib
(334,335). There have been suggestions in ovarian cancer to combine PARP inhibitors
with other targeted treatments to keep tumour cells sensitive to the treatment (336).
Drug therapies can also be given in combination to enhance DNA damage. The benefit of
combined treatment has been demonstrated in BRAF mutant melanoma (319). Response
rates to BRAF inhibitors are enhanced by the addition of MEK inhibitors which both
reduces drug resistance and improves drug efficacy (319,337). BRAF and MEK inhibitors
in combination also reduces drug toxicity by altering the off-target drug effects. Less
patients develop cutaneous squamous cell cancers when taking combination therapy

compared to BRAF inhibitors alone (338).

Drug resistance in cancer, whether de novo or acquired, provides an ongoing challenge in
the management of disease control. The diversity between patients and tumours means
that there is not necessarily a treatment to suit all cases, and it may be that treatment
options upon drug resistance will have to be catered to the individual via further genomic
tumour profiling. To do this, markers of response and resistance must be first identified

to permit the tracking of the subsequent mutational changes.

2.3.6. Technologies used to assess cfDNA in cancer

The technology used to assess cfDNA has undergone rapid change over the last decade,
enabling the detection of tumour specific mutations that can subsequently lead to
targeted therapy. There are two main strategies of cfDNA mutation screening. The first
method is using a targeted approach to pinpoint specific tumour mutations. This method
involves a screening for a small number of mutations in a specific cancer (268). An
example of this would be screening for the EGFR mutation in non-small cell lung cancer
and subsequently looking for the presence of the T790M mutation on disease progression
(293,317,322). The types of technology used may include qPCR, BEAMing and TAmSeq,

which are discussed in more detail in Section 2.3.8 (268,339).

113



Targeted cfDNA testing can be an extremely sensitive and effective route of detection.
Mutations can be detected with an allele frequency of 0.01% with high specificity (268).
Given this high specificity, tests can be performed on samples with relatively low levels of
cfDNA. An additional advantage is that using a selective mutation detection is more cost
efficient as mass sequencing panels are expensive to both design and run (268,340). A
disadvantage of this method of screening is that there needs to be some prior information
about the primary tumour site to ensure that the cfDNA testing has been focused
appropriately. There is also less scope to find novel mutations outside of the testing range

(268).

The second route of cfDNA investigation involves the use of untargeted screening. This
incorporates a genome-wide analysis for point mutations or copy number alterations
using whole-genome sequencing or whole-exome sequencing (268,341). Examples of this

include the commercial multigene cancer panels discussed previously.

Untargeted screening provides the ability to identify novel changes occurring during
systemic therapy. Prior diagnostic information about the primary tumour genome is not
required as a wider range of mutations can be simultaneously detected (268). This does
however provide a distinct disadvantage as high concentrations of cfDNA are required for
multigene panels for reliable detection of genome-wide changes (268,341). Although
improving over time, untargeted ctDNA detection approaches have a much lower

sensitivity (in the region of 5%—10%) in comparison to targeted approaches (268,341).
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2.3.7. cfDNA collection and potential variables

The concentration of sample cfDNA can be affected by various preanalytical factors.
These include the blood collection, the processing of serum and plasma, the time interval
between collection and the initial centrifugation, and the storage conditions (342—-345).

A summary of these variables is shown in Figure 2.20.

Blood collection

Choice of medium — serum or plasma

cfDNA has been extracted in studies from both the plasma and serum components of
blood. Both plasma and serum are liquids derived from full blood that has undergone
different biochemical processing after collection of blood samples (346). Serum is
obtained from blood that has coagulated whereas plasma contains clotting agents, and is
collected with the use of anticoagulants such as EDTA or heparin to prevent clotting (346).
Multiple studies have demonstrated that cfDNA is more abundant in serum samples
compared to plasma samples (345,347,348). On further evaluation, it has been shown
that serum samples also demonstrate more variability between patients (349). Raised
levels of DNA in serum samples may be due to the presence of genomic DNA

contamination (349,350).

Studies have shown that sample clotting within the collection tube can lead to the lysis of
leukocytes and hematopoietic cells which can further increase DNA levels (343,345,351).
DNA fragment length in serum has been shown to be significantly greater in comparison
to plasma samples, which additionally supports the greater presence of genomic DNA in
serum samples (345). Given that plasma samples have shown less variability and overall
lower levels of cellular contamination in comparison to serum samples, plasma would

appear to be the medium of choice for cfDNA analysis (345).
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Figure 2.20. Preanalytical variables of cfDNA extraction. Adapted from Bronkhorst A et al., 2015 (345).
This diagram shows stages of sample extraction and processing that can cause changes in cfDNA quantity
and quality and areas which can cause this to change.
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Sample processing and storage conditions

cfDNA concentrations increase over time between venepuncture and sample processing
and this can affect the overall concentration of cfDNA (342,345). The length of time post-
collection in which cfDNA concentration can be affected is still debatable (342,345). Some
reports have demonstrated a significant increase in cfDNA levels within 4 hours of sample
collection whereas others have shown no significant change within 24 hours of storage

(342-344,352).

Sample storage temperature may additionally affect cfDNA concentration, however most
studies have demonstrated that this is not a significant factor (345). There is also evidence
that repeated freezing and thawing of plasma samples leads to fragmented DNA, but
freeze/thaw cycles do not have a significant impact on extracted cfDNA samples (343). In
general, swift sample processing is recommended prior to cfDNA analysis to limit any

potential time related changes.

cfDNA isolation methods

cfDNA isolation methods in the literature vary and include a range of DNA isolation kits
(345,353). The QlAamp Circulating Nucleic Acid Kit (QIAGEN) has been reported to be the
most widely used commercial kit in more recent literature and this kit has also been
shown to provide the highest cfDNA yield (350,354). There are also multiple methods of
cfDNA quantification documented. The most commonly used method in studies has been
shown to be qPCR (345), however the use of fluorometry is quick and cost effective for
testing samples (350). Good correlation between qPCR and fluorometry methods has
been demonstrated with similar levels of ctDNA shown, but less correlation when using

UV spectrophotometry methods, such as via Nanodrop (350).
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Biological challenges with cfDNA

Low cfDNA abundance
The overall quantity of ¢cfDNA in the circulation is small. In healthy individuals this is

usually 5-10 ng/ml of plasma (342,345). The quantity of cfDNA in cancer patients may
increase by up to 50 times the normal range, however the amount of ctDNA within a
cfDNA sample is still likely to be small (295). In most early-stage cancers, the level of
ctDNA may be similar to healthy individuals making it more challenging to detect and

monitor (297,342).

Tumour heterogeneity may impact on the mutation allele frequency within the sample.
This can make the identification of targeted genes masked within a large background of
normal cfDNA more difficult (297,342). Technological advances in library preparation and
next generation sequencing have improved the overall sensitivity of ctDNA detection and
guantification but the likelihood of a low ctDNA yield from samples has to be taken into

consideration (267,297,342).

High fragmentation of cfDNA

cfDNA in itself is highly fragmented with large variability in fragment sizes (342). The wide
variability in fragment size is secondary to the multiple mechanisms of cellular cfDNA
release (280). cfDNA in healthy individuals mainly results from cellular apoptosis. This
process produces small fragments that are generally uniform in length and on average are
around 185-200 base pairs (342,355,356). In contrast, cellular necrosis and autophagy,
which are the common mechanisms of cell death from tumours, produce DNA fragments

more variable in size due to random and untargeted digestion of DNA (280,342).

DNA fragmentation additionally reduces the number of analysable DNA copies which can
make DNA amplification and sequencing more challenging (357). Many of the
technologies associated with the analysis of cfDNA, such as PCR based methods and next

generation sequencing, can only assess fragments within a limited size range (272,358).
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Low stability of cfDNA
cfDNA has a short circulating half-life and is rapidly cleared via the kidneys, liver and

spleen (275,359). The half-life has been measured to be approximately 4-30 minutes in
duration (359). The clearance of cfDNA can be influenced by multiple factors, such as
drugs, the performing function of clearance organs and DNAse enzyme activity and the
presence of inflammation (275,342). The different forms of circulating DNA based on the
mechanism of release, for example from necrosis and from exosomes, can also exhibit

different levels of stability (342,360).
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2.3.8. Methods of cfDNA detection

PCR based methods

The simplest cfDNA detection methods use polymerase chain reaction (PCR). Real time
PCR methods, such as Quantitative PCR (qPCR), can be used to detect and quantify single
mutations within a reaction using specific primers (268). PCR-based methods have low
DNA requirements and can be an efficient method to detect point mutations in patients
with an already identified primary cancer (348). PCR methods are also cheap in
comparison to other sequencing techniques, such as digital drop PCR and next generation
sequencing, and PCR is relatively easy to perform. There is however a low sensitivity for
mutations of 1%—2% frequency. This could make detection difficult in patients with early

stage disease with low levels of cfDNA (348).

Digital PCR

Digital PCR is used to detect point mutations in cfDNA at low allele fractions (268). This
technique includes droplet-based methods such as droplet digital PCR (ddPCR) and
BEAMing (beads, emulsions, amplification, and magnetics) (268). ddPCR was developed
to provide high precision and quantification of the copy number variation of target DNA,
for example for quantification of somatic mutations (268,361). The ddPCR method uses
a water and oil based emulsion to disperse the DNA sample into thousands to millions of
droplets (268). Each droplet subsequently contains a single mutated or non-mutated DNA

strand. These can be distinguished by flow cytometry using fluorescent probes (268).

The main advantage of using ddPCR is that it provides a high sensitivity in mutation
detection. The technique is also a relatively inexpensive technique for the use of absolute
copy number quantification (268). The disadvantages of using ddPCR are that only
previously known gene variants can be screened and that only a limited number of

variants can be investigated per reaction (268).

BEAMing is another digital PCR method which incorporates several techniques used to
improve specificity and sensitivity of mutation detection by PCR (272). Firstly, the cfDNA

is PCR amplified using primers that introduce sequence tags into the amplified DNA.
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Amplicons are then combined with streptavidin coated magnetic beads which are coated
with nested primers, and emulsified. Each drop in the subsequent emulsion contains on
average one bead and one DNA fragment (272). PCR of the emulsion is then performed
and this results in clonal amplification of each template located on the surface of the
beads (272). The DNA beads are magnetically purified and the DNA on the beads is
hybridised with oligos complementary to a sequence adjacent to the nucleotide region of
interest (272). Fluorescently labelled dideoxynucleoside bases are used to discriminate

droplets containing wild type or mutant sequences alleles by flow cytometry (268).

BEAMing is again a highly sensitive and specific technique, however the method is
complicated to perform and time consuming to gain results (268,272). This method is

also expensive to perform, which can limit its use in routine clinical work (268).

Next generation sequencing

Next generation sequencing (NGS), also known as massively parallel sequencing, has
developed into an efficient method for sequencing DNA. NGS platforms allow hundreds
of genes to be sequenced at the same time without requiring prior knowledge of cancer
mutations (268,362). NGS is based on the analysis of millions of short DNA sequences,

followed by sequence alignment to a reference genome (268).

Targeted panels

Many sequencing technologies incorporate NGS in the design of targeted gene panels.
Tagged-Amplicon deep sequencing (TAm-seq) involves using site-specific primers with
universal tails to build a more complex detection library (348,363). The process of TAm-
Seq uses multiple PCR steps. To reduce sampling errors, the primers are first bound to a
template during a preamplification step to amplify the original DNA (363,364). This is then
followed by a second PCR where individual templates undergo amplification (363). This
approach provided the opportunity to quantify DNA mutations at multiple sites in each
patient and was initially used for the detection of TP53 mutations in ovarian and breast

cancers (363).
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The safe sequencing system (Safe-SeqS) involves the addition of a unique identifier, or
molecular barcode, to each template. Post DNA amplification, if a mutation does not
appear in most of the templates with the same unique identifier sequences, it is likely to
be erroneous (364). Safe-SeqS reduces sequencing errors by at least 70-fold, which
improves confidence when calling rare variants (364,365). In addition, this method has a

sensitivity as high as 98% for the detection of tumour mutations (299,364,365).

CAncer Personalized Profiling by deep sequencing (CAPP-Seq) uses a combination of
ligation and library capture methods (272,364). A library panel is designed from the
genomic regions of mutations commonly found in the population of interest. Custom
oligonucleotides are then created to allow the hybridisation and capture of gene variants
from prepared cfDNA samples (272,364). The types of mutations identified using this
method are broad and may include indels, single base substitutions, large deletions and

mutations which lead to a structural change (272).

The CAPP-Seq method has a high degree of accuracy and can be performed with as little
as 7ng total quantity of ctDNA (272,364). Another advantage is that this method can be
performed on samples without prior knowledge of cfDNA mutations (272). This method
can be expensive as it requires custom oligonucleotide generation. The library
preparation steps can additionally be time-consuming (272). There is also the potential

to miss potential regions of interest as the panel generated remains selective.

Whole-genome sequencing and whole-exome sequencing

In addition to targeted sequencing, NGS can be applied to an untargeted panel to analyse
genome-wide DNA variations. Whole-genome sequencing (WGS) is used to acquire the
complete genomic profile of tumour DNA, including point mutations, indels, gene
rearrangements and copy number variations (364). Although WGS provides extensive

information, it is expensive and overall less sensitive than targeted methods (364).

Whole-exome sequencing (WES) is an alternative method to WGS which involves only

sequencing the exons. This makes the process less expensive but overall WES is still costly
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and generates a large data set for analysis (364). Both WGS and WES require a high input
sample volume (366). The proportion of cfDNA in blood is relatively small and the
proportion of ctDNA even smaller. Therefore WGS and WES is not suitable for early cancer
diagnoses or screening techniques, as cfDNA levels in these situations are likely to be low

(364).

NGS overall has high sensitivity and specificity and allows the detection of hundreds of
genes at the same time (348,367). This technique, however, still has a random error rate
between 0.1% and 1% depending on the sequencing platform used. This rate of error can
therefore make the detection of rare mutations in cfDNA more difficult to detect as they
are likely to occur at a low frequency within a cfDNA sample and could be dismissed as

erroneous readings (268,341).

NGS is much more expensive than PCR based methods and requires specific platform-
based equipment in order to run (268). Use of NGS can generate high volumes of data.
Analysis of this data can be complex and time consuming and requires the knowledge of
skilled bioinformaticians. Data storage also needs to be considered as this can additionally
be costly for large data sets. Table 2.4 shows a summary of different sequencing

techniques and some of the advantages and disadvantages of each method.

2.3.9. cfDNA within this project

Patients participating in the SRA737 clinical trial monotherapy arm had blood samples
collected at different time points during CHK1i treatment (207). Plasma was then spun
from these samples for further cfDNA extraction. These cfDNA samples were used for
exploratory purposes to see if mutations in genes linked to the DNA damage response can

be detected during CHK1i treatment.
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Table 2.4. Advantages and limitations of sequencing techniques.

All technologies vary in sensitivity

and specificity, costs and cfDNA volume required. Larger volumes of data generated generally take more
time to analyse and are more costly, however more data can be obtained with NGS compared to other

methods.
Sequencing | Examples Number | Advantages | Limitations Reference
Technology of of of
targets | technology | technology
Digital PCR | ddPCR 1-3 High Known (268,361,368)
. sensitivity mutations
BEAMing 1-20
only
Small
volume Limited
cfDNA variants
required
Complex to
Relatively perform
low cost
Real time Quantitative | 1 Inexpensive [ Known (268,348)
PCR PCR i mutations
Rapid
only
results
Limited
Small )
variants
volume
cfDNA Low
required sensitivity for
low
frequency
mutations
Next Deep Panel High Need larger (299,348,363—
generation | sequencing sensitivity starting 365)
sequencing and volume
TAm-Seq I
specificity cfDNA
CAPP-Seq . .
Multiple Expensive
Safe-SeqS genes
Large volume
Potential of complex
for data
WGS/WES generated
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2.4. The SRA737 clinical trial

2.4.1. Trial outline

The SRA737 clinical trial was a phase 1/2 first-in-human trial of the SRA737 CHK1 inhibitor,
clinical trials ref NCT02797964, which was open between June 2016 and December 2019
(207). The lead site for the trial was the Royal Marsden Hospital, London. The drug was
initially developed in the ICR institute, London and initially known as CCT245737 (147).
The drug has been tested in the phase 1 trial setting both as a monotherapy in solid
tumours and lymphoma, and as a combination therapy in solid tumours alongside the
antimetabolite chemotherapy Gemcitabine (207,369). Both studies then had an
expansion cohort in the phase 2 trial setting based on patient tumour molecular profile

and tumour site of origin (207,369).

The drug is highly selective and potent against CHK1 and has an ICso of 30-220nM in cell
lines (147). In addition, this drug was shown to enhance the potency of the chemotherapy
agents Gemcitabine and the topoisomerase | inhibitor SN38 (147). In this study, we focus

on the monotherapy arm of the trial only.

2.4.2. Monotherapy arm of trial

The monotherapy arm of the phase 1 SRA737 trial has been carried out in patients with
advanced cancer in multiple different tumour sites and was carried out at multiple cancer
centres as listed in Table 2.5 (207). The initial phase 1 part of the study was the dose
escalation phase which was carried out in patients with solid cancers and lymphoma
(182,207). This stage was to assess the safety profile of the drug. Patients were initially
given a test dose during the screening stage 4-7 days before trial commencement as part
of the safety assessment (207). Cohorts receiving each successive dose initially consisted
of single patients. Subjects received escalating doses of SRA737 on a continuous daily
dosing schedule in 28-day cycles (207). Adverse events were graded using the Common
Terminology Criteria for Adverse Events (CTCAE) 4.03 (207,370). The CTCAE toxicity

grading is summarised in Table 2.6.
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Table 2.5. Cancer centres involved in SRA737 trial recruitment. The SRA737 monotherapy trial was a
multicentre trial with recruitment in 15 cancer centres across the UK.

Cancer Centre Location
Royal Marsden Hospital (lead site) London
Velindre Cancer Centre Cardiff
Western General Hospital Edinburgh
Oxford University Hospitals Oxford
University Hospitals of Leicester Leicester

Freeman Hospital

The Christie Hospital

University College Hospitals

Sarah Cannon Research Institute

Guys and St Thomas

The Beatson

Clatterbridge Cancer Centre

Leeds Teaching Hospitals

Sheffield Teaching Hospitals

Belfast City Hospital

Newcastle upon Tyne

Manchester

London

London

London

Glasgow

Wirral

Leeds

Sheffield

Belfast
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Table 2.6. Summary of CTCAE criteria toxicity. CTCAE criteria toxicity definitions listed as per version 4.03

as used in the clinical trial.

Grade of CTCAE Toxicity

Definition

1

Mild - asymptomatic or mild symptoms

Clinical or diagnostic observations only,
Intervention not required

Moderate — minimal, local or non-invasive
intervention needed

Limitations to daily activities

Severe or medically significant

Requires hospitalisation or prolongation of
hospital stay

Disabling/limitations to daily activities

Life threatening consequences

Urgent attention required

Death related to adverse event
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Once an SRA737-related CTCAE Grade 2 toxicity was observed in a dose escalation cohort
during Cycle 1, the cohort was expanded to between 3 to 6 subjects to further assess
toxicity (207). Subsequent dose level cohorts followed a rolling 6 design until the
maximum tolerated dose (MTD) was identified (182,207). The rolling 6 trial design allows
the accrual of 2 to 6 patients concurrently onto a dose level. Recruitment is factored
based on the patient numbers currently enrolled and evaluable, the number of patients
that experience a dose-limiting toxicity and those that remain at risk of developing a dose-
limiting toxicity (371,372). The clinical trial recruitment process is summarised in Figure

2.21.

2.4.3. Patient recruitment and selection

In the Cohort Expansion Phase 2 part of the trial, patients were recruited based on tumour
sites known to have genomic alterations associated with increased replication stress.
Subjects had one of the following primary cancer sites - prostate, colorectal, anal, high
grade serous ovarian, non-small cell lung or squamous head and neck (207). These
selected tumour sites were hypothesised to be more sensitive to CHK1 inhibitor treatment
(207). The rationale behind tumour site selection is discussed below. A further summary

of these findings is shown in Table 2.7.
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Figure 2.21. Schematic of drug dosing and patient recruitment in SRA737 monotherapy trial. Adapted from
SRA737 trial protocol (Sierra Oncology). The trial initially recruited patients with an accelerated titration
design. At each dose increment N=1 and the drug dose was escalated by 100%. When a drug related CTCAE
Grade 2 toxicity or above toxicity was experienced, the trial cohort was extended to 3-6 subjects in that cohort
and in subsequent cohorts following a rolling 6 design. If no further DLT was experienced, dose increments
were adjusted by a trial cohort review process by approximately 25 to 75%. The dose expansion phase
included patients selected based on tumour molecular profile and that group was run in parallel. If no slot
was available in the dose expansion phase, the patients were enrolled in the expansion cohorts at a dose
below. MTD was defined as the dose below where at least 2 of the 6 patients in the cohort experienced a
dose limiting toxicity. This figure highlights that drug dosing between patients was variable and may have
been sub-therapeutic for patients recruited at an early dose in the trial.
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Table 2.7. Summary of tumour sites selected for phase 2 SRA737 trial expansion. These 6 tumour sites
all commonly have mutations in oncogene drivers, tumour suppressor genes and key genes involved in
DNA damage response function. Tumours with mutations in some of these genes have been predicted
to have an enhanced response to CHK1 inhibitor treatment.

Cancer site Common tumour DNA damage Reference
mutations response
pathway mutations

Prostate Androgen receptor BRCA1 (238,373)
RB1 BRCA2
MYC ATM

TP53

HGSOC MYC TP53 (77,358,360,
KRAS CCNE1 362-364)
MLH1 BRCA1
MSH?2 BRCA2
MSH6

NSCLC EGFR TP53 (365,366,
ALK ATR 368-371,378)
ROS1 BRCA1
KRAS BRCA2
MyYC
CCNE1
PD-L1
CDKN2A

Colorectal MLH1 (348,349,
MSH2 352-356,379)
MSH6
KRAS
MYC
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Cancer site Common tumour DNA damage Reference
mutations response
pathway mutations

Head and EGFR TP53 (392-395)
neck PD-L1 ATR
squamous cell | preyious HPV infection | BRCA

CDKN2A

MyYcC
Anal PIK3CA TP53 (396,397)
Squamous cell MYC

Previous HPV infection
AKT

mTOR

CDKN2A

131



Prostate cancer

Most locally advanced prostate cancers are initially treated with and respond well to anti-
androgen therapy. Disease which advances through anti-androgen therapy is classed as
metastatic castrate resistant prostate cancer and studies on mutational profiles have
been performed in advanced disease (238,373). TP53 mutations are common and found
in approximately 50% of cases (238). In addition, mutations in the tumour suppressor
gene RB1 and the oncogene MYC were found in 27% and 20% of samples respectively

(238).

Additional genetic analysis of patients with advanced prostate cancer have shown that
defects in DNA repair genes such as BRCA1, BRCA2, and ATM are found in 19.3% of cases
(373). The combination of both mutations in DNA damage repair genes and alterations in
tumour suppressor genes make castrate resistant prostate cancer prone to replication

stress and a good candidate for CHK1 inhibitor therapy.

Colorectal cancer

The development of colorectal cancer can be associated with deficiencies in DNA
mismatch repair (MMR). MMR is known to cause microsatellite instability (MSI).
Approximately 15% of patients with colorectal cancer have MMR deficiency (385,386).
These mutations can be both germline in association with genetic colorectal cancer
syndromes such as hereditary non-polyposis colorectal cancer and Lynch Syndrome, or
sporadic tumour mutations (386). The rate of MMR deficiency is approximately 90% in
inherited colorectal cancer syndromes (398). Colorectal cancers that have high frequency
microsatellite instability generally have a better prognosis and are more likely to respond
to immunotherapy treatment (399). More than 300 different predisposing MMR gene
mutations are known across the human MMR genes. These mutations mainly affect the

MMR genes MLH1, MSH2, and MSH6 (387).

Activating mutations or amplification of oncogenic drivers such as KRAS and MYC are also
frequently present in colorectal cancer. Occurrence rates are up to 50% for KRAS and

20% for MYC (388—390). CHK1 inhibition in tumours with RAS and MYC mutations has

132



previously been shown to be successful (147,150,391). Mutations in mismatch repair
along with oncogenic amplification of KRAS and MYC make colorectal cancers more prone
to replication stress (1,147,390) and therefore potentially more likely to respond to CHK1
inhibition with SRA737.

High grade serous ovarian cancer

Mutations in genes associated with the DNA damage response are common in high grade
serous ovarian cancer (HGSOC). TP53 mutations have been reported as being present in
96% of tumour samples (374,400). In addition, the same study of over 400 samples found
that mutations in oncogenes such as MYC, KRAS and CCNE1 were present in at least 40%
of samples analysed (374). The high rate of TP53 mutations is suggestive of a defective
G1/S checkpoint which could make HGSOC more susceptible to CHK1 inhibitor treatment
(239,401). HGSOC, like colorectal cancer, is also associated with Lynch syndrome which is

a cancer predisposing condition with defects in MMR (402).

Defects in homologous recombination repair are also frequently seen in ovarian cancer.
BRCA1 and BRCAZ2 have been found to be mutated in between 13-15% of cases on genetic
screening (375,376,400). This has changed the approach of ovarian cancer treatment over
the last 10 years with PARP inhibitors now used in patients with BRCA mutations (377).
The presence of BRCA mutations plus additional mutations in DNA damage response

genes make HGSOC an ideal target for CHK1 inhibition.

Non-small cell lung cancer

Treatment advances have occurred over the last 10 years in non-small cell lung cancer
(NSCLC). This has been with the introduction of targeted therapies for a small subset of
patients. Patients with lung adenocarcinomas with EGFR mutations (378) and anaplastic
lymphoma kinase (ALK) rearrangements (379) are now treated with EGFR inhibitors and
ALK inhibitors respectively. There has also been the introduction of immunotherapy
treatment using antagonist antibodies to programmed death receptor 1 (PD-1) and
programmed death ligand 1 (PD-L1) (381,403). Unfortunately, even with these targeted

therapies, most patients with NSCLC do not gain prolonged disease control (382).
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Further studies have been performed to look for additional key genetic changes in NSCLC
(383,384). The tumour suppressor genes, TP53 and CDKN2A, have been found to be
altered in 94% and 44% respectively of patient samples with squamous cell NSCLC in The
Cancer Genome Atlas Project (TGCA) study (383). In addition, approximately 16% of these
patients had activating mutations in key oncogenic drivers including MYC, KRAS and
CCNE1 (383). The DNA damage response gene ATR was amplified in 18-19% of patient
samples, and mutations in BRCA1 and BRCA2 were mutated in approximately 6% of

tumour samples (383).

Samples from patents with adenocarcinoma of the lung show generally lower yet still
significant rates of mutations in key tumour suppressor genes and oncogenic drivers.
TP53 mutations have been found in approximately 47%, CDKN2A 24%, MYC 10%, and ATR,
BRCA1 and BRCA2 mutations in less than 10% of tumour samples (384). KRAS mutations
are relatively common and found in up to 35% of patients with lung adenocarcinomas
(384). Alterations in major genes involved in the DNA damage pathways of interest make

NSCLC a good candidate for CHK1 inhibition.

Squamous cell head and neck cancer

Squamous cell head and neck cancers have also benefitted from advances in targeted
therapies. The EGFR inhibitor Cetuximab has been used in combination with platinum-
based chemotherapy with favourable outcomes (392). Treatment with PD-1 targeted
immunotherapy has also proven beneficial in patients as a second line therapy option
(394). Treatment responses tend to be more favourable in human papillomavirus (HPV)

associated cancers, however prognosis in recurrent disease remains poor (394,395).

Samples for head and neck cancer have also been screened in a TCGA study (393). A loss
of function in the tumour suppressor genes TP53 and CDKN2A was found in 50% of
samples (393). Amplification of the oncogene MYC was found in approximately 13% of
cases and less than 5% of samples had mutations in DNA damage response genes such as

ATR and BRCA (393). The loss and amplification of key genes, plus alterations in DNA
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damage pathway genes, imply that replication stress levels are high in squamous head

and neck cancers again making this cancer group an attractive target for CHK1 inhibition.

Squamous cell cancer of anal canal

Squamous cell carcinoma of the anal canal is a rare malignancy of the gastrointestinal
tract (396). There is no defined standard of care treatment for patients with relapsed
disease and outcomes are poor (397). Entry into clinical trials is therefore considered
early in relapsed disease to increase treatment options (397). As with squamous cell head
and neck cancer, most of cases are linked to prior HPV infection (396,397). Mutations in
PIK3CA and TP53 mutations are most seen, with rates of both TP53 and CDKN2A mutation
being higher in the HPV negative cancers (396,397). Mutations in the PI3K/AKT/mTOR
genes are seen in approximately two thirds of cases (397). Approximately 10% of tumours
have been shown to have a MYC amplification (397). This cancer has gene mutations
again associated with DNA damage repair pathways and its key regulators, making it a

target for CHK1 inhibition.

Trial patient selection

Drug efficacy of SRA737 has previously been shown in mouse models of MYC driven
lymphoma and RAS mutant lung cancers demonstrating drug benefit in models with high
replication stress (132). Subjects therefore had to additionally have a confirmed tumour
combination of mutations which were selected based on probability of CHK1 inhibitor

response.

Mutations included:

e Oncogenic drivers such as CCNE1 or MYC

¢ Genes involved in the DNA damage repair including BRCA1, BRCA2, FANC family

genes, mismatch repair (MMR) mutations and/or high microsatellite instability.

e Tumour suppressor genes regulating G1 cell cycle progression/arrest including

TP53, and RAD50.
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e Positive human papilloma virus (HPV) status in patients with head and neck

squamous cell cancer or anal squamous cell carcinoma.

e Indicators of replicative stress such as gain of function/amplification of CHEK1, ATR

or other related genes.

Tumour genetics were determined using Next Generation Sequencing from biopsy
samples (207). A summary of the tumour mutations used for patient selection is in Table

2.8.
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Table 2.8. Gene selection criteria for SRA737 monotherapy in phase 2 expansion. Taken from SRA737
Trial Protocol (Sierra Oncology). Genes were selected as predicted to enhance sensitivity to CHK1 inhibitor
treatment. Genes were grouped into 4 main categories. Tumour samples from patients were screened for
these mutations to assess eligibility for the Dose Expansion part of the study.

’ Gain of function
Lasraf unelen Amplification; activatin
Missense/truncating mutation; deletion P % g
mutations
Tumour BNA damge tepair Replication Oncqgemc
suppressor stress driver
CDKN1A ATM FANCF MSH6 RAD51D ATR CCNE1
CDKN1B BLM FANCG PALB2 RAD52 CHEK1 FBXW
CDKN2A BRCA1 FANCI PMS2 RAD54L Other KRAS
CDKN2B BRCA2 FANCL POLD1 RPA1 MYC
CDCN2C CHEK2 FANCM POLE SETD2 MYCN
RB1 FANCA MLH1 RAD50 SMARCA4 Other
TP53 FANCC MLH3 RADS51 TP53BP1
MDM?2 FANCDZ2 MSH2 RAD51B XRCC2
Other FANCE MSH3 RAD51C XRCC3
Other
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2.4.4. Overall aims of the SRA737 monotherapy trial

The primary aims of the trial were:

e To establish the safety profile of SRA737. This was done by monitoring and
recording safety parameters, accounting for the seriousness and severity of
adverse events.

e To assess the maximum tolerated dose (MTD). This dose was calculated at the
highest dose at which <33% of patients had a dose limiting toxicity in a cohort of
up to 6 patients.

e To assess the recommended phase 2 dose of SRA737.

e To assess the objective response rate of SRA737. This was from time of first
dose until the date of disease progression or date of death measured up to 32

months (207).

The pharmacokinetic profile of SRA737 was also measured during the trial. This was done
by measuring plasma levels of the drug to determine drug bioavailability, drug

concentration at a given time, drug half-life and excretion patterns (207).

This drug was delivered in a first in human trial, therefore the drug tolerance and
subsequent response was not known. There will be patients who will have not responded
to CHK1 inhibitor therapy. This is due to the diversity between patients and the variation
in tumour development in different cancers. Patients had also received multiple different

previous anti-cancer treatments which would vary according to their primary diagnosis.

Patients in the expansion phase had been selected based on tumour mutational profile
but the mechanisms behind drug response and resistance were unclear at the offset.
Exploratory cfDNA samples were taken from patients receiving SRA737 during this trial to
see if mutations in genes linked to the DNA damage response could be detected during

CHK1i treatment.
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2.4.5. Collection of cfDNA samples

Blood samples were taken from patients at 3 different time points of the study as shown
in Figure 2.22. Sample collection was performed nationally at multiple recruitment
centres as listed in Table 2.5. All blood samples were spun twice and the plasma

extracted. Samples were stored centrally before transporting to Newcastle University.

The first study point was during the screening stage (D-7 to D-4) and taken prior to
patients having the first test dose of the CHK1 inhibitor. The second time point was on
treatment cycle 3 day 1 (C3D1) when patients attended for clinical review. The final time
point was when the patients were at the end of study (EOS), when treatment was
discontinued. The final EOS sample was taken within 2 weeks of the cessation of
treatment. Treatment was stopped due to patient drug intolerance, drug toxicity or

evidence of disease progression.
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Schedule

Sample

Summary

Pre-treatment

D-7 - D-4

Blood sample prior
to test dose of
SRA737
(administered
between 4 and 7
days before
commencing trial)

During treatment

C3D1

Post treatment

EOS

Blood sample on
day 1 of 3¢
treatment cycle
(taken after approx.
8 weeks of SRA737
treatment)

Blood sample taken
at end of study —
within 2 weeks of

treatment cessation

(total length of time
on drug will vary)

Figure 2.22. Schematic of cfDNA collection time points from SRA737 trial. Summary of when blood
samples were taken for cfDNA analysis. 3 samples were planned in each patient - pre, during and post
SRA737 treatment.
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2.4.6. Challenges of cfDNA samples in early phase trials

There are several challenges and caveats associated with early phase clinical trials. For
example, all patients included in the study had a sample taken pre-treatment (D-7 to -4)
but not all patients had subsequent samples submitted. In early phase trials, patient
populations already have advanced cancers and patients will have exhausted previous
standard of care treatments, therefore they may drop out due to disease progression
prior to or during their cycle 3 (C3D1) review visit. Patients could additionally be too

unwell to attend for an end of study (EOS) review due to disease progression.

The patient population in early phase trials is diverse and patients have a range of
different primary cancers, and this provides challenges. Both the primary cancer and
subsequent chemotherapies received will have changed the mutational drive of each
patient’s cancer. Therefore, it may be difficult within a diverse population to isolate

common patterns of initial mutations plus patterns of change within cfDNA samples.

In addition, in early phase trials, patients could be on a range of different treatment doses
of the study drug. This is because the primary focus of any phase 1 clinical trial is always
the safety of the drug in patients. Therefore, patients early in the study may not gain the
same potential benefit as patients enlisted later in the trial, so this needs to be considered
when looking at patterns of drug resistance and drug sensitivity. Alterations in mutational

status may not be related to drug exposure if patients received a sub-therapeutic dose.
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2.5. Overall aim

The overarching aim of this thesis was to begin to uncover mechanisms of both de novo
and acquired resistance to CHK1 inhibitors used for the treatment of cancer. In order to

investigate this, this project utilised three distinct but complementary model systems:

1) Transgenic mouse models established within the Perkins’ laboratory and that had
demonstrated de novo resistance to the CHK1 inhibitor, CCT244747. Samples from
these animals were used to determine changes in gene expression in tumours that

either responded to or were resistant to CHK1 inhibitor treatment.

2) U20S Osteosarcoma cell line models, which were generated within the Perkins’
lab during this thesis as a model of acquired resistance to the CHK1 inhibitor
CCT244747 and utilised to determine mechanisms of CHK1 inhibitor sensitivity and

resistance.

3) The extraction of cfDNA from patients treated with the SRA737 CHK1 inhibitor
clinical trial, to determine whether mutations in key genes associated with the
replication stress pathway could be detected in patient samples following
exposure to SRA737, and to determine whether this could confer resistance to

therapy.

The rationale behind using these strands was to help to identify clearly measurable
markers of response or resistance to CHK1 inhibitor monotherapy that could inform the

future clinical selection of patients.
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3. Materials and methods
3.1. Ethics

3.1.1. Animal ethics

All animal experiments were approved by Newcastle University’s Animal Welfare and
Ethical Review Board. All procedures were carried out under project and personal
licences approved by the Secretary of State for the Home Office, under the United
Kingdom’s 1986 Animal Act (Scientific Procedures) (404). Animals were bred in the
Comparative Biology Centre, Newcastle University animal unit, according to
the Federation of European Laboratory Animal Science Associations (FELASA) Guidelines
(405). All mice used in these experiments were in the C57BL/6 background and mice were
designated to an experimental group dependent on their strain, no blinding was
undertaken during analysis. All animal work carried out as part of this thesis was

undertaken by Dr. Jill Hunter.

3.1.2. Human ethics
Blood samples were taken from 2 ethically approved protocols run according to standards

of Good Clinical Practice.

The first was a Phase 1 monotherapy study of SRA737 (NCT number 02797964). Lead site
was the Royal Marsden Hospital, London. Samples were collected from: Royal Marsden
Hospital, London; Velindre Cancer Centre, Cardiff; Western General Hospital, Edinburgh;
Oxford University Hospitals, Oxford; University Hospitals of Leicester, Leicester; Freeman
Hospital, Newcastle Upon Tyne; The Christie, Manchester; University College Hospitals,
London; Sarah Cannon Research Institute, London; Guys and St Thomas, London; The
Beatson West of Scotland Cancer Care, Glasgow; The Clatterbridge Cancer Centre, Wirral;
Leeds Teaching Hospitals, Leeds; Sheffield Teaching Hospitals, Sheffield and Belfast City
Hospital, Belfast. Samples were obtained from 18/07/2016 to 14/08/2018 following
ethical review by the London - Surrey Borders Research Ethics Committee (Ethics number

16/L0O/0423).
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The second was the PROSPECT-NE study, with samples collected from patients waiting for
consideration of early clinical trials at Newcastle upon Tyne Hospitals NHS
Trust from 14/09/2017 to 02/11/2019 following ethical review by the North-East -
Newcastle & North Tyneside Research Ethics Committee (Ethics number 17/NE/0208).

3.2. Animal models

3.2.1. Ep-Myc mouse model

Eu-Myc transgenic mice develop aggressive diffuse large B-cell lymphoma with a median
onset of between the ages of three and six months but they exhibit the hallmarks of MYC
overexpression by 4 weeks (406). Overexpression of MYC in this mouse model leads to
increased pre-B cell proliferation up to 5 times normal. Mature B cells are reduced in
number, but demonstrate increased cellular activity (406). The Eu-Myc mouse model
subsequently develops lymphoma of B-cell lineage as described above. These mice were
purchased from The Jackson Laboratory (Maine, USA) and the line was maintained by

crossing Ep-Myc male mice with WT females.

3.2.2. Ep-Myc /c-Rel -/- mouse model

Eu-Myc/c-Rel +/- offspring were generated by mating c-Rel -/- female mice (a kind gift
from Prof. Fiona Oakley, Newcastle University) with Eu-Myc male mice. Ep-Myc/c-Rel -
/- mice were then generated by crossing Epu-Myc/c-Rel +/- males with c-Rel -/- female
mice. Ep-Myc/c-Rel -/- mice have a significantly shorter overall survival (median survival

79 days) than Ep-Myc mice (median survival 115 days) (261).

