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Abstract

Rhabdomyosarcoma (RMS) forms in skeletal muscle and is the most common soft tissue sarcoma in
children and adolescents. Current treatmenagsociated with debilitating side effects and treatment
outcomes for patients with metastatic disease are dismal. Other than a need for alternative and more
effective therapies hiere is also a growing appreciation for the need to understand the molecular
underpinnings of RMS with the aim of identifying, in part, novel targets to develop highly specific and
effective treatments with negligible adverse effects. The aim of this study was to identify novel drugs
for the treatment of the two major RMS subtypéeg alveolar ARM$ and embryonalERM$RMS and

to do so it adopted a twgronged approach. Firstly, a novel binuclear palladacycldy, Adas
investigated for its antcancer activity and its mechanism(s) of action in RMS cells. The second
approach involed a targetbased drug repurposing strategy where a library of fpgroved drugs

was screened to identify leads that were able to negatively regulate the oncogenic TBX2 and TBX3

transcription factors that are known drivers of RMS.

The binuclear palladacle, Adb, was recently shown to exert potent cytotoxicity in melanoma and

breast cancer and to present with negligible adverse effects in mice. To investigate tltaacer

activity of A®B in RMS cells, MTT assays were firstly perform&RMSNdARMSE & ¢St f Fa Wy?2
cells. IG@ f dz§a RSGSN¥YAYSR FNBY (KS&S SELISNARAYSyla &Kz
a favourable selectivity index of > 2. Clonogenic and migration assays showed-thatwalted the

ability of RMS cells to surviaand migrate respectively. Western blotting revealed thabAdduced

f SgSta 2F 1S@& 5b! RI Yl 3ATMMNE QL)Y aadEthe IpBEBARK styeds 6+ | H
pathway. This correlated with an upregulation of p21 and ac@l cycle arrest. AnnexingV
FITC/propidium iodide staining revealed that-BJinduced apoptotic and necrotic cell death.
Apoptosis was confirmed by the detection of cleaved PARP and increased levels and activity of cleaved
caspases, -7, -8 and-9. Increased levels afecroptotic markers gRIP3 and {LKLand inhibition of

necroptosis withecrostatinl with a corresponding significant increase in cell vialditggests that

AJ5 is also capable of triggering a form of programmed necrdsisthermore, AJb reduced

autophagic flux as shown by reduced LC3II accumulation in the presemadilomycin Al, and a

significant reduction in autophagosome flixPharmacokinetic studies in mice show thatSAdas a

promising haHife and that its volume of distribution is higlts clearance low and its intraperitoneal
absorption is good. With the intention of improving the dilge properties of A3, specifically its

water solubility, a derivative of &) BTC2was synthesised and identified to disptaymparableanti-
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cance activity againsERM&ind ARMSells. Together these findings suggest thabfAhd BTC2 may
be effective chemotherapeutics with a desirable and novel mechanism of action for treating drug

resistant and advanced RMS.

The highly homologous-Gox transciption factors TBX2 and TBX3 have both been implicated as key
drivers of RMS and they have been identified as novel therapeutic targets for the treatment of this
sarcoma subtype. Indeed, TBX2 or TBX3 overexpression in normal myoblasts inhibits muscle
differentiation and overexpression and kned&wn cell culture and mouse models show that RMS
cells are addicted to them for their cancer phenotype. However, targeting transcription factors is
notoriously challenging because unlike enzymes they do not haadytiatactivity and deep binding
pockets to which small molecule inhibitors can be designed which is further exacerbated by the length
of time and costs associated with de novo drug development. Therefore, this study adopted a novel
strategy to circumventhese challenges by combining a drug repurposing with a targeted approach to
TBX2/3. Briefly, a high throughput ebdsed immunofluorescence screen was designed and
conducted to identify FDApproved drugs that could negatively regulate TBX2 and/or TBX8ip

levels or nuclear localisation. Cells were engineered to express induced exogéd®agged TBX2

and TBX3 using a F@n system and they were screened with the Pharmakon 180§ library at a
O2yOSYUNY GA2Y 27F wmn x as®resdhdiadofigst théss, NilosagmiI& girdctoreA S R
olamine and pyrvinium pamoate were validated to be potent inhibitors of TBX2/3 and were shown to
display anticancer activity ifrRMS. These drugs have the potential to be repurposed for the treatment

of RMS ad other TBX2/3 driven cancers either as single agents or in combination with currently used

chemotherapeutics.
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CHAPTER 1

Literature Review

1.1 Introduction

Cancer is a large group of complex diseases consisting of over 200 different types named
according to their tissue type of origin and can be broadly classified as carcinoma, sarcoma,
melanoma, lymphoma anttukaemia In an eveiageing society the cancer ten is rising
globally exerting significant strain on populations and healthcare systems worldwide. In 2010
cancer was estimated to cost the world $2.5 trillion calculated from the direct costs related
to the prevention and treatment of the disease withet added longerm costs to patients

and their families(Soerjomataram et al., 2012)]he World Health Organization (WHO)
predicted 18.1 million new cancer casgobally for 2018 and this number is expected to
double by 2035WHO ato predicted9.6 million cancer deaths globalfgr 2018 which
translatesto 1 in 6 cancer related deaths. This excett@snumber of deaths from HIV/AIDS,
malaria and tuberculosis combined. Of concern are reportsbét of cancer related deaths
occur in low-income and middleincome countries(Prager et al., 2018)Depite the
advancements of almost half a century of oncology research, cancer continues to present a
serious health problem due to late diagnosis, lack of advanced diagnostic modalities and

ineffective cancer therapie@rruebo et al., 2011)

1.2 Sarcoma

Sarcomas areaggressive highly diverse mesenchymal malignancies of the bondagayti

muscle, peripheral nerveand adipose or fibrous connective tissueq | dzo A 1 g 5Q!F
2007) Approximately 80% of these tumours are classified as soft tissue sarcomas and 20% as
bone sarcomagHui, 2016) Sarcomas account for aggpimately 1% of all cancers in adults,

8% in adolescents and 10% in child(@mankwah, Conley, & Reed, 201Bhey contribute

to a considerable loss of years otlih comparison to other cancers ghey affect mainly

children, adolescents and young adults. Historically, sarcomas have been classified based on

the tissue type they resemblaut more recently, classifications have been revised to include
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molecular featires and genetic profiled-rancis et al., 2007; Helman & Meltzer, 2003; Jain,
Xu, Prieto, & Lee, 2010From a molecular point of view, sarcomas may be broadly classified
into two types: (I) sarcomas with simple karyotypes characterised by chromosomal
translocations or specific mutations and (ll) sarcomas with complex aneuploidy karyotypes,
consisting of numerous losses, gains and amplificati@ssina & de Alava, 2009/hile the

vast majority of sarcomas fall in the complex karyotype subgroomcximatelyonly 15-20%

fall within the simple karyotype subgroufMatushansky et al., 2005; Oda & Tsuneyoshi,
2009) Although the ultimate cells of origin of sarcoma subtypes remain unclear, there is
increasng evidence that they arise de novo from mesenchymal pluripotent stem (tgks
Nordin, Vidyadaran, & Thilakavathy, 2016; Xiao et al., 2048)extension of this theory
would be that alteration(s) in mesenchymal stem cell genetics can give rise to several
sarcomas including®i S2al NO2YIl X 9gAy3IQa &l ND2YII &ey?

rhabdomyosarcoma, fibrosarcoma and liposarcqieicher, 2012(Fig.1.1).

