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Abstract

Triple negative breast cancer (TNBC) is an aggressive and metastatic disease and is characterised by
the absence of three therapeutically relevant receptors commonly found in breast cancers, namely
oestrogen, progesterone, and human epidermal growth factor receptor 2. Loss of these targets makes
hormone therapies and some targeted therapies ineffective, limiting treatment options available to
patients with chemotherapy and surgery remaining the standard care of treatment. Loss of TP53 gene
occurs at high frequency in TNBC making these cancers highly genomically unstable creating a
dependency on remaining pathways to regulate the cell cycle and correct replication of DNA.
Checkpoint Kinase 1 (CHK1) is a serine/threonine kinase activated in response to DNA damage to
induce cell cycle arrest and/or replication fork stalling. DNA damage can be caused by exogenous
agents such as genotoxic chemotherapy (e.g., gemcitabine), or innate in cancers with high levels of
genomic instability and replication stress. Consequentially, tumours may become dependent on CHK1
for survival, making this kinase a potential therapeutic target. Preclinical data indicates that TNBC cells
are sensitive to CHKL1 inhibitors (CHK1i) SRA737 and Prexasertib, which are both in clinical trial.
Unfortunately, resistance to anticancer drugs can emerge in tumours leading to patient relapse. It is
therefore important to address this issue, even before a drug is approved for use. Consequently, this

project aims to identify mechanisms, biomarkers, and strategies to overcome CHK1i resistance.

CHKT1i resistant cell line models were generated from HCC38 and MDA-MB-468 TNBC cell lines to
SRA737 and Prexasertib. HCC38 resistant sublines exhibit cross resistance to inhibitors of the CHK1
activator ATR (Ceralasertib) and cell cycle regulator WEE1 (Adavosertib). WEE1 phosphorylates
CDK1/2 at Y15 inhibiting CDK activity and is present at higher levels in resistant sublines. Low doses
of Adavosertib in combination with SRA737 resensitise resistant cells to CHK1i. Additionally, CDK2/1
inhibitor Roscovitine but not CDK1 inhibitor RO-3306 rescues the effect of SRA737 and Adavosertib
drug combination in HCC38 parental and resistant sublines, suggesting resistant cells are dependent
on maintenance of CDK2 inhibition for survival. Furthermore, HCC38 resistant sublines show resistance
to the genotoxic agent Gemcitabine, suggesting further resistance mechanisms which may promote
resilience to replication stress. However, low concentrations of Gemcitabine strongly resensitise HCC38
resistant sublines to CHK1i SRA737. Additionally, RNA sequencing of HCC38 parental and resistant
sublines has identified a number of differentially expressed genes which may play a role in drug

resistance.



Project Aims

il

Investigate and identify biomarkers and mechanisms of resistance to CHK1 inhibitors SRA737
and Prexasertib in Triple Negative Breast Cancer cell lines.
Validate identified biomarkers/mechanisms of resistance to CHK1 inhibitors.

Identify clinically relevant therapeutic strategies to overcome resistance.

Project Achievements

f
f

Generated TNBC cell lines with acquired resistance to CHK1 inhibitors.

Identified a CDK2 dependent mechanism of CHK1 inhibitor resistance.

Showed WEE1 overexpression is a potential biomarker and driver of acquired resistance to
CHK1 inhibitors.

Demonstrated the use of either Adavosertib (WEE1i) or Gemcitabine (Anthracycline) can be
used in combination with a CHK1 inhibitor to overcome acquired resistance to CHK1 inhibitors

in TNBC.
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1. Introduction

1.1 The Hallmarks of Cancer

Cancer is a collection of related diseases defined by the uncontrolled replication of host cells
that develop malignancy, subsequently spreading into surrounding tissues, and there were 17
million cases of cancer diagnosed Worldwide in 2018, (Worldwide cancer incidence statistics
| Cancer Research UK, 2018). In the UK alone there are approximately 367,000 new cancer
cases every year and it has been calculated that 1 in 2 people will be diagnosed with cancer
in their lifetimes (Cancer incidence statistics | Cancer Research UK, 2017; Smittenaar et al.,
2016). These striking statistics highlight that everyone will be impacted by cancer either
directly or indirectly and demonstrates the importance of research to develop our

understanding of cancer and improve patient outcome.

An important conceptualisation of cancer as a disease was proposed by Hanahan and
Weinberg in theirTheEami hmbar papedmd Caanalélrdar ks of
The Next Gg@Hanahamand Weainberg, 2000; Hanahan and Weinberg, 2011). The

first of these papers discussed six critical hallmarks that dictate malignant growth. These
hallmarks categorise important processes that result in tumorigenesis and subsequent
malignancy. They include sustained proliferative signalling, evasion of growth suppressors,
replicative immortality, induction of angiogenesis, resisting cell death, tissue invasion and
metastasis (Hanahan and Weinberg, 2000). In the later publication two additional hallmarks

were proposed, deregulating cellular energetics and immune evasion along witht wo fAenabl i ng
c har act efgenanicingtabiliy and tumour-promoting inflammation leading to mutations

in DNA. These enabling characteristics are said to drive the acquisition of aforementioned
hallmarks enabling malignant cell behaviour (Hanahan and Weinberg, 2011). At the heart of
sustained cell proliferation and genomic instability is the deregulation of normal cell cycle

progression, which is explored in more detail below.
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1.2 The Cell

1.2.1 Phases of

Cycle

the cell cycle

The cell cycle is an essential process in which cells precisely replicate their DNA before

dividing into two genetically identical daughter cells. This process is split into four main cell

cycle phases known as G1, S, G2 and M (Figure 1.1). DNA replication occurs in S-phase

while cell division takes place in M-phase, otherwise known as Mitosis. G1 and G2 are known

as fAgapo

p h as e s prepare either far DNArdpleatien€d1) oscell division (G2).

Additionally, GO represents cells that have exited the cell cycle by lying dormant awaiting the

conditions required to stimulate
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permanently exited from the cell cycle into senescence (Terzi, Izmirli and Gogebakan, 2016).

Regulating the transition between cell cycle phases are the cyclin-dependent kinases (CDKs)

and the cyclin proteins D, E, A and B, which bind to the CDKs and are required for their full

activation.

G2/M
Checkpoint

-

CyclinB
CDK1

CyclinD

“._ Division

. Synthesis of
.. | replication factors

-
I
I

Cyclin A
CDK1/2

CyclinE
CDK2

S-phase
Checkpoint

G1/s
Checkpoint

Figure 1.1: The cell cycle. During Interphase (G1, S and G2) cells continuously grow and
accurately replicate DNA before mitotic cell division.

29

pr ol



Cyclins are so named due to their cyclic expression during the cell cycle meaning their CDK
binding partners are only activated at specific points in the cell cycle (Steel, 1994;
Darzynkiewicz et al., 1996; Schafer, 1998). In response to mitogenic stimuli such as growth
factors, cyclin D expression increases and forms a complex with CDK4/6 leading to activation
of CDK4/6 and progression through G1 (Donjerkovic and Scott, 2000). Progressively, CDK4/6
phosphorylates retinoblastoma protein (Rb) inhibiting its ability to bind and inactivate
transcription factor E2F (Donjerkovic and Scott, 2000). This leads to an increase in cyclin E
and subsequent activation of CDK2 which phosphorylates Rb leading to complete dissociation
of E2F from Rb, driving the cell cycle from G1 into S-phase and promoting the transcription of

Cyclins A and B (Giacinti and Giordano, 2006).

CDK2/Cyclin A regulates the progression of S-phase and replication of DNA via
phosphorylation of replication initiation machinery (Girard et al., 1991). CDK1/Cyclin A activity
increases in G2 and is rapidly degraded before metaphase and may be involved in the
activation of the CDK1/Cyclin B complex (Yam, Fung and Poon, 2002). However, the main
controller of mitotic entry is CDK1/Cyclin B (Lindgvist, Rodriguez-Bravo and Medema, 2009),
inactivation of which is carefully controlled by the cell via the WEE1 and MYT1 kinases which
phosphorylate Y15 and T14 on CDK1 respectively. Theseinhi bi t ory phosphoryl a
removed by CDC25 phosphatases at the appropriate time to allow entry into mitosis (Timofeev
et al.,, 2010). Additionally, CDK1/Cyclin B is phosphorylated by CDK7/Cyclin H on T161
signalling for its activation (Fujii et al., 2011). Assisting in the timing of cell cycle progression,
CDK inhibitors p21¢PYWafl gnd p27¢Pkirz regulate the activity of CDK1, 2 ,4 and 6 at multiple
stages of the cell cycle (Guardavaccaro and Pagano, 2006; Abukhdeir and Park, 2008).
Checkpoint Kinase 1 (CHK1) plays a critical role in regulating the activation of CDK1/2
indirectly via the inhibition of CDC25 and is a key kinase in controlling cell cycle progression
to ensure accurate replication of DNA and chromosomal segregation during mitosis to

maintain genomic stability.
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1.2.2 DNA replication

Replication of DNA starts with the licensing of replication origins in S-phase, via the
recruitment of the six-subunit origin recognition complex (ORC) in the G1 phase of the cell
cycle (Fragkos et al., 2015). This recruits the sequential loading of cell cycle division 6 (CDC6)
and chromatin licensing and DNA replication factor 1 (CDT1) which act together with ORC to
recruit loading of the mini-chromosome maintenance (MCM) helicase. This helicase consists
of six subunits (MCM2-7) and binds as an inactive double hexamer around the DNA (Figure
1.2 A), licencing the replication origin or pre-Replication Complex (Pre-RC) for formation of

the pre-initiation complex (Pre-IC)(Fragkos et al., 2015).

Replication origins are selected for activation via recruitment of the pre-IC complex during the
G1-S phase transition. CDK2/Cyclin E and DBF4-dependent kinases (DDK; Composed of
Dbf4 and Cdc7 subunits) phosphorylate a number of replication factors promoting their loading
onto replication origins which are required for the activation of the MCM2-7 helicase to unwind
DNA (Figure 1.2 B) (Tanaka et al., 2006; llves et al., 2010; Heller et al., 2011). During S-
phase the MCM2-7 helicase is activated, the MCM2-7 double hexamer divides into two
hexamer units which unwind DNA moving in opposite directions from the replication origin in
what is known as firing of the replication origin (Fragkos et al., 2015). Additional proteins
known as elongation factors are recruited to the unwound DNA such as replication protein A
(RPA), replication factor C (RFC) and proliferating cell nuclear antigen (PCNA) forming the
replisome converting the pre-IC into two replication forks (Figure 1.2 C) after which B-family

polymerases initiate DNA synthesis (Fragkos et al., 2015).

The two steps of DNA replication, namely origin licensing and origin firing are decoupled from
one another into different phases of the cell cycle. This ensures no origin firing can be allowed
in G1 phase while pre-RC complexes are being assembled stopping under replication of parts
of the genome (Siddiqui, On and Diffley, 2013). Equally, no origin licensing may be allowed to
occur in S-phase, lest multiple replication forks initiate from the same replication origin,
resulting in re-replication of DNA (Siddiqui, On and Diffley, 2013). Only a subset of licensed
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replication origins result in active replication forks during unperturbed S-phase while the
majority of this sites remain dormant. Replication origins are known to be loaded in excess
across the genome and there is a flexibility in which sites will become active. This has been
suggested to enable a mechanism which avoids collisions between transcription and
replication machinery as firing of MCM helicase was enriched upstream of transcription start
sites while most remained inactive (Sugimoto et al., 2018). However, dormant replication
origins have also been shown to be involved in recovery of stalled replication forks as a loss
of dormant replication origins, even in unperturbed S-phase resulted in an increased number
of stalled replication forks (Kawabata et al., 2011). Mice expressing reduced levels of MCM2-
7 demonstrate fewer replication origins and show higher susceptibility to genomic instability
and cancer formation showing these dormant origins are important in preserving the integrity

of the genome (Blow, Ge and Jackson, 2011).
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Replication origin
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Figure 1.2: Licensing and firing of replication origins. A) In G1 phase, replication origins
(RO) are licensed by the recruitment of the origin recognition complex followed by binding of
CDT1 and CDCE6 followed by the mini-chromosome maintenance (MCM) helicase complex.
Loading of the MCM requires ORC, CDC6 and CDT1 to already be bound to RO. B) In the
G1/S transition the formation of the pre-initiation complex (Pre-IC) is driven by CDK and
DBF4-dependent kinase (DDK) activity via phosphorylation of several replication factors
promoting their loading onto replication origins. CDK and DDK also phosphorylate MCM2-7
resulting in activation of the helicase and unwinding of DNA. C) Helicase activation induces
the recruitment of other proteins that convert the pre-IC into two replication forks that move
in opposite directions from the replication origin. Adapted from Fragkos et al., 2015.
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1.2.3 Cell cycle checkpoints

Cell cycle checkpoints act as surveillance mechanisms that monitor the processes leading up
to cell division. In order to successfully complete mitosis, cells must accurately replicate their
DNA to ensure each daughter cell acquires a complete set of chromosomes. During
replication, the DNA is subjected to exogenous and endogenous sources of damage.
Endogenous factors include reactive oxygen species (ROS) and toxic metabolites while
exogenous factors consist of ultraviolet (UV) light, ionising radiation (IR) and genotoxic agents
(Hakem, 2008). Cells respond to DNA-damage via the DNA damage response (DDR) which
co-ordinates DNA repair and checkpoint mechanisms, slowing the progression of the cell cycle
to enable sufficient time for DNA repair and replication via the inhibition of CDKs (Kastan and
Bartek, 2004). The three DNA damage induced cell cycle checkpoints are at the G1/S phase
transition, S-phase, and the G2/M phase transition (Kastan and Bartek, 2004; Bartek and

Lukas, 2007).

An important checkpoint protein is the major cellular stress sensor and transcription factor
p53, encoded by the TP53 gene. p53 induces the expression of CDK inhibitor p21¢P¥Wafl jn
response to DNA damage (Ko and Prives, 1996; Levine, 1997). Induced p21¢PYWall |ocalises
to the nucleus where it inhibits the activity of CDK2 complexes resulting in the activation of the
G1/S checkpoint (Gu, Turck and Morgan, 1993; Wade Harper et al., 1993). ATM and
Checkpoint Kinase 2 (CHK2) phosphorylate and activate p53 in response to double stranded
DNA breaks, phosphorylated p53 exhibits a reduced affinity for its ubiquitin ligase MDM2
increasing its stability and transcriptional activity (Dai and Grant, 2010). Additionally,
Checkpoint kinase 1 (CHK1) and CHK2 have also been implicated in the regulation of this
checkpoint via their phosphorylation of CDC25A leading to ubiquitin/proteasome dependent
degradation of CDC25A, a phosphatase that activates CDK2 via removal of the inhibitory
phosphorylation at tyrosine 15 (Y15) (Dai and Grant, 2010). Despite this overlap with CHK1

and CHK2, loss of p21°PWafl js able to abrogate the G1/S phase checkpoint (Abukhdeir and
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Park, 2008; Giono and Manfredi, 2006) therefore, the p53/p21°PYWafl pathway is considered

the dominant regulator of the G1/S phase checkpoint (Kastan and Bartek, 2004).

The S-phase checkpoint is activated during DNA replication predominantly via the stalling of
replication forks that have encountered DNA lesions. Activation of the S-phase checkpoint
stabilises stalled replication forks and prevents the dissociation of replisome components
although it is likely the S-phase checkpoint regulates a wide spectrum of events (Errico and
Costanzo, 2012). When the polymerase of the replication fork encounters a lesion, it is unable
to proceed, but the MCM2-7 helicase complex continues to unwind DNA. This generates large
sections of single stranded DNA (ssDNA) which are coated by replication protein A that signals
for the binding of the ATR/ATRIP complex (Namiki and Zou, 2006). ATR then phosphorylates
CHK1 leading to its activation and subsequent triggering of the S-phase checkpoint via
phosphorylation of downstream substrates. As mentioned previously, CDC25A is
phosphorylated and inhibited leading to the inactivation of CDK2/Cyclin E complexes.
Inactivated CDK2/Cyclin E can no longer phosphorylate and activate Treslin (Kumagai et al.,
2010) which is required for CDC45 loading and the formation of the Pre-IC complex and
subsequent origin firing (Figure 1.2) stopping unscheduled firing of replication origins during
periods of replication stress. Additionally, CHK1 is known to directly regulate CDC45 loading

via Treslin inhibition (Guo et al., 2015).

The ATR/CHK1 pathway also regulates the G2/M checkpoint, which stops cells with under
replicated or damaged DNA from undergoing mitosis. If the G2/M checkpoint is abrogated and
cells commit to mitosis it typically results in mitotic catastrophe, which is a delayed cell death
response linked with mitosis (Zhang and Hunter, 2014). Inhibition of CDC25C by the
ATR/CHK1 pathway hal t s removal of Y15 and T14

CDK1/Cyclin B complexes. Additionally, the WEE1 kinase phosphorylates Y15 on CDK1,
while the dual specificity MYT1 kinase phosphorylates both Y15 and T14, maintaining

CDK1/Cyclin B in an inactive state (Wang, Decker and Sebolt-Leopold, 2004). This is
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maintained until the cell has successfully repaired and replicated its DNA before progressing

into mitosis.
1.2.4 Replication stress

As defined by Zeman and Cimprich, replication stress is the slowing or stalling of replication
fork progression and/or DNA synthesis (Zeman and Cimprich, 2013). Whi | e t hi s

encompass all replication defects, such as re-replication or reduced licensing of replication
origins, these conditions may contribute to the ¢ e | $ebsgivity to replication stress.
Addi tionally, r e piefercooneiphysical stiuatuee sweh ad doabde standed
breaks but can be caused by many physical obstacles in the path of the replication machinery.
However, long stretches of ssDNA are usually formed when the replicative helicase uncouples
from the stalled polymerase (Pacek and Walter, 2004). These long stretches of DNA are
bound by RPA, generating a signal for the replication stress response recruiting one of the
core replication-stress-response kinases ATR (Zou and Elledge, 2003; MacDougall et al.,

2007; Nam and Cortez, 2011).

Frequent sources of replication stress include nicks, gaps and stretches of ssDNA. Nicks and
gaps are regularly found in DNA, being natural intermediates of multiple DNA repair pathways
(Zeman and Cimprich, 2013) or the products of regular DNA manipulations as seen with the
cutting of DNA by topoisomerases to relieve the build-up of topological stress (Bermejo et al.,
2009; Tuduri et al., 2009). Additionally, lesions resulting from endogenous and exogenous
sources of DNA damage such as reactive oxygen species or IR respectively can cause
physical barriers to the progression of replication forks (Ciccia and Elledge, 2010; Zeman and
Cimprich, 2013). Other factors include the misincorporation of ribonucleotides (rNTPs) instead
of deoxynucleotides (ANTPs) by less stringent polymerases such as Pol i and &
(Dalgaard, 2012) which stalls progression of the replicative polymerase, requiring RNase H2
to excise ribonucleotides in conjunction with other endonucleases such as FEN1 or EXO1
(Sparks et al., 2012; Zeman and Cimprich, 2013). Secondary DNA structures also prevent
progression of replication machinery, such as hairpins and triplexes in trinucleotide repeat
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regions or G-quadruplexes in sections of DNA rich in GC nucleotides (Bochman, Paeschke

and Zakian, 2012; Paeschke et al., 2013).

Additionally, replication and transcription machinery are likely to collide as both processes

require binding to DNA, possibly resulting in fork stalling and subsequent collapse and

formation of DSB (Zeman and Cimprich, 2013). These collisions are more frequent in highly

transcribed regions during S-phasei n si t es of DNA known as O6early
(Barlow et al., 2013). However, studies in yeast (S. cerevisiae) have shown replication stress

is caused simply by close proximity of replication and transcription sites and not collision

(Bermejo et al.,, 2011; Bermejo, Lai and Foiani, 2012). This may be due to increases in

topological stress in these areas as head-on conflicts with the replication and transcription

machinery results in supercoiling of DNA (Lang and Merrikh, 2021). | n addi ti on ¢t o
replicating fragielgd osist ko winh earse Oacroemmmaynbef r agi |
caused by limited licensing of replication origins in these areas (Debatisse et al., 2012;

LeTallec et al., 2013), suggesting stalled forks from collisions or other lesions are less able to

be rescued by the firing of backup origins leading to a greater incidence of collapsed

replication forks and DSBs (Zeman and Cimprich, 2013).

The overactivation or overexpression of oncogenes such as K-RAS, MYC and cyclin E has
been proposed as a source of replication stress. These genes promote cell proliferation and
increased initiation and firing of replication origins which can cause an excess of replication
forks leading to a depletion of available pools of dNTPs and increased risk of collisions
between transcription and replication machinery (Halazonetis, Gorgoulis and Bartek, 2008;
Bester et al., 2011; Jones et al., 2012; Srinivasan et al., 2013). Additionally, hypoxic conditions
are known to influence the production of dNTPs by ribonucleotide reductase (RNR) which
requires oxygen to enable dNTP synthesis (Foskolou and Hammond, 2017; Foskolou et al.,
2017). Low levels of oxygen force dNTP production to rely on the less efficient but higher
oxygen sequestering subunit RRM2B rather than RRM2 (Foskolou et al., 2017). As a result,

less dNTPs are available for DNA replication leading to increased replication stress and a
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slower progression of DNA replication (Foskolou et al., 2017). Finally, DNA accessibility may
play a role in replication stress as chromatin compaction may interfere with the progression of
replication machinery. Tightly compacted areas of heterochromatin have been associated with
DNA damage marker yH2AX and are associated with r e gi ons of 6common fr
(Lambert and Carr, no date; Jiang et al., 2009). Relaxation of the chromatin in these areas
has been shown to reduce the occurrence of breakages (Jiang et al., 2009). However, it is
unknown if these breakages are caused by heterochromatin induced replication stress or due

to interference with DNA repair dynamics (Zeman and Cimprich, 2013).
1.2.5 The replication stress response

Upon stalling of the replicative polymerase and subsequent unwinding of ssDNA, RPA binds
to protect exposed ssDNA and recruits a number of proteins to activate the response to
replication stress. The ATR-ATRIP complex and the replication factor C (RFC) in complex with
RAD17 are recruited to RPA covered ssDNA which facilitates the binding of the Rad9, Hus1
and Radl complex (9-1-1) (Parrilla-Castellar, Arlander and Karnitz, 2004). The 9-1-1 complex
subsequently recruits TOPBP1 which physically interacts with and activates ATR (Burrows
and Elledge, 2008) (Figure 1.3). Additionally, CHK1 is recruited to the stalled replication fork
via the binding of the timeless-interacting protein (TIPIN) and Timeless (TIM) complex to RPA
which complexes with claspin and promotes the claspin-mediated phosphorylation of CHK1
by ATR and its subsequent activation and dissociation from the chromatin (Kemp et al., 2010)

(Figure 1.3).

The ATR-CHK1 pathway is important for the regulation of DNA replication in the absence of
DNA damage (Shechter, Costanzo and Gautier, 2004; Sgrensen et al., 2006; Petermann,
Woodcock and Helleday, 2010; Sgrensen and Syljuasen, 2012). Indeed, it has been shown
that fluctuations of CDK2 activity tiggered by transient ATR signals caused by random
replication stress events occur over the course of unperturbed DNA replication (Daigh et al.,
2018). This suggests the replication stress response is dynamically regulated to manage
innate incidences of replication stress without perturbation from DNA damage and replication
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stress inducing agents. Consequently, the ATR-CHK1 pathway is activated at low levels
during normal S-phase, and maximal activation of the ATR-CHK1 pathway occurs during high

levels of DNA damage/replication stress (lyer and Rhind, 2017).

DNA synthesis resumes
downstream of the DNA
lesion

DNA
lesion

¢ Dormant
Fork origin
stabilisation

DNA repair

and fork
restart

Cellcycle

Regulate arrest

origin firing

Figure 1.3: Activation of the replication stress response. DNA lesions stall the replicative
polymerases leading to uncoupling of polymerases (U, & Unfrom the MCM2-7 helicase
resulting in long strands of ssDNA. Subsequently RPA32 binds the ssDNA recruiting
replication stress response complexes leading to activation of CHK1 and activation of the S-
phase checkpoint. Modified from (Zeman and Cimprich, 2014).

When replication stress persists, alternative mechanisms are initiated to enable to
continuation of DNA replication via the protection and repair of stalled or collapsed replication
forks. The method of recovery from genomic insults depends on the type of damage caused.
DNA lesions may be tolerated via the activation of DNA damage tolerance (DDT) pathways
(Branzei and Psakhye, 2016) (Figure 1.4). Two strategies in the DDT pathway include
translesion synthesis (TLS) (Figure 1.4 A) and template switching via homologous
recombination (HR)- mediated repair (Figure 1.4 B). TLS employs specialised polymerases
capable of replicating past certain types of lesions with the caveat of increased risk of

mutagenesis due to their inherent low-fidelity (Sale, 2013). In template switching, the sister
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chromatid is used as a template for error free replication of the damaged DNA (Zeman and

Cimprich, 2013; Branzei and Psakhye, 2016).

An alternative DDT mechanism in the reversal of the replication fork which generate four-way
structures resembling holiday junctions (Figure 1.4 C). The regressed arm of the replication
fork is made up by the nascent strands of DNA which may be altered by nuclease activity and
may recruit RAD51, signalling for fork restart by a homologous repair mediated mechanism
(Neelsen and Lopes, 2015; Qiu et al., 2021). In addition, DNA lesions may be bypassed on
the leading strand of DNA after stalling of the polymerase by repriming with PrimPol (Zeman
and Cimprich, 2013) (Figure 1.4 D). As the helicase extends past the DNA lesion, unwound
ssDNA can be reprimed for association with the polymerase allowing the restart of DNA
replication while the gap left behind may subsequently be filled by HR-mediated repair (Lopes,

Foiani and Sogo, 2006; Elvers et al., 2011; Mour6n et al., 2013).

DDT lesion bypass B DDT lesion bypass
(Translesion synthesis) (Template switching)

—

— 7

C) Fork reversal Reprime replication
—P
E) Firing dormant origins

— s

N

Figure 1.4: Rescue of stalled replication forks. DNA damage
tolerance (DDT) mechanisms deployed at the replication fork to
ensure rescue of stalled replication due to DNA damage. Modified
from (Zeman and Cimprich, 2014). Red lightning = DNA Lesion.
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Figure 1.5: Collapse of the replication fork. Collapse of the replication fork prevents
replication restart. Mechanisms of replication fork collapse include A) Dissociation of the
replisome B) Nuclease digestion of stalled or C) reversed replication forks. Modified from
(Zeman and Cimprich, 2014). Red lightning = DNA Lesion. Yellow Symbol = Nuclease.

If the various replication fork responses fail to stabilise and restart replication then the
replication fork collapses (Zeman and Cimprich, 2014) (Figure 1.5), resulting in double
stranded breaks which can then be repaired by HR or non-homologous end joining (NHEJ)
(Figure 1.6). HR repair of DSB has a low error rate due to the use of a homologous sister
chromatid as a template for DNA replication/repair (Figure 1.6 A), however access to the
sister chromatid is limited and so can only take place when the chromatid is accessible, as in
S phase and G2 phase (Lieber, 2010). NHEJ does not require a template and therefore does
not rely on the sister chromatid, opting instead to directly ligate the two ends of the damaged
DNA strands (Figure 1.6 B). This can lead to loss or gain of nucleotides and therefore is much
more error prone than HR but enabl es Dbalahle
(Lieber, 2010). Replication fork collapse may also cause one-ended DSBs which require
break-induced replication (BIR) repair, this is a sub pathway of HR DNA repair and also
requires a sister chromatid as a template to replace the lost section of DNA which leads to a
loss of genetic information and heterozygosity in the repaired DNA (Deem et al., 2011). BIR
is highly error prone, demonstrating error rates of up to 2800-fold higher than normal

replication, and can result in massive genomic instability, hyper mutagenesis, formation of
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mutation clusters and gross chromosomal rearrangements (Li and Heyer, 2008; Deem et al.,

2011; Elango et al., 2017) (Figure 1.6 C).

A) Homologous Recombination (HR) B) Non-Homologous End Joining (NHEJ)
‘ dsDNA break
dsDNA break Ends Iig_ated togat_her— ‘
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dsDNA break
resection —_— _
S e —— C) Break-Induced Replication (BIR)
Strand invasion — Single end
and repair ~ dsDNA break
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DNA ligation and
resolution of HR @ - -\@: dsDNA break
by strand cutting resection ————
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cross over Strand invasion S
and DNA
‘ synthesis T
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Figure 1.6: Repair of double stranded DNA breaks.

Despite multiple pathways to manage replication stress the cell may fail to replicate their DNA.
When cells enter mitosis with unrepaired or under replicated DNA this can cause abnormal
separation of the chromosomes during anaphase resulting in chromosomal aberrations and
genomic instability (Janssen et al., 2011; Wilhelm et al., 2014). As mutations accumulate that
induce higher degrees of replication stress (i.e., activation of oncogenes or mutations in DDR
proteins) it is likely more mutations will occur as pressure is placed on the replication stress

response. Over time this may lead to the progression of diseases such as cancer. Cancers
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rely on genomic instability to promote the DNA mutations and alterations required for the
emergence of cancer hallmarks (Hanahan and Weinberg, 2011). However, too much genomic
instability can still be problematic for cancer cells. Therefore, cancers become reliant on the
remaining replication stress response pathways to avoid excessive DNA damage and cell

death, such as the ATR-CHK1 pathway.

1.3 The CHK1 Kinase

1.3.1 Checkpoint Kinases

As discussed briefly in section 1.2.3 cell cycle checkpoints are mediated by checkpoint
kinases and are critical in maintaining genomic stability via control of DNA replication and
chromosome segregation. Checkpoint kinases 1 and 2 (CHK1/2) are structurally unrelated but
functionally overlapping serine/threonine kinases which are activated by ATR and ATM
kinases upon detection of DNA damage (Ronco et al., 2017). Typically, CHK1 is activated by
ATR which detects single stranded DNA breakages but can also be phosphorylated by ATM
which is activated in response to double stranded DNA breaks (Bartek and Lukas, 2003).
CHK2 is mainly activated by ATM but ATR has also been shown to phosphorylate CHK2 in
ATM deficient cells (Wang et al., 2006). CHK2 is a stable protein expressed throughout the
cell cycle and is typically inactive in the absence of DNA damage whereas CHK1 protein is
restricted to S and G2 phases of the cell cycle and shows some activity even in unperturbed

cells (Lukas et al., 2001).

Despite the high degree of functional overlap, CHK1 has been shown to be essential to
embryo development vs CHK2 as shown by experiments in CHK1” and CHK2" null mice.
CHK1" null mice were shown to be non-viable while CHK2” null mice showed normal
development (Takai et al., 2002). Both kinases phosphorylate CDC25C signalling for its
degradation stopping the activation of CDK1, however CHK1 is known to be the more
prominent regulator of CDK activity (Ronco et al., 2017). CHK2 has been proposed to act as

a backup to CHK1 activity but combined inhibition these kinases has not been shown to greatly
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enhance the efficacy of DNA-damaging agents vs CHK1 alone (Xiao et al., 2006). An
important role of CHK2 is the response to double stranded DNA breakages, signalling for their
repair via BRCA1 mediated processes (Lukas et al., 2001). Additionally, CHK2 activates p53
transcription factor and can signal for cell cycle arrest via p21 expression or cell
senescence/apoptosis depending on the degree of DNA damage present in the cell

(Matthews, Jones and Collins, 2013; Ronco et al., 2017).

1.3.2 CHK1 Structure
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Figure 1.7: Structural domains and functions of the CHK1 kinase. Modified from (Zhang
and Hunter, 2014).

CHK1 is a Serine/Threonine kinase that controls cell cycle checkpoints and forms part of the
DNA damage response. The kinase domain is located at the N-terminus of the protein, while
the regulatory C-terminus consists of two conserved motifs (CM) and four Serine/Glutamine
(SQ) residues at sites 317, 345, 357 and 366 (Figure 1.7). CM1 contains the nuclear export
signal (NES), the degron and the PCNA-interacting protein (PIP) box, and CM2 contains the
nuclear localisation sequence (NLS) (Figure 1.7). The SQ residues S345, S317 and S366
have been shown to be phosphorylated by ATR while no phosphorylation of 357 has been
detected (Figure 1.7). However, phosphorylation of S366 is much lower than seen with S345

and S317 (Zhang and Hunter, 2014).

44



1.3.3 Regulation of CHK1 activity

1.3.3.1 ATR-dependent phosphorylation

Full activation of the CHK1 kinase requires phosphorylation of the S345 predominantly by ATR
(Figure 1.7), resulting in an approximately 5-10-fold increase in activity over basal activity
(Tapia-Al veal , Cal onge anCells@®dibitng a $3M5A mutdtidn GnROQHK1
highly resemble CHK1 null cells suggesting any activity that does not require S345
phosphorylation is likely minimal (Capasso et al.,, 2002). The C-terminus of CHK1 likely
interacts with the kinase domain in absence of S345 phosphorylation physically blocking the
interaction between CHK1 and its substrates (Katsuragi and Sagata, 2004; Tapia-Alveal,
Calonge and 006 Co nWhaelinlactive, afip¥@nmately 20% of the total CHK1 pool is
associated with chromatin (Smits, Reaper and Jackson, 2006). In response to DNA damage,
CHKU1 is phosphorylated on S317 and S345 via ATM or ATR resulting in its dissociation from
chromatin to the nucleoplasm which is required for downstream signal transduction and

mounting of the DNA damage response (Smits, Reaper and Jackson, 2006).

