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Abstract

Head and neck squamous cell carcinoma (HNSCC) incidence is expected to increase by 30%
by 2030. Whilst rare, the five-year survival rate for HNSCC patients is only 50%, with
tumours often resistant to genotoxic treatments. Survival data shows that the current
treatment modality is ineffective, thus, it is critical to find targets for combinatorial
treatment, to increase the efficacy of common tumour therapies against HNSCC. HNSCC
tumours often have a dysfunctional G1/S checkpoint due to p53 mutations. Abrogating the
G2/M checkpoint, via targeting of Weel (a serine/threonine kinase involved at the G2/M
checkpoint), in this context would promote tumour cell death via synthetic lethality after

radiotherapy or chemotherapy treatment.

Small molecule inhibitors (SMls) are often used to target proteins clinically and AZD1775, a
Weel inhibitor (Weeli), has shown promise in clinical trials. Although potent, the Weeli has
many off-target effects, therefore our group developed Weel PROteolysis TArgeting
Chimeras (PROTACs) to overcome selectivity issues. PROTACs are heterobifunctional
molecules that contain an E3 ubiquitin ligase recruiting domain and a target protein domain.
These ligands are connected via a linker and this molecule facilitates the formation of a
productive ternary complex to polyubiquitylate the target protein and target it for

degradation by the ubiquitin proteasome system (UPS).

Here, characterisation of Weel PROTACs in HNSCC with varying p53-status demonstrated
that cereblon (CRBN)- and Von Hippel-Lindau (VHL)-based Weel PROTACs can successfully
and rapidly degrade Weel and reduce the phosphorylation of its substrate, pCDK1 (Tyr15).

Monotherapy use of Weel PROTACs caused a loss of cell viability and the most potent



compounds were used in lung and kidney cancer cell lines to investigate the bearing of E3
ligase expression on efficacy of the molecules. This work found that the ability for PROTACs
to degrade their protein of interest was not dependent on absolute levels of E3 ligase

present.

Clonogenic survival assays, cell viability assays and apoptosis detection flow cytometry were
performed to evaluate the cytotoxicity of the combination of Weel inhibition or
degradation with genotoxic agents. p53-deficient cell lines displayed more radiation- and
cisplatin-induced cell death as a result of sensitization to the genotoxins from Weel-
targeting treatments. In addition, use of Weel-targeting compounds alone induced

apoptosis in the absence of a genotoxic agent.

HNSCC cell lines showed replication stress and irregularities in DNA content, indicative of
chromosome missegregation or improper mitosis, when treated with Weel-targeting
compounds as single and combinatorial strategies. These observations provide insight that
Weel PROTACs have potential to be used in place of SMIs and has provided a good
foundation for future work to investigate if increased specificity is an advantageous trait for

cancer treatment.
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1 Introduction

1.1 The eukaryotic cell cycle and cancer development

1.1.1 Overview of the eukaryotic cell cycle

The eukaryotic cell cycle is a heavily regulated sequence of signalling pathways that controls
cellular replication and growth. The mitotic cycle is sub-divided into interphase, which
accounts for 95% of the cycle, and mitosis to ensure the unidirectional replication and
segregation of DNA (Araujo et al., 2016). Interphase is comprised of two “gap” phases and

one synthesis phase (Figure 1.1).
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Figure 1.1 The Eukaryotic Cell Cycle stages and their Regulators. Schematic of the four main stages, G1, S, G2
and M, of the eukaryotic cell cycle. The phases G1, S and G2 are part of the broader phase, interphase. GO,
also known as quiescence, is a reversible resting phase that lies outside of the replicative cycle. When a cell is
in quiescence, it can re-enter the cell cycle into G1, however sometimes cells can enter an irreversible GO
state known as senescence. Cyclins are expressed at key stages to drive the cell through the cycle by activating

CDKs, which help regulate these stages and ensure that the cell cycle is unidirectional.
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The purpose of the pre-replicative gap phase, G1, is to assess if the cell is in a suitable
environment to proliferate and, if so, the cell can pass the G1/S transition checkpoint. S
phase is where duplication of the genomic DNA occurs and the final checkpoint, the G2/M
checkpoint, will determine if the genomic DNA is free of DNA damage and the cell is
prepared for division (Matthews et al., 2021). The cell will subsequently progress into
mitosis. Mitosis is the physical segregation of the copies of DNA to produce two separate
nuclei that each make up their own genetically identical daughter cell after cytokinesis
(Figure 1.2) (Yanagida, 2014). During mitosis, the condensed chromosomes migrate towards
the metaphase plate before being pulled apart, with the aid of mitotic spindles, to pull the
DNA to separate poles of the cell (Alberts et al., 2002). This ensures that the daughter cells

will have the correct quantity of genetic information.
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Figure 1.2 Cell division by mitosis in eukaryotes. Schematic of progression of the cell through different stages of

mitosis. Once the cell has passed the G2/M checkpoint, regulated by a plethora of kinases and phosphatases, the

chromosomes condense (prophase) and line up along the metaphase plate (metaphase). Progression past the

spindle formation checkpoint into anaphase allows sister chromatids to be pulled apart and the nuclear envelope

begins to reform around the DNA in each daughter cell (telophase). Cytokinetic abscission allows for the
intercellular bridge to be severed and the physical separation of the two daughter cells (cytokinesis). Figure

produced using BioRender.com.

Cell cycle arrest at the G1/S transition, intra-S phase and the G2/M checkpoints can occur
upon the cells sensing DNA damage in order to maintain genomic stability (lyer and Rhind,
2017). Dormant cells are found in GO, where the cell is in quiescence or senescence which
are reversible and irreversible GO states, respectively. Cells may enter quiescence if they are
fully differentiated, such as neurons, or they can enter cellular senescence due to a constant

DNA damage response (DDR) or environmental stress factors (Rodier and Campisi, 2011).



Cellular senescence is an alternative to apoptosis for cells when DNA damage has been

detected.

Cyclin-dependent kinases (CDKs) play a crucial role in ensuring the cell cycle is appropriately
controlled to prevent DNA damage going unnoticed and resulting in genome instability. The
activation of CDKs is tightly regulated and they are highly expressed throughout the cell
cycle (Arooz et al., 2000). Their binding partners, known as cyclins, are differentially
expressed (Figure 1.3) throughout the cell cycle and their main role is to ensure

unidirectional progression of the cell cycle (Satyanarayana and Kaldis, 2009).
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Figure 1.3 Cyclin Expression in eukaryotic cell cycle. Cyclin D, associated with CDK4/6, is crucial for
progression through G1. Cyclin E, associated with CDK2, helps to progress the cell into S by preparing for DNA
replication and cyclin A, associated with CDK1/2, activates DNA replication in S phase. Cyclin B, associated with
CDK1, drives progression into M phase by promoting the assembly of the mitotic spindle. Adapted from

(Hochegger et al., 2008). Figure made using BioRender.com



CDK inhibitors, various phosphatases and other regulators are key to opposing the activity
of CDKs, demonstrating the complexity and numerous mechanisms that control the cell
cycle (Vermeulen et al., 2003). As dysregulation of the cell cycle is a major factor in cancer,
cell cycle checkpoints and the molecules that regulate them are potential targets for

therapeutics that could lead to better prognoses.

1.1.2 Cell cycle checkpoints and cancer development

Cell cycle checkpoints play a major role in preventing tumorigenesis and maintaining

genome stability. The G1/S transition is the first and key checkpoint; once a cell has passed
this checkpoint, it is committed to the cell cycle. As previously discussed, the cell cycle and
its checkpoints are heavily regulated by CDK activity, and this section will go into more detail

about these at each checkpoint.

At the G1/S and G2/M checkpoints, cascades of protein phosphorylation can be activated as
a response to conditions such as DNA damage accumulation or incomplete DNA replication
as a result of stalled replication forks (Figure 1.4) (Reinhardt and Yaffe, 2009). Common
checkpoint signalling pathways mainly function to ensure CDKs remain in their inactive state
until the DNA damage has been repaired and, dependent on the type of DNA lesion, specific
DNA repair pathways will be later activated (Barnum and O'Connell, 2014). These signalling
mechanisms are within two major kinase cascades that start with the master regulators,
ATR, and ATM. These PI3-kinase-like kinases (PIKKs) initiate the checkpoint response by
phosphorylating the downstream effector kinases Chk1 and Chk2, respectively (Abraham,
2001; Bartek and Lukas, 2003). If any of these cell cycle checkpoints are defective, this can

lead to inappropriate cell division, mutations, and the initiation of cancer.

5



Gophase

(resting)
G - *
/"Chk1 or\ ATM or
coczsa) — ( chke ) +— -«—
G1/S <«

Checkpoint DNA Damage

p53
S
S /\ ( p21

/ Intra S :
G2/M 62 Checkpoint /

Checkpoint \ L%
- CDC25A ( Chk1or?\
p21) F %)&*?‘BA@' e ooy +O-@2) (Uchke )

= ™~ DNA Damage
‘\/Wee1 )

- 3
Ao T -
— &) — @D %
DNA Damage RPA

Figure 1.4 Phosphorylation cascades at cell cycle checkpoints. Diagram showing how DNA damage is
sensed at each checkpoint and the signalling pathways that lead to the DNA damage repair response.
Apical kinases, ATM and ATR, will be activated by DNA lesions which subsequently phosphorylate
downstream targets, leading to arrest at checkpoints in the cell cycle. Although there has been some
discussion of interplay between these kinases, classically ATM phosphorylates Chk2 and ATR
phosphorylates Chk1 upon DNA damage. At the G1/S transition, these activated checkpoint kinases
(Chk1 and Chk2) phosphorylate and inhibit phosphatase CDC25A, therefore the inhibitory phosphate is
not removed from CDK4/6 and the Cyclin D-CDK4/6 complex cannot form. This causes arrest at the G1/S
transition. This cascade is similar to the arrest at the intra-S phase checkpoint, however it is the Cyclin
E/A-CDK2 complex that cannot form and allow for S-phase progression. Finally, Chk1/2 can also
phosphorylate and activate Weel, which results in phosphorylation of CDK1 by Weel, and the Cyclin B-
CDK1 complex cannot form leading to G2/M arrest. Furthermore, tumour suppressor protein p53
becomes activated when there is DNA damage present. This results in upregulation of p21 expression, a
CDK inhibitor, which further helps to arrest cells at checkpoints before DNA damage is repaired.
Unrepaired damage will lead to mutations and, if these are in proteins involved in these signalling

cascades, uncontrolled cell division will result in tumorigenesis. Figure made using BioRender.com.

1.1.2.1 G1/S transition

The G1/S checkpoint, also known as the Restriction Point (RP), is the first checkpoint of the

eukaryotic cell cycle (Figure 1.4). This checkpoint is responsible for a cell to become



committed to cell division once it has progressed past this point and into S phase (Norbury
and Nurse, 1992; Skotheim et al., 2008). If the cell is well prepared for growth, G1/S
transcriptional activation occurs in order to begin replication of G1/S genes and promote S
phase entry (Bertoli et al., 2013b). G1/S transcriptional activation peaks at the G1/S
transition and a positive feedback loop, heavily regulated by CDKs, ensures that gene
expression continues to rise and is fully activated in S phase. The main function of the cyclin-
CDK complexes is to phosphorylate pocket proteins, such as Retinoblastoma (RB), that
usually bind to E2F family members to inhibit the expression of E2F-regulated genes
(Hatakeyama and Weinberg, 1995; Helin, 1998; Helin et al., 1993). The transcriptional
repressors RB, p107 and p130 are usually bound to E2F transcription factors, however once
phosphorylated by Cyclin D-CDK4/6 complexes, the conformation of the protein changes
and transcription of G1/S target genes is no longer inhibited (Bertoli et al., 2013b). This
emphasises the importance of CDK-dependent phosphorylation for the regulation of the cell
cycle. Additionally, the ATR-Chk1 DDR pathway at G1/S ensures phosphorylation of key
effector proteins, such as p53, to stall G1/S progression (Tibbetts et al., 1999). This
demonstrates the crucial involvement of ATR/Chk1 for promoting genome integrity at the
G1/S transition before the cell is committed to the cell cycle. The ATM-Chk2 pathway
responds to DNA damage accumulation to ensure that cells do not enter the cell cycle. For
example, and upon ionising radiation-induced DNA damage, ATM phosphorylates Chk2
which in turn phosphorylates Cdc25A to target the protein for degradation (Figure 1.4). The
activation of ATM also leads to phosphorylation of p53 and Mdm2 which causes G1/S arrest

(Maya et al., 2001; Zhang and Xiong, 2001).

A common mutated gene that regulates the G1/S transition checkpoint is TP53, encoding

the tumour suppressor protein, p53. p53 is known as the “guardian of the genome” due to
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its key regulation at the G1/S transition, performing as a DNA damage sensor (Lane, 1992).
First detected in complexes with SV40 T-antigen, p53 was initially classified as an
“immortalising oncogene” as it could work with the oncoprotein Ras to transform primary
rat embryo fibroblasts (Lane and Crawford, 1979; Linzer and Levine, 1979; Olivier et al.,
2002; Oren and Levine, 1983). Co-expression of mutant p53, resulting in loss of p53, and H-
Ras®'?V has displayed synergistic effects that leads to upregulation of downstream target
genes of Ras, causing aggressive transformation of phenotypes (Buganim et al., 2010;
Parada et al., 1984). It was discovered that p53 functions at the G1/S checkpoint to cause
cell cycle arrest when DNA damage is detected, behaving as a protector for the cells against
genotoxic damage (Kastan et al., 1991). p53 will become activated via posttranslational
modifications (PTMs) as a result of intrinsic and/or extrinsic stress signals, resulting in
cellular senescence, apoptosis or cell cycle arrest, depending on the severity of the signal
(Jin and Levine, 2001). A specific function of the p53 pathway is expression and activation of
proteins to repair DNA damage, therefore if p53 is mutated or null in cells, DNA damage can
remain unchecked and will lead to cancer development (Harris and Levine, 2005).
Furthermore, this transcription factor upregulates expression of genes that induce apoptosis
and oppose proliferation in response to cellular stress, oncogene activation and genotoxic
damage induced by drugs, irradiation, or hypoxia. Thus, p53 is key for regulating cellular
growth and, if it becomes dysfunctional, a key cell cycle checkpoint will be lost, and cancer is

more likely to develop.

These pathways are crucial to the G1/S transition to maintain genome stability, hence in
many cancers these proteins, especially p53, will be mutated to allow tumour growth

(Levine, 1997; Petitjean et al., 2007). This leads to such cancer cells becoming heavily reliant



on the G2/M checkpoint to repair DNA damage so that their genome does not become so

unstable that viable daughter cells cannot be produced.

1.1.2.2 Intra S-phase checkpoint

The G1/S transition is crucial to detect DNA damage before the cell commits to the cell cycle
however, S phase is when the most DNA damage will occur. This makes the intra-S phase
checkpoint crucial to maintenance of genomic stability. The ATR-Chk1 pathway plays an
important role in response to replication stress in S phase. On activation, Chk1 inhibits E2F6,
a E2F repressor, by phosphorylating it and releasing it from promoter regions to allow
reactivation of the G1/S transcriptional programme to respond to the replication stress
(Bertoli et al., 2013a). Furthermore, ATR negatively regulates origin firing, which it performs
in both damaged and unperturbed S phase cells (Saldivar et al., 2017). ATR, however, can be
activated by multiple different types of DNA lesions which suggests that there is a common
intermediate involved in the response to these abnormalities. This has been suggested as
the replication protein A (RPA)-single-stranded DNA (ssDNA) complex (Paulsen and
Cimprich, 2007). RPA is recruited to protect single stranded DNA (ssDNA) when a lesion
causes a stalled replication fork and causes the unwinding of DNA. This binding protein
covers the ssDNA to produce a protective coating, and this subsequently recruits ATR-
interacting protein (ATRIP) and ATR (Zou and Elledge, 2003). Because RPA-coated ssDNA is
produced as a normal intermediate during replication, the intra-S phase checkpoint is
activated during every S phase and monitors fork progression and origin firing. However, the
amount of Chk1 activation differs dependent on if the cell is unperturbed or a checkpoint

response is required due to the presence of DNA damage (lyer and Rhind, 2017). Therefore,



the greater the amount of ssDNA present in a perturbed fork, the more Chk1 activation and
a stronger checkpoint response is required (Byun et al., 2005). This highlights the
importance of ATR and Chk1 for preventing aberrant DNA replication and in supressing

potential tumour development.

ATM is less important than ATR for the intra-S phase checkpoint, but provides a fast
response that involves phosphorylation of Nbs1 and Chk2 after DNA damage (Zhou et al.,
2002). Here, ATM activates Chk2 which subsequently phosphorylates Cdc25A to target it for
degradation and to stop activation of Cdk2, which subsequently causes arrest at the intra-S
checkpoint (Falck et al., 2002). It has been shown that defects within the ATM-Chk2-Cdc25A
or ATM-Nbs1-Mrell pathways cause the S-phase checkpoint to become dysfunctional,
therefore showing the importance of ATM in DNA damage repair at this checkpoint (Falck et
al., 2002). For the purposes of this thesis, the regulatory mechanisms of the S phase
checkpoint, such as the maintenance of transcription of G1/S phase genes, will not be
discussed in detail however, more comprehensive reviews on this topic are available (Ciardo

et al., 2019; Errico and Costanzo, 2012; lyer and Rhind, 2017).

1.1.2.3 G2/M checkpoint

The G2/M checkpoint has an important function in maintaining genome stability as it utilises
the DNA damage response to ensure that daughter cells are not produced with mutations
present. The key regulator of the G2/M checkpoint is CDK1 (Cdc2 in fission yeast). When
CDK1 successfully interacts with its binding partner, cyclin B, this creates the maturation
promoting factor (MPF) which is the main complex that drives cells into mitosis (Figures 1.1

and 1.4) (King et al., 1994). For the cell to arrest at the G2/M checkpoint, inhibition of MPF
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is crucial. Similar to the other checkpoints, ATR and ATM are key apical kinases that begin
the phosphorylation cascade to halt cell cycle progression, therefore defects in these
enzymes will significantly affect the DDR as well as apoptosis and cell cycle arrest (Ngoi et
al., 2021; Shiloh, 2003). When DNA damage is present at the G2/M checkpoint, ATR is
activated to phosphorylate Chk1, which subsequently promotes the Cdk1 inhibitory kinase,
Weel, and inhibits the phosphatase, Cdc25c (Figure 1.4) (Parker and Piwnicaworms, 1992).
Consequently, inhibitory phosphorylation of tyrosine-15 (Y15) of CDK1 by Wee1l occurs, thus
rendering the CDK unable to bind to cyclin B and drive cell cycle progression (Nurse, 1975;
Russell and Nurse, 1987). This ultimately leads to arrest at the G2/M checkpoint to allow
time for DNA damage repair to occur. The G2/M checkpoint represents the last opportunity
to ensure that all DNA damage is repaired, however if this signalling pathway becomes

defective, this can lead to the introduction of mutations but also mitotic catastrophe.

Collectively, this demonstrates the importance of the key regulatory proteins of the cell
cycle checkpoints, such as ATR/ATM, Weel and Chk1, in normal physiology. However, these
enzymes also show great potential as therapeutic targets through which inducing mitotic
progression in cancer cells that have DNA damage present can stimulate cell death via

mitotic catastrophe (Chen et al., 2012; Toledo et al., 2017; Visconti et al., 2016).
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1.2 Genome instability and carcinogenesis

The importance of a heavily regulated cell cycle, discussed in section 1.1, is crucial for the
successful repair of DNA damage and for the maintenance of genomic stability. Successive
alterations of the genome can result in advantageous mutations that allow for cells to grow
in the absence of mitogens. This makes genome instability and mutation a key hallmark of
cancer (Hanahan and Weinberg, 2011). The hallmarks of cancer are continuously being
updated and there are currently 14 hallmarks of cancer that encompass a wide array of
characteristics of cancer ranging from inflammatory responses to resistance of cell death
(Figure 1.5) (Hanahan, 2022). Targeting of these hallmarks of cancer to increase cancer cell

death is continuously a well-researched field (Hanahan and Weinberg, 2011).
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Figure 1.5 The fourteen hallmarks of cancer. In 2000, it was proposed that there were six acquired capabilities
of cancer; sustaining proliferative signalling, evading growth suppressors, activating invasion and metastasis,
resisting cell death, inducing or accessing vasculature and enabling replicative immortality. In 2011, two more
emerging hallmarks, deregulating cellular metabolism and avoiding immune destruction, and an additional two
enabling characteristics, tumor-promoting inflammation and genome instability and mutation, were
suggested. These can be seen in the left-hand figure. On the right, in the most recent review in 2022, four
additional proposed emerging hallmarks and enabling characteristics are senescent cells, polymorphic
microbiomes, unlocking phenotypic plasticity and nonmutational epigenetic reprogramming. Figure taken

from Hanahan (2022).
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1.2.1 Types of DNA damage

DNA is highly receptive to modifications by exogenous and endogenous factors, therefore

types of damage can be broadly characterised into these two main categories (Chatterjee

and Walker, 2017). Exogenous DNA damage occurs due to physical, chemical or

environmental agents, such as ionizing radiation and carcinogens in tobacco smoke,

whereas endogenous DNA damage is produced as a result of the reactive DNA interacting

with its surroundings, such as with water and reactive oxygen species (ROS) (Figure 1.6).
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Figure 1.6 Types of DNA damage. lonizing radiation and chemotherapeutics induce SSBs, DSBs and interstrand

crosslinks. Free radicals mainly induce SSBs and bulky DNA adducts/intrastrand crosslinks form as a result of

damage by UV radiation. Replication stress often causes base mismatches. Figure taken from (Shadfar et al.,

2023).

For example, ionizing radiation (IR), an exogenous agent, can damage DNA directly or

indirectly by producing highly reactive hydroxyl radicals as a result of radiolysis of water
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(Desouky et al., 2015), hence why it can form different types of DNA damage. Approximately
65% of radiation-induced DNA damage is base lesions as a result of hydroxyl radicals and the
most common lesions are 8-oxo-guanine, thymine glycol and formamidopyrimidines
(Vignard et al., 2013). Although ionizing radiation causes DNA damage which can enhance
tumorigenesis, IR is often used to treat cancers to decrease the stability of the genome and
lead to cancer cell death. Cisplatin, a platinum-based chemotherapeutic, is another agent
that inflicts DNA damage and is used as a treatment for cancers. Cisplatin binds to the N7
reactive centre on purine residues causing intrastand crosslinks between cisplatin and DNA.
This leads to blocking of DNA replication and cell division, often resulting to cell death
(Dasari and Tchounwou, 2014). In some cases, a single type of agent can induce multiple
types of DNA damage, therefore established repair pathways that repair specific DNA

damage lesions are crucial to maintain genome stability.

1.2.2 DNA damage repair pathways

1.2.2.1 Base excision repair (BER)

One of the major DNA damage repair pathways is base excision repair (BER). Established by
Tomas Lindahl, BER is initiated by a specific DNA glycosylase for the type of DNA damage
present, for example OGG1 is the DNA glycosylase that repairs 8-oxo-guanine lesions
(Jacobs and Schar, 2012; Lindahl, 1974). Once a DNA glycosylase has excised the damage

and formed an abasic (AP) site, there are a number of routes that BER can take (Figure 1.7).
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Figure 1.7 Repair of DNA damage by base excision repair (BER) pathways. The first step in base excision repair (BER) is
generation of an abasic (AP) site by a damage-specific glycosylase. Subsequently, damage can be repaired via alternative
pathways dependent on the catalytic action of the initiating glycosylase. Incision of the DNA backbone at the AP site by
APE1 leads to a nick with a 5’-deoxyribosephosphate and a 3’-hydroxyl in the “classical” BER pathway. In the long patch
pathway, Pol B inserts a single nucleotide and Pol §/¢ is further recruited to extend this chain before FEN1 catalyses the
removal of the flap to produce a ligatable DNA junction. Whereas, short patch BER recruits a dRP lyase after the addition
of the single nucleotide by Pol B, to remove the deoxyribose phosphate and allow for ligation by XRCC-Lig3 to occur. The
righthand-route produces a 3’-phosphate via cleavage of the backbone by NEIL1/NEIL2 and is heavily dependent on the
phosphatase activity of PNK. Glycosylases, OGG1 and NTH1, have weaker AP lyase activity and often BER initiated by these

glycosylases proceeds via the “classical” mechanism.

The correction of deamination, alkylation, abasic single base and oxidative damage by BER is

important to prevent the occurrence of mutations and the potential for tumorigenesis.
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1.2.2.2 Nucleotide excision repair (NER)

Bulky DNA lesions caused by UV irradiation and other environmental mutagens are mainly
repaired by Nucleotide excision repair (NER). Discovered in the 1960s by Howard-Flanders
and Boyce at Yale University and Setlow and Swenson and Carrier at Oak Ridge National
Laboratory, NER was identified when E. coli were found to remove fragments of DNA with
UV-radiation induced lesions from their genome (Boyce and Howard-Flanders, 1964; Setlow
and Carrier, 1964). Broadly, NER is carried out by over 30 proteins and encompasses four

steps: recognition, excision, resynthesis and ligation (Figure 1.8) (Fu et al., 2023).

17



Transcription-coupled Global Genome-MER
Recognition MER

Excision

Resynthesis @
and ligation @
R o
@ Excision product

(22 - 32 nt)

T

Figure 1.8 Repair of DNA damage by nucleotide excision repair (NER) pathways. Bulky DNA adducts are
most commonly repaired by NER. Upon detection, there are two main routes that the lesion can be
repaired by either transcription-coupled NER (TC-NER) or global genome-NER (GG-NER). In TC-NER, RNA
polymerases will be halted, resulting in recruitment of CSB and CSA, whereas in GG-NER, the lesion is
detected by UV-DDB and XPC. Once recognition has occurred, the TFIIH complex and XPA are recruited to
the lesion, as well as endonucleases XPF and XPG and ssDNA binding protein, RPA. This marks the
completion of the preincision complex. Dual incision can then be performed to excise the damaged DNA
and DNA gap-filling synthesis and ligation by DNA ligase 1 (or XRCC1), DNA ligase 3, PCNA, Polg and Polb

can be carried out. Figure made using Biorender.com and adapted from (Lee and Kang. 2019).

Bulky DNA lesions, such as cyclobutane pyrimidine dimers (CPD) caused by UV or intrastrand
crosslinks inflicted by cisplatin, are excised through a “cut-and-patch” mechanism by NER.
This begins by either TC-NER, whereby DNA lesions in transcribed strands are repaired

during active transcription to ensure the activity of RNA polymerase Il is not blocked, or GG-
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NER, whereby repair can take place throughout the genome, however with the caveat of
varying repair efficiency (Fousteri and Mullenders, 2008). In TC-NER, after recognition of the
helix-distorting lesion by the stalled RNA polymerases, CSB is recruited to the site, which
subsequently recruits CSA (Figure 1.8). Whereas in GG-NER, UV-damaged DNA-binding
protein complex (UV-DDB) initially recognises the damaged DNA and recruits XPC to the site
(Kusakabe et al., 2019). Subsequently after recognition has occurred, the TFIIH complex
(consisting of 10 subunits, such as XPB and XPD) directly interacts with XPC and orchestrates
unwinding of the DNA helix. Finally, XPA, RPA, XPG and XPF are recruited to complete the
preincision complex, XPF and XPG endonucleases perform a dual incision generating a 3’-
hydroxyl and 5’-phosphate, respectively (Scharer, 2013). Finally, once the 22-32 nucleotide-
long oligomer containing the lesion is excised, DNA gap-filling synthesis and ligation is
facilitated by DNA ligase 1 (or XRCC1), DNA ligase 3, PCNA, Pole and Pol6é (Lee and Kang,

2019).

1.2.2.3 Interstrand crosslink repair (ICL) and the Fanconi anemia (FA) pathway

DNA interstrand cross-links (ICLs) are highly cytotoxic and often occurs as a result of IR or
chemotherapeutics, such as cisplatin, therefore overexpression of ICL repair proteins in
cancers is commonly associated with chemotherapy resistance (Semlow and Walter, 2021).
Repair of ICLs is a very complex molecular mechanism as this type of lesion affects both DNA
strands. In quiescent GO/G1 phase cells, the first and second incisions to excise the ICL is
carried out by NER (Figure 1.8; section 1.2.2.2) (Hashimoto et al., 2016). The ssDNA gap
generated by the first incision via NER is bypassed by translesion synthesis (TLS)
polymerases, particularly DNA polymerases { and k and REV1 (Sarkar et al., 2006). After TLS,

the second round incision by NER is performed, excising the ICL and the remaining ssDNA

19



gap is repaired by Pol & and PCNA (Hashimoto et al., 2016). Repair of ICLs in S-phase cells,

also known as replication-coupled ICL repair, is now more commonly recognised as the

Fanconi anaemia (FA) pathway (Figure 1.9) (Kottemann and Smogorzewska, 2013).
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Figure 1.9 The Fanconi anemia (FA) pathway. (A) An ICL is when the two DNA strands become covalently

bonded to each other and this is detected with the convergence of two replication forks at the lesion site. (B)

The X shaped DNA structure is recognised by FANCM/FAAP24 and this protein subsequently recruits other

proteins involved in the FA core complex and FAAPs. The FA pathway is activated upon monoubiquitination of

the ID2 complex, leading to recruitment of FAN1 and structure specific nucleases to (C) incise and unhook the

ICL. (D) TLS and NER will repair at the site of the unhooked ICL and DSB repair pathways will repair DSB

intermediates. Figure taken from (Liu et al., 2020).
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ICLs halt fork progression as replication forks cannot separate covalently cross-linked DNA
strands (Niraj et al., 2019). Fork convergence initiates the ubiquitination of the CMG
complex by TRAIP, an E3 ubiquitin ligase, and this leads to unloading of the CMG helicase
(Liu et al., 2020). The anchoring complex, comprised of FANCM and some Fanconi anemia
core complex associated proteins (FAAPs), are crucial for the detection and activation of the
FA pathway by monoubiquitination of the ID2 complex (FANCI and FANCD2). The
monoubiquitination of the ID2 complex is orchestrated via proteins in the FA core complex,
FANCT, the E2-conjugating enzyme, and FANCL, the E3-ubiquitin ligase (Rickman et al.,
2015). Repair proteins, such as TLS polymerases and structure-specific nucleases, can dock
to ID2-Ub to allow for nucleolytic cleavage and incision of the ICL, known as unhooking
(Figure 1.9). FANCQ (XPF/ERCC1), MUS81/EME1 and FANC1 have been shown to be crucial
for this unhooking mechanism (Liu et al., 2020). Subsequently, TLS polymerases are
recruited to the gap where the ICL has been unhooked and these bypass the damage. The
final DSBs are then repaired via various DSB break repair pathways, more frequently by HR

or NHEJ when FA pathway-mediated ICL repair has occurred.

1.2.2.4 Double strand break (DSB) repair pathways

Dependent on the type of DNA damage, different pathways exist that repair the various
lesion types and ensure the maintenance of genome stability. DNA double strand breaks
(DSBs) are the most cytotoxic DNA lesions, which are repaired in a cell cycle-dependent
manner by non-homologous end joining (NHEJ) or homologous recombination (HR) (Figure

1.10).
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recombination (HR) and classical Non-homologous end joining (NHEJ) pathways to repair DSBs. MRE11-RAD50-
NBS1 (MRN)-CtIP complex and Exol endonuclease (green pacman) resects DNA and recruits RPA (light blue circles),
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then ligated to form two copies of DNA. NHEJ is a more error prone pathway where Ku70/80 binds to DSBs and
recruits Artemis, DNA-PKcs and XRCC4/LIGIV/XLF to ligate DNA ends. Figures created using BioRender.com.
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There is much interplay and crossover of proteins involved in these repair pathways,
although as previously mentioned ATM and ATR are the main transducers in the DDR
signalling pathways (Maréchal and Zou, 2013). On DSB formation, either ATM or ATR
phosphorylates the histone H2A variant H2AX on serine 139 to form yH2AX, which binds to
and induces a DNA damage signalling response on chromatin (Burma et al., 2001; Ward and
Chen, 2001). The MRE11, RAD50 and NBS1 (MRN) complex activates ATM to form active
monomers via auto-phosphorylation (Bakkenist and Kastan, 2003; Gately et al., 1998; Uziel
et al., 2003). Whilst ATM phosphorylates and activates its effector protein, Chk2, ATM also
activates the nuclease CtIP (CtBP (carboxy-terminal binding protein) interacting protein)
which, in combination with Chk2 and MRE11, facilitates end resection in HR (Gusho and

Laimins, 2021).

Although ATM is very specific to DSBs, ATR has a broader range of DNA lesions that can
activate the enzyme. ssDNA is produced by DSB end-processing or stalled replication forks,
therefore agents that produce these, such as platinum-based compounds and UV light, will
recruit ATR (Swift and Golsteyn, 2014). RPA-ssDNA recruits the ATR-ATRIP complex to
initiate a DDR response by phosphorylating its effector protein, Chk1. Without the
recruitment of ATR, repair of ssDNA would not occur and this highlights ATR’s important
function in the protection against replication stress, as well as other key processes, such as
coordinating substrates involved with fork progression and origin firing, that contribute to
genome stability (Maréchal and Zou, 2013). Chk1 and Chk2 are serine/threonine kinases
that functionally overlap even though they do not possess similar structures (Bartek et al.,
2001). Both kinases are involved in the phosphorylation cascade at checkpoints downstream
from ATR and ATM which phosphorylate Chkl and Chk2, respectively. However, crosstalk

between the pathways has been shown as Chkl can be activated by ATM in response to
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ionising radiation and ATM-independent Chk2 activation has been observed (Bartek and

Lukas, 2003).

1.3 The effect of targeting the DDR via inhibition as a treatment of

various cancer types

Many small molecule inhibitors (SMls) have been developed to target ATM, ATR, Chk1, Chk2
and Weel that control cell cycle progression and the cellular DDR, and which have moved
forward into clinical trials (summarised in Table 1.1). This section will additionally highlight
some of the key findings related to the SMls, and the most recent preclinical evidence

demonstrating the importance of targeting these kinases in cancer treatment.

Table 1.1 Current DDR protein inhibitors in clinical trials. Trials are grouped by target protein and the EC50
value of the SMs is displayed when available. Details of if the clinical trials are actively recruiting and what

phase they are in has been noted.

Target Inhibitor EC50 ClinicalTrials.gov Identifier Tumour type
(Stage and phase)
ATM KU-60019 6.3 nM NCT03571438 (Recruiting — Kidney
(improved (Golding et | Phase N/A)
analogue of al., 2009)
KU-55933)
M4076 600 + 40 NCT04882917 (Completed — Advanced solid tumours
nM Phase I)
(Stakyte et
al., 2021)
XRD-0394 UNKNOWN | NCT05002140 (Not yet Metastatic, locally advanced, or
(also DNA- recruiting — Phase 1) recurrent solid tumours
PKi)
AZD1390 0.78 nM NCT03423628 (Recruiting — Glioblastoma
(Durantet | Phasel) N/A (Healthy volunteers)
al., 2018) NCT03215381 (Completed — Glioblastoma
Phase 1) Adult soft tissue sarcoma
NCT05182905 (Recruiting — NSCLC
Early Phase |) Metastatic solid tumour cancer
NCT05116254 (Recruiting —
Phase 1)

24



ATR

AZD0156

WSD0628

ARTO380

Ceralasertib
(AZD6738)

0.58 nM
(Pike et al.,
2018)

0.42 nM
(Tuma et
al., 2022)
UNKNOWN
(Artios,
2022)

1nM
(Vendetti
etal.,
2015)

NCT04550104 (Recruiting —
Phase I)
NCT05678010 (Recruiting —
Phase I)
NCT02588105 (Completed —
Phase I)

NCT05917145 (Not yet
recruiting — Phase 0/1)

NCT04657068 (Recruiting —
Phase 1)

NCT05798611 (Recruiting —
Phase 1)

NCT03682289 (Recruiting —
Phase Il)

NCT03330847 (Active, not
recruiting — Phase 1)
NCT02630199 (Completed -
Phase 1)

NCT02576444 (Active, not
recruiting — Phase 1)
NCT02264678 (Recruiting —
Phase I/11)

NCT04704661 (Recruiting —
Phase 1)

NCT05514132 (Recruiting —
Phase 1)

NCT05469919 (Recruiting —
Phase 1)

NCT05450692 (Recruiting —
Phase )

NCT05061134 (Recruiting —
Phase Il)

NCT04417062 (Recruiting —
Phase Il)

NCT04699838 (Recruiting —
Phase Il)

NCT03801369 (Recruiting —
Phase Il)

NCT03878095 (Recruiting —
Phase 1)

NCT03328273 (Active, not
recruiting — Phase 1)
NCT04564027 (Recruiting —
Phase 1)

NCT04090567 (Recruiting —
Phase 1)

NCT03022409 (Completed —
Phase 1)
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Locally advanced/metastatic
cancer

Glioblastoma

Advanced/metastatic solid
tumours

Renal/Pancreatic/Urothelia
Metastatic TNBC

Refractory cancer

Solid tumours
Advanced solid malignancies
Solid tumours
Advanced solid tumours
Advanced solid malignancies
Advanced/metastatic NSCLC
Melanoma

Osteosarcoma
Extensive small cell lung cancer
Metastatic TNBC

Refractory malignant solid
neoplasm

CLL

Advanced solid tumours
BRCA mutated breast cancer
HNSCC
Ovarian/Peritoneal/Fallopian
tube

Prostate

NSCLC

NSCLC
Platinum (Pt) refractory
extensive stage small cell lung
cancer

Myelodysplatic Syndrome or
Chronic Myelomonocytic
Leukaemia

Biliary tract



Gartisertib
(M4344, VX-
803)

Elimusertib
(BAY1895344)

M1774

<150 pM
(Ki) (Zenke
etal.,
2019)

78 nM
(Mei et al.,
2019)

UNKNOWN
(Yap etal.,
2021)

NCT03579316 (Recruiting —
Phase 1)

NCT03787680 (Active, not
recruiting — Phase Il)
NCT03334617 (Recruiting —
Phase 1)

NCT03833440 (Recruiting —
Phase Il)

NCT02937818 (Active, not
recruiting — Phase 1)
NCT03770429 (Recruiting —
Phase Ib)

NCT0429008 (Recruiting —
Phase Il)

NCT03428607 (Recruiting —
Phase Il)
NCT02223923 (Not yet
recruiting — Phase 1)
NCT04298021 (Recruiting —
Phase 1)

NCT03462342 (Recruiting —
Phase ?)

NCT02278250 (Completed —
Phase 1)

NCT03188965 (Active, not
recruiting — Phase 1)
NCT04491942 (Recruiting —
Phase 1)

NCT04535401 (Recruiting —
Phase 1)

NCT04514497 (Recruiting —
Phase 1)

NCT04095273 (Active, not
recruiting — Phase 1)
NCT05071209 (Recruiting —
Phase I/Il)

NCT04267939 (Recruiting —
Phase 1)

NCT04576091 (Recruiting —
Phase 1)

NCT04616534 (Recruiting —
Phase 1)

NCT05396833 (Recruiting —
Phase 1)

NCT04170153 (Recruiting —
Phase 1)
NCT05882734 (Not yet
recruiting — Phase Ib/lla)
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Advanced solid tumours

Advanced solid
tumours/Lymphomas

Advanced solid tumours
(urothelial)
Stomach/Intestines
Solid tumours
Advanced solid tumours

Relapsed or refractory solid
tumours

Advanced solid tumours
(ovarian)

Recurrent HNSCC
Advanced solid tumours
(pancreatic/ovarian)

Advanced unresectable solid
tumours

NSCLC

Advanced breast cancers
SPOP-mutant prostate cancer
Ovarian and endometrial cancer
Merkel cell skin cancer



Berzosertib
(M6620, VX-
970, VE-822)

Camonsertib
(RP-3500)

19 nM
(Fokas et
al., 2012)

1nM
(Roulston

NCT05986071 (Not yet
recruiting — Phase I/11)
NCT05828082 (Recruiting —
Phase 1)

NCT05691491 (Recruiting —
Phase I/11)

NCT05950464 (Recruiting —
Phase Ib)
NCT05947500 (Not yet
recruiting — Phase 1)
NCT02487095 (Active, not
recruiting — Phase 1/11)
NCT03309150 (Active, not
recruiting — Phase 1)
NCT05246111 (Recruiting —
Phase 1)

NCT04216316 (Recruiting —
Phase I/11)

NCT04768296 (Active, not
recruiting — Phase Il)
NCT04802174 (Recruiting —
Phase I/11)

NCT04052555 (Recruiting —
Phase 1)

NCT04826341 (Recruiting —
Phase I/11)

NCT02567422 (Active, not
recruiting — Phase 1)
NCT04807816 (Recruiting —
Phase Il)

NCT02567409 (Active, not
recruiting — Phase 1)
NCT02589522 (Active, not
recruiting — Phase 1)
NCT03517969 (Active, not
recruiting — Phase 1)
NCT03641313 (Recruiting —
Phase 1)

NCT02627443 (Active, not
recruiting — Phase 1)
NCT02595931 (Recruiting —
Phase 1)

NCT04266912 (Recruiting —
Phase I/11)

NCT02723864 (Completed —
Phase 1)

NCT02595892 (Active, not
recruiting — Phase 1)
NCT05405309 (Recruiting —
Phase I/11)
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Small cell lung cancer
Advanced solid tumours

Solid tumours
Advanced NSCLC

Relapsed Pt-resistant SCLC

SCLC & high-grade
neuroendocrine

Breast cancer
Advanced solid tumours
(SCLC/HRD cancer)
HNSCC

Adult leiomyosarcoma
Metastatic urothelial cancer

NSCLC/SCLC/neuroendocrine
tumours

Metastatic castration-resistant
prostate cancer

TP53 mutant gastric cancer
Recurrent and metastatic solid
tumours

Solid tumours

DDR deficient Solid tumours

Refractory solid tumours
Ovarian/Peritoneal/Fallopian
tube

CLL
Advanced solid tumours
Advanced solid tumours



Chk1/2 @ PHI-101

Prexasertib
(LY2606368,
ACR-368)

SRA737
(CCT245737)

LY2880070

etal.,
2022)

UNKNOWN
(Han et al.,
2021)

<1nM
(Chk1), 8
nM (Chk2)
(King et al.,
2015)

1.4 nM
(Walton et
al., 2016)

UNKNOWN

NCT04972110 (Recruiting —
Phase I/11)

NCT04855656 (Recruiting —
Phase I)

NCT04497116 (Recruiting —
Phase 1)

NCT04678102 (Recruiting —
Phase I)

NCT04842370 (Recruiting —
Phase 1)

NCT02873975 (Completed —
Phase Il)

NCT02514603 (Completed —
Phase 1)

NCT04032080 (Active, not
recruiting — Phase 1)
NCT02808650 (Completed —
Phase 1)

NCT02778126 (Completed —
Phase 1)

NCT03414047 (Completed —
Phase I1)

NCT04095221 (Active, not
recruiting — Phase I/11)
NCT02735980 (Completed —
Phase 1)

NCT02860780 (Completed —
Phase 1)

NCT03057145 (Completed —
Phase 1)

NCT02555644 (Completed —
Phase 1)

NCT03495323 (Completed —
Phase 1)

NCT02649764 (Completed —
Phase 1)

NCT04023669 (Active, not
recruiting — Phase 1)
NCT01115790 (Completed —
Phase 1)

NCT02124148 (Completed —
Phase 1)

NCT05548296 (Recruiting —
Phase I/11)

NCT02797964 (Completed —
Phase I/11)

NCT02797977 (Completed —
Phase I/11)

NCT05275426 (Recruiting —
Phase 1)
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Pt-resistant Ovarian/Fallopian
tube/Peritoneal
Refractory AML

Advanced solid tumours
Advanced solid tumours
Metastatic TNBC

Refractory solid tumours
Advanced solid tumours
Ovarian
Desmoplastic small round cell
tumour & Rhabdomyosarcoma
SCLC

Colorectal & NSCLC

Ovarian & Fallopian tube
HNSCC
Advanced solid tumours
AML & Myelodysplastic
Refractory medulloblastoma

Advanced solid tumours
Advanced cancer

Pt-resistant ovarian/Endometrial
adenocarcinoma/Urothelial

Advanced solid tumours/Non-
Hodgkin’s Lymphoma (NHL)
Advanced solid tumours

Ewing sarcoma/Ewing-like
sarcoma



Weel | Adavosertib 5.2nM
(Hirai et
al., 2009)

Zn-c3 3.9nM
(Huang et
al., 2021)

1.3.1 ATM

NCT03330847 (Active, not Metastatic TNBC
recruiting — Phase Il)

NCT02576444 (Active, not Solid tumours

recruiting — Phase Il)

NCT03579316 (Recruiting — Ovarian/Peritoneal/Fallopian
Phase 1) tube

NCT02937818 (Active, not Pt refractory extensive-stage
recruiting — Phase 1) SCLC

(61 studies total)

NCT05198804 (Recruiting — Pt-resistant

Phase I/11) Ovarian/Peritoneal/Fallopian
NCT04814108 (Recruiting — tube

Phase Il) Uterine serous carcinoma
NCT05368506 (Not yet Metastatic TNBC/Ovarian
recruiting — Early Phase |) Malignant tumours
NCT05128825 (Recruiting — Solid tumours

Phase 1) Osteosarcoma
NCT04158336 (Recruiting — Pt-resistant Ovarian

Phase 1) Solid tumours

NCT04833582 (Recruiting — Solid tumours

Phase I/11) Acute myeloid leukaemia
NCT04516447 (Recruiting —

Phase 1)

NCT04972422 (Recruiting —

Phase 1)

NCT05431582 (Not yet
recruiting — Phase 1)
NCT05682170 (Recruiting —
Phase I/Il)

Given ATM has a major role in mediating cell cycle checkpoints and its apical position in DDR

pathways, this makes it an ideal drug target (Bensimon et al., 2011; Golding et al., 2004;

Tang et al., 2020). Studies have shown that ATM inhibition greatly sensitizes cells to

genotoxic agents that cause DSBs, such as ionising radiation and topoisomerase inhibitors

(Garcia et al., 2022; Hickson et al., 2004). Hickson et al (2004) reported the first selective

ATM inhibitor (ATMi), KU-55933, demonstrating that it was able to suppress ionising

radiation-dependent p53 phosphorylation and radiosensitize U20S and Hela cancer cell
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lines. Unfortunately, while KU-55933 and subsequent early compounds KU-59403 and KU-
60019 showed high selectivity towards ATM compared to the closely related kinases mTOR,
ATR, PI3K and DNA-PK, they also exhibited low oral bioavailability, low aqueous solubility
and moderate cellular potency. Therefore, translating these compounds from bench to clinic
has proved not feasible (Batey et al., 2013; Hickson et al., 2018; Hickson et al., 2004). These
early ATMi’s have been superseded by a more selective and potent compound, AZD0156
(Pike et al., 2018). AZD0156 has been shown to have excellent general kinome selectivity, a
sub-nanomolar cell EC50 (0.57 nM) and to potentiate the effects of chemotherapeutics such
as the PARP inhibitor, olaparib and the topoisomerase inhibitor irinotecan (Pike et al., 2018).
To directly compare the effect of AZD0156 on mTOR, PI3K, ATM and ATR, and thus their
EC50, the same cell line should have been used. Indeed, olaparib in combination with
AZDO0156 led to tumour regression in a colorectal cancer (SW620) xenograft model of nine
out of ten mice versus only four out of ten mice with olaparib as a monotherapy. AZD0156
has now moved forward into Phase | clinical trials in advanced solid tumours
(NCT02588105). AZD1390 is another promising inhibitor for ATM that has not only shown
radiosensitization of nine glioma cell lines, with p53-mutant cells being significantly more
sensitive, but it has also exhibited the ability to cross the blood brain barrier in cynomolgus
monkey brain PET imaging (Durant et al., 2018). The EC50 was determined in HT29, however

it was not in the other cell lines used in this study.

