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Abstract

Abstract

The PI3K/AKT/mTOR (PAM) pathway is a major driver of cell growth, proliferation and
survival and is hyperactivated in 70% of ovarian cancers. PAM inhibitors, such as the
AKFkinase inhibitor capivasertib (AZD5363; currently in Phase Il clinical trials, h
therefore been "developed as novel cancer therapeutics. Acquired resistance to kinase
inhibitors is a major threat to their clinical success, thuslerstanding resistance
mechanisms can support their utility in the clinlde aim of this thesis wase tlucidate
resistance mechanisms to capivasertib, using the A2780 human ovarian carcinoma
parental and capivasertitesistant cell lines as models, which harbour hyperactivating

PAM pathway mutations.

The isogenic capivasertipsistant subclone, A2780 2BB, exhibited crossesistance

to both allosteric and multiple AF€bmpetitive AKT inhibitors. Additionally, they were
also crosgesistant to allosteric and kinase inhibitors of mMTORC, although no resistance
was observed for the cagependent protein sgthesis inhibitor, 4EGL. Furthermore,
4EBP1 expression was reduced and S6RP S235/6 phosphorylation was capivasertib
resistant, which correlated with overexpression of p90RSK. The induced interaction of
4EBP1 and elF4E with increased 4EBP1 phosphoryiahiition was not as great in
254RB (4fold) compared to PAR {®ld), which was associated with af@d increase

in capdependent protein synthesis, determined by duiatiferase report assay.
Overexpression of 4EBP1 in 25&Rells reduced resistande capivasertib by 4.1

fold. Exogenous 4EBP1 additionally reverted the 4EBIPAE interaction in 254R cells
sensitive to 4EBP1 phosphorylation inhibition, suggesting that the resistance

mechanism may also be dependent on an mTOIRRAdpendent kinase.

Another isogenic capivasertiiesistant subclone, A2780 254K exhibited cross
resistance to ATompetitive but not allosteric inhibitors of AKT which suggests that

resistance may involve a ngkKT target of capivasertib.

Overall, this thesis providesvielence that acquired resistance to capivasertib is
associated with increased cajgpendent protein synthesis, mediated through reduced
4EBP1 activity. Reduced 4EBP1 expression in tumours may therefore be used as a

predictive biomarker for screening patienfor acquired resistance to capivasertib.
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1. Introduction

1.1. Introduction to cancer

Current statistics for cancer occurrencetstghat for persons born since 196the
likelihood of being diagnosed with cancer at some poidtring their lifetime is
greater than 50% (Ahmad et al., 2015). According to GLOBOCAN 2018, it was
estimated that there were 9.6 million deaths caused by cancer (17% of all deaths
globally) in 2018 andthat it is the second leading cause of death after
cardiovasular disease. With 18.1 million new cancer cases diagnosed last year, the
importance of research into cancer prevention and treatment is very clear (Bray et
al., 2018; Global Burden of Disease Collaborative Network., 2018).

Cancer is a class of ov2d0 dseases which are characterised as uncontrolled cell
proliferation, which may invade and spread from a primary site to other organs of
the body. These can invade and impair the function of vital organs leading to death.
There are several proposed theorigsat offer explanations intdhow normal cells
transform into cancer cells; thoseclude tissue organisation field theory, metabolic
theory of cancer and somatic mutation theory (SMhristofferson, 2014; Baker,
2015; Seyfried, 2015; Pecorino, 2018MT is the auently the best studied and is

the model of carcinogenesis assumed by this work. SMT describes that cancer is a
genetic disease, which originally assérom a single somatic cell that has
accumulated several permanently acquired DNA mutations, sometinmes
combination with inherited mutationssuch asghose foundin the BRCAXnd APC
genes offamilial breast and colorectal cancers respectiv¢tellaet al, 1992;
Keisellet al,, 1993) Although there may be a correlation between cancer risk and
stem-cell divisions, it is generally accepted that cancer risk is predominantly a result
of internal and external genokic factors, such as reactive oxygen species, tobacco
smoke and ultraviolet light which can generate DNA damébemasetti and
Vogelstein, 2015; Pecorino, 2016lhe cell can combat the generation of nbve
somatic mutations througta number ofDNA repair pathways. However, if DNA

lesions are not repairedor repaired incorrectly before a cell replicates, a
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permanent alteration is fixed into the DNA and may contribute to carcinogenesis
(Lord and Ashworth, 2012Recent research has also identifitidat epigenetic
alterations may also contribute towards oncogene@i§einstein and Joe, 2006;
Stottrup et al,, 2016; Mansoorét al., 2017)

Most mutations that arise in a somatic cell are passenger mutations, but mutations
in oncogenes and taour suppressor genes (TSGs) can disrupt normal cell
proliferation and survival processes to promote clonal expansion. Oncogenes and
tumour suppressors are genes that encode for proteins that positively and
negatively regulate cell growth respectively. Mtibns may occur in either the
regulatory promotor region or the caag region itself to altertranslation of the
MRNA (Pecorino, 2016) Alternatively, recent research has also identified that
epigenetic dkrations can also contribute to carcinogene$§einstein and Joe,
2006; Earwakeet al., 2018; Ravegniret al, 2019) The nutations in oncogenes
that lead to canceusually involve increased production of the protein product or
activity, whereas mutations in TSGs often downregulate expression or activity. An
example of a commonly mated oncogene iRRAS(30% of cancerwarbour this
mutation), which induce a loss in GTPase actiigndering the RS protein
permanently active leading to increased growtfomoting signalling. An example

of a frequently mutated TSGT$53(50% of canas) which is important for sensing

DNA damagéHigashitsujet al,, 2007;Pecorino, 2016)

The acquisition of dysregulated oncogenes and tumour suppressor genes culminate

in several characteristics present in most, if not all tumours. These are termed the

Gl FEEYEFENyYa 2F [/ FyOSNE YR AyOf dhblowy INR g
growth signals; evasion of immune destruction; unlimited replicative potential,
invasion and metastatic potential; angiogenesis; evasion of cell death and
reprogrammed energy metabolism. Tumegoromoting inflammation and genomic

instability are o0 included as characteristics that promote acquisition of the other
hallmarks(Hanahan and Weinberg, 201X ancercells arenotoriously difficult to

distinguish from normal somatic celé&g a molecular basis, and therefore further
understanding of these hallmarks of canceayimprove the development of novel

cancer therapeutics.
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1.2. History of cancer therapeutics

Historically, treatment of cancer datdsackto the ancient Greek and Egyptian
civilisations whicloften involved ineffective surgical means. Although radiotherapy
was used in the late nineteenth century, cancer treatment received its major
breakthrough duing the First World War, with the accidental discovery of the
cytotoxic antitumour activity of nitrogen mustard gas. Similarly following
chemotherapies (alkylating agents, antimetabolites, amtiotics, and cytotoxic
antibiotics) primarily target the gadly dividingcells The goal of these cytotoxic
therapies is to cause severe DNA damage to trigger apoptosis in rapidly dividing
cells. The major problem with these breadting therapies is that they cannot
distinguish between neoplastic cells and rdpidividing healthy tissue such as hair
follicles and digestive epitheliavhich are therefore also affected liiese drugs

(Falzoneet al,, 2018)

Increasedunderstandingin the 1980s and 1990s intihe molecular mechanisms
causingoncogenic transformation of cellirove the discovery andlevelopment of
small selectivanhibitory compounds(such asBCRABLtyrosine kinasenhibitor,
imatinib) and monalonal antibodieghat targeted and inhibited oncogenic proteins
(such as HER2 receptor targetitgastuzumal). Research from the human genome
project spurred the development of molecular targeted therapies such as BRAF
inhibitor vemurafenib The selectivty of these therapiesallowed suppression of
growth in cancerous cells whilst incurring minimal effegh normal tissue. This
greatly increaseé the therapeutic window,which in turn minimisedside effects
(Falzoneet al.,, 2018)

At the turn of the 20th century, Bernard Weinstein introduced the concept of
oncogenic addtion whereby despite the diverse array of somatic DNA mutations

that may arise within a tumour, a predominant reliance on one single oncogene for
continuous tumourigenesis was common in many cand®¥einstein and Joe,

20060 ¢ KS O2yOSLIi 2F a2y 023SyS | RRAOGAZ2YE
and a large body of evidence supported thherapeutic intervention targeting a

single dependent oncogene is sufficient for tumour regressiire most famous
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application of this conceptdespite its discovery prior to the coining @ncogenic
addiction is the small Philadelphia chromosome in chronic myeloid leukaemia
(CML) The small Philadelphia chromosome a chromosomal translocatiorthat
producesa fusion transcript (BGRBL)encodingfor a constitutively active tyrosine
kinase (Druker et al, 1996) This lead to the developent of imatinih which
exhibited highly promising prelinical and phase | trial results, which encouraged
the fasttrack FDA approval of the drug within three yeaf<linical trialg Torti and
Trusolino, 2011)

Kinases are particularly easy targets for #maolecule inhibitor developmendue

to the availability of ATP or dactor binding pockets, which small molecule mimics
can be easily designeiRoskoski, 2016)Therefore signalling cascades &fnases
that contain commonly mutated oncogenes or TS@&g attractive areas for
oncotherapeutic development. One such promisisgnalling cascadas the
phosphoinositide xinase (PI3K)/AKT/mammalian target of rapamycin (mTOR;
PAM) pathway(Yapet al,, 2008; Martiniet al., 2013)

1.3. The PAM signalling pathway

The PAM pathway (illustrated iFgure 1.1) is one of several signalling pathways
which allow the cell to interact and adapt to its external environmentdbgverting
extracellular stimulation to intracellular signais influence a cellular response.
PAM pathway signalling promotes positive regulation of metabolism, proliferation,
cell survival, cell cycle progression, angiogenesis and protein synthesspionse

to external cuegFrumanet al, 2017)

These pathways consist of a cascade of protein kinases that transmit the
extracellular signal by a series of phosphorylation eventsn one kinase to
another. Phosphoylation is one of the most common and reversible post
translation modifications of a protejrwhich involveghe transfer of a phosphate
group (P@ from ATP (adenosine triphosphate)to form ADP (adenosine
diphosphate) onto the hydroxyl OH) group of aesine, threonine or tyrosine

residue of a proteir(Ardito et al, 2017) All protein kinases contain two lobes-(N

25



1. Introduction

terminal and @erminal) to catalyse phosphorylation reactions. The
phosphorylatable residue of the substrate is positioned in a shallow groove of the C
terminal lobe, whereas ATP is positionedthin the hydrophobic pocket of the N
terminal lobe, thereby allowing the phosphorylatable residue of the substrate and
the terminal phosphate of ATP to be adjacent to one another. An aspartate residue
in the substrate binding pocket acts as a base andowes the proton from the
substrate residue hydroxyl group. The remaining oxygen attacks the terminal
phosphoryl group of ATP to form a metaphosphate intermediate?*Négmportant

to electrostatically stabilise the intermediatén this reaction ADP becmes
displaced and the proteiesidue phosphate is formednd loth products are
released from the active sit€Roskoski, @16) The addition of a phosphate group
on a protein can affect the charge on the residue and induce a conformational
change to activater deactivate thesubstrateprotein or affect its ability to form

protein complexegArditoet al., 2017)

Hormones and growth factors, such as insulin amulinlike growth factor (IGF)
stimulate receptorcoupled tyrosine kinases (RTKs) which are present on the cell
surface membrane. Ligand binding activates-exesting RTK dimers or induces
receptor dimerization and subsequent autophosphorylation of ftineracellular
domains. This alone or with adapter proteins such asl IRSulin receptor
substratg form a docking site for PI3K binding. PI3K can catalyse the
phosphorylation of Pl(4,5)Rphosphatidylinositol 4 %isphosphat¢ to PI(3,4,5)F
(phosphatid/linositol 3,4,5trisphosphatg, which facilitatesAKTrecruitmentto the
plasma membrane AKT is then ubsequenly phosphorylaed by PDK1
(phosphoinositidedependent kinasd) and mMTORCENTOR complex)2at T308

and S473 respectivelyYOnce activated, AKdan phosphorylate over 100 substrates
to induce a positive role on cell function. Examples of AKT substrates include: GSK
o | (glycogen synthase kinase) and PFK2(phosphofructokinas€) involved in
metabolism; HDMZhuman double minute 2 homolggand BAQBCLE2-associated
death promote) for survival, FOX{forkhead box @ and p2Kipl (cyclin
dependent kinase inhibitor DBfor cell cycle regulation; and PRASgbline-rich
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AKT substrate of 4@Dg and TSCRuberin) for protein synthesis (Pearceet al,
2010; Vanhaesebroeak al.,, 2010, 2012; Frumaet al., 2017)

TSC2 is a subunit of the tuberous sclerosis complex (TSC). BathndSERAS40
are negative regulators of mTORC1, through inhibitiorRbéb RAS homologue
enriched in brain)or the complex directly, respectively. AKT phosphorylation of
TSC2 or PRAS#Mckstheir negative regulation of mMTORChus increasig the
activity of the complex. The best studied substrates of mMTORQILKdInc51 like
autophagy activating kinase), p70S@#bosomal protein SES6RPkinasg and
4EBP1(eukaryotic translationinitiation factor 4E[elF4E-binding protein 1}, of
which the latter two are heavily involved protein synthesis4EBP1 is a negative
regulator of the mRNA calpinding protein, elF4E, and p70S6K phosphorylates
several translation iniation and elongation factors including S6RRoux and
Topisirovic, 2018)The key nodes of the PAM pathway will be elaboratedn the
following sectiors. ®ction 1.4will describe what alterations of these nodes have

been reported in cancer
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Figurel.1l ¢ The PAM pathway.

Phosphorylated residues arepresented as dark red (P)s, with amino residue defined. Black arrows
and blockheaded arrows indicate phosphorylation of target induces activation or inhibition
respectively. Black dotted arrows indicate phenotypic output. Based upon Fruman et al.);(2017
Saxton and Sabatini, (2017) and Roux and Topisirovic, (2018).

1.3.1. PI3K family

PI3Ks are a family of at least eight lipid kinases that phosphorylate-tiyelr@xyl of

the inositol head group of phosphatidylinositol (Pl) of the plasma membrane. The
catalytic subunits of all PI3K enzymes share a PI3K core structure which contains a
C2domain, a helical domain and a catalytic domain. PI3K isoforms are grouped into
three classes; I, Il and Il based upon their structure and substrate specfiizisg

are heterodimeric, receptoregulated PI(4,5kinasesand are further divided into

two groups: IA and I§Vanhaesebroecét al., 2010, 202).

Class IA PI3Ks are the subfamily involved in the PAM patfiwaythree members
of Ot Faa L! O2ydl Ay | Lmwnt 30 Sy O PREOA &&dzo d:
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PIK3CBr PIK3CPrespectively and one of five p85 regulatory subunit isoforms.

These Ind to the activated RTK or IRS1 via the &1 homology 2) domain of the

Ly p NB3dzAf  §2NB &addzodzyAlz 6KAOK NBRdAzOSa
O Gl tadA0 R2YFAY® ¢KAA | ff 2 @i PEEASPLIMMA N
which can be reversedy PTEN. PI(3,4,53)ay also be dephosphorylated to
phosphatidylinositol 3,4isphosphate (PI(3,4)P by SHIP1/2 (SH2 domain

containing inositol polyphosphate-fthosphatase 1 and 2). Both PI(3,4563Ad

P1(3,4)R, but not PI(4,5)Pcan recruit PHlomaincontaining PI3K effectors, such as

AKT, to the plasma membrane (Figure; Manhaesebroeckt al., 2012; Frumaret

al., 2017)

1.3.2. AKT

AKT (also known as protein kinase B; PKB) iskdD&68erine/threonine kinasgof
which thee arethree isoforms AKT1, AKT2 and AKTBe former two isoforms
were initially identified as the human homologues of the AKT8 retroviral oncogene
v-AKT (Staal, 1988). AKT1 was discoverdibtolosely related to PKand PKC, and
AKT3 was subsequently identified due to high homology with the other isoforms
(Coffer and Woodgett, 1991; Konigtial., 1995).

AKT is an AGC kinase. The AGC kinase family contains 60 members (12% of the
human protein kinome), andnclude PKA, PKC, SGK (serum and glucocoriicoid
regulated kinase) p70S6K, p90RSK (ribosomal S6 kinasd) PDK1. The AGC
kinases shara high degree ofhomology across the kinase domd®0% across all

AKT isoformsand the majority are fully activated by subsesnt phosphorylation of

highly conserved activation loop (T loop) ahé non-catalytichydrophobic motifs
(Pearceet al, 2010) The structureof AKTconsists of three domains: a pleckstrin
homology (PH) domain on the-tdrminus, a kinase domainontaining the AGC

kinase T loopand a @&erminal extension containing the regulatory hydrophobic
motif (Figure 1.2). (Kumar and Madin, 2005)
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Figurel.2 ¢ AKT structure and activation.

(A) Domains for each AKT isoforfAhosphorylated residues (FBH =PH domain; Kinase = kinase
domain; HM = hydrophobic motif. Adapted from Marteitial.,(2012). (B) When PH domain is in-PH
in confirmation, inhibiting the kinase domain, AKT is inactive. When AKT bifdiE314,5)P3PIP3) at
the plasma membrane, the conformation changes to adRH structure. AKT is subsequently
phosphorylated by PDK1 and mTORC2. Adapted from Pegate2010.

Like many class | PI3K effectors, the PH domain of AKT binds to PK{34,5)P
PI1(3,4)R to recruit it to the plasma membrane. This binding induces a

O2y F2NXI GA2Y I  OKIAWXS A& Rt VICK FFINENGf A SYASI A
the PH domainon the kinase domain(Figure 1.2B)Recent research has also
identified that the activation of thealifferent isoforms of AKT can be independently
regulated by spatiotemporal coordination of PI(3,453nd PI(3,4)P(Liu et al.,

2018) The active conformation enables AKT to be phosphorylated by PDK1 at
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threonine 308 (T308) on the activation loop, stimulating enzymatic activityfaldo
(Kumar and Madison, 2005Subsequent phosphorylation by mTORC2 on the
hydrophobic motif at serine 473 (S473) induces maximal activation of AKT and
regulates substrate specificity. FOXO1 and FOXO3A phosplorylat AKTare
dependent on maximal AKT activation, but substrates such a®GSK I Yy R ¢ { / H
be phosphorylated by AKT regardless of the S473 phosphorylation §&testinet

al., 2006; Jacintoet al, 2006; Pearceet al, 2010) AKT can also be
dephosphorylated by PP2A (T308) and PHLPP1 ($4y3R 2 S fet] ad, A996;
Brognardet al., 2007)

Although over 100 proteins have been reportedA€T substrates over the past 20
years,the extent in whichsubstrates have beernvalidated isvariable A combination

of phosphoproteomic analyses have assigned 20 proteins as AKT substrates with
high confidence. Exammdnclude GSR , PRAS40, and TSC2 which all share the
consensus sequenceXXRX-X-S/T- (where X is any amino acid andis a large

hydrophobic residueColeet al., 2019)

GSK3 inhibits many pregrowth proteins by phosphorylating and targeting them
for degradation. AKT enhaes cell proliferation through inhibition of GSK
activity through phosphorylating serine 9 (S9) on thetétminus, creaing a

pseudosubstrate motifhat obstructsthe catalytic domair{Crosset al., 1995)

Both PRAS40 and TSC2 negatively regulate the AKT effector, mTORCI.
Phosphorylation on thremne 246 (T246) on PRAS40 and several sites of TSC2 by
AKT incur an inhibitory effect on these proteins and positively regulate mTORC1

signalling(Huang and Manning, 2008; Wieaal, 2012) Regulation of mTORC1 will

be explained further in Section 1.3.3.2.
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1.3.3. mTORcomplexes 1 and 2

1.3.3.1. mTOR and complex structure

MTOR (previously known as FRAP), is akP&&erindthreonine protein kinase of
the PIKK(phosphoinositide &inase related kinagefamily. It contains several N
terminal tandem HEAT (Huntingtin, Elongation factor 3, A subunit of protein
phosphatase 2A and TOR1) repeats, followed by a(fRAP ATM, TRRAPYlomain

and a FATC (FATt&minus) domain which surround andare important for
modulating the advity of the kinase domain. As shown in FigurgAl.mTOR also
contains aPIKK regulatory domair(PRD) responsible for binding by the small
GTPase mTORCL1 activator, Rfigdvejoy and Cortez, 2009; Cargnelial., 2015)

The mTOR proteiinteracts with various proteins to form two functionally and
structurally distinct complexes: mTORC1 and mTORC2. As shown in Fafyre 1.
both complexes share mMTOR, mLST8 (mammalian lethal with SEC13 protein 8; also
known as G protein beta subuditA { ST DEPTOR (DEP Rlomaontaining
mTORinteracting protein). Specific subunits for mMTORC1 are Regulassgciated
protein of mMTOR (RAPTOR) and PRAS40, and specific for mTORC2 are RICTOR,
mSIN1 and ROTORLaplante and Sabatini, 200Both RAPTOR and RICTOR act as
scaffolding proteins for their respective complexes, facilitatihg tecruitment of
substrates and regulator@argnellcet al., 2015) DEPTOR is a negative regulator of
both complexegKim and Guan, 2019nSIN1 is particularly important subunit of
MTORC2 as it contains a PH domain and allows transport of the complex to the
plasma membrane for phosphorylation of substrates such as AKT and SGK1

(JhanwatUniyalet al., 2017)
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Figurel.3¢ mTOR structure and complexes.
(A) mTOR protein domains. H = HEAT domains. (B) mTORC1 and mTORC2 subcomponents. Adapted
from Lovejoy and Cortez, (2009) and Cargnello et al., (2015).

1.3.3.2. mTORCL1 regulation

MTORC1 is a key node for-aalinating nutrient availability and external
environmental signals, such as growth factors, with the regulation of intracellular
signals importanfor cellular homeostasis. As such, the activity of mTORRI§hty

regulated bymanymechanismgCargnellcet al., 2015) summarised in Figure4l.

Growth factor signals from the PAM axis are img#ggd with mTORC1 via PRAS40

and TSC2. As mentioned in Section 1.3.2, AKT regulates mTORC1 indirectly through
the inhibitory phosphorylation of the negative regulators PRAS40 and TSC2. PRAS40
contains dive amino acid sequencEOR signalling (TOS) mgiwiund in all mMTORC1
substratesthat allows it to bind to the substrate binding site of RAPTOR, thus
competing with mTORC1 substrates. Phosphorylation of T246 on-thenthus of
PRAS40 by AKT and subsequent serine 183 (S183) of then®&IBy mTORC1
promotes its disassociation from the complex and sequestration b$-34roteins
(Wizaet al,, 2012; Roux and Topisirovic, 2018)

TSC2 is a large 1&Daprotein which complexes with Hamartin(TSC1) and Tre2
Bub2Cdc161 domain family member 7 (TBC1Df),form the tuberous sclerosis
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complex (TSC)TSC1 stabilises TSC2 and prevents its degradation and TBC1D7
promotes the association of TSC1 and T@L&ng and Manning, 2008; Dibleé

al., 2012) TSC2 is a GTPam#ivating protein (GAP) for the small GTPase, Rheb
TSC2 stimulates the hydrolysis of GTP to GDP on Rheb, rendering it inactive. TSC2
phosphoryation by AKTinhibits its activity by destabilising its interaction with TSC1

and Rheb at the lysosomé@ctivated RhelGTP can bind to mTOR and induce a
conformatioral changeto promote its activation(Menon et al., 2014; Roux and

Topisirovic, 2018)

Rheb is a potentactivator of mMTORC1, thefore the regulationof TSC2 also
indirectly impacts on mTORClactivity (Huang and Manning, 20Q8)AKT
phosphorylates TSC2 at S939, S981, S1130, S1132 and Kwd&kawski and
Manning, 2005) which can all be ptsphorylated by SGK1 as wflastelet al,
2016) ERK1/2(Extracellular signakgulated kinase; also known as MARK30
phosphorylates TSC& S540 ad S664(Ma et al, 2005) and p90RSK on S1798
(Rouxet al., 2004) Sressors can also play a role in regulating TS@&h as through
REDDL1 ilypoxic conditiongDeyunget al., 2008) and AMPK at AKimdependent
residuesS1270 and S138@ glucose starvatiofKwiatkowski and Manning, 2005)
Wnt signalling promotes TSC2 activity by phosphorylation at S1337 and S1341
through GSK | (Kwiatkowski and Manning, 2005; Inadial., 2006; Laplante and
Sabatini, 2012)

Independently ofsignalling via RhebmTORC1 is also regulated by amino acid
availability, particularly leucine, arginine and glutamine. There are four RagGTPases
(A, B, C and D) which interact WRAPTOR to promote mTORCL1 recruitment to the
lysosome. These RagGTPases are dependent on the GAP and GEF activities of
GATORL1 and Ragulatsespectivelyjn response to amino acid sensi(@argnello

et al., 2015) Interestingly, nutrient availability and growth factor conditions do not
regulate mMTORC1 separately. Activation of mMTORC1 occurs only at the lysosome
when nutrient availability signalled by RagGTPasesl growth factor conditions

signalledthrough Rhebare both appropriat§ Parmarand Tamanoi, 2010)
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AMPK is an inhibitor of cell growth, and in line with this it can inhibit mMTORC1
activation, both directly and indirectly. Under energy stress (high AMP or ADP
levels), LKB activates AMPK by phosphorylation of T172. AMPK can itirebit
MTORC1 by phosphorylating RAPTOR on S722 and S792, or TSC2 as described
above. Negative feedback of the PAM pathway (as described in Section 1.3.5),
allows mMTORC1 to also negatively regulate AMPK through-dép€hdent
phosphorylation of AMPK alphaubunits, which are associated with a decrease in

T172 phosphorylatiofHindupuret al,, 2015)

The activity of mMTORCL1 can also be regulated by its substrates. For example, p70S6K
phosphorylates mTOR at T2446 and S2448 to positively increase mTORCL1 activity
(Holz and Blenis, 2005dditionally, mTORC1 can be regulated at a trapssnic

level, through the regulated expression of mTOR, RAPTOR and other proximally
related proteins by the mTORCL1 substrate, RiNdling protein LARP(Larelated

protein 1) on the mMRNA transcripturaet al,, 2014)
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Figurel.4 ¢ Regulation of mTORC1.

Black arrows and bloekeaded arrows indicate phosphorylation of target induces activation or
inhibition respectively. Based upon information fromwviktkowski and Manning, (2005); Laplante
and Sabatini, (2012) and Kim and Guan, (2019)

4EBP1

1.3.3.3. mTORCI1 signalling

Many mTORCL1 outputs increase growth and proliferation of the cell, therefore,
when activated, the complex increases anabolic pathways such as prigeirand
ribosome production whilst reducing catabolic pathways such as autophagy in

response to environmental conditiorfSaxton and Sabatini, 2017)

Autophagy is the central degradative process in the cell, whereby the formation of
autophagosomes engulfs damaged and excess organelles for degradation and

recycling at the lysosomes in response to nutrient availability. mTORC1
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phosphorylatesseveralcompaments of autophagy such a$LK1 and WIPI2, which
both drive autophagosome formatiothe transcription factor, TFEB, preventing its
translocation to the nucleuand DAP1, a negative regulator of autopha@ym et
al., 2011; Laplante and Sabatini, 2012; Saxton and Sabatini,.2017)

Many anabolic processes are controlled by mTORCL1, including lipid and protein
biogenesis. Fatty acid and sterobgenesis are regulated at the transcriptomic level

by SREBPs (sterol regulatetgment binding proteins) which are indirectly
controlled by mTORC1 through p70S6K and {lipanosphorylation(Cargnelloet

al., 2015) There aremany effectors of mMTORQHat are involved inthe initiation

and elongation steps grotein synthesisvhich includep70S6Kp70S6K substrates

and 4EBPandthesewill be further ex@nded onin the next section

1.3.4. Protein synthesis

Protein biogenesis is one of the most energysumingprocesses of the cell and

thus requires careful regulation to ensure appropriatese of the process
(Nandagopal and Roux, 2015). The canonical methogratein synthesiss cap
dependent CDP¥ of which the initiation is summarised below and illustrated in
Figure 15. The ribosome is recruited onto th@RNA, via the /GOl LJ | &G GKS
terminus of MRNA, involving a concerted effort from a number of eukaryotic
initiation factors (elFs). The mRNA is fitggund by the heterotrimeric elF4F
complex which is comprised of the elF4G scaffolding protein, the elRNEA cap
binding protein and elF4A, which is a DHAR RNA helicase. The mRiN#p is
recognised and bound by elE4omplexed with elF4on der Haar et al., 2000;
Youtani et al.,, 2000)which is dependent on the ratio of activdeBP1 and elF4E
4EBPInhibits elF4F assembly by binding and sequestration of elF4E (Gingras et al.,
2001; Nandagopal and Roux, 2015). The elF4F complex then interacts witBShe
pre-initiation complex (PIC) in order to recruit the 40S ribosomal subunit preloaded
with initiator methionyl tRNANlet-tRNA; Gingras et al., 2001; Klann et al., 2004).
The PIC is comprised of 4fl8sosomalsubunitand severalinitiation factors elF2
ternary complex (elFZC)elF3(for 40S subunit binding to PI@IF1(to inhibit elF2
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GTP hydrolysis)and elF1A (for 40S and elFZC bindiny When elR is
phosphorylated on S51, it is fully capable of forming an initiatiompetent elF2
TC,which is acomplexof elF2with GTP andVet-tRNA (Jacksonret al, 2010)
Subsequently, the helicase of the elFdédmplex, elF4A, can unwind secondary
& 0 NJzO (i dzNB a -UTRAofi tKeAmRNA] dS allgivé@43Scomplex to scan the
pQ'¢w O0pQ dzy NI yatl i§SR NB AURstan codogelFTi K S
dissociates from thenitiation complexonce the start codonhas beenrecognised
and thus the removal oihhibition on the hydrolysis of elH®und GTP, mediated

by elF5elF5B facilitatethe dissociation of elF1, elF1A, elF3 and eBt2P(Ja&son

et al, 2010) and the recruitment of the 60S ribosomal subunitp form a
translationcompetent 80S ribosome that can begin polypeptide chain synthesis,

termed translation elongation (Gingras &t, 2001; Nandagopal and Roux, 2015).