ATR is required for activation of CHK1, however its two phosphorylation sites S317 and S345
appear to have different but connected roles. Phosphorylation of S317 is required to enable
S345 phosphorylation, but this alone is not enough to induce maximal phosphorylation and
activation of S345 (Wang, Han and Zhang, 2012). Phosphorylation of S345 has been
connected to the C-terminus of CHK1 and likely relies on a confirmational change to enable

maximal phosphorylation, this potentially acts as a mechanism to stop ATR activating CHK1

activity in the absence of DNA damage ( Kosoy and O6Connell, 2008;

2012). Additionally, phosphorylated S345 sits within a binding motif for 14-3-3 protein which
antagonises the NES in CM1 (Figure 1.7), increasing nuclear retention of CHK1 during DNA
damage (Jiang et al., 2003). Importantly, ATR requires CHK1 to interact with claspin to
enhance CHK1 phosphorylation during replication stress as ATR shows a greater affinity for
the CHK1-claspin complex than CHK1 alone (Kumagai and Dunphy, 2000, 2003; Lindsey-
Boltz et al., 2009). Consequently, claspin deficiency results in reduced induction of CHK1
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phosphorylation via replication stress and compromises the S-phase checkpoint (Kumagai

and Dunphy, 2000).

One study showed S317A mutated CHK1 has been shown to exhibit partial proficiency to
activate DNA damage induced G2/M and S phase arrests, but this was substantially impaired
relative to CHK1 wild type cells (Walker et al., 2009). In another study S317A mutant CHK1
did not induce degradation of CDC25 phosphatase after treatment with IR and replication fork
stability and progression was deregulated (Wilsker et al., 2008). However, these events were
not as lethal to cells as S345A mutations, suggesting S317 plays a role in checkpoint initiation,
but S345 is required for the maximal CHK1 activity (Wilsker et al., 2008; Walker et al., 2009).
Additionally, Wilsker et al, proposed an essential role for S345 in CHK1 by facilitating the
progression of unperturbed mitosis, showing a S317 independent phosphorylation of S345
which only occurred during prophase at the centrosome leading to its dissociation, and likely

contributed to the continuation of mitosis (Wilsker et al., 2008).

1.3.3.2 CHK1 autophosphorylation of S296

After activation of the CHK1 kinase by phosphorylation of S317 and S345 by ATR, CHK1
releases from the chromatin and undergoes autophosphorylation of S296 (Leung-Pineda,
Ryan and Piwnica-Worms, 2006; Smits, 2006; Kasahara et al., 2010) (Figure 1.7). Following
autophosphorylation, S317 and S345 are rapidly dephosphorylated by protein phosphatase
2A (PP2A) which itself is regulated, partially, by CHK1 kinase activity (Leung-Pineda, Ryan
and Piwnica-Worms, 2006). S296 provides an additional binding site for the 14-3-3 protein
which mediates the interaction between CHK1 and CDC25A, leading to the subsequent

phosphorylation and degradation of the phosphatase (Kasahara et al., 2010).

1.3.3.3 Localisation and degradation of CHK1

During regular growth conditions, CHK1 is predominantly located in the nucleus until the cell
is ready to undergo mitosis. At this point CDK1 phosphorylates CHK1 on S286 and S301

leading to nuclear export of CHK1 protein to the cytoplasm stopping CHK1 from inhibiting
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CDK1/Cyclin B activity creating a positive feedback loop driving progression through to mitosis
(Enomoto et al., 2009). Nuclear export and degradation of CHK1 protein is dependent on CM1
which contains both NES and degron sites. The degron site interacts with the Skp1-Cill-Fbx6
complex in the cytoplasm signalling for ubiquitination and degradation of CHK1 (Figure 1.7)
(Zhang et al., 2009; Wang et al., 2012). Additionally, CHK1 is ubiquitinated for proteasomal
degradation in the nucleus by the Cul4A-DDB1-CDT2 complex as part of the unperturbed cell
cycle, in response to replication stress and on inhibition of heat shock protein 90. Deregulation
of this degradation pathway disrupts the G2/M checkpoint induced by ionizing radiation (Van
Leung-Pineda, Huh and Piwnica-Worms, 2009; Zhang and Hunter, 2014). It is thought
cytoplasmic localisation and degradation of CHK1 serves to allow recovery from the cell cycle
checkpoint in addition to keeping CHK1 activity low during an unperturbed cell cycle to avoid
inappropriate delay of DNA replication (Zhang et al., 2005; Zhang and Hunter, 2014).
Additionally, phosphorylation of s280 by AKT also promotes inactivation of the kinase and

subsequent cytoplasmic localisation and ubiquitination (Puc et al., 2005).

1.3.4 CHK1 Function

CHK1 interacts with a range of different proteins influencing DNA damage and replication
checkpoints, DNA repair, the spindle checkpoint in mitosis, apoptosis and gene transcription
(Figure 1.8) (Dai and Grant, 2010). CHK1 is required for the regular functioning of the cell
cycle as well as mounting a response to DNA damage. While the mechanism of CHK1
activation via ATR (predominantly) and ATM (to a lesser extent) remains the same across
cellular conditions, the response elicited can be drastically different and is likely reflective of

the intensity of CHK1 activation via certain stimulus.
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Figure 1.8: Functions of CHK1 in multiple cellular processes. Modified from (Dai and Grant,
2010).

1.3.4.1 CHK1 and the response to replication stress and DNA damage

Depletion of CHK1 during unperturbed replication causes slow and asymmetrical movement
of the replication fork, increased origin firing, double stranded breaks, genomic instability, and
cell death (Syljuasen et al., 2005; Maya-Mendoza et al., 2007; Besteiro et al., 2019). This
shows baseline CHK1 activity during unperturbed S-phase is important for smooth
progression of DNA replication. Firing of replication origins is tightly regulated by CHK1 via
the regulation of CDC45 loading onto DNA, which is a key subunit of the pre-IC complex
required for origin firing. CDK2/Cyclin E phosphorylates Treslin and GEMC1 during
unperturbed replication promoting CDC45 loading onto DNA (Balestrini et al., 2010; Kumagai

et al., 2010). Upon activation, CHK1 reduces loading of CDC45 via phosphorylation and
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degradation of CDC25A stopping the activation of CDK2/Cyclin E complexes. Additionally, the
baseline inhibition of CDKs by CHK1 indirectly promotes the interaction between RIF1 and
PP1 phosphatase antagonising the CDC7-dependent association of replisome components
AND-I and GINS (Moiseeva et al., 2017, 2019). This is thought to function as a way to limit
the overall levels of active replication forks and consequently reducing the likelihood of
replication fork collapse and formation of double stranded breaks (Dungrawala et al., 2015;
Moiseeva et al.,, 2017). CHK1 has also been shown to directly phosphorylate Treslin

preventing its interaction with TOPB1 also restricting loading of CDC45 (Guo et al., 2015).

The CHK1 kinase must also allow the activation of dormant origins when required to
compensate for stalled replication forks, allowing the completion of DNA replication (Ge and
Blow, 2010; Gonzalez Besteiro and Gottifredi, 2015). Replication origins are organised into
clusters named replication factories and the firing of these factories is highly regulated. This
results in clusters of replication origins classified as early- or late-replicating clusters (Zhao,
Watkins and Piwnica-Worms, 2002; Masai et al., 2010). Within each cluster only a minority of
origins are activated while the majority remain dormant until activated by CHK1 to recover
DNA replication after a replication fork has stalled. Only replication origins adjacent to the
stalled fork should be allowed to fire while origins further away must remain inhibited
(Woodward et al., 2006; Ge, Jackson and Blow, 2007; Ibarra, Schwob and Méndez, 2008).
This effect may be partially explained by CHK1s tendency to inhibit the initiation of new
replication factories, redirecting replication resources to clusters already undergoing DNA
replication (Ge and Blow, 2010). However, the exact mechanism of how CHK1 preferentially
inhibits new replication factories while selectively allowing dormant origin firing is unknown.
One theory is that inactive chromatin bound CHK1 in uninitiated replication factories may act
to repress the firing of replication origins, whereas initiated replication factories will have active
CHK1 that dissociates from the chromatin that may promote dormant origin firing in the

proximity of stalled replication forks (Gonzalez Besteiro and Gottifredi, 2015).
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CHKZ1 is thought to control the stability of the replication fork. Pharmacological inhibition or
depletion via SIRNA leads to the accumulation of replication associated double stranded
breaks, CHK1 -/- cell lines and cells treated with a CHKL1 inhibitor show reduced ability to
resume DNA replication after treatment with aphidicolin (Feijoo et al., 2001; Sgrensen et al.,
2005; Syljudsen et al., 2005; Forment et al., 2011). While it is clear that CHK1 is involved in
the stability of the replication fork during periods of replication stress, it is unclear if CHK1
prevents dissociation of the replisome directly. It is thought CHK1 may modulate the activity
of the replisome rather than recruit different components (De Piccoli et al., 2012; Gonzalez

Besteiro and Gottifredi, 2015).

CHK1 has been shown to promote translesion synthesis (TLS), which is the process in which
alternative DNA polymerases are used to replicate across sites of DNA damage (Prakash,
Johnson and Prakash, 2005). Replication stress caused by Hydroxyurea (HU), an inhibitor of
ribonucleotide reductase (RNR) promotes CHK1-dependent recruitment of Rad18 and DNA
polymerase Pold to chromatin and CHK1 has been shown to contribute to the recruitment of
Pold to replication f gSpdromiret ab 2012 Yamada et blY2013).
Rad18 recruitment to chromatin requires phosphorylation of the anaphase promoting complex
+ adaptor protein CDH1 (APC/C®P") by CHK1 which recruits DDK followed by Rad18
(Yamada et al., 2013). Additionally, CHK1 potentiates UV-induced PCNA mono-ubiquitination
(Yang et al., 2008), a requirement for the post replicative gap filling of UV-induced gaps by
P o I(leechmann and Fuchs, 2006; Edmunds, Simpson and Sale, 2008). CHK1 also prevents
the formation of double stranded breaks (DSB) via regulation of the MUS81 and MRE11
nucleases (Syljuasen et al., 2005; Forment et al., 2011; Thompson, Montano and Eastman,
2012; Murfuni et al., 2013). It is therefore likely CHK1 contributes to replication fork stability
by preventing stalling and collapse of replication forks via positive regulation of TLS and

inhibition of nuclease activity in perturbed and unperturbed cells.

In cases where replication forks are irreversibly stalled replication fork collapse follows,

resulting in DSB via nuclease activity. CHK1 manages the repair response by promoting
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homologous recombination (HR), an error-free DNA repair mechanism that requires
phosphorylation of Rad51 and BRCA2 by CHK1 to stimulate their recruitment to sites of DNA

damage (Sgrensen et al., 2005; Bahassi et al., 2008).

1.3.4.2 Transcriptional regulation via CHK1

Chromatin associated CHK1 during the unperturbed cell cycle phosphorylates histone H3 on
T11, which promotes the acetylation of H3 at the promoters of CDK1 and Cyclin B1 promoting
their transcription and progressing the cell into mitosis (Shimada et al., 2008). However, during
periods of replication stress activation of CHK1 and its dissociation from chromatin no longer
phosphorylates histone H3 reducing transcription of CDK1 and Cyclin B1 delaying mitotic entry
(Shimada et al., 2008). Furthermore, CHK1 regulates the activity of E2F transcription factors
via inhibitory phosphorylation of the E2F-dependent G1/S transcriptional repressor E2F6. This
leads to E2F6 dissociation from promoters allowing association of E2F and subsequent
transcription activity (Bertoli et al., 2013). Upregulation of E2F activity leads to increased
transcription of CHK1 and claspin and promotes cell survival by preventing DNA damage and

cell death (Verlinden et al., 2007; Bertoli et al., 2013).

1.3.4.3 CHK1 regulation of ribonucleotide reductase (RNR)

In yeast, activation of the S-phase checkpoint has been shown to increase activity of RNR
increasing the available pool of dNTPs in times of replication stress promoting cell survival
(lyer and Rhind, 2017). In Ewing Sarcoma cells, CHK1 inhibition has been shown to lead to a
CDK2 dependent decrease in the RNR subunit RRM2. CHK1 inhibition increased the DNA
damage and replication stress caused by RNR inhibitors, likely due to the depletion of dNTP
pools for DNA replication (Koppenhafer et al., 2020). This suggests a regulatory mechanism
of CHK1 during replication stress whereby RNR activity is promoted via the inhibition of CDK2-

dependent degradation of RNR increasing dNTP pools available for DNA replication.

51



1.3.4.4 Regulation of apoptosis via CHK1

The ATR-CHK1 pathway has been shown to supress a caspase-2 and caspase-3 driven
apoptotic response to DNA damage suggesting CHK1 plays a role in suppressing cell death
during periods of replication stress (Sidi et al., 2008; Myers et al., 2009). Additionally, during
apoptosis CHK1 is cleaved at N299 and N351. The 1-299 fragment of CHK1 has been shown
to exhibit elevated kinase activity and may play a role in enhancing the apoptotic process once

the cell is committed to apoptosis (Matsuura et al., 2008).

1.3.4.5 CHK1 and the spindle checkpoint

The spindle checkpoint is activated to delay anaphase and ensure chromosomes are not
missegregated. CHK1 helps to regulate this checkpoint via the phosphorylation and activation
of Aurora-B kinase, which phosphorylates and recruits BUB1 to the kinetochores of unaligned
chromosomes. This helps to inhibit the activity of anaphase promoting complex/cyclosome
(APC/C) delaying anaphase and allowing time for correct alignment of chromosomes (Zachos
et al., 2007). Additionally, CHK1 has been shown to phosphorylate spindle checkpoint protein
Mad2 and inhibition of CHK1 or depletion via SiRNA resulted in depletion of Mad2 protein in
cells sensitive to CHK1 depletion. Furthermore, CHK1 was shown to co-localise and physically

associate with mad2 in both unstressed and DNA damage conditions (Chila et al., 2013).

1.3.5 CHK1 as atarget for cancer therapies

Genomic instability is a addressed by Hanahan and Weinberg as an enabling characteristic of
cancers, promoting the acquisition of malignant cancer hallmarks via the development of
mutations (Hanahan and Weinberg, 2011). A major contributor to this characteristic is the
deregulation of cell-cycle checkpoints or the disruption of DNA repair mechanisms, however,
genomic instability may also be driven by oncogene-induced DNA damage (Hartwell, 1992;
Negrini, Gorgoulis and Halazonetis, 2010). Cancer cells with a compromised G1/S checkpoint,
as with cancers exhibiting TP53 mutations, were thought to exhibit an increased dependency

on the S-phase and G2/M checkpoints to compensate. As the CHK1 kinase is a key regulator
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of these checkpoints, it was hypothesised that CHK1 inhibitors may result in a positive

therapeutic outcome.

Early validation studies showed depletion or pharmacological inhibition of the CHK1 kinase
resulted in sensitivity to DNA damaging agents (Busby et al., 2000; Carrassa et al., 2004;
Ganzinelli et al., 2008; Azorsa et al., 2009). However, the role of TP53 status as a marker of
sensitivity to CHK1 inhibitors is unclear as both TP53 Wild Type (WT) and mutated cell lines
have demonstrated sensitivity to CHKL1 inhibitors in the past (Flatten et al., 2005; Ganzinelli et
al., 2008; Pan et al.,, 2009; Zenvirt, Kravchenko-Balasha and Levitzki, 2010). It is likely
sensitivity to CHK1 inhibitors relies on a combination of factors as other biomarkers of
response to CHK1 inhibition have been identified. For example, loss of B-family DNA
polymerase function in lung and colorectal cancers has shown synthetic lethality with CHK1
inhibition (Rogers et al., 2020), while high levels of the protein kinase WEEL (CDK inhibitor)
in SCLC or high activity of the epidermal growth factor receptor (EGFR) in TNBC have been
associated with resistance to CHK1 inhibition (Lee et al., 2020; Zhao, I. Kim, et al., 2021).
Additionally, overexpression of cyclins E and B have been associated with sensitivity to CHK1
inhibition (Xiao et al., 2008; Chen et al., 2018). Therefore, p53 may play a role in response to
CHK1, but other pathways involved in cell cycle regulation and growth/survival pathways may

be active in cells that can compensate for loss of p53 and CHK1 activity.

1.3.5.1 CHK1 inhibitors

UCN-01 was the first CHK1 inhibitor, and was an effective tool compound but failed in the
clinic due to unfavourable pharmacokinetics, high toxicity, and poor selectivity of CHK1 over
other targets such as CHK2, CDK1 and CDK2 (Ma, Janetka and Piwnica-Worms, 2011). Since
validation of CHK1 as a clinical target, multiple CHK1 inhibitors have been developed as
detailed in table 1.1. Most CHK1 inhibitors are ATP-competitive, binding directly with the hinge
peptide region forming hydrogen bonds with one or more residues (E85, Y86 or C87) in the
region (Matthews, Jones and Collins, 2013), although allosteric inhibitors have also been
created which bind outside of the ATP-pocket (Converso et al., 2009; Vanderpool et al., 2009).
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Most CHK1 inhibitors have since been discontinued due to toxicity, lack of efficacy or business
reasons (Warren and Eastman, 2020). Prexasertib and SRA737 remain as the only two CHK1
inhibitors progressing through clinical trials. However, Prexasertib has been discontinued by
Eli Lilly due to excessive neutropenia (Warren and Eastman, 2020), but three clinical trials not
sponsored by Eli Lilly are currently recruiting for use of Prexasertib in combination with other
drugs. These include, Samotolisib (PI3K and DNA-PK inhibitor) in metastatic TNBC,
Irinotecan/Temozolomide (DNA damaging agents) in desmoplastic small round cell tumours
(DSRCT) and Rhabdomyosarcoma (RMS), and Cyclophosphamide/Gemcitabine
(Antimetabolites) in medulloblastoma (ClinicalTrials.gov, 2021). SRA737 has completed
phase 1 trials as a monotherapy and in combination with Gemcitabine and exhibited limited
neutropenia (Baneriji et al., 2019; Plummer et al., 2019; Clinical Trials.gov, 2021). Prexasertib
inhibits both CHK1 (ICsp <1nM) and CHK2 (ICso 8nM) at low concentrations and is only
available intravenously (King, H. B. Diaz, et al., 2015), while SRA737 is orally available and

highly selective for CHK1 (ICsp 1.4nM) over CHK2 (ICso 2.44uM) (Walton et al., 2016a).
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SRA737 HN CH&:;/ISO = >1500-fold CHK1 vs CHK2
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Br
Prexasertib CHE;'}EISO = | Dualinhibitor of CHKL/CHK2
Kinase selectivity profile at
CHK1 IC5 = 100nM Residual activity %
GDCO0575 1.2nM CHK1 = <1% CHK2 = 50-
100% (Tullio et al., 2017)
Table 1.1:

Table of CHK1 inhibitors. Modified from (Rundle et

al., 2017).
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1.3.5.2 Use of CHK1 inhibitors as a single agent

The accumulation of DNA damage promoted by oncogene induced replication stress in
cancers typically acts as a barrier for tumour progression as these cells experience a strong
DNA damage response (DDR) and subsequent senescence or apoptosis. For cancer cells to
survive the DDR must be downregulated enough to avoid replication stress induced
senescence/apoptosis, but not too much that it causes unsustainable DNA damage (Hills and
Diffley, 2014). The use of CHKL1 inhibitors as a single agent attempts to exploit this precarious
balance between genomic instability and an increased dependency on fewer aspects of the
DDR. Therefore, CHK1 inhibitors would selectively kill cancer cells with high levels of
replication stress while sparing normal cells with an intact DDR that can compensate for CHK1
inhibition, resulting in a potential therapeutic window for patients (Gaillard, Garcia-Muse and

Aguilera, 2015).

Single agent use of CHK1 inhibitors has shown cytotoxicity in a number of different cancers
exhibiting high levels of replication stress including melanoma, pancreatic, and ovarian cell
lines (Garrett and Collins, 2011; Mike I. Walton et al., 2012; Brooks et al., 2013; Parmar et al.,
2019). Additionally, lymphoma and neuroblastoma cell lines showing MYCN induced
replicative stress have also demonstrated sensitivity to CHK1 monotherapies (Cole et al.,
2011; Ferrao et al., 2011; Murga et al., 2011). Furthermore, use of CHK1 inhibitors as a
monotherapy has been proposed to treat TNBC, a subtype of breast cancer known for its high
genomic instability (Albiges et al., 2014). Depletion by SiRNA and pharmacological inhibition
of the CHK1 kinase in TNBC cell lines has demonstrated a marked reduction in cell viability
and may be an effective therapeutic strategy for TNBC patients (Albiges et al., 2014; Bryant,
Rawlinson and Massey, 2014). In a study carried out by Sakurikar et al, investigating the effect
of CHK1 monotherapy on a large panel of different types of cancer cell lines, approximately
15% demonstrated hypersensitivity to the CHK1 inhibitor MK-8776 (Sakurikar et al., 2016).
This suggests a subset of patients may be highly responsive to CHK1 monotherapies,

providing appropriate patient selection (Ditano and Eastman, 2021).
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1.3.5.3 Combining CHK1 inhibitors with genotoxic agents

CHK1 has been shown to exhibit synergistic cell killing in combination with other therapeutic
agents. Initially, CHK1 inhibitors were developed to enhance the cell kiling effects of
chemotherapeutic agents. As high levels of DNA damage is caused by agents such as
cisplatin and Gemcitabine stalling DNA replication, CHK1 inhibitors should sensitise cells to
these drugs by inducing DNA replication and mitosis before cells can repair their DNA
(Thompson and Eastman, 2013). Early combination studies with UCN-01 showed a 60-fold
increase in cisplatin toxicity in CHO cells (Bunch and Eastman, 1996), this has also been seen
with other CHK1 inhibitors G66976, PF-0477736 and SB218078 (Blasina et al., 2008; Zenvirt,
Kravchenko-Balasha and Levitzki, 2010; Thompson et al., 2012). However, some studies
show no sensitisation of cells to cisplatin with AZD7762 or MK-8776 (Wagner and Karnitz,
2009; Montano et al., 2012). Additionally, MK-8776 failed to sensitise cells to topoisomerase
| inhibitor SN-38 (active metabolite of irinotecan), whereas both AZD7762 and CHIR-124 have
shown synergy with SN-38 (Tse et al., 2007; Zabludoff et al., 2008; Ma et al., 2012).
Discrepancies between these CHKL1 inhibitors may be reflective of the different degrees of
selectivity, or differences in the assays used to determine cytotoxicity (Thompson and

Eastman, 2013).

The ribonucleotide reductase (RNR) inhibitors Gemcitabine and Hydroxyurea have shown
strong synergistic effects with CHK1 inhibitors. Inhibition of RNR depletes the available pool
of dNTPs available for replication, slowing DNA replication and increasing replication stress.
In addition to RNR inhibition, Gemcitabine incorporates into replicating DNA followed by one
additional nucleotide resulting in a masked chain termination, stopping the addition of further
nucleotides and the easy removal of Gemcitabine by exonucleases (Plunkett, Huang and
Gandhi, 1995). Numerous CHK1 inhibitors have been shown to increase the cytotoxicity of
Gemcitabine/Hydroxyurea including MK-8776, AZD7762, PF-0477736, SAR-020106,
CCT244747, SRA737 and Prexasertib (Blasina et al., 2008; Zabludoff et al., 2008; Walton et

al., 2010, 2016a; Ma et al., 2012; Mike | Walton et al., 2012; Montano et al., 2012, 2013;
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Thompson and Eastman, 2013; Sen et al., 2019; Morimoto et al., 2020). These data suggest
CHK1 inhibitors are better used in combination with therapeutics that cause replication stress

rather than other types of DNA damaging agents (Montano et al., 2012).

1.3.5.4 CHK1 and WEE1 inhibitors in combination

WEE1 is a tyrosine kinase which regulates the G1/S transition, S-phase, and G2/M
checkpoints alongside CHK1. WEE1 phosphorylates CDK1/2 at Y15 (Heald, McLoughlin and
McKeon, 1993; Squire et al., 2005), directly inhibiting its activity, unlike CHK1 which indirectly
inhibits CDKs via the phosphorylation and degradation of the phosphatase CDC25, which
activates CDKs via removal of phosphorylation at Y15 and T14. Both WEE1 and CHK1 are
regulated by 14-3-3 proteins. 14-3-3 promotes nuclear retention of CHK1 and mediates the
interaction between CHK1 and CDC25, positively regulating its activity (Jiang et al., 2003;
Kasahara et al., 2010). During interphase in Xenopus egg extracts, 14-3-3 binds to WEEL1,
which requires phosphorylation of S549, a site shown to be phosphorylated by CHK1. A
S549A mutation of this site stops 14-3-3 binding and reduces the capacity for WEEL to
phosphorylate CDK1 and also effects the distribution of WEE1 across the nucleus (Lee,
Kumagai and Dunphy, 2001). In Human cells CHK1 and 14-3-3 has also been shown to
regulate WEEL activity, however it is possible other kinases also phosphorylate WEE1 on
S549 to promote 14-3-3 binding to WEEL1, as kinase activity is resilient to treatment with CHK1

inhibitor UCN-01 (Rothblum-Oviatt, Ryan and Piwnica-Worms, 2001; Sarcar et al., 2011).

The use of WEEL1 inhibitors has been shown to sensitise cells to CHK1 inhibition and depletion
via SIRNA, and has been associated with increased apoptosis (Davies et al., 2011; Carrassa
et al.,, 2012; Chaudhuri, Vincelette, Koh, Naylor, Flatten, Peterson, McNally, Gojo, Karp,
Ruben A Mesa, et al.,, 2014) and high levels of DNA-damage taking place in S-phase,
suggesting a high induction of replication stress (Guertin et al., 2012). The strong synergy
between CHK1 and WEE1 inhibitors suggested both kinases share unique yet complementary
roles in the cell cycle checkpoint that is not just due to higher levels of unscheduled CDK
activity (Guertin et al., 2012). Hauge et al, showed that the high levels of replication stress and
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DNA damage resulted from increased loading of CDC45 and unscheduled firing of replication
origins which is regulated in both a CDK2 dependent and independent fashion (Hauge et al.,
2017). Independent of CDK2, CHK1 negatively regulates the replication factor Treslin which
stimulates loading of CDC45 onto replication origins (Guo et al., 2015), while CDK2 positively
regulates Treslin to promote loading of CDC45 (Kumagai et al., 2010). Therefore, combined
inhibition of CHK1 and WEE1 results in greater increases in CDK activity than either inhibitor
alone. Additionally, loss of CHK1 dependent regulation of Treslin removes the breaks on
CDCA45 loading resulting in massive deregulation of S-phase and subsequent DNA damage

(Hauge et al., 2017).

Currently there are four WEEL inhibitors in clinical development, namely Adavosertib
(NCT02659241; Previously MK-1775/AZD1775), IMP7068 (NCT04768868), ZN-c3
(NCT04158336) and Debio 0123 (NCT05109975, NCT03968653) (ClinicalTrials.gov, 2021).
Adavosertib is the most clinically progressed undergoing trials both as a monotherapy and in
combination with other drugs (NCT03579316, NCT02659241) while IMP7068 and ZN-c3 are

currently recruiting for phase 1 clinical trials (ClinicalTrials.gov, 2021).
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1.4 Resistance to Cancer Therapies

1.4.1 The Challenge of drug resistance

Drug resistance remains a key limiting factor in the successful treatment of cancer patients,
with targeted therapies and chemotherapeutics/radiation therapy. Patients typically relapse
after a successful tumour response or fail to respond entirely to available therapies (Garraway
and Janne, 2012). Unfortunately, further attempts to treat these patients are usually
unsuccessful. The challenge of drug resistance in cancers is inherently complex due to the
genomic instability and heterogeneity within cancers in addition to the flexibility of common
oncogenic signalling pathways (Garraway and Janne, 2012; David J Konieczkowski,

Johannessen and Garraway, 2018).

Drug resistance can be either intrinsic or acquired. Intrinsic resistance is when a drug naive
cancer is unresponsive to a given drug (Garraway and Janne, 2012). Acquired resistance
develops over the course of a treatment with tumours showing an initial response but become
less responsive over time until the therapeutic is completely ineffective (Garraway and Janne,
2012). Acquired resistance may be caused by genomic or epigenetic alterations in the cell
(Bagrodia, Smeal and Abraham, 2012). Additionally, due to the heterogenous nature of
cancers, resistant subpopulations may exist that survive initial treatment enabling the regrowth
of the tumour (Turner and Reis-Filho, 2012). This heterogeneity and ability to quickly adapt to
the selective pressure of cancer therapies is likely linked to the high genomic instability in most
cancers, enabling the accumulation of mutations. each having a chance to alter a gene that
may confer drug resistance (Vasan, Baselga and Hyman, 2019). Non-genetic mechanisms
can also contribute to resistance, such as alterations in protein phosphorylation or gene
expression in ways which alter the activity of signalling pathways and confer resistance
(McGranahan and Swanton, 2017). In order to overcome the emergence of resistant cancers,
it is critical we develop our understanding of the mechanisms driving drug resistance. It has

been suggested that despite the multifaceted nature of drug resistance, resistance
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mechanisms to targeted therapies converge into three main patterns being pathway
reactivation, pathway by-pass, and pathway indifference (David J. Konieczkowski,
Johannessen and Garraway, 2018) (Figure 1.9). These are explored in greater detail in the

following sections.
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Figure 1.9: Convergence based framework for cancer drug resistance.
Adapted from (David J Konieczkowski, Johannessen and Garraway, 2018)

1.4.2 Mechanisms of drug resistance
1.4.2.1 Pre-target effects

Although not discussed in Konieczkowski et al., before the therapy can engage the target for
the desired therapeutic effect, resistance mechanisms may emerge. Important examples of
such mechanisms include the upregulation of drug efflux transporter proteins or alterations in
drug metabolism. ATP-binding cassette (ABC) transporters which include Multi Drug
resistance protein 1 (MDR1/ABCB1) also known as P-glycoprotein (P-GP), MRP2 (ABCC1)

and, ABCG2 can confer multidrug resistance in cancer cells (Gottesman, Fojo and Bates,
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2002). Cancers that demonstrate intrinsic resistance to chemotherapy including renal,
adrenocorticoid, hepatocellular, pancreatic, and colorectal carcinoma are known to
overexpress MDR1 (Filipits, 2004). Additionally, MDR1 overexpression in acute myeloid
leukaemia (AML) has been demonstrated as an adaptive response to chemotherapy, as the
incidence of MDR1 expression increases from 30% at diagnosis to >50% in relapsed patients
and correlates with reduced complete remission rate and shorter duration of survival for

patients (Van Den Heuvel-Eibrink, Sonneveld and Pieters, 2000).

In prodrugs, which are biologically inactive compounds prior to metabolic activation by the
cancer cell, resistance mechanisms may emerge which alter the metabolic activation of the
drug. For example, Gemcitabine requires phosphorylation by deoxycytidine kinase (dCK)
which converts Gemcitabine into the active metabolites Gemcitabine diphosphate and
triphosphate (Mini et al., 2006). Downregulation of the dCK kinase has been identified as a
driver of resistance to Gemcitabine in a drug resistant ovarian cancer cell line model (Al-
Madhoun et al., 2004). Additionally, SIRNA knockdown of dCK has also been shown to confer

resistance to Gemcitabine (OHHASHI et al., 2008).

1.4.2.2 Pathway reactivation

Targeted therapeutics act against specific proteins or pathways that have undergone
oncogenic dysregulation to exploit cellular dependencies. Consequently, many resistance
mechanisms enable reactivation of the pathway despite the presence of the drug. This is one
of the most common types of resistance convergence encompassing many different types of
mechanisms that can enable pathway reactivation (David J. Konieczkowski, Johannessen and

Garraway, 2018).

The simplest way to reactive a pathway downstream of the drug-inhibited target is alter the
drug target itself, making them insensitive to the drug. This can arise via point mutations of
the target protein stopping the drug from binding the target and eliciting and effect. One of the

best-known examples of kinase inhibitor resistance mutationsi s on t he fAgat
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(David J. Konieczkowski, Johannessen and Garraway, 2018). Mutation of this residue alters
the accessibility of the hydrophobic ATP-binding pocket required for the activity of ATP-
competitive kinase inhibitors. Gatekeeper mutations have been identified in EGFR (T790M
mutation) and ALK (L1196M mutation) in non-small-cell lung cancers and KIT (T670I mutation)
and BCR-ABL (T315I mutation) in gastrointestinal and chronic myeloid leukaemia respectively
(Gorre et al., 2001; Demetri et al., 2006; Kobayashi et al., 2009; Choi et al., 2010). Mutations
against allosteric inhibitors which are non-ATP-competitive generate mutations outside of the
gatekeeper residues, however these may alter the activity of the kinase in addition to stopping
drug binding. This was seen with the MEK inhibitor AZD6244 where the majority of mutations
were in the allosteric binding pocket while others conferred cross resistance to the B-RAF
inhibitor or modulated the activity of MEK itself (Emery et al., 2009). Drug target alterations as
drivers of resistance are not only seen in kinases, as inhibitors targeting hormone receptors
such as androgen receptor (AR) and oestrogen receptor (ER) have also been rendered
ineffective by overexpression of the receptor or mutations that enable constitutive activation
of the signalling pathway (Visakorpi et al., 1995; Chen et al., 2003; Robinson et al., 2013; Toy

etal., 2013).

Another mechanism by which the target pathway can be reactivated is via the activity of
upstream effectors. Upstream effectors are defined by being upstream of the drug target,
alterations in these effectors can lead to reactivation of the pathway despite the inhibition of
the successful inhibition of the target (David J. Konieczkowski, Johannessen and Garraway,
2018). For example, resistance to the RAF inhibitor PLX4032 in activating B-RAF-mutant
melanoma (V600E mutation) was conferred by mutations activating NRAS or by loss of tumour
suppressor protein NF1 that negatively regulate RAS (Nazarian et al., 2010; Maertens et al.,
2013; Van Allen et al., 2014). Additionally, upstream receptor tyrosine kinases such as EGFR
and MET can override RAF inhibition via the activation of RAS and C-RAF, restoring
MEK/ERK signalling downstream (Straussman et al., 2012; Wilson et al., 2012; Girotti et al.,

2013).
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The activity of parallel effectors in a signalling pathway may also confer resistance as seen in
resistance to anti-EGFR monoclonal antibodies in colorectal cancer and EGFR tyrosine kinase
inhibitors in NSCLC. Resistance can be driven by activation of MET (Engelman et al., 2007;
Bardelli et al., 2013), ERBB2 (Yonesaka et al., 2011; Takezawa et al., 2012), and IGF1R
receptors (Guix et al., 2008) enabling downstream activation of the pathway via alternative
RTKs. Pathways may also be activated downstream of the drug target independent of any
upstream or parallel effectors as seen in B-RAF-mutant melanoma exhibiting activating
mutations in MEK which drive resistance to inhibition of RAF and MEK (Emery et al., 2009;
Carlino et al., 2015). Or as seen in response to EGFR therapies, downstream effector KRAS
can generate activating mutations (Diaz et al., 2012; Misale et al., 2012; Van Emburgh et al.,

2016).