M3541 and M4076 are the first members of a new class of 1,3-dihydro-imidazo[4,5-
c]quinolin-2-one ATMi’s that reportedly show similar selectivity and potency over AZD1390
(Zimmermann et al., 2022) (Fuchss et al., 2018). M3451 was designed to be orally
administered and showed selectivity when a panel of 292 protein kinases were tested, as

only four additional kinases (CLK2, ARK5, FMS and FMSY?%°¢) were inhibited over 50% at 1
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UM (Fuchss et al., 2018). Treatment of A549 cells with M3541 caused inhibition of radiation-
dependent phosphorylation of ATM and its downstream targets, attenuation of DSB repair
and decreased clonogenic survival (Zimmermann et al., 2022). Additionally, the response of
79 cancer cell lines to M3541 alone and in combination with IR was performed, where it was
observed that synergistic effects were evident in all cell lines independent of p53-status and
tumour origin. This study also demonstrated excellent potentiation of radiotherapy in
mouse xenograft models. M3541 entered phase | clinical trials as a combination treatment
with radiotherapy for solid tumours (NCT03225105) however, its clinical development has
now been halted due to unfavourable pharmacokinetic properties indicative of poor
absorption at higher doses (Wagar et al., 2022). M4076 shows similar activity to M3541,
although it has been demonstrated to have an increased solubility and potency. Like M3541,
it is able to enhance radiotherapy sensitivity in both cellular and xenograft models of
advanced solid tumours. It is also able to induce synergistic effects when combined with
either topoisomerase or PARP inhibitors. M4076 is currently being investigated as a
monotherapy in a phase | clinical trial of patients with advanced solid tumours
(NCT04882917). Zimmerman et al., 2022 tested a large panel of cell lines to investigate cell
viability with the mono- and combination treatments, determined the EC50 value and
guantified the synergy of the compounds but immunofluorescence studies, immunoblotting
and colony formation assays only used A549 cells. Inhibitors can be variable across tumour
types and even in cell lines within the same tumour type so we are uncertain if the same

effect on the DSB repair pathway will be observed across other cell lines.

There is currently only one clinical trial investigating M4076 and future studies should focus
on this inhibitor as this may overcome the problems mentioned above with M3541. It will

also be interesting to compare M4076 with AZD1390 as they both show similar potency. The
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natural progression of using these inhibitors is to test their effectivity as a combination with
other genotoxic treatments, therefore once the pharmacokinetic properties have been
determined they should be tested with radiotherapy as a treatment plan. Radiotherapy and
small molecule inhibition are likely to show more tumour regression than either therapy

alone and can be more targeted to tumours, improving the quality of life of the patient.

1.3.2 ATR

The ATR/CHK1 pathway is essential for the survival of cells, therefore therapeutically
targeting this pathway particularly in combination with other therapies should be
advantageous to kill cancer cells by inhibiting the capacity to repair the DNA damage. The
first ATR inhibitor (ATRi) reported was caffeine, however it demonstrated a weak EC50 in
the mM range and lacked specificity for ATR as it inhibited multiple PIKKs (Sarkaria et al.,
1999). Developing specific ATR inhibitors has been difficult as there is a lack of structural
information known about the ATR kinase, although currently there are seven ATRi’s in

clinical trials (Table 1.1).

HPV-positive head and neck squamous cell carcinomas (HNSCC) have been demonstrated to
adapt to utilize the ATR pathway for viral DNA synthesis to ensure cell survival (Anacker et
al., 2016). The ATR inhibitor (ATRi), ceralasertib (AZD6738), was found to be unable to
inhibit colony growth of any of 21 HNSCC cell lines when administered alone, however it did
cause varying sensitization in combination with cisplatin through apoptosis-induced cell
death (Leonard et al., 2019). Consistent with these observations, co-treatment of
ceralasertib and cisplatin has been shown to result in growth inhibition in two patient

derived HNSCC xenograft models (Leonard et al., 2019). This study tested a wide range of
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cell lines, which include 4 HPV+ and 17 HPV-, however the colony formation assays were
only in HPV- cell lines. This paper did prove the aim and highlighted future work to
understand the required dosing and schedule of administration of the inhibitor as well as
looking into predictive biomarkers. Ceralasertib has also shown promise in triple negative
breast cancer (TNBC) cell lines (Jin et al., 2018). Synergy was observed when combining
ceralasertib with the Weel inhibitor, AZD1775, to cause a decrease in cell survival and
viability through increased apoptosis in MDA-MB-231 and Hs578t cell lines. Both these cell
lines are p53 mutant so when comparing the Cl values to MCF7 cells, which are p53-WT,
they did not show the same co-effect. This highlights the importance that p53 plays when
inhibiting these targets and should be considered when choosing cell lines to investigate
more closely. Ceralasertib has also demonstrated a synergistic effect with
radioimmunotherapy (radiotherapy and anti-PD-L1) in hepatocellular carcinoma mice
xenografts (Sheng et al., 2020). Across many studies similar trends are seen, whereby
Ceralasertib in combination with other inhibitors or genotoxic agents results in cell death,
increased unrepaired DNA damage and an uncontrolled cell cycle (Bradbury et al., 2020; Min

et al., 2017; Vendetti et al., 2015).

Whilst Ceralasertib was the second ATRi to enter clinical trials, the first was berzosertib (VX-
970, M6620). As a combination treatment with gemcitabine in advanced solid tumours,
berzosertib was shown to induce a partial response in one of four TNBC patients (Plummer
et al., 2016). Berzosertib as a combination treatment with radiotherapy in chemotherapy-
resistant TNBC tumours is currently being investigated in an ongoing clinical trial
(NCT04052555). In terms of preclinical evidence, berzosertib has been shown to increase
the radiosensitivity of TNBC cell lines (MDA-MB-231, HCC1806 and BT-549), but this effect

was not observed in a non-cancerous human breast epithelial cell line (MCF10A) (Tu et al.,
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2018). Furthermore, berzosertib-treated BT-549 cells showed persistent unrepaired DNA
damage and the drug appeared to abrogate the G2/M checkpoint in MDA-MB-231, BT-549
and HCC1806 cell lines. To further display the potential of berzosertib, it was demonstrated
that patient-derived xenograft models were radiosensitized by the ATRi irrespective of HR-
proficiency. Berzosertib has furthermore been shown to promote radiation-induced
cytotoxicity in non-small cell lung cancer cell lines via increased mitotic cell death,
associated with an abrogation of the G2/M checkpoint and elevated levels of micronuclei
(Baschnagel et al., 2021). This study used cell lines that had p53-mutations that were KRAS-
WT and vice versa, therefore testing if the inhibitors are more or less potent dependent on
the mutations harboured by the tumour. This work is now being moved forward in patients
with brain metastasis from NSCLC whereby Berzosertib in combination with radiotherapy is

being investigated in an ongoing clinical trial (NCT02589522).

The latest generation ATRI, elimusertib (BAY1895344), is currently in 9 clinical trials (Table
1.1) and has been reported as being effective as both a mono and combination therapy
(Wengner et al., 2020). Elimusertib was suggested to display a stronger in vivo anti-tumour
efficacy as a monotherapy in comparison to ceralasertib and berzosertib in GRANTA-519
tumours in mice. Furthermore, in combination with various PARP inhibitors, elimusertib
showed synergistic effects in BRCA1-deficient MDA-MB-436 breast cancer cells (Wengner et
al., 2020). In various PDX models, elimusertib has displayed potent antiumour activity as a
monotherapy, specifically in models harbouring mutations in DDR proteins, such as ATM
and BRCA (Pico et al., 2021). As this compound has been assessed in multiple solid tumour
cancer cell lines and shown similar results at reducing tumour proliferation in both cell lines
and clinical trials, it is likely that this specific ATRi will be efficacious in DDR altered cancers

(Ltcking et al., 2020).
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ATR has more inhibitors currently in clinical trials compared to ATM. These studies have all
tested the inhibitor in a wide range of cell lines and in vivo work has been performed with a
range of PDX models. Similarly, to the future of ATMi research, there needs to be predictive
biomarkers discovered to signify a response to ATR inhibition. Most clinical trials are early
phase and larger studies need to be performed in order to assess the administration

schedules and dosing.

1.3.3 Chk1/Chk2

The Ser/Thr protein kinase Chk1 is phosphorylated at Ser-317 and Ser-345 by ATR, leading
to its activation and which begins the DDR and checkpoint signalling cascade of the ATR-
Chk1-dependent pathway (Walworth and Bernards, 1996). The therapeutic potential of
Chk1 inhibition has been explored since 1996 where the first defined Chk1 inhibitor, UCN-
01, was shown to induce cell death in Chinese hamster ovary cell lines and enhance
radiosensitivity in p53-deficient lymphoma and colon carcinoma cells (Bunch and Eastman,
1996; Graves et al., 2000; Wang et al., 1996). Although Chk1 inhibition has shown some
promise as a monotherapy, synergistic inhibitory effects have also been seen when using
Chk1 inhibitors in combination with genotoxic agents. For example UCN-01 was previously
demonstrated in combination with gemcitabine to result in cancer cell death in TNBC
through overriding of the G1/S phase checkpoint (Bennett et al., 2012). PF-477736 was
entered into a phase | clinical trial in combination with gemcitabine (NCT00437203),
however the study was terminated due to business reasons. It is apparent that no more
clinical trials have started using this compound, particularly as there are other second

generation Chk1/2 dual inhibitors that have shown a better response (see below).
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Interestingly though in melanoma cells, A375 and WM9, Chk1 inhibition has been shown to
overcome resistance to the BRAF inhibitor vemurafenib, and that the combination of BRAF
and Chk1 inhibition (PF477736) can synergistically decrease cell survival and viability (Hwang
et al., 2018). Both selected cell lines in this study were p53-WT which means this study did
not identify a different response would occur in p53-mutant cells which has been seen in

previous Chk1i studies, however the PTEN status of the cells was different.

Chk2 is activated through phosphorylation at Thr68 by ATM when sensing DSBs (Matsuoka
et al., 2000), and so inhibiting Chk2 can lead to dysfunctional DNA repair and enhanced
genome instability. However, this is a lesser studied enzyme and target for inhibitors,
compared to the ATR-Chk1 pathway. BML-277, the most recently developed Chk2 inhibitor,
has been demonstrated to reduce the growth of oxaliplatin-resistant (OR) colorectal cancer
cells in vitro and xenograft tumours in vivo in an HR-dependent manner (Hsieh et al., 2022).
Prexasertib (LY2606368), a second-generation dual ATP-competitive Chk1/2 inhibitor, in
early studies was shown to increase levels of yH2AX indicating elevated DSB levels
(Thompson and Eastman, 2013). As a combination treatment, prexasertib has been
demonstrated to improve the effectiveness of olaparib or cisplatin in ovarian cancer and
small cell lung cancer cell lines (Brill et al., 2017; Sen et al., 2017), particularly through
increases in apoptosis. Prexasertib has also been shown to display anti-tumour effects as a
monotherapy in TNBC cells regardless of p53 mutation status, and a phase Il pilot study is
being conducted in sporadic TNBC and BRCA1/2-mutated breast cancer (Curigliano et al.,
2016; Lazaro et al., 2016). Early data shows 4 out of 9 patients have attained stable disease.
A co-treatment approach of prexasertib, EGFR inhibitor cetuximab and radiotherapy has
demonstrated anti-tumour activities and reduced proliferation of HPV-positive HNSCC cells

and a phase Ib clinical trial investigating this approach in locally advanced tumours is
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ongoing (NCT02555644) (Zeng et al., 2017). Prexasertib is currently showing good results in

clinical trials and these are discussed more extensively in other reviews (Angius et al., 2020).

Overall, Chk2i clinical trials are in early phase and have small sample sizes, therefore more
clinical data needs to be obtained to identify if targeting Chk2 will be a viable treatment
strategy. More research has been conducted on Chkli in comparison to Chk2i and work on
dual-targeting inhibitors would ensure that more pathways are hit and could be more

effective.

1.3.4 Weel

Weel is a serine/threonine kinase that acts at the G2/M checkpoint to phosphorylate CDK1
to inactivate MPF and arrest the cell cycle when DNA damage has been detected. Targeting
Weel is thought to result in synthetic lethality through abrogation of the G2/M checkpoint
in p53-deficient cancers that have an inherent disrupted G1/S checkpoint. Adavosertib
(AZD1775) is the current best in class inhibitor targeting Weel, and has shown particular
promise in treating a variety of p53-deficient cancer types when used in combination with
genotoxic treatments and other agents (Kong and Mehanna, 2021). The majority of trials are
examining adavosertib as a combination treatment with concurrent chemotherapy. An
open-label phase | clinical trial of adavosertib has been assessed for use in borderline-
resectable or unresectable stage I1I/IVB HNSCC suitable for definitive chemoradiation
(Mendez et al., 2018). The study demonstrated that a combination treatment of
adavosertib, docetaxel and cisplatin did not negatively impact patients, whilst having anti-
tumour effects. The first trial to study definitive-dose radiotherapy with Wee1l inhibition and

cisplatin demonstrated that using cisplatin at the standard-dose proved too toxic, therefore
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a smaller dose of cisplatin was more beneficial (Chera et al., 2021). As the study highlighted,
the major limitation of this trial was the unknown p53-status of the patients given that

Weel inhibition would be expected to have a greater impact on p53-deficient tumours.

In terms of preclinical studies, the effect of adavosertib in combination with olaparib in two
gastric adenocarcinoma cell lines, MKN45 and AGS, showed that increasing doses of
adavosertib resulted in decreased viability and enhanced apoptosis through increased
mitotic DNA damage (Lin et al., 2018). The combination also led to inhibited tumour
proliferation of xenograft models, suggesting a synthetic lethality effect by inhibiting Weel
and PARP. Both these cell lines are p53-WT so the dependency on p53 for the effectiveness
of these treatments was not discussed in this study. Not only does adavosertib appear to
enhance the effect of olaparib, it has been reported to overcome PARP inhibitor resistance
in CAPAN1 (pancreatic cancer) and SUM149 (breast cancer) models that have HR-
reactivating secondary BRCA1/2 mutations (Dréan et al., 2017). TNBC has shown a
decreased capacity to repair DNA DSBs when adavosertib is used as a monotherapy or as a
combination with inhibitors, such as olaparib and ceralasertib (Ha et al., 2020). MDA-MB-
157, MDA-MB-231, HCC1143 and BT-549 cells were found to be sensitive to Weel inhibition
(EC50 values of <0.5 pmol/L), whereas MDA-MB-468 and Hs 578 T cells were only
moderately sensitive (EC50 values of >0.5 umol/L), and p53-status seemed to have no effect
on adavosertib sensitivity. Adavosertib was shown to reduce DSB repair, and increase both
micronuclei formation and apoptosis as a monotherapy. In combination with olaparib,
adavosertib showed synergy in inhibiting the growth of MDA-MB-231 xenograft tumours. In
addition to breast, gastric and HNSCC, adavosertib has shown the ability to sensitize p53-
deficient lung and prostate cancer cell lines to genotoxic agents (Bridges et al., 2011; Hirai et

al., 2009).
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Although adavosertib has shown excellent potency in causing cytotoxicity in various cell
lines and xenograft models, the molecule has been reported to have off-target effects,
including inhibition of the mitotic regulator PLK1 (Wright et al., 2017). Therefore, the Weel
inhibitor ZN-c3 has recently been developed (Huang et al., 2021). In a lung cancer cell line
(A-427) derived xenograft model, ZN-c3 had a similar EC50 to adavosertib (75 nM and 78 nM
respectively), indicating that ZN-c3 has similar cellular potency to adavosertib. However, ZN-
c3 also showed better kinase selectivity. There have yet to be published studies that have
investigated ZN-c3 as a combination treatment in cancer cells. ZN-c3 is orally bioavailable
and is currently in clinical trials for use in solid tumours (NCT04158336), and in women with
recurrent or persistent uterine serous carcinoma (NCT04814108) and platinum-resistant

ovarian cancer (NCT04516447), with early results being positive (Fu et al., 2021).

As has been previously discussed with ATRi and Chk1i, there are no predictive biomarkers to
investigate the response to Weeli. AZD1775 is currently being investigated in over 60 early
clinical trials but, although AZD1775 has shown promising results in many cancer types, it
has many off-target effects that could be hindering how effective targeting Weel could be.
ZN-c3 has shown better kinase selectivity so it will be interesting to see if this will be more

efficacious in preclinical and clinical data.
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1.4 Proteolysis targeting chimeras (PROTACs)

1.4.1 Structure and function of PROTACs

Proteolysis-targeting Chimeras (PROTACs) are heterobifunctional protein degraders that
conjugate an E3 ubiquitin ligase-targeting domain and a protein of interest (POI)-binding
ligand via a linker (Sun et al., 2019). This brings the target protein into close proximity to the
E3 ubiquitin ligase, to promote the formation of a ternary complex and target the POI for
degradation by the ubiquitin proteasome system (UPS) to generate a chemical knockdown

phenotype (Figure 1.11) (An and Fu, 2018; Gao et al., 2020; Konstantinidou et al., 2019).
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Figure 1.11 Hijacking the UPS system with a heterobifunctional molecule. (A) PROteolysis TArgeting Chimeras
(PROTACS) contain two binding domains that recruit a protein of interest, also known as the warhead, and an
E3 ligase. Here, the pink oval highlights the inhibitor used, pomalidomide, as the E3 ligase binding domain to
recruit CRBN and the light green oval highlights the inhibitor used as the protein of interest (POI) targeting
domain, also known as the warhead, AZD1775, to recruit Weel in Weel PROTAC, ZNL-02-096. (B) The PROTAC
forms a productive ternary complex with the E3 ubiquitin ligase and POI recruited to allow for

polyubiquitylation of the POI, targeting it for degradation by the 26S proteasome.

In some cases, when using high doses of PROTACs, unproductive binary complexes of the

PROTACs with the protein of interest or with the E3 ligase can form, resulting in the

40



degrader acting solely as an inhibitor and not inducing protein degradation. This

phenomenon is more commonly known as the hook effect (Pettersson and Crews, 2019).

The UPS’s main role is to regulate cellular pathways by degrading proteins that are no longer
required or if they are faulty and cannot perform their desired function. Some of the
pathways that it helps to regulate include cell cycle progression and cell death, which are
crucial pathways for a cancer cell to be able to divide. Furthermore, the knowledge that the
20S proteasome, the core particle of the 26S proteasome, is highly conserved across
organisms, clearly demonstrates the importance of the UPS in the proper maintenance of
many biological pathways (Valas and Bourne, 2008). Hijacking the UPS is a useful target to

inhibit cancer growth and potentially stimulate cancer cell death.

The first step in the UPS cascade is an E1 activating enzyme involved in an ATP-dependent
mechanism to conjugate itself to ubiquitin via a thioester bond (Schulman and Harper,
2009). Subsequently, a transthiolation (trans-thioesterification) reaction occurs to produce
the E2-ubiquitin conjugate via an E2 ubiquitin conjugating enzyme. Finally, the transfer of
the ubiquitin from the E2-ubiquitin conjugate to a lysine residue on the protein being
targeted for degradation, is mediated by the E3 ubiquitin ligase (Hershko and Ciechanover,
1992; Hershko et al., 1983; Kleiger and Mayor, 2014; Komander and Rape, 2012; Ye and
Rape, 2009). As mentioned above, PROTACs manipulate the signal cascade of the UPS by
binding and inducing the ternary complex formation between the POl and E3 ligase in order
to stimulate the transfer of ubiquitin from an E2-conjugating ligase to the POI (Paiva and

Crews, 2019).

Protac-1 was the first PROTAC synthesised and showed that it can successfully induce

ubiquitination of a POI, in this case the POl was MetAP-2. Protac-1 has been shown to
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degrade MetAP-2 and proved that the UPS could be hijacked to degrade substrates that the
E3 ligases do not usually target (Sakamoto et al., 2001; Sakamoto et al., 2003; Schneekloth
et al., 2004). These small molecule degraders have demonstrated that they can hijack the
“undruggable” proteome and proteins that the pharmaceutical industry have struggled to
target, such as Tau and KRas, which displays the potential applications of PROTACs in many
different diseases, from cancer to Alzheimer’s (Bond et al., 2020; Silva et al., 2019; Wang et
al., 2021a; Wang et al., 2021b). Therefore, the need to create a large library of ligands that
can target proteins to the UPS by infiltrating the ubiquitin signal cascade is crucial for the

future of drug development.

1.4.2 Development, optimisation and enhanced target selectivity

PROTACs are small molecules with a complex mechanism to target proteins to the UPS for
degradation and due to their complexity, the design and optimisation of PROTACs is still an
emerging field. PROTAC design contains three major components, the POl-recruiting ligand,
the linker and the E3 ligase-recruiting ligand (Sakamoto et al., 2001). Each of these
components is important to the functioning of the PROTAC as they all play a role in binding
affinities, ternary complex formation, and the ability to bring the two proteins into close
proximity with one another. Cancer research has discovered many proteins that could be
degraded to help kill cancer cells, notably Weel seems to be an excellent POl as it is
upregulated in many cancer types (section 1.3.4). However, there are over 600 E3 ubiquitin
ligases within the body with three broad classes (RING, RBR and HECT), and some of these
may be specifically upregulated in certain cancer types (Blaquiere et al., 2020; Cohen and

Tcherpakov, 2010). E3 ligases may be the key to providing cancer therapies that are
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personalised to the cancer type due to their substrate specificity, which leads to the first

obstacle when producing PROTACs, E3 ligase ligand discovery.

PROTAC ligands are usually based on SMils that are already targeted to binding the desired
protein and, unfortunately, there are currently limited E3 ligase binders in targeting E3
ligases (Ishida and Ciulli, 2021). PROTACs have been developed recruiting RING E3 ligases
VHL (von Hippel-Lindau protein), CRBN (Cereblon), IAPs (specifically clAP) and MDM2, but
most PROTACs have been synthesised to recruit VHL and CRBN as these are the E3 ligases
that have the best characterised ligands (Buckley et al., 2012; Ito et al., 2010). MDM2 has
had a library of inhibitors produced against it termed the ‘Nutlins’ which were developed by
Roche (Vassilev et al., 2004). PROTACs have been designed to recruit MDM2 using nutlin 3
as the ligand to degrade the androgen receptor, however, the research into MDM2-
recruiting PROTACs is a less developed area compared to investigating VHL-recruiters and
thalidomide-based ligands to recruit cereblon. For this reason, this work will utilise CRBN-
and VHL-recruiting PROTACs. Currently, the majority of PROTAC discovery is trying to find
inhibitors that can be used to recruit the POI; however, a key concept may be to utilize
products that have previously been shown to bind to the POI but not effectively inhibit it.
For a PROTAC to successfully induce ternary complex formation, the warhead only needs to
bring the POl into close proximity with the E3 ligase (Gerry and Schreiber, 2020). This
understanding may speed up PROTAC development and allow for specific proteins in certain
cancers to be targeted, potentially allowing for the compounds to be used as both a single-

agent and combination therapy.

PROTACs are more complex molecules in comparison to inhibitors, therefore it is

unsurprising that they can generate selectivity for target engagement. Analysing the ternary
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complex formation and kinetics via x-ray crystallography, isothermal titration calorimetry
(ITC) and surface plasmon resonance (SPR) will aid the understanding of how protein-
protein interactions (PPIs) and the availability of lysine residues that can be ubiquitinated
contribute towards a PROTACs enhanced target selectivity (Gadd et al., 2017; Hughes and
Ciulli, 2017; Kostic and Jones, 2020; Maniaci and Ciulli, 2019; Roy et al., 2019). The most
effective cooperativity and PPIs observed can then be recreated in future compounds. These
techniques have been successfully exploited to produce Weel-targeted PROTACs that
exhibit enhanced selectivity for Weel in comparison to AZD1775 (Aublette et al., 2022; Li et
al., 2020; Wright et al., 2017). Thus, Weel modulation via selective PROTACs needs to be
investigated in comparison to inhibition to assess if the different mechanism of action alters

how cells respond to the absence of Weel activity.

1.4.3 Degradation via PROTACs as an alternative to classic inhibitors

It is clear from the extensive amount of literature that inhibition of proteins involved in cell
cycle checkpoints and the cellular DDR can help sensitize cancers to radiotherapy and/or
chemotherapy and which are being moved forward into clinical trials. Although inhibitors
have proven to be effective, there are disadvantages to this approach in that relatively high
doses are required at saturating concentrations, and binding needs to be sustained in order
to cause the desired effect. Also, cancer cells often can become resistant to inhibitors and
traditional anti-cancer drugs. This makes targeted protein degradation an interesting
avenue to explore as an alternative treatment pathway. An advantage of utilising targeted
protein degradation versus SMls is that PROTACs only need to weakly bind to the POl to

enable the formation of the ternary complex, and they do not have the limitation of needing
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to bind to an active or allosteric site to have their desired effect. In addition, as discussed in
section 1.4.2, PROTACs show enhanced selectivity to POls in comparison to inhibitors due to

the increased serendipitous interactions created (Martin-Acosta and Xiao, 2021).

The potential phenotypic differences between knockout versus inhibition of proteins has
always been an interesting topic, and indeed studies have investigated this in the context of
the DDR pathway. As ATM and ATR are the first proteins to respond to DNA damage in the
cascade, it is not surprising that complete loss of function of ATR leads to genomic instability
and early embryonic lethality, and ATM-deficient mice also show growth retardation and
neurologic dysfunction (Barlow et al., 1996; Yamamoto et al., 2012). Kinase-dead ATM
protein expression seemed to be more damaging to the mice in comparison to knockout
ATM mice that can remain viable for much longer (Barlow et al., 1996; Elson et al., 1996;
Yamamoto et al., 2012). These studies suggest that inhibition of ATM may be more
advantageous than knockout of ATM and that cells could choose an alternative route if
recognising that ATM is not present. Although the increased sensitization is advantageous,
knock down of the target or degradation via PROTACs ensures increased specificity to the
target and will have less off-target effects. Therefore, the question is whether the benefits
of increased selectivity by small molecule degraders outweigh the drawbacks that so far it is

slightly less cytotoxic than inhibition.

ATR knockout leads to embryonic lethality that is thought to be due to chromosomal
fragmentation and cell death (Brown and Baltimore, 2000). It has been demonstrated that
ATR does not need to be fully deficient or inhibited in order to cause toxicity to cancer cells.
Hypomorphic ATR signalling (decreased to 10% of normal levels) caused synthetic lethality

in oncogenic RAS-driven tumours and functional loss of ATR through overexpression of
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kinase-dead ATR displays enforced mitotic progression and sensitisation to DNA damaging
agents (Cliby et al., 1998). Although it has been shown that inhibition and knockout
phenotypes show promise with ATR and ATM causing enhanced levels of DNA damage, it
has not been directly compared to investigate if knockout or “degradation” provides more
cytotoxic effects than inhibition. In terms of Weel, an siRNA-mediated knockdown has been
shown to sensitize p53-mutant colon cancer cell lines to ionising radiation like the effects of
pharmacological Weel inhibition that have previously been discussed (Bridges et al., 2011;
Cuneo et al., 2016; Yin et al., 2018). It is yet to be thoroughly investigated if the treatment of
cancers benefits more from a knockdown phenotype of Weel compared with SMis,
however Weel-degrading PROTACs, namely ZNL-02-96, at 10-fold lower doses to AZD1775

have shown promise at synergizing with PARP inhibition (Li et al., 2020).

PROTAC degraders that target various proteins involved in regulating the cell cycle and the
DDR are actively in development (Table 1.2), with more targeted towards cell proliferation,
including degraders for JAK2 and EGFR. These have been studied in cell lines, showing
promising results for targeted protein degradation (TPD) as a future treatment method to

improve the effectiveness of genotoxic treatments.

Table 1.2 Current PROTACs targeting proteins involved in the cell cycle or DNA damage response

PROTAC Name Structure E3 ligase Protein of Interest

ZNL-02-096 (Li et al.,
2020) o T
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Although cell cycle or DDR targeting PROTACs are relatively new, several other PROTACs for
treating cancer are further along the drug development pipeline. ARV-110 is an Androgen
Receptor (AR)-targeting PROTAC that has displayed >90% AR degradation in mouse
xenograft models and inhibition of tumour growth in prostate cancer patient derived
xenograft (PDX) models (Neklesa et al., 2019). ARV-471 is another PROTAC that has shown
high potency (DCso ™~ 2nM) at degrading its POI, Oestrogen Receptor Alpha (ERa), in multiple
ER-positive breast cancer cell lines. Using ARV-471 in PDX models proved effective at halting
tumour growth (Flanagan et al., 2019). ARV-110 is currently in Phase | and ARV-471 is in
Phase 2 clinical trials due to their ability to efficiently stop tumour growth and are being
administered as oral therapeutics (Table 1.2) (Pfizer and Arvinas, 2021). These results have
helped increase the amount of pre-clinical work with other promising compounds, such as
SD-36 targeting STAT3 and BETd-260 targeting the BET family proteins, displaying a regress
in tumour growth in PDX, Osteosarcoma cell line-derived and Molm-16 xenograft models
(Shi et al., 2019; Zhou et al., 2019). Both SD-36 and BETd-260 are CRBN-recruiting PROTACs
but there have been promising effects in xenograft models with VHL-recruiting PROTACs,
such as DT2216 (Khan et al., 2019). This proves that PROTAC technology is translatable to
the clinic, therefore the concept that PROTACs can be used as a therapy is achievable and

this work may further demonstrate these compounds’ ability to effectively do this.
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1.5 Head and neck cancer

1.5.1 Overview of head and neck cancer

Head and neck cancer occurs in over 30 locations, there are ~12,000 new cases in the UK
each year (Cancer Research, 2021) and 325,000 deaths annually (Gormley et al., 2022). The
most common malignancy for head and neck cancer is head and neck squamous cell
carcinoma (HNSCC), which develops from the mucosal epithelium. The incidence of HNSCC
is expected to increase by 30% by 2030 (Johnson et al., 2020). Most commonly these
tumours arise in the pharynx, larynx, and oral cavity. The burden of HNSCC is different in
each country as many causes are preventable. Although not very common, HNSCC five-year
survival rate is only 50% and they are relatively tolerant towards genotoxic agents (Denaro
et al., 2018). Thus, it is critical to find treatments that make HNSCC more susceptible to

radiotherapy and chemotherapy to improve prognosis.

1.5.2 Causes, symptoms and diagnosis

Most HNSCC are preventable as they are caused by carcinogens within certain lifestyle
factors. Tobacco and alcohol use accounts for approximately 75% of all head and neck
cancers, however, viral infections, such as human papillomavirus (HPV) and Epstein-Barr
virus (EBV) have been linked to HNSCC (Bouvard et al., 2009; Testino, 2011). In addition,
excessive alcohol consumption is often linked with tobacco use and there also appears to be
a synergistic effect between these factors in inducing tumorigenesis (Hashibe et al., 2009;

Talamini et al., 2002). HPV, specifically HPV-16 and HPV-18, mainly causes tumours in the
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oropharynx and these develop due to the E5, E6 and E7 viral oncoproteins stimulating
expression of genes that lead to immune evasion (DiMaio and Petti, 2013; Grabowska and
Riemer, 2012). In addition, these viral oncoproteins stimulate cell cycle progression to
induce tumorigenesis in the host cell (Estevao et al., 2019). For example, E6 forms a complex
with E6-AP, a cellular ubiquitination protein, and p53 in order to target it for degradation by
the UPS (Scheffner et al., 1993). This results in the tumour suppressor being absent at the
G1/S transition, therefore a DDR will not be initiated, and the cell will be forced through the
cell cycle. Mutations in TP53 are the most common mutation in HPV-negative HNSCC,
therefore many treatment plans targeting the G2/M checkpoint may be beneficial in these

G1/S transition dysfunctional cancers (Zhou et al., 2016).

Symptoms of head and neck cancers are often like those of less serious conditions;
therefore, these symptoms are often overlooked by primary care physicians. Most patients
complain of hoarseness and general throat pain but, depending on the site of the cancer,
some may see a neck lump, have tongue pain, or could have dysphagia (difficulty
swallowing) (Alho et al., 2006; Robertson and Hornibrook, 1982). It was thought that
misdiagnosis of these symptoms by primary care physicians led to poorer prognoses,
however, the literature shows inconsistency for whether delayed diagnosis correlates with
overall survival (Schutte et al., 2020; Thomas et al., 2021). Diagnosis of HNSCC is often
through tactile examination, CT-scans and panendoscopy, however, it is clear that there is a
need for biomarkers that can be detected in a clinical setting for earlier diagnosis
(Economopoulou et al., 2019; Guizard et al., 2017). There have been several studies

investigating salivary microRNA, tissue-based, such as PD-L1, and genetic-based biomarkers,
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but these lack specificity to solely diagnose in a clinical setting (De Keukeleire et al., 2021;

Kang et al., 2021).

1.5.3 Current treatments

HNSCCs are complex tumours that are difficult to treat and often aggressive which
contributes to the poor prognoses of this cancer. Treatments against these malignancies are
quite unsuccessful with the main recommendations being surgery to eradicate the tumour,
radiotherapy and platinum-based chemotherapeutic agents (Alsahafi et al., 2019). Many
HNSCCs show resistance towards radiotherapy, thus this type of treatment often reduces
quality of life whilst proving ineffective at killing the cancer. Unfortunately, as there are few
targeted therapies, such as Cetuximab (an EGFR-targeting antibody that inhibits the binding
of EGF to its receptor), to prove effective against genetic alterations in HNSCCs,

radiotherapy is the main treatment pathway (Alsahafi et al., 2019; Dietz et al., 2009).

The need to create more effective treatments against head and neck cancers is clear as they
are the sixth most common malignancy globally and these cancers also have a poor survival
rate (Parkin et al., 2005). Furthermore, without the development of clinical biomarkers to
diagnose these cancers earlier, mortality and morbidity from these cancers will continue to
rise. Therefore, it is crucial to investigate ways to improve current therapies against HNSCC

to increase the survival rate.
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1.6 Project aims

It is clear that head and neck cancer is becoming a greater public health concern as it has
poor prognoses, is caused by lifestyle factors, such as tobacco use or alcohol consumption,
and the incidence is due to increase. Therefore, the overall aim of this project was to
investigate the use of Weel PROTACs compared to Weel inhibitor, AZD1775, to increase
cancer cell death in vitro as single and combinatorial strategies with the following

experimental aims:

e Characterise the Weel PROTACs in HNSCC and analyse their impact on cell survival
as single agents compared to Weeli, AZD1775 (Chapter 3)

e Evaluate the cytotoxicity of Weel PROTACs alone and in addition to radiotherapy or
chemotherapeutics in HNSCC cells, and compare this to Weel inhibition (Chapter 4)

e |dentity the consequences that Weel PROTACs have on mitosis and the DNA
damage response, compared to Weel inhibition and the similarities or differences
observed between cell lines with varying p53-status (Chapter 5)

e Investigate the dependence of Weel PROTACs on E3 ligase expression to degrade

their target in a broader range of cancer cell types (Chapter 6)
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2 Materials and Methods

2.1 Materials

2.1.1 Reagents

All reagents were purchased from Thermo Fisher Scientific (Massachusetts, USA) and Sigma
Aldrich (Missouri, USA), or as otherwise specified. All tissue culture media, PS, FBS and
Trypsin were purchased from Gibco (Thermo Fisher Scientific). Cell culture flasks and cell
culture dishes were from Thermo Fisher Scientific (Massachusetts, USA), Corning

Incorporated (New York, USA) or SARSTEDT AG & Co. (Nimbrecht, Germany).

2.1.2 Antibodies

Table 2.1 Table of primary antibodies for Western blotting and IF staining

Primary antibody | Manufacturer/Information Concentration Application
Weel (Rb) CST (Massachusetts, USA), 1:1,000 WB
#4936, polyclonal
B-actin (Rb) CST, #8457, monoclonal 1:10,000 WB
B-actin (M) CST, #3700, monoclonal 1:10,000 WB
a-tubulin (M) Sigma Aldrich, T6199, 1:10,000 WB
monoclonal
pCDK1 (Tyr15) (Rb) CST, #9111, polyclonal 1:1,000 WB
CRBN (Rb) CST, #71810, monoclonal 1:1,000 WB
VHL (Rb) CST, #68547, monoclonal 1:1,000 WB
PLK1 (M) Abcam (Cambridge, UK), 1:500 WB
ab17057, monoclonal
YH2AX (pS139) (M) Abcam, ab26350, 1:1000, 1:250 WSB, IF
monoclonal
PARP (Rb) CST, #9542, polyclonal 1:1000 WB
Caspase-3 (Rb) CST, #14220, monoclonal 1:1000 WB
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pChk1(Ser345) (Rb) CST, #2348, monoclonal 1:1000 WB
pChk2(Thr68) (Rb) CST, #2197, monoclonal 1:1000 WB
Chk1 (M) CST, #2360, monoclonal 1:1000 WB
Chk2 (M) CST, #3440, monoclonal 1:1000 WB
pATR(Ser428) (Rb) CST, #2853, polyclonal 1:1000 WB
Pericentrin (Rb) Abcam, ab4448, polyclonal 1:1,000 IF
Cyclin B1 (M) Millipore (Massachusetts, 1:1,000 IF
USA), 05-373, monoclonal
Tubulin (Rt) Millipore, MAB1864, 1:1,000 IF
monoclonal
CENPA [3-19] (M) GeneTex (California, USA), 1:200 IF
GTX13939, monoclonal
BLM (Rb) Invitrogen, PA5-27384, 1:200 IF
polyclonal
Table 2.2: Table of secondary antibodies for Western blotting and IF staining.
Secondary antibody | Manufacturer/Information Concentration Application
Anti-mouse IgG, CST #7076 1:3,000 or 1:30,000 WB
HRP-linked
Anti-rabbit IgG, HRP- CST, #7074 1:3,000 WB
linked
Anti-mouse, Alexa Invitrogen, A32723, 1:500 IF
Fluor Plus 488 polyclonal
Anti-rabbit, Alexa Invitrogen, A11034, 1:500 IF
Fluor Plus 488 polyclonal
Anti-rabbit, Alexa Invitrogen, A32732, 1:500 IF
Fluor Plus 555 polyclonal
Anti-mouse, Alexa Invitrogen, A32727, 1:500 IF
Fluor Plus 555 polyclonal
Anti-rat, Alexa Fluor Invitrogen, A21247, 1:500 IF

647

polyclonal
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2.2 Buffers and Solutions

Table 2.3: Table of recipes for buffers and solutions.

