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Abstract

Abstract

The PISK/AKT/mTOR (PAM) pathway is a major driver of cell growth, proliferation and
survival, and is frequently dysregulated in cancer. AKT, a member of the AGC family of
serine/threonine kinases, is a keignalling node within the PAM pathway, andsash,

an attractive therapeutic target for the treatment of cancekT13148 is an ATP
competitive inhibitor of AKT, currently in phase 1 clinical trial, which also potently
inhibits several other clinically relevant AGC kinases, such as ROCK1/2 and p70S6K.
Acquired resistance to kinase inhibitors has been a barrier to their success, but
resistance to AT13148 is yet to be definddherefore, the aim of this thesis was to
investigate mechanisms ofacquired AT13148 resistance, using preclinical cell line

modek.

Isogenic AT13148 resistant salones were generated from the A2780manovarian
carcinoma cell lineyhich harbours mutations in theAM pathway. In these stdones,
phosphorylation oS6RP (p70S6K substrate) and PRAS40 (AKT subsasitefractory

to AT13148treatment, concurrent with increased ERK 1/2 phosphorylation, when
compared to the parental A2780 cell line. Two of thesistant sub-clones were
sensitised to AT13148 on exposure to the ERK inhibitor@DB4&, with the combination

of AT1314&nd GD@994 shown to restore the inhibition of S6RP phosphorylation. This
implicates ERK 1/2 as a driver of AT13148 resistance, potentially via the reactivation of
the PAM pathwaynd suggests ERK inhibition as a strategy to overcome this resistance
A loss of DUSP6 expression, an ERK 1/2 phosphatase, was subsequently detected in
AT13148 resistardgub-clones, but DUSH6ssalone was not shown to cause a sustained
increase in ERK 1/2 phosphorylation or confer AT13148 resistance, suggesting other

factors ae required for AT13148 resistance

In conclusion, the results presented in this thedentify ERK 1/2 as a driver of AT13148
resistance. Thidiscovery has the potential taid the ongoing clinical development of

AT13148 angbrovide atherapeutic strateg to overcome AT13148 resistance.
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1. Introduction

1. Introduction

1.1. Introduction to cancer

Cancer is a major public health problem and is expected to rank as the leading cause of
death and the most important barigto increasing life expectancy in thes2déentury
(Brayet al., 2018; Siegadt al., 2019) According to the World Health Organisation (WHO)

it is estimated that cancer is the'tr 2" leading causing of premature death (death
before 70) in 91 out of 172 countries worldwidBray et al., 2018) Furthermore,
worldwide in 2018, it was estimated that there were 18.1 million new cancer cases and
9.6 million cancer death@®@rayet al., 2018) In the UK, it has been predicted that > 50%

of adults under the age of 65 will be diagnosed with cancer at some point in their
lifetimes (Ahmadet al, 2015) Therefaoe, furthering our understanding of cancer;
improving prevention, diagnosis and treatment, will be key to enhancing quality of life

and increasing life expectancy in thes2&entury.

Cancer cannot not be defined as a singular disease, but rather atollet¢ diseases

that share a similar phenotype of uncontrolled cellular growth and proliferation, with
invasion into surrounding local tissue, and in many cases, metastasis from primary sites
to other organs. It is thought that normal cells become canasr@and gain the
aforementionedphenotype, by the acquisition of several hallmarks of cancer, such as:
sustained proliferative signalling, evading growth suppressors, resisting cell death,
inducing angiogenesis and avoiding immune destrudfitemahan and Weinberg, 2011,
summarised inFigure 1.1 However, it is worth noting, that cancerliseneed not
acquire all these hallmarks, for exampl&hilst most tumours induce some form of
angiogenesis, and require this for their growth, a minority of tumours grow in a purely

non-angiogenic manneBridgemaret al,, 2017; Donnenet al., 2018)

The process in which normal cells become cancerous, acquiring the hallmarks of cancer,
is known as oncogesis (also known as tumourigenesis or carcinogenesis). There are
several theories has to how oncogenesis may occur, but the most prevalent, and widely
accepted, is the somatic nation theory (SMT), although oéhn theories do exist such

as the tissue orgasation field theory of cancer, the metabolic theory of cancer and the

cancer stem cell theory of canc@Blagosklonny, 2005; Baker, 2015; Seyfried, 2015;
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Tomasetti and Vogelstein, 2015; Afify and Seno, 203®)T stateshat cancer arises

from a single somatic cell, from the stepwise accumulation of genetic and epigenetic
alterations, which liberates cancer cells from the homeostatic mechanisms that govern
normal cell proliferation(Blagosklonny, 2005 hus, according to SMT, cancer can be
described as a Darwinian process, in which oncogenesis is a succession of clonal
expansions, each triggered by the chance acquisition of an enabling mutant phenotype
(Hanahan and Weinberg, 2011pherited mutations, such as those in tAd>Cand
BRCAIgenes, found in familial colorectal and breast cancer respectively, may also
contribute to oncogenesis, in combination with someatnutations(Stela et al,, 1992;
Keisellet al,, 1993)

Sustaining Evading
proliferative growth
signaling suppressors

Resisting
cell

Enabling
replicative

death immortality
Genome Tumor
instability & _ promoting
mutation inflammation
Inducing Activating
angiogenesis invasion &

metastasis

Figurel.1: The hallmarks of cance{. OKSYI GAO RAIF3INI Y KAIKEAIKGAY 3T GF
from Hanahan and Weinberg, 2011

Due to the requirement o€ancer cells to successively accumulate mutations, genomic
instability (a hallmark of canceFigurel.l) is seen in nearly all types of cancer, and is
thought to be the main driver of the acquisition of the hallks of cancefNegriniet

al., 2010; Hanahan and Weinberg, 2011; Seyfried, 2@@&homic instability can exist in

a number of different ways in a cell, including chromosbimstability, microsatellite
DNA instability and increased frequency of basé& mutations(Negriniet al., 2010)
However, normal healthy cells have a remarkably low rate of genetic mutation
(approximately one mutation is introduced into the genome during eaclsidivicycle),

due to the efficiency of DNA repair pathways in detecting and repairing DNA damage

(Salket al, 2010; Hanahan and Weinberg, 201Therefore, in order for genomic
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instability to arise, cancer cells often have an increased rate of DNA damage and genetic
mutation (Negriniet al, 2010; Sallet al, 2010) This can be caused via exposure to
mutagens, both internal and environmental, such as tobasmmke, reactive oxygen
species (ROS), polycyclic aromatic hydrocarbons (PAH) and ultraviolet light, which
induce DNA damagénandet al., 2008; Hanahan and Weinberg, 201A% mentioned,

there are cellular mechanisms to repair damaged DNA, but the increased mutational
burden may prevent this damage from being repaired correctly, prior to cell division.
Thus, an aération to the DNA may become permanently fixed into the genome,
potentially contributing to oncogenesis. Alternatively, defects within DNA repair
pathways may also contribute to genomic instability, either alone or in combination with

exposure to mutagesn(Hanahan and Weinberg, 2011)

Mutations in cancer cells which provide a selective growth advantage, promoting
oncogenesis, are known as driver mutations, whereas mutations that do not are known
as pasenger mutationgPonand Marra, 2015)It is has been revealed that driver
mutations are limited to subset of ~140 genes, with a typical tumour containing only
Gg2 G2 SAIAKIG GRNAGSNI 3SySe¢ Ydzil GA2yas (K
are passenger mutation®/ogelsteiret al., 2013) These driver gene mutations can be
sub-categorised into oncogenes and tumour suppressor genes (TSGs). Oncogenes,
which are referred to as protoncogenes in their nomutated state, are genes which
when actiated by mutation confer a selective growth advantage to the cell, whereas
TSGs, are genes which when inactivated by mutation confer a selective growth
advantage (Vogelstein et al, 2013) Oncogenes, tend be activated by focal
amplifications, vhich increases protein expression, or by missense mutations, at a
limited number of codons, which increases protein actifi®gn and Marra, 2015}or
example RASs an oncogene which is activated in ~27% of cancers, often by a missense
mutation (such as G12V and Q61K), wtaohstitutively activate RAS by causing a loss

of GTPase activity, leading to sustained proliferative signgfrigret al,, 2012; Hobbs

et al, 2016) In contrast, TSGs tend to be inactivated by focal deletions, and-sgkgce
nonsense and frameshift mutations across the entire length of the gene, which decrease
protein expression or pratte a truncated protein, but can also be inactivated by
missense mutations that produce an inactive protéfern and Winter, 2006;dad and

Marra, 2015) For example, the TSK53 which is an important protein in sensing DNA
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damage, is frequently mutated in cancer (~50% of cancers) by mutations which cause a
loss of TP53 functio(Rivlinet al., 2011; Perriet al, 2016) Additionally, it should be
consicered that epigenetic mechanisms may also contribute to the respective activation
and inactivation of oncogenes and TS@&won and Shin, 2011)The stepwise
accumulation of activated oncogenes and inactivated TSGs causes healthy somatic cells
to gradually acquire the hallmarks of cancer (Figure 1.1), wikimtls to uncontrolled

growth, invasion, metastasis, and ultimately, in many patients, death.
1.2. Oncogene addiction and targeted therapies

Despite the complexity of cancer, through the progressive accumulation of genetic and
epigenetic abnormalities in gen&gth diverse functions, it has been observed that the
removal of one or two of these abnormalities can drastically inhibit the growth of cancer
cells(Weinstein and Joe, 2008Yluch d the initial evidence for this came from cancer
cell line models where, in many cases, the knockdown in the expression of a singular
oncogene profoundly decreased cancer cell line growth. For example, Colomer and
colleagueqColomeret al., 1994)demonstrated that the knockdown of the oncogene
ERBB2aused up to a 60% decrease in the DNA synthesis and groBRBB2mplified
breast cancer cell lines. A similar phenomenon was obserepancreatic cancer;
knockdown of theKRASienewas shown to exclusively inhibit the growth of pancreatic
cancer cell lines that expressed a mutated form of KRAK et al., 1997) Furthermore,

the removal of a singular oncogene, via various techniques, was lasmgo inhibit

tumour growth in a number of mouse modd€M/einstein and Joe, 2006)

CKAA fSR (2 (GKS O2yOSLJi 2F G2y 023SyS | RRA
in the early 2% century, which emphasises the apparent dependency of some cancers

on one or two oncogenes for their growth andrewal (Weinstein, 2000, 2002;
Weinstein and Joe, 2006The notion that cancers could be dependent on a singular
oncogene was of immense therapeutic interest, asuggested that an oncogene
targeted therapy (targeted therapy) could be used to successfully treat cancer.
CdZNI KSNIXY2NB> aAyOS y2N¥If KSFftdkKe OStfa |
that targeted therapies may have a greater therapeutic windamd much lower

toxicity, when compared to traditional chemotherapeutic agents.
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This therapeutic potential was realised with the small molecule tyrosine kinase inhibitor
(TKI) imatinib, which was the first targeted therapy to be clinically approved(h)2
initially used to treat Philadelphia chromosome positiy#«; a 9:22 chromosomal
translocation) chronic myeloid leukaem(i@ML; Pagliarini, Shao and Sellers, 201bg
rationale for the use of imatinib iph+ CML was based upon pofinical data which
showed thatph+CMLOSf £ & ¢ SNB &l RRA OUGABR € fusich pratdnS 2 v
in which the tyrosine kinase ABL @nstitutively active), for their growth and survival
(Daleyet al., 1990; Lugeet al, 1990; Huettneret al, 2000) Therefore, imatinib was
developed to inhilk the tyrosine kinase activity of ABL, exploiting the oncogene
addiction of ph+ CML cells. Indeed, this proved a successful approacpha<ML
patients treated with imatinib have an significant increase in survival, when compared
to the previously estalished firstline therapy(interferonh O2 YO AY SR 6 A (K
cytarabine; Henkes, van der Kuip and Aulitzky, 2088jpsequently, many targeted
therapies have now passd through clinical trials, and are currently used in the clinic to

treat a number of different cancef®agliarinet al,, 2015)

In addition to imatinib, many of the targeted therapidsat are used in the clinic or
currently in clinical development, a@sosmall molecule kinase inhibito(8hullaret

al., 2018). As of 2018, 37 kinase inhibitors had received FDA approval for the treatment
of cancer and 150 kinagargeted drugs were in clinical tria(8hullaret al, 2018)
Kinases have been an attractive therapeutic target for cancer due the availability of ATP
and cofactor binding pockets within kinases, which small molecule inhibitors can be
designed to target with relative eagRoskoski, 2016, 201%urthermore, many of the

2y 023SySa GKIFIG OFyOSNI OStfa 0S02YS a4l RR
signalling pathwaywhich contain kinase@Veinstein and Joe, 2008; Gragtsal., 2015)

The phosphoinositide -Binase (PISK)/AKT/mammalian target of rapamycin (mTOR)
pathway (PAM pathway), is one such pathway that is fezly implicated in oncogene
addiction, and thus targeted by small molecule kinase inhibitors to treat cdiMaatini

et al, 2013; Frumaret al,, 2017; Revathidevi and Munirajan, 2019)
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1.3. The PAM pathway

1.3.1. Function andregulation

As with other signalling pathways, the function of the PAM pathway is to respond to
extracellular stimuli, andthrough intracellular signalling, eardinate an adaptive
cellular response to the external environment in which a cell is situ@tiadsaret al,,
2013) Therefore, the PAM pattay is activated by range of extracellular stimuli
including growth factors, integrins, hormones and neuropeptides, acting through their
cognate receptorde.g. receptor tyrosine kinases andp@tein coupled receptors
;AcostaMartinez, 2012; Hassaat al., 2013) In responding to extracellular stimuli the
PAM pathway regulatea diverse array of biological functions such as cell metabolism,
growth, proliferation, survival, angiogenesis and protein synthesis, many of which
regulate the hallmarks of canc@riu, Cheng, Thomas M Robe#dsal., 2009; Hanahan
and Weinberg, 2011; Hassahal., 2013)

Within the context of cancer, the PAM pathway is often activated by receptor tyrosine
kinases (RTKSs) in response to growth factor stimuldtian Chenglrhomas M Roberts,

et al, 2009) Growth factors bind to extracellular regions of RTKs and stimulate RTK
activation, by inducing RTK dimerization and tranfophosphorylation of tyrosine
residues within the intracellular tyrosine kinase domain (TKD) &fs@Ju and Lovly,
2018) This facilitates the binding of class 1A phosphoinositiden8ses (PI3Ks) to

I OGA G GSR wtly @ inadiat8divia Kdapidr fRateMdS (€.g. insulin receptor
substrate 1: IRS), inducing PI3K activafferumanet al.,, 2017)

Class 1A PI3Kse heterodimers, which consist of a p110 catalytic subunit, of which
there are three isoforms (p11Q p110, pl11Q; respectively encoded bthe genes
PIK3CA, PIK3@BdPIK3CPpand a p85 regulatory suburfgncoded by the gend3lK3R1,

PIK3R2 and PIK3R3u et al., 2009) The p85 subunit facilitates binding to phospho
tyrosine residues on activated RTKs (and adapter proteins) which is mediated by Src
homology2 (SH2) domains within p85 subunits. It is binding of p85 to activated RTKs
that activates PI3K, by relievinghibitory contacts between p85 and pl110 subunits
(Frumanet al, 2017) Furthermore, p110 catalytic subunits all contain a RAS binding
domain, which irp110" Ipf® FI OAf AUl 0S&a oAy RMYIA G2 |
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the binding to activated RAC1/CDG@&uptaet al,, 2007; Fritsclet al., 2013; Frumaet
al., 2017) This is thought to be required for the optal activation of class 1A PBK

Upon activation by RTKs, PI3K is localised proximal to the plasma membrane, where it
phosphorylates PI(4,5)P2 (phsphatidylinositol3,4-bisphosphate) to PI(3,4,5)P3
(phosphatidylinositoB,4,5triphosphate), which acts as &%2nessenger, facilitating the
formation of membrane signalling complexes and activating multiple downstream
signalling pathwayé&-igure 1.2Liu, Cheng, Thomas M. Robedsal., 2009; Frumaret

al., 2017) The phosphorylation of PI(4,5)P2 to PI(3,4,5)P3 can be reversed by the
phosphataseand tensin homolog (PTEN), which dephosphorylates PI(3,4,5)P3 to
P1(4,5)P2, thus acting as a major negative regulator of the PAM pathway and a tumour

suppressolFigure 1.2Chenet al,, 2018)

Crucially, the famation of PI(3,4,5)P3 induces the activation of the serine/threonine
kinase AKT (of which there are three isoforlA&T1, AKT2, AKT& major signalling
node within the PAM pathway; AKT contains a pleckstrin homology (PH) domain which
facilitates bindingto PI(3,4,5)P3 and recruitment to the plasma membrékkanning

and Toker, 2017)Once localised to the plasma membrane, AKT is phosphoryigted
phosphoinositidedependent kinasdl (PDK1) and mTOR complex 2 (mTORC?2), inducing
the full activation of AKTF{gure 12). Upon activation, AKT can phosphorylate over 100
substrates, regulating much of the fummal output of the PAM pathwaManning and
Cantley, 2007; Frumaet al, 2017; Manning and Toker, 2017gxamples of AKT
substrates include: glycogen synthase kinase 30 D {wHichi régulates cell cycle
progression and metabolism; the Forkhead Box O (FoXO) family of transcription factors,
Bcl2 associated death promoter (BAD), and nuclear fakappa B (N¥B), which
regulate cell survival; and the proline rich AKT sitdie of 40 kDa (PRAS40) and
tuberous sclerosis complex 2 (TSC2), which regulate protein syniffregige 1.2
Manning and Cantley, 2007; Liu, Cheng, Thomas M Robkedk, 2009; Frumart al.,

2017; Manning and Toker, 2017)
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RTK
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Figurel.2: The PAM pthway. Diagram highlights some the key components of the PAM pathway and
the cellular functions that they regulate. Black arrows represent positive regulation and-téacled
arrows represent negative regulation. Image adapted flamet al., 2009.

AKT also induces the activation of mMTOR complex 1 (nTORC1), which is mediated by the
inhibitory phosphorylation of PRAS40 and TSC2; PRAS40 functions as an inhibitory
subunit of MTORC1 and TSC2 forms a complex with TSC1 (the tuberous sclerosis
complex), whichfunctions as a GTPase activating protein (GAP) of RAS homolog
enriched in brain (RHEB), a positive regulator of mMTORCL1 actiygigome 1.2 Inokiet

al., 2002, 2003; Sancak al., 2007) mTORCL1 is a mu#tubunit protein, in which kinase
activity is derived from its mTOR serine/threonine kinase sulfuajilante and Sabatini,

2012) Upon activation, mMTORC1 phosphorylates numerous substrates that promote
anabolic metabolism, such as protein synthesis, supporting cell growth and proliferation
(Frumaret al,, 2017) The phosphorylation of p70 ribosomal S6 kinase (p70S6K) and the
eukaryotic initiation factor4E (elF4E)inding proteins (4BPs), by mTORCL1, play an
important role in the regulation of protein synthesis by mTORRIux and Topisirovic,
2018) Upon phosphorylation and activation by mTORC1, p70S6K can phosphorylate and

regulate multiple components of the translational machinery, suafiS6 ribosomal
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protein (S6RPFigure 1.2 Fenton and Gout, 2011Yhe phosphorylation of 4BPs, by
MTORCL1, prevents 4Ps binding to elF4E, enabling elF4E to bind to elF4G and elF4A,
forming a capbinding translation initiation complefFigure 1.2 Frumanet al,, 2017,

Roux and Topisirovic, 2018)
1.3.2. PAM pathway activation in cancer

Due to the role of the PAM pathway in regulating growth, proliferation and survival (as
well as other hallmarks of cancer), mutations in this pathwaycaremon in cancer, and

it is considered to be one of the most frequently mutated pathways in caf8amchez
Vegaet al, 2018) Indeed, it was revealed in a mesmalysis of cancer genome studies,
that PIK3C/A&nd PTENvere respectively the ® and 39 most highly mutated genes in
human cancergLawrenceet al, 2014) In general, these mutations act to hyperactivate
the PAM pathway, liberating it from homeostatic/feedback control metsias, driving

oncogenesis.

The majority of mutations iRIK3CAwhich encodes the catalytic subunit pX0)Qoccur
within two mutational hotspots: E542K/E454K and H1047R, which act to cause a
constitutive increase in kinase activ(tyiuet al,, 2014) E542K/E454K utations disrupts
the inhibitory interface between pl1t0and p85 regulatory subunits, whereas H1047R
enhances the interaction of plhOwith the plasma membrane, independent of
association with RAf.iu et al, 2014; Frumaret al., 2017) PIK3CAnutations are
particularly common in breast and endometrial cancers, wheis mutated in ~27%
and ~24% of patients respective(liu, Cheng, Thomas M Roberts, al, 2009)
Mutations in regulatory subunits and ath catalytic subunits, which increase PI3K
activity and hyperactivate the PAM pathway, also occur, albeit to a lesser gktient
Cheng, Thomas M. Robertst al, 2009; Frumaret al, 2017) Alternatively, p110
catalytic subunits may be amplified in cancer, promoting hyperactivatiomhePAM
pathway. For example, thBIK3CAyene has been shown to be amplified in 69% of
cervical cancer patienidiu, Cheng, Thomas M Robedsal., 2009)

Since PTEN functions as a major tumour suppressor ot pathway, cancer
associated mutations dPTENusually cause a loss of function/expression of PTEN. In
many cancers there is a loss of heterozygosity (LORY&Nfor example in prostate

cancer and glioblastoma, where ~30% patients have L BNLiu, Cheng, Thomas
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M Robertsget al,, 2009) It has also been shown that missense mutations, such as C124S
and G129E mutations, can abrogate the lipid phosphatase activity of (MidiiNari and
Frattini, 2014) However, it should be noted that PTEN expression is &etlyi1shown

to be downregulated in cancer in the absence of genetic loss or mutation, suggesting
that epigenetic, transcriptional and pestanscriptional regulation of PTEN expression

is involved in loss of PTEN expression, and thus hyperactivation &ANepathway

(Carracedeet al., 2011)

Hyperactivation of RTKs can also contribute to induction of PAM pathway activity in
cancer, since, as discussed in secfidghl, RTKs are welinown regulators of the PAM
pathway. A diverse array of mutations can cause Ryp€ractivation, including RTK
amplification, amplification of growth factor genes (which act as ligands of RTKs) and
gainof-function missense mutations in RTKs. For exaniple,gene ERBB2which
encodes human epidermal growth factor receptor 2 (HER&3, teen shown to be
amplified in a number of different cancers including breast and ovarian cancer, where
15-30% of patients have @aBRBB2amplification(lgbal and Igbal, 2014)n addition, the
epidermal growth factor receptor (EGFR) has been shown to be mutated in ~3@#¥% of
small cell lung carcinoma (NSClga}tients, often by ganof-function mutations
(Prabhakar, 2015; Zhargg al., 2016) However, the hyperactivation of RTKs does not
exclusively cause an increase in PAM pathway activity, as RTKs are known to regulate a
number of signalling pathwa, such as the RAS regulated RAEFKERK pathway (the
mitogen activated protein kinase [MAPK] pathwéjrouacet al., 2016; Du and Lovly,
2018)

Mutations that cause the hygractivation of RTKs and PI3K, or loss of PTEN function, all
act to hyperactivate the PAM pathway by increasing the cellular pool of PI(3,4,5)P3, thus
causing an increase in the activation of downstream effector kinases. However,
mutations may also occun idownstream kinases of the PAM pathway, albeit to a lesser
extent than upstream regulator@-rumanet al,, 2017) For exampleAKT13 have been
shown to be mutated in approximately5 of cancers, with the most common being

an E17K missense mutatig@arptenet al, 2007; Daviegt al., 2008; Yi and Lauring,
2016) This mutation occurs in the PH domaimAéfTand causes constitutive localisation

to the plasma membrane, therefore constitutive phosphorylation and activation,

independent ofPI3K activatioffCarptenet al., 2007; Daviest al., 2008; Yi and Lauring,
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2016) AKT13 have also been shown to be amplified in cancer, particukky2 which

is amplified in ~30% of patients with head ametk squamous cell carcinonldNSCC,;
Pedreroet al., 2005) In addition, gain of function missense mutations have also been
reported in the mTOR gen®ITOR inducing hyperactive mTORC1 and mTORC2, but

these mutations are very rar@rabineret al,, 2014; Murugaret al.,, 2019)

Whilst mutations are much rarer MTORand AKT when compared to upstream PAM
pathway components (e.RPIK3CAnutations), mTOR and AKT are still found to be
frequently hyperactivated in tumours. Increased AKT activity has been repartetDpbo

of breast, ovarian, prostate and gastric cancers, and mTORC1 signalling is thought to be
deregulated in ~80% of human cancé¢kéenon and Manning, 2008; Cargne#b al,,
2015; Revathidevi and Munirajan, 2019)his contast between hyperactivation and
rarity of activating mutations, is due the aforementioned alterations in upstream
regulators of the PAM pathway and reflects how AKT enfdORC1 are important
effector kinases of the PAM pathway. Furthermotbe strikingly Igh incidence of
deregulated mTORC1 signalling, also reflects that mTORC1 can integraRAKon
pathway signalling, which is also often deregulated in caifcaplante and Sabatini,
2012)

1.3.3. Targetng the PAM pathway

Due to the frequency by which it is mutated and hyperactivated in cancer, the PAM
pathway has proven to be an attractive therapeutic target in cancer. There are currently
several PAM pathway inhibitors that have been clinically appréood¢ctat patients, and

many more that are in clinical trials, most of which are kinase inhibffdesahrani, 2019;
Yanget al, 2019) In general, PAM pathway inhibitors can be categorised into four
groups: PI3K inhibitors, dual PISK/mTOR inhibitors, mTOR inhibitors and AKT inhibitors
(Alzahrani, 2019; Yargg al.,, 2019)

Many of the initial firstgeneration PI3K inhibitors, such as woanmin and LY294002,
were panPI3K inhibitors; they showed no selectivity for individual PI3K isoforms,
inhibiting all class 1 (1A and 1B) PI8Kis, Cheng, Thomas M Robers,al., 2009)
Whilst these inhibitors &lped gain invaluable insight into signalling mediated by PI3K,

they demonstrated considerable toxicity in animals, thought to be caused by their lack
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of selectivityfor PI3K isoforms and other dféirget effects(Maroneet al., 2008; Liu,
Cheng, Thomas M Robertst al, 2009) Subsequently, much of the focus, in the
development of PI3K inhibitors, has been to synthesise isoform specific PIBKoshi
Indeed, of the four PI3K inhibitors have been clinically approved to treat cancer, two are
isoform specific, with the other two shown to be ddabform specifi¢Alzahrani, 2019;
Andréet al, 2019; Yanet al,, 2019) For example, alpelisib, a P#3ISpecific inhbitor,

has been approved to tre&I3KCAnutated, hormone receptor positive, HER2 negative
breast cancer patients, in combination with fulvestrant, an estrogen receptor targeted
therapy(Andréet al,, 2019) In these patients, it was demonstrated in a phase 3 clinical
trial, that the combination of alpelisifulvestrant improved progression free survival
(PFS) from 5.7 months to 11.0 months, when compared to fulvespiacebo(André

et al, 2019) The other clinically approved PI3K inhibitors are idelalisib: a-PI3K
inhibitor, approved to treat chronic lymphocytic leukaemia (CLL) in combination with
rituximab; copanlisib, which pdominantly targetsPI3K g + X |y R Aa I LJJ
adult patients with relapsed follicular lymphoma; and duvelisib, a dual-PI3Kg
inhibitor, approved to treat adult patients with relapsed GEurmanet al,, 2014; Flinn

et al, 2018; Alzahrani, 20197l clinically approved PI3K inhibitors function as-ATP

competitive kinase inhibitors.

Due to the importance of both mTORCL1 in regulatingRi#M pathway, as highlighted

by 80% of cancers displaying dysregulated mTORCL1 signalling, a humber of mTOR
inhibitors have also been developed that selectively target mMTORC1 S‘Henération

of MTOR inhibitors were rapamycin and its analogues (knowrapalogs), which
function as allosteric inhibitors of mMTORC1, by binding to FKBP12 (a subunit specific to
MTORC1) and forming a ternary complex with mTOR, preventing substrate recruitment
by steric hindrance(Meng and Zheng, 2015)The rapalogs, temsirolimus and
everolimus, were both initially clinically approved for the treatment of metastatic renal
cell carcinoma (RCC), with everolimus subsequently approved for use in HER2 negative
breag cancer and pancreatic neuroendocrine tumoufdleng and Zheng, 2015;
Roskoski, 2019However, the clinical efficacy of temsirolimus and elierus has been
shown to be limited, and as such, both are usually only used &saa 29 line therapy

when treating cancef(Motzer et al, 2010; Meng and Zheng, 201%) addition, ATP

competitive mTOR inhibitors are also being developed and currently undergoing clinical

30



1. Introduction

trials (Huaet al.,, 2019) In directly inhibiting MOR kinase activity, these inhibitors inhibit
both mTORC1 and mTORC2, which is hoped will lead to greater therapeutic efficacy
(Laplante and Sabatini, 2012)

Since PI3K and mTOR share a similavesgce homology in their catalytic cleft (ATP
binding site), many AT€mpetitive PI3K inhibitorthat were initially developedsuch

as P1103,were also found to inhibit mMTOR kina&chenoneet al., 2011) This opened

up a new avenue in the search for effective inhibitors of BA&M pathway, as it was
envisaged that the dual targeting of PISBK/mTOR, thus targeting both mTORC1 and
MTORC2, might provide a greater therapeutic effect, when compared to other PAM
pathway inhibitors. Indeed, several dual PI3K/mTOR inhibitors have bessioged,

many of which were shown in pi@inical studies to elicit a greater apoptotic response,
when compared to rapamycin/rapalod€hiariniet al, 2015) As such, several dual
PISK/mTQ® inhibitors are currently undergoing clinical phase trials including: dactolisib,

apitolisib and gedatolisipyanget al, 2019)

As discussed in sectidn3.1, AKT is major signalling node within the PAM pathway,
NBE3dzZ F Ay 3 YdzOK 27F (fiSsudasipfoliFdratio and Fudayad ( A 2
and is therefore a major effector of the PAM pathway in driving oncogenesis. The critical
function of AKT within the PAM pathway has made it an attractive therapeutic target,
with several AKT inhibitors currently igg through clinical trial{Revathidevi and
Munirajan, 2019) One such example is M#06, which is an allosteric pasKT
inhibitor, although MK2206 does display-febd greater potency for AKT1 and 2, when
compared to AKT@Hiraiet al,, 2010) The exact mechanism in which MRO6 functions

as an allosteric AKT inhibitor is not fully understood, but it is thought that2R0DG
binding to AKT induces a closed camf@ation, tha occludes binding sites for activating
kinases (INMTORC2 and PDK1) and AKT subs{itesrinet al, 2010) MK-2206 is
currently in seeral phase 2 clinical trials, either as a monotherapy or in combination
with other cancer drugs, to treat a variety of cancers such as advanced breast cancers
with PAM pathway mutations and advanced colorectal canerdtre and Wicki, 2@

Xinget al, 2019clinicaltrials.goy. Several other allosteric AKT inhibitors have also been
developed, which inhibit AKT by disrupting the interaction between PI(3,4,5)P3 and the
PH domain of AK(Revahidevi and Munirajan, 2019Perifosine is an allosteric inhibitor

which inhibits AKT in this manner and is currently in a phase 3 clinical trial for the
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treatment of advanced colorectal cancefRevathidevi and Munirajan, 2019;

clinicaltrials.gov identifier: NCT10970238

In addition, several AF€ompetitive parAKT inhibitors have also been developed which
have progressed to clinical trial§Revathidevi and Munirajan, 20190f these,
capivasertib (AZD5363) and ipatasertib (&ID68) are the most advanced, with several
phase 3 clinical trials currently being cated with ipatasertib ¢linicaltrials.govg
identifier: NCT0307228, NCT04060862, NCT04177108, NCT0333#u«R4) phase 3
clinical trial recently initiated to treat advanced triple negative breast cancer patients
with capivasertib in combination with padaxel (linicaltrials.gov ¢ identifier:
NCT03997123 It should be noted, that due to the similarity of the AGiRding pocket
amongst the AGC protein kinase family (of which AKT is a memberofifetitive
AKT inhibitors are prone to also inhibit oth&GC kinases. This can be seen with
capivasertib, which is equipotent against AKSItAMP dependent protein kinase (PKA)
and p70S6K, all of which are AGC kingdBesvieset al., 2012) However, the lack of
selectivity does not seem to have hindered the progression of-dontpetitive AKT
inhibitors through clinical development, and may actually improve efficacy, since many
AGC kinases are also involved in oncogen@sarceet al., 201G, Prétre and Wicki,
2018)

1.4. AGC kinases

1.4.1. Structure, function and regulation

The AGC (related to PKA, cGh#pendent protein kinase [PKG] and prot&inase C
[PKC]) protein kinase family is family of serine/threonine protein kinases, which
comprises 60 of the 518 protein kinases which make up the human ki(idiareninget

al., 2002;Pearceet al, 201(). As the name suggests, the family is defined as protein
kinases which share sequence homology in their catalytic domains with PKA, PKC and
PKG. The AGC protein kinase family rmteda number of diverse and important cellular
functions, regulating many of the hallmarks of cancer, and as such, their mutation or
dysregulation can contribute to oncogenegi®earceet al., 201&; Prétre and Wicki,

2018) Therefore, many AGC kinases are an attractive therapeutic target, with several
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inhibitors of AGC kinases (such as AKT inhibitors), currently in clinical phagetétks
and Wicki, 2018)

AGC kinasesall share a similar structure within their catalytic domains, which is that of
a prototypical kinase fold, consisting of a small arteroninal lobe (Nlobe) containing

a conserved -sheet, and a large mainly-helical carboxyterminal lobe (Gobe;
highlighted inFigurel.3). Between these two lobes is a connecting polypeptide hinge
region, which forms a binding pocket for one molecule d? Athe phosphate donor. In
addition to sharing a similar structure, most AGC kinases share a similar mechanism of
activation involving the phosphorylation of two highly conserved motifs: the activation
loop (also known athe activation segment or-Toop) and hydrophobic motif (HM). The
activation loop, located within the -@be, adjacent to the AFBinding site and
connected to the Nobe via am C helix, contains important catalytic elements, such as
the DFG (asp#ate-phenylalanineglycing motif, which positions ATP for phosphoryl
transfer. The phosphorylation of the activation loop is necessary for catalytic activation,
as it leads to confornteonal changes within thé C helix, coordinating a network of
hydrogen bonds between a Glu residue on @ helix, a Lys residue on thddte, and

the phosphates of ATP. This network of hydrogen bonds is required for the catalytic
activity of AGC kinase$he HM is located within the-t€rminal tail of the Aobe, and
upon phosphorylation, wraps around theldbe to insert two aromatic residues into the
hydrophobic pocket formed between the-ldbe andh C helix, stabilizing the active
confirmation of theh C helix. In addition, the turn motif, also located within the C
terminal tail of the @obe, can also be phosphorylated, which stabilises the
aforementioned interaction between the HM and hydrophobic pocket. The
phosphorylation of these sites, within AGiBdses, collectively induces kinase activity
by positioning thé C helix in an active confirmation, enabling efficient catakfSgure

1.3; Pearceet al., 2010s; Taylor and Kornev, 2011; Arencibiaal.,, 2013)
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Figurel.3: Conserved structure of the catalytic domain of AGC kinagaystal structure of the catalytic
domain of PKIQ bound to a competitive inhibitor of ATP, with turn motif (T641), hydrophobic motif
(5660) and activation segment (T500) phosphorylation. Key conserved structures and features of AGC
kinases are highlighted. Image adapted and taken from Pesrak, 2010a.