1.4.2.3 Pathway bypass

The second type of resistance convergence is pathway bypass, this is when the oncogenic
output of the inhibited signalling pathway is instead activated by an alternative pathway
thereby facilitating an effective bypass of the drug targets signalling pathway (David J.
Konieczkowski, Johannessen and Garraway, 2018). In some cases of BRAF-mutant
melanoma resistant to RAF/MEK inhibitors, resistance could be driven by the alternative G
protein coupled receptor (GPCR) signalling (Johannessen et al., 2013). GPCR activity triggers
an increase in cAMP/protein kinase A signal activating the CREB transcriptional regulator
resulting in the activity of REF/MEK inhibitor resistance conferring transcription factors
(Johannessen et al., 2013). Another example of pathway bypass is in prostate cancer in which
inhibition of androgen receptor (AR) by enzalutamide can be bypassed via activation of
glucocorticoid receptor (GR). The outputs of AR and GR receptors converge at the level of
gene expression promoting tumour survival. Therefore, in the event of AR inhibition, GR could
become active and rescue the original output of AR, leading to drug resistance (Arora et al.,

2013).
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1.4.2.4 Pathway indifference

Pathway indifference unlike pathway reactivation and pathway bypass does not rely on the
reactivation of the original pathway output inhibited by the drug. Instead, resistance
mechanisms arise which are independent of the original oncogenic dependency targeted by
the therapy (David J. Konieczkowski, Johannessen and Garraway, 2018). One example of
pathway indifference is that of resistance to PARP inhibition in breast cancer patients. The
rationale for use of PARP inhibitors against breast cancers was based on the synthetic lethality
in cancers with mutated and inactive BRCA1/2 genes (Turk and Wisinski, 2018). It was shown
that secondary mutations in BRCA1/2 were able to restore function to the protein consequently
eliminating synthetic lethality and promoting PARP inhibitor resistance (Edwards et al., 2008;
Norquist et al., 2011). This reversion of BRCA suggests a shift in cell phenotype from a
genetically unstable to stable state (David J. Konieczkowski, Johannessen and Garraway,
2018). In another example, the EGFR-mutant NSCLC treated with EGFR inhibitors
demonstrates a shift from a NSCLC type state to a mesenchymal-like or SCLC-like state
(Sequist et al., 2011; Piotrowska et al., 2015). The EGFR mutation which conferred sensitivity
to EGFR inhibitors was still present in the population of SCLC-like cells. This suggested that
within the heterogenous tumour population a small subgroup of SCLC-like cells existed prior
to treatment with EGFR inhibitors surviving the treatment before regrowing the tumour, or the
switch to a SCLC-like state was the adaptive response of NSCLC cells during treatment with
an EGFR inhibitor (Sequist et al., 2011; Oser et al., 2015; Piotrowska et al., 2015; Hata et al.,

2016).
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1.5 Triple Negative Breast Cancer

1.5.1 Introducing TNBC

Breast cancer is the second most diagnosed cancer worldwide, with 2,088,849 cases
diagnosed in 2018 being only slightly behind lung cancer with 2,093,876 cases (Bray et al.,
2018). Breast cancers account for significantly less deaths than lung cancers with 629,679
and 1,761,007 deaths in breast and lung cancer respectively (Bray et al., 2018). Mortality of
breast cancers has dropped by approximately 40% between the 1980s and 2020 in high-
income countries according to a report by the world health organization (World Health
Organization, 2020). This is largely owing to advances in the screening and treatment of breast
cancers leading to improved detection rates, patient stratification and effective new

treatments.

Triple negative breast cancer (TNBC) accounts for approximately 15% of all breast cancers
and is most common in young women and black women (Sharma, 2016). TNBC is called
fitriple negatived due to the negaticreseptorsscallpdr e ssi on
the oestrogen receptor (ER) progesterone receptor (PGR) and human epidermal growth factor
receptor 2 (HER2). Due to this molecular phenotype TNBCs are not responsive to endocrine
therapies such as Tamoxifen or Fulvestrant which block activation of ER, or targeted therapies
like Herceptin which blocks activation of the HER2 receptor (Kumar and Aggarwal, 2015;
Wahba and El-Hadaad, 2015). Consequently, treatment options for patients of TNBC is more
limited than for regular breast cancer patients leaving surgery and chemotherapy as the main

treatment options available for patients.
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1.5.2 TNBC subtypes
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Figure 1.10: Diagram of a normal breast duct microenvironment.

Breast cancer is a highly heterogenous disease. Transcriptomic profiling of breast cancers via
microarray analysis established 5 main subtypes of tumour, namely luminal A, luminal B,
HER2-enriched, basal-like and normal breast-like (Sgrlie et al., 2001). Luminal and basal-like
cancers are named due to the consistent expression of genes associated with the epithelial
luminal or myoepithelial basal cells respectively (Figure 1.10)(Serlie et al., 2001). Luminal A
tumours are the most common subtype representing 50-60% of all breast cancers. These
tumours show higher expression of ER but have a good prognosis and lower rate of relapse
(Yersal and Barutca, 2014). Luminal B tumours represent 15-20% breast cancer cases and
are more aggressive, proliferative and have a worse prognosis than luminal A (Yersal and
Barutca, 2014). HER2-enriched tumours lack ER or PGR expression but express HERZ2.
These tumours are typically faster growing than luminal cancers and have a worse prognosis

but can be successfully targeted with therapies that target HER2 (Vogel et al., 2002).
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TNBC is defined by the lack of ER, PGR and HER2 receptors, but is still a highly heterogenous
disease in its own right and gene expression profiles of these tumours can overlap with the
main subtypes of breast cancer. Normal breast-like tumours are a poorly characterised
subtype accounting for 5-10% of all breast carcinomas but are known to lack expression of
ER, PGR and HER2 making them triple negative. These tumours cannot be neatly categorised
into luminal or basal-like subtypes by their gene expression profiles. However, there is some
contention on the existence of the normal breast-like subtype with critics suggesting
contamination of tumour specimens with a high proportion of stromal tissue skews the
microarray data (Weigelt et al., 2010). Interestingly, the normal breast-like subtype is typically
non-responsive to chemotherapy unlike other TNBCs which are initially responsive (Yersal

and Barutca, 2014; Bergin and Loi, 2019).

Basal-like tumours show the greatest overlap with the TNBC subtype. Approximately 50-75%
of TNBCs exhibit a basal phenotype with 80% of basal-like tumours showing negative
expression of ER and HER2 receptors (Garrido-Castro, Lin and Polyak, 2019). Basal-like
tumours are highly aggressive, mitotic, and proliferative and are associated with shorter
survival times (Yersal and Barutca, 2014). These tumour subtypes also exhibit a high
frequency of TP53 and BRCAL mutations which contribute to the highly genomically unstable
phenotype of basal-like breast cancers via deregulation of DNA repair and cell cycle regulatory
pathways (Sarlie et al., 2001; Turner and Reis-Filho, 2006; Kwei et al., 2010; Yersal and

Barutca, 2014).

1.5.3 Treatment strategies for TNBC patients

Historically, TNBC treatment has relied predominantly on chemotherapy and surgery. TNBC
typically responds well to surgery and does not demonstrate significantly increased rates of
local recurrence at 5 years (Freedman et al., 2009; Wahba and El-Hadaad, 2015). Additionally,
TNBC is typically more sensitive to chemotherapies such as anthracycline and taxane-based
therapies than ER+ or PGR+ breast cancers (Ismail-Khan and Bui, 2010; Cortazar et al.,
2014). Despite this, prognosis for TNBC patients is poor as the disease typically demonstrates
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short progression free survival (approximately 4-months) and its highly metastatic and

aggressive nature contributes to shortened overall survival (Ismail-Khan and Bui, 2010).

Therapeutic advances have been made in TNBC treatment, particularly in immunotherapies.
Current immune therapies tested in TNBC include programmed cell death receptor 1 (PD-1)
and programmed cell death ligand 1 (PD-L1) inhibitors. PD-1 is an immune checkpoint protein
in T cells which suppresses the T cell immune response when in contact with the PD-L1 ligand
(Chinai et al., 2015; Ribas and Wolchok, 2018). Immune therapies such as Pembrolizumab or
Atezolizumab work by binding either PD-1 or PD-L1 proteins stopping their interaction and
activating T cell immune activity (Chinai et al., 2015). These immune therapies have
demonstrated efficacy and tolerable safety in combination with chemotherapies, targeted
inhibitors (MEKI, PI3K/AKT, PARP inhibitors) and immune agonists to superior levels than
seen with immune checkpoint monotherapy (Ebert et al., 2016; Vinayaketal., 2 01 9 ;et
al., 2020; Schmid et al., 2021; Chen et al., 2022). More work is still required to understand the
difference between PD-1 and PD-L1 antibodies and the most optimal therapeutics for
combination treatment. A clear correlation is seen between PD-L1 expression level and
therapeutic efficacy. However, some studies have also shown PD-L1 negative patients may
still benefit from immunotherapies as high levels of genomic instability has been as a marker

of response to immune checkpoint inhibitors (Barroso-Sousa et al., 2020; Zhu et al., 2020).

In addition to immunotherapies, PARP inhibitors have been approved for use against TNBCs
harbouring BRCA mutations. Approximately 15-20% of TNBCs exhibit germline mutations of
BRCA1/2 (Sharma, 2016). PARP inhibitors have been shown to improve the overall response
rate and progression free survival safely and significantly in patients with advanced/metastatic
TNBC that exhibit BRCA1/2 mutations (Liu et al., 2021). Additionally, PARP inhibitors have
been shown to significantly improve progression free survival and pathological complete
response rates regardless of BRCA mutation status in TNBC patients (Rugo et al., 2016; Liu
etal., 2021). Questions remain to be answered with PARP inhibitors such as how to practically

select patients with TNBC who will experience the most benefit from PARP inhibition and more
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biomarkers of response are required to achieve this. Low levels of the DNA damage repair
protein RAD51, high levels of tumour infiltrating lymphocytes (T/B cells), and high PD-L1
expression have also been associated with PARP inhibitor response in TNBC. This shows
markers of reduced homologous recombination capacity and immunological signatures may
be useful as predictive biomarkers for PARP inhibitor response (Cruz et al., 2018; Liu et al.,

2021).

In addition to PARP inhibitors, CHK1 inhibitors hold the potential to exploit highly deregulated
DNA repair pathways common in TNBCs. Mutation or loss of TP53 occurs at a high frequency
in TNBC with 68% of tumours in The Cancer Genome Atlas program found to exhibit TP53
mutations, in addition 3% of tumours demonstrated homozygous deletion of the gene (Koboldt
et al.,, 2012; Sharma, 2016). While only 15-20% of TNBCs exhibit a BRCA1/2 germline
mutation, 45% of TNBCs exhibit a BRCAness phenotype which is defined by a deficiency in
the homologous recombination DNA repair pathway in cells (Sharma, 2016). These mutations
in the DDR and cell cycle regulatory pathways increase genomic instability and reliance on
CHK1 for maintenance of cell cycle checkpoints and genomic integrity (Ma et al., 2012). CHK1
inhibitors have already shown effectiveness against TNBC cell lines with pCHK1 S296 being
identified as a predictive biomarker of CHK1 inhibitor sensitivity (Ma et al., 2012; Albiges et
al., 2014, Bryant, Rawlinson and Massey, 2014). Clinical trials for CHK1 inhibitors are currently
ongoing and these inhibitors show great potential to treat patients of genomically unstable

cancers such as TNBC.
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1.6 Overview and aims of thesis

As mentioned previously, TNBC is an aggressive sub-type of breast cancer with currently very
limited therapeutic options. TNBC is also known to be highly genomically unstable, exhibiting
multiple defects in the DNA damage response such as high incidence of TP53 mutations and
BRCA mutations. CHK1 inhibitors may be able to tackle the currently unmet clinical need of
TNBC patients as some TNBC cancers may be highly dependent on CHK1 to maintain
sufficient genomic stability. Multiple studies have already demonstrated single agent usage of
CHK1 inhibitors are capable of reducing cell viability via the induction of DNA damage,
apoptosis, and mitotic catastrophe (Ma et al., 2012; Turner et al., 2013; Albiges et al., 2014;
Bryant, Rawlinson and Massey, 2014). While CHKL1 inhibitors may be effective at treating
TNBC, the likelihood resistance will emerge is high. With CHK1 inhibitors currently progressing
through clinical trials, it is important to understand how resistance mechanisms to CHK1
inhibitors may arise over the course of ap at i therdpy Pre-clinical cell line models have
proved very effective at identifying clinically relevant mechanisms of drug resistance in the
past and helped generate therapeutic strategies to overcome resistance (Nazarian et al.,
2010; Garraway and Janne, 2012; David J Konieczkowski, Johannessen and Garraway,
2018). To this end, this project will generate CHK1 inhibitor resistant TNBC cell line models
using the two most progressed CHK1 inhibitors SRA737 and Prexasertib in HCC38 and MDA-
MB-468 TNBC cell lines. Newly generated CHK1 inhibitor cell line models will be characterised
and investigated to identify resistance mechanisms, biomarkers of resistance and potential

therapeutic strategies to overcome CHK1 inhibitor resistance.
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Aims and objectives:

1 Investigate and identify biomarkers and mechanisms of resistance to CHK1 inhibitors
SRA737 and Prexasertib in Triple Negative Breast Cancer cell lines.
0 Generate models of acquired resistance in HCC38 and MDA-MB-468 cell lines
via a dose escalation method and characterise resistant cell lines.
0 Biased approach: Cross-resistance profiling of parental and resistant cell lines
with a range of targeted inhibitors and chemotherapeutic agents.
o Hits identified via cross-resistance profiling to be investigated at the molecular
level i investigate changes in cell signalling in response to targeted inhibitors.
0 Un-biased approach: RNA sequencing analysis of HCC38 parental and
resistant cell lines.
1 Validate identified biomarkers/mechanisms of resistance to CHK1 inhibitors.
1 Identify clinically relevant therapeutic strategies to overcome resistance.
o Identify targeted inhibitors/chemotherapeutics that can restore sensitivity to

CHKU1 inhibitors via drug combination experiments.
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Chapter 2

Materials and Methods
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2. Materials and Methods

2.1 Compounds

Compounds used on cell lines shown in table 2.1 were prepared and diluted in either dimethyl

sulfoxide (DMSO; Sigma-Aldrich, Germany) or sterile dH-O under sterile conditions and stored

at -20°C in aliquots.

Inhibitor/drug

Target(s)

Catalogue
Number

Supplier

SRA737 CHK1 N/A Institute of Cancer Research, Ul
Prexasertib CHK1/CHK2 A13684 Adooqg Bioscience, USA
Verapamil L-Type calcium S4202 Selleckchem, DE

channel/P-gp
Ceralasertib ATR A15794 Adooq Bioscience, USA
Adavosertib WEEL1 A10599 Adooq Bioscience, USA

AZD0156 ATM/ATR S8375 Selleckchem, DE
CCT241533 CHK2 N/A Institute of Cancer Research, Ul

Cisplatin DNA damage P4394 Sigma, Aldrich, DE

Olaparib PARP A10111 Adooq Bioscience, USA
Bleomycin DNA damage 13877 Cayman Chemical, USA

Cyclohexamide Protein Synthesis 357420010 ThermoFisher Scientific, USA
PD0166285 WEE1/Mytl/CHK1 A15863 Adooq Bioscience, USA
G418 Anitbiotic G0175 Melford Laboratories, UK

MK-8776 CHK1 A11167 Adooqg Bioscience, USA

Rabusertib CHK1 A11036 Adooq Bioscience, USA
Gemcitabine DNA damage S1149 Selleckchem, DE
Hydroxyurea RNR S1896 Selleckchem, DE

RO-3306 CDK1/CDK2 SML0569 MerckMillipore, DE

Roscovitine CDK1/CDK2/CDK5 S1153 Selleckchem, DE

Table 2.1: Summary of compounds used in cell-based experiments.
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2.2 General Cell Culture

2.2.1 Cell lines and culture

HCC38 and MDA-MB-468 human triple negative breast cancer (TNBC) cell lines were kindly
provided by the Resistant Cancer Cell Line collection (RCCL, Frankfurt, Germany). SRA737
and Prexasertib resistant cell lines H737R, HPrexR, MDA-737R and MDA-PrexR cell lines
were generated as shown in section 2.2.2. All cell lines were cultured in Iscove Modified
Dulbecco Medium (IMDM), which contains L-Glutamine, HEPES and Sodium Bicarbonate
(3.024g/L) (Gibco, UK). Media is supplemented with 10% (v/v) Foetal Bovine Serum (FBS;
Gibco, UK) and 1% (v/v) Penicillin Streptomycin solution (Penstrep; Life technologies, UK).
Cells were cultured in either T25, T75 or T175 flasks and incubated at 37°C in a humidified
5% CO:; incubator. All cell culture was carried out in sterile conditions in a class Il biological

safety cabinet.

Before passaging cells, all reagents were pre-warmed to 37°C. Cells were passaged at
approximately 70-90% confluency. In T25 flasks, cell culture medium was aspirated off and
discarded before rinsing cells in 2ml of phosphate-buffered saline (PBS; Oxoid, UK). 1ml of
0.25% Trypsin-EDTA (ThermoFisher Scientific, UK) was added to cells which were then
allowed to incubate at 37°C until cells had detached. Detached cells were suspended in IMDM
and typically split at either 1:10-1:5 into a new flask and topped up with IMDM to a final volume
of 5ml. IMDM was added to the remaining cells in the old flask up to 5ml and kept as a backup
flask. For culture in T75 and T175 flasks volumes were adjusted by 3- and 7-fold respectively.
Resistant cell lines were routinely maintained in either SRA737 or Prexasertib at the

concentrations shown in table 2.2.

Prexasertib M) SRA737(M)
HPrexR 0.5 -

MPrexR 1.75 -

Table 2.2: Drug maintenance concentrations for
CHK1 inhibitor resistant cell lines.
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2.2.2 Generation of TNBC cell lines with resistance to SRA737 or Prexasertib.

HCC38 and MDA-MB-468 parental cell lines were used to generate sublines with resistance
to SRA737 or Prexasertib via dose escalation. Specifically, HCC38 and MDA-MB-468 cell
lines were seeded in T25 flasks and allowed to adhere overnight in standard growth
conditions. Preliminary half maximal growth Inhibitory (Glsg) values of SRA737 and
Prexasertib in HCC38 and MDA-MB-468 cell lines (provided by Dr Helen Grimsley (Garrett
lab) via the MTT cell viability assay) were used to establish starting concentrations for dose
escalation. Cells were grown in standard growth conditions in their preliminary Glso of either
SRA737 or Prexasertib until reaching approximately 70% confluency. At 70% confluency
HCC38 and MDA-MB-468 cell lines were passaged, and the drug concentration was increased
2-fold. This was repeated over a period of 140 days and stopped if resistant cell lines were
unable to survive in higher concentrations of the drug or if the Glso of the resistant cell lines
was at least 5-fold greater than the parental Glso. Untreated cell lines were cultured over the
same period. This led to the generation of HCC38 sublines H737R and PrexR with resistance
to SRA737 and Prexasertib respectively and generation of MDA-MB-468 sublines MDA-737R

and MDA-PrexR with resistance to SRA737 and Prexasertib respectively.
2.2.3 Counting cells with a haemocytometer

Cell number was determined via haemocytometer. Cells were trypsinised and suspended in
5-10ml of IMDM. Resuspended cells were diluted 1:2 in trypan blue and 20ul added to the
chambers of a BRAND® haemocytometer to count the number of cells. After counting, re-

suspended cells were diluted in IMDM at the required seeding density.

2.2.4. Cryopreservation of cell lines

Every 3-6 months passaged cells would be replaced with fresh cryopreserved cells to avoid
genetic drift. Once cells grown in a T75 flask reached 70% confluency they were trypsinised
and resuspended in 15 ml of IMDM. Cells were then separated into 5 ml aliquots and

centrifuged at 270 x g for 5 minutes to pellet the cells. Media was aspirated off and discarded
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and pellet was resuspended in 0.5 ml IMDM. Freeze down medium was then prepared with
20% DMSO and 80% FBS. 0.5 ml of freeze medium was added to 0.5 ml of suspended cells
bringing the final concentration of DMSO to 10%. 1 ml of cells suspended in freeze medium
was then placed in each cryovial and cells were left overnight in a -80°C freezer. The next day

cryovials were transferred to a liquid nitrogen tank for long term storage.

For revival of cryopreserved cell lines cryovials were thawed rapidly by placing them in a 37°C
water bath until completely thawed. Cells were then added to a T25 flask containing 9 ml of
media to dilute the DMSO in the freeze medium and incubated overnight to adhere to the flask.
The next day media was aspirated off and discarded and replaced with fresh IMDM media.
Within 5 passages cells were expanded to T75 flasks and fresh cells were cryo-preserved

before too many passages were accumulated.

2.3 Cell Growth Characterisation

Understanding growth characteristics of cell lines is important for determining optimal seeding
conditions for assays. Ideally cells should be in log phase growth throughout the assay so that
data collected represents changes caused by the independent variable and not by changes in
growth characteristics potentially caused events such as contact inhibition or depletion of

media.

2.3.1 Seeding density assay

Cells were plated in seven 96-well plates in 200ul of IMDM at multiple seeding densities and
allowed to grow normally. Every 24 hours one plate was fixed with 10% (w/v) trichloroacetic
acid (TCA) using 70 pl per well. Cells were then stained with Sulforhodamine B (SRB; Sigma-

Aldrich, Germany) and analysed as described in section 2.4.
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2.4 Sulfornodamine B cell Viability Assay

Cross-profiling of parental and resistant cell lines with a range of targeted inhibitors and cancer
drugs is carried out using a cell viability assay. The Sulforhodamine B (SRB) assay is a method
for measuring the cellular protein content of cells. SRB dye binds to cellular protein and so
can be used to estimate cellular density and measure cell viability (Skehan et al., 1990). Cells
were plated in 96-well plates and at the end of the assay media was flicked out of the wells
and cells were fixed with 70 pl of 10% (w/v) TCA per well for 30 minutes. After fixation, plates
were washed with distilled water and cells were stained with 70ul of 0.4% (w/v) SRB (Sigma-
Aldrich, Germany) in 1% (v/v) acetic acid per well for 30 minutes before washing in 1% (v/v)
acetic acid until all excess dye was removed. Plates were placed in a 37°C oven until
completely dry overnight before the addition of 100 pl of 10 mM Tris-base per well to solubilise
bound SRB-dye. Plates were left on a shaker until dye was completely solubilised and
absorbances were read at a wavelength of 490 nm using a Victor X4 multi-label plate reader
(PerkinElmer Life Sciences, USA). Raw absorbances were adjusted with a blank calculated
from the mean absorbance of the media control wells, which contained no cells. The mean
was subtracted from the absorbance of all wells and dose response values were percentage
normalised to the mean absorbance of the untreated control wells. Results were then plotted
in Graphpad Prism 6 (Graphpad Software Inc, USA) and the Glso values were determined via

non-linear regression.

In cell viability assays measuring the effects of drugs/compounds, cells were plated in 160 pl
of IMDM media per well at the indicated seeding densities and allowed to grow for 48 hours.
200 pl of PBS was placed in the outermost wells at the edge of the plate in addition to a
background/media control with no cells. Drugs and compounds that were tested on plated cell
lines were first serially diluted in IMDM at 5x the required concentration to account for dilution

of drug when added to the plate. 40 pl of IMDM containing drug was then added in triplicate
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to the required wells. For vehicle control wells 40 pl of IMDM + maximum concentration of
vehicle used in drug dilution was added to cells, while 40 pl of IMDM was added to untreated

control wells.

2.5 Cell lysis and Western Blotting

Western blot analysis is an effective method for detecting specific protein molecules within a
cell lysate. This technique is used to identify changes in protein levels and cell signalling via
protein specific antibodies for targets in the CHK1 pathway and other related pathways in

parental and resistant cell lines.
2.5.1 Cell Lysis
Lysis buffer (Table 2.3) was prepared in advance of cell lysis and stored in aliquots at i 20°C.

Cells were seeded in 10cm or 7cm dishes and grown for 24-48 hours until approximately 50-
60% confluent prior to drug treatment. IMDEM Media was refreshed, and drug or vehicle was
added at the desired concentration and cells were incubated for up to 24 hours. Media control
plates were incubated in fresh IMDM for the same amount of time. After drug incubation, plates
were put on ice and media aspirated off before washing twice in ice cold PBS, all PBS removed

and from this point plates were either frozen at -80°C for lysis later or lysed immediately.

Reagent Concentration Manufacturer
HEPES pH 7.4 50 mM Sigma-Aldrich, DE
NaCl 250 mM Sigma-Aldrich, DE
Nonidet-P40 substitute 0.1% (v/v) Roche, CH
DTT 1 mM Melford Laboratories, UK
EDTA 1 mM FisherScientific, UK
NaF 1mM Sigma-Aldrich, DE
3-Glycerophosphate 10 mM Sigma-Aldrich, DE
Sodium orthovanadate 0.1 mM Sigma-Aldrich, DE
Completé" protease
nhibitor cocktail 1 tablet per 50 mi Roche, CH

Table 2.3: Summary of components lysis buffer. HEPES: 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, DTT: Dithiothreitol, EDTA:

Ethylenediaminetetraacetic acid. 80



For lysis, 50-100 pl of ice-cold lysis buffer was added to plates depending on the plate size
and cells were scraped off the surface of the plate into lysis buffer. Lysis buffer containing
scraped cells was then moved into a pre-cooled 1.5 ml Eppendorf and incubated on ice for 30
minutes. Lysates were centrifuged at 14,000 x g for 10 minutes at 4°C and supernatant was
collected in a separate pre-cooled 1.5 ml Eppendorf and kept on ice or snap-frozen in dry ice
and stored at -80°C. 10 pl of lysate would be transferred to a microcentrifuge tube for protein

quantification via Bicinchoninic acid or Bradford assay.
2.5.2 Bicinchoninic acid and Bradford assays

Determination of total protein content by bicinchoninic acid assay (BCA) was performed using
PierceE BCA protein assay ki $mithef&l.e1988p Bsaeher Sci
prepared as shown in section 2.5.1 were diluted 10- to 20-fold in lysis buffer (Table 2.3) and
10ul of each lysate was added in triplicate in a 96-well plate. In each plate, 10ul of bovine
serum albumin (BSA) protein standards at concentrations of 0.1-1mg/ml and a blank of 10yl
lysis buffer were also added in triplicate to each plate. A copper (ll) sulfate solution was added
to BCA at a 1:50 ratio and 200ul of the solution was added to each plate. Plates were mixed
on a microplate shaker for 30 seconds before incubation at 37°C for 30 minutes. After
incubation, absorbances were measured at a wavelength of 560nM using the Victor X4 multi-
label plate reader (PerkinElmer Life Sciences, USA). The mean absorbance of the blank
control was subtracted from the raw absorbances of all samples, total protein concentration

was determined using a BSA protein standard curve.

In cases where total protein concentration was anticipated to be low (< 0.1mg/ml in diluted
lysate), the BCA standards and the plate incubation steps were modified to increase assay
sensitivity. BCA standards were diluted to 5-500ug/ml and plates were incubated at 60°C for

30 minutes.
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Determination of total protein content by Bradford assay was performed using the Bio-Rad
Protein assay dye concentrate kit (Bio-Rad, UK; Bradford, 1976). Bradford reagent was diluted
1:5 in dH2O for a working solution. BSA standards were prepared between 50-500ug/ml in
lysate buffer (Table 2.3) and 10l added in triplicate to a 96-well plate. Samples were diluted
10- to 2-fold in lysis buffer as mentioned previously and 10pl added to the plate in triplicate.
10ul of lysis buffer was added as a blank in triplicate and 200ul of Bradford reagent was
pipetted into each well. Plates were mixed on a microplate shaker for 30 seconds before
absorbances were measured at 595nm on the Victor X4 multi-label plate reader (PerkinElmer
Life Sciences, USA). Total protein concentration and deduction of the average background

absorbance was carried out as described above for the BCA assay.
2.5.3 SDS-PAGE

Lysates were thawed on ice and normalised to equal protein concentrations (usually 30-
50ug/well) with lysis buffer. 5x sample buffer (0.3M Tris pH 6.8, 50% (v/v) glycerol
(ThermoFi sher Sci en-méerdaptaethand] KOpo (v2vy SBS (Thermwlrishdy
Scientific, UK) and 0.05% (v/v) bromophenol blue) was added to normalised lysates at a 1/5
dilution. Normalised lysates containing sample buffer were vortexed and spun down on a
benchtop centrifuge before heating for 5 minutes at 95°C and spinning down a final time.
Samples were then loaded on a sodium dodecyl sulphate-polyacrylamide gel electrophoresis

(SDS-PAGE) gel or stored either -20°C or -80°C.

SDS-PAGE resolving and stacking gels were produced as shown in table 2.4. Equal amounts
of protein (5-70 pg) were loaded into the wells of the stacking gel in addition to 7 pl of
PageRulerE Plus Prestained protei nSDS-RAGEgel
was run with a Tris-Glycine running buffer (25 mM Tris-HCI, 192 mM Glycine, 0.1% SDS) and
electrophoresis was carried out over a 60- to 90-minute period using a Hoefer SE250
electrophoresis unit (Hoefer, USA) at a constant voltage of 100V until samples had entered
the resolving gel when voltage was increased to 150V. When double loading was necessary
the gel was run at 100V until samples left the wells and entered the stacking gel, additional
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sample was loaded, and the gel was run as normal. Gel electrophoresis was stopped when
the bands of interest reached the middle of the resolving gel or once the dye front was

approximately 1cm from the bottom of the gel.

Reagent Resolvmg.gel Stacking gel Manufacturer
concentration concentration
Acrylamide/Bis .

(29:1) 8-12% (v/v) 4% (vIv) Bio-Rad, USA
Tris-HCI pH 8.8 0.375 M - Sigma-Aldrich, DE
Tris-HCI pH 6.8 - 0.125 M Sigma-Aldrich, DE

SDS 0.1% (v/v) 0.1% (v/v) Sigma-Aldrich, DE
TEMED 0.2% (v/v) 0.1% (v/v) Sigma-Aldrich, DE
APS 0.1% (w/v) 0.1% (w/v) Bio-Rad, USA

Table 2.4: Summary of components for the construction of SDS-PAGE gels. SDS:
Sodium lauryl sylfate, TEMED: Tetramethylethylenediamine, APS: Ammonium persulfate.

2.5.4 Western Blotting

After gel electrophoresis, protein was transferred from the SDS/polyacrylamide gel to a 0.2
pm pore Immobilon-P polyvinylidene fluoride (PVDF) (Millipore, USA) using a wet blotting
system Mini Trans-Blot® Cell. Before blotting, PVDF was activated in methanol and protein
was transferred for 90 minutes in pre-cooled transfer buffer (25 mM Tris-HCI, 192 mM Glycine
and 10% (v/v) methanol) under a constant voltage of 100V. Once transfer was completed the
gel was discarded and the membrane was reactivated in methanol and stained with ponceau
S solution (0.1% (w/v) ponceau S in 5% (v/v) acetic acid) for protein detection. This confirmed
successful transfer, equal loading of protein, and assisted in accurate cutting of PVDF
membrane to isolate protein targets. After cutting membranes were blocked in blocking buffer
(Tris-buffered-saline + Tween (TBS-T; 5 mM Tris-HCI pH 8.0 and 15 mM NaCl + 0.1% (v/v)

Tween-20) with 5% (w/v) milk (Marvel, UK)) on an orbital shaker.

After blocking membranes were incubated overnight in primary antibody in blocking buffer at
4°C. Following primary antibody incubation membranes were washed for 10 minutes 2x in
TBS-T before an hour incubation in horseradish peroxidase conjugated secondary antibody

in blocking buffer. Antibody specifications and concentrations are listed in table 2.5. After
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secondary incubation membranes were washed for 4x 5 minutes in TBS-T. Detection of

protein signal was performed wit hne@éneer(EQL)y E we st
substrate (Bio-Rad, USA) and visualised by exposure of Hyperfilm ECL (GE healthcare, UK)
and developed using an OptimaxE 2010 film proces

Antibodies were stripped from membranes before they were re-probed by incubating methanol
activated membranes in stripping buffer (50 mM Glycine, 1% (w/v) SDS, pH 2.0) for 2x 5
minutes and then washing in TBS-T for 2x 5 minutes. Membranes were then blocked for 1
hour in blocking buffer and primary and secondary incubation steps carried out as mentioned

previously. To store membranes after use, blots were stripped and washed in TBS-T before

air drying at room temperature. Once dry membranes were labelled and stored at -20°C.