Solution

Recipe

Blocking Solution

5% (w/v) skimmed milk powder in TBST or 5% (w/v) BSA in
TBST

Crystal violet solution

0.5% (w/v) crystal violet in ultra-pure water (MQW)

Hot Lysis (Laemmli)

Buffer

50 mM Tris-Cl, 2% (w/v) SDS, 10% (v/v) glycerol, pH 6.8 in
MQw

Immunoblotting solution

for antibodies dilution

5% (w/v) BSA, 0.05% (w/v) NaNs in 1X TBST

Mounting media for

immunofluorescence

0.2 M Tris-HCl, pH 8.5 in MQW, 24% (v/v) glycerol, 9.6% (w/v)
Mowiol 4-88, 2 ug/mL DAPI

Resolving gel Tris buffer

1.5 M Tris-Cl, pH 8.8 in MQW

Sample Loading Buffer
for SDS-PAGE gels (6X)

375 mM Tris-HCl, 9% (w/v) SDS, 50% (v/v) glycerol, 0.03%
(w/v) bromophenol blue in MQW

Stacking gel Tris buffer

0.5 M Tris-Cl, pH 6.8 in MQW

Tris-Borate-EDTA Buffer
(5X TBE)

90 mM Tris, 2 mM EDTA, pH 8.3 in MQW

Tris-Buffer Saline (10X
TBS)

50 mM Tris-Cl, 150 mM NacCl, pH 7.5 in MQW

Tris-Buffer Saline with

Tween (1X TBST)

10% (v/v) 10X TBS, 0.1% (v/v) Tween-20

Tris-Glycine Running

Buffer (10X TGS)

250 mM Tris, 1.92 M glycine, 1% (w/v) SDS, pH 8.3 in MQW
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2.3 Polyacrylamide gels preparation

Table 2.4 shows how gels with SDS were prepared using combs and glass plates from the

Bio-Rad Mini-Protean system. The resolving gel was made and poured, absolute ethanol was
added to the top to even out the gel and stop it from drying out and gels were left to set for

~ 25 min. Once set, ethanol was removed and the stacking gel was poured on top. The comb

was inserted into the casting plates and the gel was allowed to set for a further ~ 20 min.

Once set, the gels were stored at 4 °C wrapped in damp blue roll until use. PageRuler™ Plus

Prestained Protein Ladder (Thermo Fisher Scientific, 26619) was used as the molecular

weight marker to run the gels.

Table 2.4: Table of composition of SDS-PAGE gels used for Western blotting.

Resolving SDS-PAGE

Resolving SDS-PAGE

Stacking SDS-PAGE

(20 mL) (20 mL) (5 mL)
Percentage 16% 10% 4%
MQw 6.7 mL 9.7 mL 3.17 mL
Resolving Tris buffer 5mL 5mL -
Stacking Tris buffer - - 1.25mL
Acrylamide (40%) 8 mL 5mL 0.5mL
SDS (10%) 200 pL 200 pL 50 pL
APS (10%) 100 pL 100 pL 25 plL
TEMED 20 pL 20 pL 5puL

2.4 Tissue culture

2.4.1 Routine mammalian cell culture

UM-SCC-6, UM-SCC-12, UM-SCC-74A and UM-SCC-81B were obtained from Tom Carey,

University of Michigan and FaDu and A-253 were purchased from ATCC. These are all head
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and neck squamous cell carcinoma (HNSCC) cell lines, however are resected from different
tumour sites. These sites are the tongue (UM-SCC-6 and UM-SCC-74A), larynx (UM-SCC-12),
tonsils (UM-SCC-81B), salivary gland (A-253) and hypopharynx (FaDu). All cell culture work
was performed using an aseptic technique in a class Il laminar flow hood. The hood was
disinfected with 70 % ethanol before and after use. HNSCC cell lines were cultured in
Dulbecco’s modified eagle’s medium (DMEM) (Gibco) with 10% (v/v) of fetal bovine serum
(FBS) (Sigma-Aldrich), 4 mM L-glutamine, 25 mM D-glucose, 1 mM sodium pyruvate and 1%
(v/v) penicillin/streptomycin (PS) (100 units penicillin and 10 pg streptomycin/mL) (Gibco).

Cells were routinely STR profiled and grown in an incubator at 37 °C and 5% CO..

NCI60 cell lines (A-498, SN-12C, A-549 and NCI-H23) were purchased from the National
Cancer Institute (NCI) and were cultured in Roswell Park Memorial Institute (RPMI) 1640
medium (Gibco) with 10% (v/v) FBS (Sigma-Aldrich), 2 mM L-glutamine, 11 mM D-glucose
and 1% PS (100 units penicillin and 10 pg streptomycin/mL) (Gibco). Cells were grown in an

incubator at 37 °C and 5% CO..

2.4.2 Passaging cells

Cells were passaged every 3 to 4 days when they reached 70 — 80 % confluency. To passage
the cells, old medium was removed from the flask and cells were then washed with PBS and
incubated for 5-10 min, depending on cell line, with 1 mL 0.05 % trypsinina T75 at 37 °C, 5
% CO3. Once all cells had detached from the bottom of the flask, 5 mL medium was added to
the trypsinised cells to neutralise the trypsin and to create a single-celled suspension. Cells
were usually split 1:6 with 1 mL of cell suspension and 9 mL medium added to a new T75

flask. To seed plates, the cell suspension was counted using a haemocytometer (Counting
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chamber, Hawksley, AC1000) and a microscope (AE2000, Motic) to determine the cells/mL
and calculate the volume of cell suspension required for the desired seeding density of the

experiment.

2.4.3 Thawing cells and storage

Cells were grown to ~70 % confluency in T75 flasks and a single-cell suspension was
produced as described in section 2.4.2. The cell suspension was centrifuged at 1500 rpm for
5 minutes and the supernatant was discarded. The cell pellet was re-suspended in 5 mL of a
10 % (v/v) solution of cell culture medium and DMSO before pipetting 1 mL aliquots into
cryovials. Cryovials were inserted into a Mr. Frosty™ freezing container (Thermo Fisher
Scientific) and incubated at -80 °C overnight. Cell stocks were then transferred to liquid

nitrogen for long-term storage.

To thaw cell stocks, once removed from liquid nitrogen, cell stocks were heated quickly and
1 mL warm medium was added to the cryovial. The 2 mL cell suspension was then
transferred to a 15 mL falcon and centrifuged at 1500 rpm for 5 minutes. The supernatant
was discarded and the cell pellet was resuspended in 5 mL medium and transferred to a T25
cell culture flask. Fresh medium was added to the flask the next day and cells were
transferred to a T75 for routine cell culture once they had reached a confluency of 70 — 80

%.
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2.5 Cell treatments

2.5.1 For immunoblotting

Cells were trypsinised and seeded (see Section 2.4.2) at 3 x 10° cells in 2 mL of media per
well on a NuncTM Cell-Culture Treated multidishes 6- well plate (Fisher Scientific) and
incubated at 37 °C and 5% CO; overnight. Cells were treated with PROTACS for the desired
length of time at 37 °C and 5% CO; and with DMSO (0.1% v/v) to serve as a control with the

same conditions. Cells were washed with PBS (Sigma-Aldrich) twice before harvesting.

For co-treatment with mechanistic inhibitors, MG132 (5 or 10 uM) (Tocris), VH298 (100 uM)
(Sigma-Aldrich), pomalidomide (5 or 10 uM) or AZD1775 (1 uM) (Cayman Chemical) was
added to the desired wells three hours before PROTAC treatment. Cells had a final
concentration of DMSO (0.1% v/v). Plates were incubated for a further 21 h at 37 °C and 5%

CO; prior to harvesting.

2.5.2 For flow cytometry

Cells were trypsinised and seeded (see Section 2.4.2) at 1 x 10° cells in 1 mL of media per
well on a NuncTM Cell-Culture Treated multidishes 12-well plate (Fisher Scientific) and
incubated at 37 °C and 5% CO; overnight. Cells were treated with 300 nM PROTACS for 24 h
at 37 °C and 5% CO; and with DMSO (0.1% v/v) to serve as a control with the same

conditions.

For co-treatment with irradiation, cells were treated with 300 nM PROTACS for 2 h prior to
irradiation (CellRad, Faxitron Bioptics), then cells were further incubated with the

compounds for 22 h at 37 °C, 5% CO,, for a total treatment time of 24 h.
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2.5.3 For clonogenic survival assays

Cells were trypsinised and seeded (see Section 2.4) at a desired density in triplicates on a
24-well plate and incubated overnight at 37 °C, 5% CO,. Single-celled suspensions were
prepared as described in section 2.4.2. Cells were plated at a low desired density (Table 2.5)
in triplicate into a 24-well plate and was increased relative to the treatment. For
chemotherapeutic clonogenic assays, the co-treatment wells seeded double the number of
cells to the single agent treatment. Cells were treated with the compounds (300 nM for
PROTACs and AZD1775, 300 nM for cisplatin and 10 pg/mL for bleomycin) for 24 h at 37 °C,
5% CO; then the compound-supplemented media was removed and replaced with fresh

media and cells were allowed to grow for 6 - 10 days to form colonies.

Table 2.5 Seeding densities for clonogenic assays relative to ionising radiation dose. These seeding densities
were used in triplicate for DMSO or Weel-targeting drug at each radiation dose in a 24-well plate

Number of cells seeded per well
IR dose (Gy) 0 1 2 4
UM-SCC-6 400 400 400 400
A-253 400 800 1600 3200
FaDu 400 800 1600 3200

2.5.4 For immunofluorescence

Cells were trypsinised and seeded (see Section 2.4) at 1 x 10° cells per well (UM-SCC-74A, A-
253 and FaDu) or 1.2 x 10° cells per well (UM-SCC-6) in a 12-well plate on round coverslips.
Cells were then treated with the PROTAC, AZD1775 or DMSO control (0.1% (v/v) DMSO) and

incubated for 24 h.
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For co-treatment with irradiation, cells were treated with PROTAC, AZD1775 or DMSO
control (0.1% (v/v) DMSO) for 2 h prior to irradiation. Samples were then irradiated and

remained in drug-supplemented media for a further 22 h.

2.6 Cell proliferation assay

UM-SCC-6, UM-SCC-12, UM-SCC-74A, UM-SCC-81B, A-253, FaDu, A-498, SN-12C, A-549 and
NCI-H23 were seeded into 96 well plates (see Table 2.6) and incubated at 37 °C and 5% CO
overnight. Cells were treated with the test compounds at the desired dose, ranging from O
to 20 uM (for PROTAC treatments, AZD1775 and Cisplatin) or 0 to 500 pg/mL (for
bleomycin), and used DMSO (PROTAC and AZD1775), PBS (bleomycin) or deionised water
(Cisplatin) as a vehicle control. Compounds were supplemented into 100 uL of media and
incubated at 37 °C and 5% CO; for 72 h. 20 uL of CellTiter 96® AQueous One Solution Cell
Proliferation Assay (MTS) (Promega) reagent was added to each well. Plates were incubated
for 1-3 hin 37 °C and 5% CO; incubator and the formazan product were measured by
absorbance at 490 nm every 1 h using a Wallac 1420 Viktor? multilabel counter
(PerkinElmer). Data analysis was performed using GraphPad Prism 9.2.0 and curves were
plotted using non-linear regression to a [Agonist] vs. response — Variable slope (four

parameters).

61



Table 2.6 Table of seeding densities for cell lines when performing 72 h MTS assay

Cell line Seeding density per well in 96 well plate
UM-SCC-6 (HNSCC) 3x10°
UM-SCC-12 (HNSCC) 1x10°
UM-SCC-74A (HNSCC) 1x10°
UM-SCC-81B (HNSCC) 1x103
A-253 (HNSCC) 2x10°
FaDu (HNSCC) 3x10°
A-498 (RCC) 2x10°
SN-12C (RCC) 3x10°
A-549 (LUAD) 1x10°
NCI-H23 (LUAD) 5x10°

2.7 Immunoblotting

2.7.1 Hot lysis sample preparation

See section 2.5.1 for how cells were treated. Hot lysis was performed by adding 75-150 pL
(depending on confluency of cells) of hot lysis buffer, heated for 30 minutes prior, to each
well over a heat block at 105°C. The hot lysis buffer contained 50 mM Tris (pH 6.8), 2% SDS
(Alfa Aesar) and 10% glycerol (see Table 2.3) (Melford Laboratories). A cell scraper was used
to detach the cells from the bottom of the well and to collect the lysate. The lysate was left
on the heat block for 10 minutes, vortexed every 2 minutes. The protein concentration of
the lysates was determined by the Pierce™ BCA Protein Assay Kit (Fisher Scientific) using the
2 hiincubation at room temperature method. The absorbance of the solution was measured
at 520 nm using a Nanodrop 2000c (Fisher Scientific). The lysate was used immediately or

stored at -20°C until use.
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2.7.2 SDS-PAGE

Samples were run on either 7.5 % or 4 — 20 % Bio-Rad Mini-PROTEAN® TGX™ Precast Protein
gels or 10 % or 16 % self-cast resolving gels with 5 % stacking gels (Section 2.3). Gels were
run in a Mini-PROTEAN® Tetra Cell Tank (Bio-Rad) at 45 mA per gel for approximately 1 h, or

until sample dye reached the base of the gel.

2.7.3 Transferring protein to nitrocellulose membrane and probing

SDS-PAGE gels (Section 2.7.2) were transferred using a Trans-Blot® Turbo™ Transfer System
to either an Amersham™ Protran™ 0.45 um nitrocellulose blotting membrane (GE
Healthcare Life Sciences) or membrane provided in the Trans-Blot Turbo RTA Mini 0.45 pm
Nitrocellulose Transfer Kit. Transfer stacks, membrane and SDS-PAGE gels were soaked in
transfer buffer provided in the kit before assembling in the cassette in the following order:
transfer stack, nitrocellulose membrane, protein gel, transfer stack. Blots were ran on the

turbo, mixed molecular weight (MW), 1 or 2 mini gels setting for 7 minutes.

Following transfer, membranes were blocked for 2 hrin 50 mL falcon tubes in 10 mL
blocking buffer (Section 2.2) on a roller. After blocking, membranes were incubated with
primary antibody made to the appropriate concentration in magic mix (section 2.2)
overnight at 4 °C on a roller. After primary antibody incubation, membranes were washed in
PBS for 5 minutes thrice before adding HRP-conjugated secondary antibody made to the
appropriate concentration in blocking buffer for 2 h. After secondary antibody incubation,
membranes were washed thrice in PBS and developed with the Bio-Rad Chemidoc MP

imaging system or Invitrogen ™ iBright™ FL1500 imaging system.
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2.7.4 Normalisation of band intensity

Protein levels were equalised by measuring the signal intensity of the loading control and
calculating a ratio between the samples. This ratio was used to normalise the signal intensity
measured of the protein of interest. The signal intensities were normalised relative to DMSO
or to other samples dependent on the experiment. The signal intensity was measured by

using the iBright™ Analysis Software or Bio-Rad Image Lab.
2.8 Flow cytometry

2.8.1 EdU and DAPI staining for cell cycle profile analysis

See section 2.5.2 for how cells were treated. After treatment, cells were incubated with 10
uM EdU for 1 h. After incubation, cells were washed with PBS (Sigma-Aldrich) before
harvesting with trypsin for 5 min at 37 °C, 5% CO,. Cells were resuspended in 1 mL media
and transferred to a microcentrifuge tube and centrifuged at 500 x g for 5 min. The media
was removed and the pellet was resuspended in 1 mL of PBS and then centrifuged for 5 min
at 500 x g. The cells were fixed, permeabilized and fluorescently labelled the EdU using the
Click-iT™ EdU Alexa Fluor™ 647 Flow Cytometry Assay Kit. After step 5.5 of the kit, cells

were incubated with 1 pg/mL DAPI on ice for 30 min.

Samples were ran using the CytoFLEX (Beckman Coulter) Flow Cytometer. 10,000 events

after gating out debris (cells) and excluding doublets (singlets) were collected per sample
(see Figure 2.1). An EdU only stain was used to determine where EdU-positive cells would
appear on the axis. A DAPI only stain was used to confirm that all cells were EdU-negative

and to analyse where the cells would fall on the axis. Furthermore, untreated cells were
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stained with both dyes to confirm that there was no overlap between the dyes and to

compensate if necessary.
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Figure 2.1 Cell gating for EAU and DAPI flow cytometry. UM-SCC-6 cells have been used here as an example
for how cells are gated to correctly compensate and only analyse individual cells for cell cycle stage flow
cytometry. (A) Debris was gated out and the cells gate was applied to the FSC-A versus FSC-width plot. A tight
gate around the singlet population was made and this was applied to all future plots. (B) EdU only stain shows
that no signal is seen in the DAPI channel (PB450) and two peaks can be seen for EdU-negative cells (G1 and
G2/M) and EdU-positive cells (S). (C) DAPI only stain shows that no signal is seen in the EdU channel (APC) and
a cell cycle profile can be seen in the DAPI plot. (D) Both stains on untreated cells to confirm previous gating

has been correctly done.

Data were analysed using CytExpert software and cells were gated with DNA content
(PB450-A) versus EdU incorporation (APC-A) to separate cells in G1, S (EdU positive) and

G2/M cells.
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2.8.2 Annexin V and Pl staining for apoptosis/necrosis detection

See section 2.5.2 for how cells were treated. After treatment, cells were washed with PBS
(Sigma-Aldrich) twice before harvesting with trypsin for 5 min at 37 °C, 5% CO.. Cells were
resuspended in 1 mL media and transferred to a microcentrifuge tube and centrifuged at

500 x g for 5 min. The media was removed and the pellet was resuspended in 1 mL of PBS
and then centrifuged for 5 min at 500 x g. The pellet was then resuspended in Annexin V-

binding buffer (Abcam) supplemented with 5 pL of Annexin V-FITC detection reagent

(Abcam) and 5 pL of Propidium lodide (PI) (Abcam).

Samples were ran using the CytoFLEX (Beckman Coulter) Flow Cytometer. 15,000 events
after gating out debris were collected per sample. Data were analysed using CytExpert
software and cells were gated with positive staining for phosphatidylserine molecules
(apoptosis detection) (FITC-A) versus DNA content (PE-A) to separate cells that were live (-/-

), early apoptotic (+/-), late apoptotic (+/+) and necrotic (+/-) by staining for Annexin V/PI.

2.9 Clonogenic assay

Following section 2.5.3 for cell treatments in clonogenic assays, the media was removed and
wells washed twice in PBS. The colonies were then fixed in 4% PFA for 1 h before staining
with 0.5 % crystal violet (Acros organics) for 1 h. Colonies were washed and left to air dry
before counting by eye and images were taken using a light box. The plating efficiency was
calculated by counting the number of colonies for unirradiated control and dividing by the
seeding density of the unirradiated control. Plating efficiencies + SEM for the cells were as
follows: UM-SCC-6 (12.7 + 1.4 %), A-253 (17.3 + 3 %) and FaDu (13 + 5.6 %). The surviving

fraction was determined by the following calculation:
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Surviving fraction = Number of colonies for selected condition / (Seeding density of selected

condition x average plating efficiency)

2.10 Immunofluorescence

See section 2.5.4 for how cells were treated. After treatment, cells were gently washed
twice with PBS before being fixed with 1 mL 4% PFA in PBS per coverslip for 15 min. PFA was
removed and coverslips were washed in PBS twice. 2 mL 50 mM ammonium chloride in PBS
was added per coverslip for 10 min. The ammonium chloride was removed and coverslips
were washed once with PBS. To permeabilize the cells, 2 mL of 0.2% (v/v) Triton X-100 in
PBS was added to each coverslip for 5 min. Once the Triton had been removed, 1 mL of 5%
(v/v) goat serum in PBS was added to each well for 30 min at room temp to block. After 30
min, blocking solution was removed from each coverslip and 50 pL of primary antibody mix
was added per coverslip for 2 h at room temp protected from light. After the primary
incubation, each coverslip was washed thrice with PBS for 5 min. 50 uL of secondary
antibody mix was added per coverslip for 1 h at room temp protected from light. After 1 h
incubation, coverslips were washed with PBS and mounted onto ~ 10 pL mounting medium
(see Table 2.7). Slides were left to dry overnight before storing at 4 °C protected from light.

See Table 2.1 for primary and secondary antibody solutions.

A Zeiss-LSM880-Airyscan confocal microscope and Zen software (or Leica Stellaris 5 (DMI18)
and LASX software (4.5.0) were used to image the immunofluorescence of stained cells on
glass coverslips, using a 40x objective dry lens (Plan-Apochromat 40x/0.95) for micronuclei
detection or 10x objective dry lens (Plan-Apochromat 10x/0.4) for y-H2Ax. A 63x oil-
immersion lens (Plan-Apochromat 63x/1.4) was used to obtain better images for foci. Three

fields of view were imaged per condition (coverslip) and an average of these was taken to
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compare repeats. Images were analysed in FlJI software (2.3.0). Micronuclei were counted
by eye, total cells and nuclei size were calculated by marking nuclei in the DAPI channel as

regions of interest (ROI) and the ROIs were saved as an overlay to calculate the y-H2Ax

intensity.

Table 2.7: Table of primary and secondary antibody solutions for IF staining.

Experiment Primary antibody mix Secondary antibody mix
Detection of micronuclei and BLM (Rb), 1:200 Anti-rabbit, Alexa Fluor Plus
ultrafine anaphase bridges CENP-A [3-19] (M), 1:200 488, 1:500
Tubulin (Rt), 1:1,000 Anti-mouse, Alexa Fluor

Plus 555, 1:500

Anti-rat, Alexa Fluor Plus

647, 1:500
y-H2Ax foci y-H2Ax (M), 1:250 Anti-mouse, Alexa Fluor
Plus 488, 1:500
Detection of G2/M arrest via Cyclin B1 (M), 1:1,000 Anti-rabbit, Alexa Fluor Plus
cyclin B1 intensity Pericentrin (Rb), 1:1,000 555, 1:500
Tubulin (Rt), 1:1,000 Anti-mouse, Alexa Fluor

Plus 488, 1:500
Anti-rat, Alexa Fluor Plus

647, 1:500
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3 Analysing the degradation profile of Weel
PROTACs in Head and Neck Squamous Cell
Carcinoma (HNSCC)

3.1 Introduction

3.1.1 Weel kinase as a target for cancer therapy

As discussed in section 1.1.2, dysregulation of the cell cycle will often lead to carcinogenesis.
Many cancers, including HNSCC, have mutations in p53, which has a role in the G1/S and S
phase checkpoints, therefore cancer cells heavily rely upon arrest at the G2/M checkpoint to
repair DNA damage and may overexpress Weel to accomplish this. Furthermore, patients
with Weel overexpression have shown poorer prognoses and survival (Matheson et al.,
2016). Targeting of Weel kinase in cancer treatments has shown potential and the best
inhibitor for Weel, AZD1775, is currently being tested in over 60 clinical trials (Table 1.1).
Single-agent AZD1775 clinical trials have reached Phase Ib, however these have not yet
progressed to Phase Il (Bauer et al., 2023; Do et al., 2015). AZD1775 in combination with
standard genotoxic treatments, such as gemcitabine, radiotherapy and platinum-based
chemotherapeutics, as well as with other inhibitors, such as PARP and ATR inhibitors (Kong
and Mehanna, 2021; Leijen et al., 2016; Madariaga et al., 2022). These clinical trials have
shown that Weel is a good therapeutic target, however, further efforts are required to
minimise toxicities, such as haematologic and gastrointestinal toxicities, associated with
Weel inhibition (Takebe et al., 2021). One way that this could be done is by investigating if
more selective compounds, such as Weel PROTACs, have fewer off-target effects and thus

can reduce these toxicities (Aublette et al., 2022; Li et al., 2020).
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3.1.2 Targeting domains for E3 ubiquitin ligases and the protein of
interest

3.1.2.1 Weel inhibitor, AZD1775

AZD1775 competes with the ATP-binding site on Weel, which results in inhibition of the
phosphorylation of CDK1 and renders the G2/M checkpoint dysfunctional (Hirai et al., 2009).
This inhibitor has shown to chemosensitize and radiosensitize tumours, as well as work in
combination with other small molecule inhibitors to induce apoptosis and prevent G2/M
arrest (Kong and Mehanna, 2021). Although a potent inhibitor of Weel, AZD1775 has shown
many off-target effects, such as inhibition of PLK1 (Zhu et al., 2017). A more potent
inhibitor, Zn-c3, discovered through structure-activity relationship (SAR) exploration from
AZD1775 as a starting point, is currently undergoing phase Il clinical trials and will hopefully
show less toxicity to patients as it is more specific than AZD1775 (Huang et al., 2021). Work
on Zn-c3 was not published until the end of the project that synthesised these Weel
PROTAC compounds, therefore AZD1775 was used as the warhead for these molecules

(Aublette et al., 2022).

3.1.2.2 Cereblon inhibitor, pomalidomide

Pomalidomide is a derivative of thalidomide, a controversial drug that has found widespread
clinical use in recent decades (Bartlett et al., 2004). Developed by Celgene and approved for
use by the FDA in 2013, pomalidomide has been used as an anti-cancer drug in combination
with dexamethasone for the treatment of multiple myeloma and has exhibited

immunomodulatory effects (Chen et al., 2023; Dredge et al., 2002). The binding of
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pomalidomide to CRBN does not simply inhibit the E3 ligase, but it alters the specificity of
CRBN by inducing it to ubiquitylate various neosubstrates, such as Ikaros transcription
factor, which are important for its anticancer activity in the treatment of multiple myeloma
(Zhao et al., 2023). As it can strongly bind to CRBN and other CRBN-recruiting PROTACs have
shown success when using pomalidomide in the compound, this seemed to be a good
binder to use as the ligand for CRBN in Weel PROTACs (Cieslak and Stowianek, 2023;

McCurdy and Lacy, 2013).

3.1.2.3 VHL inhibitor, VHO32

VHO032 inhibits the interaction of VHL and HIF1-a, activates the HIF transcription factor and
temporarily induces a hypoxic response (Frost et al., 2016). However, more recent evidence
suggests that prolonged treatment results in increased levels of VHL and decreased HIF1-a
(Frost et al., 2021). VHL-recruiting PROTACs using the VH032 ligand have shown significant
success over many years by often displaying a narrower target selectivity profile than CRBN-
based PROTACs (Gadd et al., 2017; Mi et al., 2023; Zengerle et al., 2015), therefore this
ligand was used to create another library of Weel PROTACs to maximise the potential to

produce effective Weel-degrading compounds (Aublette et al., 2022).

Previous work performed in the Gadd/Allinson lab (Dr Marine Aublette) produced two
different Weel PROTAC series that targeted Weel for degradation by the recruitment of
the E3 ligases, CRBN or VHL. Various PROTACs in each first generation series showed the
ability to degrade Weel and reduce levels of Tyrl5 phosphorylation of CDK1 in Hela S3,
prostate cancer cell lines (PC3 and LNCaP) and breast cancer cell lines (BT549 and MCF7)

(Aublette et al., 2022). PROTAC degradation has appeared to be cell line dependent, and it
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has been hypothesised that this could reflect levels of the target E3 ligases and other
proteins. Preliminary experiments shown in this thesis investigated the relative levels of
CRBN and VHL between HNSCC cell lines to aid conclusions on if this could be the case. The
ability of first generation Weel PROTACs to degrade Weel and reduce pCDK1 levels, and
the time taken for normal levels of Weel to return after removal of the PROTACs was
investigated in HNSCC cell lines of varying p53-status. Furthermore, a more potent second-
generation series of CRBN- and VHL-recruiter PROTACs was synthesised and assessed in the
same HNSCC cell lines. First and second generation Weel PROTACs as monotherapy
treatments were investigated in cell viability assays to analyse their effectiveness at

inhibiting cell proliferation alone.

3.2 Aims and objectives

In this chapter, the viability of using Weel-degrading PROTACs in head and neck cancer cells

will be assessed via a number of aims:

1. Assess CRBN- and VHL-based PROTACs in head and neck cancer cell lines and
determine if the first and second generation PROTACs induce Weel degradation
specifically in each of these cell lines.

2. Compare the degradation profiles of the first generation (MA048 and MAO55) to the
second generation (MA163 and MA199) PROTACs in head and neck cancers and
confirm target engagement.

3. Investigate the effect of the Weel-targeting compounds (Weeli (AZD1775) and
Weel PROTACs) as monotherapy treatments on cell viability and determine the
optimal dosage of the compounds for use in combination with other genotoxic

agents.
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3.3 Results and discussion

3.3.1 Expression levels of E3 ubiquitin ligases in HNSCC cell lines

UM-SCC-6, UM-SCC-74A, A-253 and FaDu cells were allowed to grow under normal growth
conditions to evaluate the relative expression levels of E3 ubiquitin ligases, CRBN and VHL,
to understand if the amount of E3 ubiquitin ligase present in the cell line has an effect on
the PROTACs ability to elicit degradation. Western blots were probed for CRBN, a-Tubulin
and VHL. a-Tubulin was used as the loading control for this experiment as there was less

variability in a-Tubulin levels across the cell lines in comparison to -actin (Figure 3.1).
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Figure 3.1 Relative expression levels of E3 ubiquitin ligases, CRBN and VHL, in HNSCC cell lines. Western blot
showing levels of CRBN and VHL in untreated lysates of UM-SCC-6, UM-SCC-74A, A-253 and FaDu cells. The
membrane was blotted for CRBN, a-Tubulin (as the loading control) and VHL, n = 2. Quantitation of relative

expression levels corresponding to CRBN or VHL can be seen underneath the bands.

CRBN levels are consistent between cell lines, whereas there are lower levels of VHL,
roughly 2 — 6-fold lower in p53-WT cell lines, UM-SCC-6 and UM-SCC-74A, compared with

p53-deficient cell lines, A-253 and FaDu.
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3.3.2 Assessment of first generation Weel PROTACs

3.3.2.1 Dose response of HNSCC cell lines to first generation PROTAC treatment

To assess the Weel degradation profiles of the first-generation Weel PROTACs (Figure 3.2),
UM-SCC-74A (p53-WT) and A-253 (p53-null) cells were treated with varying doses from 20
UM to 1 nM for 24 h. The 24 h treatment time was previously determined as, at this time
point, there was complete degradation of the target across different cell lines (M. Aublette —
personal communication). Western blots were probed for Weel, B-actin (as the loading

control) and pCDK1 (Tyr15) (Figure 3.3).
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Figure 3.2 Structures of first generation Weel PROTACs. Structures of the Weel PROTACs displayed above
show (A) MA048, (B) MAQ55, (C) MA104 and (D) MA106. MA104 and MA106 are the negative controls for
MAO048 and MAO5S5, respectively. MA048 is a CRBN-recruiter and its negative control (MA104) cannot recruit
CRBN but can bind Weel. MAO5S5 is a VHL-recruiter and its negative control (MA106) cannot recruit VHL but
can bind Weel.
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Figure 3.3 Degradation profiles of CRBN-recruiter, MA048, and VHL-recruiter, MA055 in UM-SCC-74A and A-
253. (A, C) Western blots of two HNSCC cell lines that were treated with PROTACs for 24 h prior to the
production of lysates. (B, D) Quantitation of western blots in (A) and (C) showing the decrease in % Weel
remaining with the increase of PROTAC concentration. The membrane was blotted for Weel, B-actin (as the
loading control) and pCDK1 (Tyr15), n = 1. Quantitation of relative levels of Weel normalised to actin and the

DMSO control are presented underneath the corresponding Weel band.

MAO0438, a first generation CRBN-recruiter, is shown as a more potent degrader of Weel
compared to MAO55, a first generation VHL-recruiter, in both UM-SCC-74A (p53-WT) and A-
253 (p53-null) (which corroborates previous data in other cell lines). For example, maximal
degradation by MA048 results in 99.9 % Weel degradation at 20 uM in both cell lines,
whereas MAO55 at 20 uM degrades 76 % and 71 % Weel in UM-SCC-74A (p53-WT) and A-
253 (p53-null) respectively. MAO55 degraded Weel to 24 - 29 % at doses of 20, 10 and 1 uM
in both cell lines. MA048 treatment depletes pCDK1 (Tyr15) levels in both cell lines at 20 uM
and 10 uM with the depletion effect beginning to weaken at 1 uM. The bands were less

intense at 1 uM and 100 nM for pCDK1 (Tyr15) in A-253 (p53-null) in comparison to UM-
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SCC-74A (p53-WT), but no change was seen compared to the control at 1 nM. MA055

showed the same trends but was overall less potent.

3.3.2.2 Time taken for PROTACs to degrade Weel and return of Weel levels

after removal of PROTAC treatment
To determine how long it would take for the PROTACs to degrade Weel, UM-SCC-74A (p53-
WT) and A-253 (p53-null) cells were treated with 1 uM of CRBN-recruiter, MA048, and VHL-
recruiter, MAO55, for 1 h, 2 h and 4 h. Cells were also treated for 4 h with the negative
control PROTACs, MA104 and MA106, for MA048 and MAOS5S5, respectively. Western blots

were probed with Weel and B-actin as a loading control (Figure 3.4).
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Figure 3.4 Degradation of Weel by first generation PROTACs over 4 h time course. Western blots of two

HNSCC cell lines that were treated with 1 uM PROTACs for indicated lengths of time prior to the production of
lysates. The membrane was blotted for Weel and B-actin (as the loading control), n = 1. Quantitation of
relative levels of Weel normalised to actin and the DMSO control are presented underneath the

corresponding Weel band.

In UM-SCC-74A (p53-WT), MA048 degraded 93 % of Weel and MAO55 degraded 44 % of
Weel within the first hour of treatment (Figure 3.4A). MA048 elicited more degradation of
Weel compared to MAO55 in UM-SCC-74A (p53-WT) which is a similar trend to the
PROTACs in A-253 (p53-null) (Figure 3.4B). MAO55 was much slower at degrading Weel in
A-253 (p53-null) compared to MA048, which corresponds with previous data in the lab,
(Aublette et al., 2022), that VHL-recruiters appear to take a longer time to reach maximal
degradation of their target than CRBN-recruiters. It is clear that MAQ048 elicits more
complete degradation of Weel compared to MAOS55 in both cell lines. After confirming that

Weel can be degraded in a relatively short time period (<24 h), it led to the question of how
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quickly Weel protein levels return after removing the degrader to further inform how

treatments should be performed.

The time taken for the cell lines to re-establish Weel protein levels is important for
understanding how Weel PROTAC treatments could be performed to assess their potential
as a cancer treatment. This would determine how long degradation activity persists in the
cells after removing the PROTAC-treated media. Cells were treated with the PROTACs
before “washing-out” the PROTAC-treated media and replacing with fresh media after 24 h,

with samples taken at time intervals over an 8 h period (Figure 3.5).
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Figure 3.5 Return of protein levels after washing out of PROTAC treatment over 8 h time period. Western
blots of two HNSCC cell lines that were treated with PROTACs for 24 h at 1 uM before replacing with fresh
media and allowing to sit for different intervals over 8 h. Blots were probed for Weel and B-actin as the
loading control, n = 1. Quantitation of relative levels of Weel normalised to actin and the relevant DMSO

control are presented underneath the corresponding Weel band.
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In UM-SCC-74A (p53-WT), when removing MA048, Weel levels had a sharp increase (140 %
Weel compared to 100 % levels in DMSO) at 2 h and then stabilized to the normal level
(Figure 3.5). When removing MAO55 Weel had returned by the 1 h time point (79 % Weel
compared to 100 % in DMSO control) and, although the changes are slight, pCDK1 (Tyr15)
levels show a similar pattern. pCDK1 (Tyr15) levels appeared lower in he DMSO control
compared to treatments with MA048 and MAO55 in both PROTACs at 0 h in both cell lines,
however this is likely due to erroneous loading. In A-253 (p53-null), the opposite happens
where MAO55’s activity is more prolonged after washing out but levels return rapidly after
MAO048 washout. This led to the consideration that the linker length or the E3 ligase ligand
could be affecting the rate at which the PROTACs leave and enter the cell. Another theory
could be that the stoichiometry of MAQ55 and its partner proteins could maintain the
ternary complex for longer in A-253 (p53-null). Potentially there is a difference between the
cell lines that accounts for the opposing trends observed, and this difference could be
affecting target engagement as this is only seen in the wash-out experiments. A 2018 study
performed a longer washout of 24 h and 48 h with a VHL-based PROTAC and displayed
prolonged reduction of c-Met (POI) levels which was rescued by the addition of free VHL
(Burslem et al., 2018). Our findings conflict this study as A-253 (p53-null) exhibit higher
levels of VHL compared to UM-SCC-74A (p53-WT), therefore, if it were to follow the
observed trend in the previous study, we would anticipate MAO55’s activity to be more

prolonged in the cell line with lower VHL levels.
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3.3.2.3 Effect of linker length on degradation activity of Weel PROTACs

The observation that treatment with different PROTACs showed different Weel recovery

rates following their removal led to the question whether this was due to linker length or E3
ligase recruitment. To investigate this, cell lines were treated with CRBN-recruiting PROTACs
that had different linker lengths. MAQ48 is a shorter linker of 10 carbon atoms and TH012 is

a longer linker of 18 carbon atoms.

PROTACs with shorter and longer linker lengths are more potent at degrading Weel than
those with intermediate lengths (Aublette et al., 2022), but whether these linker lengths
also affect how sustained the PROTAC activity is following washout is not currently known.
UM-SCC-74A (p53-WT) were treated for 24 h prior to washing out the PROTAC-
supplemented media with fresh media. To see if Weel levels return to normal after a longer
time period, a 24 h washout was performed (Figure 3.6) as the previous washout
experiment with MA048 and MAOQ55 showed higher levels of Weel compared to the DMSO

control (Figure 3.5).
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Figure 3.6 Investigating the effect of varying linker lengths on the PROTACs ability to sustain Weel
degradation after removal. UM-SCC-74A were treated with 1 uM of MA048 or TH012 for 24 h. Drug-
supplemented media were replaced with fresh media at time points over 24 h to observe when Weel levels
returned to normal after removal of PROTAC treatment. Blots were probed for Weel and B-actin as the
loading control, n = 2. Quantitation of the relative levels of Weel normalised to actin and relative to the DMSO

control for this representative blot are below the bands in the figure.
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Quantitation of Weel levels in THO12-treated cells revealed that Weel levels were slowly
increased from 40 % at 0 h washout to 63 % at 24 h washout. Percentage remaining Weel
levels increased by 18 % in the first hour of MA048 washout and reached similar levels of
Weel as the THO12 washout treatment by 24 h (Figure 3.6). Weel levels for both PROTACs
were still suppressed in this cell line by 24 h after wash out of compound. This is a limitation
by comparing protein levels by Western blot as even though the same cell line and
conditions were used, Figure 3.5 shows higher levels of Weel (>100 %) after 2 h washout of
MAO048, whereas Figure 3.6 shows lower levels (55 %). Further investigation into how
PROTAC linker length affects target protein levels is required and due to the variability
between cell lines, this future study should start by comparing cell lines with different

expression levels of the E3 ligases to provide more insight.

3.3.2.4 Competition assays of PROTACs with E3 ubiquitin ligase inhibitors

After investigating the degradation ability of MA048 and MAO55 PROTACs, a competition
assay was performed to investigate if we could block ternary complex formation by using
ligands to the E3 ubiquitin ligases. This would confirm that the observed degradation is
dependent on E3 ligase activity. Pomalidomide, the parent CRBN ligand for MA048 was used
to bind to CRBN, VH298 (a more potent analogue of VH032, the parent VHL ligand for
MAO55) was used to bind to VHL and MG132 was used to inhibit the proteasome.
Pomalidomide was used at a ratio of 10:1 to PROTAC, VH298 100:1 and MG132 at 10:1
(Figure 3.7). Cells were pre-treated with inhibitors for 2 h prior to adding PROTACs to

inhibitor-supplemented media for a further 22 h.
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Figure 3.7 Competition assays of first generation Weel PROTACs. Investigating the affinity of (A)

MAO048 and (B) MAOSS5 for their E3 ubiquitin ligases, CRBN and VHL, respectively. A-253 cells were pre-
treated with MG132 (10 uM), pomalidomide (10 uM) or VH298 (100 uM) for 2 h prior to PROTAC
treatment for a further 22 h. The red boxes show the lanes that will be discussed: DMSO control,
PROTAC, E3 ligase inhibitor and PROTAC + E3 ligase inhibitor, from left to right, on each blot. The
membrane was blotted for Weel and a-tubulin as the loading control, n = 1. Quantitation of Weel to
calculate remaining Weel levels relative to DMSO is as follows: (A) DMSO = 1.00, MA048 = 0.39, POM
=1.61 and MA048 + POM = 1.16 and (B) DMSO = 1.00, MAO55 = 0.22, VH298 = 1.82 and VH298 +
MAOQ55 = 3.22.

MG132 was very toxic to cells at this concentration and treatment time, resulting in a low
protein concentration for those samples. Using this proteasome inhibitor for the same
length of pre-treatment as the PROTACs was not feasible to observe inhibition of
degradation by MG132 in these cell lines. Quantitation confirmed that pre-treatment with
VH298 and pomalidomide prevented Weel degradation by MAO55 or MA048, respectively

(Figure 3.7).

3.3.3 Assessment of second generation Weel PROTACs

After testing of first generation PROTACs, Dr Marine Aublette synthesised a second
generation of Weel degraders based on optimisation of the first generation. Furthermore, a

negative control to MA163 (where negMA163 has an additional methyl group on the
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pomalidomide ligand to prevent negMA163 ubiquitinating and degrading Weel) was also

produced.

3.3.3.1 Dose response of HNSCC cell lines to second generation PROTAC

treatment

Cells were treated with varying doses of the second generation PROTACs (Figure 3.8) from
10 uM to 1 nM for 24 h to assess their Weel degradation profiles. An additional p53-
proficient and p53-deficient cell line was selected to test the second-generation PROTACs
as, due to previous data in the lab, they were expected to be more potent and used as the
compounds in future combination treatments. Western blots were probed for Weel, B-

actin and pCDK1 (Tyr15) (Figure 3.9 & Figure 3.10).
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Figure 3.8 Structures of second generation Weel PROTACs. Structures of the Weel PROTACs displayed above
show (A) MA163, (B) MA199 and (C) negMA163. A negative control for MA199 was not synthesised due to
time constraints. MA163 is a CRBN-recruiter and its negative control cannot recruit CRBN but can bind Weel,

MA199 is a VHL-recruiter.
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Figure 3.9 Degradation profiles of CRBN-recruiter, MA163, and its negative control in HNSCC cell lines.
Western blots of four HNSCC cell lines (p53-WT, UM-SCC-6 and UM-SCC-74A, and p53-deficient, A-253 and
FaDu) that were treated with PROTACs for 24 h prior to the production of lysates. The membrane was blotted
for Weel, B-actin (as the loading control) and pCDK1 (Tyr15), n=1. Relative levels of Weel normalised to actin

and relative to the DMSO control for this representative blot are staggered below the bands in the figure.
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MA163, a second generation CRBN-recruiter, is shown to be a potent degrader in all cell
lines. The hook effect, where unproductive binary complexes between the PROTAC and
either the POI or E3 ligase is formed at high PROTAC doses, is observed in UM-SCC-6 (p53-
WT) and A-253 (p53-null), with degradation of Weel seen until 300 nM in all cell lines.
Normal levels of Weel begin to return by 100 nM in UM-SCC-74A (p53-WT) and FaDu (p53-
mutant) whilst degradation is sustained in UM-SCC-6 (p53-WT) and A-253 (p53-null). In UM-
SCC-6 (p53-WT) and A-253 (p53-null) we see no degradation of Weel by the negative
control, however we see reduced levels of Weel in UM-SCC-74A (p53-WT) and FaDu (p53-
mutant). The unexpected decrease of Weel seen for the negative control could be due to
changes in synthesis of Weel protein upon adding a Weeli in those cell lines and this was
further investigated in A-253 (p53-null) (Figure 3.11). Reduction of pCDK1 (Tyr15) levels are

seen from 10 uM to 100 nM in all cell lines.
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Figure 3.10 Degradation profiles of VHL-recruiter, MA199, in HNSCC cell lines. Western blots of four HNSCC
cell lines that were treated with MA199 for 24 h prior to the production of lysates. The membrane was blotted
for Weel, B-actin (as the loading control) and pCDK1 (Tyr15), n=1. Relative levels of Weel normalised to actin

and relative to the DMSO control for this representative blot are staggered below the bands in the figure.
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MA199, a second generation VHL-recruiter, has shown increased potency compared to the
first generation PROTAC, MAOQ5S5, in all cell lines. For example, treatment with 100 nM
MAOS5S5 led to 63 % remaining Weel, whereas treatment at the same dose with MA199
resulted in only 29 % remaining Weel in A-253 (p53-null). The hook effect is observed in
FaDu (p53-mutant) with degradation of Weel seen until 300 nM in all cell lines. Normal
levels of Weel begin to return by 100 nM in UM-SCC-6 (p53-WT) and 30 nM in A-253 (p53-
null) and UM-SCC-74A (p53-WT) and 10 nM in FaDu (p53-mutant). Reduction of pCDK1
(Tyr15) levels are seen from 10 uM to 100 nM in UM-SCC-6 (p53-WT), UM-SCC-74A (p53-
WT) and FaDu (p53-mutant) but sufficient reduction can only be seen up to 1 uM in A-253

(p53-null).