3.2.3. Eu-Myc/RelA T505A mouse model

Eu-Myc/RelA T505A transgenic mice were generated by Taconic Artemis (Cologne,
Germany) using C57BI/6 ES cells. All mice were maintained on a pure C57BL/6 background

(407).
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3.3. mRNA analysis

3.3.1. Harvesting cells for mRNA extracts
Total RNA was extracted according to the manufacturer’s protocol (Peqlab peqGOLD
Total RNA, #123014). mRNA generated from a 10cm plate was eluted into 50ul of

nuclease-free water. RNA was stored at -80°C.

3.3.2. Tumour extraction of mRNA

Tumour samples originated from Ep-Myc, Eu-Myc/c-Rel -/- and Eu-Myc/RelA T505A mice
treated with the CCT244747 CHK1 inhibitor for 8 hours. Tumours were added to bead
tubes (Precellys; # P000918-LYSKO-A) with 400pl of RLT buffer (QIAGEN, #79216) with 1%
(v/v) B-mercaptoethanol (Sigma; # M3148). Samples were homogenised using a Precellys
tissue homogeniser set at 6500 rpm for 3 cycles of 10 seconds. The tissue supernatant
was left to settle before transfer to QIA Shredder columns (QIAGEN; #79656). The beads
were washed with a further 300ul of RLT buffer mix to enhance RNA vyield and the
supernatant was added to the shredder columns. Samples were centrifuged for 2 minutes
at 14000 x g. RNA was then extracted using the RNeasy Kit (QIAGEN; #74136) according

to manufacturer’s protocol.

3.3.3. Analysis of mRNA concentration

RNA concentration was analysed using a NanoDrop 2000c spectrophotometer (Thermo
Scientific). Nuclease-free H,O was used as blank. The 260nm/280nm ratio was calculated
to determine nucleic acid purity value compared to contaminants (acceptable ratios were

1.8-2.2).

3.3.4. Reverse transcription

Reverse transcription was performed using the QuantiTect Reverse Transcription Kit;
#205310, following the manufacturer’s protocol. 500ng to 1ug total RNA were used for
the sample preparation and all samples in the same set were prepared to the same

concentration. cDNA samples were diluted 1 in 10 in nuclease-free water prior to use.
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3.3.5. Primer design and validation

Primers for real-time quantitative polymerase chain reaction (qPCR) were designed using
NCBI Primer Blast and synthesised by Eurogentec. Some primer sets were purchased from
QIAGEN (QuantiTect primer assays). See Table 3.1 for mouse primers and Table 3.2 for
human primers. Prior to use, all primers were validated, see Table 3.3 for conditions.
RPL13A was selected as reference gene, as this can be used at any temperature and does

not change with drug treatment or genotype.
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Table 3.1. Murine primer conditions.

optimum cycling conditions for qPCR determined by temperature gradient.

Primer sequences as designed or QuantiTect catalogue numbers and

Gene Primer sequence/order number Cycling

name (Murine) temperature
(°Q)

Forward Reverse

RPL13A CCTTTTCCTTCCGTTTCTCC CCCTCCACCCTATGACAAGA Suitable at
any
temperature

ATM GGAAACCCTGCTGACCATTG CTCATCAAGACACGCTCAGC 59

ATR AAAGGAGCTTCGCCAGTGTA TGCAGTAGAGCGGCAATATG 55

ATRIP CACCGAAGCATGTTCTCCACAATT | AAACGAAGCATGTTCTCCACAATTC | 55

BACH?2 QT01057147 58

BAX QT100102536 57

BCL2 Q100149254 60

BCLXL Q100149254 57

BID Q100145061 58

CCND1 CTGACAACTCTATCCGGCCC TTGCGGATGGTCTGCTTGTT 60

CCNE1 CCCCACTTCCCGTCTTGAAT TTCGCACACCTCCATTAGCC 60

CDC25A QT01058778 58

CDK1 GCTGTGGTACCGATCTCCAG TTCTGGCCACACTTCGTTGT 60

CDK2 GCGACCTCCTCCCAATATCG GTCTGATCTCTTTCCCCAACTCT 56

CDK4 TGTCTGTGCTACTTCCCGAAC TCAGGTCCCGGTGAACAATG 59

CDKN1IA | Q101752562 61

CHEK?2 CTCGGCTTACCACAGAGGAG CACACACAGACAGGCGTTTT 60

CHK1 TCGAACGTGGACAAACTGGT CTCGAAGGTCTCTTTCAGGCA 58

CLSPN QT00154609 59

CYCLIN GTCATTGGCACAACAGACTGG AGTGTCTCTGGTGGGTTGAG 60

A2

GAPDH1 | GCTACACTGAGGACCAGGTTG GCCCCTCCTGTTATTATGGGG Suitable at
any
temperature

GAPDH2 | GCTACACTGAGGACCAGGTTG GCCCCTCCTGTTATTATGGGG Suitable at
any
temperature

LIG4 ATTCCTGGGACCACTCTCCT CTGAATCGGACACCCAACTT 59

LIMA1 QT00126854 58

MDM?2 QT00113722 57

microRNA | TGACGGAAGGGCACCACCAG CACCACCACCCACGGAATCG 55

18S

MOT GGTGCAGTGGTTGTTATT ACCACAGAAGGGGTAGTT Suitable at

heatshock any

Protein 9 temperature

MRE11A | TTCAGGACAGCAGTGAGGA TCCGATGATGTGTGGAAGCT 59
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Gene Primer sequence/order number Cycling
name (Murine) temperature
(°C)
Forward Reverse

NBS1 GGCAACCATGATGATCCCAC TAAGCCGTACAGAGCGAGTT 59
NBS1 TTCAGGACAGCAGTGAGGAG TCCGATGATGTGGTGGAAGCT 59
RAD17 CAAGGAGGATCAAGCTTTCG TCAGGGCTTCCATTTTCAAC 55
RAD50 AGGTGCTAGCGTCTCTCATG TCCACTACTCAGATCGCCC 59
TOPBP1 AACCAGAGCCTCCAGTAGCA TTTTCTGTGCGTCTCCTCCT 60
TRP53 AGAGACCGCCGTACAGAAGA CTGTAGCATGGGCATCCTTT 60
USP1 QT00177352 55
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Table 3.2. Human primer conditions.

optimum cycling conditions for gPCR were determined by temperature gradient.

Primer sequences as designed or QuantiTect catalogue numbers and

Gene Primer sequence/order number Cycling
name (Human) temperature
(°C)

Forward Reverse

RPL13A | CCTGGAGGAGAAGAGGAAAGAG | TTGAGGACCTCTGTGTATTTGTCAA | Suitable at
A any

temperature

ACTIN CTGGGAGTGGGTGGAGGC TCAACTGGTCTCAAGTCAGTG 58

ATM TTCCTCAAGACTTTGGCTGTCA GGCTCCTTTCGGATGATGGA 56

ATR GAGCACTGATCTTCAGACAAC TCCCCTAAACATTCCCCAC 58

ATRIP CTTCATGATGCACTGCGTGG AGTCCGTCACATCAGGAAGC 55

BAX QT00031192 58

BCLXL QT00236712 55

CDC25A | CAACCTGACCGTCACTATGGA TGACTCGGAGGAGCCCATTC 56

CDK1 GGTCAAGTGGTAGCCATGAAA TGGAATCCTGCATAAGCACA 58

CDK2 GTTGTGTACAAAGCCAGAAAC ATCTCTCGGATGGCAGTA 58

CDK4 AGAGTGTGAGAGTCCCCAATG CAAACACCAGGGTTACCTTG 56

CHEK1 TGGCTTGGCAACAGTATTTCG CATGGCAATTCTCCAGCGAG 60

CLSPN GGTTTTGTGTGGCTTGCTCC GCCTTGAAGCAGCGTTTCTG 58

CYCLIN | CGCTGGCGGTACTGAAGTC GAGGAACGGTGACATGCTCAT 60

A2

RAD17 | TGCTCTGTCAGGGATGTTCTG GCCACCAATAGCTTGGACCT 56

RAD50 GGCAGGTACGTCAGACACAA TCTTTCGGCTATCCAAGGCT 58

SLUG GAGCATTTGCAGACAGGTCA ACAGCAGCCAGATTCCTCAT 58

TOPBP1 | CTCTTTCTGCCAGCCCTCAA GGGCAAGAAATCACAGGAAG 55

TP53 QT00233646 56

USP1 QT00008568 55
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Table 3.3. PCR master mix used for temperature gradient testing and troubleshooting (volume for one

reaction).

. QuantiTect
) Eurogentec Primers .
Supplier (ul/well) Primers
(ul/well)
cDNA (mouse/human) 5 5
GoTaq Buffer (5x stock) Promega 4 4
MgCl> (25mM) Promega 3 3
dNTPs (2mM) Life Technologies 2.5 2.5
GoTaq (5 unit/pul) Promega 0.2 0.2
Nuclease free dH,0 Promega 4.8 4.8
Primer mix (10uM) 0.5 0.5
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Agarose gel electrophoresis was used for temperature gradient analysis of primer sets and
to troubleshoot real-time quantitative PCRs. 2% (w/v) agarose gel (Life Technologies; #
16500500) were prepared in 1x tris-acetate-EDTA (TAE) buffer (40mM Tris, 20mM Glacial
Acetic Acid, 1mM EDTA pH8). The solution was heated until boiling using a microwave
checked at 30 second intervals (Panasonic Genius). After a brief period of cooling, 2ul of
SYBR safe (ThermoFisher; #533102) were added to 100ul of gel to allow visualisation of
DNA.

DNA samples were mixed with prepared PCR as per Table 3.3. 20ul of master mix were
loaded per well. 5ul of 100 base-pair ladder (Invitrogen; #10488) were used in the first
lane of the gel. Gels were then run at 140V (HU13 System) until the dye front almost
reached the edge of the gel. Bands were visualised using a Fujifilm LAS-4000 (Fujifilm)

using the automatic setting.
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3.3.6. Real Time — Quantitative Polymerase Chain Reaction
For each reaction, 5ul of the diluted cDNA were added to 15ul of master mix, see Table

3.4 for conditions.

Real-time quantitative PCR was carried out using the SYBR green method using QIAGEN
Rotor-Gene Q with the following settings: initial hold for 10 minutes at 95°C, then cycles
of 95°C for 30 seconds, X°C for 30 seconds (optimal cycling temperature between 55°C
and 60°C) and 72°C for 30 seconds for a total of 40 cycles. Readings were taken after the
annealing step of each cycle. A final 10-minute gradual increase in temperature was
performed from 60°C to 95°C to produce a melt curve. DNA-free controls prepared with
nuclease-free water were used for each primer per run. Each reaction was carried out in

duplicate with the reference gene RPL13A also prepared in duplicate.

Following completion, the melt curve was analysed for double products or unusual curves
and outliers were excluded. Threshold values were set at 0.1 across all runs, ensuring that
the exponential increase phase of the reaction was consistently measured. Ctvalues were

exported to Excel for further analysis.
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Table 3.4. qPCR master mix for Eurogentec and QuantiTect Primer Assays. Volumes listed are for one

reaction.

. QuantiTect
. Eurogentec Primers .
Supplier (wl/well) Primers
(pl/well)
GoTaq Buffer (5x stock) Promega 4 4
MgCl; (25mM) Promega 3 3
dNTPs (2mM) Life Technologies 2.5 2.5
SYBR gﬁgg;lzzoo Sigma 0.2 0.2
GoTaq (5 unit/pul) Promega 0.2 0.2
Nuclease free dH,0 Promega 4.6 3.1
Primer mix (10uM) 0.5 2
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3.3.7. Data analysis and statistics
Data were normalised using the 2-ACT method (R = 2—[ACP sample — ACP control] ) (408)
using the gene RPL13A as reference. Graphs were plotted using GraphPad Prism and

statistically analysed as described per each individual figure.

Raw Ct values were also stored in Excel and plotted using GraphPad Prism to ensure that
the reference gene was not moving (data not shown) and to demonstrate that this

method of analysis was not skewing the data presented in its final form.

3.3.8. Preparation of samples for RNA-seq

RNA was extracted according to the manufacturer’s protocol as described previously
(Section 3.3.1 for human tissues and Section 3.3.2 for mouse tissues). Sample quality was
analysed using Biorupter (Agilent 6000 Nano kit, #5067-1511) or TapeStation automated
electrophoresis (Agilent; #5067-5576 RNA ScreenTape, #5067-5578 Agilent RNA
ScreenTape ladder, #5067-5577 RNA ScreenTape buffer) following manufacturer’s
instructions to assess sample RNA integrity number (RIN) score and RNA quantity. Sample
RIN score was required to be greater than 6 and starting amount of RNA of at least
2000ng. Samples were diluted using RNA and nuclease free water to a final concentration

between 30 and 50ng/pl.

3.3.9. RNA-seq analysis

Samples were run using the lllumina platform by Leigh Taylor at the Genomics Core
Facility at Newcastle University. Bioinformatic analysis was performed by Peter Leary,
Newcastle University Bioinformatics Centre. Validation of genes of interest was
performed by Dr. Jill Hunter and Nicola Hannaway using qPCR as per Section 3.3.6 or via

western blot protein analysis as per Section 3.8.2.
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3.4. Mammalian cell culture

3.4.1. Cell lines

All cell lines used in this study were obtained from ATCC. Most experiments were
performed using U20S cells, a highly used immortalised cell line originally derived from a
tibia osteosarcoma of a 15-year-old female. They have an epithelial adherent cell
morphology and are moderately differentiated. This cell line was selected for use as they
are sensitive to CHK1 inhibition as discussed with Michelle Garrett, University of Kent. |
also confirmed this in preliminary work. U20S cells are also highly transfectable,

therefore this cell line was selected with the potential to modify drug response.

Other experiments were performed using PC3, SW620 and HCT15 cell lines. PC3 cells are
a highly immortalised cell line originally derived from bone metastases from a prostate
cancer of a 62-year-old male. This cell line was selected for use as they are highly resistant
to CHK1 inhibition, this was re-confirmed with preliminary studies. This cell line is also

highly transfectable.

SW620 cells are derived from a Dukes C colorectal adenocarcinoma from a 51-year-old
male. HCT15 cells also originate from a colorectal cancer from a male, age unknown.
These cell lines were selected given the inclusion of colorectal cancers in the expansion

phase of the SRA737 study and to assess CHK1i drug response in these cell lines (409).

3.4.2. Passage of immortalised cell lines

U20S cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (LONZA; #3235)
supplemented with 10% (v/v) sterile-filtered foetal bovine serum (FBS) (Gibco; #10270),
5mM penicillin and streptomycin and 5mM L-glutamine (LONZA; #7779). Cells were kept
at 37°C in a humidified incubator with 5% C0,/21% O».

PC3 cells were cultured in RPMI 1640 medium (LONZA; #BE12-167F) supplemented with
10% (v/v) sterile-filtered FBS (Gibco; #10270), 5 mM penicillin and streptomycin, 5mM L-
glutamine (LONZA; #7779) and 12.5 mM HEPES (Scientific Laboratory Supplies, # LZBE12-
709F). Cells were kept at 37°C in a humidified incubator with 5% C02/21% O,.
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SW620 cells were cultured in DMEM (LONZA; #3235) supplemented with 10% (v/v) sterile-
filtered FBS (Gibco; #10270), 5mM penicillin and streptomycin and 5mM L-glutamine
(LONZA; #7779). Cells were kept at 37°C in a humidified incubator with 5% C02/21% O..

HCT15 cells were cultured in RPMI 1640 medium (LONZA; #BE12-167F) supplemented
with 10% (v/v) sterile-filtered FBS (Gibco; #10270), 5mM penicillin and streptomycin and
5mM L-glutamine (LONZA; #7779). Cells were kept at 37°C in a humidified incubator with
5% C02/21% 0.

For passage, cells were washed once with room temperature phosphate buffered saline
(PBS) (LONZA; #3053) and dissociated from their surface using 1x trypsin (LONZA; #1366)
at 37°C for no more than 10 minutes. Trypsin was inactivated via the addition of fresh
DMEM or RPMI and cells were re-suspended into a single cell suspension and split by a
dilution factor of 1:6. Cells were predominantly grown in T75 flasks, however T150 flasks
and 10cm plates were also used. Cells were not grown beyond 80% confluence and were
split at 70% confluence. Efforts were made to keep cell passage number under 30 as
cancer cell lines with a high mutation load can become more genomically unstable with

increasing passage number.

3.4.3. Freezing, storage and thawing of cell lines

Cells were washed once in PBS (LONZA; #3053) and dissociated from their surface using
1x trypsin (LONZA; #1366) at 37°C for no more than 10 minutes. Trypsin was inactivated
through addition of fresh DMEM media (LONZA; #3235) and cells were resuspended into
a single cell suspension before being centrifuged at 400 x g for 5 minutes to pellet the
cells. Supernatant was then carefully removed, and the cells were resuspended in 90%
(v/v) FBS and 10% (v/v) dimethyl sulfoxide (DMSO) (Sigma-Aldrich; #D2650). 1ml of this
cell suspension was then aliquoted into cryovials. Cells were frozen slowly and stored at

-80°C.
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To thaw cells, cryovials were removed from storage and stored on dry ice until required.
Cryovials were placed in a 37°C water bath to quickly thaw the cells. The contents of the
cryovial were transferred into a pre-prepared flask containing the appropriate growth
media. Plates were stored in the incubator overnight. After 16h of incubation, media was
replaced with fresh growth media to remove any DMSO. Cells were then checked
regularly to ensure healthy growth before passage was carried out. Early passages were

split at a lower ratio of 1:2 to 1:4 depending on the rate of cellular growth.

3.5. Experimental treatments of mammalian cells

3.5.1. Treatment with CHK1 inhibitors

U20S, PC3, HCT15 or SW620 cells were seeded at 6x10° cells per 10cm? plate and left
overnight. Cells were then treated for 24 hours with the CHK1 inhibitor CCT244747. This
CHK1 inhibitor is a tool compound related to the SRA737 CHK1 inhibitor currently in phase
1/2 clinical trial. Cells were treated at either 1uM or 5uM dose. For harvesting, the media
was removed and cells were washed in PBS and scraped into a fresh microcentrifuge tube.
Samples were spun at 500 x g for 5 minutes at 4°C and PBS was removed. The cell pellets

were then extracted for either protein as per Section 3.6.2 or RNA as per Section 3.3.1.

3.5.2. Generation of isogenic cell lines

U20S cells were cultured in DMEM media with increasing doses of the CHK1 inhibitor
CCT244747 starting at 0.1uM to a maximum concentration of 5uM. Surviving cells from
each concentration were monitored and the dose was increased when confluency level
hit 50%. Surviving cells were then cultured in DMEM media and used for further studies.
With each cell line generated, a control sample of U20S WT cells cultured in DMEM media

alone was also grown from the same starting cells.
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3.6. Harvesting cells and tumour samples for protein extracts
3.6.1. Tissue whole protein extraction

Tissue samples were kept on dry ice until required. Samples were homogenised in bead
tubes with 300ul of Phosphosafe (Merck Millipore; #71296) using a Precellys tissue
homogeniser set at 6500 rpm for 3 cycles of 10 seconds. Samples were transferred to
1.5ml tubes. The bead tubes were washed with an additional 200ul of Phosphosafe.
Samples were left at room temperature for 5 minutes, then centrifuged at 4°C at 14000 x
g for 10 minutes, according to manufacturer’s instructions. Supernatant (protein fraction)

was transferred to fresh tubes.

3.6.2. Cell whole protein extraction

After treatments, cell culture plates were placed on ice and cells were scraped into the
media using a sterile plastic scraper. This cell suspension was transferred to a 10ml conical
tube on ice and suspensions were centrifuged at 400 x g for 5 minutes at 4°C. The media
supernatant was aspirated. Pellets were resuspended in 1ml cold PBS and transferred to
Eppendorf tubes. These were then centrifuged at 1500 x g for 10 minutes at 4°C.
Phosphosafe was then added to the cell extract at double the pellet volume. Samples
were incubated at room temperature for 5 minutes, then centrifuged at 14000 x g for 10

minutes at 4°C. Samples were flash frozen on dry ice and stored at -80°C before use.
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3.7. Determining the protein concentration of lysates

The Bicinchoninic acid (BCA) assay is a copper-based colourimetric assay used for protein
quantification (410). BCA works via the initial formation of a Cu?*—protein complex
followed by reduction of the Cu?* to Cu* leading to a colour change from green to purple
(410). The total amount of Cu?* reduced is proportional to the amount of protein present

in solution (410).

Protein concentrations of lysates were determined by a Pierce™ BCA assay (Thermo
Scientific #23225) according to the manufacturer’s instructions and analysed using the
POLARstar Omega plate reader (BMG LABTECH). BSA was used to produce a standard
curve alongside the protein samples. Protein samples were prepared to appropriate
concentrations for resolving proteins of interest. Equal amounts of protein (10-20ug per
gel) were mixed with 2 x Laemmli loading buffer (BioRAD #1610737) supplemented with

B-mercaptoethanol and water and heated to 95°C for 10 minutes.

3.8. Protein analysis

3.8.1. SDS-PAGE

Precast Criterion™ 4-20% gradient gels (BioRAD #3450034) were used for sodium
dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis (SDS-PAGE). Gels were
loaded into the tank and combs were removed. 100mls of 10 x TGS buffer (BioRAD
#1610732) were diluted with 900mls water and the tank was filled with prepared buffer
to the appropriate fill line. 15ul of samples were loaded into the wells and 10ul of
PageRuler Protein Ladder (ThermoFisher #26616) were loaded into lane 1 and 5ul were
loaded into the last well. Gels were run at 90V for 10 minutes and then 100V for

approximately 150 minutes or until the dye front reached the bottom of the gel.
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3.8.2. Western blot

Following SDS-PAGE, proteins were transferred onto polyvinylidene difluoride (PVDF)
membrane (Immobilon-P; #IPVH00010). Membranes were activated in methanol for 15
seconds and water for 2 minutes. 1 x transfer buffer was prepared (10% (v/v) 10 x TG
buffer (BioRAD #1610734), 20% (v/v) methanol and water) and used to fill the transfer
tank. An ice pack was used in the tank to keep the tank cool. Proteins were transferred
at 100V by wet transfer (BioRAD) for 1 hour with 1 layer of blotting paper to protect the
gels and membranes. Membranes were blocked in 5% (w/v) non-fat dry milk/TBS-T
(10mM Tris pH 7.4, 150mM NacCl, 0.01% (v/v) Tween) for 1 hour at room temperature,
washed 3 times in TBS-T for 5 minutes, and then incubated with primary antibodies

overnight at 4°C. See Table 3.5 for antibodies used.

After primary antibody incubation, membranes were removed, and antibody solutions
were stored at -20°C for future use. Membranes were washed in TBS-T 1 x prior to
incubation for 1 hour at room temperature in appropriate horseradish peroxidase (HRP)-
tagged secondary antibody as listed in Table 3.6. Cells were washed 3x in TBS-T for 10
minutes before being exposed to Pierce™ Enhanced Chemiluminescence (ECL) Western
Blotting Substrate (ThermoFisher; #32106) following the manufacturer’s protocol.
Membranes were developed on auto-radiography film using an automatic x-ray film

processor (Xograph Compact X4). Exposure times varied depending on signal strength.
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Table 3.5. Primary antibodies used for western blotting.

Dilutant

Catalogue MW Incubation
Antibody Manufacturer & Target Dilution | (in TBST .
number (kDa) time
1x)
AKT Cell Signaling 9272 aRabbit 60 1:500 5% BSA Overnight
AMPKal Cell Signaling 2795 aoRabbit 60 1:500 5% BSA Overnight
BCLXL Cell Signaling 2764 aRabbit 30 1:1000 5% BSA Overnight
CDC25A ProteinTech 550311AP | aRabbit 59 1:1000 5% BSA Overnight
CDK2 ProteinTech 101221AP oRabbit 33 1:1000 5% BSA Overnight
CHK1 Cell Signaling 2360 aMouse 56 1:1000 5% BSA Overnight
CLSPN Moravian N/A oRabbit ~ 150 1:1000 5% milk Overnight
Cyclin A2 ProteinTech 182021AP | aRabbit 48-52 | 1:1000 5% BSA Overnight
Cyclin D1 Cell Signaling 2922 oRabbit 36 1:1000 5% BSA Overnight
GSK3pB Cell Signaling 9315 oRabbit 46 1:500 5% BSA Overnight
H2AX Cell Signaling 7631 oRabbit 15 1:1000 5% BSA Overnight
pAKT (s473) Cell Signaling 4060 oRabbit 60 1:500 5% BSA 36 hours
PAMPKa Cell Signaling 2535 aRabbit | 62 1:500 | 5%BSA | Overnight
(Thr172)
89,
PARP Cell Signaling 9542 oRabbit 1:1000 5% BSA Overnight
116
pCHK1 (S345) Cell Signaling 2348 oRabbit 56 1:1000 5% BSA Overnight
pGSK3p (S9) Cell Signaling 9336 oRabbit 46 1:500 5% BSA Overnight
pGSK3 (y216) Abcam Ab75745 oRabbit 46 1:500 5% BSA Overnight
RAD17 Santa Cruz SC-5613 oRabbit 77 1:500 5% BSA Overnight
RAD51AP1 ProteinTech | 1122551AP | aRabbit 38 1:1000 | 5% BSA Overnight
USP1 ProteinTech 143461AP | aRabbit 110 1:1000 5% BSA Overnight
UspP14 ProteinTech 145171AP | aRabbit 60 1:1000 5% BSA Overnight
WDR48 ProteinTech 165031P oRabbit 70 1:500 5% BSA Overnight
ZAP-70 ProteinTech 155921AP | aRabbit 70 1:1000 5% BSA Overnight
BActin Sigma A5441 aMouse 42 1:10000 | 5% BSA Overnight
YH2AX Cell Signaling 2577 aRabbit 15 1:1000 5% BSA Overnight
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Table 3.6. Secondary antibodies used in western blotting.

HRP linked

Catalogue | Raised i Incubation
Antibody Manufacturer & ) Dilution Dilutant )
number in (In TBST 1x) time
Anti-Mouse IgG
Cell Signaling 7076 Rabbit | 1:4000 5% BSA 2 hours
HRP linked
Anti-Rabbit Sigma A6154-1ML | Goat 1:4000 5%BSA 2 hours
Anti-Rabbit IgG
Cell Signaling 7074 Goat 1:4000 5% BSA 2 hours
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3.9. Preparation of samples for proteomic analysis

Samples selected for proteomic analysis were from acute 8 hour Eu-Myc and Ep-Myc/c-
Rel -/- mouse studies. Selection was based on the results of our western blots showing
the greatest selected protein changes at 8 hours after single dose of the CCT244747 CHK1
inhibitor. The sample preparation was done by Dr. Amy Campbell at the University of
Liverpool. Validation of proteins of interest was performed by western blot as described
in Section 3.8.2 by Nicola Hannaway and subsequently by Dr. Jill Hunter at Newcastle

University.

3.10. Cell survival

3.10.1. PrestoBlue assay

The PrestoBlue assay measures cell viability by using the reducing power of living cells to
determine proliferation. This resazurin based assay turns from blue to red in colour and
highly fluorescent, therefore increased fluorescence is indicative of more living cells after

drug treatment (411).

U20S, PC3, SW620 or HCT15 cells were plated out in 96-well plates at 10 x 10° cells/well
with 100ul of media. Plates were treated with the appropriate dose of small molecule
inhibitor and incubated at 37°C. PrestoBlue assays were performed following the
manufacturer’s protocol. Absorbance was recorded at 570nm after a 60 minute
incubation of cells with the PrestoBlue reagent (ThermoFisher, #A13262) and transfer of
the reagent to black plates to reduce background fluorescence. Gain was set at 50% from
the well containing the lowest cell number. This was done to alter the voltage signal to
the detector to prevent signal saturation from the fluorescence (412). Cell viability was
expressed as a percentage relative to media controls. Graphs and statistical analyses were

carried out using Excel and GraphPad Prism as described.

3.10.2. Clonogenic assay
The clonogenic assay is a cell survival assay based on the ability of a single cell to grow
into a colony of at least 50 cells (413,414). Untreated cells plated as a single-cell

suspension at low densities will grow to form colonies in ~ 10-14 days (plating efficiencies

163


https://www.thermofisher.com/order/catalog/product/A13262

(PE) variable between cell lines) (414). PE is the ratio of colony number to the number of
cells seeded. The number of colonies arising after cell treatment is called the surviving

fraction (SF) (414).

U20S cells were harvested and cells were counted. 2 x 10° cells were added to each well
in a 6-well plate. Cells were incubated overnight at 37°C. Cells were treated with small
molecule inhibitors at the required concentration for 24 hours. Cells were harvested by
washing once with PBS and then by adding 0.5ml of trypsin x 1 to each well. Plates were
incubated at 37°C until the cells detached. 1.5mI DMEM media were added to each well

after cell detachment.

Cells in each well were counted using a haemocytometer and the volume required fora 1
x 10%/ml stk was calculated for each well. Plates were set up per required cell number
(500 or 1000 cells per well) from the stock volume and DMEM media was added to a total

of 2ml per well.

Plates were examined every few days for colony formation. If colonies of a suitable size
had formed, dishes were fixed, stained and counted. DMEM medium was removed from
all plates with care not to disturb colonies. Carnoy’s fixative (components — 75% (v/v)
methanol, 25% (v/v) acetic acid) was added to cover each well and left for 5 minutes. The
Carnoy’s fixative was decanted from the plate and placed back into the stock solution for
re-use. 0.4% (w/v) crystal violet (Sigma; #C0775) was added to cover each well and left
for 15 minutes to visualise the colonies. The crystal violet solution was decanted back
into the stock solution for re-use. Plates were washed with tap water to remove excess

dye. Plates were left to dry at room temperature and review later.

Plates were scanned and imaged using the FujiLas 300 imaging system to compare colony
coverage. Cells were counted by hand by Dr. Jill Hunter using a clicker and a pen to mark

the cells already scored.
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3.11. Plasma cfDNA Preparation

3.11.1. Plasma cfDNA extraction (QIAGEN)

The QlAamp Circulating Nucleic Acid kit (QIAGEN #55114) was used for cfDNA extraction
and all buffers and extraction columns described in this section were included in the kit
unless stated otherwise. The cfDNA extraction protocol used in this thesis using the
QlAamp Circulating Nucleic Acid kit protocol was used to generate NICR SOP 433. A water
bath was pre-heated to 60°C and a heating block was pre-set at 57°C. Plasma samples
were defrosted at room temperature and centrifuged at 1000 x g for 10 minutes to
remove traces of lymphocytes. Proteinase K (Sigma-Aldrich # P4850-5ML) was pipetted
into a 50ml centrifuge tube (protocol adjusted per starting volume of plasma). Table 3.7

shows the volumes of reagents used according to plasma volume.

The starting volume of plasma was added to the 50ml tube containing Proteinase K.
Buffer ACL (lysis buffer) as per Table 3.7 was added to each 50ml tube. Tubes were mixed
by pulse-vortexing for 30 seconds. Tubes were immediately incubated in a 60°C water
bath for 30 minutes. Following incubation, tubes were placed back on the lab bench and
the caps were unscrewed. Buffer ACB (binding buffer) as per Table 3.7 was added to the
lysates in the tubes. Tube caps were closed and tubes were mixed thoroughly by pulse-
vortexing for 15 seconds. The lysate—buffer ACB mixtures were incubated for 5 minutes

onice.

The QlAamp Mini Columns were connected into the VacConnector on the QlAvac 24 Plus
vacuum manifold (QIAGEN; #19413). 20ml tube extenders (labelled with appropriate
sample numbers) were inserted into the open QlAamp Mini Columns. The collection

tubes were retained for use later.

The lysate—buffer ACB mixture was pipetted into the tube extender of the QlAamp Mini
Column. The vacuum pump was switched on. When all lysates had been drawn through
the columns completely, the vacuum pump was switched off and the pressure was
released to 0 mbar by removing one of the white luer plugs. The luer plug was then re-

inserted. The 20ml tube extender was then discarded.
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Table 3.7. Buffer volumes used for cfDNA extraction. Buffers used for cfDNA extraction were
from the QlAamp Circulating Nucleic Acid kit (QIAGEN #55114). Buffer volumes were adjusted
according to the starting volume of plasma in each sample.

Plasma starting volume | Proteinase | ACLlysis | ACB binding AVE
(mls) K buffer buffer buffer

1 100ul 0.8ml 1.8ml 50ul

2 200ul 1.6ml 3.6ml 100ul

3 300ul 2.4ml 5.4ml 150ul
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600ul of wash buffer ACW1 were added to the QlAamp Mini Columns. The lids of the
columns were left open, and the vacuum pump was switched on. After all of buffer ACW1
had been drawn through the QlAamp Mini Column, the vacuum pump was switched off
and the pressure was released to 0 mbar by removing one of the white luer plugs. The

luer plug was re-inserted.

750ul of wash buffer ACW2 were added to the QlAamp Mini Columns. The lids of the
columns were left open, and the vacuum pump was switched on. After all of buffer ACW2
had been drawn through the QlAamp Mini Column, the vacuum pump was switched off
and the pressure was released to 0 mbar by removing one of the white luer plugs. The

luer plug was re-inserted.

750ul of 100% ethanol were added to the QlAamp Mini Columns. The lids of the columns
were left open, and the vacuum pump was switched on. After all of the ethanol had been
drawn through the QlAamp Mini Columns, the vacuum pump was switched off and the
pressure released to 0 mbar by removing one of the white luer plugs. The luer plug was

re-inserted.

The lids of the QlAamp Mini Columns were closed. All mini columns were removed from
the vacuum manifold, and the VacConnector was discarded. The QlAamp Mini Columns
were placed in clean 2ml collection tubes (saved from earlier), and samples were

centrifuged at 20000 x g for 3 minutes.

The QlAamp Mini Columns were placed into new 2ml collection tubes. The lids of the
columns were opened, and the columns were incubated at 56°C for 10 minutes in order

to dry the membrane completely.

The QlAamp Mini Columns were placed in clean 1.5m|l DNA LoBind micro-centrifuge
Eppendorf tubes (Sigma Alrdrich #2666548) and the 2ml collection tubes from the drying
stage were discarded. Buffer AVE as per Table 3.7 was applied to the centre of the

QlAamp Mini Column membranes. The lids of the columns were closed and samples were

167


https://www.sigmaaldrich.com/catalog/product/sigma/z666548?lang=en&region=GB

incubated at room temperature for 3 minutes. Samples were centrifuged in a micro-

centrifuge at 20000 x g for 1 minute to elute the DNA.

A pipette was used to take up the eluate (flow-through) and the eluate was again added
directly onto the centre of the QlAamp Mini Column membrane. The lids of the columns
were closed and samples were incubated at room temperature for another 3 minutes.
Samples were centrifuged in a micro-centrifuge at 20000 x g for 1 minute to elute the
DNA. Samples were labelled according to the initial sample label and the DNA was stored

at -20°C until required.

3.11.2. Qubit fluorometric testing
The Qubit fluorometer is a DNA quantification device that measures the fluorescence
intensity of fluorescent dye binding to double-stranded DNA (415). The Qubit assay can

be used for checking DNA quality before next-generation sequencing (415).

Samples were assessed using the Qubit dsDNA HS Assay Kits (ThermoFisher; # Q32854).
All reagents discussed in this section are from this kit. Qubit dsDNA HS buffer and Qubit

dsDNA HS dye reagent were prepared by mixing at the ratio 200:1.

200ul total volume were prepared per Qubit tube. 2 standards (Qubit dsDNA HS standard
1 and 2) were prepared as 190ul buffer: dye solution and 10ul Qubit dsDNA HS standard
solution. cfDNA samples were then prepared as 199ul buffer:dye solution and 1pul cfDNA
sample. Samples were vortexed for 5 seconds and left to stand at room temperature for
10 minutes. Standards and samples were analysed using the Invitrogen™ Qubit™ 3.0

Fluorometer (ThermoFisher).
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3.11.3. TapeStation analysis of samples (Agilent)
The Agilent TapeStation system is an automated gel electrophoresis system used to
calculate sample quality control (size, quantity and integrity) of DNA and RNA samples

(416).

The protocol described in the text is used for HS D1000 ScreenTapes. See Table 3.8 for
the details and reagent volumes for all other ScreenTape protocols used in this study.
Reagents were left to equilibrate at room temperature for 30 minutes. cfDNA samples
were defrosted at room temperature and stored on ice. Samples and reagents were
vortex mixed before use. Ladder solution was prepared by mixing 2ul sample buffer with
2ul D1000 Ladder. Samples were prepared by mixing 2ul D1000 sample buffer with 2pl
DNA sample. Samples were spun down, then vortexed using the IKA vortexer and adaptor
at 2000 rpm for 1 minute. Samples were spun down to position samples at the bottom of

the tube.

Samples were loaded into the 2200 TapeStation instrument. Samples were labelled as

required on the 2200 TapeStation Controller Software and run as per the HS D1000

programme.
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Table 3.8. TapeStation protocols for HS D1000, HS D5000 and Genomic DNA ScreenTapes. The protocols
vary in the amount of reagent and sample used. Key: (T) ScreenTape, (L) ladder, (B) buffer.

ScreenTape Catalogue Buffer volume | Ladder volume | Sample volume
used numbers (uh) (uh) ()

5067-5584 (T)

HS D1000 5067-5587(L) 2 2 2
5067-5603 (B)
5067-5592 (T)

HS D5000 5067-5594 (L) 2 2 2
5067-5593 (B)
5067-5365 (T)

Genomic DNA 5067-5366 10 1 1

(L+B)
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3.11.4. Vacuum spin

Samples were defrosted on ice. Samples were transferred to Eppendorf Lo-Bind
microcentrifuge tubes (Sigma Alrdrich #2666548) and vacuum spun using the Savant
SPD131DDA SpeedVac Concentrator (ThermoFisher) on medium heat and automatic
setting. Samples were reviewed at 30 minute intervals to check sample volume, aiming
for a final volume of less than 50ul. Samples were analysed using TapeStation HS D1000

ScreenTapes (Agilent) to calculate fragment length and cfDNA quantity.

3.11.5. Library preparation of cfDNA samples (lllumina)

The protocol was followed for the lllumina Trusight 170 kit (lllumina, # 20028821) as per
the manufacturer’s instructions. All reagents in this section were used from the lllumina
Trusight 170 kit and used as per manufacturer’s instructions unless stated otherwise. An
Illumina Nextera Rapid capture custom enrichment kit was custom made for the project

to enable the investigation of genes of interest.

Modifications to the protocol were made in order to add unique molecular identifier (UMI
adapters) as recommended by [llumina. UMIs were custom built into the [llumina Nextera
Rapid capture custom enrichment kit. The library preparation of cfDNA was done by Raf
Hussain at the Genomics Core Facility, Newcastle University and library preparation was

assisted by Nicola Hannaway.

3.11.6. End repair and A-tailing

This process converts the overhangs from the cfDNA fragments into blunt ends. The
addition of A-tails to the 3’ end of the DNA prevents the DNA fragments from ligating to
each other during the library preparation. 30ng of cfDNA were prepared to a volume of
50ul with TE buffer. cfDNA samples were brought to room temperature and a 96 well
plate was labelled accordingly with sample details. cfDNA samples were mixed and placed
on ice. A master mix of End Repair A-tailing Enzyme Mix 1 (ERA1-A) and End Repair A-
tailing Buffer 1 (ERA1-B) was prepared according to the manufacturer’s instructions. 10pl

of the ERA1 master mix were added to each sample. The plate was microsealed and
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shaken for 2 minutes. The plate was incubated at 30°C for 30 minutes, then 72°C for 20

minutes. The plate was then rested on ice for 5 minutes.