Primary Antibody Supplier Catalogue number Species Dilution

MDR1 Santa Cruz, USA SC-55510 Mouse 1:100

pCHK1 s345 CST, USA 2348 Rabbit 1:500

pCHK1 s296 CST, USA 2349 Rabbit 1:500

T-CHK1 CST, USA 2360 Mouse 1:1000

pCHK2 s516 CST, USA 2996 Rabbit 1:500

T-CHK2 CST, USA 6334 Rabbit 1:1000

WEE1 Santa Cruz, USA SC-5285 Mouse 1:1000

pCDK1/2 Y15 CST, USA 9111 Rabbit 1:2000

T-CDK1 Santa Cruz, USA SC-8395 Mouse 1:4000

C-PARP CST, USA 9541 Rabbit 1:1000

GFP Santa Cruz, USA SC-9996 Mouse 1:1000

pRPA32 s4-8 Bethyl, USA A300-245A Rabbit 1:2000

RPA32 Abcam, UK EPR2877Y Mouse 1:2000

yH2AX MerckMillipore, DH 05-636 Mouse 1:1000

p2]1CPLWarl CST, USA 2947 Rabbit 1:1000

h 11 ¢ dzo dzf A y Bio-Rad, USA 150028 Rabbit 1:1000
GAPDH MerckMillipore, DE MAB374 Mouse 1:200,000
Secondary - Anti Rabbjt Bio-Rad, USA 170-6516 Goat 1:10,000
Secondary - Anti Mousg  Bio-Rad, USA 170-6515 Goat 1:10,000

Table 2.5: List of antibodies used for western blot analysis. CST: Cell Signalling Technology.
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2.6 Cell Cycle Analysis via Flow Cytometry

Analysis of the cell cycle distribution via flow cytometry is used identify differences in response
to targeted inhibitors affecting the cell cycle in both parental and resistant cell lines. Cells were
seeded in T75 flasks and allowed to adhere overnight before drug treatment. Cells were
incubated in drug for 24 hours before collection. Media was discarded and cells were washed
in PBS, trypsinised and suspended in 5ml IMDM before counting via hemocytometry as shown
in section 2.2.3. Approximately 1x10° cells per sample were collected for fixing and cell cycle

analysis.

After counting cells, 4.5ml of cells suspended in IMDM was centrifuged at 270 x g for 5 minutes
to pellet the cells. IMDM was removed and replaced with 5ml PBS and centrifuged again at
270 x g for 5 minutes to wash the cells. PBS was removed and cells were gently suspended
in 0.5ml of PBS and pipetted up and down to achieve a single cell suspension. Approximately
4.5ml of ice cold 70% ethanol was added in a drop-wise fashion to the single cell solution while
gently vortexting to avoid cell aggregates. After fixation, cells were incubated in fixative for at

least 2 hours at room temperature or stored at -20°C.

After fixation, cells were centrifuged at 270 x g for 5 minutes and ethanol removed. Cells were
washed in 5ml PBS and re-centrifuged. PBS was removed and cells were suspended in
0.25ml of PBS + 5pl of 10mg/ml RNase A (ThermoFisher Scientific, UK) to a final
concentration of 0.2 mg/ml and incubated at 37°C for 1 hour. 1mg/ml Propidium lodide (PI)
stain (Sigma-Aldrich, Germany) was added to a final concentration of 10ug/ml and incubated
at 4AC in the dark unti/l anal ysi s. Sampl e
Cytometer (BD Biosciences, UK) at 488nm and data processed using BD Csampler Plus

software (BD Biosciences, UK).
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2.7 Knockdown of WEE1 Gene Expression via Small Interfering RNA

To validate WEE1 overexpression as a potential mechanism of resistance WEE1 protein
expression was knocked down using SiRNA. Small interfering RNAs (siRNAs) were used for
the transient knockdown of WEE1 gene expression in the HCC38 cell line, via reverse
transfection with Lipofectamine 2000 (ThermoFisher Scientific, UK), a lipid-based transfection
reagent. Non-targeting control and death control siRNA were used to determine transfection

efficiency and toxicity. All sSiRNAs used are listed in table 2.6.

SiRNA Target Gene Target Sequence Manufracturer
#1 J-005050-05 WEE1 AAUAGAACAUCUCGACUU]ADharmacon, us
#2 J-005050-06 WEE1 AAUAUGAAGUCCCGGUAUPRDharmacon, US
#3 J-005050-07 WEE1 GAUCAUAUGCUUAUACAGADharmacon, US
#4 J-005050-08 WEE1 CGACAGACUCCUCAAGUGADharmacon, US

AllStars Negative Control siRNJANon-Targeting| Sequence validated by QIAGEN QIAGEN, DE

AllStars HS Death Control siRNJADeath Control| Sequence validated by QIAGEN QIAGEN, DE

Table 2.6: List of SIRNA oligonucleotides used.

Lipofectamine 2000 and siRNA were diluted and mixed together in Opti-MEME r educed
serum medium which contains HEPES, Sodium Bicarbonate (2.4g/L), and L-Glutamine
(ThermoFisher Scientific, UK), and incubated for 15 minutes at room temperature to complex.
Cells were trypsinised and counted as described in section 2.2.3 and diluted in IMDM
medium. For 96-well SRB assays, 50l of SiRNA/lipid complex was added per well followed
by 110pl of cells in complete IMDM medium per well and incubated at 37°C for 24 hours before
treatment with 40ul of IMDM +/- drug treatment. After treatment, cells were grown for an

additional 72hrs prior to analysis via SRB assay as shown in section 2.4.

To determine the level of WEE1 knockdown achieved by siRNA, western blot analysis was
performed alongside SRB cell viability assays. SiRNA/lipid complexes were prepared as
shown previously and 500ul of the mixture was added per well of a 6-well plate. 1.1ml of cells
were then added to the 6-well plate at the seeding density indicated and incubated in standard

growth conditions for 24 hours before the addition of 400ul IMDM medium. Cells were then
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incubated for another 24-72 hours in standard growth conditions, depending on the timepoint

before cell lysis and analysis via western blot (Section 2.5).

2.8 Plasmid Preparation

To validate WEEL overexpression as a resistance mechanism in resistant cell lines WEE1
expression vectors were transfected into parental cell lines. To carry out these experiments
the appropriate stocks of DNA were required. Expression vectors were transformed into E.coli

and grown overnight prior to extraction and purification.
2.8.1 Transformation of plasmid DNA and creation of glycerol stocks

The WEE1l + Myc tag expressing plasmid pCDNA3Myc-P71 and Myc tag only vector
pCDNA3Myc, were a kind gift from Dr Helen Piwinica-Worms (University of Texas, MD
Anderson Cancer Centre, Houston, USA,; original publication: Rothblum-Oviatt, Ryan and
Piwnica-Worms, 2001), which was provided on a piece of filter paper. Spotted plasmid DNA
filter paper was placed in a microcentrifuge tube with 200ul of Tris-EDTA buffer (TE; 10mM
Tris pH 8.0, 1ImM EDTA), vortexed briefly, and allowed to incubate at room temperature for
10 minutes. 5ul of recovered plasmid DNA was used to transform 50ul of Subcloning
Effici ency E DH5 U Eamlple (remoFisher Scientific, UK) and incubated on ice
for 30 minutes. Cells + plasmid DNA were heat shocked in a 42°C water bath for 45 seconds
before incubation on ice for 2 minutes. Afterwards, 250pl of S.0.C medium (2% tryptone, 0.5%
yeast extract, 10mM NaCl, 2.5mM KCI, 10mM MgCl;, 10mM MgSO., and 20mM glucose;
ThermoFisher Scientific, UK) was added to E. coli DNA mixture and incubated in a shaking
incubator at 37°C and 180rpm. Following incubation, transformed E. coli was spread on LB
agar plates (1% (w/v) bacto-tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl and 1.2% (w/v)
agar) containing 100ug/ml Ampicillin and incubated overnight at 37°C. The following day
colonies were picked and used to inoculate 10ml of LB broth (1% (w/v) bacto-tryptone, 0.5%
(w/v) yeast extract and 1% (w/v) NaCl) + 100ug/ml Ampicillin and incubated at 37°C in a

shaking incubator overnight at 180rpm. After overnight culture, glycerol stocks were prepared
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by mixing 500ul of transformed E. coli from the overnight culture with 500ul of glycerol in a

cryovial and stored at -80°C for future use.
2.8.2 Extraction of plasmid DNA

Due to the low yield of plasmid DNA, large volumes of transformed E. coli was required to
produce sufficient DNA. 5ml LB + 100ug/ml Ampicillin starter cultures were inoculated with a
scraping of a glycerol stock (Section 2.8.1) and incubated in a shaking incubator at 37°C and
180rpm for 5 hours. After incubation, 250ml of LB broth in a 3L conical flask was inoculated
with the 500ul of the starter culture and incubated overnight at 37°C and 180rpm. E. coli cells
were pelleted by centrifugation at 6,000 x g for 15 minutes at 4°C followed by extraction of
plasmid DNA using the EndoFree® Plasmid Maxi Kit (QIAGEN, UK), following the
manufacturerodés instructions. Plasmid DNA was el
and left to dissolve overnight at 4°C. Plasmid DNA concentration was determined using a

Nanodrop ND-1000 UV/Vis spectrophotometer (Nanodrop, USA).
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2.9 Generation of Transient WEE1 Overexpressing Cell Lines

Transient expression of WEE1 protein was used to confirm successful exogenous expression
of WEEL1 protein in the HCC38 cell lines. HCC38 cells were plated in a 6-well plate at 1x10°
cells per well and allowed to grow overnight under standard growth conditions, seeding
densities were selected to ensure cells were approximately 60-80% confluent prior to
transfection. 2ug of pCDNA3Myc (Myc tag only), pPCDNA3Myc-P71 (WEE1 gene + Myc tag)
and pEGFP_N1 (GFP expressing plasmid; kindly provided by the Fenton Lab, University of
Kent) were mixed with lipofectamine 2000 in ratios of 1:0.5 and 1:1 (Plasmid/Lipo ug/ul) in
Opt-MEME reduced serum medi umylandincabatedddr B0Iminwtes | u me o f
at room temperature. Media was removed from HCC38 cells in 6-well plates and replaced with
1.8ml normal IMDM medium without antibiotic. 200ul of plasmid/lipid complexes was added
to their respective wells and cells were incubated at standard growth conditions for a following
4 hours before removal of the transfection reagent and replaced with 2ml IMDM medium +1%
(v/v) Penicillin Streptomycin solution. Cells were incubated in standard growth conditions for

a following 24 hours before lysis and analysis via western blot (Section 2.5).

2.10 Generation of Stable Cell Lines Expressing Exogenous WEE1

Stable cell lines were required to validate WEE1 overexpression as a mechanism of resistance
to CHK1 inhibition. To this end, HCC38 cells were transfected with a WEE1 expression vector
or a control vector that only expressed a Myc tag and stable clones selected using a G418 kill

curve.
2.10.1 G418 Kill curve

pCDNA3Myc and pCDNA3Myc-P71 plasmids contain a neomycin resistance gene for
selection of stably transfected cells making them resistant to G418 treatment. The optimal
concentration for selection of stably transfected cells was determined. An optimal

concentration of G418 kills all non-resistant cells between 5-7 days. HCC38 cells were plated
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at 1x10° cells per well and grown overnight under standard growth conditions, seeding
densities were selected to ensure cells were approximately 60-80% confluent prior to
treatment with Geneticin (G418). The following day, media was removed and replaced with
IMDM + G418 at a range of concentrations (between 0.25-1.5mg/ml) or just IMDM media as
a control. Cells were then incubated at standard growth conditions for a week and IMDM +/-
G418 was refreshed every 2 days or when media showed signs of depletion. 1mg/ml was

selected as an optimal concentration of G418 for selection of stable cells.
2.10.2 Transfection of stable cell lines expressing exogenous WEE1

HCC38 cells were plated in a T25 flasks at 2.6x10° cells per flask and allowed to grow
overnight under standard growth conditions, seeding densities were selected to ensure cells
were approximately 60-80% confluent prior to transfection. 6.5ug of pPCDNA3Myc (Myc tag
only) and pCDNA3Myc-P71 (WEE1 gene + Myc tag) was mixed with lipofectamine 2000 in a
1:1 ratio (Plasmid/Lipo pg/ul) in Opti-MEME r educed serum medi G50pl
and incubated at room temperature for 10 minutes. IMDM media was replaced with 4.4ml of
IMDM medium without antibiotic and 600l of plasmid/lipo mixture was added to cells. Cells
were then incubated at standard growth conditions for 4 hours before removal of IMDM +
transfection reagent and replacement with IMDM medium without antibiotic before further
incubation overnight at standard growth conditions. The following day cells showed high levels
of cell death in both pCDNA3Myc and pCDNA3Myc-P71 transfected cells and were incubated
for a further 96 hours in standard growth conditions. Following the extended incubation,
transfected cells were trypsinised and counted as seen in section 2.2.3 and plated into 6-well
plates at a density of 1x10° cells per well in a total of 2ml IMDM media +1% (v/v) Penicillin
Streptomycin solution and incubated overnight in standard growth conditions. The following
day media was refreshed in each well with 2ml IMDM + 1mg/ml G418 for selection of stable

expressing cells.
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2.11 RNA Sequencing

To investigate acquired resistance via an unbiased approach RNA was extracted from HCC38,
HPrexR, and H737R cell lines and sequenced by UCL Genomics. Following initial analysis
carried out by UCL Genomics expression data was investigated to identify genes or pathways

which may play a role in resistance.
2.11.1 RNA extraction

HCC38, H737R and HPrexR cell lines were plated in T25 flasks at 2.6x10° cells per flask and
allowed to grow for 24 hours in standard growth conditions, three biological replicates were
plated for each sample on different days. After 24 hours cells were approximately at 60-70%
confluency and trypsinised before suspension in 5ml IMDM medium and pelleted via
centrifugation at 270 x g for five minutes. After centrifugation, IMDM was removed and pellet
was washed with 2ml PBS and spun again at 270 x g for a further 5 minutes. Afterwards, PBS
was removed, and the cell pellets were snap frozen in dry ice and stored at -80°C until RNA

extraction.

Extraction of RNA was carried out using the Monarch® Total RNA Miniprep kit (New England
Biolabs®, UK) following the manu f a c t imstriectiodssRNA was eluted in 60pl of Nuclease-
free water and sample concentration was determined using a Nanodrop ND-1000 UV/Vis
spectrophotometer (Nanodrop, USA). Samples were stored at -80°C before shipping on dry
ice to UCL Genomics () who carried out the CDNA synthesis, RNA sequencing and
subsequent differential expression analysis, reports generated by UCL Genomics can be

found in appendix 6.1 & 6.2.
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Chapter 3

Generation of CHK1 inhibitor
Resistant Cell Lines
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3. Generation of CHK1 Inhibitor Resistant Cell

Lines

3.1 Introduction

Resistant cell line models can be used to study cancer drug resistance in vitro. Resistance to
cancer therapies is a major obstacle in the successful treatment of patients. Resistance can
be innately present in the tumour or acquired over time by a drug sensitive tumour with
successive treatments. Acquired resistance can result from mutations or deliberate adaptive
responses which may allow cells to compensate for, or recover from, the effects of a cancer
drug (Longley and Johnston, 2005). As tumours are known to be highly heterogeneous, drug
resistance may arise via selection of resistant sub-populations within drug treated tumours

(Swanton, 2012).

The study of tumour samples taken from patients with drug resistant disease provides the
most clinically relevant data. Unfortunately, these patient samples are often difficult to acquire
and do not allow for proactive research as scientists must wait for resistance to form in patients
(Garraway and Janne, 2012). Therefore, in vitro and in vivo models have been developed
using both established cancer cell lines and human tumour xenografts in mice. While these
models are less clinically relevant, they still provide useful data to help inform new therapeutic
strategies and identify resistance mechanisms which are later shown to be present in the
clinic. Cell line models are the cheapest and easiest approach but are less clinically relevant
versus human tumour xenografts grown in vivo that can reproduce the tumour
microenvironment, stromal cells and match the cancer type with the organ of origin. Despite
the limitations inherent in cell line models, there are many ways to develop models of cancer

drug resistance.
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A common and successful approach in the generation of resistant cell lines is the culture of
cancer cells in the presence of a drug over a period of time (Garraway and Janne, 2012).
Generation of resistance can take from 3-18 months in the laboratory and changes can be
made to the methodology depending on the desired outcome. Cells cultured with a pulsed
treatment strategy allowing for recovery in drug free media and generally lower drug
concentrations are used to create low levels of resistance that aim to mimic patient conditions.
These tend to have lower fold-resistance compared to models adapted to higher drug
concentrations and resistance may be lost after a period in no drug. Adaptations tend to be
subtler making them potentially more difficult to identify. However, these models are more
clinically relevant (McDermott et al., 2014). High-level drug resistant models are cells exposed
to very high doses or escalating doses of drug in concentrations unlikely to be achievable in a
patient tumour. While these models are less clinically relevant, they are helpful in identifying
potential resistance mechanisms. These high-level models are often more stably resistant
making them easier to maintain in culture while exhibiting a generally higher level of
resistance. As a result molecular changes in these cell lines become more pronounced and

may be easier to identify than more clinically relevant models (McDermott et al., 2014).

A phase 1 clinical trial of the WEE1 inhibitor Adavosertib was used to inform development of
a resistant cell line model through low concentration dose escalation with clinically relevant
drug concentrations (Leijen, Van Geel, Pavlick, et al., 2016; Garcia et al., 2020). WEEL1 is an
important kinase, which like CHK1 is involved in regulation of CDK1 activity. It was shown that
increased HDAC activity in the Adavosertib resistant leukaemia cell lines led to an increase in
c-MYC expression and activity, the authors suggested this may increase the levels of
nucleotides available for DNA replication thus reducing replication stress and promoting
survival in the presence of drug (Garcia et al., 2020). Another study in gastric cancer cell lines
reported resistance to the drug cisplatin acquired via dose escalation. In this case the protein
JWA, which blocks the activity of casein kinase (CK2), was shown to be down regulated in

cisplatin resistant cells allowing for CK2 to phosphorylate XRCC1, stabilising the protein and
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allowing it to carry out its DNA repair function. This highlighted CK2 and JWA as potentially

useful drug targets and JWA expression as a possible resistance biomarker (Xu et al., 2014).

Biomarkers and resistance mechanisms can also be investigated through high-throughput
screening of cancer cell lines using either drug panels or knockdown/overexpression
technologies to modulate the activity of target genes (Garraway and Janne, 2012). RNA
interference (RNAI) technology such as short hairpin RNA (shRNA) or small interfering RNA
(siRNA) have been used in many studies to target genes of interest and silence their
expression. While transfection of cDNA in the appropriate vector can result in transient or
permanent overexpression of a selected gene. (Garraway and Janne, 2012). These studies
can be used to identify genes that may confer resistance or sensitivity to a drug of interest. A
study investigating cisplatin resistance in the KB-3-1 cisplatin-resistant human carcinoma cell
line used shRNA targeting a range of different genes followed by sublethal doses of cisplatin.
This study showed that the MAST1 kinase replaced c-RAF mediated activation of the MAPK
pathway allowing for cisplatin resistance and cell proliferation (Jin et al., 2018). Lestaurtinib,
an inhibitor of MAST1 was found to sensitise resistant cells to cisplatin treatment in addition
to synergistically attenuating cancer cell proliferation. This was also seen in patient-derived

xenograft models (Jin et al., 2018).

Another approach has been to use large panels of existing cancer cell lines with known gene
expression, DNA mutational profile and drug response data. These data can then be analysed
to identify genes expression profiles or mutations associated with resistance or sensitivity to
certain drug treatments. The US National Cancer Institute (NCI) collection sixty of cancer cell
lines (NCI-60) derived from multiple tissue types, was used to identify Schlafen 11 (SLFN11),
as the unanticipated genomic determinant of response to topoisomerase (Top) 1 inhibitors,
Top 2 inhibitors, alkylating agents and DNA synthesis inhibitors (Zeeberg et al., 2012; Sousa
et al., 2015; Zoppoli et al., 2012; Nogales et al., 2016). SLFN11 had previously been identified
as a biomarker for Top 1 inhibitors in the Cancer Cell Line Encyclopaedia (CCLE) (Barretina

et al., 2012). In a later study SLFN11 was implicated in PARP inhibitor response, as loss of
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SLFN11 allowed continued DNA replication through to G2, whereas expression of SLFN11
resulted in prolonged S-phase arrest and cell death. Cells with loss of SLFN11 were also
shown to rely on activity of the DNA damage response kinase ATR, to maintain checkpoint
integrity at G2 and therefore inhibition of ATR in combination with PARP inhibition was shown
to reverse resistance to PARP inhibitors in cell lines lacking SLFN11 expression (Murai et al.,
2016). Thus, there are many approaches that can be used to identify mechanisms and

biomarkers of acquired drug resistance.

CHKU1 inhibitors are of substantial interest in oncology. This is due to their ability to potentiate
the effect of DNA damaging chemotherapeutics and evidence of their efficacy as single agents
in certain genomically unstable cancers. This is exemplified by their synthetic lethality with
cancers expressing dysfunctional p53 (Wang et al., 1996; Levesque et al., 2005; Gurpinar and
Vousden, 2015). Triple Negative Breast Cancers (TNBC) are a subgroup of breast cancer that
exhibit a high rate of mutations in the TP53 gene and therefore are potential candidates for
CHKZ1 inhibitor therapy (Ma et al., 2012). TNBC does not express oestrogen receptor (ER),
progesterone receptor (PGR) or human epidermal growth factor 2 receptor (HER2) proteins,
limiting treatment options to chemotherapy, as existing targeted therapies for these receptors
are ineffective in this breast cancer type. Unfortunately, tumour drug resistance and
subsequent patient relapse is often an inevitable outcome following treatment with
chemotherapeutics and targeted inhibitors. This highlights the importance in understanding

resistance to Chkl inhibitors before they enter the clinic.

The aim of this chapter was to generate TNBC cell line models with acquired resistance to the
CHK1 inhibitors SRA737 and Prexasertib and investigate changes in drug response to a panel
of cancer drugs and targeted inhibitors. Differences in signalling of targets within the DNA
damage response and cell cycle regulatory pathways were also investigated by western

blotting, as these may identify potential resistance mechanisms and biomarkers of resistance.
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Chapter aims and objectives

1 Generate models of acquired resistance in HCC38 and MDA-MB-468 cell lines via a dose
escalation method to SRA737 and Prexasertib.
1 Characterise parental and resistant cell lines.
o0 Changes in cell doubling time.
o Determine stability of drug resistance.
1 Identify potential resistance mechanisms.
o Cross-resistance profiling of parental and resistant cell lines with a range of
targeted inhibitors and chemotherapeutic agents.
O Investigate basal protein expression and cell signalling of CHK1 and related

proteins in parental and resistant cell lines.
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3.2 Results

3.2.1 Growth Characterisation of TNBC cell lines MDA-MB-468 and HCC38

Treatment of p53 defective cancers with a CHK1 inhibitor have demonstrated synthetic
lethality (Gurpinar and Vousden, 2015). TNBC is highly associated with mutations in TP53
and so is an ideal candidate for treatment with a CHK1 inhibitor (Turner et al., 2013). TNBC
cell lines HCC38 and MDA-MB-468 both harbour a substitution missense mutations in the
TP53 gene (Table 3.1) at amino acid residue 273 in the DNA binding domain of p53, leading
to its disfunction (Olivier, Hollstein and Hainaut, 2010). Therefore HCC38 and MDA-MB-468
cell lines were selected for the development of models of acquired resistance to CHK1

inhibition (Chavez, Garimella and Lipkowitz, 2010).

Site of Molecular AA BRCA1

Origin Classificatio Muatation status

Primary Subsitution -

Tumour IDC 3 Basal B Mutated p.R273L Missense Wild Type
YRy wry Pleual o NA BasalA  Mutated  p.R27aH SuRSHUION - Tvpe
Effusion Missense

Table 3.1: TNBC mutational background for HCC38 and MDA-MB-468 cell lines. Cell
lines were selected for the mutational status of TP53, a common mutation in TNBC (Chavez,
Garimella and Lipkowitz, 2010). AC: Adenocarcinoma IDC: Infiltrating ductal carcinoma.

Seeding density assays were conducted to determine growth characteristics and optimal
growth conditions for HCC38 and MDA-MB-468 human TNBC cell lines. Cells were plated at
multiple densities in seven 96-well plates and then one plate was fixed per cell line every 24
hours over 7 days and analysed via SRB assay. Growth curves generated were used to
determine the doubling time of each cell line. MDA-MB-468 cell lines have a considerably
shorter doubling time than HCC38 cells, doubling every 27 hours and 47 hours respectively.
Seeding densities were selected to ensure cells were in log phase growth over the 96-hour
period indicated (Figure 3.1). This ensures constant cell growth during the drug incubation
period of dose response assays. Initially a seeding density of 6400 cells/well was selected for

HCC38 parental and resistant cell lines, later experiments in the project reduced these seeding
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densities to 3200 cells/well and then 1600 cells/well as it was noted that media began to
deplete before the end of the 96-hour drug incubation time. While a slight reduction in Glso
across HCC38 parental and resistant cell lines was seen the effect did not drastically alter the
results, seeding densities used for each experiment can be found in the figure legends. MDA-

MB-468 cell lines were plated at 3200 cells/well consistently throughout the study.
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Doubling time (hours)
MDA-MB-468 (3200 cells/well) 27.02+ 0.009
HCC38 (3200 cells/iwell) 50.19+ 5.7
HCC38 (1600 cells/well) 47.6+ 6.23

Figure 3.1: Characterisation of MDA-MB-468 and HCC38 cell line growth in 96-well plates. Cells were
plated at the densities indicated above in 96-well plates. One plate was fixed every 24 hours and analysed
via SRB assay. Dotted lines indicate the 96-hour period of drug exposure for cells in a standard SRB
cytotoxicity assay. Growth curves were generated using GraphPad Prism 6. A) HCC38 cell-line. B) MDA-
MB-468 cell-line. C) Average doublingtime +/-t he st andard deviati on was
2 independent experiments. Linear and log scales on the Y-axis in left and right graphs respectively.
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3.2.2 Response of MDA-MB-468 and HCC38 cell lines to CHK1 inhibitors SRA737

and Prexasertib

The dose response of HCC38 and MDA-MB-468 TNBC cell lines to the CHK1 inhibitors
SRA737 and Prexasertib was investigated. Cells were plated in 96-well plates at the densities
indicated and allowed to grow for 48 hours before addition of either Prexasertib or SRA737 for
96-hours. Cells were fixed at 144 hours and analysed via SRB assay. Dose response curves
were plotted and the Glso value for each drug per cell line was determined by non-linear

regression.

Figure 3.2 shows that the Glsg values for SRA737 and Prexasertib in the HCC38 cell line were
0.28uM and 4.3nM, respectively. The MDA-MB-468 cell lines were more resistant to both
drugs with Glso values of 16.99uM for SRA737 and 0.15uM for Prexasertib. Interestingly both
cell lines show greater sensitivity to Prexasertib, which is a dual inhibitor of CHK1 and CHK2
(King, H Bruce Diaz, et al., 2015) compared to SRA737 which selectively inhibits CHK1
(Walton et al., 2016a). In contrast, the high Glso value of 16.99uM for SRA737 in the MDA-

MB-468 cell line suggests it may be intrinsically resistant to this CHK1 selective drug.
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Figure 3.2: Dose-response curves for CHK1 inhibitors Prexasertib and SRA737 in MDA-MB-468 and
HCC38 cell lines. HCC38 cells were plated at 6400 cells/well and MDA-MB-468 cell lines were plated at
3200 cells/well in a 96-well plate and grown for 48 hours before treatment with a serial dilution of Prexasertib
or SRA737 for 96 hours. A) MDA-MB-468 and B) HCC38 Dose response curves generated using
GraphPad Prism 6 and fitted using non-linear regression. Dotted line marks the Gl, of Prexasertib or

SRA737. Data points represent the mean + SD from one representative experiment. C) Table summarises
the mean + SD Gl, of MDA-MB-468 and HCC38 cell lines treated with Prexasertib and SRA737 of at least

n= 3 independent experiments.
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3.2.3 Generation of resistant cell lines by dose escalation

I Increased Cells passaged

@ concentration > at 70% > @
of drug confluency

Parental cell line Resistant cell line

Figure 3.3: Diagram of resistance generation by dose escalation in T25 flasks.

HCC38 and MDA-MB-468 cell lines with acquired resistance to either SRA737 or Prexasertib
were generated by dose escalation in T25 flasks (Figure 3.3). Preliminary Glso data from the
Garrett lab was used to inform the starting concentrations of Prexasertib and SRA737 for dose
escalation before the actual Glso data (Figure 3.2) could be produced. Cells were passaged
into T25 flasks and allowed to adhere overnight. The following day SRA737 or Prexasertib
was added to cells at the concentrations indicated (Figure 3.4). Cells were passaged and
transferred to new flasks and left to adhere overnight before doubling the concentration of
drug. This process was repeated for approximately 140 days until cells could either no longer
survive in higher concentrations of drug or showed a Glso at least 5x that of the parental cell

line.

Figure 3.4 shows how the drug concentration was increased over time. During the first 1-100
days both SRA737 & Prexasertib treated HCC38 and the Prexasertib treated MDA-MB-468
cell lines struggled to survive in concentrations higher than the Glso of their respective drug.
Eventually these cell lines adapted and continued to proliferate in higher drug concentrations.
MDA-MB-468 treated with SRA737 initially grew well in the starting drug concentration but
were unable to survive concentrations higher than the Glso. This is likely due to the preliminary
Glsodata used to start the dose escalation process being artificially low compared to the actual

Glso. In addition, the inability for cells to survive in doses much higher than the Glso of 16.99uM
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supports the suggestion that the MDA-MB-468 cell line may be intrinsically resistant to
SRA737 inhibition. Once resistance was generated, new resistant cell lines were named
H737R, HPrexR, MDA-737R and MDA-PrexR (H; HCC38, MDA; MDA-MB-468) with respect

to the drugs used in their dose escalation SRA737 and Prexasertib.
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MDA-MB-468

Figure 3.4: Developing resistance in cell lines HCC38 and MDA-MB-468 to CHK1 inhibitors SRA737
and Prexasertib. Graphs demonstrating the increases in inhibitor concentration during the generation of
resistant cell lines for A) HCC38 and B) MDA-MB-468 cells. Red dotted line represents the Gl of the

parental cell line to the respective drug. C) Table showing starting concentrations used for dose escalation.
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3.2.4 Determination of growth characteristics of resistant cell lines

After resistant cell lines were generated, the growth characteristics were investigated to
determine whether any changes had occurred. At 1600 cells/well HCC38, H737R and HPrexR
cell lines showed doubling times of approximately 43.2, 31.3 and 35.2 hours respectively
(Figure 3.5). At 3200 cells/well MDA-MB-468, MDA-737R and MDA-PrexR cell lines showed
doubling times of approximately 27, 30.6 and 29.9 hours respectively (Figure 3.6). In HCC38
parental and resistant cell lines doubling times were longer at 3200 cells/well versus 1600
cells/well this is likely due to cells approaching high confluency/depleting media at later stages

of the assay, showing seeding densities greater than 1600 cells/well were likely not optimal.
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Figure 3.5: Characterisation of H737R and HPrexR cell line growth in 96-well plates. Cells were plated

at the densities indicated above in 96-well plates. One plate was fixed every 24 hours and analysed via

independ ent experiments. Statistical

SRB assay. Dotted lines indicate the 96-hour period of drug exposure for cells in a standard SRB
cytotoxicity assay. Growth curves were generated using GraphPad Prism 6. A) H737R cell-line. B) HPrexR

cell-line. C) Average doubling time +/- the standard deviation was calculated using data from n=2
sigrniefsitgcance we

and log scales on the Y-axis in left and right graphs respectively.
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Figure 3.6: Characterisation of MDA-737R and MDA-PrexR cell line growth in 96-well plates. Cells
were plated at the densities indicated above in 96-well plates. One plate was fixed every 24 hours and
analysed via SRB assay. Dotted lines indicate the 96-hour period of drug exposure for cells in a
standard SRB cytotoxicity assay. Growth curves were generated using GraphPad Prism 6. A) MDA-
737R cell-line. B) MDA-PrexR cell-line. C) Average doubling time +/- the standard deviation was
calculated using data from n=2 independent experiments. Statistical significance was calculated using
a studteemgtos * = p O 0. 05. L i-axisialeftaadrightdraphg respecivehe s on t
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3.2.5 Response of CHK1 inhibitor resistant cell lines to SRA737 and Prexasertib

Resistant and parental cell lines were plated at the seeding densities indicated and treated
with a titration of either SRA737 or Prexasertib after 48 hours of growth. Cells were left to grow
in drug after 96 hours and analysed via SRB assay. H737R and HPrexR are highly resistant
to both SRA737 (121-fold and 133-fold respectively) and Prexasertib (>1250-fold for both
H737R and HPrexR) (Figure 3.7). Interestingly, MDA-737R which was adapted to SRA737
and failed to survive in drug concentrations higher than the Glso (Figure 3.4), showed limited
resistance to SRA737 (1.5-fold) but shows high resistance to Prexasertib (>33-fold) (Figure
3.8). This is also true for the MDA-PrexR cell line which shows high resistance to Prexasertib
(>33-fold) but limited resistance to SRA737 (1.5-fold) (Figure 3.8). In addition, MDA-PrexR
and MDA-737R show different dose response curves to Prexasertib but both respond similarly
to SRA737, with MDA-737R showing less resistance to Prexasertib than MDA-PrexR (Figure
3.8 A). Unfortunately, it was not possible to accurately determine Glso values for resistant cell
lines to Prexasertib as viability barely dropped below 50% at the highest concentration of drug.
Despite inaccurate Glso values it was clear that all drug adapted cell lines were resistant to

Prexasertib.
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Figure 3.7: Determination of Gl values for HCC38 parental, H737R and HPrexR cell lines to SRA737

and Prexasertib. Cells were plated at 6400 cells/well in a 96-well plate and grown for 48 hours before
treatment with a serial dilution of Prexasertib or SRA737 for 96 hours. A) HCC38 dose response curves
generated using GraphPad Prism 6 and fitted using non-linear regression. Dotted line marks the Gl of