While localised sarcoma tumours can be effectively treated with surgery in combination with
pre- or postoperative therapies, metastatic tumours are poorly responsive to chemotherapy
and radiation. This is particularly problematic because metastases atamethird of all
patients and approximately 20% of sarcomas refidui, 2016) The problem is further
exacerbated by the fact that more than 100 histological sarcoma subtypes have been
identified and they all vary in pathologgnolecular characteristics, clinical presentation and
response to treatmend 5 Q! R | Y 2 /& majornchialiehge in sarcoma research has thus
been to identify the molecular mechanisms umpiening saromawith the goal to identify
novel subtypespecific diagnostic markers and treatment strategipemicco, Maki, Lev, &

Lazar, 2012; Heymann & Rédini, 2013; Teicher, 2012)

1.3 Rhabdomyosarcoma

Rhabdomyosarcoma (RMS) is an aggressive cancer of the skeletal muscle and is the most
common soft tissue sarcoma that affects children and adolescents. Globally, it accounts for
3% of childhood cancers and 2% of adolescent cancers and it has an anmiglde®f 4.4

4.5 cases per milliofPerez et al., 2011; Ward, DeSantis, Robbiok|e & Jemal, 2014)

Approximately 350 new cases are diagnosed in individuals younger than 20 years of age each
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Fig. 1.1 Schematic showing the pluripotency of mesenchymal stem c&lesenchymal stem cells
reside in all tissues and can differentiate into a number of cell types as indicated. When chromosomal
translocations or complex genetic alterations occur, mesenchyimia sells can transform into a
range of sarcomadapted from Teicher 2012)

year in the United State@-errari et al., 2011)This soft tissue sarcoma commonly originates
from skeletal mude progenitor cells, however, there is evidence that they can also originate
from nonskeletal muscle precursor@braham et al., 2014; Hat} et al., 2012) RMS is
classified into two main subtypes viz embryonal (ERMS) and alveolar (ARMS) and they exhibit
different histological, molecular and pathological characteristics. ERMS predominantly affects
infants and children comprising approxitey 67% of RMS cases with common sites of
tumourigenesis including the head, neck and genitourinary system. ARMS, occurs primarily in
adolescents and young adults and accounts for approximately 30% of RMS cases with arms
and legs often being sites of prary diseas€Perez et al., 2011; Wachtel et al., 2006; Ward et

al., 2014) ERMS is commonly localised and thus associated with a more favourable prognosis
while ARMS is more often aggrasswith a greater risk of recurrence and metastasis and is
thus associated with a poorer progno$iBunyko et al., 2005More recently, the WHO has

also recognized two more rare RMS subtypes viz pleomorphic RMS and spindle cell/sclerosing
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RMS. Whereas pleamnphic RMS is a morphological variant of RMS that typically occurs in
adults, the spindle cell/sclerosing RMS variant is seen in children. Similar to ERMS, unifying
molecular genetic aberrations in pleomorphic RMS are not yet clear. Spindle cell/sclerosing
RMS tumours arise in the head and/or neck region and seem to be more likely to carry specific
somatic mutations and have a poorer prognd$tsidzinski et al., 2015pue to the focus of

this thesis, the following section will only describe information related to ARMS and ERMS.

1.3.1 RMS risk factors

It has been challenging to define risk factors in RMS as it is a rare cancer type with a relatively
low incidence rate. However, there is evidence in the literature to suggest that genetic
susceptibility and environmental factors play a part in RMS devedop(Skapek et al., 2019)

Few studies have characterised the role of germline BiWfationson disease sueptibility,

but somatic mutations that predispose children and adolescents to RMS have been identified

through wholeexome and wholeggenome sequencin(Seki et al., 2015)

Numerous studies have reported that children with certain genesordiers are more likely

to develop RMS compared to their unaffected peers. Syndromes that are most commonly
associated with ERMS include;Rriaumeni syndrome (germline mutation of the tumour
suppressor,TP53, neurofiboromatosis type | (deletions NFJ), Mstello syndrome HRAS
mutation), Noonan syndrome (germline genetic variants activatinggRA&genactivated
protein kinase pathways), Beckwi$iedemann syndrome and DICER1 syndrome (germline
DICERInutations) (Diller, Sexsmith, Gottlieb, Li, & Malkin, 1995; Hartley, Bixdwsden,
Harris, & Blair, 1988; Kratz, Rapisuwon, Reed, Hasle, & Rosenberg, 2011a; Shuman, Beckwith,
& Weksberg, 1993yang et al., 1995)nterestingly thesecancer predisposition syndromes
appear to be more frequent in patients with ERMS than in ¢hegh ARMSEstep, Tidyman,
Teitell, Cotter, & Rauen, 2006; Kratzapiuwon, Reed, Hasle, & Rosenberg, 2011b;
Ognjanovic, Olivier, Bergemann, & Hainaut, 2012; Yang et al.,.1995)

Several environmental factors have also been implicated in RMS risk in children. Many
published reports are based on a large epidemioldgtesecontrol study of RMS that was

enabled through the former Intergroup Rhabdomyosarcoma Study Group (IRSG) and current
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with RMS in North Ameridgg@rufferman, Delzell, & Delong, 198#)this study, 22 patients

gAGK wa{ F3ISR XHn &SINA 4 GKS GAYS 2F RALl3Y

age and ethnicity were enrolled between April 1982 and July 19B8.study reported that
several environmental and clinical factors are correlatechwisk of RMS development
includingprenatal Xray exposure, parental recreational drug usse of fertility medications,

birth defects, childhood allergies, vaginal bleeding during pregnancy, premature birth; a first
degree relative with RMS and paternal exposure to Agent Oré&Bgefferman, Schwartz,
Ruymann, & Maurer, 1993; Seymour Grufferman et al., 2014; Seymour Grufferman,
Ruymann, Ognjanovic, Erhardt, & Maurer, 2009; Lupo et al., 2015; Lupo, Danysh, et al., 2014;
Lupo, Zhou, et al., 2014; Yang et al., 1995)

1.3.2 Genetics of RMS

The genetic alterationsin RMSdescribed in this section are summarised Fig. 1.2.
Approximately 7% ofARMSumours are classified as havingimple karyotype because they
exhibit characteristic pathogenomic chromosome translocations wHs€l96 of the time
occur between chromosome 2 and 13 [t(2;13)(q35;q914)] at@15% of the timeoccur
between chromosome 1 and 13 [t(1;13)(p36;q14)]. Thteseslocationdead to the fusion of
G§KS 0Q SyR 2 701§EX®LcEds bdckdriosomer13d withe paired box (PAX)
transcription factore?AX3chromosome 2) oPAX7Achromosome 1{Galili et al., 1993; Netto
& Kaul,2018; Soleimani & Rudnicki, 2011; Tiffin, Williams, Shipley, & PritJoaes, 2003)
This results in the formation of the PAR®XO1 and the PAXDXO1 fusion proteins.
AdditionalPAX fusions have also been identified in a small subggRbMSIumoursincluding
fusionsbetweenPAX3and nuclear receptor coactivator NCOAYand PAX3and a subunit of
the ATP dependent chromatin remodelling compkQO80D(Shern et al., 2014PAX fusion
proteins ehibit potent transcriptional activity which modifies growth, differentiation and
apoptosis pathways leading to cellular transformation and oncogeriasiderson, Ramsay,
Gould, & Pritchardlones, 2001; Lam, Sublett, Hollenbach, & Roussel, 1@@@ed ectopic
expression of PAXBOXO1 in fibroblasts causes transformation and ancheratgpencdent
growth and knockdown of PAXEOXO1 deeased the proliferation rate dcRH30ARMScells

and reduced the metastatibBRMSphenotype observed in corresponding xenograft models