3.11.7. Ligation of adaptors

During this stage adaptors are added to the ends of the cfDNA fragments. Unique
molecular identifiers (UMI) are added to give a unique marker to individual patient
samples during sequencing. 60ul of Adapter Ligation Buffer 1 (ALB1) reagent were added
to each well in the 96 well plate. 5ul of DNA Ligase 3 (LIG3) were added to each well. The
UMI adaptor mix was vortexed for 10 seconds and 10ul of the UMI adaptor mix were
added to each well. The plate was sealed and mixed then incubated at room temperature
for 30 minutes. 5ul of stop ligation mix (ST2) were added to the wells and the plate was

microsealed and vortexed for 2 minutes.

3.11.8. Ligation clean-up
This process uses sample purification beads to clean the cfDNA products and remove
impurities. 112ul of sample purification beads were added to each well. The plate was

sealed and vortexed for 2 minutes, then incubated at room temperature for 5 minutes.

To wash, samples were placed on a magnetic plate for 10 minutes. The supernatant was
discarded from the wells. Samples were removed from the magnetic stand and washed
with freshly prepared 80% (v/v) ethanol. Samples were returned to the magnetic stand

and the supernatant was discarded. The wash step was repeated twice.

To elute, the plate was removed from the magnetic stand. 27.5ul of resuspension buffer
were added to each well. The plate was sealed and mixed for 2 minutes, then incubated
at room temperature for 2 minutes. The plate was placed on a magnetic stand for 2
minutes and 25pul of each eluate were transferred to a corresponding well on a fresh 96

well plate.
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3.11.9. Index polymerase chain reaction

During this stage, cfDNA fragments are amplified using primers that add index sequences.
This allows sample multiplexing during the sequencing process. Individual index primer
numbers (1-16) were assigned to each sample and documented. 5ul of the designated
index primer were added to each well. 20ul of enhanced PCR mix (EPM) were added to

each well. The plate was sealed and vortexed for 2 minutes.

The PCR was run in a thermocycler as follows:

Settings: - Lid temperature 100°C, reaction volume 50ul
- 15 cycles of 98°C for 10 seconds, 60°C for 30 seconds,
72°C for 30 seconds and 72°C for 5 minutes.

- Thermocycler held at 10°C on completion.
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3.11.10. First hybridisation

At this stage, a selected pool of oligos is hybridised with the cfDNA libraries. The custom
oligos designed from our gene panel were used rather than standard rapid capture
Trusight 170 oligos. 20ul of each DNA library were added to a new plate labelled HYB1.
The central wells on the plate were used to minimise evaporation during the PCR reaction.
15ul of target capture buffer 1 (TCB1) were added to each well. 10ul of target capture
additives 1 (TCA1) were added to each well. 5ul of custom oligo mix (1.25ul oligo and
3.75ul resuspension buffer) were added, as the oligos were prepared at a higher

concentration than the standard kit oligo mix. The plate was sealed and vortexed.

The plate was placed on the thermocycler and the HYB1 program listed below was run (1
cycle only).

Settings: - 95°C for 10 minutes
- 95°C for 2.5 minutes
- 85°C for 2.5 minutes

- 75°C for 2.5minutes
- 65°C for 2.5minutes

- Temperature held at 57°C for hybridisation overnight

(18 hours total)
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3.11.11. First capture

During this process, streptavidin magnetic beads (SMB) were used to capture probes
hybridised to targeted regions of interest. Wash steps are to remove any products with
non-specific binding. The enriched library is then eluted from the beads prior to a second

hybridisation.

Binding step
150ul of streptavidin magnetic beads were added to pre-labelled sample 1.5ml tubes.

Then 50ul from each library preparation were added to the appropriate tube. Tubes were
sealed and vortexed and samples were incubated at 57°C for 25 minutes, shaking
intermittently to stop the beads settling. Samples were placed on a magnetic stand for 2

minutes and the supernatant was removed.

The tubes were removed from the magnetic stand. 200ul of enhanced enrichment wash
2 (EEW2) were added to each well. Samples were pipette mixed five times, then sealed
and vortexed. Samples were incubated at 57°C for 5 minutes, then placed on a magnetic
stand for 2 minutes. Whilst remaining on the magnetic stand, samples were pipetted to
remove and discard the supernatant. The wash step was repeated twice, performing 3

washes in total.

Elution step

The reagents enrichment elution 2 (EE2) and 2NNaOH (HP3) were combined to form an
elution mix — for 16 samples, 456l of EE2 and 24ul of HP3 were mixed. Samples were

vortexed for 2 minutes.

17ul of the elution mix were added to each bead pellet. The samples were vortexed for 2
minutes to mix. All samples were placed on the magnetic stand for 2 minutes. 15ul of
each eluate were transferred to a new plate (ELU1 — using the middle wells again to reduce
evaporation as further PCR was required). 5ul of elution target buffer 2 (ET2) were added

to each eluate. The plate was microsealed and vortexed for 2 minutes.
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3.11.12. Second hybridisation

A second hybridisation step increases the specificity of targeted cfDNA regions. 15ul of
TCB1 and 10ul of TCA1 were added to each well. Custom oligos were diluted (1.25ul
custom oligos and 3.75ul resuspension buffer) and 5ul of the diluted custom oligos were
added to each sample well. Samples were run on the pre-programmed HYB2 program on
PCR for 2 hours (recommended hybridisation time of 1.5 to 4 hours). This was the same

program as the HYB1 program (for 1 cycle only).

Settings: - 95°C for 10 minutes
- 95°C for 2.5 minutes
- 85°C for 2.5 minutes

- 75°C for 2.5 minutes
- 65°C for 2.5 minutes

- Temperature held at 57°C for 1.5 hours

3.11.13. Second capture

Binding step

The ELU1 plate was removed from the thermocycler. 150ul of streptavadin magnetic
beads (SMB) were added to each pre-labelled sample tube. 50ul of each library from the
ELU1 plate were added to the corresponding sample tube. Samples were vortexed and

incubated at 57°C for 25 minutes.

Samples were placed on a magnetic stand for 2 minutes. Whilst on the magnetic stand, a

pipette was used to remove and discard the supernatant from each well.

Wash step

Samples were removed from the magnetic stand. 200ul of resuspension buffer were
added to each well. Samples were mixed with a pipette and placed on a magnetic stand

for 2 minutes. A pipette was used to carefully remove and discard the supernatant.
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Elution step
An EE2+HP3 Elution mix was prepared and mixed — 456ul of EE2 and 24ul of EE3 were

used for 16 samples. The samples were removed from the magnetic stand. 22l of the
EE2+HP3 Elution mix were added to each sample pellet. Samples were vortexed for 2
minutes, then placed on a magnetic stand for 2 minutes. 20ul of eluate from each sample
tube were transferred into the corresponding well of a new plate labelled ELU2. 5ul of

ET2 were added to each eluate in the ELU2 plate. The plate was vortexed for 2 minutes.

3.11.14. Amplification of enriched library

S5ul of PCR Primer cocktail 3 (PPC3) were added to each well of the ELU2 plate. 20ul of
EPM were added to each well. The plate was vortexed for 2 minutes. The ELU2 plate
was placed on a thermocycler and samples were run on the following PCR program

stored as EL-PCR (run for 1 cycle only).

Settings: - Preheated lid at 100°C
- 98°C for 30 seconds
- 18 cycles of: 98°C for 10 seconds, 60°C for 30 seconds, 72°C for 30

seconds, 72°C for 5 minutes

- Held at 10°C on completion.
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3.11.15. Clean-up of enriched library

Bind step

This step uses sample purification beads (SPB) to purify the enriched library from
unwanted reaction components. A new 96 well plate was pre-labelled as BIND2. The
ELU2 plate was removed from the thermocycler. 110ul of SPB were added to each well
of the BIND2 plate. 50ul of each library from the ELU2 plate were transferred to the
corresponding well of the BIND2 plate. The plate was vortexed for 2 minutes and

incubated at room temperature for 5 minutes.

Wash step

The BIND2 plate was placed on a magnetic stand for 5 minutes. All supernatant from each
well was removed and discarded. 200ul of fresh 80% (v/v) ethanol were added to each
well for 30 seconds, then removed and discarded. The wash step was repeated. All

residual supernatant was removed from each well.

Elution step

The BIND2 plate was removed from the magnetic stand. 32ul of resuspension buffer were
added to each well. The plate was mixed and vortexed for 2 minutes. Samples were
incubated at room temperature for 2 minutes, then the plate was placed on a magnetic
stand for 2 minutes. 30ul of each eluate were transferred from the BIND2 plate to the

corresponding well on a new plate labelled PL.
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3.12. Next generation sequencing
3.12.1. Next generation sequencing preparation

Next generation sequencing preparation was performed by Raf Hussain at the Genomics

Core Facility at Newcastle University.

3.12.2. Quantification of enriched library

Libraries were first reviewed using the TapeStation with HS D5000 ScreenTape and
reagents as discussed in Section 3.11.3. This allowed the visualisation of fragment peaks
with the samples to check that libraries appeared similar in peak distribution. Samples
were also quantified using Qubit as discussed in Section 3.11.2 in duplicate prior to

normalisation to ensure consistency.

3.12.3. Normalisation of library
This process ensures that the samples are uniform in quantity before libraries are pooled
for next generation sequencing. The samples were diluted to match the concentration of

the lowest value with PCR grade H20.

3.12.4. Next generation sequencing methods

Library pools were prepared by Raf Hussain and run on the NextSeq 500 sequencer
(llumina) using the NextSeq 500/550 High Output kit (Illumina, #20024906) as per the
manufacturer’s protocol. Samples were run for 75 cycles with paired end reads and dual

indexing performed.

3.13. Analysis of next generation sequencing data

Dr. lIglika Ivanova from the Perkins’ lab worked with Dr. Peter Leary at Newcastle
University Bioinformatics Support Unit (BSU) to develop an analysis pipeline where variant
calling could be made with high confidence. This was coordinated via the use of Mutect2

analysis software. This method is discussed extensively in Section 6.11.
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4. Results 1: What happens to mouse models of B-cell
lymphoma in response to CHK1i monotherapy?

4.1. Introduction to chapter

The Eu-Myc mouse is a transgenic model with translocation of the oncogene c-MYC onto
the IgH enhancer in B cells which leads to the development of aggressive B-cell
lymphomas (260). This is a good mouse model to use to study the effects of CHK1
inhibition as there is oncogene-induced replication stress driven by MYC
(150,390,417,418). Previous work by the Perkins’ lab has demonstrated that upon tumour
development, when implanted into WT mice, Ep-Myc tumours are sensitive to a 9-day
treatment course of CHK1 inhibitor (CHK1i) monotherapy. This leads to a reduction in
tumour bulk compared to vehicle treated controls (147). The drug used in this study was
the tool compound CCT244747 and a precursor of SRA737, the CHK1i currently in phase
1/2 clinical trial (147,150).

Additional unpublished work by the Perkins’ lab has shown that when the NF-«kB c-Rel -/-
mouse and the NF-kB RelA T505A mutant mouse were crossed onto the Ep-Myc model,
the resulting lymphomas in these mice are resistant to CHK1 inhibition. Moreover, both
the Ep-Myc/c-Rel -/- and Ep-Myc/RelA T505A mutant mice have been found to have low
levels of Claspin mRNA and protein. This also correlated with an earlier onset of

lymphoma in both the Eu-Myc/c-Rel -/- and Eu-Myc/RelA T505A models.

Claspin is an adaptor protein in the DDR and has an important role in the ATR/CHK1
signalling pathway (242). Claspin plays a role in the surveillance of normal replication
(245) and mediates phosphorylation of CHK1 and its subsequent activation by ATR in
response to DNA damage and replication stress (243). In addition, Claspin degradation is
required for checkpoint recovery after cell cycle arrest (253). CHK1 can phosphorylate
and stabilise Claspin to allow continued checkpoint activation, therefore CHK1 inhibition
and subsequent destabilisation of Claspin could lead to enhanced replication stress and

cell death (245). The mechanism behind the change of Claspin expression is currently
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unclear, but it could mean that CHK1 inhibitor resistant cells also downregulate other

ATR/CHK1 pathway mediators to prevent cell death.

We also do not know if the previous results seen after 9 days of CHK1 inhibitor are a true
reflection of a treatment response. | will therefore also examine the acute response to
CHK1 inhibition after a single dose of CHK1 inhibitor to how this will impact on the gene

and protein expression of DNA damage response markers.

This chapter will further investigate changes in DNA damage response gene expression in
the CHK1i sensitive Eu-Myc mouse model. Genes with significant changes in expression
and a correlation with treatment response in tissue will also be investigated in the CHK1i
resistant Epu-Myc/c-Rel -/- mouse model. The presence of DDR gene expression changes
between the two mouse models could provide valuable information about the markers of
treatment response and resistance to CHK1i. Efficacy with the clinical compound SRA737
has already been shown in the Eu-Myc WT model (147), therefore my work in this chapter

has the potential to enhance the understanding of CHK1i sensitivity.
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4.2, Chapter aims and hypotheses

Research aim 1 - To analyse changes in DNA damage response pathway gene expression

in sensitive and resistant transgenic models in response to CHK1.i.

e Hypothesis - DNA damage response mechanisms will be upregulated in sensitive
models in response to CHK1 inhibition.

e Hypothesis - There will be differences in the regulation of DNA damage response
pathway gene expression between sensitive and resistant mouse models.

Research aim 2 - To analyse for acute changes in DNA damage response pathway gene
expression in mouse models in response to CHK1 inhibitor treatment.

e Hypothesis - DNA damage response gene expression will be upregulated post
CHK1 inhibitor treatment.

e Hypothesis - There will be differences shown in DNA damage gene expression
between the 8, 24 and 48 hour time points after a single dose of CHK1 inhibitor
treatment.

Research aim 3 - To investigate statistically significant genes of interest at the protein
level.

e Hypothesis - Protein expression will correlate with changes in DNA damage
response gene expression.
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4.3. Inguinal lymph node weight decreases following 9 days of CHK1 inhibitor treatment
in the Eu-Myc mouse model

Data and subsequent inguinal lymph node tissue samples from the previously published
Ep-Myc study were obtained from Dr. J Hunter (147). The Ep-Myc mouse model is a model
of B-cell ymphoma driven by overexpression of c-MYC. The Eu-Myc mouse responds to
CHK1 inhibitor treatment with a reduction of tumour burden. This mouse was used in
these studies as it is a good model for oncogene induced replication stress. In addition,
other MYC-driven mouse models and cell models of neuroblastoma have shown efficacy
with the CCT244747 CHK1 inhibitor in pre-clinical development and also the SRA737 CHK1

inhibitor treatment during early drug development (150,419).

Cells from Ep-Myc tumours were re-implanted into multiple synergistic recipient mice.
Lymphoma was allowed to develop in the WT mice before commencing treatment with
100mg/kg CCT244747 once daily orally for 9 days (Figure 4.1A). Mice were culled 24 hours

after the last dose of CHK1 inhibitor treatment.

Inguinal lymph node weight decreased following CHK1i treatment in the Ep-Myc mouse
model following 9 days of CHK1 inhibitor treatment (Control 0.0029 +0.00026; CHK1i
treated 0.0013+0.00021; p=0.0002. Shown in Figure 4.1B. This shows that these mice
have responded to treatment with the CCT244747 CHK1 inhibitor.
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Figure 4.1. Ep-Myc mice respond to treatment with the CCT244747 CHK1 inhibitor. Data obtained
from Dr. Jill Hunter. WT mice were re-implanted with tumours from the Eu-Myc mouse model and
lymphoma allowed to develop. Mice were then treated with 100mg/kg CCT244747 once daily orally for
9 days. A) Schematic showing CHK1i treatment. B) Inguinal lymph node weight in vehicle treated mice
compared to CHK1i treated mice. Graph shows mean #SEM. An unpaired Student’s t-test was
performed (p=0.0002).
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4.4. DNA damage response gene expression increases in inguinal lymph node of the Ep-
Myc mouse model

To investigate the DDR response in the Ep-Myc mouse model, RNA was extracted from
the inguinal lymph nodes from both CHK1i-treated and vehicle control treated mice from
the previously listed study as per 3.3.2. after 9 days of CHK1 inhibitor therapy. qPCR was
performed using RPL13A as the reference gene. Genes tested included genes from the
ATR/CHK1 pathway, the ATM/CHK2 pathway and a selection of non-homologous repair
and apoptotic pathways (Table 4.1). This was to assess the response of the DDR response
genes in a model responsive to CHK1 inhibitor therapy. The drug used was CCT244747,

the laboratory compound related to the SRA737 trial drug.

Overall, the CHK1i treated mice showed a large increase in DDR expression showing
activation of DDR pathways. This was most prominently seen with genes associated with
the ATR/CHK1 pathway upstream of CHK1 and the ATM/CHK2 pathways, but also with
genes associated with transcription and cytoskeleton regulation. There has, however,
been a general increase in gene expression in both positive and negative regulators of the

cell cycle.

The greatest fold changes in gene expression were seen in RAD50 (x5.3), ATR (x5.1) and
ATM (x4.9). Statistically significant expression changes were also shown in TOPBP1,
RAD17, CLASPN (gene for Claspin protein), CHEK1 (gene for CHK1 protein) and ATRIP from
the ATR/CHK1 pathway and TP53 (gene for p53 protein), NBS1, MDM2, CHEK2 (gene for
CHK2 protein) and MRE11 from the ATM/CHK2 pathway. This could indicate that after
CHK1 inhibition, the ATR/CHK1 pathway is upregulated upstream of CHK1 to try and halt
the cell cycle and allow for cell repair. The increase in CLSPN expression after CHK1i
treatment correlates with previous evidence from the NDP lab that this is increased in the

CHK1 inhibitor responsive Ep-Myc model.
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Table 4.1. Summary of DDR gene expression following CHK1i treatment. Tissue from the Ep-Myc mouse
model inguinal lymph nodes was extracted after 9 days of CCT244747 CHK1 inhibitor treatment compared
to vehicle control treated mice and real time qPCR was performed on genes associated with the ATR/CHK1

and ATM/CHK2 pathways along with genes that regulate apoptosis pathways. NS = not significant.

Gene Direction Fold p value Gene pathway Reference
change change
RAD50 Increase 5.3 0.0217 ATM/CHK2 (15,49,108)
ATR Increase 5.1 0.0065 ATR/CHK1 (6,82,420,421)
ATM Increase 4.9 0.0071 ATM/CHK2 (82,124,179)
LIMA1 Increase 4.5 0.0092 CytoskeI‘eton (422,423)
regulation
RAD17 Increase 4.1 0.0045 ATR/CHK1 (82,424,425)
CDC25A Increase 3.9 0.0031 ATR/CHK1 (123,131,426)
BACH2 Increase 38 0.0186 Transcription (204,427)
regulation
CLSPN Increase 3.6 0.0186 ATR/CHK1 (179,244,428)
NBS1 Increase 3.2 0.0032 ATM/CHK2 (49,108,429)
Bcl-xL Increase 3.1 0.0054 .Antl-'apoptotlc, c'an (116,430)
impair p53 function
TOPBP1 Increase 2.7 0.0474 ATR/CHK1 (97,431)
ATM/CHK2;
TP53 Increase 2.6 0.0187 /CHK2; master | (32,146,151)
regulator gene
Controls G1/S and
CYCLINA2 | Increase 26 0.0077 G2/M (179,432,433)
Complexes with CDK1
and CDK2
CHEK1 Increase 2.3 0.0007 ATR/CHK1 (6,9,82,87)
BID Increase 2.1 0.0109 Pro-apoptosis (434)
CDK2 Increase 2.1 0.0014 | ATR/CHK1-G1/Scell | (132,179,435)
cycle progression
MDM?2 Increase 2.1 0.0095 ATM/CHK2 (44,137,436)
ATRIP Increase 1.9 0.0083 ATR/CHK1 (425,431,437)
MRE11 Increase 1.8 0.0107 ATM/CHK2 (49,108)
CHEK2 Increase 1.7 0.0037 ATM/CHK2 (18,131,143)
BAX NS 13 0.0632 Apoptosis regulated by (434,438)
p53
Downstream
CCND1 NS 1.7 0.0591 | regulatory subunit of (329,439)
CDK4 and CDK6
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Gene Direction Fold p value Gene pathway Reference
change change
CDKN1A NS 17 0.0629 Downstream regulator (46,440)
CDKs — CDK2
CDK4 Increase 16 | 00023 G1/5 cell cycle (204)
progression
L1G4 NS 16 0.3669 DNA repair through (74,432)
NHEJ
Can cause cell cycle
arrest; Downstream (46,276,397)
CDKN2A NS 1.5 0.0858 1410,
regulator CDKs — CDK4
&CDK6
CCNE1 NS 14 0.065 Downstream regulator | (179,436,441)
of CDK2
CDK1 NS 11 0.179 ATM/CHK2 — G2/M cell (132,432,442)

cycle progression
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The upregulation of the ATM/CHK2 pathway is interesting as this indicates that cells are
attempting to repair damage using other mechanisms. This could also indicate that the
drug is working leading to enhanced DNA damage and an increase in double stranded DNA

breaks leading to activation of ATM and CHK2.

Downstream of CHK1, there is also an increase demonstrated in CYCLIN A2, CDK2 and
CDC25A expression. This could be secondary to the inhibition of CHK1 leading to a failure
to halt cell cycle regulation (426,435,443). This would be more indicative of a drug
response leading to further DNA damage by keeping these genes upregulated in response
to treatment. This could also represent a cell survival mechanism as the cells could be

evading cellular repair and apoptosis.

LIMA1 is associated with the regulation of the cytoskeleton (422,423) and this was also
markedly elevated in CHK1i treated mice compared to vehicle controls (X 4.5-fold change).
This could mean that structural changes have occurred in the responsive cells indicating
enhanced DNA damage. Conversely, this could indicate that surviving cells have adapted
structurally in order to survive drug treatment. BACHZ2 is a regulator of transcription (427)
and was increased x 3.8-fold. This could again indicate that gene expression changes after
9 days have been established and again that the cells have adapted to the CHK1 inhibitor

treatment to allow survival.

A mixed picture was demonstrated by markers of apoptosis. The pro-apoptotic gene BID
was raised which could indicate an increase in cell death secondary to treatment. This is
however contrasted by a high expression of the anti-apoptotic gene BCL-XL which

indicates that after 9 days, some of the cells may have adapted to survive drug challenge.
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Figure 4.2 shows results for genes with the largest change shown for ATR, ATM, RAD17
and RAD50. As discussed, after 9 days of CHK1i therapy it is difficult to establish if the
change seen is an ongoing response to the CHK1i, or a surviving population of cells that
do not respond to therapy. The increase of both anti- and pro-apoptotic genes could
indicate a mixed population of responsive and resistant tumour cells. This could also be
reflective of normal cellular behaviour as the gene expression changes between

responsive vs non-responsive cell behaviour had not been determined in this population.
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Figure 4.2. DDR genes upregulated in inguinal LN in Ep-Myc mice following CHK1 inhibitor treatment.
N=1. Genes with the greatest fold change response post 9 days treatment with CHK1 inhibitor. Data
were normalised using the 2-ACT method (R = 2—[ACP sample — ACP control]) using the gene RPL13A as
reference. Graphs show mean + SEM. A) ATR (x5.1), B) RAD17 (x4.1), C) ATM (x4.9) and D) RAD50 (x
5.3). Statistical difference calculated using Student’s t-test. ** = p<0.01; * = p<0.05.
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Although the overall trend in treated mice showed an increase in DDR expression, not all
genes tested showed a significant response. The RPL13A ribosomal protein selected as
the reference gene did not change with CHK1 inhibitor treatment (data not shown),

therefore this indicated that this was a good reference gene selection (444).

In addition, there was no significant change in the genes CCND1, CCNE1, CDKN1A,
CDKN2A, BAX and LIG4. CCND1, CCNE1 CDKN1A and CDKNZ2A regulate CDKs leading to
cell cycle arrest (46,393,440,441). If there is no upregulation of these genes in response
to DNA damage caused by CHK1 inhibition, this could lead to a failure to halt the cell cycle.
This could again be indicative of a response pattern to the CHK1 inhibitor. BAX is
associated with p53-regulated apoptosis (434). It could indicate that the cells are
undergoing apoptosis via a different pathway, but this could also mean that this is not
increased to allow cell survival. LIG4 is associated with DNA repair by non-homologous
end joining (70,74). This could indicate that the cellular repair is driven predominantly by
homologous repair and this would fit with the increase in expression with genes

associated with the ATR/CHK1 and ATM/CHK2 pathways.

Identifying genes that do not change in the Ep-Myc mice after 9 days of CHK1i treatment
demonstrated that changes seen are likely to be a true effect on the pathways rather than
a non-specific effect on gene expression. Figure 4.3 shows some examples of genes that
did not change with CHK1 inhibitor treatment. Gene expression may not be fully reflective
of protein expression, however, and that is why protein expression in these mice was also

investigated.
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Figure 4.3. An increase in gene expression is not universally demonstrated in the Eu-Myc model
mouse. N=1. Data were normalised using the 2-ACT method (R = 2—[ACP sample — ACP control]) using
the gene RPL13A as reference. Trends still show a general increase in gene expression; however, no
statistically significant fold change was demonstrated in these genes. Graphs show mean + SEM. A)
CCNE1 (x1.4), B) CDKN1A (x1.7), C) BAX (x1.8) and D) LIG4 (x 1.6). Statistical difference calculated using
Student’s t-test. ** = p<0.01; * = p<0.05.
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4.5. DDR gene expression correlates with LN weight in sensitive mice after 9 days CHK1i
treatment

To further investigate whether the gene expression changes seen were a consequence of
the effectiveness of CHK1 inhibitor treatment on lymphoma growth, | performed a more
in depth statistical analysis. The aim of this was to determine whether there was an
association between CHK1i treated Ep-Myc mice and their corresponding inguinal lymph
node weights after treatment, the latter being a marker for the effectiveness of the drug
treatment. Spearman’s r correlation was calculated for each of the genes that | had
performed gPCR on using the 2-ACT values (as discussed in Section 3.3.7) alongside
normalised inguinal lymph node weights. Correlation was performed on vehicle treated
control treated and CHK1i treated mice separately. 8 vehicle treated control mice and 9

CHK1 inhibitor treated Eu-Myc mice were analysed.

Genes were grouped into four main groups based on correlation pattern, and this is shown
inTable 4.2. The first group highlighted in orange, shows a significant negative correlation
with both the control treated and CHK1i treated mice. The second group highlighted in
green shows a significant negative correlation with CHK1i treatment only. The group
highlighted in blue shows significant correlation with the control group only. The final

highlighted group in purple shows no statistically significant correlation pattern.

A negative correlation between gene expression and inguinal lymph node weight in
treated mice was shown for ATR, NBS1, CDKN1A, TOPBP1, TP53, ATM, CHEK1, BACHZ2,
CDKN2A and Bcl-xL. ATR, TOPBP1, CHEK1 and CDKNZ2A are all associated with the
ATR/CHK1 pathway and NBS1, TP53 and ATM are part of the ATM/CHK2 pathway. BACH2

is involved in the transcriptional regulation of B cells.
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Table 4.2. Spearman’s r correlation of DDR genes with LN weight. Genes are grouped by correlation
results. Yellow = significant correlation with control and CHK1. Green = Significant correlation with
CHK1i only indicating that as LN weights decreased, gene expression increased. Blue = significant
correlation with control only. Purple = no correlation seen. NS= not significant. (p value <0.05 taken as
statistically significant).

CHK1 i
|Gene - +

r p value r |p value
ATR -0.7857 0.0279 -0.7005 |0.0418
NBS1 -0.8095 0.0218 -0.7591 0.0337
CDKN2A -0.7381 0.0458 -0.8271 0.0086
CHEK1 -0.8095 0.0218 -0.6992 0.0408
ATM -0.7143 NS -0.8946 0.0022
TOPBP1 -0.6667 NS -0.8018 0.0128
TP53 -0.6071 NS -0.9429 0.0167
Bcl-xL -0.5714 NS -0.8608 0.0047
BACHZ2 -0.5238 NS -0.7849 0.0162
CHEK2 -0.9286 0.0067 -0.6583 NS
RAD50 -0.7619 0.0368 -0.4811 NS
MDM?2 -0.8333 0.0154 -0.5908 NS
MRE11 -0.7381 0.0458 -0.5940 NS
RAD17 -0.7857 0.048 -0.6330 NS
BID -0.8982 0.005 -0.4338 NS
CYCLINA2  |-0.7857 0.0279 -0.6060 NS
CLSPN -0.7857 0.0279 -0.5739 NS
CDK4 -0.4286 NS 0.0337 NS
CDK2 -0.6905 NS -0.1857 NS
CDK1 -0.6905 NS -0.4217 NS
CCNE1 -0.5714 NS -0.1857 NS
ATRIP 0 NS -0.5127 NS
CCND1 -0.6667 NS -0.3207 NS
BAX -0.4762 NS -0.6414 NS
CDC25A -0.6190 NS -0.6498 NS
LIG4 -0.6667 NS -0.3545 NS
LIMA1 -0.6905 NS -0.6667 NS
CDKN1A -0.2162 NS -0.3758 NS
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The group highlighted in green in Table 4.2 shows that for ATM, TOPBP1, TP53, Bcl-xI and
BACH2, there is no correlation pre-treatment and a negative correlation after CHK1i
treatment. This indicates that as tumour weight decreased, the expression of these genes
was demonstrated to increase. This could indicate that the loss of CHK1 pathway activity
may have led cells to induce gene transcription of other genes, such as ATM and TP53 to

induce compensatory signalling pathways.

In contrast, CHEK2, RAD50, MDM2, MRE11, RAD17, BID, CDK1, CYCLINA2 and CLSPN
negatively correlate with lymph node weight pre-treatment but are not correlated after
CHK1itreatment (Table 4.2). There appears to be a change of these genes following CHK1i
treatment; as the genes that are negatively correlated in the untreated mice are no longer
significantly correlated in CHK1i treated mice. This may reflect a dysregulation of these

genes after treatment with CHK1i.

MRE11 and RAD50 are involved in the recruitment of ATM along with NBS1 as part of the
MRN complex (124,127). In contrast to MRE11 and RAD50, there has been a negative
correlation demonstrated in both control and CHK1i mice for NBS1. CHEK2 has also shown
a loss of correlation after CHK1i treatment. Activated CHK2 phosphorylates CDC25A
leading to degradation and lack of CDK1/cyclin B activation (55,131). CHK2 also causes
cell cycle arrest by phosphorylating the tumour suppressor p53 on Serl5 and Ser20
(132,133). Loss of cell cyclin and p53 regulation could potentially lead to increased cell

damage with CHK1i exposure.

ATR and TOPBP1 are upstream of CHK1 in the ATR/CHK1 pathway and have been shown
to be upregulated in response to CHK1 inhibition (Table 4.1). ATR and CHEK1 are
negatively correlated with both untreated and CHK1i treated mice, indicating that gene
expression levels increase with a decrease in inguinal lymph node weight. This could be
indicative of the importance of their role in cell cycle control. CHK1 inhibition is known to
increase DNA damage and lead to an increase in ATR recruitment to sites of damage (90).

RAD17 and CLSPN are genes also involved in ATR/CHK1 pathway activation pathway
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(18,90,91), however the same correlation pattern is not seen in these genes after the

CHK1i treatment.

BACH?2 is also negatively correlated in CHK1i treated mice. BACH2 is a lymphoid-specific
transcription factor with a role in B-cell development (427). Given that gene expression
levels of BACH2 increase with CHK1i treatment, this could be indicating an attempt to

increase B-cell regulation when there is drug enhanced B-cell stress.

TOPBP1 is negatively correlated with CHK1i treated mice only (Table 4.2). TOPBP1 is
required for effective ATR activation (52), therefore an increase of TOPBP1 expression
with CHK1i treatment is likely due to an attempt by the cells to cope with CHK1 inhibition
and the associated increase in ATR | have observed. The increased gene expression of
ATM and TP53 (Table 4.1) are likely to be due to enhanced genomic instability and an
increase in double strand DNA breaks due to CHK1 inhibition and an inability to repair

single stranded DNA breaks (90).

CDKN2A is capable of inducing cell cycle arrest in G1 and S phases and interacts with p53
(417,445). The protein can also act as a downstream inhibitor of cyclin dependent kinases
(CDKs) including CDK4 and CDK6 (44,417). The negative correlation of increased gene
expression with reduced lymph node weight (Table 4.2) might suggest that the CHK1i
treated cells are undergoing cell cycle arrest as a means to attempt to repair the DNA
damage caused by CHK1 inhibition, or for the cell to ultimately decide it cannot cope with
anymore genomic instability, and it will die. It would now be useful to further investigate
the downstream gene expression of CDKs and see if changes in expression also correlate
with a reduction in inguinal LN weight or whether levels of expression are reduced due to

CHK1 blockade.

The proteins Bcl-xL and p53 are both involved in the regulation of apoptosis (210). A
negative correlation of these genes with inguinal lymph node weight in responsive tissue
(Table 4.2) could be indicating different patterns within cells. The change in TP53 could

imply that apoptosis is occurring in the CHK1i tumour cells. This demonstrates that the

196



CHK1i is causing some degree of tumour death in the Eu-Myc model and this response
correlates with a reduction in tumour bulk. Bcl-xL however is anti-apoptotic; therefore,
cells may be adapting in order to survive and escape. This could be a consequence of a
mixed population of cells both sensitive and resistant to CHK1i treatment. BAX and LIG4
also showed no significant change in gene expression (Table 4.1). BAX is also a pro-
apoptotic gene (434), but it may be that this gene is not associated with DNA damage

repair upon CHK1 inhibition.

ATRIP shows no correlation between untreated or CHK1 inhibited lymph node samples
(Table 4.2). ATRIP is upstream of CHK1, it could be that as a co-factor of ATR (87,160) the
downstream impact on tissue change is not regulated by this gene. CDK2 and CDK4 are
downstream from CHK1 and have low gene expression levels in the tissue as determined
by qPCR as well has showing no correlation with inguinal lymph node weight (there is no
demonstrated association with gene expression and the inguinal lymph node weight).

Therefore, these genes may not be activated in these CHK1i treated mice.

CDC25A and CDK1 are genes involved in the regulation of the downstream cell cycle
kinases of CHK1 (93,94,446) and do not show any correlation with LN weight. There is
also a lack of correlation with the downstream effectors of CHK2, including the genes
cyclin A2 and CDK2. Dysregulation of these downstream regulators could be due to an
effective CHK1 block by the CHK1i. Changes in CDK and cell cyclin regulation could lead
to increased genomic instability and cell damage. It could be simply also that expression

of these genes is not altered with CHK1i treatment.

Examples of correlation patterns between inguinal lymph node weight and gene
expression are shown in Figure 4.4. This displays linear regressions and Spearman’s
correlations for ATR, ATM, RAD50 and RAD17. These genes were selected as they had the
highest initial fold change in gene expression. ATR, ATM, RAD17 and RAD50 subsequently
have been shown to have a negative correlation, but the findings were not statistically

significant for RAD50 and RAD17.
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Figure 4.4. DDR gene expression is not universally positively correlated with a decrease in inguinal
lymph node weight in the Eu-Myc mouse model. Graphs show linear regression and Spearman’s r
correlation for A) ATR, B) RAD17, C) ATM and D) RAD50. ATR and ATM subsequently have been shown
to increase with a reduction in inguinal lymph node weight. A similar pattern is shown for RAD17 and
RAD50 but the correlation is not statistically significant in the context of CHK1 treatment. (p value <0.05
taken as statistically significant).
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4.6. Inguinal lymph node DDR gene expression does not increase in Eu-Myc/c-Rel -/-
mice in comparison to the Eu-Myc model

Given the DDR gene expression changes in WT Ep-Myc mice, | wanted to determine
whether similar changes were occurring in the resistant Ep-Myc/c-Rel -/- mice. Therefore,
gPCR was performed on inguinal lymph nodes using the same primers as used in the Ep-
Myc model. Table 4.3 lists the genes tested in the Ep-Myc/c-Rel -/- mice. These mice
were also treated with 9 days of the CCT244747 CHK1i as shown in Figure 4.5. These mice
had previously been demonstrated to show low Claspin levels (Dr. J Hunter, pre-
published), therefore | wanted to see if related DDR genes were also lower in the resistant

model.

In striking contrast to the Eu-Myc CHK1i responsive model, no statistically different
change was seen in gene expression between the vehicle control treated and CHK1i
treated Eu-Myc/c-Rel -/- mice. Table 4.3 and Figure 4.6 show that in genes that showed
a significant change in gene expression in the sensitive Ep-Myc mice, such as ATM, ATR,
CLSPN and CHEK1, there is no significant change. This is the same for both the control and
CHK1i treated Epu-Myc/c-Rel -/- mice. This could be that the homologous repair pathways
of ATR/CHK1 and ATM/CHK2 are not activated in these mouse groups in response to
CHK1i treatment. It could also be that these genes are suppressed in these mice and
therefore little change is seen between groups — this could also explain the previously

demonstrated low levels of CLSPN in the Eu-Myc/c-Rel -/- model.

Genes that did not show a significant change in expression or fold change in the Ep-Myc
mice, such as CDK2, CCND1, CYCLIN A2 and CDK4 were also assessed in the Ep-Myc/c-Rel
-/- mice. This was to see if, conversely, these genes had increased expression after

treatment compared to the Ep-Myc model. Again, no difference was demonstrated.
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Table 4.3. Summary of DDR gene expression in the Ep-Myc/c-Rel -/- mouse model following CHK1i
treatment. Tissue from the Eu-Myc/c-Rel -/- mouse model inguinal lymph nodes was extracted after 9 days
of CCT244747 CHK1 inhibitor treatment compared to vehicle control treated mice. Real time qPCR was
performed on genes associated with the ATR/CHK1 and ATM/CHK2 pathways along with genes that regulate
apoptosis pathways. In contrast to the CHK1i responsive Epu-Myc mice, there are no significant fold changes
seen (p value <0.05 taken as statistically significant).

Complexes with
CDK1 and CDK2

Gene Direction Fold p value Gene pathway Reference
change change
ATM Decrease 0.8 0.793 ATM/CHK2 (82,124,179)
ATR No change 1.1 0.2218 ATR/CHK1 (6,82,420,421)
Downstream
CCND1 Decrease 0.6 0.9586 regulatory subunit (329,439)
of CDK4 and CDK6
Downst
CCNE1 Decrease 0.9 0.6139 ownstream (179,436,441)
regulator of CDK2
ATR/CHK1 - G1/S
CDK2 No change 1.0 0.7853 cell cycle (132,179,435)
progression
G1/S cell cycl
CDK4 No change 1.5 0.4268 /5 cell cycle (204)
progression
CHEK1 No change 1.0 0.6697 ATR/CHK1 (6,9,82,87)
CLSPN Decrease 0.4 0.4269 ATR/CHK1 (179,244,428)
Controls G1/S and
G2/M
CYCLINA2 | Decrease 0.9 0.6328 / (179,432,433)
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Figure 4.5. Schematic showing CHK1i treatment with the CCT244747 CHK1 inhibitor in the Epn-Myc/c-
Rel -/- model 9 day study. A) WT mice were re-implanted with tumours from the Ep-Myc/c-Rel -/-
mouse model and lymphoma allowed to develop. B) Mice were then treated with 100mg/kg CCT244747
or vehicle control once daily orally for 9 days. A, B C, D and E in the graphs shown in C) and D) indicate
two matched mice implanted with the same tumours, one treated with vehicle control and one with
CCT244747. C) Data indicating clinical response in inguinal lymph nodes of Eu-Myc mice after 9 days of
CHK1i treatment as already discussed, with a reduction in lymph node weight with CHK1i treatment. D)
Data for the Eu-Myc/c-Rel -/- mouse model showing no reduction of inguinal lymph node weight after 9
days of CHK1i treatment. This indicates resistance to the CHK1i CCT244747.
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Figure 4.6. DDR expression does not increase in the Ep-Myc/c-Rel -/- model following 9 days of
CCT244747 CHK1 inhibitor treatment in contrast to gene expression changes shown in the Ep-Myc
model. N=1. Data were normalised using the 2-ACT method (R = 2—[ACP sample — ACP control]) using
the gene RPL13A as reference. A) ATR; B) ATM and C) CHEK1 shows a significant increase in gene
expression post CHK1i treatment in the Ep-Myc mice but not the Ep-Myc/c-Rel -/- mice. D) CCNEI; E)
CYCLIN A2 and F) CDK2 also do not show a significant increase in gene expression post CHK1i treatment
for the Eu-Myc/c-Rel -/- mouse model (note - CCNE1 not statistically significant for both Eu-Myc and Ep-
Myc/c-Rel -/- mouse models). Statistical difference calculated using Student’s t-test. ** = p<0.01; * =

p<0.05.
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4.7. No differences were demonstrated in DDR protein expression between the Ep-Myc
mouse model and Ep-Myc/c-Rel -/- mouse model post 9 days of CHK1 inhibitor
treatment

Given that changes in gene expression are not always reflective of changes shown at the
protein level, we wanted to further examine what happens to protein expression in both
the Ep-Myc and Ep-Myc/c-Rel -/- mice after 9 days of CHK1 inhibitor treatment.
Therefore, western blot analysis was performed to check protein levels of key DDR genes
in the same Ep-Myc and Ep-Myc/c-Rel -/- mice used for gPCR. Protein samples were

obtained from lymph node tumours as were the samples for RNA analysis.