Prexasertib or SRA737. Data points represent the mean + SD from one representative experiment. B)
Table summarises the mean + SD of all experiments conducted. Statistical significance was calculated
using a sasuderté&s pt O 0.05, ** = p O 0.01. (n) i
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Figure 3.8: Determination of Gl , values for MDA-MB-468 parental, MDA-737R and MDA-PrexR cell
lines to SRA737 and Prexasertib. Cells were plated at 3200 cells/well in a 96-well plate and grown for 48
hours before treatment with a serial dilution of Prexasertib or SRA737 for 96 hours. A) MDA-MB-468 dose
response curves generated using GraphPad Prism 6 and fitted using non-linear regression. Dotted line
marks the Glg, of Prexasertib or SRA737. Data points represent the mean + SD from one representative
experiment. B) Table summarises the mean + SD of all experiments conducted. Statistical significance was
calculated usitreggtag Sttucdermpt 8s 0t. 01, *** = p O 0.0
experiments.
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3.2.6 Light microscopy of MDA-MB-468 and HCC38 parental and resistant cell

lines

Images of HCC38 and MDA-MB-468 parental and drug resistant cell lines were taken to
compare differences in morphology (Figure 3.9). HCC38 and MDA-MB-468 exhibit very
different morphologies. HCC38 cells are large and elongated with a flat oval body like a
fibroblastic or mesenchymal phenotype. MDA-MB-468 cells are much smaller than HCC38
cells, more rounded and grow together in clusters presenting a more epithelial phenotype.
H737R cells appear smaller than HCC38 cells and less flat, with less spindle structures
emanating from the main body of the cell. Also, H737R cells appear to grow in tighter clusters.
These features are less noticeable in HPrexR cells. MDA-737R and MDA-PrexR cells appear

morphologically unchanged.
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Figure 3.9: Light microscopy images of HCC38 and MDA-MB-468 parental and resistant sublines at 40x magnification.
Cell images taken to compare differences in morphology.
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3.2.7 Stability of drug resistance in H737R and HPrexR cell lines

H737R and HPrexR cell lines were maintained in 4uM SRA737 or 500nM Prexasertib,
respectively to maintain a selection pressure from CHK1 inhibitor resistance in these cell lines.
To see if drug resistance was preserved in the absence of a CHKL1 inhibitor, cells were cultured
in drug free media for 9-weeks. Regular SRB assays were conducted over this time to see if
resistance to CHK1li SRA737 was lost. The Glso values for H737R and HPrexR were
maintained over the 9-week period indicating that drug resistance was preserved over this
time frame (Figure 3.10). It is important to note the Glso of H737R and HPrexR cell lines
(Figure 3.10 C) were slightly lower than shown in previous SRB assays, with H737R and
HPrexR cell lines showing Glsp of 21.03uM and 27.06uM (Figure 3.10) versus original Glso
values of 33.84uM and 37.32uM respectively (Figure 3.7). This difference is likely due to

changes in seeding densities between experiments.
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Figure 3.10: H737R (A) and HPrexR (B) long term release from drug experiment. Cells were
released from drug and routinely cultured for a period of 9 weeks to see if resistance to SRA737
was maintained. Cells were plated in a 96-well plate at 1600 cells/well and grown for 48 hours
before treatment with a serial dilution of SRA737 for 96 hours. Dose response curves generated
using GraphPad Prism 6 and fitted using non-linear regression. Dotted line marks the Gl of

SRA737. Data points represent the mean + SD from 1 experiment. C) Table shows the Gl of

SRA737 for weeks 0-9. Data for weeks 3-9 representative of n=1 independent experiment, data
for HCC38 parental and Week 0O representative
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3.2.8 Multidrug resistance in HCC38 and MDA-MB-468 parental and resistant cell

lines

MDR1 encodes for P-glycoprotein, an efflux protein located in the cells plasma membrane and
has been implicated in multidrug resistance (Amin, 2013). Both HCC38 and MDA-MB-468
parental and resistant cell lines were investigated for changes in expression of P-glycoprotein.
However, relative to a subline of the human UKF-NB-3 neuroblastoma cell line generated with
resistance to vincristine and shown to express MDR1 (a kind gift from the Michaelis laboratory,
University of Kent) no signal was found in parental or resistant cells suggesting the protein

was not expressed or expression is too low to detect via this method (Figure 3.11).
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Figure 3.11: MDR1 (P-glycoprotein) expression levels in MDA-MB-468 and HCC38 parental and
resistant cell lines. Cells were plated in 10cm dishes and left to grow for 24 hours before lysis and analysis
by western blot. An NB3-Vincristine resistant cell line, provided by the Resistant Cancer Cell line collection
(Frankfurt, Germany), was used as a positive control for MDR1 expression. Tubulin was included as a
loading control. Blot is representative on n=2 independent experiments.
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The calcium channel blocker verapamil has been shown to reverse multidrug resistance via
inhibition of P-glycoprotein (Tsuruo et al., 1981; Yusa and Tsuruo, 1989). To confirm that P-
glycoprotein is not responsible for drug efflux and subsequent resistance to CHK1i, H737R
and HPrexR cells were treated with Verapamil and SRA737 or Prexasertib in combination. To
select the appropriate dose of Verapamil a dose response curve was generated via SRB assay
(Figure 3.12). Tsuruo et al, showed Verapamil concentrations between 2.2-6.6uM were used
to reverse resistance to Vincristine in P388/VCR cell line. 5uM Verapamil concentration was
selected as it was shown to be non-lethal in HCC38, H737R and HPrexR cell lines (Figure
3.12) and fell within the range used by Tsuruo et al. Verapamil failed to sensitise H737R and
HPrexR cell lines to SRA737 or Prexasertib suggesting CHKZ1i resistance is not due to drug

efflux (Figure 3.13).
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Figure 3.12: Dose response of HCC38, HPrexR and H737R cells to Verapamil. Cells were plated at
1600 cells/well in a 96-well plate and grown for 48 hours before treatment with a serial dilution Verapamil
for 96 hours. Dose response curves generated using GraphPad Prism 6. Dotted line marks the Gl., but

was not achievable in these cell lines are the concentrations tested. Data points represent the mean + SD
from one experiment. Data representative of n=2 independent experiments for H737R cell line and n=3
independent experiments for HCC38 and HPrexR cell lines.
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Figure 3.13: Dose response of HCC38, H737R and HPrexR cell lines to a drug combination of
SRA737/Prexasertib +/- Verapamil. Cells were plated at 1600 cells/well in a 96-well plate and grown for
48 hours before treatment with a serial dilution of A) SRA737 B) Prexasertib +/- 5uM Verapamil for 96
hours. Dose response curves generated using GraphPad Prism 6. Dotted line marks the Gl ., of SRA737

or Prexasertib +/- Verapamil. Data points represent the mean = SD from one experiment. Data

representative of n O 3

independent experiments.
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3.2.9 Cross profiling of parental and resistant cell lines

HCC38 and MDA-MB-468 parental and drug resistant cell lines were cross profiled with
various cancer drugs and tool compounds and their Glsg values determined. Differences in
Glso value between parental and resistant cell lines can be used to highlight changes in cell

signalling and provide clues for potential resistance mechanisms.
3.2.9.1 Inhibition of ATR and WEEL1 Kinases

Ataxia telangiectasia and RAD3-related protein (ATR) and WEEL kinases are critical for an
effective DNA damage response and cell cycle checkpoint control. While ATR is required for
activation of CHK1 through signal transduction from sites of ssSDNA breaks (Zhang and Hunter,
2014) Weel acts as an inactivator of Cyclin Dependent Kinase 1 and 2 (CDK1/2) by inhibitory
phosphorylation of Y15 (Parker and Piwnica-Worms, 1992). WEEL acts in conjunction with
CHKZ1 which regulates CDK1/2 by sequestration or ubiquitination of the CDC25 phosphatases
that remove the inhibitory Y15 phosphorylation( Me d e ma a n d 20¥2). BoileATR dnd
WEE1 kinases are important for successful activation of the G2/M checkpoint and S-phase
DNA replication and may contribute to resistance of CHK1 inhibitors. Therefore, parental and
resistant cell lines were profiled with the selective ATR kinase inhibitor Ceralasertib (Vendetti

et al., 2015), and selective WEEL1 inhibitor Adavosertib (Hirai et al., 2009).

For Ceralasertib, HCC38 resistant cells show resistance factors of 8.4-fold for H737R and 5.2-
fold for HPrexR versus the parental HCC38 cells, (Figure 3.14) but MDA-PrexR and MDA-
737R show lower resistance factors of 3.4 and 2.0-fold resistance respectively versus MDA-
MB-468 cells (Figure 3.15). MDA-737R show no resistance to Adavosertib with no change in
Glso versus the parental cells. However, there is a slight and significant increase in Glso values
and resistance of 1.7-fold for MDA-PrexR cells versus the parental cell line (Figure 3.15). Both
H737R and HPrexR cell lines demonstrate resistance to Adavosertib with resistance factors
of 7.8-fold and 10.9-fold respectively versus the HCC38 parental cells (Figure 3.14). These

data show cross resistance to ATR inhibitor Ceralasertib in both HCC38 and MDA-MB-468
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resistant cell lines, suggesting potential reactivation of the CHK1 pathway downstream of
CHK1 or activation of a compensatory pathway may play a role in CHK1 inhibitor resistance.
Cross resistance to WEEL1 inhibitor Adavosertib in H737R and HPrexR cell lines suggests the
locus of resistance may be related to CDK1/2 activity, as cells are resilient to perturbations of
the two main regulators of this kinase, CHK1 and WEEL1. The lack of resistance to Adavosertib
in MDA-PrexR and MDA-737R suggests CHKLi resistance in these cell lines may be related

to an alternate pathway.
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Figure 3.14: Determination of Gl values for HCC38, H737R and HPrexR cell lines to ATR inhibitor

Ceralasertib and WEEL inhibitor Adavosertib. Cells were plated at 6400 cells/well for Ceralasertib and
3200 cells/well for Adavosertib in a 96-well plate and grown for 48 hours before treatment with a serial
dilution of Ceralasertib or Adavosertib for 96 hours. A) HCC38 dose response curves generated using
GraphPad Prism 6 and fitted using non-linear regression. Dotted line marks the Gl , of Ceralasertib or
Adavosertib. Data points represent the mean + SD from one representative experiment. B) Table
summarises the mean + SD of all experiments conducted. (n) indicates the number of independent
experiments. Statistical signi f itceasntc,e *wa=s pc aQ cOu.l
= p O 0.001.
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Figure 3.15: Determination of Gl,  values for MDA-MB-468 parental, MDA-737R and MDA-PrexR cell
lines to ATR inhibitor Ceralasertib and WEEL inhibitor Adavosertib. Cells were plated at 3200
cells/well in a 96-well plate and grown for 48 hours before treatment with a serial dilution of Ceralasertib or
Adavosertib for 96 hours. A) MDA-MB-468 dose response curves generated using GraphPad Prism 6 and
fitted using non-linear regression. Dotted line marks the Gl., of Ceralasertib or Adavosertib. Data points
represent the mean + SD from one representative experiment. B) Table summarises the mean + SD of all
experiments conducted. (n) indicates the number of independent experiments. Statistical significance was
calculated usitmgta $tudemt @s 0t 01 .

120



3.2.9.2 Inhibition of ATM and CHK2 kinases

Ataxia telangiectasia mutant (ATM) and Checkpoint kinase 2 (CHK2) play important roles in
the cell response to double stranded DNA breaks (DSBs). ATM is activated by DSBs and
phosphorylates CHK2 at Thr-68 leading to its activation (Bartek and Lukas, 2003). CHK2 is
structurally different from CHK1 but can phosphorylate and inhibit CDC25 phosphatases
(Benada and Macurek, 2015). However, CHK2 is not thought to have a dominant role in the
G2/M checkpoint and may act as a signal booster rather than the main driving force (Takai et
al., 2002). CHK2 may also play a role in DNA repair by promoting pathways such as the error-
free homologous recombination (HR) and suppressing the error-prone pathway non-
homologous end joining (NHEJ)(Antoni et al., 2007). As ATM and CHK2 operate within the
areas of DNA repair and cell cycle control it would be prudent to consider that changes in
these pathways may contribute to CHK1i resistance. As a result, HCC38 and MDA-MB-468
parental and resistant cell lines were profiled with the selective ATM inhibitor AZD0156 (Pike,

2016) and the selective CHK2 inhibitor CCT241533 (Anderson et al., 2011).

In H737R and HPrexR cell lines no significant difference was detected in response to either
AZDO0156 or CCT241533 inhibitors versus the parental HCC38 cells (Figure 3.16). However,
MDA-737R cells were significantly more sensitive to treatment with the ATM inhibitor AZD0156
with a resistance factor of 0.5 versus the parental cell line i.e., 2-fold sensitivity (Figure 3.17).
A resistance factor of 0.8 was seen in the MDA-PrexR cell line in response to AZD0156 but
this was non-significant. No significant differences were recorded in MDA-737R and MDA-
PrexR sublines versus the parental cell line to CCT241533 treatment. Sensitivity seen in MDA-
737R to AZD0156 suggests this cell line may be more reliant on signalling from ATM and

perhaps double stranded break repair as a coping mechanism for CHK1 inhibition.
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Figure 3.16: Determination of Gl values for HCC38, H737R and HPrexR cell lines to ATM inhibitor
AZD0156 and CHK2 inhibitor CCT241533. Cells were plated at 6400 cells/well in a 96-well plate and
grown for 48 hours before treatment with a serial dilution of AZD0156 or CCT241533 for 96 hours. A)
HCC38 dose response curves generated using GraphPad Prism 6 and fitted using non-linear regression.
Dotted line marks the Glg, of AZD0156 or CCT241533. Data points represent the mean + SD from one
representative experiment. B) Table summarises the mean + SD of all experiments conducted. (n) indicates
the number of independent experiments. St at itest butc
no significant difference was found.
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Figure 3.17: Determination of Gl values for MDA-MB-468 parental, MDA-737R and MDA-PrexR cell

lines to ATM inhibitor AZD0156 and CHK2 inhibitor CCT241533. Cells were plated at 3200 cells/well in
a 96-well plate and grown for 48 hours before treatment with a serial dilution of AZD0156 or CCT241533
for 96 hours. A) MDA-MB-468 and dose response curves generated using GraphPad Prism 6 and fitted
using non-linear regression. Dotted line marks the Gl, of AZD0156 or CCT241533. Data points represent

the mean = SD from one representative experiment. (n) indicates the number of independent experiments.
B) Table summarises the mean + SD of all experiments conducted. Statistical significance was calculated
using a stesient®s £ p O 0.01.
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3.2.9.3 Cross profiling with Cisplatin

Cisplatin is a highly potent DNA damaging agent that primarily forms intrastrand crosslink
adducts that interfere with the successful replication of DNA (Turner et al.,, 2013). DNA
damage in tumour cells leads to activation of the DNA damage response leading to either to
apoptosis or DNA repair and call survival (Siddik, 2003). As HCC38 and MDA-MB-468
sublines have been generated with resistance to CHK1 inhibition it is possible that the
response to DNA damaging agents may also have changed as cells become more/less fit to
manage insults to their DNA. Therefore, HCC38 and MDA-MB-468 parental and resistant
sublines were profiled with Cisplatin. Figure 3.18 shows HCC38 and MDA-MB-468 cell lines
treated with Cisplatin. Neither HCC38 nor MDA-MB-468 parental or resistant cell lines showed

significant differences in the response to Cisplatin.
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Figure 3.18: Determination of Gl., values for HCC38 and MDA-MB-468 parental and resistant cell
lines to Cisplatin. Cells were plated at 6400 cells/well for HCC38 cells and 3200 cells/well for MDA-MB-
468 cells in a 96-well plate and grown for 48 hours before treatment with a serial dilution of Cisplatin for 96
hours. A) MDA-MB-468 and B) HCC38 Dose response curves generated using GraphPad Prism 6 and
fitted using non-linear regression. Dotted line marks the Gl of Cisplatin. Data points represent the mean
+ SD from one representative experiment. C) Table summarises the mean * SD of all experiments
conducted. (n) indicates the number of independent experiments. Statistical significance was calculated
usi ng a stastbat rorsignifisant difference was found.
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3.2.9.4 Cross profiling with Palbociclib

Palbociclib is an ATP competitive inhibitor of CDK4 and CDKG6 kinase activity (CDK4/6) (Fry
et al., 2004). As CDK4/6 are important regulators of the cell cycle it seemed plausible that
CHKa1i resistant cell lines may demonstrate changes in their response to inhibitors of other cell
cycle related proteins. Figure 3.19 shows two types of regression analysis performed with this
data as the usual non-linear regression (Figure 3.19 B) does not strongly fit the data. The
linear regression (Figure 3.19 A) provides stronger R? values for each data set and a more
consistent prediction of Glsp values between experiments. Nevertheless, figure 3.19
demonstrates that there is no significant difference in response to Palbociclib between HCC38,

H737R and HPrexR cell lines.

126



100

A
- 75
X
£ 50
E
S 25
°
O 0
j 1 10 100
-25 Palbociclib (nM)
-~ HCC38 - HPrexR -+ H737R
Linear Regression
Cell Line
18.81+1.59n=3  N/A 0.94+0.03
17.6+1.35n=3 094  0.91+0.02
HPrexR 2042+152n=3 1.09  0.94+0.03
100 -
B ]
< 751
2
ol
> ]
T 254
3 ]
04 ™
0.1 1 10 100

Palbociclib (nM)

-~ HCC38 -= HPrexR —+ H737R

Non-linear Regression

Cell Line )

17.85+2.45n=3 N/A 0.82 +0.02
19.66 +5.94n=3 1.15 0.69 +0.07

HPrexR 21.2+322n=3 1.18 0.8+0.03

Figure 3.19: Determination of Gl , values for HCC38, H737R and HPrexR cell lines to

CDK4/6 inhibitor Palbociclib. Cells were plated at 3200 cells/well in a 96-well plate and grown
for 48 hours before treatment with a serial dilution of Palbociclib for 96 hours. A) Dose response
curves calculated with Graphpad Prism 6 using a linear regression. B) Dose response curves
calculated with Graphpad Prism 6 using non-linear regression. Dotted line marks the Gl of
Palbociclib. Data points represent the mean = SD from one representative experiment. (n)
indicates the number of independent experiments. Both tables summarise the mean + SD of all
experiments conducted. Statistical s i -tpst, ibdit hoc
significant difference was found.
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3.2.9.5 Cross profiling against Olaparib

Olaparib is a selective inhibitor of poly (ADP-ribose) polymerase 1/2 (PARP1/2), an important
protein in a cellbés response to Dénmdrensh,ge and
2012). As CHK1 is also involved in the DNA damage response HCC38, H737R and HPrexR
cell lines were cross profiled with this inhibitor (Figure 3.20). No significant differences were

found between parental and drug resistant cell lines to inhibition with Olaparib.
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Figure 3.20: Determination of Gl , values for HCC38, H737R and HPrexR cell lines to PARP inhibitor

Olaparib. Cells were plated at 3200 cells/well in a 96-well plate and grown for 48 hours before treatment
with a serial dilution of Olaparib for 96 hours. A) Dose response curves calculated with Graphpad Prism 6
using non linear regression. Dotted line marks the Gl of Olaparib. Data points represent the mean + SD

from one representative experiment. B) Table summarises the mean + SD of all experiments conducted.
(n) indicates the number of independent experiments. Statistical significance was calculated using a
studen t étest btit no significant difference was found.
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3.2.10 Analysis of basal protein expression by western blot

3.2.10.1 Basal expression of CHK1 and CHK2 phosphorylated and total protein in

HCC38 cell lines

CHK1 and CHK2 are structurally unrelated serine/threonine kinases that overlap in
functionality by both responding to DNA damage. Upstream signalling by ATR in response to
single stranded DNA breaks and ATM from double stranded DNA breaks activate CHK1 and
CHK2 respectively, however, crosstalk between these kinases has been documented (Bartek
and Lukas, 2003). Basal signalling of pCHK1 S296 and pCHK2 S516 was investigated in
HCC38 parental and resistant cell lines (Figure 3.21). The residues selected are
autophosphorylation sites and are markers of activity for their respective kinases (Wu and
Chen, 2003; Smits, 2006; Walton et al., 2010). Unexpectedly both pCHK1 and pCHK2 show
bands above the expected molecular weight that do not correspond with the total CHK1 and
CHK2 bands. These bands may be due to non-specific binding of the antibody or extra
banding may be due to highly phosphorylated CHK1 and CHK2 protein migrating at a slower
rate through the SDS-PAGE gel. The lack of double banding for T-CHK1 and T-CHK2 could
be explained by the blocking of epitopes for total CHK1 and CHK2 antibodies in highly
phosphorylated proteins. This is supported by SRA737, and Adavosertib dose response
experiments carried out in chapter 4. These show a dose dependent increase in pCHK1 s345
double banding with increased DNA damage and is discussed in greater detail in chapter 4.
Alternatively, these extra bands may be due to cross-reactivity of the antibody with other
phospho-proteins phosphorylated alongside CHK1 or due to post-translational modification of
CHKJ1. Basal signalling for these targets proved inconsistent with no strong discernible pattern
emerging between repeated experiments, in some cases bands were very faint or

imperceptible and in others strong differences could be seen between cell lines (Figure 3.21).
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Figure 3.21: Basal expression of pChk1 s296 and pChk2 s516 in HCC38 parental and resistant cell
lines. Cells were plated in 10cm dishes and left to grow for 48 hours before lysis and analysis by western
blot.. Ui Tubulin was included as a loading control. HEK293 cells were treated with bleomycin for 24 hours
as a positive control for pChk1/2 S296. * Indicates which loading control corresponds to which antibody.
Blots are representative of n=3 independent experiments.
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3.2.10.2 WEEZ1 protein expression levels in HCC38 Parental and resistant cell lines

WEEL is an important protein involved in cell cycle regulation and phosphorylates CDK1/2 on
the Y15 residue, maintenance of which is critical for activation of the G2/M checkpoint and
regulation of S-phase. Strong resistance to the WEEL inhibitor Adavosertib was seen in
H737R and HPrexR cell lines (Figure 3.14). It was hypothesised that changes in WEE1
protein levels may allow cells to compensate for CHK1 inhibition by maintaining the G2/M
checkpoint or better regulate S-phase during CHK1 inhibition and result in resistance to WEE1
inhibition due to the increased level of the of drug target. Basal expression of the WEEL1 protein
was investigated via western blot. As shown in Figure 3.22 WEEL1 levels in H737R and
HPrexR are both higher than the parental cell line. This suggests that an increase in WEE1

protein may be driving resistance to CHK1 inhibition in these cell lines.
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Figure 3.22: WEE1l protein expression levels in HCC38 parental and resistant cell lines.
Cells were plated in 10cm dishes and left to grow for 48 hours before lysis and analysis by western blot.
GAPDH was included as a loading control. Blots are representative of n=3 independent experiments.
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3.3 Discussion

In this chapter resistant cell lines were successfully generated from MDA-MB-468 and HCC38
parental cell lines to both SRA737 and Prexasertib (Figure 3.4). H737R and HPrexR show
over 100-fold resistance to SRA737 and over 1000-fold resistance to Prexasertib (Figure 3.7).
Likewise, MDA-737R and MDA-PrexR cell lines show over 30-fold resistance to Prexasertib
but only 1.5-fold resistance to SRA737 (Figure 3.8) although MDA-MB-468 cells appeared
intrinsically resistant to SRA737 relative to the HCC38 cell line (Figure 3.2). Additionally, cross
profiling with targeted inhibitors revealed cross-resistance to WEEL1 inhibitor Adavosertib and
ATR inhibitor Ceralasertib in H737R and HPrexR cell lines (Figure 3.14). Growth rates of
resistant and parental cell lines were successfully characterised showing an increase in MDA-
PrexR doubling times and a decrease in H737R doubling times vs their parental cell lines
(Figure 3.5 & 3.6). Long term drug release experiments showed resistance was stable for at
least 9-weeks in the absence of drug (Figure 3.10) and MDR1 blots and verapamil drug
combination experiments suggest drug efflux is not likely to be the cause of drug resistance
(Figure 3.11-3.13). Furthermore, western blot analysis reveals an increase in WEEL protein
levels in H737R and HPrexR cell lines (Figure 3.22). These results of this chapter are

discussed in more detail below.

Initial screening revealed that the parental HCC38 and MDA-MB-468 cell lines were more
sensitive to Prexasertib than SRA737 (Figure 3.2). This may be due to Prexasertib inhibiting
both CHK1 and CHK2 kinases with 1Csq values of <1nM and 8nM respectively (King, H Bruce
Diaz, et al., 2015) compared to SRA737 which only inhibits CHK1 with an ICso of 1.4nM
(Walton et al., 2016a). In addition, MDA-MB-468 exhibits Glso values of 0.15uM and 16.99uM
to Prexasertib and SRA737 respectively compared to HCC38 which has Glso values of 4.3nM
to Prexasertib and 280nM to SRA737, suggesting that the former is more intrinsically resistant
to both inhibitors versus the latter (Figure 3.2). It is notable that the SRA737 Glso value for
MDA-MB-468 is very high and suggesting a high level of innate resistance to SRA737 in this

cell line.
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Resistance generation occurred over a 5-month period in which cells were routinely cultured
with an escalating concentration of each drug, with each subsequent passage (dose
escalation). On occasion, during dose escalation, cells appeared unhealthy and struggled to
proliferate. Cells would then be maintained in the existing drug concentration until they
appeared healthier and continued to grow. All cell lines went through a period where they were
maintained at a fixed concentration of drug over several weeks as seen in Figure 3.4. H737R,
HPrexR and MDA-PrexR struggled to grow in concentrations approximately 2-3 times greater
than the parental Glso but eventually recovered and were able to survive higher concentrations
of drug. However, MDA-737R which already had an innately high Glso to SRA737 was unable
to survive in higher drug concentrations than the parental Glso despite being cultured in
approximately 17 uM of drug for 5 months. Towards the end of the dose escalation process

resistant cell lines were profiled with both SRA737 and Prexasertib.

Other studies that have generated resistant cell line models by dose escalation describe
similar processes. In a lapatinib (HERZ2i) drug resistance study, breast cancer cell lines
SUM149 and SUM190 were cultured over a minimum period of 3-months in increasing
concentrations of drug (Aird et al., 2010). Following an increase in drug concentration SUM149
& SUM190 cells demonstrated increased cell death and decreased growth prior to the growth
of small viable colonies after 2 weeks of drug incubation (Aird et al., 2010). Another study
investigating acquired resistance to Prexasertib in SCLC cell lines GLC4 and NCI-H792
escalated drug concentrations from 100nM to 1uM over a period of at least 3 months (Zhao,
I. K. Kim, et al., 2021). The new drug resistant cell lines demonstrated >100-fold resistance to
Prexasertib vs their parental cell lines (Zhao, I. K. Kim, et al., 2021). These studies mirror our
own experience in generating drug resistant cell lines and support the use of dose escalation

as an effective method to generate cell line models of acquired drug resistance.

Growth characteristics of resistant cell lines were measured via a seeding density assay and
compared with parental cell lines (Figure 3.5 & 3.6). H737R and HPrexR cell lines had a

shorter doubling time of 31.3 and 35.15 hours respectively compared with 47.58 hours in
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HCC38 cell lines. There is a noticeable difference in doubling time between seeding densities
shown in figure 3.5. As mentioned in section 3.2.1 seeding densities were reduced from 6400
to 3200 and again to 1600 cells/well for later experiments in all HCC38 cell lines as it was
noted that media was depleted towards the end of an assay, suggesting conditions were not
optimal. At both 6400 and 3200 cells/well it was likely cells were not in log phase growth in the
last stages of drug incubation, which would also explain why doubling times appear longer at
3200 cells/well than 1600 cells/well as estimation of cell doubling assumes cells are in log
phase growth. Regardless, figure 3.5 demonstrates reduced doubling times in H737R and
HPrexR cell lines relative to HCC38, however only H737R at 1600 cells/well is significantly
different from HCC38 cells. MDA-737R and MDA-PrexR show increased doubling times of
30.59 and 29.9 hours respectively relative to MDA-MB-468 27.02 hours but only MDA-PrexR
is significantly different from MDA-MB-468 cells (Figure 3.6). P-values for HPrexR and MDA-
737R cell lines were non-significant. However, this was only based of n=2 biological repeats
of the experiment and the data collected is likely inadequate to identify potential subtle but
significant changes in growth rate. These experiments should be repeated to identify if HPrexR

and MDA-737R growth rates are significantly different from their parental cell lines.

Changes in doubling time may be indicative of deeper morphological changes. Cells that have
a more epithelial phenotype are associated with increased proliferation, while a shift to a
mesenchymal phenotype may demonstrate increased cell migration but reduced proliferation
(Liu et al., 2014). This is seen between HCC38 and MDA-MB-468 cell lines as HCC38 cells
present a more mesenchymal cell morphology and are also slower to proliferate while MDA-
MB-468 are much more rounded epithelial like cells and have a faster doubling time. The
faster doubling times seen in H737R and HPrexR versus the HCC38 parental cell line may be
explained by a shift to a more epithelial phenotype as cells appear smaller, rounder and grow
in tighter clusters compared with parental cells (Figure 3.9). Although this is more apparent in

H737R than HPrexR.
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Resistant cell lines have significantly higher Glso values for either SRA737 or Prexasertib
compared to the parental cell line (Figure 3.7 & 3.8). Both H737R and HPrexR show similar
dose response curves to Prexasertib and SRA737 and similar Glso values. (Figure 3.7) This
could suggest that adaptations within these cell lines may be similar. However, the Glso values
of HCC38 resistant cells are very similar to MDA-MB-468 resistant cells showing 35 pM to
SRA737 and a >5 uM to Prexasertib (Figure 3.7) compared with MDA-MB-468 cell lines at 25
MM and >5 puM for SRA737 and Prexasertib respectively (Figure 3.8). This would suggest that
there is an upper limit of resistance to these CHK1 inhibitors that may be due to a build-up of
off target effects at higher concentrations. Despite similar Glso values HCC38 CHK1 inhibitor
resistant cell lines show much greater fold resistance versus the MDA-MB-468 CHKZ1 inhibitor
resistant cell lines, potentially due to the greater sensitivity of the HCC38 parental cell line to

CHKU1 inhibitor treatment versus the MDA-MB-468 parental cell line.

Interestingly both MDA-737R and MDA-PrexR show a small but significant fold change in their
Glso values for SRA737 versus the parental cell line, while showing large increases against
Prexasertib. Resistance levels to Prexasertib exceeded the maximum dose available without
high levels of vehicle related toxicity. This made it difficult to determine accurate Glso values.
Dose response curves reveal MDA-737R cells are more sensitive to Prexasertib than the
MDA-PrexR cells, as viability almost reaches 50% at 5 pM in MDA-PrexR cells while MDA-
737R cells are around 70% viability (Figure 3.8). The differences in response to Prexasertib
between MDA-737R and MDA-PrexR suggest differing mechanisms of resistance and could
be related to the ability of Prexasertib to inhibit both CHK1 and CHK2 kinases with similar ICso
values. This indicates that CHK1 inhibitor resistance in the MDA-PrexR cell line may be in part
due to a mechanism that compensates for inhibition of CHK2. The MDA-737R cell line may
have also developed adaptive responses to CHK2 inhibition, perhaps serendipitously while
cell lines were adapted to a continuous exposure of SRA737. In addition, adaptations carried

out by both MDA-737R and MDA-PrexR may only have been able to slightly improve fithess
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to SRA737 as innate resistance is already very high to this drug as demonstrated by the very

high parental Glso values.

Multidrug resistance resulting from the upregulation of drug efflux transporters such as MDR1
(P-Glycoprotein) is a known resistance mechanism to cancer therapeutics (Gillet and
Gottesman, 2010). It is possible resistance to CHK1i may arise through upregulation of these
drug efflux proteins. Western blotting was unable to detect expression of the drug transporter
MDR1 in HCC38 and MDA-MB-468 parental or resistant cell lines (Figure 3.11). Reversal of
MDR1 related multidrug resistance has been shown with the MDRL1 inhibitor Verapamil
(Tsuruo et al., 1981; Yusa and Tsuruo, 1989). No reversal of resistance to SRA737 or
Prexasertib was seen inin H737R and HPrexR cell lines with the addition of Verapamil (Figure
3.13). This suggests drug efflux is an unlikely candidate for resistance to CHK1 inhibitors

SRA737 and Prexasertib in these cell lines.

To investigate further changes to resistant cell lines, cells were profiled with several targeted
inhibitors and existing cancer drugs. Differences in Glso between parental and resistant cell
lines provide clues about changes in biological pathways related to the drug target.
Ceralasertib is a selective inhibitor of Ataxia-telangiectasia and RAD3-related (ATR) protein
which is a member of the phosphoinositide 3-kinase (PI3K)-related family of protein kinases
(Vendetti et al., 2015). ATR responds to single stranded DNA coated with RPA which is
essential for localisation and subsequent activation of ATR by its binding partner ATR-
interacting protein (ATRIP) (Zou and Elledge, 2003). Activation of ATR allows phosphorylation
of CHK1 on S317 and S345 leading to activation of CHK1 and the CHK1 pathway (Zhang and
Hunter, 2014). As ATR is directly upstream of CHK1 and is required for its activation it was
hypothesised that CHK1i resistant cell lines may respond differently to an ATR inhibitor. CHK1i
resistant cell lines do indeed demonstrate significant resistance to ATR inhibition via
Ceralasertib with resistance factors of 5.2 for HPrexR and 8.4 for H737R (Figure 3.14) while
MDA-PrexR and MDA-737R show lower levels of resistance of 3.4- and 2.0-fold resistance

respectively (Figure 3.15). Cross resistance of HCC38 and MDA-MB-468 CHK1i resistant cell
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lines to ATR inhibitor Ceralasertib suggests activity of the CHK1 pathway, or its downstream
effectors, are resilient to loss of activation signalling from ssDNA through ATR and CHK1
kinase activity. This helps to partially rule out the potential resistance mechanism of point
mutations in the CHK1 protein which may interfere with CHK1i binding affinity in the ATP
binding pocket of the kinase. If such a mutation were to exist it would be unlikely that cells
would also exhibit cross resistance to a selective ATR inhibitor. However, without sequencing

data of the CHK1 gene we cannot be certain of the mutational status.