(Kikuchi et al., 2008; Scheidlerre#fericks, Rauscher, Barr, & Vogt, 19986argeted
sequencing and microarranalysesevealed that PAX gene fusipositive tumours have an
extremely low overall mutation rate (0.1 protecoding mutation/Mb)(Shern et al., 2014
these tumours he most commonly amplifiedenomic regions are 2p2#hich containghe
MYCNoncogengand 12g13g14, whichincludescyclindependant kinase (CDK)@ordon et

al., 2000) The amplification of MYCN occurs in 28% of fupiositive cases anil has been
more commonly associated with the PAR@XO1 fusiopositive ARMS(Barr et al., 2009;
Schwab, 2004)Another frequently amplified chromosomal regiocommonly associated
with PAX7FOXO1 fusiopositive ARMSs 1393132. This amplifications associated with a
poorer failurefree survival and contains the120RF2§ene which encodes the oncogenic
micro-RNA cluster miR7-92 MIR17HG (Gordon et al., 2000; Webétall et al., 1996;
Williamson et al., 2007Upregulation of several tyrosine kinase molecules important for cell
growth have been reported to be upregulated by FAAXO1 fusion proteinFhese include
fibroblast growth factor receptor 4 (FGFR4), anaplastic lymphoma kinase (ALK), and
mesenchymaepithelial transition factor (METKhan et al., 1999; Riccardo Taulli et al., 2006;
van Gaal et al., 2012)

ERMSalso refered to as fusiomegative RMSis classifiecas having complex karyotypes
While they display a wide range of chromosomal aberratiohs,loss of heterozygosity at
the 11p15.5 locus is the most unifying feature BRMS Thislocus houses the tumour
suppressor gens CDK inhibitor 1CODKN1); which encodesp57¢'P2 (kinase inhibitory
protein)and H19 Furthermore, lack of imprinting of protoncogenes housed in this region
such as insulitike growth factor 2 IGF2 and HRASesult in theiroverexpressionwhich
contributes to ERMSoncogenesigKratz et al., 2007; Scrable et al., 198@yltiple studies
havealsoreported recurrent gains of chromosorms2, 7, 8, 12, and 13ut the impact of this
on the ERMS phenotype has not been descrifeddge et al., 2000; Bridge et al., 2002,
WeberHall et al., 1996)in addition, there have been reportsfotcal losses 83234, which
includesCDKN2A4encodes tmour suppressors p1¥“inhibitor of cyclindependentkinase
and p14RAalternate readingframe)), and 17g which harbours the tumour suppressdoP53
and the Ras GTPasetivating proteinNF1loci. One recurrent focal amplification event that
occurs iINERMSs the high copy gain of the 12¢4 locus which contains the mouse double
minute 2 homologNIDM2) and fibroblast growth factor receptor substrate ZRSE MDM2
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is an E3 ubiquitin proteiligase which ubiquitinates p3argetingit for degradation andFRS2
is a mediator of FGF signalling and alsegativeregulator of p53Kakazu, Yamane, Miyachi,
Shiwaku, & Hosoi, 2014; Leach et al., 1993)

Compared t)ARMS ERMSdisplays more causative mutations of which the most frequent
mutation occurs within one of the Ras gen®RASKRASHRASY which are involved in
regulating cell growth, differentiation and surviAlsati, Mahapatra, & Bharti, 201é)deed
75% of higkriskand45% of intermediategiskERVIS tumourstested, harboureda Ras isoform
mutation and a subset of tumours also harbobiF1 mutations which potentially lead to
aberrant Ras signallin@Chen et al., 2013)mportantly, in vitro and in vivo models have
confirmed the central role for aberrant Ras activityBRMS tumorigenesis Y R (1 Kdza daw!
opathe ¢ Aa 2Fi4Sy BERMSuRnouisFHIn$OG at @QINR S Linadg Downie,
Qualman, Bentley, & Counter, 2005; Storer et al., 2013; Tsumura, Yoshida, Saito, imanaka
Yoshida, & Suzuki, 2006jor example, zebrafish embryos injected with oncog&mRA St

the single cell stage develop tumours that histologically rddelaBRM{Shern, Yohe, & Khan,

2015) Other genes reported to be mutated in ERMS incltidecatalytic component of the
phosphatidylinositol &inasecomplex PIK3CA TP53 the ubiquitin ligase Box and WD

repeat domain containing FBXWY, the protooncogeneCTNNBS y O 2 Rdatgriin BCL

6 corepressor BCOIR gene which encodes a transcriptional repressor that interacts with
histone deacetylases (HDAGs)d growth factorreceptor tyrosine kinasesuch asFGFR4

LI I 0SSt S0 RSNRAROSR 3INEP ¢gRDEW T ) aodiepitermbliyrovat ssicdNE  h
receptor 2 ERB2) (Paulson et al., 2011; Shern et al., 20X@9py number alterations

IGF1R havealsobeen identified as recurrent oncogenic alterationsHRMS(Shern et al.,

2014; Tiash & Chowdhury, 2015)
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Fig. 1.2 Model of genetic alterations in RMS5enes coloured light red are found in fuspmsitive
tumours (ARMS) and genes colourethlire are found in PAX gene fusimagative tumours (ERMS).
Alterations and their frequency in the population include mutations and small indels (M), copy number
deletions and amplifications (C), or structural variations (S) that affect the. ¢8R2: inslin-like
growth factor 2; FGFR4: fibroblast growth factor receptor 4; IGF1R: Hikaligrowth factor 1
receptor; PDGFRA: platelet derived growth factor receptor alpha; ERBB2: epidermal growth factor
receptor 2; MET: mesenchyrgpithelial transition fator; FRS2: fibroblast growth factor receptor
substrate 2; NF1: neurofibromatosis type I; PIK3CA: catalytic component of the phosphoifositide
kinase complex; PTEN: phosphatase and tensin homolog; FBX®@X: &hd WD repeat domain
containing 7; MIR17HG: omb-RNA cluster miR7-92; MDM2: mouse double minute 2 homolog;
CDK4: cyclidependant kinase 4; BCOR: BQlorepressoftaken from Shern et al. 2014)

1.3.3 Molecular mechanisms underpinning RMS

Although the genetic features of ERMS and ARMS tumours are distinct, they share a common
phenotype of a defective muscle differentiation program that contributes to oncogenesis
During myogenesis, pluripotent mesodermal precursor cells commit to a myoblast lineage,
proliferate, differentiate, fuse into multinucleated myotubes and mature to form myofibers
(Fig.1.3). PAX3 and PAX7 expression drive pluripotent mesodermal precursor cells towards a

myogenic programand mnuscle differentiation is regulated by sequential activation of
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conserved basic heliloopchelix (bHLH) transcription factors loaging to the myogenic
regulatory factor (MRF) famifBuckngham & Relaix, 200.7This begins with expression of
muscle specific factors Myf5 then MyoD, followed by the muscle differentiation factor,
myogenin, and then finally Myf6 the muscle maturation factor is activéedler & Guttridge,
2013 Perry & Rudnick, 2000; Pownall, Gustafsson, & Emerson, 2002; Wang,Y20&2;
Guttridge, 2018) MRFs work in concert with myocyte enhancer fa@ofMEF2)family
members, MEF2C and MEF2D, to stimulate transcription of mgpelefic structural genes
including for example troponin 1 type ZNNI3, myosin light chaiphosphorylatable fast
skeletal muscleMYLPF, alphaactininl (ACTN)Y and muscle creatin&inase geneNICK
(Keller & Guttridge, 2013; Perry & Rudni2zR00; Pownall et al., 200®yang, 2012)Among
the MRFs, MyoD is considered the master regulator of the mispeeific transcription
program as its activitis sufficient todrive nonmuscle cells, for example primary fibroblasts,

towards a muscle limage(Tapscott, 2005; Weintraub et al., 1989)

(o @ & Lt 7 A= > o
(&N e N & :
.\:7'/76"&}7\3 ,«7.;7_,.;\' vV & & %gv é .
Somitic Myogenic Myoblasts Myotube Myofiber
epithelium progenitor cells
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activators
from dorsal Myogenin =———— Myf-6
ectoderm, /
neural tube,
and notochord