As there was no negative control available for MA199, a dose response of AZD1775 was
performed in A-253 (p53-null) cells. AZD1775 was used as it will be able to inhibit Weel, and
thus reduce its substrate pCDK1 (Tyrl5), however it cannot induce ubiquitination and
degradation of Weel. This experiment should demonstrate that degradation of Weel is
seen as a result of the PROTAC and that levels of pCDK1 (Tyr15) will still be observed due to
the inhibitory effect of Weel (Figure 3.11).
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Figure 3.11 Dose response of AZD1775 in A-253 cells. Western blot of A-253 cells that were treated with
AZD1775 for 24 h prior to the production of lysates. The membrane was blotted for Weel, a-tubulin (as the
loading control) and pCDK1 (Tyr15), n=1.
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Although levels of Weel appear lower in 10 uM and 3 uM AZD1775 treatment, after
normalising the band intensities to tubulin and calculating Weel levels relative to the DMSO
control, no degradation of Weel was observed (Figure 3.11B). Therefore, we can assume
that the reduced Weel levels observed in Figure 3.9 are due to PROTAC-induced
degradation. This experiment should be repeated and performed in other cell lines before
making conclusions about if Weel inhibition effects expression levels of Weel (discussed

with respect to the loss of Weel by negMA163 in Figure 3.9).

This section has concluded that degradation of Weel occurs within 24 h, however we do not
know how rapidly these PROTACs can degrade Weel in comparison to the first generation

PROTACs, MA048 and MAOSS5 (Figure 3.4).

3.3.3.2 Time taken for PROTAC treatment to degrade Weel

The time taken for the more potent, second generation PROTACs to degrade Weel needs to
be considered when planning future experiments investigating co-treatments and ensuring

that we are comparing inhibition of Weel versus degradation. Therefore, A-253 (p53-null)
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Figure 3.12 Degradation of Weel over 4 h time course by CRBN-recruiter, MA163, and VHL-recruiter,
MA199, in A-253 cells. Western blot of A-253 cells that were treated with MA163 or MA199 for0.5h,1h,2h
and 4 h prior to the production of lysates. The membrane was blotted for Weel and B-actin (as the loading
control), n=1. Relative levels of Weel normalised to actin and relative to the DMSO control for this

representative blot are staggered below the bands in the figure.
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cells were treated with CRBN-PROTAC, MA163, and VHL-PROTAC, MA199, for0.5h,1h, 2 h

and 4 h (Figure 3.12).

MA163 was able to cause maximal degradation of Weel to 18 % remaining Weel within 30
minutes, whereas MA199 was slower, with degradation continuing to increase, with

maximal degradation of Weel by 80 %, up until the final time point.

3.3.3.3 Competition assays of PROTACs with E3 ubiquitin ligase inhibitors

To determine that the PROTACs exhibit dependency on the UPS to degrade Weel, their
ability to degrade Weel was compared to co-treatments with E3 ligase ligands
(pomalidomide for CRBN and VH298 for VHL). A-253 (p53-null) cells were pre-treated with
pomalidomide (10 uM) and VH298 (100 uM) for 2 h before adding the PROTAC or Weeli
(300 nM) for a further 22 h. The E3 ligase ligands do disrupt both MA163- and MA199-
induced degradation of Weel, but over a 24 h period we see that it cannot fully block Weel
degradation (Figure 3.13). This suggests that the affinity of pomalidomide to CRBN or VH298

to VHL is weaker than the second generation PROTACs to their relative E3 ligases.
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Figure 3.13 Competition assays of second generation Weel PROTACs. Investigating the affinity of (A)
MA163 and (B) MA199 for their E3 ubiquitin ligases, CRBN and VHL, respectively. A-253 cells were pre-treated
with pomalidomide (10 uM) or VH298 (100 uM) for 2 h prior to PROTAC treatment for a further 22 h. The red
boxes show the lanes that will be discussed: DMSO control, PROTAC, E3 ligase inhibitor and PROTAC + E3
ligase inhibitor, from left to right, on each blot. The membrane was blotted for Weel and a-tubulin, n = 1.
Remaining Weel levels were calculated normalised to tubulin and relative to DMSO are as follows: (A) DMSO
=1.00, MA163 = 0.23, POM = 1.64 and POM + MA163 = 0.56 and (B) DMSO = 1.00, MA199 = 0.17, VH298 =
0.49 and VH298 + MA199 = 0.45.

As can be seen in Figure 3.7, MG132 was too toxic for the cells when treated for this
treatment length at this concentration and resulted in a low protein concentration in the
sample. In the case of the VHL-based PROTACs, previous work in the lab revealed that the
PROTAC ternary complex binds the E3 ligase more tightly than a binary complex of the
PROTAC and E3 ligase alone. This was with MA0O55 where the Kq(VBC:MAOQ55) = 360 + 130
nM whereas Kq (Weel:MAO055:VBC) = 190 + 90 nM (M. Aublette, unpublished results). Given
its higher potency over MA055, MA199 likely has a much higher affinity for forming ternary
complexes, therefore this could explain why in these competition experiments we still see
some degradation with MA199, whereas excess VH298 seemed capable of fully blocking
MAO55 from forming a ternary complex. The Kqfor the ternary complex for
Weel:MA199:VBCis 60 + 30 nM (M. Aublette, unpublished results), therefore almost two-
fold lower than Weel:MA055:VBC (the equivalent binary complex for MA199 could not be

determined due to solubility issues — M. Aublette, personal communication).
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3.3.4 Effect of monotherapy treatments on cell viability

3.3.4.1 First generation PROTACs

To assess the ability of first generation PROTACs to inhibit cell proliferation, UM-SCC-74A
(p53-WT), A-253 (p53-null) and FaDu (p53-mutant) cells were treated with varying doses of
PROTAC from 20 uM to 1 nM for 72 h. The plates were analysed with MTS reagent and

dose-response curves were produced (Figure 3.14).
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Figure 3.14 Cell viability assays of first generation PROTACs in HNSCC cell lines. Cells were treated for 72 h
with CRBN-recruiter, MA048, or VHL-recruiter, MAO55. Cell viability assays were normalised with vehicle

control, DMSO. Plots are presented as mean * SD of n = 4 biological repeats.

Both MA048 and MAQ55 were able to reduce cell viability across all three cell lines tested
(Figure 3.14). Both compounds were most potent in p53-mutant cell line, FaDu (p53-
mutant), with EC50 values of 1.8 uM for MA048 and 0.9 uM for MAO55 (Table 3.1). UM-SCC-
74A (p53-WT) and A-253 (p53-null) had similar EC50 values for MAQ55 (2.4 uM and 2.9 uM
respectively), however, UM-SCC-74A (p53-WT) were more sensitive to MA048 in

comparison to A-253 (p53-null) (2.0 uM and 3.6 uM respectively).
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Table 3.1 Table of EC50 values of cell viability assays (MTS) in HNSCC cell lines for first generation PROTACs.
UM-SCC-74A, A-253 and FaDu were treated with MA048 and MAO5S5 for 72 h (n = 4) and dose response curves
for these values can be seen in Figure 3.14.

Treatment EC50 (uM) £ SD
UM-SCC-74A A-253 FaDu
MA048 20+0.4 3.6+0.7 1.8+0.4
MAO055 24+1.0 29+0.3 0.910.2

As observed in Section 3.3.3.1, the second generation Weel PROTAC:s elicit stronger
degradation of Weel in the Western blots, therefore cell viability assays were performed for
MA163 and MA199 and Weeli, AZD1775, to investigate the effect on cell proliferation and

to confirm the increased potency of the compounds by analysing the EC50 values.

3.3.4.2 Second generation PROTACs

To assess the ability of second generation PROTACs to inhibit cell proliferation, UM-SCC-6,
UM-SCC-74A, A-253, UM-SCC-12, FaDu and UM-SCC-81B cells were treated with varying
doses of PROTAC from 20 uM to 0.1 nM for 72 h. The plates were analysed with MTS

reagent and dose response curves were produced (Figure 3.15).
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Figure 3.15 Cell viability assays of second generation PROTACs in HNSCC cell lines. Cells were treated for 72 h
with Weeli, AZD1775, CRBN-recruiter, MA163, and VHL-recruiter, MA199. Cell viability assays were

normalised with vehicle control, DMSO. Plots are presented as mean * SD of n = 4 biological repeats.

Sensitivity to both PROTACs was seen across all six cell lines tested and sensitivity to
AZD1775 was seen in five cell lines. The overall viability of UM-SCC-74A (p53-WT) does
decrease with PROTAC treatment more than with AZD1775 treatment, suggesting a
proportion of the population displays resistance to AZD1775. However, there are limitations
to the MTS technique, therefore other cell viability assays should be performed in future
work to confirm or deny this observation. The lowest EC50 for MA163 was seen in UM-SCC-
81B (p53-mutant) at 113 nM (Table 3.2). MA199 was equally potent in UM-SCC-6 (p53-WT),
A-253 (p53-null) and FaDu (p53-mutant) at ~ 100 nM. For AZD1775, the lowest EC50 was 46
nM in UM-SCC-81B (p53-mutant). In most cases, MA163 and MA199 PROTACs were at least

an order of magnitude more potent than the first-generation recruiters tested.
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Table 3.2. Table of EC50 values of cell viability assays (MTS) in HNSCC cell lines for second generation

PROTACs. UM-SCC-12 and UM-SCC-81B were treated with AZD1775 and MA163. UM-SCC-6 (p53-WT), UM-

SCC-74A, A-253 and FaDu were treated with AZD1775, MA163 and MA199. All treatments were 72 h (n = 4)

and dose response curves for these values can be seen in Figure 3.15.

Treatment EC50 (uM) £ SD
UM-SCC-6 UM-SCC-74A A-253 UM-SCC-12 FaDu UM-SCC-81B
AZD1775 0.085 + 0.082 + 0.131 + 0.097 £ 0.109 + 0.046 +
0.044 0.060 0.049 0.0070 0.027 0.026
MA163 0.155 + 0.234 0.166 + 0.630 0.395+ 0.113
0.040 0.058 0.015 0.146 0.154 0.043
MA199 0.116 + 0.055 + 0.093 + - 0.102 + -
0.028 0.012 0.0040 0.0044

The EC50 values seen in Table 3.2 allows us to select the appropriate dose of the Weel-
targeting compounds to use for future treatments. Cell viability assays of the
chemotherapeutic treatments were performed in order to select the appropriate dose of

these compounds in Chapter 4.

3.3.5 Discussion

Weel PROTACs can successfully degrade Weel and reduce levels of its product, pCDK1
(Tyr15), in HNSCC cell lines (Figures 3.3, 3.9 and 3.10). MA048 and MAO55 PROTACs showed
successful degradation of Weel from 20 uM to 1 uM for the VHL-recruiter (MAO55) and the
CRBN-recruiter (MA048) showed even greater potency with sustained degradation of Weel
to 100 nM (Figure 3.3) Both PROTACs exhibited the same effectiveness at reducing pCDK1
(Tyr15) levels with an increase in pCDK1 at 1 uM PROTAC treatment and comparable levels
of pCDK1 in 100 nM PROTAC treatment compared to DMSO when degradation is absent.
The CRBN-recruiters (MA048 and MA163) showed that they could more completely degrade

Weel compared to VHL-recruiters (MA055 and MA199) in HNSCC cell lines. Furthermore,
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MA163 degrades Weel faster than MA199, which corroborates previous lab data that
CRBN-recruiters are usually faster degraders than VHL-recruiters. MA163 and MA199
PROTACs showed enhanced potency compared to the first-generation PROTACs (Figures 3.9
and 3.10). Generally, Weel degradation was sustained until 30 nM in most cases when
using the CRBN-recruiter (MA163) and 10 nM when using the VHL-recruiter (MA199).
Furthermore, pCDK1 (Tyr15) levels remained absent until 300 nM, with control levels
appearing by 100 nM. Therefore, despite enhanced potency we still see a similar pattern of
return of pCDK1 (Tyr15) levels. The first-generation Weel PROTACs seem to specifically
target Weel as the negative controls for these compounds did not exhibit Weel
degradation (Figure 3.4). MA163 can degrade Weel within 0.5 h and MA199 shows some
degradation by 2 h (Figure 3.12). This allows us to consider how long pre-treatment with
PROTACs should be before adding other genotoxic agents to compare inhibition versus

degradation in Chapter 4.

Ternary complex formation for both first and second generation PROTACs was inhibited in
the competition assays, with the inhibitors being able to completely block the degradation
of Weel by MA048 and MAOS55 and partially block the degradation of Weel in the cases of
MA163 and MA199 (Figures 3.7 and 3.13). Although the ratio of inhibitor to PROTAC was
much higher for MA163 and MA199 compared to the former compounds, these second-
generation compounds are much more potent and so may form ternary complexes more
effectively than MA048 and MAOQ55, leading to only partial inhibition. These findings confirm

target engagement of the PROTACs to the E3 ligases.

AZD1775 has several off-target effects, for example it inhibits PLK1 (Wright et al., 2017; Zhu

et al., 2017). However, some studies have shown that, at nanomolar concentrations,
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AZD1775 only inhibits Weel and not PLK1 (Serpico et al., 2019). Previous work in other cell
lines (Aublette et al., 2022; Li et al., 2020) showed enhanced selectivity of the PROTACs, in
that they only targeted and degraded Weel out of a panel of kinases, however, future work
should investigate that the PROTACs remain selective in HNSCC cell lines. For example,
treatments with AZD1775, Weel PROTACs and BI-6727 (PLK1i) to produce lysates and then
Western blotting for Cdc25C (Ser198) could highlight if the PLK1-dependent

phosphorylation of Cdc25C is inhibited by the PROTACs.

Interestingly, UM-SCC-6 (p53-WT) and UM-SCC-74A (p53-WT) have lower expression levels
of VHL in comparison to A-253 (p53-null) and FaDu (p53-mutant), therefore we can assume
that the absolute levels of E3 ligase is not important for the PROTAC to function: MAO55
exhibits the similar degradation profiles in UM-SCC-74A (p53-WT) and A-253 (p53-null) cell
lines, whereas MA199 shows the most sustained Weel degradation in UM-SCC-74A (p53-
WT). Perhaps the stereochemistry of the ternary complex is more important for effective
PROTAC-dependent degradation, rather than expression of E3 ligase. How the levels of E3

ligase effect PROTAC potency will be further investigated in Chapter 6.

In order to use PROTACs to improve treatment modalities, the sustained degradation of
Weel after PROTAC removal should be considered for how often PROTAC doses are
administered. Furthermore, the effect of linker length on cell penetration and sustained
degradation needs to be understood to determine the trend between linker length and
return of normal Weel levels when considering future methods of drug delivery. A
limitation of using MA048 versus THO12 in the Weel recovery experiments is that they
display different potencies, therefore it may not be a direct comparison, as the initial

amount of degradation induced by each PROTAC was different (Figure 3.6). PROTACs with
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similar potencies but different linker lengths or designs should be compared to exclude

other variables.

As monotherapy treatments, MA048 and MAO55 PROTACs exhibit EC50 values of around 1—
4 uM, whereas MA163 and MA199 PROTACs exhibit values of around 50-550 nM (Figures
3.14 and 3.15). This approximately 2 — 20-fold improvement further confirms the enhanced
potency of the second generation PROTACs. From this data, the second generation
PROTACs, MA163 and MA199, will be used to investigate combination treatments and a
dose of 300 nM will be selected to perform these treatments. This is higher than the EC50
values (~100 nM) in the cell lines that will be tested (UM-SCC-6 (p53-WT), UM-SCC-74A
(p53-WT), A-253 (p53-null) and FaDu (p53-mutant)), however, this is a concentration where
a reduction of pCDK1 (Tyr15) levels is observed. At 100 nM, normal pCDK1 (Tyr15) levels are
present in most cases from the Western blots, therefore a treatment dose that has both

degraded Weel and supressed pCDK1 (Tyr15) would be selected.

The cytotoxicity of Weel-targeting compounds alone and as a combinatorial strategy with

ionizing radiation and chemotherapies will be explored in Chapter 4.
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4 Evaluating the cytotoxicity of Weel PROTACs in
HNSCC with varying p53 status

4.1 Introduction

4.1.1 Cytotoxicity of Weel inhibitor, AZD1775, in HNSCC

The advantages of Weel as a target for cancer therapy has been discussed in section 1.3.4
of the introduction. Here we will focus on a brief history of how Weel inhibition has been

tested for efficacy against head and neck cancers in preclinical and clinical studies.

The first publication to report the use of AZD1775 against head and neck cancer
demonstrated that the Weeli sensitized p53-mutant HNSCC cells to cisplatin by bypassing
the cisplatin-induced G2/M arrest and causing a senescence-like phenotype (Osman et al.,
2015). In October 2015, AZD1775 entered a phase | single agent study in patients with solid
tumours (Do et al., 2015). It found that one head and neck patient carrying BRCA mutations
had a partial response to AZD1775 treatment. With the knowledge that AZD1775 seemed to
work well in HR defective tumours, groups started to combine AZD1775 with other
inhibitors to induce more DNA damage. For example, the combination of AZD1775 with
Vorinostat, a histone deacetylase (HDAC) inhibitor, caused enhanced replication stress and
inhibition of tumour growth in cells with p53 mutations (Tanaka et al., 2015). Furthermore,
targeting of Weel and Aurora Kinase A, a kinase involved in spindle assembly, enforced
mitotic catastrophe in p53-mutant cells and combined inhibition of Weel and Rad51
radiosensitized HPV-positive and negative tumours (Lee et al., 2019; Lindemann et al.,

2021).
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Due to the success of AZD1775’s anti-proliferative effects in combination with other
genotoxic treatments, AZD1775 is currently in Phase | clinical trials to establish it as a
potential treatment of head and neck cancers in combination with cisplatin and
radiotherapy. The trial is called WISTERIA and recruitment ended for this trial in 2019. This
dose escalation trial is using AZD1775 before surgery with cisplatin or AZD1775 with
cisplatin and radiotherapy after surgery. The study’s main aims are to understand the
optimal and highest safe dose of AZD1775 that can be administered pre- and post-
operatively with the above mentioned combinations and potential toxicities of AZD1775

(Kong et al., 2020).

AZD1775 has been demonstrated to be effective from both basic science and clinical
literature, however targeting Weel more selectively with PROTACs could be more

advantageous over small molecule inhibition with AZD1775.

4.2 Aims and Objectives

In this chapter, the cytotoxicity of Weel-degrading PROTACs alone will be compared to their
cytotoxicity in combination with ionizing radiation or chemotherapies, as well as the mode

of death that these drugs cause. This will be assessed via a number of aims:

1. Evaluate if Weel PROTACs and AZD1775 cause a loss of cell viability over time and
determine the appropriate dose of the chemotherapy drugs to use in combination

with the PROTACs
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2. Assess if PROTAC treatment enhances radiation- or chemotherapy-induced cell
death, comparing this to AZD1775 treatment and determining the effects of p53
status.

3. Investigate if the PROTACs induce apoptosis and compare this to AZD1775

treatment.

4.3 Results and discussion

4.3.1 Effect of treatment time of monotherapy PROTACs on cell
viability
To calculate EC50 values of drugs, MTS assays are usually performed between 24 —72 h
after drug treatment. Previously in our lab (Aublette et al., 2022) and in initial testing of the
compounds in the HNSCC cell lines (Section 3.3.4), the MTS reagent was added 72 h after
drug treatment however, we wanted to investigate if the drug reached its maximal effect in
reducing cell viability at an earlier time point. Cell viability (MTS) assays were performed in
UM-SCC-6 (p53-WT), A-253 (p53-null) and FaDu (p53-mutant) cells treated with varying
doses of AZD1775 or PROTAC from 20 uM to 0.1 nM for either 24 h, 48 h or 72 h. Data were

normalised to the vehicle control, DMSO, and plotted as dose response curves seen in

Figures4.1-4.2.
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Figure 4.1 Time course cell viability assays showing the effect of AZD1775, MA163 and MA199 on p53-
proficient cells. Cells were treated for 24 h, 48 h or 72 h with (A) Weeli, AZD1775, (B) CRBN-recruiter, MA163,
and (C) VHL-recruiter, MA199. Cell viability assays were normalised with vehicle control, DMSO. Plots are

presented as mean  SD of n = 2 - 4 biological repeats (GraphPad Prism).

Figure 4.1 shows the 24 h, 48 h and 72 h dose response curves of the drugs in p53-proficient
cells, UM-SCC-6 (p53-WT). Across all treatments, the longer that the drug treatment is left
on the cells, the larger the decrease in cell viability. The PROTACs are not very potent at 24
h, with the lowest cell viability being 67% at 20 uM for MA163 and 72% at 1 uM for MA199.
AZD1775 and MA163 behave in a similar manner, whereby the longer the treatment is left
on, the greater the reduction in cell viability (Figure 4.1A — B). In contrast, MA199 seems to
exert its maximal effect on reduction of cell viability by 48 h (cell viability plateaus at 53%)
as the 72 h treatment (cell viability plateaus at 56%) does not cause any more reduction in
cell viability (Figure 4.1C). The EC50 values at 24 h for AZD1775 and MA163 are the highest
at 263 nM and 242 nM, respectively (Table 4.1). At 48 h these decrease to 66 nM and 81 nM
and by 72 h the value for AZD1775 decreases to 33 nM and increases for MA163 to 134 nM.
The proportional increase between the 48 h and 72 h EC50 values for MA199 (30 nM and
104 nM for 48 h and 72 h, respectively) is much larger than that of MA163. To conclude,
only AZD1775 displays a progressive increase in loss of cell viability the longer the treatment

time. The PROTACs reach the maximum loss of cell viability sooner.
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Table 4.1 Table of EC50 values of time course cell viability assays (MTS) in UM-SCC-6 cells. UM-SCC-6 (p53-
WT) were treated with AZD1775, MA163 and MA199 for 24 h, 48 h or 72 h (n = 2 - 4) and dose response curves

for these values can be seen in Figure 4.1. *Experiments with only n = 2.

Treatment EC50 (uM) + SD
AZD1775 MA163 MA199
24 h 0.263+0.121* 0.242 £ 0.112%* 0.107 £ 0.054*
48 h 0.066 + 0.020 0.081 +0.088 0.030 £ 0.072
72h 0.031 +0.090 0.134 £ 0.065 0.104 £ 0.058

To investigate if the behaviour of the compounds had any dependency on p53, we

investigated the time course in A-253 (p53-null) and FaDu (p53-mutant) cells (Figure 4.2).
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Figure 4.2 Time course cell viability assays showing the effect of AZD1775, MA163 and MA199 on p53-
deficient cells. (A) p53-null cells, A-253 and (B) p53-mutant cells, FaDu, were treated for 24 h, 48 h or 72 h with
Weeli, AZD1775, CRBN-recruiter, MA163, and VHL-recruiter, MA199. Cell viability assays were normalised

with vehicle control, DMSO. Plots are presented as mean + SD of n = 2 - 4 biological repeats (GraphPad Prism).

In p53- deficient cells, A-253 and FaDu, all treatments have a similar potency at the 72 h

time point (seen in Table 3.2, section 3.3.4.2). Similarly, to UM-SCC-6 (p53-WT) cells (Figure
4.1), the general trend is that the longer the treatment time, the larger the reduction in cell
viability. The EC50 values are the smallest for MA199 in A-253 (p53-null) and FaDu (p53-
mutant). The EC50 values were of a similar order of magnitude for all three cell lines tested
which suggests that p53 status may not have much of an impact on overall cytotoxicity of
these compounds. However, to confirm this hypothesis, p53 activity should be restored in A-
253 (p53-null) or FaDu (p53-mutant) and the EC50 values of the compounds can be

compared. The EC50 values at 24 h for FaDu (p53-mutant) are relatively high for MA163 and
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MA199 in comparison to A-253 (p53-null). This is likely due to the variable data collected at

this time point, leading to difficulties plotting the dose response curve for this data. Table

4.2 shows the EC50 values for dose response curves in Figure 4.2.

Table 4.2 Table of EC50 values of time course cell viability assays (MTS) in A-253 and FaDu cells. A-253 and

FaDu were treated with AZD1775, MA163 and MA199 for 24 h, 48 h or 72 h (n = 2 - 4) and dose response

curves for these values can be seen in Figure 4.2. *Experiments with only n = 2. TExperiment where two

repeats produced unstable EC50 values when individually plotted.

Treatment EC50 (uM) £ SD
A-253 FaDu

AZD1775 MA163 MA199 AZD1775 MA163 MA199

24 h 0.878 + 0.041 + 0.120 0.028 + 15.0+16.5 61.0%
0.727* 0.474 0.400 0.066 3.07t

48 h 0.209 0.197 0.112 + 0.337 % 0.241 + 0.130 %
0.026 0.060 0.101 0.305 0.203 0.042

72 h 0.149 + 0.168 + 0.102 + 0.112 + 0.308 + 0.100 +
0.086 0.037 0.0022 0.171 0.304 0.009

4.3.2 Effect of chemotherapeutics alone on cell viability

In order to select an appropriate dose for future combination treatments of

chemotherapeutics and PROTACs, monotherapy cell viability assays were performed in UM-

SCC-6, UM-SCC-74A, A-253, UM-SCC-12, FaDu and UM-SCC-81B cells with cisplatin and

bleomycin. Previous studies had used cisplatin at a range of doses between 0.5 uM to 50

UM in head and neck cell lines that we were using, therefore we decided to perform the

MTS assay with the same concentration ranges that we had tested for the PROTACs and

AZD1775 (Li et al., 2022a; Ziemann et al., 2015). Cells were seeded and left to adhere
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overnight before treatment with varying doses of cisplatin from 20 uM to 1 nM or varying
doses of bleomycin from 500 pg/mL to 9.6 ng/mL for 72 h. The plates were analysed with

MTS reagent and dose response curves were produced (Figure 4.3 —4.4).
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Figure 4.3 Dose response of cisplatin in HNSCC cell lines. Cells were treated for 72 h with cisplatin. Cell
viability assays were normalised with vehicle control, DMSO. Plots are presented as mean = SD of n =3

biological repeats (GraphPad Prism).

Similar sensitivity to cisplatin was seen across all six cell lines. In UM-SCC-6 (p53-WT) cells,
we saw ~10% viability remaining at the higher doses, whereas in the other five cell lines we
saw 0% cell viability. UM-SCC-6 (p53-WT), A-253 (p53-null), UM-SCC-12 (p53-null) and FaDu
(p53-mutant) cells all exhibit EC50 values between 435 nM and 592 nM (Table 4.3). UM-
SCC-74A (p53-WT) and A-253 (p53-null) exhibit more sensitivity to cisplatin with EC50 values

of 321 and 435 nM, respectively.
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Table 4.3. Table of EC50 values of cell viability assays (MTS) in HNSCC cell lines for cisplatin. UM-SCC-6, UM-

SCC-74A, A-253, UM-SCC-12, FaDu and UM-SCC-81B were treated with cisplatin for 72 h (n = 3) and dose

response curves for these values can be seen in Figure 4.3.

Treatment EC50 (uM) £ SD
UM-SCC-6 UM-SCC- A-253 UM-SCC-12 FaDu UM-SCC-
74A 81B
Cisplatin 0.542 + 0.321 % 0.435+ 0.557 0.564 0.592
0.029 0.035 0.049 0.208 0.103 0.089

Bleomycin showed much more variability between repeats at inhibiting cell proliferation

compared to cisplatin treatment. This resulted in some cell lines not exhibiting typical dose-

response curves (Figure 4.4).
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Figure 4.4 Dose response of bleomycin in HNSCC cell lines. Cells were treated for 72 h with bleomycin. Cell
viability assays were normalised with vehicle control, DMSO. Plots are presented as mean £ SDofn=3

biological repeats (GraphPad Prism).

Generally, p53-deficient cells (A-253, UM-SCC-81B, FaDu) were more sensitive to bleomycin
treatment compared to p53-proficient cells (UM-SCC-6, UM-SCC-74A). EC50 values were
roughly 2 — 8 times higher in p53-proficient cells (105.7 pg/mL and 244.9 pg/mL in UM-SCC-
6 and UM-SCC-74A respectively) than in p53-deficient cell types (30.3 pug/mL, 62.5 ug/mL
and 59.3 pg/mL in A-253, FaDu and UM-SCC-81B respectively) (Table 4.4). UM-SCC-12 (p53-
null) did not fit this pattern and exhibited the highest EC50 value, however this cell line also

had the largest standard deviation.
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Table 4.4. Table of EC50 values of cell viability assays (MTS) in HNSCC cell lines for bleomycin. UM-SCC-6,

UM-SCC-74A, A-253, UM-SCC-12, FaDu and UM-SCC-81B were treated with bleomycin for 72 h (n = 3) and dose

response curves for these values can be seen in Figure 4.4.

Treatment EC50 (pug/mL) £ SD
UM-SCC-6 UM-SCC- A-253 UM-SCC-12 FaDu UM-SCC-
74A 81B
Bleomycin 106 £ 29.4 245 £ 96.5 30.3+4.57 392 +£199 62.5+19.0 | 59.3+44.0

Cisplatin exhibited EC50 values between 300—600 nM in UM-SCC-6 (p53-WT), UM-SCC-74A
(p53-WT), A-253 (p53-null) and FaDu (p53-mutant) cell lines, therefore 300 nM was the
selected dose for combination treatments to ensure that the toxicity that we see is not a
result of cisplatin treatment alone, but due to the combination with Weel-targeting
compounds. Due to the variability in the bleomycin data, EC50 values for the above-
mentioned cell lines ranged from 30 pg/mL to 392 pg/mL. Clonogenic assays with
treatments of 10 pg/mL, 50 pg/mL and 100 pg/mL were performed to investigate the
cytotoxicity of a 24 h treatment of bleomycin alone. This showed that even at 10 ug/mL

there was some cytotoxicity, therefore this dose was selected.

4.3.3 Assessment of cytotoxicity of Weel-targeting compounds alone
and as a combinatorial treatment in p53-proficient cells

4.3.3.1 Effect of mono and combination treatments on clonogenicity

Colony survival assays were performed in UM-SCC-6 (p53-WT) cells to investigate if Weel
PROTAC treatment in combination with ionizing radiation or chemotherapy decreased cell
survival more than the genotoxic treatments alone in a p53-proficicent cell type. We

determined that a dose of 300 nM would be appropriate for AZD1775 and the PROTACs in
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all three cell lines, UM-SCC-6 (p53-WT), A-253 (p53-null) and FaDu (p53-mutant) in Chapter
3 and in section 4.3.1. Furthermore, monotherapy treatments of cisplatin determined a
dose of 300 nM was optimal across all cell lines and monotherapy treatments of bleomycin
gave EC50 values of 30 pg/mL to 110 ug/mL however, these doses killed all cells in
preliminary single treatment clonogenics. Therefore, a dose of 10 pg/mL was tested and
selected as some cells survived in preliminary clonogenics and this was below the EC50
values in each cell line. Radiation doses selected were 1 Gy, 2 Gy and 4 Gy based on
previous doses that had worked for combination clonogenic assays in Professor Parsons’

laboratory.

To investigate combination treatments, AZD1775 and PROTACs were added to cells 2 h prior
to either irradiation or addition of the chemotherapy drugs to ensure Weel was sufficiently
degraded or inhibited. For radiation combination treatments, after irradiation the media
was replaced with drug-free media, whereas for the chemotherapy combination all
treatments were left for a total of 24 h. From these experiments, we were able to collect
data on the effect on clonogenicity of AZD1775 and the PROTACs when they were added for

2 h alone versus 24 h alone.

In UM-SCC-6 (p53-WT) cells, at 2 h, only MA199 was significantly better at reducing cell
survival alone in comparison to DMSO (Figure 4.5). MA199 was not significantly better than
AZD1775 or MA163 (Table 4.5). At 24 h, AZD1775, MA163 and MA199 were significantly
better at reducing colony formation in comparison to DMSO. All of the treatments were as
potent as each other at 24 h. Therefore, targeting Weel alone appears to be cytotoxic to
p53-proficient head and neck cancer cells and degrading Weel shows no added benefits in

comparison to inhibiting it when considering monotherapy.
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Figure 4.5 Effect of 2 h versus 24 h treatment time with Weel-targeting treatments on the clonogenicity of
UM-SCC-6. Bar graph showing surviving fraction of UM-SCC-6 cells that have been allowed to grow for 6 -10
days post 2h or 24 h treatment with monotherapies, AZD1775, MA163 and MA199. Data were analysed with a
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one-way ANOVA and Tukey’s test. All data plotted is mean * SD of n = 3 biological repeats.

Table 4.5 Table of adjusted p-values for the monotherapy treatment comparisons at 2 h and 24 h in UM-SCC-

6 cells. Colonies were fixed, stained and counted, the plating efficiencies were calculated and values were

normalised to the DMSO control as 100% cell survival. Data were analysed by a two-way ANOVA and a Siddk’s

multiple comparisons test and bar graphs can be seen in Figure 4.5.

DMSO | AzD1775 | MA163 | MA199 | DMSO | AzD1775 | MA163 | MA199
2h 2h 2h 2h 24h 24h 24h 24h
DMSO 2 h - 0.8887 0.8762 | 0.0069 | >0.9999 | <0.0001 | <0.0001 | <0.0001
(ns) (ns) () (ns) (Fxr%) (errn) | ek
AZD17752h | 0.8887 - >0.9999 | 0.4849 | 0.8887 | 0.0054 | 0.0031 | <0.0001
(ns) (ns) (ns) (ns) (**) (**) (****)
MA1632h | 0.8762 | >0.9999 - 0.5037 | 0.8762 | >0.9999 | 0.0033 | <0.0001
(ns) (ns) (ns) (ns) (ns) (**) (****)
MA1992h | 0.0069 0.4849 0.5037 - 0.0069 | 0.9780 | 0.9177 | 0.0159
(**) (ns) (ns) (**) (ns) (ns) (*)
DMSO24h | >0.9999 | 0.8887 0.8762 | 0.0069 - <0.0001 | <0.0001 | <0.0001
(ns) (ns) (ns) (%) (FHx¥) (Rrxr) | (rrnn)
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AZD177524 h | <0.0001 0.0054 >0.9999 | 0.9780 | <0.0001 - >0.9999 | 0.1945

(****) (**) (ns) (ns) (****) (ns) (ns)
MA16324h | <0.0001 | 0.0031 0.0033 | 0.9177 | <0.0001 | >0.9999 - 0.3302
(*F***) (**) (**) (ns) (****) (ns) (ns)

MA19924 h | <0.0001 <0.0001 <0.0001 | 0.0159 <0.0001 0.1945 0.3302

Although AZD1775, MA163 and MA199 showed a reduction of colony formation alone,
when using this in addition to ionizing radiation, we see no enhancement of cell death and
no significance between treatments when analysing with multiple unpaired t tests with

Welch correction in UM-SCC-6 (p53-WT) cells (Figure 4.6).
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Figure 4.6 Investigation of Weel-targeting treatments in combination with radiation on clonogenicity of
p53-proficient cells, UM-SCC-6. Cells were pre-treated with Weel-targeting drugs for 2 h prior to irradiation,
supplemented with drug-free media post-IR and allowed to grow for 6 — 10 days. (A & B) Survival curve and
representative images for AZD1775-treated cells, (C & D) Survival curve and representative images for MA163-
treated cells and (E & F) Survival curve and representative images for MA199-treated cells. All data plotted is

mean * SD of n = 3 biological repeats.

Clonogenic survival of Weel-targeting treatment cells in combination with

chemotherapeutic, cisplatin and bleomycin, in UM-SCC-6 (Figure 4.7).
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Figure 4.7 Investigation of Weel-targeting treatments in combination with cisplatin and bleomycin on
clonogenicity of p53-proficient cells, UM-SCC-6. Cells were treated with Weel-targeting compounds and
cisplatin or bleomycin for 24 h before replacing with drug-free media and allowed to grow for 6 — 10 days. (A &
B) Survival curve and representative images for AZD1775-treated cells, (C & D) Survival curve and
representative images for MA163-treated cells and (E & F) Survival curve and representative images for

MA199-treated cells. All data plotted is mean + SD of n = 3 biological repeats.

Cisplatin treatment resulted in a mean cell survival of 38% however, AZD1775 and cisplatin
treatment resulted in a mean cell survival of 19%, MA163 and cisplatin caused only 18% cell
survival and MA199 and cisplatin caused only 6% of cells to survive. Only MA199
significantly enhanced cisplatin-induced cell death (p = 0.0332) however, AZD1775 and

MA163 (p = 0.3495 and p = 0.3062 for AZD1775 and MA163, respectively) also enhanced
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cisplatin-induced cell death (Figure 4.7). MA163 and MA199 did cause a slight reduction to
the surviving fraction compared to bleomycin alone, but as bleomycin is so toxic to cells
alone, the combination of bleomycin with Weel-targeting compound was significant
compared to the Weel-targeting compound alone. However, the combination was not
significant compared to bleomycin alone, therefore none of the treatments significantly

enhanced bleomycin-induced cell death (Figure 4.7).

As these experiments confirmed that we saw enhanced cisplatin-induced cell death when
using cisplatin in combination with the Weel-targeting compounds in UM-SCC-6 (p53-WT),

we wanted to investigate if we were seeing an additive effect in a dose response curve.

4.3.3.2 Impact of chemotherapeutics, cisplatin and bleomycin, with Weel-

targeting treatments on cell viability
After observing that Weel degradation via a VHL-recruiter did significantly enhance
cisplatin-induced cell death (Figure 4.7), MTS assays that measure metabolic activity of cells
treated with varying doses of AZD1775, MA163 and MA199 were performed with a fixed
dose co-treatment of cisplatin (300 nM) or bleomycin (10 pug/mL) to investigate if the

combination of the drugs resulted in a synergistic or additive effect (Figure 4.8).
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Figure 4.8 Reduction of cell viability of UM-SCC-6 cells by Weel-targeting compounds alone and in
combination with cisplatin or bleomycin. Cell viability assays of UM-SCC-6 cells treated with (A) AZD1775,
AZD1775 and cisplatin or AZD1775 and bleomycin, (B) MA163, MA163 and cisplatin or MA163 and bleomycin
and (C) MA199, MA199 and cisplatin or MA199 and bleomycin for 72 h. All treatments were normalised with

DMSO. Data are presented as mean + SD of n = 4 biological repeats (GraphPad Prism).

At 300 nM cisplatin treatment in UM-SCC-6 (p53-WT) cells, the mean cell viability was 74%
(Figure 4.3A) and at 300 nM AZD1775 treatment, the mean cell viability was 50% (Figure
3.14; section 3.3.4.2). The mean cell viability when these compounds were used together
was 52% (Figure 4.8A). At the higher doses of AZD1775, there was no synergy or additive
effect from using the drugs in combination, however, at the smaller doses used (<100 nM)
we did observe a small additive effect. This is the same as can be seen for MA163 (Figure
4.8B). However, we discovered an additive effect of MA199 with cisplatin at all
concentrations (Figure 4.8C). When comparing between the compounds at 300nM, MA199
reduces cell viability the most at 72 h (45%), therefore it makes sense that this is the most
significant combination at enhancing cisplatin-induced cell death. AZD1775 and cisplatin has
a 13-fold smaller EC50 compared to AZD1775 alone, MA163 and cisplatin dose response
curve has a right-shift, therefore an increase in EC50 and MA199 and cisplatin has a 3.3-fold
smaller EC50 compared to MA199 alone (Table 4.6). UM-SCC-6 (p53-WT) cells are more

sensitive to bleomycin than cisplatin at the doses used, therefore the larger additive effect
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observed of the bleomycin combination compared to the cisplatin combination is due to

their sensitivity to bleomycin, rather than the compounds working better together.
Table 4.6 Table of EC50 values of cell viability assays (MTS) in UM-SCC-6 cells for chemotherapy combination

treatments. UM-SCC-6 were treated with Weel-targeting compounds alone and in combination with cisplatin

or bleomycin for 72 h (n = 4) and the dose response curves that correspond with these values can be seen in

Figure 4.8.
Treatment EC50 (uM) + SD
Alone +300 nM +10 ug/mL
Cisplatin Bleomycin
AZD1775 0.03 +0.09 0.0023 £ 0.04 0.0075 + 0.0085
MA163 0.13+0.07 107 £ 0.07 0.16 £ 0.05
MA199 0.10+0.06 0.03+0.06 0.04 +0.03

4.3.3.3 Effect of mono and combination treatments on mode of death

In order to investigate if the PROTACs cause differing modes of death compared to
inhibition of Weel via AZD1775, apoptosis detection via Annexin V staining by flow
cytometry was performed in UM-SCC-6 (p53-WT) cells. Annexin V can be used to measure
apoptosis as it binds to phosphatidylserine (PS) that becomes exposed on the surface of the
cell as a result of the loss of plasma membrane asymmetry (van Engeland et al., 1998). Cells
were treated with a DMSO control, AZD1775, MA163 or MA199 at 300 nM for 24 h before
trypsinization and staining with Annexin V-FITC and PI. The first gate applied to FSC-A and
SSC-A excluded debris from analysis, and compensation was performed by running a
staurosporine positive control for apoptosis and an ethanol control for dead cells (Figure

4.7A).
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Figure 4.9 Apoptosis detection assay of AZD1775, MA163 and MA199 in UM-SCC-6. Flow cytometry of UM-
SCC-6 cells stained with Propidium lodide (Pl) and Annexin V-FITC. Cells were treated with monotherapy
agents for 24 h prior to producing samples. (A) Representative dot plots showing gating out of debris to only
analyse cells and positive controls for apoptosis (1 uM staurosporine treatment for 24 h) (early apoptotic cells
stain positively for Annexin V but negatively for Pl and late stain positively for both) and dead cells (-20 °C 70%
ethanol for 24 h). (B) Representative dot plots for monotherapy treatments at 300 nM for 24 h. (C) Bar graph

showing mean + SD of n = 3 biological replicates for monotherapy treatments (GraphPad Prism).

AZD1775, MA163 and MA199 all showed slight induction of apoptosis, albeit not statistically

significant, in UM-SCC-6 (p53-WT) cells (Figure 4.9B — C). AZD1775 caused a two-fold
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increase of annexin-V positive population at 14.1% compared to 7.4% in the DMSO control.
MA163 showed a similar level of apoptotic cells at 13.1% and MA199 caused marginally less
at 9.8%. This suggests that targeting Weel causes some p53-dependent apoptosis in HNSCC,
however a longer time point to see the effect after another turn of the cell cycle may reveal
if these cells could be arresting or entering a quiescent state to combat the Wee1l-deficiency
instead of entering apoptosis. With these data, the next step was to investigate if using the
compounds in combination with irradiation would result in more or fewer apoptotic cells
than the single agents and to investigate the induction of apoptosis with a different
technique, western blotting of PARP cleavage. At the onset of apoptosis, initiator caspase
(caspase-9) is activated and subsequently activates effector caspases, caspase-3 and
caspase-7. Caspase-3 is mainly responsible for PARP cleavage to produce fragments of 89
and 24 kDa during programmed cell death, therefore it has become a useful marker for

apoptosis (Boulares et al., 1999).