Adavosertib is a selective inhibitor of WEE1 kinase (Hirai et al., 2009). WEE1 phosphorylates
Cyclin Dependent Kinase 1/2 (CDK1/2) on Y15 inhibiting its activity resulting in activation of
the G2/M checkpoint and deregulation of S-phase (Parker and Piwnica-Worms, 1992; Leijen
et al., 2016). As the CHK1 pathway also helps to regulate CDK1/2 Y15 phosphorylation by the
regulation of CDC25 phosphatases ( Medema and Ma ciuwas hykothesiged 1 2 )
changes in the activity of WEE1 protein kinase could allow cells to compensate for loss of
CHK1 activity and therefore resistant cell lines may respond differently to a WEEL inhibitor
when compared to their parental counterparts. H737R and HPrexR cell lines demonstrate
resistance to Adavosertib with resistance factors of 10.9- and 7.8-fold respectively (Figure
3.14). Interestingly MDA-MB-468 cell lines show little to no resistance to Adavosertib with no
change in Glsp value between MDA-737R and the parental cells. However, there is a slight
and significant increase of Glsg values and a fold resistance of 1.7 for MDA-PrexR cells (Figure
3.15). Cross resistance to WEEL1 inhibitor Adavosertib in HCC38 resistant cell lines suggests
the locus of resistance may be related to CDK1/2 activity, as cells are resilient to perturbations
of the two main regulators of this kinase. MDA-MB-468 resistant cell lines show little no
difference in their response to Adavosertib compared to the parental cell line suggesting this
part of the pathway is unchanged. This may indicate that the resistance mechanism for MDA-
MB-468 cell lines is due to the change in a separate pathway, or a CHK1 specific interaction

that does not affect CDK1/2 activity.
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Cell lines were profiled with inhibitors targeting ataxia-telangiectasia mutated (ATM) and
Checkpoint kinase 2 (CHK2). ATM is a related to ATR as a member of the PIKKs family of
serine/threonine kinases and plays a role in DNA double stranded break (DSB) repair. The
MRN complex, consisting of Mrell, Rad50 and Nbs1 proteins binds to double stranded breaks
and is required for the subsequent activation and signalling of ATM to activate Chk2 (Uziel et
al., 2003). CHK2 is involved in the DNA damage response and once activated signals down
to multiple effectors such as CDC25, BRCAL, E2F1 and p53 (Perona et al., 2008). As a result,
it can play a significant role in control of cell cycle checkpoints and DNA repair. It was therefore
hypothesised that CHK2 and ATM signalling may play an important role in resistance to

SRA737 and Prexasertib, especially as Prexasertib also inhibits CHK2.

Figures 3.16 and 3.17 show no significant difference in Glso values in between HCC38 and
MDA-MB-468 parental and resistant cell lines against the CHK2 inhibitor CCT241533.
However, significant sensitivity was seen in MDA-737R against the ATM inhibitor AZD0156
with an RF of 0.5 which means this cell line was twice as sensitive to AZD0156 than the
parental cell line, but no significant difference was detected in MDA-PrexR cells. As mentioned
earlier, cross profiling of MDA-MB-468 resistant cell lines with CHK1 inhibitors suggested
differences in dose response to Prexasertib may be CHK2 related. If MDA-PrexR cells had
undergone changes to compensate for loss of CHK2 activity by Prexasertib then we might see
resistance to a CHK2 inhibitor. Surprisingly, this is not the case and suggests that resistance
may not be CHK2 related. However, sensitivity to ATM inhibitor AZD0156 in MDA-737R
suggests there may be some level of dependency on signalling through ATM to maintain cell
viability in this SRA737 resistant cell line. It is important to note that as Prexasertib is a dual
inhibitor of CHK1 and CHK2, perhaps any changes related to either signalling pathway may
only be apparent during inhibition of both kinases and may be missed when profiling with a

CHK2 inhibitor alone.

Both HCC38 and MDA-MB-468 cell lines were profiled against the DNA damaging agent

Cisplatin. Upon entering the cell Cisplatin is hydrolysed allowing for its activation and
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subsequent DNA damaging activity. Cisplatin damages DNA by binding to purine residues to
form intrastrand crosslinks blocking DNA replication and cell cycle division (Dasari and
Bernard Tchounwou, 2014). Repair of DNA damage caused by Cisplatin relies on nucleotide
excision repair (NER) (Reardon et al., 1999). NER has been implicated in drug resistance to
Cisplatin in the past and removes DNA adducts by cleaving the DNA strand around the
damage, removing the damaged section of DNA and allowing DNA polymerase to fill the gap
using the undamaged strand as a template (Duan et al., 2020). No significant differences in
dose response were detected in HCC38 or MDA-MB-468 resistant cell lines (Figure 3.18). It
is unlikely that changes in NER would confer cross resistance to CHK1 inhibitors as DNA
damage caused by CHK1i is attributed to replication fork collapse (Syljudsen et al., 2005) and
likely relies on homologous recombination (HR) for DNA repair (Toledo, Neelsen and Lukas,

2017).

Olaparib, an inhibitor of PARP, an important protein in Base excision repair (BER) has
demonstrated synthetic lethality in cells with inactive BRCA genes (Lord and Ashworth, 2017).
PARP1 and PARP2 are important for cells to manage replication stress in S-phase and may
also play a role in HR by stabilising RAD51 at double stranded breaks (Ronson et al., 2018)
No difference was observed in dose response to Olaparib in H737R or HPrexR cell lines
compared with HCC38 parental cells (Figure 3.20). These data suggests that PARP does not
play a role in resistance to CHK1 inhibitors in H737R and HPrexR cells. However, changes in
the DDR pathway may not be apparent in resistant cells when treated with a single agent, as
active CHK1 in H737R and HPrexR cells may be compensating for PARP inhibition. Masking
differences between parental and resistant cell lines. H737R and HPrexR cells treated with a
drug combination of CHK1i and Olaparib may show differences in response to HCC38 cell

lines.

WEE1 regulates both CDK1 and CDK2 activity through the phosphorylation of Y15, leading to
inactivation of these two kinase (Do, Doroshow and Kummar, 2013). Western blotting revealed

an increase in WEEL protein in H737R and HPrexR cell lines (Figure 3.22). Paired with dose
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response data showing resistance to WEE1 inhibitor Adavosertib in H737R and HPrexR cell
lines (Figure 3.14) this suggests changes in WEEL protein expression could be compensating
for loss of CHK1 signalling via inhibition of CDK1/2. Increased protein expression may also
account for the increase in resistance to WEEL inhibitor Adavosertib as higher concentrations

may be required to achieve the same inhibitory effect.

To summarise, in this chapter two TNBC cell lines HCC38 and MDA-MB-468 were drug
adapted to both CHKL1 inhibitors SRA737 and Prexasertib through the process of dose
escalation, and resistant sub lines generated. HCC38 resistant cell lines showed strong
resistance to both SRA737 and Prexasertib while MDA-MB-468 cell lines were unable to adapt
to SRA737 with high initial Glso values suggesting intrinsic resistance to this drug. Cross
profiling of parental and resistant cell lines was carried out revealing resistance to the ATR
inhibitor Ceralasertib and WEEZ1 inhibitor Adavosertib in HCC38 resistant sublines. MDA-MB-
468 resistant sublines demonstrated resistance to the ATR inhibitor but not the WEEL1 inhibitor.
WEEL1 protein levels were checked by western blot analysis in HCC38 cell lines showing an
increase in the WEEL protein in resistant sublines. This was consistent with the increase in
Adavosertib Glso values in these cells. As WEEL is an important regulator of CDK1 and CDK2
activity the G2/M checkpoint and S-phase it was thought that changes in WEEL protein levels
may contribute to the CHK1 inhibitor resistance phenotype of H737R and HPrexR cells. The

following chapter investigates the potential role of WEE1 kinase in CHKL1 inhibitor resistance.
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Chapter 4

Investigating the role of WEE1
kinase in resistance to CHK1
Inhibition
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4. Investigating the Role of WEEL Kinase in

Resistance to CHK1 Inhibition

4.1 Introduction

The WEEL tyrosine kinase was first identified in Schizosaccharomyces pombe as an important
gene in timing cell division and acquired its name due to WEE1 mutant S. pombe cells
exhibiting significantly reduced cell size (P, 1979). The human WEEL1 kinase is a key enforcer
of the G2-M cell cycle checkpoint allowing cells with damaged DNA time to repair before
progressing through to mitosis (Do, Doroshow and Kummar, 2013). Single agent activity of
the WEEL inhibitor Adavosertib (MK-1775) revealed that WEEL also regulates S-Phase as
inhibition of the kinase caused DNA damage that relied on active replication of DNA (Guertin

etal., 2013).

Progression through the cell cycle is controlled by the family of cyclin-dependent kinases
(CDKs) which consist of 14 serine/threonine protein kinases that associate with different cyclin
subunits (Malumbres and Barbacid, 2009). The CDK1/Cyclin B complex controls progression
from G2 into mitosis (Lindqgvist, Rodriguez-Bravo and Medema, 2009), while CDK2/Cyclin E
promotes the transition from G1 into S-phase (Giacinti and Giordano, 2006) and CDK2/Cyclin
A regulates S-phase related processes (Girard et al., 1991). WEE1 controls CDK activity via
inhibitory phosphorylation of Y15 on CDK1/2 (Elbaek, Petrosius and Sgrensen, 2020). WEE1
works in opposition to the CDC25 phosphatases, which dephosphorylate CDK1/2 leading to
their activation (Gabrielli et al., 1992; J, 2007). CDC25s are regulated by CHK1, which when
activated by DNA damage phosphorylates CDC25 leading to its subsequent sequestration or
degradation (Zhang and Hunter, 2014). Therefore, WEE1 and CHK1 work together to maintain

CDKs in an inactive state until their activity is required.
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WEEL1 is regulated by controlling stability of the protein and mRNA levels. Kinase activity of
WEEZ1 remains active throughout the life of the protein, unlike many kinases which require
phosphorylation to modulate their activity (Elbeek, Petrosius and Sgrensen, 2020).
Degradation of WEEL is reduced by 14-3-3 b whi ¢ h b C-tednius tofahe proteain,
increasing the half-life of WEE1 and subsequently its kinase activity due to the increased levels
of WEEL protein. 14-3-3b potentially increases WEEL half-life by inducing a confirmational
change in WEE1 which blocks a degradation motif located on the N-terminus (Wang et al.,
2000; Lee, Kumagai and Dunphy, 2001; Rothblum-Oviatt, Ryan and Piwnica-Worms, 2001).
Heat shock protein 90 (HSP90) and MIG6 (also known as ERBB receptor feedback inhibitor
1 (ERRFI1)) have also been shown to interact with WEE1 reducing the rate of protein
degradation (Aligue, Akhavan-Niak and Russell, 1994; M et al., 2018). Polo-like kinase 1
(PLK1) and CDK1 have also been shown to phosphorylate WEE1 on s53 and s123 leading to
i ts degr adP E3aubiquibnyigage (N et al., 2004). Kruppel-Like Factor 2 (KLF2)
and microRNA miR-195 have been shown to negatively regulate WEE1 mRNA levels through

transcriptional repression (Wang et al., 2005; Bhattacharya et al., 2012).

WEEL1 is highly expressed in a number of cancer types including breast, cervical, lung and
ovarian cancers and is associated with tumour progression and poor disease-free survival
(Matheson, Backos and Reigan, 2016). However, downregulation of WEE1 has also been
seen in cancers such as non-small cell lung cancer and colon cancer and was also associated
with poor prognosis in patients (Backert et al., 1999; Yoshida et al., 2004) suggesting the
impact of WEEL levels on patient survival is context dependent. Due to WEE1®& critical role in
the cell cycle and regulation of CDK activity, it has become an important target for treatment
of cancer. Inhibitors of WEE1 have been reported to potentiate the effects of DNA damaging
agents (Hirai et al., 2009, 2010) and shown potential as a single agent (Guertin et al., 2013;
Do et al., 2015). The WEE1 inhibitor Adavosertib has also been shown to enhance the effect

of CHK1 inhibitors (Russell et al., 2013; Chila et al., 2015). In addition to Adavosertib, three
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other WEEL inhibitors are in clinical development, namely IMP7068, ZN-c3 and DEbio 0123

(ClinicalTrials.gov, 2021).

In the previous chapter, TNBC cell lines HCC38 and MDA-MB-468 were drug adapted to
CHKZ1 inhibitors SRA737 and Prexasertib. MDA-MB-468 cells were innately more resistant to
both CHKZ1 inhibitors compared with the HCC38 cell line (Figures 3.7 & 3.8). H737R and
HPrexR cells demonstrated high fold-resistance to CHK1 inhibition relative to MDA-737R and
MDA-PrexR cell lines, suggesting they have undergone significant phenotypic changes. In
addition, H737R and HPrexR demonstrated cross resistance to the WEE21 inhibitor
Adavosertib, which was not seen in MDA-MB-468 CHK1i adapted cell lines. Subsequently,
western blot analysis identified high WEE1 expression in H737R and HPrexR cell lines. |
hypothesised increased expression of WEE1 protein may compensate for CHK1 inhibition via
increased phosphorylation of the inhibitory Y15 on CDK1/2 (Figure 4.1). Therefore, this
chapter investigates WEEL and its role in resistance to CHK1 inhibition in H737R and HPrexR

cells.

Chapter aims and objectives

1 Investigate the role of WEEL in resistance to CHK1 inhibitors.
0 Western blot DDR cell signalling in response to CHK1 and WEEL inhibitors.
0 Measure WEE1 degradation by cycloheximide time course experiment.
9 Validate increased levels of WEEL protein as a mechanism of CHKZ1i resistance.
0 Combined inhibition of CHK1 and WEEL1 kinases to overcome resistance.
0 Knockdown WEEL1 levels via SiRNA.
o Overexpress WEEL1 in parental cell lines to artificially generate resistance.
o0 Compare levels of WEEL protein and CHK1i Glso data across a panel of TNBC

cell lines.
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Figure 4.1: Hypothesis: WEE1 overexpression compensates for CHK1 inhibition
and activation of CDC25 by maintaining inhibitory phosphorylation of CDK1/2.
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4.2 Results

4.2.1 Investigating the effect of SRA737 on the DNA damage response and the

cell cycle

Cross profiling experiments revealed resistance to WEEL inhibitor Adavosertib in HCC38
resistant cell lines (Figure 3.14). These experiments highlighted CDK1/2 activity as a potential
locus of resistance. This is because both CHK1 and WEE1 both regulate CDK1/2 by
controlling Y15 phosphorylation, inhibiting the activity of these kinases in response to DNA
damage and replication stress. We hypothesised H737R and HPrexR cell lines may be
maintaining phosphorylation of CDK1/2 Y15 during CHK1 inhibition to either uphold the G2/M
checkpoint or regulate replication stress in S-phase. To investigate this, HCC38 and H737R
cells were treated with a titration of the CHK1 inhibitor SRA737 for 24 hours (Figure 4.2) or
treated with 1uM SRA737 at multiple time points (Figure 4.3) followed by lysis and analysis
of protein content via western blot. CDK1/2 Y15 and other targets involved in the DNA damage

response, apoptosis, and regulation of cell cycle checkpoints were investigated.

The western blot showing the dose response to SRA737 in HCC38 and H737R cell lines show
CHKZ1 is phosphorylated on S345 in HCC38 cells in response to SRA737 but not in H737R
and increases with increasing SRA737 concentration in HCC38 cells (Figure 4.2). yH2AX
levels, a marker of DNA damage also increases with higher concentrations of SRA737 in
HCC38 but not H737R cells (Figure 4.2). H737R cells maintained pCDK1/2 Y15
phosphorylation during SRA737 treatment compared with HCC38 cells which showed reduced
pCDK1 Y15 at drug concentrations of 1 & 3uM (Figure 4.2). It is important to note that the
antibody recognising pCDK1 Y15 also recognises pCDK2 Y15. As the molecular weights of
these proteins are very similar it is not possible to distinguish between either signal in this blot.
Cleaved PARP (C-PARP) a marker of apoptosis, does not show a clear distinction between
HCC38 and H737R cell lines (Figure 4.2), however this is potentially due to technical error. A

comparison of C-PARP levels between SRA737 dose response westerns is shown in
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Appendix 4.1. This shows a slightly higher levels of C-PARP in HCC38 cells relative to H737R

at higher doses of SRA737 in 2 out of 3 experiments.

HCC38 H737F
S S S 9 -
FSSSsIIFSSsIE8
S — - -
pCHKI1 s Rp— * |e=55kDa
CHK]]
W ———— " |4 55 kDa
<+ 25 kDa
H2 A] « o == - - -
y - < 15 kDa
pCDKl-..,- - - -
Y15 - - - - - «— 25 kDa
CDK] e wow o cewe o>
&= 25 kDa
<« 100 kDa

C-PARF‘-“'—'-‘-_ e e R —— <— 70 kDa

G AP D | s .
<= 55 kDa

GAPDH = e s e e —— o — < 35 kDa

<+ 35 kDa

Figure 4.2: Western blot analysis of SRA737 dose response in HCC38 and
H737R cell lines. Cells were plated in 7cm dishes and left to adhere overnight
before incubation with SRA737 at the concentrations indicated for 24 hours
before lysis and analysis via western blot. GAPDH = loading Control. Ctrl =
Untreated cells. Veh = Vehicle control (DMSO). +Ctrl = HCC38 cells treated with
5uM Cisplatin for 24 hours as a positive DNA damage control. * Indicates which
loading control corresponds with each target. Blots are representative of n=3
experiments.
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Analysis of SRA737 dose response across multiple timepoints showed CHK1 phosphorylation
at S345 occurs as soon as 1 hour after drug treatment in HCC38 but not H737R cells (Figure
4.3). The DNA damage marker yH2AX is also increased within an hour of SRA737 treatment
in HCC38 but not H737R cells (Figure 4.3). Maintenance of pCDK1/2 Y15 in H737R cells is
less pronounced in figure 4.3 compared with figure 4.2. Interestingly, C-PARP signal
decreased 1hr after treatment with SRA737 but shows a net increase at 24hrs relative to the
control in HCC38 cells (Figure 4.3). This decrease in C-PARP is also seen in H737R cells but

after 24 hours incubation with SRA737, C-PARP signal does not exceed that of the untreated

control.
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Figure 4.3: Western blot analysis of SRA737 effect over time on HCC38 and
H737R cell lines. Cells were plated in 7cm dishes and left to adhere overnight
before incubation in 1uM SRA737 for the time stated before lysis and analysis
via western blot. GAPDH = loading Control. Ctrl = Untreated cells. Veh = Vehicle
control (DMSO). +Ctrl = HCC38 cells treated with 5uM Cisplatin for 24 hours as
a positive DNA damage control. * Indicates which loading control corresponds
with each target. Blots are representative of n=3 experiments.

148



As CHK1 is a critical regulator of multiple checkpoints in the cell cycle, it was considered
important to investigate the effects of SRA737 on the cell cycle distribution. Therefore, HCC38
and H737R cells were treated with 1uM SRA737 or a DMSO control for 24 hours before cell
cycle analysis via propidium iodide (PI) staining and flow cytometry. 1uM SRA737 was used
as this concentration increased DNA damage marker yH2AX and signalling for activation of
CHK1 by phosphorylation of S345 in HCC38 cells, suggesting an activation of the DNA
damage response which may affect progression through the cell cycle. Cell cycle analysis
revealed that HCC38 cells accumulated in S-phase after treatment with SRA737, but this was
not seen in the H737R cell line (Figures 4.4 & 4.5). On average, the S-phase population of
cells increased by approximately 25% from 27.44% to 50.05% in HCC38 cells after treatment
with 1uM SRA737 while H737R maintained an S-phase population of approximately 31%
(Figure 4.5). The GO/G1 population in HCC38 decreased by approximately 30% from 59.29%
to 33.81% with 1uM SRA737 treatment while for H737R cells there was little difference
between DMSO and SRA737 treatments in GO/G1 population (Figure 4.5). The Sub G1 and
G2/M populations showed no changes for either HCC38 or H737R with 1uM SRA737 (Figure

4.5).
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Figure 4.4: Propidium iodide (PI) cell cycle analysis of HCC38 and H737R cell lines
+/- SRA737. Analysis of cell cycle distribution in HCC38 and H737R cell lines via flow
cytometry. Cells were plated in T25 flasks and left to adhere overnight before 24hr
incubation in 1uM SRA737 or DMSO control. Cells were fixed in ethanol and DNA stained
with Pl before analysis on a BD Accuri E
phases. Representative forward versus side scatter plots, Pl-Area versus Pl-Height
plots and Pl density histograms showing gating of cell cycle populations. Data
representative of n=3 experiments.
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Figure 4.5: bar chart of Propidium iodide (PI) cell cycle analysis of HCC38 and H737R cell
lines +/- SRA737. A) Bar chart showing the average percentage +/- the standard deviation of
cells in each stage of the cell cycle. B) Table showing average percentages +/- the standard

deviation of cell cycle populations shown in A. (n) indicates the number of independent
experiments.

4.2.2 Investigating the role of WEE1 in CHK1i resistance via targeted inhibitors

of WEE1

WEE1 protein may be overexpressed due to changes in protein degradation leading to
increased protein stability. To investigate this, WEE1 protein levels in HCC38, H737R and
HPrexR cell lines were measured by western blot after incubation in the presence of
cycloheximide, which inhibits protein synthesis by stopping translocation elongation of the
ribosome and blocking formation of the polypeptide chain (Schneider-Poetsch et al., 2010).

As new protein can no longer replace degraded protein, it is possible to measure protein

stability (Buchanan et al., 2016).
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Interestingly, H737R cell lines appear to degrade WEE1 at a slower rate than HCC38 cells
(Figure 4.6). By the 3-hour timepoint < 10% of WEEL protein signal remains in HCC38 cells
while >50% remains in H737R cells (Figure 4.6). Generally, H737R WEEL expression is
variable but remains high relative to HCC38 cells across the period of the experiment
suggesting the rate of WEE1 degradation is decreased in H737R cells (Figure 4.6 A). On
the other hand, WEE1 degradation in HPrexR cells appears similar to that of the HCC38 cell
line (Figure 4.7). By the 3-hour time point both cell lines show approximately 10% of WEE1
signal relative to their respective controls (Figure 4.7). However, HPrexR remains at around
25% relative expression at 2 & 2.5-hour timepoints while HCC38 remains at approximately
10%. This suggests HPrexR cells also show a decreased rate of WEE1 degradation. It is
important to note that the quality of the GAPDH loading controls make it difficult to accurately
guantify via densitometry. Nevertheless, WEE1 degradation does appear to be decreased

relative to parental cells.
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Figure 4.6: Time course of HCC38 and H737R cells incubated with
cycloheximide. HCC38 and H737R cell lines were plated in 6-well plates and
allowed to adhere overnight. Cells were then incubated in media containing
300pg/ml cycloheximide for the time stated before lysis and analysis via western blot
for the proteins indicated. A) Representative western blot of n=2 experiments.
GAPDH = loading control, Ctrl = No treatment with cycloheximide. B) Densitometry
of A) carried out on ImageJ. Each sample was normalised to the corresponding
GAPDH loading control. Bar graphs are representative of n=2 experiments.
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Figure 4.7: Time course of HCC38 and HPrexR cells incubated with
cycloheximide. HCC38 and HPrexR cell lines were plated in 6-well plates and
allowed to adhere overnight. Cells were then incubated in media containing 300ug/ml
cycloheximide for the time stated before lysis and analysis via western blot for the
proteins indicated. A) Representative western blot of n=2 experiments. GAPDH =
loading control, Ctrl = No treatment with cycloheximide. B) Densitometry of A) carried
out on ImageJ. Each sample was normalised to the corresponding GAPDH loading
control. Bar graphs are representative of n=2 experiments.
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As H737R and HPrexR cell lines appear to demonstrate resistance to the WEE1L inhibitor
Adavosertib (Figure 3.14) and overexpress WEE1 protein (Figure 3.22), we investigated the
effects of Adavosertib on DDR, apoptosis, and cell cycle related proteins (Figure 4.8). HCC38
and H737R cell lines were treated with a titration of Adavosertib and incubated for 24 hours
before lysis and analysis via western blot. pCHK1 S345 was induced with increasing
concentrations of Adavosertib in the HCC38 cell line but to a lesser degree in H737R cells
(Figure 4.8). At low doses of Adavosertib (50nM), the yH2AX signal increased in the HCC38
cell line but not in H737R cells (Figure 4.8). yH2AX signal in H737R cells only increased at
much higher concentrations of Adavosertib (1uM and 2uM) in the same range as the SRA737
resistant cell line Glso value of 1.55 uM for Adavosertib (Figures 3.14 & 4.8). Interestingly
pCDK1/2 Y15 was not maintained in either HCC38 or H737R cell lines in the presence of
Adavosertib (Figure 4.8) while for H737R cells treated with SRA737, pCDK1/2 Y15 was
maintained (Figure 4.2). Additionally, CDK1 protein decreases in HCC38 in 1-2>M of
Adavosertib which is not seen in H737R (Figure 4.8). C-PARP signal increased with an
increasing Adavosertib concentration but to a lesser extent in H737R versus HCC38 cells
(Figure 4.8). Total WEEL protein also decreased at high concentrations of Adavosertib in both
cell lines (Figure 4.8). Interestingly Adavosertib seems to have similar molecular effects to
SRA737 on HCC38 cells, as both drugs induce yH2AX and pCHK1 S345 and a loss of pCDK1
Y15 in addition to increased C-PARP (Figures 4.2 & 4.8). On the other hand, H737R is much
more responsive to Adavosertib exposure than SRA737, which is to be expected as H737R is
17 times more resistant to SRA737 than Adavosertib. However, H737R is still more resistant
than HCC38 to the effects of Adavosertib showing minimal induction of yH2AX and pCHK1

S345 at 40-200nM.
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Figure 4.8. Western blot analysis of Adavosertib dose response in HCC38 and
H737R cell lines. Cells were plated in 7cm dishes and left to adhere overnight before
incubation with Adavosertib at the concentrations indicated for 24 hours before lysis and
analysis via western blot for the proteins indicated above. GAPDH = loading control. Ctrl
= untreated cells. +Ctrl = HCC38 cells treated with Cisplatin 5uM for 24 hours as a
positive control for DNA damage. * Indicates which loading control corresponds with each
target. Blots are representative of n=3 experiments.

We hypothesised increased levels of WEEL protein may be compensating for CHK1 inhibition
by maintaining the inhibitory phosphorylation on CDK1/2. Increased WEEL1 protein levels may
also explain resistance to the WEEL1 inhibitor Adavosertib as higher concentrations may be
required to achieve the same inhibitory effect. If this is the case, treatment of resistant cell

lines with Adavosertib in combination with SRA737 may be able to sensitise resistant cells to
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SRA737. To test this theory, we treated HCC38 and H737R cells with a combination of
SRA737 1uM and either the Gl or Gl of Adavosertib for H737R for 24 hours and analysed

changes in protein expression and signalling by western blot (Figure 4.9).

HCC38 cells treated with the drug combination show higher induction of yH2AX and pCHK1
S345 than cells treated with SRA737 alone (Figure 4.9) suggesting SRA737 and Adavosertib
are acting synergistically to increase DNA damage. H737R cells also show a much higher
level of yH2AX and pCHK1 S345 signals with the drug combination versus with SRA737
treatment alone, but these signals are still lower than seen in HCC38 cells treated with the
drug combination (Figure 4.9). Interestingly, the yH2AX signal in H737R cells treated with the
drug combination are similar to that seen in HCC38 treated with 1uM SRA737, suggesting
cells may be re-sensitised to SRA737 treatment (Figure 4.9). Both cell lines exhibit loss of
pCDK1/2 Y15 and increased levels of C-PARP (Figure 4.9) suggesting CDK activity is

increased, and cells may be undergoing apoptosis.
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Figure 4.9: Western blot analysis of HCC38 and H737R cell lines treated with
SRA737, Adavosertib or a combination of both drugs. Cells were plated in 7cm
dishes and left to adhere overnight before incubation with SRA737, Adavosertib or a
combination of both drugs at the concentrations indicated for 24 hours before lysis and
analysis via western blot of proteins indicated above. GAPDH = loading control. Veh =
Vehicle control (DMSO). * Indicates which loading control corresponds with each target.
Blots are representative of n=3 experiments.

To identify the effects Adavosertib and SRA737 may be having on the cell cycle, cells were
treated with either drug alone or a combination of both drugs for 24 hours and analysed via Pl
staining and flow cytometry (Figures 4.10-4.13). In HCC38 cells, treatment with Adavosertib
alone greatly increased the S-phase population and reduced the GO/G1 population of cells in
a dose-dependent manner relative to the DMSO control. The GO/G1 population percentage
dropped from 59% to 40% and 27% with treatment of 0.2uM and 0.4uM Adavosertib

respectively. Whilst S-phase increased from 27% to 41% and 49% with 0.2uM and 0.4uM
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respectively (Figures 4.10 & 4.12). The percentage of HCC38 cells in G2/M also increased
from 14% to 26% in cells treated with 0.4uM Adavosertib (Figures 4.10 & 4.12). The drug
combination of Adavosertib and SRA737 had a strong effect on the cell cycle in HCC38 cells
leading to almost 80% of cells being in S-phase while the GO/G1 population was reduced to
below 10% (Figures 4.10 & 4.12). The G2/M population of HCC38 cells was slightly increased
from approximately 14% in the untreated control up to approximately 17-19% of cells in G2/M
during treatment with the drug combination (Figures 4.10 & 4.12). No discernible differences

were detected in the sub-G1 population of cells (Figures 4.10 & 4.12).

H737R cells show little difference in response to Adavosertib on its own but do show a
decrease in GO/G1 population with the drug combination from 53% down to 30%. H737R cells
appeared more resistant to the drug combination than HCC38 cells but showed a significant
increase in cells in S-phase from approximately 31% in the DMSO control up to approximately
55% with the drug combination (Figures 4.11 & 4.13). The G2/M population of cells shows a
small decrease from 17% down to 14% in H737R cells in response to the drug combination
(Figures 4.11 & 4.13). No differences in the Sub-G1 population of H737R cells was detected
between conditions (Figures 4.11 & 4.13). The increase in S-phase of H737R cells in
response to the drug combination mirrors that of HCC38 cells treated with SRA737 alone
(Figures 4.4 & 4.5). This suggests that while H737R is more resistant to the drug combination
of SRA737 and Adavosertib, use of this WEEL inhibitor can restore sensitivity to SRA737
treatment at least in terms of the phenotypic response seen in the cell cycle (Figures 4.10-

4.12) and molecular signalling (Figure 4.9).
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Figure 4.10: Propidium iodide (PI) cell cycle analysis of HCC38 cell lines
treated with a drug combination of SRA737 and Adavosertib. Analysis of cell
cycle distribution in HCC38 cell lines via flow cytometry. Cells were plated in T25
flasks and left to adhere overnight before 24hr incubation in DMSO control
SRA737, Adavosertib or a combination of both drugs. Cells were fixed in ethanol
and DNA stained with Pl before analys
G1/G0 and G2= G2/M phases. Representative Pl density histograms showing
gating of cel | cycle populations. Da

experiments.
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Figure 4.11: Propidium iodide (PI) cell cycle analysis of H737R cell lines

treated with a drug combination of SRA737 and Adavosertib. Analysis of cell

cycle distribution in H737R cell lines via flow cytometry. Cells were plated in T25

flasks and left to adhere overnight before 24hr incubation in DMSO control

SRA737, Adavosertib or a combination of both drugs. Cells were fixed in ethanol

and DNA stained with Pl before analys

G1/G0 and G2= G2/M phases. Representative Pl density histograms showing

gating of cel | cycle populations. Da
experiments.
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Figure 4.12: Bar chart of Propidium iodide (PI) cell cycle analysis of HCC38 cell lines
treated with a drug combination of SRA737 and Adavosertib. A) Bar chart showing
the average percentage +/- the standard deviation of cells in each stage of the cell cycle.
B) Table showing average percentages +/- the standard deviation of cell cycle populations
shown in A. (n) indicates the number of independent experiments.
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Figure 4.13: Bar chart of Propidium iodide (PI) cell cycle analysis of H737R cell
lines treated with a drug combination of SRA737 and Adavosertib. A) Bar chart
showing the average percentage +/- the standard deviation of cells in each stage of the
cell cycle. B) Table showing average percentages +/- the standard deviation of cell cycle
populations shown in A. (n) indicates the number of independent experiments.
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To determine the effect of the drug combination on cell viability H737R and HPrexR cell lines
were analysed via a dose response SRB assay. HCC38 Parental and drug resistant cell lines
were treated with a titration of SRA737 alone in combination with Adavosertib at
concentrations matching their respective Gly (Figure 4.14). H737R showed a stronger
response to the drug combination than HPrexR cells reaching approximately 30% viability at
1uM of SRA737 (Figure 4.14 A) while HPrexR cells did not drop below 50% viability at the
same SRA737 concentration (Figure 4.14 B). However, it is important to note that there was
some variability with response to the drug combination in other assays (Appendix 4.2) which
may be due to technical error. Despite this, Adavosertib does appear to resensitise H737R
and HPrexR cell lines to SRA737 suggesting the drugs are having a synergistic effect on cell

viability.
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Figure 4.14: SRA737 + Adavosertib drug combination experiment in H737R and HPrexR cell
lines. Cells were plated at 3200 cells/well in a 96-well plate and grown for 48 hours before treatment
with a serial dilution SRA737 +/- Gl,, of Adavosertib for 96 hours and analysed via SRB assay. A)

H737R Adavosertib Gl,, = 443nM B) HPrexR Adavosertib Gl,, = 825nM. Data points represent the

mean + SD from one representative experiment. Graphs are representative of n=3 individual
experiments.