Myotube
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Myofiber
genes

Pax-7

/ MYOD
Pax-3 l

7

Proliferation factors
(e.g., FGF, TGF§)
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genes Differentiation

factors

Fig.1.3 Schematic representation of myogenesisows the sequence of expression of MRFs and other

influences on the myogenic process. FGF: fibroblast growth factor; "GFiG NI Yy & T2 NY Ay 3 I NP

I (Taken from Carlson 2014)

Although ARMS and ERMS cells express the myogenic marker MyoD, which is used as a

diagnostic marker to identify the disease, its ability to complete muscle diiteation is
impairedin these cells. Indeed, several lines of evidence suggest that it is the deregulation of
MyoD transcriptional activity, and not its expression levels, that are likely to account for the
block in differentiation observed in RM8eller &Guttridge, 2013) For example, in vitro
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binding assays showed that although MyoD can bind to its cognate DNA sequences, it is
unable to activate reporter genes containing the same binding git@pscott, Thayer, &
Weintraub, 1993) Interestingly, other studeehave reported that the inability of RMS cells to
differentiate into muscle cells may be due to the inappropriate binding of MyoD to target
genes. Wholeexome and wholdranscriptome sequencing revealed a recurrent somatic
mutation encoding p.Leul22ArgMyoD in a subset of ERMS tumours. This caused MyoD to
preferentially bind toMYCconsensus sequences, thus switching cells to proliferate rather
than differentiate (Kohsaka et al., 2014; Van Antwerp, Chen, Chang, & Prochownik, 1992)
Moreover, gene profiling combined with chromatin immunoprecipitatmoupled high
throughput sequencing (Chk#q) revealed that the differentiation defect in RMS cells relates
more to the suppression of MyoD cofactors including MEF2C;ralated transcription factor

1 (RUNX1), nuclear factor | C (NFIC) and jun dimerization protein 2 (JDP2). This was a
significantfinding as the increased expression of these cofactors in RMS was capable of
restoring muscle differentiation in RMS cdlMacQuarrie et al., 2013As described below,
myogenesis has also been shown to be blocked in RMS through various sigrahivgys

and pathogenic modulators.

1.3.3.1 Signalling pathways

Numerous signalling pathways including nuclear fag@mppa B (NF . 0 >assdcft@d
protein (YAP)/transcriptional coactivator with Rbiiding motif (TAZ), Hippo, Notcknt
and MEK/ERKignalling have been implicated in rhabdomyosarcomagenesis and will be

briefly described in this section.

TheNFR¢ .is a transcription factor that can orchestrate a wide variety of complex biological
responses including regulation of immune responsesiafldmmation as well as regulating
muscle differentiation and homeostasi{®olcet, Llobet, Pallares, & Mati&uiu, 2005;
Peterson, Bakkar, & Guttridge, 201NF .functions as a negative regulator of myogenic
differentiation (Guttridge, Albanese, Reuther, Pestell, & Baldwin, 1999; Guttridge, Mayo,
Madrid, Wang, & Baldwin, 2000) isoverexpressed RMSand it suppresses differentiation
through decreased expression of paddferentiator miR29 throughyingyang 1(YY1and the
polycomb repressor complex PRC2(Wang et al., 2008)n ARMS cells wita PAX3/%,
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FOXO1 translocation, NF. | Gniasial@ostip@nto inhibit myogenesis via activation of
cyclinD1/CDHK complexes, whitsequester MyoPCharytonowicz et al., 2012)

YAPand TAZare two highly related transcriptiai regulators (referred to as YAP/TAZ) that
play key roles in cell proliferation and tissue growthmuoscledevelopment, TAZ and YAP

both promote myoblast proliferation in early muscle progenitor c€ign et al., 2017; Totaro,
Panciera, & Piccolo, 2018)nactivaion of YAP/TAZ activity is required for muscle
differentiation and is mediated by thdippo pathwayJudson et al., 2012; Watt et al., 2010)

The Hippo pathway regulatesissue growth and maintains homeostasis through a kinase
cascade including mammalian Stei@® kinases 1/2 (MST1/&hich is, in partresponsible

for inactivating YAP/TABNackerhageet al., 2014) In RMS cells, YAP protein levels are
elevatedand in RMS tumours YAP nuclear staining is increased. Overexpression of YAP in
activated satellite cells generates tumours similar to ERMS and knockdown ai ERS
inhibits tumorigeresis (Tremblay et al., 2014)The PAX&OXO1 fusiomi ARMS directly
upregulates Ras association domain family member 4 (RASSF4) which associates with MST1
and inhibits its tumou suppressor functior{Crose et al., 2014Yhus, YAP and the Hippo
signalling pathways are implicated in the maintenance of -gpnaiferative, anti

differentiation phenotypes in RM&valina & Keller, 2014)

Notch signallingis an important regulator of myogenesis as Notchl activation sustains
myoblast proliferation and Notch3 activation inhibits myoblast fusion and differentigfen
Salvo et al., 2014)n RMS, Nath signalling is upregulated and cross talks with Hippo,
Hedgehog, Wnt, anttansforming growth factot T@H ) pathways(Contiet al.,2016) Not
surprisingly, intbition of the Notch pathway showed a significant decrease in RMS cell
mobility and invasiveness in vit(®omaet al.,2011) In ERMS, Notchl signalling is activated
and it drives tumourigenesis by tgguating the Ecadherin repressQIiISNAILland blockng
MEF2C (Ignatius et al.,, 2017)Interestingly, when Notch was inhibited IERMS,
tumourigenesiswas blockedn vivo but this was apparently not accompanied tgrminal
differentiation (Belyeaet al., 2011) Notch3 is required in ARMS tumouas its depletion
reduced the tumorigenic potential of RMS cells both in vitro and in vivo and resulted in
differentiation as evidenced by forman of multinucleated myotubes expressing myosin
heavy chain (MYHPe Salvo et al., 2014; Raimondi et al., 2012)
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Whnt signalling is one of the key cascades regulating development and stemness and has also
been tightly associated with cancéfhan, Rindtorff, & Boutros, 2017)he development of
skeletal muscle from immature precursors is mediated by Wnt signalling at various levels
including cell proliferation, differentiadn and homeostasjsn part, through the positive
regulation of MRFs, Myf5 and MydBhen, 2016; von Maltzahn et al., 2012; Mlnsterberg et

al., 1995; Tajbakhsh et al., 1998}though it has been thought that Wnt signalling contributes

to RMS, this is not necessarily the caRagab et al(2018) showed that while the Wnt
pathway was maintained in RMS cell lines, transcriptional activation of its key target genes
were consistently impaired. 2 4 S@SNE  dzZLl2y | Ol A DI icateRig theeNJ Ay K A
were only moderateeffects on proliferation, apoptosis or myodifferentiation of RM8lIIs.

This suggest sibordinae role of theWntk icatenin signallingathway inRMS On the other

hand, Annavarapu et al. (2013) showed that keeping with its function to promote
myogenesis, activation of Wnt via its agonist Wnt3a decreased proliferation and induced
myogenic differentiation in ARMS cells, suggesting that Wnt signalliRiylS functions as a

tumour suppressor.