UM-SCC-6 (p53-WT) cells were treated with 300 nM AZD1775 and MA163 for 2 h prior to
irradiation. A dose of 12 Gy was selected to cause enough stress to the cells to send them
into programmed cell death as previous irradiation doses (1 Gy, 2 Gy and 4 Gy) would not
have inflicted enough apoptosis to detect (J. Parsons — personal communication). Once
irradiated, the treatments remained on the cells for a further 22 h prior to the production of
lysates. Lysates were probed for PARP-1 (and cleaved PARP-1) and B-actin as a loading

control (Figure 4.10).
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Figure 4.10 Detection of PARP cleavage in UM-SCC-6 cells by AZD1775 and MA163 treatments alone and in
combination with 12 Gy irradiation. Western blot of UM-SCC-6 cells that were treated with AZD1775 or
MA163 at 300 nM for 2 h prior to irradiation then treatment remained for a further 22 h post irradiation prior
to the production of lysates. The membrane was probed for PARP-1, cleaved PARP-1 and B-actin as the loading
control, n = 2. Quantitation of full-length PARP-1 can be found in Table 4.7.

Less full-length PARP-1 can be seen in the drug-treated cells in comparison to DMSO or IR
alone, suggesting that the protein is being cleaved, however smaller fragments (such as at
50 and 24 kDa) were not observed. There was nearly a 3-fold decrease of full-length
endogenous PARP-1in AZD1775 and MA163-treated cells alone compared to DMSO in UM-

SCC-6 (p53-WT) (Figure 4.10 and Table 4.7).

Table 4.7 Quantitation of full-length PARP-1 from Figure 4.8 of UM-SCC-6 cells treated with AZD1775 or
MA163 alone or in addition to irradiation. Intensity of full-length PARP-1 was normalised to actin and

calculated relative to DMSO. The mean + SD was produced from n =2 and is shown in the table below.

Treatment condition Mean + SD full-length

PARP relative to DMSO
DMSO 1.00 £ 0.00
AZD1775 0.36 £ 0.07
MA163 0.37+0.01
DMSO + 12 Gy 1.00+0.11
AZD1775 + 12 Gy 0.36+0.16
MA163 + 12 Gy 0.35+0.27

Furthermore, a decrease was observed in the combination of Weel targeting treatments,
only 36 % and 35 % remaining PARP-1 in AZD1775 or MA163 with 12 Gy respectively, in
comparison to IR alone (Figure 4.8). This corroborates previous flow cytometry data (Figure
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4.7) that the Weel-targeting treatments induce more apoptosis compared to the control.
Although the cleavage fragments show fainter or absent bands in these samples, the fainter
full-length bands are suggestive of PARP cleavage and indicative of increased apoptosis. It is
possible that proteolytic degradation of the cleavage fragments had occurred in the treated
samples compared to DMSO or 12 Gy alone, as we only looked at a 24 h time point and
apoptosis kinetics are complex. Future experiments should test more time points to
investigate if we can see stronger cleavage fragment bands in comparison to the control or
irradiation alone. After this result we wanted to perform Annexin V flow cytometry to
determine if we see more induction of apoptosis in the combination of AZD1775 or MA163

with irradiation compared to the irradiated alone cells.

Cells were treated in the same manner as the western blotting lysates (Figure 4.10) prior to
harvesting and staining with Annexin V-FITC and PI. Data was analysed and gated as
described in Figure 4.7A. UM-SCC-6 (p53-WT) cells were most sensitive to AZD1775 and the
proportion of apoptotic cells in AZD1775 single treatment and AZD1775 combination were
very similar (24.9% and 23.4% for 0 Gy and 12 Gy, respectively) (Figure 4.11). The next
highest induction of apoptosis was by the MA163 and 12 Gy combination treatment at
22.1%, followed by MA163 alone at 16.0%. Unfortunately, time constraints only allowed for
an n = 2 of these results, therefore the standard deviation of this data is quite large and the
experiment needs to be repeated to confirm if these trends that we observed are correct.
Furthermore, 12 Gy IR alone should induce a large percentage of apoptosis as it is quite a
high dose of ionizing radiation, therefore it is possible that when these experiments were
performed, the generator of the irradiator was already broken and having issues with X-ray

delivery.

119



5. © 5.
™ 3Dead(8.96%) . 1(10.24 T JDead(11.13%) Ap0p(24.31% ~ 3Dead(13.46%) Ap
S S
Le L
w24 =E
5 b
; 7%) o, [Lives.d0%) - Apop(15.16%) o [Live(59.67%) - Apop )
10 10° 104 10° 10° 102 10° 104 10° 10° 102 10° 104 10° 10°
FITC-A FITC-A FITC-A
e - I
O o =5
~ 3Dead(3.90%) ™ JDead(3.28%) 4.38% JDead(4.54%) Apop
=r
> ]
U} e
[
o 3
—
B
| Live(85.12%) ) ) < ] Live(52.54%) - E.Apop 19%) o |Live(60.70%).
10? 10° 104 10° 10° 10? 10° 104 10% 108 10% 10° 104
FITC-A FITC-A FITC-A
50
0
8 40+
L
)
o 30+
<
£
o 20
©
© 10-
=
0-
0 Gy 12 Gy

e DMSO m AZD1775 a MA163

Figure 4.11 Apoptosis detection assay of AZD1775 and MA163 with 12 Gy irradiation in UM-SCC-6. Flow
cytometry of UM-SCC-6 cells stained with Propidium lodide (Pl1) and Annexin V-FITC. (A) Representative dot
plots for DMSO, AZD1775 (300 nM) and MA163 (300 nM) for 24 h alone and with 12 Gy irradiation after initial

2 h treatment prior to staining. (B) Bar graph showing mean = SD of n = 2 biological repeats (GraphPad Prism).
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An increase of cytotoxicity to UM-SCC-6 (p53-WT) cells when using the combination of
Weel-targeting treatments with cisplatin compared to the chemotherapies alone (section
4.3.3.1) led to investigations into how these cells were dying. Western blots were performed
to investigate early to mid apoptotic events, such as PARP and caspase-3 cleavage. Cells
were treated with DMSO, AZD1775, MA163 or MA199 for 2 h prior to the addition of
cisplatin or bleomycin. The cells were further treated for 22 h prior to the production of
lysates. Lysates were probed for PARP-1 (and cleaved PARP-1), Caspase-3 (and cleaved

caspase-3) and B-actin as a loading control (Figure 4.12).

A -/+ 300 nM Cisplatin B -/+ 10 ug/mL Bleomycin
AZD1775 MA163 MA199 AZD1775 MA163 MA199
DMSO  (300nM) (300nM) (300nM) DMSO  (300nM) (300 nM) (300 nM)
+ - ¥ - + -+ - + -+ - + -+
PARP-1113‘-'—.—-~—-—-4—‘ —— . - P — S—
Cleaved PARP-1 89 --- bt —— ‘o — |y - : Sl St
B-actin 42 --ﬁ-_..--‘-—n ..4—0-| ’ Pr—— -.__,—‘
Caspase-3 35 "4-—--—“------—--——‘ ‘—-—.—‘“N——.‘

Figure 4.12 Detection of PARP-1 and caspase-3 cleavage in UM-SCC-6 cells by AZD1775, MA163 and MA199
treatments alone and in combination with cisplatin or bleomycin. Western blot of UM-SCC-6 cells that were
treated with AZD1775, MA163 or MA199 alone and in combination with cisplatin or bleomycin for 24 h prior
to the production of lysates. The membrane was probed for PARP-1, cleaved PARP-1, B-actin as the loading

control and caspase-3 (n =1).

Table 4.8 Quantitation of full-length PARP-1 and caspase-3 from Figure 4.10 of UM-SCC-6 cells treated with
Weel-targeting compounds alone or with chemotherapeutics. Intensity of full-length PARP-1 and Caspase-3

was normalised to actin and calculated relative to DMSO. The relative values are plotted in the table below.

Band intensity relative to DMSO

+ / - Cisplatin + / - Bleomycin

Protein DMSO AZD1775 MA163 MA199 DMSO AZD1775 MA163 MA199

- + - + - + - + - + - + - + - +

Full- 1.00 | 093 | 271 | 137 | 1.71 | 1.42 | 1.15 | 0.66 | 1.00 | 0.02 | 0.02 | 0.02 | 0.03 | 0.04 | 0.01 | 0.02
length
PARP-1

Full- 1.00 | 1.02 | 2.12 | 1.08 | 1.03 | 1.43 | 1.77 | 0.66 | 1.00 | 0.02 | 0.04 | 0.11 | 0.08 | 0.10 | 0.04 | 0.02
length
Caspase-3
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The amount of PARP-1 cleavage appears similar between the single agents across both
cisplatin and bleomycin blots, however due to a poor actin band on the bleomycin blot,
guantification of full-length PARP cannot confirm this (Figure 4.10). There is an increase in
the intensity of cleaved PARP-1 for AZD1775 in combination with cisplatin in comparison to
either AZD1775 or cisplatin alone (Figure 4.12A). Furthermore, there is a relative decrease in
full-length PARP-1 from 2.71 in AZD1775 to 1.37 in AZD1775 with cisplatin, suggestive of
PARP-1 cleavage. MA163 with cisplatin also exhibits more PARP-1 cleavage in comparison to
MA163 alone, whereas MA199 as a single agent seems to show less intense total PARP-1
than MA199 combined with cisplatin suggesting that there has been more PARP-1 cleavage
in the single agent than the combined treatment. The amount of cleaved PARP-1 does not
seem to differ between single treatments and combined treatments with bleomycin (Figure
4.12B). For both blots, smaller cleaved PARP-1 fragments were not detected. Cleaved
caspase-3 was also not detected. Due to time constraints, only an n = 1 of this experiment
was performed and when it is repeated, more concentrated lysates should be produced in
order to be able to load more protein to help with detection of the cleaved fragments. As

seen with the radiotherapy combinations, Annexin V flow cytometry was undertaken.

Cells were treated as described above for the western blot prior to harvesting and staining

with Annexin V-FITC and PI. Data was analysed and gated as described in Figure 4.9A.
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Figure 4.13 Apoptosis detection assay in UM-SCC-6 cells by AZD1775, MA163 and MA199 treatments alone
and in combination with cisplatin or bleomycin. Flow cytometry of UM-SCC-6 cells stained with Propidium
lodide (PI) and Annexin V-FITC. (A) Representative dot plots for DMSO, AZD1775 (300 nM), MA163 (300 nM)
and MA199 (300 nM) alone and with cisplatin (300 nM) or bleomycin (10pg/mL) for 24 h prior to staining. Bar
graph showing the mean % cells in apoptosis of (B) cisplatin combination treatment or (C) bleomycin
combination treatment + SD of n = 3 biological repeats. (D) Bar graph showing the mean % cells in early or

late apoptosis in each treatment condition. All graphs made with GraphPad Prism.
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UM-SCC-6 (p53-WT) cells showed the most sensitivity to AZD1775 combination treatments
(15.1% and 15.9% for cisplatin and bleomycin combination, respectively) (Figure 4.13). The
least potent combination treatment to cause apoptosis was MA199 with cisplatin, which
only caused ~3% increase in apoptosis compared to cisplatin alone. However, the general
trend was that the addition of a Weel PROTAC or inhibitor did induce more apoptosis,
however this was not statistically significant, than the chemotherapies alone. When plotting
early and late stage apoptosis separately, there were no significant differences between

treatment conditions (Figure 4.13D).

To easily compare between all of the treatments (single agent, radiotherapy combination
and chemotherapy combination), a summary table of the mean % cells in apoptosis
observed in the Annexin V flow cytometry assays was produced (Table 4.9). UM-SCC-6 (p53-
WT) cells were most sensitive overall to AZD1775 with 12 Gy irradiation and least sensitive

to 12 Gy irradiation alone.

Table 4.9 Summary table of mean % cells in apoptosis of Weel-targeting drugs as a monotherapy and
combinatorial strategy with radiotherapy or chemotherapy in UM-SCC-6 cells. UM-SCC-6 were treated with
Weel-targeting compounds alone and in combination with 12Gy irradiation, cisplatin or bleomycin for 24 h

(Figures 4.9, 4.11 and 4.13) (n = 3). *Experiments where n = 2.

Treatment Mean % cells in apoptosis + SD
DMSO 12 Gy 300 nM Cisplatin 10 pg/mL
Bleomycin
DMSO 7.51+4.82 7.94 +4.31%* 9.64 +4.41 11.6 +6.83
AZD1775 18.4+12.3 23.36 + 21.0* 15.1+5.71 159+4.381
MA163 14.2+4.54 22.1+17.9* 13.6 £3.90 1451454
MA199 9.84 £3.76 - 12.0+3.90 14.4 + 4.46
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The low sensitivity that UM-SCC-6 (p53-WT) cells have exhibited to the treatments could be
due to the cells having a functional G1/S checkpoint, therefore we reproduced these

experiments in section 4.3.4 in p53-deficient cells, A-253 and FaDu.

4.3.4 Assessment of cytotoxicity of Weel-targeting compounds alone
and as a combinatorial treatment in p53-deficient cells

4.3.4.1 Effect of mono and combination treatments on clonogenicity

Clonogenic survival assays were performed in A-253 (p53-null) and FaDu (p53-mutant) cells
to investigate if Weel PROTAC treatment in combination with ionizing radiation or
chemotherapy decreased cell survival more than the genotoxic treatments alone in p53-

deficient cell types. The same doses and conditions were used as in section 4.3.3.1.

In A-253 (p53-null) cells, at 2 h, only MA199 was significantly better at reducing cell survival
alone in comparison to DMSO (Figure 4.14). This was the same result that was seen in UM-
SCC-6 (p53-WT) cells in Figure 4.5 however, in A-253 (p53-null), MA199 was also significantly

more potent than AZD1775 and MA163 at 2 h (Table 4.10).
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Figure 4.14 Effect of 2 h versus 24 h treatment time with Weel-targeting treatments on the clonogenicity of
A-253. Bar graph showing surviving fraction of A-253 cells that have been allowed to grow for 6 -10 days post
2h or 24 h treatment with monotherapies, AZD1775, MA163 and MA199. Data were analysed with a one-way

ANOVA and Tukey’s test. All data plotted is mean £ SD of n = 3 biological repeats.

Table 4.10 Table of adjusted p-values for the monotherapy treatment comparisons at 2 h and 24 h in A-253
cells. Colonies were fixed, stained and counted, the plating efficiencies were calculated and values were
normalised to the DMSO control as 100% cell survival. Data were analysed by a two-way ANOVA and a Sidak’s

multiple comparisons test and bar graphs can be seen in Figure 4.14.

DMSO AZD1775 MA163 MA199 DMSO | AzD1775 | MAl1l63 | MA199
2h 2h 2h 2h 24h 24h 24 h 24 h

DMSO 2 h - >0.9999 >0.9999 | <0.0001 | >0.9999 | <0.0001 | <0.0001 | <0.0001
(ns) (ns) (**x¥) (ns) (**x¥) (*Hx%) (*Hx¥)

AZD17752h | >0.9999 - 0.9698 | <0.0001 | >0.9999 | <0.0001 | <0.0001 | <0.0001
(ns) (ns) (F***) (ns) (F**) (H**) (H**%)

MA163 2 h >0.9999 0.9698 - 0.0006 >0.9999 | <0.0001 | <0.0001 | <0.0001
(ns) (ns) (**%) (ns) (F***) (H**) (H**%)

MA199 2 h <0.0001 <0.0001 0.0006 - <0.0001 | <0.0001 | <0.0001 | <0.0001
(***%) (*Hx%) (**%) (**x¥) (**x¥) (*Hx%) (*Hx%)
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DMSO 24 h >0.9999 >0.9999 >0.9999 | <0.0001 <0.0001 | <0.0001 | <0.0001
(ns) (ns) (ns) (****) (****) (****) (****)
AZD1775 24 h | <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001 >0.9999 | 0.7902
MA16324h | <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001 | >0.9999 0.9704
MA19924 h | <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001 0.7902 0.9704

At 24 h, AZD1775, MA163 and MA199 were significantly better at reducing the surviving

fraction in comparison to DMSO. All of the treatments were as potent as each other at 24 h.
Initial degradation of Weel over shorter treatments (2 h) is more beneficial than inhibition
in A-253 (p53-null) cells however, degradation of Weel shows to be no more advantageous

than inhibition when looking at longer treatment times (24 h).

In contrast to UM-SCC-6 (p53-WT) cells, Weel-targeting treatments did enhance radiation-

induced cell death in A-253 (p53-null) cells, however this was not significant after

performing multiple unpaired t tests with Welch correction (Figure 4.15).
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Figure 4.15 Investigation of Weel-targeting treatments in combination with radiation on clonogenicity of
p53-deficient cells, A-253. Cells were pre-treated with Weel-targeting drugs for 2 h prior to irradiation,
supplemented with drug-free media post-IR and allowed to grow for 6 — 10 days. (A & B) Survival curve and
representative images for AZD1775-treated cells, (C & D) Survival curve and representative images for MA163-
treated cells and (E & F) Survival curve and representative images for MA199-treated cells. All data plotted is

mean * SD of n = 3 biological repeats.
Furthermore, AZD1775, MA163 and MA199 all performed similarly to increase cytotoxicity

with ionizing radiation. So, although the 2 h monotherapy treatment showed that MA199
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was more cytotoxic, when combining this with radiotherapy we do not see MA199 reducing

colony formation better than the other treatments (Figure 4.15).

Cisplatin treatment was more toxic in A-253 (p53-null) cells in comparison to UM-SCC-6

(p53-WT) with a surviving fraction of 25% (Figure 4.16).
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Figure 4.16 Investigation of Weel-targeting treatments in combination with cisplatin and bleomycin on
clonogenicity of p53-deficient cells, A-253. Cells were treated with Weel-targeting compounds and cisplatin
or bleomycin for 24 h before replacing with drug-free media and allowed to grow for 6 — 10 days. (A & B)
Survival curve and representative images for AZD1775-treated cells, (C & D) Survival curve and representative
images for MA163-treated cells and (E & F) Survival curve and representative images for MA199-treated cells.

All data plotted is mean + SD of n = 3 biological repeats.
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All combination treatments were able to significantly enhance cisplatin-induced cell death
(surviving fractions were 2.6%, 2.4% and 1.3% for AZD1775, MA163 and MA199 with
cisplatin, respectively). Furthermore, the Weel-targeting treatments alone were also more
toxic than cisplatin treatment in A-253 (p53-null). Bleomycin was 10-fold more cytotoxic
alone in A-253 (p53-null) compared to UM-SCC-6 (p53-WT), therefore the compounds did

not enhance bleomycin-induced cell death (Figure 4.16).

This experiment was carried out in p53-mutant cells, FaDu to corroborate if there is more
radiation-induced and cisplatin-induced cell death with the combination treatments in p53-
deficient cell lines in comparison to p53-proficient. Furthermore, it would be interesting to

see if there are any differences in response between a p53-null and p53-mutant cell line.

In FaDu (p53-mutant) cells, at 2 h, none of the Weel-targeting treatments were significantly
better at reducing colony formation than DMSO however, MA199 does show a similar trend
to other cell lines in that the VHL-based PROTAC reduces the surviving fraction more than
AZD1775 and MA163, but the difference is not significant (Figure 4.17). At 24 h, AZD1775,
MA163 and MA199 were significantly better at reducing the colony formation in comparison
to DMSO (Figure 4.17 and Table 4.11). All of the treatments were as potent as each other at

24 h.
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Figure 4.17 Effect of 2 h versus 24 h treatment time with Weel-targeting treatments on the clonogenicity of
FaDu. Bar graph showing surviving fraction of FaDu cells that have been allowed to grow for 6 -10 days post 2h
or 24 h treatment with monotherapies, AZD1775, MA163 and MA199. Data were analysed with a one-way
ANOVA and Tukey’s test. All data plotted is mean £ SD of n = 3 biological repeats.
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Table 4.11 Table of adjusted p-values for the monotherapy treatment comparisons at 2 h and 24 h in FaDu
cells. Colonies were fixed, stained and counted, the plating efficiencies were calculated and values were
normalised to the DMSO control as 100% cell survival. Data were analysed by a two-way ANOVA and a Sidak’s

multiple comparisons test and bar graphs can be seen in Figure 4.17.

DMSO | AZD1775 | MA163 | MA199 | DMSO | AZD1775 | MA163 | MA199
2h 2h 2h 2h 24h 24h 24h 24h
DMSO 2 h - >0.9999 | >0.9999 | >0.9999 | >0.9999 | 0.0041 | 0.0003 | <0.0001
(ns) (ns) (ns) (ns) (**) (***) (***%)
AZD17752h | >0.9999 - >0.9999 | >0.9999 | >0.9999 | 0.0051 | 0.0004 | <0.0001
(ns) (ns) (ns) (ns) (**) (***) (****)
MA1632h | >0.9999 | >0.9999 - >0.9999 | >0.9999 | 0.0022 | 0.0002 | <0.0001
(ns) (ns) (ns) (ns) (**) (***) (****)
MA1992h | >0.9999 | >0.9999 | >0.9999 - >0.9999 | 0.0171 | 0.0012 | <0.0001
(ns) (ns) (ns) (ns) (*) (**) (****)
DMSO24h | >0.9999 | >0.9999 | >0.9999 | >0.9999 - 0.0008 | <0.0001 | <0.0001
(ns) (ns) (ns) (ns) (***) (x*xx) | ()
AZD177524h | 0.0041 | 0.0051 0.0022 | 0.0171 | 0.0008 - 0.9815 | 0.0843
(**) (**) (**) (*) (***) (ns) (ns)
MA16324h | 0.0003 | 0.0004 | 0.0002 | 0.0012 | <0.0001 | 0.9815 - 0.9310
(¥*%) (¥%%) (¥%%) () (Fxx¥) (ns) (ns)
MA19924h | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | 0.0843 | 0.9310 -
(FHxx) (xxx) (errr) | peern) | e (ns) (ns)

Interestingly, only AZD1775 enhanced radiation-induced cell death in FaDu (p53-mutant)
cells, although this is not significant after performing multiple unpaired t tests with Welch

correction (Figure 4.18).
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Figure 4.18 Investigation of Weel-targeting treatments in combination with radiation on clonogenicity of
p53-deficient cells, FaDu. Cells were pre-treated with Weel-targeting drugs for 2 h prior to irradiation,
supplemented with drug-free media post-IR and allowed to grow for 6 — 10 days. (A & B) Survival curve and
representative images for AZD1775-treated cells, (C & D) Survival curve and representative images for MA163-
treated cells and (E & F) Survival curve and representative images for MA199-treated cells. All data plotted is

mean * SD of n = 3 biological repeats.

FaDu (p53-mutant) cells were the least sensitive to cisplatin in comparison to UM-SCC-6
(p53-WT) and A-253 (p53-null) cells however, cisplatin only treatment did kill 56% of the

cells (Figure 4.19).
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Figure 4.19 Investigation of Weel-targeting treatments in combination with cisplatin and bleomycin on
clonogenicity of p53-deficient cells, FaDu. Cells were treated with Weel-targeting compounds and cisplatin or
bleomycin for 24 h before replacing with drug-free media and allowed to grow for 6 — 10 days. (A & B) Survival
curve and representative images for AZD1775-treated cells, (C & D) Survival curve and representative images
for MA163-treated cells and (E & F) Survival curve and representative images for MA199-treated cells. All data

plotted is mean * SD of n = 3 biological repeats.

AZD1775, MA163 and MA199 all caused an enhancing effect of cisplatin-induced cell death,
with MA199 showing the most cell killing, however the difference is not significant.
Furthermore, FaDu (p53-mutant) cells were more resistant to bleomycin treatment
(surviving fraction of 17%) compared to A-253 (p53-null) cells (Figure 4.19). We can see

some enhancement of bleomycin-induced cell death in FaDu (p53-mutant) (surviving

134



fractions of 7.8%, 8% and 3.7% for AZD1775, MA163 and MA199 in combination with

bleomycin, respectively) compared to the bleomycin only treatment.

As some of these experiments confirmed that we saw enhanced chemotherapy-induced cell
death when using the chemotherapies in combination with the Weel-targeting compounds
in p53-deficient cell lines, we wanted to investigate if we were seeing an additive effect in a

dose response curve.

4.3.4.2 Impact of chemotherapeutics, cisplatin and bleomycin, with Weel-

targeting treatments cell viability

Similar to the experiments previously carried out for p53 wildtype UM-SCC-6 cells, as
discussed in section 4.3.3.2, the synergistic or additive effect of the combination treatments
were then investigated for the p53-deficient cell lines, A-253 (p53-null) and FaDu (p53-

mutant) (Figure 4.20).
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Figure 4.20 Reduction of cell viability of p53-deficient cells by Weel-targeting compounds alone and in
combination with cisplatin or bleomycin. Cell viability assays of (A) A-253 and (B) FaDu cells treated with
AZD1775, AZD1775 and cisplatin or AZD1775 and bleomycin, MA163, MA163 and cisplatin or MA163 and
bleomycin and MA199, MA199 and cisplatin or MA199 and bleomycin for 72 h. All treatments were

normalised with DMSO. Data are presented as mean * SD of n = 4 biological repeats (GraphPad Prism).

Similarly, to UM-SCC-6 (p53-WT), the combination of the Weel-targeting compounds with
cisplatin or bleomycin has an additive, not synergistic, effect on viability in both A-253 (p53-
null) and FaDu (p53-mutant) cells (Figure 4.20). However, we observe that the loss of cell
viability is greater for all treatments in A-253 (p53-null) and FaDu (p53-mutant) compared to
UM-SCC-6 (p53-WT). In A-253 (p53-null), the combination of AZD1775, MA163 or MA199
with 300 nM cisplatin resulted in a shift of the dose response curve to the left and a
reduction in the EC50, with the largest decrease in EC50 from MA163 with cisplatin and
MA199 with cisplatin at ~3.4-fold decrease. AZD1775 with cisplatin caused a 2.5-fold

decrease of the EC50 compared to AZD1775 alone (Table 4.12). In FaDu (p53-mutant),
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MA163 combination with cisplatin caused the highest decrease by 4.3-fold, whereas the
AZD1775 and MA199 combinations with cisplatin caused a 2-fold decrease. In both cell
lines, the combination of MA199 and cisplatin showed the greatest loss of cell viability. Both
cell lines were more sensitive to bleomycin alone compared to cisplatin alone, at the
respective doses used, therefore we see that the bleomycin combinations are better at

inhibiting cell proliferation compared to the cisplatin combinations.

Table 4.12 Table of EC50 values of cell viability assays (MTS) in p53-deficient cells for chemotherapy
combination treatments. A-253 and FaDu were treated with Weel-targeting compounds alone and in
combination with cisplatin or bleomycin for 72 h (n = 4) and the dose response curves that correspond with

these values can be seen in Figure 4.20.

Treatment EC50 (uM) + SD
A-253 FaDu
Alone +300 nM +10 ug/mL Alone +300 nM +10 ug/mL
Cisplatin Bleomycin Cisplatin Bleomycin
AZD1775 0.15+ 0.06 £0.33 0.84 + 0.1% 0.05+0.04 | 3.2x107+0.12
0.09 4.01x10% 0.08
MA163 0.17 0.05+0.24 0.04 £0.02 0.3% 0.07 £0.09 2.3x102+
0.04 0.33 0.27
MA199 0.10+ 0.03+0.07 | 0.01+0.0061 0.1+ 0.05+0.04 0.06 £ 0.01
0.0022 0.0090

4.3.4.3 Effect of mono and combination treatments on mode of death

Western blots detecting for PARP-1 cleavage and caspase-3 cleavage, as well as Annexin V

flow cytometry staining were used to investigate if any of the treatments showed more

promise in inducing apoptosis in p53-deficicent cells over others. To elucidate if these

treatment modalities caused variable induction of apoptosis dependent on p53 status, the

experiments seen in section 4.3.3.1 were performed in p53-deficient cell lines. A-253 (p53-

null) and FaDu (p53-mutant) cells were treated with a Weeli, AZD1775, and Weel

PROTACs, MA163 or MA199, at 300 nM for 24 h before harvesting and staining with

Annexin V-FITC and Pl. DMSO was used as a control. The gating and controls used for the
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Annexin V flow cytometry experiments was as explained before in Section 4.3.3.3.
Representative dot plots of this gating and the controls for A-253 (p53-null) and FaDu (p53-

mutant) can be seen in Figure 4.21A and Figure 4.22A, respectively.
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Figure 4.21 Apoptosis detection assay of AZD1775, MA163 and MA199 in A-253. Flow cytometry of A-253
cells stained with Propidium lodide (PI) and Annexin V-FITC. (A) Representative dot plots showing gating out of
debris to only analyse cells and positive controls for apoptosis (1 LM staurosporine treatment for 24 h) and
dead cells (-20 °C 70% ethanol for 24 h). (B) Representative dot plots for monotherapy treatments at 300 nM
for 24 h. (C) Bar graph showing mean + SD of n = 4 biological replicates for monotherapy treatments. Data

were analysed by a one-way ANOVA and Tukey’s post hoc test (GraphPad Prism).

In A-253 (p53-null) cells, AZD1775, MA163 and MA199 all induce apoptosis as single agent
treatments (Figure 4.21). AZD1775, MA163 and MA199 cause a 12.1% increase, 16.3%
increase and 6.8% increase, respectively, compared to the DMSO control. AZD1775 and

MA163 significantly increase the amount of positively stained Annexin V cells, with A-253
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(p53-null) cells exhibiting the most sensitivity towards the CRBN-recruiting Weel PROTAC,
MA163. This suggests that generally targeting Weel in a p53-null cell line, whether that is
by inhibition or degradation, causes an apoptotic mode of death, leading to synthetic

lethality and cell death.

In FaDu (p53-mutant) cells, AZD1775, MA163 and MA199 cause a rise in apoptotic cells as
monotherapies (Figure 4.22). We also tested the first-generation PROTACs, MA048 and
MAOS55, to investigate if they caused cells to enter programmed cell death. MA048 and
MAOS55 did not increase the amount of positively-stained Annexin V cells, which further
confirms that these compounds are not as effective as the second generation Weel

PROTACs.
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Figure 4.22 Apoptosis detection assay of AZD1775, CRBN-recruiters (MA048 and MA163) and VHL-recruiters
(MAO055 and MA199) in FaDu. Flow cytometry of FaDu cells stained with Propidium lodide (Pl) and Annexin V-
FITC. (A) Representative dot plots showing gating out of debris to only analyse cells and positive controls for
apoptosis (1 uM staurosporine treatment for 24 h) and dead cells (-20 °C 70% ethanol for 24 h). (B)
Representative dot plots for monotherapy treatments at 300 nM for 24 h. (C) Bar graph showing mean # SD of
n = 3 biological replicates for monotherapy treatments. Data were analysed by a one-way ANOVA and Tukey’s

post hoc test (GraphPad Prism). 141



MA163 significantly induces apoptosis by 2.5-fold higher than DMSO and MA199 by 3-fold
higher. AZD1775 causes a 2-fold increase in apoptotic cells compared to DMSO. This further
corroborates that targeting Weel in a p53-deficicent cell line causes a p53-independent
apoptotic signalling cascade, which leads to increased cytotoxicity. To investigate if the
combination treatments lead to more induction of apoptosis in comparison to the Weel-
targeting compounds alone, we performed western blotting to detect PARP-1 cleavage (and

caspase-3 cleavage for the chemotherapeutic combinations) and Annexin V flow cytometry.

Cells were treated for 2 h with 300 nM AZD1775 or MA163 then irradiated and treatment
remained for a further 22 h prior to harvesting and producing lysates. Samples were probed

for PARP-1 (and cleaved PARP-1) and B-actin as the loading control (Figure 4.23).

A A-253 B FaDu
0Gy 12Gy 0Gy 12Gy
DMSO + - - + - - + - - + - -
AZD1775 - + - - + - - + - - + -
MA163 - - + - - + - - + - - +

PARP-1 113~~~ | Sy oy gy gy ey gue” ‘hﬁnﬁ"

Cleaved PARP-1 89---

e B o N R _ B

B-actin 42 ---|
—— ——

‘- —— — w—

Figure 4.23 Detection of PARP cleavage in A-253 and FaDu cells by AZD1775 and MA163 treatments alone
and in combination with 12 Gy irradiation. Western blot of A-253 and FaDu cells that were treated with
AZD1775 or MA163 at 300 nM for 2 h prior to irradiation then treatment remained for a further 22 h post
irradiation prior to the production of lysates. The membrane was probed for PARP-1, cleaved PARP-1 and B-

actin as the loading control, n = 1. Quantitation for full-length PARP-1 can be found in Table 4.13.

In A-253 (p53-null), there was a loss of 66 % of full-length PARP-1 relatively from DMSO to
AZD1775 (Table 4.13). In addition, there was a relative decrease of 59 % from DMSO to
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MA163, suggesting that AZD1775 and MA163 cause PARP cleavage and induce apoptosis in
the absence of IR, consistent with flow cytometry results. The same trend occurs in FaDu

(p53-mutant) cells, with an even larger relative loss of total PARP-1.

Table 4.13 Quantitation of full-length PARP-1 from Figure 4.23 of p53-deficient HNSCC cells treated with
AZD1775 or MA163 as a single or combination with IR. Intensity of full-length PARP-1 was normalised to actin

and calculated relative to DMSO. The relative levels of full-length PARP-1 are shown in the table below.

Relative band intensity of
full-length PARP-1
Treatment A-253 FaDu
condition
DMSO 1.00 1.00
AZD1775 0.34 0.27
MA163 0.41 0.24
DMSO + 12 Gy 0.58 0.37
AZD1775 + 12 Gy 0.31 0.26
MA163 + 12 Gy 0.43 0.17

For the irradiated cells, there is only a small decrease in full-length PARP-1 when using the
Weel-targeting compounds in addition to irradiation compared to irradiation alone. This
implies that the drugs can stimulate a small amount of additional apoptosis. Similarly, to
UM-SCC-6 (p53-WT) cells, in both A-253 (p53-null) and FaDu (p53-mutant) we see the
amount of total PARP-1 is less in the AZD1775 and MA163 treated samples but do not
detect the smaller fragments, therefore there could be reduced transcription/translation of
PARP-1 or proteolytic degradation of the cleavage fragments has occurred which would not

be detected by western blot.

To identify if any single agent Weel-targeting drug treatments or combination with
irradiation resulted in more PS-presenting cells, Annexin V/propidium iodide flow cytometry

was conducted in A-253 (p53-null) cells (Figure 4.24). A-253 (p53-null) cells were treated
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with compounds for 2 h prior to irradiation and then were left for a total of 24 h prior to
trypsinization and staining with Annexin V-FITC and PI. Data was gated and controls were
used as per section 4.3.3.3. This should have been performed in FaDu (p53-mutant) cells
and with more repeats for A-253 (p53-null) cells, however the cell irradiator became in
operable which meant that further irradiation experiments were not possible. Similarly to
UM-SCC-6 data, 12 Gy IR alone should inflict more apoptosis than has been observed,
therefore it is possible that when these experiments were performed, the intended IR dose

was not delivered to the cells.
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Figure 4.24 Apoptosis detection assay of AZD1775 and MA163 with 12 Gy irradiation in A-253. Flow
cytometry of A-253 cells stained with Propidium lodide (PI) and Annexin V-FITC. (A) Representative dot plots
for DMSO, AZD1775 (300 nM) and MA163 (300 nM) for 24 h alone and with 12 Gy irradiation after initial 2 h

treatment prior to staining. (B) Bar graph showing mean + SD of n = 2 biological repeats (GraphPad Prism).

In these preliminary results, AZD1775 and 12 Gy resulted in a slight increase in apoptosis in
comparison to 12 Gy alone and MA163 with 12 Gy did not cause a gain or loss of apoptotic
cells (Figure 4.24). However, due to the inoperable irradiator, additional repeats of these
experiments were not carried out and statistics to support this were not possible to

perform.
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We next investigated if the combination of the compounds with cisplatin or bleomycin
resulted in the same trends observed with the radiation combination treatments. p53-
deficient cell lines, A-253 (p53-null) and FaDu (p53-mutant), were treated with compounds
for a total of 24 h prior to the production of lysates. Lysates were probed for PARP-1 (and

cleaved PARP-1), caspase-3 (and cleaved caspase-3) and B-actin as a loading control (Figure

4.25).
A A-253
-/+ 300 nM Cisplatin -/+ 10 pg/mL Bleomycin
AZD1775 MA163 MA199 AZD1775 MA163 MA199
DMSO (300 nM) (300 nM) (300 nM) DMSQ (300 nM) (300nM) (300 nM]
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Cleaved PARP-1 89 ---| ' ——— 5 - - .y et
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Figure 4.25 Detection of PARP-1 and caspase-3 cleavage in A-253 and FaDu cells by AZD1775, MA163 and
MA199 treatments alone and in combination with cisplatin or bleomycin. (A) Western blots of A-253 cells
that were treated with AZD1775, MA163 or MA199 alone and in combination with cisplatin or bleomycin for
24 h prior to the production of lysates. (B) Western blots of FaDu cells that were treated with AZD1775,

MA163 or MA199 alone and in combination with cisplatin or bleomycin for 24 h prior to the production of
lysates. The membrane was probed for PARP-1, cleaved PARP-1, B-actin as the loading control and caspase-3, n

= 1. Quantitation for full-length PARP-1 and Caspase-3 for (A) and (B) can be found in Tables 4.14 and 4.15.
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In A-253 (p53-null) cells, MA199 and cisplatin resulted in the same intensity of cleaved
PARP-1 to total PARP-1 and the cleaved PARP-1 band was much more intense in comparison
to MA199 or cisplatin as single agents (Figure 4.25A). When treated with bleomycin, in A-
253 (p53-null) cells, all combination treatments with bleomycin inflicted more PARP
cleavage in comparison to the single agents of bleomycin or the Weel-targeting compound.
Similarly, to A-253 (p53-null), FaDu (p53-mutant) cells showed a similar trend of consistent
levels of total PARP-1 and cleaved PARP-1 between each treatment alone and with cisplatin
(Figure 4.25B). There is not an increase in cleaved PARP-1 from AZD1775, MA163 or MA199
alone to the compounds in combination with bleomycin, however they do show a stronger
cleaved PARP-1 band in comparison to the bleomycin treatment alone. Finally, no cleaved
caspase-3 could be detected in any of the treatments however, we did observe less intense
total caspase-3 bands in some of the treatments compared to DMSO. From these data, we
performed the apoptosis detection assay using flow cytometry to determine if we see an
increase in apoptotic cells, focussing on MA199 with cisplatin and bleomycin combination
treatments as these showed the largest increases in PARP cleavage across both A-253 (p53-
null) and FaDu (p53-mutant) cells. To discuss the relative levels between treatments of full-
length PARP-1 and caspase-3 bands, they were quantified normalised to actin and relative
to DMSO for A-253 (p53-null) and FaDu (p53-mutant) in Table 4.14 and Table 4.15,

respectively.
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Table 4.14 Quantitation of full-length PARP-1 from Figure 4.25A of Weel-treated A-253 cells alone or in
combination with cisplatin or bleomycin. Intensity of full-length PARP-1 and caspase-3 was normalised to
actin and calculated relative to DMSO. The relative levels of full-length PARP-1 and caspase-3 in A-253-treated

cells are shown in the table below.

Band intensity relative to DMSO

+ / - Cisplatin + / - Bleomycin

Protein DMSO AZD1775 MA163 MA199 DMSO AZD1775 | MA163 MA199

- + - + - + - + - + - + - + - +

Full- 1.00 | 0.24 | 0.10 | 0.13 | 0.26 | 0.29 | 0.35 | 1.05 | 1.00 | 0.70 | 0.51 | 2.36 | 3.64 | 5.32 | 1.00 | 0.45
length
PARP-1

Full- 1.00 | 0.26 | 0.18 | 0.21 | 0.23 | 0.27 | 0.17 | 0.14 | 1.00 | 0.45 | 0.35 | 1.28 | 1.16 | 2.53 | 0.48 | 0.30
length
Caspase-3

Table 4.15 Quantitation of full-length PARP-1 from Figure 4.25B of Weel-treated FaDu cells alone or in
combination with cisplatin or bleomycin. Signal intensity of full-length PARP-1 and caspase-3 was normalised
to actin and calculated relative to DMSO. The relative levels of full-length PARP-1 and caspase-3 in FaDu-

treated cells are shown in the table below.

Band intensity relative to DMSO
+ / - Cisplatin + / - Bleomycin

Protein DMSO AZD1775 MA163 MA199 DMSO AZD1775 MA163 MA199

- + - + - + - + - + - + - + - +

Full- 1.00 | 0.80 | 1.63 | 1.54 | 2.77 | 2.10 | 13.2 | 14.7 | 1.00 | 1.35 | 1.33 | 3.19 | 3.06 | 2.85 | 2.47 | 1.52
length
PARP-1

Full- 1.00 | 117 | 1.38 | 1.37 | 145 | 133 | 1.32 | 1.05 | 1.00 | 1.18 | 1.02 | 1.03 | 0.65 | 0.46 | 1.35 1.33
length
Caspase-3

Unfortunately, as this is only an n = 1, the quantitation suggests that the relative levels of
full-length PARP-1 are higher than DMSO in many of the treatments and does not highlight
any trends seen visually from the blots, however this is likely due to the variable loading

control and lack of repeats.