Another common feature amongst AGC kinases, is the phosphorylation of their
activation loop by PDK1; this is known to occur in 23 AGC kinases including AKT, p70S6K,
serum and glucocorticoid regulated kinase (SGK) and p90 ribosomal S6 kinase (RSK)
(Pearceet al, 201@). Through this extensive phosphorylation and activation of AGC
kinases, PDK1 is known as a master regulator of AGC kinases, regulating a diverse array
of cellular functiongMoraet al,, 2004) Interestingly, PDK1 is also an AGC kinase, and is
constitutively active, due to the intrinsiddity of PDK1 to tranautophosphorylate its

own activation loop at Ser24(Casamayoet al., 1999;Pearceet al, 201@&). PDK1 also
contains a PH domaiwhich helps regulate the phosphorylation of some of its targets,

by colocalising to the plasma membrane in response to PI3K activation and the
formation of PI(3,4,5)P@Arencibiaet al., 2013) However, most PDK1 substrates do not
contain a PH domain, therefore phosphorylation by PDK1 is also regulatecthean
mechanism; PDK1 is thought to regulate the phosphorylation of moss AQC kinase
substrates through a region in its catalytic domain called the ABt€facting fragment

(PIF) pocketBalendraret al., 1999;Pearceet al., 201@&). The PIF pocket enables PDK1

to bind to phosplorylated HMs of AGC kinases, where upon binding it can phosphorylate
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the activation loop(Arencibiaet al,, 2013) Therefore, many AGC kinases have a similar
mechanism of activation, whereby they are initially phosphorylated at their HM, which
enables PDK1 to then bind via its PIF pocket to the target subskiatese and

phosphorylate the activation loop, inducing AGC kinase activation.

1.4.2. AKT and p70S6K

AKT and p70Saife amongst the most wetlharacterised AGC kinases, and due to their

role within the PAM pathway (see sectidn3), heavily implicated in oncogenesis,
particularly AKT. Whilst their function and regulation were discussed in secBof it

is worth considering them in more detail. Both AKT and p70S6K are phosphorylated at
their activation bop by PDK1, in common with many other AGC kinases, however the
mechanism by which this process is regulated is distinct between AKT and p70S6K, as is

HM phosphorylation.

The bindingpf AKT to PI(3,4,5)P3 in PI3K activated cells, mediated by the PH dafmain
AKT, is thought to be important for AKT phosphorylation by PDK1 for two reasons: 1)
when AKT is an unbound state, its PH domain blocks the activation loop of AKT, but when
bound to PI(3,4,5)P3 a conformational change takes place, making the actilatmpn
accessible; 2) PDK1 also has a PH domain, so it danatize with AKT at the plasma
membrane, upon PI3K activati¢Stokoeet al, 1997; Arencibiat al, 2013) Therefore,

by both binding to PI(3,4,5)P3, PDK1 can phosphorylate the activation loop of AKT (in
AKT1, PDK1 phosphorylates Thr308 in the activation loop). Whals?EiKimediated
phosphorylation of the activation loop of AKT is required for activation, this only causes
a partial activation of AKT, with HM phosphorylation necessary for full activ@earce

et al, 201@). The exact mechanism by which AKT is phosphorylated at its HM is not fully
understood, but it is generally accepted that mTORC2 phosphorylates the HM of AKT
(Ser473 in AKT1), in a PI3K dependent manner. Recently, it has been suggested that this
might be nediated by mTORC2 also binding to PI(3,4,5)P3, via the mammalian stress
activated MAP kinasmteracting protein 1 (mSinl) subunit of mMTORC2, which contains

a PH domairgLiuet al, 2015; Yuan and Guan, 2015)

The phosphorylation of the activation loop of p70S6K requires the prior phosphorylation
of the HM motif of p70S6K by mTORC1. Once phosphorylated, PDK1 can bind to the HM
of p70S6K via its PIF pocket domain, and subsetty phosphorylate the activation loop
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of p70S6K, inducing its activatigBiondi et al., 2001; Arencibiaet al., 2013) This
mechanism in which prior HM phosphorylation is required for activation loop
LIK2ALIK2NRBEFGA2Yy 0@ t5YMI Aa (1yz2s6y Fa (K:
activation, and is the mechanism by which most of the 23 AGC kinases, phosphorylated

by PDK1, become activategBalzanoet al, 2015) Interestingly, it has also been
suggested that AKT can be activated via the PIF pocket mechanism, altti@igh
circumstances, and precise mechanism, in which AKT is activated in this manner, is yet

to be fully established@Bozuic et al., 2008; Arencibiat al., 2013; Balzanet al., 2015)

Both AKT and p70S6K play a key role in regulating the functional output of the PAM
signalling pathway, much of wiés linked to the hallmarks of cancer. In particular, AKT
has been shown a regulate proliferation, growth, survival, angiogenesis and
metabolism (Revathidevi and Munirajan, 2019)This is mediated through the
phosphorylation of a reporteek 100 substrates by AKT, although onlya?@hese have

been comprehensively validatg€oleet al., 2019) For example, AKT phosphorylates
GSKBand GSK3 | G I O2 y-ariNdZn$otf, al- S¥r&lyagd Ser9 respectively,
which inhibits GSK3 by creating an intramolecular pseudosubstrate, preventing
substrate accessibility to GS@8anning and Toker, 20LMany GSK3 phosphargets

are prosurvival factors or cell cycle regulators; such as induced myeloid cell
differentiation protein (MCtl), cMyc and cyclin D1; which upon phosphlation by
GSK3, are targeted for proteasomal degradatidiehlet al,, 1998; Maming and Toker,
2017) Therefore, activated AKT can stabilise the expression of these proteins, via
inhibition of GSK3, mediating survival and cell cycle progre¢sManning and Toker,
2017) Another key substrate of AKT, is the FoXO family of transcription factors; the
phosphorylation of FOXO proteins by AKT sequesters FoXO proteins in the cytoplasm,
preventing the transcription of FoXi@duced genes, most of which are involved in the
negative regulation of survival, proliferation and grow#Zhanget al, 2011; Manning

and Toker, 2017)

The role of p70S6K within tHeAM pathway is not quite as extensive as AKT. But as
mentioned in sectiorl.3.1, p70S6K is a key substrate of mMTORC1, regulating multiple
components of the translational machinery, playing a crucial role in regulating protein

synthesis, thus supporting cell growth and survival. However, p70S6K can also
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phosphorylate other substrates, in addition to components of the translational
machinery, some of which are shared substrates with f&hton and Gout, 2011;
Mendozaet al, 2011) For example, p70S6K can impantiahibitory phosphorylation
2T D{Yoi I Ay &aA(Suherlarddt af,1-199¢: Mbiddozat al.! 291d) In
addition, p70S6K can phosphorylate the fa@optotic protein BAD, which results in BAD
being sequestered by 1&3 (Haradaet al, 2001; Mendozeet al, 2011) Hypo
phosphorylated BAD binds and neutrazeo-survival Bcell ymphoma 2 (BE2) family
proteins, such as B&.and BCIX, thus the phosphorylation of BAD by p70S6K (and
AKT) liberates prsurvival BGR family proteins, preventing apoptos(¥anget al,
1995; Haradat al,, 2001) Furthermore, p70S6K can impart inhibitory phosphorylation
on insulin receptor substrate 1 (IRS1), rapamycin insensitive companion of mTOR
(RICTOR) and mTOR, components of the PAM pathway upstream T@®6k0, thus
playing an important role in feedback regulation of the PAM path{f@nton and Gout,
2011)

1.4.3. SGK

Another example of an AGC kinase that linked to cancer is SGK, of which there are three
isoforms: SGk& @ { DY @ &ignificknk deédee of homology with AKT, particularly
within their kinase domains, where they share 55% identity in primary amino acid
sequence with AKTTessier and Woodgett, 2006 As such, SGK and AKT have
overlapping substratspecificity and have been shown to phosphorylate many of the
same substrates, such as GSKBAD, BX0O3a and TSC@ruhn et al, 2010)
Furthermore, in a similar manner to AKT, all isoforms of SGK have been shown to require
PI3K activation, and activation loop phosphorylation by PDK1, for their activation and
function (Tessier and Woodgett, 200@jowever, unlike AKT, isoforms of SGK do not
possess a PH domain,amld® G KSNBF2NB I+ OUA QG SR @Al (K
similar manner to p70S6K; the HM of SGK is initially phosphorylated, which provides a
docking site for PDK1 to bind to SGK and phosphorylate the activation loop of SGK
(Biondiet al,, 2001;Pearceet al, 201@&). As with AKT, mTORC2 haen shown to be
responsible for HM phosphorylation in SGK1, and considering the significant homology
within the HM amongst SGK isoforms, is likely to be responsible for HM phosphorylation
in SGK2 and SGK3arciaMartinez and Alessi, 2008; Brukhal., 2010) It is through

these similarities to AKT, both in substrate specificity and mechanism of activation, that
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SGK has been linked to the hallmarks of cancer. Interestingly, it has been shown that
some PIK3CAnutant cancer cell lines are indepaent of AKT for their growth and
survival, but dependent upon SGKS3, suggesting that there might be some functional
redundancy amongst AKT and SGK in PAM pathway driven cdGaagkardiet al.,

2012)

1.4.4. ROCK and ROCK pathway signalling

The Rheassociated coile@oil containing kinases (ROCK) are also AGC kinases, and act
as crucial regulators of the actimyosin cyoskeleton. There are two isoforms of ROCK,
ROCK1 and ROCK2, which share a very similar structure consisting -oéramnisl
kinase, a coileaoil region, a Rho binding domain (RBD) and-tar@inal split PH
domain, bisected by a C1 domgiRath and Olson, 2012frurthermore, ROCK1 and 2
share 64% identity in their primary amino aceéquence, with the greatest degree of
homology (92%) seen within their kinase domdihdian and Olson, 2014)hilst a few
studies have shown some isoform specific functions of ROCK1 and 2, they are mostly
considered to be functionally redundant to one anottf€humkecet al., 2005; Kimper

et al, 2016)

Unlike other AGC kinas, ROCK1 and 2 do not require the phosphorylation of their
activation loop or HM to induce activatiqRearceet al, 201@). Instead, ROCK1 and 2

are activated by the binding of GBBund RhoA, RhoB and RhoC, members of the RAS
superfamily of GTPasdRath and Olson, 2012The exact mechanism in which the
binding of Rho activates RIB(1 and 2 is unknown, but it is thought that Rho binds to the
RBD of ROCK, causing conformational changes, which disrupts the negative regulatory
interactions between the Merminal kinase domain and awiahibitory Gterminal
region of ROCKRath and Olson, 2012; Julian and Olson, 2(dyvever, in contrast to
RhoAC, the binding of GFBound RhoE to ROCK1, has been shown to negatively
regulate ROCKZ1 activatigRientoet al., 2003). Interestingly, PDK1 has also been shown

to competitively bind to ROCK1 in a similar region to RhoE, antagonizing the negative

regulation of ROCK1 by RhoE, in a kinadependent manne(Pinner and Sahai, 2008)

Furthermore, there is evidence to suggest that ROCK can be activated independently of
Rho, for example, by caspaler granzyme B mediated cleavage of the amtubitory

Gterminal of ROCK during apoptosis, or \ha binding of arachidonic acid to the PH
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domain of ROCKFenget al, 1999; Sebbaghkt al., 2001, 2005; Wet al., 2008) In
addition, the activity of ROCK1 aRdk also known to be modulated by phosphorylation,

such as the phosphorylation of Tyr722 ROCK2 by Src, which inhibits ROCK2 activation by
preventing the binding of Rhig.eeet al., 2010; Julian and Olson, 2014)

As mentimed, upon activation ROCK predominantly regulates the amtiosin
cytoskeleton, which is primarily achieved by the phosphorylation of a few key
substrates. ROCK phosphorylates myosin regulatory light chain 2 (MLC2), a subunit of
myosin, at Thr18/Serl19, wdh causes increased actinyosin contractility by activating
myosin ATPase, thus promoting the interaction of myosin asttiA to generate
contractile force(Figure 1.4 Julian and Olson, 2014ROCK alsacts to increase the
phosphorylation of MLC2 by negatively regulating MLC phosphatase-R)ILE&E
phosphatase of MLC2. MIEC is composed of three subunits, a catalytic protein
phosphatase 1 subunit and two namratalytic subunits: myosin phosphatatgeting
subunit 1 (MYPT1), a myosin binding subunit; and M20, the function of which is currently
unknown (Matsumura and Hartshorne, 2008ROCK negatively regulates M@y
phosphorylating MYPTL, inhibititige binding of MLE@ to myosin, therefore preventing

the dephosphorylation of MLC2 by ME(Figure 1.4Julian and Olson, 20180CK also
can promote actin polymerisation, by phosphorylating and activatilgd domain
kinases (LIMK), which in turn phosphorylate and inactivate the actin severing protein
cofilin (Figure 1.4 Ohashiet al, 2000; Prunieret al, 2017) In addition, ROCK can
phosphorylate several other substrates which facilitateulagon of the actiamyosin
cytoskeleton (e.g. adducin & ezrin/radixin/moesin proteins), as well other substrates
which regulate the functional output of ROCK independently of the antinsin
cytoskeleton (e.g. beclinl & PTEN), although these are lesshahcterisedRiento

and Ridley, 2003; Amarat al., 2010; Amiret al,, 2013; Gurkaet al., 2013)
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Figurel.4: The Rho/ROCK pathwaRiagram depicts the Rho/ROCK paay, its regulation of the actin
myosin cytoskeleton, and its functional output within the context of cancer. ROCK is predominantly
associated with cancer by its regulation of the aetigosin cytoskeleton, but phosphorylation of other
substrates (outsid¢he actinmyosin cytoskeleton) may also contribute to cancer.

Through the regulation of actimyosin contractility, ROCK has been shown to regulate
several cellular functions, many of which are associated with the hallmarks of cancer,
particularly tumourcell invasion and metastadidulian and Olson, 2014; Pandyaal.,

2017) For example, ROCK induced aotiyosin contractility has been shown to
regulate amoeboid migration, a particularly rapid form of cell migration, which is often
used by cancer cells to invade surrounding tisgMégckoffet al,, 2006; Krakhmadt al.,

2015. Moreover, ROCK has also been shown to regulate cancer cell extravasation, an

important step of the metastatic cascag8toletovet al., 2010)

In addition to tumour cell invasion and metastasis, ROCK is being increasikeglytb
regulation of the cell cycle and proliferatigBtreet and Bryan, 2011; Rath and Olson,
2012) Olsorand Croft(Croft and Olson, 200@emonstrated that the activation of ROCK

in mouse embryonic fibroblasts (MEF) increased cell cycle progression and proliferation,
and that this was due to modulation in the expression of several cek cggulators,

such as cyclin D1 and cyclin A, both of which were increased by ROCK activation. This
regulation of the cell cycle, by ROCK activation, was shown to be dependent upon
increased actirmyosin contractilityCroft and Olson, 2@). A similar phenomenon was

seen byKumperand colleaguegKimperet al, 2016) where MEF cells, in which both
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ROCK1 and ROCKad been genetically deleted, were shown to be defective in
proliferation, due to cell cycle arrest and the induction of senescence. Usimyo
mouse models of melanoma and NSCKi@nperand colleaguegKimperet al, 2016)

also showed that the expression of ROCK1 and 2 is essential for tumour formation, i.e.
cancer cells in which ROCK1 and 2 had been genetically deleted could nairuosors
(Kimperet al., 2016) Furthermore, ROCK1 and 2 have also been implicated in providing
the contractile strength required farytokinesis (the physical act of cell division, dividing
one parental cell into two daughter cells, which occurs at the end of mitosis), with
genetic depletion oROCK1 and ROCstibwn to increase the number of binucleate

cells, a marker of failed cytokias(Matsumura, 2005; Kimpeat al., 2016)
1.4.5. PKA

In addition to ROCK, other AGC kinases also have a distinctive mechaniswatibac
such as PKA; PKA is activated by tienfessenger cAMP, which is generated by the
enzyme adenylate cyclase, downstream gbi@tein coupled receptors (GPCRS), which
are stimulated by extracellular stimuli such as cytokines and horm(Pegrceet al.,
2010n). PKA is maintained in an inactive state by the formation of an heterotetrameric
complex consisting of two catalytic subunits (of which there are three isoforms) and two
regulatory subunits (of which there are four isoforms), which act as gis®ubstrates

to the catalytic domains suppressing actiiBearceet al., 201G; Sapioet al., 2014)

The binding of cAMP tihese regulatory subunits induces a conformational change that
releases the catalytic subunits, freeing them to phosphorylate substrates. Additionally,
PKA also requires activation loop phosphorylation to induce activation, which in
common with other AGCkinases is mediated by PDK1, although PKA
autophosphorylation may also contribu¢(€henget al., 1998; Mooreet al., 2002) Upon
activation, PKA regulates a diverse array of cellular functions, ssigiradiferation,
survival and migratiofSakamod and Frank, 2009; Caretta and Mucigaretta, 2011,
Sapicet al,, 2014)
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1.5. AT13148, an AGC kinase inhibitor

As discussed in sectidn3, the PAM pathway is frequently dysregulated in cancer and

Is an attractive therapeuticrget for cancer therapy. In recent years, there has been an
increasing focus on developing small molecule inhibitors of AKT, due to the importance
of AKT within the PAM pathway. Subsequent to the crystal structure of AKT2 being
resolved in 2002 at the Ititute of Cancer Research (ICR) by David Barford and co
workers, a collaboration was established between the ICR, Cancer Research Technology
and Astex Pharmaceuticals, to discover and develop potent and selective ATP
competitive AKT inhibitors, using fragmt and structurebased desigr(Yanget al.,

2002) This led to the discovery of AT13148, which was shown to potenilyititKT1

and AKT3, with weaker inhibition of AKTRAgure 1.5Yapet al, 2012) However,
AT13148 was also found to inhibit several related AGC kinases: PKA, ROCK1, ROCK2,
p70%BK, SGK3 & RSK1; some of which were more potently inhibited by AT13148 than
AKT1 and AKT3. Specifically, AT13148 displayed moderate potepey 10z 100 nM

in in vitro kinase assays) against AKT1, AKT3, SGK3 and RSK1, but potently inibited (
10 nM IGoin in vitro kinase assays) PKA, ROCK1, ROCK2 and [fFB6&1.5Yapet

al., 2012) In a preclinical study, AT13148 was shown have efficacy in a number of
human cancecell lines with PAM pathway mutations (eRIK3CAand PTEN)where
AT13148 was shown to induce a mpoptotic response, as well as efficacy being seen

in severaln vivomouse human tumour xenograft modglgapet al,, 2012)

Cl AT13148 target 1Go(NM)
O OH AKT1 38
NH, AKT2 402
AKT3 50
O p70S6K 8
PKA 3
ROCK1 6
74 ) ROCK2 4
N—=N SGK3 63
H RSK1 85

Figurel.5: Structure and targets of AT1314&hemical structure of AT13148 and theol@f AT13148
against its targets, as determined wmavitrokinase assays. Adapted from yeipal.,2012.

Despite the lack of selectivity for AKT, AT13148 was taken forward for further clinical
development due to its pr@apoptotic cellular phenotype and because many of the

additional AGC kinases targetedA¥13148 are of therapeutic interest in the treatment
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of cancer, as discussed in sectibb (Yapet al, 2012) In addition, most selective AKT
inhibitors (selective in comparison to AT13148) have shown limited efficacy in clinical
trials when used as a monotheragf?rétre and Wicki, 2018; Xirg al., 2019) A similar
phenomenon has been observed with other PAM pathway inhibitors, for example the
rapalogs temsirolimus and everolimus, which whilst clinically approved, have been
shown to have limited efficacy when used as monotherafliéstzeret al., 2010; Meng

and Zheng, 2015}t has been suggested that PAM pathway inhibitors may have limited
efficacy, when sed as a monotherapy, due to the relief of negative feedback within the
PAM pathway, which causes reactivation of the PAM pathway Q wes Alf 20G5;

Prétre and Wicki, 2018; Warg al., 2019) In targeting several components of the PAM
pathway (AKT, p70S6K and SGK3), AT13148 may be able to overcome this, causing a
stronger more durable decrease in PAM pathway activattbns improving efficacy,

when compared to morgelective PAM pathway inhibitors. It should also be considered
that targeting kinases outside the PAM pathway (e.g. ROCK and PKA), which are clinically

relevant in the treatment of cancer, could also contrtié to the efficacy of AT13148.

AT13148 has recently completed a phase 1 clinical trial in patients with advanced solid
tumours with the full publication of results from this trial currently awaited
(clinicaltrials.gow identifier: NCT01585701 However the results from the initial first

in human/doseescalation study (part of the phase 1 clinical trial) were presented at the
American Society of Clinical Oncology (ASCO) annual meeting in 2015 (the abstract of
which is publicly availablé€?apadatosPastoset al,, 2015) where AT13148 was shown

to have favourable pharmacokinetics/pharmacodynamics, as well as acceptable
toxicities. Currently, a specific clinical indication for the use of AT13148, wiudth be
evaluated should AT13148 progress to a phase 2 clinical trial, has not been identified,

but several have been suggested and are currently under investigation.

Based upon prelinical data, in which the efficacy of AT13148 was shown in human
cance cell lines with PAM pathway mutations, AT13148 could be used to treat cancers
in which the PAM pathway is dysregulated. Breast cancers in particular have a high rate
of PISKCAand PTENmutations (27% and 25% of patients respectively), thus breast
cancerpatients could benefit from treatment with AT13148iu, Cheng, Thomas M

Roberts et al,, 2009) However, a phase 2 clinical trial in which advanced breast cancer
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patients with PAM pathway mutations were treated ithe allosteric AKT inhibitor
MK2206, showed limited clinical efficacy due the inability of MK2206 to sufficiently
inhibit PAM pathway signallinginget al., 2019) Nonetheless, as previously discussed,

in targeting several kinases of the PAM pathway, AT13148 could potentially have
improved efficacy in treating breast cancer patients, when compared to moeetse

AKT inhibitors such as MK2206.

It should also be considered that in targeting other clinically relevant AGC kinases,
AT13148 could potentially be used in treating cancers in which the PAM pathway is not
dysregulated. For exampleinse AT13148 capotently inhibit ROCK1 and 2 it has also
been investigated as an astivasive/metastatic drug. Rath and colleag(Rsathet al.,

2018) showed that AT13148 was able tdock the invasion of PDAC cells into
surrounding healthy pancreatic tissue in @nvivomouse model. They suggested that
AT13148 could be used in the adjuvant setting to enable surgical resection by
maintaining separation between tumour and healthy tiss@Rath et al, 2018)
Moreover, AT13148 has been shown to ihmelanoma cell motilityn vitroand in an

in vivomouse model, further highlighting the potential for AT13148 to be used as an

anti-invasive/metastatic drugSadolet al., 2015)

In addition, the use of other ROCK inhibitors, either as a monotherapy or in combination
with other cancer therapies, is currently being investigatad ahowing great promise.
Smit and colleagueéSmitet al, 2014)used a functional short hairpin RNA (shRNA)
screen to identify ROCK1 as a potential combinatorial drug target for BRAF mutant
melanoma. The combination of a ROCK inhibitor with a @sdenal inhibitor (such as
bortezimib) has also been suggested as a therapy for MKBRINSCLEKumaret al,,

2012) Furthermore, the inhibition of ROCK has been shown to be synthetically lethal
with loss of von Hippdlindau (VHL) in renal cell carcinoma (R@G&»mpsonet al,,
20170 { AYOS GKSNB OdzNNByife NByQid lyeé wh/
of cancer, AT13148 could fill this voahd potentially have additional efficacy by the
targeting of other AGC kinases.

However, despite the clinical potential of AT13148, the history of targeted therapies and

other drugs in the treatment of cancer, informs us that, should AT13148 progress to
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clinical approval, resistance to AT13148 is almost inevitable. Resistance to targeted

cancer therapies will be focused upon in the following sections.

1.6. Resistance to targeted cancer therapies
1.6.1. The challenge of drug resistance

Drug resistance to targeted dnapies, as well as other cancer therapies, is a major
barrier to the successful treatment of cancer, with drug resistance continuing to be the
principle limiting factor to achieving cures within cancer patigfvasaret al., 2019).
Unfortunately, most patients with advanced cancer ultimately die because some or all
their cancer cells exhibit or develop resistance to all available therapeutic avenues
(Garraway and Janne, 2013) is thought that the inherent genomic instability and
heterogeneity within cancer, as well as the plasticity of oncogenic signalling pathways,
contribute to the neatuniversality of resistance to cancer therapi@arraway and
Janne, 2012; Konieczkowskial., 2018)

Drug resistance can be categorised as intrinsic drug resistance or acquired drug
resistance. Intrinsic resistance (also knowndasnovoresistance) can be defined as
when a tumour shows nmnitial response to a therapy that should have been effective
based upon the underlying biology or genetics of the tum@Barraway and Janne,
2012) For example, :20% ofpatients with mutantBRAR/600E melanoma and ~95%

of patients with mutantBRAF/600E colorectal cancer, show no response to the BRAF
V600E inhibitor vemurafeni@ilahertyet al,, 2010; Chapmaat al,, 2011; Kopetet al,,
2015; Griffinet al, 2017) In contrast, acquired resistance can be defined as tumour
progressionn the face of ongoing treatment to which the tumour was initially sensitive
(Garraway and Janne, 2012n example of this can be seerpimtCML patients treated
with imatinib; 20-25% of these patients stop responding to imatinib after initially
undergoing a complete haematological and/or cytogenic respofiMiojkovic and
Apperley, 2009)

Due to the prevalence of resistance to targeted therapies, both intriaed acquired,
understanding the molecular mechanisms of resistance may provide opportunities to
improve patient outcome. For example, in many cases, understanding the molecular

mechanism of resistance has led to the identification of novel therapeuttegjies to
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overcome resistance, increasing the magnitude or duration of clinical response. This can
be seen in imatinib resistargth+ CML, where the discovery that resistance is often
driven by secondary mutations in BBBL, has led to the development &t and 3¢
generation inhibitorghat can overcome resistance and increase the duration of clinical
responsgJabboutet al,, 2015) Furthermore, understanding the molecular mechanisms

of resistance may enable the identification of predictive biomarkers to clinically stratify
patients, based upn their likelihood of responding to a particular thera@@ree and
Charlton, 2017)

Despite the complexity in the mechanisms of resistance to targeted therapies, it has
been suggested that they converge on three recognizable patterns of resistance: 1)
pathway reactivation, 2) pathway bpass, 3) pathwa indifference (Highlighted in
Figure 1.6Konieczkowski, Johannessen and Garraway, 20b8ge are discussed in the

following subsections.

| Drug |

‘ Target ‘Alternate ‘Alternate

effectors effectors state

ol 1 1 1

§ Pathway Pathway Pathway

| reactivation bypass indifference

2

<

o N\ 7 N\ 7 N\ 7

u
Target oncogenic / Alternate oncogenic
output / output

Figure 1.6: Converging mechanisms of resistancechematic diagram highlights how mechanisms of
resistance converge on three recognisable patterns, based upon their relationship between drug target
and downstream pathways: pathway reaettion, pathway bypass and pathway indifference. These are
discussed in sectioh.6.2 Figure adapted frorKonieczkowslet al.,2018.

1.6.2. Mechanisms of drug resistance to targeted therapies

1.6.2.1. Pathway reactivation

As discussed inestion 1.2, most targeted therapies target oncogenes, and their
downstream effector pathways, which cancer cells have become dependent on for their

growth and survival (oncogene addiction). The most common convergent pattern of
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resistance is pathway factivation; a process in which the core downstream effector
pathways, downstream of the drug target, becomeemgaged/reactivated, causing
sustained growth and survival in the presence of a targeted the(pyieczkowslet

al., 2018) For example, approximately 70% of BRAF mutant melafoina G K| & Of A
progress after RAF and/or MEK inhibitor treatment, show sustained ERK 1/2
phosphorylation, indicating ractivation of the MAPK pathwaiKonieczkowsket al.,

2018) In general, there are three distinct mechanisms in which pathway reactivation
can occur: Drug target alterations, activation of ghalaeffectors, and alterations in

upstream and downstream effectors.

Many of the initially identified mechanisms of resistance to targeted therapies entailed
alterations in the drug target which render the protein target insensitive to the drug
itself, thus rendering downstream effector pathways refractory to inhibition
(Konieczkowslet al., 2018) Within the context of kinase inhibitors, especially TKIs, this
is frequently caused by mutations in the kinase domain, within contact points crucial for
kinaseinhibitor interaction. Often these mutations are gatekeepenutations;
gatekeeper refers to a conserved amino acid residue found in the catalytic cleft of
Ge@NRaAYyS (AylasSa ¢gKAOK Aa (Ghdstayant Jamn2 NI { F
2012; Roskoski, 2016jor example, threonine 315 is the gatekeeper residue of the ABL
tyrosine kinase domain and is frequently mutated to isoleucine (T315I troajain
imatinib resistance. This mutation has been detected in 13% of imatinib restant
CML patients and 37% qfh+ acute lymphoblastic leukaemia (ALL) patients, and
prevents imatinib from inhibiting the BE&BL fusion protei(Soverinet al,, 2014; Ursan

et al, 2015) Other examples, of gatekeeper mutations, include erlotimeitistantEGFR
mutant NSCLC (T790M mutation) and crizoti@bistart anaplastic lymphoma kinase
(ALK) rearranged NSCLC (AR Garraway and Janne, 2012)he knowledge that
gatekeeper mtations frequently generate resistance to TKIs has led to the development
of novel TKIls which can bind and inhibit gatekeeper mutated tyrosine kinases, such as
ponatinib and osimertinib, which are respectively used to tra&l'3'positive ph+
CML/ALL pients and EGFRM positive NSCLC patient&Garnocklones, 2016;
Pavlovskyet al.,, 2019)
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In addition, other alterations in the drug target may also confer resistance to a targeted
therapy such as mutations in naontact residues which lead to an eded
confirmation. This has been observed in resistance to type 2 kinase inhibitors, inhibitors
which bind kinases in their inactive confirmation outside the -Aif® such as imatinib

and sunitinib(Garraway and Janne, 2012; Kktgal,, 2018) Manyof these mutations
occur in the activation loop of kkases, inducing a constitutivefctive confirmation,
preventing the binding of type 2 inhibito(Kluget al., 2018) Furthermore, amplification

of drug target can also confer resistance to targeted therapies, such as amplification of
BCRABL, which has been shown to causesigance to imatinib irph+ CML(Gorreet

al., 2001; Campbe#dt al,, 2002; Garraway and Janne, 2012)

Pathway reactivation can also be achieved by effector proteins which act in parallel to
the targeted proein (Garraway and Janne, 2012; Konieczkowslal., 2018) This is a
common mechanism of resistance to RTK inhibitors, as most RTKs regulate the same
downstream effector pathways, predominantly the MAPK and PAM pathways, therefore
gainof-function mutations in RTKs can compensate for the inhibition of other RTKs, by
re-engaging the appropiate effector pathways. A study by Yu and colleggues al.,

2013) in patients withEGFRnutant NSCLC with acquired resistance to EGFR TKI
therapies, demonstrated tha¥’lETand HERZboth RTKsamplification wa seen in 5%

and 13% of pateints respectively. This has led to the rationale that the combination of
EGFR TKI with a MET or HERZ2 inhibitor could be an effective therapeutic strategy to treat
EGFRnutant NSCLC patients with acquired resistance to EGFReT&pies. Recently,

a phase 1b/2 clinical trial was conducted, in which capmatinib (a MET TKI) was used in
combination with gefitinio (EGFR TKI) to treat pateints with EG#HRBted, MET
dysregulated NSCLC, which showed promising re@iiet al., 2018) Interestingly, in

the case ofMET amplification, it h& been shown that resistance occurs due te re
activation of the PAM pathway in an ERBEBPendent manne(Engelmaret al., 2007)

Since the amplification/activation of other RTKs might also induce EGFR TKI resistance
in this manner, cdargetting the PAM pathway could also be a guatial therapeutic

avenue.

Another notable example of pathway reactivation mediated by parallel effectors can be
found in mutantBRARFnelanoma; a small percentage of BRAF inhibitor resistant patients

have been shown to have gaifi-function mutations ilMAP3K8a gene which encodes
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COT kinas@_.ehmannret al,, 2019) As a MAP3K, COT kinase functions in parallel with
BRAF within the MAPK pathway, phosphorylating and activating MEK 1/2 which
subsequently phosphorylates and activates ERK(D&xiet al., 2005; Johannessest

al.,, 2010) As such, gainf-function mutations inMAP3K in mutant BRAFmelanoma

can reengage the MAPK pathway in the presence of BRAF inhibition, driving resistance
(Figure 1.A; Johannesseet al,, 2010; Lehmanet al, 2019)

In addition, alterations in upstream and downstreameetrs of the target protein can
cause pathway ractivation. Alterations in both upstream and downstream effectors
are frequent in mutantBRAFMelanomas resistant to BRAF inhibition. For example,
NRASNdKRAS pstream effectors of BRAF, have been shoovhave gairof-function
resistance mutations in 20% of mutaBRAFmelanoma patients with acquired
resistance to BRAF inhibitio@ohnsonet al, 2015) Gainrof-function resistance
mutations InNRASand KRASe.g. a Q61K or G12V substitutiargn reengage MAPK
signalling, g activating CRAF and ARAF (alternate RAF isoforms), leading to sustained
ERK 1/2 phosphorylation in the presence of BRAF inhil{ftigure 1.7 Nazariaret al.,

2010; Dumaz, 2011; Dorarcet al, 2017) Furthermore, gaivof-function resistance
conferring mutations have been idenitifed in MEK 1/2 (e.g. C121S/C125S substitution),
a downstream effector of BRAF, in 7% of mutBRtAFnelanoma patients with acquired
resistanceto BRAF inhibition, which again, drives resistance against BRAF inhibition by
causing a sustained phosphorylation of ERK(Eigure 1.B; Wagleet al,, 2011; Van

Allen et al, 2014; Johnsonet al, 2015) Alterations in downstream effectoralso
contributes toresistance to EGFR therapies (cetuximab & panitumumab) in colorectal
cancer, with resistanceonferring mutations frequently found IKRASNd BRAFwhich
enable sustained MPK pathway activation in the presence of &f@FR therap{Zhao

et al, 2017)

Since 70% of resistance mutations in mMutBRAFY St | y2 Yl Qa O2y @SNHBS
pathway reactivation (intuding the aformentioned mutations INRAS, KRAS, MEK 1/2

and MAP3K8) the combination of BRAF and MEK inhibitors is now used &slinel

therapy in treatment naive patients with mutaBRAFY St | y2 Yl Qa s> G2 OA N
acquisition of resistance via 4ativation of the MAPK pathwayArozarena and

Wellbrock, 2017)This has proven to be a successful aproach with phase 3 clincial trials
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demonstrating improved efficacy when compared to BRAF inhibitor monotherapy

(Asciertoet al., 2016; Trojaniell@t al., 2019)

A: Parallel effector B: Upstream effector C: Downstream effector
RAS
RAS |GTP BRAFi aax GTPT RAS |GTP
BRAFI\/ l \ / l \ BRAFi\, i
ARAF CRAF
N | J
MEK
MEK t MEK t Cci21s t
Rk T ErRK T T |
Growth, proliferation Growth, proliferation Growth, proliferation
and Survival and survival and survival

Figurel.7: Mechanisms of MAPK pathway f&ctivation in resistance to BRAF inhibition in melanoma.

The MAPK pathway is frequently-aetivated in resistance to BRAF inhibitiorBRAFnutant melanoma,

and provides an instructive example of the mechanisms which drive pathway reactivation in resistance to
targeted therapies(A) activation of a parallel effector, such as COT kin@®gdivation of an upstream
effector, such as RASC) activation of a downstream effector, such as MEK 1/2. @&fiunction
mutations are highlighted with a yellow star.

1.6.2.2. Pathway bypass

Whilst many resistance mechanisms to targeted therapies converge ugibrvay re
activation, in a minority of cases resistance occurs in the absence of pathway re
activation; i.e. despite resistance, the targeted pathway is still robustly inhibited in the
presence of drugKonieczkowsket al, 2018) However, one must consider that for a
targeted therapy to be effective, not only is required that downstream effector
pathways must be robustly inhibited, so must the oncogenic output regulated by
downstream effector pathways (e.g. transcriptional or translational output). Within
cancer there is a significant degree of redundancy amosgmalling pathways that
control cell proliferation, survival, and many of the other hallmarks of cancer, with these
pathways shown to engage many of the same oncogenic outgkitselin, 2006; Kitano,
2007; Konieczkowslet al., 2018) Therefore, one of the ways in which resistance can
occur to targetedtherapies, in the absence of pathway-aetivation, is by pathway
bypass, a process in which targeted oncogenic output-engagel via an alternative
signalling pathway, independent from the downstream effector pathways initially
targeted(Konieczkowslet al., 2018)
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Figurel1.8: Pathway bypass of the MAPK pathway in BRAF inhibitor resistance in melan@iagram
summarises how activation of GPCR/cAMP/CREB signalling can drive resistance to BRAF inBRA#BN in
mutant melanoma, by bypass of the MAP&hway. The MAPK pathway and GPCR/cAMP/CREB signalling
axis have shared oncogenic output, such as the transcription factors MITF and ETV, therefore activation
of the GPCR/cCAMP/CREB signalling axis can compensate for the inhibition of the MAPK pathway. ADCY
adenylate cyclase. Figure adapted from Johannesseah,2013.