Following translation initiation, the anticodon of M&NA, basedpaired with the

start codonis inthe middle P(peptidyl) site of the 80Sribosome Theappropriate
complimentary aminoacytRNAfor the second codon of the open reading franse
delivered tothe A (acceptor) site of the ribosombéy the eukaryotic elongation
factor eEF1A, in a G-leépendent manner. Codon recognition by the tRNA triggers
GTP hydrolysisybeEF1A, releasing the factor and enabling the amindg&iyA to

be accommodated into the A site. eEFGBP is recycled to eEFGAP by the
exchange factor eEF1B. Peptide bond forms between the two amino iacitie
peptidyl transferase centre of the risomeduring the translocation of tRNAs from

the P and A sites to E and P sites respectively, which is facilitated by the binding and
hydrolysis of GTP bound eEF2. The -MRNAi is released from the E site and the
cycle of elongation continues with the biimgj of thenext appropriate eEF1/&TP
aminoacytRNA to the A site, until the recognition of a stop codon. At this point,
the eRFIeRF3GTP ternary complex binds to the A site, GTP is hydrolysed and eRF3
is released. eRF1 promotes peptide release fromrthesome (Dever and Green,

2012)
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Figurel.5 ¢ Capdependentprotein synthesignitiation.

When 4EBP1 is hypophosphorylated (yellow), it can bind to and sequester the mRiWikdiag

protein, elFAH4E). 4EBP1 becomes inactivated (grey) through phosphorylation of several residues
and cannot bind with elF4E. elF4E brings the mRNA to the scaffold protein elF4G (4G), and with
elF4A (4A) form the elF4F initiation complex. This allows subsequent reentiiriithe preinitiation

complex (PICfor ribosomal docking. S6RP is bound to the 40S ribosomal subunit. 1 = elF1; 1A =
elF1A; 2 = elF2; 3 = elF3; 5 = elF5; 40S = 40S ribosomal subunit; P = phosphorylated residues; tRNA
(yellow on elF2). Black line withlack and grey circle represents mRNA transcript wiflG reap.
lllustration based upon information from Relang, (2010).

A method ofcapindependentprotein synthesigCIP$uses internal ribosome entry
sites (IRESs). These unigue RNA structures recruit ribosomes independently of the
MRNA nG-cap. IRESs require only a limited set of elFs and therefore are commonly

associated with viral protein production in an infected cell to rceene the high
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complexity ofCDP$nitiation. The existence of cellular IRESs was also proposed as a
means to maintain synthesis of selective proteins during times of low elF4G
availability, such as during stress and low nutrient availability. However, since 2004
these have been seriously challengedhwthe development of more stringent
controls for IRES validation, aad a resulta controversyexistsover cellularIRES

asmeans ofprotein synthess (Jackson, 2013; Johnsenal., 2017)

The PAM pathway feeds int6DPSria the two mTORCL1 substrates, p70S6K and

4EBPXNd will be discussed in the following sections.

1.3.4.1. p70S6K

p70S6K is an AGC kinase family member, and as such requires phosphorylation at
the activation loop (T229) by PDK1, and sequential phosphorylation of the
hydrophobic motif(T389 by mTOREwhich areboth are requiredto fully activate
p70S6K.

p70S6K plays a role protein synthesisnitiation and elongation. At translation
initiation, p70S6K phosphorylation is involved in the activation of the elF4A helicase
through phosphorylationS67)and degradation of its negative regulator, PDCD4
and phosphorylation of its activator elF4B d423(Dorrelloet al,, 2006; Cargnellet

al., 2015) Translation elongation is regulated by the negative p70S6K
phosphorylationS3660f eukaryotic elongation factor 2 (eEF2) king#éanget al,
2001) which phosphorylateseEF2at T56, inhibiting itfrom shifting the nascent
peptide between ribosomal sites A to(8howkatet al, 2014; Cargnellet al,, 2015;
Thoreen, 2017)As well agorotein synthesisother substrates of p70S6K aedso
involved in cell survival (BADHDM?2), cytoskeletal rearrangements (Neurabin,
Rac),proliferation (hnRNP), mRNA splicing (SK##)feedback regulation (IRS1,
RCTORNd mTORFenton and Gout, 2011).

S6RP islso key substrate of p70S6K, and its phosphorylation has been typically
used as a readout of p70S6K activity. S6RP can be phosphorylated on the C
terminus at S235, S236, S240, S244 and S247. All residues can be phosphorylated by
p70S6K, however phosphorylation 8235/6 is also directly regulated by a number
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of kinasesincluding p90RSK, PKADK1 and CDKAS6RP is dephosphorylated by

PP1 protein phosphatase Iyeyuhas, 2015). Interestingly, although S6RP has been
associated with the 40S ribosomal subu(ttutchin®n et al, 2011) its role in

protein synthesishas yet to be elucidated. It was previously proposed to be
Ay@2t 3SR Ay GKS GN¥yatlaAaz2y 2F pQ GSN¥YA
this was later proven to not be the cagg&anget al., 2001) Mice knockout studies

have suggested that S6RP may instead be associated with cell proliferation and cell
size(Meyuhas, 2015)

1.3.4.2. 4EBP1

TheelF4F complex formation is highly dependenttbea availability of elFAH hisis
further regulated by elF4Binding proteins (4EBRsWhich sequester elF4Ehere
are three isoforms4EBP1, 4EBP2 and 4EBRBen 4EBP1 is hypophosphorylated,
it strongly binds with elF4E amahibits ts binding withelF4GGingraset al, 2001;
Nandagopal and Roux, 2015)

4EBP1 and elF4G compete for binding of shene siteof elF4E as both proteins
contain a canonical elF4inding motif (CM). 4EBR1as a geater affinity for elF4E
due to theadditionalbinding of a secontkess conserved neoanonical motif (NCM)
to elFAEThe NCMncreases the affinity of 4EBPs to ellB4E000+fold, allowing for
displacement of elF4G and inhibitic@P$lgrejaet al,, 2014; Peteet al,, 2015)

When 4EBP1 is hyperphosphorylated, it becomes inactive and unable to bind elF4E,
thus allowing formation of the elF4F complgingraset al, 2001; Nandagopal and
Roux, 2015)As shown in Figured,.4EBP1 caphosphorylated on seven residues:
T37, T46, S65, T70, S83, S101 and S112 (Gatgla2001; Martineawet al.,2013;

Musa et al., 2016; Qin et al., 2016). These residues are phosphorylated in a
hierarchical order, with T37 and T46 phosphorylated bYDRT1, which are priming
sites for sequential phosphorylation of T70 and S@kingraset al, 2001,
Nandagopal and Roux, 2015; @h al, 2016) Phosphorylation of S65 and T70
reduces the affinity of 4EBP1 for elF4E. Additional studies have shown that
phosphorylation of S101 is necessary for S65 phosphorylation, and that S112
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phosphorylationdirectly affects elF4AE binding indepamdly of other residuesor

MTORC1 activitydue to phosphorylation by ATM(Wang et al., 2003)
Phosphorylation at S83 has no effect GDP3Martineau et al, 2013) Alongside

MTOR, other less studied 4EBP1 kinases includ®GSK LJoy a! t YCODKIOwY X !
and CDKA4These kinases however tend to target subsequent phosphorylation sites

after T37 and T46 priming sitesd may be mDR dependent omdependent and

are also dependent on cdlype. PP2A and PPM1G are phosphatases known to

target 4EBP{Gingrat al,, 2001; Roux and Topisirovic, 2018)

p38 MAPK

A
[ |

mTORC1  ERK1/2
GSK-3p  PIM1/2 CDK1
LRRK2 GSK-3B(?) GSK-3B(?) ATM

37, l l T46 65\ / l

T S T7O p S83 S101 p p S112
I N - I h

Figurel.6 ¢ 4EBP1 structure and phosphorylation residues.

Protein structure and currently known phosphorylation sites ofBfE. 4BBP1 (yellow) contains
three functional domains: ahl-terminal RAIP mTORC1 binding motif (R), the elbi#Bing domain

(4E) and a ®rminal TOS mTORC1 binding motif (T). Phosphorylated residues are represented as
dark red (P)s, with amino residue definedthreonine = T, serine = S. Black arrows indicate
phosphorylation of residue by kinases indicated. Brackets indicate phosphorylation of multiple sites.
(?) = Possible kinase. Model based upon information ff@mgras et al., (2001), Martineau et al.,
(2013), Musa et al., (2016) and Qin et al., (2016).

1.3.4.3. Rayulation of specific mMRNAs

The protein synthesismachinery can select for the translation of certain mMRNAs
includingelF4a Sy aAdA @S FyR pQ¢ht Ywb! a

{ SOSNIf Ywb! (GNIyaONARLIia OlFy Itaz2z O2ydl A
highly dependent on elF4A helicase activity in unwinding the structure in order to

allow for effective ribosomal scanning. As elF4A activity is dependent on elF4E
availability for assembling the elF4F complex, these mRNAs are terglédE

sensitive This regulation is commonly found on mRNA transcripts encoding for

oncogenes such as growth factors and cytokines {EGDGF, TGFZ + 9IB)C >~ L |
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protein kinases (MS HM-1), transcription factors (MG FOS, polyamine
biosynthesis (ODC, OAT) and regulators of the cell cycle (Cyclin D1,DRé&s, C
Polunovsky and Bitterman, 2002; Nandagopal and Roux, 2018t @in2016).

p TOP(5'terminal oligopyrimiding mRNAsare another sbset of mRNAs, which
contain acisregulatory RNA element immediately downstream of tiNA cap.
Although translation of these mRNAwas highlighted to be S6RP independent
(section 1.3.4.2 it was shown to be highly dependent on mTORC1 activity
(Cargnellcet al,, 2015) Studies into thisdentified the mTORCL1 substrate, LARIR1
anegative regulatr ofp ¢ ht Ywhb ! (Toheikeyiaret di.,20(4. Previous
studies have determined that LARP1 associates with RAPTOR when mTORCL1 is
active and dissociates when mTORCL1 is inactive. Crystal structures showed that
[twtwm O0AYRa (2 KSMNGpaRof MOP nRAMsAVE the PNRLS (1 K S
region in the @erminus of the protein and prevents eldEpendent translation of

these mMRNAgLahret al, 2017) These mRNAsncode for components of the
protein synthesipathway and thereforedue to regulationby mTORC1,ribosome
biogenesis angrotein synthesiss heavily controlled by nutrient availability and

growth factors(Cargnelleet al., 2015)

1.3.5. Negative feedback of the PAM pathway

The activity of the PAM pathway is finely tuned using several negative feedback
loops. IRS1 is a signalling adapter protein that binds to RTKs, that is commonly
targeted by negative feedback loops (Figuré)1lt is phosphorylated by p70S&K

S270 which inhibits recruitment to RTKs and reduces protein stability. p70S6K has
also been shown to negatively regulate IR§&he expressiorfHarringtonet al.,
HannnT & 8n2B06XRARTOR has also beenvimasly shown to bind IRS1 to
promote mMTORCL1 phosphorylation of S636 and §®&38tsos and Kandror, 2006)
Secondly, mTORC1 also directly activates and stabid®B10 growth factor
receptor-bound protein 10). Grb10 intacts with IRS2 to target it for ubiquitination

and degradation. Lastly, phosphorylation at T86 and T389 of mSIN1 by p70S6K
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causes it to dissociate from mTORC2, inhibiting the signalling of the complex
(Harringtonet al,, 2005; Laplante and Sabatini, 2012; Martetlal., 2018)

RTK
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‘
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Figurel.7 ¢ Negative feedback loops of PAM pathway.
Black arrows and bloekeaded arrows indicate phosphorylation of target induces activation or
inhibition respectively. Adapted from Pearce et al., (2010) and Martelli et al., (2018)

1.3.6. MAPK and PAM pathway crosstalk

Alongside the PAM pathway, the Ras/MEK/ERK (MAPK) cascade is also involved in
the intracellular signal transduction to promote fundamental cellular processes such
as cell growth and survival. Therefore, it is unsurprisirad there are several nodes

of crosstalk between MAPK and PAM pathw@yiendozaet al,, 2011)

Due totheir promiscuity ERKand p90RSIre the main nods of crosstalk feeding

from the MAPK pathway. As outlined in Section 1.3.3.2, ERK and its substrate
pP90RSK can directly phosphorylate T8@2@ndozaet al, 2011; Aksamitienet al.,

2012) Additionally ERKand p90RSHKlso phosphorylae S8, S696 and S863 of
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RAPTORCarriereet al, 2008; Carriereet al, 2011) These all act to increase
MTORCL1 activitfeRK also phosphorylates MNK1 (MAR&racting kinases) which
in turn targets S209 on elF4#® increase itsactivity in CDPS(Siddiqui and
Sonenberg, 2015; Brown and Gromeier, 20Bg8ditionally, he highkinasedomain
homology between p90RSK and p70S6K results in the sharing of sevestaht®sh
including S235/6 of S6RP, elF4B and e@F&iiceet al,, 2010)

1.4. The PAM pathway in cancer

Consideringhe number ofoutputs of the PAM pathwayhat contribute towards

the progression and hallmarks of oncogenesis, it is unsurprising that mutations
within this pathway are common in many tumours. For example, mutations in
PIK3CAave been reported to be present in 15% offrtours across all tumour types
and wholeexome sequencing of 21 tumotypesidentified it as the second most
frequently mutated gene, followed by PTEN mutatigisapet al., 2008; Lawrence

et al, 2014) Alterations of PAM genes can occur at multiple levels including
amplification of oncogenes, deletion of tumowguppressor genes or mutations
which may affect protein function. Alterations of PAM components are outlined

below and summarised in Table 1.1.

1.4.1. RTKsn cancer

As outlined in Section 1.3, activation of RTKs stimulates growth faaaelling
cascadessuchas thePAM pathway. Therefore hyperactivation of these receptors
can lead to dysregulated signalling to the PAM path{Rgydonet al., 2013) These

can be observed through receptor gene amplification, receptor gene activating
mutations or ligand gene amplificatigiYap et al, 2008) Gene amplification leads

to increased protein expression on the cellasma membrane and increased
activation and signalling downstream. An example of this is ERBB2ncodes for

the HER2 receptor, which is commonly overexpressed in breast, ovarian and

endometrial carcinomagran Danet al., 1994, Livasgt al, 2006; Yaet al,, 2008)
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Missense mutations iexons 181, encoding thayrosine kinase domain of EGFR
are commonly found in nesmalkcell lung cancer (NSCL&E)d are associated with
increased sensitivity to EGFR inhibit@®uglaset al, 2006; Metzgeet al., 2011)
Additionally, the EGFRvIII mutation that causes tation of the receptor and
constitutive activation of intracellular domains is found in gliorflast al,, 2004)
Elevated circulation of IGF and IGR2, and reduction in their regulative binding

partners have also been associated with breast and prostate ca(@sraro, 2013)

1.4.2. PI3Kin cancer

As outlined in Section 1.3, signalling from RTKs to the PAM pathway generally
occurs via class IA isoforms of PI3K. These kinases phosphorytate PIR to

allow recruitment of AKT to the plasma membrane, thereforévating mutations

of PI3K has beeassociatedvith increased PAM signalling cancer(Frumanet al,,

2017) Alterations in both the catalytic and regulatory subunits of PI3K have been
implicated in many tumours. Amplification of tHIK3CAgene which encodes for

0KS Limmnh OF GFfe&GdAO &adzo dsbadPI3KactvitRegady | aa
2015) Missense mutations in the helical domain such as E542K and Efsitie
NEaAadlyoS 27F Lmmnah {andadr ikcBeask iit&racooh with NE | O
IRS] respectively(Hollestelleet al., 2007; Thaoe et al, 2015) Kinase domain

Ydzi | GA2ya &dzOK a I mnntw AYONBFasS GKS A
Additionally, otherPIK3CAnutations have been showto induce conformatioal

changes that mimic those that occur during activation of Pil3&efore resulting in

a constitutively active kinase. Mutations in other class IA catalytic isoforms are rare,

and alterations in cancer are usually through gene amplificafibimorpe et al,

2015)

Mutations in PIK3RIgene which encodes for p85 have also been associated with
many cancers. Many of these are substitutions oframe insertions or deletions
which disrupt the ability of the SH2 domain to inhibit p110 isofofifisorpeet al,,
2015)
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1.4.3. PTENnN cancer

PTEN reverses the function of PI3K, dephosphorylatingt®IPIR and actsas a
tumour suppressor by negatively regulating the activity of AKT. MutatioisI BN
form the third most common mutation in cancer afté 3 and PIK3CALawrence
et al, 2014) Mutations inPTENcan include insertions, substitons, deletions and
epigenetic alterations which lead to loss of protein funct{®egad, 2015; Thorpst

al., 2015) Interestingly, loss or inactivation of orfeTENallele is sufficient for

carcinogenesigHaddadet al., 2018)

Additionally micro RNAs mH1 and mIR22, which both suppress PTEN by directly
OAYRAY3 (G2 AlGa o L ¢wX | NB rs(Revaifiideyi il dzLINB
Munirajan, 2019)

1.4.4. AKTin cancer

AKT is the pivotal node of the PAM pathway, phosphorylating over 100 substrates
contributing positively to oncogenesis, including substrates involved in metabolism,
protein synthesisand cell survivalFrumanet al,, 2017) AKT itself is hyperactivated

in a third of tumours, but these are more commonly due to alterations of AKT
regulators, leading to increasedactivating phosphorylation, rather than
dysregulatinghe protein itself. However severalterations of AKTtself have been
identified in cancer including overexpression, activating mutations and post

translational modificationgRodonet al., 2013; Revathidevi and Munirajan, 2019)

Gene amplification and protein overexpression of all three isoforms of AKT have
been associated wit many cancers including gastric, neck, pancreatic and breast
cancers. Gene amplification 8KT1lis the most common alteration of AKRegad,
2015)
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Tablel.1 ¢ Summary of molecular alterations in PAM pathway in cancer.

Based upon information fronap et al., (2008); Rodon et al., (2013); Thorpe et al., (2015);

Revathidevi and Munajan, (2019)Bhat et al., (2015)proteinatlas.org Leprivieret al., (2013); Nget
al., (2019) HNSCC = hd and neck squamous cell carcingn¥HL =nonl 2 R3I |1 A Y Q4&;
NSCLE nonsmall cell lung cancerSCLC = small cell lung cancer.

Gene Protein Alteration Tumour Type (% prevalence)
Amplification glios.arcoma (8%),83‘;/arian (12%), endometrial
EGER EGFR1 carcinosarcoma (82%)
Mutation prostate (35%)
ErbB2 HER2 Amplification ovarian (24%), endometrial carcinosarcoma (20%),
PDFGRA | PDGFRa Amplification gliosarcoma (3%)
HNSCC (9.1-100%), gastric (36.4%), colon (12%)
Amplification breast (8.7-13.4%), cervical (9.1-76.4%), ovarian
(13.3-39.8%), thyroid (30%), lung (9.5-69.6%)
PIK3CA p110a breast (7.1-35.5%), endometrial (26%), colon
Mutation (12%), colorectal (16.9-30.6%), glioblastoma (4.3-
11.0%), lung (0.6-20.0%), oesophageal (5.5%), renal
(1.0-2.9%), ovarian (33%)
P850, Mutation ggl’igl;/lastoma (7.6-11.3%), colon (1.7%), ovarian
PIK3R1 | p55a, (3.8%)
p30a Deletion ovarian (22%)
breast (5%), glioblastoma (30%), prostate (10%)
Mutation endometrial (50%), colorectal (7%), liver (27%),
cervical (16%), melanoma (17%)
PTEN PTEN
glioblastoma (75%), colon (20%), breast (40-50%),
Deletion lung (37%), prostate (42%), gastric (47%), thyroid
(6.1%), NHL (3.7%), melanoma (26%)
Amplification gastric (20%), breast (1%)
AKT1 AKT1
Mutation colon (1%), breast (4%), ovarian (1%)
AKT2/ AKT2/ Mutation/ colon (1%), pancreatic (20%), ovarian (14%), breast
AKT3 AKT3 Amplification (3-9.9%), melanoma (1.5%)
Overexpression/ breast (100%), HNSCC (100%), liver (70%), gastric
EIF4E elF4E Phos h?:r lation (100%) breast, colon, gastric, and
phory lung (63.4%)
QOverexpression lung (40%), gastric (50%), colorectal (91%)
EIF4EBP1 | 4EBP1
Loss pancreatic (50%)
Underexpression | colorectal (85%)
EEF2K EEF2K Overexoression breast (N/A), glioblastoma (N/A), medulloblastoma
P (N/A), liver (33%), colorectal (63%), prostate (27%)
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A common somatic mutation oAKT1lis E17K, located in the PH domain. This
mutation enhances P#®inding and ubiquitination of the PH domain which leads to
constitutive localisation at the plasma membrane and phosphorylation at T308 by
PHdomain containing PDK(Revathidevi and Munirajan, 2019Jhis mutation ha

also been reported iPAKT3 Similar mutations which increase AKT membrane
localisation include E49K, L52R, C77F, and QRegad,2015; Revathidevi and
Munirajan, 2019)

Altered methylation of genes of AKT regulators such as PHLPP2 and mTORC2 have
shown to alter their expression towards activation of AKT and promote proliferation
and tumorigenicity of endometrial cancer celllkRevathidevi and MunirajarZ019)

Many methods of postranslational modification of AKT have also been observed in
cancers. Ubiquitination of the PH domain is an important mechanism for AKT
hyperactivation which increases the translocation of AKT to the plasma membrane
(Revathidevi and Munirajan, 2019)

1.4.5. mTORn cancer

Similarly to AKT, mTORC1 and other components of the PAM pathway are not as
frequently directly altered as PI3K and PTEN. However, 80% of tumours from one
study showed aberrant mTORC1 hyperactiviidenon and Manning, 2008;
JhanwarUniyal et al, 2017) which result from dysregulated upstream growth
factor signalling from the PAM as discussed above and aberrations from the MAPK
pathway. Additionallyhyperactivity of mMTORCL1 can be affected by dysregulation of
TSC activity throdgLKBImutations (Agarwaét al., 2016) Additionally, alterations

in componentsof nutrient sensing can dysregulate mTORCL1 activity. All three
subunits of the GATOR1 complex and RagC have been reported to harbour
mutations inglioblastomaand follicular lymphoma respectively, and affect mTORCL1

activity (Saxton and Sabatini, 2017)

Mutations in mMTOR have also been reported. Two missenge gfa function
mutations were identified in mTOR in the C643 cell line and melanoma tumours.

The H419R mutation is located at a linker region of the HEAT repeat domain, and
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G2359E is located in the activation loop of the catalytic domain. These were
assocated with increased mTORC1 downstream signalling to p70S6K and 4EBP1
(Muruganet al., 2019)

1.4.6. PAMrmediated protein synthesisin cancer

Hyperactivation of mTORGMkrough the mutations described in previous sections
will ultimately increase phosphorylation of substrates such as p70S6K and 4EBP1 to
promote protein synthesis, however alterations in both proteins have been directly

associated with oncogenesas well

Both p70S6K1 and p70S6K2 have been shown to be overexpressed in several
cancers. Accumulation, particularly of p70S6K2 in tumour cell nuclei has also been
observed and associated with cell growth and proliferation,ljikbrough histone
phosphorylationand geneexpressiorof anti-apoptotic proteins such aBCExL and

XIARTavarest al,, 2015)

4EBP1 expressiors severely reduced in over 50% of human pancreatic ductal
adenocarcinomas, as well as many other tumoykdartineau et al, 2013)
Expression of 4EBP1 may be regulated by SMAD4, ATF4 and HIF ¢ KA & NI R dzO
tumour suppressive activity on elF4E, thereby increa€iifs However, 4EBP1
may not be considered a tumour suppressor gene on its own as 4liekout

mice did not develop tumourgMusa et al, 2016) Phosphorylation of 4EBP1
(p4EBP1) is also shown to be increased in several tumours including colorectal,
breast, lung and prostate carcinonfili et al., 2015; Nogamét al,, 2015; Museaet

al., 2016) However, the role of p4EBPL1 in carcinogenesis highly depends on its ratio
to 4EBPlexpression as p4EBP1 may be increased due to increased 4EBP1
expression and may have no difference on the outcome with e(Addin et al,

2012) Additionally, the stoichiometry of elF4E4EBP is also important for
oncogenesis. An increased ratio has been preslipassociated with increased risk

for head and neck cancer relap@dusaet al., 2016)

Paradoxially, the gene encoding 4EBEELIF4EBPHas also been observed in several

studies to be amplified in tumours including breast and prostate cafidsiehet
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al., 2015; Rutkovskgt al., 2019) 4EBP1 was suggested tiaya role in a hypoxia

induced switch from capependent to cellular IRESediated translation of

selective mMRNAs, such as proangiogenic factorsyMIF | YR +#9DC® 5SONXBI
was shown to reduce vascular density of xenografts and render tumours more
sensitive to metabolic and genotoxic stresses. However, increasing research into

the validity of cellular IRESs as discussed in Section 1.3.4 may put this hypothesis

into question(Qinet al,, 2016)

Overexpression of elF4E is increased in several kinds of tumours such as colon
cancer. As explained in Section 1.3.4.2, thisrexpression increases the formation

of elF4F complexe®nhancingthe translation of selective elF4E sensitive mRNAS
which encode for oncogenes such as cyclin D1 antyc (Averous and Proud,
2006; Nina lliet al,, 2011; Copeet al,, 2014)

Along the p70S6K arm of mTORC1 signalling, eEF2K has been shown to be
upregulated m cancers such as breast and glioblastoma, whereas in colorectal
cancers eEF2K expression has been shown tddvenregulated (Parmeret al,

1999; Leprivieet al, 2013; Nget al, 2019) Most studies into the role of eEF2K in
cancer used xenograft andin vitro cell lines as models. For example, siRNA
knockdown of eEFK2 or use of eEF2K inhibitorsL{IL& and NH125) slowed the
growth of breast cancer xenografts. In contrast, the intestimgptregeneration of

APC deficient mouse models was reduced in association with eEF2K deletion. In
summary, is unclear as to the cytoprotective or cytotoxic effect of eEF2K in tumours

(Liu and Proud, 2016; X. Wasigal., 2017)

1.4.7. PAM pathway in ovarian cancer

Ovarian cancer (OC) is the third most common gynaecological canckiwae

with nearly 300,000 new diagnoses and an estimated 185,000 deaths in 2018
(GLOBOCAN 2018). Due to the nature of symptoms presenting like common
gastrointestinal or less lethal gynaecological issues, patients are commonly
diagnosed at an advancetiage of the diseasé&558% of patients are diagnosed at

stage Il or IV, where the tumour has spread to the abdomen or beyond the
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peritoneal cavity(Cancer Research UK, 201Fpithelial ovarian cancer makes up
90% of ovarian cancatiagnoses, which is heterogeneous and can be subdivided
into high-grade serous (HGSOC), {grade serous (LGSOC), endometrioid, clear cell
(OCCC) and mucinous subtypes, with each presenting different aetiologies, tumour

progression, and therapeutic respasMeinhold-Heerlein and Hauptmann, 2014)

The PAM pathway has been reported to be activated in approximatép of
ovarian cancer¢Bastet al, 2009) Gain of functiorPIK3CAnutations occur in 30
40% of OCCC, -ED% of endomeipid OC, andPIK3RInutations occur in 3.8% of
all OC(Gaspatrriet al., 2017) As described above, other methods of PAM pathway
hyperactivation have also been associated with tap39% of OC, including AKT
amplification and mutations and PTEN loss of function alterat{@esparriet al,
2017)

1.5. Targeting the PAM pathway

The PAM pathway is one of the most commonly activated signalling pathways in
cancer. As these cancers may be solely reliant on pathway mutations, as
understo 0& 2 SAyadaSAayQa O2yOSLIi 2F 2y 023Sy.
many targetable components of the PAM pathway, this provides an attractive novel
strategy for the development of molecular targeted therapi@&apet al, 2008;
Martini et al, 2013) However despite such promise, the clinical results faMP
inhibitors have fallen short of expectation, such as limited improvememverall
survival (OSand objective response rateQRRin a metaanalysis of trials in solid
tumours (Frumanet al, 2017; Liet al, 2018) This is mainly a result of drug
resistance resuiihg from the remarkable plasticity of the pathway through multiple
RTKactivation, feedback loops and cresgk from other signalling pathways and
doselimiting toxicities preventing sufficient target engagemefifrumanet al.,
2017) However, the PAM pathway is an important mediator for resistance to EGFR
inhibitors and cytotoxic therapies, therefore in addition to testing PAM inhibitors as
monotherapies, trialhave also beewlesigned to test the efficacy for combinas

with cytotoxic therapies such as paclitax®apet al., 2008; Banerji, Emma J Dean,

et al,, 2018)
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Inhibitors of the PAM pathway can be classified into 4 main categories: PI3K
inhibitors, mTOR inhibitors, dual mTOR/PI3K inhibitors and AKT inhif&asparri
et al, 2017) However, other PAM inhibitors also include p70S6K (LY2584702), PDK1
specific inhilitors (GSK2334470) and inhibitors of agpendentprotein synthesis
initiation (Rodonet al, 2013; Castel and Scaltriti, 201A summary of these

inhibitors and theitargetsis shown in Figure 8.