The protein targets selected were genes that showed a statistically significant change in
gene expression after 9 days of CHK1 inhibitor therapy earlier in WT Eu-Myc mice. Results
are shown in Figure 4.7. Western blot data shows no clear differences in protein
expression between the Epu-Myc and the Epu-Myc/c-Rel -/- mice. There are also no clear

differences between the CHK1i and vehicle control treated mice.

There is some variation seen between mice even within the same groups, this could be
due to natural background variation in response to the drug treatment, but also there
could be differences in drug response in different mice. This could indicate that the
changes in gene expression in the Ep-Myc mice after 9 days of CHK1i treatment could be
more reflective of a resistant cell population after treatment. Variation between mice
could be an indication of tumour heterogeneity and an indication of tumours developing
differently within individual mice as well. Therefore 9 days may be too long to capture
the acute response to CHK1i treatment in both the CHK1i sensitive Eu-Myc mouse and the

CHK1i resistant Ep-Myc/c-Rel -/- mouse.
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Figure 4.7. No differences are seen in DDR protein expression between the Eu-Myc and Ep-Myc/c-Rel
-/- mouse models after 9 days of CHK1i treatment. N=1. Eu-Myc mice labelled as WT. 5 Epu-Myc mice
and 5 Ep-Myc/c-Rel -/- mice were treated with CCT244747 (100 mg/kg orally) daily for 9 days before
harvest and 5 of each with vehicle control. A) Western blot data shows no clear differences in protein
expression between the Ep-Myc and the Ep-Myc/c-Rel -/- mouse and for Claspin, phosphorylated and
total CHK1 and yH2AX. B) Western blot data in the same grouped mice for PARP, RAD17, CDC25A, CYCLIN

A2, CDK2 and BcL-xL, again showing no clear differences. There are also no clear differences between
CHK1i and vehicle control treated mice.
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4.8. Inguinal lymph node DDR expression in the CHK1i sensitive Eu-Myc mouse model
does not differ at 8 hours, 24 hours and 48 hours after single treatment of CHK1 inhibitor
9 days of CHK1i treatment has shown marked changes in DDR gene expression in the
CHK1i sensitive Ep-Myc mouse but no significant difference in the CHK1i resistant Eu-
Myc/c-Rel -/- mouse. No changes however are shown in protein expression. This could
be that 9 days of treatment is too long to assess drug response and may be more a

reflection of surviving resistant cells.

Taking this into account, we wanted to assess what would happen in an acute model and
whether both gene expression changes and protein expression changes would be shown.
Therefore, a preliminary study with the CHK1i sensitive Ep-Myc mice was set up. 9 mice
were treated with a single dose of the of CCT244747 CHK1 inhibitor (100mg/kg orally) and
9 treated with vehicle control and culled at 8, 24 or 48 hours post treatment. The 3 time
points were selected in order to compare and select the optimal time point for looking at
the acute CHK1 inhibitor response after a single dose of CHK1i treatment. A schematic of

the acute mouse model preliminary study is shown in Figure 4.8.

gPCR was performed on DDR genes as previously performed in Section 4.6. No changes
were seen in the DDR response between the 3 time points. Results between the 3 time
points are demonstrated in Figure 4.9 for ATM and ATR, 2 of the genes with the biggest
change in gene expression in the Eu-Myc mouse after 9 days of CHK1i treatment. This
could be because the time points are too early to cause a change in transcriptional
response. This could also be that a single dose of CHK1i treatment does not cause a
sustained change in gene expression and that prolonged exposure to the drug is required

for this to occur.
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Figure 4.8. Schematic showing CHK1i treatment with the CCT244747 CHK1 inhibitor in the preliminary
acute Ep-Myc model study. WT mice were re-implanted with tumours from the Ep-Myc mouse model
and lymphoma allowed to develop. Mice were then treated with a single dose of 100mg/kg oral
CCT244747 or vehicle control. Mice were then culled at either 8, 24 or 48 hours post CHK1i treatment.
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Figure 4.9. There is no change in DDR gene expression after single dose CCT244747 CHK1 inhibitor
treatment at 8, 24 and 48 hours in the acute Ep-Myc mouse model. N=1. Data were normalised
using the 2-ACT method (R = 2—[ACP sample — ACP control] ) using the gene RPL13A as reference. 9
Ep-Myc mice were treated with CCT244747 (100 mg/kg orally), and 9 with vehicle control, for a single
dose. Mice were harvested at either 8, 24 or 48 hours post treatment. Representative trends in A)
ATM and B) ATR shown these genes have shown increased expression in the 9 day CHK1i treated Ep-
Myc mice. No differences were seen in the selective gene expression between control and CHK1i
treated mice in all 3 time groups. Statistical difference calculated using Student’s t-test. ** = p<0.01;

* = p<0.05.
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4.9. An increase in phosphorylation signalling demonstrating an increase in ATR activity
and DNA damage in response to a single dose of CHK1 inhibitor is present in the CHK1i
sensitive Eu-Myc mouse model 8 hours post treatment, but not sustained at 24 and 48
hours post treatment

No increase in gene expression was demonstrated in selected DDR genes by gPCR at 8
hours, 24 hours or 48 hours post single dose of CHK1i treatment in the acute Epu-Myc
study. It was possible that this was too early for a signalling response change. We wanted
to additionally assess if there was a change in protein expression at these time points after
a single drug treatment, therefore this was assessed by western blot for the same mice.

Protein samples were extracted from lymph nodes from mice in the study.

A striking increase in CHK1 phosphorylation was demonstrated at 8 hours after CHK1
inhibition, with an accompanying increase in yH2AX. This is shown in Figure 4.10. This
could be because initially ATR is trying to force the upregulation of CHK1 activity due to
an increase in genomic instability and DNA damage. This has been seen in other studies

in other animal models after the CCT244747 CHK1 inhibitor treatment (150).

PARP cleavage also appears to be increased 8 hours after treatment. This may also be a
consequence of cells attempting to maintain genomic stability after DNA damage. These
increases in phosphorylation and DDR activation were not sustained at 24 and 48 hours.
This could be that the single dose is not enough to sustain a longer-term DDR
upregulation. Figure 4.10 shows the results for the 3 time points and the predominant

changes 8 hours after single dose CHK1i treatment.
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Figure 4.10. Protein expression changes after single dose CCT244747 CHK1 inhibitor treatment are
demonstrated in the Ep-Myc mice after 8 hours, but not sustained at 24 and 48 hours. N=1. 3 Epu-Myc
mice in each group were treated with CCT244747 (100 mg/kg orally), and 3 with vehicle control, for a
single dose and harvested at either 8, 24 or 48 hours post treatment. Western blot data shows an
increase in pCHK1 (Ser345) and an increase in yH2AX (Ser139) and H2AX expression 8 hours after single
dose CHK1i treatment. Total CHK1 levels have decreased in the CHK1i treated mice, indicating altered
target stability. PARP cleavage is increased at 8 hours in comparison to the other time points.
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4.10. Ep-Myc/c-Rel -/- mice downregulate expression of DDR genes in response to CHK1i
treatment

Due to the large response at 8 hours post single dose CCT244747, further experiments
were performed with single dose CHK1i treatment in Eyu-Myc, Eu-Myc/c-Rel -/- and Ep-
Myc/RelA T505A mouse models at the 8 hour time point. Western blot analysis was
performed to further examine the acute differences in DDR gene and protein expression
between the CHK1i responsive Epu-Myc mice and the CHK1i resistant Ep-Myc/c-Rel -/- and
Eu-Myc/RelA T505A models.

A schematic of experimental set up for the acute CHK1i study is shown in Figure 4.11.
Mice were grouped based on initial genotype and tumour re-implantation, with 3 vehicle
control treated and 3 CHK1i in each group (total of 6 vehicle control and 6 CHK1i in each

category).
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Figure 4.11. Schematic to show set up of acute CHK1i treatment models. Ep-Myc (WT), Eu-Myc/c-Rel
-/- and Ep-Myc/RelA T505A tumours were re-implanted into WT mice and lymphoma developed. Mice
were treated with a single dose of CCT244747 (100 mg/kg orally) or vehicle control and culled 8 hours
after treatment. Groups 1 and 2 are Eu-Myc WT, groups 3 and 4 are Eu-Myc/RelA T505A and groups 5

and 6 are Ep-Myc/c-Rel -/- mice.
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The results are shown in Figure 4.12. The CHK1i sensitive Eu-Myc WT mice show protein
expression levels for phosphorylated CHK1 and H2AX similar to the previous results shown
in Figure 4.9 with an increase in expression after CHK1i treatment. PARP cleavage appears
to be stabilised. Total CHK1 is reduced indicating a response to CHK1i treatment. These
results suggest an upregulation of ATR to attempt to repair DNA damage and an overall
increase in DNA damage leading to double stranded DNA breaks. There are no clear
changes in CDK2 expression present. There is some variation between individual mice
and the different tumours as shown between Figure 4.12A and 4.12B, but similar overall

trends are displayed.

In striking contrast, the CHK1i resistant Eu-Myc/c-Rel -/- completely downregulate their
DNA damage response. Baseline levels of Claspin, PARP, both phosphorylated and total
CHK1, CDK2 and phosphorylated H2AX are all lower in the Eu-Myc/c-Rel -/- mice. There
is an additional failure to increase the expression of these DNA damage response proteins
after CHK1i treatment as shown in the Ep-Myc WT model. This correlates with previous
Perkins’ lab findings of a loss of CLSPN expression in the Ep-Myc/c-Rel -/- mouse models,
however this DDR pathway appears to be impacted with a global downregulation of
protein expression. This downregulation of the DDR response could be significant in cell
survival and CHK1i drug resistance. If the drug target, CHK1, is absent in the Epu-Myc/c-
Rel -/- mouse model, this may explain why the mouse are CHK1i resistant to CHK1

inhibition.
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Figure 4.12. Ep-Myc/c-Rel -/- mice do not upregulate protein expression of DDR genes in response to
CHK1i treatment. N=1. 6 Ep-Myc WT mice (sets 1 and 2), 6 Eu-Myc/c-Rel -/- mice (sets 5 and 6) and 6
Ep-Myc/RelA T505A mice (sets 3 and 4) were treated with CCT244747 (100 mg/kg orally), and 6 in each
group with vehicle control, for a single dose and harvested at 8 hours post treatment. A) shows mouse
sets 1,3 and 5 and B) shows mice sets 2, 4 and 6. Differences are most pronounced in the Epu-Myc/c-Rel
-/- mice, with no DDR upregulation seen after CHK1i therapy for Claspin, PARP, and yH2AX. Pre-
treatment levels of total CHK1 and CDK2 are also downregulated in the Eu-Myc/c-Rel -/- mice. There is
some heterogeneity in protein expression in CHK1i treated Ep-Myc and Ep-Myc/RelA T505A mice,
however both mice sets show an increase in pCHK1 S345 expression and an overall increase in pH2AX
S139 expression after CHK1i treatment (this is shown in Eu-Myc/RelA T505A set 4 but not in set 3). Total
CHK1 levels reduce with CHK1i treatment in Ep-Myc set 1 but not in set 2.
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Eu-Myc/RelA T505A mice are also resistant to CHK1 inhibition, however there are
differences shown in protein expression in comparison to the Eu-Myc/c-Rel -/- mice.
There seems to be no difference in CHK1, H2AX and CDK2 levels in this mouse group. In
the first CHK1i treated group of Epu-Myc/RelA T505A mice there does not appear to be a
change in CHK1 in response to treatment. Claspin appears to be lower in the Eu-Myc/RelA
T505A mice compared to Ep-Myc WT but again there is variation between the mice. There

are no clear changes in PARP between treated and untreated mouse groups.

Overall, the Eu-Myc/RelA T505A mice seem to be able to respond to CHK1 inhibition
differently again in contrast to the Eu-Myc WT and Ep-Myc/c-Rel -/- models. The Ep-
Myc/RelA T505A mice are also resistant to the CCT244747 CHK1 inhibitor but appear to

develop drug resistance in a different way to the Ep-Myc/c-Rel -/- model.
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4.11. RNA-seq analysis of the acute Eu-Myc WT mouse models at 8 hours show very
little change in gene transcription after CHK1i treatment

To further investigate transcriptional changes 8 hours post treatment in the CHK1
inhibitor sensitive Eu-Myc and the CHK1i resistant Eu-Myc/c-Rel -/- and Ep-Myc/RelA
T505A mouse models, RNA-seq was performed. This was done to see if perhaps any other
pathways involved in the DNA damage response were being differentially regulated in
response to CHK1 inhibitor treatment in the various experimental groups, and also to
capture whether there were any intrinsic difference between the different genotypes in

terms of their transcriptomic profile.

RNA was extracted according to the manufacturer’s protocol as described previously
(Section 3.3.2 for mouse tissues). After quality assessment using the TapeStation, the RNA
samples were run using the lllumina platform by Leigh Taylor at the Genomics Core Facility

at Newcastle University.

RNA-seq data was analysed by Peter Leary at the Newcastle University Bioinformatics

Support Unit (BSU). Gene expression changes between Eu-Myc WT control and CHK1i

treated mice 8 hours post CHKil single dose treatment are shown in Table 4.4.
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Table 4.4. RNA-seq data for gene changes shown between the acute Eu-Myc WT control and CHK1i
treated mice 8 hours post dose. This table shows all significant gene changes between the two mouse
groups. This demonstrates that there were not many transcriptional changes seen between control
and treated mice after a single dose of treatment and at this time point. (logFC shows calculation for
log fold change, p<0.05 taken as significant adjusted P value). Summaries of gene function have been
described in this table alongside the data.

Gene Gene full logFC Adjusted P Gene function | Reference
name value
Endothelial Cell survival,
Esm1 cell-signalling [-0.711236561| 0.039222682 | migration and | (447,448)
molecule 1 EMT
Cell
supty | SUPPressorof|  seo55412 | 0.0a6437539 | Proliferation | g
Ty 3 homolog and resistance
to apoptosis
Vesicular
transport,
. . mitochondrial
Vesicle amine fusion
Vat1 transport |0.391107849 | 0.01114098 (450)
protein 1 Phospholipid
transport and
cell migration
Phospholipase Cell survival,
Pld3 D family |0.422924968 | 0.042563989 | growth and (451)
member 3 migration
Inflammatory
Neuralised E3 response
Neuri3 ubiquitin |, 160752568 | 0.031881387 |  Enables (452)
protein ligase .
3 ubiquitin
protein ligase
activity
Growth rolhf:eerlelltion
Gas6 arrest-specific| 0.527275369 | 0.039222682 P . " | (453,454)
. survival and
protein 6 . .
migration
Solute carrier Modulation of
Slc30a1 family 30 |0.596743199 | 0.022712666 zinc (455)
member 1 transportation
Solute carrier Transoort of
Slc7a8 family 7 | 0.597998301 | 0.009197544 . P . (456)
amino acids
member 8
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Gene Gene full logFC Adjusted P Gene function | Reference
name value
Gene
Histone expression
Hist3h2a 0.613168446 | 0.003439054 (109,457)
cluster 3 H2A
DNA damage
regulation
Transcriptional
repressor
TSC22 domain
Tsc22d1 family 0.634404018 | 0.022712666 | Acts on the C- (458)
member 1 type natriuretic
peptide (CNP)
promoter
RasGEF Cell
Rasgeflb |domain family| 0.664719985 | 0.022712666 | proliferation (459)
member 1B and survival
Myb/SANT
DNZ Zindin Protein coding
Msantd2 domain g 0.829963543 | 0.023788944 | gene, function (460)
L unknown
containing 2
T-cell surface Regulator of
Cd4 glycoprotein | 0.850478722 | 0.0042644 immune (461-463)
CD4 response
Fami ;
amily with Protein coding
sequence .
Fam234a N 0.952577539 | 0.022712666 | gene, function (464)
similarity 234
unknown
member A
Fatty acid
metabolism
Fatty acid
Fads6 0.961208608 | 0.046466435 (465)
desaturase 6 Cell growth
and

proliferation
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Gene Gene full logFC Adjusted P Gene function | Reference
name value
Enables DNA-
binding
transcription
repressor
activity
pousf1 | POYCIOS6 | oge354532 | 0.022712666 RNA (466)
homeobox 1
polymerase II-
specific and
sequence-
specific double-
stranded DNA
binding activity
Cell
G protein- proliferation
Gprl71 coupled 1.003370582 | 0.01114098 (467,468)
receptor 171 Suppression of
T cell activation
Histihabe |12Bclustered) ) 0o0508537| 56604 | TAMSCrIPtON | 4lg))
histone 4 regulation
Adhesion G . .
. Cell migration,
Adgrg1 ’Z; Zte;’”(; 1.070278348 | 0.031881387 | proliferation | (470,471)
pie and invasion
receptor G1
Histone
mistthie | Ut IHL | 096068504 | 0.004264513 | COMPACtionof | 0o,
family chromatin
member C
RNA gene,
Gm42653 |piR-42653-001| 1.14433723 | 0.022712666 function (473)
unknown
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Data was analysed in more detail beyond the time point of this thesis. Overall, very little
transcriptional change was seen between the control and CHK1i treated mice. In addition,
no significant changes were demonstrated in genes associated with the ATR/CHK1 and

the ATM/CHK2 pathways. This data supports my findings shown earlier in Section 4.8.

The genes in Table 4.4 do show some trends. There are genes associated with cell
proliferation and migration, such as Esml1, Supt3, Gas6 and Adgrgl
(447,449,453,454,471). This could be indicative of genes upregulated to enhance cell
survival after drug treatment. There are also genes associated with intracellular transport
of ions and amino acids such as S/c30a1 and Sic7a8 (455,456). There are also genes
involved in lymphocyte regulation including the T-cell regulatory gene Cd4 and the G
protein coupled receptor Gpr171 (462,468). The cancer in this mouse model is a B-cell
lymphoma, therefore this may impact the regulation of T-lymphocytes as part of the
inflammatory response. There are genes upregulated which are associated with histone
regulation, including Histlhlc and Histlh2bc (457,469). This could be indicative of
increased DNA damage with drug treatment and correlates with increased H2AX
expression as demonstrated in Figures 4.10 and 4.12 post CHK1i treatment. Some of the

upregulated genes do not have an established known function, such as Msantd2 (460).

Given that there are only a small number of genes upregulated in the Ey-Myc mouse at
this acute treatment stage, these data suggest that the majority of effects at this early
time point after CHK1 inhibitor treatment are post-transcriptional. | will discuss further

in the proteomic analysis of these samples (Section 4.15).
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4.12. RNA-seq analysis of the acute Eu-Myc mouse models at 8 hours show differences
between the Ep-Myc CHK1i sensitive model and the Ep-Myc/c-Rel -/- CHK1i resistant
model in genes associated with the ATR/CHK1 pathway

RNA-seq data was further interrogated to see if differences were evident in gene
expression between the Epu-Myc mouse models at the basal level without CHK1i
treatment. The final analysis was performed after this thesis was submitted by Dr. Peter
Leary and Dr. Megan Hasson at the Newcastle BSU, using DESeq2 for differential gene
expression (474). Previous analysis (Section 4.11) had shown that there were very little
transcriptional differences shown in the CHK1i sensitive Eu-Myc mouse model post

treatment.

Functional profiling of the genes whose mRNA expression varied between the Eu-Myc WT
and Eu-Myc/c-Rel -/- mouse groups was undertaken. Interestingly, this revealed 36 genes
associated with ‘Activation of ATR in response to replication stress’ (REAC:R-HSA-176187).
32 of the 36 genes were shown to be downregulated in the acute c-Rel -/- Eu-Myc mouse
models. This included CHEK1 and CLSPN transcript levels, which were later validated by
Dr. Jill Hunter using qPCR. CLSPN has previously been shown in vitro to be a c-Rel target
gene (252) and therefore a reduction in CLSPN level could be associated with the c-Rel
knockdown status, as CLSPN transcription is dependent on c-Rel. The Perkins’ lab has
already previously demonstrated that the CLSPN transcript levels are decreased in the c-

Rel -/- mice which is in keeping with findings from this study.

There was still far fewer gene changes demonstrated in the RNA-seq data compared to
the subsequent proteomics data, which supports that most changes seen between the
mouse models are post transcriptional changes. Table 4.5 shows the gene changes shown
between the Ep-Myc CHK1i sensitive model and the Ep-Myc/c-Rel -/- CHK1i resistant
model in the ATR/CHK1 pathway associated genes. The downregulation of the ATR/CHK1
pathway demonstrated in the RNA-seq data supports my findings shown in this chapter
for the Ep-Myc/c-Rel -/- mouse model. The downregulation of the ATR/CHK1 pathway in

this mouse model could be a mechanism of CHK1i resistance.
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Table 4.5. RNA-seq data for gene changes shown between the acute Eu-Myc WT CHK1i and the Ep-

Myc/c-Rel -/- CHK1i treated mice 8 hours post dose. Table produced by Dr. Jill Hunter. This table
summarises changes in the ATR/CHK1 pathway associated genes between the CHK1i sensitive and
resistant mouse groups. 32 of the 36 genes showing variation between these mouse models show a
downregulation in the Eu-Myc/c-Rel -/- mouse model. (p<0.05 taken as significant adjusted P value).

ATR pathway | Fold change Adjusted p
genes log2 value
CDC25C -2.70 1.36403E-16
CHEK1 -2.20 6.594E-13
MCM10 -2.17 2.28421E-10
CDC6 -2.11 9.66523E-12
CLSPN -2.00 8.45403E-12
CDC45 -1.92 6.48256E-14
MCM6 -1.73 2.11556E-13
MCM3 -1.66 8.28725E-13
MCM5 -1.65 3.58692E-12
RFC4 -1.63 4.52474E-12
MCM7 -1.60 1.56684E-13
MCM2 -1.59 8.19789E-11
CDC7 -1.53 2.68592E-15
ORC2 -1.46 1.51114E-17
MCM4 -1.40 1.23948E-12
DBF4 -1.36 4.71863E-14
ORC6 -1.36 5.89705E-13
ORC1 -1.30 0.00853
MCM8 -1.28 8.84119E-11
CDC25A -1.19 3.67803E-12
RFC5 -1.17 1.51509E-10
RPA3 -1.16 1.54334E-09
RPA2 -1.15 1.13117E-10
RFC3 -1.09 8.4964E-11
CDK2 -1.00 2.59781E-17
HUS1 -0.98 7.83871E-08
RFC2 -0.91 3.52178E-13
ORC5 -0.76 1.11968E-14
ORC4 -0.69 3.98262E-07
RPA1 -0.65 4.74165E-10
RAD1 -0.64 1.81826E-09
ATR -0.59 1.24476E-08
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4.13. RNA-seq analysis of the acute Epu-Myc mouse models at 8 hours show a
downregulation of the deubiquitinase encoding genes USP1 and USP14 in the En-Myc/c-
Rel -/- mouse model

Given the downregulation of the ATR/CHK1 pathway at 8 hours post CHK1i dose in the Ep-
Myc/c-Rel -/- mouse model, further analysis of the RNA-seq data from these mouse
models was performed. This data identified that the deubiquitinases (DUBs) ubiquitin
specific peptidase 1 (USP1) and ubiquitin specific peptidase 14 (USP14) were
downregulated by approximately 2 fold at the mRNA level in the Eu-Myc/c-Rel -/- samples
in comparison to the Eu-Myc WT samples as shown in Figure 4.13. DUBs are a family of
proteases that cleave ubiquitin markers from proteins prior to proteosomal degradation

(475,476).

USP1 has been shown to play a role in stabilising members of the DDR, including FANCD2
as removing K48 polyubiquitination prevents subsequent K48 targeted degradation
(475,477,478). It has also been suggested that USP1 can directly act as a DUB for CHK1 by
preventing proteosomal degradation (479). USP14 is raised in many cancers, including
prostate and breast cancers, and has been shown to have an impact on DNA double strand
break regulation by negatively regulating NHEJ and promoting HR repair (480—483). These
DUBs could both be influential towards CHK1i resistance in the Ep-Myc/c-Rel -/- mouse
model. Both USP1 and USP14 have both potential direct influence on the DDR and further
investigation is required. The downregulation of USP1 could be significant because a

direct mechanism of CHK1 stabilisation may have been removed.
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Figure 4.13. RNA-seq data has shown a downregulation of USP1 and USP14 in Ep-Myc/c-Rel -/-
compared to Ep-Myc WT mice. Graph produced by Prof. N Perkins. The expression of the
deubiquitinase encoding genes USP1 and USP14, highlighted in red, was found to be significantly lower
in Eu-Myc/c-Rel -/- mice. This could impact on CHK1 stability and requires further investigation. There

is also an upregulation of USP53 and USP35 in this mouse model, which again could impact on cell

proliferation and survival.
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There were also upregulatory changes seen in DUBs as shown in Figure 4.13. Further
investigation of these DUBS was not performed due to time constraints for this thesis.
There was an increase in ubiquitin specific peptidase 53 (USP53) in the Eu-Myc/c-Rel -/-
mouse model. USP53 has been shown to regulate apoptosis and glycolysis through the
AKT pathway. Low levels have been seen to be protective against apoptosis in lung

adenocarcinoma cell and tumour models (484).

USP53 has also been shown to have an important role in the metastatic potential of renal
cell carcinoma cell models. USP53 expression was negatively correlated with tumour
progression, therefore higher levels of USP53 are associated with less progression (485).
NF-kB related genes, including RelA and RelB, were shown to be downregulated with
USP53 overexpression in cell models of renal cell carcinoma. USP53 has been shown to
lead to the inactivation of the NF-kB pathway by reducing the ubiquitination of IkBa. This
subsequently led to less tumour proliferation in these models (485). Therefore, a high
level of USP53 in the Eu-Myc/c-Rel -/- mice could show that USP53 expression and the
subsequent impact has been context dependent, as it appears to be upregulated in the

CHK1i resistant mouse model.

There was also an upregulation of ubiquitin specific peptidase 35 (USP35) expression in
the Ep-Myc/c-Rel -/- mouse model as shown in Figure 4.13. USP35 has also been shown
in cellular models to inhibit cancer cell proliferation and have an inhibitory role in TNFa-
induced NF-kB regulation (486). Higher levels of USP35 (and USP53) would suggest being
protective from cancer proliferation based on previous studies, so these studies appear
to contradict what has been shown in the Eu-Myc/c-Rel -/- CHK1i resistant mouse model.
It could be that the regulation of the DUBs and NF-kB is context-dependent and also
dependent on the synchronous regulation of alternative cell cycle pathways. More
investigations are required to determine the mechanism behind the upregulation of

USP53 and USP35 in the Ep-Myc/c-Rel -/- mouse model.
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4.14. Validation of changes seen in USP1 in the acute Eu-Myc WT, Ep-Myc/c-Rel -/- and
Eu-Myc/RelA T505A mouse models

The RNA-seq data has shown that USP1 levels are significantly downregulated by
approximately 2 fold in the Ep-Myc/c-Rel -/- mouse model compared to the Eu-Myc WT
mice. The ubiquitination enzyme USP1 is involved in the maintenance of total and
phosphorylated levels of CHK1 in response to genotoxic stress (107). USP1 depletion has
been shown to stimulate DNA-binding protein 1-dependent degradation of
phosphorylated CHK1. This can be both FANCD2 dependent and independent in origin
(107). The downregulation of USP1 in the Eu-Myc/c-Rel -/- mice may therefore impact on

the downregulation of the DNA damage response, including levels of CHEK1.

gPCR was performed to further assess the trancriptional differences in basal USP1 levels
between the Epu-Myc WT, Ep-Myc/c-Rel -/- and Ep-Myc/RelA T505A mouse models.
RPL13A was used as the reference gene. Results are shown in Figure 4.14. These findings
further support that the USP1 transcript levels are significantly reduced in tumours from
Eu-Myc/c-Rel -/- mice at baseline when compared with tumours from the Ep-Myc WT
mice. This again supports downregulation of USP1 in addition to DNA damage response

regulatory proteins in the Eu-Myc/c-Rel -/- mouse model.

In addition, the USP1 transcript levels appear to be overall lower than Ep-Myc WT mice
for the Ep-Myc/RelA T505A group, but the levels are higher than the Ep-Myc/c-Rel -/-
group. More work is required to look at the mechanisms of Eu-Myc/RelA T505A CHK1i

resistance, as this remains unclear at this stage.
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Figure 4.14. gPCR validation of RNA-seq analysis for basal USP1 in the acute En-Myc WT, Eu-Myc/c-
Rel -/- and Eu-Myc/RelA T505A mouse models. N=1. Data were normalised using the 2-ACT method (R
= 2—-[ACP sample — ACP control]) using the gene RPL13A as reference. Relative USP1 transcript levels are
significantly reduced in tumours from Ep-Myc/c-Rel -/- when compared with Epu-Myc WT. USP1
transcript levels appear to be lower than Ep-Myc WT mice for the Eu-Myc/RelA T505A group but higher
than the Eu-Myc/c-Rel -/- group. Data represents mean = SEM, each point is an individual mouse. p**

<0.01, p***<0.001 (Unpaired student’s t-test).

226



Western blot analysis was performed to examine levels of USP1 in the acute Ep-Myc WT,
Eu-Myc/c-Rel -/- and Epu-Myc/RelA T505A mice. Results are shown in Figure 4.15. In Ep-
Myc WT and Ep-Myc/RelA T505A mice, USP1 is depicted by a double band. This is
because, when active, USP1 autocleaves itself in preparation for its subsequent
downregulation. The lower of the 2 bands is indicative of the autocleaved, inactivated
USP1 (487). USP1 levels vary between mice in the Eu-Myc WT and Ep-Myc/RelA T505A

groups but do not appear to be downregulated with CHK1i treatment.

By contrast, levels of USP1 are dramatically depleted in the Eu-Myc/c-Rel -/- group at
baseline and remain low after CHK1i treatment. This would correlate with the previous
findings shown with loss of CHK pathway proteins, as if USP1 is not present, CHK1 may

not be protected from degradation.
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Figure 4.15. USP1 results in Acute Ep-Myc WT, Ep-Myc/c-Rel -/- and Ep-Myc/RelA T505A mutant mice.
Western blots showing USP1 in Eu-Myc WT, c-Rel -/- and RelA T505A mutant models harvested 8 hours after
a single dose of CCT244747 CHK1 inhibitor. N=1. Mice were treated with a single dose of 100mg/kg oral
CCT244747 or vehicle control. Each blot shows results for 3 control treated and 3 CHK1i treated in each
group in two separate sets of mice. A) and B) show different mouse sets: A) Results for Eu-Myc WT set 1,
Ep-Myc/c-Rel -/- set 5 and Ep-Myc/RelA T505A set 3. B) Results for Eu-Myc WT set 2, Eu-Myc/c-Rel -/- set 6
and Ep-Myc/RelA T505A set 4. Levels of USP1 are strikingly lower in the Ep-Myc/c-Rel -/- mice in comparison
to the other groups, although there does appear to be heterogeneity in USP1 for the Ep-Myc WT and Ep-
Myc/RelA T505A mice both pre- and post CHK1 inhibition.
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4.15. Proteomics analysis of the acute Ep-Myc mouse models at 8 hours show
differences between the Eu-Myc WT lymphomas and the Ep-Myc/c-Rel -/- lymphomas
The data in Section 4.11 showed very few differences in gene expression in the acute Ep-
Myc WT and Epu-Myc/c-Rel -/- mouse groups post CHK1i treatment. These findings, and
the alterations in protein expression seen in Figure 4.10 and 4.12, suggest that the
changes leading to CHK1i sensitivity or CHK1i resistance were post transcriptional in

nature.

In order to further investigate post transcriptional changes in the Eu-Myc WT and the Ep-
Myc/c-Rel -/- mouse models, samples from the acute 8 hour single dose study were
selected for total and phosphoproteomic analysis. This was performed at the University

of Liverpool in collaboration with Prof. Claire Eyers and Dr. Amy Campbell.

Analysis of this data showed a large number of CCT244747 effects in the Ep-Myc WT
lymphomas. A total of 622 proteins and 625 phosphopeptides exhibited a significant
upregulation or downregulation (P-value <0.05). Figure 4.16 shows volcano plots
displaying the differences between Eu-Myc WT control and Ep-Myc WT CHK1i treated
samples. These findings indicate that there are many post-transcriptional changes after

CHK1i treatment in the Ep-Myc WT CHK1i sensitive mouse model.
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Figure 4.16. Total proteome and phosphoproteome data for the acute Eu-Myc WT control vs CHK1i
treated samples. Figure produced by Dr. J Hunter. Volcano plots showing total proteome and
phosphoproteome changes 8 hours post a single dose of CHK1i treatment. Mice were treated with a
single dose of 100mg/kg oral CCT244747 or vehicle control. A total of 622 proteins and 625
phosphopeptides exhibited a significant upregulation or downregulation in the Eu-Myc WT mice after
CHK1i treatment. This indicates that there are many post transcriptional effects in this CHK1i sensitive
mouse model after CCT244747 treatment (P-value <0.05).
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STRING analysis (488) of the phosphoproteomic data from Ep-Myc WT lymphomas was
performed by Prof. Neil Perkins. Results revealed a cluster of CHK1 associated proteins
where phosphorylation was downregulated after CCT244747 treatment as shown in
Figure 4.17. This data has shown that CHK1 has been targeted by the CHK1i CCT244747

in vivo and suggests that there are very few off target effects.
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Figure 4.17. STRING analysis of phosphoproteomic data of CHK1i treated Eu-Myc WT mice has
shown a cluster of associated downregulated proteins. STRING analysis from (https://string-
db.org/) and diagram produced by Prof. N Perkins. The cluster around CHK1 itself (highlighted with
red circle) in response to treatment suggests that the CHK1i CCT244747 is reaching its target with
minimal off-target effects. Line thickness in the analysis represents the degree of confidence in
the prediction of the protein interactions. The different colours are used as a visual aid only, to
identify which node goes with which description in list of input proteins and interactors below the
network.
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The proteomics data for the CHK1i resistant Eyu-Myc/c-Rel -/- mouse model was reviewed
to look for evidence of compensatory cell signalling pathways. Data was analysed by Dr.
Amy Campbell and Prof. Neil Perkins. Activation of compensatory signalling pathways is
a major contributing factor in acquired resistance to kinase inhibitors (286,331,332). The
activation of such pathways normally correlates with the tumour cell having bypassed the

need for the drug target.

The proteomics data has revealed that Ep-Myc/c-Rel -/- mouse lymphomas had
substantially altered their cell signalling pathways, with a high level of both
downregulated and upregulated phosphopeptides compared to the Ep-Myc WT mice.
Data showing the overlap between the upregulated phosphosites and total proteome
between the Eu-Myc and the Ep-Myc/c-Rel -/- mouse models are displayed in Figure 4.18.
Analysis of the phospho- and total proteomic data in the Ep-Myc/c-Rel -/- mouse models
without CHK1i treatment compared to wild type controls showed 517 upregulated
phosphopeptides, representing 480 unique phosphopeptides which correlated to 297

unique phosphosites, together with 624 upregulated proteins (p<0.05).
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A B
Upregulated phosphopeptide overlap ~ Upregulated total proteome overlap

Up in WT CHK1i Up in Rel -/-vs WT

Upin Rel -/-vs WT Up in WT CHK1i

Figure 4.18. Summary of the upregulation of phosphopeptides and upregulation of total proteome
between the Eu-Myc WT and Ep-Myc/c-Rel -/- mouse models. Data analysis performed by Dr. Jill
Hunter. Analysis of the A) phosphopeptide and B) total proteomic data revealed 517 upregulated
phosphopeptides (p<0.05), representing 480 unique phosphopeptides correlating to 297 unique
phosphosites (at a ptmRS score 20.998), together with 624 upregulated proteins (p<0.05) in untreated
Ep-Myc/c-Rel -/- mice compared to WT controls. Of the 294 unique phosphopeptides and 464 proteins
elevated in WT Ep-Myc lymphomas in response to the CHK1i CCT244747, 51% and 74% respectively
were also upregulated in Ep-Myc/c-Rel -/- mice without treatment. However, the magnitude of the
increases seen in the CHK1i treated Ep-Myc WT mice was lower in both cases than that seen
constitutively in Eu-Myc/c-Rel -/- lymphomas.
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In mice treated with the CCT244747 CHK1 inhibitor, 294 unique phosphopeptides and 464
proteins were elevated in wild type Epu-Myc lymphomas. 51% of these phosphopeptides
and 74% of these proteins were also upregulated in Ep-Myc/c-Rel -/- cells without
treatment. The magnitude of the increases seen in the treated wild type cells, however,

was lower in both cases than what was shown in the Eu-Myc/c-Rel -/- lymphomas.

These results demonstrated that Eu-Myc/c-Rel -/- lymphomas have an intrinsic defect in
CHK1 kinase signalling, which is comparable to the effect of inhibiting CHK1 in WT Ep-Myc
mice. The proteomics data again shows that the ATR/CHK1 pathway is downregulated in
the Ep-Myc/c-Rel -/- mice. This supports my findings shown in Section 4.9 and Section
4.10.

Figure 4.19 shows volcano plots for the total proteomics and phosphoproteomics data in

the Ep-Myc/c-Rel -/- mice. In comparison to the Eu-Myc mice, there are hardly any

changes after CHK1i treatment in this CHK1i resistant mouse model.
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Figure 4.19. Total proteome and phosphoproteome data for the acute En-Myc/c-Rel -/- control vs
Epn-Myc/c-Rel -/- CHK1i treated samples. Figure produced by Dr. J Hunter. Volcano plots showing
total proteome and phosphoproteome changes 8 hours post a single dose of CHK1i treatment. Mice
were treated with a single dose of 100mg/kg oral CCT244747 or vehicle control. In comparison to
the CHK1i sensitive Eu-Myc WT model, there are less changes demonstrated in the CHK1i resistant
Epu-Myc/c-Rel -/- mouse model.
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4.16. Pathways associated with AKT1, ERK1, JNK1 and p38 are upregulated in the Ep-
Myc/c-Rel -/- lymphomas in comparison to the Eu-Myc WT lymphomas

STRING analysis was used to reveal information about the activity of compensatory cell
signalling pathways in Eu-Myc/c-Rel -/- lymphomas versus WT cells. Clusters of linked
proteins associated with the following signalling pathways, AKT1, ERK1, JNK1 and p38
MAPK, were all found to be upregulated. A summary of these proteins are shown in Table
4.6. There is some overlap shown in the table indicating potential cross talk and shared

targets between these pathways.