Although not necessarily a signallimgdiator, DNA methyltransferase (DNMT) enzyraes
responsible for de novo DNA methylation during DNA replication that also impinge on gene
expressionKim, Samaranayake, & Pradhan, 200 MT3B is a specific family mieer that

has been found to be upregulated in patient RMS tumours and cell lines compared to normal
skeletal musclgMegiorni et al., 2016)It appears to function as a negative regulator of
myogenesis in RMS as knockdownDINMT3Bin ERMS cells promotes myogenic terminal
differentiation by incrasing the expression of MyoD, myogenin and MYH. DNMT3B silencing
caused RMS cells to undergo ad@&est by reducing expression of cyclin B1, cyclin D1 and
cyclin E2, while increasing expression of p21 and p2#earatsed the oncogenic phenotype

by decreaingclonogenic potentiahnd migratory capacityinhibition of MEK/ERK signalling

in RMS cellgesulted in reduced DNMT3B protein, suggesting that DNMT3B functions
downstream of MEK/ERK signalliiMegiorni et al., 2016)
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1.3.3.2 Pathogenic modulators

PAX3/ZFOXOL1 fusion proteins, enhancer of zeste homolog 2 (EZH2), MEF2 family of proteins,
several miRNAs and the transcription factors TBX2 and TBX3 have been reported to be
pathogenic modulators of RMS. These factors will be briefly intradlircéhis section, but

due to their relevance to this study TBX2 and TBX3 will be described in more detail.

The PAX3/GFOXO1 fusions, whietre the hallmark feature of ARMS, also serve as inhibitors
of myogenic differentiation of RMS cells. As described earlier, #8001 promotes
tumorigenesis via Hippo pathway suppress{@rose et al., 2014PAX8FOX0O1 and PAX7
FOXOL1 products can also prevent myogenic differentiation by suppressing the transcriptional
activation of MyoD target genes, even vehihcreasing MyoD expressi¢@alhabeuet al.,

2013) Pcadherin a direct target of PAXFOXO1 in ARMS cell linesexpressed in muscle
progenitor cells in vivo and its expression decreases once muscle progenisobegin to
express MRF¢Thuault et al., 2013)Ilt has been implicated in ARMS cell proliferation,
transformation, migration and invasiofChristofori, 2003; Thuault et al., 201®)deed, P
cadherin expression levels increasen imetastatic ARMSand this correlates with a
downregulation of Nand M-cadherins Another direct target of the PAXBOXO1 fusion
protein isjumonji and ATrich interaction domain containing 2ARIDR which encodes a
protein that is known to recruit histonmethylating complexesottheir target genesJARID2
expression has been associated with metastatic RMS#entcing JARIDZ ERMS and ARMS
resulted in reduced cell proliferation and increased expression of myogenin and myosin light
chain.JARID2vas shown tdind promoter regons of MRFs and alter methylation of histone

H3 lysine 27 (H3K27). Through this mechanism, JARID2 maintains the undifferentiated
myogenic phenotype of RMSValters etal., 2014)

Thepolycomb group proteins are epigenetic silencers of transcription that play key roles in
differentiation by functioning withipolycomb repressor complex&®i Croce & Helin, 2013)
PRCZatalyseH3K27 trimethylation and contains several components includipgpressor

of zeste 12 homolog (SUZ12), embryonic ectoderm development (EED) and the ccatalyti
subunit EZH2Inskeletal muscle progenitors, EZH2 represses misgieeific gene expression

and is downregulated during differentiatio(Caretti et al, 2004; Ciarapica et al., 2009;
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Marchesiet al, 2012) In ERMS cells, EZH2 directly binds musmbeific gene promoters
including myogenin MYH and MyoD. Ablation of EZH2 in ERMS cells decreases the
trimethylation of H3K27 and increases expression of myogenin, MYH and MyoD. In addition,
MyoD binding to muscle specific promoters was increased, resulting in partial reversion of the
tumour phenotype by the formation of myotubes in cultudarchesi et al., 2012)n vivo
studies have shown that ARMS tumour gtb is impaired when EZH2 function is blocked,
leading to tumour cell apoptosiCiarapica et al., 2009yhus, reducing the activity of EZH2
has been proposed as a novel adjuvant strategy againstrisglARM$Ciarapica et al., 2014;
Ramaglia et al., 2016)

The MEF2amily of proteins regulate many developmental programs including myogenesis
(Potthoff & Olson, 2007)Both MEF2C and MEF2D regulate myogenesis by working in
combination with MRF&olkentinet al.,199%; Penret al.,2004; Potthoff & Olson, 2007n

RMS cell linesyhile MRFs are presetJEF2D levels are downregulated and there is reduced
association with promoteref the muscle specifigenesRNNI2leiomodin 2(LMOD32, desmin

(DE$ and MCK(Zhang, Truscott, & Davie, 2018)jmilar to other myogenic regulators,-re
expression of MEF2D in ARMS cells promotes their differentiation as determined by
expression of MYH. This phenotype is associated wigtdaation in proliferation, motility,

and anchoragéndependent growth in vitro, and strong inhibition of tumour growth in vivo

(Zhang et al., 2013Regulation of MEF2C in ARMS cells follows a similar pattern to MEF2D
(Nishijo et al., 2009)and functionally, exogenous addition of MEF2C in ERMS promotes the
expression of differentiatiorspecific genes and increases MyoD bindingites of its target

genes, suggesting that MEF2C might stabilize binding of MyoD or increase accessibility of
these sites to Myo[@MacQuarrie et al., 2013}ctivation of MEF2C during myogenesis is also
maintained through alternative splicinghich gives rise toKS a9 CHyY R mMa 9 CH/ h H
isoforms.2 KAt S a9CH/hm A& dzoAljdzaliz2dzatée SELINB&a&ASR
required for efficient differentiation of human myoblast cells and RMS ¢gHang, Zhu, &

Davie, 20158p 9 E 2MEF2Gvad fgund to be aberrantly alternatively spliced in RMS cells,
GAGK GKS NIYXaGA2 2F hukhwm KAIKEE R2¢gyNB3Idz | SR
¢tKS agAUOK 0SG6SSYy a9 CH/ hsaiinelad argi®ing wioh splicind & NI
factor (SRSF protein kinase 3 (SRPK3), which itself is downregulated in RMS cells.
Furthemorez (G KS a9CH/hm A&a2F2N)XY LINSFSNBYGAFff& A
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functions in transcriptionakepression of myogenic genes. In contrast, addition of the
a 9 CH/ bferm ikhdbited recruitment of HDAC4 and HDA®@b musclespecific target
promoters such asCDKN1Aand LMOD?2 leading to a block in both proliferation and
anchoragedependent growth and promoted differentiation in RMS célfhiang et al., 2015)

A groupof miRNAs havédeen referred to as myomiRs (miR-133a/b, -206) for their
contribution to promoting skeletal muate differentiation6 / A ST f I = 5dzf ' 12 9 Ws
J et al.,2015; Novalet al.,2013; Romania et al., 2012)hey subsequently have been shown

to possess anitancer functions imumerous malignancies including RMS. Amongntiost
studied in the context of myogenesis in RM#&iR206 whichincreases during myogenesis
and its levels are downregulated in RNMacQuarrieet al., 2012) Functionally, miRR06
promotes differentiation bytargeting anti-differentiation mediatorsPAX7 PAX3 NOTCH3

and CCNDZor degradation(Hanna et al., 2016)n addition, miR06 directlytargets the
BAF53a subunit of the SWItch/Sucrose Ni@mmentable (SWI/SNF) nucleosome remodelling
complex. BAF53a interferes with differentiation in myogenic cells and silencing BAF53a in
RMS increases the expression of myogenic markers and inhibits proliferation and anehorage

independent growth(Taulli et al., 2014)