4“:|®| —
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4EBP1 P7056K
5240/4 P ) 5235/6
@a@

4EGI 1

= Vistusertib=j == everolimus

MRT00206081

Figurel.8 ¢ Summary of drugs described in text and their targets.
Adapted from Matrtini et al., (2013); Lu et al., (2016); Nitulescu et al., (2016) and Teng et al., (2019)
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1.5.1. PI3K inhibitors

As mutations irPIK3CAre common in cancerhe development of PI3K inhibitors is
logical. The first group of PI3K inhibitors developed wereg@ass | PI3K inhibitors
including Wortmannin and LY2940002. These were useful tools in studying PI3K
function, but poor pharmacokinetic and selectivity pespes rendered their
therapeutic use limited. More recently ATd®mpetitive panclass | and isoform
specific inhibitors have been developed with improved pharmacokinetic profiles,
increased target specificity and minimized toxicity, however trials haperted
unexpected autoimmune and infectious toxicities witiese druggMartini et al.,,

2013; Greenwell, 2017)

Idelalisib was the first FDA approved Pi8Kibitor. It is selective for the class |
LIM m n 4 t L oY uded fBri Naatmény dR relapsed chronic lymphocytic
leukaemia, small lymphocytic lymphoma (SLL) and follicular lymphoma. The overall
response rate as a single agent was 61% in SLL and 54%Gne€hwellet al.,
2017) Copanlisibapan-class | PI3K inhibitdras also been subsequently approved
for relapsed follicular lymphoma. Phase Il testing is currently undergoing for
duvelisibo LIMmmn ! | YR LIv mpanclass Ssel&yiahibizbss (bupharisii

and umbralisib(Greenwel et al., 2017) Inhibitors including pawlass | selective,
pictilisib (GD@941) and INCB050465 are undergoing Phase Il and earlier testing
(clinicaltrials.goy Folkeset al., 2008; Greenwelet al.,2017) Interestingly, reports
show that isoformselective or partlass | PI3K inhibitorare more effective in

haematological tumours than solid tumouf€gundiet al., 2016)

1.5.2. mTORCinhibitors

Rapalogues such as everolimus and temsirolimus were the first inhibitors of PAM
pathway to be FDA approved for the treatment of renal cell carcino(RLC)
neuroendocrine tumours and manteell lymphomaSchuleret al., 1997; Rodoret

al.,, 2013) These are mTORGpecificallosteric inhibitors and act by complexing
with FKBP12 and binding to the FRB domain of mTOR, preventing substrate

recruitment to the catalytic domain of mTOR by steric hindera(fgett et al.,
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2016) The antitumour efficacy of these compounds yend use in RCC was limited
due to inherent resistance arising from p70S@&pendent negative feedback to
PAM and MAPK pathways via 1RS and an incomplete suppression of 4EBP1
phosphorylation(Martelli et al., 2018; Tengt al., 2019)

Dual PI3K/mTOR inhibitors were developed to overcome the limitations of
rapalogues by targeting three points of the PAM pathway, PI3K andatedytic
MTOR suburgtin MTORC1 and mTORC2. This was possikeleéodthe structural
similarity of thekinasedomains of both proteins as members of the PIKK family. PI
103 wasthe first compoundin this clasgo be investigatedand was more effective
than rapalogues in glioblastoma or leukaemia cell line mgdelsdwe to its rapidin

vivo metabolism, was never taken to clinical trial®ther members include
dactolisib, voxtalisib, apitolisib and gedatolisib. However, contrary to expectations,
clinical studies have revealed limited efficacy of this class of drugs raserca
therapeutics and commonly associated with severe adverse effects led to the
reduction in the development of these drudMartelli et al, 2018; Tenget al,
2019)

To reduce the toxicit of dual PI3BK/mTOR inhibitors, mTOR kings& ORKpnly
inhibitors were designed. PP242 was the initial prototype compound of this class,
which blocked the phosphorylation of 4EBP1 and-dapendentprotein synthesis
more effectively than rapamycim vitro and in vivo. Many TORKIs have been
subsequently developed including Torin 1, Torin 2 and vistusertib (AZDRikbét

al., 2013; Martelliet al, 2018) Interestingly, a phase Il study in metastatic RCC
showed vistusertito perform worse than everolimus in progression free survival
(PFSand OS with minimal improvement in adverse effectslartelli et al., 2018;
Tenget al,, 2019)

The latest generation of ndR inhibitors are RapalLinks, which simultaneously bind
the ATPbinding pocket of mTOR and the FRB domain, acting like both a rapalogue
and TORKI. RapaLihkvas observed toeduce phosphorylation d473on AKT and
T37/46 on AEBP1 more efficiently than rapycin and inhibits a more lasting mTOR

kinase inhibition thanmTORKinhibitors. These also showed strong amntmour
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activity in mouse xenografts and are attractive compounds for future clinical trials

(Martelliet al,, 2018; Tengt al,, 2019)

1.5.3. AKT inhibitors

AKT is one of the main effectors of PI3K that can promote oncogenesis through the
phosphorylation and regulation of many substrates involved in cell growth and

survival. Therefore, AKJoses an attractive target for oncotherapy.

There are two main categories of AKT inhibitor based upon their mechanism of
inhibition: ATPcompetitive and allosteric inhibitors. The development of AKT
specific and isofan-selective inhibitors was predictetd be difficult due to the high
degree of homology in the ATdnding pocket between AGC kinases, therefore
allosteric AKT inhibitors are generally more AKT specific. This includes PH domain
inhibitors as these domains can harbour 30% sequence homdMgyrow et al.,
2011; Rodonet al, 2013) Additionally, there are other inhibitors such as
irreversible AKT inhibitors (lactoquinomyciRevathidevi and Munirajan, 2019)
Currently, onlyone AKT inhibitoy the allosterically acting milefosine has been FDA
approved andis used as a topical treatment against parasitédss exhibited
haemolytic toxicity with intravenous usend has therefore not been considered for
cancer treamment. In recent years, development of nepan-AKT inhibitors has
progressed with many in clinical trials. Isoform specific AKT inhibite65,4863
(AKT1) and CCT128930 (AKT2)ase in preclinical developmen{Mundi et al,
2016; Revathidevi and Munirajan, 2019)

Allosteric AKT inhibitors bind to an alternative ditem the kinase domain of AKT,

in order to inhibit its activity. MKR206 (Figure 19) is an allosteric AKT inhibitor
which induces a conformational change in AKT so that the active site is no longer
accessible by its substrates. MR06 has been shown tcelpotent and selective for

AKT (AKT1 4= 5nM; AKT2 16 = 12nM) and is currently in Phase Il clinical trials

as a single agent or in combinations such as with the MEK inhibitor selumetinib, and
EGFR inhibitor erlotinibHfraiet al., 2010; Mundet al., 2016;clinicaltrials.goy. Mk

2206 appeaed to be tolerated well but fadd to achieve satisfactory clinical
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responsegKonopleveet al,, 2014; Dcet al, 2015) Alternative allosteric inhibitors
target the PH domain of AKT thus preventing its recruitment and activation.
Compounds such as the tricyclic purine nucleoside analogue, triciribine target the
PH domain directlySampathet al., 2013) whereas alkyl phospholipids (ALPs), such
as miltefosine and perifosinéarget indirectly through inference with PiRnd PIR
metabolism (structures in Figurel®; Richardsoret al., 2012) Perifosine is one of

the few AKT inhibitors currently in Phase Il clinical trials, in combination with
capecitabine in colorectal tumouf$iundi et al., 2016; Revathidevi and Munirajan,
2019)

ATRcompetitive enzymeinhibitors act by competing with ATP to block the kinase
domain of AKT and therefore inhibit their kinase activity. Although five broad
classes of AFeompetitive AKT inhibitors have been developed, only a couple
remain in clinical evaluation. This includes the thiophenecsabude derivatives,
afuresertib (GSK2110183) and uprosertib (GSK2141795); apyrtedopyrimidines
ipatasertib (GD@O068) and capivasertib (AZD5368tulescuet al., 2016)

Afuresertib potently inhibits all AKT isoforms at nanomolar range and
subnanomolar to AKT1 specificalfgr structure see Figure 9). Afuresertib is most
effective as a single agent against haematological malignancies, particularly multiple
myeloma, and is currently in Phase Il clinical tielisicaltrials.goy Nitulescuet al.,
2016) Additionally, the effect of afuresertib in combinatidor example with
bortezomib, ofatumumalor paclitaxel are also being investigated in haematological
and solid tumourdclinicaltrials.g@). The drug wasvell-tolerated, with a relative

low incidence and severity tifyperglycaemiavhich is likely due to the selectivity of
afuresertib for AKT over other AGC kinas@®odonet al, 2013; Spenceet al,
2014) Afuresertib also showed safe and promising clinical activity in a heavily pre
treated epithelial ovarian cancer in combination with carboplatin and paclitaxel

(Blagderet al,, 2014)

Uprosertib is structurally similao afuresertib (Figure ®), and unsurprisingly the
potency for AKT inhibition and overall atwimour activity is also similar although

uprosertib is more potent and exhibits greater-tdirget inhibition. It is currently in
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Phase Il clinical trials for several tumour types iniclgdcervical, melanoma,
multiple myeloma, colon and breast cancers, either as a single agent or commonly
in combination with the MEK inhibitor, trametinib, however several of the latter
studies were terminatediue to a lack of efficacfclinicaltrials.goy Nitulescuet al,,

2016)

Ipatasertib is an orally bioavailable inhibitor of all AKT isoforms, which also
minimally targets other members ofi¢ AGC family (for structure see Figurg; Lin

et al, 2013) Preclinicain vitroand xenograft studies have shown that the resultant
AKT inhibition by ipatasertib decreases viability of cancer cell lines through
decreased cell cycle progressidhin et al, 2013) It is another of the few AKT
inhibitors currently in Phase IlI clinical trials as a combination thewathy several
different cytotoxic therapiedor metastatic prostate and breast cancers, and in
Phase Il fosafety and efficacy as a monotheramyirficaltrials.goy Nitulescuet al,,
2016)

1.5.3.1. Capivasertib

Capivasertibs anATRcompetitive AKT inhibor andwas developed as a result of a

hit of a fragmemntbased drug discovery program as part of a collaboration between
the Institute for Cancer Research (ICR) and Astex Pharmace(iRea®t al., 2004;
Donald et al, 2007; Akan, 2015)300,000 low molecular weight compound
fragments were screenedh silicoagainst the structure of AKT2 and hits were
verified using crystallography with a PIRKT chimera and AKT2 kinase assay. Hits
from the screen led to the development of pyrazoles such as AT7867 (precursor to
AT13148) and pyrrolopyrimidines such as CCTI12&pBecursor to capivasertib).
CCT129254 was developed from CCT128930 from the addition of an amide linker to
increase oral bioavailability and reduce plasma clearance, although this also
reduced selectivity to AKT over P@AcHardyet al., 2010)

As shown iTable 1.2 CCT129254 is a potent inhibitor of AKdwell aother AKT
isoforms and AGC kinases such as PKA, p70S6K(iMigigEn and stress activated
protein kinase 1and ROCKfRhcassociated coiledoil kinase?). CCT129254 was
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subsequently licered to and further developed by AstraZeneca, and the addition of

an hydroxyethylgroup at the amide linker lead to the discovery of capivasertib
(AZD5363;Davies et al, 2012; Addieet al, 2013) As shown in Table 1.2,
capivasertib is more selective for all AKT isoforms and p70S6K than CCT129254.
Additionally, capivasertib exhibits reduced activity with the hERG ion channel which
is involved in the electrical activity of the heart, hweducing complications with

later drug developmenfAddieet al,, 2013)
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Figurel.9 ¢ Chemical structures of allosteric and ABmpetitive AKT inhibitors.
Adapted from Nitulescu et al., (2016).
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Capivasertibtargets the kinase pocket of AKT, anldod samples in trial patients

have showrreduction in the phosphorylation of AKT substratest dzOK | & D{ Yo |
PRAS4(s markers of target inhibitiorCapivasertilshowed good pharmacokinetic

and pharmacodynamic properties in preclinical studies and also is well tolerated in
trial patients the most severeadverse effectdeing diarrhoea, hyperglycaemia,
nausea, infection, neutropenia, rash afatigue (Tamuraet al,, 2016; Rinnerthaler

et al, 2018; Schmiet al, 2018) Hyperglycaemia and the maculopapular rash are
expected adverse effects of these drugs as the PAM pathway is important for
regulating glucose metabolism and cytokine and chemokine reguléGbiaet al.,

2015) Cell lines and tumours witRIBKCAr PTENnutations whichincrease PAM
activity were found to be more sensitive to capivase(filavieset al., 2012; Banerji

et al, 2018) As with many PAM inhibitors, clinical development of capivasertib is
geared towards combinational strategies with cytotoxic therapies such as paclitaxel.
The addition of capivasertilp paclitaxelin the PAKT Phase Il trial in metastatic
triple-negative breast cancer (TNBC) patients increased the PFS by 1.7 months and
OS by6.5 months This amongst other successful trials prompted entry of
capivasertib into Phase Il trials in TNBIicaltrials.goy Rinnerthaleret al., 2018;
Schmidet al,, 2018) Capivasertib is alsmrrentlyinvestigated in Phase /Il trials for
prostate, gastric and gynaecological cancers as a mamd combinational therapy

(clinicaltrials.goy.
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Figurel.10 ¢ Chemical structures of capivasertdnd derivatives
Adapted from Nitulescu et al., (2016).

60



1. Introduction

Tablel.2 ¢ Selectivity profile of CCT1292%hd capivasertib.
Adapted from Davies et al. (2009) and Addie et al. (2013)

Kinase IC5, (M)
CCT129254 | capivasertib
AKT1 13 3
AKT2 66 7
AKT3 57 7
p70S6K 18 6
PKA 30 7
MSK1 54 -
ROCK1 - 470
ROCK2 86 60
p90RSK1 136 -
CHK2 1271 -

1.5.3.2. AKT inhibitors and ovarian cancer

AKT inhibitors are introduced to patients in clinical trials, for the tresit OC that

have commonly undergone alternative therapies and relapsed. As chesistant

cells are generally more aggressive than cheratve cellgfDonzelliet al., 2014)

this may suggest they may have greater genetic plasticity for development AKT
inhibitor resistance (dicussed further below). Table 1.X shows a summary of the
response rates of AKT inhibitors in ovarian carcinomas in several clinical trials.
Overall, AKT inhibitors appear to be effective in tumour regression of ovarian

carcinomas, including those whichearecurrent with few adverse effects such as

hyperglycaemia, rash, nausea and diarrhoea.
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Table1.3 ¢ Response rates and main toxicities of completed AKT inhibitor clinical trials in ovarian
cancer patients.

Based upon information fromlinicaltrials.goy Tamuraet al,, (2016); Saureet al., (2017); Banerjj et

al., (2018); Blagdenet al, (2019) ORR = overall response rate; PFS = progression free survival;
RECIST = Response evaluation criteria in solid tumours; CA125 = Cancer Antigen 125 protein

AKT inhibitor

Ovarian cancer

Response rates

Main toxicities

afuresertib
(with carboplatin

recurrent, platinum
sensitive, resistant or
refractory epithelial

ORR 52% (CA125)
and 32% (RECIST).

diarrhoea, nausea, fatigue,
alopecia

& paclitaxel) ) PFS 7.1 months
ovarian cancer
diarrhoea, nausea,
Stable disease (no . .
. . . . . asthenia, hyperglycaemia,
ipatasertib Ovarian carcinoma numerical data

decreased appetite, rash,

stated
) vomiting

Rash, diarrhoea, nausea,

Ovarian Cancer .
hyperglycaemia

capivasertib ORR 8% (RECIST)

55.8% reduction in
the sum of the
longest diameter (1
OC patient in trial)

Recurrent Ovarian
Carcinoma

diarrhoea, hyperglycaemia,

capivasertib
nausea, maculopapular rash

1.5.4. Inhibitors of PAMmediated protein synthesis

As outlined in Section 1.3.4 and 1.4.6, PAM and MAPK growth factor signalling
pathways converge ont€DPSand there aremultiple components of the elF4F
complex assembly process, thus providing many posértiargets for therapy.
Currently, the onlyFDAapproved CDPSnhibitors for oncotherapy are those that
target CDP$ndirectly, such as the PAM inhibitors described above. However, in the
last 10 years, there has been great effort into developmamovel CDP$hibitors

and thereforethe elF4Eantisense oligonucleotide (AS@Q)Y227579@s currently in
Phase | clinical trial¢clinicaltrials.goy. Other nethods of targeting the elF4F
elF4EeIF4G
phosphorylation of elF4E and inftihg elF4A helicase activiBhatet al,, 2015; Lu
et al,, 2016; MalkaMahieuet al.,, 2017)

complex include interfering with interaction, suppressing

62



1. Introduction

Reducing elF4E expressiasingASOssuch as LY2275796 (ISIS EIF4AE Rx) showed
promising activity in geclinical studies and was safely administered in Phase | trials.
Currently in Phase I, more recent trials have shown no significant clinical response
as a monotherapy. Combination Phase Il trials are also undefRelietieret al,,

2015; MalkaMahieuet al,, 2017) elF4E dependent carcinogenesis rebesits cap
binding ability therefore cap analogues such alsavirin were developedPhase I

trials have shown antumour activity in AML patientgBhat et al, 2015)
Nucleotide analogues suffer from poor permeability and stabilitywivg but have

been circumvented with pralrugs such as 4#i(Bhatet al, 2015; Lwet al,, 2016)

which iseffective in combination with gemcitabine in breast and lung cancer cell

lines(Liet al., 2013; MalkaMahieuet al.,, 2017)

Inhibitors of the elF4#IF4G interaction act by mimicking 4EBP1 include -4EGI
4E1RCat and 4E2R@8lioerkeet al., 2007; Papadopoulost al, 2014; Sekiyamat

al., 2015) These haveroved to reduce oncogenic phenotypes in breast camcetr
lymphoma xenografts multiple myeloma, Jurkat, A549 lung cancer cell lines and
primary AML cellsBhat et al., 2015; Maka-Mahieu et al, 2017) The highly
oncogenic posphorylation of S209 on elF4E can be reduced by MNK inhibitors.
Currently severaMNKinhibitors are in preclinical development such as CGP052088,
CGP57380, cercosporamide, eFT508 and MRT002(B0&1et al., 2015; Webster

et al, 2015; Liet al, 2016) Although these have shawsome cytostatic properties

in lung and leukemic cell lines alone, these drugs appear more promising as
combination therapies to reduce resistance to drugs such as rapamycin, imatinib,
gemcitabine and Hercepti(Bhatet al., 2015; Lwet al, 2016) Flavaglines (such as
silvestrol), hippuristanol and pateamine A constitute the three classes of elF4A
inhibitors, which are all derived from natural products and display potent preclinical
anti-tumour activityin vivo (Gupt et al, 2011; Bhatt al, 2015; Pelletiert al,
2015; MalkaMahieuet al., 2017)

In addition to CDPS inhibitors, disabling -tiagependent protein synthesis effectors
of the PAM pathway, such as the eEF2K (section 1.3.4) through sSiRNA or via
compound inhibition with NH125 was also shown to be effective to sensitise glioma

cells to thepro-apoptotic stimulus, TRAIL. Use of NH125 has also proved effective in
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enhancing the cytotoxic effects of MX06 by limiting autophagy. siRNA silencing
of eEF2K also improved the papoptotic effects of doxorubicin. Therefore, similar
to the CDPS inhitors described above, eEF2K inhibition may pose an attractive

target for combination therapy in cancef¥. Wanget al., 2017)

Regardless of the many ways to target the pathwig to the genetic instability of
tumours and theremarkable plasticity of thé?’AM pathway, drug resistance is a
common occurrence in the development and clinical utility of the drugs described

above (Frumanet al,, 2017) Thiswill be elaboratedin the next section

1.6. Resistance to targeted therapies

Drug esistance igdefined asthe failure of cancer cells to respond to therapy,
whetherfrom the outset (intrinsic), or after an initial response to therapy (acqiiire
Holohanet al,, 2013) It remains as the biggest challenge to the clinical success of
moleculartargeted therapies and ishe main cause of death fo patients with

advanced carer (Longley and Johnston, 2005; Konieczkowski, 2018)

The reliance of these therapies targeting the object of oncogenic addiction, allows
for drug resistance to emerge through a combination of pathway plasticity, genetic
instability of the tumour cells and presence of greisting resistant populations
within a heterogenetic tumourFrumanet al, 2017; Konieczkowski al., 2018)

Drug resistance in targeted therapies have beassociated with drug efflux
mechanisms involving increased expression o€BB transportersbut the most
common resistance mechanismsalter the oncogenic outputof the targeted
pathway (Konieczkwskiet al, 2018) These alterations converge into recognisable
patterns to either exhibit 1) pathway reactivation; 2) pathway bypass pag)way

indifference. These are further explained below and summarised in Figute 1.1

Pathway reactivation alls for reengagement of theriginalpathway effectors by
which the tumour reliedfor oncogenesisand may represent the most common
resistance principle. Reactivation of the pathwagy manifest as alterations in the
drug target protein to render it insensitive to the drug, hyperactivation of upstream

or parallel pathway components, or reactivation of downstream effectors
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independent of upstream signalling. In addition fodex pathwg reaction,
alterations of alternative signalling pathways may converge to reactivate
downstream effectors through pathway crosstalk orergage other components

of the oncogenic output. This is termed as pathway bypass. Pathway indifference
describes aBtrations that result in cell states that are independent of the targeted
oncogenic pathway, leading to activation of alternative oncogenic outputs that are
not disrupted by drug actiorn(Konieczkowsket al, 2018) Examples of these
resistancemechanisms will be elaborated on in the following sections for each

category of PAM inhibitor (from section 1.5).

1.6.1. Resistance to PI3K inhibitors

Acquired and intrinsic resistance has been observed in PI3K inhibitors. Pathway
reactivation was observed throtgparallel effectors, SGK1 overexpression, and
upstream effectors through PTEN loss and RTK overregu(&ikabetst al., 2013;

Juricet al, 2015; Castel and Scaltriti, 2017; Zoedaal,, 2018) Pahway bypass
mechanisms were observed such as through PIM1 or p90RSK3 and p90RSK4
overexpression feeding into PAM pathway compong&srraet al., 2013; Leet al,

2016) Additionally, epigenetic alteration® the genesH19 and PSTAln GISTs

were observed as pathway indifferent mechanisms of resistance to PI3K inhibitors

(Ravegninet al.,, 2019)

1.6.2. Resistance to mTOR inhibitors

Resistance to mTOR inhibitors has been extensively studied. There have been many
reports that have identified intrinsic and acquired alterations of the elF4F complex
and reactivatig the PAM pathway as a means to overcome allosteric or kinase
inhibition of mMTOR(Dilling et al, 2002; Thoreeret al, 2009; Alainet al, 2012;
Hoanget al, 2012; Copeet al., 2014; Hassaet al, 2014; Mallyaet al, 2014; Y
Martineau et al,, 2014; Miet al., 2015; Nogamet al,, 2015) These mainly involve
upregulation of elF4E or inactivation of 4EBP1 through reduced expression or

increasedphosphorylation. These are the most common methaod resistance to
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MTOR inhibitors. Alterations in ERK have also contributed to pathway bypass
resistance through crogslk to mTORCH{or torkinib resistance (PP242oanget

al, 2012) and pathway indifference resistance mechanisms by stabilising the
transcription factor CREB and upregulating the transiompof oncogenedMY Cand

YAR (Muranenet al,, 2016)

1.6.1. Resistance to AKT inhibitors

Currently, several studies have observed and defined intrinsic resistance
mechanisms to both allosteric and Addmpetitive AKT inhibitors, however no
reports of acquired resistance to AKT inhibitorsvéadeen published. Intrinsic
mechanisms published against MR06 and ipatasertib have all shown PAM
pathway reactivation through hyperactivation of upstream effest@uch as the
RTK, HER2 or target alteration of AKTB et al, 2015; Stottrupet al, 2016;
WehrenbergKleeet al., 2016) Capivasertib specific intrinsic resistance mechanisms
include pathway bypass by upregulation of Ras signalling and PAM pathway
reactivation through parallel effector, SGK1 hyperactivation and reactivation of
downstream effectors increasing autopha@avieset al, 2012; Lamoureurt al,
2013; Sommeet al., 2013)
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REACTIVATION : BYPASS I INDIFFERENCE
|
*U 1 |
« RTK I I
I] [ ! |
| I I ' . —
PIP2 _ ,PIP3 PIP3 ! |
? == capivasertib :
U I I
T* | Ras % |
| + |
*P | Raf 1
@D - A
I MEK :
I v I
| ERK | %
/ ! T359 /* :
T37/46 p
D¥* 90RSK |
AEBRL / & 1 nuclear
1 1 1 /_.membrane
D*®: eIF4G SG.RP : : 4—
i P I ‘
Index oncogenic output : : m
| |
| | i
| | v
: : Alternative
1 1 onhcogenic output

Figurel.11 ¢ Convergence of drug resistance mechanisomsPAM signalling

Reported drug resistance mechanisifty againstPAM inhibitors as described in text, illustrated
according to mechanism type as Konieczkowski, (2@18)upstream effector alterations = target
alterations; P = parallel effector alterations) = downstream effector alterationso AKT inhibition
(capivasrtib).

1.6.1. Resistance tcCDP$nhibitors

As most of theCDPSnhibitors described here are in preclinical or early phase
clinical development, potential resistance mechanisms of these drugs has been
relatively unexplored. However, &P 3s the onvergence point of several growth
factor pathways, alterations dEDPS&omponents is a common mechanism in many
chemonaive and drug resistant tumours. Many studies have shown that the
inhibitors described in this section hold promise for combinatiberapy and

reduce the likelihood of drug resistance to PAM and MAPK inhibitors and cytotoxic
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therapies as wel(Zhanget al, 2008; Cenciet al, 2011, 2013Boussemartt al.,
2014)

1.7. Overview and aims of this thesis

The PAM pathway is one of several signalling pathways which is particularly
important for regulating cell growth, proliferation, metabolism, survival and other
phenotypes in the cell. Asnany of these phenotypes are also useful for
oncogenesis, it is unsurprising that deregulation of this pathway is commonly

observed in many cance(Brumanet al., 2017)

For this reason, AKT inhibitors such as wagertib amongst other PAM inhibitors
are undergoing development as a novel form of targeted cancer treatment. As
described above, for many PAM inhibitors acquired resistance is a major barrier to
their clinical success, and it is likely that the prog@msssf AKT inhibitors will be
impacted also. Understanding potential resistance mechanisms can support the
clinical utility of these drugs through screening patients for intrinsic or acduire
resistance and determining effective therapeutic strategiesr@vpnt or counteract

resistance.

Onemethod toinvestigak drug resistance mechanisms is by using cell line models.
Resistant isogenic lines anmelatively cheaprequire fewer ethical considerations
and areless laboriouso generate In additionthese can be edy employedin high
throughput and candidate screens for rapid identification of resistance
mechanismsHowever,monolayer culturing methods are limited in their Gagty to
properly represent a tumouenvironmentand may Init or remove entirely the
influences of intratumoural microenvironment and immuan interactions on
resistance generatiofMcDermottet al,, 2014; Goodspeedt al., 2016; Namekawa

et al, 2019) Regardless, there areseveral studies which have successfully
demonstratedthat cell line models can be used to identify clinically relevant drug
resistance mechanism@®illinget al., 2002; Thoreeret al, 2009; Nazariart al.,
2010; Alairet al, 2012; Hoangt al., 2012; Copet al., 2014)
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This project uses the A2780 ovarian carcinoma cell line and its isaggimasertib
resistance subpopulation (A2780 254Rp) to identify and validate candidate
resistance mechanisms and associated oncogenic phenotypes. The A2780 ovarian
carcinoma cell linavas selected as a model as this cell line harboutesaof-
function PTENmutation (383-391 deletion Saito et al, 2000) and againof-
function mutationon PIK3CAG>A substitution at 10930daet al., 2008)which
increasedJumnh tLoY | OQGAGAGRET (K dagipe thal mightS LINS & S
be selected for capivasertib treatment. The parental A2{®AR)cell line was
exposed to dosescalation of CCT129254 over a period of six months by Dr Denis
Akan (Akan, 2015) to generate the CCT12925#tant subline, A2780 254Rp.
CCT129254 was employed as it is a close analogue to capivasertib (FiQuend.1
large quantities of compound eve more accessible at the time of resistance

generation.

Aims;

This aim of this project was tovestigate theA2780 PAR and 254Rp cell lines to
identify and validatecandidate acquired resistance mechanisms to cegmvi,
associated oncogenic phenotypasd potential strategies to prevent or overcome

resistance.
Objectives:

1 Identify candidate resistance mechanismsitroin A2780 254Rp by:
o Examination of morphological differences with A2780 PAR
o Crossresistance profiling to a range of targeted inhibitors
o0 Examination ofbaseline and drugreated PAM pathway signalling
compared with A2780 PAR
1 Validate identified resistance mechanisms in A2780 cell lines
1 Devise therapeutic strategies for overcominglentified resistance

mechanisms.
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2. Materials and Methods

2.1. Compounds and Materials

Compounds used on cultured cells were prepared and maintained in sterile

conditions in solvents as pefable 2.1. Other chemicals and reagentsere

purchased from SigmaAldrich (Germany) unless otherwise indicated.

Table2.1 ¢ List of compounds useébr crossresistance profiling western blotting and other ceH
based experiments.