To test if the synergistic effects seen with SRA737 and Adavosertib could be replicated with
another WEEL1 inhibitor, we ran a drug combination experiment with WEE1li PD0166285.
PD0166285 is a WEEL1 inhibitor which also inhibits MYT1 kinase at low concentrations and
also inhibits CHK1 at much higher concentrations of the drug (Wang et al., 2001). PD0166285
Glso was determined in HCC38, H737R and HPrexR cell lines via SRB cell viability assay
(Figure 4.15). Surprisingly H737R and HPrexR did not exhibit resistance to PD0166285

despite showing resistance to the WEE1 inhibitor Adavosertib (Figure 3.14). Furthermore, the
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synergistic effect observed with Adavosertib and SRA737 was not seen in H737R cells treated
with a drug combination of SRA737 and PD0166285 (Figure 4.16). While the drug
combination of PD0166285 and SRA737 does shift the dose response curve to the left slightly,

the effect is not as strong as seen with SRA737 and Adavosertib in combination (Figure 4.16).
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Figure 4.15: Dose response of HCC38, H737R and HPrexR cell lines to PD0166285. Cells were
plated at 1600 cells/well in a 96-well plate and grown for 48 hours before treatment with a serial
dilution of PD0166285 for 96 hours and analysed via SRB assay. A) Dose response curves
generated using GraphPad Prism 9 and fitted using non-linear regression. Dotted line marks the Gl

of PD0166285. Data points represent the mean + SD from one representative experiment. B) Table
summarises the mean = SD of all experiments conducted. Statistical significance was calculated
usi ng a sdstbut porsignifisant difference was found.
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Figure 4.16: SRA737 + PD0166285 drug combination experiment in H737R cell lines. Cells were
plated at 1600 cells/well in a 96-well plate and grown for 48 hours before treatment with a serial dilution
SRA737 +/- 30nM of PD0166285 for 96 hours and analysed via SRB assay. Data points show mean £
SD from one representative experiment from nO3 indep

4.2.3 Knockdown of WEE1 via Small interfering RNA (SiRNA) in resistant cell

lines

Overexpression of WEEL protein and partial re-sensitisation of H737R and HPrexR cell lines
to SRA737 with Adavosertib suggested WEE1 may play a role in CHK1i resistance. However,
as the WEEL1 inhibitor PD0166285 does not strongly sensitise H737R cells to SRA737, this
suggests that sensitivity caused by Adavosertib may not be due to inhibition of WEE1. To test
if loss of WEEL protein is enough to restore sensitivity to SRA737 we knocked down WEE1

protein levels in the cell via small interfering RNA (SiRNA).
4.2.3.1 Optimisation of SIRNA transfection conditions

Transfection conditions were optimised in H737R and HPrexR cell lines. Initially cells were
plated in 96-well plates at either 1600 or 3200 cells/well and reverse transfected with 0.025%
to 0.1% Lipofectamine 2000 combined with death control siRNA (positive control for
transfection), non-targeting SIRNA (negative control for SIRNA off target effects), or no SIRNA

(mock transfection control). Successful uptake of SIRNA indicated by a cell death inducing
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oligonucleotide was balanced with the inherent toxicity of transfection shown by the mock and
non-targeting SiIRNA controls. The optimal conditions allowed for the greatest uptake of SIRNA
with minimal transfection induced toxicity. Seeding density greatly impacted the transfection
efficiency requiring much higher concentrations of Lipofectamine to successfully transfect
death oligo into cells at 3200 cells/well, therefore 1600 cells/well was selected (Figure 4.17
A). H737R and HPrexR were highly sensitive to lipofectamine 2000, therefore 0.025%
lipofectamine was selected for initial experiments although this concentration still appeared to

show some toxicity (Figure 4.17 A).

Four WEEL targeting SiRNAs were reverse transfected into cells in 6-well plates plated at
48,000 cells/well. Cells were reverse transfected with either the mock control, non-targeting
SIRNA or SIWEE1 #1-4 at two different concentrations and lysed after 48 hours before
analysis via western blot. SIWEEL #1 and #4 achieved the highest levels of knockdown and
were taken forward for later experiments (Figure 4.17 B). Initial experiments showed
unacceptable levels of toxicity (Appendix 4.3) and an additional optimisation assay was
carried out using a lower concentration of lipofectamine in H737R cells (Figure 4.18). The
lower lipofectamine concentrations still showed sufficient transfection efficiency and
demonstrated less toxicity at 10nM of SIRNA (Figure 4.18). Based on this assay the final
transfection conditions of 0.0125% Lipofectamine 2000, 10nM SiRNA and 1600 cells/well

were selected in H737R and HPrexR cell lines.
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Figure 4.17: Optimising conditions for SiRNA knockdown of WEE1. A) H737R and HPrexR cells
were reverse transfected in duplicate into 96-well plates at the seeding densities shown. Lipofectamine
2000 was used at the concentration indicated in a total volume of 160ul. After 24hrs incubation 40ul
media was added, cells were incubated for another 72hrs before analysis. Initial optimisation shows
Lipofectamine 2000 concentrations alone (mock), 25nM of Allstars non-targeting siRNA and Allstars cell
death control SIRNA at either 25nM or 5nM. Red circles indicate lipofectamine concentration selected
for initial WEE1 knockdown experiment. Only n=1 independent experiment conducted. B) H737R and

HPrexR cells were reverse transfected in 6-well plates at 4.8x10" cells per well in a total volume of 1.6ml
and incubated for 24hrs before addition of 0.4ml media. Cells were lysed at the 48hr timepoint and
analysed via western blot. Red boxes indicate SIRNA WEE1 #1 and #4 at 10nM were taken forward for
later experiments. Western blot is representative of n=2 independent experiments.
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Figure 4.18: Further optimisation for SIRNA knockdown of WEE1. H737R cells were reverse
transfected in duplicate into 96-well plates at 1600 cells/well. Lipofectamine 2000 was used at the
concentrations indicated in a total volume of 160pl. After 24hrs incubation 40pul media was added, cells
were incubated for another 72hrs before analysis. Initial optimisation shows Lipofectamine 2000
concentrations alone (mock), 10nm & 25nM of Allstars non-targeting siRNA, 10nm & 25nM of Allstars
cell death SiRNA, and 10nm & 25nM Dharmacon SIWEE1 #1 SiRNA. Red circle indicates the new
lipofectamine 2000 concentration taken forward for all further knockdown experiments. Only n=1
independent experiment conducted.
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4.2.3.2 Knockdown of WEEL1 protein in H737R and HPrexR cell lines

After identifying optimal SIRNA transfection conditions WEE1 SiRNA knockdown was
performed on H737R and HPrexR cell lines to investigate if loss of WEEL could sensitise
resistant cell lines to CHK1 inhibitors. As SIRNA only transiently blocks gene expression a 4-
day SRB assay was performed to ensure WEE1 was knocked down over the course of the
experiment. H737R and HPrexR cells were reverse transfected in a 96-well plate with SIWEE1
#1, SIWEEL #4 or non-targeting SiIRNA and incubated for 24 hours before the addition of a
serial dilution of SRA737. Cells were also reverse transfected in 6-well plates alongside the
SRB assay and lysed at 48- and 96-hour timepoints to check WEE1 protein knockdown over

the course of the experiment.

WEEL1 was successfully knocked down relative to mock and non-targeting controls in both cell
lines (Figure 4.19). However, WEEL1 levels in H737R and HPrexR knockdown samples still
appears greater than HCC38 WEEL levels suggesting knockdown is not reducing protein
expression to levels seen in the parental phenotype (Figure 4.19). Strangely WEEL1l
expression across all 96-hour samples is much lower than seen at 48 hours (Figure 4.19). As
this effect is seen in both control and knockdown samples it is likely independent of SIRNA
activity. It is difficult to explain the cause of this effect but technical error during sample
preparation and protein concentration determination could be a cause. However, the GAPDH
loading control is relatively stable across all samples making this unlikely. Another explanation
may be due to less-than-optimal growth conditions of cells leading up to the 96-hour timepoint.
Seeding densities for 6-well plates were scaled up from the 96-well format of 1600 cells/well
by a factor of 30 to 4.8x10* cells/well. This was based on the difference in surface area
between 96-well (0.32cm?) and 6-well plates (9.6cm?) but conditions seen in a 96-well format
may not be completely comparable to 6-well format even when scaling seeding densities due

to the differences in surface area to volume ratio.
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Figure 4.19: WEE1 knockdown by SiRNA H737R and HPrexR cell lines. H737R and

HPrexR cells were reverse transfected in 6-well plates at 4.8x10" cells per well in a total
volume of 1.6ml and incubated for 24hrs before addition of 0.4ml media. Cells were lysed at
48hr and 96hr timepoints and analysed via western blot for the proteins indicated above with
GAPDH as a loading control. Only n=1 independent experiment conducted.

Dose response SRB assays showed no significant difference between control and WEE1
knockdown cells in either H737R or HPrexR cell lines to a serial dilution of SRA737 (Figure
4.20). This suggests that resistance to the CHK1li SRA737 is not dependent on high
expression of WEEL protein. It is important to consider that while WEE1 was significantly
knocked down in both H737R and HPrexR, it was not as low as seen in HCC38 parental cell
lines. However, if resistance to CHK1i was highly dependent on increased WEE1 expression
one might expect some level of sensitisation to occur equivalent to the loss of active WEE1
protein, even if resistant cell lines do not return completely to the levels of sensitivity seen in

HCC38 cells.
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Figure 4.20: Effect of WEE1 knockdown by SiRNA on SRA737 sensitivity in H737R and
HPrexR cell lines. H737R and HPrexR cells were plated in duplicate into 96-well plates at
1600 cells/well with 0.0125% lipofectamine 2000. Cells were reverse transfected with 10nM of
Allstars non-targeting SIRNA as a control and Dharmacon SIWEE1 #1 & #4 SiRNA in a total
volume of 160ul. After 24hrs incubation 40ul of a serial dilution of SRA737 was added to cells.
Cells were incubated for a further 72hrs and analysed via SRB assay. A) Dose response
curves were generated in Graphpad Prism 9 and fitted using non-linear regression. Graphs
are representative of n=2 independent experiments. B) Table showing average Gl., + SD in

H737R and HPrexR for each condition from n=2 independent experiments. Statistical

significance was c al ctest but e digniticant diffgrenae wagfaunde nt 6 s
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4.2.4 Optimising ectopic expression of WEE1 protein

Along with SIRNA KD in CHK1i resistant cells we aimed to carry out the inverse experiment

on the HCC38 cell line to ectopically overexpress WEE1 and see if this drives resistance to

CHKU1 inhibitors. Unfortunately, due to difficulties with optimisation and time constraints the

work did not reach completion. However, significant progress was made on optimising

transfection conditions for future experiments. Constructs pCDNA3myc-p71 (WEE1+Myc tag)

and pCDNA3myc (Myc tag only) kindly provided by Dr Piwnica-Worms (Rothblum-Oviatt,

Ryan and Piwnica-Worms, 2001) were used to ectopically express WEE1+Myc tagged protein

or Myc-tag only as a control. To check if these plasmids express WEE1 in our cell line a

transient transfection experiment was carried out (Figure 4.21). WEE1 was successfully

expressed ectopically and so these plasmids were used for generation of stable cell lines.
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Figure 4.21: Transient expression of ectopic WEE1. HCC38 cell lines were plated in

6-well plates at 1x10° cells/well and incubated overnight. Media was replaced with 1.8ml
fresh medium (IMDM + FBS no PenStrep). 2ug of plasmid expressing Myc tagged
WEEL1 or a Myc tag control was mixed in either a 1:1 or 1:0.5 ratio with Lipofectamine
2000 (DNA:Lipofectamine) in 200pl of Opti-MEM reduced serum Medium and added to
cells after a 10 minute incubation. Cells were incubated in IMDM + transfection mixture
for 4 hours before media was replaced with 2ml of fresh IMDM and incubated for a
further 24 hours before lysis and analysis via western blot. Plasmid expressing GFP tag
(PEGFP_N1) was used as a + control for transfection. Only n=1 independent experiment

conducted.
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The pCDNA3 expression vectors contain a Neomycin resistance gene allowing for cell
selection via Geneticin (G418). To successfully select stable expressing cell lines a
concentration of G418 was determined by a G418 kill curve. Cells were plated in 6-well plates
and left to adhere overnight before constant exposure to a range of G418 concentrations over
the course of a week (Figure 4.22). An optimal G418 concentration was selected that killed
all cells within 5-7 days of exposure, therefore 1mg/ml G418 was taken forward for selection
of stable expressing cell lines (Figure 4.22). Transfection of HCC38 cells was carried out in
T25 flasks seeded at 2.6x10°cells per flask and left to adhere overnight. Cells were transfected
for 4hrs before media was replaced with fresh medium. Transfected cells showed high levels
of cell death in both WEE1+Myc and Myc-tag only cells and so cells were allowed to recover
for 96 hours before G418 selection (Figure 4.23). After 96 hours cells were trypsinised and
seeded into 6-well plates at 1x10° cells per well and allowed to adhere overnight before
treatment with 1mg/ml G418. Unfortunately, after 196 hours only Myc-tag cells formed

resistant colonies while WEE1+Myc colonies did not emerge (Figure 4.24).

As stable colonies were formed from Myc-tag only controls but not WEE1 expressing colonies
it is likely that transfection conditions, albeit rather sub-optimal as indicated by transfection
induced toxicity (Figure 4.23), are not the reason why colonies failed to emerge. More likely,
HCC38 cells failed to survive selection due to excessive ectopic expression of WEE1 protein,
as indicated during the transient transfection (Figure 4.21). As WEE1 controls G2 and S-
phase checkpoints in the cell cycle, it is possible excessively high WEE1 expression led to
prolonged cell cycle arrest and cell death. Future attempts to generate stable cell lines
expressing ectopic WEE1 should firstly look to reduce the excessive WEE1 expression, either
through titration of the expression vector or changing the gene promoter to one that
demonstrates weaker expression of the gene. Further optimisation should also be carried out
to reduce toxicity seen in both WEE1-Myc and Myc-tag only transfection, either by reducing
the concentration of Lipofectamine 2000, or trying different transfection reagents known to be

less toxic to cells.
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Figure 4.22: Geneticin Kill Curve. To select stably expressing cell lines with
Neomycin resistance a concentration must be determined which kills all non-

resistant cells within 5-7 days. HCC38 cells were seeded in 6-well plates at 1x10°
cells/well and left to adhere overnight. The following day media was replaced with
2ml IMDM + Geneticin (G418) at stated concentrations and incubated for a week.
Media + G418 was replaced every 2 days or when the media showed signs of
depletion. Pictures of cells taken at 40x magnification.

176



Pr-eransf ec

4 8 hPro sttr ansf €
R RIS S D

Figure 4.23: Stable transfection of WEE1 expressing plasmid to HCC38
cells. High levels of tox seen in both p71 and Myc cells following transfection
visible by reduced cell confluency and high numbers of floating cells. HCC38 cells

were seeded in T25 flasks at 2.6x10° cells per flask and left to incubate overnight.
6.5ug of each plasmid (Myc = Myc tag alone, P71 = WEE1 plasmid) was mixed
in a 1:1 (ug/ul) ratio with lipofectamine 2000 in a total of 650ul optimem and
incubated for 10 minutes at room temperature before applying to cells. Cells were
transfected for 4 hours before media was refreshed. 24hrs after transfection high
levels of cell death was seen in all conditions other than the mock control, cells
were allowed to recover for 96hrs before transfer to 6-well plates for Geneticin
selection. Mock flasks were passaged to avoid overgrowth and cell death.
Pictures of cells taken at 40x magnification.
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Figure 4.24: Selection of stable cell lines with Geneticin. P71 transfected
cells failed to generate viable stably expressing colonies while Myc control
vector successfully developed stably expressing cells. After transfection and

96hr incubation cells were seeded into 6-well plates at 1x10° cells/well and
allowed to adhere overnight. The following day media was replaced with 2ml
IMDM + Geneticin (G418) 1mg/ml and incubated for a week. Media + G418
was replaced every 2 days or when the media showed signs of depletion.
Pictures of cells taken at 40x magnification.
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4.2.5 Investigating WEE1 expression and CHK1i sensitivity in a TNBC cell line

panel

To further test the hypothesis of WEE1 overexpression driving resistance to CHK1 inhibitors
WEEZ1 protein levels were analysed in a panel of 14 TNBC cell lines obtained from the
Cell

Resistant Cancer Line (RCCL) collection (https://research.kent.ac.uk/industrial-

biotechnology-centre/the-resistant-cancer-cell-line-rccl-collection/; Michaelis, Wass and

Cinatl, 2019). These consisted of 3 chemo-naive cell lines HCC38, HCC1806, and MDA-MB-
468 and their drug adapted sublines to various DNA damaging agents such as Cisplatin, 5-
fluoracil, Gemcitabine and Doxorubicin. Western blot analysis revealed HCC1806 cell lines
exhibited very high levels of WEEL1 protein while HCC38 and MDA-MB-468 cell lines show
lower WEE1l levels (Figure 4.25). Interestingly MDA-CDDP cells appear to have
downregulated WEE1 expression compared with MDA-MB-468 cells while MDA-Doxo
appears to have upregulated WEE1 (Figure 4.25). In this blot, HPrexR cells no longer seem
show higher WEE1 levels than HCC38 cells which contradicts previous blots seen in (Figure
3.22). Despite this H737R still shows high levels of WEEL relative to HCC38 (Figure 4.25).
As this data is only preliminary with no other repeat experiments, it is difficult to determine if

low HPrexR WEEL levels is caused by technical error or perhaps due to some inherent

variability in HPrexR WEE1 expression.
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Figure 4.25: Western blots of TNBC cell line panel. 3 TNBC cell lines and
their drug resistant sublines were analysed via western blot for WEE1 protein
levels and GAPDH as a loading control. Preliminary data - only representative
of n=1 experiment.
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Glso determination of the TNBC cell line panel to multiple CHK1 inhibitors and Adavosertib
was carried out by Dr Helen Grimsley (120-hour MTT assay, Garrett lab) and compared here
with WEE1 expression in these cell lines (Grimsley, H, 2020) (Figures 4.26 & 4.27).
Interestingly, HCC1806 cell lines which showed the highest expression of WEE1 show high
sensitivity to CHK1 inhibitors such as SRA737, Prexasertib, and Rabusertib (Figures 4.26 A,
B & 4.27 A). Within HCC1806 drug resistant sublines there is some variability, with
Gemcitabine and Doxorubicin resistant cells showing greater resistance to MK-8776 than the
chemo-naive, Cisplatin resistant and 5-fluoracil resistant cell lines (Figure 4.26 C). 144-hour
H737R and HPrexR Glso determinations were carried out via SRB assay and not the MTT
assay used in the data generated by H Grimsley, making them less comparable. Despite this,
H737R and HPrexR show the highest Gls values to SRA737, Prexasertib and Adavosertib
(Figures 4.26 A, B & 4.27 B) showing these cell lines are highly resistant while also
demonstrating some of the lowest levels of WEE1 expression relative to the rest of the panel
(Figure 4.25). WEEL1 protein expression was quantified by densitometry and normalised to
the GAPDH loading control and plotted against Glso values for each drug tested (Figure 4.26
& 4.27). Unsurprisingly no correlation was found between WEE1 expression and Glso values
to CHK1 and WEEL1 inhibitors suggesting that overexpression of WEEL1 is likely not a driver of

drug resistance to CHK1 and WEEZ1 inhibitors in these cell lines.
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Figure 4.26: Comparison of TNBC panel Gl_, datato WEE1 expression levels. TNBC cell line
panel Gl data for CHK1 inhibitors SRA737, Prexasertib and MK-8776 was determined via 120-
hour MTT assay and analysed via Graphpad Prism 6 by Dr Helen Grimsley (Garrett lab). Glg,

data for H737R and HPrexR cell lines was determined via a 144-hour SRB assay. Bar graphs
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A) SRA737 B) Prexasertib C) MK-8776. Linear regression and R’value determined via Graphpad
Prism 6.
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4.3 Discussion

In this chapter the role of WEEL in resistance to CHK1 inhibitors was explored in more detail.
Cycloheximide incubation and western blot of HCC38, H737R and HPrexR cell lines showed
that WEE1 degradation is likely decreased leading to increased levels of WEE1 protein
(Figure 4.6 & 4.7). Interestingly WEEL1 inhibition by Adavosertib was well tolerated in H737R
cells showing lower levels of DNA damage marker yH2AX and normal progression of the cell
cycle compared to the HCC38 cell line (Figure 4.8, 4.10 & 4.11). Excitingly, combined
inhibition of CHK1 and WEE1 caused resensitisation of H737R and HPrexR cells to CHK1
inhibition leading to decreased cell viability, induction of yH2AX and disruption of the cell cycle
(Figure 4.9-4.14). Cross-profiling with another WEEL inhibitor PD0166285 failed to yield
similar results (Figure 4.16). Additionally, knockdown of WEE1 via SiRNA in H737R cells and
exogenous overexpression of WEE1 in HCC38 cells was unsuccessful due to difficulties with
transfection optimisation (Figure 4.19 & 4.24). As a result, WEEL could not be successfully
validated as a resistance mechanism. Nevertheless, this chapter shows combined inhibition

of CHK1 and WEEL1 holds promise as a method of overcoming CHK1i resistance.

Initial observations in chapter 3 identified drug resistance to WEEL inhibitor Adavosertib
(Figure 3.14) as well as an increased expression of WEE1 protein (Figure 3.22) in H737R
and HPrexR cell lines. CHK1 and WEE1 both regulate CDK1/2 activity and loss of either CHK1
or WEEL1 is known to force cells into unscheduled mitosis and increase replication stress in S-
phase (Matheson, Backos and Reigan, 2016; Neizer-Ashun and Bhattacharya, 2021).
Therefore, we hypothesised that increased expression of WEE1 may be able to compensate

for the loss of CHK1 activity through inhibition of CDK1/2 activity.

Western blotting experiments showed H737R cells did not induce yH2AX and pCHK1 S345
during treatment with SRA737 while HCC38 cells did (Figures 4.2 & 4.3). pCHK1 S345 is
phosphorylated in an ATR dependent manner following DNA damage induction (Bressenot et

al., 2008). Phosphorylation of Histone H2AX on S139 forming yH2AX foci is an important
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process in the DDR pathway, signalling the site of DNA double stranded breaks (DSB) for
recruitment of proteins involved in DSB repair such as nonhomologous end joining (NHEJ)
and homologous recombination (HR) (Sharma, Singh and Almasan, 2012). yH2AX is also
heavily phosphorylated during apoptosis resulting in a ring of yH2AX which gradually spreads
across the nucleus becoming pan-nuclear as DNA is degraded (Solier and Pommier, 2014).
Therefore, it is difficult to determine if yH2AX signal is due to high levels of apoptosis or DNA
damage by western blot alone and future work should identify if increased yH2AX seen via
western blot is indicative of increased DNA damage (foci) or increased apoptosis (pan-nuclear
staining) (Rogers et al., 2020). Despite this, yH2AX levels have been used as a marker of
DNA damage and response to CHK1 inhibitors alone and in combination with other agents in
multiple studies and is likely a strong indicator of response to CHK1 inhibition (Sakurikar et

al., 2016; Walton et al., 2016b; Rogers et al., 2020).

As CHK1 is capable of suppressing apoptosis (Myers et al., 2009) it is possible that CHK1
inhibition via SRA737 leads to apoptosis in some cells, especially as C-PARP (cleaved PARP),
a marker of apoptosis (Bressenot et al., 2008), is increased in HCC38 cells treated with
SRA737 (Figures 4.2 & 4.3). Interestingly cell cycle analysis did not show an increase in the
Sub-G1 populations of cells with SRA737 treatment suggesting cells were not undergoing
apoptosis (Figures 4.4 & 4.5). However, only cells adhered to the bottom of the flask were

collected likely resulting in detached apoptotic cells being lost from the analysis.

Interestingly, C-PARP levels only increased in HCC38 cells at 24 hours of SRA737 incubation
but yH2AX and pCHK1 S345 signals were increased after 1hr (Figure 4.3). A study on the
CHK1 inhibitor V158411 showed the HT29 colorectal adenocarcinoma cell line highly induced
yH2AX during CHK1 inhibition only in S-phase cells and yH2AX induction was an early event
of CHK1 inhibition (Wayne, Brooks and Massey, 2016). They also showed that induction of
yH2AX, and caspase-associated apoptosis are cellular outcomes mutually exclusive from one
another with cells expressing either high yH2AX or cleaved caspase-3 but rarely both markers

simultaneously. They also showed caspase-associated apoptosis resulting from CHK1
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inhibition was linked to p53 WT cells while p53 mutated cells undergo permanent cell cycle
arrest and high yH2AX induction (Wayne, Brooks and Massey, 2016). As HCC38 exhibits a
mutated TP53 gene (Table 3.1) and appear to arrest in S-phase after 24-hour incubation in
SRA737 (Figures 4.4 & 4.5), it 6s | i ke laynarkehah CHKY irhbifiod-indused
DNA damage rather than that of apoptosis. However, it is possible a sub population of cells
are undergoing apoptosis leading to the increase in C-PARP at the 24-hour timepoint (Figure

4.3).

H737R cells exhibit an unperturbed cell cycle during SRA737 incubation (Figures 4.4 & 4.5)
and do not induce markers of DNA damage (Figures 4.2 & 4.3). CHK1i induced DNA damage
has been associated with collapse of DNA replication forks and unscheduled firing of
replication origins (Syljuasen et al., 2005; Durkin et al., 2006) and is dependent on the activity
of CDC25A a phosphatase inhibited by CHK1 to maintain inactivity of CDK1/2 (Beck et al.,
2010). Figure 4.2 shows phosphorylation of pCDK1/2 Y15 is lost at 1uM & 3uM SRA737 in
HCC38 cells but maintained in H737R cells. This could explain why DNA damage is not
induced in H737R cells as CDK activity is inhibited by phosphorylation of Y15 (Bridget T.
Hughes et al., 2013). However, this effect is less pronounced in Figure 4.3 making it difficult
to tell if pCDK1/2 Y15 is up in H737R relative to HCC38 cells at 24-hours. This may indicate
that pCDK1/2 Y15 maintenance is not required for SRA737 resistance as DNA damage
markers are not induced in H737R cells despite similar pCDK1 Y15 levels to the parental cell

line.

H737R and HPrexR cells both exhibit higher WEE1 protein levels than the parental HCC38
cell line (Figure 3.22). Cells may increase protein levels by increasing gene expression or
reducing the rate of protein degradation. The latter was investigated in parental HCC38 versus
the H737R and HPrexR drug resistant cell lines via incubation with the protein synthesis
inhibitor cycloheximide. Both H737R and PrexR cells demonstrated a reduced rate of WEE1
protein turnover following cycloheximide treatment compared to the HCC38 cell line (Figures

4.6 & 4.7). HPrexR does show slightly lower WEE1 expression than H737R cells (Figure 3.22)
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which could explain the disparity in rates of WEE1 degradation. Expression of the WEE1 gene
was also investigated via RNA sequencing and details of this process are covered in Chapter
6. However, no significant difference was found in WEE1 gene expression between HCC38
cell lines (Appendix 6.4 & 6.5) suggesting that the high levels of WEEL protein in the H737R
and PrexR cell line versus the parental cell lines is caused solely by a decrease in the rate of
WEE1 protein degradation. Interestingly, another study looking at resistance to Prexasertib in
SCLC showed Prex-resistant cells exhibited increased WEE1 mRNA and DNA copy number
and was correlated with CHKLi resistance (Zhao, I. K. Kim, et al., 2021). This showed WEE1
overexpression can also be mediated at the expression level but no experiments were

conducted to look at WEE1 degradation (Zhao, I. K. Kim, et al., 2021).

In dose response experiments H737R cells treated with the WEE1 inhibitor Adavosertib
showed a similar response to parental HCC38 cells with yH2AX and pCHK1 S345 increasing
with increasing concentrations of inhibitor but to a lesser extent in H737R cells (Figure 4.8).
pCDK1/2 Y15 levels decreased with increasing concentrations of Adavosertib in both parental
HCC38 and H737R cell lines. However, despite the level of pCDK1/2 Y15 decreasing at similar
doses in both cell lines, the DNA damage marker yH2AX and pCHK1 S345 (phosphorylated
by ATR in response to replication stress and DNA damage) are not induced in H737R to the
same levels seen in HCC38 parental cells (Figure 4.8). This is different to the effects seen in
figure 4.2, where pCDK1/2 Y15 is maintained in H737R cells and yH2AX/pCHK1 S345 are
not induced when treated with CHK1 inhibitor SRA737. This suggests that during inhibition of
CHK1 only CDK activity is restrained, likely contributing to CHK1 inhibitor resistance.
However, resistance to Adavosertib suggests H737R cells have also developed resilience to
aberrant activat i on allp have Gaiedies toaoveicomp @heakpointi
abrogation or CDK induced replication stress. Interestingly, CDK1 protein levels are reduced
in HCC38 but not H737R in higher concentrations of Adavosertib (Figure 4.8). This may

suggest a negative feedback mechanism in which CDK1 is degraded following overactivation
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by Adavosertib, or perhaps this is a response linked to high levels of cell death likely present

in HCC38 cells indicated by the relatively higher C-PARP levels vs H737R cells (Figure 4.8).

Our findings demonstrate SRA737 and Adavosertib sensitise HCC38, H737R and HPrexR cell
lines to SRA737. This sensitivity is likely via their synergistic activity when used combination.
A useful analogy for describing drug synergy was discussed by Roell, et al, who described an
additive drug effect as 1+1=2, whereas a synergistic effect may be thought as 1+0=2 (Roell,
Reif and Motsinger-Reif, 2017). This describes the basic concept of drug synergy, in which a
drug combination exhibits a synergistic effect if the combined effect of two drugs is greater
than the combined additive effect of each drugs single agent activity. We have not conducted
any experiments that directly measure synergy such as a Chou-Talalay assay (Chou, 2010),
but we do see a strong effect of SRA737 and Adavosertib when used in combination in terms

of the molecular response, cell viability, and disruption to the cell cycle.

SRA737 + Adavosertib combination greatly increases yH2AX in H737R cells the response is
still lower than seen in HCC38 cells under the same conditions (Figure 4.9) suggesting H737R
cells exhibit some drug resistance to this drug combination. This is supported by the fact that
the cell cycle of H737R cells is not disrupted by the drug combination to the same degree seen
in HCC38 cells (Figures 4.10 to 4.13). Despite this, pCDK1/2 Y15 is still lost in both HCC38
and H737R cell lines during treatment with SRA737 + Adavosertib (Figure 4.9) suggesting
resistance to dual inhibition of CHK1 and WEEL1 is influenced but not driven by maintenance

of CDK1/2 inactivation.

Interestingly, cell viability experiments show H737R and HPrexR cell lines are more sensitive
to lower concentrations of SRA737 than HCC38 cells when treated in combination with
Adavosertib (Figure 4.14). However, at concentrations exceeding 1-5uM SRA737, H737R
and HPrexR cells are more resistant than HCC38 (Figure 4.14). At approximately 10uM
SRA737 the dose response curve forms a(F@baampo be
4.14). This bump is likely caused by self-limiting off target effects identified in SRA737, which
has been shown to inhibit CDK2 and probably CDK1 activity at high concentrations (Ditano

187



and Eastman, 2021) supporting the idea that CDK inhibition can influence resistance to dual

inhibition of CHK1 and WEEL1.

Knockdown of WEE1 by SiRNA failed to sensitise H737R and HPrexR cell lines to SRA737
(Figure 4.20). While knockdown was achieved across the 96-hour period of the experiment,
WEEZ1 was still present at levels higher than seen in parental HCC38 cells (Figure 4.19). This
may account for the lack of synergism seen in combination with a CHKZ1 inhibitor which has
been documented in other cell lines (Wang, Decker and Sebolt-Leopold, 2004; Chila et al.,
2015). This was likely due to limited transfection efficiency (Figure 4.19) as Lipofectamine
2000 was highly toxic for HCC38 cell lines (Figures 4.17 & 4.18) making optimisation of
transfection conditions difficult. Future experiments should try different transfection
reagents/methods that are less cytotoxic to improve efficiency and achieve greater levels of
knockdown. However, as H737R and HPrexR cells are resistant to pharmacological inhibition
of both CHK1 and WEE1 (Figure 4.9-4.14) it is likely they are resistant to WEE1 knockdown
too. Therefore, it is probable greater knockdown is required to mirror the effects seen with

pharmacological inhibition of WEEL.

The synergistic effects of combined CHK1 and WEEL inhibition have been documented in the
past. WEE1 was identified in an SiRNA screen to find genes that demonstrated synthetic
lethality with CHKZ1 inhibitors in breast, ovarian, colon and prostate cancer cell lines (Carrassa
et al., 2012). Non-toxic combinations of the CHK1 inhibitor PF-00477736 and WEEL1 inhibitor
MK-1775 (now named Adavosertib) showed synergy independent of p53 status in both cell
line models and OVCAR-5 mouse xenografts (Carrassa et al., 2012). This has also been
shown in neuroblastoma, acute myeloid leukaemia and mantle cell lymphoma (Russell et al.,
2013; Chaudhuri, Vincelette, Koh, Naylor, Flatten, Peterson, McNally, Gojo, Karp, Ruben A

Mesa, et al., 2014; Chila et al., 2015).

Hauge, et al showed pharmacological inhibition of both CHK1 and WEE1 kinases led to a
synergistic induction of S-phase DNA damage (Hauge et al., 2017). Although both kinases
influence the activity of CDKs, it was shown that WEE1 had greater control over CDK activity
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and therefore its inhibition led to a larger increase in CDK activation than seen with CHK1
inhibitors (Hauge et al., 2017). In addition, they identified a CDK independent effect of CHK1
on CDC45 loading. It is the combination of the high CDK activity in S-phase with the CDK
independent loading of CDCA45 that led to excessive replication initiation and massive DNA

damage in S-phase (Hauge et al., 2017).