The treatment protocol from the previous western blot experiment was carried forward and
A-253 (p53-null) and FaDu (p53-mutant) cells were treated prior to harvesting and staining

with Pl and Annexin V-FITC. Representative dot plots of the gating applied and the controls
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for A-253 (p53-null) and FaDu (p53-mutant) can be seen in Figure 4.21A and Figure 4.22A,

respectively.
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Figure 4.26 Apoptosis detection assay in A-253 cells by AZD1775, MA163 and MA199 treatments alone and in
combination with cisplatin or bleomycin. Flow cytometry of A-253 cells stained with Propidium lodide (Pl) and Annexin
V-FITC. (A) Representative dot plots for DMSO, AZD1775 (300 nM), MA163 (300 nM) and MA199 (300 nM) alone and
with cisplatin (300 nM) or bleomycin (10ug/mL) for 24 h prior to staining. Bar graph showing the mean % cells in
apoptosis of (B) cisplatin combination treatment or (C) bleomycin combination treatment = SD of n = 3 biological
repeats. (D) Bar graph showing the mean % cells in early or late apoptosis in each treatment condition. All graphs made
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AZD1775 and MA163 co-treated with cisplatin significantly increased the proportion of
apoptotic cells compared to cisplatin alone in A-253 (p53-null) (Figure 4.26B). This is a
similar trend to the compounds being used as monotherapies, where all three increased the
number of apoptotic cells, but AZD1775 and MA163 did this significantly in A-253 (p53-null)
cells (Figure 4.21). In A-253 (p53-null) cells, the combination of bleomycin with AZD1775 and
MA163 induces ~5% average gain of apoptotic cells and MA199 with bleomycin a 2%
increase in comparison to bleomycin alone (Figure 4.26C). When plotting early and late
apoptosis separately, we can see that both the early and late apoptotic populations in
AZD1775 with bleomycin or MA163 with bleomycin increase from the bleomycin only
treated, whereas only the late apoptosis population increases in MA199 with bleomycin
cells compared to bleomycin only (Figure 4.26D). The significant inductions of apoptosis can
be seen only in the late apoptotic populations; AZD1775 with cisplatin, AZD1775 with
bleomycin, MA163 with cisplatin, MA163 with bleomycin and MA199 with bleomycin
combinations significantly induced cells staining with both Annexin V and PI, suggestive of
late apoptosis. However, necrotic cells present phosphatidylserine (the binding partner of
Annexin V) on their surface as well as being able to be stained with propidium iodide.
Perhaps, the significant increase of late apoptosis that we see in the combination
treatments compared to DMSO is actually an increase in necrosis. Finally, first generation
CRBN-recruiter, MA048, was used in combination with the chemotherapeutics once to test
if it could induce apoptosis as well as the second generation PROTAC, MA163. MA048 could
not induce programmed cell death as effectively as MA163 compared to DMSO in A-253
(p53-null) cells. The bleomycin combinations are better at inducing apoptosis in A-253 (p53-
null) in comparison to this cisplatin combinations (Figure 4.26), which is corroborated by the

PARP cleavage data (Figure 4.25).
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In addition to the main compounds tested, we also tested the first generation PROTACs,
MAO048 and MAO055, in FaDu (p53-mutant) cells as an n = 3. MA048 and MAO055
combinations did not induce any more apoptosis in comparison to cisplatin or bleomycin
alone (Figure 4.27 and 4.28). The second generation PROTACs significantly increased the
proportion of apoptotic cells in comparison to their first-generation relative (MA163 to
MAO048 and MA199 to MAO055). This is likely be as a result of the first generation PROTACs
requiring a higher dose as these compounds are not as potent as the second generation.
AZD1775 co-treatment with cisplatin and MA163 with cisplatin significantly increased
apoptosis induction by 11% and MA199 co-treatment by 16% (Figure 4.27). The same trends
were observed with the bleomycin co-treatments. The early and late apoptotic populations
from this experiment were plotted separately, however the graph could not fit in the same

figure. Therefore, this graph can be seen in Figure 4.28.
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Figure 4.27 Apoptosis detection assay in FaDu cells by AZD1775, CRBN-recruiters (MA048 and MA163) and VHL-
recruiters (MA055 and MA199) treatments alone and in combination with cisplatin or bleomycin. Flow cytometry of
FaDu cells stained with Propidium lodide (PI) and Annexin V-FITC. (A) Representative dot plots for treatments that were
added for 24 h prior to staining. (B) Bar graph showing the mean % cells in apoptosis of cisplatin combination treatment
+ SD of n = 3 biological repeats (GraphPad Prism). (C) Bar graph showing the mean % cells in apoptosis of bleomycin
combination treatment * SD of n = 3 biological repeats (GraphPad Prism).
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Figure 4.28 Bar graph showing induction of early and late apoptotic populations by chemotherapeutic
combination treatments in FaDu cells. Data observed in figure 4.21 has been plotted differently to show the
early and late apoptotic populations rather than the sum of both populations as a % apoptosis (GraphPad

Prism).

There were many treatment conditions that caused significant apoptosis induction in FaDu
(p53-mutant) cells and some of those comparisons have been shown on the bar graph
above (Figure 4.28). AZD1775 and cisplatin, AZD1775 and bleomycin, MA163, MA199,
MA199 and cisplatin and MA199 and bleomycin significantly increased the early apoptotic
population in comparison to DMSO. AZD1775 and cisplatin or bleomycin, MA163 with

cisplatin or bleomycin, MA199 with cisplatin or bleomycin and MA163 or MA199 alone all
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significantly increased the late apoptotic population in comparison to DMSO. The
combination of MA199 with cisplatin or bleomycin compared to the chemotherapeutic
induced early and late apoptosis significantly, suggesting that MA199 may be the best

PROTAC to use in FaDu (p53-mutant) cells (Figure 4.28).

There is a more intense band for PARP-1 cleaveage fragment at 89 kDa in FaDu (p53-
mutant) in the Weel-targeted cells alone and combination of Weel-treatment and
bleomycin compared to DMSO or bleomycin alone (Figure 4.25). This corresponds with the
flow cytometry data that the combination of AZD1775, MA163 or MA199 with bleomycin or
cisplatin induces more apoptosis than using the chemotherapeutic as a single agent. To aim
to summarise the data from these apoptosis detection assays, Table 4.16 and Table 4.17, for
A-253 (p53-null) and FaDu (p53-mutant) respectively, have been created. It highlights that
when considering only the flow cytometry data, A-253 (p53-null) are most sensitive to
AZD1775 with 12 Gy irradiation and least sensitive to cisplatin treatment only (Table 4.16).
AZD1775 and 12 Gy irradiation induces the most apoptosis in both UM-SCC-6 (p53-WT) and

A-253 (p53-null).

Table 4.16 Summary table of mean % cells in apoptosis of Weel-targeting drugs as a monotherapy and
combinatorial strategy with radiotherapy or chemotherapy in A-253 cells. A-253 were treated with Weel-
targeting compounds alone and in combination with 12Gy irradiation, cisplatin or bleomycin for 24 h (Figures

4.21,4.22 and 4.24) (n = 3). *Experiments where n = 2.

Treatment Mean % cells in apoptosis + SD
DMSO 12 Gy 300 nM Cisplatin 10 pg/mL
Bleomycin
DMSO 7.99+£2.33 28.7 £ 11.5* 13.9+4.27 22.6 £4.25
AZD1775 20.1+4.10 32.6 +9.57* 26.0+2.01 28.3+5.93
MA163 24.3+9.20 29.3 +3.92* 249+4.32 28.4+12.8
MA199 14.8+2.52 - 21.4+5.16 24.6+4.89
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Unfortunately, we were unable to conduct the Weel-targeting compounds with irradiation
flow cytometry experiment in FaDu (p53-mutant), therefore, according to this data, the
most effective treatment for FaDu (p53-mutant) cells is MA163 as a single agent treatment
(Table 4.17). When only considering the second generation PROTACs and AZD1775, the least

effective strategy at inducing apoptosis is AZD1775 alone.

Table 4.17 Summary table of mean % cells in apoptosis of Weel-targeting drugs as a monotherapy and
combinatorial strategy with chemotherapy in FaDu cells. FaDu were treated with Weel-targeting compounds

alone and in combination with 12Gy irradiation, cisplatin or bleomycin for 24 h (Figures 4.22 and 4.27) (n = 3).

Treatment Mean % cells in apoptosis + SD
DMSO 300 nM Cisplatin 10 pg/mL
Bleomycin
DMSO 9.24 +1.64 10.7 £ 0.46 9.92+1.88
AZD1775 17.6 £4.83 22.1+5.14 22.1+5.97
MAO048 7.72 +1.00 9.26+1.43 8.80+1.47
MA163 23.6 £5.08 22.3+3.29 22.1+4.88
MAO055 7.65+1.48 8.68 +2.09 9.96 +2.22
MA199 27.2 +5.87 26.9+5.84 32.2+5.52

4.3.5 Discussion

This chapter showed that targeting of Weel with AZD1775 or PROTACs causes a progressive
loss of cell viability over time in UM-SCC-6 (p53-WT), A-253 (p53-null) and FaDu (p53-
mutant) cells regardless of p53-status. MA199 exhibits EC50 values of ~ 100 nM in all cell
lines (FaDu is the most sensitive), MA163 gives values of 134 nM to 308 nM (UM-SCC-6 is
the most sensitive) and AZD1775 shows values of 31 nM to 149 nM (UM-SCC-6 is the most
sensitive) at 72 h (Tables 4.1 and 4.2). 72 h appears to be the optimal time point for the
compounds to result in the most effective inhibition of cell proliferation however, it could
be that it takes a few turns of the cell cycle in order to see the effects of abrogating the

G2/M checkpoint. This becomes apparent when we investigated the effect that the
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compounds had alone and in combination with radiation or chemotherapeutics on colony

formation of the cells.

Previous studies have shown that AZD1775 can sensitize oesophageal and HPV-negative
HNSCC cancer cells to radiotherapy (Oetting et al., 2023; Yang et al., 2020). Most of the cell
lines tested in these studies (apart from AGS) harboured p53 mutations. Our data showing
AZD1775 sensitizing two further p53-deficient head and neck cell lines, A-253 and FaDu,
support the findings of these publications. Furthermore, Yang et al., 2020 found no
radiosensitization of p53-proficient cell line, AGS, when treated with AZD1775 which
corresponds with our data where UM-SCC-6 (p53-WT) is also not radiosensitized. Weel
PROTACs can radiosensitize cancer cells, however experiments including a larger range of
TP53 mutant cell lines need to be done to identify if the enhanced selectivity of Weel
degradation by PROTACs increases radiation-induced cell death. To be able to determine if
the enhancement of radiation-induced cell death by Weel PROTAC:s is a cell line specific
observation in A-253 (p53-null) cells or if this is due to p53-deficiency, a p53 addback cell
line could be created or more p53-null and p53-mutant cell lines should be tested. AZD1775
did not enhance radiation-induced cell death in UM-SCC-6 (p53-WT) cells but was able to
enhance cytotoxicity of IR in A-253 (p53-null) and FaDu (p53-mutant) cells. Therefore, Weel
inhibition could be considered more effective across varying cell types than Weel

degradation with PROTACs when considering the combination with radiation.

Cisplatin is commonly used for head and neck cancers however, cisplatin-resistance is the
main cause of relapse and death (Yamamoto et al., 2022). It is now standard practice to use
cisplatin in combination with radiation or another chemotherapeutic in locally advanced

HNSCC (Osman et al., 2015). Studies have demonstrated that AZD1775 chemosensitizes
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p53-mutant head and neck cancer to cisplatin in vivo and in vitro and that AZD1775 can
overcome cisplatin resistance (Osman et al., 2015; Yang et al., 2022). This correlates with
our data in A-253 (p53-null) and FaDu (p53-mutant) cells. UM-SCC-17B and UM-SCC-2 have
no reported p53 mutations and still showed that AZD1775 can chemosensitize the cells to
cisplatin (Yang et al., 2022), similar to our findings in UM-SCC-6 (p53-WT) (Figure 4.7). From
our data, we can conclude that the enhancement of cisplatin-induced cell death is not p53-
dependent, whereas radiation-induced cell death is. The best compound to induce cell
death was MA199 across all three cell lines and it would be interesting to investigate if VHL-
recruiter Weel PROTACs are more effective with cisplatin treatment compared to AZD1775
or CRBN-recruiter Weel PROTACs in more cell types. A 2016 study (Lai et al., 2016)
determined that CRBN-recruiting PROTACs against BCR-ABL exhibited better efficacy
compared to VHL-recruiting PROTACs. Furthermore, resistance towards VHL-recruiting
PROTACs has been reported more frequently than resistance to CRBN-recruiting PROTACs
(Ciedlak and Stowianek, 2023; Lai et al., 2016; Zhang et al., 2019). It seems that CRBN-
recruiters are more favoured, even though our work suggests that the VHL-recruiter is more
potent, however potency will be target specific. Perhaps the protein of interest is better
degraded by certain E3 ligases and it could vary between cell lines and this has been when
using BRD4-PROTACs, dBET1 (a CRBN-recruiter) and MZ1 (a VHL-recruiter), in multiple
cancer types (Luo et al., 2022). This could explain why we see such variability between the
PROTACs enhancing radiosensitization in A-253 (p53-null) but having no effect in FaDu (p53-
mutant). Although there has been reported crosstalk between ATR-Chk1 and the ATM-Chk2
pathway (Maréchal and Zou, 2013), Weel inhibition or degradation will directly affect the

downstream signalling of the ATR-Chk1 pathway, therefore, as cisplatin would cause ATR
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activation, this may explain why this combination caused increased cell death across cell

lines regardless of p53-status.

In A-253 (p53-null) and UM-SCC-6 (p53-WT) cells, there have been no previous reports
whether irradiation, cisplatin or bleomycin treatment causes PARP-1 or caspase-3 cleavage.
FaDu (p53-mutant) cells have shown that PARP-1 and caspase-3 cleavage can be induced by
cisplatin treatment, however these treatments were either 33- or 1000-fold higher than the
concentration that we tested (Chen et al., 2013; Li et al., 2022a). Therefore, the observation
of PARP-1 and caspase-3 cleaved fragments is likely much more apoptosis induction from a
greater treatment dose used. Our data suggest that AZD1775 and MA163 can induce
apoptosis in the absence of IR, irrespective of p53 status (sections 4.3.3.3 and 4.3.4.3). In
addition, less total PARP-1 was observed in AZD1775, MA163 and MA199 treatments as
they cause apoptosis in the absence of cisplatin and bleomycin (Figures 4.12 and 4.25). The
flow cytometry data in the cell lines is consistent with the western blot data that the
combinations of Weel-targeted treatment with chemotherapeutic is more effective at
inducing apoptosis in comparison to DMSO or the chemotherapeutic alone, regardless of
p53 status. However, the p53-deficient cell lines do see higher levels of apoptosis compared
to p53-proficient cell line, UM-SCC-6 (p53-WT). Although the combination treatments
increase the proportion of apoptotic cells compared to DMSO or the genotoxic agent alone,
there is not much gain in apoptotic cells compared to the Weel-targeting compound alone.
Perhaps the action of inhibiting or degrading Weel is causing the initial induction of cell
death rather than the genotoxic treatment. In both p53-deficient cells, the higher
proportion of apoptotic cells was mainly as a result of an increase in late apoptotic cells,
that stain for both Annexin V and PI. Necrotic cells will expose phosphatidylserine (PS), the

substrate for Annexin V, on their surfaces and positively stain for P, similarly to late
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apoptotic cells (Furuta et al., 2021). Therefore, it would be interesting to investigate if
AZD1775, MA163 and MA199 are inducing necrosis. Apoptosis is a complex mechanism,
therefore testing these cells at more time points would enable us to draw more conclusions

about how these compounds are causing cell death.

The data presented here has provided some preliminary insight into the mode of death in
head and neck Weel-deficient cancer cells however, investigations into other apoptotic and

autophagic proteins, such as Bax, Beclin and LC-3, needs to be undertaken.

The impact of Weel PROTACs on HNSCC compared to Weeli, AZD1775, on mitosis and the

DNA damage response will be investigated in chapter 5.
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5 Consequences of Weel PROTACs for mitosis and

the DNA damage response

5.1 Introduction

5.1.1 The impact of p53 status on the effect of AZD1775 treatment

on the cell cycle

Inhibition or degradation of Weel has shown to be cytotoxic as a single agent and has
sensitized HNSCC cells to genotoxic agents in the previous chapter. Here we will highlight
how the abrogation of the G2/M checkpoint by Wee1l inhibition and subsequent DDR

signalling has been investigated.

It has been reported that AZD1775 abrogates radiation-induced G2/M arrest in oesophageal
cancers (Yang et al., 2020). In FLO1 and OE33, both p53-mutant cell lines, 100 nM AZD1775
treatment decreased the proportion of cells in G2/M, indicating enforcement of cell cycle
progression. Furthermore, AZD1775 radiosensitized both cell lines to X-ray irradiation and
caused a significant decrease in radiation-induced G2/M arrest. AZD1775 with radiation also

induced multi- and micro-nucleated cells, which are indicative of mitotic catastrophe.

AZD1775 has been reported to increase the number of cells entering normal mitosis and the
rate of premature mitosis in Calué and H1703 KRAS-mutant cells, both p53-mutant lung
cancer cell lines (Parsels et al., 2018). The % phospho-Histone H3 (Ser10) positive cells

increased compared to irradiation alone when the combination of radiotherapy was used
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with AZD1775. This implies that AZD1775 releases from a radiation-induced G2/M arrest,

similarly to the Yang et al (2020) study in oesophageal cell lines discussed above.

AZD1775 radio- and chemosensitized hepatocellular carcinoma cells, Hep3B, Huh7 and
HepG2 and induced replication stress, indicated by pan-nuclear yH2AX staining (Cuneo et
al., 2016). Furthermore, AZD1775 released the radiation-induced G2/M checkpoint arrest in

p53-deficient cell lines but not in the p53 wild-type cell line.

These three studies demonstrate that inhibition of Weel abrogates the radiation-induced
G2/M checkpoint across multiple cancer cell lines. AZD1775 alone enforces mitotic
progression compared to control cells. Most cancer types harbour p53 mutations, therefore
most of these studies have used p53-mutant cell lines. It would be interesting to see
whether, like HepG2 cells, p53 wild-type HNSCC cell lines show a similar absence of

radiation-induced G2 arrest on treatment with AZD1775.

The increased specificity of Weel PROTAC, ZNL-02-096, compared to AZD1775 leads to an
increase of MOLT4 cells in G2/M in ZNL-02-096-treated cells compared to AZD1775-treated
cells (Li et al., 2020). The improved potency is due to the selective CRBN-dependent
degradation of Weel, and suggests that this is more advantageous to abrogate the G2/M

checkpoint compared to AZD1775.

5.1.2 Activation of DDR by AZD1775

Abrogating the G2/M checkpoint and enforcing mitotic progression by targeting Wee1l has

shown to be therapeutically advantageous (Mendez et al., 2018), however AZD1775 has also
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shown to cause replication stress and inhibit DNA damage repair (Kausar et al., 2015; Pfister

et al.,, 2015).

AZD1775 treatment leads to enhanced levels of yH2AX by immunoblot and pan-nuclear
vH2AX was observed after 6 hr in hepatocellular carcinoma cells, suggesting replication fork
collapse (Cuneo et al., 2016). AZD1775 has also shown to increase yH2AX levels in a wide
variety of cancer types, including ovarian cancer, HNSCC and biliary tract cancer (Kao et al.,
2017; Oku et al., 2018; Seo et al., 2022). Single agent AZD1775 appears to activate yH2AX at
a similar intensity to AZD1775 with irradiation in oesophageal cancer cells (Yang et al., 2020)
and it will be interesting to investigate this in other HNSCC cells with varying p53-status.
Furthermore, it is well reported that AZD1775 treatment also activates DDR pathway
proteins, such as Chk1 and ATR in various cancer types (Bukhari et al., 2019; Jin et al., 2018;

Zhou et al., 2015).

5.2 Aims and objectives

In this chapter, the G2/M checkpoint will be abrogated using AZD1775 and Weel PROTACs
and the impact of this on the cell cycle will be evaluated in HNSCC. It will also be determined
if this causes a synthetic lethality effect in p53-deficient cells that lack a functional G1/S
checkpoint. In addition, the activation of DDR pathways and presence of DNA damage as a
result of Weel-targeting compounds will be investigated. This will be assessed via the

following aims:
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1. Investigate how inhibition of Weel by AZD1775 changes the population of HNSCC
cells in each cell cycle stage and to evaluate if more selective targeting of Weel by
PROTACs has a different impact.

2. Determine if using a combination of ionizing radiation with Weel-targeting
treatments changes how cells progress through the cell cycle compared to the
monotherapies and compare cell lines with differing p53-status.

3. Assess how targeting of Weel activates DDR pathways and causes DNA damage
alone and in combination with ionizing radiation. The responses to these treatments

will be compared between p53-proficient and p53-deficient cell lines.

5.3 Results and discussion

At the end of the second year of this project, generator issues led to the loss of our cell
irradiator, therefore some of the cell cycle analysis experiments could only be carried out as
an n = 1. This is the reason for introducing bleomycin treatments to the project, as

bleomycin is a radiomimetic and induces DSBs.

5.3.1 Effects of Weel PROTACs on p53-proficient HNSCC cell lines

5.3.1.1 Cell cycle stage analysis of Weel PROTACs compared to AZD1775

In the previous chapter, it was observed that targeting Weel, whether by classic inhibition
or degradation, causes the same outcome on cytotoxicity or mode of death. To distinguish
how both methods of targeting Weel affect the cell cycle, cells underwent monotherapy

treatments for 18 h, 24 h or 48 h. Cells were treated with a DMSO control, AZD1775, MA163
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or MA199 at 300 nM for the above-mentioned times. Cells were then incubated with 10 uM
EdU for 1 h before trypsinization and staining with Alexa Fluor™ 647 azide, for EdU

incorporation, and DAPI for DNA content (Figure 5.1). Cells were gated as seen in Figure 2.1.
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Figure 5.1 Cell cycle stage analysis of Weel-targeting treatments on UM-SCC-6 cells over a 48 h time course.
Flow cytometry of UM-SCC-6 cells stained with Alexa Fluor™ 647 azide for EdU incorporation and DAPI for DNA
content. (A) Representative dot plots and DNA content histograms for monotherapy treatments at 300 nM for
18 h, 24 h or 48 h, in addition to overlay histograms of the treatments at those time points. (B) Stacked bar
graph showing mean * SD of n = 3 biological replicates of cells in G1, S and G2/M (GraphPad Prism). (C) Bar

graph showing mean + SD of n = 3 biological replicates of cells with <2N or >4N DNA content (GraphPad Prism).

AZD1775, MA163 or MA199 treatment resulted in a progressive decrease in the actively

replicating S-phase population of cells over time in UM-SCC-6 (p53-WT) cells (Figure 5.1A).
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Furthermore, when comparing treatments to the DMSO control, there was a loss of cells in
G1 but an increase in G2/M phase (Figure 5.1B). However, as can be seen on the
representative dot plots, over a longer time period of the compounds, there was a loss of
clear defined G1 and G2/M populations. This suggests an increase of cells with 2<N<4 DNA
content and replication stress. The G2/M gate includes cells that are in S phase, according to
DNA content (2<N<4), however they are not incorporating EdU which suggests these cells
are in S phase arrest. Therefore, targeting Weel does not cause a G1/S checkpoint arrest in
this p53-proficient cell line. To test the hypothesis that 4 Gy irradiation and Weel-targeting
treatment would induce arrest at the G1/S checkpoint, cell cycle flow cytometry was

performed (Figure 5.2).
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Figure 5.2 Cell cycle stage analysis of Weel-targeting treatments alone and in combination with irradiation on UM-SCC-6 cells. Flow cytometry of
UM-SCC-6 cells stained with Alexa Fluor™ 647 azide for EdU incorporation and DAPI for DNA content. (A) Representative dot plots and DNA content
histograms for monotherapy treatments at 300 nM for 24 h or combination treatments with 300 nM compound and 4 Gy irradiation for 24 h, in
addition to overlay histograms of the treatments at 0 Gy and 4 Gy. (B) Stacked bar graph showing values of n = 1 of cells in G1, S and G2/M
(GraphPad Prism). (C) Bar graph showing values of n = 1 of cells with <2N106rg>4N DNA content (GraphPad Prism).



After 24 h, a increase in DNA content of all the cells can be seen in AZD1775, MA163 and
MA199 treatments (Figure 5.2BA). This could be for a number of reasons. More cells could
have grown in the DMSO control compared to the treated samples, as chapter 4 identified
that, as monotherapies, AZD1775, MA163 and MA199 cause cytotoxicity. Potentially this is
why the DAPI signal is showing up at a different part of the X-axis. At 0 Gy, AZD1775 causes
the proportion of S phase cells to decrease from 32% to 24%, a loss of G1 cells from 57% to
45% and an increase in G2/M cells from 11% to 26% compared to the DMSO control.
Treatment with MA163 or MA199 leads to a loss of G1 (from 57% to 42% and 44% for
MA163 and MA199, respectively) and an increase in G2/M cells from 11% to 20% for both
compounds, but the population of actively replicating S phase cells remains similar to the
control (Figure 5.2B). When UM-SCC-6 (p53-WT) cells were irradiated, the cell cycle profile
showed some similarities to using the Weel-targeting drugs alone. AZD1775 with irradiation
led to a large loss of actively-replicating (EdU-incorporating) cells. The same trend was seen
in MA163 with irradiation and MA199 with irradiation. Furthermore, the combination
treatments resulted in a bigger proportion of >4N DNA content cells compared to the single
agents, except MA163 with irradiation compared to MA163 displayed the same proportion
of >4N DNA content (Figure 5.2C). The overall trend, as can be observed by the histogram
overlays, is that single agent targeting of Weel causes the whole population to display an
increase in DNA content and the combination treatments result in a drop-in replicating S-

phase cells compared to 4 Gy alone.

This experiment was also performed in UM-SCC-74A (p53-WT) cells to aim to support the
trends seen in UM-SCC-6 (p53-WT) cells. Cells were treated and stained in the same way as

can be seen in Figure 5.2 (Figure 5.3).

169



A 0 Gy 4 Gy

%G‘ - 61T111%) ~61(83.12%)
<8 )
" 52M(3 85%) GEM3.74%)
)] ] ®
W) t ] Above 4N(D.04%) 5 =84 Above AN(1 07%; 5
3 4 H 2
= e < g %
:EHUWZ\IIEI 85%) Pelow 2N (5 47%)
1 |
< = T = T
] 500 500 500
PBASO-A x10% x10% PB4S0-4 (x10% PBAS0-A x10%)
g
1 G1(59.15%) G17.40%)
LN ] Gam(1 276 62M(18.56%)
™~ 24 - *
2 2 2 | 2
: £ | Aove 4NK1.63%) 3 " Abave AN(D.15%) 3
o ] * ° *
N F]
<C Below 2N@.72%) [petow 2N (2.1 5%)
R alio
o = | =
50 100 50 100 500 500
PE450-A x10% PBAS0-A (x10% PE4S0-A (x10% PBASO-A (107
e G1(62.92%) G1(82.63%)
. ’ o] %)
° G2M(3.42%)
™M 2 = :
(Yo g
— Eg Above 4N(D 34%) j Eg— Above 4N(D 28%) 3
o % o %
< = =
= a]
elow ZN(1.22%) Pelow 2N(1.83%)
T T T T e T T T T T T
50 100 50 100 500 500
PBAS0-A 0104 PBIS0-A 104 PBAS0-A (x10% PBASD-A (x10%
- B1(81.53%)
GIM(12.31%)
(*)] =
53} T Above 4N(D 43%) « =B Above AN(D 57 %) <
— EF:] it H 3
< S € S ]
E elow 2N(T.23%) Pelow 2N(1.41%)
100 0 500 0 500
PB450-4 0010% PE4S0-4 (10% PE4S0-A (2107
=l =
= W 0Gy OMSO = 4Gy OMs0
W osy Az W 4Gy azD
M ocy 163 - W 4oy 163
N Mocy 199 S+ Wacyion
©
_ € €
A 2 24 2
] o o |
> | 2] |
@] | I
VAN
o = o
T 7
0 50 100 0 50 100
PEA50-A [ESTL] PBAS0-A (x10%
100 =
,, ]
a ] &
g ] g a7
n -1 “
c 1 i=]
2 50+ E
= ] =
S 8 24
] 2
® ] ES
0= 0-
&L L0 P @ PP L L PP
TG P T & P F ¥ FE
O AR S F TS
< 0;_,;\ “(5\ PR ¢ W QG\ & AN M AN <)
B Gl s B GyYM ———— 7 san

Figure 5.3 Cell cycle stage analysis of Weel-targeting treatments alone and in combination with irradiation on UM-SCC-74A cells. Flow cytometry
of UM-SCC-74A cells stained with Alexa Fluor™ 647 azide for EdU incorporation and DAPI for DNA content. (A) Representative dot plots and DNA
content histograms for monotherapy treatments at 300 nM for 24 h or combination treatments with 300 nM compound and 4 Gy irradiation for 24
h, in addition to overlay histograms of the treatments at 0 Gy and 4 Gy. (B) Stacked bar graph showing values of n = 1 of cells in G1, S and G2/M
(GraphPad Prism). (C) Bar graph showing values of n = 1 of cells with <2N or >4N DNA content (GraphPad Prism).
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This experiment could not use gates from 0 Gy DMSO and apply those to the other samples
due to issues with DAPI saturation. In treated samples, there will have been more
cytotoxicity which would have caused a lower number of cells in the sample. This resulted in
variable DAPI saturation across the samples. Due to this, each sample needed to be
individually gated. UM-SCC-74A (p53-WT) appear to have a radiation-induced G1 arrest by
ionizing radiation with a large decrease of S-phase and G2/M phase cells compared to
DMSO, different from the other p53-WT cell line tested (Figure 5.3). This suggests that, in
UM-SCC-6 (p53-WT), the radiation-induced G1 block does not rely on p53 function alone.
The addition of AZD1775, MA163 and MA199 with irradiation results in a decrease in

actively replicating cells and a larger proportion of G2/M compared to 4 Gy alone.

Overall, it is clear that these treatments are causing replication stress alone in p53 wild-type
HNSCC cells and could potentially be leading to arrest of cells at the spindle assembly
checkpoint in mitosis. To test these hypotheses, activation of ATR-Chk1 pathway,

micronuclei detection and yH2AX intensity were investigated.
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5.3.1.2 Activation of the DDR by Weel-targeting treatments in wild-type TP53

HNSCC cells

Immunoblotting of DNA damage repair proteins Chk2 and Chk1 were performed in UM-SCC-
6 (p53-WT) cells to determine if targeting Weel by inhibition, with AZD1775, or
degradation, by Weel PROTAC s, lead to activation of the DDR. This was investigated alone
and with radiotherapy or chemotherapeutics, cisplatin and bleomycin. Cells were treated
with 300 nM of Weel-targeting drugs for 2 h prior to the addition of radiation, cisplatin or

bleomycin for a further 1 h. Lysates were made and run on a western blot (Figure 5.4).

A Radiotherapy combinations B Chemotherapeutic combinations

+4 Gy IR AZD1775 MA163 MA199

DMSO  + ) i + (300nM)  (300nM)  (300nM)
AZD1775 - + _ _ + Cisplatin (300 FIM) - + - - + - - + - - +

MAL63 R _ + : R + Bleomycin (10 pg/mL) B T e R
pCHK2(Thr68) 62 | — —_— o | PCHK2(Thr68) 62 [ e e o o o o ey oo = s

CHK2 62 }""""rwv--tv«—-—-..,'

pCHK1(Ser345) 56 - e o D e
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Figure 5.4 Activation of Chk1 and Chk2 by AZD1775. MA163 and MA199 as single agents and combinatorial
treatments with irradiation, cisplatin or bleomycin in UM-SCC-6 cells. Cells were treated with 300 nM
compounds for 3 h alone or in addition to 4 Gy irradiation, 300 nM cisplatin or 10 pg/mL bleomycin. Lysates
were produced, ran and blots were probed for (A) pChk2(Thr68), pChk1(Ser345) and a-tubulin as a loading
control or (B) pChk2(Thr68), Chk2, pChk1(Ser345), Chk1 and B-actin as a loading control. (A) Western blot
where AZD1775 and MA163 were added to cells alone or in combination with 4 Gy IR (n = 1). (B) Western blot

where AZD1775, MA163 or MA199 were added to cells alone or with cisplatin or bleomycin (n = 1).

Single treatment of UM-SCC-6 (p53-WT) cells with AZD1775 caused a 6.61-fold increase of
phosphorylation of Chk2 at Threonine-68 compared to the DMSO control, indicative of
activation of the ATM-Chk2 pathway (Figure 5.4A and Table 5.1). This trend was detected

visually in Figure 5.4B and a further repeat of this would allow for better quantitation of
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band intensity. Furthermore, total Chk1 or Chk2 protein should be blotted for to quantify
the increase in phosphorylated protein. Increased activation of Chk1 was also seen and
qguantified from both blots (Figure 5.4). MA163 and MA199 showed an increase of pChk1l
and pChk2 compared to DMSO. When AZD1775 and MA163 were used in combination with
4 Gy irradiation, there was a decrease in relative pChk2 (Thr68) levels from 5.02 in IR alone
to 3.67 or 2.84 in the AZD1775 combination or MA163 combination, respectively (Table 5.1).
Whereas, there was an increase in relative pChk1 (Ser345) levels when targeting Weel and

inducing DSBs (Figure 5.4A).

Table 5.1 Quantitation of pChkl and pChk2 from Figure 5.4A. Band intensity was calculated, normalised to

tubulin and made relative to DMSO.

Treatment pChk2 (Thr68) | pChk1 (Ser345)
condition

DMSO 1.00 1.00
AZD1775 6.61 4.38
MA163 3.59 4.13
DMSO + 4 Gy 5.02 1.27
AZD1775 + 4 Gy 3.67 3.70
MA163 + 4 Gy 2.84 4.72

These same trends were seen with the chemotherapy combinations of AZD1775 however,
MA163 and cisplatin or MA163 and bleomycin resulted in more intense bands for pChk1 and
pChk2 compared to either MA163, cisplatin or bleomycin alone (Figure 5.4B). Unfortunately,
the quantitation of these bands did not corroborate the qualitative trend, however this was

only n =1 and would need repeats (Table 5.2).
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Table 5.2 Quantitation of pChkl and pChk2 compared to total Chk1 and Chk2 respectively in Figure 5.4B.

Band intensity was calculated, normalised to tubulin and made relative to DMSO.

Band intensity relative total Chk1 or Chk2

- / + Cisplatin - / + Bleomycin
Protein DMSO AZD1775 MA163 MA199 DMSO AZD1775 MA163 MA199
- + - + - + - + - + - + - + - +

pChk2 0.56 | 0.46 | 0.56 0.62 0.62 0.41 0.71 0.54 0.56 | 0.61 | 0.56 | 1.08 | 0.62 | 0.47 | 0.71 0.83
(Thr68)

pChk1 113 | 1.82 | 599 | 6.14 | 5.80 | 2.65 | 2.90 | 1.98 | 1.13 | 2.49 | 599 | 7.55 | 5.80 | 4.05 | 290 | 1.13
(Ser345)

These blots suggest activation of the ATR-Chk1 pathway is achieved by targeting Weel
alone. The levels of pChk1 are similar in the single agent treatments and combination
treatments with ionizing radiation, implying that Weel targeting is damaging to cells
without a further genotoxic agent. To corroborate this data, immunoblotting of yH2AX was

performed in UM-SCC-6 (p53-WT) and UM-SCC-74A (p53-WT) (Figure 5.5).

A UM-SCC-6 B UM-SCC-74A
+4 Gy IR +4GyIR
DMSO  + - -+ - - + - - + _ -
AZD1775 - + - - + - - + - - + -
MA163 - - + - - + - _ + - - +
B-actin 42 — == - c— S—— S— G— — D G E— GE—  C— —

yH2AX 15--- ———-«---m--H _”““_\

Figure 5.5 Activation of yH2AX by AZD1775 and MA163 as single agents and combinatorial treatments with
irradiation in p53-proficicent cells. Cells were treated with 300 nM compounds for 3 h alone or in addition to
4 Gy irradiation. Lysates were produced, ran and blots were probed for yH2AX and B-actin as a loading control

(n=1orn =3 for blots A and B, respectively).

As hypothesized above, AZD1775 and MA163 as single agents led to increased activation of
histone yH2AX, a sign of DNA damage or replication stress, by 23.4-fold and 9.9-fold

respectively in UM-SCC-6 (p53-WT), and 6.1 + 4.1-fold and 6.4 + 4.5-fold respectively in UM-
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SCC-74A (p53-WT) compared to DMSO (Figure 5.5 and Table 5.3). The combination of
AZD1775 with IR (27.0) or MA163 with IR (26.7) increases relative yH2AX levels by 4.8-fold
compared to 4 Gy alone (5.6) in UM-SCC-6 (p53-WT) (Figure 5.5A) and relative levels
increase from 9.7 £ 6.8 in IR alone to 22.2 + 14.7 in the AZD1775 combination and 14.8 +

13.9 in the MA163 combination in UM-SCC-74A (p53-WT) (Figure 5.5B).

Table 5.3 Quantitation of relative yH2AX levels from Figure 5.5 in p53-WT HNSCC cells after treatment with
Weel-targeting compounds alone or in combination with irradiation. Signal intensity was measured and
normalised to actin before making levels relative to the DMSO control. In UM-SCC-74A, three repeats were
performed and the mean + SD was calculated from each repeat.

Relative levels of phosphorylated H2AX

Treatment condition UM-SCC-6 (n=1) UM-SCC-74A (n = 3)
(mean £ SD)
DMSO 1.00 1.00 £ 0.00
AZD1775 23.4 6.07 +4.12
MA163 9.90 6.44 +4.47
DMSO + 4 Gy 5.57 9.66 £ 6.81
AZD1775 + 4 Gy 27.0 22.2+14.7
MA163 + 4 Gy 26.7 14.8+13.9

These blots indicate that single agent targeting of Weel hyperactivates yH2AX. Confocal
immunofluorescent imaging was subsequently conducted to characterise yH2AX at the level
of individual nuclei. This was done in UM-SCC-6 (p53-WT) (Figure 5.6) and UM-SCC-74A

(p53-WT) (Figure 5.7).
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Merge DAPI YH2AX

MA163 AZD1775 DMSO MA199 MA163 AZD1775 DMSO

MA199

DAPI
Figure 5.6 Activation of yH2AX by Weel-targeting treatments in UM-SCC-6 cells. UM-SCC-6 cells were treated

with 300 nM compound for 3 h alone or with 4 Gy IR after 2 h of initial treatment. Glass coverslips were then
fixed and stained with DAPI and an anti-yH2AX antibody. Representative images of the treatments fromn =3
showing a colour merge tile with the separate grayscale channels of DAPI and yH2AX. Images were taken using

a Leica Stellaris 5 microscope and LAS X software. Images were analysed using FlJI. Scale bar is 50 um.

176



H2AX was not phosphorylated in the UM-SCC-6 (p53-WT) control cells treated with DMSO,
and AZD1775 and MA163 results in activation of yH2AX, which corroborates the previous
immunoblot data (Figure 5.5). Treatment with MA199 also showed phosphorylation of H2AX
indicative of DNA damage; this further confirms that targeting of Weel leads to DNA
damage. The same trend is observed when using the treatments with 4 Gy irradiation, Weel
inhibition or degradation causes a larger increase of yH2AX signal in comparison to 4 Gy
alone. These treatments seem to cause pan-nuclear staining of yH2AX rather than foci,
therefore intensity of yH2AX was quantified and can be seen in Figure 5.8. The same
experiment was performed in UM-SCC-74A (p53-WT) and the representative images can be

seen in Figure 5.7.

177



Merge DAPI yH2AX

MA163 AZD1775 DMSO MA199 MA163 AZD1775 DMSO

MA199

DAPI
Figure 5.7 Activation of yH2AX by Weel-targeting treatments alone and with ionizing radiation in UM-SCC-

74A cells. UM-SCC-74A cells were treated with 300 nM compound for 3 h alone or with 4 Gy IR after 2 h of
initial treatment. Glass coverslips were then fixed and stained with DAPI and an anti-yH2AX antibody.
Representative images of the treatments from n = 3 showing a colour merge tile with the separate grayscale
channels of DAPI and yH2AX. Images were taken using a Leica Stellaris 5 microscope and LAS X software.

Images were analysed using FlJI. Scale bar is 50 um.
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Increased yH2AX is observed in all of the treatment conditions compared to DMSO in UM-
SCC-74A (p53-WT) (Figure 5.7), corresponding to the immunoblot seen in Figure 5.5. The
YH2AX intensity seen appeared similar between each condition, however, to confirm this,

the intensity was quantified and plots can be seen in Figure 5.8.
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Figure 5.8 Bee swarm plots showing distribution of yH2AX intensity in p53-proficient HNSCC cells from Weel
inhibition or degradation as a single agent or combinatorial strategy with ionizing radiation. Three fields of
view from each condition were taken and analysed by creating masks on the DAPI channel and applying the
mask to the yH2AX channel to collect the mean yH2AX intensity per cell. This was done across n = 3. All cell
intensities (n>135 cells) were collated in each condition to create a Bee swarm to show the distribution of the
cell population, plotting the median £ SD, and these were compared between each treatment condition
(GraphPad Prism). A one-way ANOVA with a Tukey’s multiple comparisons test was performed and the full p-

values can be seen in tables 5.1 and 5.2 for UM-SCC-6 and UM-SCC-74A, respectively.

In UM-SCC-6 (p53-WT), all combination conditions showed a significant increase in yH2AX
levels in comparison to the drugs (except MA199) and 4 Gy alone (Figure 5.8A). This
corroborates the same trend observed in the immunoblot data (Figure 5.5). MA199
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significantly induced the most activation of H2AX compared to AZD1775 or MA163 as single
agents (Table 5.4). However, the combination of MA199 with 4 Gy decreased the yH2AX
levels compared to MA199 alone. Interestingly, the entire population distribution for
AZD1775 + 4 Gy combination treatment increased compared to the other treatments,

suggesting that the highest levels of yH2AX in individual cells was in this condition.

Table 5.4 Table of adjusted p-vaules for the activation of yH2AX as a result of the monotherapy and
combination with irradiation treatment comparisons in UM-SCC-6. Analysis of this data has been described in

Figure 5.8 and representative images can be seen in Figure 5.6.

DMSO AZD1775 MA163 MA199 | DMSO 4 | AZD1775 | MA163 | MA 199

0 Gy 0 Gy 0 Gy 0 Gy Gy 4 Gy 4 Gy 4 Gy
DMSO 0 Gy - <0.0001 <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001
AZD1775 0 Gy | <0.0001 - <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 0.0077
MA163 0 Gy | <0.0001 <0.0001 - <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001
MA199 0 Gy | <0.0001 <0.0001 <0.0001 - <0.0001 | <0.0001 0.3455 <0.0001
DMSO 4 Gy <0.0001 <0.0001 <0.0001 | <0.0001 - <0.0001 | <0.0001 | <0.0001
AZD1775 4 Gy | <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001 - <0.0001 | <0.0001
MA163 4 Gy | <0.0001 <0.0001 <0.0001 0.3455 <0.0001 | <0.0001 - <0.0001
(****) (****) (****) (nS) (****) (****) (****)

MA1994 Gy | <0.0001 0.0077 <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 -
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In UM-SCC-74A (p53-WT) cells, the quantification shows that the yH2AX intensity is similar
across all treatment conditions and is elevated compared to DMSO (Figure 5.8B). This bee
swarm plot corroborates the trend seen on the yH2AX immunoblot (Figure 5.5B). All
treatments with AZD1775, MA163 and MA199, alone or with 4 Gy irradiation, cause
significantly higher levels of yH2AX compared to DMSO alone and DMSO + 4 Gy (Table 5.5).
AZD1775 with 4 Gy is the only combination treatment with significantly more H2AX

phosphorylation in comparison to the Weel drug alone.

Table 5.5 Table of adjusted p-vaules for the activation of yH2AX as a result of the monotherapy and
combination with irradiation treatment comparisons in UM-SCC-74A. Analysis of this data has been described

in Figure 5.8 and representative images can be seen in Figure 5.7.