Drug Target Solvent | [Stock] Supplier
4EGNH eIF4F initiation | hyis | 50mM | Adoog, USA
complex
capivasertib/ | AKT (ATP .
AZD5363 competitive) DMSO | 20mM SelleckChemicals, USA
Institute of Cancer
CCT129254 AKT (ATP DMSO |20mM Research, courtesy of Johr
competitive) .
Caldwell and lan Collins
cycloheximide | Protein synthesis 100 : .
(CHX) elongation DMSO mg/ml Sigma Aldrich, Germany
everolimus/ MTORCL only
(substrate DMSO | 100nM Fluka Analytics, Switzerlan
RADO00O1 .
recruitment)
eneticin/ Cytotoxic antibiotic
25418 (protein synthesis | Saline | 50mg/ml | Santa Cruz, USA
elongation)
ipatasertib/ AKT (ATP
GDG®0068 competitive) DMSO | 20mM Selleck Chemicals, USA
MK-2206 AKT (allosteric) DMSO | 20mM
MRC Technology (LifeARC
MRT00206081] MNK DMSO | 20mM courtesy of Andy Merritt
and Ed Mclver
pictilisib/ Pan PI3K class |
GDGDY941 | mTOR kinase DMSO | 20mM
ravoxertinib/
ERK DMSO |20mM
GD@0994 Selleck Chemicals, USA
selumetinib/
AZDB244 MEK DMSO |10mM
vistusertib/ .
AZD2014 mMTOR kinase DMSO | 10mM
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2.2. Cell lines and culture

2.2.1. A2780 cell line

The A278Cell line isa chemoenaivehuman endometrioidovarianadenacarcinoma

cell lineoriginated from a53-yearold Africanfemale in 198286 (Beaufortet al.,

2014) Currently known mutations in A2780 includa 383391 deletion
(corresponding to aK128 ¢ R130 amino acid deletioand loss of PTENIipid
phosphatase activitySaito et al., 2000) and aPIK3CAL093 G>A substitution
(corresponding toLJMmnh  9ocpY I YA Y, ahich DddrdRsedidza A 6 A G dzi
PI3K activityOdaet al, 2008) The parental A2780 cellsere obtained from the

Health Protection Agency (Salisbury, UK). A subpopulation of A2780 cells resistant

to capivasertib analogue CCT129254 (A2ZB0OR) was generated by Dr Denis Akan
(Institute of Cancer Research, Wkan, 2015)

2.2.2. Routine cell culture

All cell linesused wer¥ | Ay Gl AYSR Ay 5dzZ 6S002Q4 az2RAT
ThermoFisher Scientific, USA) containing high glucegkeitamine but no pyruvate,

and supplemented with 10% (v/v) hemtactivated foetal bovine serum (FBS;
ThermoFisher Scientific, USA) and no aatibs. The cells were incubated in normal
AINRPGOGK O2yRAGAZ2Yya | 0 ,maulsalor. Gels were pasaddR A F A ¢
when approximately 7®0% confluent. Cells grown in T25 flasks were rinsed with

2ml phosphatebuffered saline (PBS; Oxoid, UK) ptiodetachment from flask with

0.5ml 0.05% TrypsiBDTA solution (ThermoFisher Scientific). Detached cells were
resuspended in complete DMEM and split appropriately (approximately-1000

dilution) into 5ml complete DMEM into a fresh flasSome remainingells were

reserved in the trypsinised flask as a backup. Volumes were tripled for use in T75
flasks and multiplied sevefold for T175 flasks.

In order to seed a specific number of cells for an assay, cells were counted after
trypsinisation and resuspeAs2 Y Ay O2YLX SGS 5a9ad wmn>ft

was diluted 1:5 in trypan blue to detect viability of cells and counted using a
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BRAND® counting chamber. An appropriate volume of calculated concentration of

cells was diluted in complete DMEM for plating.

Cell lines were routinely tested approximately every 6 months to ensure they were
free from Mycoplasmacontamination using the VenorGeM® Mycoplasma PCR

detection kit (Minerva Labs, UK).

To prevent genetic deviation, cell populations were passaged contsiydar no
longer than 46 months. Freezelowns of cells were thawed as quickly by warming
Ay ovates bath Once fully thawed, DMSO was removed by diluting the cells in
5ml complete DMEM ancentrifuged at 270 x g for five minutes at room
temperature (RT). The culture medium was carefully aspirated and cell pellet was
resuspended in fresh 5ml and transferred to a T25 flask to allow to settle overnight.
To maintain resistant flaskshe drug was added to resistant cells five days post
thawing. Aconfirmatory SRB growth assay (section 2.3.2) against CCT129254 was
performed with newly thawed cells and old passaging cells to ensure response to

drug is maintained.

A subpopulation of each cell line was frozen down within two passagé=wing.

Cells were grown to approximately 80% of a T75, trypsinised, resuspended in
complete DMEM (as section 2.2.1) and spun down atX2@éor five minutes at RT.
Culture medium was carefully aspirated and cell pellet resuspended in 3ml of
freezedown media (10% DMSO in complete DMEM). Cells were aliquoted into
three cryovials each and cooled tg ns/ A Y & A R'SFreeziNgbcontal® & G &
(ThermoFisher Scientific, USA) supplied with RT pr@paln(replenished every five

freezethaws).

2.2.3. Generation of €T129254esistant A2780 cells

Polyclonal CCT12925dsistant A2780 cellsAR780 254Rpwere generated by Dr
Denis Akar{Akan, 2015)In brief, CCT129254 sensitive A2780 parefRélR)cells
were incubated in complete DMEM with halfaximal growth inhibitory

concentration (Gb) of CCT129254 imormal growth conditions until cells reached
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70% confluency. Cells were treated with incrementally increased concentration of

drug after passagg for a period of six months.

Clonal populations of A2780 254Rp were generated by seeding the cells at 0.5
OSttakmnn>ft A y-welfpla@Kand cietked odcg a day upti visible

colonies formed. Single colonies were picked for growing up twé#plates once

reaching a sufficient colony size (approximately 1mm) withir21ldays post

plating. Culture medium was removed carefully by pipetting away from colony, and
OStta 6SNB AyOdzml GSR Ay cn>f (GNRBRLEAY T2 N
FIAGFG0SR 08 NBAadzZALISYRAY3I gAGK wnn>ft O2VYl
FAYIL T @2t dzY Swelpprate, pandrconipletd PMEM mdded to trypsinised

Sttt Fa I oFO1dzldd ' 7t O2y Tt dzSyoes OSt
g A 0K wmpsin antl resiigpdnded in 2ml final volume in 6 well plate. This process

was repeated with double volumes into T25 and passaged as section 2.2.1.

Pt NEaAadlyd OStta ¢SNBE N dtheAmaSniuth Y I Ay i
concentration used for generatioof resistant population by Dr Denis Akéhkan,
2015)and removed from selective pressure into drfrge complete DMEM one

week prior to plating for experiments.

2.3. Sulforhodamine B (SRB) growth assay

2.3.1. SRB growth assay

Sulforhodamine B dye (SRB) provides an estimatéh@fconcentration of cells

through binding to amin@cids, and therefore can be used to measure the
proliferation of cells(Skeharet al, 1990)both treated and untreated with drugs.

Cells were seeded at celbncentrationds & AY RAOFGSR Ay wmcn>f O
allowed to attach for 48 hours prior to treatment. For investigation of cross
resistance to different compounds, cells were treatedith a range of
concentrations by serially diluting compounds ¢5.%0ld) in complete DMEM and

I RRAY3 nn>f 2F SIFOK O2yOSy(N) GAzZodtad 2 ¢St

the concentrations indicated. Cells were left to incubftr 96 hours in drugAfter
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this time, the culture medium wasemoved,and cells were fixed with 10% (w/v)
trichloroacetic acid (TCA) for 30 minutes and washed three times with water. Fixed
cells were stained with 0.4% (w/v) SRB solubilised in 1% (wticaacid (Fisher
Scientific, UK) for 30 minutes, and subsequently washed thrice with 1% (v/v) acetic
I OAR dzyGAt ¢gStta o0SOFIYS OfSINI 6ST2NBE RN
Proteind 2dzy R {w. ¢l & &a2ftdzoAftA&ASR AYy wemen>f wmn
read at a wavelength of 490nm in a VicX# Multilabel Plate Reader (PerkinElmer
Life Sciences, USA). Raw values were blanked usidgsselvells with 10mM Tris
and normalised to a percentage of the average of the untreated control per drug.
The G values were determined using GraphPad Prism 6 (GraphPad Software Inc,
USA).Resistance Factors (RF) values were calculated as the ratio of CCF129254
resistant cells Gd to PARGEo. RFpresented in text, tables and bar charts as the
average RFs of atdst three independent experiments. Statistical significance of RF
gl a Ol t OdzAf SR dzaAy 3 GKS dzy LI ANBRPAR (Sad
Gko values.

1 Qi Qi'@@ve o

YQi Q OOHOLD ——— . .
! I n ot Qe0Dw a

2.3.2. SB growth assay optimisation determining 96-well seeding

concentration)

The cell seedingoncentrationfor 96-well format SRB growth assay was optimised

per cell lineto accommodate cell line differences in doubling times when
responding to drug treatment. Cells were plated at severl concentrationgas

indicated in text)inseven 98 St f LI I 0Sa Ay wnn>t O02YLX S
one plate was fixed, staed and analysed as described for t8&8 growth assay

(section 2.3.1)Raw absorbances were used to generate growth curves in GraphPad
Prism 6.The ideal cellconcentration was that which the cells remained in
logarithmic growth over the course of the pgthetical 96hour drug incubation

period (indicated by the dotted lines Figures 2.22.4).
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Logarithmic doubling times for each cell line was calculated using the following
formulae where the duration in hours (hrs) is the difference in time between the
time of the initial OD signal (48 hrs) and final OD (144hrs). This was averaged across
at least three independent experiments as indicated.

Qo1 Ghowd ¢l I ¢
1 1'QQeddxd 1 1'Q¢ &6 0

0¢ 6 QUANRBAW N i

The growh of the A2780 PAR and 254Rp for SRB experiments in Chaptere3
investigated at the following seedimgpncentrations 200, 400, 800, 1600 and 3200
cells per wellFigure 2.Error! Reference source not founghowed with increased

cell concentration, both PAR and 254Rp cell lines reached logarithmic growth at
earlier time points. Té optimal seedingoncentrationfor both PAR and 254Rell
lineswas 800 cells per well. Through examination of the optical density (OD)én log
(Figure 2.B and D), there was consistent logarithmic growth between the two time
points indicated, with the least plateau by 146 hours and lag beyond 50 hours post

cell plathg of the five seedingoncentrationgested.
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Figure2.1 ¢ A2780 PAR and 254Rp growth in-@&ll plates.

Cells were plated at seedimgncentrationsndicated in the keys over seven plates, each fixed every

24 hours and analysed by SRB growth assay. Characterisation of growth of both cell lines were
through analysis of decimal (A and C) ondd® and D) ravabsorbance (Olgo) over time in hours

after cell plating. Growth curves were generated using Graphpad Prism 6. The time between broken
lines (b and be) indicate the 9éhour time frame of hypothetical drug incubation, starting 48 hours
post cell platingjn an SRB growth assay. Data points present the mean for five technical replicates.
Data representative of four independent experiments.

As can be seen iRigure 2.2 by overlaying the growth curves for PAR and 254Rp
cells plated at 800 cells per well, eéte was no diffeence in growth patterns
throughout the entire assay and thus indicated 800 cells per well as the optimal
seedingconcentrationfor direct drugprofiling comparison. The average doubling
times of the cells during the incubation period atdBeells per well were calculated

as 26.3 hours for PAR and 26.8 hours for 254Rp.
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Figure 2.2 ¢ Overlay of A2780 PAR and 254Rp growth in@éll plates at optimal seeding
concentration

Data taken from Figur@.l, to overlay growth characterisations of PAR and 254Rp cells. Growth
curves were generated using Graphpad Prism 6. The time between blioksn(t and %e) indicate

the 96-hour time frame of hypothetical drug incubation, 48 hours post cell plating, in an SRB growth
assay. Data points present the mean + SD for five technical replicates. Data representative of four
independent experiments.

The growth of theA2780 254Rpubclones254RB and 254D in Chapter 4, was
investigated at the following seedirgpncentrations 800, 1600 and 3200 cells per
well. The optimal seedingoncentrationfor both 254Rp subclones was 1600 cells
per well. Thisconcentration showed the most logarithmic growth during the
incubation period, with the least plateau by 146 hours and least lag beyond 50
hours post plating the five seedirgpncentratiors tested. Aditionally, the growth

for both 254RB and D at 1600 cells per well overlapped the logarithmic growth for
PAR and 254Rp at 800 cells per wlthgre 2.3.
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Figure2.3 ¢ A2780 254Rp subclon&54RB and254RD growth in 96well plates.

A2780 PAR, 254Rp, 25BRand 254 cells were plated and fixed and growth curves generated as
Figure 2.1.Characterisation of A2780 254R (A and B) and 254R (C and D) growth in 9&ell

plates through analysis of decimal (A and C) otol(i8)and D) raw absorbance (& over time. The

time between broken lines {(tand te) indicate the 9éhour time frame of hypothetical drug
incubation, starting 48 hours post cell plating, of an SRB growth assay. Data points present the mean
for five technical replicates. Data representative of three independent experiments.

The seedingoncentrationwas alsooptimised for the four selecte@54RB-4EBP1
subpopulationgChapter 6)in order to accurately determine the gshnd RF values
to capivasertib. The ideal celbncentrationwas that which the growth of the cells
mimicked best the untransfected 254Rcells remaining in logarithmic growth over
the course of the hypothetical 96our drug incubation period (indicated by the
dotted linesof Figure 2.4

The optimal seedingoncentrationfor all 254RB-4EBP1 subpopulations was 3200
cells per well(Figure2.4). This was theconcentrationthat mimicked growth the
best with 254RB in all subclones. Although a higheoncentration may have
exhibited less lag beyond the drug incubation start point (48 hours), the growth

remained logarithmic throughout most of the mlgation period.
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Figure2.4 ¢ A2780 254RB-4EBP1 subpopulations growth in 98ell plates.

A2780 PAR, 254Rp, 25BRand 254RB-4EBP1cells were plated and fixed and growth curves
generated as Figure 2.Characterisation of 254B-4EBPINT14 (A), WT17 (B), 5A4 (C) and 5A11 (D)
growth in 96well plates through analysis of decimal (left) or log10 (right) raw absorbancdOD
over time. The time between broken lineso (and te) indicate the 9éhour time fame of
hypothetical drug incubation, starting 48 hours post cell plating, of an SRB growth assay. Data points
present the mean for five technical replicates. Data representative of three independent
experiments.
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2.4. Cell lysis and western blotting

2.4.1. Celllysis

Cells were plated at 5x¥@or 1x1G in A2786254R subclones) in 10 cm dishes or

7.5x1@ in 6-well plates and allowed to adhere for up to 72 hours. If drug treatment

was required, cell medium was replenished after 48hrs with dragted media (at
concentrations indicated in text) and incubated for 24 hours unless otherwise
indicated. At lys, culture medium was removed, and plates rinsed twice with 2ml

ice-cold PBS. leeold lysis buffer (50mM HEPES pH 7.4, 250mM NaCl, 0.1%
Nonidett nnX wmMYa 5¢¢X wmMYa 95¢! -dlyceyoghashhaterYa bl
ndomYa az2RAdzY 2NIK2 G yI &k infbitor gbdRtail/[Roohe S S«
Switzerland]) was added and cells were manually scraped. Lysates were collected in
pre-chilled microcentrifuge tubes and incubated on ice for 30 minutes. Insoluble
material in lysates were cleared by centrifugation at 14,@0§for 10 minutes at

ne/ > FYR (GKS Of SFNBR fealasS gl a (NI yaFSN

on ice for immediate use or sndpzen on dry ice and stored &80°C.

2.4.2. Determination of protein concentration

The bicinchoninic acid (BCA) assay wsedl to determine the protein concentration

in cell lysateSmithet al, 1985) Cleared cell lysate was diluted 10 orfa@ in

double distilled (ddeh 0 = YR wmn>f ipficatd to la R&&IRvlatd y (i NJ

[ 2 LIISNBLLO &dz FIGS &2ftdziAzy 61 & YAESR 6 A
I RRSR G2 SIFOK ¢Sttd {IYLXtSa 6SNB YAESR
minutes. Absorbances were read at a wavelength of 560nm in a \Kdtdfultilabel

Plate Reader (PerkinElmer Life Sciences, USA).

Concentrations of lysates were calculated by ciossiparing the lysate absorbance
gl fdzSa F3arAyad | adlyRFENR OdzZNBS:E 3ISYSNI
of bovine serum albuminBSA) protein standards (G1Ing/ml) or ddHO on every

plate tested. Analysis was performed in Microsoft Excel 2016 (Microsoft, USA).
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2.4.3. SDSPAGE and western blotting

The levels of protein expression and phosphorylation at specific sites across cell
lysateswere semiguantitively investigated by Laemmli sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SBAGELaemmli, 197Pand western blotting
(Hiranoet al,, 1993)

Cell lysates were normalised to the same protein concentration in lysis buffdr, a
p- alYLX S 0dzFFSN) omMHDdpYa C¢NAR& LI edy> ¢t
mercaptoethanol, 0.25%(w/v) bromophenol blue) was added. The samples were

subsequently denatured and reduced by boiling samples at 95°C for five minutes.

Equal quantities of ptein sample (20 n >3 | & NBIljdzZANSR0O X RSLISY
molecular weight of interest, were loaded on@86, 10% or 15% T+igycine gelsq-

15% acrylamide/bis(v/v), 0.375M Tris pH8.8, 0.1% SDS(w/v), 0.05% ammonium
persufate(w/v) and 0.005% tetramethylethylenediamine) with a 4% 4gigcine

stacking gel (4% acrylamide/bis(v/v), 0.125M Tris pH6.8, 0.1% SDS(w/v), 0.05%
ammonium persihte(w/v) and 0.01% tetramethylethylenediamine) polymerised

within 3 days of running. Gels were runanrrisglycine running buffer (25mM Tris,

190mM glycine, 0.1% SDS) at 150V for96¥ A y dzi Sad® T dp>f 2F 5
Prestained Protein Markers (BioRad, USA) or Page Ruler Plus prestained protein
ladder (ThermoFisher Scientific, USA) were loaded in sepamlls to the samples

to identify the positions of relevant sized proteins within the gel.

Protein was transferred to methanbl OG A @+ G SR ndH>¥Y PUBFNE LY
membrane (Millipore, USA) using the wet transfer syst@firano et al, 1993)

Most transfers were rumat 100V for 96120 minutes, dependent on molecular

weight and acrylamide percentage of gel, inqgtelled transér buffer (25mM Tris

base, 190mM glycine, 10%(v/v) methanol). For investigation of very high molecular
weight proteins (i.e. elF4G6220kDg), resolved 6% gels were transferred overnight

(18-24 hours) at 30V in 4°C cold room.

Following transfer, membras were reactivated in methanol and incubated in

ponceau S solution (0.1% ponceau S in 5% acetic acid) for one minute and rinsed in
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ddHO, todetermine thequality of transfer. Membranes were appropriately sliced

to separate proteins of interest for pratyg in primary antibody (Table 2.2).

Membranes were blocked on a rocking platform at RT for one hour in blocking
buffer: Tris Buffered Saline Tween buffer (TBST; 50mM Tris pH8.0, 150mM NacCl,
0.1% Tweer20 (v/v)) containing 5% milk. Subsequentlmembranes wre
AyOdzolF SR Ay LINAYIFINE FyGdAo2Reé RAf dziSR
2.2). Membranes were washed twice for 10 minutes with TBST, and incubated in
goat antirabbit or anttmouse secondary horseradish peroxidasmjugated (HRP)
antibody (BoRad, USA; Table 2.1) for dmeur at RT. Membranes were washed

four times for five minutes each, and detection was performed using Enhanced
Chemiluminescence (ECL) Western Blotting Substrate (Pierce Biotechnology, USA)
2NJ /£ NAGewun 2 Sa st/ (BieRad] USA)LBardsiwesé Hevelopedl

by exposure to Amersham Hyperfilm ECL (GE Healthcare, UK) or developed using

Syngene GBox system and Genesys software (Syngene, USA).

Membranes were probed for phosphorylated proteins and stripped for deteaifon
total protein expression. Antibodies stripped from the membrane by incubating in a
stripping buffer (50mM glycine, 1%(w/v) SDS, pH2.0) for five minutes on a rocking
platform, washed twice in TBST for five minutes each, aratrobed with relevant

antibodies overnight at 4°C or3 hours at RT depending on quality of the antibody.

2.4.1. Densitometric quantification of bands

Quantification of band density was performed using Image J software. Images were
imported and band density was calculated as percentagethed sum density of
analysed bands. Each sample band normalised to its respective loading control

(GAPDH).
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Table2.2 ¢ List of antibodies used for western blot analysis. Cat No., catalogue number; CST, Cell

SignalingTechnology; PD, antibody dilution used on’@TP agarose beads for elF4E pull down.

Primary antibody Supplier Cat No. Species Dilution

. 1:4000
4EBP1 CST, USA 9644 Rabbit PD: 1:5000
4EBP1 pT37/T46 CST, USA 2855 Rabbit 1:1000
AKT CST, USA 4691 Rabbit 1:5000
AKT pS473 CST, USA 9271 Rabbit 1:1000
AKT pT308 CST, USA 4056 Rabbit 1:1000
Cleaved PARP CST, USA 9541 Rabbit 1:500
c-Myc (G4) Santa Cruz, USA | s¢377552 Mouse 1:200
Cyclin D1 (H21) Santa Cruz, USA | SC246 Mouse 1:1000

) 1:5000
elF4E CST, USA 2067 Rabbit PD: 1:3000

) 1:5000
elF4G CST, USA 2469 Rabbit PD: 1:3000
ELK Santa Cruz, USA | sc365876 Mouse 1:200
ELK pS383 Santa Cruz, USA | sc8406 Mouse 1:200
ERK CST, USA 4695 Rabbit 1:1000
ERK pT202/Y204 CST, USA 4370 Rabbit 1:1000
GAPDH Chemicon, USA MAB374 Mouse 1:100,000
GSko i CST, USA 9315 Rabbit 1:1000
GSko i LX & CST, USA 5558 Rabbit 1:1000
Hisprobe Antibody (FB) | Santa Cruz, USA | sc8036 Mouse 1:200
MEK CST, USA 9122 Rabbit 1:1000
MEK pS217/S221 CST, USA 9154 Rabbit 1:1000
p70 S6K CST, USA 9202 Rabbit 1:500
p70 S6K pT389 CST, USA 9205 Rabbit 1:500
PRAS40 CST, USA 2691 Rabbit 1:4000
PRAS40 pT246 CST, USA 2640 Rabbit 1:2000
P90RSK R&D Systems, US4 MAB2056 Mouse 1:500
p90RSK pT359 CST, USA 8753 Rabbit 1:500
S6RP CST, USA 2217 Rabbit 1:4000
S6RP pS235/236 CST, USA 2211 Rabbit 1:4000
S6RP pS240/4 CST, USA 2215 Rabbit 1:4000
tubulin Bio-Rad, USA 9280:0050G | Rabbit 1:1000
TSC2 CST, USA 4308 Rabbit 1:1000
TSC2 pS939 CST, USA 3615 Rabbit 1:1000
TSC?T1462 CST, USA 3617 Rabbit 1:500
TSC2 pS1387 CST, USA 5548 Rabbit 1:1000
Secondary antibody
Antrmouse HRP BioRad, USA | 1706516 | Goat | 1:10,000
conjugate
Anti-rabbit HRP conjugat{ Bio-Rad, USA 1706515 Goat 1:10,000
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2.4.2. Coimmunoprecipitation (elF4E)

To investigate the interaction between elF4E and its competitive binding partners
elFAG and 4EBP1ntethyl GTP (MGTP) immobilised on agarose beads were used
& | p Q -nihvetic!to isOlatd&IFAE from cell lysates, anestern blotting

was used to sermjuantitatively determine the amount of each binding partner

bound.

Cells were plated, druteated if necessary, lysed and protein concentration
determined, as described above in section 225.X dza A Yy Fdempaturmglysis y 2 Y
buffer (NDLB; 1X Cell Lysis Buffer: 20mM-H@$ pH 7.5, 150mM NaCl, 1mM
disodium EDTA, 1mM EGTA, 1% Triton, 2.5mM sodium pyrophosphate, 1mM
a2 RAdzY 2 NI K2 JI y1 leupepti; CellySRnaling Bechivofogies, USA)
Lysates were diluted to 0.5gvml in NDLB.

Mp>ft AYY2ADiRdpHedd$RDet | I NPaS o6SIFRaA 6on>f
. A2a0ASyO0Ss DSNXIye0O 6SNB gFaKSR GoAO0S

I RRSR G2 GUKS ¢l aKSR 0SFR&a |yR AyOdzml SR
Beads were cenifuged at 2,500x gfor one minute, to separate the output lysate

FNRY GKS o0SIFR&a FyYyR (KS 06SIRa ¢6SNB (KSy o
2X sample buffer was added, and bound proteins were denatured by incubating the
0SFR& G cnel/ toprévéllt agaroseYmelindziBgdike input and

output lysates samples were prepared as section 2.5.2.

elF4G and 4EBP1 levels bound to elF4E in prepared bead samples were analysed by
western blotting (section 2.5.3). elF4E was used as an equivalent loaaliigpl

between sample conditions.

2.5. Gene expression microarray analysis

A2780PARand 254Rp cells were grown, lysed and RNA purified by Dr Denis Akan
(Akan, 2015). RNA samples were run using the AgilentQalmur Microarray

Based Gene Expression AnalyaisOxford Gene Technology (Oxford, UK) and
supplied data was analysed by Dr Akan using Genespring GX 12.6 (Agilent
Technologies, USA). In brief, A2780 PAR and 254Rp were assessed for significant
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changes in expression of mMRNAs usingtest Significance as determined as
greater than a Zold change in expression. Significant mMRNAs were -e@xasined
in Reactome software to identify PAM pathway components with significantly

altered expression in 254Rp compared to PAR.

2.6. Plasmid DNA preparation

2.6.1. Plasmids

All of the plasmids used in this project were obtained as kind gifte pRL
(PV)IRESL plasmid waseceivedfrom Dr Simon Cook (The Babraham Institute,

/[ FYONARRISE 'YUO YR NBO2yaidAilddziSR o0& 5Sya
8.0, 1ImM EDTA). ThePNASFRTeGFP plasmid wasbtainedfrom Professor Mark

Smales (University of Kent, UK). TheDNA4EBP1W-HISMYC and pcDNA3
4EBP15A1ISMY Qplasmids werereceived from Professor Chris Proud (SAHMRI,

Australia).

2.6.2. Transformation of plasmid DNA

Plasmid DNA wagrown up by transforming into XL OF f OA dzyY O2YLIS( S
E.colicells (a kind gift from Professor Mark Smales, University of Kent, UK). 10ng of
LINBLI NBR LXIFAYAR 5b! gla aLAISR Ayda2 wmn
competent cells. The DNERcoli mixture was incubated on ice for 30 minutes, heat
AK2O1SR d nue/ F2N dobn aSO2yRAZI | yR TFdzN
onn>t { h. YSRA itryptone:0.5% @k )Xoast @itradi) @05% (W/v)

NaCl, 20mM Mgehlnd 0.5% glucose) was addedaslls and incubated at 200rpm

Fd oT1e/ F2N 2yS K2 dz2N® CNI YaF2NYSR ol O ¢
(w/v) bactotryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl and 1.5% (w/v) agar)
O2ydFAYyAYy3a wmnn>3k>ft | YLIA OA f IhdiviguallcoloRiesA y O dzo
were used to inoculate 3ml lysogeny broth (LB) plates (1% (w/v) hagitone,

nop: o0k @0 &S8SlFad SEGNIOG YR mM: 06k@0 bl
YR AyOdzol G§SR i orT1e/ X -stale puificaticNaiiasrgidd S Ny A 3
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5b! X oYf OdzZ §dz2NB& ¢6SNB dzaSR G2 Ay20dz I (8

incubation overnight.

2.6.3. Plasmid preparations

Plasmid DNA was isolated from cells by transforyhd  Flcgbiand cultured

overnightin 250mim n n > 3k > § | byothiXa® ettibri2y6.2)[and cells were

pelleted by centrifugation at 6,00 gl & n ¢ /mindtes Nheplpsmid DNA was
harvested from the pelletising the QIAGEN Plasmid Maxi Kit (QIAGEN, Germany)
F2tf26Ay3 GKS YI ydzZFlF OGdzZNBNRA AyaidNUHzOGA2y.

Ethanol pecipitation was used to purify and concentrate plasmid DNAolume

3M sodium acetate pH5.2 and two volumesnge / SOKIy2f 69dGhl 0
extracted DNA, vortexed for 10 seconds and chilledyan ¢ / FT2NJ Hn YA
Precipitated DNA was centrifugedrf5 minutes at 14,006 ¢ 6l A KSR 6 A (K
ne/ 1 x> 9 Gdied. DN Ras Iresuspended in sterile TE buffer and
concentration measured using a Nanodrop -MDO0 UV/Vis spectrophotometer
(Nanodrop, USA).

2.7. Lipid-mediated transfection

2.7.1. Transient transfedbn

To express exogenous proteins of interest, cells were transfected using TRAANT®

(Mirus Bio, USA) and relevant protein coded plasmids. Cells were plated & 3x10

cells per well in @avell plate and allowed to adhere overnight. DN#d complexes

WSNBE LINBLI NBR o0Fa LISN YIydzZFl OGdzZNENRa Aya
lipid) in OptiMEM GlutaMAX (Life Technologies, USA) before addition to the cells

and allowed 48 hours incubation for transfection and expression of plasmid to take

place. Volumse were scaled up accordingly for the culture dish size used.
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2.7.2. Plasmid transfection optimisation

Transfection efficiency was optimised utilising the transfection of pcDRNRAEGFP

(from Professor Mark Smalegp visually compare transfectiorefficiency by
fluorescence microscopy. Transfection reagents tested include Trah$M@lirus

Bio, USA) and Lipofectamine 2000 (ThermoFisher Scientific, USA). Cells were
0N} yaArASyat e GNI yaFSOGSR 6AGHK Tfolowipg> 3 LJt
Y Iy dzZF | ©instadfomsIand recommended DNA:lipid ratios. 48 hours -post
transfection, cells were visualised using either Leica MZ FLIII (Leica Camera AG,
Germany) or Lumascope 620 (Etaluma, USA) fluorescence microscopes. At time of
transfection, cells were equallgonfluent (8090%) confluent.Therefore, the
transfection efficiency was calculated and compared based on the approximate
intensity of eGFP fluorescence

< e 2 Lo L OAAEEDT OEOEIOAD
4 OAT O ABAABAEAH A AT SRR AT T 6P T

The ideal lipid:DNA atio was defined as the ratio which gave the greatest
transfection efficiency for both PAR and 25BRFigure 2.5and Figure 2.6show the
transfection in PAR cells using Lipofectamine 2000 and TramdlTrespectively.
The transfection in 254B cells usig Lipofectamine 2000 and TrandIT1, were
shown inFigure 2.Error! Reference source not foun@nd Figure 2.8espectively

No eGFP expression was observed in either of the rradsfeded PAR or 254B
cells. The PAR cells exhibited equatensity of transfected cells with either
recommended lipid:DNA ratio using Lipofectamine 20Byyre 2.3 TranslILT1
exhibited a far greater transfection efficiency in 3:1 lipid:DNA ratio and no
transfection at 1:1Kigure 2.8. In 254RB, the transfection efficiency was generally
lower than the PAR cell line in similar conditions, however the best efficiency for
Lipofectamine 2000 at 2:Figure 2.7 exhibited a similar transfection efficiency to
either TranslALT1 ratios testedHigure 2.8 TranslILT1 was selected at ratio 3:1 to
carry forward for the DLRA transfection for both cell lines as this was the most

efficient and coseffective condition for transfection.
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PAR - Lipofectamine 2000

White light GFP fluorescence

Ay ’y 2

MOCK
(7.5ul TR + Opg DNA)

pcDNA5-eGFP 2:1
(S5ul TR + 2.5ug DNA)

pcDNA5-eGFP 3:1
(7.5ul TR + 2.5ug DNA)

Figure2.5 ¢ Transfection of pcDNABRTeGFP in A2780 PAR cells using Lipofectamine 2000.