AKT is already known to interact with multiple DDR genes including TOPBP1 and ATM and
to have a regulatory role with CHK1 (110,115,489,490). The P38/MAPK complex has an
impact on cell cycle regulation both independently as part of the Ras-Raf-MEK-ERK cell
signalling pathway and via crosstalk with the ATM and ATR pathways (120-123). JNK1
forms part of an additional MAPK pathway, which also coordinates with CHK1 to inhibit

mitotic entry during cell cycle arrest (491).

ERK1 is a serine/threonine kinase that forms part of the Ras-Raf-MEK-ERK signal
transduction cascade (492,493). This cell signalling pathway participates in the regulation
of a large variety of processes including cell adhesion, cell cycle progression, cell migration
and survival, metabolism, proliferation, and transcription (492,493). Ras is a key
downstream effector of EGFR, which is mutationally activated or overexpressed in a wide

variety of human cancers, such as lung cancer as discussed previously (493-495).

AKT as part of the PI3K/AKT pathway, JNK1 and MAPK associated proteins are known to
be linked to NF-kB signalling (219). P38 and related kinases such as ERK1 are linked to the
activation of NF-kB signalling (496,497). NF-kB has been shown to antagonise JNK1 pro-
apoptotic signalling during an inflammatory response (219,491,496,498). This again
highlights that the role of NF-kB varies depending on the stimulus and the cellular

environment.
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Table 4.6. STRING links to proteins with upregulated phosphorylation in the Eu-Myc/c-Rel -/- mouse
model in comparison to the Eu-Myc WT. Data taken from STRING analysis (https://string-db.org/)
and diagram produced by Dr. J Hunter and Prof. N Perkins. Data from STRING analysis of the mouse
models revealed clusters of linked proteins in this dataset suggesting increased activity of specific
kinases in the Ep-Myc/c-Rel -/- lymphomas. This included AKT1, ERK1, JNK1 and p38 MAPK.

AKTL ERK JNK1 p38 MAPK
(MAPK3) (MAPK3) (MAPK14)
Abil Abil Aktlsl Arhgap27
Acaca Aktl Atnl Bnip2
Acinl Aktlsl Bcl10 Cfl1
Aktlsl Canx Bin2 Fnl
Arhgap1l Cfll Canx Foxol
Bach2 Cic Cfl1 Hdacl
Bcl10 Ep300 Dbnl Hdac2
Canx Fnl Ep300 Hnrnpal
Cast Foxol Erbb2ip Hnrnpk
Cfl1 Hdacl Fnl Hsp90aal
Crtc2 Hdac2 Foxol Hsp90abl
Denndlb Hnrnpk Hdacl Hspb1l
Dnmtl Hsp90aal Hdac2 Irf3
Dock2 Hsp90ab1l Hnrnpk Lepl
Edc3 Hspb1l Hsp90aal Mef2c
Emi4 Irf3 Hsp90abl Myc
Ep300 Lcpl Hspbl Ncoa3
Flna Mef2c Irf3 Nfatc2
Fnl Myc Lcpl Nfkb1
Foxol Ncoa3 Maplb Peal5a
Hdacl Nes Myc Ptprc
Hdac2 Nfkb1 Ncoa3 Pxn
Hnrnpal Peal5a Nfatc2 Slc9al
Hsp90aal Ppplrl2a Nfkb1 Spag9
Hsp90ab1 Ptges3 Palld Vcl
Hspb1 Ptprc Ptprc Yap1l
Irf3 Pxn Pxn
Iws1 Slc9al Spag9
Lamtorl Stubl Sptanl
Lbr Tnfrsf13c Vcl
Lepl Vcl Yapl
Maplb Yapl
Mapk14
Marcks
Mef2c
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AKT1

ERK
(MAPK3)

JNK1
(MAPKS)

p38 MAPK
(MAPK14)

Myc

Myh9

Ncoa3

Nes

Nfatc2

Nfkb1

Npml

Ostfl

Pa2ga

Palld

Pdcd4

Pealb5a

Pml

Ppig

Ptprc

Pxn

Ranbp3

Rbl1

Rbm25

Rplp0

Rps3

Slc9al

Slc9a3rl

Srsfl

Stk4

Stub1

Tfeb

Tnfrsf13c

Tns3

Trp53bp1l

Usp7

Usp8

Vasp

Vcl

Yapl

Zyx
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Both AKT and MAPK pathways crosslink with CHK1 and other DDR proteins and are
therefore strong candidates for CHK1i resistance via upregulation of alternative cell
survival pathways. Both pathways are aberrantly activated in a wide range of cancers and
are attractive targets for cancer therapy, however the benefits of targeted therapies are

often limited due to complex cross-talk between many regulatory cell pathways (499).

Due to time constraints, these pathways and potential resistance mechanisms have not
been examined in detail in this thesis. Further ongoing work has been performed by the
Perkins’ lab in order to investigate this. Some preliminary work looking at some of the
potential areas of interest, such as AKT and proteins related to MAPK, has been performed

and is shown in Section 4.15.
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4.17. Validation of changes seen in AKT and associated proteins between the acute Ep-
Myc WT, Ep-Myc/c-Rel -/- and Ep-Myc/RelA T505A mouse models

Time was limited in the context of this study but preliminary validation studies were
initiated to further explore some of the key findings shown in RNA-seq and with the

proteomics data.

To investigate if changes seen in the proteomics data of the acute Ep-Myc WT and Ep-
Myc/c-Rel -/- were demonstrated at the protein level, western blot analysis was
performed. Ep-Myc/RelA T505A mouse models were also included here although not
directly compared in the proteomics data. Protein samples originate from lymph node

tumours as previously.
Proteins examined included AKT and its downstream pathway proteins, including AMPK

and GSK3p. Figure 4.20 shows results for AMPK and GSK3 and Figure 4.21 shows results
for AKT.
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Figure 4.20. AMPK and GSK3p results in Acute Ep-Myc WT, Ep-Myc/c-Rel -/- and Ep-Myc/RelA T505A
mutant mice. Western blots showing AMPK and GSK3pB in Ep-Myc WT, Eu-Myc/c-Rel -/- and Ep-
Myc/RelA T505A mutant models harvested 8 hours after a single dose of CCT244747 CHK1 inhibitor.
N=1. Each blot shows results for 3 control treated and 3 CHK1i treated in each group in two separate
sets of mice. A) and B) show different mouse sets — A) displays Eu-Myc WT set 1, Eu-Myc/c-Rel -/- set 5
and Ep-Myc/RelA T505A set 3. Levels of pAMPK, AMPK, pGSK3B S9 and GSK3p are overall lower in the
Eu-Myc/c-Rel -/- mice but there is some variability seen between the individual mice. 1 CHK1i treated
mouse sample cannot be analysed as the B ACTIN control has not shown therefore sample likely to be
erroneous. B) Results for Ep-Myc WT set 2, Epu-Myc/c-Rel -/- set 6 and Ep-Myc/RelA T505A set 4. As per
A), levels are variable in the Ep-Myc/c-Rel -/- mouse group with some showing downregulation of
pAMPK, AMPK and pGSK3pB S9 and GSK3B. Levels between Ep-Myc WT and Ep-Myc/RelA T505A mice
appear to be similar in all groups.
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Figure 4.21. AKT and cyclin D1 results in Acute Ep-Myc WT, Eu-Myc/c-Rel -/- and Ep-Myc/RelA T505A
mutant mice. Western blots showing pAKT Ser473, AKT and cyclin D1 in Eu-Myc WT, Ep-Myc/c-Rel -/-
and Ep-Myc/RelA T505A mutant models harvested 8 hours after a single dose of CCT244747 CHK1
inhibitor. N=1. Each blot shows results for 3 control treated and 3 CHK1i treated in each group in two
separate sets of mice. A) and B) show different mouse sets — A) displays Eu-Myc WT set 1, Eu-Myc/c-
Rel -/- set 5 and Ep-Myc/RelA T505A set 3. B) Displays results for Eu-Myc WT set 2, Eu-Myc/c-Rel -/- set
6 and Ep-Myc/RelA T505A set 4. AKT levels overall are difficult to judge due to increased background
signal in these blots. Levels of cyclin D1 appear to be lower in the Eu-Myc/c-Rel -/- mutant mice. There
are also multiple bands for the pAKT s473 blots, which could be indicative of non-specific binding for
this antibody.
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AKT signaling is activated by diverse stresses including hypoxia, metabolic stress, and
oxidative stress (500). AMPK has been recognised as a regulator of the PI3K/AKT pathway
in conditions of cellular stress including hypoxia (500). AMPK is activated by the growth
factor EGF and phosphorylates S-Phase Kinase-Associated Protein 2 (Skp2) at Ser256. This
promotes the integrity and E3 ligase activity of Skp2 SCF complex, leading to K63- linked

ubiquitination and subsequent activation of AKT (500).

Figure 4.20 shows that levels of pAMPK, AMPK, pGSK3 S9 and GSK3 are generally lower
in the CHK1i resistant Eu-Myc/c-Rel -/- mice in comparison to the acute Eu-Myc WT and
Eu-Myc/RelA T505A mice. A) shows 1 sample in the Ep-Myc/c-Rel -/- category with a
missing loading control, therefore this sample should be discounted. Within the other Ep-
Myc/c-Rel -/- mice in both A) and B) there appears to be some heterogeneity with pAMPK,
AMPK, pGSK3B S9 and GSK3p levels. This could mean that whilst some mice display a
downregulation of these pathways, other mice do not. This could also demonstrate that
potential mechanisms of drug resistance can vary between mice and reflect what is shown
in clinical practice. Overall, however, the GSK3B levels appear to increase in the Eu-Myc/c-

Rel -/- mice post CHK1i treatment.

Glycogen synthase kinase 3 (GSK3) is involved in the modulation of many metabolic
processes, including protein and lipid synthesis, glucose and mitochondrial metabolism,
as well as autophagy (501). GSK3 can have different functional roles depending on the
cellular and signalling context (502,503). Phosphorylation of serine 9 in GSK3f causes the
N-terminal tail of GSK3 to act as a pre-phosphorylated substrate and this has an inhibitory
action (504). GSK3-mediated phosphorylation frequently leads to the inactivation and
proteasomal degradation of its targets (501). Multiple signaling kinases feed into this site
to increase the serine-phosphorylation of GSK3, including AKT, which can lead to a
stimulation of glycogen synthesis in anabolic conditions (504). GSK3 can also

phosphorylate AMPK to inhibit its catabolic activity (504,505).
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Phosphorylated GSK3pB appears to be lower in the Eu-Myc/RelA T505A CHK1i treated mice
in comparison to the control treated mice. pAMPK levels seem to increase in the WT mice
post CHK1i treatment but these changes are not shown within the Epu-Myc/RelA T505A
mice post treatment and protein levels appear to be similar. Given that phosphorylation
of GSK3B is inhibitory in nature, this could mean that GSK is more active in the metabolic
regulation of the cell in the Eu-Myc/RelA T505A mice. Phosphorylation of GSK3B in the
Eu-Myc WT mice could correlate with increased cellular stress and the requirement to

modify other cell pathways in order to survive.

Other studies have shown that deprivation of glucose in cells activates AMPK. This causes
phosphorylation of CHK1 on an alternative site at Ser280 leading to subsequent B-TrCP
binding and ubiquitination for CHK1 degradation (500). It has been suggested that the
AMPK-CHK1-B-TrCP axis plays an important role in the regulation of CHK1 in growth
environments that favour tumourigenesis (506). This could be significant in the CHK1
resistant Eu-Myc/c-Rel -/- mice as a reduction in CHK1 by degradation would aid cell

survival in conditions of high cellular turnover and low levels of glucose.

Figure 4.21 shows pAKT Ser473, AKT and cyclin D1 for all mouse groups. Again, protein
signal is seen in the Ep-Myc/c-Rel -/- mice indicating that there is protein detectable in
these samples despite lack of signal for the ATR/CHK1 pathway. pAKT Ser473 and AKT are

difficult to assess due to poor quality blots and the presence of background signal.

Levels of cyclin D1 appear to be lower in the Eyu-Myc/c-Rel -/- CHK1i resistant mice. | have
previously shown that levels of DNA damage proteins tested in the Ep-Myc/c-Rel -/- mice
have decreased. Therefore, a low level of cyclin D1 would correlate with the previous
pattern shown in Figure 4.10 and Figure 4.12. Cyclin D1, with its binding partners CDK4
and CDK6, forms active complexes that promote cell cycle progression in the G1/S phase.
This cell cycle checkpoint is normally highly regulated by CHK1. If this is downregulated,
then this could correlate with a lower dependence on CHK1 for cell checkpoint regulation

in this resistant mouse model. This correlates with the pattern previously seen with
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downregulated cyclin D1 in resistant cell lines treated with the PF-00477736 CHK1

inhibitor in mantle cell lymphoma (206).

The quality of the western blots for AKT and pAKT, however, are not great and blots would
have to be repeated to examine these proteins further. There are also multiple bands for
the pAKT S473 blots, which could be indicative of non-specific binding for this antibody.

Repeat analysis was not performed in this study due to time constraints. Further
validation of this pathway would also be required, as upstream proteins such as PI3K have

not been examined in this study.

ZAP-70 was also tested in these experiments as it has been shown to interact with the
MAPK pathway in previous studies (507,508). ZAP-70 is a T cell antigen receptor (TCR)
associated protein that when activated can impact on several signalling cascades (507).
Over-expression of ZAP-70 is linked to chronic lymphocytic leukaemia and enhanced B-
cell receptor signalling and cell survival (509,510). There is a recognised feedback loop
involving p38 MAPK and ZAP-70 which can modify the T cell immunity response (508).
MAPK is directly phosphorylated and activated by ZAP-70 downstream of the TCR, which
in turn can also phosphorylate Thr293 in the interdomain B region of ZAP-70 (508).

The results for ZAP-70 are shown in Figure 4.22. ZAP-70 levels appear to increase in the
Eu-Myc WT group post treatment and reduce in both the Eu-Myc/c-Rel -/- and Ep-
Myc/RelA T505A groups. A reduction of ZAP-70 in the context of raised MAPK activity in
the Ep-Myc/c-Rel -/- mice could indicate a change in cell regulatory pathways in the
lymphoma, as you would expect levels to be elevated in a drug resistant cellular model.
This is, however, highly complex, and the regulatory changes seen in these mouse models
have shown crosslinking of multiple cell regulatory pathways. There are also several
bands present for ZAP-70 and this could represent non-specific binding for this antibody.
Therefore, more work would be needed to investigate these patterns of ZAP-70

expression further.
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Figure 4.22. ZAP-70 results in Acute Eu-Myc WT, Eu-Myc/c-Rel -/- and Ep-Myc/RelA T505A mutant
mice. Western blots showing ZAP-70 in Eu-Myc WT, Eu-Myc/c-Rel -/- and Eu-Myc/RelA T505A mutant
models harvested 8 hours after a single dose of CCT244747 CHK1 inhibitor. N=1. Each blot shows results
for 3 control treated and 3 CHK1i treated in each group in two separate sets of mice. A) and B) show
different mouse sets: A) Results for Epu-Myc WT set 1, Eu-Myc/c-Rel -/- set 5 and Ep-Myc/RelA T505A set
3. B) Results for Eu-Myc WT set 2, Eu-Myc/c-Rel -/- set 6 and Ep-Myc/RelA T505A set 4. ZAP-70 levels
appear to be less in both Eu-Myc/c-Rel -/- and Ep-Myc/RelA T505A mouse groups in response to
treatment compared to the WT group. There are multiple bands for ZAP-70 in the western blots which
could represent non-specific binding.
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4.18. Chapter summary and discussion

| have further explored the DNA damage response in the CHK1i sensitive Ey-Myc and
CHK1i resistant Ep-Myc/c-Rel -/- and Ep-Myc/RelA T505A mouse models. | have shown
that DDR gene expression is increased post CHK1 inhibitor after 9 days of CCT244747
treatment in the Eu-Myc model, but in contrast this is not shown in the Ep-Myc/c-Rel -/-
model. No clear differences are demonstrated at the protein level in either mouse group
after 9 days of treatment. The major caveat of the 9 day study is that it is difficult to
establish if we are truly identifying sensitivity in the Ep-Myc mice, or a response from the
tumour cells that have evaded treatment thus far. This could also be a representation of
normal gene expression in response to the CHK1i treatment. These results do not explain

the lack of DDR upregulation in the Epu-Myc/c-Rel -/- mice.

Differences in mRNA and protein stability could cause the variation in results between
MRNA and protein. Changes in mRNA and protein can both occur quickly. The half-life
for mRNA is short at approximately 10-20 hours, whereas proteins are more stable with a
half-life of up to 48-72 hours (511). Therefore, changes in protein at 9 days may be more
reflective of the CHK1i drug response after this time period. Changes in mRNA in this

study could still be reflective of the mRNA response after 9 days of CHK1i therapy.

In order to further explore drug sensitivity, we developed a model examining the acute
response to CCT244747 after a single dose. This showed very little change in gene
expression across the board, or more specifically of genes associated with the DDR in the
Ep-Myc model after CHK1 inhibitor, even though these mice are sensitive to the
compound. It could be possible that this is because this is not seen in the acute response
to treatment, however 8 hours is more likely to be too short a time period for a
transcriptional change. It could also be reflective of mRNA instability compared to

protein, and changes may have resolved due to a short mRNA half-life (511).

My western blotting data and the large scale (phospho) proteomic analysis illustrated that

there was a change in protein expression at 8 hours in the Ep-Myc model with an increase
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in the phosphorylation of CHK1 and H2AX. This demonstrates that the cells are

attempting to upregulate ATR and that DNA damage is occurring in this responsive model.

More striking changes, however, were shown at the protein level in the resistant Ep-
Myc/c-Rel -/- mice, with a complete downregulation of the DDR. This could be the way
that these tumour cells manage to survive CHK1i treatment, as less DNA damage is both
recognised and generated. This may also explain why tumours grow more quickly in this
mouse model as there is less regulation with cell cycle control. The Eu-Myc/RelA T505A
mice do upregulate the DDR in response to DNA damage but like the Epu-Myc/c-Rel -/-
mice are resistant to CHK1 inhibition. Therefore, it is likely that this mouse model has a

different route of drug resistance.

CLSPN levels were low in the Eu-Myc/c-Rel -/- model as demonstrated previously by the
Perkins’ lab, however other DDR genes were also downregulated in this model. Previous
studies have shown that the NF-kB subunit c-Rel can regulate CLSPN transcription (252).
Claspin normally mediates the phosphorylation and subsequent activation of CHK1 by
ATR, therefore downregulation of Claspin could potentially lead to downregulation of
downstream proteins such as CHK1 and ATR (252). The Ep-Myc/c-Rel -/- is a knockout
model of c-Rel, therefore this may have altered the mouse model’s ability to regulate
Claspin and may be a mechanism of drug resistance. This does not however account for
the drug resistance shown in the Eu-Myc/RelA T505A mouse which appears to have

developed CHK1i resistance by a different mechanism.

There are many genes involved in cell cycle regulation and the DNA damage response and
it could be that we have not identified the pathways involved in the mechanisms of drug
sensitivity and drug resistance at this stage. Therefore, a more global investigation into
gene expression was required to establish if we are identifying the correct genes involved
in the drug response. The proteomics analysis showed that genes in the PI3K/AKT and
MAPK pathways including AKT1, ERK1, JNK1 and p38 MAPK were upregulated in the Ep-
Myc/c-Rel -/- mouse model. RNA-seq data showed that USP1 and USP14 were
downregulated in this mouse model and that USP53 and USP35 were upregulated in this

mouse model.
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Preliminary validation work has shown that USP1 is downregulated in the Eu-Myc/c-Rel -
/- mice but there can be some heterogeneity between the Eu-Myc WT mice at the protein
level. The lack of USP1 could be a route of CHK1 pathway downregulation, as USP1
normally protects CHK1 from proteasomal degradation. A loss of USP1 in the Ep-Myc/c-
Rel -/- could be leading to CHK1 breakdown.

There could also be crosstalk between USP1 and AKT. USP1 has previously been reported
to be a negative regulator of AKT. USP1 has been demonstrated in mouse muscle to act
as a direct DUB for AKT, and USP1 depletion in mouse muscle increased Akt ubiquitination
and subsequent glucose uptake during fasting (512). USP1 has also been shown to
regulate AKT phosphorylation by modulating the stability of PH domain leucine-rich
repeat protein phosphatase 1 (PHLPP1) in lung cancer cells (513). It would be therefore
interesting to explore both USP1 and AKT in more detail in relation to the Eu-Myc/c-Rel -

/- mouse model.

AKT was difficult to identify clearly on the preliminary western blots and these
experiments need to be repeated and blotting conditions improved in order to assess
properly. No specific pathways were implicated in the Eu-Myc/RelA T505A mouse model,

making it difficult to establish a direct cause for drug resistance in this model.

Given the importance of CHK1 in cell survival, it may be difficult to identify one single
pathway that is leading to a difference in response in these animal models. Indeed, we
can see a difference in DDR regulation between the two drug resistant models used here.
It may however provide us with an idea of the significant genes involved to allow further

exploration of resistance mechanisms in response to CHK1i treatment.
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Further suggested work

To further validate the findings of PIK3/AKT and MAPK upregulation and USP1
downregulation in the Eu-Myc/c-Rel -/- CHK1i resistant mouse models, it would be useful
to further explore protein expression in these mouse models at the 8-hour time point.
This would involve the exploration of other parts of the pathway, such as PI3K upstream
of AKT and to explore the role of GSK3p in cell survival. More time needs to be spent on
the optimisation of the western blots to obtain good quality blots. Depending on
outcomes, it would be useful to examine what happens in cellular knockout models of
USP1, USP14, USP53, USP35 and AKT. This could be done through small interfering RNA

(siRNA) from cells generated from the resistant mouse models.

To check if drug response is a single CHK1 inhibitor effect or a drug class effect in the Ep-
Myc CHK1i sensitive mice and the Eu-Myc/c-Rel -/- and Ep-Myc/RelA T505A CHK1i
resistant mice, studies could be repeated in the mouse models using other CHK1i. This,
however, must be balanced with the generation of further mice and use of animal models

which takes time and is under strict regulation.

It would also be useful to explore what happens in the Eu-Myc/c-Rel -/- drug resistant
mice if drugs to block either PI3K or AKT in combination with the CHK1 inhibitor
CCT244747. It may show that drugs given in combination can overcome the CHK1
inhibitor resistance by overcoming the CHK1i blockade provided by activation of these
proteins. Drug toxicity in combination would have to be accounted for, as it may be that
these type of drugs in combination are not tolerated well in animal models. Drugs in
combination also have to be dosed differently due to potential increased toxicity and drug

availability.
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In this chapter | have shown some alterations in the Eu-Myc/c-Rel -/- mouse model that
correlate with CHK1i resistance. | have also recognised that the Epu-Myc/RelA T505A
mouse model has a different mechanism of drug resistance and that due to the
importance of CHK1 and the DDR pathways in cell survival, there may be multiple

mechanisms of CHK1i drug resistance.
In the next chapter | will explore what happens in a generated cell model with an acquired

resistance to CHK1 inhibition and how this compares with the innate CHK1i resistance in

the Ep-Myc c-Rel -/- and Ep-Myc/RelA T505A mouse models.
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5. Results 2: What happens to global gene expression and the
phosphoproteome in response to CHK1 inhibitor treatment in sensitive (and
resistant) models?

5.1. Introduction to chapter

Previous data within this thesis (Chapter 4) has identified that Eu-Myc/c-Rel -/- mouse
lymphomas resistant to the CHK1i, CCT244747, exhibit downregulation of the ATR-CHK1
pathway. Potential mechanisms for this downregulation could be down to loss of the
adaptor protein, Claspin, or loss of the deubiquitinases, USP1 and USP14. Proteomics data
has also shown that alternative pathways could be upregulated, such as the PI3K/AKT
pathway to potentially enhance cell survival. The Eu-Myc/c-Rel -/- mouse model is a de

novo model of drug resistance so no response is shown to the drug from the offset.

Drug resistance is a common issue in oncology as cancers can mutate or modify pathway
responses through upregulation or downregulation in order to survive despite treatment
with systemic therapy (311,430,514). This can be de novo in origin, as demonstrated in
this mouse model, or resistance can also be acquired in response to mutational changes
on systemic therapy (328,329). | therefore also wanted to determine whether similar
mechanisms of CHK1i resistance could be generated in a cellular model of acquired drug

resistance.

In clinical practice, there can be marked individual patient variation regarding sensitivity
to anticancer therapies (515). Traditionally patients with the same primary tumour type
would have all been treated with the same chemotherapeutic agents to variable effect
(515,516). Over the last ten years, practice in oncology has been moving to a more
personalised treatment approach. For some tumour types, patients are treated not by
the tumour primary site but given targeted therapy based on the tumour mutational
status (273,274). This means that the patients most likely to respond to the drug can be
selected, but also patients likely to be non-responders can avoid lengthy treatments and

side effects (233).
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Previous CHK1i trials have shown that patients display different sensitivity to CHK1
inhibitors in combination with other treatments (138). The SRA737 monotherapy trial, as
previously discussed, was recruiting patients most likely to respond to CHK1i treatment
as a single therapeutic modality (264), but the mechanisms behind CHK1i resistance are

still not known.

Utilising in vitro models to investigate the basic biology around CHK1i resistance
mechanisms provide us with useful tools in order to study and manipulate the system. We
have already explored CHK1 inhibitor resistance within the Eu-Myc mouse model
displaying de novo CHK1i drug resistance. We have also created a cellular model of
acquired CHK1i resistance. This chapter will therefore explore what happens to gene and
protein expression within a generated CCT244747 drug resistant cellular model and

further investigate potential mechanisms of drug resistance.
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5.2. Chapter aims and hypothesis

Research aim - To develop and characterise in vitro models of acquired CHK1 inhibitor
resistance and compare these with in vivo de novo models of resistance to CHK1

inhibitors.

Hypotheses
- Different cell line models will exhibit differential sensitivity to CHK1 inhibitor treatment.

- Cell lines resistant to CHK1i will have developed biochemical changes in key DDR
pathway components to evade death by CHK1 inhibitors.
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5.3. Determining a cell line system suitable for the development of a model of acquired
resistance to CCT244747

In order to determine which cell line model to take forward and use to develop a model
system for CHK1i resistance, | first wanted to assess CCT244747 CHK1i sensitivity in a
number of cell line models. Cell lines chosen were lines commonly used in the Perkins’
lab. Table 5.1 shows the cell lines, tissue of origin and key mutations present. All original
cell lines in this project were obtained from ATCC and the summary information in Table
5.1 is from ATCC (409). U20S, an osteosarcoma cell line, was selected as cells have an
intact DNA damage pathway. This cell line can also be easily transfected and manipulated
for investigation of DNA markers. This is important when assessing drug sensitivity vs

drug resistance in matched models.

The prostate cancer cell line PC3 was selected as well as the colorectal cell lines SW620

and HCT15. These cell lines were selected due to the phase 2 expansion of the SRA737

CHK1i clinical trial in both prostate and colorectal cancers.

256



Table 5.1. Key mutations in cell lines used in preliminary studies to assess CHK1i sensitivity. The data
detailing the cell mutations was obtained from ATCC resources. HCT15, SW620 and PC3 cell lines have
mutations in key oncogenes such as RAS and MYC, and tumour suppressor genes, such as TP53. These cell

lines also have mutations which can impact on DNA damage response function. The U20S cell line does not
have any proven mutations in these pathways.

Cell line Tissue origin Key mutations
u20s Osteosarcoma Multiple chromosome re-arrangements
HCT15 Colorectal TP53, KRAS, CHEK2, FANCD2, MLH1, APC
SW620 Colorectal c-MYC, KRAS, HRAS, NRAS, TP53, APC
PC3 Prostate TP53, 62 chromosomes
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PrestoBlue cell viability assays were performed in U20S, PC3, SW620 and HCT15 cell lines.
This was performed as a preliminary study (N=1) to assess the cell viability following CHK1
inhibition. The cell lines were treated with a high dose of the CHK1i CCT244747 (2uM)
and assessed at both the 24 hour and 48 hour time points. This was to ensure that the
CHK1i killed the cells and to assess that a change in response could be detected using cell
viability assays. Figure 5.1 shows that treatment with 2uM CCT244747 reduced cell
viability in the U20S, HCT15 and SW620 cells but there was no response in the PC3 cells.

Subsequent cell viability assays were performed with a titrating dose of the CHK1i
CCT244747 from 0.1uM to 10uM. Cells were counted and seeded into 96 well plates. All
cells were treated and exposed to drug for 24 and 48 hours before PrestoBlue evaluation
was performed. Dose response curves of CCT244747 were generated and ICso values

calculated (Figure 5.2 and Table 5.2).

Figure 5.2 shows that cell viability was impacted with drug CHK1 treatment in U20S and
SW620 cells, and the PC3 cells were resistant to CHK1 inhibition, which is consistent with
the initial findings (Figure 5.1). However, in this case, the HCT15 cell line did not respond
to the CHK1 inhibitor. Table 5.2 shows a summary of 1Cso values for all 4 of the cell lines
treated with CHK1i. U20S cells were sensitive to CHK1 inhibition (ICso 1uM). SW620 cells
showed a response at higher levels of CHK1i (ICso 5uM), but HCT15 and PC3 cell lines were

highly resistant to the drug (ICso not calculable as curves could not be fitted).
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Figure 5.1. PrestoBlue cell viability assay can be used to assess cell number changes. N=1 for all cell
lines. Absorbance was recorded at 570nm after a 60-minute incubation of cells with the PrestoBlue
reagent. Gain was set at 50% from the well containing the lowest cell number. Cells were treated with
high dose CCT244747 CHK1 inhibitor (2uM) for A) 24 and B) 48 hours to establish that a clear change in
cell number after CHK1 inhibitor treatment could be detected. The figure shows from the reduction in
mean fluorescence intensity that the greatest cell number changes were seen in the CHK1i sensitive
U20S cell line in comparison to the SW620, HCT15 and PC3 cell lines.
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Figure 5.2. Different cell lines respond differently to the CHK1 inhibitor CCT244747. N=3 for all cell
lines. Absorbance was recorded at 570nm after a 60-minute incubation of cells with the PrestoBlue
reagent. Gain was set at 50% from the well containing the lowest cell number. A) CHK1 inhibitor
titration at 24 hours and B) at 48 hours. Note that values at -10 are cells treated with vehicle control
only. U20S cells show the greatest reduction in mean fluorescence intensity indicating less viable cells
as the CHK1i dose increased. There is very little change in mean fluorescence intensity in the PC3 and
HCT15 cells indicating no clear change in cell viability. There is some change in mean fluorescence
intensity in the SW620 cells at higher drug concentrations, however the change is less pronounced than
in U20S cells. Data presented as mean + SEM. Curves are 4 parameter line fits using Graphpad Prism.

260



Table 5.2. ICso values for preliminary cells treated with the CHK1 inhibitor CCT244747. U20S cells
showed sensitivity to treatment with CHK1i. SW620 cells also showed some drug sensitivity but more

drug was required to initiate a change in cell viability. PC3 and HCT15 cells were resistant to CHK1i
inhibition and 1Cso values could not be calculated.

Cell line ICso for CCT244747 CHK1i treatment
U20S 1uM
HCT15 ICso not calculable as curves could not be fitted
SW620 S5uM
PC3

ICso not calculable as curves could not be fitted
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Based on these pilot studies, the U20S osteosarcoma cell line was selected for generation
of CHK1i resistance. This cell line is sensitive to CHK1 inhibition and growth can be
measured well, as shown in Figures 5.1 and 5.2. With regards to cell line characteristics,
the U20S cell line has multiple chromosome rearrangements (which could be an indicator
of genetic instability) but it does not have a notable oncogenic driver such as a RAS or MYC
mutation compared to other cell lines tested. SW620 cells showed some response to
CHK1 inhibition, but this cell line is not as sensitive as the U20S cell line. PC3 cells and
HCT15 cells were highly resistant to CHK1 inhibiton. These cell lines would not be
favourable for generating a resistant cell line as the CHK1i does not have any impact on
cell growth at baseline and it is important to select a CHK1i sensitive line when generating

a CHK1i resistant line for comparison of drug effects.

Table 5.1 shows that the PC3 cell line has 64 chromosomes, which could potentially lead
to increased chromosomal instability. There is also a TP53 mutation in the prostate cancer
cell line. HCT15 cells also have a TP53 mutation as well as multiple other potential
oncogenic drivers, including KRAS and the mismatch repair protein mutation MLH1. The
presence of a TP53 mutation in these cell lines in theory would increase CHK1i sensitivity
due to a possible increased dependence on CHK1 for survival, but this has not been
demonstrated here. Itis likely that the additional mutations in these cell lines are leading
to drug resistance with upregulation of alternative cell survival pathways, as shown in the

Eu-Myc/c-Rel -/- mouse model in Chapter 4.

Table 5.1 shows that the SW620 cell line has a mutation in c-MYC, a gene upregulated and
driving the lymphoma in the Ep-Myc model which may explain drug sensitivity, however
CHK1i response is not as pronounced as the U20S cell line and the additional gene
mutations such as NRAS may be impacting on drug sensitivity. This cell line also has a
TP53 mutation, but has some response to the drug, therefore the presence of a TP53

mutation does not exclusively lead to CHK1i resistance.
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The DNA damage response pathway in U20S cells, including the ATR/CHK1 pathway, is
also intact. Thisis a favourable baseline feature prior to introducing drug resistance. This
cell line was also chosen as it is used frequently in the Perkins’ lab and can be genetically
manipulated through CRISPR Cas-9 modifications, which would be useful for potential

follow up studies of resistance mechanisms.
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5.4. Generation of CHK1i resistant U20S cell lines

The CCT244747 drug resistant U20S cell model was generated by Dr. Jill Hunter. Figure
5.3 shows a summary of how the CHK1i resistant U20S model was generated. U20S cells
were cultured in DMEM media with increasing doses of the CHK1 inhibitor CCT244747
starting at 0.1uM to a maximum concentration of 5uM. Surviving cells from each
concentration were monitored and the dose was increased when confluency level hit

50%. Surviving cells were then cultured in DMEM media and used for further studies.

With each cell population generated, a control sample of U20S WT cells cultured in DMEM
media was also grown from the same starting U20S cells. These cells were treated with
DMSO at the same time as the CHK1 resistant cell lines received CHK1i treatment in case
of DMSO related toxicity. Four separate CHK1 inhibitor resistant U20S cell lines were

generated in total.
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Figure 5.3. Generation of U20S CHK1i resistant cell lines. U20S cells were cultured in DMEM media
with increasing doses of the CHK1 inhibitor CCT244747 starting at 0.1uM to a maximum concentration
of 5uM. Surviving cells from each concentration were monitored and the dose was increased when
confluency level hit 50%. Surviving cells were then cultured in DMEM media and used for further studies.
With each cell line generated, a control sample of U20S WT cells cultured in DMEM media alone was
also grown from the same starting cells.
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5.5. Resistance to the CHK1 inhibitor CCT244747 was confirmed in the generated U20S
CHK1i resistant cell lines using PrestoBlue growth assay and clonogenic cell viability
assay studies

Once the resistant U20S cell lines were established, | wanted to confirm resistance to
CCT244747. This was done in both the CHK1i resistant (CR) U20S and matched wild type

(WT) U20S cells using the cell viability, PrestoBlue assay.

Briefly, cells were dosed with the CCT244747 CHK1 inhibitor at incremental doses
between 0.001 and 100uM for 24 hours. Previous data (Figure 5.2) had shown the ICsg of
WT U20S to be approximately 1uM. Dose response curves for the CHK1 inhibitor
sensitivity between cell lines were generated. Results of the dose response curves are
shown in Figure 5.4. This data is the mean of three independent experiments +/- the SEM.
All WT U20S cell lines showed a rapid drop in cell viability at 1uM dosing indicating cells
were no longer viable at this dose. This is in keeping with the ICso for the U20S cell line.
In contrast, the CR U20S cell lines continue to show minimal change in cell viability until

10uM (x 10 the dose of the drug sensitive cell line).

At 10uM concentration of drug, there is likely to be an increased rate of off-target effects
such as increased activity from other pathways and apoptosis from other routes. U20S
cells were unable to grow beyond 5uM of drug concentration when generating the
resistant cell line. This again indicates that there is a reduction in drug tolerability at high

drug concentration.
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Figure 5.4. Generated CHK1 inhibitor resistant U20S cell lines were confirmed as CCT244747 drug
resistant using growth assays. Figure produced by Dr. J Hunter using GraphPad Prism and this figure plots
cell viability change with increasing drug exposure. Conditions for these experiments were the same as
previous - Fluorescence absorbance was recorded at 570nm after a 60-minute incubation of cells with the
PrestoBlue reagent. Gain was set at 50% from the well containing the lowest cell number. Both WT and
CHKZ1i resistant (CR) U20S cells were treated with CCT244747 for 24 hours and PrestoBlue growth assays
were performed. N=3 for all cell lines. A) is for WT and CR cell line 1; B) WT and CR cell line 2; C) for WT
and CR cell line 3 and D) WT and CR cell line 4. Control consisted of untreated matched cells. All WT cell
lines show a rapid decrease in cell viability at 1uM concentration. All CR cell lines show drug resistance
with no drug response until 10uM response (x10 the dose level for the drug sensitive WT U20S cell lines).
At 10uM of drug exposure (which is a high level of drug exposure), cell viability can be affected by other
off-target effects.
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To further demonstrate CHK1 inhibitor resistance in the generated CHK1 inhibitor cell
lines, clonogenic assays were performed for each cell line along with the WT control U20S
cell line. This assay tests the ability of a cell line to form colonies when seeded at very low
density and is a very good measure of the survival following a drug challenge. It does not
rely on the metabolic activity as a read-out as cell viability assays such as the PrestoBlue
assay do (as discussed in Section 3.10.1), which are often seen as a caveat with that type

of viability assay.

Briefly, cells were treated with 1uM CCT244747 CHK1 inhibitor then counted and seeded
at very low densities after 24 hours to wait for colony formation. Controls for all
experiments were DMSO treated matched cell lines. Cells were then fixed with Carnoys

Fixative and stained with crystal violet before counting.

Results are shown in Figure 5.5. In all U20S WT cells, treatment with 1uM CCT244747
resulted in a dramatic reduction in the number of surviving colonies. Importantly, all of
the CR U20S cell populations had a much greater clonogenic potential following
CCT244747 treatment. All data shown are the mean of three independent experiments

+/- SEM.
Taken together, the cell viability (Figure 5.4) and clonogenic survival data (Figure 5.5),

confirmed that the cell lines generated were resistant to CCT244747. Going forward these

could therefore be utilised as a model system to study acquired resistance to CHK1i.
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Figure 5.5. Generated CHK1 inhibitor resistant U20S cell lines were confirmed as CCT244747 drug
resistant using clonogenic assays. Both WT and CHK1i resistant (CR) U20S cells were treated with 1uM
CCT244747 and clonogenic cell survival assays were performed. Control for all cell lines were untreated
matched cells. N=3 for all cell lines. A) Shows an example of colony formation in WT U20S vs CR U20S
for cell line 1. B) Graph produced by Dr. J Hunter showing outcomes for all WT and generated CR U20S
cell lines. All WT cell lines show a rapid decrease in cell survival at 1uM concentration. U20S cells do
not typically form colonies well, therefore numbers for cell survival are also reduced in CR cell lines.
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5.6. Morphological changes were seen in the generated U20S CHK1i resistant cells in
comparison to U20S WT cell lines

Observation of the CR U20S cells in culture revealed that they appeared to have
morphological changes in comparison to the matched WT U20S cell lines. In comparison
to the WT U20S cells, CHK1i resistant cells were observed to be more spaced out in culture
and elongated in appearance. An example of this is shown in Figure 5.6 with WT and CR

cell line 1. Cell growth was also seen to be slower in the CR cells.