To test if the synergy between SRA737 and Adavosertib extends to other WEEL inhibitors, we
investigated the effects of WEEL inhibitor PD0166285 alone and in combination with SRA737
on our cell lines (Figures 4.15 & 4.16). Surprisingly, no significant difference was seen in dose
response to PD0166285 alone between HCC38, H737R and HPrexR cell lines (Figure 4.15)
despite H737R and HPrexR cells showing cross resistance to Adavosertib (Figure 3.14).
Additionally, the drug combination of SRA737 + PD0166285 did not show a strong response
in H737R cells (Figure 4.16) (HPrexR cells were not tested). At approximately 0.8uM SRA737
the cell viability of H737R cells treated with the drug combination does not appear any lower
than the PD0166285 control, suggesting these drugs may not be working synergistically
(Figure 4.16). However, an assay that specifically measures drug synergy such as a Chou-
Talalay assay would be required to accurately determine if synergy is present between these

two drugs (Chou, 2010).

The differences in dose response between Adavosertib and PD0166285 were unexpected as
both drugs have been shown to inhibit WEEL, successfully leading to a loss of inhibitory Y15
phosphorylation on CDK1 (O et al., 2006; Hirai et al., 2009). PD0166285 inhibits WEE1 with
an ICso of 24nM and has also been shown to inhibit MYT1 kinase with an ICso of 72nM and
CHK1 with an ICsp of 3.4uM (Wang et al., 2001), while Adavosertib shows an ICso of 5.2nM
against WEEL1 kinase and >100-fold selectivity over MYT1 (Hirai et al., 2009). MYT1 is a
kinase that phosphorylates CDK1 but not CDK2 on T14 contributing to inactivation of CDK1
(Booher, Holman and Fattaey, 1997). No data has been published on PD0166285 and synergy
with CHK1 inhibitors. Interestingly, most publications on PD0166285 focus on its interaction

with CDK1 and the G2/M checkpoint and do not mention an effect on S-phase and DNA
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replication (Wang et al., 2001; Mir et al., 2010; J et al., 2011). Contrastingly, the effect of
Adavosertib on both G2/M and S-phase has been well documented (Hirai et al., 2009; Amy D.
Guertin et al., 2013), with S-phase disruption shown to be behind the synergistic effects seen

with CHK1 inhibitors (Hauge et al., 2017).

Synergistic DNA damage has been seen with SIRNA knockdown of WEEL in combination with
a CHK1 inhibitor suggesting that Adavosertibos i
rather than a potential off target effect (Carrassa et al., 2012). This may indicate a difference
in the way PD0166285 and Adavosertib differentially effect the cell cycle. Potentially,
PD0166285 is more disruptive to the G2/M checkpoint than S-phase, due to the inactivation
of both WEE1 and MYT1 leading to greater activation of CDK1 over CDK2. If resistance
mechanisms to CHK1 inhibition in H737R and HPrexR cell lines rely on more CDK2 and S-
phase dependent mechanisms, this may explain why cells are resistant to Adavosertib but not
PD0166285. Future experiments should investigate the effects of PD0166285 on the cell cycle
in HCC38 and H737R cell lines. Cells may accumulate in G2/M due to complications in cell
division caused by unscheduled progression into mitosis. Or perhaps cells may accumulate in
GO/G1 or Sub-G1 populations after suffering mitotic catastrophe, leading to cell death or

senescence (Vitale et al., 2011).

WEEZ1 protein levels from a panel of 3 TNBC cell lines and 11 of their sublines adapted to
various DNA damaging agents were compared and contrasted with their Glso values to various
CHKZ1 inhibitors and Adavosertib. Interestingly, no correlation was observed between WEE1
protein levels and response to CHK1 inhibitors (Figures 4.25-4.27). HCC1806 cell lines
showed WEE1 expression higher than that of H737R cells but demonstrated considerably
lower Glso values to both SRA737, Prexasertib and Adavosertib. This suggests that WEE1
may not be a strong biomarker of resistance to CHK1 inhibition in TNBC. However, it is
possible that WEEL overexpression may only confer resistance to CHKZ1 inhibition in the right
cellular context, as WEE1 up-regulation has recently been shown to be involved in acquired

resistance to Prexasertib in small cell lung cancer (Zhao, I. Kim, et al., 2021). These results
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should be considered carefully as western blot data is only n=1 and only a few cell lines were
used. Future experiments should expand the number of TNBC cell lines while considering

cellular context such as mutation status of various DDR-related genes.

Unfortunately, we were unable to generate stable cell lines that ectopically expressed WEE1
within the time allowed. This was due to difficulty in the optimisation of transfection conditions
and likely toxic overexpression of WEE1 (Figure 4.21). Future experiments should try to
reduce WEE1 expression, possibly through use of a weaker promoter or through titration of

the WEEL1 plasmid to reduce total plasmid uptake and ectopic expression of WEEL.

In summary, the data presented in this chapter suggests that the CHKL1 inhibitor SRA737 kills
HCC38 cell lines through the accumulation of excessive DNA damage in S-phase (Figure 4.2
& 4.3). While H737R and perhaps HPrexR cells are adapted to manage the S-phase
associated DNA damage caused by CHKL1 inhibition, in part by inhibiting CDK activity (Figure
4.2). Cross resistance with the WEEL inhibitor Adavosertib (Figure 3.14) and increased
expression of the kinase (Figure 3.22) indicated WEEL in H737R and HPrexR cells was
potentially driving resistance. Initially up-regulation of WEE1 was thought to cause resistance
to Adavosertib due to the increased levels of WEE1 available for inhibition. However, H737R
and HPrexR cells were not cross resistant to both Adavosertib and PD0166285 (Figures 3.14
& 4.15), suggesting increased WEEL1 protein is not the cause of resistance to WEEL1 inhibition.
Flow cytometry and dose response westerns to Adavosertib revealed S-phase DNA damage
was the likely the cause of cell death in HCC38 cells treated with Adavosertib (Figures 4.8,
4.10 & 4.12) while H737R cells did not exhibit this response (Figures 4.8, 4.11 & 4.13).
However, this appeared to be independent of pCDK1/2 Y15 maintenance, which was lost in
both HCC38 and H737R cells with Adavosertib treatment (Figure 4.8). While H737R cells did
accumulate in S-phase and undergo high levels of DNA damage with a combination treatment
of SRA737 + Adavosertib, they were still more resistant to the combination than HCC38 cells
(Figure 4.9-4.13). This suggests that while maintenance of CDK activity plays a role is

resistance, another mechanism of resistance to both CHK1 and WEEL1 inhibition lies
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downstream of CDK activation. Up-regulated DNA repair pathways or tighter control of the
unscheduled firing of replication origins may allow H737R and HPrexR cells to cope with
CHK1/WEEL1 inhibitor associated replication stress. The following chapter explores the role of

replication stress in CHKZ1 inhibitor resistance in more detail.
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Chapter 5

Examining the Role of
Replication Stress in CHK1
Inhibitor Resistance
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5. Examining the Role of Replication Stress in

CHK1 Inhibitor Resistance

5.1 Introduction

Cyclin-dependent kinases (CDKs) are serine/threonine kinases that control key processes
within the cell cycle. Binding of CDKs with cyclins positively regulate CDK activity and drive
progression though the cell cycle, while CDK inhibitors (CKIs) negatively regulate CDK activity
leading to the activation of cell cycle checkpoints. The first cyclin dependent kinase, CDK1
(cdc2), was discovered in S. pombe & S. cerevisiae yeast and found to regulate the transition
between cell cycle phases (Nurse, Thuriaux and Nasmyth, 1976; Nurse and Thuriaux, 1980;
Beach, Durkacz and Nurse, 1982; Reed, Ferguson and Groppe, 1982). They are required for
the cell cycle in mammalian cells but have since been shown to regulate many processes such
as transcription, DNA damage repair, proteolytic degradation, epigenetic regulation,
metabolism, stem cell self-renewal, neuronal functions and spermatogenesis (Lim and Kaldis,
2013). Cyclins bind CDKs and positively regulate their activity, they aid in timing the
progression of the cell cycle via their cyclical synthesis and degradation, signalling the

transition of cell cycle phases (Pines, 1993).

While different combinations of cyclins and CDKs have been shown to drive select cellular
processes (i.e. CDK1-cyclin B for timing of G2 transition into mitosis or the ability for CDK2-
cyclin E to regulate G1-S phase transition (Bertoli, Skotheim and De Bruin, 2013)) studies
have shown redundancy between CDKs demonstrating the ability for cells to proliferate in the
absence of multiple interphase CDKs such as CDK2, CDK4 and CDK6 (Malumbres et al.,
2004; Berthet et al., 2006; Barriére et al., 2007). One study showed mouse embryonic
fibroblasts lacking all interphase CDKs (CDK2, CDK3, CDK4 and CDK®6) were still capable of

cell proliferation in vitro and CDK1 could bind all cyclin types, showing CDK1 was capable of
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executing all events required for cell division (Santamaria et al., 2007). This demonstrates a
degree of redundancy and flexibility inherent to CDKs that is likely dependent on cellular

context.

Replication stress is the slowing or stalling of replication fork progression during DNA
synthesis (Gaillard, Garcia-Muse and Aguilera, 2015) leading to DNA damage and genomic
instability (Gaillard, Garcia-Muse and Aguilera, 2015). Replication stress typically results in
long stretches of ssDNA coated with replication protein A (RPA) caused by the uncoupling of
the stalled polymerase from the helicase as it continues to unwind DNA (Gaillard, Garcia-
Muse and Aguilera, 2015). Causes of replication stress include DNA lesions, misincorporated
ribonucleotides, collisions between replication and transcription complexes and limitation of
essential replication factors i.e. insufficient pools of nucleotides for the replication machinery
(Zeman and Cimprich, 2014). Long stretches of ssDNA bound by RPA signal for the binding
of ATR-ATR-interacting protein (ATR-ATRIP) complex and subsequent checkpoint signalling

and DNA damage response (Zou and Elledge, 2003; Rao et al., 2017).

CHK1 is activated by ATR in response to DNA damage or replication stress and indirectly
inhibits the activity of CDK1/2 via the phosphorylation and subsequent ubiquitin dependent
degradation of CDC25 phosphatases (Sanchez et al., 1997; Sgrensen and Syljudsen, 2012).
This leads to decreased removal of the inhibitory Y15 phosphorylation on CDK1/2 which is
maintained by WEE1 (Sgrensen and Syljuasen, 2012). In addition, p21°P¥Wafl competes with
CDC25 for binding on CDK2 inhibiting the dephosphorylation of CDK2 (Saha et al., 1997).
However, p21©P*Wall has also been shown to inhibit CDK1 in the absence of CDK2 to maintain
the G1/S phase checkpoint (Satyanarayana, Hilton and Kaldis, 2008) further demonstrating
the flexible nature of these kinases. Deregulation of CDK activity via CHK1 and WEEL1
inhibitors has been shown to cause replication stress and premature mitosis (Aarts et al.,
2012; Koppenhafer et al., 2020; McNeely, Beckmann and Bence Lin, 2014). Unscheduled
mitosis is thought to occur via a CDK1 dependent mechanism (Kohn et al., 2002; Aarts et al.,

2012) while increased replication stress is generally linked to deregulated CDK2 activity in S-
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phase (Bridget T Hughes et al., 201 3; etklg P0a? Daigh et al., 2018; Koppenhafer
et al., 2020). However, CDK1 inhibition has also been shown to promote DNA damage in S-

phase again demonstrating overlap between these kinases (Liao et al., 2017).

This chapter aims to investigate the role of CDKs 1 and 2 in replication stress and resistance
to CHK1 inhibition. To this end, HCC38, H737R and HPrexR cell lines were tested with
CDKZ1/2 inhibitors RO-3306 and Roscovitine in combination with CHK1 inhibitor SRA737 and
WEE1 inhibitor Adavosertib and markers of replication stress examined. In addition,
replication stress inducing agents Gemcitabine and Hydroxyurea were also tested on these
cell lines to investigate if CHK1i resistant cell lines have become generally more resistant to
replication stress. As CHK1 inhibitors are also known to potentiate the effects of Gemcitabine
(McNeely, Beckmann and Bence Lin, 2014) this drug combination was also tested in HCC38,

H737R and HPrexR cell lines.
Chapter aims and objectives

1 Investigate the role of replication stress in resistance to CHK1 inhibitors.
o Cross profile parental and resistant cell lines with replication stress inducing
agents Gemcitabine and Hydroxyurea.
0 Western blot markers of replication stress in response to CHK1 and WEE1
inhibitors.
1 Investigate the role of CDK1/2 in resistance to CHK1 inhibitors in parental and resistant
cell lines.
o Cross profile parental and resistant cell lines with CDK1/2 inhibitors R0-3306
and Roscovitine as a monotherapy and in combination with CHK1 and WEEL1

inhibitors.
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5.2 Results

5.2.1 Response of H737R and HPrexR to inducers of replication stress

Gemcitabine and Hydroxyurea have both been shown to induce replication stress, likely via
the inhibition of ribonuclease reductase (RNR) leading to nucleotide depletion and slowing
and stalling of DNA replication forks (JW, 1992; Karnitz et al., 2005). In addition, Gemcitabine
triphosphate (an active metabolite of Gemcitabine) is incorporated into DNA during replication
followed by one deoxynucleotide, forming a masked termination stopping proofreading
enzymes from removing Gemcitabine (Plunkett, Huang and Gandhi, 1995). As inhibition of
both CHK1 and WEE1 appears to induce replication stress in HCC38 but not H737R and
potentially HPrexR cells, we hypothesised H737R and HPrexR cells may also be resistant to
compounds that induce replication stress directly. Therefore, the dose response of
Gemcitabine and Hydroxyurea was determined in HCC38, H737R and HPrexR cell lines.
H737R and HPrexR cell lines were significantly more resistant to Gemcitabine than HCC38
cells (Figure 5.1 A). HCC38, H737R and HPrexR exhibited Glso values of 4.12nM, 11.35nM
and 7.95nM respectively for gemcitabine, demonstrating approximately 3-fold and 2-fold
resistance to gemcitabine for H737R and HPrexR cell lines respectively versus parental cells
(Figure 5.1 C). In response to Hydroxyurea, no significant difference in Glso was detected

between HCC38, H737R and HPrexR cell lines (Figure 5.1 B).
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Figure 5.1: Gl , determination of HCC38, H737R and HPrexR to Gemcitabine and Ribonucleotide

Reductase inhibitor Hydroxyurea. Cells were plated at 3200 cells/well in a 96-well plate and grown
for 48 hours before treatment with a serial dilution of Gemcitabine or Hydroxyurea for 96 hours and
analysed via SRB assay. A) Gemcitabine and B) Hydroxyurea dose response curves calculated with
Graphpad Prism 6 using non-linear regression. Dotted line marks the Gl ,. Data points represent

the mean + SD from one representative experiment. C) Table summarises the mean + SD n = 3
experiments. Statistical significatestwa$ cabc®l at 68§.

Subunits of RNR, ribonucleotide reductase M1 (RRM1) and ribonucleotide reductase M2
(RRM2) and the critical kinase in Gemcitabine metabolism deoxycytidine kinase (dCK)
(OHHASHI et al., 2008) were investigated by RNA sequencing and differential analysis of
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HCC38, H737R and HPrexR cells detailed in chapter 6. RRM1 was significantly upregulated
in H737R and HPrexR cells showing a fold change of 1.71 and 1.39 respectively (Table 5.1).
In HPrexR but not H737R RRM2 and dCK were upregulated by fold changes of 1.28 & 1.29

for respectively (Table 5.1).

HPrexR
Fold Changd padj [ Fold Changd
1.02 0.86 1.28 8.25x10°

1.71 3.28x10%® 1.39 1.22x10%
1.13 0.21 1.29 4.49x10°

Table 5.1: Fold change of genes expressed in H737R and HPrexR
cell lines from HCC38 cells. RNA sequencing and differential
expression analysis of HCC38, H737R and HPrexR cell lines carried
out as shown in chapter 6. Data taken from Appendix 6.4 & 6.5.

CHKZ1 inhibitors have been shown to sensitise cancer cells to DNA damaging agents such as
gemcitabine. As H737R and HPrexR cell lines demonstrated resistance to Gemcitabine we
investigated the response to a combination of SRA737 and Gemcitabine in HCC38, H737R
and HPrexR cells. Two gemcitabine concentrations were tested that caused little to no loss in
cell viability of H737R and HPrexR cells in combination with a titration of SRA737 across a
standard SRB dose response assay. Interestingly, both H737R and HPrexR were more
resistant to the drug combination than HCC38 cells (Figure 5.2). H737R showed a higher
degree of resistance than HPrexR to the drug combination as seen with Gemcitabine alone
(Figures 5.1-5.3). At 125nM SRA737, 4nM Gemcitabine caused near complete loss of cell
viability in HCC38 cells while H737R cells still showed approximately 60% cell viability under
the same conditions (Figure 5.3). HPrexR cells showed similar levels of resistance to 2nM
Gemcitabine as H737R cells as both maintained 100% cell viability, however HPrexR was
more sensitive to 4nM Gemcitabine with a cell viability of approximately 15-20% (Figure 5.3).

Despite this Gemcitabine highly resensitised H737R and HPrexR to SRA737 especially at
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4nM which surpassed the levels of sensitivity seen in HCC38 to SRA737 as a single agent

(Figure 5.2 & 5.3).
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Figure 5.3: Bar chart of SRA737 + Gemcitabine drug combination
experiment. HCC38, H737R and HPrexR cells were plated at 1600 cells/well in
a 96-well plate and grown for 48 hours before treatment with a serial dilution of
SRA737 +/- Gemcitaibe 2nM or 4nM for 96 hours and analysed via SRB assay.
Each bar represents the mean cell viability across treatment conditions at 125nM
of SRA737. Error bars show the standard deviation from one representative
experiment of n O 3 experiments conducted.

In summary, H737R and HPrexR cell lines demonstrate resistance to Gemcitabine, a DNA
damaging agent that causes high levels of replication stress via RNR inhibition and
incorporation into DNA during replication. However, H737R and HPrexR are not resistant to
Hydroxyurea which only inhibits RNR. It could be argued that Gemcitabine sensitised CHK1
resistant cell lines to SRA737, as low concentrations of Gemcitabine (4nM) were able to
significantly reduce cell viability of H737R and HPrexR cells (Figures 5.2 & 5.3). However,
lower concentrations of Gemcitabine (2nM) achieved greater effect in HCC38 cells versus
H737R and HPrexR cells (Figures 5.2 & 5.3). This supports the idea that H737R and HPrexR
cells are better adapted to manage DNA damage/replication stress. Potentially via improved

DNA damage repair mechanisms or maintenance of stalled replication forks.
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5.2.2 The effect of CHK1 and WEEL1 inhibition on replication stress in H737R and

HPrexR cells

To investigate the role of replication stress in response to CHK1 and WEE1 inhibition the level
of Replication protein A 32 kDa subunit (RPA32) was examined via western blot in HCC38
and H737R cell lines in response to SRA737, Adavosertib and a combination of both drugs
(Figures 5.4-5.6). RPA32 is phosphorylated on multiple sites in response to replication stress,
which can be visualised by a band shift on a western blot. In HCC38 cells, RPA32 band shifting
increases with increasing doses of SRA737. In contrast with HCC38 cells, band shifting is
visible in the H737R cell line across all conditions, but the intensity of the higher bands does
not increase with increasing doses of SRA737 (Figure 5.4). The increasing intensity of shifted
RPA32 bands coincides with increased yH2AX signal (DNA damage marker) and Cleaved-
PARP (C-P ARP, mar ker of apoptosi s) in HCC38 cel
induced in H737R in response to SRA737 (Figure 5.4). As discussed in chapter 4, C-PARP
bands are not very well defined between HCC38 and H737R cells, making it difficult to draw
a clear distinction between them. However, appendix 4.1 shows higher levels of C-PARP in
HCC38 cells relative to H737R in 2 out of 3 experiments. Levels of the CDK inhibitor p21cP/Wafl
were also investigated and showed variability between concentrations but appear to be
unchanged at 3uM SRA737 to levels matching the untreated control, suggesting p21¢r/\Watl js
maintained in the presence of SRA737 (Figure 5.4). H737R also shows higher expression of
p21¢PWail yersus HCC38 cells (Figure 5.4). Interestingly, loss of pCDK1/2 Y15 also coincides
with increased RPA32 band shifting in HCC38 cell lines, while H737R shows no band shifting

of RPA32 and maintains pCDK1/2 Y15 phosphorylation (Figure 5.4).

202



<35 kDa

< 25 kDa

H2 Al & o o= G -
y - < 15 kDa

<— 100 kDa
C-PARFH™ " " e | «— 70 kDa

pZCIijllWa s s - e |e25kDa

—
Y15 -----"-‘--’-- <25 kDa

< 55kDa
- - — S — — T — —— —— —— | g 35 kDa

CATD | — = |7

Figure 5.4: Markers of replication stress and cell death to SRA737
treatment in HCC38 and H737R cells. Cells were plated in 7cm dishes and
left to adhere overnight before incubation with SRA737 at the concentrations
indicated for 24 hours before lysis and analysis via western blot. GAPDH =
loading Control. Ctrl = Untreated cells. Veh = Vehicle control (DMSO). +Ctrl =
HCC38 cells treated with 5uM Cisplatin for 24 hours as a positive DNA
damage control. * Indicates which loading control corresponds with each
target. Blots are representative of n=3 experiments. yH2AX, C-PARP, and

pCDK1/2 Y15 blots taken from figure 4.2. Blot was re-probed for RPA32 and
p21Cipl/\Nafl

signals.

The response to WEEL inhibitor Adavosertib in HCC38 and H737R cell lines is similar to the
response seen with SRA737. RPA32 band shifting, yH2AX and C-PARP all increase with
increasing doses of Adavosertib in HCC38 cells (Figure 5.5). RPA32, yH2AX and C-PARP
do not increase greatly in H737R cell lines, except at 1uM and 2uM of Adavosertib, but this
response is much lower than seen in HCC38 cells (Figure 5.5). In contrast with figure 5.4,
p21CPWall gppears to decrease with increasing concentrations of Adavosertib, whereas
p21CPWail |eyels were maintained with increasing concentrations of SRA737. Additionally,
pCDK1/2 Y15 is not maintained in H737R which coincides with lower p21¢PYWal |evels and

increasing RPA32 band shifting, yH2AX and C-PARP levels.
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Figure 5.5: Markers of replication stress and cell death to Adavosertib
treatment in HCC38 and H737R cells. Cells were plated in 7cm dishes and
left to adhere overnight before incubation with Adavosertib at the
concentrations indicated for 24 hours before lysis and analysis via western
blot for the proteins indicated above. GAPDH = loading control. Ctrl =
untreated cells. +Ctrl = HCC38 cells treated with Cisplatin 5uM for 24 hours
as a positive control for DNA damage. * Indicates which loading control
corresponds with each target. Blots are representative of n=3 experiments.

In response to the combination of both SRA737 and Adavosertib band shifting of RPA32 is
greatly increased in both HCC38 and H737R cell lines (Figure 5.6). Alongside, yH2AX and C-
PARP are also increased in both HCC38 and H737R cells, however yH2AX is not as strongly
induced in H737R cells versus HCC38 (Figure 5.6). This suggests H737R cells are more
capable of dealing with replication stress by avoiding subsequent DNA damage. However, C-
PARP levels are still high in both HCC38 and H737R indicating these cells may be undergoing
apoptosis and that the drug combination is still highly damaging to H737R cells suggesting

H737R cells a re-sensitised to SRA737 (Figure 5.6) p21°P¥Wafl and pCDK1/2 Y15 levels are

decreased in both HCC38 and H737R cell lines with the drug combination (Figure 5.6).
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Figure 5.6: SRA737 + Adavosertib drug combination western blot in
HCC38 and H737R cell lines. Cells were plated in 7cm dishes and left to
adhere overnight before incubation with SRA737, Adavosertib or a combination
of both drugs at the concentrations indicated for 24 hours before lysis and
analysis via western blot of proteins indicated above. GAPDH = loading control.
Veh = Vehicle control (DMSO). * Indicates which loading control corresponds
with each target. Blots are representative of n=3 experiments.

In summary, SRA737 and Adavosertib cause replication stress indicated by band shifting of
RPA32 and induction of yH2AX in HCC38 but not in H737R cells (Figures 5.4 & 5.5).
However, a combination of both drugs increases replication stress in H737R cells (Figure 5.6)
and potentially HPrexR cells suggested by the dose response experiments in figure 4.14 that
show Adavosertib sensitises HPrexR cells to SRA737. Interestingly the CDK inhibitor
p21cPiWail js elevated in H737R cells but reduced by inhibition of WEE1 or during dual

inhibition of CHK1 and WEELX in both cell lines but not by CHK1 inhibition alone. Potentially,
205



overactivation of CDKs by Adavosertib or SRA737 + Adavosertib in combination leads to CDK
dependent degradation of p21¢PWatl |f so, this would suggest SRA737 does not strongly
activate CDKs while Adavosertib does and might explain why pCDK1 Y15 is maintained in
H737R cells treated with SRA737 and not Adavosertib or the drug combination (Figures 5.4-
5.6). While H737R showed a high induction of yH2AX;, indicative of DNA damage with the drug
combination, yH2AX was still lower than seen under the same conditions in HCC38 cells
(Figure 5.6). This suggests that H737R cells are more resistant to the drug combination than
HCC38 cells, possibly via a mechanism that allows the cells to better respond to replication

stress or DNA damage.

5.2.3 The role of CDK activity in resistance to CHK1 inhibition

A study investigating resistance to the CHKL1 inhibitor Prexasertib showed the CDK1 inhibitor
RO-3306 was able to rescue viability of Ovarian cancer cell lines from treatment with
Prexasertib and suggested this was due to a prolonged G2 delay enforced by CDK1 inhibition
(Nair et al., 2020). CHK1 and WEEL1 inhibitors have been shown to reduce the inhibitory
phosphorylation Y15 of CDK1/2 in our HCC38 cell lines, suggesting that CDK1/2 activity is
increased. Therefore, it was hypothesised that inhibition of CDK activity by RO-3306 should
confer resistance to CHK1 inhibition in HCC38 cells via inhibition of CDK1. Initially, the Glso
value of the small-molecule CDK1 inhibitor RO-3306 was determined in HCC38, H737R and
HPrexR cell lines. RO-3306 has been shown to inhibit both CDK1 and CDK2 but did not
strongly interfere with S-phase processes in HelLa cells, suggesting its CDK2 inhibitory activity
is limited and its activity is predominantly due to CDK1 inhibition (Vassilev et al., 2006). No
significant difference in RO-3306 Glso value was seen in either H737R or HPrexR compared

with parental HCC38 cells (Figure 5.7).
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Figure 5.7: Gl,, determination of HCC38, H737R and HPrexR cell lines to

CDK1 inhibitor RO-3306. HCC38, H737R and HPrexR cells were plated at
1600 cells/well in a 96-well plate and grown for 48 hours before treatment with a
serial dilution of RO-3306 for 96 hours and analysed via SRB assay. Dotted line
marks the Gl., of RO-3306, data points represent the mean + SD from one

experiment representative of n O 3 experiments.

Additionally, RO-3306 failed to rescue cell viability in HCC38 cells from CHK1 inhibition via
SRA737 (Figure 5.8 A). This suggests that the cell killing effects of SRA737 are not dependent
on CDK1 activity or abrogation of the G2/M checkpoint. No difference was seen in H737R and
HPrexR cell lines to combined inhibition of CHK1 and CDK1 (Figures 5.8 B & C), which is

expected as these cells are already highly resistant to SRA737.
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Figure 5.8: RO-3306 + SRA737 drug combination experiment. A) HCC38, B)
H737R and C) HPrexR cells were plated at 1600 cells/well in a 96-well plate and
grown for 48 hours before treatment with a serial dilution of RO-3306 +/- 5uM of
SRA737 for 96 hours and analysed via SRB assay. Dotted line marks the Gl
of RO-3306, data points represent the mean = SD from one experiment
representative of n O 3 experiments.
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As the CDK1 inhibitor RO-3306 failed to restore cell viability in HCC38 cells, we hypothesised
a resistance to CHK1 and WEEL1 inhibition may be dependent on CDK2 activity instead. To
test this hypothesis, the CDK inhibitor Roscovitine was also tested on HCC38, H737R and
HPrexR cell lines in combination with SRA737 and the SRA737 + Adavosertib combination.
Roscovitine has been shown to inhibit CDK1/Cyclin B, CDK2/Cyclin A/E and CDK5/p35 with
ICso values of 0.65uM, 0.7uM and 0.16uM respectively (Meijer et al., 1997). Initially, the Glso
values for Roscovitine were determined in HCC38, H737R and HPrexR cell lines and no
significant difference was detected (Figure 5.9). Prior western blotting experiments have
shown an increase in replication stress markers to SRA737 as a single agent in HCC38 cells
(Figure 5.1). H737R cells do not respond to SRA737 as a single agent but combined treatment
with SRA737 and Adavosertib induces markers of replication stress and increases sensitivity
to SRA737 (Figures 4.14 & 5.3). It was hypothesised that inhibition of CDK2 with Roscovitine
should rescue the replication stress response and the loss of cell viability caused by SRA737

and Adavosertib combination treatment.
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Figure 5.9: Gl determination of HCC38, H737R and HPrexR cell lines to

CDK2/1 inhibitor Roscovitine. HCC38, H737R and HPrexR cells were plated
at 1600 cells/well in a 96-well plate and grown for 48 hours before treatment with
a serial dilution of Roscovitine for 96 hours and analysed via SRB assay. Dose
response curves calculated with Graphpad Prism 6 using non-linear regression.
Dotted line marks the Gl., of RO-3306, data points represent the mean + SD

from one experiment representative of n O 3 expe

209



HCC38, H737R and HPrexR cells were treated in a drug combination experiment with SRA737
+/- Adavosertib and Roscovitine. In contrast to RO-3306, Roscovitine increased cell viability
in HCC38 cells treated with SRA737 (Figure 5.10). HCC38 cell lines treated with the SRA737
+ Adavosertib drug combination showed almost complete loss of viability even at low
concentrations of SRA737 (Figure 5.10). Strikingly, Roscovitine was able to partially rescue
this effect in a dose dependent manner (Figure 5.10). In contrast to HCC38 cells, Roscovitine
didndét rescue the effects of SRA737 in H737R <ce
(Figure 5.11) although, this is likely explained due to H737R cells already exhibiting high
levels of resistance to SRA737. However, Roscovitine did partially rescue H737R cells from
the combination treatment of SRA737 + Adavosertib, but there was little difference between
1uM and 5uM concentrations of Roscovitine (Figure 5.11). The response of HPrexR cells

mirrored that of the H737R cell line (Figure 5.12).
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Figure 5.10: HCC38 SRA737 + Adavosertib + Roscovitine drug combination
experiment. HCC38 cells were plated at 1600 cells/well in a 96-well plate and grown
for 48 hours before treatment with a serial dilution of SRA737 +/- 0.4uM Adavosertib
and +/- 1uM or 5uM Roscovitine for 96 hours and analysed via SRB assay. Dotted line
marks the Gl,, of each treatment, data points represent the mean * SD from one

experiment representative of n O 3 experiments.
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Figure 5.11: H737R SRA737 + Adavosertib + Roscovitine drug combination
experiment. H737R cells were plated at 1600 cells/well in a 96-well plate and grown
for 48 hours before treatment with a serial dilution of SRA737 +/- 0.4uM Adavosertib
and +/- 1uM or 5uM Roscovitine for 96 hours and analysed via SRB assay. Dotted line
marks the Gl,, of each treatment, data points represent the mean + SD from one
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Figure 5.12: HPrexR SRA737 + Adavosertib + Roscovitine drug combination
experiment. HPrexR cells were plated at 1600 cells/well in a 96-well plate and grown
for 48 hours before treatment with a serial dilution of SRA737 +/- 0.4uM Adavosertib
and +/- 1uM or 5uM Roscovitine for 96 hours and analysed via SRB assay. Dotted line
marks the Gl,, of each treatment, data points represent the mean + SD from one

experi ment
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of n O 3
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The molecular effects of Roscovitine in combination with SRA737 and Adavosertib were
investigated in H737R cells by western blot. pCHK1 s345 and yH2AX were both reduced in
SRA737 + Adavosertib with the addition of Roscovitine, versus SRA737 + Adavosertib
combination alone in a dose dependent manner (Figure 5.13). RPA32 band shifting and
pPRPA32 s4-8 levels, both markers of replication stress, were slightly reduced by the addition
of Roscovitine to SRA737 + Adavosertib treated cells (Figure 5.13). pCDK1 Y15 and
p21¢PWail increased with increasing concentrations of Roscovitine when added to the
combination of SRA737+Adavosertib (Figure 5.13) and decreased with Adavosertib alone or
in combination with SRA737, supporting the idea that CDK activation leads to p21¢PWal |oss
(Figure 5.13). Interestingly, WEE1 protein levels decreased in cells treated with SRA737 +
Adavosertib but increased with the addition of Roscovitine to this combination, however 5uM
of Roscovitine alone also caused a reduction of WEEL1 levels (Figure 5.13). C-PARP, a marker
of apoptosis also decreased with the addition of Roscovitine to the combination of SRA737 +
Adavosertib in a dose dependent manner and was highest in cells treated with the CHK1i +

WEE1i combination or Adavosertib alone (Figure 5.13).
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Figure 5.13: SRA737 + Adavosertib + Roscovitine drug combination
western blot in H737R cells. Cells were plated in 6-well plates and left to adhere
overnight before incubation in SRA737, Adavosertib and Roscovitine, or a
combination of SRA737 + Adavosertib +/- Roscovitine at concentrations
indicated for 24 hours before lysis and analysis via western blot of the proteins
indicated above. * Indicates which loading control corresponds with each target.
Blots are representative of n=3 experiments.

213