DMSO AZD1775 MA163 MA199 | DMSO 4 | AZD1775 | MA163 | MA199
0 Gy 0 Gy 0 Gy 0 Gy Gy 4 Gy 4 Gy 4 Gy
DMSO 0 Gy - <0.0001 <0.0001 | <0.0001 | 0.0629 <0.0001 | <0.0001 | <0.0001
(*xk*) (*xk*) (*HH*) (ns) (*H**) (*xk*) (*HH*)
AZD1775 0 Gy | <0.0001 - 0.9214 0.7263 0.0051 <0.0001 | <0.0001 | 0.0051
(***%) (ns) (ns) (**) (**%%) (**%%) (**)
MA163 0 Gy | <0.0001 0.9214 - 0.9994 0.0004 <0.0001 0.1704 0.5612
(****) (ns) (ns) (***) (***%) (ns) (ns)
MA199 0 Gy | <0.0001 0.7263 0.9994 - 0.0006 <0.0001 0.7999 0.9756
(F***) (ns) (ns) (***) (****) (ns) (ns)
DMSO 4 Gy 0.0629 0.0051 0.0004 0.0006 - <0.0001 | <0.0001 | <0.0001
(ns) (**) (***) (***) (*H**) (**k*) (*HH*)
AZD1775 4 Gy | <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001 - <0.0001 | <0.0001
(*H**) (*Hk*) (*Hk*) (*HH*) (*HH*) (*HH*) (*HH*)
MA1634 Gy | <0.0001 <0.0001 0.1704 0.7999 | <0.0001 | <0.0001 - 0.9967
(***%) (**%%) (ns) (ns) (**%%) (**%%) (ns)
MA1994 Gy | <0.0001 0.0051 0.5612 0.9756 | <0.0001 | <0.0001 0.9967 -
(***%) (**) (ns) (ns) (**%%) (**%%) (ns)
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The immunofluorescence data of yH2AX intensity, yH2AX western blots and western blots of
phosphorylation of Chk1 and Chk2 all support that targeting Weel causes activation of the
DDR, irrespective of additional genotoxic compound. Weel-targeting in combination with
irradiation significantly increases levels of DNA damage in both UM-SCC-74A (p53-WT) and
UM-SCC-6 (p53-WT). Furthermore, this data is suggestive that these combination
treatments and Weel drugs alone activate the ATR-Chk1 pathway compared to using 4 Gy
irradiation alone. To further validate that these compounds increase DNA damage and to
additionally investigate if this leads to mitotic problems, cells were treated with 300 nM

compounds for 24 h with or without 4 Gy irradiation before fixing and staining.

UM-SCC-6 (p53-WT) cells were stained with DAPI, tubulin and CENP-A (Figure 5.9). It was
observed that the longer treatment time was more cytotoxic to cells compared to the
previous 3 h treatments for immunofluorescence experiments as fewer cells were seen on
the coverslips. This impacted the data collected as we had to normalise the data to count
per 100 cells, however even this normalisation has some issues. For example, in some fields
of view no micronuclei were counted in MA163-treated condition as there were so few cells.
This meant that, even with normalisation, there was no micronuclei counted for this
condition. Perhaps if there were 100 cells in that field of view, we would have seen
micronuclei in this treatment condition. Increased levels of CENP-A were observed in the
irradiated only cells in comparison to the other conditions in UM-SCC-6 (p53-WT) (Figure
5.9). Micronuclei, multinucleated cells and mitotic cells were counted and quantified to be a
measurement of DNA damage and mitotic deficiencies (Figure 5.10). Graphs of the analysed

data for UM-SCC-6 (p53-WT) seen in figure 5.9 were produced (Figure 5.11).
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DAPI CENP-A

Figure 5.9 Representative images for micronuclei detection and mitotic index analysis of UM-SCC-6 cells. UM-SCC-6 cells
were treated with 300 nM compounds for 24 h alone or with 4 Gy ionizing radiation before fixing and staining cells on glass
coverslips with DAPI and antibodies to CENP-A and Tubulin. Three fields of view were taken for each treatment to analyse
data in one repeat. Images were taken using a Leica Stellaris and LAS X software. Images were analysed using FlI (n = 3).

Scale bar is 50 pm. 183
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Figure 5.10 Representative images of micronuclei, binucleated and mitotic UM-SCC-6 cells. Representative
images from the experiment seen in Figure 5.6 have been made to show what was considered micronuclei, a
binucleated or multinucleated cell and a mitotic cell. (A) Zoomed image of an UM-SCC-6 cell treated with
DMSO and 4 Gy irradiation that have two micronuclei indicated by red arrows. (B) Zoomed image of a UM-SCC-
6 cell treated with AZD1775 that is binuclear. (C) Zoomed image of a mitotic UM-SCC-6 cell. Images were taken

with a Leica Stellaris 5 and LAS X software and processed by FlJI. Scale bar is 20 um.

184



Average number of cells
A analysed per repeat B Micronuclei detection

=
o
]

Average No. of Cells counted per repeat

B o
g8 8
1 1
ve;e
%, i
*
Average No. of micronuclei per 100 cells

0\90%@&*00«9«%‘,&4@& %\,s\ & @‘“6\ @5 G‘;\“’ qu@x&-\ & G
o & T
g
I CENPA-neg [ CENPA-pos
C Mitotic index
* Kk k
| skoke ke
| 5 e ek

N D Multinucleated cells
ek
Fk Ak

% Mitotic Index
o =
n o
1 1

~|—| .

o
e
.

Average No. of multinucleated cells per 100 cells

& e 4P cs\ & oﬁ q;,p
& o:
&g TS

< & &

Figure 5.11 Graphs from micronuclei detection and mitotic index experiment of UM-SCC-6 cells.
Representative images from Figure 5.9 were quantified for (A) bar graph for mean + SD of n = 3 biological
replicates of average number of cells analysed per repeat in each treatment condition, (B) stacked bar column
for mean £ SD number of CENPA-negative and CENPA-positive micronuclei per 100 cells, (C) bar graph of mean
+ SD % mitotic index and (D) mean + SD of multinucleated cells per 100 cells. Graphs were produced in

GraphPad Prism and analysed by a one-way ANOVA with a Tukey’s multiple comparisons test.
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There were fewer cells on the coverslips treated with the single agent Weel-targeting
compounds compared to the combination treatment coverslips, suggesting that the
monotherapies were more cytotoxic in this initial 24 h treatment compared to the
combination conditions, especially with MA163 (Figure 5.11A). This observation was
guantified as the smaller sample size for this condition could have led to fewer micronuclei,
multinucleated or mitotic cells. Using 4 Gy irradiation on UM-SCC-6 (p53-WT) caused an
increase in the average number of micronuclei per 100 cells compared to DMSO. The
combination of 4 Gy with AZD1775 led to more micronuclei per 100 cells than either 4Gy or
AZD1775 alone, although this is not statistically significant (Figure 5.11B). This trend was
also observed with MA163 and MA163 + 4 Gy. MA199 and AZD1775 equally caused the
largest increase of micronuclei out of the Weel-targeting treatments compared to the
DMSO control but the highest proportion of micronuclei was seen in MA163 + 4 Gy. Perhaps
the number of micronuclei per 100 cells would have been higher in MA163 treated cells if
this condition did not kill as many cells. All treatment conditions significantly reduced the
mitotic index compared to DMSO alone (Figure 5.11C). Finally, an increase in multinucleated
cells in AZD1775, AZD1775 with 4 Gy and MA163 treated cells compared to DMSO or DMSO

with 4 Gy was seen, with the largest increase in AZD1775 only treated cells (Figure 5.11D).

These data suggest that in UM-SCC-6 (p53-WT) cells Weel inhibition is neither
advantageous nor detrimental in comparison to Weel degradation in reducing the number
of dividing cells and inducing DNA damage. Both methods are equally successful.
Furthermore, the combinations of either AZD1775 or MA163 with irradiation are better at
decreasing mitotic index and increasing micronuclei compared to irradiation or the drugs

alone.
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The same experiment was performed in the other p53 wild-type cell line, UM-SCC-74A (p53-
WT) (Figure 5.12). It is clear from the representative images that there were less UM-SCC-
74A (p53-WT) cells that remained adhered to the coverslips (Figure 5.12) in comparison to

the representative images of UM-SCC-6 (p53-WT) (Figure 5.11).
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Figure 5.12 Representative images for micronuclei detection and mitotic index analysis of UM-SCC-74A cells. UM-SCC-
74A cells were treated with 300 nM compounds for 24 h alone or with 4 Gy ionizing radiation before fixing and staining
cells on glass coverslips with DAPI and antibodies to CENP-A and Tubulin. Three fields of view were taken for each
treatment to analyse data in one repeat. Images were taken using a Leica Stellaris and LAS X software. Images were

analysed using FlJI (n = 3). Scale bar is 50 um. 188



MA163 seemed to be the most cytotoxic treatment condition at 24 h with the smallest
average number of cells observed in UM-SCC-74A (p53-WT) (Figure 5.13A). This
corroborates what was seen in UM-SCC-6 (p53-WT) cells (Figure 5.11A). The combinations
of AZD1775, MA163 or MA199 with 4 Gy led to more micronuclei in comparison to DMSO
and the compounds alone however, 4 Gy irradiation induced the most micronuclei and this
was a significant increase compared to control cells (Figure 5.13B). As there were so few
cells to count on these coverslips, and capturing mitosis is rare compared to normal cells, no
mitotic cells could be found in many repeats (Figure 5.13C). Therefore, even though it
appears that AZD1775, AZD1775 with 4 Gy, MA163 with 4 Gy and MA199 with 4 Gy
increased the rate of mitosis, this is only by 0.01 % - 0.5 %. Although these data are obtained
from three repeat experiments, a larger number of cells should be analysed to confirm

these findings.

The majority of the conditions, other than MA163 and MA199, caused an increase of
multinucleated cells compared to DMSO (Figure 5.13D). 4 Gy alone and MA199 with 4 Gy
caused the largest increase of multinucleated cells compared to the DMSO control, in
contrast to what was observed in UM-SCC-6 (p53-WT) cells (Figure 5.11D). Although both
cells have functional p53, perhaps the formation of multinucleated cells in response to

Weel-targeting treatments is cell line-dependent.
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Figure 5.13 Graphs from micronuclei detection and mitotic index experiment of UM-SCC-74A cells.
Representative images from Figure 5.12 were quantified for (A) bar graph showing mean * SD of average
number of cells analysed per repeat in each treatment condition, (B) stacked bar graph showing mean + SD
CENPA-negative and CENPA-positive micronuclei per 100 cells, (C) bar graph showing mean + SD % mitotic
index and (D) bar graph showing mean + SD multinucleated cells per 100 cells. Graphs were produced in

GraphPad Prism and analysed by a one-way ANOVA with a Tukey’s multiple comparisons test.

To evaluate if the nuclei changed size depending on treatment, the data obtained from the
micronuclei detection experiments (Figures 5.9 to 5.13) were re-analysed to measure nuclei

area (Figure 5.14). In UM-SCC-6 (p53-WT), MA163 or MA199 alone or in combination with
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ionizing radiation caused a significant decrease in nuclei area compared to DMSO or DMSO
with 4 Gy (Figure 5.14A). Furthermore, MA163 and MA199 also significantly decreased
nuclei size compared to AZD1775 when used as single agents or AZD1775 with 4 Gy when
used as combination treatments. This was the opposite of the trend observed in UM-SCC-
74A (p53-WT). All combinations significantly increase nuclei area compared to 4 Gy alone
and MA163 significantly increased nuclei area compared to DMSO, AZD1775 or MA199
(Figure 5.14B). This further demonstrates that the effect of these treatments could be
heavily cell line-dependent. More p53-proficient cells lines should be observed to see if any

trends for nuclei size or multinucleated cells are apparent.
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Figure 5.14 Bee swarm plots of nuclei area of p53-proficient cells treated with AZD1775 and Weel PROTACs
alone and in combination with 4 Gy radiation. These plots were produced from the data collected from the
micronuclei detection immunofluorescence experiment. Three fields of view from each condition was taken
and analysed by creating regions of interest (ROls) on the DAPI channel to measure the nuclei area. This was
done across n = 3. All nuclei areas (n>25 cells) were collated in each condition to create Bee swarm plots to
show the distribution of the nuclear size population, plotting the median and interquartile range, and these
were compared between each treatment condition (GraphPad Prism). A one-way ANOVA with a Tukey’s

multiple comparisons test was performed.
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5.3.2 Effects of Weel PROTACs on p53-deficient HNSCC cell lines

To determine if p53 status had any effect on the results seen thus far, the experiments in
p53 wild type cell lines UM-SCC-6 (p53-WT) and UM-SCC-74A (p53-WT) discussed in Section

5.3.1 were also performed in p53-deficient cell lines, A-253 and FaDu.

5.3.2.1 Impact on cell cycle profile of Weel PROTACs compared to AZD1775

In Chapter 4, p53-deficient cells were shown to be more susceptible to radio- or
chemosensitization compared to p53-proficient cell lines. Section 5.3.1 has explored how
Weeli, AZD1775, and Weel PROTACs affect the cell cycle and DNA damage response in
p53-proficient cell lines. Therefore, this section will show data from the same experiments

carried out with p53-deficient HNSCC cell lines, A-253 and FaDu.

A-253 (p53-null) and FaDu (p53-mutant) cells were treated with AZD1775, MA163 or MA199
at 300 nM for 18 h, 24 h and 48 h to investigate time points where cells that began the
experiment in G1 would enter mitosis, complete one full cell cycle and complete two full cell
cycles, respectively. The populations were asynchronous so all cells would not be going
through these cell cycle points at the same time. Cells were then incubated with 10 uM EdU
for 1 h before trypsinization and staining with Alexa Fluor™ 647 azide, for EdU
incorporation, and DAPI for DNA content (Figure 5.15). Cells were gated as seen in Figure

2.1.
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Figure 5.15 Cell cycle stage analysis of Weel-targeting treatments on A-253 cells over a 48 h time course.
Flow cytometry of A-253 cells stained with Alexa Fluor™ 647 azide for EdU incorporation and DAPI for DNA
content. (A) Representative dot plots and DNA content histograms for monotherapy treatments at 300 nM for
18 h, 24 h or 48 h, in addition to overlay histograms of the treatments at those time points. (B) Stacked bar
graph showing mean * SD of n = 3 biological replicates of cells in G1, S and G2/M (GraphPad Prism). (C) Bar

graph showing mean £ SD of n = 3 biological replicates of cells with <2N or >4N DNA content (GraphPad

Prism).
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There is a substantial increase in >4N cells in A-253 (p53-null) when treated with AZD1775,
MA163 and MA199 compared to the untreated sample (Figure 5.15A). AZD1775, MA163
and MA199 single treatment results in a loss of actively replicating S-phase population over
time. The largest decrease was by 2.5-fold in S-phase population from 18 hto 48 h in
MA163-treated cells. There were fewer cells in G1 when A-253 (p53-null) were treated with
Weel-targeting compounds compared to DMSO. For example, the mean G1 population at
48 h for DMSO is 53%, whereas this population drops to 29.8%, 31.4% and 27.7% for
AZD1775, MA163 and MA199, respectively. There are no clear changes in the G1 population

in each treatment over the treatment period (Figure 5.15B).

The single agent treatments caused an increase in the proportion of G2/M cells compared
to DMSO, with the highest proportion at 48 h MA199 treatment. Populations of cells with
inappropriate amount of DNA (>4N and <2N) are greatest at 48 h in each treatment
condition (Figure 5.15C). Also, at this time point in treated cells, more EdU-negative cells
with 2<N<4 DNA content are seen, which is indicative of replication stress. This suggests
targeting Weel does not lead to a G1 or G2/M arrest in p53-deficient cells but could cause
replication stress and an intra S-phase checkpoint activation. Furthermore, the increased
>4N population is suggestive of a segregation defect (EdU-negative) and/or re-replication

(EdU-positive) as a result of these treatments.

To observe how 4 Gy irradiation alone and in combination with Weel-targeting compounds
affected the cell cycle of G1/S checkpoint-dysfunctional cells, cell cycle stage analysis flow

cytometry was performed on A253 treated cells (Figure 5.16).
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Cells were treated with AZD1775, MA163 or MA199 for 24 h with or without 4 Gy
irradiation. The gating for G1, S and G2/M populations were originally based on 0 Gy DMSO
however, the movement of the cell cycle profile along the x-axis, due to incomplete
saturation of DNA with DAPI implied that most of the cells in the treated samples have >4N
DNA content. Due to this, it was decided that the G1, S and G2/M gates would be

individually applied to each sample (Figure 5.16).
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Figure 5.16 Cell cycle stage analysis of Weel-targeting treatments alone and in combination with irradiation on A-253 cells with gating based
on 4 Gy DMSO control. Flow cytometry of A-253 cells stained with Alexa Fluor™ 647 azide for EdU incorporation and DAPI for DNA content. (A)
Representative dot plots and DNA content histograms for monotherapy treatments at 300 nM for 24 h or combination treatments with 300 nM
compound and 4 Gy irradiation for 24 h, in addition to overlay histograms of the treatments at 0 Gy and 4 Gy. (B) Stacked bar graph showing
values of n =1 of cells in G1, S and G2/M (GraphPad Prism). (C) Bar graph showing values of n = 1 of cells with <2N or >4N DNA content (GraphPad
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After the new gating, it remains difficult to draw conclusions from this preliminary
experiment. As seen in UM-SCC-6 (p53-WT) (Figure 5.2), there is a loss of clear defined cell
cycle stage populations when a Weel-targeting treatment is added to the cells. lonizing
radiation did not cause a G1 arrest as A-253 (p53-null) are a p53-deficicent cell line and have
a dysfunctional G1/S checkpoint. There is an increase in 2<N<4 cells, suggestive that these

treatments is causing replicative stress.

To see if the trends observed in A-253 (p53-null) are cell-type specific or due to p53-
deficiency, cell cycle stage analysis flow cytometry experiments in FaDu (p53-mutant) cells
were carried out. The single agent Weel-treatments over a 48 h time course were initially

investigated (Figure 5.17).
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Figure 5.17 Cell cycle stage analysis of Weel-targeting treatments on FaDu cells over a 48 h time course.
Flow cytometry of FaDu cells stained with Alexa Fluor™ 647 azide for EdU incorporation and DAPI for DNA
content. (A) Representative dot plots and DNA content histograms for monotherapy treatments at 300 nM for
18 h, 24 h or 48 h, in addition to overlay histograms of the treatments at those time points. (B) Stacked bar
graph showing mean + SD of n = 3 biological replicates of cells in G1, S and G2/M (GraphPad Prism). (C) Bar
graph showing mean + SD of n = 3 biological replicates of cells with <2N or >4N DNA content (GraphPad

Prism).
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The proportion of EdU-incorporating cells greatly decreases after roughly two cell cycle
divisions at 48 h in AZD1775, MA163 and MA199 treated cells. 24 h and 48 h treatments of
Weel PROTACs cause an equal loss of G1 cells (Figure 5.17B). AZD1775 also leads to loss of
G1 cells. The largest population of <2N DNA content cells at 10.5 % and the largest >4N DNA
content population at 7 % was observed in MA199 treated-cells (Figure 5.17C). To conclude
from this time course, the Weel-targeting treatments cause a progressive increase in DNA
content for the whole cell cycle profile in FaDu (p53-mutant) and the same pattern is
observed in UM-SCC-6 (p53-WT) and A-253 (p53-null), suggesting the effect of these
compounds as single agents is not p53-dependent. Furthermore, the single agents cause an
increase in cells with incorrect DNA content and the loss of clear defined G1 and G2/M
populations, suggesting replication stress and S phase arrest with the population mostly
distributed between >2N and <4N DNA content. 4 Gy irradiation in combination with the

compounds changed the cell cycle profile in FaDu (p53-mutant) cells (Figure 5.18).
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Figure 5.18 Cell cycle stage analysis of Weel-targeting treatments alone and in combination with irradiation on FaDu cells. Flow cytometry of
FaDu cells stained with Alexa Fluor™ 647 azide for EdU incorporation and DAPI for DNA content. (A) Representative dot plots and DNA content
histograms for monotherapy treatments at 300 nM for 24 h or combination treatments with 300 nM compound and 4 Gy irradiation for 24 h, in
addition to overlay histograms of the treatments at 0 Gy and 4 Gy. (B) Stacked bar graph showing values of mean * SD of n = 3 biological replicates
of cellsin G1, S and G2/M (GraphPad Prism). (C) Bar graph showing values of mean + SD of n = 3 biological replicates of cells with <2N or >4N DNA
content (GraphPad Prism). 201



Treatments with AZD1775, MA163 and MA199 as single agents resulted in a loss of clear
defined G1 and G2/M populations, and appeared to form a 2<N<4 population (Figure
5.18A). The addition of 4 Gy irradiation to each Weel-monotreatment did not appear to
change the proportion of cells in G1, S and G2/M (Figure 5.18B). MA199 had the highest >4N
population at 21.1% and all of the Weel-targeting treatment conditions, alone or with
irradiation, had higher numbers of cells with >4N DNA content compared to DMSO (Figure
5.18C). The loss of clear defined G1 and G2/M populations in Weel-targeting treatments
with 4 Gy is seen in both p53-deficicent cell lines, whereas in p53-proficient cells there are

G1 and G2/M populations.

Furthermore, the combination treatments cause near a complete loss of EdU-incorporating
S phase cells in p53-proficient cells, whereas in A-253 (p53-null) and FaDu (p53-mutant) EdU
is incorporated, but the signal is weaker. This suggests that as expected the p53 defective
cells lines undergo radioresistant synthesis but with decreased efficiency relative to

unirradiated cells.

To investigate if cells could be arresting at the anaphase checkpoint, FaDu (p53-mutant)
cells were treated with 300 nM compounds for 24 h alone or irradiated with 4 Gy and

stained for Cyclin B1 (Figure 5.19).
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Figure 5.19 Effects of AZD1775 and Weel PROTACs on Cyclin-B1 expression levels as a monotherapy and
combinatorial treatment. FaDu cells were treated with 300 nM compound for 24 h alone or with 4 Gy IR
after 2 h of initial treatment. (A) Representative images of the treatments showing a colour merge tile with
the separate grayscale channels of DAPI, tubulin and Cyclin-B1. Images were taken using a Zeiss LSM880
Airyscan and ZEN Blue 3.0 software. Images were analysed using FlJI. (B) Bar graph of mean +SD of n=3

fields of view from n = 1 biological repeat (GraphPad Prism).
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AZD1775 and MA163 both increased Cyclin B1 levels from 13.6% in DMSO to 20.9% and
26.6%, respectively (Figure 5.19B). Conversely, MA199 decreased the % cells expressing
Cyclin B1 by 7.1% compared to DMSO. A problem with the cells adhering to the AZD1775
and 4 Gy combination treatment coverslip resulted in no data being collected for this
condition. The combination of 4 Gy with MA199 significantly decreased Cyclin B1 expression
by 9-fold. MA163 with 4 Gy also caused a loss of cells expressing Cyclin B1. This data
suggests that when FaDu (p53-mutant) cells are irradiated, they arrest at the spindle
checkpoint, indicated by the build-up of Cyclin B1 that has not been broken down by the

anaphase promoting complex (APC).

5.3.2.2 Activation of the DDR by Weel-targeting treatments in TP53 mutant

HNSCC cells

To assess activation of the DDR by Weel-targeting drugs alone and in combination with
ionizing radiation, cisplatin or bleomycin, the phosphorylation of Chk1, Chk2 and ATR in A-
253 (p53-null) and FaDu (p53-mutant) cells was investigated by western blot. Cells were
treated with 300 nM AZD1775, MA163 and MA199 for 2 h prior to the addition of radiation,
cisplatin or bleomycin for a further 1 h. Lysates were made and run on a western blot for A-

253 (p53-null) and FaDu (p53-mutant) (Figure 5.20 and Figure 5.21, respectively).
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Figure 5.20 Activation of ATR, Chk1 and Chk2 by AZD1775. MA163 and MA199 as single agents and
combinatorial treatments with irradiation, cisplatin or bleomycin in A-253 cells. Cells were treated with 300
nM compounds for 3 h alone or in addition to 4 Gy irradiation, 300 nM cisplatin or 10 pg/mL bleomycin.
Lysates were produced, ran and blots were probed for (A) pChk2 (Thr68), pChk1 (Ser345) and a-tubulin as a
loading control or (B & C) pATR, pChk2 (Thr68), pChk1 (Ser345), and a-tubulin or B-actin as a loading control.
(A) Western blot where AZD1775 and MA163 were added to cells alone or in combination with 4 Gy IR (n = 1).
(B) Western blots where AZD1775, MA163 or MA199 were added to cells alone or with cisplatin (n = 1). (C)
Western blots where AZD1775, MA163 or MA199 were added to cells alone or with bleomycin (n = 1).

Phosphorylation of Chk1 is elevated in cells treated with AZD1775, MA163 and MA199 alone
compared to DMSO in A-253 (p53-null) (Figure 5.20). AZD1775 with 4 Gy, MA163 with 4 Gy,
AZD1775 with cisplatin and MA199 with cisplatin combinations also show higher levels of
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pChk1 compared to the single genotoxic agent. Activation of pChk2 by Weel-targeting
treatments, especially AZD1775, is more variable between repeats. It appears that the
phosphorylation of ATR at Ser428 is equal in the single Weel-targeting compound
treatments compared to the combinations, therefore the activation of pChk1 appears to be
an effect independent of phosphorylation of ATR at this site. This data suggests that
AZD1775, MA163 and MA199 activate the ATR-Chk1 pathway as monotherapies and the
downstream of this pathway is hyperactivated with the combination of these treatments
with irradiation or cisplatin. The relative levels of pChk2, pChk1 and pATR were calculated

and can be found in Tables 5.6 and 5.7.

Table 5.6 Quantitation of pChk2 and pChk1 bands in Figure 5.20A of Weel-targeted cells alone or in

combination with IR in A-253 cells. Band intensity was measured, normalised to tubulin and made relative to

DMSO.
Treatment pChk2 (Thre8) | pChk1l (Ser345)
condition

DMSO 1.00 1.00

AZD1775 11.1 8.00

MA163 2.35 6.54

DMSO + 4 Gy 6.51 3.83

AZD1775 + 4 Gy 13.1 8.16

MA163 + 4 Gy 9.35 8.00

Increased phosphorylation of Chk1 is observed in all treatment conditions in figure 5.20A,
with the largest relative increase in the combination of AZD1775 + 4 Gy. Furthermore,
pChk2 has increased 13-fold in the AZD1775 combination treatment compared to DMSO,
and shows higher relative levels in each sample. This quantitation supports the qualitative
increase in band intensity, suggesting that Weel-targeting treatments can activate DDR

pathways independent of other genotoxic agents.
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Table 5.7 Quantitation of pChk2 and pChk1 bands in Figure 5.20B and Figure 5.20C of Weel-targeted cells

alone or in combination with chemotherapeutics in A-253 cells. Band intensity was measured, normalised to

tubulin and made relative to DMSO.

Band intensity relative to DMSO
+ / - Cisplatin + / - Bleomycin

Protein DMSO AZD1775 MA163 MA199 DMSO AZD1775 MA163 MA199

- + - + - + - + - + - + - + - +
pChk2 1.00 | 032 | 036 | 0.22 | 0.23 | 037 | 032 | 0.22 | 1.00 | 3.77 | 1.40 | 2.00 | 0.84 | 1.78 | 2.75 | 3.95
(Thr68)
pChk1 1.00 | 0.53 | 1.54 | 0.50 | 0.43 | 0.45 | 2.02 | 1.28 | 1.00 | 2.41 | 2.32 | 2.50 | 0.60 | 1.40 | 0.67 | 2.58
(Ser345)
pATR 1.00 | 0.74 | 111 | 159 | 167 | 6.40 | 6.38 | 2.82 | 1.00 | 0.58 | 1.16 | 0.95 | 0.81 | 1.02 | 1.19 | 2.19
(Sera28)

Calculation of the relative band intensity for the chemotherapeutic blots supported that
MA199 and cisplatin activates more pChk1 in comparison to cisplatin alone. Similarly, to
UM-SCC-6 (p53-WT) cells, as these blots are only n = 1 and have some variability in the actin

loading control, the quantitation of the blots does not corroborate all of the qualitative

trends.
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A Cisplatin combination treatments

AZD1775 MA163 MA199 AZD1775 MA163 MA199
DMso  (300nM) (300nM) (300nM) DMSO  (300nM) (300nM) (300 nM)
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B Bleomycin combination treatments
AZD1775 MA163 MA199 AZD1775 MA163 MA199
DMsSO  (300nM) (300nM) (300 nM) DMSO  (300nM) (300nM) (300 nM)
Bleomycin (10 ug/mL) - + - + -+ -+ Bleomycin (10 pg/mL) -+ -+ -+ -4
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Figure 5.21 Phosphorylation of ATR, Chkl and Chk2 following AZD1775, MA163 and MA199 administered as
single agents and combinatorial treatments cisplatin or bleomycin in FaDu cells. Cells were treated with 300
nM compounds for 3 h alone or in addition to 300 nM cisplatin or 10 pg/mL bleomycin. Lysates were
produced, ran and blots were probed for pATR, pCHK2(Thr68), pCHK1(Ser345), and a-tubulin or B-actin as a
loading control. (A) Western blots where AZD1775, MA163 or MA199 were added to cells alone or with
cisplatin (n = 1). (B) Western blots where AZD1775, MA163 or MA199 were added to cells alone or with

bleomycin (n = 1).

pChk2 levels remain consistent between single agent or combinatorial cisplatin treatments
in FaDu (p53-mutant) cells (Figure 5.21A and Table 5.8), as seen in A-253 (p53-null) cells
(Figure 5.20). Bleomycin induces DSBs (Hecht, 2000), therefore the highest relative pChk2
levels in the treatment conditions are in the bleomycin-treated cells (Figure 5.21B).
AZD1775, MA163 and MA199 increase activation of Chk1 alone and in combination with
cisplatin or bleomycin compared to DMSO or the genotoxin alone. As previously described
in A-253 (p53-null), ATR pSer428 levels remain consistent on the blots between all
conditions, therefore the higher pChk1 levels in the treated cells is independent of ATR

Ser428 phosphorylation. Quantitation of band intensity was performed (Table 5.8), however
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as with the previous cell lines, more repeats would need to be conducted for accurate

relative levels.

Table 5.8 Quantitation of pChk2, pChk1 and pATR in Figure 5.21 of Weel-targeted cells alone or in
combination with chemotherapeutic agents in FaDu cells. Band intensity was measured, normalised to
tubulin and made relative to DMSO.

Band intensity relative to DMSO

+ / - Cisplatin + / - Bleomycin

Protein DMSO AZD1775 MA163 MA199 DMSO AZD1775 MA163 MA199

- + - + - + - + - + - + - + - +
pChk2 1.00 | 1.23 | 157 | 1.49 | 222 | 1.69 | 1.42 | 050 | 1.00 | 0.61 | 0.12 | 0.14 | 0.25 | 0.27 | 0.15 | 0.27
(Thr68)
pChk1 1.00 | 6.97 | 802 | 735 | 270 | 9.69 | 3.13 | 3.01 | 1.00 | 0.29 | 0.40 | 0.54 | 0.36 | 0.13 | 0.44 | 0.36
(Ser345)
pATR 1.00 | 1.00 | 1.99 | 0.88 | 1.47 | 1.33 | 0.70 | 0.58 | 1.00 | 0.64 | 1.23 | 1.93 | 1.80 | 2.46 | 1.50 | 3.25
(Sera28)

The phosphorylation of Chk1 and Chk2 show similar trends across UM-SCC-6 (p53-WT), A-

253 (p53-null) and FaDu, suggesting activation of the DDR by these compounds is a p53-

independent response. To investigate whether p53-deficient cells have more DNA damage,

indicated by DNA damage marker yH2AX, compared to that observed in p53-proficient ones

(Figure 5.5), yH2AX immunoblots were performed (Figure 5.22).

B-actin 42"‘|-.- e =t o e ¢-—|

A-253

DMSO
AZD1775

MA163

VH2AX 15-- 1

—-___—‘|

FaDu

+

+

+4Gy IR

| |

Figure 5.22 Activation of yH2AX by AZD1775 and MA163 as single agents and combinatorial treatments with

irradiation in p53-deficient cells. Cells were treated with 300 nM compounds for 3 h alone or in addition to 4

Gy irradiation. Lysates were produced, ran and blots were probed for yH2AX and B-actin as a loading control

(n=3 orn=1"for blots A and B, respectively).
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YH2AX bands were more intense in all treatment conditions compared to the DMSO control
in both A-253 (p53-null) and FaDu (p53-mutant) cells (Figure 5.22). There was an increase of
~4.00 relative levels in the combination of AZD1775 and MA163 with 4 Gy irradiation
compared to IR alone in A-253 (p53-null) (Table 5.9). Although not as dramatic of an
increase, the combination of AZD1775 with IR caused elevated phosphorylation of H2AX in

comparison to radiation as a single agent.

Table 5.9 Quantitation of relative yH2AX levels from Figure 5.22 in p53-deficient HNSCC cells after treatment
with Weel-targeting compounds alone or in combination with irradiation. Signal intensity was measured and
normalised to actin before making levels relative to the DMSO control. In A-253, three repeats were
performed and the mean + SD was calculated from each repeat.

Relative levels of phosphorylated H2AX
Treatment condition A-253 (n = 3) FaDu (n=1)
(mean £ SD)
DMSO 1.00 £ 0.00 1.00
AZD1775 7.05+591 2.69
MA163 6.43 +4.40 1.58
DMSO + 4 Gy 6.03 £4.35 2.86
AZD1775 + 4 Gy 10.5+7.75 3.12
MA163 + 4 Gy 10.9 £ 8.50 2.48

To better quantify yH2AX intensity and investigate differences between treatments, cells
were treated for 2 h with compounds before irradiating with 4 Gy and left for 1 h prior to
fixing and staining with anti-yH2AX antibody and DAPI. A-253 (p53-null) and FaDu (p53-
mutant) coverslips were then imaged and representative images across three repeats were

produced (Figures 5.23 and 5.24, respectively).
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Figure 5.23 Activation of yH2AX as a result of Weel inhibition and degradation as single agents or
combination treatments in A-253 cells. A-253 cells were treated with 300 nM compound for 3 h alone or with
4 Gy IR after 2 h of initial treatment. Glass coverslips were then fixed and stained with DAPI and yH2AX.
Representative images of the treatments from n = 3 showing a colour merge tile with the separate grayscale
channels of DAPI and yH2AX. Images were taken using a Leica Stellaris 5 microscope and LAS X software.

Images were analysed using FlJI. Scale bar is 50 um.
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Targeting Weel increases yH2AX levels alone, compared to DMSO, and with irradiation,
compared to DMSO with irradiation, in A-253 (p53-null) cells (Figure 5.23). Similarly, to UM-
SCC-6 (p53-WT) (Figure 5.6) and UM-SCC-74A (p53-WT) (Figure 5.7), there was pan-nuclear
staining of yH2AX rather than clear foci. Quantification of yH2AX intensity for A-253 (p53-

null) was performed and a bee swarm plot was created (Figure 5.25A).
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Figure 5.24 Activation of yH2AX due to treatment with Weeli, AZD1775, or Weel PROTACs as a single or

combinatorial strategy in FaDu cells. FaDu cells were treated with 300 nM compound for 3 h alone or with 4
Gy IR after 2 h of initial treatment. Glass coverslips were then fixed and stained with DAPI and yH2AX.
Representative images of the treatments from n = 3 showing a colour merge tile with the separate grayscale
channels of DAPI and yH2AX. Images were taken using a Leica Stellaris 5 microscope and LAS X software.

Images were analysed using FlJI. Scale baris 50 uM. 213



Phosphorylation of H2AX was increased in AZD1775, MA163 and MA199-treated cells alone
and with ionizing radiation compared to their relative controls in FaDu (p53-mutant) cells
(Figure 5.24). This is consistent with the trends observed in all four HNSCC cell lines tested.
Furthermore, pan-nuclear staining of yH2AX was observed in FaDu (p53-mutant) cells.
Quantification of yH2AX intensity for FaDu (p53-mutant) was performed and a bee swarm

plot was created (Figure 5.25B).
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Figure 5.25 Bee swarm plots showing distribution of yH2AX intensity in p53-deficient HNSCC cells from
AZD1775, MA163 or MA199 as single agents or with ionizing radiation. Three fields of view from each
condition was taken and analysed by creating masks on the DAPI channel and applying the mask to the yH2AX
channel to collect the mean yH2AX intensity per cell. This was done across n = 3. All cell intensities were
collated (n>325 cells) in each condition to create a Bee swarm to show the distribution of the cell population,
plotting the median + SD, and these were compared between each treatment condition (GraphPad Prism). A
one-way ANOVA with a Tukey’s multiple comparisons test was performed and the full p-values can be seen in

tables 5.3 and 5.4 for A-253 and FaDu, respectively.

All monotherapy treatments significantly increase the median intensity of yH2AX alone
compared to DMSO in both A-253 (p53-null) and FaDu (p53-mutant) cells (Figure 5.25).
Furthermore, MA163 or MA199 combination strategies caused significantly more yH2AX
intensity indicated by a higher median compared to irradiation alone in both cell lines. The

majority of combination strategies, except AZD1775 + 4 Gy in FaDu (p53-mutant), increased
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phosphorylation of H2AX compared to the single Weel-targeting drug in both cell lines. In
A-253 (p53-null), MA163 and MA199 has a similar median intensity of yH2AX in single agent
or combination conditions (Figure 5.25A), whereas, in FaDu (p53-mutant), MA163 showed
significantly less yH2AX intensity alone compared to MA199 but significantly more as a
combination compared to MA199 + 4 Gy (Figure 5.25B). The most diffuse population
distribution was observed in the PROTAC combination treatment conditions in FaDu (p53-
mutant) cells, and perhaps the PROTACs are inducing more pan-nuclear yH2AX staining,
indicative of increased replication stress, than Weel inhibition in this cell line. The full tables
of p-values comparing each treatment condition for A-253 (p53-null) and FaDu (p53-mutant)

can be seen in table 5.10 and table 5.11, respectively.

Table 5.10 Table of adjusted p-vaules for the activation of yH2AX as a result of the monotherapy and
combination with irradiation treatment comparisons in A-253. Analysis of this data has been described in

Figure 5.25 and representative images can be seen in Figure 5.23.

DMSO AZD1775 MA163 MA199 | DMSO 4 | AZD1775 | MA163 MA199
0 Gy 0 Gy 0 Gy 0 Gy Gy 4 Gy 4 Gy 4 Gy
DMSO 0 Gy - <0.0001 <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001
AZD1775 0 Gy | <0.0001 - <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001
MA163 0 Gy | <0.0001 <0.0001 - 0.4458 <0.0001 | <0.0001 | <0.0001 | <0.0001
MA199 0 Gy | <0.0001 <0.0001 0.4458 - <0.0001 | <0.0001 | <0.0001 | <0.0001
(****) (****) (nS) (****) (****) (****) (****)
DMSO 4 Gy <0.0001 <0.0001 <0.0001 | <0.0001 - <0.0001 | <0.0001 | <0.0001
(****) (****) (****) (****) (****) (****) (****)
AZD1775 4 Gy | <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001 - 0.9917 >0.9999
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MA163 4 Gy | <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001 0.9917 - 0.9810

MA1994 Gy | <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001 | >0.9999 0.9810 -

Table 5.11 Table of adjusted p-values for comparison of the activation of yH2AX in FaDu cells following
monotherapy and irradiation combination treatments. Analysis of these data has been described in Figure

5.25 and representative images can be seen in Figure 5.24.

DMSO AZD1775 MA163 MA199 | DMSO 4 | AZD1775 | MA163 MA199
0 Gy 0 Gy 0 Gy 0 Gy Gy 4 Gy 4 Gy 4 Gy
DMSO 0 Gy - <0.0001 <0.0001 | <0.0001 | <0.0001 | >0.9999 | <0.0001 | <0.0001
AZD1775 0 Gy | <0.0001 - 0.8580 <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001
(****) (ns) (****) (****) (****) (****) (****)
MA163 0 Gy | <0.0001 0.8580 - <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001
(****) (ns) (****) (****) (****) (****) (****)
MA199 0 Gy | <0.0001 <0.0001 <0.0001 - >0.9999 | <0.0001 | <0.0001 | <0.0001
DMSO 4 Gy <0.0001 <0.0001 <0.0001 | >0.9999 - <0.0001 | <0.0001 | <0.0001
AZD1775 4 Gy | >0.9999 <0.0001 <0.0001 | <0.0001 | <0.0001 - <0.0001 | <0.0001
MA163 4 Gy | <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001 | <0.0001 - <0.0001
MA1994 Gy | <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 -

To summarise, the DNA damage response is activated when using a Weel-targeting

treatment. This trend is also seen in p53 wild-type cell lines, therefore activation of the DDR
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by these compounds is not dependent on p53. To elucidate the types of DNA damage that
could occur as a result of these treatments, immunofluorescent staining of CENP-A, tubulin
and DAPI were undertaken to aim to detect micronuclei, mitotic index and multinucleated

cells. This was first performed in A-253 (p53-null) (Figure 5.26).
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Figure 5.26 Representative images for micronuclei detection and mitotic index analysis of A-253 cells. A-253 cells were
treated with 300 nM compounds for 24 h alone or with 4 Gy ionizing radiation before fixing and staining cells on glass
coverslips with DAPI and antibodies to CENP-A and Tubulin. Three fields of view were taken for each treatment to analyse
data in one repeat. Images were taken using a Leica Stellaris and LAS X software. Images were analysed using FlJI (n = 3).

Scale bar is 50 pm. 218



Initial observations whilst capturing images of the coverslips were that the MA163 single
treatment had the lowest number of cells in A-253 (p53-null) (Figure 5.26). Examples of
what was considered to be micronuclei, mitotic cells or multinucleated cells can be seen in
Figure 5.10. Data was collected and quantified to produce bar graphs for mitotic index,
average number of cells analysed per repeat, micronuclei detection and multinucleated cells

in A-253 (p53-null) (Figure 5.27).
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Figure 5.27 Graphs from micronuclei detection and mitotic index experiment of A-253 cells. Representative
images from Figure 5.26 were quantified for (A) bar graph showing mean * SD of n = 3 biological repeats for
average number of cells analysed per repeat in each treatment condition, (B) mean + SD of n = 3 biological
repeats for CENPA-negative and CENPA-positive micronuclei per 100 cells, (C) bar graph showing mean + SD %
mitotic index from n = 3 and (D) mean * SD multinucleated cells per 100 cells across n = 3. cells. Graphs were
produced in GraphPad Prism and analysed by a one-way ANOVA with a Tukey’s multiple comparisons test.

Scale baris 50 uM.
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MA163 had the lowest average number of cells in each treatment condition (Figure 5.27A),
as observed in Figure 5.26. The most CENPA-negative micronuclei were seen in the control
cells with an average of 19 micronuclei per 100 cells and the least CENPA-negative
micronuclei were seen in MA199 with a 63.2% decrease compared to DMSO (Figure 5.27B).
Conversely, the treatments generally caused an increase in frequency of micronuclei
compared to control cells in UM-SCC-6 (p53-WT) (Figure 5.9) and UM-SCC-74A (p53-WT)
(Figure 5.12). However, it is uncertain whether this contradictory response observed in A-
253 (p53-null) cells is due to the differing p53 status or a cell line specific effect. As seen
with UM-SCC-6 (p53-WT), all treatment conditions of the compounds alone and in
combination with irradiation significantly decrease the mitotic index (Figure 5.27C). Fewer
multinucleated cells were observed in AZD1775, MA163 or MA199 with 4 Gy compared to

the drugs alone (Figure 5.27D).

The same experiment seen in A-253 (p53-null) was then performed in FaDu (p53-mutant)
cells and representative images were produced (Figure 5.28). FaDu (p53-mutant) cells are
very clustered in cell culture and tend to grow on top of each other in colonies, therefore it
was difficult to visualize the CENP-A staining as it was very diffuse (Figure 5.28). It was clear
that MA163 was the most cytotoxic to cells at 24 h before fixing and staining as fewer cells
were observed on the MA163-treated coverslips compared to the other treatments. as
seen in all three other cell lines. Analysed data of mitotic index, multinucleated cells,
average number of cells per repeat and micronuclei was collated and produced bar graphs

(Figure 5.29).
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Figure 5.28 Representative images for micronuclei detection and mitotic index analysis of FaDu cells. FaDu cells were
treated with 300 nM compounds for 24 h alone or with 4 Gy ionizing radiation before fixing and staining cells on glass
coverslips with DAPI, CENP-A or Tubulin. Three fields of view were taken for each treatment to analyse data in one

repeat. Images were taken using a Leica Stellaris and LAS X software. Images were analysed using FlJI (n = 3).
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Figure 5.29 Graphs from micronuclei detection and mitotic index experiment of FaDu cells. Representative
images from Figure 5.28 were quantified for (A) bar graph showing mean * SD of n = 3 biological repeats for
average number of cells analysed per repeat in each treatment condition, (B) mean + SD of n = 3 biological
repeats for CENPA-negative and CENPA-positive micronuclei per 100 cells, (C) bar graph showing mean + SD %
mitotic index from n = 3 and (D) mean * SD multinucleated cells per 100 cells across n = 3. cells. Graphs were

produced in GraphPad Prism and analysed by a one-way ANOVA with a Tukey’s multiple comparisons test.