Cells were plated at 3xi@ells per well in a gvell plate, 24 hours prior to transfection. 2.5ug of
pcDNASFRTeGFP or RNAse free water (mock) was complexed with two recommended transfection
NEF3ISyid 6¢woY5b! NIGA2az FyR FRRSR (2vidb&8isel & | & LI
at 40X magnification under FITC or brightfield, 48 hours-pasisfection.
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PAR - Trans-IT LT1
White light GFP fluorescence
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Figure2.6 ¢ Transfection of pcDNABRTeGFP in A2780 PARIIs using Tran$T LT1.
PAR cells were plated, transfected and visualised as F@@dreusing TrandT as transfection
reagent. 40X magnification.
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254R-B - Lipofectamine 2000

White light GFP fluorescence

pcDNA5-eGFP 1:1 MOCK
(Sul TR + Oug DNA)

(2.5ul TR + 2.5ug DNA)

pcDNA5-eGFP 2:1
(S5ul TR + 2.5ug DNA)

Figure2.7 ¢ Transfection of pcDNABRTFeGFP in A2780 254R cells using Lipofectamine 2000.
254RB cells were plated, transfected and visualised as Figuseusing Lipofectamine 2000 as
transfection reagent. 40X magnification.
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254R-B - TransIT-LT1

White light GFP fluorescence

MOCK
(7.5ul TR + Opg DNA)

1

(5ul TR + 2.5ug DNA)

pcDNA5-eGFP 2

1

(7.5ul TR + 2.5pg DNA)

pcDNA5-eGFP 3

Figure2.8 ¢ Transfection of pcDNABRTeGFP in A2780 254R cells using Trard LT1.
254RB cells were plated, transfected and visualised as Figieusing TrandT LT1 as transfection
reagent. 40X magnification.
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2.7.3. Generation of stable oveexpressing 4EBP1 cell lines

For stable expression of protein of interest (i.e. 4EBRapsfeded cells were

treated with geneticin (G418)to select for cells withplasmid and geneticin

resistance markeincorporated intothe genome Cells were plated at 5x1@ells in

¢Hp TFtlraita YR Fff28SR G2 [|peINAWMEDNAIGS Ny A 3
ABPIWTHISMYC or pcDNAEBPISAISMYL 61 & O2YLX SESR 6AGK
TransITA&T1 in OptiIMEM GlutaMAX for-B® minutes, before addition to cells and

allowed 48 hours incubation at normal growth conditigesction 2.2.1).

Transfected cells were subsequentitypsinised and cells were plated across all six
wells of a éwell plate and allowed to adhere for six hours. The cells were treated
with a variety of concentrations of G418 (as determined by Kill curve in section
2.7.4) between 0.25 and 1.5mg/ml under mmal growth conditions, with drug
treated media replenished every-2 days until resistant populations developed.
Mock transfected cells were run alongside transfected cells to identify when all

remaining cells in plasmid transfected plates are resistar418.

Single colonies werssolatedonce reaching a sufficient colony size (approximately

1mm) within 1321 daysof plating Culture medium was removed carefully by
pipetting away fromthe colonesand transferred by sucking up with a pipettetip

pre-dipped in trypsin. Cells were resuspended in trypeibreak up the colonyand
AYYSRAFGStE @ UGN YyaFTSNNBR { 2wellpplate.>At 7082 Y LI S
confluency, cells were passaged to T25 flasks. Adtdation of coloniescells were
maintained in [&lf concentration of G418 used for their selectimnensure plasmid

remained incorporated into the genome

2.7.4. G418 kill curve

Cells were mock transfected with TransIOTEL in T25 flasks as section 2.7.3 and
RNAseree dRO to replace plasmid DNA. Followingtmg intoa 6-well plate, cells
were drugged with 0.25, 0.5, 0.75, 1.0 and 1.5mg/ml G418. -Deaged media was
replenished every-3 days for a period of 10 days. Pictures of cells were taken using

the Olympus CKX53 Inverted Microscope and GXUO&® camera (Olympus, USA).
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2.8. Capdependentprotein synthesisassay

2.8.1. Dual luciferase reporter assay

A dual luciferase reporter assay was used to determine the relative level ef cap
dependent mRNA translation through use of the bicistronic -i#ES~L dual
luciferase plasmid. The plasmid contains two luciferase geResijllaand firefly,
separated by a @ioviral IRE$Liet al., 2002; Copeet al, 2014) Renillaluciferase
mRNAtranslation is an indicator of cagependent protein synthesis whereas
firefly luciferasemRNAtranslation is driven by IRESediated protein synthesis
Renillaexpression was normalised to firefly luciferase expression as a control, in
order to compare relative cagependentprotein synthesisacross transfected cells

with differing transfection efficiencies.

Cells vere plated at 1x19cells per well in siwell plates andallowed to adhere
overnight. Cells were transfected with pHRES-L plasmid, pcDNARTeGFP
(transfection positive control) or RNAfee ddBO (mock transfection) using
TransIT@&T1, aslescribed in section 2.7.1. Cells were incubated in normal growth

conditions for 48 hours podtansfection to allow gene expression before lysis.

Lysis and determination of luciferase expression was carried out as per

YI ydzFl OG dzNBND & A yBuatiNtit®asd Reparter FABLRYY Systerid S
(Promega, USA). For lysis, cells were washed twice witlcipited PBS, lysed and

dON} LISR AY wHpn>ft wm- tlFaarao@dsS [@&aAia . dzZFFSN
incubate on ice for 15 minutes. Lysates were clddog centrifugation at 14,000 g

for three minutes at 4°C, and either used immediately or sfiapen and stored at

yne/ F2NJ £FGSN) dzaSo t NEGSAY O2yOSYy (NI GA
assay (sectio.4.2 and lysates were normalised to the same protein concentration

in 1X Passive Lysis Buffer.

C2NJ GKS RdzZlf f dzOAFSNrasS Fraaleées wn>t 27F
opaquewhite-walled 966 St f LI F 1 Sad ¢2 RSUGSNNXYAYS TANEB
Luciferase Assay Reagent Il was added, and samples were mixed by pipetting up and

down thrice. Luciferase activity as light emitted was immediately measured using
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the default Iwciferase protocol on VictoXx4 Multilabel Plate Reader (PerkinElmer
Life Sciences, USA), utilising a one second measurement period. The firefly
luciferase reaction was stopped aiknillaluciferase reaction initiated by adding
man>ft { (2L 9 d Diked thoidigh® Sy pipettingRenillaluciferase

activity was immediately measured as described above.

Raw signals foRenillaand firefly were blanlcorrected with mock transfected cell
lysate from the relevant cell line, and transfection efficiency ratio as calculated in
section 2.8.2 was used to correct signals to the control (i.e. APASPandobserve
comparative raw luciferase signals. Blank eoted Renillavalues were normalised

to blank corrected firefly luciferase signals in order to compare relative cap
dependent protein synthesibetween A2780PARand resistant cells. Data analysis

was performed in Microsoft Excel 2016.

2.9. Polysome Profiling

2.9.1. Celllysis

Cells were plated at 15x%h T175 flasks and allowed to adhere overnight. At time
of harvest, cells were spiked with cycloheximide to 0.1mg/ml final concentration
and incubated for five minutes at 37°Culture medium was removed, and cells
washed twice with iceold 0.1mg/ml cycloheximide in PBS.-tcéd polysome
profiling lysis buffer (300mM NacCl, 15mM THEIl pH7.5, 15mM Mg£10.5% (v/v)
TritonXm n n < p-nfeacaptoethanol, 0.5mM phenylmethylsulfgh fluoride
(PMSF) and 0.1mg/ml cycloheximide in RNase/DNase #@gwhs added and cells
were scraped. Lysates were collected in -philed RNase/DNase free
microcentrifuge tubes and incubated on ice for five minutes. Lysates were cleared
of insoluble naterial by centrifugation at 10,000 gfor three minutes at 4°C and
were transferred to a fresh RNase/DNase free microcentrifuge tube and kept on ice
for immediate use or snafyozen on dry ice to store at80°C. The protein

concentration of lysates wasetermined using the BCA assay (sectighZ).
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2.9.2. Polysome and sub-polysome separationby sucrose gradientand

polysome profiling

1ml of each lysate was loaded onto separate5006 RNase/DNase free sucrose
gradients (Acros Organics, USA; frozen when made alogved to thaw and
gradients diffuse overnight) in Beckman 14x96mm polyallomer tubes (Beckman
Coulter, USA). These were centrifuged at 180,800 for 135 minutes at 4°C.
Absorbance of gradierftactionswere read at a wavelength of 254nm in a-B$8
Gradent Fractionation System (Brandel, USA) to draw a physical or digital trace
over time. The traces were analysed either by importing the digital copy into
Microsoft Excel 2016 software, or by scanning the hard copy using CanoScan
LIiDE120 (Canon., Japanmjgdng in Inkscape andalculating thearea under the
curve using ImageJ softwargZuccotti and Modelska, 2016Jhe area under the
curves were calculated separately to measure the relative-mlipgsome and

polysome percentages.

2.10. Knockdown of gene expression with small interfering RNA

2.10.1. siRNA knockdown

Transfection of small interfering RNA (siRNA) oligonucleotidesigeas to facilitate

transient knockdown of target gene expression, using Lipofectamine ZDIG@€.
oligonucleotide sequences used to deplete gene expression are listed in Table 2.3.
Oligonucleotidef A LAR O2YLJX SESa 6SNB LINBLIMKMSR o6 &
in OptiMEM GlutaMAX and incubated at RT for 15 minateallow for complex

formation.

Meanwhile, cells were trypsinized and counted for reverse transfection. Foredl6

LI F6S&a> pn>t -Bpil conplex as/ atidetl $o2dach Rvell before

addition of 1x1d0Sft & Ay wmMmn>f O2YLIX SGS 5a9a LISN.
allowed 24 hours incubation in normal growth conditions for sufficient knockdown

2F GFNBSG Ywb! G2 GF1S LXFOSE 6ST2NB RNz

assaysectin 2.4.2.) Cells were incubated for a further 72 hours in normal growth
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conditions and plates were fixed, stained and analysed as SRB growth{sessan
2.4.2.

For analysis of protein knockdown levels by western blot, cells were transfected in
three 6-well plates with 0.5ml oligonucleotide/lipid mixture and 1.1ml of 3xd€lls
LISN) ¢St YR nnann>f O2YLX Si Swelb@aeadrugs | a
treatment. Cells were harvested at 24 hours -(@éll plate drug treatment), 48
hours (optimal knock downand at 96 hours SRB assay end time poinpost

reversetransfection and analysed by western blot as described in section 2.5.

2.10.1. siRNA knockdown optimisation

To ensure the greatest target gene knockdown with limited toxi¢@hpapter 6)
transfection condibns such as cell seediegncentrationsand transfection reagent
percentage were optimised. Several transfection reagents including HiPerFect
(QIAGEN, Germany), TransK® (Mirus Bio, USA) and Lipofectamine 2000 (Life
Technologies, USA) were tedtat a range of 0-0.4%5nM and 20nM Death
control oligonucleotides (QIAGEN, USA) were transfected as a means of
determining transfection efficiency, and mock transfection (RNifese water) and
non-targeting oligonucleotides were used as a negative @@nto investigate

toxicity of transfection reagent conditions.

Preliminary optimisation was carried out over three seedingcentratiors of PAR

cells: 4000, 8000 and 16,000 cells per wealtross all three transfection reagents

The results inFigure 2.9show that acrossall transfection reagents and seeding
concentratiors, an increase in titrated transfection reagent increased toxicity. At
4,000 cells per well, theulture viability of mock and NT transfected cells was
reduced by at least 50% with the lowest concentration (0.1%) of either
Lipofectamine 2000 or TransKR2. Although minimal toxicity was witnessed at 0.1%
with HiPerFect (84%ulture viability, the culture viability with either death
oligonucleotide concentration was high 2% culture viability, indicating poor

transfection efficiency at 4,000 cells per well.
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At greater seedingoncentratiors, less toxicity with mock or NT transfection was
witnessedfor all transfection eagents HiPerFect was again the least toxic of all
lipids, regardless of concentration (88%), however it again exhibited the lowest
growth inhibition with transfection of the death oligonucleotide. At 16,000 cells per
well, HiPerFect exhibited no windo between the mock NT and the death
oligonucleotide controls at 0.10.2% lipid. TranstX2 was less toxic than
Lipofectamine 2000, and comparatively transfected 25nM death oligonucleotide
more effectively than HiPerFect, however the transfection efficyent the 5nM
death oligonucleotide was poor, exhibiting no greater reductiomufture viability
than the mock and NT controls. Although Lipofectamine 2000 was toxic at 4,000
cells per well, it appeared to have the greatest toxiatiectivity window ofall
lipids at 8,000 (0.1% lipid) and 16,000 (0.2% lipid) cells per well seeded @ith a
59% difference inculture viability between mock and NT controls and death
oligonucleotides. Therefore Lipofectamine 2000 was taken forward for further

optimisation.

As large toxicityeffectivity windows existed fotransfections for both8,000 and
16,000 cells per well seedirgpncentrations at0.1-0.2% Lipofectamine 2000, the
seedingconcentrationwas further optimised; investigating 10,000 and 13,000 cells
per well. Figure 2.10shows that both seedingoncentratiors exhibited larger
toxicity-effectivity windows, particularly at 0.1% Lipofectamine. However, the
culture viability of the mock and NT controls with 0.2% Lipofectamine 2000 was
reduced from 8289% with 16,00 cells per well to 569% with the lower
concentratiors. Figure 2.1Error! Reference source not foungresents a summary

of the toxicity and effectivity of 0.1% Lipofectamir®00 across the seeding
concentratiors tested in Figure2.9 and 2.10. The greatest window was observed
with a seedingconcentrationof 10,000 cells per well, with eulture viabilityof at

least 95% for the mock and NT controls, and less than 13% for both death
oligonucleotide controls. Therefore, the optimal conditions for PAR SsiRNA
transfection were defined as 0.1% Lipofactamine 2000 and seeding 10,000 cells per

well.
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Figure2.9 ¢ Determining optimaltransfection reagent for siRNA knockdown studies in PAR cells

A2780 PAR cells plated b0 (top row), 800 (middle row) or 1800 (lottom row) cells per well

were reverse transfected with HiPerFect (left column), Lipofectamine 2000 (middle column) or
TransI¥X2 (right column) at the concentrations indicated, with RNAse free water (mock), 25rtM non
targeting Allstarnegative control oligocleotide (NT), or 5 or 25nM Allstar positive control
oligonucleotide (Death). After 96 hours cells were subsequently fixed and analysed using the SRB
culture viabilityassay. All data were normalised to the mock untransfected control (0% transfection
reagent) and analysed using GraphPad Prism 6.
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Figure2.10 ¢ Optimisation of PAR seedingpncentrationwith lipofectamine 2000 reagent

A2780 PAR cells plated at 10,000 (left), 13,000 (middle) or 16000 (right) cells per well were reverse
transfected with Lipofectamine 2000 (middle) at the concentrations indicated with oligonucleotides
as Figure.9. SRRyrowth assay was performed and analysed as Figi&e
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Figure 2.11 ¢ Transfection efficiency and toxicity at 0.1% Lipofectamine across seeding
concentratiors

The effect onculture viabilityof A2780 PAR cells across the seediogcentratiors investigated in
Figure2.9and2.10, after reverseransfection with 0.1% Lipofectamine 2000.

After optimisation of cell seedingconcentration and transfection reagent
percentage, target gene knockdown was optimised. Reverse transfection of gene
targeting oligonucleotides was perfoed as section 2.9.1 in 6 well plates with

concentrations of 1, 3, 10 and 30nM.

Initially, three 4EBRfargeting oligonucleotides were tested for their ability to
knockdown 4EBP1 levels at two concentrations 3nM and 10nM after 48 hours. The
oligonucleotides were Stealth, Flexitube 2 and Flexitube 5 and their targets on
4EBP1 mRNA aiedicated onFigure 2.12. The optimised reverse transfection
conditions were scaled up to-&ell dishes to yield sufficient protein for western
blotting. Figure 2.1B shovedthat the NT control transfection did not reduce 4EBP1
levels, compared with the otk transfection control. All three oligonucleotides
tested reduced the expression of 4EBP1. Flexitube 5 gave the greatest reduction in
4EBP1 levels, especially at 10nM. Flexitube 2 exhilsibade knockdownof 4EBP1

but not to the same level as Flexitube Bhe Stealth oligonucleotide gave the least
effective knockdown. Therefore, Flexitube oligonucleotides 2 & 5 were taken

forward for 4EBP1 siRNA knockdowrOhapter 6
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Figure2.12 ¢ Optimisation of 4EBP1 oligonucleotide knockdown

(A) Schematic of the regions of 4EBP1 mRNA where the 4EBP1 oligonucleotides, Stealth, Flexitube 2
and 5 target. (B) Westa blot analysis of 4EBP1 knockdown with 4EBP1 oligonucleotides. A2780 PAR
cells were reverse transfected with RNAse free water (mock; M), 25nMtargeting Allstar
negative control oligonucleotide (NT), or 4EBP1 oligonucleotide (Stealth, Flexitube P air 5
concentrations indicated. Reversensfection was performed using 0.1% Lipofectamine 2000 in 6

well plates and incubated for 48 hours. Cells were subsequently lysed and analysed by western
blotting. Lysate proteins were separated by SPSSE, transfeed to PVDF membranes and probed

with antibodies against phosphorylated proteins and developed. Membranes were probed with
antibodies as indicated. GAPDH was used as a loading control.
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|dentification of candidate drivers of
resistance to capivasertib in A2780 254Rp

102



3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp

3. ldentification of candidate drivers of resistance to
capivasertib in A2780 254Rgells

3.1. Introduction

The majority of deaths from cancer are due to the failuretreatment by drug
resistance which is as high as 90% in metastatic can¢emgey and Johnston,
2005) Despite thedevelopment of novel moleculatargeted therapies, drug

resistancaemainsa major barrier to their success well

There aremany research groups looking to identify mechanisms of drug resistance,
and there areseveralmethods by which to do this Characterisation of patient
derived samples would be the ideal method to provide the most clinically relevant
mechanisms However, due to logistical issues, patiel@rived samples may not
necessarily be the most practil model. Regardless, these clinical samples have
been applied tovalidatethe clinical relevance of mechanisnaentified throughin

vitro based methodg{Nazariaret al, 2010; Garraway and Janne, 201Phe most
common methodologies are the use of functional genomics; bioinformatic screens
and comparative characterisation @ogenic and noisogenicresistant cell lines

(Garraway and Janne, 2012)

Isogenic cell lines were usddr this project, andnay be acquired itwo ways 1)
mimicking the cyclic treatment of chemotherapy by shitm pulsing of cells with

a clinically relevant concentration of inhibitor over an extended period of time)

by the doseescalation method(Garraway and Janne, 2Q1RicDermott et al,
2014) Although 1) is the most clinically relevant method for generating acquired
resistant populations, the resistance is often low and transi@gm¢Dermottet al,
2014) The dose estaion method frequently generates resistance which is higher
and more stable and thus more practical for investigation. Although this method is
clinically artificialin comparison it is a proven successfulmeans of identifying

clinically relevant resistece mechanism@Nazariaret al., 2010)
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3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp

This thesis sets to carry on the work initiated by Dr Denis Akan (Akan, 2015)
identify candidate resistance mechanisms to capivaseriibe isogenic A2780
254Rp cell line was generated by dose escajahie heterogenetic A278parental
(PARXellswith the capivasertibanalogue CCT129254ver timeand monitored for
increase irhalf-maximal growth inhibition concentrations @glto the drug After 6
months, the resistant subpopulation §gto CCT129254 wasventy times greater

than the originalPARline. The cells were also cresssistant to capivasertibA2780
254Rp showed no crosssistance to cytotoxic chemotherapeutics, nor
overexpressed MDRInultidrug resistance protein 1gompared to PARyhichthus
suggested resistance was not due to a general gffigx mechanism. A2780 254Rp

did exhibit resistance to multiple AKT, PI3K and mTORC inhibitors and changes in
the baseline phosphorylation of S473 and T308 of AKT, indicative of increased
activation. Squencing of AKT isoforn@bservedno mutationsbetween PAR and
254Rp Exome sequencing identified a novel mutation in PHLRRIAKT and
p70S6K phosphataskdowever knockdown of PHLPP1 alonePiARcells did not
induce capivasertib resistance. Baseline eegsion of p70S6Mas increasedand
4EBPIwas decreasedh the 254Rp cell line, and phosphorylation of both proteins
was resistant to AKT inhibition by MX06 and CCT129254, but not to the mTORC
inhibitors everolimus or vistusertib. The resistant cek lexhibited reduced 4EBP1
binding with elF4E and concomitant increase in elF4G to elF4E binding and cap
dependentprotein synthesisAs p70S6K and 4EBP1 are both mTORCL1 substrates,
the data taken togethesuggestedhat mTORC1 activity as increased in A2780
254Rp, resulting in increased cdppendent protein synthesisdriving acquired

resistance to capivasertikan, 2015)

This aim of this chapter was i@lidate the mTORC1 hyperactivity A2780 254Rp
cells asobserved by Dr Akan and identifipje acqured mechanismdriving the

MTORC1 hyperactivity and resistanceapivasertib.
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3.2. Results

3.2.1. Investigation of morphology of A2780 PAR and 254Rp cell lines

Examining cellular morphology is a simple and direct way of characterisingroglls
can easily highlight any distinct changes between cell lines, which may be the
phenotypic result of the resistance mechanism. An example is the epithelial to

mesenchymal transition (EMBgaufort et al., 2014; Haslehurst et al., 2012)

Figure3.1A showsthe morphology of the A2780 PAR and 254Rigure 3.1Balso

presents the morphology data incuantifiable way, through the average number of
protrusions per cell in a populatio®oth PAR and 254Rgell lines were adherent

and regularly shaped with few protrusions, consistent with epithdika cells such

as A2780(Haslehurstet al, 2012) The individual cells of thBAR cell line were
ISYSNIffe Y2NB NP dzy RSRA,|MBRon kavelads 1 INB R WL
protrusions per cellTheuntreated 254Rp cells (254RPT]), were more polygonal

in shape withon average 1.6 protrusions per cell

Hpnwll 6SNB YFIAYdGFEAYSR Ay pc>a 2F [/ ¢MH QH
mechanisms. Thisvas the maximum concentration used in generation of this
isogenic cell line by Dr Denis Akgkkan, 2015)When maintained in CCT129254

(254Rp (T)) he cells exhibited a very flat morphology across the dish, witreater

number of protrusions per cell (2.6ompared with254Rp (UT)
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Average protrusions per cell

No. of protrusions per cell

Figure3.1 ¢ Morphology of A2780 PAR and 254Rp cell lines.

(A) Morphology of A2780 PAR and 254Rp cell lines atmdfgnification, phase contrast. Cells were

plated to the same celtoncentration(5x1C cells in T25 flask) and left to adhere 4 hours. UT=
NEtSFaSR FNBY YIAyGaSytryOS Ay // ¢mHpHpn FcaldN 2y S
bar indicatesu n n > Y ® wS LINE & Sy (i (Bf Ba@hart o averdggrétrusioBslplS tell. & @

3.2.2. Profiling of A2788254Rp cell line sensitivity to PAM inhibition

The A278 254Rp cell line was generated by Dr Denis Afgslkan, 205) using
CCT129254, an analogue of capivaserfithe crossesistance of 254Rp to
capivasertib washerefore investigated to confirm this cell line as a relevant model

for identifying resistance mechanisms to the drug.

Ghkodeterminations forthe PAR and 254Rp cell lines were carried out using the SRB
growth assay. The wells were plated at the optimised seedorgentraton (800

cells per well) and incubated with a serial dilution of inhibitor for 96 hours, and the
percentage of remaining surviving cells was determined using the SRESklglean

et al, 1990) The Gb was determined asthe concentration by which the

percentage of remaining cells was 50% of the untreated control. The ratio of 254Rp
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3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp

Gko to PAR Gh was used to calculate the Resistance Factor (RF) and defined the
level of resistance in 254Rp.

voi o oeédwo SO0

0 0 VO

As shown in the example dose response curveBigure3.2, the 254Rp cell line
showed a clear difference ind4gtoncentration to CCT129254 (15R8) compared
GAOUK t!w ondrTmM>al0x NBa&dz wadsahBverdgfeateryjoldwC O |
resisence to capivasertib, with a PARGEA T nodmm>a k¥R wmpogpul>BDE
corresponding to nearly 10fdld resistance. This indicated that the 254Rp cell line
was resistant to both CCT129254 and its analogue capivasertib veasl thus
confirmed to be a ra&vant model for identifying mechanisms of capivasertib

resistance
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Figure3.2 ¢ Determination of resistance of A2780 254Rp cells to CCT129254 and capivasertib.

(A) A simplified schematic to show the target of capivasertib and its close analogue CCT129254 to

the ATPbinding pocket of AKT. Pointed arrows indicate activation, bleeld arrows indicate

inhibition. PIP3 = PtdIns(3,4,5)P3. Periods (.) indicate protein interaction and binding. (B)
Representative dose response curves for CCT129254 (left) and capivasertib (right). A2780 PAR and
254Rp cells were treated with serially dilutedncentrations of drug for 96 hours and surviving cells

were determined by SRB growth assay. Dose response curves generated amadtiaifl growth

inhibition concentrations (&d) were calculated using GraphPad Prism 6. Data points present mean +

SD of hree technical replicates. The broken line the Y-axis indicates the points on the curves

where growth was inhibited by 50% ¢l @ 5F G NBLINBaSy Gl dAdS 2F xF2dzN
(C) summary of élconcentrations and resistance factors (RF) ta 129254 and capivasertib in

A2780 PAR and 254Rp cellssoGilues presented as mean + SD ofo@ | f dzZS& FNRBY XT3
AYRSLISYRSY({ SELISNAYSyiaod wSaraidlyoOS cClFOiG2NA o6wCl(
experiments. Individual independent RF valueswaled as the ratio of 254Rpscto PAR Gb. N =

ydzYo SNJ 2F AYyRSLISYRSyid SELISNAYSyidao {GFGAaGAOAY |
PAR Gb values, *p<0.05, **p<0.01, ***p<0.001, N.S = nsignificant. Values rounded to two

decimal plaes.
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3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp

Alteration of the drug target is one of the simplest resistance mechanisms that can
reactivate the drugargeted pathway(Konieczkaskiet al., 2018) Previous studies
show that alterations in AKT lead to resistance to AKT inhib{{Oesptenet al,
2007; Stottrupet al, 2016) As 254Rp showed cresssistance to capivasertib,
crossresistance profiling with other AKT inhibitors (ipatasertib and-22R6) was

investigated.

Ipatasertib (GDQOO068 is an ATRompetitive kinase inhibitor of AKTFigure3.3A;

Blakeet al, 2012; Liret al, 2013)which is currently in Phase llinical trials as a
combination therapy withpaclitaxel, abiraterone or palbociclilparticularly in

breast and prostate cancerdumour populations withhyperactivePAM pathway
signallingshowed the greater sensitivity dlinicaltrials.goy Taberneroet al, 2011)
Thestructure of ipatasertib is similar to capivasertib (Figut® and 1.D), so it is

therefore unsurprising that 254Rp showed significant cressstance to ipatasertib
(Figure3.3) with a G2 F c dPoo>a O2YLI NBR aPMK>aZIt HK

equated to nearly 5@old resistance.

MK-2206 is a norATRcompetitive allosteric AKT inhibitor. It is highly selective for

l'Y¢C YR AYR@ODBYF2MIEAAZY I OKIFy3aAS Ay (Fk
activation and activityfLindsley, 2010; Mundit al, 2016) It is currently in Phase I

clinical trials ¢linicaltrials.goy. Interestingly, 254Rp was also significantly resistant

to allosteric AKT inhibition by ME206 Figure3.3), with a Go @ f dzS 2 F H dmT
compared withaPARGR T ndny>ax O2NNBERE2YRAYy3I (2 |

Taken together, these data showed that 254Rp cells were resistant to AKT inhibitors

despiteinhibition by two different methods.
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Figure3.3 ¢ Determination of resistance of A278254Rp cells to ipatasertib and MR206.

(A) Asimplified schematic to show the target of the AdéMmpetitive inhibitor ipatasertib to the ATP

binding pocket of AKT and allosteric inhibitor {2R06, through blocking the binding of AKT to
Ptdins(3,4,5)P (PIP3). Pointed arrows indicate activation, blbelad arrows indicate inhibition.

Periods (.) indicate protein interaction and binding. (B) Representative dose response curves for
ipatasertib (left) or MK2206 (right), as Figure 8> 51 G NBLINBaSyiul 6A@S 27
experiments. (C) Summary G&fko concentrations (Gb) and resistance factors (RF) to #4806 and

ipatasertib in A2780 PAR and 254Rp cells, analysed and formatted as Fgure 3.

The most common resistance mechanisms to targeted therapies are those that
reactivate the originally inbited signalling pathwafKonieczkowsleét al.,, 2018) To
further investigate whether the resistance mechanism may circumvent AKT activity

by reactivating the PAM pathway, cresssistance to inhibitors of othenodesof
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3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp

the PAM pathway wasxamined including PI3K inhibition with pictilisib (GD@41)
and mT@C inhibitors everolimus (RAD001) and vistusertib (AZD2014).