Pathway bypass has been observed in mutBRAFMelanoma, where a functional
genetic screen in mutanBRAFMelanoma cell lines, by Johannessen and colleagues
(Johannesseret al, 2013) demonstrated that resistance against MAPK pathway
inhibitors (e.g. BRAF inhibitor) can bedraed by MAPK pathway bypass. Specifically,
they showed thatoverexpression ofjenes within the GPCR/CAMP/cAMP responsive
element binding protein (CREB) signalling axis were able to confer resistance, including
numerous GPCRyenes;ADCY9an adenylate cyase gene; andPRKACAa catalytic
subunit of PKA. They hypothesised that as the MAPK pathway and GPCR/cCAMP/CREB
signalling axis converge upon a core set of transcriptional outputs, such as the
transcription factors ETV1 and melanoma inducing transcriptiactor (MITF),
GPCR/cAMP/CREB signalling could compensate for MAPK pathway inhibgiae (

1.8). In other words, GPCR/cCAMP/CREB signalling can engage the same oncogenic
outputs as the MAPK pathway, therefore \airesistance against MAPK pathway

inhibitors in a MAPK pathway independent manner. A similar approach (functional
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genetic screen) also revealed that purinergic P2Y receptors (a fai@KFCRS) can drive
resistance against ALK (an RTK) inhibition ind&pkndent NSCLC cells, independently

of downstream effectors of ALK, such as the MAPK and PAM pathways. Furthermore, it
was shown that there was an overlap between the gene signature associated with P2Y
driven resistance and pathway reactivatibased resimnce mechanisms, thus it was
hypothesised that P2Y receptors induced resistance against ALK inhibition- by re

engaging transcriptional outputs regulated by downstream effectors of ALK.
1.6.2.3. Pathway indifference

Pathway reactivation and pathway bpass represeindistinct patterns of resistance to
targeted therapies, but they nonetheless converge, driving resistance deypgaging

the targeted oncogenic output. However, there are some examples of resistance in
which both targeted downstream effector pathways amgicogenic output continue to

be robustly inhibited despite the acquisition of resistance. Often, in these
circumstances, cancer cells have transcended into an alternative malignant cell state
(transcriptional or otherwise), in which growth, proliferationdasurvival are completely
independent of the initially targeted oncogenic dependencies. This is referred to as

pathway indifferencgKonieczkowslet al., 2018)

Perhaps the best example of resistance caused by pathway indifference is in breast
cancer patients treated with polADP ribose polymerase (PARP) inbiisit PARP
inhibitors (e.g. olaparib) are predominantly used to treat ovarian and breast cancer
patients with lossof-function germline mutations iBRCADr BRCAZproteins critical

in the repair of double strand DNA breaks), based on the synthetic leglalonship
between BRCAl/2nd PARRLord and Ashworth, 2017Remarkably, it has been shown
that resistance to PARP inhibitors can be mediated by secondary mutatiBREJAL/2,
which restore the function of BRCA1/2, abolishing the synthetic lethal relationship
between BRCAl/and PARRBarberet al., 2013; ter Brugget al,, 2016; Gogolat al.,
2019) In effect, due to the importance of BRCA1/2 in DNA repair, the restoration of
BRCA1/2 function shifts cancer cells from a genomstable state to a genomstable

state (Konieczkowslet al., 2018)

Another notable example opathwayindifferent resistance can be found BGFR

mutant NSCLC patients treated with EGFR inhibitors. In a minority of these patients,
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acquired resistance to EGFR inhibitors is mediated via a histological transformation
consistent with that of small cellung carcinoma (SCLC), whilst still maintaining
expression of mutanEGFRSequiset al,, 2011; Yt al,, 2013; Piotrowskat al., 2015)

In these patients, resistance against EGFR inhibitors seems to have occurred via the
transformation of their lung cancer from NSCUEG SCLC. Accordingly, a study by
Piotrowska and colleagu€Riotrowskeet al., 2015)demonstrated that three out of four
EGFRnutant NSCLC patients that underwent a SCLC transformation, had a marked
therapeutic response to platinuratoposidebased chemotherapy, a classic SCLC
treatment, highlighting the acquisition of an alternate S@k€bciated oncogenic

output.
1.7. Overview and aims of this thesis

The PAM pathway is a key regulator of many of thentelks of cancer such as growth,
proliferation and survival, and as such is an attractive therapeutic target for the
treatment of cancer. Due to the importance of AKT within the PAM pathway, efforts
have been made to discover and develop smadlecule AKTinhibitors as a novel
targeted cancer therapy, of which several are currently in clinical trials for the treatment
of cancer, showing promising resu(tsimet al., 2017; Schmieét al,, 2018; Revathidevi

and Munirajan, 2019)AT13148 is distinct amongst AKT inhibitors as it potently inhibits
several AGC kinases, both within the PAM pathway (p70S6K and SGK3) arel outsid
(ROCK and PKA), that are of therapeutic relevance in the treatment of ¢xiaqget al.,

2012) Therefore, AT13148 may have improved efficacy in treating cancers with
dysregulated PAM pathway signalling, as well as having a potential clinical use in cancers
in whichthe PAM pathway is not dysregulated but in which other AT13148 targets may
be important such as ROCK1/2 (e.g. PDAC, see sé&chon

Despite the clinical potential of AT13148, the history of kinase inhikétiodsother drugs

in the treatment of cancer, informs us that acquired drug resistance is very likely to occur
in the clinic to AT13148, if not inevitak@arraway and Jann2012) As was highlighted

in sectionl.6.2 understanding the mechanisms of acquired drug resistance to targeted
therapies in the clinic, has led to the identification of therapeutic strategies to overcome
resistance, increasg the magnitude or duration of clinical response. In many of these

cases, the use of preinical cell line models has enabled the identification of clinically

53



1. Introduction

relevant mechanisms of acquired drug resistance, and have been instrumental in
identifying andvalidating therapeutic strategies to overcome resistafd@hannessen
et al, 2010; Nazariaat al, 2010; Garraway and Janne, 20IR)erefore, preclinical cell
line models provide an effective means of studying acquired drug resistance whilst a

drug is still in clinical development, suas AT13148.

With this in mind, a project was instigated to generate resistance to AKT inhibitors,
including AT13148, in prdinical cell line models (Akan, 2015). During this project an
AT13148 resistance sdime (A2780148R) was derived from the humaovarian
carcinoma cell line A2780, a cell line with dysregulated PAM pathway signalling. The
aims of this thesis were therefore to investigate the acquired mechanisms of resistance
to AT13148, using A27818R as a prelinical cell line model, and ideftitherapeutic

strategies to overcome AT13148 resistance.

Aims and objectives

1 Investigate the mechanisms(s) of resistance to AT13148 in the ARVER cell
line by:
o Crossresistance profiling using a range of targeted inhibitors
o Evaluating the baselinectivation of the PAM pathway and other
AT13148 targeted pathways.
o Examining the response of the PAM pathway and other AT13148
targeted pathways to AT13148.
71 Validate identified AT13148 resistance mechanisms using a range \tro
techniques.
1 Devise andralidate therapeutic strategies to overcome identified mechanisms

of AT13148 resistance.
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2. Materials and Methods

2.1. Compounds and Materials

Compounds used on cultured cells, showrTable2.1, were prepared and diluted in
dimethlysulfoxide (DMSO; Sigr#ddrich, Germany) under sterile conditioasd stored
at-80°CUnless otherwise stated, all other chemicals and reagents were purchased from
SigmaAldrich (Germany).

Table2.1: Summary of compounds used for célhsed experimentsTable lists compounds used for eell
based experiments, such as SRB cell viability assays

Inhibitor/drug Target(s) [Stock]  Supplier

AT13148 AGC kinases 20 mM Astex pharmaceuticals, UK
AZD4547 FGFRB 10 mM Selleck chemicals, USA
Capiversatib (AZD5363) AKT 20 mM Selleck chemicals, USA
Selumetinib (AZD6244) MEK 1/2 10 mM Selleck chemicals, USA
BCI DUSP6 50 mM SigmaAldrich, Germany
GDG0994 ERK 1/2 20 mM Adooq, USA
GSK269962 ROCK 20 mM Tocris Bioscience, USA
GSK429286A ROCK 10 mM Tocris Bioscience, USA
KX2391 Src 20 mM Selleck chemicals, USA
MK2206 AKT 20 mM Selleck chemicals, USA
NVRAEWS541 IGF1R 10 mM Selleck chemicals, USA
PD032591 MEK 1/2 10 mM Selleck chemicals, USA
PF4708671 p70S6K 20 mM Tocris Bioscience, USA
SCH772984 ERK 1/2 1 mM Adooq, USA

SU6656 Src family kinases 20 mM Selleck chemicals, USA
WH-4-023 Lck and Src 10 mM Selleck chemicals, USA

2.2. General cell culture

2.2.1. Celllines and culture

A2780 human ovarian carcinoma cells were originally obtained from the health
protection agency (Salisbury, UK). A2288R, an AT13148 resistance dule derived

from A2780 cells, were generated by Dr Denis Akan, whilst in the Gaabettatory

(Institute of Cancer Research, London, Bkan, 2015)HEK293T cells were a kind gift

from Dr Tim Fenton (University of Kent, UK), and were provided at passage number 20.
lff OStt ftAySa ¢SNB Odzeivddiid @MBEMGibBodziky S O O 2
containing 3.7/L Glucose and /@M L-glutamine supplemented with 10% (vifpetal
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bovine serum (FBS; Gibco, UK). DMEM supplemented with 10% (v/v) FBi®afidre
referred to as complete DMEMAII cell culture was performednder sterile conditions
in a class Il biological safety cabinet (B&@J cells grown at 37°C in a humidified 5%

CQincubator, henceforth referred to as standard growth conditions.

Passaging of cel{sub-culture)was undertaken when cells were approxirely 70-90%
confluent. In T25 flaskgell culture mediunwas aspirated off cells and cetiasedin

2ml of phosphatebuffered saline (PBS; OxpithK. 0.5ml of 0.25% TrypsiEDTA
(ThermoFisher Scientific, US&as subsequently added to cells and flasleegd in an
incubator, under standard growth conditionsntil cells had detached. If required, flasks
were gently agitated to ensure that cells had sufficiently detached. Cells were then re
suspended in complete DMENNd depending on the split (usuallgtwveen 1:10 and
1:40), an appropriate volume added to a new flask. Additional complete DMEM was
then addedto the new flaskor a final volume of 5miIComplete DMEM was also added

to the remaining cells in the trypsinised flask, to a final volume of Smnkeep as a
backup. For passaging cells in T75 or T175 flasks, the aforementioned volumes were
multiplied 3 and #old respectively. Cell lines were routinely tested foycoplasma
contamination using the VenorGeM®ycoplasmaPCRbaseddetection kit (Minewa

labs, UK)

When counting cells to plate for an assay, cells were trypsinised asdspended in
complete DMEM. Reuspended cells were then diluted between &:25 in trypan blue
and 10 pl added to the chambers of a BRAND® haemocytometer, to coumtrtirser
of cells. After counting, rsuspended cells were diluted accordinglyomplete DMEM

then plated as required for the desired assay.

In order to prevent genetic drift, cells were passaged for a maximum of 6 months, and
regularly cryepreserved ad stored in liquid nitrogen. To crymreserve, cells were
routinely cultured in a T75 flask and allowed to grow to 70% confluence. Cells were then
trypsinised and resuspended in complete DMEM (as per sectdR.1), prior to
centrifugation at X 270g for 5 minutes to generate a cell pellet. Cell culture medium was
subsequently aspirated from the cell pellet, and cellsuspended in 3ml of freeze
down media (complete DMEM + 10% [v/v] DMSO). Cells were then equally aliquoted

into three cryovials, which were transferred to a Nalgene® Mr frosty container
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(containing proparR-ol) and left overnight in a80°C freezer. The following day,

cryovials were transferred to a liquid nitrogen container, for kbagn storage.

When requiredcryo-preserved cells were thawed by placing cryovials (containing cells)
in a 37°C watebath for 23 minutes. Once thawed, cells were mixed with a total volume
of 5ml complete DMEM in a falcon tube, then centrifuged at 270 x g for 5 minutes, to
generatea cell pellet. Subsequently, cell culture medium was aspirated from the cell
pellet, and cells rsuspended in 5ml of fresh complete DMEM-:dRepended cells were
then transferred into a T25 flask and allowed to grow under standard growth conditions.
Within 3-5 passages, cells were expanded to grow in a T75 flask anghrayerved as

previously described.
2.2.2. Generation of AT13148 resistant cell lines

As mentioned in sectioR.2.1, A2780148R, an AT13148 resistant dife derivedfrom

A2780 cells, was generated by Dr Denis Alda@n, 2015) This was accomplished by
performing AT13148doseescalation on A2780 cells. Briefly, A2780 cells were grown
under standard growth conditions in their half maximal growth inhibitory concentration
(Gko) of ATL3148. Upon reaching ~70% confluency, A2780 cells were passaged and the
concentration of AT13148 increased hy AT13148 Gdvalue in A2780 cellsThis
process was repeated over a period efm@nths, from which the A278048R cell line

was generated. A2TB148R cells were routinely stdultured in 5.2 uM AT13148 (x 13

the Gkoof A2780 cells), as described in sectibd.1

Isogenic sulkzlones (148R clones) were derived from A2188R cells by limiting
dilution. A2780148R cefl were seeded at 0.5 cells per well in av@él plate in 200 pl
complete DMEM and grown under standard growth conditions. After plating, wells were
inspected every day under light microscopy to check for visible colonies of cells; single
colonies were vible 515 days after plating. When colonies became visible to the naked
eye, cell culture medium was carefully aspirated and colonies were incubated with 40 pl
trypsinEDTA at 37°C until cells had detached, then resuspended in 200 ul complete
DMEM and grow under standard growth conditions. This was to evenly to distribute
cells across each well, to facilitate further growth in a@8l plate. Upon reaching ~70

90% confluency, cells were again trypsinised, as previously described -susbended
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in compkte DMEM to a final volume of 200 ul.-Bespended cells were then transferred

to a 24well plate and additional complete DMEM added for a total volume of 500 pl per
well. Upon reaching ~790% confluency, cells were rinsed with 400 ul PBS, prior to
being incubated in 200 ul trypsHEDTA at 37°C until cells had detached, then re
suspended in 800 pl complete DMEM -&ispended cells were then transferred to-a 6
well dish and additional complete DMEM added for total volume of 2ml per well. This
process was Igeated to expand cells from awv@ell plate to a T25 flask, using 2 x the
volumes described for trypsinising cells in-\Rdll plates. 148R clones were
subsequently routinely subultured in T25 flasks, as described in sectib®l, in
complete DMEM containing 5.2 uM AT13148.

A2780148R cells and 148R clones were removed from AT13148 one week prior to
plating for an assay into drdgee complete DMEM, unless otherwise stated.
Furthermore, when A278Q48R cells and 148R clones wetthawed from
cryopreservation (as described in sectih.]), cells were initially subultured in drug

free complete DMEM for-3 passages, prior to being routinely sabltured in complete

DMEM containing 5.2 uM AT13148.
2.3. Cdl line growth characterisation

Cells were plated in seven 9¢ll plates in 200 pl of complete DMEM at multiple
densities, as indicated in the text, and allowed to grow under standard growth
conditions.Over the course of a week, one plate was fixed gy by the addition of 70

ul 10% (wi/v) trichloroacetic acid (TCA), prior to being stained and analysed as described
for the sulforhodamine B (SRB) cell viability assay (see sezdpnCell line growth
characterisation assaysgere used to identify optimal seeding densities for subsequent

SRB cell viability assays.
2.4. Sulforhodamine B cell viability assay

The sulforhodamine B (SRB) dye binds to basic to amino acids residues, so therefore can
provide an estimation of cellular demgiandbe used to measureell viability(Skehan
et al, 1990) Cel§ were plated in a 96vell plate,in 160 pl complete DMEMat the

seeding densities indicated in the tex@nd allowed to grow under standard growth
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conditions for 48 hoursCells were not plated in the outevells of 96well plates; 200

ul per well of PBS was added insteRdr screening response to compounds, drugs were
serially diluted and added to cells in 40 @il complete DMEM per well, at the
concentrations indicateth the text For untreated and DMS&ehicle control wells, 40

pl per well of complete DMEM alone, or complete DMEM containing DMSO at the
maximum concentration wexl for compound serial dilution, was respectively added.
Cells were then grown under standard growth conditions foh®@rs, pror to being
fixedwith 70 plper well 0f10% (/v) TCA for 30 minutes and then washed three times

in water. After fixation, cells were then stained with 70 pl per well of 0.4% (w/v) SRB
solubilised in 1% (v/v) acetic acid (ThermoFisher Scientific, US®) fitinutes and then
washed three times in 1% (v/v) acetic acid to remove any excess SRB. Plates were
subsequently dried in a 37°C oven for at least three hours, followed by additit®0

ul per well of 10 mM Tribase (ThermoFisher Scientific, USA) #rmeh placed on a
microplate shaker for 10 minutes to solubilise protéiound SRB. Absorbances were
read at a wavelength of 490 nm using a Victor X4 rhaiitel plate reader (PerkinElmer
Life Sciences, USA). Raw absorbances were blank adjusted by softthetimean
absorbance of the outer wells (in which no cells were plated) containing 100 {nlabes
These values were percentage normalised to the mean absorbance of the untreated
control wells and Ggvalues determined using nelimear regression oni@phPad Prism

6 (GraphPad Software Inc, USA).

An adapted SRB cell viability assay was performed-inedplates when analysing the
response of cells to targeted knockdown of gene expression by small interfering RNAs
(siRNAs; see secti¢h6). When performing these assays, cells were fixed, stained and
solubilized as described, but the volumes were adjusted as follows: 500 ul 10% (w/v)
TCA, 500 pl 0.4% (w/v) SRB solubilised in 1% (v/v) acetic acid, and 250MI Tids

base. Ra absorbance values were read, and data analysed, as described ferall96

plate.
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2.5. Cell lysis and western blotting

2.5.1. Cell lysis

Lysisbuffer (Table2.2) was prepared in advance and stored in aliquotssarcC.

Table 2.2: Components of lysis buffellysis buffer components, concentrations used in lysis buffer, and
manufacturer are given. HEPEBS2-hydroxyethyl)1-piperazineethanesulfonic aci®TT: Dithiothreitol.

Component Concentration Manufacturer

HEPES pH 7.4 50 mM SigmaAldrich, Germany
NaCl 250 mM SigmaAldrich, Germany
Nonidet-P40 substitute 0.1% (v/v) Roche, Switzerland
DTT 1mM Melford labs, UK

EDTA 1 mM Fishe6cientific UK

NaF 1mM SigmaAldrich,Germany
I -Glycerophosphate 10 mM SigmaAldrich, Germany
Sodium orthovanadate 0.1 mM SigmaAldrich, Germany

Completet protease

inhibitor cocktail 1 tabletper 50 ml Roche, Switzerland

Cells were plated in 10 cm dishes, 7 cm dishewelb plates or 24vell plates in
complete DMEM (seeding densities indicated in the text) and allowed to grow for up to
72 hours under standard growth conditions. If drug treatment was required, cell culture
medium was removed after 48 hours and replenished with fresh complete DMEM
containing drug (concentrations indicated in the text), and cells allowed to grow under
standard growth conditions for an additional 4 hours, unless otherwise stated. To lyse
cells, cell culture medium was removed and cells washed twice witoicePBS, nor

to the addition of icecold lysis buffer (componentghown inTable2.2). The volume of
ice-cold lysis buffer added depended on the tissue culture plasticware used: for 10 cm
dishes 100 pl was added; for 7 cnsties 50 pl was added; forvéell plates 20 ul was
added; and for 24wvell plates 10 ul was added. After iceld lysis buffer was added,
cells were immediately manually scraped into lysis buffer, then transferred tolphed
microcentrifuge tubes and gubated on ice for 30 mins for cell lysis to occur. Lysates
were then centrifuged at 14,000 x g for 10 mins at 4°C, to clear any insoluble material,
and cleared lysate transferred to a clean microcentrifuge twd@chwas either kept on

ice for immediateuse or snagrozen on dry ice and stored é&0°C for future use.
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2.5.2. Determination of protein concentration

To determine the total protein concentration of cell lysates, a BCA (Bicinchoninic acid)
Faak e ¢l & LISNF2NYSR dza Ay @hetmoRishes S¢irtific, UK;/ | L
Smithet al, 1985) Cleared lysates @m section2.5.1) were diluted 10 to 289old in

ddH0 (double distilled water) and 10 pl added in triplicate to av@8l plate. On each

plate, 10 ul of bovine serum albumin (BSA) protein standards (diluteq D.d mg/ml)

and ddHO blanks were also added in triplicate. A copper (Il) sulfate solution was then
diluted 1:50 in BCA and 2Q0@ added toeach well. Plates were then placed on a
microplate shaker for 30 seconds, prior to being incubated at 37 °C for 30 minutes. After
incubation, absorbances were measured at a wavelength of 560 nm udfingax X4
multi-label plate reader (PerkinElmer Life Sciences, USA). Raw absorbances were blank
subtracted using the mean absorbance of d@Hblanks, and total protein concentration

determined by generating a standard curve from BSA protein standards.

If the total protein concentration of cell lysate was predicted to be low (< 0.1 mg/ml in
diluted cell lysate), a modified BCA assay was performed, in which BSA standesd
diluted 5¢ 500 pg/ml and 96éwell plates were incubated in a 60 °C oven for 30 minutes.

All data analysis was performed using Microsoft Excel 2016 (Microsoft, USA).
2.5.3. SDSPAGE and western blotting

Protein expression and protein phosphorylation at specific sites wasctgteusing
sodium dodecyl sulpdte-polyacrylamide gel electrophoresis (SBSGEJollowed by
western blot analysiéTowbinet al., 1979; Burnette, 181). Cell lysates were thawed on

ice and then normalised to the same protein concentration in lysis buffer and 5x sample
buffero n®oa ¢NRA LI cdy> pr: 0Ok@6 At 2OSNRf
mercaptoethanol, 10% [w/v] SDS [ThermoFisherer8ific, UK] and 0.05% [v/v]
bromophenol blue).Subsequently, to denature and reduce proteins, samples were

heated at 95 °C for 5 minutes in a heat block and then briefly centrifuged.

After sample preparatiorproteins were separated by molecular weiglsing SDPAGE
under denaturing onditions(Laemmli, 1970)Equal amounts of protein (380 ug) were
loaded into the wells of an 8%, 10% or 12%-@lysine gel (resolving gel), depending on

the molecular weight of target proteins, containing a 4% stacking gel (components of
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resolving and stacking gels are shownTable2.3). In addition, 7 pl of duatoloured
pre-stained protein standards (Biead, USA) were also loaded to monitor protein
resolution across Trglycine gels. Gel electrbpresis was undertaken using a Hoefer
SE250 electrophoresis unit (Hoefer, USA) with aglysne running buffer (25 mM Tris
base, 192 mM glycine, 0.1% [w/v] SDS) under a constant voltage of 150V. Gel
electrophoresis was performed until the dye front wagproximately 1 cm from the

bottom edge of the Triglycine gel.

Table 2.3: Summary of the components of THglycine gels.Table lists the concentrations and
manufacturerof the components used to make Tg#/cine gels. TEMEDetramethylethylenediamine,
APS: Ammonium persulfate.

Acrylamide/Bis(29:1) 8-12% (v/v) 4% BioRad USA
TrisHCI pH3.8 0.375 M N/A SigmaAldrich, Gemany
TrisHCI pH5.8 N/A 0.125 M SigmaAldrich, Gemany
SDS 0.1% (v/v) 0.1% (v/v) SigmaAldrich, Gemany
TEMED 0.05% (v/iv)  0.1% (v/v) SigmaAldrich, Gemany
APS 0.05% (w/v)  0.05% (w/v) BioRad USA

After protein electrophoresis, separated proteins wemartsferred to a methanel
activated 0.2 pm pore ImmobileR polyvinylidene fluoride (PVDF) membrane
(Millipore, USA), using a wet transfer system. Proteins were transferred for 75 minutes
in pre-chilled transfer buffer (25 mM THsase, 192 mM glycine, 10p&#v] methanol
[ThermoFisher Scientific, USA]) under a constant voltage of 100V. After transfer,
membranes were r@activated in methanol anbriefly incubated in a ponceau S solution
(0.1%w/v] ponceau S in 5%/v] acetic acid), to check for efficientnsfer of proteins

and to aid in cutting PVDF membranes according to the molecular weight of target
proteins. Membranes were then blocked for one hour in Tbidfered-saline Tween
buffer (TBST; 50 mM Tris pi.0, 150 mM NaCl, 0.1% [v/v] Twee@) contairng 5%

(w/v) milk (Marvel, UK), on an orbital shaker. TB$Sontaining 5% milk is henceforth
referred to as blocking buffer and all subsequent antibody incubations and wash steps

were performed using an orbital shaker.
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Table2.4: List of antibodies used for western blot analysiSST: cell signalling technology

ey i o s il

AKT CST, USA 4691 Rabbit 1:5000
AKT pS473 CST, USA 4060 Rabbit 1:5000
DUSP 4 Santa @iz, USA s¢17821 Mouse 1:200
DUSP 5 Santa Cruz, USA s¢393801  Mouse 1:100
DUSP 6 Santa Cruz, USA s¢377070 Mouse 1:500
Elk1 Santa Cruz, USA sG365876 Mouse 1:1000
Elkl pS383 Santa Cruz, USA sG-8406 Mouse 1:200
ERK 1/2 pThr202/Tyr204 CST, USA 4370 Rabbit 1:4000
ERK1/2 CST, USA 4696 Mouse 1:8000
FGFR2 CST, USA 11835 Rabbit 1:1000
GAPDH Chemicon, USA MAB374  Mouse 1:200000
D{ Yol CST, USA 9315 Rabbit 1:2000
D{ Yo LX & CST, USA 5558 Rabbit 1:2000
IGFMw | CST, USA 3027 Rabbit 1:1000
MEK 1/2 CST, BA 9122 Rabbit 1:2000
MEK 1/2 pS217/221 CST, USA 9154 Rabbit 1:4000
MYPT1 CST, USA 8574 Rabbit 1:2000
MYPT1 pT696 CST, USA 5163 Rabbit 1:500
PRAS40 CST, USA 2691 Rabbit 1:10000
PRAS40 pT246 CST, USA 2640 Rabbit 1:2000
ROCK 1 CST, USA 4035 Rabbit 1:1000
ROCK 2 CST, USA 9029 Rabbit 1:1000
S6RP CST, USA 2217 Rabbit 1:10000
S6RP pS235/236 CST, USA 2211 Rabbit 1:8000
¢ dzodzt Ay h wm. BioRad, USA VPA00172 Rabbit 1:1000
i -Actin Santa CruzUSA sc47778  Mouse 1:4000

Anti-mouse HRP Bio-Rad, USA 1706516 @ Goat 1:10000
conjugate
Anti-Rabbit HRP Bio-Rad, USA 1706515 Goat 1:10000
conjugate

After bloking, membranes were incubated overnight at 4°C in blocking buffer
containing diluted primarantibody Table2.4). The next day, membranes were washed

twice for 10 minutes in TBE, prior to incubation for one howat room temperature (RT)

with goat antirabbit or goat antmouse horseradish peroxidase (HRBpjugated
secondary antibody in blocking buffer (BRad, USATable2.4). Membranes were then

I YR LIS NJF 2 N

western enhanced chemiluminescence (ECL) substrateR@ip USA), according to

- -4

washed four times forive minutes in TB8&

64



2. Materials and Methods

YIydzFl OGdzNENDR&a AyailuNdzOGAaAzyad . FyRaA ¢6SNB
healthcare, UK) and processedAug 3 |y hLIWGAYFEn wnanmn FAC

Germany).

2.5.4. Membrane stripping

Antibodies for phosphorylated proteins were stripped from membranes by incubation
with stripping buffer (50 mM glycine, 1% [w/v] SDS, pH 2.0) for five minutes and then
twice washedvith TBST for five minutes. Membranes were theniéocked in blocking
buffer for 30 minutes and incubated with primary antibody for total protein overnight,
as previously described (secti@5.3. If required, this process warepeated to re

probe membranes with primary antibodies for loading contrdlal{le2.4).

2.6. Knockdown of gene expression with small interfering RNA

Small interfering RNAs (siRNAs) were used for the transient knackdbtarget gene
expression in cells, using reverse transfection with Lipofectamine 2000 (ThermoFisher
Scientific, USA), a liplshsed transfection reagent. Lipofectamine 2000 and siRNA
oligonucleotides were used at the concentrations indicated in the. tden-targeting
control and death control siRNA oligonucleotides were used to establish transfection
efficiency and toxicity. The sequences of siRNA oligonucleotides and manufacturers are

shownin Table2.5.

Lipofectamine 2000 and siRNA oligonucleotides were appropriately diluted and mixed
together in Optia 9 an NBRdAzOSR & SNMHzY YSRAdzY 0¢ KSN)Y?2
incubated for 15 minutes at RT to complex. In the meantime, cells were trypsinised,
counted (as pesection2.2.1), and appropriately diluted in complete DMEM, depending

on the seeding density required.

For 96well SRB assays, 50 ul of lipid/oligonucleotide complex was added per well
followed by 110 pl of cells in comple@eMEM per well (at the seeding densities
indicated in the text) and allowed to grow for 24 hours under standard growth
conditions, prior to treatment with inhibitors in 40 pl of complete DMEM (at the
concentrations indicated in the text). After treatmewglls were grown for an additional

72 hours under standard growth conditions, and cell viability analysed by SRB assay (as

per section2.4).
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Table2.5: List of siRNA oligonucleotideused

D-00396401 DUSP6 GAACUGUGGUGUCUUGG Dharmacon, USA
D-00396403 DUSP6 UGGGUUACCUUAUGCAG, Dharmacon, USA
D-00396404 DUSP6 GACUGUGGCUUACCUUAL Dharmacon, USA
D-00396405 DUSP6 GCGACUGGAAUEMAUAC Dharmacon, USA

pool of individual DUSP6

SMARTpool DUSP6 Dharmacon, USA

SsiRNAs
AllStars negative Non Sequence validated by QIAGEN,
control targeting QIAGEN Germany
AllStars Hs cell deatl Death Sequence validated by QIAGEN,
control control QIAGEN Germany

To assess knockdown of target gene expression by siRNA, western blot analysis was
performed, in parallel with SRB cell viability assays. Lipid/oligonucleotide complexes and
cells were prepared as described, and after complexing, 500 pl of ligidraucleotide
complex was added per well of axll plate, followed by the addition of 1.1 ml of cells,

at the seeding densities indicated in the text. Cells were then allowed to grow under
standard growth conditions for 2@6 hours, depending on the niiepoint being

analysed, prior to cell lysis and western blot analysis (see sezfipn

A modified 2day SRB cell viability was also performed in av2# plate, in which
western blot analysis was performed in parallel insaparate 24well plate.
Lipid/oligonucleotide complexes and cells were prepared as described, and after
complexing, 125 pl of lipid/oligonucleotide complex was added to each well oixeR4
plate, prior to the addition of cells at 275 ul per well, at geeding densities indicated

in the text. Cells were then incubated for 4 hours under standard growth conditions,
then treated with inhibitors in 100 pl of complete DMEM, at the concentrations
indicated in the text, followed by an additional incubation && hours under standard
growth conditions. Cell viability was subsequently analysed using an SRB assay (see
section 2.4). For western blot analysis, after the addition of lipid/oligonucleotide
complex and cells, cells were ifm@ied for 452 hours, depending on the timepoint

being analysed, prior to cell lysis and western blot analysis (see s@chon
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2.7. Plasmid DNA preparation

2.7.1. Plasmid recovery

The lentiviral plasmid pLeARBDUSP&>Myc-DDK, was &ind gift from DrOsamu Tetsu
(University of California, San Francisco, USA; orginal publid@lonchareonet al.,
2015) which was provided spotted on a piece of filter paper. Spotted plasmid DNA was
cut out of the filter paper and placed in a microcentrifuge tube with 200 uHHDITA
buffer (TE; 10 mM Tris pH 8.0, 1 mM EDTA), briefly vortexed, and allowexibate at

RT for 10 minutesSubsequently, 1 pl of recovered plasmid DNA was used to transform
competentE.coli(see sectior.7.2). The lentiviral plasmids pCMIR8.91 and pMD2.G
were both kind gifts from Dr Tim Fent@bniversity of Kent, UK) and were provided as
glycerol stocks of transformel.coli These were streaked on lysogeny broth (LB) agar
plates (1% [w/v] bactaryptone, 0.05% [w/v] yeast extract, 0.05% [w/v] NaCl and 1.5%
[w/v] agar) containing 125 pug/ml ampidailliand incubated overnight at 37°C. Colonies

were subsequently picked for overnight growth in LB (see segtion).

2.7.2. Transformation of plasmid DNA

tfFraYAR 5b! gl & FYLEAFTASR o0& GKS Hiill yaT2
cells (a kind gift from Dr Mark Shepherd, University of Kent). 1 pl of recovered plasmid
DNA was added to a 50 pl aliquot of freshly thawed competent cells and allowed to
incubate on ice for 30 minutes. To heat shock competent cells the BEAli mixture

was heated in a 42°C watbath for one minute, prior to being cooled on ice for two
minutes followed by addition of 950 pl of lysogeny broth (LB; 1% [w/v] bdgtetone,

0.05% [w/v] yeast extract, 0.05% [w/v] NaCl) and incubation in a 37°C-batteat 180

rpm for 45 minutes. Transformel.coliwas then spread on LB agar plates (1% [w/V]
bactotryptone, 0.05% [w/v] yeast extract, 0.05% [w/v] NaCl and 1.5% [w/v] agar),
containing 125 pg/ml of ampicillin or 34 pug/ml of chloramphenicol, depending on the
on the antibiotic resistance gene present on plasmids, and incubated overnightin a 37°C
incubator. Subsequently, colonies were picked and used to inoculate 10 ml or 30 ml of
LB, containing 125 pg/ml of ampicillin or 34 pg/ml of chloramphenicol, and atedtat

37°C overnight in a watdyath at 180 rpm. After overnight culture, glycerol stocks were
prepared by mixing 500 pl of transforméd coli (from overnight culture) with 500 pl

50% (v/vglycerol in a cryovial, which was then stored&Q2°C for futwe use.
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2.7.3. Extraction of plasmid DNA

For smaliscale purification of plasmid DNA, 1.5 ml of overnight culture from
transformed E. coli was used (see sectio@.7.2. E. coli cells were pelleted by
centrifugation at 16,000 x g fol03seconds followed by extraction of plasmid DNA from

the cell pellet using a Monarch plasmid miniprep kit, according to manufactures
instructions (New England Biolabs, USA). Plasmid DNA was eluted in a final volume of 40
pl TE buffer. For midcale purifiation of plasmid DNA, 30ml of overnight culture from
transformed E. coli was used (see sectioR.7.2). E.coli cells were pelleted by
centrifugation at 4000 x g for 15 minutes followed by extraction of plasmid DNA from
thecell f €t SG dzaAy3 | vL!ID9b LI IFAYAR LX) dza YA
instructions (QIAGEN, Germangfasmid DNA was eluted in a final volume of 200 pl TE
buffer. Plasmid DNA concentration was determined using a Nanodrepd@D UV/Vis

spectrophotoneter (Nanodrop, USA).