1.3.3.2.1 The TFbox transcription factors TBX2 and TBX3

TBX2 and TBX3 areighly homologous members of the conserveebok family of
transcription factors that are dynamically expressed in many tissues and organs during early
embryonic development and play highly specific and critical roles in diverse processes ranging
from the specification of the primary germ layers to limb patterning and organogenesis
(Bollag et al., 1994; Papaioannou, 2014; SBbdros et al., 2013)ndeed, mutations in these
factors are causally linked to severe developmental disadPackham & Brook, 2003;
Papaioannou, 2014)-or examm@, mutations leading to haploinsufficiency of TBX3 result in
ulnagmammary syndrome which is characterised by abnormalities of the forelimb and
malformations of the apocrine gland, axillary hair, mammary glands, areola and dental
structures, as well as dedts in the heart, limbs, jaw and genitalBamshad et al., 1997; Tada

& Smith, 2001; Wilson & Conlon, 2002)Jthough there is no established disorder linked to

TBX2 mutations, two studies have associated microdeletions on chromosome 1723, which
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affect both TBX2 and TBX4, withyet to be named syndrome. Common features of this
syndrome include developmental retardation, microcephaly, delayed postnatal growth and

heart, limb, hand and foot abnormaliti€¢Ballif et al., 2010; Nimmakayalu et al., 2Q11)

TBX2 and TBX3 are also expressed in various adult tissues but to date they have no known
functions in these tisues(Bamshad et al., 1999; Campledllal.,1995; Lawet al,, 1995) They

have however been reported to be overexpressed in a number of carcinomas and sarcomas
includingbreast liver, bladder, ovariangervical,pancreaticand gastic cancer melanoma

and RMSvhere theyhave been showto contribute directly to several oncogerpcocesses
(Carreira, Liug& Goding 2000; Han et al. 2013; Liu, JiafagZhang 2010; Liu et al. 2010;
Mahlamaki et al. 2002; Wang et al. 2012; Yu et al. 2015; Zhu et al. 2014; Vance et al. 2005;
Dimova et al. 2009; Wansleben et al. 2014; Willmer et al. 2016; Miab 2016) Indeed,as
summarisedn Fig.1.4 andFig.1.5 and as described belg@WBX2 and TBX&n promote the
bypass of senesceadirreversible/permanent exit from the cell cyclgypliferation, tumour
formation, migration and invasion and are able to confesistance to apoptotic cell death

and anticancer druggWansleben et al., 2014Not surprisingly, TBX2 and TBX&e been
identified and biologically validated as novel ditaggets for the treatment of cancers that

are addicted to their expression for cancer preggion.

Senescence bypass

Cellular senescence is the irreversible exit from the cell cycle. All cells have a finite replicative
life span after which they undergo replicative or cellular senescence. This process is
established and maintained by at leasto major tumour suppressor pathways namely the
p53/p21 and pl#k4a and retinoblastoma (pRB pathways. These pathways have been
recognised as a formidable barrier to malignant tumorigenéSampisi, 2013)TBX2 and
TBX3 have both been shown to bypass senescence and cambgimmortalise mouse
embryonic fibroblasts (MEFs) through a mechanism involving the repression4ip184RF

by either directly binding a-&lement present in the initiator or by recruiting HDAC 1,2,3 and

5 to epigenetically silence the promotéBrummelkamp et al., 2002; Carlseh al,, 2001;
Lingbeek, Jacobs, & van Lohuizen, 2002; Yarosh €0aiB) TBX2 mediated senescence

bypass was showto also involve direct repression of p21, while TBX3 mediated senescence
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Fig.1.4 TBX2 oncogenic roles mediated through its knownfaotors and target genesZO1: zonula
occulens; EMT: epitheliamesenchymal transition; NRAGE: neurotrophin recepioteracting
melanoma antigenHDAC: histone deacetylad®eTEN: phosphatase and tenkiomolog; PI3K/AKT:
phosphatidylinositol &inaséprotein Kinase B; NDGR1:NW Cdownregulated gene 1EGR1: early
growth response 1; CST6: cystatin 6; MRFs: myogenic regulatory factapsed from Wansleben et
al. 2014; Zh& Davie 2015)

was shown to invek repression of p1i6° Y(Kumar et al., 2014; Princg al., 2004) TBX2
repression of p21 has also been implicated as a mechanism edemgscence in both mouse

and human melanoma cel{Peres et al., 2010; Vance et al., 2005)

Cell proliferation

TBX2 and TBX3 have been shown to promote proliferationmmerous cancer cells including
melanoma breastcancer head and neck squamous carcinarpapillary thyroid carcinom,
nasopharyngeal cancend some sarcomas including RMIS dzNH dzOdz S | f &%
al., 2014; Liet al., 2018; Lv et al., 2017; Vance et al., @8bsleben et al., 2014; Willmer et

al., 2016; Zhu et al., 2014)he moleculamechanism by which TBX2 does this was revealed
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University Belfast) ni breast cancercells. Indeed, TBX2 was shown to promote cell
proliferation by interacting with and recruiting early growth response 1 (EGR1) to target and
repress the tumour suppressor,-MYC down-regulated gene 1 NDRG}) promoter. In
nasopharyngeal cancer cells TBX2 knockdown sigmilyc inhibited proliferationwhich
correlated with increased expression of p21 ahé tumour suppressophosphatase and
tensin homolog(PTEN a negative regulator of th@hosphatidylinositol &inase (PI3K/
protein Kinase BAKT pro-survival pathwayChalhoub & Baker, 2009; Lv et al., 2017)

TBX3 mRNA and protein were reported to show an inverse correlation with the tumour
suppressor PTEN in head and neck squasmmarcinoma cells and it was shown that TBX3
could promote proliferation by directly repressing PTEN by binding to a region within its
promoter (Burgucu et al., 2012Recently, theCDKIp57'P?has been identified as a TBX3
target that mediates papillary thyroid carcinoma cell proliferation. Reduced expression of
TBX3 resulted in increased p%7levels, while knockdown of p&72rescued the celtycle
arrest phenotype. Mechanism investigaticevealed that TBX3 directly binds to ti®KN1C
promoter region and represses transcription of the protein product ({57 through

interaction with HDAC1 and HDA(CZ2et al., 2018)

Tumour formation, migration and invasion

TBX2 has beeshown to contribute to tumour migration and invasitimrough its ability to
promote epitheliakmesenchymal transition (EMTEMTIis an important process during
embryogenesis that allows primitive immotile epithelial cells to convert to mobile
mesenchymal cells which has been implicated in cancer invasion and metg@lstasssiki et

al., 2010) Indeed, etopic expression of TBX2 in normal breast epithelial cells resulted in
decreased expression of the epithelial markersaBlherin,i -catenin and zonula occulens
(201) and increased mesenchymal markessatlherin and vimentin. Furthermore, these
cells had the increased ability to migrate and invade, while silencing TBX2 in metastatic breast
cancer cells led to the opposite effetinportantly, when metastatic breast cancer cells with

silenced TBX2 were injected into the tail vein of nude mice, no pulmonary metastasis was
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observed compared to the control mi¢@vang et al., 2012)t has also been proposed that

TBX2 can promote EMT through negatively regulating anoikis, a form of apoptosis that occurs

co-factor interaction

T T

Cell migration,
metastasis and
invasion

Metastasis

Uncontrolled Bypass of senescence
proliferation and anti-apoptosis

Fig. 1.5 Mechanisms by which TBX3 has been shown to promote the cancer phenoGABER:
coactivator of AP1 and oestrogen recept&fCAl: urothelial canceassociated 1 HNRNP Al:
heterogeneous ribonucleoprotein Al; PI3K/A#ibsphatidylinositol inase/protein Kinase BPTEN:
phosphatase and tensin homolto§§KT: protein kinase(Bdapted from Wansleben et al. 2014)

when anchorag-dependent cells become detached from the surrounding extracellular
matrix and lose adherence to a substr@fgisch, Schaller, & Cieply, 20K3ymar et al., 2011)
Moreover siRNA mediated knockdown of TBX2 in human nasopharyngeal cancer cells and
prostate cancer cells upregulatedcRdherin and downregulated-badherin, vimentin and
fibronectin(Du et al., 2017; Lv et al., 2017)