Pictilisib is an AFBompetitive panclass | PI3K inhibitofFolkeset al., 2008)
targeting upstream of AKT. As observedFigure 3.4, 254Rp was resistant to
pictilisib showing a 9.8 fold increase ind@ H M Py >a 0 O2 Y LI NBR (2

Everolimus is an allosteric inhibitor of the mTOR complex 1 (mTGRAUleret al,,

1997; Sedraret al., 1998) It is an analogue ahpamycin (rapalogue) and acts with

a similar mechanism of action by forming a complex with FKBP12 which can bind to
the FKBPZIPapamycinbinding (FRB) domain of mTOR and inhibit substrate
recruitment to mTORCL1 by steric hinderar(d@pet al., 2010; Aylettet al., 2016)
Vistusertib is an ATeompetitive mTOR kinase inhibitor andgatesthe activity of

both mTOR complexes 1 andRikeet al,, 2013) Figure3.4 shows that 254Rp cells
exhibited resistance to both inhibitors, however the cells werere resistant to
inhibition of both complexes by vistusertib (4.6 RF) than mTORCL1 specific inhibition
by everolimus (2.8 RF).

As 254Rp cells were identified as resistant to mMTORCL1 inhibition;res&nce to
inhibitors targeting downstream othis complex was investigated. Two of the best
studied substrates are p70S6K and 4EBP1, both of which are involved-in cap
dependent protein synthesis(CDPSWang and Proud, 2011Huang and Fingar,
2014) Therefore, the response tthe CDPSnhibitors, 4EGI1 and MRT00206081

was investigated.

As illustrated irFigure3.5A, 4EGL is an inhibitor of the binding of elF4E and elF4G
directly (Moerke et al, 2007)and also indirectly by enhancing 4EBactivity to
sequester elF4ESekiyamaet al, 2015) Wanget al., 2015suggests it weakly targets
MTORC1 as weMRT00206081 is a selective MNK inhibitor kindly donated by Andy
Merritt and Ed Mclver from MRC Tedlagy. Interestingly, no croggsistance was
observed to 4EGL or MRT00206081, with resistance factors belo¥old (1.4 and

1.7 RF respectiveliFigure3.5).
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Figure3.4 ¢ Determination of resistance of A278054Rp cells to PI3K and mTOR inhibitors.
(A) Asimplified schematic to show the target of the mTORC1 specific rapalogue everolimus, mTOR
kinase inhibitor vistusertib and PI3K inhibitor pictilisib. Pointed arrows indicate activation,- block

head arrows indicate inhibition.

Periods (.) indicate proteirtefaction and binding. (B)

Representative dose response curves for pictilisib (top left), everolimus (bottom left) or vistusertib

(bottom right), as Figure 20 5 F ( |

NBLINSaSyidlrurgs

2F XGKNBS AyRSL

of Gko concentrations (Gb) and resistance factors (RF) to pictilisib, everolimus or vistusertib in
A2780 PAR and 254Rp cells, analysed and formatted as Figure 3.
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Figure3.5 ¢ Determination of resistance of A278254Rp cells tgrotein synthesisinhibitors

(A) A simplified schematic to show the target of the elF4E/elF4G attenainhibitor 4EGL, and

MNK inhibitor MRT00206081. Pointed arrows indicate activation, Hbeeld arrows indicate
inhibition. Periods (.) indicate protein interaction and binding. (B) Representative dose response
curves for 4EGL (left), and MRT0020®1 (right), formatted as Figure Z.Data representative of

0 KNBES AYyRSLISYRSy il SELISbhhcerfrafidng @5t) antl tesisfanizy fddtoNB 2 F
(RF) values to 4EGland MRT00206081 in A2780 PAR and 254Rp cells, analysed and formatted as
Figue 32.

Figure 3.6 shows a comparative summary of the resistance factors for all drugs

tested. 254Rp cells were significantly resistant to AKT inhibitordl@23RF), less
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3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp

resistant to PISK and mTORC inhibit¢gslO RF), whereas no significant cross

resistance was observed wigitotein synthesisnhibitors.

15

Resistance Factor

Figure3.6 ¢ Graphical summary of resistance factors of A2780 254Rp cells.

Bar chart representing mean and error bars as SD for 254Rp RF values for all AKT (green), PI3K (blue),
mTORC (orange) anqmotein synthesigpink) inhibitors investigateth chapter 3.2. Mean RF values

FYyR {5 OIFftOdzAZ FGSR a | @gSNr3IS 2F wC @FftdzSa FyR {5
values calculated as ratio of 254Rpo® PAR Gb. Statistics as calculated in Figur2.3.

3.2.3. PAM pathwaysignalling in A2780 PAR and 254Rp cells

Crossresistance to inhibitors of mMTORCL1 but i@DP{Figure3.6) suggestd that
the resistance mechanism may involve signalling downstream of mTORCLI.
Therefore, PAM pathway signalling proximal to mTORC1 was investigated by

western blotting.

Clear differaces in the baseline levels of phosphorylation were observed in several
components of the PAM pathwayifure3.7). There was a small decreasn AKT
phosphorylation at serine 473 (S473) between PAR and 254Rp, which is
phosphorylated by mTORC2 and is indicative of decreased maximal activity of AKT
(Pearceet al,, 2010) This may cause the reduction in serine 9 (S9) phosphorylation
onGSKi 0dzi ¢l & y2G NBFTESOGSR Ay NBRIzZOSR
PRASA40; both direct substrates of AKT.
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3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp

The most significant changes in signgllimere downstream of mTORC1. There was
a marked increase in phosphorylation of serine 235 and 236 (S235565RP 36
ribosomal protein), which is phosphorylated by p70$6K0 ribosomal S6 kinake
and p90RSKp90 ribosomal S6 kinasdRoux et al, 2007) 4EBP1(eukaryotic
translation initiation factor 4BelF4E-binding protein 1) exhibited a reduction in
expression andphosphorylation at threonine 37 and 46 (T37/46) in 254Rp
comparal to PAR which is directly targeted by mTORCZFigure 3.7B). These
residuesare priming sites by mTORC1, which lead to phosphorylatiomrtielr
residues on 4EBPL1 to fully inhibit its ability to bind to elfdtidenet al., 1997;
Herbertet al, 2002) The ratio of p£BP1 to total 4EBP1 expresstan influence
4EBPAelF4Estoichiometry, thereforedensitometric analysis was performed on the
baseline phosphorylation and expression of 4EB#Jure 3.9Ghows therewas a
significantreduction in p4EBP1:4EBP1 ratio fréh75 to 0.45 resulting in a 1.67
fold reduction between PAR and 254Rp, which suggests there may akeaation

on 4EBP1/elF4&oichiometry.Hyperphosphorylation of 4EBP1 has been previously
reported to increase 4EBP1 degradati(iiiaet al, 2008) although other studies
have directly conflicted with this findingyanagiyat al., 2012)

Taken together, the increased S6RP activifyy suggest increased mTORC1 activity
although it is unclear whether p4BP1 is increased due to reduced 4EBP1
expression Although PRAS40 is involved in mTORC1 regulation, thaseno
alteration of T246 phosphorylation in 254Rp and thus unlikely the cause of
increased mMTORC1 activity in 254Rp.
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Figure3.7 - Baseline signallingf key nodes in PAM pathway in A2780 PAR and 254Rp cell lines.
(A) Western blot of the baseline signalling in Ppathway. Cells were plated at 5¥lid 10cm tissue
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culture dishes and incubated at normal growth conditions for 72 hog&lRp cells were released

from CCT129254 at least one week prior to plating. Lysate proteins were separated -PAGBS
transferred b PVDF membranes and probed with antibodies against phosphorylated proteins and
developed. Subsequently, blots were stripped and reprobed with antibodies against total proteins as
indicated. Superscript (e.g. AKTJ indicates signalling at phosphorylati site in superscript.
GAPDH was used as a loading control. Data are most representative of six independent experiments.
(B) A simplified schematic of the PAM pathway illustrating the relationship of the components (blue),

investigated in (A). Phosphorigal residues are represented as dark red (P)s, with amino residue
defined. Black arrows and blotleaded arrows indicate phosphorylation of target induces activation
or inhibition respectively. Black dotted arrows indicate phenotypic output. Fat red ariltustrate

increase or decrease of phosphorylated residue or protein in 254Rp, as per western blot in (A).
Absence of red arrow indicates no chan@gBar chart ofaverageratio of 4EBP137*8t0tal 4EBP1.

Band intensities were determined using Imageudd relative densities calculated and analysed in
Microsoft Excab { G G A& GA Q&Y

As both S6RP and 4EBP1 are downstream of mTORCI, lteead abaseline
signallingmay suggest that the activity shTORC1 was increased PAM pathway

signalling was examined to observe if 254Rp cells respond differently with inhibition

2§ {pAEBRIL4EBP( Bitisi<0.95F

t ! w

02

of AKT, compared to PAR. NR06 was used for this investigation instead of
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3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp

CCT129254 or capivasertib as 206 as an allosteric inhtbr is more AKT
selective(Smyth and Collins, 2009; Hietial., 2010) This is particularly important
because both AT-Bompetitive inhibitors also target p70S6khich is a substratef
MTORC{Daviest al., 2012; Addiest al,, 2013)

Both PAR and 254Rp cells were exposed for 24 hours to a range of concentrations of
MK-2206 and PAM pathway signalling was analysed by western blotting. As shown

in Figure3.8, treatment with Mk2206 reducedhe phosphorylation of S473 of AKT

with increasing concentrations of drug, indicative of reduced maximal activity of

AKT. This phosphorylation was unddté 6 f S 6& ndm>a 2F RNHA
Consistent withFigure3.7, there was a slight decrease aselinephosphorylation

at this residue in 254Rp, compared with PARe phosphorylation of AKT
substrates, GSK i 6{ pv | YR dlsw !lexhibited addosdependent

reduction in signal.

Interestingly, the phosphorylation of threonine 389 (T389) of p70S6Kresstant

to AKT inhibition. This signalling was sensitive to2486 in PAR, being completely

dzy RSGSOGIFrotS o0& nonm>as O2YLI NSR GAOK |
KAIKSald O2yOSyiaNraGdAazy (SaliSR omn>ai0®d ! RF
expression in 254Rp, 4EBP1 phosphorylation appeared to be resistant 220K
treatment. Thiswas observed by hyperphosphorylated higher molecular weight
(HMW) isoforms of total 4EBP1 requiring greater concentrations of2R06 in

254Rp to bandshift to hypomsphorylated low molecular weight (LMW) isoforms.

These resistant hyperphosphorylated 4EBP1 isoforms were also phosphorylated at
T37/46. T389 of p70S6K and T37/46 of 4EBP1 are directly phosphorylated by
MTORC1, and thus the resistance to-BB06 suggestsht mMTORCL1 activityas

independent of AKT signalling in 254Rp cells.

To investigate whether MR206 resistant phosphorylation of these siteégms
dependent on mTORC1 activity, these cells were treated for 24 hours with the
allosteric mMTORCL1 inhibitor ewdmus and PAM signalling examined by western

blotting.
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Figure3.8 ¢ PAM pathway signalling in A2780 PAR and 254Rp cells in response 122A&

A2780 PAR and 254Rp cells were plated at Skl@0cm tissue culture dishes and incubated at
normal growth conditions for 72 hours. Plates were treated with a range of concentrations -of MK
2206 for 24 hours prior to lysis. 254Rp cells were released fréMil29254 at least one week prior

to plating. Western blot procedure used as described in Figufe Superscript (e.g. AK¥)
indicates signalling at phosphorylation site in superscript. GAPDH was used as a loading control. Data
are representative oftiree independent experiments. D = DMSO only control.

In Figure 3.9, AKT S473 phosphorylation was not inhibited by everolimus as
witnessed wih MK-2206 Figure3.8). Instead, S473 was increased in 254Rp with
increasing concentration of everolimus. This is an understood phenomaiitibn
MTORCL1 inhibition by rapamycin analogues, avas likely due to release of
negative feedback via IRSO h Qwé& A&lf 2086; Breulewet al, 2009) For all
markers of the PAMathway investigated, the response to everolimus in 254Rp
was nearly identical to PAR. The complete abolishment of T389 on p70S6K and
bandshift of 4EBP1 isoforms by 0.5nM for both cell Iwasin marked contrast to

that observed for AKT inhibition by M#06 inFigure3.8. Taken together, p70S6K

and 4EBP1 phosphorylation are not resistant to mTORCL1 inhibition.

118



3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp
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Figure3.9 ¢ PAM pathway signalling in A2780 PAR and 254Rp cells in response to everolimus
A2780 PAR and 254Rp cells were released and plated as described in BgRlat8s werdreated

with a range of concentrations of everolimus for 24 hours prior to lysis. Western blot procedure used
as described in Figure3.GAPDH was used as a loading control. Superscript (e.G*AKdicates
signalling at phosphorylation site in sergcript. Data are representative of three independent
experiments. D = DMSO only control.

3.2.4. Investigation of SGK1 overexpression as a candidate resistance

mechanism to capivasertib

Regulation of mTORCL1 activity involves a complex network of regul@ase

1.4). Heightened mTORC1 activity may be a result of reduced activity of negative
regulators; increased activity of positive regulators or alternatively a change in
activity of the subunits of mMTORC1 its@fang and Proud, 2011; Laplante and
Sabatini2012)

One prominent activator of mMTORCL1 is the-Ras GTPase Rhdlsroenewoudet
al., 2013) Rheb is negatively regulated through inhibition by the heterodimeric
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3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp

tumour suppressor complex (TSBamartin(TSC1)/tuberin(TSC@shown in Figure
1.4. TSC2 harbours a GFERactivating protein (GAP) domain that drives Rheb into

the inactive GD®ound state, thereby inactivating {Groenewoucet al,, 2013)

This branch of mTORC1 regulation was furtifestigated as TSC inhibition is
regulated through several mechanisms independent of AKT, includingpBBRSK,
AMPK and SGKGroenewoucet al., 2013; Casteatt al., 2016) SGK1 is of particular
interest as it has been previously identified as a marker of intrinsic AKT inhibitor
resistance(Sommeret al, 2013) and Castelet al., (2016 identified that SGK1 has
high similarity in the kinase domain to AKT and can compensate for the inhibitory

action on TSC1/TSC2 by phosphorylatingkilitArgeted residues on TSC2.

Array comparative genomic hybridisation (aCGH) using Agilent 4x44k aCGH platform
was performed on RNA isolated from A2780 PAR and 254Rp cells and data were
analysed using Genespring GX by Dr Denis fean, 2015jo identify expression
changegenes with significant fold change? fold or <2 fold) between the two cell

lines. Identified genes were creegamined in Reactome thighlight members of

the PAM pathwaythat may reactivate the pathwayn 254Rp.Table3.1 presentsa

list of genes with significant fold change associated with the PAM pathway,

including SGK1, identified iad, with 7.9fold increase in mMRNA expression.

AKT inhibits the TSC by phbspylating TSC2 at serines 939 (S939), 981, (S981),
1130 (S1130), 1132 (S1132) and threonine 1462 (TX8&tkowski and Manning,
2005) Based upon the hypothesis that SGK1 may compensate AKT activity during
AKT inhibitiofCastelet al., 2016) the phosphorylation levels at residues S939 and
T1462 as well as AMR#rgeted serine 1387 (S1387) were investigated by western
blot to observe whether Akfargeted residues and not AMRHErgeted residues are

resistant to AKT inhibition by MER206 in 254Rp cells compared with PAR.

Both AKTtargeted TSC2 phosphorylation sites (S939 and T1462) appeared to
respond to AKT inhibition by ME06 in a doselependentfashion in both PAR and
254Rp populations at the highest concentrations. Reduction in signal at both
residues requires a greater concentration of 4R06 than S473 of AKT, with near

- - A
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3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp

are not resistant to MK2206 in 254Rp compared to PARaterestingly,
phosphorylation of the AMRKargeted TSC2 site, S1387 was increased in both PAR
and 254Rp cell lines with increasing {4R06 concentration Taken together,
phosphorylation at AKT targeted residues of TSC2 is not resistant to AKTianhibit

in 254Rp.

Table3.1 ¢ Gene expression microarray analysis in A2780 254Rp cells

Array comparative genomic hybridisation (aCGH) using Agilent 4x44k aC@iktrplaas performed

on RNA isolated from A2780 PAR and 254Rp cells. Data was analysed using Genespring GX by Dr
Denis Akan and crogxamined in Reactome to identify PAM pathway genes with significantly

altered expression in 254Rp compared to PAR. Textdimdicates genes previously associated with
AKT inhibitor resistance.

Gene Protein Fold change
PDGFA platelet-derived growth factor alpha polypeptide 12.18
SGK1 serum/glucocorticoid regulated kinase 1 7.90
MET met proto-oncogene 5.44
ITGAG integrin, alpha 6 4.52
LAMC3 laminin, gamma 3 3.09
GEM GTP binding protein overexpressed in skeletal muscle 2.86
AGQO?2 argonaute RISC catalyticcomponent 2 2.13
FOXO3 forkhead box 03 -2.06
PIK3CA phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha -2.07
HDACS histone deacetylase 5 -2.56
GNG8 guanine nucleotide binding protein (G protein), gamma 8 -2.65
GAB2 GRB2-associated binding protein 2 -3.00
PCK2 phosphoenolpyruvate carboxykinase 2 (mitochondrial) -3.95
APOL6 apolipoprotein L, 6 -6.15
LNX1 ligand of numb-protein X 1, E3 ubiquitin protein ligase -9.48
CDKe6 cyclin-dependent kinase 6 -12.94
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Figure3.10¢ Investigating SGK1 as a candidate to increasBORC1 activity via TSC2 signalling

(A) A simplified schematic of a hypothetical model of SGK1 inducing activity of mTORCL1 during
capivasertib treatment in 254Rp cells through compensation for loss of TSC2 inhibition from AKT.
Based upon Castel et af2016). (B) Western blot analysis of TSC2 signalling with treatment ef MK
2206.A2780 PAR and 254Rp cells were plated and treated with a range of concentrations of MK
2206 and proteins separated and detected by western blot as described in Figiré&igen
asterisks indicated AKifrgeted TSC2 residues and purple asterisk indicates Aklgited TSC2
residues as illustrated in (A). Superscript (e.g. %@ indicates signalling at phosphorylation site in
superscript. GAPDH was used as a loading coridatia are representative of three independent
experiments. D = DMSO only control.
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3.3. Discussion

This aim of this chapter was i@lidate the mTORC1 hyperactivity A2780 254Rp
cellsobserved by Dr AkafAkan, 2015through examination of thenorphology,
crossresistance profiling and PAM signalliofjthe cells.These datavere used to
investigate acqued mechanism driving the mTORC1 hyperactivity and resistance

to capivasertib.

3.3.1. Morphology and crossesistance profiling

The morphology was examined first as this is the simplest technique to narrow
down candidate resistance mechanisms and phenotypes, such agHEAdIEhurst

et al, 2012; Beauforet al, 2014) No stark changes in morphology were observed
in 254Rp, compared with PAR, indicating that the resistance amésm was

unlikely to involve an invasive, migratory phenotype.

As 254Rp cells were also resistant to CCT32@2d capivasertibF{gure3.2), these

cells were taken forward for further study of resistance mechanisms to capivasertib.

As well as observing 166ld resistance to capivasertib, 254Rp cells were also
significantly restant to the allosteric inhibitor Mi2206 (27#fold; Figure3.3). This
finding was significant as it highlights several properties of the is&sice
mechanism. Firstly, it suggests that the resistance mechamiasnot specific to
ATRcompetitive AKT inhibitors, and thus less likely to involve AKT directly. To
confirm this,in vitrokinase investigations of AKT in 254Rp by Dr Denis Akan showed
no increase in AKT activity, nor were mutations found on any of the three AKT
isoforms(Akan, 2015)Secondly, the resistance mechanisms unlikely to involve
drug efflux through MDR1 overexpressi¢ottesmanet al, 2002; Turk and
Szakacs, 2009)as the chemical structures of the AKT inhibitors possess little
homology. Additionally, no crosssistance to known MDR1 substrates, nor
overexpression of MDR1 protein was found in 254Rgan, 2015) Finally, the
resistance mechanisiwaslikely to be proximal to AKT as cressistance to two
different methods of AKT inhibitiowasunlikely a result of adaptation of other eff
target effects of CCT129254 such as p70@8&Hardyet al, 2010) There are
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3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp

several other types of allosteric AKT inhibitors such as PH domain inhibitors (such as
triciribine), alkyl mospholipids (such as miltefosine) and irreversible AKT inhibitors
(such as lactoquinomycin)nvestigation of 254Rp crosssistance to these also
would further validate 254Rp as a good model for resistance mechanisms to AKT
inhibitors in general. Takerogether, the resistance mechanism is likely to confer
resistance via a regulator of AKT, or due to circumvention of AKT function

downstream.

Alongside crossesistance to AKT inhibition, 254Rp cells also demonstrated
statistically significant crossistance to PI3K (9.8 RF) and mTORC (2.8 and 4.6 RF)
inhibition (Figure3.4), although the level of resistance was not as great as to AKT
inhibitors (23.299.8 RF). There may be several reasons for this phenomenon: 1) The
resistance mechanism feeds into both mTOREfRendent and independent
signalling, and thus mTORC1 inhibitors target one of multiple nodes required for
AKT inhibitor resistance @@.SGK1R) The mechanism is an alteration of a subunit

of MTORC1which is not fully inhibitedby mTORC inhibitors. 3) There are multiple
resistance mechanisms in the heterogenetic 254Rp polyclonal population. A

combination of these factors may also besgible.

Taking together the data so far, the resistance mechanism is likely to be
downstream of AKT and therefore also downstream of PI3K. The relative reduction
in level of resistance of pictilisibFigure 3.4) compared to the AKT inhibitors

suggests then that the resistance mechanism may be dependent on signalling from

PI3K but also receives residual signalling from another-épkKndent sarce.

There was no cros®sistance of 254Rp to inhibitors of cdppendent protein
synthesis (Figure 3.5). As the inhibitors tested target components &@DPS
downstream of mMTORC1, tied with significant resistance to inhibitors upstream, it
may suggest that the resistance mechanism lies is dinea. It is worth taking note
that both inhibitors may have offarget effects, since 4E@QlI requires high
concentrations for mechanism of actig8ekiyamaet al., 2015)it may interfere with
targets other than elF4E and 4EBPL1, one previously reported weak target being

MTORCIWanget al, 2015) The MNK inhibitor MRT00206081 is also a recently

124



3. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp

developed drug, with high selectivity for both MNK1 and MNK2 and high specificity
with 4 out of 250 (including MNKSs) kinases tested observed with greater than 50%
inhibitiz y 4 m>a OGNBFGYSyld ORIFGF dzylLlzf AaKSR
both cells lines to both inhibitors may be due to a lack of intended target inhibition.
Currently, there areno FDAapprovedalternative inhibitors which acutely target the
CDP&IF4Fcomplex.However,the elF4E antisense nucleotideY2275796vhichis
currently the only CDP3ihibitor progressing through clinical trialspay bea more
suitable alternativdor crossresistane profiling ofCDP$nhibitorsin the A2780 cell

lines (clinicaltrialsgov; Lu et al, 2016) Further development intaCDPSargeting
compounds is important for the clinical use of kinase therapiesC@BSs being
revealed as nexus of resistance for PAM and MAPK pathway targeting therapeutics

(Copeet al, 2014; Boussemadt al.,, 2014)

Taken together, crosmesistance profiling data suggests that the resistance
mechanism of 254Rp is likely to be circumem the function of AKT, downstream
of AKT and PI3K. This mechanism may also feed into mTORCL1 signalling.

3.3.2. PAM pathway signalling analysis

Through observation of the baseline signalling of the PAM pathway in A2780 PAR
and 254Rp celld-{gure3.7), several alterations within the pathway were noted. A
decrease in S473 phosphorylation on AKT suggestAlatactivationvasreduced

in 254Rpand the resistance mechanism maylbes depedent on AKT activityThis
supports the AKT inhibitor crosgesistance data that the resistance mechanisas
unlikely to directly involve AKT itself. The most marked chamgdmseline PAM
signallingobserved were downstream of mMTORC1 with a significactease in
phosphorylation of S235/6 on S6RP and a reduction in T37/46 phosphorylation of
and total 4EBP1 protein. S235/6 on S6RP are phosphorylated by p70S6K and p90RSK
(Rouxet al., 2007) and thus could indicate an increase in thgnsilling by one or

both kinases. Resistance of T389 p70S6K to exposure 820K highlights that
p70S6K was likely to contribute towards increased S6RP phosphorylation.
Additionally, 4EBP1 observed a greater maintenance of its hyperphosphorylated

isoforms with increasing concentrations of MK06 (Figure 38), indicating that
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although there was less 4EBPftein in 254Rp cells, proportionally, more of the
total protein wasin its phosphorylated state andias resistant to AKT inhibition.
4EBP1 phosphomfed at T37/46 residues also appedrto be resistant to MK2206

as well. Since both observed p70S6K and 4EBR22UEresistant residues are
phosphorylated by mTORGPearceet al., 2010; Showkaet al, 2014) this may
suggest an increasen mMTORC1 activitylnterestingly, at the baseline level,
proportional p4EBP1 appears to be reduced in 254Rp compared with PAR, based
upon densiometric analysis in Figu8.7. 4EBP1 turnover has been linked with its
phosphorylation status(Elia et al, 2008 Yanagiyaet al, 2012) however if
phosphorylation of 4EBP1 is resistant to AKT and mTORCL1 inhibition, the overall
reduction in p4EBP1 may be due to a homeostatic mechanisoorngpensate for

this. The effect of the p4EBP1:4EBP1 ratio on the turnover of 4E®RID be
confirmed investigation of the halffe of 4EBP1 in both cell lines, using a
cycloheximide timecourse assay.Another explanation for reduced 4EBP1
expressionmay lie in alternative 4EBP isofornfdEBP2 and 4EBR&edominating

in activity (Tsukumoet al, 2016) The 4EBP1 antibodysed does not crosseact

with other 4EBP isoforms. This can be further investigated with-4&BP and
4EBP2 and 4EBP3 specific antibodies.

The increase in mMTORC1 activity was further investigated by observing the response
of PAM signallingh PAR and 254Rgellswhen treated with everolimugFigure 3).
Interestingly, the phosphorylain of 4EBP1 and T389 p70S6K were not resistant to
everolimus in 254Rp cells. This further highlighted that the-24B86 resistant
phosphorylation of these proteinwas dependent on mTORCL1 activity. As S235/6
S6RP is phosphorylated by p70S6K and p90RSktidepbf p70S6K activity by
everolimus shows minimal residual signalling of gite and thuswas unlikely to
contribute towards crossesistance to everolimugFigure 34) observed in drug
profiling oris otherwise significant in only a small population of the heterogenetic
254Rp cells. This could be validated using an p90RSK inhibitor in conjunction with

everolimus.

An increase in MTORC1 activity can increase the activity of p70S6K and decrease
activity of 4EBP1. Both S6RP and 4EBP1 have roles -tlepapdent protein
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synthesiS(CDPP S6RP is a 40S ribosomal subunit pro¢eintchinsonet al.,, 2011)

and 4EBP1 is an inhibitor of the elF4F compeerous and Proud, 200§)70S6K is
known to phosphorylate other substrates involved pnotein synthesissuch as
elF4B¢ an activator & the elF4A helicase; PDCIQ4an elF4A inhibitor, which
phosphorylation inactivates; and SKAR, an mRNA splicing {&&oton and Gout,
2011) CDPShas been previously reported to play a role in remise to PAM
inhibitors (Dillinget al., 2002; N. lliet al, 2011; Copet al, 2014; Tsukumet al.,

2016)thus, it may be possible that capivasertib resistance in 254Rp ceallsads

driven by increase@€DPS

As hyperactivity of mMTORCL1 in 254Rp was confirmthdr investigations were
carried out toinvestigate themechanismsdriving mTORCL1 activity. ltghtened
MTORCL1 activity may be a result of a reduction in regulation by mTORC1 inhibitors
such as PRAS40, an increase in activity of positive regulators such as Rheb or
alternatively a change in activity of the subunits of the complex it&&kHng and

Proud, 2011; Laplante and Sabatini, 2012)

PRAS40 was eliminated as a potential candidate because phosphorylation at T246
wasnot resistant to MK2206. This residue is important for the release of inhibitory
binding to mMTORC@Vanget al., 2007) and thus a lackfaesistance to MKR206 at

this site implies thadynamics ofPRAS4@nd mTORCbindingwas similarin both

cell lines. This @n be validated by analysis of PRAS40 binding with
immunoprecipitation of RAPTOR. Additionally, as observédgare 3.4254Rp are
crossresistant to vistusertibyhich targets both mTORC1 and mTORI@2|atter of

which is important for AKT activatiqhaura R. Pearcgt al., 2010) Therefore, the
resistance mechanism will unlikely involve PAM pathway components along the
AKTMTORCL1 axissuch as PRAS4Consistent with this, naalterations were

observed by exome sequencing or microarray analysis along this axis (Akan, 2015).