2.8. Generation of DUSP6 expressing lentivirus

2.8.1. Cotransfection of lentiviral plasmids into HEK293T cells

HEK293T cells were platedcomplete DMEMat a density of 3.5 x f@ells per 10 cm
dishand allowed to adhere and grow overnigimider standard growth conditiongfter
overnight growth cells were between 580% confluent and ready for transfection using
Lipofectamine 2000A50ul Opti-a 9 a ®olution was prepared containing the following
amount of lentiviral plasmids: 2g pLentDUSB-GMyc-DDK, 1.jug pPCMVJR8.91 and

1.5 ug pMD2.G This was mixed 1:1 with a 48% (v/v) Lipofectamine 2000 solution (in
Opti-a 9 a nandincubated at room temperature for 280 minutes to allow plasmid
DNA and.ipofectamine2000to complex.Cell culture medim wasthen removed from
HEK293T cells, replaced with 8@ptia 9 a xand 100ul of complexed plasmid
DNAlipid added dropwise.Dishes were thengently agitated to ensure equal
distribution of the complexed plasmid DNA/ldpprior to beingincubatedfor 5 haurs
under standard growth conditionso allow transfection to proceedfter transfection,
Opti-a 9 a wvas aspirated and replaced with complete DMEM and cells grown for a
further 48 hours under standard growth conditionSell culture medium containing

lentivirus (viral supernatantjvasthen removed fromHEK293Tells, transferred to a
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50ml falcon and centrifuged at 3000gfor 1 min to pellet any cells/cell debri/iral
supernatant was subsequently removed from any cells/cell debris that had pelleted and
passed through a 0.44M filter using a syringehen aliquoted and frozen aB0°C, or if
supernatant was to be purified, stored overnight at 4°C prior to purification the

following day.
2.8.2. Polyethylene glycol purification of lentivirus

For purification oflentivirus, polyethylene glycol (PEG) purification was performed,
using a protocol adapted from Kutner and colleag(kestneret al., 2009) In order to

purify lentivirus, the following solution was prepared: 40.8ml crude viral supernatant,
13.9ml 36.5% (w/v) PEG @D 4.3ml 4M NaCl and 1ml of PBS, which resulted in final
concentration of 8.5% PEG 6000 and 0.3M NacCl in a total volume of 60ml. The solution
was incubated at 4°C for 1.5 hours, being mixed by gentle inversion ev8@/@thutes.

After incubation, the slution was aliquoted into twdb0 ml tubesand centrifuged at
7000 x g for 10 minutesat 4°C, to pellet precipitated lentivirusSupernatant was
subsequently removed antthe pellet, containing purified lentiviruge-suspendedn a

total volume 0f480 pl of 50 mM TrisHCIpH 7.4 Purified lentiviral vector was then

vortexed for 2030 seconds, snaffozen on dryice and stored at80°C for future use.

2.9. Generation of transient overexpressing cell lines using lentiviral

transduction

Cells were plated in a@ell plate at 5 x 19cells per well and allowed to grow overnight
under standard growth conditions. The next day, cells wer8@% confluent and ready

for lentiviral transduction. Lentivirus was diluted, as shown in the text, in complete
DMEM supplementeavith 5-10 pg/ml of hexadimethrine bromide (polybrene; Merck,
USA). Cell culture medium was then removed fremedl plates and replaced with 1 mi

per well of diluted lentivirus, or complete DMEM supplemented withOug/ml of
polybrene to use as a controPlates were then gently agitated, to ensure an even
distribution of lentiviral particles, and grown under standard growth conditions for 24
hours. Cell culture medium was then aspirated off and cells washed in PBS, prior to being

trypsinised and resuspended in complete DMEM. Cells were then either plated-n 6
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well plates, for western blot time point analysis (see secfids), or in 96cell plates for

SRB cell viability assays (see se@idh atthe densities indicated in the text.
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Chapter3

Investigating AT13148 resistance
iIn A2780148R

71



3. Investigating AT13148 resistance in A27BBR

3. Investigating AT13148 resistance in A27808R

3.1. Introduction

In 2012, a project was initiated to identify potential mechanisms of aedguesistance

to AKT inhibitorsincluding AT13148. This project was conducted at both the ICR and
University of Kent, the results of which are currentlypublished or published as part

of a doctoral thesigAkan, 2015) In this project, resistance was generated aghi
AT13148 in the human ovarian carcinoma cell line A2A2080 was selected as this
cell line harbours loss of functiofPTENnutation (383391 deletion), decreasing PTEN
lipid phosphatase activity, and a gain of functPiK3CAnutation (E365K substition),
increasing p110PI3K activitySaitoet al., 2000; Weeet al., 2008; Hanrahast al., 2012;
cancer.sanger.ac.uk COSMIC: the cataologue of samatic mutations in cancer)
Together, these mutations caudeyperactive PAM pathway signalling in A2780, a

potential clnical indication for use of AT1314&=ctionl.5).

Resistance to AT13148 was generated by eesmlation, a process whereby the
concentration of AT13148 that A2780 cells were exposed to was incrementally
increagd over a émonth period. At the end of this process, an A2780 derived AT13148
resistant cell line was generated, A27888R, which was routinely stdultured in 5.2

MM AT1314813x the Gbof parental A2780 cells against AT13148 (0.4Q Tdble3.1).
A2780148R was subsequently used as model to investigate mechanisms of acquired

resistance to AT13148.

As part of the project extensive cresssistance profiling was conducted on A2780
148R, the results of which asuummarised inTable3.1. One of the most interesting
findings of crossesistance profiling was that A278@8R cells were sensitive to
linsitinib and NVFAEW541, both inhibitors of IGIR. In addition, IGER wasdund to

be overexpressed via microarray analysis, which was later validated at the protein level
using western blotting. The owexpression of IGER was subsequently investigated as

a mechanism of resistance to AT13148.

To this end, A2780 cell line des stably expressing I&GR were generated to assess if

over-expression of IGER alone could confer resistance to AT13148. However, the level
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of IGF1R overexpression was not found to correlate with resistance to AT13141&
suggesting that the oveexpression of IGER alone was not sufficient to confer the
AT13148&esistant phenotype. In addition, the inverse experiment was performed,
whereby IGFLR was knockedown in A2786148R cells using”RNA Whilst knockdown

of IGF1R did not sensitize A278@18R cells to AT13148, it did significantly reduce
viability in untreated A278048R cells, but not A2780 cells, pherapying the effect of
IGF1R inhibition. Together, these data suggested that the @mgaression IGER alone
does not confer resistanceTA3148, but that A278048R cells have an increased
dependency on IGER for their growth and survival. Therefore, {G¥ inhibition may
still be a valid therapeutic strategy in AT13148 resistant tumours essgressing IGF
1R.

The overexpression of IGER was the onlgandidatemechanism of resistance that was
identified and investigated in A278018R. However, crossesistance profiling did
reveal other notable changes, which could be implicated in resistance. PeHeap®st
striking was that A278Q48R cells were found tde crossresistant to two ROCK
inhibitors. Y-27632 and GSK429286MRaple3.1). This was of particular interest since
ROCK1 and 2 are potently inhibited by AT13148 and clinically relevantsta@jess
resistance profiling also demonstrated that A27B@BR cells were sensitive to
AZDA4547, an FGFR inhibitdable3.1). This was in parallel with upregulation in the gene
expression of fibroblast growth fear receptor 1 & 2 (FGFR1 and FGFR2) in A248R,
which was identified by microarray analyé#kan, 2015)

However, whilst the crosgesistanceorofiling previously performed had been extensive,

some important targets had been overlooketaple3.1). One such target wabe Src

family of kinases (SBK a family of nomeceptor tyrosine kinases renowned for being
pleiotropic, interacting with several different pathwayBromannet al, 2004) In
particular, SF&are known to interact with a nulber of receptor tyrosine kinases (RTKs),

for example { NOX (GKS F2dzyRAy3a YSYOSNI 2F {CYQax
autophosphorylation sites on IGR, inducing its activatiofPetersonet al., 1996;
Bromannet al., 2004) In addition, Src has also been shawnmegulate ROCK signalling

via its activating tyrosine phosphorylation of p190RhoGGRP: GTPase activating
protein), which potentiates hydrolysis of GTP to GDP, inactivating Rho and therefore its
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downstream effectors ROCK1 &Rnchamet al, 1999) Since A278048R has been

shown to have increased sensitivity to ¥BR inhibition, as wleas increased IGER
expression, and crod8 5 & A &G+ yOS (2 wh/ Y AYKAOAGAZ2Y X

crossresistance profiling.

In summary, the previous work conducted on acquired resistance to AT13148 in-A2780
148R has helped gain clinicallylenant insight into AT13148 resistance, howewer
bona fide mechanism of resistance has not been identified. Therefore, the aim of this
chapter was to further investigate mechanisms of acquired resistance to AT13148 using
A2780148R as a model. Initiallyp ensure A27848R was behaving as previously
described, key findings, such as 1GF overexpression and sensitivity to 1&R
inhibition, were validated. In addition, crosssistance to ROCK inhibition and sensitivity

to FGFR inhibition were investiigd, and crossesistance profiling extended to include
SFKinhibitors. Furthermore, the potential contributiorof the MAPK pathway to

AT13148 resistance was also investigated.
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Table3.1: Summaryof previous crossesistance profiling conducted on A27848R.Table summarises
Ghkoand resistance factor (RF; A27808R Gb/A2780 GJo) data from crossesistance profiling. Data

points are the mean = SD of all experiments conducted. @essstanced w C X

NER FTYR aSyaixtaArgarae
nonpsI fF P LI KD GYDOmE vo
(Akan, 2015and unpublishediata.

OowC X nodpno
AYRSLISYRSy

Hdnnedingl a KA
Ay INBBYOLI{ K GAa
SELSNAYSyidad 51 0

A2780 A2780148R

Drug Target Gko Gko RF

5 FdU (nM) Pyrimidine analogue 51.10+17.00/ 36.10+£3.90 | 0.71
AT13148 (UM) AGC kinases 0.40 £ 0.17 3.71+0.68* @ 9.25
AUY922 (nM) HSP90 5.50 +1.00 4.7 +0.40 0.85

' %25 HnmMmn mTORC1/2 0.03 +0.03 0.05 + 0.04* 1.67
AZDA4547 (UM) FGFR-B 0.09 +0.05 0.02 +0.01* 0.22
Capiverasertib(uM) AKT 0.72+£0.21 0.77 £0.19 1.07
BLD1870 (uM) pO9ORSK 2.02 +0.19 1.20 £0.07*  0.59
Bleomycin (IU mil) DNA 0.10 £0.04 0.05+ 0.02 0.50
I A&LX | 4A DNA 1.09£0.42 1.19+0.32 1.09
Crizotinib (uUM) ALK/MET/ROS1 0.24 +0.02 0.19 + 0.02* 0.79
Doxorubicin (nM) DNA 8.66 + 2.86 8.14 +3.94 0.94
Everolimus (nM) mTORC1 1.43+£0.49 3.23 £ 0.99* 2.26
GDG0879 (uM) B-RAF 719 +3.53 5.49 +2.93 0.76
GDGn pnm O PI3K 0.10 £ 0.03 0.10+0.03 1.00
GSK2334470 (uM) PDK1 1.01 £0.08 0.98 +0.38 0.97
GSK429286A (uM) ROCK 3.98+1.10  40.30£5.70*** 10.13
H1152 (uM) ROCK 0.78 £ 0.15 1.24 +0.45 1.59
INCB018424 (uM) JAK1/2 1510+1.20 1440+1.40 0.95
Lapatinib (uM) EGFR/HER2 4.71+£0.48 6.04 + 0.16* 1.28

[ AYaAlAy. InsR/IGALR 591+261 0.75+0.57* 0.13
Mitomycin C (nM) DNA 13.4+6.0 9.8+5.6 0.73
MK2206 (uM) AKT 0.30 £ 0.25 0.29+0.21 0.97
Nintedanib6 > a 0 VEGFR/FGFR/PDGI 0.40+0.11 0.47 £0.15 1.18
NVRAEWS541 (uM) IGF1R 3.05+0.35 | 0.18 £0.03** | 0.06
Paclitaxel (nM) Tubulin 1.19+0.50 1.95+0.82 1.63
PD0325901 (uM) MEK 0.069 +0.030 0.098 £0.049 1.42
PF4708671 (uM) p70S6K 8.30 +1.96 16.70 £3.20* | 2.01
PbMno 6 >& PIBK/mMTOR/DNRK  0.11+0.04 0.12 +0.03 1.09
ttHNH 0> mTORC1/2 0.12 +0.02 0.12 +0.03 1.00
SB203580 (UM) p38 MAPK 32.3+4.6 37.1+46 1.15
SN38 (nM) Topoisomerase | 2.30+£0.01 1.88+0.13* | 0.82
Y-27632 (M) ROCK 19.00 £ 3.00 | 58.70 + 4.50*** 3.09
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3.2. Results

3.2.1. Growth characterisation of A2780 and A2748@8R cells

Before SRB cell viability assaysild be performedthe optimal seeding densés for
A2780 and A278Q48Rcells in a 9évell plate were established his was to ensure that

both cell lines were in log phase growth and had similar growth kinetics during the 96
hour drug treatment window of a standarddiay SRB cell viability. Therefore, one could
be confident that result®btained from SRB cell viabilipssaysvere due to genuine
differences in how the cells responded to a drug, rather than an artefact caused by a

difference in growth kinetics.

Cells were plated at various densities inV@éll plates, and one plate fixed per day, and
analysed via SRBsay.Figure3.1shows that the optimal seeding density for A2780 and
A2780148R was 800 and 1600 cells per well respectively. At these densities, cells were
at log phase growth between 48 hours and 144 hours, théhn@& drug treatment
window in a standard 6lay SRB cell viability assay. In addition, when the optimal
seeding densities were superimposed on one another, it was shown that they had near
identical growth Figure3.1). The doubling times for A2780 and A27B48R, when
plated at their optimakeedingdensity, was also calculated using the following equation
(OD: optical density):

w@e 6zl 1T

0t 0 QOMIQ———
g“FIL(;CIJocp)TféOIlIIu’;CbacrLlL’QOIl

The doubling timesvere found to be very similar with A2780 having a doubling time of
23.6 hours and A278048R 26.5 hoursH{gure3.1). Taken together, optimal seeding
densities for A2780 and A278@I8R were establishethat enabled neaidentical

growth kinetics over the course of a standardi®y SRB cell viability assay.
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Figure3.1: Characterisation of A2780 and A278@8R cell line growth in a 9éell plate. Cells were
plated at the densities icated, with 6 replicates per density, in-9&ll plates. A plate was fixed every
24 hours and analysed via SRB assay. Growth curves were generated using GraphPad RA$ALG 86r
(B)A2780148R(C)overlay of selected optimal seeding densities £&2780 and A278048R. T=0h and
T=96h highlight the 980our time period in which cells would be treated with drug in a standadap SRB
cell viability assay. Data points represent the mean = SD of one representative expetibiehable
summarises the dabling times of A2780 and A278@8R in a 96vell plate at their optimal seeding
densities. Data points represent the mean + SD from n = 3 independent experiments
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3.2.2. Response of A2780 and A278d8R to AT13148 and DMSO

After their optimal seeding densitiesad been established, A2780 and A278MBR

could be further characterised by SRB cell viability assays. This was used to generate
doseresponse curves to drugs/tool compounds and identifyso Glalues, the
concentration of drug required to cause a 50% redutin cell viability in a standard 6

day SRB cell viability assaye Gdo values could then be used to calculate a resistance
factor (RF, equation shown belova) ratio of resistant cell line 6to parental cell line

Ghko, a measure of resistance/sdtigity. E.g. an RF value of 2 would indicatéold

resistance to a drug, whereas an RF value of 0.5 would indiefald 2ensitivity.

Mean Resistant Gls,
Mean Parental G5,

Resistance factor (RF) =

At first, it was crucial to validate the resistance of A2188R against AT1314Bigure
3.2A & Cshows that A27848R was resistant to AT13148; theo®r parental A2780
cellswas 0.27uM, whereas A278018R had a @of 1.36puM. This was shown to be
statistically significant and equated to an RF value of §Higure3.2A & §. This was
lower than what has been previously described for AT13148 (RF =TaRi®83.1), but
nonetheless validated the resistance of A27BIBR against AT13148 and ltse as a

model to identify acquired mechanisms of resistance to AT13148.

Since all the drugs used in chapter 3 were dissolved in DMSO, a polar aprotic solvent
which can be toxic to cellamalzadelet al., 2016) DMSO toxicity was assessed in a
standard 6day SB cell viability assayigure3.2B shows that A2780 and A278218R
responded in a similar manner to DMSO. From the desponse curves it was
determined that 0.2% was the maximum concentration of DMSO that coelldsed
without significantly effectingcell viability in this assay format. Therefore, where
possible, the highest concentration of DMSO to be used in SRB cell viability assays was
0.2%.
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Figure3.2: Doseresponse curves for AT13148 and DMSO, arg @&termination for AT13148, in A2780

and A2780148R cellsCells were plated in triplicate in a9¢ll plate and allowed to grow under standard

growth conditions for 48 hours. They were then treated with a serial dilution of AT13148 or DMSO for 96
hours, prior to being analysed by an SRB assay.-i2spense graphs were generated @) AT13148

and (B)DMSO using GraphPad Prism 6, curves were fitted usindimesr regression. Dotted line marks

the Gkoof AT13148 or effect of 0.2% DMSO. Data points represent the mean + SD from one representative
experiment.(C)Table summarises AT13148dahd RF, datpoints are the mean + SD of all experiments
O2yRdzOGSR® {dGFGAAGAOFT &A Iy Afesk OFLy O mwe HE(ATIBILE) dzf | { ¢
or 4 (DMSO) independent experiments.
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3.2.3. Light microscopy of A2780 and A27848R

Cancer cells exhiba wide variety of morphologies which are related to their tissue of
origin, adaptive changes during tumorigenesis, and can also be altered during therapy
resistance. Therefore, the morphology of A2780 and A2II8R was investigated

under light microscop, to see if any insight could be gained into their response to
AT13148 and possibly resistandegure 3.3 shows that A2780 cells had a similar
morphology to what has been previously descrilfeidslehurset al., 2012) they grew

a4 O2YLI @R (1CIQSOFfdAH G SNESX gAGK OSffa KI DAy
consisteh with an epithelial phenotype. A278D48R had a similar morphology,
displaying an epithelial phenotype, however they appeared slightly larger and grew in a
less compact manner; growing as large branches of Hcwenected cellsKigure3.3).

Both A2780 and A278any w RARY Q0 | LILIS4nhibitian2celldayfdvdNE 2 C
top of one another, particularly with A2780 celidure3.3)

Cells were also treated with 5\ #M of AT13148, the concentration that A2783@8R is

routinely cultured in (maintenance dose of AT13148) allowed to grow for 48 hours.

In response to AT13148, A2780 and A2¥BOyw 02 (0 K RS @SIEke LISR
Y2NLIK2f 238¢£3 gA0K OSf Rigare3®)Sdodvevdr itShodliRbg 3 |y
noted that the spindldike morphology was only seen in a subset of the total population

of cells. A2780 cells also appeared to be undergoing membrane blebbing, suggesting an
apoptotic response to AT13148, which was not apparent in AZIZ&R, both treated

and untreated, or untreated A2780 cellsidure3.3).
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A ____A2780 _A2780-148R.

Untreated

_AT13148

Untreated

AT13148

Figure 3.3: Images of untreated and AT13148 treated A2780 and A27BIBR cells under light

microscopy. Cells weresplitinto T25 flasks to allow-2 days growth, and either left untreated or treated
with 5.2uM AT13148. After 48 hours, when cells were ~70% confluerg,weike observed under a light
microscope at(A) x40 or (B) x100 magnificationand images takenlmages representative of two
independent experiments.
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3.2.4. Crossresistance profiling of A278048R

Crossresistance profiling was undertaken by performing SRBv@ility assays using
various drugs and tool compounds targeting several different signalling pathways.
Identifying a differential response (resistance or sensitivity) of AZIZER, when
compared to A2780, may provide insight into mechanisms of resistaagainst
AT13148.

3.2.4.1. AKT inhibition

AT13148 is known to target both AKT1 and AREpet al, 2012F &2 A G Q& LJ2 &
altered signalling within th® AMpathway could contribute towards resistance against
AT13148. Therefore A2780 and A278048R cells were profiled with thé TR
competitivepanrAKT inhibitor capiverasertib (AZD53&Rvieset al,, 2012) Figure3.4

shows A2780 had a £bf 0.18 pM, whereas A278D48R had Gd of 0.55 pM. This
difference was statistically significant, resulting in an RF value 6f Bi@icating low

level crosgesistance Figure 3.4). However, it should be noted that this was not
previously demonstrated (RF = 1.0able3.1).

1501
-~ A2780

-# A2780-148R
100+

504

Viability (% control)

0 - | i T il 1
0.001 0.01 0.1 1 10 100

Capiversertib (uM)

A2780 A2780148R
Drug Gko Gho RF
CapiverasertifpM) | 0.18 £0.02 0.55+0013* 3.06

Figure3.4: Doseresponse curves and &ldetermination for capiverasertib in A2780 and A278@28R
cells. Cells were plated in triplicate in a 9¢ll plate and allowed to grow under standagfowth
conditions for 48 hours. They were then treated with a serial dilution of capiverasertib oo @&, prior
to being analysed by SRB assay. Besponse graphs and ndimear regression cungawere generated
using GraphPad Prism 6. Dotted limarks50% viability on the-axis Data points represent the meain
SD from one representative experiment. Table summarissgsiverasertibGko and RF, data points
representthe mean + SD of all experiments conducted. Statistical significance was calcudatgdau
& (0 dzR Stesf) 0.a XKi. m=d8jindependent experimesit
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3.2.4.2. ROCK inhibition

Previous work had demonstrated that A27888R cells were crosssistant to ROCK
inhibition (Table3.1). In order to validate this, crosssistance to ROGKhibition was
investigated using two ROCK inhibitors: GSK429286A, which-A2880had previously
been shown to be cros®sistant to Table3.1), and GSK269962, a more potent ROCK
inhibitor (LotzJenneet al,, 2016) Figure3.5A & Cshows that there was a statistically
significant difference in theesponse to GSK429286A; A2780 hadsad51L.89 uM and
A2780148R had a Gdof 40.43 pM. This resulted in an RF value oB2lindicating a

high level of crossesistance to GSK429286Kigure 3.50), and ~2Zold increase
compared to what had been shown previously (RF = 10aBle3.1). However, the
crossresistance to GSK269962 was shown to be even greater; gaefGi2780 was

0.02 uM comparedo 1.72 pM in A278A.48R(Figure3.5B & C) This difference was also
statistically significant, resulting in an RF value of 86.00, demonstrating a strong level of
crossresistance to GSK2699@2igue 3.5C) Taken together, these data validate cross
resistance to ROCK inhibition, perhaps suggesting altered ROCK signalling in AT13148

resistance, which warrants further investigation.
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Figure3.5: Doseresponse curves and &ldeterminations for GSK429286A and GSK269962 in A2780
and A2780148Rcells.Cells were plated in triplicate in a-@¢ll plate and allowed to grow under standard
growth conditions for 48 hours. They were then treated with a serial dilution of GSK429286A or
GSK269962 for 9ours, prior to being analysed by SRB assay. Besmonse graphs and ndimear
regression curvewere generated fofA) GSK429286A ¢B) GSK269962 using GraphPad Prism 6. Dotted
lines mark 50% viability on the-gxis Data points represent the meat SD from one representative
experiment. (C) Table sutmarises Gko and RFvalues data pointsrepresentthe mean * SD of all
SELISNAYSyi(Ga O2yRdzOGSR® {GF GA&GA Ol festxRITRATHDPK OS
0.001.n =5 (GSK429286A) or 9 (GSK269962) independent experiments.
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3.2.4.3. IGF1R and FGFR inhibition

One of the most remarkable findings of the previous work conducted on A248R
was the overexpression of IG&R and sensitivity to IGER inhibition. In addition,
A2780148R was also found to show some sensitivity to FGFR inhibitiorapgasent
dependency on some R3Kvas investigated using NVAEW541 and AZD4547, BR
and FGFR inhibitors respectively.

Just as was observed previouglyvas found that A278048R was sensitive to both
NVRAEW541 and AZD454Figure3.6A-C). Figure3.6A, Cshows that A278048R was
~7-fold more sensitive to NVREW54han parental A2780 cellkRF = 0.14); A2780 had
a Gko of 1.56 uM compared to 0.2@M for A2780148R. However, A278M8R cells
were even more sensitive to AZD45A2780 had a GJof 0.52uM whereas the Gpfor
A2780148R was 0.0fM, which meant that A280-148R was ~1iold more sensitive
(RF = 0.06) to AZD45%dure3.6B). The sensitivity to both NVREW541 and AZD4547
was statistically significanE{gure3.6A, B). It should be noted that whilst sensitivity to
NVRAEWS54land AZD454Was consistent with previous resulfBable3.1), there were
some differences in RF values, particularly for AZD4547 (previous RinvEdine3.1:
0.22 vs 0.06 irigure3.6C)
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Drug Target Gko Gho RF
NVRAEWS541(uM) IGF1IR 1.56+0.22 0.22+0.04** | 0.14
AZD4547uM)  FGFR/2/3  0.52+0.11  0.03+0.01***  0.06

Figure3.6: Doseresponse curves and éldeterminations for NVPAEW541 and AZD4547 in A2780 and
A2780148R cellsCells were plated in triplicate in a 9l plate andallowed to grow under standard

growth conditions for 48 hours. They were then treated with a serial dilution of-ABAR541 and

AZDA4547 for 9®ours, prior to being analysed by SRB assay. Besgonse graphs and ndmear

regression curve fits were geneea for (A) NVRAEW541 ofB)AZD4547 using GraphPad Prism 6. Dotted

lines mark 50% viability on the-gxis Data points represent the meat SD from one representative
experiment. (C) Table summarising &land RF, data points are the mean + SD of alkeewgnts
O2yRdzOGSR® { G GAAGAOIT &A Iy AtEsk OLY S @ &K On ¢ AOdum ¢ (i
(NVRAEWS541) or 8 (AZD4547) independent experiments.

86



3. Investigating AT13148 resistance in A27BBR

3.2.4.4. SFK inhibitors

Together, the crossesistance profiling previously conductedraple 3.1), and
undertaken thus far in this chaptgFigure 3.4-Figure 3.6), had provided a broad
overview of the responsiveness of A2780 and A2¥88R cells to a broad range of drugs

and tool compounds. However, inhibitored not been used against 3Kka family of
non-receptor tyrosine kinases, which are pleiotropic and known to interact withlFSF

and the ROCK pathwdfPetersonet al, 1996; Finchanet al., 1999) As such, cross
NEaArAadlyOS LINRPFAtAY3I gl a LISNF2NYSR dzaAy3

Figure3.7 shows that there was lovevel of crossesistance to WHI-023, an inhibitor

of ¢-Src andymphocytespecific protein tyrosine kinase (LcR2780 had a @lof 0.85

UM against WHI-023, compared to a &lof 1.82 uM in A278148R, a statistically
significant difference, equating to an RF value of 2 Eigre3.7). In contrast, A2780

148R was shown to be slightly sensitive to 882, a peptidomimetic-Srespecific
inhibitor; A2780148R had a & of 17.70 uMcompared to 25.24 uM in A2780,
representing an RF value of 0.70, but this was not statistically signifiemutré3.7).
SU6656, a broad SFK inhibitor, was also used, but there was no difference in response;
both A2780 and A278048R had a & of 0.66 uM Figure3.7). In summary, cross
NEaArAadlyOS LINBPFAfAY3I dzAAy3d AYKAOAGZ2NRA 27
between A2780 and A278D48R.
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Drug Target(s) Gko Gko RF

WH4-023(uM) Lck & Src 0.85+0.11 | 1.82+0.20%* | 2.14
KX2391(nM) Src  25.24+3.97 17.70+4.48 0.70
SU6656(LM) SFK | 0.66+0.22  0.66£0.20  1.00

Figure3.7: Doseresponse curves and &ldeterminations for SFK inhibitors in A2780 and A27888R

cells. Cells were plated in triplicate in a 9ll plate and allowed to grow under standard growth
conditions for 48 hours. They were then treated with a serial dilutib8FK inhibitarfor 96-hours, prior

to being analysed by SRB assay. Besponse graphs and ndimear regression curve fits were generated

for using GraphPad Prism 6. Dotted lines show the Ghta points represent the meanSD from one
representatie experiment. Table summarisingsé&and RF, data points are the mean * SD of all
SELISNAYSYy(ia O2yRAOGSRO {GFGA&GAO testALE Y, TIAD Iy O S
0.01.n = 3 (WH4-023), 4 (KX391 &SU6656) independent experimes.
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3.2.5. Analysis of basal signalling in A2780 and A2718BR

3.2.5.1. Markers of PAM pathway signalling

AT13148 is known to target both AKT and p70S6K, both of whichithet the PAM
pathway. It was therefore important to understand how this pathway was fonatig

in A2780148R compared toparental A2780 cells as differences could contribute
towards AT13148&esistance. As such, the expression of markers offtA& pathway
were assessed at the basal level. A2788BR cells were released from AT13148 for one

week prior to assaying or maintained in 5.2 uM of AT13148 (maintenance dose).

Figure3.8 shows that the phosphorylation of S473 AKT was similar between parental
A2780 cells and released A27888R cells. However, the was a marked increase in
S473 AKT phosphorylation in maintained A2188R cells, consistent with what has
previously been described for AEBmpetitive AKT inhibitor§Figure 3.8 Okuzumiet

al., 2009) The phosphorylation of two direct substrates of AKT, T246 PRAS40 and S9
GSKBX gl a I|taz2 | &aasaa Saidnwasksimitar it reldadediA2780IK 2 & |
148R cells, when compared to parental A2780 cells, but the phosphorylation of S9
D{ Yo gl a aft AFié3ge In NdiRtared R278@48R cells, the
phosphorylation of B 0 K ¢Hnc tw! {nn FtYyR {d D{Yoi &I
inhibition of AKT by AT13148Figure 3.8). Further down the pathway, the
phosphorylation of S235/236 S6RP, a p70S6K substrate, was also shown to be
unchangd in released A278048R cells, but as expected, substantially lowered in
maintained A278a48R cellsKigure3.8). The total expression of the aforementioned
proteins was found to be consistent across all cedidinonditions Figure3.8). Taken
together, these dta show that the PAM pathway wasostly unchanged in A278M8R,

at basal level, and that AT13148 svstill able to reduce PAM pathway activation.
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Figure3.8: Analysis of the basal expression of markers of the PAM pathway in A2780 and A2Z8R.
A2780148R cells were either releasé®d)from AT13148 one week prior fgating or maintained(M) in

5.2 UM AT13148. Cells were plated at 0.5 %(B2780) or 1 x 1{A27806148R) cells per 10 cm dish and
allowed to grow for 72 hours under standard growth conditiomgh maintained A278048R cells grown

in the presence of 5.2 uM AT13.Lells were then lysed prior to western blot analysis. Western blot
membranes were probed with antibodies for phosppiteins, stripped, and then rprobed with
antibodies for total proteingnd loading control (GAPDH). Data are representative of fodependent
experiments

3.2.5.2. Markers of ROCK pathway signalling

Since both isoforms of ROCK are targeted by AT13148 andresissince to ROCK
inhibitors was shownHRigure3.5), basal signalling of the ROCK pathwag assessed in
parental A2780 cells and released A2-8BR cellsFigure3.9 shows that the total
expression of ROCK1 and ROCK2 remained unchanged between A2780 anti48&/80
cells. Conversely, there appeared te h slight reduction in phosphorylation of T696
MYPT1, a substrate of ROCK, in AZI88R, whilst the total expression of MYPT1
remained the sameHigure3.9). This could indicate lower ROCK pathway activity in

A278)-148R and possibly a lower dependency on ROCK signalling, which could
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contribute towards AT13148 resistance. However, this change was only small, and
investigating the response of the ROCK pathway to AT13148 wooNddpra much
better understandingof S LI 6 Kgl @ Qa O2y GNAROdziA2y (2
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ROCK 2
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Figure3.9: Analysis of the basal expression of markers of the ROCK pathway in A2780 and -A2380
A2780148R cells were releas€R)from AT13248 one week prior t@lating A2780 and A278Q48R ells

were plated at either 0.5 x £§A2780) or 1 x 1A2780148R) cells per 10 cm dish and allowed to grow
for 48 hours under standard growth conditions. Cells were then lysed prior to western blbtsana
Western blot membranes were probed with antibodies for phosiinoteins, stripped, and then ke
probed with antibodies for total proteins and loading control (GAPDH). Data are representative of four
(ROCK& 2) orsix(MYPTL1) independent experiments.

3.2.5.3. IGF1R and FGFR2 expression

The expression of IGER and FGFR2 was assessed in order to investigate the sensitivity
to IGF1R and FGFR inhibitioRigure3.6A, B). IGAR expression was assessed in both
released and maintained A278Q48R cells, whereas FGFR2 expression was only
assessed in released A27888R cells. As expected, HBR was shown to be
considerably oveexpressed in both released and maintained A2188R cellsKigure
3.10A). However, IGER was expressed at a greater level in maintained AZ48R

cells, when compared to released A27B@BR cells, which has previously not been
identified (Figure3.10A). Contrary tdhe previously described microarray data (section
3.1), FGFR2 was shown to be expressed at the same level both released1A3F80
cells and parental A2780 celldure3.10B).
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Figure3.10: Analysis of the basal expression of IGR and FGFR2 in A2780 and A2188R.A2780

148R cells were either released (R) from AT13148, one week prior to the experiment, or maintained (M)
in 5.2uM AT13148. A2780 and A278@8R cells were plated at either 0.5 X {82780) or 1 x 1{A2780

148R) cells per 10 cm dish and allowed to grow for 72 hours under standard growth conditions, with
maintained A278dL48R cells grown in the presence of 5.2 AW13148. Cells were then lysed prior to
western blot analysis. Western blot membranes were probed with antiboftiegA) IGF1R and(B)
FGFR2, stripped, and then-kdNB 6 SR 6 A (0 K | yActih ldading 2cenirol). IDAtAJare
representative of four (I61R) or five (FGFR2) independent experiments.

3.2.5.4. Markers of the MAPK pathway

The MAPK pathway was also investigated in A2780 and released-A28BCcells, as it

is a major growth factor pathway commonly associated with resistance to a number of
different cancer therapie¢Garraway and Janne, 201B)gure3.11shows that there was

a slight increase in the phosphorylation of ERK 1/Zta202/Tyr204 in A278048R,
however, in contrast, there was a small decrease in S217/221 MEK 1/2 phosphorylation
in A2780148R Figure3.11). Since ERK 1/2 is only known to be phosphorylated by MEK
1/2 this findirg was unexpected; one would usually expect MEK 1/2 phosphorylation to
be increased if ERK 1/2 phosphorylation was. The total protein expression of both ERK
1/2 and MEK 1/2 remained the same between parental A2780 cells and AZBR

cells Figure3.11).
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Figure3.11: Analysis of the basal expression of markers of the MAPK pathway in A2780 and A2780
148R.A2780148R cells were releasd®)from ATB148 one week prior telating A2780 and A2780
148Rcells were plated at either 0.5 x 10A2780) or 1 x {A2780148R) cells per 10 cm dish and allowed

to grow for 72 hours under standard growth conditions. Cells were then lysed prior to western blot
analysis. Western blot membranes were probed with antibodies for phogpbteins, stripped, and then
re-probed with antibodies for total proteins or loading contrbtActin). Data are representative of four
(MEK 1/2) or five (ERK 1/2) independent experitae

3.2.6. Analysis of signalling pathway response to AT13148

The investigation into the basal activity of several key signalling pathways did not reveal
any dramatic differences between A2780 and A2188R cells, especially in pathways
targeted by AT13148 (RAand ROCK pathways). Despite this, these pathways might
have still exhibited a differential response to AT13148, which could have contributed
towards AT13148 resistance. Therefore, A2780 and A248R cells were treated with

a range of AT13148 concentrans, between 0.1 uM 10 uM, and the response of key

signalling pathways assessed via western blot analysis.
3.2.6.1. Biomarkers of AT13148 target inhibition

Initially, the response of substrates downstream of AKT and p70S6K, targets of AT13148,
was investigatedin order to assess if AT13148 was still ableffectively inhibit the

PAM pathway in A278048R.Figure3.12 shows that the phosphorylation of PRAS40
decreased in a similar manner in both A2780 and AZI/ER; T28 PRAS40
phosphorylation was unaffected at 0.1 pdM1uM of AT13148, but almost completely

lost at>x5 pM (Figure3.12). Phosphorylation of S6RP was similarly unchanged but
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appeared to be more potently affected by 23148 than PRAS40 phosphorylation; in
both A2780 and A278048R, only 02 uM of AT13148 was required to cause a
reduction in S235/236 S6RP phosphorylation, andk &t pM there was little signal
remaining Figure3.12). The total protein expression of PRAS40 and S6RP appeared to
be unaffected by AT13148 in both A2780 and A2788R Figure3.12).