The U20S CHK1i resistant cell lines also appeared to behave differently to WT matched
cell lines when splitting cell cultures. The CR cells were more adhesive and took longer to
dissociate from the flask when in 1% trypsin. Following this observation, both U20S WT
and U20S CR cell cultures were viewed under microscopy at 20X magnification whilst in
1% trypsin. Images were captured at intervals to monitor when cells had become unfixed.

Figure 5.7 shows an example of the U20S WT cell lines undergoing cell trypsinisation.

U20S WT cells were fully free in suspension when captured at the 10 minute interval. In
contrast, the U20S CR cell lines took 15 minutes to become free in suspension. Figure 5.8
shows how the U20S CR cells looked morphologically different in comparison to the WT
cells and that CR cells took longer to become free in cell suspension. The U20S CR cells
appeared clumped in appearance rather than appearing in suspension as individual cells

like the matched WT cell line.

Changes in cell shape are seen with the CR U20S cells in comparison to the WT U20S cells
and the CR U20S cells are more adherent in culture. The behaviour and morphological
changes of the U20S CHK1i resistant cell line led to the hypothesis that changes in the CR
cell lines could be due to changes in epithelial-mesenchymal transition (EMT). Classical
EMT results in the transition of epithelial cells with a mesenchymal phenotype (517,518).
Cells undergoing EMT can change in morphological appearance with cell elongation and

loss of cell-cell junction in culture (519).
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WT U20S CR U20S

Figure 5.6. U20S CR cell lines behave differently in cell culture in comparison to U20S WT. WT = Wild
type U20S (untreated cells), CR= CHK1i resistant cells. WT and CR cell line 1 used in this study. N=1.
U20S WT cells in A) were cultured in DMEM media alone. To generate CHK1i resistance, U20S cells in B)
were grown in DMEM media with increasing doses of the CHK1 inhibitor CCT244747 starting at 0.1uM
to a maximum concentration of 5uM. Surviving cells from each concentration were monitored and the
dose was increased when confluency level hit 50%. Surviving cells were then cultured in DMEM media
and used for further studies. Cells were photographed at 20X microscopy. The WT cells are in a co-
ordinated pattern in cell culture, however the CHK1i resistant cells appear elongated and do not form
the same pattern when fixed.
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Figure 5.7. U20S WT cells undergoing trypsinisation. N=1. WT cell line 1 used for this study. U20S WT
cells were cultured in DMEM media alone. Confluent U20S WT cells in A) were placed in 1% trypsin to
remove the cells from fixation on the plate. Photos were captured under microscopy at intervals at 20X
magnification. The pictures were taken at B) 5 minutes, C) 7 minutes, where the cells are starting to
change in shape, and D) 10 minutes, where cells are now free in suspension.
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Figure 5.8. U20S CHK1 inhibitor resistant cell lines undergoing trypsinisation behaved differently to
U20S WT cells. N=1. CR cell line 1 used in this study. To generate CHK1i resistance, U20S cells were
grown in DMEM media with increasing doses of the CHK1 inhibitor CCT244747 starting at 0.1uM to a
maximum concentration of 5uM. Surviving cells from each concentration were monitored and the dose
was increased when confluency level hit 50%. Surviving cells were then cultured in DMEM media and
used for further studies. Confluent U20S CHK1i resistant cells in A) were placed in 1% trypsin to remove
the cells from fixation on the plate. Photos were captured under microscopy at intervals at 20X
magnification. In comparison to the WT U20S cells, no cell changes were viewed after 5 minutes. B)
The photo was taken at 7 minutes with the cells still fixed to the plate. C) Photo taken at 12 minutes
where the cells are starting to change in shape. D) Photo taken at 15 minutes where cells had started
to become loose in suspension but were lifting in clumps rather than as individual cells.
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5.7. Differences in epithelial-mesenchymal transition (EMT) were shown between the
WT U20S and CR U20S cells

| have demonstrated in Section 5.6 that the CR U20S cell line 1 appeared more elongated
in culture and that the CR U20S cells were more adhesive in comparison to matched WT
U20S cells. gPCR analysis of SLUG and TWIST was performed to further explore if changes
in EMT could be present in the U20S CHK1i resistant cell lines. SLUG and TWIST are both
EMT-activating transcription factors (EMT-TFs) which can trigger EMT (517). SLUG can act
as a repressor of e-cadherin, which is responsible for maintenance of cell-cell adhesion
(520-522). TWIST is also a transcriptional repressor of e-cadherin and has also been

described in the counteraction of p53 induced apoptosis (523-525).

Experiments were performed in WT and CR U20S line 1 only and N=1 due to time
constraints. Statistical analysis cannot be performed due to this only being one biological
repeat with only 2 technical replicates. U20S CR and matched U20S WT cells were treated
with 1uM or 5uM of the CHK1i CCT244747 for 24 hours. Controls were treated with
matched doses of DMSO. Figure 5.9 shows the results. Figure 5.9A shows that the WT
U20S cells had higher starting levels of SLUG and a small reduction in levels post CHK1i
treatment. The CR U20S cells had a lower starting amount of SLUG present but very little

change in SLUG levels were shown after CHK1i treatment.

In contrast, Figure 5.9B shows that WT U20S cells have low levels of TWIST in comparison
to CR U20S cells. In addition, there appears to be a rise in TWIST levels in response to
CHK1i treatment, in particular with the CR U20S cells at 5uM CHK1i dose. This could
indicate that the CR U20S cell line has changes in EMT which have altered the cells both
phenotypically and behaviourally. These experiments, however, are only preliminary and

would need more extensive investigation to confirm this.
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Figure 5.9. SLUG and TWIST levels are different between the U20S WT and U20S CR cell lines both at
baseline and in response to CHK1i treatment. N=1. U20S WT and U20S CR cell line 1 were used in this
study. Data were normalised using the 2-ACT method (R = 2—[ACP sample — ACP control] ) using the gene
RPL13A as reference. Statistical analysis cannot be performed due to this only being one biological repeat
with only 2 technical replicates. U20S WT and CR U20S cell lines were treated with the CHK1i CCT244747
for 24 hours. Untreated cell lines were treated with the equivalent amount of DMSO. A) WT U20S cells
have higher starting levels of SLUG and have a small reduction with CHK1i treatment, whereas CR U20S
cells have a lower starting amount but there is little change after U20S treatment. B) In contrast to A), WT
U20S cells have low levels of TWIST in comparison to CR U20S cells. In addition, there appears to be a rise
in TWIST levels in response to CHK1i treatment, in particular with the CR U20S cells at 5uM CHK1i dose.
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5.8. CHK1i resistant U20S cells display different activation of key DDR genes in
response to CHK1i treatment in comparison to WT U20S cells

gPCR was also performed to look at changes within key DNA damage response genes.
These genes were previously explored in the CHK1 sensitive and resistant mouse models
in chapter 4. This was to examine how the DNA damage response behaves in the CHK1i
resistant cells compared to the WT sensitive cells. Due to time constraints within this
study, experiments were performed in WT and CR U20S cell line 1 only and N=1 so the
results here are only preliminary. Statistical analysis cannot be performed due to this only
being one biological repeat with only 2 technical replicates. Figure 5.10 shows the qPCR
results for CHEK1, CLSPN and for CDC25A both with CCT244747 CHK1i treatment and

without. Untreated cells were dosed with the equivalent DMSO as control.

The U20S WT cells show higher levels of CHEK1 and CLSPN at baseline in comparison to
the U20S CR cells. Levels of both CHEK1 and CLSPN reduce with CHK1i treatment in both
WT and CR cells, in contrast to data obtained in the mouse models in chapter 4. CDC25A
levels are slightly higher at baseline in untreated CR U20S cells compared to the WT U20S
and there appears to be a slight increase in CDC25A after 1 uM CHK1i treatment in the CR
U20S cells. CDC25A levels decrease slightly in the WT U20S cells after 1uM CHK1i
treatment but a large change after CHK1i treatment is not demonstrated. More repeats

would be needed to confirm these trends in the WT U20S and CR U20S cell lines.

The findings of low levels of CLSPN and CHEK1 in the CHK1i resistant cells are similar to
the trends shown in the Ep-Myc/c-Rel -/- CHK1i resistant mouse models in chapter 4.
There appears to be some alteration in the DNA damage response between the WT and
CHK1i resistant cells at baseline. Significant changes were also not demonstrated in

CDC25A levels between drug sensitive and drug resistant mouse models.

The WT U20S and CR U20S cell lines in this study were exposed to CHK1i for 24 hours
whereas Ep-Myc CHK1i sensitive mice treated with CHK1i at 8 hours showed the most
prominent response. It would be beneficial to perform a time course as a follow up

experiment in the cell lines to assess the time point of strongest CHK1i response.
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Figure 5.10. CHEK1 and CLSPN show similar trends in gene expression at baseline and post CHK1i
treatment in U20S WT and U20S CR cell lines, but a difference in CDC25A is demonstrated. N=1. WT
and CR U20S cell line 1 used in this study. Data were normalised using the 2-ACT method (R = 2—[ACP
sample — ACP control] ) using the gene RPL13A as reference. Statistical analysis cannot be performed due
to this only being one biological repeat with only 2 technical replicates. U20S WT and U20S CR cells were
treated with the CHK1i CCT244747 for 24 hours. Untreated cell lines were treated with the equivalent
amount of DMSO. A) WT U20S cells have higher starting levels of CHEK1 in comparison to the CR U20S
cells and CR U20S cells have a smaller relative change. B) Baseline CLSPN levels are also reduced in the CR
U20S cells, similar to demonstrated in the mouse models earlier. C) CDC25A levels only decrease slightly
in the WT U20S cells after 1uM CHK1i treatment and appear slightly higher after 1uM CHK1i treatment in
the CR U20S cells. These changes, however, appear to be small.
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5.9. Changes in protein DDR expression are shown between the WT CHK1i sensitive
U20S cells and the CHK1i resistant U20S cells

In the Ep-Myc mouse models, changes demonstrated in protein were more evident than
changes demonstrated in gene expression. To further explore the protein changes
between WT U20S cells and CR U20S cells, western blot analysis was performed in key
DDR genes at baseline. This was a preliminary study due to time constraints in this study,
N=1 for U20S WT and U20S CHK1i resistant cell lines 1, 2 and 3. Results are shown in
Figure 5.11.

Phosphorylated CHK1 serine 345 was not present. This was an expected result in
unstimulated cells as they are not under additional replication stress. RelA and total CHK1
levels are higher in the WT U20S cells in comparison to the CR U20S matched cells. There
also appears to be a reduction in CDK2 and PARP in the CR resistant cells. This could
indicate that, as shown in the Eu-Myc/c-Rel -/- CHK1i resistant mouse models in chapter
4, the DNA damage response pathways are downregulated in these CHK1 inhibitor
resistant cell lines. The results are slightly different in each cell line however, with CDK2

levels being higher in CR cell line 1.
Further experiments are required to explore the protein expression differences between

drug sensitive and drug resistant cell lines in more detail. This would involve looking at

changes in the WT and CR U20S cells in comparison after CHK1 inhibitor treatment.

278



U20S U20S U20S

PARP
RelA
pCHK1 s345

CHK1

CDK2

ACTIN

Cell line 1 Cell line 2 Cell line 3

Figure 5.11. Western blot analysis of untreated U20S WT and CHK1i resistant cells for DNA damage
response markers. Preliminary protein analysis of untreated generated CR cells in comparison to
matched WT U20S cells (N=1 for each). A) Results for cell line 1; B) cell line 2 and C) cell line 3. pCHK1
s345 is not present; this is expected as cells have not been treated and therefore should not be activated
at rest. CHK1 levels are reduced in CR cell lines as shown in the Eu-Myc/c-Rel -/- mice in chapter 4.
There also appears to be a reduction in baseline PARP, RelA and CDK2 in the CR cell lines in comparison
to the WT U20S cells.
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5.10. Generated CHK1i resistant U20S cells displayed more genomic instability in
comparison to matched WT U20S cells

Genomic DNA was extracted from both WT and CHK1i resistant cell lines. This was done
with a view to sequencing the samples if time permitted. These samples differed from
cfDNA samples as discussed in Chapter 6 as genomic DNA was extracted from the cells as
opposed to small DNA fragments from plasma samples. DNA extractions on all 4 CHK1
resistant U20S cell lines and their matched WT U20S cells were performed. Sample
quality was assessed using genomic DNA ScreenTape and analysed on the TapeStation

(Agilent). Results are shown in Table 5.3.

WT U20S cells had larger DNA fragment size in comparison to the CR cells. All DNA was
extracted using the same DNA extraction kit at the same time. This could indicate that
the CR cells are more genomically unstable in comparison to the WT cells and could be in
keeping with a reduction in key DNA damage response proteins as shown in Figure 5.11.
A downregulation of Claspin and CHK1 along with other DNA damage proteins could lead
to less regulation of DNA repair and make cells more unstable when placed under

replication stress.
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Table 5.3. CHK1i resistant cell lines are more fragmented after genomic DNA extraction in comparison to
matched WT U20S cells. N=1. Genomic DNA was extracted from all cell lines and DNA quality was assessed
using TapeStation. The WT cells all had large DNA fragment sizes post extraction, however in comparison
the CR cells all had smaller initial fragment sizes after the same sample preparation.

Sample Concentration (pg/ul) Initial fragment size (bp)
WT1 52.8 >60000
WT2 94 >60000
WT3 323 >60000
WT4 537 >60000
CR1 57.7 20764
CR2 51.7 23030
CR3 48.1 23367
CR4 61.8 50664
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5.11. RNA-seq has shown both similarities and differences in gene expression patterns
in the CHK1i resistant cell lines

To further investigate gene expression trends in the CHK1i resistant U20S cells, samples
were prepared for RNA-seq analysis. WT and CR cell lines 1, 2, 3 and 4 were used in this
study. N=1 for all samples. Samples were prepared as discussed in Section 3.3.8. RNA
samples were run using the Illumina platform by Leigh Taylor at the Genomics Core Facility
at Newcastle University. Due to time constraints data was not initially analysed in detail
but was subsequently analysed by Dr. Peter Leary at Newcastle University Bioinformatics

Support Unit (BSU). Findings from the data are summarised in this section.

Figure 5.12 shows the principle components analysis (PCA) of the RNA-seq data for the
WT and CR U20S cell lines. All of the WT untreated cells cluster together and have very
similar gene expression patterns. This shows that the starting U20S cells all have similar
characteristics. Post CHK1i treatment, the WT gene expression profiles change, but again
the gene expression changes in a similar way. This shows that the independent U20S WT

cell lines share characteristics and a similar response to CHK1 inhibition.

Results for the CR cells in Figure 5.12 appear to indicate 2 different gene expression
populations that are different to the WT pattern. CHK1i resistant cell lines 1 and 4 (CR1
and CR4) cluster in a similar way, and CHK1i resistant cell lines 2 and 3 (CR2 and CR3)
cluster similarly. In all of the CR cell lines, there is not a big change in gene expression
post CHK1i treatment as demonstrated in the matched WT U20S cells. These findings are
similar to the trends demonstrated in the Eu-Myc/c-Rel -/- mice. These results seem to
indicate that there are not large gene expression changes post CHK1i treatment in the

CHK1i resistant cell lines.

Figure 5.13 shows the gene expression patterns for CLSPN and REL from the RNA-seq
analysis of WT and CHK1i resistant U20S cell lines. Figure 5.13A shows that the untreated
and CHK1i treated WT U20S again cluster in groups displaying similar patterns for CLSPN
expression. Cell lines CR2, CR3 and CR4 all have low CLSPN expression, similar to the Ep-
Myc/c-Rel -/- mice. CR1 displays higher levels of CLSPN compared to the other CHK1i

resistant lines but lower levels than the WT groups.
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Figure 5.12. Principle components analysis (PCA) of RNA-seq data for WT U20S and CHK1i resistant
U20S cell lines. Figure produced by Dr P. Leary. WT = Wild type; CR = CHK1i resistant. N=1. U20S WT
and CR U20S cell lines were treated with 1uM CHK1i CCT244747 for 24 hours. Untreated cell lines were
treated with the equivalent amount of DMSO. PCA of the RNA-seq data shows that all of the WT cells
(untreated) cluster together and therefore in terms of their gene expression (GE) look very similar. Once
treated with the CHK1i, the gene expression profiles of the WT cells all change, but all in a very similar
way. Results for the CHK1i resistant cells appear to display 2 different populations - CR1 and CR4 cluster
similarly, and CR2 and CR3 cluster similarly. In all CR U20S cell lines, there are not big shifts in gene
expression post CHK1i treatment. This is in contrast to the trends demonstrated in the WT U20S cells.
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Figure 5.13. Gene expression plots for CLSPN and REL from RNA-seq analysis of WT and CHK1i resistant
cell lines. Figure produced by Dr. Peter Leary. WT = Wild type; CR = CHK1i resistant. N=1. U20S WT
and CR U20S cell lines were treated with 1uM CHK1i CCT244747 for 24 hours. Untreated cell lines were
treated with the equivalent amount of DMSO.A) CR2, CR3 and CR4 all have low CLSPN expression, similar
to the Ep-Myc/c-Rel -/- mice. CR1 cells appear to have a slightly higher expression of CLSPN, but less
than WT cell lines. Untreated WT U20S cells all express higher CLSPN levels, which are reduced by
treatment with the CHK1i. This is in contrast to the data for the Eu-Myc mice shown in Table 4.1 where
CLSPN levels increase after CHK1i treatment. The cell data here, however, represents single dose CHK1i
treatment after 24 hours and results in the Ep-Myc mice represent 9 days of CHK1i treatment. Gene
expression in the CR cells does not change significantly post CHK1i treatment. B) REL expression — CR1
and CR4 cluster again as shown in the PCA in Figure 5.12, but the CR2 and CR3 cell lines appear to have
very low REL (mimicking the Epu-Myc/c-Rel -/- mice).
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Gene expression profiles in the CR cells do not change significantly post CHK1i treatment.
Figure 5.13B shows the results for REL expression. Again, the WT cell lines all cluster
together in a similar pattern when untreated and separately cluster in a similar pattern
post CHK1i treatment. CR1 and CR4 cell lines cluster again as shown in the PCA in Figure
5.12. The CR2 and CR3 cell lines have different gene expression patterns and appear to
have very low REL expression, which again is shared with the Epu-Myc/c-Rel -/- mice.
Trends appear to be showing that CR2 and CR3 have some similar characteristics to the
Eu-Myc/c-Rel -/- mice, whereas CR1 and CR4 have different patterns of CHK1i resistance

based on gene expression pattern.

Figure 5.14 shows the gene expression plots for ATM and CHEK2 from the RNA-seq
analysis of WT U20S and CHK1i resistant U20S cell lines. Figure 5.14A shows gene
expression levels of ATM and Figure 5.14B shows gene expression levels of CHEK2. There
is some variation in gene expression for ATM and CHEK2 in the WT U20S cell groups, but
similar trends are demonstrated — ATM and CHEK2 expression levels reduce after CHK1i
treatment. CR1 and CR4 cell lines cluster together (as shown in the PCA in Figure 5.12)
but cell lines CR2 and CR3 appear to have higher gene expression of ATM and CHEKZ2 prior
to CHK1itreatment. Levels remain high compared to WT U20S cells after CHK1i treatment
despite a small reduction in gene expression. This could indicate that CR2 and CR3 have

an upregulation of the ATM/CHK2 pathway in an attempt to bypass CHK1 signalling.

The RNA-seq data has also confirmed that USP1 was downregulated in CR2 and CR3 U20S
cells. This is again in keeping with the downregulation of CLSPN and REL in the CR2 and
CR3 U20S cells as shown in Figure 5.11 and 5.13, and as shown in the Epu-Myc/c-Rel -/-
mouse model in chapter 4. This data supports the idea of a shared mechanism of CHK1i
resistance between the CR cell lines and the Ep-Myc/c-Rel -/- mouse model. CR1 and CR4
are CHK1i resistant, however the resistance mechanism is different. Ongoing work in the
Perkins’ lab is being performed to investigate the resistance mechanisms in the CR cells in

more detail.
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Figure 5.14. Gene expression plots for ATM and CHEK2 from RNA-seq analysis of WT and CHK1i
resistant cell lines. Figure produced by Dr. P. Leary. WT = Wild type; CR = CHK1i resistant. N=1. U20S
WT and CR U20S cell lines were treated with 1uM CHK1i CCT244747 for 24 hours. Untreated cell lines
were treated with the equivalent amount of DMSO.A) shows gene expression levels of ATM and B) shows
gene expression levels of CHEK2. CR1 and CR4 cell lines cluster (as shown in the PCA in Figure 5.12) and
cell lines CR2 and CR3 also cluster together. Cell lines CR2 and CR3 appear to have higher gene expression
of ATM and CHEK2. This could indicate an upregulation of the ATM/CHK2 pathway in an attempt to
bypass CHK1 signalling. WT U20S cells show a reduction in both ATM and CHEK2 expression after
treatment with the CHK1i. This is in contrast to the data for the Eu-Myc mice shown in Table 4.1 where
ATM and CHEK?2 levels increase after CHK1i treatment, however, the cell data represents single dose
CHK1i treatment and results in the Ep-Myc mice are after 9 days CHK1i treatment.
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5.12. Chapter Summary

In this chapter | have investigated a cell line which acquired resistance to CHK1 inhibition
post CHK1i drug treatment. The U20S cell line was the cell line selected as it is normally
sensitive to CHK1 inhibition and has intact DDR pathways. It is important to be able to
assess the baseline cell line characteristics when trying to assess and modify a drug
response. This cell line can also be manipulated via transfection and siRNA analysis,
making further follow up experiments possible within the same cell model. | have
confirmed that the CR U20S cells have become CHK1i resistant with use of cell survival

assessments in comparison to the WT U20S cells.

Changes in cell characteristics and behaviour were observed when growing the CHK1i
resistant cells in culture. The CR U20S cells appeared more elongated and clustered in
comparison to the WT U20S cells. In addition, changes were seen in cell adhesion during
cell culture —the CR U20S cells took longer to dissociate from the flask in the presence of
trypsin. It is important to acknowledge that trypsin acts as a protease and prolonged
exposure could lead to additional cell stress (526), therefore care must be taken to
minimise exposure. Given the change in cell appearance and adhesion in culture,
preliminary investigations into the EMT-TFs SLUG and TWIST were performed. TWIST
levels were increased in the CR U20S cells, but further characterisation of the cell line

formally looking at EMT markers would be required to draw any conclusions.

WT U20S cells showed a reduction in CLSPN, ATM and CHEKZ2 after treatment with the
CHK1i. Thisisin contrast to the data for the Ep-Myc mice shown in Table 4.1 where CLSPN,
ATM and CHEK2 levels increase after CHK1i treatment. The cell data in Figure 5.13 and
Figure 5.14, however, shows the RNA-seq results for single dose CHK1i treatment and the
results in Table 4.1 for the Ep-Myc mice represent gqPCR results after 9 days of CHK1i
treatment. The time difference in the CHK1i treatment course may have influenced the
differences seen between the WT U20S and the Eu-Myc mice. Figure 4.9 shows data for
ATM expression in the acute Ep-Myc mouse model at 24 hours and there was no change

in gene expression after treatment. This could indicate that there are some differences in
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DDR gene expression post CHK1i treatment between the WT U20S cells and the acute Ep-

Myc mouse model.

All of the CR U20S cells have downregulated DDR protein expression, including CHK1. The
CR U20S cell lines, in particular CR2 and CR3, share characteristics with the Eu-Myc/c-Rel
-/- mouse model, including downregulation of REL and downregulation of CLSPN. There
appearsto be an upregulation in ATM and CHEK2 expression in these cell lines which could
indicate that the ATM/CHK2 pathway is upregulated to bypass CHK1 signalling and
enhance cell survival. CR1 and CR4 cell lines appear to have different gene expression
profiles and are likely to have a different pattern of CHK1i resistance. This highlights that,
like in the Ep-Myc/RelA T505A mouse model, there can be multiple mechanisms of CHK1i

resistance.

RNA-seq has confirmed that CR U20S lines also have downregulation of USP1 as
demonstrated in the mouse models. This has shown that there is a shared mechanism of
resistance between the Eu-Myc/c-Rel -/- mouse model displaying de novo drug resistance

and the CR U20S cell lines demonstrating acquired drug resistance.

Further suggested work
Most of the work in this chapter has been preliminary work due to the time constraints of
this project. gPCR and western blot analysis performed in this study will need to be

repeated to ensure that this is a true result.

The western blot | performed to look at DDR protein expression in the cell lines was pre-
CHK1i treatment only. Therefore, | would want to further explore the protein expression
in the CR U20S cells in comparison to the WT U20S cells in detail. This would further help
to characterise the cell lines and see if other DDR pathway proteins are downregulated in
response to the CHK1 inhibitor. Given the baseline reduction in expression my hypothesis
would be that there would be a low level of DDR expression also in response to CHK1i

treatment.
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It would be useful to perform a time course in the CR U20S cell lines to determine the
optimal CHK1i treatment time. This has been determined as 8 hours in the Eu-Myc/c-Rel

-/- mouse model but this may be different in the cell models.

Given that USP1 has also been shown to be downregulated in the CR U20S cells it would
be useful to validate this with follow up qPCR and western blot analysis to assess USP1
gene and USP1 protein expression within this model. | would also investigate PI3K/AKT
and MAPK pathways as well given the upregulation of AKT, ERK1, JNK1 and P38 MAPK
shown in the proteomics data for the Eyu-Myc/c-Rel -/- mouse CHK1i resistant model. This
would be to determine if these pathways are also upregulated in the CR U20S cell lines,
particularly in CR2 and CR3 which already share features with the Eu-Myc/c-Rel -/- mouse

model.

siRNA knockdown of USP1 would be useful to perform in the WT U20S cells. The siRNA
knockdown cells could then be treated with CHK1 inhibitor to see if they have become

resistant to CHK1 inhibition.

It would be useful to further interrogate the RNA-seq data to explore the mechanism of
resistance for the CR1 and CR4 cell lines in more detail. It would be be interesting to see
if there is evidence of cell survival pathway upregulation. Further investigations into the
CHKZ1i resistance mechanisms in the CR U20S cells are being performed by the Perkins’

lab.

In this chapter | have shown that the CHK1i resistant U20S cells with acquired CHK1i
resistance share some characteristics with the Eu-Myc/c-Rel -/- mouse model with de
novo CHK1i resistance. In the next chapter, | extracted and quantifed cfDNA from samples
obtained from patients on the SRA737 CHK1i study and assessed whether mutations in

DDR related genes from human cfDNA samples can be detected.
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6. Results 3: SRA737 trial sample preparation for cfDNA extraction and next
generation sequencing

6.1. Introduction to chapter

The mutational profile of cancers can change significantly as disease progresses to
promote cell survival and metastatic potential (40,44). The traditional method of tissue
biopsy to capture mutational change on disease progression can be difficult due to patient
fitness and tumour accessibility (263). Previous studies have demonstrated that cancer
mutations can be detected in circulating cell free DNA (cfDNA) and tests are now routinely
used in clinical practice for some cancers providing a personalised treatment approach

(270,290-293).

cfDNA consists of DNA fragments present in the bloodstream and is thought to be
released from cells undergoing necrosis and apoptosis (275-277). Normal physiological
levels of cfDNA are low in healthy individuals but increased in pro-inflammatory
conditions including cancer (276,277). Circulating tumour DNA (ctDNA) is the fraction of
DNA specifically from tumour origin (283). This can provide information on the mutational
status of a cancer and changes in tumour profile can be detected over time in successive

samples (306,527).

Patients participating in the SRA737 clinical trial monotherapy arm had blood samples
collected at different time points during their CHK1i treatment (207). Plasma was then
spun from these samples for further cfDNA extraction. These cfDNA samples were for
exploratory research purposes to see if mutations in genes linked to the DNA damage
response could be detected during CHK1i treatment. The aim of this chapter is to see if
mutations can be isolated from cfDNA from patients on CHK1li monotherapy and to

develop the methods used to investigate gene changes in this patient group.
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6.2. Chapter aims

Research aim 1 - to develop and validate methodologies needed for investigating genetic

changes in patients treated with CHK1i therapy.

Research aim 2 - to see if mutations in the DDR can be identified in patients undergoing

CHK1 inhibitor therapy on the SRA737 CHK1 inhibitor monotherapy trial.
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6.3. Quantity of cfDNA can vary according to techniques used

Firstly, preliminary studies were also used to optimise the method used for cfDNA
extraction. Plasma samples from healthy controls were spiked with genomic DNA from
lung and colorectal cell lines to ensure that circulating free DNA can be detected and
measured. Secondly, the number of centrifuge steps was altered during cfDNA elution,

as was using different volumes of elution buffer (Figure 6.1A).
The addition of an extra centrifuge step was found to increase cfDNA vyield. Using 50ul

elution buffer volume per ml of plasma was found to give a higher total concentrated yield

compared to 100ul/ml of elution buffer.
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Figure 6.1. cfDNA yield varies according to the techniques and extraction kit used. A) Preliminary
cfDNA extractions were performed using 1ml of healthy individual plasma samples spiked with DNA from
lung and colorectal cell lines (N=1). Control samples have no added cellular DNA and contain low levels
Elution buffer volumes and elution centrifuge steps were modified to assess optimal
extraction conditions. cfDNA vyield was assessed by Qubit. B) Differences in yield of cfDNA compared
from two different extraction kits and extraction method (N=2). Graph shows mean % SD.

of cfDNA.
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A comparison was also made between two different DNA extraction kits, the QlAamp
Circulating Nucleic Acid Kit (QIAGEN) using a vacuum extraction method and the QlAamp
Blood Mini Kit using centrifuge spins (QIAGEN; #51104). The comparison is shown in Figure
6.1B. QIAGEN kits were selected after discussions with other research centres and are
commonly used in other cfDNA studies (528-532). Plasma from the same source sample
was used to follow both protocols and DNA quantity was measured via Qubit post
procedure. The QIAGEN QlAamp Circulating Nucleic Acid Kit using the QIAGEN QjaVac 24
plus vacuum manifold provided a greater DNA yield compared to the QlAamp Blood Midi

Kit and therefore the vacuum method was used in subsequent extractions.

6.4. Quantity and quality of cfDNA shows intra-patient variability

Prior to using plasma samples from the SRA737 CHK1 inhibitor study, test plasma samples
were used from the PROSPECT-NE study. This is a collection of samples from patients
waiting for phase 1 clinical trial entry and who have donated plasma for investigative
research. This patient population is similar to those enrolled onto the SRA737 CHK1
inhibitor study (533) and therefore it was assumed that cfDNA quantity and quality would

be similar between the two patient groups.

cfDNA was extracted using the QlAamp Circulating Nucleic Acid Kit. cfDNA quantity was
measured using the Qubit as discussed in Section 3.11.2 (Figure 6.2A). DNA quality and
fragment size were measured using a TapeStation automated system, which uses gel
electrophoresis and digital analysis to assess sample integrity (534). Samples show wide
variation in the amount of cfDNA extracted, however, DNA fragment length in samples was

shown to be consistent with a range between 130 and 150bp (Figure 6.2B).
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Figure 6.2. cfDNA quantity and quality varies between patients. A) Total yield of 15 separate cfDNA
samples from PROSPECT-NE biobank patients suitable for phase 1 studies measured using Qubit
fluorometer. B) Fragment size determined by TapeStation analysis for the matched samples.
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Given the consistency of fragment size shown with the PROSPECT samples, the first 54
SRA737 samples were then extracted using the QlAamp Circulating Nucleic Acid Kit. These
samples were from 30 patients in total. Variation was again seen with the quantity of
cfDNA obtained from samples, but similar consistent trends were seen with the DNA
fragment size. The main factor limiting the total cfDNA quantity gained from trial samples
was having access to only a small starting volume of plasma (between 1 and 3mls per

sample).
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6.5. Design of gene panel for next generation sequencing

Given the preliminary data generated from the PROSPECT-NE samples, and those from
the SRA737 trial showing low cfDNA yield, meetings were held with representatives from
[llumina and the Core Genomics Facility staff at Newcastle University. This was to discuss
the optimal design of the next generation sequencing panel. Factors taken into
consideration prior to design included the low amount of DNA likely to be extracted from
the SRA737 trial samples, the overall cost of the panel development and the depth of

analysis required to determine mutation frequency opposed to background signal.

The panel designed consists of 32 key genes linked to the DNA damage response. Initially
the panel selected contained 100 genes, but the preliminary plasma — cfDNA extractions
showed that we would have insufficient DNA from the plasma volume available to
proceed and therefore gene selection was scaled down. Genes were therefore selected
according to their role in the DNA damage response, known interactions with NF-kB and

direct interactions with CHK1. The genes selected are listed in Table 6.1.

After multiple discussions with [llumina and the Core Genomics Facility Team at Newcastle
University, the decision was made to use an Illumina Nextera Rapid capture custom
enrichment kit combined with TruSight Oncology reagents. This was based on the
qguantity of cfDNA extracted from samples and the recommendations from the team at
lllumina. We discussed how to maximise data output with the amount of cfDNA
extracted. Exome sequencing was selected to examine the coding regions of the genome
and was feasible to be run with a low input of DNA. This type of kit also allowed the design

of a custom-made exome sequencing panel for the 32 genes selected.
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Table 6.1. Selected gene panel list for next generation sequencing of SRA737 patient samples. 32
genes were selected based on their interactions with CHK1 within the DNA damage response and
interactions with NF-kB.

DNA Known Direct ::5::12::2,
Gene Protein | Damage | interactions | Target of Function in Ref
Response| with NF-kB | CHK1 .
resistance?
Cell cycle arrest and DNA
damage repair in (10,76,77
v v v v O
ATR ATR response to single 224,325-328)
stranded DNA damage
Binds to ATR and recruits (53,
ATRIP ATRIP 4 v CHK1 82,272,425,
537)
Cell cycle arrest in event
CHEK1 CHK1 v v v of DNA damage in S (961322?;;;;1
and G2/M phases e
Cell cycle arrest in event (49,76,116,12
CHEK2 CHK2 4 v of DNA damage in G1 3,333,
phase 334)
. Adaptor protein in (224,230
v v v v ’ /
CLSPN | Claspin recruitment of CHK1 335,336)
Regul laspi
HERC2 | HERC2 v v egulates claspin (538,539)
stability
Recruits 9-1-1 complex
RAD17 RAD17 4 onto chromatin after (75_;,;2')80’
DNA damage
Binds and stabilises
single-stranded DNA in (75,77,79,
1 1 v
RPA RPA the event of DNA 80)
damage
Rescue of stalled
TOPBP1 TOPBP1 v replication forks (75,8707),79,

Checkpoint control
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Previously

DNA Known Direct discussed
Gene Protein | Damage | interactions |Target of Function in Ref
Response| with NF-kB | CHK1 .
resistance?
Regulates Claspin
stability
uspP20 USP20 4 Deubiquitinates hypoxia- (243,538)
inducible factor (HIF)-1
alpha causing
angiogenesis/metastases
Negative regulator of
Weel WEE1 v 4 entry into mit.o-sis (G2 v (99,100)
to M transition)
NF-kB Transcriptional
activator
C-Rel C-Rel v (202,203,
: : v 224)
Involved with Claspin
regulation
Forms the most
abundant NF-kB
Rel-A REL-A complex
v v v 244,252
(P65) (P65) (244,252)
Involved with Claspin
regulation
Transcription factor - cell
division, adhesion
/ ’ 7
ABLI ABLL differentiation, and (61,210)
response to stress
FANCA FANCA v Crosslink repair (55,106)
FANCC FANCC 4 Crosslink repair (55,66)
FANCE FANCE 4 Crosslink repair (55,66)
; ; (55,106)
FANCF FANCE v Crosslink repair
Tumour suppressor
. . (55,106)
FANCG FANCG 4 Crosslink repair
Required for G1to S
14,49,87
\/ / H \/ ( ’ ’ ’
CDC25A CDC25A phase progression of 123,191)

cell cycle
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Gene

Protein

DNA
Damage

Response

Known

interactions
with NF-kB

Direct
Target of
CHK1

Function

Previously
discussed
in
resistance?

Ref

CDC25B

CDC25B

Activates the cyclin
dependent kinase
CDC2

Required for entry into
mitosis

(109,110,
115)

cDC25C

CDC25C

Directs
dephosphorylation of
cyclin B-bound CDC2

Triggers entry
into mitosis

Suppresses p53-induced
growth arrest

(92,93,96,
125-127)

CCNE1

Cyclin E1

Regulatory subunit of
CDK2

Required for cell cycle
G1/S transition

(179,203)

c-MYC

c-Myc

Proto-oncogene

(197,198,
224,336)

MAPKAPK
2/
MK2

MK2

Cytokine production
Endocytosis

Reorganisation of the
cytoskeleton

Cell cycle control
DNA damage response

Transcriptional
regulation

(13,109,
110,192,
341)

PPM1A

PPM1A

Dephosphorylates
and negatively
regulates MAP kinases

(540,541)

PRKDC

DNA-PKcs

Non-homologous
end joining

Required for double-

strand break repair

(64,67,
338)

300




DNA Known Direct :(::::::2’
Gene Protein | Damage | interactions | Target of Function in Ref
Response| with NF-kB | CHK1 .
resistance?
Homologous
recombination (49,130
v v v ’ ’
RADS51 RAD51 and 184,193)
repair of DNA
Involved in cell
survival after damage/
stress
Increase in DNA
polymerase activity
TIMELESS TIM 4 v (1,9,217,
. 218,339)
Maintenance of
telomere length
Role in circadian
rhythm autoregulatory
loop
DNA helicase Il
complex
— Binds preferentially to -
XRCC5 < 80/ v fork-like ends of (28‘; !
u double-stranded DNA )
Cell cycle-dependent
Single-stranded DNA
XRCC6/ dependent & (65,67
/ ’ 7
XRcco Ku70 ATP-dependent 289)
helicase
Central role in DNA
repair (43,65,
101-103
v v v ’
BRCAL BRCAL Facilitates cellular 289,
responses to DNA 340-342)
damage
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6.6. Completion of sample plasma cfDNA extraction

In order to proceed with next generation sequencing, cfDNA had to be extracted from
patient plasma samples. A total of 137 patient samples from 72 different patients were
received from the SRA737 trial. The quality of samples received from the study was
variable. Factors impacting on sample quality included variation in the plasma volume
received (between 1ml and 3mls) and blood contamination of plasma samples. These
factors were difficult to regulate as, although protocols for sample extraction were
standardised, samples were taken and sent from multiple different clinical centres leading
to some variation. The processes involved in sample extraction and preparation for

sequencing are shown in Figure 6.3.

cfDNA was extracted from the plasma samples using the QIAGEN QlAamp Circulating
Nucleic Acid Kit as discussed in Section 3.11.1 and eluted into 50uls/ml plasma of
extraction buffer based on preliminary tests. Elution volume was therefore 50-150ul per
sample. A maximum of 9 plasma samples were extracted at the same time in order to
avoid cross contamination of samples and to minimise sample loss in the event of

problems with the cfDNA extraction run.

302



Plasma cfDNA extraction
QIAGEN QlAamp Circulating Nucleic Acid Kit

\ 4

Assessment of cfDNA sample quality and quantity
Qubit fluorometer and TapeStation

\ 4

Concentration of samples
Savant SPD131DDA SpeedVac Concentrator

h 4

Assessment of cfDNA sample quality and quantity
TapeStation

A

Selection of samples for sequencing

Figure 6.3. Flow chart summarising the steps taken to process cfDNA samples prior to sequencing.