TBX3 has been implicated in tumour formation, migration and invasion. Indé=ehted
TBX3 mRNA levels showed a strong correlation with metastasis in breast cancer and silencing

TBX3 witlshRNA inhibited migration and tumour forming ability of breast cancer (¢&iien,
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L{, & Ji, 2009; Fillmore et al., 20B@res et al., 2010Y he ectopic expression of TBX3 in radial
growth phasenon-malignantmelanoma cells was shown to be sufficient to promote tumour
forming ability and invasion of these cells and knockdown of TBX3 in vertical growth phase
advancedmelanoma cells inhibited migration and tumour formatigeres et al. 2010; Peres

& Prince 2013)Numerous studies have demonstrated that TBX3 promotes cell migration
through its ability to repress-Badherin(Du et al. 2014; Peres et al. 2010; Rodriguez et al.
2008; Boyl et al. 2013; Humtsoe et al. 2012)

Apoptosis resistance

Apoptosigsee sectiori.8.1), a type of programmed cell death, is an evolutionarily conserved
process thatplays an essential role in organism development and tissue homeostasis.
However, in pathological conditions, particularly cancer, cells lose their ability to undergo
apoptosis induced death leading to uncontrolled proliferatidohammad etal., 2015)
Indeed, TBX2 was shown to @iperate with EGRL1 to repress the cysteine protease inhibitor,
cystatin 6 (CST6) to inhibit apoptoBibreast cancercell6 5 Q/ 2adF SG Ff ®X HAawm
al., 2010) TBX3 has been shown to-operate with My Cand the oncogene HRa&!? mutant

to suppress apoptosis and facilitate transformation of primary MER& waspeculaed to
occur through the disruption of the prapoptotic p19*~MDM2-p53-p21 pathway as ectopic
expression of TBX3 significantly downregulatedA51%53 and p21 levelCarlson et al.
2002) Furthermore, TBX3 was shown to promote cell proliferation of mammary epithelial
cells (MECsbhy repressing p¥&Fwhich was accompanied by the downregulation of p21
(Platonova et al., 2007)

TBX2 and TBX3 cancer drug resistance

Overexpression of TBX2 has been shown to confer drug resistance to cisplatin through a
mechanism involving its ability to induce DNA repair by disrupting the desitdeded DNA
damage pathway, ATMhk2p53in breast cancer celi®avis et al. 2008; Wansleben 2013)
A recent study corroborated these findings Biiowing that sensitivity to cisplatin and
carboplatin treatment increased significantly when TBX2 expression was inhibited in serous
carcinoma cells in vitro. Furthermore, patients with serous carcinoma tumours with low levels
of TBX2 were more sensitite platinumdrug treatment compared to tumours with high
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levels of TBX@Tasaka et al., 20L7)BX3 has been implicated as a downstream target of the
Wy (i «atenin pathway in liver cancer. It was shown that the inhibition of TBX3 expression
o0& aAwb! a-cateninznédjae®R cell survival andendered hepatoblastoma cells
sensitive to doxorubicknduced apoptosigCalvisi et al., 200. Recently, knocking down
TBX3 in colorectal cancer cells has been shown to sensitise them to cisplatin treatment

(Aliwaini 2017)

TBX2 and TBX3 in RMS

There is mounting evidence provided by the groups of Judith Davie (Southern lllinois
University School of Medicine) and Sharon Prince (University of Cape Town) that TBX2 and
TBX3 may also be central to the pathology of RMS. The @haiatory has shown that TBX2

is expressed in primary myoblasts and is strongly downregulated in differentiated muscle
cells. Importantly, they demonstrate that TBX2 is overexpressed in ARMS and ERMS cells and
that it represses myogenesis by recruiting HI2Ao0 the promoters oMyoD and myogenin
inhibiting their expression and consequently their ability to upregulate their muscle specific
target genes includinNNI2 myosin light chairYLPFACTNZJ&ndp21 TBX2 was shown to
repress p21 through recruitment of HDAC1 to thp21 promoter and suppression of
p14*R7p19°Rfwas also observed. Furthermore, they showed that the overexpression of TBX2
in normal myoblasts inhibits muscle differentiation and depletafnTBX2 in RMS cells by
either siRNA or a dominant negative upregulated musglecific genes, decreased cell
proliferation, inhibited clonal growth, reduced the migratory ability of cells in vitro and
prevented tumour growth in vivgZhu et al., 2014)in another study these authors showed

that TBX2 also binds to and directly represses the tumoppgessor PTEN by recruiting
HDACL1 to its promoter in RMS cdlhu et al., 2016)Recently, EGR1 was identified as a
tumour suppressor in RMS and it was shown that, similar to what was reported in breast
cancer, TBX2 interacts with EGR1 amuibits EGRidependant expression of p21, PTEN,
NDGR1 and CSTedeed, werexpression of EGR1 was sufficient to rescue expression of these

genes and induce apoptosis in RMS ddlshamadet al., 2018)

The ectopic overexpression of TBX3 in normal myoblasts has also been shown to inhibit

muscle differentiation and research by SharddPy OS Q& 3INR dzL) O0! YA DBSNEA
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shown thatERMS cells are addicted to TBX3 for their cancer phend@pdson et al., 2002)
Using TBX3 knockdovamd TBX3 overexpressioell culture modelsTBX3 was shown to be
required for anchoragéndependent growth, migration and in vivo tumour forming abibfy

ERMS cell§Sims, 2016; Willmer et al., 2016)

1.4 Current management of RMS

The current standard treatment for patientgith RMS is multimodal therapy consisting of
local control with surgery and/or radiation therapy in conjunction with magent
chemotherapy(EgasBejar & Huh, 2014)Surgical management of patients with RMS is- site
specific and is only implemented if functionality is not compromised. Successgitau
removal is achieved with a minimum margin of 0.5tmaphart & Rodeberg, 200Radiation
therapy is often admmistered to patients with unresected tumours, residual disease after
surgery, disease in regional lymph nodes and if the cancer has alveolar higtoexphetto

et al., 2008; Eaton et al., 2013; Raney et al., 2018¢ dose of radiation is depentteon the
extent of the disease and is usually initiated betweeil26 weeks after the start of
chemotherapy. Lowisk patients are treated with 36Gy which can be increased to 50.4Gy for

higherrisk patients(Eaton et al., 2013)

In the early 70'sdisease control for patients with localised completely resected RMS (lew
risk) was achieved with combinational chemotherapy including vincristine, dactinomycin
(actinomycin D)and cyclophosphamide (VAC) administered for two years. However, this
treatment regimen did not achieve the same results for patients with regional spreading,
incomplete resection or metastasis, also referred to as intermediatehighrisk patients
(Pappo et al. 1995)urthermore, these drugs are associated with debilitating side effects
because they act neapecifically and induce cytotoxicity in normal cells. The mechanisms of
action, side effects and chemical structures of the chemotherapeutic drugs discussesl in th

section can be found ifable 1.1.