The response of the ROCK pathway to AT13148 was also evaluated by measuring the
phosphorylation of MYPT1, a substrate of ROCK1 and 2. Just as with the PAM pathway,
the ROCK pathway had a nedentical response to AT13148 in A2780 and A2T488R
(Figure3.12. In both cell lines, 0.1 uM of ATI&8 caused sharp reduction in the
phosphorylation of MYPT1 at T696, however, increasing the concentration of AT13148
beyond 0.1 pM did not seem to have any additional afféagire3.12). The total
expression of MPT1 also appeared to be mostly unaffected by AT13148 in both A2780
and A27860148R Figure3.12). Taken together, these data show that the PAM and ROCK
pathways responded in a similar manner to AT13148 in A2780 2”804 48R.
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Figure3.12: Analysis of markers of the PAM and ROCK pathways in response to AT188l8.were
plated at either 0.5 x 10/A2780) or 1 x 1{A2780148R) cells per 10 cm dish aaltbwed to grow for 48
hours under standard growth conditions. Cells were then treatéth AT13148 as shown (0 pM =
untreated),or D: DMSO vehicle control for 4 hours prior to being lysed for western blot analysis. Western
blot membranes were probed witantibodies for phosphgroteins, stripped, and then rprobed with
antibodies for total proteins or loading control (GAPDHiI eActin) Data are representative of four
(PRAS40 & S6RP) or three (Midependent experiments

3.2.6.2. Markers ofthe MAPK pathway

AT13148 is not known to directly target the MAPK pathway, however, it was shown in
Figure3.11that there was slight increase in ERK 1/2 phosphorylation in A248R.

This could possibly indicate that the MAPK pedly is affected by AT13148 and that it

was altered in A278048R, contributing towards AT13148 resistance. The response of
the MAPK pathway to AT13148 was therefore assessed, using ERK 1/2 phosphorylation
as a biomarker of MAPK pathway activatibigure3.13shows that the MAPK pathway
responded to AT13148, in both A2780 and A2188R, but in a distinctive manner from

one another. In A2780, the phosphorylation of ERK 1/2 at Thr202/Tyr204 was decreased
with 0.1 uM A'13148, but there was an increase wi#h0.5 uM, with a peak in
Thr202/Tyr204 ERK 1/2 phosphorylation g8 pM AT13148Higure3.13). In A2780
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148R, concentrations of AT13148 between 0.1 pMamdal RA Ry Qi KI @S |
on Thr202/Tyr204 ERK 1/h@sphorylation, although it did appear that there was a
slight reduction Figure3.10 @ | 2 6 SOSNE % p Xxa ! ¢momny St
of Thr202/Tyr204 ERK 1/2 in A27888R cells Kigure 3.13. Interestingly, the
phosphorylation of Thr202/Tyr202 ERK 1/2 was greater in A248®, when compared

to parental A2780 cells, both at a basal level (0 uM AT13148), to a much greater extent
than in Figure3.11, and across all AT13148 concentrations udedure3.13). The
response of the MAPK pathway to AT13148, in A2780 and AP¥&R warrants further
investigation as it has the potential to contute towards resistance and to be exploited

therapeutically.

A2780 A2780-148R
AT13148 (uM) 0 0.1 05 1 5 10 D 0 0.1 0.5 1 5 10 D
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Figure3.13: Analysis of markers of the MAPK pathway in response to AT1312éls were plated at

either 0.5 x 10(A2780) or 1 x 1JA2780148R) cells per 10 cm dish and allowed to grow for 48 hours

under standard growth conditions. Cells were then treated with AT13148, as shown (0 uM = untreated),

or D: DMSO vehicle control for 4 hours prior to being lysed for western blot analysis. Western blo
membranes were probed with antibodies for phosppmteins, stripped, and then rprobed with
FYGA02RASE F2NJ G2d t JAND (S5 shgriiexppNe fo hyp&EAm{LE lon@2 v G N2
exposure to hyperfilm. Data are representative threedpdndent experiments.

3.2.7. Analysis of the response of signalling pathways to ROCK inhibition

One ofthe main findings from crosesistance profilingrresented in this chapter, was
crossresistance to ROCK inhibitioAdure 3.5). Therefore, the response of the ROCK
pathway to the ROCK inhibitor GSK269962 was assessed, in order to investigate the
potential mechanism of ROCK cressistanceFigure3.14shows that GSK269962 was

able to potently inhibit the ROCK pathway in A2780; 0.02 uM GSK269962 was able to
cause a drastic decrease in the phosphorylation of T696 MYPT1. However, as was seen
with AT13148 irFFigure3.12 increasing the concération of GSK269962 beyond 0.02

UM did not cause any further reductions in T696 MYPT1 phosphoryldigare3.14).
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In comparison, the phosphorylation of T696 MYPT1 in AZABR was shown to be
partially refracttN® (2 D{ YHcdphpcHT x HPp «xa D{YHcd
substantial reduction in T696 MYPT1 phosphorylatieigure3.14). The total protein
expression of MYPT1 did not show any response to GSK2698i@zeincell line. Taken
together, these data suggest that there was a partial maintenance of the RaiiKay

in response to GSK269962 in A2718BR.
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Figure3.14: Analysis of markers of the ROCK pathway in respois GSK26996Zells were plated at

either 0.5 x 16(A2780) or 1 x 1JA2780148R) cells per 10 cm dish and allowed to grow for 48 hours
under standard growth conditions. Cells were then treated with GSK269962, as shown, or D: DMSO
vehicle control fod hours prior to being lysed for western blot analysis. Western blot membranes were
probed with antibodies for phosphproteins, stripped, and then rprobed with antibodies for total
proteins or loading control (GAPDHData are representative of threedapendent experiments.

The response of the MAPK pathway to GSK269962 was also assessed, to investigate if
the inhibition of ROCK1 & 2 contributed tile MAPK pathway response to AT13148
seen inFigure 3.13 Figure 3.15 shows that the MAPK pathway did respond to
GSK269962 in A2780 but not in A27BIBR. In A2780, 0.02 uM GSK269962 caused a
decrease in Thr202/Tyr204 ERK 1/2 phosphorylation but increasing the GSK269962
concentraton further did not cause any additional decreaseg(re3.15. This was in

stark contrast to what was seen in A27888R, where none of the concentrations of
GSK269962 effected Thr202/Tyr204 ERK 1/2 phosphanyl@igure3.15). Whilst, in

both A2780 and A278048R, ERK 1/2 total protein did not respond to GSK269962, there
was a lower expression of total ERK 1/2 protein across all GSK269962 concentrations in
A2780148R when compared to parental A2780 cel(figure 3.15. In addition,
Thr202/Tyr204 ERK 1/2 phosphorylation was greater in A248R, when compared to
A2780, across all concentrations of GSK269962 and in the DMSO eehtate (Figure

3.19. In summary, these data show that the activation the MAPK pathway decreased in

97



3. Investigating AT13148 resistance in A27BBR

response to ROCK inhibition in parental A2780 cells, but that this response was lost in

A2780148R.
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Figure3.15: Analysis of markers of the MAPK pathway in response to GSK26996Rs were plated at
either 0.5 x 10(A2780) or 1 x 1(A2780148R) cells per 10 cm dish and allowed to grow for 48 hour
under standard growth conditions. Cells were then treated with GSK26%62hownor D: DMSO
vehicle control for 4 hours prior to being lysed for western blot analysis. Western blot membranes were
probed with antibodies for phosphproteins, stripped,and then reprobed with antibodies for total
LINR GSAya 2N {A&ih)Bataar@ re@esshiatN@®df twadimdependent experiments.
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3.3. Discussion

The main aim of this chapter was to investigate the mechanism of acquired resistance

to AT13148 using A278D18R as a model. Before this could be undertaken, the
resistance of A278048R to AT13148 was validated. Reassuringly, A248R was

shown have ~8old resistance to AT13148 and could therefore be used as a model to
investigate acquired mechanisms of AT18%ésistancgFigure3.2). Subsequently, to

try and gain insight into AT13148 resistance, the morphology of A2780 and A2380

was assessed in untreated cells and in response to AT1Flg@€3.3). Whilst there

were some differences between untreated A2780 and A2vgdy w OSf f a> GKS
significant, with both morphologies consistent with an epithelial phenotype. In response

to AT13148 both cell lines exhibited asimiMJ NS & L2 yaST OStf£a41B8DS
morphology where they extended lofgocesses, making the cells become long and

thin. This response is indicative of inhibition of ROCK1 and 2 and has been previously
described; Kimper and colleagueKumperet al, 2016)described this phenotype in

mouse embryonic fibroblasts (MEF) with a conditional knockout of ROCK1 and 2, as well
as in esponse to the ROCK inhibitor H1152. Furthermore, Rath and collegRibet

al., 2018)observed a similar respoasn PDAC cells¢ated withAT13148, and showed

that, in regards to cell morphology, AT13148 phenpied ROCKelective inhibitors.
CKSNEF2NESf N KE& W¥ANWKRE S3Ie Ay NBaLRyasS a:
148R, is likely caused by the inhibitiROCK1 and 2 by AT13148, although the impact of
0KS AYKAOAGAZ2Y 2F 20KSNJ! ¢momny GFNBSGA
not ubiquitous in A2780 and A278B18R, only being observed in sgét of the total
population of cells, perhaps higghting a heterogenous response to AT13148, at least

in morphology.

It is also worth noting that some A2780 cells exhibited a morphology indicative of
apoptosis (membrane blebbing) in response to AT13B&8aste and Pulkki, 2000his
response was less apparent in A27BBBR, which was interesting considering that
AT13148 has previously been shown to induce an apoptotic phenotype in cancer cells
(Yapetal, 2012)p L G Q& LJ2 & &48R tefls hiv& heén ablesta overcome this,
although a more thorough investigation of the apoptaresponse would be required to

ascertain this.
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In addition, crossesistance profiling was performed on A27888R where it was
shown that A2780L48R cells were crosssistant to the AKT inhibitor capiversatib
(Figure3.4). Since capiversatib also inhibits p70S6K, as well as AKT, both members of the
PAM pathway as well as targets of AT13148, this might suggest altered PAM pathway
signalling in A278048R(Davies et al,, 2012; Yapet al, 2012) However, the level of
crossresistance was relatively low (<8ld), and capiversatib is also known to target
kinases outside the PAM pathway, including PKA and RQ:#/Zeset al., 2012)
CKSNEF2NES A0Qa RAFFAOdMzZ G (2 -résisthnge td y &
capiversatib, perhaps a more selective AKT inhibitor, such as MK2206, could be used in
future (Hiraiet al., 2010)

A2780148R was also shown to have substantial cressstance to ROCK inhibition with
crossresistance seen against two ROCK inhibitors: GSK429286A and GSKRigR962 (
3.5). Including the previasly established crosgsistance to 27632, shown inrable

3.1, crossresistance has now been observed with three ROCK inhibitors, where, as
shown inTable3.2, the level & crossresistance appears to correlate with the potency
against ROCK1 and 2, thus giving a-teghl of confidence that ROCK crassistance

is genuine. This crosssistance to ROCK inhibition was of particular interest, since
AT13148 potently targetROCK1 & 2 and could potentially be used in the clinic as a
ROCK inhibito(Rath et al., 2018) It suggests that the inhibition of ROCK1 & 2 is
important for the efect of AT13148 in A2780 cells, and therefore, to become resistant
to AT13148, A278048R cells have had to overcome this.

Table3.2: Summary of the 165 against ROCK1 and 2 for different ROCK inhibitors etemnined from

biochemical assaysTable adapted fronbotzJenneet al, 2016 ROCK Kdata was generated using
vitro kinase assays. RF values were obtaiineeh ‘Table3.1and?Figure3.5.

ROCK inhibitor ROCK1 g | ROCK2 kg RF

Y-27632 (nM) 2273.0 1585.0 3.09
GSK429286A (nM) 46.7 55.3 2139
GSK269962nM) 7.0 1.2 86.00

Crossresistance profiling also validated the previously identified sensitivity to-NVP
AEW541, anGF1R inhibitor, and AZD4547, an FGFR inhibitor, in A248R Figure

3.6). However, the sensitivity to AZD4547 was much greater than what had been seen
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previously: ~17fold sensitivity inFigure 3.6 vs ~4.5fold sensitivity in Table 3.1
(highlighted inTable 3.3). Whilst there were some differences between data in this
chapter and that which ds been shown previously, this was perhaps the most dramatic,
warranting an explanation. One potential explanation is that a different batch of FBS
would have been used, and that FBS is known to have batch to batch variation in the
concentration of growtHactors(Zhenget al.,, 2008) If the FBS used in this chapter had

Y2 NS C D 6l&tgrodt factois)Pthan the FBS used previously, then it could lead
to a greater activation of FGFR signalling and possibly increased dependency. However,
2yS g2dzZ RyQi SELSOG oFG0OK G2 ol G§OK @F NI
factors slould also be considered. Cancer cell lines are known to be heterogenous, due
to the existence of prexisting sukpopulations, as well as inherent genomic instability
(BenDavidet al., 2018) Over time with continuous cell culture this can sawenetic

and population drift, altering drug response, which could have played a role in the
altered response to AZD4547. Nonetheless, in both datasets sensitivity was seen to IGF
1R and FGFR inhibition, and this could potentially be applied to patigtfitsesistance

to AT13148.

Table3.3: Comparison of datasets generated for AZ®47 in A2780 and A278D48Rdata generated in

this chapter Figure3.6) 2data from pevious work Table3.1). Statistical significance was calculated using
I a i dzReSty* i 3K , firdba pHLy P, o ®

A2780 A2780148R
Drug Gko Gko RF
AZD4547(uM) = 0.52%0.11 0.03 +0.01** 0.06
AZD4547(uM) 0.09+£0.05 0.02+0.01* 0.22

I ydzZYo SN 2F RNMzZA &k (G22f 02 YL]R dzy R¥esistanclB S i A
profiling, as they had previously not been screened fagire3.7). As mentioned in
section3.1,{ CYQ& | NB (1y2sy (2 NHR dsweliasnegaiively I Ol
regulaing ROCK sigiling, and as such one might expect an altered response to SFK
inhibition in A2780148R(Petersoret al., 1996; Fincharet al,, 1999) Whilst there was
low-level crosgesistance to the Src and Lck inhibitor Y1823 (~2fold), none of the

SFK inhibitors used showed any substantial eresstance or sensitivity in A2780

148R. Thig 2 dzf R aSSY (2 adaA3Sad GKIG aixayrttAay
and A27860148R, and that they are not responsible for {GF sensitivity, ROCK cross

resistance, or resistance to AT13148.
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To follow up on crossesistance profiling, PAM pathwactivation was investigated,
initially at a basal leveF{gure3.8). The activation of the PAM pathway appeared to be
similar across A2780 and A27888R cells, with the phosphorylation of AKiB
substrates, PRAB and GSKj and S6RP, a p70S6K substrate, all shown to be
unchanged. A278Q48R was also maintained in 5.2 uM AT13148 (maintenance dose of
AT13148), which was shown to cause a striking increase in the phosphorylation of AKT.
Due to inhibition of AKT by AT13148eorould intuitively not expect this, but this has
been previously established to occur in response to AT13148 and not affect the
phosphorylation of AKT substrat€gapet al., 2012) This response is common in other
ATRcompetitive AKT inhibitors, such as capiversatid A443654, which again, despite
inhibitor induced AKT phosphorylation, are still able to function as AKT inhibitors
(Okuzumiet al, 2009; Daviegt al, 2012) Okuzumi and colleagué®kuzumiet al.,
2009)provided a mechanistic explanation for this by showing #é43634 still induced
phosphorylation of kinasdead AKT, demonstrating that rdlief negative feedback
downstream of AKT is not a cause of inhibittdtuced AKT phosphorylatiq@®@kuzumi

et al, 2009) They suggest a kinase intrinsic mechanism, such as a conformational
change in AKT decreasing the access of AKT phosphdtakezimi et al, 2009)
Therefore, as expected, maintained A27B@BR cells had decreased phosphorylation of
substrates downstream of AKT and p70S6K, despite increased AKT phosphorylation.
Thus, indicating that AT13148 was still able to inhibit the PAM patlinvA2780148R,

but doseresponse assays were better able to evaluate this.

The activation of the ROCK pathway was also assessed at a basal level; as previously
described, A2780Q48R had significant crosssistance to ROCK inhibition, and this
could havepossibly indicated altered signalling via ROCK1 and 2, targets of AT13148
(Figure3.9). Indeed, whilst both isoforms of ROCK had similar expression in A2780 and
A2780148R, there was a slight reduction of the phlaspylation of the ROCK substrate
MYPTL1. In isolation, it is difficult to interpret the implication of a reduction in the
phosphorylation of MYPT1l on the activation of the ROCK pathway. A more
comprehensive analysis of the pathway would be required to assa@s, looking at
multiple substrates of ROCK. This was attempted by western blotting for the ROCK
substrates MLC2 and LIMK, but they proved difficult to consistently detect (data not

shown). However, the decrease in the phosphorylation of MYPT1 cowdddnddicate
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that there was reduced activation of the ROCK pathway in A2ZA8R. This could
explain the crossesistance to ROCK inhibition; perhaps the ROCK pathway has been by
passed in A278Q048R.

The overexpression of IGER wasalso observed ilA2780-148R,validating previous
results ande-affirming that IGFLR expression coufabtentiallybe used as a biomarker

for sensitivity to IGAR inhibition in AT13148 resistant patieniEgure3.107; Akan,
2015) However, there was a marked difference between A2788R released from
AT13148 and A278D48R maintained; IGER expression was much greater in
maintained A278d48R, suggesting that AT13148, to a certain extent, induces the
expression of GF1R. This could be caused by the relief of negative feedback in the PAM
pathway, due to the inhibition of AKT by AT13148. Chandarlapaty and colleagues
(Chandarlapatet al, 2011)showed that AKT inhibition increases the expression of IGF
1R in a BXO dependent manner, in a number of cancer cell liAesimilar effect was
also seen by Zorea and colleag(@sreaet al., 2018)in PI3Kdriven ovarian cancer cells
treated with the PI3K inhibitor taselisib. It would be interesting to see if the expression
of IGF1R is further decreased when released for a longeigoefrom AT13148 and

whether this impacts sensitivity to IGR.

Despite sensitivity to FGFR inhibition, and previous microarray analysis showing an
increase in FGFR2 mRNA expression, FGFR2 had a similar protein expression in A2780
and A2786148R Figure3.10B). This was disappointing as it was hoped that FGFR2 could
potentially be used as a biomarker for FGFR sensitivity in AT13148 resistant patients,
and its overexpression a possible candidate driver of resist&fmaever, there are four
isoforms of FGFR (three targeted by AZD4547, FGFRbich could have altered
expression in A2780inyw® LYy [RRAGAZ2YZTZ AGQa | f&az2 L3
unchanged, but that phosphorylatiorand activation was increased, caing a
dependency on FGFR signalling, thus increased sensitivity to AZBA8430ossibly
resistance to AT13148. This has been seen in H&péhdent head and neck squamous

cell carcinoma (HNSCC) and NSCLC cell lines, where a constitutively active R@FR3 fus
protein (FGFRIACC3) has been shown to cause resistance to combined EGFR/ERBB3
blockade, via the maintenance of MAPK signallipgly et al, 2017) In addition,

increasedphosphorylation of FGFR signalling, has been shown to drive resistance to
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BRAF (V600E) inhibition in BRAF mutant melanoma cell (Wetavet al, 2012)

Therefore, FGFR signalling warrants further investigation in A248R.

The basal signalling of the MAPK pathwag also evaluated, where some changes were
identified; the phosphorylation of ERK 1/2 shown to be slightly increased, but MEK 1/2
phosphorylation slightly decreaseBigure3.11). Since MEK 1/2 is upstream of BIRK

in the MAPK pathway one would usually expect the phosphorylation of ERK 1/2 to be
decreased if MEK 1/2 phosphorylation was decreased. However, ERK 1/2 is known to
impart inhibitory phosphorylatios on RAF, the kinase upstream from MEK, and thus
provides an explanation as to how increased phosphorylatibiEBK 1/2 can lead to
decreased MEK 1/2 phosphorylati{boughertyet al., 2005; Ritet al., 2010) It should

also be noted that ERK1/2 phosphorylation was shown to be increased in untreated cells
in doseresponse assays; the phosphorylation of ERK 1/2 was greater in untreated
A2780148R cells than untreateA2780 cells in both AT13148 and GSK269962-dose
responsewestern blots, however, to a much greater extent than was seen in basal
western blots Figure3.13 & Figure3.16). This difference, between basal and dose
response western blots, could be due to the presence of distincpsydulations of cells

in A2780148R that were selected for over time/under different cell culture conditions.

Whilst investigating basal signallifyovided a broad overview of the differences
between A2780 and A278anyw AY aS@OSNIf RAFFSNByG LI
information on how these pathways responded in the presence of AT13148. To this end,
doseresponse western blot assays were pened with AT13148. Broadly speaking,
these assays revealed that the PAM and ROCK pathways, two key pathways targeted by
AT13148, were equally inhibited by AT13148 in A2780 and AP48R Figure3.12). By
assessinghese two pathways, the response of most AT13148 targets was evaluated
including: AKT1, AKT3, ROCK1, ROCK2, p70S6K, and to a certain extent SGK3, since it ha
overlapping substrate specificity with AKBruhnet al., 2013) The only major AT13148

target for which inhibition was not assessed at all, was PKA. PK& substrate
vasodilatorstimulated phosphoprotein (VASP) was blotted for but proved difficult to
detect (data not shown). Nonetheless, since the PAM pathway is hyperactivated in
A2780 cells (due t®TENand PIK3CAnutations), and A278048R cells haverass
resistance to ROCK inhibition, the fact that both the PAM and ROCK pathways responded
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in a similar manner, in A2780 and A27B@BR, suggests that the mechanism of

resistance to AT13148 was caused by thegays of these pathway$igure3.16). In

other words, another pathway is compensating for the inhibition of PAM and ROCK

signalling by AT13148, drivingsistancgFigure3.16). An example of this can been seen

in BRAFmutant melanoma, where signallingprough plateletderived growth factor

receptor (PDGFR) has been shown tephgs the MAPK pathway, driving resistance to

BRAF (V600E) inhibitigNazariaret al., 2010)

\/ TT%\f
AKT ROCK 1/2

\ / By-pass *'

Growth & survival

Figure3.16: By-pass of AT13148 targets as a potential mechanisinesistance to AT13148Resistance

to AT13148 might be driven by the upregulation of apaygs pathway, which circumvents the inhibition
of the PAM (AKT and p70S6K) and ROCK (ROQCpatti@ays by AT13148, driving growth and survival
independently of AT13148 targeted pathways.

Due to the differences identified in the MAPK pathway at a basal level, the response of
the MAPK pathway to AT13148 was also investigated in A2780 and-A238(Figure

3.13. In parental A2780 cells there was a remarkable response in the phosphorylation
of ERK 1/2 to AT13148. Lower doses decreased ERK 1/2 phosphorylation, but higher
doses increased phosphorylation, thiancbe characterised as a-@hirectional dose
response. This response was present in A2F88R, but to a lesser extent, and as
mentioned earlier, the phosphorylation of ERK 1/2 was at a higher level when untreated,
compared to A2780. This response was anticipated as AT13148 is not known to
inhibit any members of the MAPK pathway. However, several targets of AT13148 are
known to regulate the MAPK pathway. For example, PKA and AKT are known to
positively regulate the expression dualspecificity MAPK pisphatase® a Yt Qa 2 N
51 { t &nd Both inpart inhibitory phosphorylatioa on RAF protein&Zimmermann

and Moelling 1999; Guaret al., 2000; Pursiheimet al,, 2002; Phuchareoet al., 2015;
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Figure 3.1A). Consequentlyinhibition of PKA and AKT by AT13148 could increase the
phosphorylation of ERK 1/Fifure3.17A). In contrast, inhibition of ROCK has been
shown to decrease the activation tife MAPK pathway, via an undefined mechanism
which seems to be dependent upon the regulation of actiyosin contractility by ROCK
(Croft and Olson, 2006; Chaeg al., 2018;Figure 317B). Interestingly, as discussed
below, in A2780 cells ERK pRosphorylationdid decrease in response to inhibition of
ROCK by GSK26996&(re3.15). Therefore, the opposing effects of AT13148 targets
on the MAPK pathway could explain the response of ERK 1/2 phosphorylation to
AT13148Figure3.17A & B).

A B

AKT ——  RAF }——( PKA

\AT13148 l p 5217 AT13148/ AT13148
P)s2z21 RAF
MEK
l : l
l p)s217
P
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/\ ERK ,\
?
DUSP6 DUSP1 P hvzoz
P Tyr208
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— iy
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Figure3.17: Potential mechanisms of AT13148 mediated regulatiorttod MAPK pathway(A) Both AKT

FYyR tY! OFy yS3alIaArA@gSte NBIdAFGS GKS alty LI GKgl
mediating transcription of DUSP proteins, whichpt®sphorylate ERK 1/2. Inhibition of AKT and PKA, by
AT13148, might thereforbe responsible for increased ERK 1/2 phosphorylation seen in response to some
concentrations of AT11318. (B)ROCK has been shown to positively regulate MAPK pathway activation, by

an undefined mechanism(s). Consequently, inhibition of ROCK1 & 2 by AT r&h4Be responsible for
decreased ERK 1/2 phosphorylation seen in response to some concentrations of AT13148

To further investigate the response of the MAPK pathway to AT13148, in particular the
contribution of ROCK1 and 2 inhibition by AT13148, the aesp of ERK 1/2
phosphorylation to the ROCK inhibitor GSK269962 was evaludiggiré 3.15).
Remarkably, GSK269962 was able to cause a decrease in the phosphorylation of ERK 1/2
in parental A2780 cells but had nofeft in A27860148R. Again, just as with AT13148,
GSK269962 is not known to target the MAPK pathway, so this result was quite
unexpected. However, as previously mentioned, it has been reported in the literature
that ROCK inhibition can affect the MAPK patlpwin melanoma cell lines, Chang and
colleaguegChanget al., 2018)showed that the inhibition of ROCK exhibited a variable
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response on cell proliferation and theta@tion of the MAPK and PAM pathways, and
that this seemed to correlate witBRAFtatus. InBRARvild-type (WT) melanoma cells,
ROCK inhibition decreased proliferation and ERK 1/2 phosphorylation, but AKT
phosphorylationwas mostly unaffected; whereas mutant BRAFV600E melanoma
cells, ROCK inhibition increased proliferation, whilst having little effect on ERK 1/2
phosphorylation (there was a slight increase), but induced a notable increase in AKT

phosphorylation(Changet al., 2018)

This could explain the difference in response to GSK269953B0 cells had lower basal

ERK 1/2 phosphorylation, which decreased in response to GSK269962, and were
sensitive to GSK26996 therefore, parental A2780 cells phemopy BRAFWT
melanoma cells. In contrast, A27-8@8R cells phenoopyBRAR600E melanoma cells;

they had increased basal ERK 1/2 phosphorylation, which was unaffected by GSK269962,
and whilst GSK269962 did not iease proliferation, A278048R cells were shown to

be crossresistant. It would be interesting to see if AKT phosphorylation was also
increased in A278Q48R cells, in response to GSK269962. This divergence in the
response of the MAPK pathway to ROCK itibilp between A2780 and A27818R

cells, may explain why A278@8R cells were crosssistant to ROCK inhibition. It also
suggests that the ability of lower concentrations of AT13148 to cause a decrease in ERK
1/2 phosphorylation might be due to the iiffition of ROCK1 and 2 by AT13148.

In addition, the response of the ROCK pathway to the ROCK inhibitor GSK269962 was
also assessed. Interestingly, in A2718BRthe ROCK pathway was shown to be partially
refractory to inhibition by GSK269962, shown by antemance in the phosphorylation

of the ROCK substrate MYPT1. This could suggest that the ROCK pathway is altered in
some way to maintain the activity of the pathway in the presence of a ROCK inhibitor,
which, in addition to ERK 1/2 phosphorylation alsingerefractory to ROCK inhibition

in A2780148R, may contribute to ROCK crossistance. This is contrary to the AT13148
response where, as previously described, the ROCK pathway responded in a similar
manner in A2780 and A278B18R Figure3.12). However, GSK269962 is a far more
selective ROCK inhibitor, so perhaps the broader activity of AT13148 means that it is
able to overcome possible changes within the ROCK pathway in A2B80that make

it partially refractoy to GSK269962.
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It is worth noting thatthere were some issues in using the phosphorylation of T696
MYPT1 as a marker of ROCK pathway inhibition in A2780 and-A28BQ in response

to both AT13148 and5SK269962 the phosphorylation of T696 MYPT1 was never
completely abolishedRigure3.12& Figure3.15). This is likely to be caused by another
kinase, not targeted by AT13148 and GSK269962, phosphorylating MYPT1 T696. For
exampe, it has been shown that both ROCK1 & 2 and myotonic dystrophy kielased
(DA2-binding kinase (MRCK), &€D@2 effector kinase, are required for the
phosphorylation of T696 MYPTL1, and, to a certain extent, can compensate for one
another(Wilkinsonet al,, 2005) Consequently, the use of T696 MYPT1 phosphorylation
alone may not give an accurate reflection of ROCK pathway inhibition, and the use of
other ROCK substrates should be considered. However, KiangewlleagueKiumper

et al, 2016)showed that inhibition of ROCK only leads to transient reduction in the
phosphorylation of itslownstream substrates, indicating that alternative mechanisms

of phosphorylation exist for many ROCK substrates. Therefore, other ROCK substrates
would likely have similar issues to T696 MYPT1, when used as a marker of ROCK pathway

inhibition.

In summarythe work conducted in this chapter has validated A2288R as a model

of resistance to AT13148. A278@8R cells have been shown to be sensitive telIRBF
and FGFR inhibitors, which provides a potential therapeutic strategy in AT13148
resistant patients.In addition, ROCK and PAM pathways were shown to be equally
responsive to AT13148 in A2780 and A2188R, highlighting the byass of AT13148
targets as a potential mechanism of resistancepBgs of the ROCK pathway is likely to
be of particular imporance, due the strong crosssistance exhibited to ROCK inhibitors

in A2780148R. Furthermore, ERK 1/2 phosphorylation was shown to respond to
AT13148 and GSK269962 in A2780 and A248R, as weksbeing increased at the
basal level in A278048R cellsithe extent of which varied across experiments,
suggesting the existence of splopulations within A278048R.The following chapters

will investigate the possible contribution of the bgass of AT13148 targets and

increased ERK 1/2 phosphorylation to AT4B3 resistance.
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4. ldentification of candidate drivers of AT13148 resistance in

A2780148Risogenic clones

4.1. Introduction

One of the defining features of cancer, as a disease, is the wide range of heterogeneity
that it displays. This heterogeneity can be seen on a number of different levels (inter
patient, intertumour and intratumour) but for the purposes of the work presented
here intra-tumour heterogeneity (ITH) is the most relevamerhaps the clearest
definition of ITH in its modern usagefrom Heppner(Heppner, 1984yvho described

ITH aswhere &umour cell differences are believed to be due to differences in cell
lineage, i.e. due to the presence of distinctlifferent subpopulations capable of
breeding trué¢ @ Ly 20KSNJ g2NRaAX (GKS RAFFSNBYyOS
alterations and are transmissible to daughter cells. These tumour cell differences
encompass differences iproliferation, progression tlough the cell cycle, antigen
expression, membrane composition and response to therapy, to name é&feppner,
1984) It should be noted that these differences can exist between cells of the same
tumour but occur independently of differences in cell lineage. Factors such as oxygen
concentraton, growth factor concentration, matrix biophysical properties; which show
spatial variation across a tumour, and stochastic variation can contribute towards cell to
cell variation within a tumour, but are not considered to be (Hdppner, 1984; Welch,
2016)

Much of the initial wok on ITH focused on isolating spbpulations(also referred to as
sub-cloneg within a tumour and subsequently culturing them as individual cell lines
(Heppner, 1984) Whilst some insight was gained into ITH from these studies,
differences between isolated syiopulations could not be relidy stated to be caused

by ITH alone, as the process of isolation of cells from a population can be a stimuli for
new phenotypes in itse(Heppner, 1984)Iit was not until the advent of new sequencing
technologies, such as single cell sequencing and deep sequencing, that the full depth of
ITH was able to be grasp@davinet al., 2011; Gerlingeet al, 2012) These studies have

shown the extent of ITH within tumours and enabled cancer to be understood as an
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evolutionary process in which: individual variation exists actbespopulation, this
variability is heritable, and individual variation leads to differences in cell survival
(Gerlinger and Swanton, 201@urthermore, several clinical implications|dH have
been identified such as tumour sampling bias, therapy induced ITH and the impact of

ITH upon therapy response and resistaf@&anton, 2012)

With regards to therapy resistancstudies on ITH have made it increasingly clear that
sub-populations harbouring resistanc®nferring mutations frequently exist in tumours
prior to treatment and are subsequently positively selected for upon treatment, driving
acquired drug resistanc@urrell and Swanton, 2014; highlighted Figure 4.). An
example of this can be seen in lung cancers which are treated with BAERuch as
gefitinib and erlotinib, in which resistance is commonly caused by a secondary T790M
mutation in EGFR. Several studies have shinahT790M mutated cells are present in
treatment naive tumours and are selected for during treatment, leading to the rapid
generation of resistance, and poor clinical outcof8eet al,, 2012; Burrell and Swanton,
2014) In contrast, resistant supopulations are not always detected in pir@atment
samples, and whilst this could be a liatibn of the current sequencing technologies, it
is likely that some resistance conferring mutations arlge novoduring treatment
(Burrell and Swanton, 2014)

In addition, studies have shown thathether resistance develops from pexisting
mutated resistant suipopulations,de novomutations, or a combination of the two,
resistance is often polyclonéBurrell and Swanton, 2014, highlightedrigue 4.1). This
means that several supopulations conferring distinct resistance mutations, to a single
therapy, can ceexist within the same tumour. One such example can be seen in a study
by Liegl and colleaguékieglet al., 2008)on resistance mechanisms KiT/PDGFR TKIls

in gastrointestinal stromal tumours (GIST), where it was demonstrated that three
patients had two distinct resistance conferring secondary mutatiortslinwithin the
same lesion. A similar phenomenon has also been seeBRAFV600E mutant
melanoma, where Van Allen and colleag(@éan Alleret al., 2014)identified a patient

with co-exising MEK1 and NRAS mutations, within the same tumour, that conferred
resistance against BRAF inhibitors. These mutations represent two distinct mechanisms

of resistance, as NRAS is upstream of BRAF and MEK1 is downstream.
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Figure4.1: The impact of ITH upon the development of acquired polyclonal drug resistagShows

how resistance can develop \da novamutations or by therapy induced selection of pegisting mutated
resistant sukpopulatons. (B) De novoresistance mutations, prexisting resistant supopulations, or
combination of the two, can interact to generate polyclonal drug resistance. Figure adapted from
Swanton, 2012.

As to be expected, since they are derived fromglagumours, human cancer cell lines
have also been shown to have extensive heterogeneity. Much of the evidence for this
seems to have come from isolating spbpulations from cancer cell lines, however, the
use of modern sequencing technologies has also beentos®dp heterogeneity within
cancer cell lines. For example, Beavid and colleagugBenDavidet al., 2018)used

deep sequencing to analyse 27 strains of the M@kiman breast cancer cell line, all of
which were found to be sublonal, theextent of which varied across strains. In terms

of the work conducted here, the heterogeneity within the A2780 human ovarian

carcinoma cell line has not been mapped, but one can assume thdtdtésogeneous
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due to the near universality of ITH, which HBesen documented within ovarian cancer
(Blagden, 2015)t is also possible that heterogeneity also exists within AZIZ®R, and

that resistance to AT13148 is polyclonal; i.e. there are two or morepsplilations
within A2780-148R with distinct mechanisms of resistance to AT13148. There was some
evidence of this showin chapter 3 which was discussed in secti8B, where the
phosphorylation of ERK 1/2 in A27888R washown to be increased atlzasal level,
however the extent of this was variable acresgperiments Figure3.11, Figure3.13&
Figure3.15). This variabilityauld be caused by the presence of distisab-populations
within A2780148R which are selected for over time due subtle variations within cell

culture conditions and experimental sap.