This involves concentration of the cfDNA samples and quality control.
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6.7. Quality control of cfDNA samples

Quality control checks for quantity and sample integrity were required prior to next
generation sequencing to ensure that samples were at the required standard to proceed.
Post cfDNA extraction, samples were initially tested for cfDNA quantification using a Qubit
fluorometer as per Section 3.11.2. This method gave total cfDNA quantification and
allowed the estimation of sample suitability for next generation sequencing. Discussions
with lllumina at this stage stated that 30ng of cfDNA were required for the sequencing
panel. It was therefore hypothesised that samples recorded as having cfDNA less than

30ng with Qubit analysis would be unsuitable for sequencing.

Further quality control was performed on all samples using the TapeStation HS D1000
ScreenTapes (Agilent) as discussed in Section 3.11.3. This was to determine cfDNA
fragment length as well as additional cfDNA quantification. Optimal cfDNA fragment
length for library preparation was 75-250bp. If the fragment size was too large, DNA
shearing would have to be considered as otherwise the adaptors would not preferentially

bind to the cfDNA and impact on the library quality.

In comparison to the Qubit analysis, TapeStation software allows for selection of specific
sample regions in order to provide a more accurate quantity reading within the required
range. TapeStation analysis permitted cfDNA quantification measurements purely on the
75-250bp range of each sample. Figure 6.4 shows an example of sample quality control

(QC) analysis of cfDNA fragment length and quality using the TapeStation software.

TapeStation analysis of samples showed a distribution of 2 main fragment peaks, as
demonstrated in Figure 6.4. The samples all had a smaller peak with fragment size of
approximately 100-200bp, and a second larger peak of fragment size 400-1000bp. These
findings were reviewed and discussed with Illumina prior to commencement of library
preparation. It was determined that provided there was enough cfDNA in the 75-250bp
range that shearing would not be required. The amount of cfDNA required in this range

was 30ng.
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Figure 6.4. Example of TapeStation data. A) Gel electrophoresis image of multiple sample analysis from
the TapeStation software. Columns B1-H2 show the samples and the spread of fragment size in each
sample. The upper and lower bands represent upper and lower markers in each lane. The darker
samples have higher concentrations of DNA. Highlighted is the band size thought to be most attributable
to ctDNA and all samples have a clear band in the 100-200bp region. B) An example of individual sample
analysis from TapeStation software. This demonstrates the spread of DNA fragment size, between upper
and lower markers. Highlighted is the peak between 100bp and 200bp showing the average DNA
fragment size. Samples also had a second peak in the 400-1000bp range, but current sequencing
technology is not able to accurately analyse DNA fragments of this size.
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Quantification of the 75-250bp fragment size using the TapeStation provided greater
detail about sample quality within this range. Given that Qubit analysis provided total
cfDNA content rather than a specific fragment size, most samples had less cfDNA in the
75-250bp range as determined by TapeStation analysis. Table 6.2 shows how cfDNA
guantity varies between the two QC methods used. Although necessary, the requirement
of samples to have at least 30ng of cfDNA in the 75-250bp range excluded many samples
that were thought to be initially suitable as initial estimates were made based on total

cfDNA content.

Further discussions with Illumina prior to library preparation determined that the 30ng of
cfDNA in the required fragment range additionally needed to be in a maximum of 50ul
starting volume. Given that samples had been prepared in 50ul/ml of plasma, many of
the samples were not concentrated enough for library preparation use. Samples with a
75-250bp range cfDNA concentration of 0.6ng/ul or greater were adequate for library
preparation, however all remaining samples were not adequately concentrated for

sequencing.

Sample volumes were discussed with the team at the Genomics Core Facility at Newcastle
University. The decision was made to vacuum spin samples with a volume greater than
50ul and a starting cfDNA concentration less than 0.6ng/ul. This was to concentrate
samples and increase the number of cfDNA samples eligible for next generation

sequencing.
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Table 6.2. TapeStation results demonstrate more precision and selectivity for the required 75-250bp
range in comparison to results from the Qubit fluorometer. The table shows all SRA737 samples and
values for Qubit and TapeStation. Values shown for the Qubit analysis are for total cfDNA yield and
TapeStation analysis for the 75-250bp range. Unhighlighted samples are greater than 30ng for the 75-
250bp TapeStation range and therefore contain enough cfDNA for sequencing. Samples highlighted in
grey were less than 30ng total yield for Qubit and for the 75-250bp range TapeStation readings. Samples
highlighted in red were greater than 30ng total yield for Qubit but less than 30ng for the 75-250bp range
TapeStation yield. Sample ID Key: first number = site, second number = patient number. Time points:
D-7 to -4 (pre CHK1i), C3D1 (mid CHK1i treatment), EOS (end of study).

(Sits:/r::tlfent Time point Elution Volume| Qubit Yield | 75-250 bp Yield from
number) () (ng) TapeStation (ng)
011/002 D-7to -4 100 164 45.9
011/003 D-7to-4 100 48.8 13.1
011/006 D-7to-4 50 18.7 4.9
011/006 C3D1 150 34.5 50.4
011/006 EOS 100 1010 749
011/010 D-7to -4 150 19.8 3.5
011/010 C3D1 100 47.8 12.7
011/010 EOS 150 112.8 30.8
011/011 D-7to-4 100 163 130
011/011 EOS 100 83.8 49.7
011/012 D-7to -4 100 143 62.8
011/012 EOS 100 32 3.2
011/013 D-7to -4 150 213 277.5
011/013 C3D1 100 268 253
011/018 D-7to-4 100 28 22.1
031/001 D-7to -4 150 237 162
031/001 C3D1 100 171 69.2
031/002 D-7to-4 150 111.6 33.8
031/003 D-7to -4 150 109.5 48.8
031/003 EOS 150 98.4 95.3
031/004 EOS 100 34.8 9.1
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Sample

(Site/patient Time point Elution Volume| Qubit Yield | 75-250 bp Yield from
number) () (ng) TapeStation (ng)
031/004 D-7to-4 150 42.9 15.6
031/004 C3D1 150 38.7 143
031/005 D-7to-4 100 34.4 7.8
031/005 C3D1 100 26 7.2
031/005 EOS 150 68.1 21.2
031/007 D-7to-4 100 18 4.8
031/007 C3D1 150 84.9 22.7
031/008 D-7to-4 150 47.1 39.6
031/008 EOS 100 16.2 12.6
031/009 D-7to-4 100 23 7.3
031/011 D-7to -4 150 129.3 122.1
031/011 C3D1 150 140.1 171
031/011 EOS 100 64.8 40.4
031/013 D-7to-4 100 73.2 73.5
031/013 EOS 100 62 29.8
031/019 C3D1 100 128 56.7
031/019 EOS 50 20.2 5.6
031/019 D-7to-4 100 11.8 4.1
031/025 D-7to-4 100 344 278
031/025 EOS 150 5100 2160
031/031 D-7to-4 50 5.9 1.7
031/031 EOS 100 22.4 5.1
031/038 D-7to-4 100 12.4 3.0
031/038 C3D1 100 204 5.9
031/038 EOS 100 26.6 15.4
031/040 D-7to-4 150 273 11.5
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Sample

(Site/patient|  Time point Elution Volume| Qubit Yield | 75-250 bp Yield from
number) (ul) (ng) TapeStation (ng)
031/040 C3D1 100 18.4 6.5
031/040 EOS 100 23 10.2
031/042 D-7to-4 100 26 6.4
031/042 C3D1 100 35.6 4.9
031/047 D-7to -4 100 16.4 5.8
031/047 EOS 100 11.2 2.8
031/054 D-7to -4 100 14.2 4.9
031/054 C3D1 100 12 2.5
031/060 D-7to -4 100 10.8 6.3
031/060 C3D1 100 25 9.8
031/061 D-7to -4 100 86.4 32.8
031/061 EOS 100 151 156
031/071 D-7to-4 100 62.8 13.7
031/076 EOS 100 197 197
031/076 D-7to-4 100 76.8 60
031/089 D-7 to 04 100 145 204
031/093 C3D1 100 11 3.6
031/093 D-7to -4 100 22.8 4.8
039/003 D-7to -4 100 35 7.1
039/003 EOS 100 19 5.7
039/010 D-7to-4 150 45.6 13.8
039/010 C3D1 100 29.6 10
039/015 D-7to-4 150 115.8 114.5
039/015 EOS 100 103 349
039/015 C3D1 100 89 31.2
039/029 D-7to-4 100 18.8 16.7
039/029 EOS 100 38.2 27.3
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Sample

(Site/patient Time point Elution Volume| Qubit Yield | 75-250 bp Yield from
number) () (ng) TapeStation (ng)
039/038 D-7to-4 100 252 8.1
039/038 EOS 100 151 20.5
039/038 |Unscheduled (D-7 50 103 15.1

to -4)
039/055 D-7to-4 100 37.8 7.4
039/055 EOS 100 62 6.9
141/002 D-7to -4 100 12.8 3.3
141/002 C3D1 100 26.8 5.8
141/002 EOS 100 45 4.5
141/003 D-7to -4 100 672 104
141/005 D-7to -4 100 151 6.8
141/005 EOS 100 514 263
141/012 D-7to -4 100 30.2 14.8
141/012 EOS 100 736 340
143/007 C3D1 150 34.5 213
143/010 D-7to -4 100 79 13
143/024 D-7to -4 100 70.6 3.5
143/025 D-7to -4 100 105 16.1
143/036 D-7to -4 100 12 2.9
143/036 EOS 150 22.4 5.2
143/046 D-7to-4 100 18.8 4.1
144/009 D-7to-4 50 8.4 1.1
144/009 C3D1 50 7.9 1.2
144/016 D-7to -4 50 38.1 5.3
144/016 C3D1 50 50.5 12.3
144/026 D-7to -4 50 5.5 1.1
144/026 C3D1 50 5.4 1.7
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Sample Time point Elution Volume| Qubit Yield | 75-250 bp Yield from
(S:E{: E:':;nt () (ng) TapeStation (ng)

144/027 D-7to-4 50 105 27.7
144/027 EOS 50 52 22.9
144/028 D-7to -4 50 13.9 2.2
144/028 EOS 50 6.1 0.4
144/029 D-7to-4 50 18.5 1.1
145/001 D-7to-4 100 790 1660
145/001 EOS 100 4060 2550
146/001 D-7to-4 100 51.6 13.4
146/001 C3D1 50 9.7 31
146/001 EOS 100 18.2 36.1
146/002 D-7to-4 100 18.8 6.2
146/002 C3D1 100 14.2 5.8
148/001 D-7to-4 100 182 49.9
148/001 EOS 100 456 326
148/002 D-7to -4 100 146 35.2
148/015 D-7to-4 50 15.2 3.0
148/015 EOS 100 61.6 6.9
148/017 D-7to-4 100 22 11.2
148/017 C3D1 100 230 58.8
148/020 D-7to-4 50 55.5 101
148/020 EOS 100 154 223
149/002 D-7to -4 100 83.2 19.9
149/003 D-7to-4 100 44 9.6
149/010 D-7to-4 100 61.2 37.5
149/017 D-7to-4 100 10 2.2
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6.8. Concentration of samples using vacuum spin method

Prior to vacuum spinning SRA737 trial samples, preliminary tests were performed with 4
existing PROSPECT cfDNA samples. This was to verify that samples were adequately
concentrated and to ensure that no complications occurred during the vacuum spin
process. The starting sample volume was 145ul and the concentration per sample less

than 0.5ng/pl.

Samples were transferred to Lo-Bind microcentrifuge tubes and vacuum spun using the
Savant SPD131DDA SpeedVac Concentrator on a medium heat and predefined automatic
setting on the machine. Samples were reviewed at 30 minute intervals to check sample
volume, aiming for a final volume of 50ul. Total spin time required was 90 minutes,
leading to a remaining volume of 47ul per sample. Samples were analysed using
TapeStation HS D1000 ScreenTapes for fragment length and to calculate cfDNA after

vacuum spin. The results are shown in Table 6.3.
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Table 6.3. Preliminary SpeedVac results show increased concentration of cfDNA samples. Samples
were vacuum spun for 90 minutes and checked using the TapeStation HS D1000 DNA ScreenTapes. 2l
of DNA from each sample were used for TapeStation analysis, leading to a remaining volume of 45pl.
Fragment length decreased with vacuum spin but was still in the 75-250bp range required for
sequencing. DNA post vacuum spin was more concentrated and in an adequate starting volume of
buffer to proceed with library preparation.

Pre Post Post Total
ota
SpeedVac SpeedVac Pre SpeedVac
PROSPECT pmean pmean 75-250b SpeedVac cfDNA in
sample p 75-250bp remaining
fragment fragment | Concentration .
ID Concentration 45ul
length length (ng/nl)
(ng/ul) sample
(bp) (bp)
009 (1) 156 127 0.2 0.72 32.44
010 (2) 145 134 0.23 1.8 81
011 (3) 161 119 0.25 34.1 1534.5
013 (4) 158 116 0.28 1.73 77.85
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Given that the preliminary PROSPECT samples were concentrated sufficiently enough to
proceed with library preparation, SRA737 trial samples less than 0.6ng/ul were vacuum
spun using the same conditions - medium heat and automatic setting. Samples were
checked every 30 minutes until there was a remaining volume of 50ul. Samples were then

checked via TapeStation for quality and quantity.

Despite maintaining the same initial conditions, sample concentration decreased
significantly in the SRA737 trial samples post SpeedVac. Conditions were changed by
adjusting the SpeedVac temperature setting to low. Samples then required a longer
overall time to concentrate and were checked every 30 minutes for total change in volume
as previously, aiming for a final volume of 50ul. Sample cfDNA concentration continued

to decrease with these changes.

Concerns over total cfDNA sample loss were discussed with the team at the Genomics
Core Facility at Newcastle University. The decision was made to continue despite sample
loss as samples were required to be more concentrated in a smaller volume of buffer and
alternative methods such as ethanol precipitation would also lead to a much greater
sample loss. Table 6.4 shows representative pre and post SpeedVac results for SRA737

samples.
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Table 6.4. Changes in SRA737 sample DNA quantity pre and post vacuum spin.
concentrated using the SpeedVac until volumes were less than 50ul.
monitored every 30 minutes. The first 16 samples were spun at medium heat and the remaining samples
were spun at low heat. Decrease in sample volume was not uniform in the same batch of samples.

Samples were
Sample concentration was

TapeStation values were obtained post vacuum spin and compared to pre vacuum spin levels. Levels of

DNA quantity within the 75-250bp range often dropped dramatically in samples post vacuum spin, which
is suggestive of sample loss. Sample ID Key: first number = site, second number = patient number.

Time points: D-7 to -4 (pre CHK1i), C3D1 (mid CHK1i treatment), EOS (end of study).

Sample . TapeStation 75-250( Total volume | TapeStation 75-250 bp
(Site/patient | Time point Elution bp yield pre- post- vacuum |yield post vacuum spin
volume (pul) . .
number) vacuum spin (ng) spin (ul) (ng)
011/002 D-7 to -4 100 45.9 48 38.3
011/003 D-7 to -4 100 13.1 48 7.5
011/006 C3D1 150 50.4 37 14.4
011/010 C3D1 100 12.7 48 4.8
011/010 EOS 150 30.8 37 7.8
011/011 EOS 100 49.7 50 33.4
011/012 D-7 to -4 100 62.8 48 128.2
011/012 EOS 100 3.2 46 0.3
031/001 C3D1 100 69.2 48 42.4
031/002 D-7to-4 150 33.8 32 14.5
031/003 D-7to-4 150 48.8 31 16.2
031/004 EOS 100 9.1 48 2.6
031/004 D-7 to -4 150 15.6 33 4.2
031/004 C3D1 150 14.3 33 53
031/005 D-7to-4 100 7.8 48 2.2
031/005 EOS 150 21.2 33 35.6
031/008 D-7 to -4 150 39.6 34 3.5
031/011 EOS 100 40.4 48 44.5
031/013 D-7 to -4 100 73.5 49 97.5
031/013 EOS 100 29.8 49 39.2
031/042 C3D1 100 4.9 45 0.2
031/061 D-7to-4 100 32.8 43 2
031/076 D-7to-4 100 60 48 0.5
031/089 D-7 to 04 100 20.4 49 12.7
039/003 D-7 to -4 100 71 38 0.5
039/010 D-7to-4 150 13.8 34 3.2
039/015 EOS 100 34.9 39 19.3
039/015 C3D1 100 31.2 40 5.9
039/029 EOS 100 27.3 38 0.3
039/038 D-7 to -4 100 8.1 38 0.1
039/038 EOS 100 20.5 38 92.3
039/055 D-7 to -4 100 7.4 39 1.1
039/055 EOS 100 6.9 40 0.2
141/002 EOS 100 4.5 40 0.04
141/005 D-7 to -4 100 6.8 38 0.2
141/012 D-7 to -4 100 14.8 34 0.2
143/007 C3D1 150 21.3 33 8.8
143/010 D-7 to -4 100 13 38 32.3
143/024 D-7 to -4 100 3.5 38 0
143/025 D-7to -4 100 16.1 38 0
146/001 D-7 to -4 100 13.4 38 1.3
148/001 D-7to-4 100 49.9 33 31.6
148/002 D-7 to -4 100 35.2 28 1.8
148/015 EOS 100 6.9 33 0
148/017 C3D1 100 58.8 38 2.6
149/002 D-7 to -4 100 19.9 38 0.4
149/003 D-7 to -4 100 9.6 34 0.3
149/010 D-7 to -4 100 37.5 34 0.9
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6.9. Preliminary library preparation and sequencing

Prior to performing next generation sequencing on the SRA737 trial samples, a test library
preparation and sequencing run was performed. This was the first attempt of cfDNA
sequencing in Newcastle University and the kit was customised from lllumina, therefore
it was necessary to check that the protocol for library preparation worked. As the overall
concentration of samples had decreased, there were concerns about the suitability of
samples for sequencing as many had dropped below the 30ng total content. In order to
assess wWhether less cfDNA could be used in the library preparation, the decision was made
to use serial dilutions of cfDNA on the initial test run. This was to see if the same quality
of sequencing and read depth could be obtained. Figure 6.5 details the steps involved in

the library preparation process.
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Figure 6.5. Library preparation of cfDNA samples prior to next generation sequencing using the
Illumina Trusight 170 protocol. The preparation of cfDNA samples prior to next generation sequencing
took 2 days. Day 1 finished with the first hybridisation and capture which required an overnight step.
Day 2 finished with quantification of library samples using TapeStation analysis.
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The initial library preparation and sequencing run was performed by Raf Hussain at the
Genomics Core Facility, Newcastle University. | assisted with the library preparation.
Given that this was the first attempt of cfDNA sequencing at Newcastle University,
additional support was provided on site by Claire Logan, lllumina Representative. The
[llumina Trusight 170 protocol was followed with modifications for the addition of unique

molecular identifier (UMI) adaptors (see Section 3.11.5 for library preparation protocol).

UMIs are molecular tags that make each molecule in the initial DNA sample unique,
therefore after amplification all molecules with the same UMI are from the same source
fragment (535,536). The decision was made to include UMls in discussions with lllumina
to increase the accuracy with reads given the small starting quantity of cfDNA. Table 6.5
shows the samples selected for the initial sequencing run, based on concentration level

and sample preparation.
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Table 6.5. Samples selected for preliminary sequencing run. Samples chosen for the first run were
selected to ensure that the library preparation worked and to see if differences in sample conditions
impacted on the quality of sequenced data. Selection was made from highly concentrated PROSPECT
trial samples used in the initial preparation test runs, PROSPECT samples that had undergone vacuum
spinning, highly concentrated SRA737 trial samples and serial dilutions of PROSPECT sample 010. SRA737
sample ID Key: first number = site, second number = patient number. D-7 to -4 is pre SRA737 sample,
C3D1 is mid SRA737 treatment sample and EOS is end of SRA737 study sample. TE buffer = 1X Tris EDTA

buffer.
Amount
Sequencing TapeStation | required TE buffer
leID
runID Sample (ng/ul) for 30ng (ul)
()
1 003 0.646 46.4 3.6
Test
PROSPECT 2 005 0.891 33.7 16.3
samples 3 012 1.19 25.2 24.8
4 009 0.72 41.6 8.4
Vac spin
5 010 1.8 16.7 33.3
011/013 D-7
SRA737 trial 6 to-4 1.85 16.2 33.8
samples 7 011/013 C3D1 2.53 11.9 38.1
(Sample ID -
number & 9 031/061 EOS 1.56 19.2 30.8
time point)
10 031/076 EOS 1.97 15.2 34.8
010 15ng
11 1.8 8.3 41.7
Diluted cfDNA
samples 0107.5ng
12 FDNA 1.8 4.2 45.8
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In order to monitor the progress of the library preparation, libraries were quantified using
the TapeStation HS 5000 ScreenTape after the first hybridisation step and again after
library clean-up. The review post hybridisation 1 (HYB1) showed that the library
preparation appeared to be working as sample peak sizes on the TapeStation had shifted
to the right as shown in Figure 6.6. This would be indicative of larger DNA fragments
which would be expected post the addition of primers and adapters to the samples. This
initial review showed potential additional peaks in samples with lower DNA concentration

(15ng and 7.5ng) as shown in Figure 6.6, which could affect sample reading depth later.
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Figure 6.6. Differences in fragment size and sample peaks pre and post library preparation as
determined by TapeStation. Representative samples from first sequencing run. The upper and lower
bands represent upper and lower markers in each lane. A) SRA737 sample reading from HS D1000
ScreenTape showing distribution of fragment size prior to library preparation. B) Sample reading from
HS D5000 ScreenTape for same samples as A), showing an increase in average peak size post library
preparation. C) Initial PROSPECT-NE sample from HS D1000 ScreenTape. D) Sample dilution (7.5ng
cfDNA instead of 30ng cfDNA) from sample in B) showing additional peak after library preparation
(highlighted with red box).
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The second library quantification was performed after the library clean up. The quality
between libraries at this stage was consistent between samples with 30ng of cfDNA and
viewed as adequate for sequencing. There was a possible dimerisation of primers in the
samples with a lower concentration of cfDNA, particularly with the sample with only 7.5ng
of cfDNA. This had to be taken into consideration as there was a potential of a loss of read

depth in these samples as less primers would be available for library binding.

The decision had previously been made to run the cfDNA libraries on the NextSeq
platform. The initial samples however were run on the MiSeq platform at the Genomics
Core Facility, Newcastle University by Raf Hussain. The MiSeq platform was chosen for
the initial run because it was faster and cheaper than the NextSeq platform, but we were
still able to determine that the samples were successfully sequenced before committing
costs to proceeding with a more expensive option. This option would also allow the
analysis of the diluted samples in comparison to the concentrated parent sample and see

if there was a loss in data at a lower sample concentration.
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6.10. Summary of provisional cfDNA sequencing data

The first cfDNA sequencing run showed that samples could be successfully sequenced and
provided information about sample dilution. The data obtained from the 15ng sample
was of similar read depth and quality to the 30ng sample, however new low-level
mutations appeared in the 7.5ng sample. This was determined to be an increase in the
background false positive rate due to the low sample concentration. Samples with 7.5ng

cfDNA were therefore excluded from sequencing runs.

Based on the initial sequencing run, SRA737 samples were selected for future sequencing
runs (Table 6.6). All samples with a baseline cfDNA concentration of 0.6ng/ul in the 75-
250bp range were included as these samples reached the threshold for 30ng total cfDNA
concentration. Given that the 15ng sample provided data of similar read depth and
quality to the 30ng concentration, samples with between 15ng and 30ng of cfDNA were
included. As the number of suitable samples was small compared to the initial cohort,
samples as low as 12ng total cfDNA were included. This increased the size of the cohort
and provided more paired samples for some patients with samples already prepared for
sequencing. The downside of including these samples was that the concentration may

have not been enough for sequencing, but they were included with that known caveat.

In addition, to make up sequencing numbers, samples with sufficient cfDNA from the
initial PROSPECT-NE study were also included. These samples are also from a phase 1
cohort and therefore a similar patient group to the patients on the SRA737 study, except
samples are taken from patients not on treatment. The PROSPECT-NE patient group have
not been selected based on mutational status, therefore it would be interesting to assess
if mutations seen in SRA737 patients are also found in the PROSPECT-NE cohort. The
sample numbers used are only small, but this is only an exploratory cfDNA study to see if
we can detect mutations from our phase 1 cfDNA samples. 42 samples from the SRA737

study were sequenced in full.
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Table 6.6. Summary of SRA737 samples selected for next generation sequencing. Samples with
0.6ng/ul cfDNA within the 75-250bp range were automatically included. Sample 61 was highly
concentrated and required a 1:10 dilution in order to record concentration. Samples that needed to be
concentrated were vacuum spun using the SpeedVac. A total of 32 samples reached the 30ng cfDNA
standard. 5 further samples had between 15-30ng cfDNA and were included given that preliminary
studies showed that these could be sequenced and sample quality remained good. A further 5 samples
between 12 and 15ng were included to increase sample number as overall numbers used were small,
with the risk taken that sample read depth may not be as good for these samples. SRA737 sample ID
Key: first number = run ID, second number = site, third number = patient ID. D-7 to -4 is pre SRA737
sample, C3D1 is mid SRA737 treatment sample and EOS is end of SRA737 study sample.

Sample ID TapeStation |Amount of cfDNA used
(Run ID_site_patient_time point) (ng/ul) (ng)
1_011_006_C3D1 0.39 14.4
3_031_002_D7to4 0.453 14.4
4 031_003_D7to4 0.52 16.1
7_031_005_EOS 1.08 30
11_011_002_D7to4 0.798 30
14 011_011_EOS 0.668 30
15_011_012_D7to4 2.67 30
17_031_001_C3D1 0.884 30
20 _031_011_EOS 0.928 30
21 _031_013_D7to4 1.99 30
22_031_013_EOS 0.801 30
26_031_089_D7to4 0.26 12.7
28 039 _015_EOS 0.496 19.3
32_039_038_EOS 243 30
38_143 010 _D7to4 0.902 30
42 148 001_D7to4 0.958 30
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Sample ID TapeStation |Amount of cfDNA used

(Run ID_site_patient_time point) (ng/wl) (ng)
49_031_019_C3D1 0.316 12
50_011_006_EOS 7.49 30
51_011_013_D7to4 1.85 30
52_011_013_C3D1 2.53 30
53_031_061_EOS 1.56 30
54_031_076_EOS 1.97 30
55 011_011_D7to4 1.31 30
56_031_001_D7to4 1.09 30
57_031_003_EOS 0.629 30
58 031_011_D7to4 0.83 30
59_031_011_C3D1 1.14 30
60_031_025_D7to4 2.95 30
61_031_025_EOS (1:10 dilution) 6.4 30
62_039_015_D7to4 0.763 30
63_141_003_D7to4 1.04 30
64_141_005_EOS 2.68 30
65_141_012_EOS 3.26 30
66_145_ 001 _D7to4 16 30
67_145_001_EOS 24.1 30
68_148_001_EOS 3.55 30
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Sample ID TapeStation |Amount of cfDNA used

(Run ID_site_patient_time point) (ng/ul) (ng)
69_148 020_D7to4 2.02 30
70_148 020 _EOS 2.27 30

71_144_016_C3D1 0.25 12.3

72_039_038_D7to4 0.30 15.1

73_144 027 _D7to4 0.55 27.7

74_144 027 _EOS 0.46 22.9
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6.11. Sequencing analysis of mutations detected in cfDNA

Dr. Iglika Ivanova from the Perkins’ lab worked with Dr. Peter Leary at Newcastle
University Bioinformatics Support Unit (BSU) to develop an analysis pipeline where variant
calling could be made with high confidence. This was coordinated via the use of Mutect2

analysis software.

The main goal in the cfDNA arm of the study was to see if we could successfully extract
cfDNA from the SRA737 patient samples. The secondary aim was to try and identify
tumour mutations that changed as a result of SRA737 treatment. This has been limited
by the variations in cfDNA vyield caused by sample variability and small sample size as
previously discussed in this chapter. Therefore, the number of paired samples (with high
yield cfDNA from patients both before and after SRA737 treatment), was lower than

initially anticipated at the start of this study.

The analysis of tumour associated mutations from cfDNA can be challenging due to the
low number of ‘variant’ reads versus the background of ‘normal’ reads. Care has to be
taken when comparisons are being made to a reference genome in order to exclude
variants that might arise from SNPs already present in the patient. In addition, it is

important to exclude variants that may be erroneous due to poor sample quality.

A summary of the Mutect2 analysis methods used are described below:

1) Normal-tumour mode

For this analysis, the D4to7 samples taken from patients prior to treatment with SRA737
were used as a control “normal” sample, while the C3D1/EOS samples (mid and end of
study) were used as a “tumour” sample. This allowed the input variants from the D4to7
sample to be compared to the variants found in the samples treated with SRA737. This
analysis was only done with paired samples as these could be matched from the same
patients. One pair (011_006) was not analysed in this mode because it did not have a

D4to7 sample to use as the initial control.
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2) Individual analysis of all samples in the tumour-only mode

To allow inclusion of all sequenced samples, the cfDNA sequencing database was passed
through Mutect2 software analysis using the Broad Picard Pipeline in tumour-only mode.
This analysis was performed to identify enriching or arising gene variants in comparison
to sequences from reference genomes. The software can identify insertions or deletions
of nucleotide bases (INDELs), point mutations, and copy number variants (CNVs), where
sections of the genome are duplicated or removed in comparison to the reference
genome. The Mutect2 software deciphers whether mutations are germline or somatic via
a somatic variant discovery tool. Germline mutations are ruled out due to a presence at

near 50% or 100% in the sample. Sequencing variants are also eliminated by the software.

A disadvantage of ‘tumour-only’ mode of analysis is that it can produce a high rate of false
positive results. This occurs as software is designed to identify mutations in solid tumours,
comparing a WT cancer free sample to a tumour sample. The cfDNA database here
includes pre-treatment patients who all have a pre-existing cancer diagnosis; therefore a
‘normal’ cancer-free comparison was not possible. Subsequent validation of the Mutect2
analysis was required to ensure that the software had correctly identified novel mutations

either arising or being enriched after SRA737 treatment.

Steps undertaken for manual analysis of paired samples:

To be confident in the data produced by Mutect2, manual analysis was further performed
by Dr. Iglika Ivanova. For both modes of analysis, the BSU provided a file containing all
variants before Mutect2 applied filters and a file of the PASSED variants after the filters
had been applied. Separate to this, a file explaining why a variant was not passed as a

valid tumour mutation by Mutect2 was provided.

Steps undertaken during manual analysis of samples are described below:

Step 1. All multi allelic variants from files analysed in tumour-only mode were removed.

These were clearly artefacts due to PCR slippage. There were also incidences where

Mutect2 alignment was incorrect, making variant identification unreliable.
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Step 2. The lists from the paired samples were combined and filtered both by name and
genomic location. This analysis meant that variants picked up in both D4to7 and
C3D1/EOS samples appeared in parallel. From this list, the allelic percentage of variant
reads from the C3D1/EOS sample was divided by the allelic percentage of variant reads
from the D4to7 sample. This calculated the fold change in the allelic fraction following
CHK1i treatment. Variants with a fold change >2 were marked as enriched. Other variants

were disregarded.

Step 3. Variants that were only found in one of the samples from the pairs were deemed
as novel if they had an allelic fraction of <0.3-0.4. Anything above this level would be
classed as a germline SNP and not picked up by Mutect2. This is because the variant would

be unlikely to originate from the primary cancer. Silent mutations were also discarded.

Step 4. This list was checked against the variants PASSED by Mutect2 in normal-tumour

mode and marked up.

Step 5. The list was checked against variants PASSED by Mutect2 in tumour-only mode.
The database was then split into three categories:

A. Enriched and novel variants that were passed by Mutect2 in either normal-tumour
mode or tumour-only mode.

B. Enriched variants that were NOT PASSED by Mutect2

C. Novel variants that were NOT PASSED by Mutect2

Mutations in Category A were deemed to be high confidence variants, while variants in B

or C, despite passing manual analysis, were deemed to be lower confidence.

Steps undertaken for manual analysis of unpaired samples:

Steps 1 and 5 from above were applied for sample analysis.

329



6.12. cfDNA sequencing results

Sequencing of the cfDNA samples was to see if mutations in the DNA damage response
could be picked up in cfDNA. Sample numbers were small; therefore, we cannot make
strong conclusions about mutational change and how this impacts on drug sensitivity and

resistance, but this may provide additional focus for further investigational studies.

The main focus for the cfDNA results was based on variants where the coding sequence
of the gene was affected, particularly where the same mutation has arisen in different
patients. These are summarised in Table 6.7. Patient samples frequently exhibited

multiple coding sequence mutations as demonstrated below.

Appendix Table 1 shows the genes in which novel low allelic fraction variants appeared

following SRA737 treatment. That is, variants present in the EOS but not D4to7/C3D1

paired patient samples (or C3D1 versus D4to7).
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Table 6.7. Summary of coding sequence mutations identified as appearing after SRA737 treatment in paired patient samples. The table was
prepared by Dr. Iglika Ivanova and Dr. Jill Hunter. A number of variants were also identified that were present in either untreated D4to7 samples or
mid treatment samples (C3D1) but could no longer be detected in EOS samples. These mutations listed are present in end of study (EOS) cfDNA
samples. SRA737 sample ID Key: first number = run ID, second number = site, third number = patient ID. D-7 to -4 is pre SRA737 sample, C3D1 is
mid SRA737 treatment sample and EOS is end of SRA737 study sample.

Patient ID

T
(Run ID_site_Patient_time Sample rea.tment No. of . . .
- . . time . Novel coding sequence mutations | Mutation
point) time point mutations
(Days)
12 145 001_EOS BRCA1 Frame shift Deletion p.K339fs
(1) End of study 348 2 ATM Missense Mutation p.A2274E

14011 011 EOS (2) End of study 77 5 CDC25B Frame shift Deletion p.S117fs

CDC25B Frame shift Deletion p.H122fs

CDC25B Frame shift Deletion p-S115F

. . p.A57fs
TIMELESS F hift Del
20 031_011_EOS (3) End of study 129 4 55 Frame shift Deletion |\ /o

XRCC5 Missense Mutation

BRCA1 Frame shift Deletion p-K333fs

3_031_003_EOS (4) End of study 61 1 PRKDC Frame shift Deletion | P-R2704fs
p.S117fs

CDC25B Missense Mutation p.R2704fs

PRKDC Frame shift Deletion p.K339fs

32_039-038_EOS (5) End of study >7 4 BRCA1 Frame shift Deletion p.A520fs

RELA Frame shift Deletion
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Patient ID

. . . Treatment
(Run ID_site_Patient_time Sample . No. of . . .
] . ) time ) Novel coding sequence mutations | Mutation
point) time point mutations
(Days)
p.T878fs
ATM Frame shift Insertion p.24§3_
. 2454ins
ATR In-Frame Insertion LN
74_144 027_EOS (6) End of study 70 5 ATR Missense Mutation
) ) p.52455]
MYC Missense Mutation 0.Q33H
RELA Frame shift Deletion 0.R324fs
PRKDC Frame shift Deletion p.RSZ379064|\1;s
17_031_001_C3D1 (7) Mid cycle 63 3 WEE1 Missense Mutation p.Q33deI
MYC Frame shift Deletion P-
7_011_013_C3D1 (8) Mid cycle 63 1 PRKDC Frame shift Deletion p.R2704fs

15 148 020 _EOS (9) End of study | Not known 0 Non-coding mutations only

8 011 _006_EOS (10) End of study 224 0 Non-coding mutations only
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The list of mutations above highlights the diversity in mutational status between
individual patients. This also may be due to the patients having different primary tumour
types, as mutations can differ between tumour types. This is a selected tumour panel;
therefore, genes have been specifically selected due to their role in the DNA damage

response and interactions with CHK1.

Further mutations were also identified that were present prior to SRA737 treatment in
the D4to7 samples and appeared to become enriched upon CHK1 inhibitor treatment.
These are summarised in Table 6.8, where mutations were included if they represented
coding sequence mutations. Sample numbers are small but again this shows that
mutations that previously were of a low number in the initial samples can become more
frequent after drug treatment, which can be shown with tumour heterogeneity in
advanced cancers. Again, it would have been useful to know the preliminary driving
mutation in the patient’s cancers from the initial tumour biopsy to see how this may have

changed over time, but unfortunately this information was not obtainable.

A number of variants were also identified that were present in either untreated D4to7
samples or mid treatment samples (C3D1) but could no longer be detected in EOS samples
(Appendix Table 2). However, very few of these were found in coding regions as shown

in Table 6.9
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Table 6.8. Summary of coding sequence mutations identified as being enriched after SRA737 treatment in paired patient samples.
The table was produced by Dr. Iglika Ivanova and Dr. Jill Hunter. Samples in these 4 patients showed further enrichment after SRA737 treatment which could potentially
impact on gene function.

Gene | Mutation type Amino acid Protein No. independent | Fold Reported in Likely effect of
change change samples Enrichment | COSMIC database? | mutation
ATR Missense mutation ¢.5039A>G p.Y1680C |1 2.3 No Inactivating. Within
catalytic loop and
ATP binding site
MYC Missense mutation €.99G>C p.Q33H 1 4.3 No Inactivating. Within
N-terminal TAD
PRKDC | Frame shift deletion c.8110delA p.R2704fs | 2 2.1 No Inactivating.
pR2704G fs Removes FAT and
2.7 Reported (13cases) | kinase domains
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Table 6.9. Novel low allelic fraction coding sequence variants that disappear following SRA737 treatment (present in D4to7/C3D1 but not in paired EOS sample)

The table was produced by Dr. Iglika Ivanova and Dr. Jill Hunter. A number of variants disappeared after CHK1i treatment but very few of these mutations were found in

coding regions.

Reported (13cases)

Gene Mutation type Amino acid Protein Number of Reported in COSMIC | Likely effect of
change change independent samples | database? mutation

CHEK1 Frame shift deletion c.694delA p.H122fs 1 No Disruptive. Within
kinase domain

MYC Missense mutation €.99G>C p.Q33H 1 No Inactivating. Within N-
terminal TAD

PRKDC Frame shift deletion c.8110delA p.R2704fs | 2 No Inactivating. Removes

pR2704G fs FAT and kinase

domains
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Low allelic fraction variants were also identified in the non-paired samples (Appendix
Table 3). Due to the lack of a paired sample, these have an intrinsically lower confidence
value as having potentially arisen due to SRA737 treatment. These samples still however
have value. The presence of specific variants that were identified from the paired samples
in this set would support these variants as potentially being independently arising
mutations that could play a role in the development of CHK1 inhibitor resistance. These
samples could potentially have an important role in our selection of variants to take

forward for future analysis.

6.13. Comparison of cfDNA samples with historical patient tumour samples

All patients entering the Sierra SRA737 trial had an initial gene analysis on trial entry. This
was to see if there were any specific gene mutations which would make drug response
more likely (207). Patients recruited to the more selected expansion part of the trial were
selected based on DNA damage mutations and key drivers such as RAS and MYC, or

mutations in tumour suppressors such as TP53 and RB1 (207).

It would have been useful to have the primary tumour type and mutational status of
patients entering the clinical study as this could have shown preliminary trends and
patterns in tumour groups. Early requests for access to this data were made to Sierra and
requests were made throughout this project but unfortunately data was not shared. This
meant that mutations seen in the cfDNA samples could not be confirmed as being present

in the matched tumour tissue.

Some limited data was obtained for patients on the study based on discussions with a
clinical trials unit included on the study. Table 6.10 shows the results. Given the limited
number of samples included (6 samples from 2 patients), this data is just observational in
nature, but it provides an insight into how diverse cancer mutations can be between

cancer types and between individual patients.