SGK1 was investigated as a resistance candidate because its signalling is not
dependent on the PAM pathway, bastelet al., (2016 suggests that it may feed

into mMTORCL1 signalling via TSCH@ditionally,microarray dataexhibited a near
eightfold increase in mMRNA expression in 254Rp cells. Although SGK1 may
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compensate for AKT activity in JIMT1 and HCC1954 breast carcinoma cell lines
(Castelet al,, 2019, the overexpression of SGK1 mRRAre3.10) in 254Rp did

not correlate with TSC2 phosphorylation resistance to AKT inhibition, when
compared with PAR. In fact, TSC2 S939 and T1462 phosphorylation appeared
sensitive in 254Rpompared to RR However as phosphorylation at AKiargeted

sites S939 and T1462 required over 0@l greater concentration than S473 on
AKT or S9 on G®Ki Figore3.8) to exhibit the same reduction in signal, this may
suggest that these sites are not very dependent on AKT signalling in A2780 cells.
Interestingly, phosphorylation of the AMR&rgeted TSC2 site, S1387 was increased

in both PAR and 254Rxell lines with increasing MBR206 concentration, suggesting

that AMPK activity is increased. As Al€pendent phosphorylation of AMPK alpha
subunits negatively regulates its activity, MRO6 alleviates this inhibitiofrom

AKT SGK1 protein overexpreesi was not analysed by western blot as there are no
good-quality commercial antibodies for this targeflthough SGK1 may not
necessarily be involved in mTORC1 hyperactivation, it may be important to
determine whether the overexpression of SGK1 in 254Rpresult of changes in
SGKZIene transcription or altered mRNA or protein turnovEaken together, SGK1

was not taken forward for further investigation as a mechanism of the increase in

MTORCL1 activity

In summary, the data presented in this chapter suggests that resistance to
capivasertib in the A2780 254Rp cell line circumvents the functiokKdf through
hyperactivation ofmTORC1whichis modulated by a mechanism proximal to, but
unlikely within the AKTmTORC1 axis. SGK1 was investigated as a potential
candidate but failed to demonstrate a role in increasing mTORC1 activity within the
254Rp ell line. Due to the polyclonal nature of this cell line, there may exist
multiple mechanisms within this cell line. The following chapters aim to eliminate
this issue through further characterisation of subclonal populations of the 254Rp

cell line to idemify candidate mechanisms driving resistance to capivasertib.
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4. |dentification of candidate drivers ofresistance to

capivasertib in A2780 254Rp subclones

4.1. Introduction

It has been well documented that tumours exhibit wide heterogeneity, both
histopathologically and genetically, and also in the intard intratumoral setting.
More recently it has been diegered that intratumour heterogeneity can exist at
genetic, transcriptomic and proteomic levels. It is widely understood that a major
source of such heterogeneity is the intrinsic genetic instability of cancerous cells,
however diverse phenotypes can alse influenced by extrinsic factors such as pH,
hypoxia, paracrine signalling, other microenvironment interactions, and drug
exposure. All these drive different degrees of selection pressures. The
heterogenetic cells within a tumour may respond to therapya variety of ways,

leading to polyclonal drug resistan@urrell and Swanton, 2014)

Polyclonal resistance to targeted therapies has been clinically identified within
tumours, where drug resistance may be driven by more than one resistance
mechanism within a tumour, which can arise from multiple clonal populations. For
example, Bettegowdaet al, (2014)showed that tumours froml7/24 colorectal
cancer patients with acquired resistance to cetuximab or panitumumab, harboured
multiple mutations within the EGFR pathway that were not presenttpgatment.
Another study showed one lung cancer patient with crizoti@bistant nonsmal-

cell lung cancer with two ALKanaplastic lymphoma receptor tyrosine kinase
secondary mutations in two independent cell populations within the same tumour

(Choiet al,, 2010)

Theheterogeneousature of tumours will ultimately lead to cancer cell lines that
are alsoheterogenec. This means that generation of drugsistant isogenic cell
lines by dose escalation drgxposure of aolyclonal parental cell line (A27&AR

in this case), may also produce a similar polyclonal drug resistance phenotype in the
resistant population(A2780254Rp McDermottet al,, 2014)
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A pooled population of cells exhibiting polyclonal drug resistance poses a challenge
for identifying candidate resistance mechanisms. Many common forms of cellular
analysis technologies such as exegaguecing or western blotting require a large
number of cells to yield sufficient nucleic acids protein for evaluation. If a
polyclonal drug resistant population is used for such techniques, the resulting data
may be noisy and unclear, rendering the samgilicult for identifying resistance
mechanisms. Subcloning resistant polyclonal populations may overcome these

challenges by generating a population of cells that are more genetically identical.

Subcloning can be performed by isolating resistant colodiggg drug selection or

by limited dilution, plating 0.5 cells per well of a-@@ll plate (McDermottet al,
2014) Generating clonal populations by either method requires thésdel be able

to grow independently of one another, which may not necessarily be the case for
every cell in a heterogenetic population. Therefore, not all resistance mechanisms
can be isolated in this way. This is particularly true for resistance mechauisnh
may have ceevolved together and form edependence(Burrell and Swanton,
2014) However, esistance mechanisms investigated psgbcloning tend to be
more stable, and thus easier to identify, and often do not require drug maintenance
(McDermottet al, 2014) Ultimately, subcloning of cells has been used to identify
clinically relevant resistance mechanisifidazarianet al, 2010) and thus is a
legitimate method for identifying candidate resistance mechanisms to targeted
therapies. These can be built upon to understand the nature of polyclonal drug

resistancgBurrell and Swanton, 2014)

In Chapter 3, the morphology, cresssistance andPAM (PISK/AKT/mTOR)
signalling ofA2780 parental (PAR) and CCT129@®sAstant (254Rp) cells were
investigatedto identify candidate resistance mechanisms to capivasertib. However,
the 254Rp cells displayed conflicting resulis, AKT inhibitofresistant mMTORC1
signallingwas sensitive tathe mTORC1 inhibitor everolimuslespite displaying
statistically significant crosesistance to the drugThis phenomenomay occurif
254Rp is a polyclonal drug resistant population. The aim of this chapter, therefore,
was to subclone the A2780 254Rglldine andinvestigate theclonal populationgo

identify candidate resistance mechanisms driving resistance to capivasertib.
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4.2. Results

4.2.1. Generation and screening of A27&@54Rpsubclones

To generate the A278R54Rp subclonal populations, the limited dilutionethod

was employed. Cells were seeded at 0.5 cells per well acrossvalBglate and left

to grow in the absence of CCT129254 for one week until colonies became visible.
¢tKSaS HSNB LI aal3aSR Ayda2 fFNHSN LX I GSa
254Rp)nce passaged into T25 flasks. From a total of 11 colonies originally isolated,
eight of these survived growing up into T25 flasks. These populations are R5BR

D, E, F, H, J and K. 284RG and | did not survive expansion into larger flasks.

As wih A2780 254Rp cells, the morphologytiné 254Rp subclonewere examined
(Figure4.1). All subclones, except 254Rexhibitedsimilar morphology to 254Rp.
Cells were adherent and regularly shaped with few protrusions, characteristic of
epitheliatike cells.All subclonesxcept 254RE and F exhibited between4tl.6
protrusions on average per cell, thus were similar to PAR and 228RRF cells
were more elongated in shape compared with 254Rp, which is more characteristic
of fibroblastlike cells and may be indicative aih epithelial to mesenchymal

transition (EMT) phenotype.
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Figure4.1 ¢ Morphology of A2780 PAR, 254Rp and 254Rp subcloned cell links, A

(A)Morphology of A2780 PAR, 254Rp and 254Rp subcloeatA0x magnification, phase contrast.

Cellswere plated to same celfoncentrationand left to adhere for24 hours. UT= released from
YFEAYGSylFryOS Ay [/ / ¢mudpHpn F2N 2y S BcdlERaZindicates Y I Ay (i
MAan>Y® wSLINBEa Sy i (Bj AsSragh®f aletage pridsiohspér dell. d
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The resistance factor (RF) values were determined for CCT129254 and its close
analogue capivasertib (AZD5363) for the 254Rp subclones. Figure 4.2 shows that all
the subclones were significantly resistant bmth CCT129254 (6BL RF) and

capivasertib (164 RF), with similar RFs to 254Rp (9.6 and 37 RF respectively). As all

subclones were resistant to capivasertib, none were excluded at this stage.

Cross resistance to mMTORCL1 inhibitors was also investiuetied 254Rp subclones.
Figure 4.3 shows that although all subclones exhibited a greatevablie than PAR

for the allosteric MTORCL1 inhibitor, everolimus (RADOO1; >2 RF), none were
a0l GAaGAOrEt e AAIYATFAOL YO | OQignNdRaAlyed o 2
lines treated with everolimus was very high. The response to mTORC inhibitors
across the 254Rp subclones was varigB4Rp exhibited 4.9 RF, therefore the
resistance of 254R (5.5 RF) wasimiliar. 254RB and E observed the greatest
redstance (1113 RF) and the rest of the subclones were less resistant than 254Rp
(2.53.5 RF).

Most subclones were significantly resistant to the mTOR kinase inhibitor vistusertib
(AZD20144.35.8 RH, with levels similar to 254Rp (6.7 RF) except 254Rd J (3.6
and 3.0 RFespectively).
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Figure4.2 ¢ Determination of resistance of A278B54Rp subclones to CCT129254 aagivasertib.

(A) Representative dose response curves for CCT129254 (left) or capivasertib (right), f8y;, BH4R

D, E (top), F, H, J and K (bottom). A2780 PAR, 254Rp (800 cells per well) and 254Rp subclones (3200
cells were well) were plated and after 4®urs treated with serially diluted concentrations of drug

for 96 hours and surviving cells were determined by SRB growth assay. Dose response curves
generated and halfmaximal growth inhibition concentrations @l were calculated using GraphPad
Prism 6. Data points present mean = SD of three technical replicates. The broken threYoaxis
indicates the points on the curves where growth was inhibited by 50%)(Ghta representative of
XUKNBS AYyRSLISYRSYy (i SE LiSchiertGtonsan redistahce factoys(RFNGD
CCT129254 and capivasertib in A2780 PAR and resistant aglisal@®s presented as mean + SD of
Gho@l f dz8a4 FNBY XGKNBS AyYRSLISYRSYy( SELISNAYSYy(Ga® ws.
0 KNBS A yerprindénys Rrifliyidual independent RF values calculated as the ratio of 245R(X)

Ghoto PARGHP {GFdA&adAOaY ! yLIANBR ( GS&aid éialuks, 2 St OKQ
*p<0.05, **p<0.01, ***p<0.001, N.S = negignificant.
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Figure4.3 ¢ Determination of resistance of A278254Rp cells to mTORC inhibitors.

(A) Representative dose response curvesfarolimus (left) and vistusertib (right), for 254RKB, D,

4. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp subclones

E (top), F, H, J and K (bottom). SRB growth assay was performed and generation of dose response

OdzNB S a

a

RSaONAROGSR

Ay CA3IdzNB

noH P

51 4

NI LINB & S

Summay of Géo concentrations and resistance factors (RF) to everolimus and vistusertib in A2780
PAR, 254Rp and 254Rp subclones, analysed and formatted as described in Figure 4.2.
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Figure 4.4A shows a summary of RF values presented in Figures 4.2 and 4.3.
Resistance to capivasertib was greater than CCT129254 in all resistant cell lines.
Similarly to 254Rp, the RF values for mosthef subclones for both AKT inhibitors

were greater than either of the mTORC inhibitors, everolimus or vistusertib. Most of

the 254Rp subclones exhibited a greater RF value to vistusertib than everolimus.

The exceptions were 254R and E, by which resistato everolimus was greater

than vistusertib and greater than (2548 or equal (254B) to CCT129254.

Il OO2NRAY3 (G2 GKS 2StO0OKQa (& G(SBoOEwEAIGKSN
statistically significant. Taken together, the crossistance profés can be divided

into two groups: 1) high everolimus resistance (28lRnd E) and 2) and low

everolimus resistance (254K D, F, H, J and K).

Figure 4.4B shows for all 254R subclones, the baseline signalling of the PAM
pathway downstream of mMTORC1. Compared with PAR, the phosphorylation of
threonine 389 (T389) on p70S6K was increased in every subclone, although none
exhibited as great an increasas 254Rp. Phosphorylation at serine$ 2B8d 236
(S235/6) on S6RP were equal to PAR in all subclones exceptA2548 F.
Phosphorylation at threonine 37 and 46 (T37/46) on 4EBP1 was reduced compared
to PAR in all resistant lines, with 25BRE and Fxhibiting the least reduction.
254RB, E and F also exhibited the greatest total 4EBP1 expression across the

subclones.

4EBP1 phosphorylation and expressabmsest to the PAR levelas present in both
subclones with high RF value to everolimus (2B4&hd E; group 1), and low 4EBP1
phosphorylation and expression was present in nearly all subclones with lower
everolimus resistance (254R D, F, H, J and K; group 2). 2b4fs the exception

to this with high 4EBP1 but low everolimus resistaniceadition also exhibited

fibroblastic morphology and was thassigned ta third group.

Two subclones were selected for further investigation for candidate resistance
mechanisms to capivasertib. 254Rwas selected from group 1 and 25BRwas
selected from gpup 2 as these exhibited the greatest resistance to capivasertib for

each group respectively.
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Figure4.4 ¢ Screening of A278R54Rp clonesor crossresistance and baseline mTORCL1 signalling

(A) Bar chart summary representing mean and error bars as SD for RF values of A2780 254Rp and
254Rp subclonal cell lines for AKT inhibitors (green) and mTORC inhibitors (orange), taken from
Figures 4.2 ah 4.3. Individual and mean RF values, SD and statistics calculated as Figure 4.2. (B)
Western blot analysis of baseline mMTORCL1 signalling in A2780 PAR, 254Rp and 254Rp subclones. Cells
were plated at 5x19in 10cm tissue culture dishes and incubated atmal growth conditions for 72

hours. All resistant cell lines were released from CCT129254 at least one week prior to plating cells
for lysis. Lysate proteins were separated by -®BS&E, transferred to PVDF membranes and probed
with antibodies against phosprylated proteins and developed. Subsequently, blots were stripped

and reprobed with antibodies against total proteins as indicated. Superscript (e.gc’.“lﬁ(l'hdicates
phosphorylation at residues in superscript. Alghdulin was used as a loading couit
Representative of three independent experiments.
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4.2.2. Crossresistance pofiling of A2780254Rp subclone254RB and254R
D to PAM inhibitiass.

The seedingoncentrationwas optimised for the selected subclones, 28land D
in order to determine ap changes in &dand RF values influenced by suboptimal

seeding number.

Cross resistance profiling was repeated and expanded for -Bo4Rd D at the
revised 1600 cell@Figure 23) per well seedingoncentration In Figure4.5, 254RB
exhibited high crossesistance to all AFBompetitive and allosteric AKT inhibitors
tested (1040 RF). Resistance to vistusertib was comparatively low (4 RF), however
254RB exhibitedgreater than double the resistance factor to everolimus (96 RF)
than capivasertib. 254R also showed no significant resistance to-dapendent
protein synthesigCDP¥inhibitor 4EGIL (1.2 RF)compared to PAR

Crossresistance pofiling for 254RD was observed at the revised seeding
concentration in Figure 4.6. 254RD exhibited highcrossresistance to ATP
competitive inhibitors CCT129254 and capivasertib4QIRF. Interestingly, cross
resistance to the allosteric inhibitor MR206 was comparatively less (2.2 RF), but
nonethelessstatistically significant. 254R was also significlg resistant to the
MTOR kinase inhibitor vistusertib (3.3 R&j)d resistance tomTORCHhpecific
allosteric inhibitor everolimusvas greater (12 RF). Tharge standard deviation
exhibited with everolimusletermined this phenomenon statistically nesigrificant

o0 2SftOKQa G dSado

Resistance factors to CCT129254, capivasertib and vistusertib for both subclones
showed less than twaold difference between the original seedirmgncentration
(3200 cells per well; Figures 4.2 and 4.3) and the finaseewoncentration(1600

cells per well; Figures®land 46). Interestingly, although the resistance factors for
everolimus deviated largely between both seedimgpncentrations in both
subclones, this was contributed by variations forlb®AR and subclonesgValues.

This was a result of high standard deviation, which is a common phenomenon of
this drug FallahiSichaniet al., 2013) Regardless, in both calbncentrations the

subclones demonstrated a trend towards resistat@everolimus.
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Figure4.5 ¢ Summary of crossesistance profiling of A2780 254R to PAM pathway inhibitors at
revised seedingoncentrations
(A) Bar chart representing mean and error bars as SD of RF values for AKT ifgF€RL (orange)
and CDPSpink) inhibitorsin 254RB cells plated at revised seediegncentration(1600 cells per
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experiments. Individual RF values calculated as ratio of -Eb4%o to PAR Gb. Statistics as

calculated in Figure 4.2. (B) Summary ab &ncentrations and RFs to PAM inhibitors indicated in
A2780 PAR and 254Rcells (plated at 1600 cells per well); analysed and formatted as described in

Figure 4.2.
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A 254R-D

Resistance Factor

GI50 :
B Drug Target R e N

PAR 254R-D Factor
CCT129254 (uM) | AKT (ATP-competitive) | 0.84£0.25 | 8.73 £2.46 11.0%* | 4

capivasertib (M) |\ & o competitive) | 0.10+0.02 | 4.14 +3.51 406* | 4

(AZD5363)
MK-2206 (uM) AKT (allosteric) 0.25+0.11 0.52+0.19 2.19% 5
everolimus (nM) mTORC1 only NS
(RAD0O1) (substrate recruitment) 0.34+0.17 3.76 £3.04 12.4 4
vistusertib (nM) mTORC1/2 «
(AZD2014) (ATP-competitive) 13.4+£551 40.51+13.1 3.31 4

Figure 4.6 ¢ Summary of crossesistance profiling of A2780 254R at revised seeding
concentrationto PAM pathway inhibitors

(A) Bar chart representing mean and error bars as SD of RF values for AKT (green), mTORC (orange)
and CDPSpink) inhibitors in 25B-D cells plated at revised seediregncentration(1600 cells per

well). Mean RF values and SD calculated as Figure 4.6. Statistics as calculated in Figure 4.2. (B)
Summary of G concentrations and RFs to PAM inhibitors indicated in A2780 PAR aneD2&4IR

(plated at revised seedingpncentration); analysed and formatted as described in Figure 4.2.

4.2.3. Baseline PAM pathway signalling in A27884RB and254RD

Exploration othe baseline signalling of the PAM pathway was expanded in-B54R
and D to investigate signalling upnd downstream of mMTORCL1. There was little
change in baseline signalling of PAM pathway components upstream of mMTORCL1 in
254RB except for total GSK i xpréssion. However, phosphorylation of serine 473
(S473) of AKT appeared reduced in 2Bfndicative of decreased maximal activity

of AKT(Pearceet a., 2010) This correlated with a reduction in phosphorylation of
threonine 246 (T246) of PRAS40. Phosphorylation at serine 9 (S9) emiGSKg | a
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A

slightly reduced and total expression increased in 2B4BRownstream of mMTORC1,
T389 of p70S6K was incredsa both subclones, which was not due to a change in
total p70S6K. Neither subclone exhibited an increase in S6RP phosphorylation but
for both, 4EBP1 phosphorylation at T37/46 and total protein expression was

reduced.
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PAR B D | —
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Figure4.7 ¢ Analysis of baseline PAM pathway signalling in A2780 PAR and 254Rp sub@b#Bs

B and254RD cell lines.

(A) A2780 PAR, 254Rand D cells were released and plated and western blot performed on lysates
as described in Figure 4.4. GAPDH was used as a loading control. Superscript é"’@ Kidicates
signalling at phosphorylation site in superscript. Datie representative of wo independent
experiments. (B) A simplified schematic of the PAM pathway illustrating the relationship of the
components (blue), investigated in (A). Phosphorylated residues are represented as dark red (P)s,
with amino residue dfined. Black arrows and blotieaded arrows indicate phosphorylation of
target induces activation or inhibition respectively. Black dotted arrows indicate phenotypic output.

In summary, changes in baseline PAM signalling in -BoWRre downstream of
mTORC1, although GS&Ki SELINB&aairz2y gl a ¢
PAM pathway components

exhibited alterations in phosphorylation ofall

investigated except at S6RP. Taken with the crossistance profiling data from
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Figures % and 46, these data suggesthat 254RB and D exhibit two distinctly
different mechanisms of resistance. Additionally, the altered baseline signalling of
p70S6K and 4EBP1 in both 28Rwnd D may suggest that these mechanisms
converge to confer resistant mTORC1 sigmall Therefore, the signalling of
MTORCL1 substrates in response to-BH6 and everolimus &s investigated in
254RB and D compared with PAR.

4.2.4. Response oA2780PAR and 2548 to PAM inhibitors

MK-2206 was used to investigate the response to AKT inhibitiwtead of
CCT129254 or capivasertib because22K6 is an allosteric inhibitor and thus more
AKTselective (Smyth and Collins, 2009; Hirat al, 2010) This is particularly
important because both AT€mpetitive inhibitors also target p70S6K,
downstream of mTORQDavieset al, 2012; Addiest al, 2013) PAR and 254R

cells were exposed for 24 hours to a range of concentrations of drug and signalling

was analysed by western blotting.

The response of 254B to MKk2206 is shown ifrigure4.8. The phosphorylation of
{nTo 2y !Y¢ gl a dzy RR0663both BARSINd@BER Totalv > a
AKTin untreated cellswas than drugtreated cells This was likely becaugbe
antibody targting total AKTwas raised against the unphosphorylated carbexyl
terminal residues of AKT, which may overlap with S£&lsignal.co.ukand thus
have a greater affinity for nephosphorylated AKTT389 phosphorylation of
p70S6K is undetectable in PAR wd#s the baseline phosphorylation in 25BRs
considerably greater, and decreases in a ddspendent manner. Despite the
noteable increase in p70S6K phosphorylation, there was not a subsequent increase
in phosphorylation of S6RP at S235/6 or S240/4 #RAS; in contrast, the baseline

for both signals appeared reduced. T37/46 phosphorylation and total expression of
4EBP1 was reduced in 258Rcompared with PAR. Taken together, despite an
increase in p70S6K phosphorylation, mMTORC1 signalling iRB2&&R_not resistant

to MK-2206.
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4. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp subclones
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Figure4.8 ¢ PAM pathway signalling in A2780 PAR and 28lRells in response to MR206

A2780 PAR and 254Rcells were plated at 5x1n 10cm tissue culture dishes and incubated in
normal growth conditions for 72 hours. Plates were treated with a range of coratéms of MK

2206 for 24 hours prior to lysis. 254Rcells were released from CCT129254 at least one week prior
to plating. Western blot procedure used as described in Figure 4.4. Superscript (e.&.“?@KT
indicates signalling at phosphorylation sitesuperscript. GAPDH was used as a loading control. Data
are representative of three independent experimenss= short exposure; L = long exposure.

As 254RB exhibited a high RF value to the allosteric mTORCL1 inhibitor everolimus,
the effect of this drugon AKT and mTORC1 substrate signalling was also
investigated Figure4.9). AKT S473 phosphorylation was relatively unchanged in
both cell lines. The phosphorylatiof 70S6KT389)and S6RIS235/6 and S240)4
decreased with increasing concentrations of everolink. all these residues, the
signal was undetectable by 1nM in both cell lines except S235/6 of S6RP ofawhich
signal was still detectable at the highest 100nM dose in 2B4Rterestingly,a
reduction in signal at S6RP S23&/@switnessed between 0.1ral 1nMin 254RB.

The baseline phosphorylation of 4AEBFFB7/46 was less in 254R compared with
PAR Figure 4.9). In both cell lines, high neecular weight (HMW)
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4. Identification of candidate drivers of resistance to capivasertib in A2780 254Rp subclones

hyperphosphorylatedsoforms of 4EBP1 shifted to low molecular weight (LMW)
hypophosphorylated isoforms with increasing concentrations of everolimus.
However, in both cell lines, T37/46 phosphorylation of 4EBP1 was detectable in
HMW ioforms at 1nM unlike T389 of p70S6K. It was previously published that
rapalogues such as everolimus exhibit a greater affinity for inhibiting p70S6K
signalling than 4EBRThoreenet al, 2009) Therefore, 4EBP1 was not inhibited as
effectively as p70S6K by everolimus. However, despite this phenomenon neither
p70S6K nor 4EBP1 phosphorylation was more resistant to mT@RiBGition in
254RB compared with PAR. Taken together, phosphorylation of S235/6 on S6RP
was independent of mTORCL1 inhibition by everolimus in Z54R

PAR 254R-B

. I
everolimus(nM) 0 001 01 1 10 100, 0 001 0.1 1 10 100

AKT S473 * . |

AKT .—--—-—m-u—o-—"

P70S6K 7387 | s e

PTOSEK | e o o e b e e e
SGRP 5235/6 | s wm - — - —
SGRP S240/4 | - i-— -

S6RP ---—--E.--.v‘—

1
21 PN BBEET T . . -

4EBP1 BUSE/IECTILen
1
GAPDH | S w e o | e e s e

Figure4.9 ¢ PAM pathway signalling in A2780 PAR and 2HlRells in response to everolimus

A2780 PAR and 254Rcells were released and plated as described in Fig8ré>tates were treated

with a range of concentrations of everolimus for 24 hours prior to lysis. Western blot procedure used
as described in Figure 4.4. GAPDH was used as a loading control. Superscript &19. intiTates
signalling at phosphorylatiorsite in superscript. Data are representative of two independent
experiments. S = short exposure; L = long exposure
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4. ldentification of candidate drivers of resistance to capivasertib in A2780 254Rp subclones

In Figures 4.4 and &.baseline 4EBP1 expressior254RB appearedsimilar to the

level of PARhowever n Figure 47 and 49, the expression appeared notably lower
than PAR. 254B was selected in part because 4EBP1 expression was similar to
PAR, unlike the low everolimus resistant subclones such asR254Rerefore, the
expression of 4EBP1 in 25BRwas investigated. Protein samples from three
biological repeats were run in parallel and densitometric analysis performed to
quantify the levels of T37/46 phosphorylated and total 4EBP1 in both cell lines. The
relative density of the lysates, normalised tcetiGAPDH loading control showed a
statistically significant 60% reduction in the T37/46 4EBP1 signal, however, despite
a 30% reduction in 4EBP1 expression between PAR andB5#H#s was not
statistically significantBetween PAR and 254R there was &6.7% reduction in
p4EBP1:4EBP1 ratio from 0.75 to 0.45, which suggfestshe greater reduction in
p4EBP1 than 4EBP1 in 258k likely toalter the 4EBP1/elF4Btoichiometryto
favour increased 4EBP1 binding of elRfEaddition to this, densitometrianalysis

of the data in Figure Z.shows there is also a reduction in elFAE:4EBRG from

0.73 to 0.42, indicating a 42.2% reduction. This may further impact the 4EBP1/elF4E

stoichiometry to favour increased 4EBP1 binding of elF4E

In summary, 2548 exhibited some alterations in mTORC1 signalling in response to
PAM inhibitor treatment. Although 254B exhibited no resistanceo mMTORC1
signalling to MK2206, 4EBP1 phosphorylation and expression was reduced and less
functionally actie regardless of improved activity by drug action. Additionally,
254RB also observed strong S235/6 S6RP resistance to everolimus, which was not

observed with MK2206 treatment.
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Figure 4.10 ¢ Analysis of baseline 4EBP1 signalling across multiple A2780 PAR andB54R

biological repeats.

(A) Untreated samples of A2780 PAR and 2B4Red in experiments for Figures84nd 49 were
analysed by western blot as described in Figure 4.4. Samples labelled as 1, 2 and 3 represent three
separate biological repeats, plated identically on different days. GAPDH was used as a loading
control. Superscript indicates signalling at respecptesphorylation site. (B) Bar charts of relative
density of 4EBPE7/46 (left) and total 4EBP1 (right) bands from (A). Band intensities were
determined using Image J, and relative densities calculaéplisted toGAPDHoading, normalised

to PARN1 and analysed in GraphPad Prism 6. Dotted lines represent the mean of three biological

repeats for A2780 PAR or 254R O St t &
densities, *p<0.05, N.S = naignificant.
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4. ldentification of candidate drivers of resistance to capivasertib in A2780 254Rp subclones

4.2.5. Response oA2780PAR and 254 to PAM inhibitors

The response of 254B to Mk2206 was shown ifrigure4.11. MK-2206 reduced

the phosphorylation of S473 on AKT with increasing concentrations of drug,
indicative of reduced maximal activity of AKPearce et al, 2010) The
LIK2aLK2NBfFGA2Y 61+ a dzyRSGSOGlIo6fSD.6o& nd
Phosphorylation of T389 on p70S6K in PAR increased with greater concentrations of
MK-2206, whichwasnot exhibted in 254RD, nor in previous M206 treated blots

for PAR (Figures 8.and 48). In both PAR and 254R, T389 p70S6K
LIK2ALIK2NBE I GA2Y RNRLJA 0S 0 aé&éndentmeductibR mn > a
of S235/6 on S6RWasobserved in both cell lines, and péphorylation of S240/4
wasslightly greater for each dose in PAR. The bandshift from high to low molecular
weight forms of T37/46 phosphorylated 4EBP1 was observed at a lower
concentration of MK2206 in 254% o n®dp>al0 GKFYy t!w oOom>a0

p70S& and 4EBP1 phosphorylation were not resistant to AKT inhibition by MK
2206.

The effect of mMTOR&pecific inhibition (everolimus) on these targets in 283R
was also investigatedFigure 4.12). Consistent withFigure 4.7, baseline S473
phosphorylation of AKT was markedly less in 2B4€bmpared with PAR. S473 was
also slightly reduced with increasing concentrations of everolimus in PAR, but
slightly increasedni 254RD. The phosphorylation of T389 of p70S6K and S235/6
and S240/4 of S6RP decreased with increasing concentrations of everolimus. In all
of these residues, the signal was undetectable by 1nM. Baseline T37/46
phosphorylation of 4EBP1 was markedly les254RD compared with PARFigure

4.12). In both cell lines, HMW isoforms shifted to LMW isoforms with increasing
concentrations of everolimusThe short exposure (S) for PAR and long (L) for-254R
D show that this band shift begins to ocdugtween 0.1nm andlnM in both cell

lines. However, unlike with p70S6K and S6RP, T37/46 phosphorylation of W&BP1
still detectable in HMW isoforms even HdOnMfor both cell lines The bandshift at

1nM was also observed with total 4EBP1. Taken together, p70S6K and 4EBP1

phosphorylation were not resistant to mTORCL1 inhibition.
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In summary, mTORCL1 signalling was not resistant t@R06 or everolimus in
254RD cells.