Whilst the possibility of A278048R polyclonal resistance is intetiag, as several
distinct mechanisms of resistance to AT13148 could be identified, it does present some
issues. Aside for the variability in results, polyclonal drug resistance may make it difficult
to distinguish and validate mechanisms of resistance.example, if a suipopulation

that was present aa frequencyof 5% of thetotal A2780148R populationhad attained
resistance by direct ractivation of an AT13148 targeted pathway, this might be masked
by the rest of the population that retained an 23148 responsive pathway.
Furthermore, when attempting to validate such a mechanism of resistance, by
abolishing the resistance mechanism within A228BR (e.g. via pharmacological
inhibition), the low frequency of the resistant sgiopulation would likef lead to a false

negative result.

To overcome these issues many studies on resistance to cancer therapies employ the
use of isogenic sublones(Garraway and Janne, 201Zhis is often undertaken by using
limiting dilution, where resistant cell lines are platedit cell/well in a 96well plate to

isolate separate resistant stfopulations (isogenic sutlones). Whilst, as previously
mentioned, the effect of isolating sytopulations does have its limitations, the use of
isogenic suizlones has proved an effectiway of identifying mechanisms of resistance,
often with clinical relevanceEngelman and colleagueEngelmanet al, 2007)
generated resistance to the EGFR inhibgefitinib in the EGFRnutant NSCLC cell line
HCCB827 using dossscalation and subsequent isogenic stibning. Thg found that

resistance was driven by increased MET expression (via an increase in copy number) and
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that combination with PHA665752, a MET inhibitor, couldeasitise rgistant isogenic
sub-clones to gfitinib. In addition, it was shown that MET ampltiion was present in
Gdzvy2dzNE FNBY NBaAadlyd LIGASyGtasd LIQA Ay
YdzYo SNJ g1 & y24 ARSYUAFASR Ay (GKS 2NAIAYI
doseescalation alone, not isogenic saloning), whichhighlights the importance of
deriving resistant isogenic stdbones;i.e. without isogenic sukcloning it would have

been difficult to identified MET amplification as a mechanism of resistance. Similar
approaches have been used to identify mechanisms sistanceto vemurafenib &
crizotinib, to name a few, many of which have been clinically validdidazariaret al,,

2010; Katayamat al, 2011) Most studies employing the use of isogenic -sldnes

tend to focus @ one isogenic sublone, and therefore only identify one mechanism of
resistance. However, Gowrishankar and colleagi@swrishankaret al., 2012)used

several isogenic sutlones (derived from the same polyclonal resistant cell line) to
identify distinct mechanisms of resistance to dabrafenib (a BRABE/BMibitor) in a

BRAF V600melanoma cell line, including activatidgRASmutations and increased
expression of COTKinase This highlights how the use of isogenic-sltmes can enable

the identification of several distinct mechanisms of resistancia¢osame therapy.

Taking into account the likelihood of resistance to AT13148 within A248R being
polyclonal, the aim of this chapter was to generaegenicsub-clones from A2780
148Rto investigate AT13148 resistandaitially, the focus was to seen these sub
clones based on the key findinglschapter 3, such as crosssistance to ROG#hibition
and sensitivity to IGER inhibition. The results from this were then used to select sub

clones for further characterisation to identify putatieanddate drivers of resistance.
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4.2. Results

4.2.1. Determination of AT13148 resistance and cragsistance profilingn 148R

clones

In total, 10 isogenic sublones (henceforth referred to as 148R clones) were derived
from A2780148R by limiting dilutiorthat were alle to undergo routine sugulture
(Figure4.2). Subsequently, AT13148 resistance was determined, and-@sistance
profiling performed to compare 148R clones to A2780 and AZZBR cells. This was
conducted sohat resistance to AT13148 could be validated, and 148R clones with the
most unique phenotypes, which might be indicative of a distinct mechanism of
resistance, could be identified and selected for further characterisatérd
investigation of AT13148 retasmce. The drugs used in crosssistance profiling were
drugs that A278A48R had been shown to have strong resistance or sensitivity to in
chapter 3: GSK269962, NYAEW541 and AZD4547. It should be noted that 148R clones
were originallyplated at 1600 cks/well (the optimal seeding density for A27-8@8R,
Figure3.1), but that this was changed for some clones based on observations during SRB
assays. In addition, to maximise their chance of survival, 148R clegresinitially

cultured in the absence &.2 uM AT13148 (the maintenance dose of AT13148).
4.2.1.1. AT13148

Figure4.2 shows that all 148R clones, except for 148RF = 1.86, not statistically
significant), were showto have greater than Zold resistancetd ¢ MmomMny oO6wC X
with this being statistically significant in all but two clones (:B&nd 148RJ). A2780

148R was also shown to be resistant to AT13148; thgfd@BIA2780148R was 0.94 uM
compared to 0.22 uM in A2780, a statistically significafiecence giving an RF value of
4.27, consistent with the result in chapter Bigure4.2, previous resultFigure3.2).
However, 148R clones exhibited differing levels ofstasce when compared to one
another and A278048R Figure4.2). Some 148R clones exhibited lower resistance than
what was seen in A27848R, such as 148Rand 148H which had Gdvalues of 0.76

UM and 0.62 pMrespectively, resulting in an RF of F3glre4.2). In contrast, 148R

and 148RN had Gdyvalues of 2.51 uM (RF =11.41) and 2.04 uM (RF = 9.27) respectively,
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much higher than was seen with A27888R Figure4.2). Taken together, the majority

of 148R clones were shown to be resisttmtAT13148, but there was variation in the

level of resistancamongst 148R clones

@\q,e'&;«o N R

'\%Q N

W CeII Ime/clone
Cell line Gko(UM)
A2780 0.22+0.06

A2780148R | 0.94%0.20***

148RG 1.15+1.11
148RI 0.41+0.19
148RJ 2.51+0.45**
148RK 0.76x0.21**
148RM 0.84+0.24**
148RN 2.04+£0.40*
148RP 0.62+0.19*
148RS 1.46+0.37**
148RT 0.94+0.23*
148RU 1.22+0.44

Figure4.2: Summary of Gb and RF values for AT13148 in A2780, A27188R and 148R clone&raph
and table summarise the &land RF values foAT13148 in A2780, A278@8R and 148R cloneas
determined from a standard-flay SRB cell viability ass&raph was generated using GraphPad Prism 6.
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3.82
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Barsand table data poirgdepict the mean Gb+ SDfrom all experiments conducted. The red lioe the
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4.2.1.2. GSK269962

The response of 148R clones to the ROCK inhibitor GSK269962 was assessed to
investigate if they were crog®sistant to ROCK inhibition, as was seen with AZIZER

in chapte 3 Figure3.5). All 148R clones had RF values of > 10.00, indicating strong cross
resistance to GSK2699a2idure4.3A). This was shown to be statistically significant in

all 148R clones except 148R T & U. Also, as previously shown in chapter 3, A2780
148R was crosgesistant to GSK269962; A27888R had Gd of 1.310 uM compared to
0.026 uM in A2780, a statistically significant difference equating to a RF of 50.38 for
A2780148R, consistent witthe previous resultigure4.3A, previous resuleigure3.5).

As with AT13148, there was a large degree of variation in response to GSK269962
amongst 148R clones, with some clones having a lowgitlizin A27806148R and some
higher. The lowest gdwas seen in 148R which had a Gdof 0.287 pM (RF = 11.42),
substantially lower than the &ifor A2780148R Figure4.3A). Conversely, the highest
Ghkowas seen in 148R, which had a &lof 4.388 uM (RF = 168.77), which was greater
than A2780148R and 15old higher than 148R (Figure4.3B). Other 148R clones, such

as 148RN (Gio: 1.662, RF = 63.92), were not too dissimilar from A2I/A8R Figure

4.37).

It was interesting to note that 148R clonegth the highest and lowest &l for
GSK269962148RJ and 148R respectively corresponded to what was seen with
AT13148, i.e. 148Rhad the highest AT1314863nd 148R the lowest (Figure4.2 &
Figure4.3). To investigate if there was any coagbn between the Gbof AT1314&nd
GSK28962 amongst 148Rclones, A278048R, and A2780Pearson correlation
coefficient analysis was performe#igure4.3B). This gave statistically significanR
value of 0.8 and an Rvalue of 0.79indicating that there was strong positive correlation
between the G values of AT13148 and GSK269962 in 148R clones, A2880and
A2780 Figure4.3B). In summary, the majority of 148Rmes were crossesistant to

the ROCK inhibitor GSK269962, but there was large variation in the level of cross
resistance. In addition, the strong positive correlation between AT13148 and
GSK269962 &l suggests AT13148 resistance is dependent upon owargp the
inhibition of ROCK by AT13148.
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A 10

Glsg (uM)

0.01
O R O™ D R o NN
(O 00 o @ @7 o e @ af Qo
g Cell line/clone
Cell line Glo(UM) RF
A2780 0.026 £ 0.012 N/A

A2786148R | 1.310 = 0.655*** | 50.38
148RG 1.301+£1.060 50.04
148RI 0.297 £0.098* 11.42
148RJ 4.388 + 0.746** 168.77
148RK 0.918 £ 0.609* @ 35.31

148RM 0.711 +0.138** 27.35
148RN 1.662 + 0.228***  63.92
148RP 0.901 + 0.226*  34.65
148RS 2.363 £ 1.069* | 90.88
148RT 0.611+0.393 @ 23.50
148RU 2374+£1.106 @ 91.31

Pearson's
corrleation
R=0.89
R?=0.79
p <0.001

GSK269962 Gls,

AT13148 Gls,

Figure4.3: Summay of Gko and RF values for GSK269962 and correlation with AT13h482780,
A2780148R and 148R clonefA) Graph and table summarise thes@Gdnd RF values for GSK269962 in

A2780, A27848R and 148R cloness determined from a standardday SRB celiability assayGraph

was generated using GraphPad Prism 6. Bars and table datapoints depict the rearsBirom all
experiments conducted. The red line on tlyeaxis of thegraph highlights A2780 &l Statistical
significance was calculated using & (i dzReStyf DJQ X ,*AIInY, n ®n m I npkd ipdepehdent n dn n m
experiments(B)Graph displays the correlation between AT13148 and GSK269962IG¢s. @ta points
representthe mean Gk for an individual cell line (A2780, A27888R or #8R cloneggp t S| NE 2y Q.
correlation coefficient and statistical significanceere calculated using GraphPad Prism 6.8
independent experiments
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4.2.1.3. NVRAEW541

Since A278048R had been shown to be sensitive to the-I&Fnhibitor NVIAEW541
(Figure3.6), when compared to parental A2780 cells, the response of 148R clones to
NVRAEW541 was investigated. The response amongst the 148R clones was again
diverse, but remarkably none of them had a strong level of sensitiwvifywWRAEW541,

with only three clones; 148R P and S, shown to have a greater thafold sensitivity
GwC X n GAEWSAL Kighiredna, 1B). A2780 had &bf 1.72 pM compared to
0.63 uM in 148R, 0.76 uMm 148RP and 0.78 uM in 1488, equating to RF values of
0.37, 0.44 and 0.45 respectively, which were all statistically signifiEaqire4.4A, B).

In contrast, 148 and 148RJ had statistically significant lol@vel crossresistance
against NVIAEW541; 148Rl and 148RJ had G values of 4.11 uM (RF = 2.39) and
3.87 uM (RF = 2.25) respectivéfygure4.4A, B).

Unexpectedly, A278048R was not shown to be sensitiveNWVRAEW541; A278048R

had a Gy of 1.09 uM, which although statistically significaohly equated to an RF
value of 0.63Kigure4.4A, B). This contradicts what was seen in chapter 3, where A2780
148R was shownothave an RF value of 0.14, indicating sensitivity to-NE¥W/541
(Figure3.6). Upon closer inspection, the loss of sensitivity seemed to have been caused
by an increase in the &lbf A2780148R (0.22 uM ifrigure3.6 vs 1.09 uM irFigure

4.4A, B), rather than a decrease in thed®f A2780 (1.56 puM ikigure3.6vs 1.72 uM

in Figure4.4A, B). This might explain why 148R clones did not have a high degree of
sensitivity to NVFAEW541; they were derived from A27888R cells that had already

lost sensitivity/were in the process of losing sensitivity to MEW541. Indeedrigure

4.4C shows the gradual increase in A2-48BR Gb against NVFAEW541 over the
course of successive SRB assays that were conducted during the time in which 148R
clones were isolated from A278B18R and initially characterised. For example, the Gl

for NVRAEWS541 in A278048R cells increased from 0.25 pM on the 28Nov16, when
A2780148Rcellswere plated for limiting dilution, to 1.84 uM on 18JanFigure4.4C).
Taken together, these data suggest that 148R clones have lost most of their sensitivity
to NVRAEW541, with many clones showing no sensitivity and some evess
resistance. This is likely to be explained by the loss of sensitivity teARWS41in
A2780148R, from which 148R clones were derived.
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w Cell Imelclone
B
Cell line Gho(uM) — RF A2780 |  A2780148R
A2780 1724034 NIA Date  Ghko(LM) Ghko(M) RF
A2780148R  1.09 % 0.43*  0.63 28Nov-16 139 025 | 018
148RG 1.25+055 073 18Decl6 141 051 036
148RI  0.63+0.13** 0.37 10Janl7 130 062 | 048
148R)  121+0.07* 0.70 11Janl7 216 0.99  0.46
148RK 097028 0.56 17Janl7 = 1.64 131 0.80
148RM 1.34+064 078 18Janl7 158 184  1.16
148RN | 4.11%0.07%*  2.39
148RP 076037 0.44
148RS 078 +0.42* 0.45
148RT 2.56£0.67 1.49
148RU  3.87:0.17%* 225

Figure4.4: Summary of Gband RF values for NWVREW541 in A2780, A27848R and 148R clones.

(A, B)YSummaly of the Gbo and RF values fadVRAEWS541in A2780, A278048R and 148R cloness
determined from a standard-flay SRB cell viability ass@raph was generated using GraphPad Prism 6.
Bars depict the mean &t SD of all experiments condigdl. Red lineon the yaxis of the graplhighlights
A2780 Gh. Table summarises NWMAREW541 Ghand RF, Gddata points represent the measa SDof all

experiments conducted, G GA & GAOF f
nonm

AAIYATAOL y OSestd LI KO T D ¢t + G S

F F FnxBJindgpemdénh experiment{C) Table summarises é&hnd RF values for NVP

AEW541 in A2780 and A278@8R over time. Gdand RF values were taken from individual experiments.
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4.2.1.4. AZD4547

Theresponse of 148R clonés the FGFR inhibitor AZD4547 was also assessed to see if
they maintained sensitivity to AZD4547, which was shown in A248R in chapter 3
(Figure3.6). Figure4.5 shows hat A2780148Rhad statistically significant sensitivity to
AZDA4547, compared to parental A2780 cells; AZII8R had a Gdof 0.034 pM
compared to 378 uM in A2780, which equated to a RF of 0.089f¢ld sensitivity).
This was mirrored in 148R clonegjich were all shown to have statistically significant
sensitivity to AZD4547, except for 14BRFigure4.5). However, just as was seen with
other compounds used in crosssistance profiling, the response to AZB@45was
diverse amongst 148R clones. 148mad a Ghof 0.001 puM which was the lowestso|
observed and equated to an RF value of 0.003 (~f8ItB sensitivity), 148R1 was
therefore considerably more sensitive than A27B8BR Figure4.5). Contrary to this,
148RN had a Gbof 1.113 pM, which whilst just shy of being statistically significant (

= 0.06,data not shown),indicated lowlevel crosgesistance, which 148R also
displayed to NVIAEW541Figure4.4 & Figure4.5). Other 148R clones had a similagoGl

to A2780148R, such as 148Rand 148RJ, which had G¢ values of 0.037 pM (RF =
0.098) and 0.032 uM (RF = 0.085) respedtifgfure4.5). In summary, these data show
that whilst there was considerable variation in response to AZD4547 amongst 148R

clones, the majority ofvere sensitive to AZD4547.
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Cell line/clone

Cell line Ghko(UM) RF

A2780 0.378+0.196 N/A
A2780148R | 0.034+0.011** = 0.089
148RG 0.009+0.005*** | 0.024
148RI 0.004+0.002*** | 0.011
148RJ 0.024+0.014***  0.063
148RK 0.004+0.003*** | 0.011
148RM 0.001+0.001*** = 0.003
148RN 1.113+0.287 2.94
148RP 0.002+0.001***  0.005
148RS 0.008+0.004*** | 0.021
148RT 0.037+0.014***  0.098
148RU 0.032+0.026*** | 0.085

Figure4.5: Summary of Gband RF values for AZD454v A2780, A27848R and 148R clone&raph

and table summarise the &land RF values fohZD4547n A2780, A278048R and 148R cloneas

determined from a standard-8ay SRB cell viability ass@raph was generated using GraphPad Prism 6.
Barsand talde datapointsdepict the mean G¢ + SD of all experiments conducted. The red limethe

graph yaxishighlights A2780 G® { GF GA&GAOFt &AIYATFAO yt6s8F i aLIOXK  C
0.001,n %3 independent experiments.
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4.2.2. Analysis obasal signalling in 148R clones

Markers ofpathways directly targeted by AT13148AV and ROCK pathwayss well
as IGFLR expression (shown to be upregulated in A2I88R,Figure 3.10), were
investigated at baddevel via western blotting in 148R clonégyure4.6shows all 148R
clones, as well as A278@48R, oveexpressed IGER when compared to parental
A2780 cells, but just as was seen with crassistance profilingthere was a high degree
of variation in the level of IGER expression amongst 148R clonéigre4.6). Some
148R clones, such 148Rand 148H, had much higher expression of {@than A2780
148R Figure4.6). On the other handother 148R clones, suchs148RK, S & U, had a
lower expression of IGER versus A278D48R Figure4.6).

Figure4.6 also shows that there was little difference in AKT S473 and PRAS40 T246
phosphorylation in A278048R when compared to A2780, although S473 AKT
phosphorylationappeared marginally lower in A278@8R. This was similar in most
148R clones; the phosphgdation of S473 AKT and T246 PRAS40 was the same or slightly
decreased when compared to A2780, however, these markers were increased in some
clones Figure4.6). 148RN had a slight increase in the phosphorylatafr$473 AKT and

a more notable increase in T246 PRAS40 phosphorylation, whereas i) 1&8&hd T,

S473 AKT phosphorylation was unaltered/slightly decreased but T246 PRAS40
phosphorylation was increaseFigure4.6). Further downstream the PAM pathway
there were also changes seen within the phosphorylation of S235/236 S6RP, a p70S6K
substrate Figure4.6). Many cloneshad decreased S235/236 S6RP phosphorylation,
with this behg most notable in 148R, M and SFigure4.6). This appeared to be
independent of the changes in AKT and PRAS40 phosphorylation, for exampl®y 148R
had increased AKT and PRAS40 phosphorylation but decreased2323S6RP
phosphorylation Figure4.6).

The phosphorylation of T696 MYPT1 was also assessed as a marker of the ROCK
pathway. T696 MYPT1 phosphorylation was shown to be relatively unaltered amongst
A2780, A278d48Rand 148R clone${gure4.6). However, there were a few exceptions

to this, with T696 MYPT1 phosphorylation being notably decreased inG48Rl 148R

P Figure4.6). Taken ogether, thesedata shoved that there wassome variation in the
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basal signalling in pathways assessed amongst 148R clones, with this being most
prominent with IGFLR expression. Some of these changes, particularly within the PAM

pathway, warrant further imestigation.

A2780-148R
148R-N
148R-P
148R-S
148R-T
148R-U

A2780
148R-G
148R-I
148R-J
148R-K
148R-M

IGF-1R Rl JE S

pS473AKT-—_--_-———'—_'

AKT | S . — . —— - 1

PT246 PRASAD| ™™ Wi W v e e e - e -

PRASAD | W S e S I S SN S
pS235/236 S6RP ~ T R L -
SoRP| .m - -

pT696 MYPT1| W I = m.. - .-- -
wver | N

B-ACtin| " wmw s - - T — - — - —

Figure4.6: Analysis of the basal expression of I&GR and markers of the PAM and ROCK pathways in
A2780, A2780148R and 148R cloneSells were plated at either 0.5 x&(@2780) or 1 x 1{A2780148R

and 148R clones) cells per 10 cm dish and allowed to grow for 48 hours under standard growth conditions.
Cells were then lysed prior to western blot analysis. Western blot membranes were probed with
antibodies for phosphgroteins, stripped,and then reprobed with antibodies for total proteins and
loading controli(-Actin). Data are representative of three independent experiments.
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4.2.3. Selection of 148R clones for further characterisation

The initial characterisation of 148R clones gaimesigit into the resistance generated
against AT13148. In particular, the diverse response amongst the 148R clones to the
crossresistance profiling suggested that there was a degree of heterogeneity within
A2780148R, and therefore the possible existenck several sukpopulations with
distinct mechanisms of resistance to AT13148. In otdenvestigate thisthree 148R
clones 148RK, 148RN and 148F5 were selected for further, more detailed,
characterisation. The rationale for this is highlightedrable4.1. Briefly, hese clones
were selected as they all had robust resistance to AT13148 but represented the range
of resistance to AT13148 seen amongjshes inFigure4.2 (RFvalueof the threeclones

was between ~3 and ~9}.was important to have this range represented amongst the
selected 148R cloneas different levels of resistance to AT13148 may reqdisénct
mechanism. Additionally, 148RK and 148F5 were seleted as they were sensitive to
AZDA4547with 148RS also sensitive to NMAREWS541. In contrast, 148Rwas selected

as it appeared to be the most unique clone, displaying eresstance to NVIAREW541

and AZD4547 and displayed markers that indicated adtesignalling within the PAM
pathway Figure4.6, e.g. increase®®RAS40 phosphorylation).

Table 4.1: Summary of crossesistance profiling in 148R clone3.able gives m overview of cross
resistanceprofiling (Figured.2-Figured.5), the results of which were used to justify the selection of 148R
clones for further characterisation/ and U respectively indicate a positive or negative result for the
attribute outlined (e.g. AT13148 resistance). An increasing number of ticks indicates greater
resistance/sensitivity. Results that were not statistically significant are marked wWitike tireshold for

resistance/crosNB & A a G yOS 61 a wC x wodnn FyR aSyaridrgdarie
characterisation are highlighted biue.

148R AT13148 GSK269962 NVRAEW541 AZD4547

clone resistance | crossresistance sensitivity sensitivity
148RG A% A U \Y
148RI U \% \Y \'
148RJ VVVv VVV U \Y
148RK \' \% U \Y
148RM YA \' U VVV
148RN VVYV \"AY U (Crossresistant) | U (Crossresistant)
148RP \% \% \Y VvV
148RS VvV A \Y \'
148RT YA VA U \'
148RU \AA \AA U (Crossresistant) \%
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4.2.4. Light microscopy ofaected 148R clones

As withA27803148R cells in chapter 3, the morphology of selected 148R clones was
evaluated under light microscopy, both untreated and treated with 5.2 uM AT13148
(maintenance dose of AT13148), and compared to parental A2780 cellgllaasvone
another. Figure 4.7 shows that untreated parental A2780 cells displayed a similar
morphology as was previous described in chaptdfig@ure3.30 > I NER ¢ A ¢43A | K Q W
clusteas; having a rounded/polygonal morphology, consistent with an epithelial
phenotype, and not undergoing contact inhibition. In general, the morphology of
untreated 148R clones was similar to one another and parental A2780 cells; 148R clones
retained an epithelial phenotype and did not appear to undergo contact inhibition, as
had been previously described for A27888R cells in chapte (Figure3.3 & Figure

4.7). However, there were some subtle differences in morphology amongst 148R clones.
Both 148RK and 148FS cells grew as distinct compact colonies, not too dissimilar from
0KS WIBp6OS O2f 2y ASa -N2célls grewrlgss Gompactizias lange y w
in chapter JFigure3.3& Figure4.7). In addition, 148F5 cells appeared smaller and had
more of a rounded morphology, when compared to 148&nd 148, which had more

of a polygonal morphology and appeared larger, particularly IM&Rgure4.7).

The morphology of parental A2780 cells treated witid2T48 was also consistent with

what was previously described in chapter 3; a subset of cells were either undergoing
YSYONIYS o06ftS00Ay3IAT AYRAOIFIGAGS 27F 4 RIS QIG 2
morphology, becoming long and thifFigure 3.3 & Figure4.7)® ¢ KA &t WVRER y |
morphology was also seen in all 148R clones, but again only in subset of cells, not the
total population. As discussed in sect®B> (1 KA &f AMagd yWREINLIK2f 238
the inhibition of ROCK1 and 2 by AT13148, althougletfeet of other AT13148 targets

cannot be discounted.

Taken together, these data show that 14BRN and S, despite some subtle differences,
have smilar morphologies to one another, consistent with an epithelial phenotype, and
morphologically respond to AT13148 in similar manner to parental A2780 cells,
RSOSt 2 LA Yy-EA | S®aYR NIRES bf2ha ®tal pogulation.
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A80 148R-K 148R N 148R-S
: ekl . S

X40

AT13148 Untreated AT13148 Untreated

X100

Figure4.7: Light microscopy images of untreated and AT13148 treated A2780 cells and 148R cloeks were split into T25 flasks to allowB 2lays growth, and either left
untreated or treated with5.2uM AT13148. After 48 hours, when cells were ~70% confluent, cells were observed under a light microscope at x40 gn¥icQiomaand images
taken. Images are representative of two independent experiments
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4.2.5. Growth characterisation okelected 148R ohes

As previously mentioned, since growth characterisation assays had not been performed,
the seeding densities used for 148Rnes Figure4.2-Figure4.5) weredeterminedvia

trial and error over successive SRB assays. Therefore, prior to the additional
characterisation of selected 148R clones, growth characterisation assays were
performedto determine the optimal seeding density for 148R clones in a standard 6
day SRB celliability assay. The optimal seeding density for A2780 and -M8Rs
determined to be 800 cells/well and 3200 cells/well respectivElgyre4.8). This was
consistent with the established optimakeding densityfor A2780 in chapter 3 and
seeding density that had been used for 148k Figure4.2-Figure4.5. It was difficult

to determine the optimal seeding density for 148Rand 18RS as they appeared to be
log-phase growth when plated at both 1600 cells/well and 3200 cells/(iejure4.8).
However, at 3200 cells/well 148Rcells appeared to be more consistently infdwse
growth, whereas 148RS abruptly stopped growing at T = 144gQre4.8). This could
indicate that the growth of 148f8 cells slowed towards the end of the-B6ur drug
treatment window when plated at 3200 cells/wekigure4.8). Therefore, the optimal
seeding densities selected for 148Rand 148F5 were 3200 cellg/ell and 1600
cells/well respectively. 148R cells had been plated at 1600 cells/wellFigure4.2-
Figure4.5.

The doubling times for 148R clones and A2780 cells (when plated at their optimal
seeding densities) were also calculated (as shown in shown in s&gah. Whilst
there were some differences between the doubling times of A2780, KI8Rd 148F5
OHPpPPE oHPY YR ondn K2dzZNE NB Figite@ YA OSt &
However, 148R had a doubling time @f2.5 hours which was longer than A2780, 148R

K and 148F5 Figure4.9). This was also seen when the optimal seeding densities were
superimposed on the same graph; A2780, 148Rnd 148FS were indistinguishable
from one another, but 148/RI was more distinctive, albeit not too dissimilar; the curve
for 148RN appeared to be more shallow and the growth for 148Rlateaued between

144 and 168 hourd~{gure4.9). Taken togetherpptimal seeding densities for A2780 and
148R clones were established that enabled rAeéantical growth kinetics over the

course of an SRB cell viability assay.
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Figure4.8: Characterisation of the growth bA2780 and 148R clones in a-9&ll plate. Cells were plated

in 96well plates at the densities indicated, with 6 replicates per density. A plate was fixed every 24 hours
and analysed via SRB assay. Growth curves were generated using GraphPad Prigth 6nd T = 96h
highlights the 9éhour drug treatment window in a standarddiay SRB cell viability assay. Data points
represent the meart SD of one representative experiment= 3 (A2780), 2 (148Rand S) or 1 (148R)
independent experiments.
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Summary of optimal seeding densities
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Cellline | Density (Fig 4.2.5) | Optimal density (cells/well) | Doubling time (hrs)

A2780 800 800 259+28
148RK 1600 3200 32.8+0.9
148RN 3200 3200 42.5

148RS 1600 1600 32.0+2.0

Figure4.9: Comparison of optimal seeding densities and doubling times in A2780 and 148R clGeds.
were plated aper Figure4.8. Graphs were generated using GraphPad Prism 6 for thelayef optimal
seeding densitiegstablished inFigure4.8. Table summarises the doubling times of A2780 and 148R
clones over 9éour drug treatment window wheplated at their optimal seeding densities. Data points
represent the meart SD frononerepresentative experimenn = 3 (A2780), 2 (148Rand S) or 1 (148R

N) independent experiments.
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4.2.6. Determination of resistance to AT13148 and crassistance profiling in

selected 148R clones

During the initiakrossresistanceprofiling, 148R cloes were cultured in thabsence of
AT13148Kigured.2-Figure4.5). Since selected 148R clones were subsequently cultured
in the maintenance dose of AT13148A%M) it was ecessary to revalidate AT13148
resistance and cros®sistance profiling, as continuous culture in the presence of

AT13148 may influence the results originalbtained.

Figure4.10A shows that selected 148R cl@nall had statistically significant resistance
to AT13148; A2780 had asgdf 0.16 uM compared to Gdvalues of 1.65 uM, 1.49 uM
and 1.46 pM for 148K, N and S respectively. This resulted in an RF of ~9 forNL48R
and 148RS, and ~10 for 148R Figure4.10A). For A2780, 148R and 148FS these
results were relatively consistent with the previous results obtaineBigure4.2, but
this was not the case for 148R InFigure4.2the Gkofor 148RK against AT13148 was
0.76 uM, ~2fold lower than the Gbobtained inFigure4.10A, 1.49 uM, equating to RF
of ~3. This could be due to intassayvariation but may indicate that some of the
resistance to AT13148 in 148Ris transient and dependent on chronic exposure to
AT13148.

Upon closer inspection of the AT13148 data it appeared that thelim@ar regression
curve did not fit the data for 18RN as well as it did for A2780, 148Rnd 148RS
(Figure4.10A). This appeared to cause an underestimation of they ot 148RN.
Analysis of the Ralues for the nodinear regression curves confirmed this8RIN had

an R of 0.84 which was lower than what was seen in A2780, I4&Rd 148F5 (R>
0.90,Figure4.10A). The AT13148 data for 148Rwas therefore reanalysed by joining
0KS RFEGFLRAYGa Hidgthe GhBy usthg ingar regyeBsiorOdetive@lz
the data points before and after 50% viabilifgiqure4.10B). Figure4.1B shows that
the re-analysed Gbfor 148RN was3.25 pM, which was statistically significant when
compared to A2780 and gave an RF of ~20, the greatest seen amongst 148R clones.
Analysing the data in this manner also highlighted that 1KB&«hibiteda distinctive
response to AT13148. The inhibition cé#ll viability occurred in two distinct linear

phases; the at concentrations up to 3.3 uM, where viabjligradually decreased, and
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the 29 between 3.3 pM and 10.0 uM, where there was sharp decrease in cell viability.
Taken together, these data valigal resistance to AT1314i8 148RK, N & Shut again

showed that there was diversity in the response to AT13148 amongst 148R clones,
particularly 148R\.
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Figure4.10: Doseresponse curves and &ldeterminations for AT13148 in A2780 and selected 148R
clones.Cells wereplated in triplicate in a 96vell plate and allowed to grow under standard growth
conditions for 48 hours.hey were then treated with a serial dilution of AT13148 forh@firs, prior to

being analysed by SRB assay. Bresponse graphs were generated using GraphPad Prism 6. Dotted line
marks 50% viability on the saxis. Data points represent the mean SD fromone representative
experiment. Tables summaris&T13148Gko and RF, G4 data pointsdepict the mean + SD of all
experiments conductedA) Gkowascalculated with GraphPad Prism 6 using {tioear regression for all

cell lines.(B) Gko calculated withGraphPad Prism 6 using linear regressior 148RN and non-linear
regressionforall2 1 KSNJ OStt fAySaod {GFGAAGAOFT st 3VMTXOlIYyO
0.001. n = 8 independent experiments

133



4. ldentification of candidate drivers of AT13148 resistance in A2188R isogenic clones

As was seen previouslifigured.3) the selected 148R clones were again shown to have
a high degree of crosesistance to the ROCK inhibitor GSK269962 which was
statisticaly significant [figure4.11). A2780 had a &lof 0.028 pM against GSK269962
whereas 148K, N and S had $sWValues of 3.032 uM (RF = 108.29), 2.180 puM (RF =
77.86) and 3.385 uM (RF = 117.32) respectivegufed.11). The Gbfor 148RK against
GSK269962 was -8ld higher than was seen during initial cressistance profiling
(Figure4.3), which was interesting considering the plel increase in AT13148sgfbr
148RK shown irFigure4.10. This provides further evidence of the intimate link between
the level of AT13148 resistance and crossistance to GSK269962.

Figure4.11also shows that none of the selected 148R clones had sensitivity to the IGF
1R inhibitor NVFAEW541. The &lfor 148RK and 148F5 against NVREW541 was
1.34 pM and 1.35 uM respectively, only marginally lower than thedsA2780: 1.41

UM (Figure4.11). This gave RF values for 148Bnd 148FS of just under 1, 0.95 & 0.96
respectively [Figure4.11). It should be noted that 148R was previouglshown to be
sensitive to NVIAEW541, but only to a minimal exteritigure4.4), therefore, the lack

of sensitivity inFigure4.11does not represent a significant shift aisdikely due to inter
assay variation. In contrast, 1483Rhad lowlevel crosgesistance to NVAAEW541 (Gé:

2.98 uM, RF = 2.12), which was statistically significant, consistent with the previous

result shown irFigure4.4 (Figure4.11).

In addition, Figure4.11 shows that there was large degree of sensitivity to the FGFR
inhibitor AZD4547 in 148R and 148F5; 148RK and 148F5 hadGkovalues of 0.011 uM
and 0.008 uM respectivelyigure4.11). This corresponded to ~4bld sensitivity for
148RK (RF = 0.06) and ~fdld sensitivity for 148K (RF = 0.05), when compared to
A2780 which had &koof 0.170 uM, and was shown to be statistically significkigyre
4.11). It should be noted that that the sensitivity displayed against AZD4547, byKL48R
and 148RS, was slightly lower than was previouslyrs@eFigure4.5, but nonetheless
substantial. Conversely, 148R had statistically significant cresssistance against
AZDA4547; 148R had a Gbof 0.969 uM which correspondeid an RF of 5/0 (Figure
4.11). Taken together, these data show that the selected 148R clames all cross
resistant toGSK269962hat 148RK and 148FSwere highly sensitive to AZD4547, and
that 148RN wascrossresistant to NVFAEW541 and AZDA4%.
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Figure4.11: Doseresponse curves and &ldeterminations for GSK269962, N\AEWS541 andhZD4547

in A2780 and selected 148R clon&ells were plated in triplicate in a 2¢ll plate and allowed to grow
under standard growth conditions for 48 hours. They were then treated with a serial dilution of
GSK269962, NWAEW541 or AZD4547 for®®urs prior to being analysed by SRB assay. Desgonse
graphs and no#linear regression curve fits were generated using GraphPad Prifnot&d linemarks

50% viability on the saxis Data points represent the meah SD from one representative experiment.
Table summarises &land RF, Gd data pointsdepict the mean + SD of all experiments conducted.
{GFraGAaGAOFE AaAIYATAOL Yy OSestglbda XO bt &ID ¢ , n difiiepdrdleny” 3
experiments.
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4.2.7. Analysis of basal signalling inleeted 148R clones

The analysis of basal signalling was also repeatsdl@tted 148R clones to ensure that
this had not been altered by continuous culture in AT13148. As was seen previously
(Figure4.6), selected148R clones were all shown to have a strong @sgression of
IGF1R when compared to A2780, which was most notable in 43&tich had the
highest expression of IGR Figure4.12A). Since this was not seen pravsly, IGF1R
expression was equal amongst 14BRN and S iRigure4.6; this perhaps suggests that
there was an induction of IGER expression in 148R upon continuous AT13148

treatment. However, a more thoroughvestigation would be required to ascertain this.