336



Table 6.10. Primary tumour and mutational status in patient samples used for cfDNA sequencing.

This data shows an example for 2 patients included on the SRA737 study.

Overall
Patient ID Cancer Tumour Genetic Approx time survival
. . Gender . -
(Site/patient) type mutation profiling on drug from 1st
dose
Hr;gdhe TP53
039/015 F g TP53 mutation, 4 months 7 months
serous .
. CCNE1 gain
ovarian
TP53
Colon KRAS WT, mutation,
039/038 M cancer | BRAFWT | PARK2, MSI Unknown 6 months
stable
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6.14. Chapter summary and discussion

This chapter has shown the establishment and optimisation of protocols for the
extraction, quantification and quality control of cfDNA for the first time at Newcastle
University. The optimisation steps and adaptations in the cfDNA extraction protocol have
been important to ensure that good quality cfDNA was obtained and that the subsequent
library preparation was successful before using the SRA737 trial samples. | have also
shown that changes in genes associated with the DNA damage response can be isolated

using a selected gene sequencing panel.

Due to time limitations, | have not looked into the mutations from the cfDNA samples in
detail. Work within the Perkins’ lab is investigating some of the key mutations. Figure 6.7
shows the functional domains of some of the genes of interest and the location of the
mutations detected in cfDNA within them. The mutations in Figure 6.7 are likely to have

an impact on gene function.

Figure 6.7A shows a frameshift mutation in close proximity to the Re/A REL homology
domain which facilitates dimerisation of subunits and DNA binding (208,210). A mutation
within the transcription activation domain (TAD) could have an impact on target gene
transcription (212). The mutation seen in 6.7A interestingly could potentially cause a REL
knockout effect as seen in the EuMyc/c-Rel -/- mouse model, or a mutational change as
demonstrated with a new amino acid change as seen in the EuMyc/RelA T505A mouse

model.

Figure 6.7B shows a frameshift mutation located close to the FAT domain (FRAP, ATM and
TRAAP) in PRKDC, which normally stabilises the DNA-PKcs catalytic domain (542). Figure
6.7C shows a BRCA1 frameshift mutation detected close to the DNA binding domain. This
domain can impact on the regulation of the intra S phase checkpoint and has a role in the
maintenance of genomic instability (543). Figure 6.7D shows mutations discovered within
the M-inducer phosphatase site of CDC25B. CDC25B is a regulator of G2/M phase cell

progression and the M-inducer phosphatase site helps to facilitate this role (544).
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Figure 6.7. Schematics showing mutation location from SRA737 trial samples in functional domains of key
genes. The schematics were obtained from Dr. Jill Hunter. Mutation sites are highlighted in red on the figures.
A) Frameshift mutations in RelA close to the REL homology domain and involving the transcription activation
domain (TAD); B) Frameshift mutation in PRKDC close to the FAT domain (FRAP, ATM and TRAAP); C) Mutation
in BRCA1 close to the DNA binding site; and D) Mutations in the M-inducer phosphatase domain in CDC258B, a
regulator of mitotic progression. Based on site, these mutations are likely to inactivate the DNA damage
response pathway. Key: Leu rich = leucine-rich region of PRKDC gene; NLS = Nuclear localisation sequences;
BRCT = BRCA1 C-terminal domain; SCD = Serine cluster domain; SWI/SNF = SWItch/Sucrose Non-Fermentable

chromatin remodelling complex.
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Based on the site of these mutations, it is feasible that they could individually all cause a
disruption of the associated pathway. This has the potential to turn off the pathway
function, as demonstrated in the Eu-Myc/c-Rel -/- mouse models and the resistant cell
lines discussed in this project. Investigatation of these mutations in more detail is ongoing

within the Perkins’ lab.

Factors influencing cfDNA extraction

Variability in the starting volume of plasma in quantity was a factor that was difficult to
control. The volume provided for each sample varied between 1ml and 3ml. The plasma
samples were processed in different sites, therefore there may have been differences in
the timing or the equipment used for plasma extraction. Most of the cfDNA extraction
took place several months after the initial plasma extraction, therefore the starting

plasma volume was not considered until samples had been extracted and quantified.

Approximately 30ng of cfDNA with fragment length of 75-250bp were required for library
preparation, therefore many samples with low amounts of cfDNA were not suitable for
sequencing. In addition, the low ctDNA concentration had implications for the design and
development of the gene panel. Initial plans had to be scaled down from 100 genes to
just 32. Ideally a more comprehensive sequencing panel would have been performed.
With smaller selected panels, there are risks of missing the mutations of interest as they
may not have been included. In future studies, it would be useful to request a larger
starting volume of plasma for cfDNA extraction. It must still be considered that samples
for experimental use will take less of a priority than essential monitoring for patients and

there will be a limit to the plasma volume obtainable.

There are marked variations in cfDNA yield between patients. There are several possible
reasons for this, some patient related and potentially some related to extraction method.
Levels of cfDNA vary between patients and between different cancers (272). Patients with
a higher tumour burden also have higher levels of cfDNA, this is likely due to increased

tumour DNA shedding, inflammation and cellular necrosis (273).
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Another pitfall in the study was the volume selected for the elution of cfDNA. Early
experiments showed that 50ul of elution buffer per ml of plasma provided the optimal
amount of cfDNA. Unfortunately, the cfDNA was not concentrated enough for the library
preparation and sample was lost during the vacuum spinning process. In future studies, |
would recommend that the cfDNA is eluted in a smaller volume of elution buffer to
concentrate the cfDNA. 50ul would have been a better starting volume for these samples
overall, but this may have to be reconsidered in future studies if a greater starting volume

of plasma is included.

Initial plans were to have pre-treatment, mid-treatment and end of study samples for all
patients but this was not possible. The plasma samples have been obtained from patients
in a phase 1 study. This cohort of patients often have advanced malignancy and a high
tumour burden; therefore, the clinical situation can rapidly change because of disease
progression. Additionally, patients came off study due to drug intolerance or personal
choice. Therefore, not all patients had 3 samples taken. This will always be a challenge

of early phase studies, but most patients had samples taken at 2 separate time points.

Another challenge of phase 1 studies is that many of the patients will have had a non-
therapeutic drug dose, therefore the potential likelihood of discovering mutations in
response to the drug will be small. There is value, however, in using these samples to
assess what mutations can be detected in cfDNA in patients and whether there is any

change seen over time.

Patients in this phase 1 study also have different primary tumours. It is highly likely that
there will be many different mutations present between patients and this can make it

difficult to select key driver mutations to investigate further.

With gene panel design, in retrospect | would have included more of the genes shown to
potentially have an impact in the mouse models and on the generated resistant cell lines
as demonstrated in this thesis. This would include the inclusion of genes in the PI3K/AKT

pathway including AKT and AMPK. | would have also included USP1 and associated genes.

341



Unfortunately, the panel had to be selected in advance of data generated in Chapter 4
and Chapter 5. In addition, | initially wanted to create a more comprehensive gene
sequencing panel but due to limitations with the volume of cfDNA extracted this was not

feasible.

Further recommended work

There are multiple experiments that can be performed to further explore mutations from
the cfDNA. This further work unfortunately could not be completed within the time scale
of this project. Mutations isolated in patient samples could be further investigated in
cellular models. This could help to identify if changes shown in the cfDNA are related to
either CHK1i drug sensitivity or CHK1i drug resistance. This process could involve
generation of siRNA knockouts of the genes of interest to analyse the gene impact on drug

response.

Cellular models could also be generated to overexpress the gene of interest. This could
be done using activated plasmid-based models. The advantage would be to see how a
gene responds when overexpressed and whether this leads to drug resistance or
sensitivity. A downfall of this is it could generate a new cellular response due to

upregulation of normally dormant or non-dominant cellular pathways.

Another more specific use of gene modification could be with CRISPR CAS9 modification
of cells. This would involve the design of templates with gene modifications based on the
cfDNA results so that the exact mutations can be examined in cell lines (545,546). Specific
CAS9 nucleases are generated to cut DNA at specific places in the gene and DNA templates
designed with the desired mutation to try and incorporate through homologous
recombination repair (546,547). The difficulty of designing cell models in this way is that
generation of the required mutations take time and may have off target effects outside

of the selected gene of interest.
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Overall,  have been able to successfully extract, process and sequence cfDNA from plasma
samples at Newcastle University. The Perkins’ lab has also gained experienced with data
handling and analysis of cfDNA samples. The main factors to consider with future cfDNA
extraction will be to increase the starting volume of plasma and to limit the elution volume
of the cfDNA to maximise the sample concentration. This will help to maximise the

potential use of cfDNA for sequencing and enable more extensive gene exploration.
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7. Discussion

This project has been undertaken using 3 distinct but complementary models. Firstly, |
explored the potential mechanisms of CHK1i resistance in the NF-kB mutant Eu-Myc/c-Rel
-/- and Eu-Myc/RelA T505A mouse models. The Ep-Myc (WT) ¢c-MYC driven model of B-
cell lymphoma was known to be sensitive to CHK1 inhibition (147) whereas Eu-Myc/c-Rel
-/- and Eu-Myc/RelA T505A display de novo drug resistance. Secondly, | examined the
U20S osteosarcoma cell line normally sensitive to CHK1 inhibitor treatment and
characterised U20S cell lines generated with acquired CHK1i resistance. Finally, |
extracted cfDNA from patients undergoing treatment with the SRA737 CHK1 inhibitor to
see if changes within key DNA damage response genes could be detected from these

samples.

7.1. Common themes between models of CHK1i resistance

All 3 models used in this project show variation in the mechanisms behind CHK1i
resistance. The Ep-Myc/c-Rel -/- and Eu-Myc/RelA T505A CHK1 inhibitor resistant mouse
models both show evidence of primary CHK1i resistance, however we have confirmed
that the mechanism behind this resistance is different. All of the WT U20S cell lines had
a similar profile pre- and post- CHK1 inhibition, whereas the U20S cell lines with acquired
CHK:i resistance could be placed into 2 separate groups with different routes of CHK1i

resistance.

Patient samples have the greatest heterogeneity in mutational status in comparison to
the mouse models and resistant cell lines. This is because this group contains patients
with multiple cancer diagnoses and will have different oncogene associated driver
mutations and adaptations in DNA damage associated genes. This patient profile
represents an early clinical phase trial patient population and highlights the challenge of
looking for markers of response and resistance in a mixed patient group with intra and
inter tumoral heterogeneity (548). Drug resistance is an ongoing challenge in cancers,
whether acquired or resistant, and the development of new drugs to overcome resistance

mechanisms continues (270,293,319,514).
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7.2. Downregulation of the ATR/CHK1 pathway has been shown in both the Eu-Myc/c-
Rel -/- CHK1i resistant mouse model and in the CHK1i resistant U20S cell lines

The downregulation of the ATR/CHK1 pathway appears to be a common theme within my
data and the mouse model with findings between the de novo CHK1i resistance and the
cell lines with acquired CHK1i resistance complement each other. Claspin levels are low
in the Eu-Myc/c-Rel -/- mouse model and CR2 and CR3 CHK1i resistant U20S cell models
which supports the earlier findings of the Perkins’ lab. The NF-kB subunit c-Rel has
previously been shown to regulate the transcription of Claspin (252), so it could be that
the Ep-Myc/c-Rel -/- model and also the CR2 and CR3 U20S cells with downregulated REL
are not able to upregulate Claspin and thus activate CHK1 in response to CHK1 inhibition.
Given that the ATR/CHK1 is often a critical pathway required for genome stability, other

mechanisms must be in place to promote cell survival.

Downregulation of USP1 and USP14 have also been found in the RNA-seq from the Ep-
Myc/c-Rel -/- mouse models. DUBs are important regulators of the cell cycle and have
been shown to regulate Claspin expression at different stages of the cell cycle (252). USP1
has been shown to regulate the cell cycle via FANCD2, a regulator of CHK1 (475,478,549).
It has also been suggested that USP1 can act directly as a DUB for CHK1 by protecting
CHK1 from proteasomal degradation (479). Absence of USP1 in this mouse model could
indicate that degradation of CHK1 occurs in the absence of USP1 protection and CHK1 is

therefore not activated.

| have not been able to show a proposed CHK1i resistance mechanism for Ep-Myc/RelA
T505A mouse model and the CR1 and CR4 U20S cell lines from the investigations
performed from this study but | have shown that the gene expression profiles are different
in comparison to the Ep-Myc/c-Rel -/- mice and the CR2 and CR3 U20S cell lines. More
investigations are required into establishing the mechanism of resistance in this mouse

model and the cell lines.
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Proposed future work

siRNA knockdown in CHK1i cell lines of USP1 and USP14 would be useful to determine the
impact of these genes on CHK1i sensitivity and also to assess the role on DDR regulation.
This could subsequently be performed through western blot analysis to establish how the
siRNA knockdown changes the ATR/CHK1 pathway in comparison to WT CHK1i responsive

cells from the same cell line.

7.3. cfDNA extraction and detection of DDR mutations in successive cfDNA samples in
patients from the SRA737 CHK1i trial

| have been able to successfully extract and quantify cfDNA from patient plasma samples.
| have also obtained some preliminary sequencing data from a next generation
sequencing panel designed to look at DNA damage response markers and NF-kB markers.
Preliminary differences have been described in the functional domains of BRCA1, PRKDC,

RelA and CDC25B post CHK1i treatment as shown in Figure 6.7.

Based on the site of these mutations in key domains, it is feasible that they could
individually all cause a disruption of the associated pathway. This could have the potential
to turn off the pathway function, as demonstrated in the Ep-Myc/c-Rel -/- mouse models
and the resistant cell lines discussed in this project. Ongoing work is being performed to
investigate these mutations in more detail. Assessing for mutations from phase 1 patient
samples is complex. Patients will have received variable drug dosing with some patients
receiving non-therapeutic levels of drug. Individuals also have complex intra- and inter-
tumoral heterogeneity, with different driver mutations and survival pathways being

activated based on both patient and tumour driven factors.

Proposed future work

There are multiple experiments that can be performed to further explore mutations from
the cfDNA. Mutations of interest isolated from patient samples could be further
investigated in cellular models. This process could involve generation of siRNA knockouts
of the genes of interest to analyse the gene impact on drug response. Cellular models
could also be generated to overexpress the gene of interest to see how this modifies the

CHK1 inhibitor response.
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Another more specific use of gene modification could be with CRISPR CAS9 modification
of cells. This would involve the design of templates with gene modifications based on the
cfDNA results so that the exact mutations can be examined in cell lines. The difficulty of
designing cell models in this way is that generation of the required mutations take time

and may have off target effects outside of the selected gene of interest.

Based on the site of these mutations, it is feasible that they could individually all cause a
disruption of the associated pathway. This has the potential to turn off the pathway
function, as demonstrated in the Eu-Myc/c-Rel -/- mouse models and the resistant cell
lines discussed in this project. Ongoing work is being performed to investigate these

mutations in more detail.

7.4. Upregulation of PI3K/AKT and MAPK pathways has been shown in CHK1 inhibitor
resistant models

Previously described mechanisms of CHK1 inhibitor drug resistance have shown that
tumours develop patterns of bypass signalling or upregulation of alternative pathways in
order to promote cell survival. For example, cancer cells in the MK-8776 study displaying
drug resistance failed to dephosphorylate and activate CDK2 (203) and increased CDK1
activity in response to the CHK1 inhibitor LY2603618 (Rabusertib) was indicative of

reduced drug sensitivity (204).

Proteomics data from the Ep-Myc/c-Rel -/- model has demonstrated an upregulation of
additional cell cycle pathways, including the proteins PI3K/AKT, ERK1, JNK1 and MAPK.
Upregulation of additional cell cycle pathways could promote cancer cell survival in the
Eu-Myc/c-Rel -/- CHK1i resistant mouse model. These cell signalling pathways are
however complex, and have been shown to interact both with the ATR/CHK1 pathway

and with NF-kB signalling (114,490,496,550).

An upregulation in AKT correlates with previous investigations demonstrating that
SRA737 plus a PARP inhibitor in combination led to AKT upregulation (116). In contrast to

previous work, the mouse and cell work performed in this study has been performed using
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the CHK1i CCT244747 as a single agent. This could indicate that in the Eu-Myc/c-Rel -/-
model, the upregulation of the oncogene MYC and adaptations in the NF-kB response
from the knockout of c-Rel cause the AKT upregulation without combination drug therapy.
It could also be that this resistance mechanism is predominantly driven by CHK1 inhibition

with SRA737 rather than from in combination with a PARP inhibitor.

Figure 7.1 shows proposed mechanisms of CHK1i resistance based on the current findings
from this project. This model is still currently work in progress. Figure 7.1A summarises
how MYC-driven tumours, or tumours undergoing high levels of replication stress,
become addicted to ATR-CHK1 signalling for cell survival. Levels of the adaptor protein
Claspin are controlled by c-Rel. Claspin facilitates the phosphorylation of CHK1 by ATR,
and potentially also the levels of USP1, the known CHK1 DUB. This cellular dependence
on CHK1 signalling renders the cell sensitive to CHK1 inhibition by CCT244747 or SRA737,

leading to tumour cell death.

Figure 7.1B shows that, based on the findings in this study, both acquired and de novo
resistance to CHK1i is a two-step process. First there is loss of CHK1 protein, or loss of
ATR/CHK1 pathway activity. This can be due to the loss of Claspin or loss of USP1, thus
rendering the cell insensitive to CHK1 inhibition. Secondly, we have observed the
upregulation of compensatory cell signalling pathways such as the PI3K/AKT pathway.

This could allow tumour cells to survive the loss of CHK1.

Due to time constraints, these upregulated pathways and potential resistance
mechanisms have not been examined in detail in this thesis. Further ongoing work is
being performed by the Perkins’ lab to investigate these pathways and resistance

mechanisms.
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A) c-Rel expression drives USP1 and CLSPN expression, promoting CHK1 activity
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Figure 7.1. Summary of the proposed mechanisms of CHK1i resistance from this study. This model is a
work-in-progress mechanism based on work in this project and the subsequent work within the Perkins’ lab.
A) Claspin is controlled by c-Rel in MYC-driven tumours and potentially other tumours with high levels of
replication stress. Claspin activation facilitates the phosphorylation of CHK1 by ATR, and potentially the
levels of USP1, which acts as a CHK1 DUB. Cell dependence on CHK1 signalling as shown in the Ep-Myc mouse
model renders the cell sensitive to CHK1 inhibition by CCT244747 or SRA737, leading to tumour cell death.
B) The data in this study indicates that both de novo and acquired resistance to CHK1i is a two-step process.
First there is loss of CHK1 protein, or ATR/CHK1 pathway activity due to the loss of Claspin or USP1, thus
rendering the cell insensitive to CHK1 inhibition. Secondly, there is upregulation of compensatory pathways

such as the PI3K/AKT pathway to allow the tumour cell to survive the loss of CHK1.
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Proposed future work

| would investigate PI3K/AKT and MEK/ERK as mechanisms of CHK1i resistance in the Ep-
Myc/c-Rel -/- and CHK1i resistant cell lines in comparison to the corresponding CHK1i
sensitive models. This could be done with western blot analysis of proteins and qPCR
analysis of RNA levels prior to and after CHK1 inhibition. MEK inhibitors are already in
clinical use in combination with BRAF inhibitors in malignant melanoma (319,338),
therefore it would be interesting to see if there was a change in CHK1i response when
MEK inhibitors were given in combination with CHK1i. Caution would have to be
undertaken however in these drug combinations as side effect profiles and off target

effects can change in models when drugs are administered in combination.

Cell models could be generated from the mouse models with siRNA knockdown of AKT
and PI3K to see if cells respond differently to CHK1i inhibition and investigate if further
drugs administered in combination with CHK1 inhibitors would change the response to

CHK1 inhibitors.

Due to time constraints, only preliminary studies were conducted in this thesis examining
USP1 and AKT. Subsequent work performed in the Perkins’ lab by Dr. Jill Hunter and Scott
Kerridge has confirmed AKT upregulation and USP1 downregulation in the Eu-Myc/c-Rel -
/- mouse model. Further treatment with CHK1i and PI3K inhibitors in combination has

since been shown to overcome CHK1i resistance.

350



7.5. Potential future impact of study

This work has demonstrated that resistance mechanisms to CHK1 inhibitors are likely to
be multiple and multifactorial and context dependent, although some common themes
were seen between models. Each mutation within the DNA damage response, whether it
be a tumour suppressor or oncogene activator, can lead to a reciprocal adaptation and
mutation based on the initial tumour profile reflecting diversity in treatment response

and tumour profile heterogeneity in clinical practice.

Cancer models in this study have demonstrated that increased CHK1 inhibitor sensitivity
correlates with high levels of replication stress and with a dependence on the ATR/CHK1
pathway. In patients however, there is a diverse tumour mutational profile between
patients, even before considering tumour and mutational profile selection. This was
shown in the exploratory cfDNA samples from the SRA737 early clinical trial. Targeting
CHK1 using CHK1 inhibitors as a single agent is therefore likely to be difficult and provide

challenges in all-comers to clinical trials.

The ATR/CHK1 pathway is interconnected with multiple other cell signalling pathways in
order to promote cell survival. It is likely that the upregulation of pathways such as
PI3K/AKT and ERK as demonstrated in this study will lead to drug resistance in many
patients. One of the mechanisms of resistance shown in this project has been loss of the
target pathway. This has included loss of CHK1 protein itself, as well as other key
components such as Claspin. Early results have shown that this could be mediated by the

loss of USP1.

Loss of the target and upregulation of alternative pathways are both known resistance
mechanisms to targeted cancer treatments (328,551,552). It may be that there is a group
of patients, as shown in the animal and cell models in this study that will benefit from
CHK1 inhibition as a single agent. More work would be required, however, to select the

best patient cohort.
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In order to combat resistance mechanisms, CHK1 inhibitors could be trialled in
combination with other targeted agents, such as PI3K inhibitors, to try and overcome
upregulation of the PI3K/AKT pathway. Some drugs already used in clinical practice, such
as BRAF or MEK inhibitors, could be considered to target further upregulation within the
Ras-Raf-MEK-ERK pathway. |Initial work within this study has identified multiple
mechanisms to CHK1 inhibitor treatment for further development and work is ongoing to
explore these in more detail. One of the main challenges with combination therapy,
however, is the potential for increased drug toxicity in patients. Drug side effects can
impact on treatment tolerability and patient quality of life, and these are critical factors

to consider when developing new cancer therapies.

Targeted cancer drug development continues to be an exciting and rapidly expanding part
of oncology practice. Cancer therapeutic targets are likely to expand in the future, as
more genetic and tumour mutational profiles are explored. Drug resistance continues to
be a great challenge in oncology and research in this field remains vital for the

improvement of patient outcomes in the future.
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Appendix Table 1.

Novel low allelic fraction variants that appear following SRA737 treatment (present in the EOS but not
D4to7/C3D1). SRA737 sample ID Key: first number = Analysis ID, second number = site, third number =
patient ID. D-7 to-4is pre SRA737 sample, C3D1 is mid SRA737 treatment sample and EOS is end of SRA737

study sample.

Patient ID+A3:C112 Hugo_Symbol Variant_Classification
(Analysis

ID_Site_patient_time point)

22_031_013_EOS ABL1 5'UTR
14_011_011_EOS ABL1 Intron
17_031_001_C3D1 ABL1 Intron
3_031_003_EOS ATM 3'UTR
22_031_013_EOS ATM 3'UTR
74_144_027_EOS ATM Frame_Shift_Ins

3 031 003 _EOS ATM Intron
3_031_003_EOS ATM Intron
32_039-038_EOS ATM Intron

13_148 _001_EOS ATM Intron

13 148 001_EOS ATM Missense_Mutation
74 144 027_EQOS ATR In_Frame_Ins

3 031 003 _EOS ATR Intron
3_031_003_EOS ATR Intron

8 011 006_EOS ATR Intron

8 011 006_EOS ATR Intron

74 144 027_EOS ATR Missense_Mutation
3_031_003_EOS BRCA1 3'UTR
8_011_006_EOS BRCA1 3'UTR
22_031_013_EOS BRCA1 Frame_Shift_Del
61_031_025_EOS BRCA1 Frame_Shift_Del
12_145_001_EOS BRCA1 Frame_Shift_Del
17_031_001_C3D1 BRCA1 Intron
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Patient ID+A3:C112 Hugo_Symbol Variant_Classification
(Analysis

ID_Site_patient_time point)

32_039-038_EOS BRCA1 Intron
13_148_001_EOS BRCA1 Intron

14 011 _011_EOS CCNE1 Intron
17_031_001_C3D1 CDC25A 3'UTR

74 144 027_EOS CDC25A 3'UTR

15_148 020_EOS CDC25A 3'UTR
8_011_006_EOS CDC25A 3'UTR

14 011 _011_EOS CDC25A Intron
32_039-038_EOS CDC25A Intron
7_011_013_C3D1 CDC25B 3'UTR
61_031_025_EOS CDC25B 3'UTR
32_039-038_EOS CDC25B 3'UTR

14 011 011 _EOS CDC25B Frame_Shift_Del
14 011 _011_EOS CDC25B Frame_Shift_Del
20_031_011_EOS CDC25B Frame_Shift_Del
14 011 _011_EOS CDC25B Intron

20 _031_011_EOS CDC25B Intron
32_039-038_EOS CDC25B Intron
32_039-038_EOS CDC25B Missense_Mutation
74 144 027 _EOS CDC25C Intron
17_031_001_C3D1 CHEK1 Intron
32_039-038_EOS CLSPN 5'Flank

7 011 013 C3D1 CLSPN Intron
17_031_001_C3D1 CLSPN Intron
3_031_003_EOS CLSPN Intron

3 031 003 _EOS CLSPN Intron
22_031_013_EOS CLSPN Intron
12_145_001_EOS CLSPN Intron
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Patient ID+A3:C112
(Analysis
ID_Site_patient_time point)

Hugo_Symbol

Variant_Classification

13 148 001_EOS CLSPN Intron

15_148 020_EOS CLSPN Intron

8 011 006_EOS CLSPN Intron
14_011_011_EOS FANCA 3'UTR
7_011_013_C3D1 FANCA 3'UTR

15_148 020_EOS FANCA 3'UTR
15_148_020_EOS FANCA 3'UTR
14_011_011_EOS FANCA Intron
17_031_001_C3D1 FANCA Intron

8 011 006_EOS FANCA Intron
8_011_006_EOS FANCA Intron
14_011_011_EOS FANCC 3'UTR

14 011_011_EOS FANCC 3'UTR
3_031_003_EOS FANCC 3'UTR

13_148 001_EOS FANCC 3'UTR
14_011_011_EOS FANCE Intron
3_031_003_EOS FANCG 3'UTR
22_031_013_EOS FANCG 3'UTR
12_145_001_EOS FANCG 3'UTR

13_148 001_EOS HERC2 Intron

8 011 006_EOS HERC2 Intron
17_031_001_C3D1 MAPKAPK2 3'UTR
12_145_001_EOS MAPKAPK2 3'UTR

74 144 027 _EOS MYC Missense_Mutation
28 039_015_EOS none

17_031_001_C3D1 PPM1A Intron
7_011_013_C3D1 PRKDC Frame_Shift_Del
17_031_001_C3D1 PRKDC Frame_Shift_Del
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Patient ID+A3:C112
(Analysis

ID_Site_patient_time point)

Hugo_Symbol

Variant_Classification

3_031_003_EOS PRKDC Frame_Shift_Del
32_039-038_EOS PRKDC Frame_Shift_Del
3_031_003_EOS PRKDC Intron
20_031_011_EOS PRKDC Intron
22_031_013_EOS RAD51 3'UTR
3_031_003_EOS REL 3'UTR
13_148_001_EOS REL 3'UTR
7_011_013_C3D1 REL Intron

61 031 025 EOS RELA Frame_Shift_Del
74 _144 027_EOS RELA Frame_Shift_Del
8_011_006_EOS RPA1 Intron
8_011_006_EOS TIMELESS 5'UTR
20_031_011_EOS TIMELESS Frame_Shift_Del
3_031_003_EOS TOPBP1 Intron
22_031_013_EOS TOPBP1 Intron
12_145_001_EOS TOPBP1 Intron

13_148 001_EOS TOPBP1 Intron

13_148 _001_EOS TOPBP1 Intron
7_011_013_C3D1 Unknown IGR

17 _031_001 _C3D1 Unknown IGR

15 148 020 _EOS Unknown IGR
8_011_006_EOS USP20 Intron
8_011_006_EOS WEE1 3'UTR
17_031_001_C3D1 WEE1 Missense_Mutation
12_145_001_EOS XRCC5 Intron

20 031 011 EOS XRCC5 Missense_Mutation
3_031_003_EOS XRCC6 Intron
3_031_003_EOS XRCC6 Intron
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Patient ID+A3:C112 Hugo_Symbol Variant_Classification
(Analysis
ID_Site_patient_time point)

20_031_011_EOS XRCC6 Intron
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Appendix Table 2.

Novel low allelic fraction variants that disappear following SRA737 treatment (present in D4to7/C3D1 but
not in paired EOS sample). SRA737 sample ID Key: first number = Analysis ID, second number = site, third
number = patient ID. D-7 to -4 is pre SRA737 sample, C3D1 is mid SRA737 treatment sample and EOS is end

of SRA737 study sample.

Patient ID

fgf:il!:z)atient_time point) Hugo_Symbol Variant_Classification
6_011_013_D7to4 ATM 3'UTR
6_031_025_D7to4 ATM 3'UTR
7_039_015_D7to4 ATM 3'UTR
6 031 025 D7to4d ATM Intron
6 031 025 D7to4d ATM Intron
1_011_006_C3D1 ATR Intron
2_031_001_D7to4 BRCA1 3'UTR
2_031_001_D7to4 BRCA1 Intron
1_011_006_C3D1 BRCA1 Intron
5.031_011_C3D1 CDC25A 3'UTR
7_039_015_D7to4 CDC25A 3'UTR
1_011_006_C3D1 CDC25A 3'UTR
42 148 001_D7to4 CDC25A Intron
73_144 _027_D7to4 CDC25B 3'UTR
1_011_006_C3D1 CDC25B 3'UTR
4 031 003 D7to4 CDC25B Intron
4_031_003_D7to4 CHEK1 Frame_Shift_Del
21_031_013_D7to4 CHEK2 3'UTR
6_031_025_D7to4 CHEK2 Intron
4_031_003_D7to4 CLSPN Intron
5 031 011 C3D1 CLSPN Intron
6_031_025_D7to4 CLSPN Intron
6 031 025 D7to4d CLSPN Intron
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Patient ID
(Analysis

ID_Site_patient_time point) Hugo_Symbol Variant_Classification
1_011_006_C3D1 CLSPN Intron
6_011_013_D7to4 FANCA Intron
6_031_025_D7to4d FANCA Intron
4_031_003_D7to4 FANCC 3'UTR
4_031_011_D7to4 FANCC 3'UTR
6_031_025_D7to4 FANCC 3'UTR
6_031_025_D7to4 FANCC 3'UTR
1_011_011_D7to4 FANCC Intron

1 011_006_C3D1 FANCC Intron
7_039_015_D7to4 FANCE Intron

1 _011_011_D7to4 FANCG 3'UTR
5.031_011_C3D1 FANCG 3'UTR
7_039_015_D7to4 FANCG 3'UTR
14_148_020_D7to4 FANCG 3'UTR

1 011_011_D7to4 HERC2 Intron
2_031_001_D7to4 HERC2 Intron
7_039_015_D7to4 HERC2 Intron

1 011_006_C3D1 HERC2 Missense_Mutation
2_031_001_D7to4 MAPKAPK2 3'UTR
6_011_013_D7to4 MAPKAPK2 Intron
6_031_025_D7to4 MAPKAPK2 Intron

73_144 027_D7to4 MAPKAPK2 Intron

1 011 011 D7to4 MYC Missense_Mutation

72_039 038 _D7to4

none are novel

5 031 011 C3D1 PRKDC Frame_Shift_Del
42 148 001_D7to4 PRKDC Frame_Shift_Del
1 011 011 _D7to4 PRKDC Intron
4 031_003_D7to4 RPA1 3'UTR
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Patient ID
(Analysis

ID_Site_patient_time point) Hugo_Symbol Variant_Classification
4_031_003_D7to4 RPA1 3'UTR
1_011_006_C3D1 RPA1 3'UTR
1_011_011_D7to4 TIMELESS Intron
5_031_011_C3D1 TOPBP1 Intron
73_144_027_D7to4 TOPBP1 Intron
11_145_001_D7to4 TOPBP1 Intron
1 011 006 _C3D1 TOPBP1 Intron
11 145 001_D7to4 Unknown IGR

1 011_006_C3D1 XRCC6 Intron
1 011_011_D7to4 ZNF276 3'UTR

405




Appendix Table 3.

Low allelic fraction variants in the non-paired samples. SRA737 sample ID Key: first number = Analysis ID,
second number = site, third number = patient ID. D-7 to -4 is pre SRA737 sample, C3D1 is mid SRA737
treatment sample and EOS is end of SRA737 study sample.

Patient ID
(Analysis
ID_Site_patient_time point)

Hugo_Symbol

Variant_Classification

8_141_003_D7to4 ATM 3'UTR
8_141_003_D7to4 ATM 3'UTR

7 031 005 _EOS ATM Intron
7_031_005_EOS ATM Intron

8 141 003 _D7to4d ATM Intron

38 143 010 D7to4d ATM Intron

3 031 _002_D7to4 ATM Missense_Mutation
3 031 _002_D7to4d ATM Missense_Mutation
8 141 003_D7to4 ATM Missense_Mutation
10_031_076_EOS ATM Missense_Mutation
9 141 005_EOS ATM Splice_Site
10_031_076_EOS ATM Splice_Site

9 031 061 EOS ATR Intron

9 141 005 _EOS ATR Intron
10_141_012_EOS ATR Intron

38 143 010 D7to4d ATR Intron

15 011_012_D7to4 ATR Missense_Mutation
8_141_003_D7to4 BRCA1 3'UTR
16_011_002_D7to4 BRCA1 3'UTR
3_031_002_D7to4 BRCA1 Frame_Shift_Del
26_031_089_D7to4 BRCA1 Frame_Shift_Del

8 141 003 _D7to4d BRCA1l Intron
8_141_003_D7to4 BRCA1 Intron

9 141 005 _EOS BRCA1l Intron
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Patient ID
(Analysis

ID_Site_patient_time point) Hugo_Symbol Variant_Classification
10_031_076_EOS BRCA1 Intron
16_011_002_D7to4 BRCA1 Intron
26_031_089_D7to4 BRCA1l Intron

49 031 019 C3D1 BRCA1l Missense_Mutation
8 141 003_D7to4 CCNE1 Intron
8_141_003_D7to4 CCNE1 Intron
10_031_076_EOS CDC25A 3'UTR
10_141_012_EOS CDC25A 3'UTR
16_011_002_D7to4 CDC25A Nonsense_Mutation
7_031_005_EOS CDC25B 3'UTR
38_143_010_D7to4 CDC25B 3'UTR
49_031_019_C3D1 CDC25B 3'UTR
7_031_005_EOS CDC25B Frame_Shift_Del
38_143_010_D7to4 CDC25B Frame_Shift_Del
7_031_005_EOS CDC25B Intron
9_141_005_EOS CDC25B Intron
10_031_076_EOS CDC25B Intron

15 011 012 D7to4 CDC25B Intron

9 031 _061_EOS CDC25B Missense_Mutation
3_031_002_D7to4 CDC25C 3'UTR

7 031 005 _EOS CDC25C Intron

11 5 013 15ng_input CHEK2 Frame_Shift_Ins

3 031 002 _D7to4d CLSPN Intron

8 141 003 _D7to4d CLSPN Intron
9_141_005_EOS CLSPN Intron

10_141 012_EOS CLSPN Intron

11 5 013 15ng_input CLSPN Intron

8 141 003_D7to4 CLSPN Missense_Mutation
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Patient ID
(Analysis
ID_Site_patient_time point)

Hugo_Symbol

Variant_Classification

9_141_005_EOS FANCA 3'UTR
10_141_012_EOS FANCA 3'UTR
15_011_012_D7to4 FANCA 3'UTR
8_141_003_D7to4 FANCA Intron
9_141_005_EOS FANCA Intron
10_141_012_EOS FANCA Intron
10_141_012_EOS FANCA Intron
10_141_012_EOS FANCA Intron
9_141_005_EOS FANCC 3'UTR
15_011_012_D7to4 FANCC 3'UTR
38_143_010_D7to4 FANCC 3'UTR
49_031_019_C3D1 FANCC 3'UTR
9_141_005_EOS FANCC 5'UTR
15_011_012_D7to4 FANCC Intron
10 031 076_EOS FANCE Frame_Shift_Del
3_031_002_D7to4 FANCE Intron
3_031_002_D7to4 FANCE Intron
9 141 005 _EOS FANCE Intron
49_031_019_C3D1 FANCE Intron
49 031 019 C3D1 FANCE Intron
8 141 003_D7to4 FANCE Missense_Mutation
9_031_061_EOS FANCF 3'UTR
10_031_076_EOS FANCG 3'UTR
10_141_012_EOS FANCG 3'UTR
15_011_012_D7to4 FANCG 3'UTR
49 031 019 C3D1 FANCG Intron
8_141_003_D7to4 HERC2 Intron
10 _031_076_EOS HERC2 Intron
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Patient ID
(Analysis

ID_Site_patient_time point) Hugo_Symbol Variant_Classification
10_141_012_EOS HERC2 Intron

11 5 013 _15ng_input HERC2 Intron
16_011_002_D7to4 HERC2 Intron
26_031_089_D7to4 HERC2 Intron
3_031_002_D7to4 HERC2 Missense_Mutation
8_141_003_D7to4 MAPKAPK2 3'UTR
9_141_005_EOS MAPKAPK2 3'UTR
9_031_061_EOS MAPKAPK2 Intron

3 031 _002_D7to4d MYC Missense_Mutation
7_031_005_EOS MYC Missense_Mutation
8 141 003_D7to4 MYC Missense_Mutation
10 031 _076_EOS MYC Missense_Mutation
49 031 019 C3D1 MYC Missense_Mutation
71_144_016_C3D1 none

8_141_003_D7to4 PPM1A 3'UTR
9_031_061_EOS PPM1A 3'UTR
49_031_019_C3D1 PPM1A 3'UTR
49_031_019_C3D1 PPM1A 3'UTR
3_031_002_D7to4 PRKDC Frame_Shift_Del

7 031 _005_EOS PRKDC Frame_Shift_Del

9 031 _061_EOS PRKDC Frame_Shift_Del
9_141_005_EOS PRKDC Frame_Shift_Del
10_031_076_EOS PRKDC Frame_Shift_Del

15 011 _012_D7to4 PRKDC Frame_Shift_Del
26_031_089_D7to4 PRKDC Frame_Shift_Del

38 143 010 _D7to4 PRKDC Frame_Shift_Del
49_031_019_C3D1 PRKDC Frame_Shift_Del
8_141_003_D7to4 PRKDC Intron
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Patient ID
(Analysis
ID_Site_patient_time point)

Hugo_Symbol

Variant_Classification

11013_15ng_input PRKDC Intron
11013_15ng_input PRKDC Intron
49_031_019_C3D1 PRKDC Intron
49 031 019 C3D1 PRKDC Intron
49_031_019_C3D1 PRKDC Intron
8 141 003_D7to4 PRKDC Missense_Mutation
49 031 019 C3D1 PRKDC Missense_Mutation
9_141_005_EOS REL 3'UTR
9_141_005_EOS REL 3'UTR
3_031_002_D7to4 RPA1 3'UTR
10_031_076_EOS RPA1 3'UTR
10_031_076_EOS RPA1 3'UTR
15_011_012_D7to4 RPA1 3'UTR
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