PAR 254R-D
MK-2206 (1) 0O 001 01 05 1 10 : 0O 001 01 05 1 10
AKT 5473 — :—
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Figure4.11 ¢ PAM pathway signalling in A2780 PAR and 292 Rells in response to M&Z206

A2780 PAR and 254R cells were released, plated and dingated as described in Figure84.
Western blot procedure used as described in Figure 4.4. Superscript (e.g>*AKTndicates
signalling at phosphorylation site in superscript. GAPDH was used as a loading control. Data are
representative of three independent experiments. S = short exposure; L = long exposure.
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Figure4.12 ¢ PAM pathway signalling in A2780 PAR and 2892 Rells in response to everolimus

A2780 PAR and 254R cells were released, plated and dingated as described ifrigure 49.
Western blot procedure used as described Rigure 4.4. Superscript (e.g. AK?‘”% indicates
signalling at phosphorylation sit@ isuperscript. GAPDH was used as a loading control. Data are
representative of two independent experiments.
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4. ldentification of candidate drivers of resistance to capivasertib in A2780 254Rp subclones

4.3. Discussion

The primary aim of this chapter was to subclone the A2780 254Rp cell line and
further examine subclonal populations to identify candiglanechanisms driving

resistance to capivasertib.

4.3.1. Generation and screening of A27&@54Rpsubclones

The subcloning of A2780 254Rp resulted in the generation of eight clonal 254R cell
lines: 254RA, B, D, E, F, H, J and K. All of the subclones were scréaned
morphological differences, crosssistance to CCT129254, capivasertib, everolimus
and vistusertib ana¢hanges irbaseline signalling of mTORCL1 substrates to identify
subclones to take forward with distinctly different resistance mechanisms. The
subclaes revealed a diversity in cresssistance profiling and mTORCL1 signalling,

however they could be broadly categorised into three groupsgures.4).

The subclones in group 1 (258Rand E) exhibited high RF values to everolimus and
the phosphorylation and expression of 4EBP1 was similar to PAR. Group 2 subclones
(254RA, D, G, H, J and &hibited low everolimus resistance and phosphorylation
and expression of 4EBRdas reduced compared with PARBroup 3 (254 only)
exhibited low everolimus resistancdEBP1 phosphorylation and expresswas

similar to PARwnd the morphologywasmore fibroblastlike than the epithelialike

shape of PAR and other resistant cell lines.

Two subclones were selected for further investigation for candidate resistance
mechanisms to capivasertib. 254Rwas selected from group 1 and 25BRwas
selected from gpup 2 as these exhibited the greatest resistance to capivasertib for
each respective group. 254Rwould also be interesting to investigate further. An
EMT phenotype has been previously associated with resistance to AKT inhibitors
(MK-2206; Stottrup et al, 2016) and can be further explored by assessing
alterations in the levels of -Badherin, Ncadherin and vimentin. Additionally,
alterations in the signalling of mTORC1 substrates may suggest thaitiaiter in E
cadherin may be dependent on mTORCL1 signglKinget al,, 2014)
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4. ldentification of candidate drivers of resistance to capivasertib in A2780 254Rp subclones

Ultimately, the generation ofonly 8 254Rp sublones, provides a limited scope
towards the potential diversity ofcapivasertibpolyclonal resistancenechanisms
which may be present in the heterogetic 254Rp populatianAdditionally, the
similarity of subclones to allotheir categorisation into three distinct groups, may
highlight a more restated \ariety of mechanismsThe main cause of this may be
the limited dilution technique used to generateapivasertibresistant cloml
populations For this technique,the cells are required to be able to grow
independently of one another, which may not necessarilypbssiblefor every cell
in apolyclonal resistanpopulation. Therefore, not all resistance mechanisms can
be isolated in this way. This is particularly true for resistance nashes that may
have ceevolved together and form ecdependence(Burrell and Swanton, 2014)
Furthermore,the use ofresistant isogenic cell lines asodels of drug resistance
carry their own limitations altogether ashey are less capable opfroperly
representng a tumour environmenin terms ofthe influencesfrom intratumoural,
microenvironment and immune interactions on resistance generafdoDermott

et al,, 2014; Goodspeeet al., 2016; Namekawat al., 2019)

4.3.2. ldentification of candidate drivers of capivasertib resistance in 25BR

After selection, crossesistance préiling was repeated with a revised seeding
concentration 254RB cells exhibited crosesistance to all AKT inhibitors tested

(10-40 RFFigured.5) and even greater fold resistance to everolimus (96 RF).

Under AKT inhibition with MR206 Figure4.8), T389 phosphorylation of p70S6K
was 254RB was greater than PAR for each concentratsomd was likely due to the
increase in baseline phosphorylation of this residue. Interestingly, this increase did
not translate to increased or sistant phosphorylation othe p70S6Ksubstrate
S6RP (S235/6 and S240/Meverthelessthis does not necessarilyle out p70S6K
phosphorylaton of other substrates such aEF2KelF4B, PDCD4 and SKR&nhbn

and Gout, 2011)Therefore, the activity aheseshould be investigated. These data
suggest that resistance of 254Rto Mk2206 as observed iRigure4.5 does not

depend on altered signalling of mMTORC1 substrates.
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As 254RB exhibited a large foltesistance to the allosteric MTORC1 inhibitor
everolimus, the effect of this drug on AKT and mTORM&trate signalling in 254R

B was also investigatedFigure 4.9). The most notable event was S6RP
phosphorylation at S235/6. Although the sigmzas undetectable by 0.1nM in PAR,
the signal in 2548 dropped between 0.1nM anthM anddid not decrease further
with increasing concentrations of everolimus. The drop in signal between 0.1nM
and 1nM in 254H8 correlated with a complete abolition of T38p70S6K
phosphorylation, and combined with no further drop in signal, sugggatditional
S235/6 phosphorylation by an mTOR@dependent kinase, such as p90RBKux

et al, 2007) Interestingly, this resistant signalling was not atveel with Mk2206
treatment, although previous studies have shown that resistance to PAM inhibitors
associated with resistant S6RP S235/6 phosphorylation also harbour- cross
resistance to MKR206(Serraet al., 2013)

The baseline level of phosphorylation and total expression of 4EBP1 appeared
inconsistent between Figures 4.4 aAd-9 and was further investigated in Figure
4.10. Densitometric analysis of 4EBP1 skdwhat phosphorylation at T37/46 was
significantly reduced by 60% and total expression was reduced by Bok.
translated to a 36.7% reduction in pAEBP1:4EBP1 bativeen PAR and 25418,
which suggests that the 4EBP1/elFdtichiometry may be alteredto favour
increased 4EBP1 binding of elFAE0, onsidering that irdgure 47, elF4Eshowed
minimal changebetween PAR and 254 densitometric aalysis of the data
showed there was also 42.2%reduction in elF4E:4EBP1 ratwhich couldfurther
impact the 4EBP1/elF&4foichiometry to favour increased 4EBP1 binding of elF4E,
and therefore a reduction in elF4F complex assembly Gamdependent protein
synthesis Previous studies have shown that alterations of the balance of these two
proteins can lead to resistance to mTORC inhibitors (Dilling et al., 2002; AHin e
2012; Cope et al., 2014As discussed previously, 4EBP1 phosphorylation may be
linked with its degradationSimilarlyto Chapter 3, theeffect of reduced 4EBP1
phosphorylation (60%fkigure4.10) on 4EBP1 degradatioin 254RB (Yanagiyeaet

al., 2012) couldbe investigatedisinga cycloheximide halife assay.
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In summary, 2548 exhibited changem the activity of 4EBP1 and S6RP that may
be involved in driving resistance to capivasertib. These may be independent of one
another, with one or both driving resistance, or may be the result of a driver further

upstream of both.

4.3.3. ldentification of candidate drivers of capivasertib resistance in 254R

Crossresistance profiling highlighted that 254Rcells were resistant to both ATP
competitive AKT inhibitors, CCT129254 and capivasertii@1RF;Figure 4.6).
Interestingly, the RF value for the allosteric AKT inhibitor,-2286, although
statistically significant was far lower (2.2 RF). This was lower than either of the
MTORC inhikotrs tested (3.3L2.4 RF). It was therefore unsurprising that mTORC1
signalling in 254 exhibited no resistance to MXK06 Figure4.11). 254RD also
exhibited low RF to the mTOR kinase inhibitor vistusertib (3.3 RF), which indirectly
affects AKT activity through mTORC2 phosphorylation of @&&ceet al,, 2010)

As 254FD was resistant tothe ATRcompetitive inhibitos, CCT129254 and
capivasertih but less resistant to other direct or indirect forms of AKT inhibition,
this suggests that the resistance mechanism may be specific ta@mpetitive AKT
inhibitors. This can be confirmed through craessistance profiling with alternative
ATRdependent (e.gipatasertiy and independent AKT inhibitors (e.g. miltefosine
triciribine; Mundi et al,, 2016; Revathidevi and Munirajan, 2018gnsitivity to MK

2206 implies that the drug can overcome and inhibit the resistance mechanism of
capivasertib. As MR206 is a selective AKT inhibiigtiraiet al., 2010) it does not
target additional nodes thanthose alsotargeted by capivasertib Therefore the
resistance mechanisnmay affect the shared drug target, AKTnterestingly,
baseline phosphorylation of S473 of AWas reduced in 254D (Figure 4),
indicative of a reduction in AKT activ(iyearceet al., 2010) suggesting that 254R

may be less dependent on AKT signallDgspite this reductionit would be useful

to investigate whether this and AKSlibstrateresidues suchas SOGSK | YR ¢Hnc
PRAS40 are resistant to capivasertib, to indicate resistant activity of AKT. This may
also be supplemented with am vitro kinase assay. Previous studies have shown

that mutations in AKT can lead to AKT inhibitor resistaj@aptenet al, 2007)
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therefore sequencing of all three isoforms in PAR and ZB4Ray identify a

mutation causing resistance to capivasertib.

Alternatively, esistance maye the result of a bypass mechanism from alterations

of other AGC kinases targeted by capivasertib and CCT129254, such as p70S6K or
PKA, which drive the same oncogenic outfiddvieset al., 2009; Addieet al.,, 2013;
Konieczkowsket al., 2018) As S6RPphosplorylation wasunchanged in 254B, at
baseline or with MKR206 or everolimus drug treatment, thisiggess alterations of
p70S6K functiomay be lesdikely, however it has yet to be investigated whether

S6RP phosphorylatiors resistant tocapivasertib.

In summary, the data presented in this chapter suggest that A2780-B5dRd D
exhibit two distinct phenotypes which were likely to correlate with two distinct
resistant mechanisms. This would confirm that resistance to capivasertib in the
original A2780 24Rp cell line was polyclonal, however this does not give insight
into the respective proportions of different resistant populations within 254Rp. The
following chapters will further investigate resistance mechanisms to capivasertib in
254RB. The candidas identified in this chapteralterations in4EBP1 and S6RP
both converge functionallyfo increasecap-dependent protein synthesis(CDP¥
Chapter 5 aims to explore the role GDP$ theresistance phenotype and Chapter

6 investigates the above candidates further.
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Investigating ep-dependentprotein
synthesisas a resistance phenotype in
A2780 2548
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5. Capdependent protein synthesis as a resistance
phenotype in A2780 2548

5.1. Introduction

Protein synthesiss one of the most energy nsumingprocesses of the cell, and
when uncontrolled it can be highly advantageous for oncogenesis, promoting
aberrant cell gowth and proliferation. This highlights the importance of the high
level of regulation overseeingrotein synthesis(Nandagopal and Roux, 2015)
There are two main methods: cafependent CDPHand capindependent (IRES
mediated CIP¥ protein synthesis The former is dominant under normal growth
conditions, however in times of stress and low nutrien®)PSs reduced to
conserve cellular energy and IRB8&diated protein synthesisncreaseqQinet al,

2016)

CDPSequires the MGOF LI G GKS pQ GSNX¥YAydza 27F Ywl
involving a concerted effort of a number of eukangotnitiation factors (elFs) as

illustrated inFigure5.1. The mMRNA cap is recognised by the-lompling protein,

elF4E, through binding with the scaffold protein elR¥@h der Haaret al, 2000;

Youtaniet al., 2000) elF4E, elF4G and the RN&licase, elF4A, together form the
heterotrimeric elF4F complex. 4EBP1 inhibits elF4F assembly by binding and
sequestration of elF4B-igure 5.1; Gingraset al, 2001; Nandagopal and Roux,

2015)

The elF4F complex when assembled patiate CDPSelF4G interacts with several
translationfactors, including elF3 within the piritiation complex (PIC) in order to
bridge the S6RBound 40S ribosomal subunit to the mRN &ingraset al,, 2001;
Klannet al., 2004) Subsequently, elF4A can unwind secondary structures within the
p QTR of the mRNA and allow the ribosomal scanning for the AUG start codon
(Figure5.1). When the start codon is established, the initiation factors dissociate
and allow recruitment of the 60S ribosomal subunit, forming a translation
competent 80S ribosome that can begin polypeptide chain synthesis, termed

translation elongatior{Gingraset al,, 2001; Nandagopal and Roux, 2Q15)
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Figure 5.1 ¢ Simplified schematic of the role of 4EBP1 and S6RP in-deggendent protein
synthesis

When 4EBP1 is hypophosphorylated (yellow), it can bindni sequester the mRNA céinding

protein, elFAE (4E). 4EBP1 becomes inactivated (grey) through phosphorylation of several residues
and cannot bind with elF4E. elF4E brings the mRNA to the scaffold protein elF4G (4G), and with
elF4A (4A) form the elF4Htiation complex. This allows subsequent recruitment of the-imigation

complex (PIC) for ribosomal docking. S6RP is bound to the 40S ribosomal subunit. 1 = elF1; 1A =
elF1A; 2 = elF2; 3 = elF3; 5 = elF5; 40S = 40S ribosomal subunit; P = phosphesidatesi tRNA

(yellow on elF2). Black line with black and grey circle represents mRNA transcript ‘@tlcam.
lllustration based upon information frolRenJang, (2010

The restricted availability of elF4E makes this initiation factor a-lnai¢ing
component of the elF4F cqutex. The quantity of elF4E that can bind with elF4G is
regulated by sequestration by elFbiding proteins (4EBPs). When 4EBP1 is in a
hypophosphorylated state, it strongly binds with elF4E and sequesters its ability to

158



5. Capdependent proteinsynthesisas a resistance phenotype in A2780 28BIR

interact with elF4G. When hyperpsphorylated, 4EBP1 becomes inactiaed
allows theformation of the elF4F complex (Nandagopal 2016; Gingras 2000R
is the main and best studied kinase of 4EBMich target the residues T37 and
T46 (Nandagopal 2016; Qin; Gingr&hosphorylation obther less studied 4EBP1
residues may be phosphorylated BSko i =~ LJo y a 'PtMY,ATMSndYCBK1
(Gingraset al., 2001; Roux and Topisirovic, 2018)

CDPSis the convergence point of both PISK/AKT/mTOR (PAM) and M#ogen
Activated Potein Kinase (MAPK) pathways, and thus it is unsurprising that
components ofCDPSare often altered and drive resistance to inhibitors of both
pathways(Dillinget al, 2002; Nina lliet al, 2011; Alairet al., 2012; Boussemasit

al., 2014; Copeet al,, 2014) Oncogenic alterations of such components often lead
to increased CDPS and therefore either increased global cell growth and
proliferation, or increased translation of selective oncogenic mR{&wgraset al,,
2001; Qiret al,, 2016).

{ SOSNIf Ywb! (GNIyaONRLIGa O2yidlAy f2y13
dependent on elF4A helicase activity in unwinding the structure in order to allow
for effective ribosomal scanning. As elF4A activity is dependent on elF4E availability
for assembling the elF4F complex, these mRNAs are teraiEdEsensitive This
regulation is commonly found on mMRNA transcripts encoding for poattbgenes

such as many growth factors, cytokines, protein kinases, transcription factors,
polyamine biosynthes proteins and cell cycle regulatoSiqure5.2; Polunovsky

and Bitterman, 2002; Nandagopal and Roux, 2016.eQal., 2016)

In Chapter 4, resistant subclones of A27Z282IRp were investigated for resistance
mechanisms to capivasertib (AZD5363). 2B4BRxhibited resistance to AKT and
mMTORCL1 inhibitors, but not to the elFedmplexassembly inhibitor4dEGI1. This in
combination with reduced 4EBP1 expression amtteasedS6RP phosphorylation
indicate that the resistance mechanism may convergeC&tPSas a resistance
phenotype in 254H8. The aim of this chapter is to determine wheteDPSIs

altered in254RB and investigate the implications of phenotype.
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Long, structured 5’UTRs

.f&j’; a—» poor translation

5’UTR
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e.g. cyclin D1
c-myc

e,g;ﬂ'[,ﬂ +4+ 444 *** eIF4E insensitive

MRNA TRANSLATION

Figure 5.2 ¢ Simplified schematic of protein synthesis of elF4Esensitive mMRNA transcripts.

Illustrations based and adapted froRoux and Topisirovic, (2012) and Leppek et al., (2GA3)The

O2YLX SEAGE 2F (KS aS02yRINE &l NHzO-degmmdentg@oreini KS p Q!
synthesis The greater the complexity, the greater the requirement for elF4F complex helicase
activity, which isdependent on availability of elF4fthus termed elF4Eensitive transcripts. 4A =

elF4A; 4E = elF4E; 4G = elF4G. Black line with black and grey circle represents mRNA transcript with
m’G cap. (B) Thdranslational activity of elF4Ensensitve mRNAs (top row) are marginally

influenced by the changes in elF4E availability, whereas aditive mRNAs (bottom row) in

contrast are strongly influenced by elF4E availability.
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5.2. Results

5.2.1. Dynamics of 4EBP1 and elF4G binding to elF4R2i80PAR ad 254R

B cells

In Chapter 4, a reduction in 4EBP1 phosphorylation and expression alongside
sensitivity to elF4AEomplexassembly inhibitor4EGI1 suggested that the resistance
mechanism may directly or indirectly involve 4EBP1. As the best studied role of
4EBP1 is its binding and sequestration of mMRNAbaaging initiation factor elF4E
(Gingraset al,, 2001; Nandagopal and Roux, 2Q15)s interaction was investigated

by 7-methybGTP (MGTP) pull down assay determine if the functional activity of
4EBP1 hdichanged in 25418.

PAR and 254R cell lines were treated for 24 hours with PAM inhibitors. All of the
drugs tested inhibid the activity of mTORC1, directly or indirectly, and therefore
decrease the posphorylation of 4EBP1 at T37/4énhd theoretically increase 4EBP1
elF4E bindingUsing agarosbound niGTP, acting as a mimetic of the mRNA cap,
elF4E was isolated from nalenatured cell lysates, along witlis associated
proteins, as illustrated in Figure5.3. These were analysed by western blot. The
concentrations used for treatment corresponded with the haliximal growth
inhibition concentrations (Gd) for PAR (low concentration) and 25BR(hgh
concentration) in each case respectively. In all of the pull dowkggure5.4, 4EBP1
was observed as a single band rather than multiple dsanas only the
hypophosphorylated isoform of 4EBP1 can bind with elEdg(aset al., 2001)).
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Figure5.3 ¢ Schematicof the m’GTP pull down assay
Schematic based upon information fromww.thermofisher.com Agarose beads (light grey circle)
bound with MGTP (black circle) were used to isolate elF4E (4E) from cell lysate, and associated
proteins were analysed by western blot. In the absence of ambitani(bottom left), some 4EBP1 will

be phosphorylated and unable to bind with elF-4ikerefore facilitating elF4EIFAG bindingin the
presence of an inhibitor (MB206, capivasertib, everolimus or vistusertib), phosphorylation of
4EBP1 will be reducedhd thus more 4EBP1 can actively bind with elF4E, and thus greater levels of
elF4E found bound to 4EBP1 and less to elF4G. 4A = elF4A; 4G = ellsfeciomproteins in cell

lysate are represented as blue ovals.

The proteins associated with elF4E wérst examined with treatment of Mi2206

(Figure5.4A). This was used to investigate the response to AKT inhibition alone

because MK2206 is an allosteric inhibitor and thus more Ad€lective(Smyth and

Collins, 2009; Hiraet al,

2010) Figure5.4A shows that the baseline binding of

4EBP1 to elF4E appedrto bereduced in 2548 compared with PAR. The level of

4EBP1 binding with elF4E increases with-2286 in both cell lines, howevam

averagethe increase in 4EBP1 bindimgsmuch greater in PARG6 fold)than 254R
B (4 fold; Figure 5.A). elFAG bindingvasdramatically reduceds A (i K
in PARby 57%) comparetb on average 17% reduction in 258 Figure 5.5B)

n-2286 ayY

With increasing concentrations of capivasertfigures 5.4&nd 5.5, the level of

4EBP1 isolated with elF4E alswreased in PAR6.5 fold) and a concomitant

162



5. Capdependent proteinsynthesisas a resistance phenotype in A2780 28BIR

reduction in elF4G sign&B9%)was observed. Similarly to MX06, despite the

increase in 4EBP1 binding with increased capivasertib, in-B54its increase was

y2i (2 GKS &l (3.5foldds wikhessed ih BARMCersequently, 2B4R

exhibited only a 2.9% reduction 'SLCnD O6AYRAY3 0S®6SSY |

capivasertib

In Figure5.4C, a similar result was also witnessed with treatment of the mTORC
inhibitors, everolimus and vistusertib. With increasing concentrations of drug, there
was an increase in 4EBP1 binding with4&lRn PAReverolimus 7.7 fold and
vistusertib 6.2 fold)Concomitantlyboth drugsalso exhibited a reduction in elF4G
binding in PAR(66.3% and 39% respectivelyJomparatively in 254R, 4EBP1
binding to elF4E increased with drug concentration, however, these were not
observed to the same extent as in P&Rth 4.5 fold) elF4GelF4Ebinding was
reducedby 30% for both drugs in 254Rbetwesn the maximum concentration and
DMSO control.Taken together, the binding of 4EBP1 to elkvds overall less
responsive to 4EBP1 phosphorylation inhibition in 2B4¥ersus PAR.
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Figure 5.4 ¢ Dynamics of 4EBP1 and elF4G bindinget64E under PAM inhibitor treatment in
A2780 PAR and 254R cells

Cells were plated at 5x2@ 10cm tissue culture dishes and incubated at normal growth conditions
for 72 hours. Cells were treated with (A) ARO06, (B) capivasertib, (C) R2R06 (M; uM),
everolimus (E; nM) or vistusertib (V; nM) at PAR,@b4RB Gio concentrations or DMSOnly (D; 0

UM), 24 hours prior to lysis in nesenaturing lysis buffer. 250ug protein was incubated withGTP
bound agarose beads for 24 hours to isolate elF4E ardlEbbund proteins. Beads were washed
and proteins denatured in sample buffer at®€Dto minimise melting of beads. Behdund lysate
proteins were separated by SIPAGE, transferred to PVDF membranes and probed with antibodies
against total proteins and®$I@St 2 LISR® wSLINBaSydl G6AGS 2F x (g2
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Figure5.5 ¢ Quantitative analysis of the gnamics of 4EBP1 and elF4G binding to elF4E under PAM

inhibitor treatment in A2780 PARNd 254RB cells

The relative induction of 4EBP1 or elF4G binding to elfdEPAM inhibitor treatmentPull down

western blots agrigure 5.4 were quantified using densitometdEBP1 or elF4Gahd intensities

were determined using Image adjusted to elF4Eloading and analysedn Microsoft Excel (A)

Induction was calculateds the fold difference between the adjusted area band intensity of 4BEBP1

DMSO control versus the maximum drug concatitm per drug (B) % Reduction was calculated as

the % difference between the adjusted area band intensityeldf4Gin DMSO control versus the

maximum drug concentration per drugverage otk 62 AYRSLISY RSy SELISNRYSy

5.2.2. Investigation of capdependent protein synthesisin A2780PAR and
254RB cells

Alterations in the ratio of 4EBP1 or elF4G binding with elF4E may suggest that cap
dependentprotein synthesiswas altered in 254#8. Theduakluciferase reporter

assay (DLRA) is a method by which @i2PS®an be investigatethetween the two
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cell lines This method involves transfection of a bicistronic luciferase construct, and

thus the method of transfection irhese cell lines required optimisation.

Relative CDPScan be measured as a ratio of Gappendent CDPY) to Cap
Independent, IREediatedprotein synthesigCIP$ By transfecting the bicistronic
PREIRES-L plasmid (kindly gifted by Dr. Simon Cook; Babraham Institute,
Cambridge) CDPSand CIPSwere quantified within A2780 PAR and 258Rcells.
Figure5.6A shows the pRIRES-L plasmid contains two luciferase genBgnilla
and firefly luciferases, separated by the poliovirus internal ribosome entry site
(IRESLi et al., 2002; Copeet al., 2014) Expression oRenillaluciferase protein is
indicative of CDPSwhereas firefly luciferase expression is regulatedObyS The
level of luciferase expressios proportionate to the luciferase intensity which can
be quantified using the DLRA. TRenillaluciferase intensity can be divided by the
firefly luciferase signal to calculate the relat@®P $atio (Figure5.6B).

2 AT BlOIOAQQQVDE Qo

YQa 60 O Y s o o0 0B Qo

In Figure 56C, Renillaexpression was on averag@e0% greater in 254R than PAR
and firefly luciferase was reduced B$%. This suggests th@DPSvasincreased in
254RB and CIPSwas reduced, which overall resulted in a greater increase in
relative CDPS254RB exhibited a gold increase in relativ€DP$han PARKigure
5.6D).

166



5. Capdependent proteinsynthesisas a resistance phenotype in A2780 28BIR

IRES
(Polio virus)

— —>

@- Renilla Firefly

RATI
B (o)

RL RL FL

PAR RL 3:2

FL

RL RL
FL 7:2
254R-B RL
RLSSRL 1 CDPT
FL
RL RL
Luciferase Intensity D Relative Cap-dependent Translation
10000 4 15+
2 3 RrL =
? 80004 -|- : FL E
2 o 104
2 60004 =
= L3
z 40001 _|_ EI% 5
—_ ]
: £
S 2000 g
- 0 T L 1 0-
& b W 4
Q qjovq‘ R .-lf:’bg.

Figure 5.6 ¢ Determination of relative levels ofcap-dependent and IRE8ependent protein
synthesisin A2780 PAR and 254 cell lines.

(A) Schematic of pPRRES-L plasmid, based upon information frdret al., (2002 Renilla luciferase
expression is controlled by cafependentprotein synthesiswhereas firefly luciferase expression is
under the control of a poliwiral internal ribosome entry site (IRES). (B) Luciferase signal correlates
with luciferase expression. Relati@DPSwvas calculated as the ratio of Renilla luciferase signal to
firefly luciferase signal in PAR and 28lReparately. RL = Renilla luciferase; FL = firefly lucif¢fase
and D)Cells were plated at 3x¥@ells per well in a-8vell plate, 24 hours prior to transfection. 2.5ug

of RNAse free water (mock), pRRESH or pcDNASFRTeGFP (eGFP) was complexed with Tdns
LT1 transfection reagent at 3ul:1pg lipid:DNA rakioy R F RRSR (G2 OStta I a
instructions. 48 hours pogtansfection, cells werdysed, protein concentration maalised and light
emitted was measured for Renilla luciferase @idfirefly luciferase Average of three independent
experiments. Analysis performed using Graphpad PrisnO6Bé&r graph depicting the luciferase
signal intensités for Renilla and firefly luciferas@) Bar graph depicting the ratio of Renilla:firefly
luciferase signals calculated by division of Renilla by firefly tasiéesignals for each cell line, and
normalised to PAR.
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5.2.3. Investigation of globaprotein synthesisn A2780PAR an®54R-B cells

The increase ICDP®bserved in 2548, may increase global protein synthesis in
the resistant cell line and so this was investigated using polysome profiling.
Polysome profiling is a method to quantify altergaotein synhesis via the
assumption that mRNA with more ribosomes bound will have greater translational
activity. Therefore, cells with more actively translated mRNA (polysomes) exhibit
increased global protein synthesis. This can be measured as relative polysdme an

sub-polysome percentage@Varneret al,, 1963)

PAR and 254R cells were grown overnight and lysed usaygloheximide(CHX)
containing nordenaturing lysis buffer. CHX is an inhibitor of the elongation step of
protein synthesis thus immobilising ribosomes on mMRNA and preserving their
location at the time of drug exposuré€ingolia, 201Q) Cleared lysates were
ultracentrifuged through a 180% sucrose density to separate free RNA, free
ribosomes and poorly translated mRNAs (abysomes) into lighter fractions and
actively translated mRNAs (polysomes) ihavier sucrose fractiongigure5.7A;
Gingraset al,, 2001) The optical density of these fractions was measured at 254nm
to produce traces as irFigure 5.7B, with an identifiable small peak for sub
polysomes (80S) and a larger sdie curve for polysomes. The area under the
curves were calculated as a percentage of the total area under botipslysome

and polysome curves and are presentadrigure5.7C.

254RB exhibited a slight decrease in the percentage (13.4%) of the total ribosomes
bound as sulpolysomesthan PAR (16.1%).0@sequently, polysome percentages
were marginally increased (86.6% and 83.9% respectively). As these changes in in
Figure5.7C,were minimal and statistically insignificant, it was concluded that there

was no increase in globpiotein synthesis
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Figureb5.7 ¢ Investigation ofglobal protein synthesisn A2780 PAR and 254Rcell lines

PAR and 254R cell lines were plated at 15X€ells in T175 flasks andcinbated in normal growth
conditions for 24 hours. Cells were subsequently lysed in polysome profilingderaturing
polysome profiling lysis buffer, and ultcntrifuged through a 180% sucrose gradient in
polyallomer tubes. The centrifugation separatitse RNA and ribosomal subunits, spdlysomes

and polysomes by weight as illustrated by (A), adapted fkapeli and Yeo, (2012and Godfreyet

al., (2017) Absorbance of sucrose gradient fractions were analysed at 254nm to produce a trace
such as example in (B), representative of three independent experiments. Increased absorbance
correlates with increased levels of the relevant mRNA in the analysed fiag¢t@)Bar graph of
average polysomand subpolysomepercentagesThe area under the polysome asdb-polysome
curves were calculated in Microsoft Ex2éll6and analysed as a percentage of the total area under
subpolysome and polysome peak&veragefrom three independent experiments.
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