The activation of the PAM pathway was also investigated by western blotting for AKT
YR G¢2 'Ye &dzoaldNX¥GSa 6D{ Yol YR tw!{n
activation of the PAM pathwayrigure4.12A shows thathere was an increase in the
LIK2ALIK2NBE FGA2Y 2F { n Ny whencompargtifo AR7&®0, i Y o |
no difference in the phosphorylation of T246 PRAS40. This differdHigure4.6, where

T246 PRAS40 phasorylation was shown to be increased in 148RIn contrast, the
LIK2ALIK2NBEFGA2Yy 2F { & DK\aod 1488} as wakyf@K | y 3
phosphorylation of T246 PRAS4#iglre4.12A). The phosphorylation of S4AKT also
appeared to be slightly increased in 148Rinconsistent witlrigure4.6 and the lack of

increase in AKT substrate phosphorylation Figure 4.12A. However, the ttal
expression of AKT was slightly increased in all 148R clones, sugtfestiting increase

in AKT phosphorylation within 148Rmight be due to ovdoading. The total pratin
SELINBaarzy 2F tw!{nn YR D{Yol ¢l & O2y&ah.
clones Figure4.12A). Interestingly, as was seenkigure4.6, the phosphorylation of
S325/23656RP was decreased in all 148R closgsecially ill48RK and 148, with

total S6RP expression unchangédy(ire4.12A).

The selected 148R clones were also western blotted for MYPT1 as a readoet of th
activity of the ROCK pathway. The phosphorylation of T696 MYPT1 and MYPT1 total
expression were unaltered across A2780 and all selected 148R clogesed.12B). In
addition, the expression of FGFR2 was alsessssl to investigate the sensitivity to

FGFR inhibition amongst 148R clones. The expression of FGFR2 was shown to be
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identical to A2780 in 148R and 148F5, however it was much lower in 148RFigure
4.12B). Thiswas interesting as 148R was the only 148R clone not to display cfoss

resistance to the FGFR inhibitor AZD4F4@re4.5 & Figure4.11).
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Figue 4.12: Analysis of the basal expression of IGR, FGFR2 and markers of the PAM and ROCK
pathways in selected 148R clong@, B)Cells were plated at either 0.5 x1@2780) or 1 x 1{A2780

148R and 14R clones) cells per 10 cm dish and allowed to grow for 48 hours under standard growth
conditions. Cells were then lysed prior to western blot analysis. Western blot membranes were probed
with antibodies for phosphgroteins, stripped, and then rprobed wth antibodies for total proteins and
loading control i(-Actin). A2780 and selected 148R clones are highlighted inimg@). Data are
representative of five independent experiments.
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4.2.8. Crossresistance of 148R clones to AKT and p70S6K inhibition

As shown peviously inFigure4.3 & Figure4.11, one of the defining features of 148R
clones (and A2780@48R) was their strong crosssistance to the ROCK inhibitor
GSK269962. Since BKLL and 2 are both targets of AT13148, it was considered that 148R
clones may also possess crossistance to inhibition of other AT13148 targets. To this
end, SRB cell viability assays were performed on 148R clones using MK2206, an allosteric
AKT inhibibr, and PF4708671a p70S6K inhibitofHirai et al, 2010; Pearceet al,

201().

Remarkably, as shown Figure4.13 al 148R clones were shown to have statistically
significant crossesistance to MK2206; A2780 had a¢®f 0.08 uM against MK2206
compared to 0.35 uM, 2.17 uM, 0.50 uM in 14BRN and S respectivelyigure4.13).
This equated to an RF of 4.38 and 6.25 in 1K&Rd 148F5, indicating a modate level

of crossresistance, and an RF of 27.13 in 148Rndicating a strong degree of cress
resistance to MK220&-(gure4.13. Thee was also some crosssistance to PF4708671,;
A2780 had a Gdof 8.78 uM compared to 25.81 pM, 15.37 uM and 20.82 uM in 148R
K, N and S respectivelyigure4.13). This was statistically significaim all 148Rclones)
and equated to an RF of -2in 148R clones, demonstrating ld&wel crosgesistance
(Figure4.13). Taken together, these data showed that 148R clones had-cessstance

to AKT and p70S6K inhibition, kaygets of AT13148.
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Cellline  Gko(uM) RF Glo(UM) RF

A2780 0.08 £0.04 N/A 8.78 £ 3.04 N/A
148RK ' 0.35+0.11** 4.38 25.81+7.00* 2.94
148RN | 2.17+0.85* 27.13| 15.37 £0.65* | 1.75
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Figure4.13: Doseresponse curves and éldeterminations for MK2206 and PF4708671 in A2780 and
148R clonesCells were plated in triplicate in a 2¢ll plate and allowd to grow under standard growth
conditions for 48 hours. They were then treated with a serial dilutioM&2206 or PF470867br 96-
hours, prior to being analysed by SRB assay. -Besgnse graphs and ndimear regression curve fits
were generated usip GraphPad Prism. ®otted line marks50% viability on the saxis Data points
represent the meart SD from one representative experiment. Table summarisgsa®@ RF, G data
pointsdepictthe mean + SD of all experiments conducted. Statistical signife was calculated using a
& 0 dzR Stgsf) QA i, ¥ n ¥ , m=d imdependent experiments.
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4.2.9. Response of signalling pathways to AT13148 treatment in 148R clones
4.2.9.1. Markers of PAMsignalling

The previously described cresssistance to selective inhibitors of AKT and p70S6K, two
targets of AT1318, may indicate that the mechanism of resistance to AT13148 is
proximal to the PAM pathway. To investigate this A2780 and 148R clones were treated
with AT13148 for 4 hours and then analysed by western blot for markers of PAM
pathway signallingFigure4.14 shows that T246 PRAS40 phosphorylation, a marker of
AKT inhibition, was partially refractory to AT13148 in all 148R clones; 5 uM of AT13148
was able to abolish T246 PRAS40 phosphorylation in A2780, but this whe tate in
148R clones. In 148Rand 148F5, 5 uM of AT13148 did cause a slight decrease in T246
PRAS40 phosphorylation, with 10 uM causing a further reduction without completely
abolishing the phosphorylation of T246 PRAS4QUre4.14). This was similar in 148R

N, but T246 PRAS40 phosphorylation was maintained to a greater extent than in 148R
K and 148F5 Figure4.14). The total protein expression of PRAS40 was coms$iatzoss

all cell lines and was unaffected by AT13148 treatmEigure4.14).

As with PRAS40 phosphorylation, the phosphorylation of S235/236 S6RP was also
partially refractory to AT13148{gure4.14). In A2780, S235/236 S6RP phosphorylation

gl a aidNRy3afte AYKAOAGSR 6A0GK ndp «x &iguteC Mo M
4.14). In contrast, there was only a small decrease in S235/236 S6RP phosphorylation
WAGK nédép xa ! ¢momny AYy wmnyw Of2ySas | yR
the phosphorylation of S235/236 S6HRg(ire4.14). Despite some changes in 14BR

in response to AT13148, total S6RP expression mastly unaffected by AT13148
treatment and was consistent across all cell linéigre4.14). Taken together, these

data suggest that PAM pathway was partially refractory to AT13H4iBition in 148R

clones thiscould play a role in AT13148sistanceand warrants further investigation.
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Figure4.14: Analysis of the response of the PAM pathway to AT13148 in 148R clddels were plated

at either 0.5 x 18(A2780) or 1 x 1q148R clones) cells per 10 cm dish and allowed to grow for 48 hours
under standard growth conditions. Cells were then treated with AT13148, as shown, or D: DMSO vehicle
control for 4 hours, prior to being lysed for western blot analygiestern blot membranes were probed

with antibodies for phosphgroteins, stripped, and then rprobed with antibodies for total proteins or
loading control (GAPDHPata are representative of three (PRAS40) or four (S6RP) independent
experiments.
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4.2.9.2. Markers d ROCK signalling

Since 148R clones all had a strong level of eresistance to ROCK inhibition, A2780
cells and 148R clones were also treated with AT13148 to investigate if AT13148
resistance was proximal to the ROCK pathway. The phosphorylation oMY8R®1, a
substrate of ROCK1 and 2, was used as marker of the inhibition of the ROCK pathway by
AT13148 Figure4.15 shows that in both A2780 and 148R clones 1 uM of AT13148
caused a sharp decrease in the phosphatigh of T696 MYPT1. In 148Rthere was

also a sharp decrease in MYPT1 T696 phosphorylation at 0.1 uM AT13148, but at 0.5 uM
AT13148 MYPT1 T696 phosphorylation was similar to the DMSO vehicle control for
148RS Figure 4.15. An unusual response was also seen in A2780 and-KA8Rere

there was a slight rebound in T696 MYPT1 phosphorylation with fM AT13148
(Figured.15. However, this was very slight and only seen wiitng film exposure, and
therefore perhaps caused by subtle differences in loadiigure4.15). The expression

of total MYPT1 was unaffected by AT13148 in A2780 and-K4&mRt in 148RN and
148RS, when used at-10 uM, AT13148 did cause a decrease in the total expression of
MYPTL, particularly in 148RFigure4.15). It should be noted that this was not seen in
other biological replicates and was thus most likely causedrbexperimental artefact.

In summary, there were some differences in tresponse of the ROCK pathway to
AT13148 in A2780 and 148R clones, but in the context of AT13148 resistance, these did
not appear sufficient to contribute towards resistance. Theg&eknces in response,
amongst A2780 and 148R clones, likely reflects the promiscuous nature of MYPT1

phosphorylation (as discussed in sect®B).
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Figure4.15: Analysisof the response of the ROCK pathway to AT13148 in A2780 and 148R cloaks.
were plated at either 0.5 x £§A2780) or 1 x 1A2780148R) cells per 10 cm dish and allowed to grow
for 48 hours under standard growth conditions. Cells were then treati#d AT13148, as shown, or D:

DMSO vehicle control for 4 hours prior to being lysed for western blot analysis. Western blot membranes

were probed with antibodies for phospharoteins, stripped, and then rprobed with antibodies for total
proteins or loaéhg control { -Actin). (9: short exposure to hyperfilmL): long exposure to hyperfilm.
Data are representative three independent experiments.
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4.2.10.Response ofthe PAM pathway to MK2206 in A2780 and 148R clones

The response of the PAM pathway to MK2206 a0 examined, as 148R clones,
particularly 148RN, had displayed crosssistance to MK2206. In addition, since the

PAM pathway wapartially refractory to AT13148, the response to MK2206 may enable

the contribution of AKT towards this to be dissectétjure4.16 shows that MK2206

potently inhibited the phosphorylation of S473 AKT across A2780 and 148R clones in a
similar manner; 0.01 uM caused a sharp decrease #8 3T phosphorylation ang

0.1 uM MK2206 abolishepghosphorylation However, there were some differences in

0KS NBaLRyasS 2F (GKS !'Y¢ &dzoaidNX¥iGdSa D{Yol
148R clones. In A2780 and 14BR (1 KS LIK2 aLIK2NBfFGA2YyY 27F {
was substatially reduced with 1 uM MK2206, the maximum concentration used, with
PRAS40 T246 phosphorylation also exhibiting this response inNLgdgure4.16). But

in contrast, in 148MIS9 GSK3 LJK 2 & LIKvadfartidly tefkatgfy; whilst 1 uM of
aYHHnc OFdzaSR I RSONBIFaS Ay D{Yoi {d LK:
extent than in A2780 and 148R Figure4.16)

A similar phenomenon was also seen with S235/236 S6RPIptytation, whereby 0.1

UM MK2206 caused a sharp decrease in S6RP phosphorylation in A2780 a+&l 48R
did not do so in 148R! (Figure4.16). However, in 148Rl, 1 uM MK2206 did cause
substantial decrease in S2236 S6RP phosphorylation, indiscernible from A2780 and
148RS, thus indicating that S235/236 S6RP phosphorylation was only partially
refractory to MK2206 in 148R (Figure4.16). Since AKT was equally inhibited by
MK2206 in A2780 and 148R clones, as showrabgomparable decrease IAKT
phosphorylation, the maintenance in the phosphorylation of substrates downstream of
AKT in 148Rl would seem to occur in an Altidependent manner. Taken together,
these datasuggesthat some otthe PAM pathway is partially refractory to AKT inhibition

in 148RN, and that this seems to independent of AKT activation.
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Figure4.16: Analysis of the response of PAM pathway to MKZih A2780 and 148R cloneSells were
plated at either 5 x 10(A2780) or 7.5 x P§148R clones) cells per 7 cm dish and allowed to grow for 48
hours under standard growth conditions. Cells were then treated with MK2a8&hownpor D: DMSO
vehicle catrol for 4 hours prior to being lysed for western blot analysis. Western blot membranes were
probed with antibodies for phosphproteins, stripped, and then rprobed with antibodies for total
proteins or loading control fActin) Data are representative of two (GSK3r three (AKT, PRAS40 and
S6RP) independent experiments.
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4.2.11.Analysis of markers of the MAPK pathway in A2780 and 148R clones

The work presented thus far in this chapter has shown that the PAM pathwalesss
responsive to AT13148 in 148R clones. This could be caused by changes to AKT and
p70S6K, e.g. mutation or increased expression, but alternatively could be caused by
changes in another pathway which interacts with the PAM pathway. One such pathway

is the MAPK pathway which is known to interact with the PAM pathway on several
levels, and was shown in chapter 3 to be altered in AZII88R(Mendozaet al.,, 2011.,

Figure 3.1 Therefore, markers of the MAPK pathway were gsatl in A2780 and 148R

clones by western blotting.

Figure 4.17 shows that there was a striking increase in the phosphorylation of
Thr202/Tyr204 ERK 1/2 in all 148R clones when compared to A2780. This was highest in
148RS followed by 148K and then 148R (Figure4.17). Contrary to what one might
expect, there was a decrease in the phosphorylation of S217/221 MEK 1/2 in all 148R
clones Figure4.17), with this being greatest in 148R This paradoxical increase in ERK

1/2 phosphorylation coupled with a decrease in MEKphosphorylatiorwas also seen

in A2780148R inchapter 3 Figure3.11), butthe increase/decrease was considerably
more marked in 148R clones. As discussed in se8t®rnhisdichotomy, between ERK

1/2 and MEK 1/2 phosphorylatiocpuld be dueto an increase in negative feedback
caused by increasechpsphorylation of ERK 1/2.

The phosphorylation of two ERK 1/2 substrates, ETS1Lj®tein (ElkL) and p90
ribosomal S6 kinase (RSK), was also examined to see whether they exhibited a parallel
increase in their phosphorylation, in line with increased ERKhosphorylation. There
were three bands detected for S383 Hllphosphorylation, which was not anticipated
as S383 Elk was supposed to be detected as singular b&ngure4.17). However, the
band with lowestmolecular weight matched the single band detected for totatEIk
expression and corresponded to the molecular weight predicted by the antibody
manufacturer (62 kDa) for Ekk so was therefore determined to be the band
representing S383 Elk phosphoryléion. Taking this into account, there was a strong
increase in the phosphorylation of S383-Elbhosphorylation in 148R and 148F5
when compared to A2780, but a decrease in 148RFigure4.17). In contrast, the
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phosphorylation of T359 RSK was slightly lower in all 148R clones, perhaps suggesting
that S383 EW. phosphorylation may be a better readout of ERK activity, at least i 148R

K and 148F5 Figure4.17). Taken togdter, these data suggest that the MAPK pathway
was altered in 148R clones but naiformly. This warrants further investigation into

how it maycontribute towards AT13148 resistance, and as to whether 148R clones have
an increased dependency on the MAPKhpaay for growth and survival, which could

be exploited therapeutically.
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Figure4.17: Analysis of the basal expression of markers of the MAPK pathway in A2780 and 148R clones.
Cells were plated at either 0.5 x®1@#2780) or 1 x q148R clones) cells per 10 cm dish and allowed to
grow for 48 hours under standard growth conditions. Cells were then lysed prior to western blot analysis.
Western blot membranes were probed witmtébodies for phospheproteins, stripped, and then ke
probed with antibodies for total proteins and loading controtActin). Red arrow highlights band
corresponding to pS383 Elk Data are representative of five independent experiments.
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4.3. Discussion

4.3.1. Cbne screening and selection

Theprimary aim of this chapter was to derive isogenic-sidnes from A278048R and
characterise them in order to identify putative drivers of resistance to AT13148. As has
been described in this chapter, 148R clones imtiaent through two phases of
screening, both of which were based upon SRB cell viability assays determining the
response to AT13148, GSK269962, M¥MW/541 and AZD4547, as well as western blot
analysis of the basal expression of markers of the PAM and R&@BKays. The first
phase Figure4.2-Figure4.6) was performed on all isolated 148R clones and the second
phase Figure4.7-Figure4.12) onthree 148R clones; 148R, N & S, selected based on

the results from phase one. Since phase two was conducted with 148R clones cultured
in the presence of AT13148, with optimal seeding densities determui@dyrowth
assays, it is likely to be a more accurate representation of 148R clones. However, both

were able gain insight into resistance against AT13148.

Prior to getting into a more detailed discussion over the results of the screening of 148R
clones itis worth mentioning that the ovearching observation that one can take from

this screening is the sheer variability amongst 148R clones. This was most notable in SRB
cell viabilityassays, for example, the RF value for AT13148 in 148R clones ranged from
1.86 to 20.31Kigure4.2 & Figure4.10). Acareful interpretation is required in terms of
what this means for AT13148 resistance in A2I8BR. This variability could be
interpreted as showing that A278M8R has a high degree of heterogeneity, with
several unique supopulations likely to have distinct mechanisms of resistance to
AT13148. However, an equally likely explanation is that this variation is an effect of
isolationitself being a stimulus for the production of new phenotygeleppner, 1984)
Indeed, it has been shown, due to the inherent genetic instability of many cancers, that
isolated cancer cells can quickly evolve into a genetically heterogenous population

distinct from the cell lines from whidimey were derivedBenDavidet al.,, 2018)

Nonetheless, screening provided evidence that resistance against AT13148 in 148R

clones was, for the most part, stable. As mentioned, during fiiypHase of screening,
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which took place over a-gonth period, 148R clones were not cultured in the presence

of AT13148. Despite this, all but one 148R clone (4%#8kRs shown to have >fdld
resistance to AT13148, thus indicating that resistance was stelgare4.2). This was
further validated by the second phase of screening, which showed that routine sub
culture in the presence of AT13148 did not substantially increase resistance to AT13148
(Figure4.10). 148RK was arexception to this; there was a -f8Id increase in AT13148
resistance in phase two of screening. This could of course be caused bpastgr
variation but might also be indicative of transient resistance to AT13148. Whilst most
resistance phenotypes tenloke stable, the acquisition of transient resistant phenotypes

is not uncommon. For example, Stottrup and colleag(8tottrup et al, 2016)
generated resistance against the AKT inhibitor MK2206 in breast cancer cell lines and
demonstrated that resistant cells could be partiallysensitized to MK2206 upon drug
withdrawal over a tihee week period. A similar approach could be employed to ascertain

if 148RK exhibited transient resistance; 148Rcells could be released from AT13148
for various time points and compared to 148Rcontinuously cultured in the presence

of AT13148.

Screelng 148R clones for their response to AT13148 not only revealed differences in
Gkoand RF values, but also distinct dassponsecurves Figure4.10. A2780, 148K

and 148RS had typical doseesponse curves, thawere sigmoidal adhering to the
threshold model; whereby, at lower doses, drugs elicit no biological effect until a
threshold is met (target inhibition), inhibition then proceeds in linear fashion until target
saturation(Reynolds, 2010)'he doseaesponse curve for 148R did not adhere to this
model; AT13148 appeared to inhibit the vialyilbf 148RN in two distinct linear phases;

at low concentrations there was an incremental decrease in viakalghallow gradient,
followed by a sharp decrease at higher concentrations. This could possibly be due to the
broad inhibition elicited by AT138; the inhibition of high potency targets (e.g. ROCK1

& 2) at low concentrations of AT13148 could cause a small incremental decrease in
148RN viability, and the additional inhibition of lex potency targets (e.g. AKT) at
higher concentrations, could uae the sharp decrease in viability (highlightedrigure

4.18. However, there are other possible explanations for the distinctive -tlesponse

curve of 148RN. FallahSichani and colleaguésallahiSichanet al,, 2013)showed that
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PAM pathway inhibitors, such as the mTOR inhibitor PP242, which hadaekmmse

curves with a low hitlope (as does 148Rl), correlated with a highevel of celicell

variability of the PAM pathwayresponse to inhibition, demonstrated by
immunofluorescence staining of the mTORC1 substrate 4EBP1 and cell cycle marker
retinoblastoma protein (Rb). They postulated that this was due to stochastic fluctuations
(e.g. in drug target or negative feedback région) rather than the presence of distinct
genetic subpopulations(FallahiSichaniet al, 2013) Since the response of 148Rto
AT13148, up to ~ 3 uM, exhibits a shallow dosgponse curve, cell to cell variation
(non-genetic) in response to AT13148 could be a possible explanation. Furthermore,
AT13148 differentially eliciting cytostatic and cytotoxic effeatd48RN at different
AT13148 concentrations, and 148Rexhibiting unique growth kineticgigure4.8 &
Figure4.9), could also explain why 148Rhad a distinctive doseesponse curveo
AT13148 Whatever the exact mechanism, it can be saith certainty, that 148RN
responds to AT3148 in a distinctive manner, which could suggest that 1K8fas a

distinct mechanism of resistance to AT13148.
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Figure4.18: Potential influence of AT13148 target inhibition on response of 148Ro AT13148Graph
shows the response of 148R and 148F5 to AT13148 (takeinom Figure4.10B) and the hypothetical
inhibition of AT13148 targetd different concentrations of AT13148

As has been mentioned, the seming of 148R clones revealed a substantial degree of
variation. This camspeciallybe seen in response to the ROCK inhibitor GSK269962,
where all 148R clones demonstrated crossistance, but the extent of this varied
considerably (RF 11.42168.77,Figure4.3). Interestingly, it was shown that there was
significant correlation between AT13148 resistance and GSK269962resagance
(Figure4.3). This would suggest that order to become resistant to AT13148, cells must
find a way of overcoming the inhibition of ROCK1 & 2 by AT13148, the extent of which
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determines the magnitude of resistance to AT13148. Of course, it is possible that there
is not a direct causal link beeen AT13148 resistance and GSK269962 ¢rmsstance,

but the strong level of correlation between the two, coupled with the potent inhibition

of ROCK 1 and 2 by AT13148, would seem to make a causal link likely.

Another interesting findin@f the initid screening was the loss of sensitivity to the-IGF

1R inhibitor NVFAEW541 in 148R clone§igure 4.4 & Figure 4.11). This was
independent of AT13148 exposure; as the secphdse of screening on selectéd8R
clones, which were maintained in AT13148, did notestablish NVRAEW541
sensitivity. A278A48R cells were also shown to have lost their sensitivity to-NVP
AEWS541, with sensitivity decreasing over the period of timat td8R clones were
isolated and expanded-{gure4.40). It is therefore likely that the loss of sensitivity in
148R clones was also due to a loss of sensitivity over time, rather than as an artefact of

the isolation process.

Remarkably, despite the loss of NXEW541 sensitivity, 148fones and A278048R

cells were still shown to ovesxpress IGHR, albeit to varying extentsigure4.6 &
Figured.12). Furthermore, unpublished data from the Garrett lab has shown that an IGF
1R expressing sybopulation canbe selected from AT13148 sensitive parental A2780
cells, when cultured in the presence of 5.2 uM AT13148 (maintenance dose3f48f 1

data not shown). This might suggest that during the generation of resistance to AT13148
in parental A2780 cells, an IGR expressing symopulation of A2780 was initially
selected for that conferred a dependency on {GF¥ signalling and a survivahantage

in the presence of AT13148. However, over time, with desealation and prolonged
AT13148 exposure, additional changes occumede selected fordriving AT13148
resistance to the level seen in A27888R and 148R clones, reducing the dependency
on IGFLR signalling for survival. Evidence for this can be seen as despite the loss of NVP
AEW541 sensitivity, and thus KER dependency, AT13148 resistance was still retained
in A2780148R and 148R clones.

The loss of NVMREWbS541 sensitivity, combined tivithe previous work conducted
investigating IGRR as a driver of resistan¢&kan, 2015)would seem to exclude IGF

1R overexpression from either driving resistance or being a therapeutic target in
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AT13148 resistance. However, further work should be conducted to tastethe
importance of IGRR overexpression and dependency as an early driver of AT13148
resistance. If this is validated, then combining AT13148 with arlRGiRhibitor could
be a therapeutic strategy tpreventthe acquisition of AT13148 resistanoeprolong

the response to AT13148.

In contrast, sensitivity to the FGFR inhibitor AZD4547 was retained in most 148R clones
as well as in A2780D48R Figure4.5 & Figure4.11). Of the 148R clones that were
selected for further analysis, 148Rand 148F5 both showed ~2bld sensitivity Figure

4.11). The exception to this was 148Rwhich was crosgesistant to AZD4547, as well

as NVPABN541, again, highlighting that 148Rappears to be distinct from other 148R
clones. It was interesting to see that 14BRilsohad decreased expression of FGFR2,
which may explainwhy it was crossesistant, but the expression of FGFR2 was
unchanged in 18RK and 148F5(Figure4.12). This is problematic, as the inhibition of
FGFR could be a potential therapeutic strategy in AT13148 resistant patients, but this
would be difficult without identifying a biomarker oéssitivity. As discussed section

3.3, other isoforms of FGFR (1,3 & 4) exist, of which FGFR 1 &&bsatargeted by
AZD4547in addition to FGFR2and have been shown to contribute towards resistance

to cancer therapieqYadavet al, 2012; Dalyet al, 2017) It would be prudent to
investigate the expression dnphosphorylation of these FG&ER try and identify a
biomarker of FGFR sensitivity. Sensitivity té-R@hibition should also be validated by
the use of additional FGFR inhibitors such as BGJ398 aA@ 358193, both which have
progressed to clinical tria[®esai and Adjei, 2016)

In addition to SRB cell viability assays, 148R clones were also screened by performing
western blots investigating the basal expression of markers of the PAM and ROCK
pathways, two key AT13148 targets. Agdirese assays revealed that 14BRappeared

to be distinct from other 148R clones; 148Rexhibited increased phosphorylation of
AKT substrates (PRAS40 and Gp&a8well as AKT itself, which was not seen in 48R

or 148RS Figure4.6 & Figure4.12). However, ishould be noted that there was some
discrepancy in the phosphorylatioof PRAS40 in 148R PRAS40 phosphorylation was
shown to be increased iRigure4.6 but was unchanged ifigure4.12 Nonetheless,

since AT13148 inhibits AKT1 & 3, changes AKT and AKT substrate
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phosphorylation/expression has the capacity to contribute towards resistance to
AT13148, this has been observed in other AKT inhibitors. For example, Stottrup and
colleaguegStottrup et al,, 2016)demonstrated that increased expression of AKT3 can
drive resistance to the allosteric AKT inhibitor MK2206esistant breast cancer cell

lines.

It should also be noted that in 148Rand 148 there was decreased phosphorylation

of S6RP at a basal level. However, this was not seen in any of the subsequent dose
response western blots (e.gigure4.14), where S6RP phosphorylation was shown to be
unchanged at a basal level, so would appear to be caused by variation, either stochastic
or experimental, not AT13148 resistance. Nonetheless, the lack of increase in S6RP
phosphaylation suggested that the apparent increase in AKT activation in-Mabes

not transmit to the downstream components of the PAM pathway, proximal to mTORC1
and p70S6K.

4.3.2. The role of PAM and ROCK signalling in AT13148 resistance

To investigate the poterai consequences of altered AKT signalling, SRB assays were
performed using MK2206, a potent and selective allosteric inhibitor of all three AKT
isoforms(Hirai et al,, 2010; Figure 4.1R 148RN was shown to be remarkably cress
resistant to MK2206, with an RF value of ~27, tather unexpectedly, due to lack
alterations in the PAM pathway at the basal level, 148Bnd 148F5 a$o displayed
crossresistance, albeit to a lesser extent (RF6}4Western blotting of PAM pathway
markers in response to MK2206 revealed a potential mechanism for-ceesdance in
148RN; AKT substrate phosphorylation was partially refractory to M&2B0Owever,

this was only seen with GSK&nd not PRAS4Figure4.16). This was not seen in 148R

S.

Since MK2206 is an allosteric inhibitor of AKT, the phosphorylation of AKT was used as
a direct marker of inhibign of AKT by MK2206. AKT was inhibited by MK2206 to a near
identical extent across A2780, 148Rand 148F5, which suggests, in 148Rthat the
maintenance of GSK3hosphorylation in response to MK2206 was independent of
AKT. In addition, S6RP phosphatigih was also shown to be partially refractory to
MK2206 in 148Rl. Considering PRAS40 phosphorylation was not maintained in 148R

153



4. ldentification of candidate drivers of AT13148 resistance in A2188R isogenic clones

N, and that PRAS40 is an upstream regulator of mTORC1, therefore PAM pathway
substrates downstream of mTORC1, such as S6GRPnaintenance of S6RP might be

due to changes proximal to mMTORC1 and p70S6K. Since the PAM pathway was equally
responsive to MK2206 in A2780 and 148Rt would seem likely that MK2206 cross

resistance is caused by changes outside the PAM pathway in948R

With regards to 148, despite the maintenance of GSKihosphorylation appearing

to be independent of AKTit may still be dependent upon PI3K. Indeed, there is
increasing evidence to suggest that AKT is not the only effector of PI3K, and that some
tumours are PI3K dependent but AKT independent. Gagliardi and colle@gagisardi

et al, 2012)demonstrated that the knockdown of PDKdaused a loss of malignant
phenotype in breast cancer cells harbouriRgiK3CAnutations which could not be
recovered by the expression of constitutively active AKT. In a similar study, Vasudevan
and colleagueévasudevaret al., 2009)identified that cancer cell les that were driven

by activatingPIK3CAnutations but AKT independent, were dependent upon SGK3

As discussed in sectidn5, SGK3 is one of three isoforms of SGK (SGK1, 2 & 3) which,
like AKT, are members of the AGC familypootein kinases and share significant
homology with one another and AKBruhnet al., 2010) All isoforms of SGK have been

shown to act as AKT independent effectors of PI3K; they are activated in a PI3K/PDK1
dependent manner, with some evidence that they also depend upd®RC2 for their
activation (Bruhn et al, 2010, 2013) Furthermore SGK isoforms haveverlapping
substrate specificity with AKBruhnet al,, 2013) Shared substrates between AKT and

SGK iolude GSK3Xx Ch-hol X ¢{/nHv YR .15 gA0lK |
LIK2ALK2NBEFGS GKS alFYS NBaARdz2S Fa !'Ye oS
FoXO3a)Brunetet al., 2001; Bruhret al.,, 2010)

Therefore, in 148R an increase in SGK expression or activation could explain the
YEAYGSYlIyOS 2F D{Yoi LK2aALK2NEflIGAZYS (K
may also occur in response to other AKT inhibitors, such as AT1BIbi&: (4.19.
Alternatively, alterations in upstream regulators of SGK activation, such as PI3K, PTEN,
t5YmM YR we¢YQa passzf RKT Sig SAHHUE4. 1DKThis @ethaps

might be more likely a mechanism 148RN, since the phosphorylation of AKT was

increased at a basal level, indicating that there may be changes upstream of AKT and
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SGKHowever, it should be considered that AT13148 can inhibit SGK3, so SGK1 and 2
might be more likely involved in AT134esistancelnterestingly, it has been shown

that elevated SGK1 expression can predict resistance to AKT inhibition in breast cancer
cell lines, thus highlighting the potential of SGK to overcome AKT inhil§iommeret

al., 2013)

It is also worth notinghat there areseveral additional kinases, notgulated by PI3K
andBYMZ GKIF G OFy I §igcluddgRSK, BRIRaREAMend&aeD { Y o i
al., 2011; Beureet al, 2015) Theseshould also be considered as contributing to the
YIEAYGSYlFyOS 2F D{VYol LIK2aLIK2NEf Almbrey Ay
comprehensive investigation of the response of AKT substrates to MK2206 would gain
some mechanistic insight; if the phosphorylatiaf several shared AKT and SGK
substrates is maintained in response to MK2206 it would make it likely that this is SGK
dependent. However, caution would be required when interpreting these results, as
some of the aforementioned kinases calsophosphoryldée AKT/SGK substrates; e.g.

ERK and RSK can phosphorylate T@@hdoza et al, 2011) Analysis of the
phosphorylation of a specific SGK substratech asN-Myc downstream regulated
(NDRG)L and 2,would provide more conclusivevidence of the contribution of SGK
isoforms; e.g. increased NDRG phosphorylation would stggesSGK dependent
mechanismMurrayet al., 2004)

RTK
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Figure4.19: Potential by-pass of AKT inhibition via SGK in 14BRRSGK and AKT share the same upstream
activdion (PI3K/PDK1 dependent) and leawverlapping substrate specificities. Increased activation or
expression of SGK might enable the maintenanc® ¢f Y phosphorylation in the presence &KT
inhibition. This could also enable the maintenance of other shared AKT/SGK subsiitdesatively,
hyperactivation ofupstream regulators of AKT and S@ighlighted with yellow stars, e.g. PDKd)ay
enablethe by-pass of AKT inhibition via SGK
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Investigating the response of the PAM pathway to AT13148 also provided insight into
AT13148 resistanc&igure4.14). Remarkablythe phosphorylation of the AKT substrate
PRA&0 and the p70S6K substrate S6RP were both partially refractory to AT13148 in
148RK, N & S. This suggests that theativation of substrates downstream of the
AT13148 targets AKT and p70S6K could be a potential mechanism of AT13148 resistance
in 148R dnes. Interestingly, as previously mentioned PRAS40 phosphorylation was not
refractory to MK2206 in 148R or 148RS, nor was S6R#hosphorylationin 148RS.

This would therefore suggest that the maintenance of PRAS40 phosphorylation in
response to AT13148as independent of AKT in 148Rand 148F5, and that in 148R

S, the maintenance of S6RP phosphorylation in response to AT13148 was also
independent of AKT. In 148R since S6RP phosphorylation was maintained in response
to both MK2206 and AT13148, theechanism outlined inFigure 4.19 could be
contributing to both. In hindsight, it would have been prudent to also assess the
phosphorylation of GSK3in response to AT13148, to determine if the mechanism
highlightedin Figure4.19, which appears specific to 148R also exists in response to
AT13148. The maintenance of S6RP phosphorylation, may also explain why there was
low-level crosgesistance in all 148R clones to the p8RISnhibitor PF470867 Figure

4.13).

In contrast to the response of the PAM pathway, the ROCK pathway responded in a
similar manner in A2780 and 148R clones in response to AT1BitdB8e4.15). This was
ascertained by using the phosphorylation of the ROCK substrate T696 MYPT1 as a
marker of ROCK inhibition. However, as discussed in s&c8dimere are limitations in

using T696 MYPT1 phosphotida as a marker of ROCK inhibition; it can be
phosphorylated by other kinases, which causes an incomplete response to ROCK
inhibition. Additionally, the decrease of T696 MYPT phosphorylation in response to
AT13148 did not proceed in a linear fashion irv@@ or 148R clones, the extent and
magnitude of which varied across biological replicates (data not shown). This further
questions the validity of using T696 MYPT1 phosphorylation, alone, as a marker of ROCK
pathway inhibition in response to AT13148. THere, whilst it appears that the ROCK
pathway is equally responsive to AT13148 in A2780, A248R and 148R clones, this

should be interpreted with caution. In light of the aforementioned intimate link between
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AT13148 resistance and ROCK cressstancewhich was highlighted irFigure4.3, it

will be important to determine the mechanism in which A27B8R and 148R clones
have overcome ROCK inhibition, as this is likely to contribute towards AT13148
resistance. Tthis end, it would be worthwhile to use additional substrates of ROCK and
other markers of the ROCK pathway to comprehensively assess the response of the
ROCK pathway to AT13148.