MA163 was consistently the treatment condition that resulted in the least average number
of cells per repeat (Figure 5.29A), suggesting that the initial action of MA163 is much more

potent across all cell lines in comparison to the other treatments. All combination
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treatments induced more micronuclei formation in FaDu (p53-mutant), supporting that the
combination inflicts more DSBs on cells than either the single agent or irradiation alone
(Figure 5.29B). The decrease of micronuclei per 100 cells in A-253 (p53-null) cells is likely to
be a cell line specific effect and another p53-deficient cell line should be tested to confirm
this. The combination of AZD1775, MA163 or MA199 with ionizing radiation or MA163 or
MA199 alone causes a significant loss of dividing FaDu (p53-mutant) cells (Figure 5.29C),
consistent with previous findings. Finally, no multinucleated cells were detected in any of

the repeats (Figure 5.29D).

The final data collected to evaluate how these compounds affect chromosome segregation
and if they cause an increase in DNA content was to measure the nuclei size of these cells
(Figure 5.30). The proposed hypothesis is that more signs of DNA damage and >4N DNA
content would cause larger nuclei. However, this was not necessarily the case in p53-

proficient cells (Figure 5.14).
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Figure 5.30 Bee swarm plots of nuclear area of p53-deficient cells treated Weel-targeting drugs alone and in

combination with 4 Gy radiation. These plots were produced from the data collected from the micronuclei

detection immunofluorescence experiment (Figures 5.26 and 5.28). Three fields of view from each condition

were taken and analysed by creating regions of interest (ROls) on the DAPI channel to measure the nuclear

area. This was done across n = 3. All nuclear areas (n>100 cells) were collated in each condition to create Bee

swarm plots to show the distribution of the nuclear size population, plotting the median and interquartile

range, and these were compared between each treatment condition (GraphPad Prism). A one-way ANOVA

with a Tukey’s multiple comparisons test was performed.
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In A-253 (p53-null), AZD1775 and MA163 did not significantly change the nuclear area
compared to DMSO, however MA199 significantly decreased the nuclei size (Figure 5.30A).
The combination of Weel-targetnig treatment with 4 Gy irradiation did not change the
nuclear size compared to irradiation alone. In FaDu (p53-mutant) cells, AZD1775 and MA163
significantly increase nuclear area as single agents compared to DMSO but significantly
decrease nuclear area as combinations with IR compared to DMSO + 4 Gy (Figure 5.30B).
This suggests that the effect that these compounds have as single or combinatorial
strategies on nuclear size is cell line-dependent as all four cell lines have not shown any

similar trends.
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5.3.3 Discussion

This chapter showed that AZD1775 or Weel PROTACs can target cells to change how they
progress through the cell cycle. In the introduction to this chapter, it was discussed that
Weel inhibition with or without radiation leads to a decrease of cells in G2 (Yang et al.,
2020), which would be expected as inhibition of Weel leads to progression past the G2/M
checkpoint and into mitosis. Irrespective of p53-status, AZD1775 caused a progressive
increase in the G2/M population in UM-SCC-6 (p53-WT) (Figure 5.1), A-253 (p53-null) (Figure
5.15) and FaDu (p53-mutant) (Figure 5.17). Our experiment could not distinguish between
G2 and M phase cells; it is hypothesized that this effect in HNSCC cells is due to AZD1775
forcing cells to pass the G2/M checkpoint and the % mitotic cells increases as this has
previously been observed in other cell lines (Cuneo et al., 2016; Yang et al., 2020). This was
not observed via immunofluorescence in the data presented here, and an explanation for
this could be that mitotic cells can be washed away during the processing steps of the
experiment. This is even more of an issue with coverslips that have a low cell density,
therefore perhaps this is why there is a low mitotic index in the majority of the treatment
conditions tested in this chapter. If time had allowed, Histone H3 pSer10 flow cytometry
could have been performed to overcome this experimental issue and to determine if these
findings support or contradict previously published data. Furthermore, there was a decrease
in actively replicating S-phase population over the 48 h time period in all cell lines, indicating
replication stress as a result of inhibiting Weel. These same trends were seen when
degrading Weel with PROTACs and there were no obvious cell cycle stage differences

between Weel degradation and inhibition at 300 nM.
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Cell cycle analysis of Weeli and irradiation-treated UM-SCC-6 (p53-WT) cells revealed a
nearly complete absence of any actively replicating cells compared to Weeli-treated cells
alone (Figure 5.2) and this was also observed in the other p53-proficient cell line, UM-SCC-
74A (p53-WT) (Figure 5.3). This effect appears to have some p53-dependence, as p53-
deficient cell lines did not show a complete loss of the EdU-incorporating population
(Figures 5.16 and 5.18 for A-253 and FaDu, respectively). The populations of G1, S and G2/M
cells were much harder to gate in A-253 (p53-null) and FaDu (p53-mutant) and it appeared
that these populations merged to form one large 2<N<4 population when Weel-targeting
treatments were used in combination with irradiation. Although the single agents appear to
have the same cellular response, regardless of p53-status, the combination of these
compounds with irradiation appears to cause more genomic instability for p53-deficient cell
lines. This combination in cells without a G1/S checkpoint leads to replication stress that
causes the appearance of cells with intermediate DNA content (2<N<4), whereas cells with
2<N<4 DNA content will likely be arrested at the G1/S transition in p53-proficient cells and

killed before they were fixed, stained and analysed.

When degrading Weel with PROTACs, this does not inhibit PLK1 and allows cells with DNA
damage to progress through mitosis, implied by the decrease in Cyclin B1 levels seen in
FaDu (p53-mutant) (Figure 5.19). It would be interesting to see if the combination of
AZD1775 and 4 Gy has the same effect as AZD1775 inhibits PLK1. In addition, it would be
good to investigate this trend in UM-SCC-6 (p53-WT), UM-SCC-74A (p53-WT) and A-253
(p53-null) to test the hypothesis that this trend would be the same in all cells, irrespective of
p53-status. This is because the spindle checkpoint is a p53-independent checkpoint (Meek,

2000).
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Analysing the mitotic index highlighted that the monotherapies caused a significant
decrease in actively dividing cells in UM-SCC-6 (p53-WT) (Figure 5.11), A-253 (p53-null)
(Figure 5.27) and FaDu (p53-mutant) (Figure 5.29). This suggests that targeting Weel
prevents metaphase to be carried out. To aim to elucidate how these monotherapies cause
this, live cell microscopy with mitotic markers, such as using a fluorescent probe that can
allow visualisation of chromatin condensation, may help to conclude how these treatments
impact metaphase and the spindle assembly checkpoint. Furthermore, using another mitotic
marker as well as CENP-A may make it easier to count mitotic cells, such as using
pH3(ser10). This marker can then be used in immunofluorescence and flow cytometry to
compare trends between techniques. The length of mitosis should also be investigated as if
these treatments are causing difficulties at the spindle assembly checkpoint, this could

result in G2/M checkpoint abrogated cells showing longer mitosis.

AZD1775, MA163 and MA199 caused pan-nuclear staining of yH2AX alone and in
combination with 4 Gy in all HNSCC cell lines (Figures 5.6, 5.7, 5.23 and 5.24), which is
consistent with previous studies that AZD1775 leads to pan-nuclear staining (Parsels et al.,
2018). This is indicative of replication stress and supports the hypothesis that these
compounds cause replication stress made from observing an intermediary 2<N<4 EdU-
negative cells in the cell cycle profile experiments. This pan-nuclear staining increases in
intensity when the combination of 4 Gy and Weel-targeting treatment is used in
comparison to the single agent or 4 Gy alone in most instances across all cell lines (Figures
5.8 and 5.25). The activation of yH2AX levels was equal in AZD1775 and AZD1775 + IR
treatment on a western blot in oesophageal cancer cells and our findings (Figures 5.5 and
5.22) were consistent in each cell line with this previous study (Yang et al., 2020). Our data

showed that in some cases, PROTACs caused significantly more yH2AX activation compared
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to AZD1775, such as in FaDu (p53-mutant) (Figure 5.25 and Table 5.4), however it appeared
to be cell line dependent if AZD1775 or Weel PROTACs caused more pan-nuclear staining,
and therefore replication stress. Phosphorylation of ATR and Chk1 was elevated in Weel-
treated cells compared to 0 Gy or 4 Gy alone in all cell lines, further suggesting replication
stress. In some cases, pChk1 was present in the absence of pATR, however it is likely due to
experimental set-up. Immunoblotting of pATR was performed with pATR Ser428, which is an
established marker of ATR activation, but pATR Thr1989 may have been a more suitable

marker as this autophosphorylation event is crucial for ATR activation (Liu et al., 2011).

Previous studies have shown AZD1775 increases radiation-induced mitotic catastrophe by
measuring micro- and multi-nucleated cells (Yang et al., 2020). In 75% of the cell lines
tested, our data supports this finding by seeing an increase of micronuclei. Furthermore,
<2N DNA content cells progressively increased over time in UM-SCC-6 (p53-WT), A-253
(p53-null) and FaDu (p53-mutant). CENP-A was used to determine if the micronuclei contain
a whole chromosome (CENP-A positive) or chromosomal fragments indicative of DSBs
(CENP-A negative). The majority of micronuclei found in the AZD1775, MA163 or MA199
treated cells were CENP-A negative and this did not change when adding 4 Gy irradiation.
These findings, consistent with mitotic catastrophe, were found in both p53-proficient and
p53-deficient cell lines. There appeared to be no clear consistent trends with multinucleated
cells across the cell lines, however, in the cell cycle flow cytometry, there was an increase in

treated cells with >4N DNA content.

The findings in this chapter suggest that Weel inhibition causes a progressive increase in
the G2/M population in HNSCC cells, irrespective of p53-status. Furthermore, this

observation is seen when Weel is degraded, implying that selectively targeting Weel does

230



not enforce progression past the G2/M checkpoint any more than Weel inhibition at 300
nM. Using irradiation with Weel-targeting treatments could result in more replication stress
compared to Weel treatments as single therapies, however as we are unsure if the
irradiator was operating correctly during these experiments, they would need to be
repeated to draw these conclusions. In both p53-proficicent and p53-deficient cell lines, we
see blocking of EdU incorporation, however we do not see the presence of 2<N<4 DNA
content cells in p53-proficient cells treated with Weel-targeting compound + IR that we see
in p53-deficient cell types. Targeting Weel leads to the activation of ATR-Chk1 pathway,
which is more intensely activated when treating cells with the combination of drug and
radiotherapy. The induction of the DNA damage response is seen in all cell lines and does
not depend on p53-dependecy in HNSCC cells. The data presented here has supported
findings of the effect of Weel inhibition in the literature and has provided details on how
Weel PROTACs could affect S-phase and mitosis in the cell cycle and cause a DDR in HNSCC

cells.

To further elucidate the capabilities of Weel PROTACs, the next chapter will investigate
whether selective targeting using Weel PROTACs causes more or less inhibition of cell
proliferation compared to AZD1775 in lung and kidney cancer cell lines. Furthermore, we
wanted to investigate if the choice of E3 ligase used in the PROTAC had a bearing on the

efficacy of the compound.
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6 The impact of varying E3 ubiquitin ligase status on
Weel PROTACGs in lung and kidney cancer cell lines

6.1 Introduction

6.1.1 Weel as a drug target in lung and kidney cancers

The discussion of if expression of E3 ligase had an impact on PROTAC potency was
mentioned in sections 3.3.5 and 4.3.5. Here we discuss a study that stated that the efficacy
of PROTAGs is largely affected by the choice of E3 ligase recruited and focus on how Weel

inhibition has previously been reported to impact the selected cell lines.

During this project, a report found that VHL- and CRBN-based BRD4 PROTACs show differing
efficacy to their target (Luo et al., 2022). For example, the CRBN-BRD4 PROTAC, dBET1,
shows a very high DC50 in NCI-H23 whereas the PROTAC shows potency with a DC50 of 507
nM in A549, both lung cancer cell lines. There were no reported mutations of CRBN,
therefore we hypothesised that the choice of E3 ligase ligand has an impact on efficacy. As
both A549 and NCI-H23 were accessible to us, these were selected to investigate. Kidney
cancers have frequently reported mutations in VHL, therefore to further confirm that the
potency of the PROTACs is dependent on E3 ligase levels, two RCC cell lines were selected
with varying VHL status to confirm if a VHL PROTAC will not work in a VHL mutant cell line.
Mutational analysis of the NCI-60 cell line set revealed that A-498 possesses mutations in
VHL causing loss of VHL (lkediobi et al., 2006), therefore this was selected as the VHL-

mutant cell line and SN12C, with no reported mutations in VHL, was the wild type cell line.
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To determine if Weel PROTACs would be efficacious in the cell lines selected, initial
literature searches were performed. A study has reported that renal cell carcinoma cells are
sensitive to Weel inhibition, with EC50 values of 87 nM in A-498 (Pfister et al., 2015).
Furthermore, AZD1775 caused tumour regression in A-498 tumour xenografts, indicating
that Weel inhibition can cause cytotoxicity in renal cell carcinoma (RCC) cells. Weel
inhibition in A-498 caused replication stress, which was signified by pan-nuclear yH2AX
staining, a similar effect as seen in HNSCC cells in Chapter 5. This suggested that although
the VHL-Weel PROTAC may not degrade Weel, we should still see loss of cell viability and

reduction of pCDK1.

Weeli, AZD1775, has demonstrated to increase late S-phase and G2/M populations in Hela
and NSCLC, NCI-H1299, cell lines (Mak et al., 2014). Furthermore, it has been shown to
sensitize NCI-H1299 to gemcitabine treatments as a combinatorial strategy by reducing cell
viability, inducing apoptosis and a sub-G1 population (Hirai et al., 2009). Single agent
treatment with AZD1775 in the murine LLC (lung cancer cell) line shows some induction of
DNA damage by slightly elevated yH2AX levels, however the combination with irradiation
significantly enhances yH2AX levels (Patel et al., 2019). Therefore, Weel PROTACs are likely

to have some effect on cell viability in lung cancer cells.

This clearly demonstrates that lung and kidney cancer cell lines can be sensitized to other
genotoxic treatments with AZD1775. Weel inhibition reduces cell viability of lung and
kidney cancer cell lines, therefore it will be interesting to investigate if Weel PROTACs can
degrade Weel and reduce cell viability, equally to AZD1775. In addition, the differing
efficacy of CRBN- or VHL-based PROTACs within cancer types were investigated to see if the

expression levels of the E3 ligases had a bearing on the potency of the molecule.
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6.2 Aims and objectives

In this chapter, Weel PROTACs will be characterized in lung and kidney cancer cell lines with
varying levels of E3 ubiquitin ligase expression and this will be assessed via a number of

aims:

1. Investigate the relative expression levels of CRBN and VHL in lung and kidney cell
lines and determine if the levels of the E3 ubiquitin ligases affect the potency of the
Weel PROTACs.

2. Compare the degradation profiles of MA163 and MA199 in lung and kidney cancer
cell lines.

3. Assess AZD1775, MA163 and MA199 as single agent treatments on cell viability.

6.3 Results and discussion

6.3.1 Expression levels of E3 ubiquitin ligases in Lung and Kidney cell

lines

It has previously been discussed that expression and mutation of VHL and CRBN were
predictors of PROTAC activity (Luo et al., 2022). To further investigate this with VHL- and
CRBN-based Weel PROTACs, kidney cancer cell lines, SN12C and A-498, and lung cancer cell
lines, A-549 and NCI-H23, were allowed to grow under normal growth conditions to observe
the relative expression levels of E3 ubiquitin ligases, CRBN and VHL. This was performed
before assessing the degraders degradation profile in these cells. This was to evaluate the
ability of the PROTACs to cause degradation and if this depended on varying levels of the E3

ubiqutin ligase. Western blots were probed for CRBN, a-Tubulin and VHL. a-Tubulin was
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used as the loading control for this experiment as there was less variability in a-Tubulin

levels across the cell lines in comparison to B-actin (Figure 6.1).
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Figure 6.1 Relative expression levels of E3 ubiquitin ligases, CRBN and VHL, in Lung and Kidney cell lines.
Western blot showing levels of CRBN and VHL in untreated lysates of Kidney cancer cells, SN12C and A-498,
and Lung cancer cells, A-549 and NCI-H23. The membrane was blotted for CRBN, a-Tubulin (as the loading
control) and VHL, n = 1. Relative levels of CRBN or VHL normalised to tubulin are shown for each protein

underneath the band that the value corresponds to.

SN12C contained 3.6-fold more CRBN compared to the other kidney cell line, A-498 (Figure
6.1). It was hypothesized that A-498 would not show a band for VHL, as this kidney cell line
is VHL-mutant, and this was what was observed and quantified. A-549 showed ~ 5-fold less
VHL compared to the alternative lung cancer cell line, NCI-H23 and similar levels of CRBN.
No known CRBN or VHL mutations have been noted for either lung cancer cell line. Chapter
3 suggests that the PROTACs are efficient even when E3 ubiquitin ligases are at their lowest
levels. Previous published data suggested that we would not see degradation with a CRBN-
based PROTAC in NCI-H23 (Luo et al., 2022), however as there is an intense band for
presence of CRBN in NCI-H23, it was anticipated that MA163 will be able to degrade. We
hypothesize that MA199 will not degrade Weel in A-498 as this cell line is VHL-mutant. This
hypothesis will be tested by dose response western blots, similar to those performed in

HNSCC cells in section 3.3.3 (Figure 3.7).
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6.3.2 Assessment of second generation Weel PROTACs in Ling and
Kidney cell lines

6.3.2.1 Dose response of MA163 and MA199 in Lung and Kidney cells

Lung and kidney cancer cells were treated with MA163 or MA199 for 24 h prior to the
production of lysates to examine the Weel degradation profiles. Cell lines were selected
with one exhibiting higher expression levels of the E3 ubiquitin ligases and one with lower
expression levels (or mutations) to test if this effected the potency of the PROTACs in
different cancer types. Western blots of PROTAC-treated lung and kidney cancer cells were

probed for Weel, B-actin and pCDK1 (Tyr15) (Figure 6.2 & Figure 6.3, respectively).

A A-549
MA163 (uM) MA199 (uM)
DMSO 10 1 03 0.1 0.001 DMSO 10 1 03 0.1 0.001
Weel 96--1 Wg* = « = ~-~".~'.
1.00 0.60 0.34 0.12 0.27 049 1.00 0.48 0.50 0.40 0.29 0.67
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- .-

p-CDK1 (Tyrl5) 34 == e W W - o
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Figure 6.2 Degradation profiles of MA163 and MA199 in lung cancer cell lines, A549 and NCI-H23. Western
blots of lung cancer cells that were treated with either MA163 or MA199 for 24 h prior to the production of
lysates. The membrane was blotted for Weel, B-actin (as the loading control) and pCDK1 (Tyr15), n = 1.
Quantitation of relative levels of Weel to DMSO control normalised to actin are underneath the

corresponding band.
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MA163, a CRBN-recruiter Weel PROTAC, was able to degrade Weel from 10 uM to 100 nM
and inhibit its substrate, pCDK1, in both lung cancer cell lines (Figure 6.2). The most
degradation was observed at 300 nM with 12 % Weel remaining in A-549 and was at 100
nM with 24 % Weel remaining in NCI-H23. MA199 was a particularly poor degrader and was
not able to reduce levels of pCDK1 in A549 cells compared to NCI-H23 (Figure 6.2).
Furthermore, MA199 was also not effective at degrading Weel in NCI-H23, however it was
able to inhibit Weel and cause loss of pCDK1 more effectively than A549 cells. MA163 was a
better Weel degrader in both A549 and NCI-H23 compared to the VHL-based degrader. This
finding is contradicting of previously shown data where VHL-based PROTAC, MZ1, was more
potent in both cell lines compared to the CRBN-based PROTAC tested (Luo et al., 2022).
MA163 appears to induce more degradation in A549 in comparison to NCI-H23, which was a

similar trend observed in Luo et al., (2022).
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Figure 6.3 Degradation profiles of MA163 and MA199 in A-498 and SN12C kidney cancer cell lines. Western

blots of MA163 and MA199-treated kidney cancer cells that were treated with either MA163 or MA199 for 24

h prior to the production of lysates. The membrane was blotted for Wee1l, B-actin (as the loading control) and

pCDK1 (Tyrl5), n = 1. Quantitation of relative levels of Weel to DMSO control normalised to actin are

underneath the corresponding band.

MA199, a VHL-recruiter Weel PROTAC, was not able to degrade Weel in VHL-mutant

kidney cancer cell line, A-498, however it was able to inhibit Weel and reduce levels of

pCDK1 (Figure 6.3A). MA199 degraded Weel at nanomolar concentrations in SN12C,

sustained reduced pCDK1 levels and demonstrated the hook effect at high doses of the

compound (Figure 6.3B). MA163 formed unproductive binary complexes at high

concentrations in kidney cell lines and was unable to degrade Weel at 10 uM but was able

to target Weel for degradation at the lower doses.
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These data further corroborated that relative expression levels of the E3 ubiquitin ligases do
not affect the PROTACs ability to degrade its target and that variations in the degradation
profiles could be more cell line dependent. The exception is VHL-mutant kidney cell line A-
498 which showed no degradation with MA199, confirming that the degradation of Weel

seen by these PROTACs is as a result of targeting Weel for degradation by the UPS via VHL.

6.3.2.2 Effect of single agent treatment of Weel PROTACs on cell viability in

lung and kidney cancer cell lines

To compare the potency of MA163 and MA199 in the lung and kidney cancer cell lines to
that observed in the HNSCC cell lines investigated in previous chapters, their EC50 values
were calculated. A-549, NCI-H23, A-498 and SN12C cells were treated for 72h with varying
doses of MA163 and MA199, ranging from 20 uM to 0.1 nM. The plates were incubated with

MTS reagent and dose response curves were produced (Figure 6.4).
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Figure 6.4 Cell viability assays of Weel PROTACs in Lung and Kidney cancer cell lines. Cells were treated for
72 h with Weeli, AZD1775, CRBN-recruiter, MA163, and VHL-recruiter, MA199. Cell viability assays were

normalised with vehicle control, DMSO. Plots are presented as mean * SD of n = 3 biological repeats.

All cell lines showed sensitivity to AZD1775, MA163 and MA199 and compounds showed
varying degrees of potency between cell lines (Figure 6.4). The highest EC50 was MA163 in
SN12C and A-549 at 1.17 uM, whereas the most potent EC50 was AZD1775 in NCI-H23
(Table 6.1). NCI-H23 and A-498 were most sensitive to AZD1775, whereas A-549 and SN12C
were most sensitive to MA199. Although A-498 harbours VHL mutations, it is still sensitive

to MA199 as the PROTAC can bind and inhibit Weel, like AZD1775.
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Table 6.1 Table of EC50 values of cell viability assays (MTS) in Lung and Kidney cancer lines for Weel
PROTAGs. Cells were treated with AZD1775, MA163 and MA199. All treatments were 72 h (n = 3) and dose

response curves for these values can be seen in Figure 6.4.

Treatment EC50 (uM) £ SD
A-549 NCI-H23 A-498 SN12C
AZD1775 1.01+£0.13 | 0.06+0.01 | 0.15+0.01 | 0.57+0.12
MA163 1.17 ¢ 0.29+0.08 | 0.31+0.01 | 1.17+£0.33
0.163
MA199 0.93+0.26 | 0.10+£0.02 | 0.26£0.04 | 0.29£0.08

This data demonstrates that the expression levels of VHL and CRBN does not affect the
potency of the compound at inhibiting cell proliferation. Even when the cell line is unable to
recruit the E3 ubiquitin ligase, the PROTAC can still act as a small molecule inhibitor and halt
cell proliferation. Furthermore, the compounds appear to work cell line specifically and do
not greatly differ between cancer types. This provides insight that these compounds can be
versatile between different cancer types, which is useful when considering moving these to

the clinic.

6.3.3 Discussion

As seen in Chapter 3 in HNSCC cell lines, Weel PROTACs can successfully degrade Weel
levels and reduce pCDK1 in lung and kidney cancer cell lines that do not harbour mutations
in CRBN or VHL (Figures 6.2 and 6.3). MA199 does not degrade Weel in A-498 as this cell
line is VHL-mutant, therefore MA199 cannot form a ternary complex with VHL to target

Weel to the UPS.

The relative expression levels of CRBN or VHL in each cell line suggest that the potency of

PROTACs does not depend on absolute levels of the E3 ligase that they are recruiting, but
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that their potency depends on other factors. This was seen and discussed in HNSCC in

section 3.3.5.

There were some contradictions between these results and data observed in the literature
(Luo et al., 2022). For example, figure 6.2 showed that CRBN-based degraders were more
effective in the lung cell lines tested in comparison to VHL-based degraders, whereas this
was the opposite result as what was observed in the literature (Luo et al., 2022). Perhaps
these discrepancies are due to variations in treatment time with the PROTACs (our
experiments utilised a 24 h treatment time and Luo et al., (2022) used a maximum of 10 h
treatment). Furthermore, CRBN and VHL expression could be sensitive to cell culture

conditions, such as medium and cell density.

The PROTACs had similar efficacy in comparison to AZD1775 in most of the lung and kidney
cancer cell lines tested at inhibiting cell proliferation (Table 6.1). This suggests that Weel
PROTACs may be able to sensitize lung and kidney cancer cells to genotoxic treatments, like
AZD1775 has demonstrated (Hirai et al., 2009; Mak et al., 2014; Patel et al., 2019; Pfister et
al., 2015). This work has provided insight that we cannot predict that using, for example,
CRBN-recruiting PROTACs in tissue types with high expression of CRBN would be more
potent than using VHL-recruiters. These two cancer types suggest that CRBN-recruiters are
more likely to be able to degrade Weel over a range of concentrations, however the
response of cell line to PROTAC cannot be definitively predicted based on cancer type or E3
ligase expression levels. Furthermore, it has been demonstrated that Weel inhibition is not
cancer type specific and this work has contributed to the field by demonstrating that Weel
degradation is also not cancer type specific. Trends observed in lung and kidney cancer cell

lines reflect those seen in early experiments (Chapter 3) of HNSCC cell lines, therefore a
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natural progression of this work is to use Weel PROTACs in lung and kidney cancer cell lines
to determine their cytotoxicity alone and in combination with radiotherapy or

chemotherapy.
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7 General discussion

Cancer causes approximately 25% of all deaths in England annually and one-year survival
rates are less than 50% for people with lung, liver, oesophageal, stomach and pancreatic
cancer (Baker and Mansfield, 2023). It is well known that cancer is often caused by genome
instability and mutation and proliferation in the absence of mitogen signalling, which makes
targeting the cell cycle an attractive treatment modality (Hanahan, 2022; Sherr and Bartek,
2017). Radiotherapy (Handley, 1919) and chemotherapy (Zhang et al., 2022) have been well
documented treatments for killing cancer cells, however these methods are usually
damaging to healthy cells of the patients which leads to significant side effects. Therefore,
there is a great need to find and implement more effective methods to selectively kill cancer

cells.

Radiotherapy and chemotherapy in combination with SMIs that target the cell cycle and
DDR have been used in the treatment of HNSCC to further sensitize head and neck cancers
to genotoxic treatments (Hintelmann et al., 2021; Oetting et al., 2023; Osman et al., 2015).
Head and neck cancers have a poor prognoses and the current gold standard treatments of
surgery followed up by radiotherapy or platinum-based chemotherapeutics are not effective
at eradicating HNSCC tumours (Alsahafi et al., 2019; Denaro et al., 2018). Thus, it is crucial to

develop more effective combinatorial strategies to kill head and neck tumour cells.

Targeted protein degradation with PROTACs has become an attractive field of study,
especially as a tool for targeted cancer therapies over the last few decades (Li et al., 2022b).
These compounds have demonstrated the ability to degrade previously “undruggable”
proteins and overcome therapeutic challenges, such as selectivity issues, which reiterates

the potential of these molecules as treatments (Nalawansha and Crews, 2020). PROTACs are
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heterobifunctional molecules that form productive ternary complexes with the target
protein and an E3 ubiquitin ligase to induce polyubiquitylation of the target protein and
subsequent degradation by the UPS (Sakamoto et al., 2003). PROTACs utilise well
characterised inhibitors to the targeted protein as the warhead and the PROTACs often
show enhanced selectivity to their targets compared to the small molecule inhibitor due to
increased serendipitous interactions that the PROTAC creates. Drug resistance to well
characterised inhibitors is a problem and it will be interesting to discover if this is seen when

utilising PROTACs (Burslem et al., 2018).

7.1.1 Weel PROTACs can degrade Weel and decrease cell viability in
HNSCC, lung and kidney cancer cell lines

7.1.1.1 Successful degradation of Weel and reduction of its substrate, pCDK1

| characterised first and second generation CRBN- and VHL-based PROTACs against Weel
kinase, synthesised by Marine Aublette (Aublette et al., 2022), in head and neck, lung and
kidney cancer cells in Chapters 3 and 6. This assessment was conducted by determining
their degradation profiles in both chapters, as well as examining the effect of linker length
and washout of PROTACs on the profiles in HNSCC in Chapter 3. These PROTACs successfully
degrade Weel in HNSCC, lung and kidney cells irrespective of p53 status and with varying
maximal degradation. Second generation PROTACs were ~10-fold more potent in HNSCC

compared to the first generation synthesised.

It has been shown that some of these PROTACs selectively degrade Weel and negative

control PROTACs have proved that the degradation is PROTAC-dependent (Aublette et al.,
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2022; Li et al., 2020), however future work should conclusively determine if this is true for
VHL-recruiter, MA199. A negative control for MA199 should be synthesised and to confirm
that degradation of Weel by MA199 is as a result of the PROTAC, no degradation would be

seen on a dose response western blot.

A dose response experiment was performed using AZD1775 which displayed that relative
Weel levels did not drop below those in the DMSO control, however more repeats of
AZD1775 in A-253 (p53-null) and other cell lines, particularly UM-SCC-74A (p53-WT) and
FaDu (p53-mutant), should be performed to conclude this. Changes in relative Weel levels
observed in the negMA163 dose response treatments of UM-SCC-74A (p53-WT) and FaDu
(p53-mutant) suggest that Weel inhibition could affect expression levels of Weel and the
previously mentioned experiment would help to understand this. Previous studies have
shown that Weel PROTACs selectively degrade Weel and do not degrade other off-targets,
such as PLK1, that AZD1775 inhibits (Aublette et al., 2022; Li et al., 2020). Future work could
utilise Western blotting for pCdc25c¢(Ser198), the product of PLK1 kinase activity, to
investigate if Weel PROTACs are as selective at inhibiting Weel, or if they inhibit PLK1-
dependent phosphorylation of Cdc25c. Finally, the permeability of the PROTACs and how
they enter or exit the cell is largely unknown, therefore this should be investigated as it may
provide some insight into why washout experiments showed variability between cell lines.
For example, fluorescently-tagged versions (such as with Alexa-Fluor molecules) of the
Weel PROTACs could be synthesised to indirectly assess the permeability of Weel PROTACs

by looking at Wee1l degradation across spheroids and flow cytometry.
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7.1.1.2 Efficacy of Weel PROTAC s is not reliant on absolute levels of E3 ligase

This thesis and previous literature has shown data to suggest that the absolute levels of E3
ligase is not important for maximal degradation (Luo et al., 2022), therefore efforts to
understand how linker length and proximity to the proteins changes the degradation
potential should be pursued. The key to PROTAC optimisation has shown to be
understanding the ternary complex (Nowak and Jones, 2020) and perhaps, for maximal
effectiveness, PROTAC linkers should be optimised for the individual cancer type and high
throughput screening could help to analyse this for one target. For example, using TR-FRET,
a fluorescence-based assay, to investigate how the linker affects ternary complex formation
or an AlphaScreen, an amplified luminescent proximity-based assay that quantifies ternary

complex formation would accomplish this (Wurz et al., 2018; Zorba et al., 2018).

7.1.2 Weel PROTAC s are cytotoxic to cells, induce apoptosis and, in
some cases, sensitize cells to radiotherapy or cisplatin

7.1.2.1 Targeting of Weel can sensitize HNSCC cells to cisplatin or radiotherapy

This work demonstrated that Weel PROTACs cause a progressive loss of cell viability over
time, radiosensitize p53-deficient HNSCC, A-253, and induce apoptosis alone and in
combination with radiotherapy or chemotherapeutics, irrespective of p53 status in Chapter
4. AZD1775 has previously shown to sensitize p53-deficient HNSCC cells to cisplatin (Osman
et al., 2015), a trend that has been observed in other p53-deficient HNSCC cell lines tested
as part of this work. Furthermore, this thesis has demonstrated that Weel inhibition can

also sensitize p53 wild-type HNSCC cells to cisplatin, correlating with results in UM-SCC-17B
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and UM-SCC-2 (Yang et al., 2022). This work has provided insight that Weel PROTACs can
sensitize HNSCC cell lines, irrespective of p53 status, to cisplatin treatment as effectively as
AZD1775. The continuation of this work should investigate if Weel PROTACs could
overcome cisplatin resistance, dependent on resistance mechanism, a common problem for
treating HNSCC (Osman et al., 2015; Yang et al., 2022), and if there are any advantages to
using Weel PROTACs with cisplatin over longer time periods in comparison to AZD1775 and

cisplatin.

Chapter 4 showed that Weel PROTACs can radiosensitize some p53-deficient HNSCC cell
lines, but not p53 wild-type cell lines, similarly to previous findings in the literature that
demonstrate Weel inhibition has the same effect (Oetting et al., 2023; Yang et al., 2020).
There is less variability when using AZD1775 to radiosensitize cell lines in the two that were
tested, however the enhancement of radiation-induced cell death by Weel PROTACs should
be further investigated. Unfortunately, the HNSCC cells tested were from different tumour
sites (Section 2.4.1), therefore to examine p53-dependence more specifically, isogenic cell
lines should be used that contain a p53-WT, p53-null and p53-mutant version to eliminate

cell to cell variability.

The results from the ongoing WISTERIA dose escalation clinical trial will be interesting to see
and the data could help to guide how we should use/investigate the applications of Weel
PROTACs (Kong et al., 2020). As Weel PROTACs show enhanced selectivity (Aublette et al.,
2022; Li et al., 2020), and this work has provided preliminary insight that they may be as
effective as AZD1775 at radiosensitization of p53-deficient tumours, the field should use
these compounds in a trial similar to WISTERIA to determine if the enhanced selectivity

leads to less side effects in patients.
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7.1.2.2 Single agent treatment with Weeli or Weel PROTACs appears to

induce apoptosis in the absence of a genotoxic agent

AZD1775 has been shown to induce apoptosis in varying cancer cell types as a single agent
treatment (Bi et al., 2019; Sand et al., 2020; Webster et al., 2017). In chapter 4, | have
shown that some HPV- HNSCC cells can be forced to enter apoptosis by AZD1775 treatment,
in contrast to previous studies (Tanaka et al., 2015). Perhaps AZD1775 induction of
apoptosis is more cell line specific or the cell lines tested in the above study, HN30 and
HN31, had differing mutations that made them more resistant to apoptosis induction by
AZD1775. This thesis determined that, in the absence of an additional genotoxic agent, the
Weel PROTACs were able to induce apoptosis at similar rates to AZD1775 in all the cell lines
at the 24 h timepoint. Furthermore, the combination of AZD1775, MA163 or MA199 with
cisplatin or bleomycin resulted in a larger increase in the apoptotic population compared to
DMSO or the chemotherapy alone. When the % apoptotic population was plotted as
separate early and late apoptotic populations, this highlighted that perhaps these

treatments are inducing necrosis.

Necrotic cells can appear as late apoptotic cells as they can bind Pl but also present the
Annexin V substrate (phosphatidylserine) on their surface (Furuta et al., 2021; Lecoeur et al.,
2001). It has not previously been reported that AZD1775 could induce necrosis, however
future work could investigate this in a number of ways. The TUNEL assay, an assay that
utilises the activity of the terminal deoxynucleotidyl transferase enzyme to label the 3’-OH
ends of ssDNA breaks, is an alternative method to detect nuclei of apoptotic cells, however
it has been discussed that necrotic cells also exhibit TUNEL-positive nuclei (Fink and

Cookson, 2005). Therefore, to further investigate this hypothesis, the apoptotic and necrotic
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cascade should be immunoblotted. For example, more optimisation of the PARP blots
performed in this thesis, blotting for lamins and other caspases could help to underpin
caspase-mediated apoptosis (McCarthy and Evan, 1998). Bax, Beclin and LC-3
immunoblotting could identify if these treatments are inducing an autophagic response
(Singh and Bhaskar, 2019). One method of troubleshooting could be to treat cells with
AZD1775 or Weel PROTACs, DMSO as a negative control and staurosporine as a positive
control prior to staining with Annexin-V/Pl and subsequently cell sorting these before
immunoblotting. This could allow for clearer visualisation of PARP cleavage in these cell
lines. Furthermore, optimisation of treatment times, perhaps shorter before degradation of

cleavage fragments, should be considered.

7.1.3 Degradation of Weel causes replicative stress and could be
inducing chromosome missegregation

7.1.3.1 Treatment with Weel-targeting compounds increases cells with
aberrant DNA content, suggestive of replicative stress or
missegregation

Work in Chapter 5 confirmed that AZD1775 and Weel PROTACs increase the G2/M

population in HNSCC cell lines. It was hypothesized that Weel inhibition or degradation by

these compounds would lead to mitotic progression, however the data presented here

show an increase of treated cells in G2/M. More specific detection of mitosis, such as

phospho-Histone-H3 (Ser10) staining could identify if treated cells are passing through the

G2/M checkpoint and are progressing slower or arresting in mitosis. This work was not able
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to determine if AZD1775 or Weel PROTACSs could release the radiation-induced G2/M
arrest, therefore this hypothesis should be further investigated. Furthermore, the cell cycle
stage analysis showed an increase in >4N and <2N DNA content cells across cell lines in each
Weel-targeted treatment condition, suggestive of mitotic missegregation and genome
instability. Furthermore, >4N DNA content could be indicative of endoreduplication, where
the nuclear genome is further replicated in the absence of mitosis, leading to increased DNA

content and polyploidy (Ullah et al., 2009).

7.1.3.2 Weel-inhibited or -depleted cells with above 4N DNA content could be

indicative of endoreduplication

Cells experiencing endoreduplication lose expression of Cyclin B1 (Gandarillas et al., 2018);
chapter 5 showed that FaDu (p53-mutant) cells treated with Weel PROTACs and IR had
decreased levels of Cyclin B1 in comparison to IR alone. Perhaps targeting of Weel with
another genotoxic agent enforces progression past the G2/M checkpoint and skipping of M
phase. It has previously been discussed that AZD1775 as a single agent causes an increase in
>4N DNA content, a finding that has been demonstrated in HNSCC in this work, and this has
been linked to endoreduplication (Heijink et al., 2015). To develop the hypothesis that
AZD1775, MA163 and MA199 may cause endoreduplication in HNSCC cells, the Cyclin B1
expression levels and activity of S-phase CDKs should be further examined. The incidence of
endoreduplication may be simply as a result of a reduction in CyclinB-CDK1 activity and
activity of S-phase CDKs, and as targeting of Weel manipulates the former, it is plausible
that our findings are suggestive of endoreduplication (Larkins et al., 2001). Another study

highlights that p53 promotes mitotic bypass which contributes to whole genome duplication
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by endoreduplication, therefore it would be interesting to investigate this further in HNSCC

with varying p53 status (Zeng et al., 2023).

7.1.3.3 Inhibition or degradation of Weel increases pan-nuclear yH2AX
staining and activates ATR-Chk1 pathway, indicative of replication

stress

This work has shown that AZD1775 and Weel PROTACs cause pan-nuclear staining of yH2AX
in HNSCC cells, regardless of p53 status, indicative of replication stress. This corroborates
findings in hepatocellular carcinoma cells (Cuneo et al., 2016). Our data shows a reduction in
actively replicating cells (S-phase) and the presence of 2<N<4 DNA content cells increases,
which suggests that these treatments cause replication stress alone and in combination with
radiotherapy (Saxena and Zou, 2022). It has been shown that AZD1775 increases CDK1-
dependent dormant origin firing, which will reduce fork speed as a result of depleting dNTPs
(Moiseeva et al., 2019). The effect of restoring the dNTP pool by adding exogenous dNTPs
into the cells when the drug treatment is applied should be studied to gain a better
understanding of if this is how AZD1775 and Weel PROTACs are causing replication stress in
HNSCC cells. Furthermore, DNA combing, a methodology that stretches out EdU or BrdU-
incorporated dsDNA to investigate DNA replication, could be utilised to investigate how the
treatments alter fork rate, stalled forks and origin firing (Fu and Aladjem, 2022). As these
HNSCC cells were not incorporating much EdU at the time points tested, this would require

some optimisation.

Activation of yH2AX, activation of Chk1 and signs of replication stress suggest that AZD1775
and Weel PROTACs induce the DDR as single agent treatments, as seen in Chapter 5. This
activation of yH2AX is usually heightened on the addition of IR and the combinations usually
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show the most unresolved DNA damage. The micronuclei experiments, although variable,
showed that overall there was an increase in micronuclei in the treated cells in comparison
to DMSO as well as significant differences in the nuclei area of the treated cells in
comparison to the control. Perhaps the detection of micronuclei and multinucleated cells is
cell-line specific and more cell lines would need to be tested in order to draw conclusions
about how these treatments are creating problems in mitosis. However, investigating if the
individual cell lines partake in endoreduplication may deepen our understanding of why we
see varying results regarding nuclei area, multinucleated cells and micronuclei in each cell

line.

Final Summary

e Weel degradation shows similar effectiveness to Weel inhibition in HNSCC. With
the current Weel PROTACs synthesised, the potency of these compounds are equal
to Weel inhibitor, AZD1775.

e Weel PROTACs induce similar levels of replication stress and DNA damage compared
to Weeli, AZD1775, and gave similar effects on the loss of clear defined cell cycle
stages. These main points have been illustrated in figure 7.1.

e CRBN-based and VHL-based PROTACs are not limited to the absolute levels of E3
ligase in order to be effective and they show varying potencies dependent on cell
line. This work has provided insight into how we could overcome resistance issues
when treating cancers by using PROTACs that recruit different E3 ligases to their

desired POI.
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e PROTACs have great potential to be used as treatment strategies, in place of
inhibitors in some cases, and targeting Weel is a good treatment strategy in head

and neck cancer.

HNSCC AZD1775 or

. Wee1 PROTAC
Treatment with IR
or chemotherapies /

Weel » Weel

o ¢ ; l

(resting) G, Enhanced Chemosensitization Replication
radiosensitization  to cisplatin stress
in p53-deficient

cells
UM 7
arrest
v
Repair of DNA cell death

damage and cell
cycle progression

Figure 7.1 Effects of inhibition or degradation of Weel in head and neck cancer. Main findings to propose the
impact that manipulation of Weel has on radio- or chemotherapy treated HNSCC cells. Figure made using

biorender.com.
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