4.3.3. Alterations in the MAPK pathwayn 148R clones

One of the mosstriking reslis of chapter 4 was the increase in the phosphorylation of
ERK 1/2 at a basal level that was seen in 148R clones, most notably % Hig&e
4.17). Whilst this was observed within A278@8R in chapter 3, thexé&ent of the
increase was far more dramatic in 148R clones.disussed in sectio3.3, the
magnitude of the increase in ERK 1/2 phosphorylation in AZA8R did appear to be
quite variable, possibly suggesting the existentsub-populations with high ERK 1/2
phosphorylatimm within A2780148R, that were selected for over time and under
different culture/experimental conditions. The identification of 148R clones that have
an increased level of phosphorylated ERK 1/2 givediaddi credence to this. Since
ERK 1/2 is a major regulator of growth, proliferation and survival, its increased activation
alone has the capacity to contribute to AT13148 resistance. In addition, the MAPK
pathway can interact with the PAM pathway at mplé levels, so increased ERK 1/2
phosphorylation could be contributing to the maintenance of the PAM pathway in
response to AT13148&igured.14), as discussead sectiord.3.2(Mendoza, Er and Blenis,
2011)

Paradoxically, the phosphorylation of MEK 1/2 was decreased in all 148R clones. Again,
in chapter 3, A278Q48R was also shown to have a decrease in the phosphorylation of
MEK 1/2, but to a much lesser extent. Interestingly, the decrease in theopbogdation

of MEK 1/2 was inversely related to the phosphorylation of ERK 1/2, with the exception
to this being 148R, which had the lowest phosphorylation of both ERK 1/2 and MEK
1/2 amongst 148R clones. This inverse relationship between ERK 1/2 and/RIEK
phosphorylation might be explained by the extensive negative feedback regulation of
the MAPK pathway, the vast majority of which emanates from ERK 1/2. For example,

ERK 1/2 can phosphorylate MEK 1/2, BRAF and CRAF negatively regulating their activity
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(Eblenet al., 2004; Doughertet al., 2005; Ritet al., 2010) This likely explains how an
increase in ERK 1/2 could-erist with decreased MEK 1/2 phosphorylation; as ERK 1/2
phosphorylation increased, so would ERKmediated negative feedback, which in turn
would decrease MEK 1/2 phosphorylation. However, negative feedback via ERK 1/2
ultimately functions to decrease the phosphorylation of ERK 1/2 itself; this has obviously
been disrupted in 148R clones. Therefosemechanism must exist within 148R clones
that enables a sustained increase in the phosphorylation of ERK 1/2 in the absence of

increased MEK 1/2 activation, which warrants further investigation

In addition, the increased activation of ERK 1/2 in 148Res was not reflected in RSK,

an ERK 1/2 substrate, which was shown to have decreased phosphorylation in all 148R
clones Figure4.17). However, the phosphorylation and activation of many ERK 1/2
substrates is uner tight regulatory control, which may explain why RSK phosphorylation
was decreased in all 148R clones. For exampen full activationRSK undergoes
autophosphorylation at S732 in itsddmain, an ERK 1/2 binding siféhe effect of this

differs dependhg on which RSK isoform this takes place, of which there are four (RSK1
4). In RSK1 & 2 this causes ERK 1/2 to dissociate from RSK, which enables the
engagement of a wider range of RSK substrates, but at the cost of a rapid RSK
inactivation(Rouxet al., 2003; Kidger and Cook, 2018ut in RSK3, ERK 1/2 does not
dissociate which enables a more sustained activation of RBKGxet al., 2003)
Therefore, depending on the prevalence of RSK isoforms, RSK may not be a good

biomarker of sustained ERK 1/2 activation.

In contrast, the phospbrylation of EIkL, a nuclear substrate of ERK 1/2, was increased
in both 148RK and 148F5 Figure4.17). Elkl is a transcription factor, a member of the
ternary complexXactor (TCF) sufbamily of ET$lomain transription factors(Yoon and
Seger, 2006)Phosphorylation of Elk, by ERK 1/2, causes its activation which enables
the rapid transcription of immediate early genes ((E& 0  acda€(Koort aid Seger,
2006) cfos and eJun (another IEG) form trectivator protein 1 (AR) transcriptional
complex, which in turn promotes the transation of late response genes promoting
proliferation and cell surviva(Yoon and Seger, 2006; Mendoz al, 2011)
Interestingly, €fos is an unstable protein and requires phosphorylation by ERK 1/2 and

RSK to prevent its degradati¢vioon and Seger, 2006; Anjum and Blenis, 2008&)puld
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therefore be interesting target to look at in 148R clones to investigate if sustained ERK
1/2 adivation, in the absence of sustained RSK activation, can lead to a stable increase
in the expression downstream transcriptional regulatdrsy(ire4.20). This might be

required for increased ERK 1/2 activation te &ble to contribute towards AT13148
resistance.

- RAF
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Figured.20: Status of the MAPK pathway in 148Rand 148F5.In 148RK and 148FS there is an increase

in the phosphorylation of ERK 1/2 butdecrease in MEK 1/2 phosphorylation, possibly via ERK 1/2
mediated negative feedback. Of the two ERK 1/2 substrates analysed, ksphorylation was
increased but RSK phosphorylation was decreased. Increasédktisphorylation is likely to lead to an
increase in the expression of its transcriptional targets, suchfas,avhich drives cell cycle progression

and proliferation. RSK, which translocates to the nucleus upon activation, and ERK both phosphorylate ¢
fos to prevent its degradation. The laok RSK activation could limit the expression $6s therefore
proliferation and cell survival and perhaps the ability of ERK 1/2 to contribute to AT13148 resistance.

Contrary to 148K and 148FK5, there was a substantial decrease in-EIlk
phosphorylatin in 148RN. This means there is no evidence that increased ERK 1/2
activation causes a sustained activation of ERK 1/2 substrates inNL48&wvever, 160
substrates of ERK 1/2 have been identified, the phosphorylation of which are dependent

on the abundace of scaffold proteins and other regulatory mechanigfvison and
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Seger,2008) LG Qa 1jdzAGS LkRraaAirotsS GKIFG | &adzomasSi

1/2 phosphoryétion in 148RN, but as of yet have not been identified.

In summary, in this chapter isogenic 148R clones have been derived from-A23R0
cells, of which three; 148R, N & S, were selected for further characterisation. Of these
three, 148RN appeared te most distinct lacking sensitivity to the FGFR inhibitor
AZD4547 and having changes within the PAM pathway proximal to AKT. Interestingly, in
all three 148R clones, the PAM pathway was shown partially refractory to AT13148.
Since AT13148 targets the PABtipway, via AKT and p70S6K inhibition, ridsctivation

of the PAM pathwayin response to AT13148ould be contributing to AT13148
resistance. In addition, 148R N and S were shown to have increhgkosphorylation

of ERK 1/2, which has the potentialaot as a driver of AT13148 resistance. Subsequent
chapters will focus on investigating the contribution of PAM pathwagatevation and

increased ERK 1/2 phosphorylation to AT13148 resistance in 148R clones.
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5. InvestigatingERK 1/2 as a driver of AT13148 resistance

5.1. Introduction

One of the key findings of previous chapters has been the identification of increased ERK
1/2 phosphorylation in both A278048R and 148R cles. It was reasoned, that since
ERK 1/2 is a major regulator of cell growth, proliferation and survival, that increased
phosphorylation of ERK 1/2 had the potential to act as a driver of resistance to AT13148.
Indeed, ERK 1/2 has frequently been assodiat&h resistance to numerous cancer
therapies, either directly through alterations to ERK 1/2, or indirectly through changes
in upstream components of the MAPK pathway. For example, Ercan and colleagues
(Ercanet al., 2012)generated resistance in daBGFRT790M) mutant NSCLC cell line
against WZ4002, a%generation EGFR inhibitor with activity against T790M mutant
EGFR, and found that tddAPK1gene, which enodes ERK2, was amplified, rendering
ERK 1/2 phosphorylation refractory to WZ4002. Subsequently, inhibition of ERK and
MEK were shown to overcome resistance, restoring sensitivity to WZ4002. In addition,
the MAPK pathway is frequently mutated to overcomeABRV600E) inhibition in
melanoma(as discussed sectionl.6.2.]), for example via activating mutationsNRAS
andMEK1(Nazariaret al, 2010; Waglet al, 2011)

However, the aforementioned examples of MAPK pathway driven resistance are against
therapies which dectly target the MAPK pathway, and in which resistance is generated
via mechanisms that reactivate the MAPK pathway. Since AT13148 is not known to
directly inhibit the MAPK pathway, increased activation of ERK 1/2 is unlikely to generate
resistance to AT11318 in this manner. One way in which increased ERK 1/2 activation
might drive AT13148 resistance is by facilitating thephys of AT13148 targets, such as

the PAM pathway, which AT13148 targets via its inhibition of AKT and p70S6K. Increased
ERK 1/2 actation might enable this as the MAPK and PAM pathways are both major
growth factor pathways, and as such display some redundancy, converging on many of
the same functional outputs, such as cell cycle progression and survival. For example,
both ERK 1/2 and KX regulatethe expression of cyclin D1, albeit via different
mechanisms, which promotes cell cycle progression. ERK 1/2 increases the transcription

of cyclin D1 via the transcription offas (shown irFigure4.20), which in turn promotes
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cyclin D1 expression; AKT promotes cyclin D1 stability by phosphorylating, @BiKH
inhibits its activity, preventing GSKBom phosphorylating cyclin D1 and promoting its
degradation(Changet al., 2003; Toriiet al, 2006) Furthermore, in regards to pfo
survival signalling, the MAPK and PAM pathway are both known to negatively regulate
many of the same prapoptotic proteins inalding BAD, BIM and FOXO3a, thus
promoting cell survivalChanggt al., 2003; Qetalz Hnnc Tetah ZDAS A £ £ &

As well the MAPK pathway converging upon the same functional outputs of the PAM
pathway, the MAPK pathway is also known to crassvate the PAM pathway at several
levels(Mendozaet al, 2011) For example, ERK 1/2 and RSK, an ERKldszate, are

known to phosphorylate TSC2 in a similar manner to AKT, inhibiting its GAP function and
promoting mTORC1 activiMendozaet al., 2011) In addition, ERK 1/2 and RSK can
also phosphorylate RAPTOR (regulatory associated protein of mTOR), a subunit of
MTORCL1, which promotes the phosphorylation B by mTRC1(Mendozaet al.,

2011) It is therefore possible that increasdeRK 1/2 phosphorylation could also
promote AT13148 resistance by cross activating the PAM pathway, maintaining its

activation in the presence of AT13148.

As one might expect, due to the intimate link between the PAM and MAPK pathways,
both pathways haveden shown to compensate for one another in therapy resistance.
Villanueva and colleagueg/illanuevaet al, 2010) generated resistance to BRAF
inhibition, NnBRAR/600E mutant melanoma cells, and identified that persistentl&F
signalling induced PI3K/AKT activation. This cooperated with RAF isoform switching to
drive resistance to BRAF inhibition, in part, by mamitag the expression of myeloid cell
leukaemia 1 (Mel), a presurvival factor jointly regulated by the PAM and MAPK
pathway (Villanuevaet al, 2010) Furthermore, increased IGR expression and AKT
phosphorylation were found in poselapse patient samples, in the absence of MAPK
pathway mutations, highlighting the clinical relevance of PAM pathway activation in
BRAF inhibitor resistancgVillanuevaet al, 2010) The inverse (MAPK pathway
compensation for PAM pathway inhibition) has also been observed in HER2 over
expressing breast cancer cells, albeit in an istdnresistance setting, where PI3K
inhibition has been shown to induce the phosphorylation of ERK 1/2, attenuating the

response to PI3K inhibition, despite robust inhibition of the PAM pathiBayraet al.,,
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2011) Subsequently, cmhibition of PI3K and MEK was found to cause a much greater
reduction in cell proliferation and increased apoptosis, when compared to single agent

alone(Serraet al,, 2011)

For the reasons outlined, the aim of this chapter was to inges¢ the ability of
increased ERK 1/2 phosphorylatiom 148R clones to act as a driver of AT13148
resistance. Initially, the response of 148R clones to single agent MEK and ERK inhibition
was assessed, to ascertain if there was any sensitivity or-cesggance and to gain
insight into the regulation of the MAPK pathway in 148R clones. Subsequently, ERK 1/2
was validated as a driver of AT13148 resistance in 148R clones by performing

combination SRB cell viability assays with AT13148 and ERK inhibitors.
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5.2. Results

5.2.1. Response of A2780 and 148R clones to MEK and ERK inhibitors

Having detected altered MAPK signallingalhthree 148Rclones, as shown iRigure

4.17, the response to MEK and ERK inhibitors (inhibitorthefMAPK pathway) was
studied in A2780 and 148R N & S.Figure5.1A shows the response and sl
determinations for A2780 and 148R clones against the allosteric MEK inhibitors
PD0325901 and selumetinib (AZD62¥4het al., 2007; Barrettet al, 2008;Wu and
Park, 2015)A2780 had a &lof 0.027 uM against PD0325901 and g &fl 0.68 uM
against selumetinibRigure5.1A). Strikingly, there was a statistically significant increase
in the Géofor PD0325901 in kb 148RK and 148F5, which had GJvalues of 0.139 uM

and 0.072 uM respectivelyrigure5.1A). This equated to an RF of 5.15 for 148Rnd

2.67 for 148K5, indicating crosgesistance to PD032590FiQure5.1A). This was also

the case for selumetinib; 148R had a Gpof 3.51 uM, representing an RF of 5.16, and
148RS had a Gdof 1.25 uM, an RF of 1.8%igure5.1A). However, crasresistance
against selumetinib was only statistically significant in 248Rgure5.1A). In contrast,
148RN had lowlevel sensitivity to PD0325901 and selumetirifig(re5.1A). The Gb

for 148RN was 0.015 pM against PD0325901 and 0.19 pM against selumetinib, this
equated to an RF of 0.56 (¥@&d sensitivity) and 0.28 (3:#ld sensitivity) respectively

(Figureb.1A). Howeverthis sensitivity was not shown to be statistically significant.

Unlike the response to MEK inhibitors, 148R clones and parental A2780 cells did not
show any substantial differences (cragsistance or sensitivity) in response to the ATP
competitive ERKknhhibitors GD&994 and SCH77298Morris et al,, 2013; Blaket al.,

2016; Kidgeet al,, 2018)(Figure5.1B). Against GD@994, A2780 had a £gbf 0.93 uM
compared b 0.79 uM for 148K, 0.87 uM for 148Rl and 1.18 uM for 148R, which
equated to RF values of 0.85, 0.94 and 1.27 respectiFeyre5.1B). This was similar

for SCH772984; A2780 had a¢@f 0.071 pM compared t0.064 uM for 148FK, 0.062

uM for 148RN, and 0.048 uM for 148R, which represented RF values of 0.90, 0.87 and
0.68 respectivelyHigure5.1B). Taken together, these data show that 148&nd 148R
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S, particularlyl48RK, are crossesistant to MEKinhibition, but that 148R clones

respond in similar manneas parental A2780 cellte ERK inhibition.
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Figure5.1: Doseresponse curves and éldeterminations forMEK and ERK inhibitors in A2780 and 148R
clones.Cells were plated in triplicate in a @ll plate and allowed to grow under standard growth
conditions for 4&ours. They were then treated with a serial dilution(AjPD0325901 or selumetinib, or
(B) GDCG0994 or SCH772984r 96-hours, prior to being analysed by SRB assay. -Besgmwnse graphs
and nonlinear regression curve fits were generated using GraphPad Prism 6. Dottednimk$0%
viability on the yaxis. Data points represent the mearSD fron one representative experiment. Table
summarise Gband RFvalues Gko data pointsdepict the mean = SD of all experiments conducted.
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selumetinib) or 9RD0325901) independent experiments
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5.2.2. Response of MAPK pathway to MEK inhibitionA2780 and 148R clones

To further investigate crosesistance to MEK inhibition, the phosphorylation of ERK 1/2
was analysed in parental A2780 cells and 148R clones aftatntent with the MEK
inhibitor PD0325901. The phosphorylation of Thr202/Tyr204 ERK 1/2 was potently
inhibited in parental A2780 cells at1® nM of PD032590F{gure5.2). In contrast, 5

10 nM PD0325901 only caused slight decrease in Thr202/Tyr204 ERK 1/2
phosphorylation in 148R clones, much less so than what was seen in A2F&@%.2).
However, 56100 nM PD0325901 did cause an additional decrease in Thr202/Tyr204 ERK
1/2 phosphorylation in all 148R clones, particularly in 1-48But to a lesser extent in
148RK and 148FS. Figureb.2). Total ERK 1/2 expression was mostly the same between
cell lines and in response to PD032590dt appeared to be slightly lower in 148R

and 148RS, when compared to parental A2780 cefligy(ire5.2). Taken together, these
data suggest that ERK 1/2 phosphorylation was partially refrattottye MEK inhibibr
PD0325901 in 148R clones; this could explain why some 148R clones aresisiast

to MEK inhibition.
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Figure5.2: Response of the MAPK pathway to PD0325901 in A2780 and 148R clorbswere plated

at either 5 x 18(A2780) or 7.5 x P§148R clones) cells per 7 cm dish and allowed to grow for 48 hours
under standard growth conditions. Cells were then treated with PD0325901, as shown, or D: DMSO
vehicle control for 4 hours prior to bajnysed for western blot analysis. Western blot membranes were
probed with antibodies for phosphproteins, stripped, and then rprobed with antibodies for total

proteins or loading control (GAPDHS: short exposure to hyperfilm): long exposure tdyperfilm.
Data are representative of four experiments.
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5.2.3. Response of MAPK pathway to ERK inhibitiolA2780 and 148R clones

The response othe MAPK pathway to ERK inhibition was also examined in order to
investigate why the response of 148R clones toiERKition did not mirror that of MEK
inhibition (crossresistance or sensitivitysigure5.1). Figure5.3 shows the response of
A2780 and 148R clones to the ERK inhibitoGG®94, using phosphorylation of Elk

an ERK 1/2 substrate, as a biomarker of ERK inhibition. In parental A2780 c€llg, 0.1
UM of GDE994 was required to cause a significant reduction in the phosphorylation of
S383 EW, and despite a much lower kalsphosphorylation of S383 Elk 148RN
responded in a similar manndfigure5.3). In contrast, S383 Elkphosphorylation was
maintained in 148K and 148F5; whilst S383 Elk phosphorylation still decreased at
0.1-0.2 uM GD@994 in 148K and 148F5 this was toa much lesser extent than in
A2780 and 148RI, with EIkl phosphorylation still detectable at 1 uM, most notably in
148RK Figure5.3). This was especially imtssting considering 148R and 148F5 had

not been shown to be croggsistant to ERK inhibitiorFigure5.1). The expression of
total Elk1l was mostly consistent across A2780 and 148R clones and unaffected by GDC
0994 Figure5.1).

The response of MEK 1/2 phosphorylation to @984 was also studied to investigate

if the decrease in MEK 1/2 phosphorylation in 148R clones, shoWwigire 4.17, was
caused by an increase in negative feedback fromIERKe. If the decrease in MEK 1/2
phosphorylation was caused by ERK 1/2 negative feedback, then one would expect
inhibition of ERK to relieve this and cause an incraaddEK 1/2 phosphiylation.
Figure5.3 shows that this response was exhibited in both A2780 and 148R clones, but
the magnitude and dynamics of the response differed. In parental A2780 cells, there was
a strong increase in S217/221 KI&/2 phosphorylation at 0.05 uM GiDG94, followed

by incremental increases between 0.1 uM and 1 [lg@re5.3). This response was
mirrored in 148RN, but the magnitude of the response was much lowaggre5.3).
148RK and 148FK5 had a different response; 0.01 pM and 0.05 pM ®GB@2 only
caused a subtle increase in S217/221 MEK 1/2 phosphorylation, but there was a more
notable increase at 0.1 uM followed by successiversirincreases at 0.2 uM and 1 uM
(Figure5.3). The total expression of MEK2 was unaffected by GD@294in all cell lines,

but did appear to be slightly lower in 1483 compared to parental A2780 cdlfsgure
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5.3). Taken togetherthese data provided evidence that ERK 1/2 mediated negative
feedback was responsible for decreased MEK 1/2 phosphorylation, particularly in 148R
K and 148F5.
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Figure5.3: Response of the MAPK pathway to GID@94 in A2780 and 148R clon&3ells were plated at
either 5 x 16(A2780) or 7.5 x P0148R clones) cells per 7 cm dish and allowed to grow for 4&hmader
standard growth conditions. Cells were then treated with GI9@4, as shown, or D: DMSO vehicle control
for 4 hours prior to being lysed for western blot analysis. Western blot membranes were probed with
antibodies for phosphgroteins, stripped,and then reprobed with antibodies for total proteins or
loading control i(-Actin). Red arrow highlights band corresponding to pS383-1ElPbata are
representative of three experiments.
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5.2.4. Responsef the MAPK pathway to AT13148 in A2780 and 148R clones

The data thus farpresentedin this chapter does not suggest increased ERK 1/2
phosphorylation causes an increased dependency on the MAPK pathway for cell growth
and survival in 148R clones, as shown by the lack of sensitivity to ERK inhibgioe (

5.1) However, increased phosphorylation of ERK 1/2 may still contribute towards
AT13148 resistance; 148R clones might only become dependent upon the MAPK
pathway when in the presence of AT13148. This could be through awlalitchanges
induced in the MAPK pathway by AT13148, as desionstrated inFigure 3.13
whereby AT13148 increased ERK 1/2 phosphorylation when used at 5 & 10 uM in A2780
148R cells. To investigate this, 148R clomee treated with AT13148 and western blot
analysis performed for detection of Thr202/Tyr204 ERK 1/2 phosphorylation as a

biomarker of MAPK pathway activation.

In A2780, higher concentrations of AT13148 (5 and 10 uM) caused a striking increase in
the phosphorylation of Thr202/Tyr204 ERK 1/2, but the phosphorylation was mostly
unchanged at lower concentrations, except for a notable decrease below the DMSO
vehicle control at 1 pM AT1314&igure 5.4). The response i148R clones was
remarkable; increasing the concentration of AT13148 mostly led to successive increases
in Thr202/Tyr204 ERK 1/2 phosphorylation, with phosphorylation peaking at 10 puM
AT13148, the highest concentration used, in all 148R cldfigere5.4). However, there

were some exceptions; 1 uM of AT1Rlih 148RK and 5 pM in 148R did not cause

an increase in Thr202/Tyr204 ERK 1/2 phosphorylation above that of the previous
concentrations, 0.5 uM and 1 uM resgevely, but phosphorylation was still greater
than their respective DMSO vehicle contrétgyure5.4). The total expression of ERK 1/2

did not appear to be greatly affected by AT13148, but was lower in 148R clones
compared to A2780, particularly in 148Rand 148F5 Figureb.4).

Taken together, AT13148 increased the phosphorylation of ERK 1/2 in 148R clones,
which when combined with elevated basal phosphorylation of ERKn 148R clones,
enabled ERK 1/2 phosphorylation to be vastly greater across all concentrations of
AT13148 in 148R clones, when compared to parental A2780 Telswarrants further

investigation as to whether this might contribute to AT13148 resis#and 48R clones.
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Figure5.4: Response of thevAPKpathway to AT13148 in A2780 and 148R clon@slls were plated at

either 5 x 16(A2780) or 7.5 x PQ148R clones) cells per 7 cm dish and allbweegrow for 48 hours under
standard growth conditions. Cells were then treated with AT13148, as shown, or D: DMSO vehicle control
for 4 hours prior to being lysed for western blot analysis. Western blot membranes were probed with
antibodies for phosphroteins, stripped, and then rprobed with antibodies for total proteins or
f2F RAY 3 -Athy (@:NsRdit exposure to hyperfilm(L): long exposure to hyperfilmData are
representative of four experiments.
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5.2.5. Response of A2780 and 148R clones to teenbination of AT13148 and GBC
0994

5.2.5.1. Gkodeterminations and Bliss independence synergy scores

Toinvestigate the potential contribution of ERK 1/2 towards AT13148 resistance, single
doses of the ERK inhibitor GD@94 were combined with a standard titratioof
AT13148 in aday SRB cell viability assay. If ERK 1/2 was contributing towards AT13148
resistance, one would expect that ERK inhibition wouldeesitize 148R clones to
AT13148. GD(994 was used at concentrations that corresponded to the Glio, Gbo
values for each respective cell line. These values were calculated from the data
presented inFigure5.1and are highlighted ifable5.1, most of which were shown to
cause ERK inhibition Figure5.3. In addition, low concentrations of GEXO94 (s ¢

Gbo) were used to mitigate any etérget effects caused by GEXO94, so that one could

be confident that any effect of comttion was due to ERK inhibitiafone.

Table5.1: Summary table of G, Gho and Gio values for GD@094 in A2780 and 148R clonéRable
summarises the concentrations of GD@94 used in combination with TA3148. Gl values were

calculated using CalcuSyn software using data presante@jure5.1 Data points represent the mean +
SD, n = 5 independent experiments.

A2780 148RK 148RN 148RS
GD@0994 Gds (uM)  0.054 £ 0.054 0.023 £ 0.015 0.007 £ 0.006 0.054 + 0.026
GD@0994 Gfo (M) = 0.083 £0.055 0.052 +0.032 0.014 +£0.007 0.118 + 0.057
GDG0994 Glo (uM)  0.228 +0.131 0.149 £ 0.062 0.035+ 0.003 0.341 +0.175

Figure5.5 shows the response of A2780 and 148R clones to the combination of AT13148
and GD@994. In both 148K and 148F5, GD@094 caused a striking shift left in their
doseresponse curves to AT13148 indicating that there was a degreesgngtisation

to AT13148 Figure5.5B, D). This was reflected in thesgéleterminationsfor AT13148,
particularly when in combination with @IGDG0994; the Ghagainst AT13148 alone
was 1.396 uM for 148R and 1.408 uM for 148S, but when combined with &IGDC

0994, o values for 148K and 148F5 were 0.210 pM and 0.198 pM respectively
(Figureb.5E, F). This represented a 6:6bd decrease for 148K and 7.1%old decrease

for 148RS,when compared to respective AT13148 alone@alues, which were both
statistically significant, remarkably lowering thesdaigainst AT3148 to that of A2780
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(A2780, AT13148 alone: 0.171 pMigure 5.5, F). T Gbs and Glo GDE0994
combinations also caused a-3Zold shiftin AT13148 &l of which there was statistical
significance for Gdand GloGDG0994 in 148R5 and GbGD(E0994 in 148K igure
5.5E, F). Ishould be noted that whilst combination with GD@94 did shift the G
against AT13148 in 148R and 148F5, the effect of combination became more
attenuated at higher concentrations of AT13148 (> 1; flMureb.5).

In stark contrast to 148K and 148F5, GD®@994 did not appear to cause -re
sensitisation to AT13148 in 1483R{Figure5.5C). The combination of AT13148 withdGl
GDGE0994 did cause a slight decrease in thep&dainst AT13148 in 148R (AT13148
alone: 3.664 UM vs @IGDE0994: 2.197 uM), that was statistically significant, but this
only represented a 1.6#bld decrease and was still substantially greater than thedbl
A2780 (A2780, AT13148 alone: 0.171 jgure5.5E, F). The @land Glo GDG0994
combinations had even less of an effect on theo®il 148RN against AT13148, only
causing a 1.07 and 1.46ld decrease respectivelfFigure5.5€, F).

Interestingly, A2780 was also sensitized to AT13148 by combination witFOSIAC

with the greatest effect seen by combination with§8DGE0994 Figure5.5A). In A2780,

the Gkoagainst AT3148 in combination with GGDG0994 was 0.033 puM, which was
5.18fold lower than the Gbof AT13148 alone: 0.171 yuM, and statistically significant
(Figureb.5E, F). The combination of AT13148 withs@id Glo GDG0994 also caused a
~2-3-fold decrease in the &lagainst AT13148, which was also shown to be statistically
significant Figure5.5E, F). Taken togethethese data show that A2780, 148Rand
148RS can be sasitised to AT13148 by combination with low concentrations of GDC
0994, further implicating ERK 1/2 as contributing towards AT13148 resistance, both

intrinsic and acquired

The level of synergistic growth inhibition, fitve combirations of AT13148 with GBC
0994,was also calculated using the Bliss independence model. Synergy can be defined
as when the combination of two drugs has an effect greater than the expected additive
effect of the two drugs (i.e. the combined effect is greater than the sum of itgichdhl
components). The inverse of this is antagonism in which the combination of two drugs
has an effect less than the expected additive effect of the two drugs (i.e. the combined

effect is less than the sum of its individual components). However, wieésrmining
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synergy/antagonism, one must be able to statistically define the expected combined
effect of two drugs (the additive effect). There are numerous methods to predict the
combined effect of two drugs, but for the purposes of this study the Blg=pi@ndence

model was used. Foucquier and Gu@ebucquier and Guedj, 2018)(i I G SheiBliss & & G
Independencenodel is based on the principle that drug effects are outcomes of
probabilistic processes and assumes that drugs act independently in such a manner that
neither of them interferes with the other (different sites of action), but each contributes
toacommonresti i€ ® ¢ KS SELISOGSR FRRAGAGS STFSOI
be calculated as follows when using the Bliss independence madeEa x Es, where

Er: combined effectand & and Es: individual effects of drugs A and B, with each effect

(E) expresed as fractional activity relative to control between 0 (100% inhibition) and 1

(0% inhibition). By subtracting the actual effect of a combination from the predicted
additive effect it can be ascertained if the combination was synergistic > 0, add@ive =

or antagonistic < 0, with the calculated value representing the excess above or below
Bliss. For example, if two drugs each caused a 50% inhibition in cell vidbdity
predicted additive response for combination would be 25%, as<®% = 0.25. Ifie

actual effect of combination was 10% then it would be 0.15 (15%) in excess above bliss,

as 0.25 0.10 = 0.15, and therefore indicative of synergy.

The tables irFigure5.6 show the excess above Bliss for thentwnation of GD@994
(Gbs, Glo, Gbo) with the serially diluted range of AT13148 concentrations. In I aRd
148RS, in line with the shift in dosesponse described frigureb.5, there was a degree

of synergy with combinations of AT13148 and GD@®4 Figure5.6). This was strongest
when 0.123- 1.111 pM AT13148 was combined withodGGDGE0994; at these
combinations the combined effect was 0:09L3 in excess of Bligs 148RK and 0.1%

0.14 in excess of Bliss in 148Rindicating synergy. There was also synergy when
AT13148 was combined withdgsdnd GloGDE0994, but to a lesser extent (.10 in
excess of Blisgjgures.6). Synergy was also seen in A2780 but was strongest when 0.041
- 0.370 puM AT13148vas combined with Gb GDG0994; at these combinations the
combined effect was 0.120.15 in excess of BligSigure5.6). Theseconcentrations of
AT13148 also had synergy witho£83DG0994 (0.04¢ 0.10 in excess of Bliss) anddGl
GD@E0994(0.07¢ 0.12 in excess of Bligsigure5.6). In contrast, 148/l did not show
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any synergy, with mostombinations of AT13148 and G294 displaying an additive

or weakly antagonistic effect. Taken together, these data suggest that AT13148 and
GDG@0994 interact in a synergistic manner when combimeé2780, 148K and 148R

S, adding further credence tbe role of ERK 1/2 in AT13148 resistance.
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Figure5.5: Doseresponse curves and &ldeterminations for AT13148 and GBI®94 combination in A2780 and 148R clon€=lls were plated in triplicate & 96well plate and
allowed to grow under standard growth conditions for 48 hours. They were then treated with a serial dilution of AT13148ralonembination with GDQ994, as shown, for 96
hoursprior to being analysed by SRB assayD){AMoseesponse graphs and nelinear regression curve fits were generated using GraphPad Prism 6-KL48Rlescribed in Fig
Figure4.10). Dotted lines mark 50% viability on theyis. Data points represent the mean + SDrfiane representative experimeniE & F)iGkosummary graph and table, bars and
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Figure5.6: Determination of synergy with the combination of AT13148 and GO&®4 in A2780 and

148R clonesTables summarise the synergy of AT13148 and-@G19@ in A2780 and48R clones for the
assaygonducted inFigure5.5. Synergy was calculated using the Bliss independence model, where values
> 0, highlighted in red, show an effect greater than the combined fractional inhibitisingfe agents,
indicating synergy. Data points in tables represent the mean Bliss independence score for designated
combinatonE Yy % o AYRSLISYRSyid SELISNARYSyia
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5.2.5.2. Analysis of AT13148 and GESG94 biomarkers

To validate the target inhibition of AT13148 and GI¥G4 at the concentrations used

in Figure5.5 & Figure 5.6 as well as investigate the mechanism(s) in which-GZ®2@
sensitises cells to AT13148, a combination western blot was performed. Parental A2780
cells and 148R clones were treated with AT13148, at either 0.2 uM or, G[D@0994,

at Gho concentrations for each respective cell line, or combinations of AT13148 and
GDG@0994, for four hours, prior to western blotting for biomarkers of AT13148
(phosphorylation of S6RP) and GOE®4 (phosphorylation of El). The Gb
concentrations of GD(G994 were used as these caused the greatest sensitisation to
AT13148 and synergy fgure5.5& Figure 5.6

Figure 5.7 shows that GD0994 alone was able to cause a reduction in the
phosphorylation of S383 Elkphosphorylation in A2780, 148Rand 148FS5, indicating
the inhibition or ERK 1/2. However, GD@4 did not decrease S383 Hlk
phosphorylation in 148R, but it should be notedhat some biological replicates did
show a slight reduction in S383 Hllphosphorylation (data not shown). Perhaps this
variability suggests that the inhibition of ERK 1/2 is on the limit of detection at the Gl
concentration of GD0994 in 148R\.

Interestingly, in 14851 uM of AT13148 alone was able to cause a slight increase in
S383 EM. phosphorylation, but this was overcome when AT13148 was combined with
GD@E0994; S383 Elk phosphorylation was decreased to the level seen with G242
alone Figure5.7). This increase, in S383 HEllphosphorylation in response to 1 uM
AT13148, was also seen in 148Rhowever, whilst the combination of AT13148 and
GD@®0994 also decreased S383-Elghosphorylation, as in BRS, in 148 S383 Ekk

1 phosphorylation was decreased below the level seen in with-GI9& alone Eigure

5.7). In contrast, AT13148 alone did not increase S383 ghosphorylation in 148K,

with S383 EH phosphorylation still retained below the level seen in the DMSO control
when AT13148, both at 0.2 uM and 1 pM, was combined with-G&¥&, but it should

be noted that S383 Elk phosphorylation was elevated above the level seen with-GDC
0994 alone when 1 pM\T13148 was combined with GID@94 in 148K Figure5.7).

The phosphorylation of S383 Hkvas mostly unaffected by AT13148 in parental A2780
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cells, with the level of S383 Elkphosphorylation identical to the deease caused by
GD@®0994 alone, when used in combinatioRigure5.7). The total expression ofkEl

was similar across all cell lines and conditions useglie5.7).

In both A2780 and 148R clones the phosphorylation of S235/236 S6RP was unaffected
by GD@994 alone, and AT13148 was able to decrease S235/236 S6RP phosphorylation
in a manner consistent witRigure4.14, S235/236 S6RpFhosphorylation was potently
inhibited in A2780 but was patrtially refractory in 148R clorfégure5.7). However,
remarkably, the combination of AT13148 and GI¥G4 potentiated the decrease in
S6RP phosphorylatiazaused by AT13148 alonéigure5.7). This was seen in all 148R
clones where the combination of 1 uM of AT13148 with @4 caused a greater
decrease in S235/236 S6RP phosphorylation than 1 uM AT13148 Rigne=b.7). In
parental A2780 cells a similar affect was also observed with 0.2 uM AT13148 and 1 uM
AT13148 when used in combination with G084, although this was clearer with a
longer hyperfilm exposure (data nohewn; Figure5.7). Total S6RP expression was
similar across A2780 and 148R clones and was not greatly affected by the conditions

used Figure5.7)

Taken together, these dathow that the combination of GD@®94 with AT13148 was

able to potentiate the decrease in S6RP phosphorylation caused by AT13148 in A2780
and 148R clones. This could, in part, explain why-GI®@ sensitised cells to AT13148

and suggests that the refractprresponse of S6RP phosphorylation in 148R clones,
shown inFigure4.14, is dependent oiERK 1/2 activation, again, implicating ERK 1/2 in
AT13148 resistance.
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Figue 5.7: AT13148 and GD@994 biomarker response to AT13148 and GO824 combination in
A2780 and 148R clone€ells were plated at either 5 x 1(A2780) or 7.5 x P{148R clones) cells per 7
cm dish and &wed to grow for 48 hours under standard growth conditions. Cells were then treated with
AT13148 at 0.2 uM (ATO0.2) or 1 uM (AT1); ®@P@A at its Gbconcentration (G), as shown Table5.1;

a combination of AT1B48 and GDD994; or DMSO vehicle control (D), for 4 hours prior to bgisgd

for western blot analysis. Western blot membranes were probed with antibodies for phegsqteins,
stripped, and then rgrobed with antibodies for total proteins or loading o/ (i NRdiin). Data are
representative of three experiments.
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