The Intergroup Rhabdomyosarcoma Study Group (IRSG), a US and Canadian initiative, was
formed in 1972 with he aim to systematically study current treatment regimens in children

with RMS and to improve outcomes in highesk patients(Maurer et al., 1977)The first
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study, IRS. conducted from 1972 to 1978, evaluated the addition of doxorubicin to VAC with
radiation. However, the overall survival of patients was only 20urer et al.,1988) The

IRSII study (1978.984) evaluated the use of a repetitive cycle of VAC compared to
alternating cycles of VAC and vincristine, cyclophosphamide and doxorubicin. Although a
complete remission rate of 53% was achieved for these patients, thalbgurvival was only
26% and no better than the standard VAC treatm@naurer et al., 1993)The IRHI study in
1984 examined the addition of cisplatin and etoposide to thellR®atment regimens but
failed to improve the survival of patients with metastatic disease witkyadr overall survival

rate of 27%Crist et al., 1995)The final IR/ study that ran from 1991997 evaluated the
addition of ifosfamide and etoposide to VAC. The results presented ndficagim
improvement in patients with metastatic disease in comparison to prior studies with only 25%
achieving 3year event free survival and 39% witky8ar overall survivalBreneman et al.,
2003) Nonetheless, it is important to note that the overall sual for patients with localised
RMS improved from 55% to 71% in-IR&IRSV (Breneman et al., 2003; Maurer et al., 1988)

More recently, several studies and domised trials have failed to improviee outcomesfor
intermediate- and highrisk RMS patients when treating them with VAC together witier
chemotherapeutic agents, such as irinotecan and topote¢amdt et al., 2008, 2009;
Malempati & Hawkins, 2012; Weiss et al., 20T4)is is in agreement with Perkietsal.(2014)

who stated:"despite improvements in survival in children with metastatic disease over the
past four decades, the outcome in some diseases continues to be poor. This is especially true
for bone and soft tissue sarcoméasVhile theintroduction of IRS therapy duringpé 1970s

and 1980simproved the treatment of RMS, there hasnce been a lack of significant
improvement and VAC is still the standard treatment regimen for paediatric RMS patients
(Elsebaie et al., 2018)Vith advances in understaimg RMS biology and in an effort to find
more effective and less toxic therapies, there are several targeted therapies that are being

explored for the treatment of RM&hichwill be detailed in the next section.
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Tablel.1 The current chemotherapeutic drugs used to treat RMS with their mechanisms of action,

main side effects and structures.

Chemotherapeutic

Mechanism of action

Main side effects

Structure

Vincristing(Makin, 2014;
Neidle, 2013)

Mitotic inhibitor: binds
to tubulin dimers,
inhibiting assembly of
microtubule structures
and aresting mitosis in
metaphase.

Peripheral
neuropathy,
hyponatremia,
constipation, hair
loss

Dactinomycir(Silverman
& Holladay, 2014)

Actinomycimntibiotic
inhibits transcription by
binding DNA at the
transcription initiation
complex hence
preventing RNA
elongation by RNA
polymerase.

Bone marrow
suppression,
fatigue, hair loss,
mouth ulcers, loss
of appetite

Cyclophosphamide
(Silverman &lolladay,
2014;Smith & Williams,
2005)

Nitrogen mustard
alkylating agent:
attaches alkyl groups t
guanine bases of DNA
forming irreversible
DNA crosslks thus
inducing DNA breaks
and causing cell death

Nausea, vomiting,
bone marrow
suppression,
stomach ache,
haemorrhagic
cystitis,diarrhoea

DoxorubicinBrody, 2011,
Silverman & blladay,
2014; Smith & Williams,
2005)

Anthracycline:
intercalates between
DNA base pairs and
binds to DNA
associated enzymes
such as topoisomerase
leading to DNA damag
and cell death.

Cardiotoxicity,
bowel infection,
eruptions of palms
of hands or sles of
feet, erythema
(redness of skin),
nausea and
vomiting, pain at
site of injection

CisplatinBrody, 2011,
Makin, 2014; Ummat et
al., 2012)

Platinumbased drug:
binds to guanine bases
of DNA causing
crosslinking that
induces double
stranded breaks and
leads to cell death.

Nephrotoxicity,
neurotoxicity,
nausea and
vomiting, hearing
loss, bone marrow
suppression,
electrolyte
disturbance
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EtoposidegBrody, 201;
Makin, 2014; Smith &
Williams, 2005)

Topoisomerase
inhibitor: forms a
ternary complex with
DNA and the
topoisomerase |l
enzyme (aids in DNA
unwinding preventing
torsional strain),
inhibiting religation of
strands and causing
DNA strand breaks ang
eventually cell death.

Low blood pressure
hair loss, pain or
burning at
intravenous site,
constipation or
diarrhoea bone
marrow
suppression

Ifosfamide(Brody, 2011;

Nitrogen mustard
alkylating agent:
attaches alkyl groups t

Haemorrhagic
cystitis, renal
tubular acidosis,

Irinotecan(Brody, 2011;
Babuet al.,2012;
Mathijsseret al.,2002;
Smith & Williams, 2005)

Makin, 2014Smith & guanllne.bases qf DNA| saltwasting
- forming irreversible nephropathy,
Williams, 2005) : .
DNA crosslinks causing central
DNA damage which neurotoxicity,
leads to cell death. encephalopathy
Topoisomerase

inhibitor: intercalates
between DNA bases
and binds to
topoisomerase |, which
interferes with its
function causing DNA
strand breaks and
hence cd death.

Severdliarrhoea
and extreme
suppression of the
immune system

TopotecanBrody, 2011;
Marchand et al., 2006;

Mathijssen et al., 2002;
Smith & Williams, 2005)

Topoisomerase
inhibitor: intercalates
between DNA bases
and interferes with the
action of
topoisomerase |
causing DNA strand
breaks, which lead to

cell death.

Bone marrow
suppression,
diarrhoea
susceptibility to
infection

1.5 Targetedtherapies for the treatment of RMS
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to interfere with a specific molecular target (typically a protein) that has a critical role in

tumour growth or progression and therefore have fewer side effects than other types of

cancer treatment(Sawyers, 2004This has been made possible as onderstanding of the

molecular basis of various cancers improve amd section will highlightargetedtherapies

that are inpreclinical andtlinical trials fothe treatment of RMS whicaresummarised irig.

1.6.
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1.5.1 Receptor tyrosine kinase inhibitors

Receptor tyrosine kinasd®TKsgare a subclass of caurface growthfactor receptors with
intrinsic, ligandcontrolledtyrosinekinase activity. They regulate diverse cellular processes in
normal cells such as proliferatiomigration, metabolism, differentiation andurvival RTK
activity in resting, normal cells iightly controlled however, RTKdecome potent
oncoproteinswhen they are mutatedr structurally altered Therefore, RTK inhibitors are
rational targets for therapeutic interventio Several RTK receptors have been implicated in
RMS including IGF, FGF, Aldscular endothelial growth factadVEGE, PDGFepidermal
growth factor EGIrand METreceptors(Gschwind, Fischer, & Ullrick004) This section will

briefly describe drugs targeting these receptors for the treatment of RMS.

The IGF pathway has been implicated in the pathogenesis of bone and soft tissue sarcomas
including RMS. Activation of the receptor by its ligand IGkd I&F2 triggers signalling
cascades including the PI3K/AKiBimmalian target of rapamycin(mTOR and
Ras/Rafinitogenactivated protein kinaséMAPK signalling axes leading to cell survival,
growth and proliferation(Maki, 2010; Pollak, 2008; Rikhof, de Jetgal., 2009) Hevated
expressiorof IGF1Ras been reported in RMS tumour samples and vaitiMscell linesand

it has been described as a target of the PAX3DXO1 fusioprotein in ARMS(Ayalon,
Glaser, & Werner, 2001;]-Badry et al., 1990; Shapiet al., 1994) Importantly, a mouse
monoclonal antibody against IGF1R inhibited ERMS tumour growth in a xenograft model
(Kalebic, Tsokos, & Helman, 1998urthermore, a phase Il study of R1507, a recombinant
human monoclonal antibody to IGF1Ryealed that while it was well tolerated in patients

with recurrent or refractory RMS, osteosarcoma, synovial sarcoma and others, limited
efficacy was observeNCT00642941)ndeed,R1507hadan overall objective response rate

of 2.5%, median progressidree survival of 5.7 weeks and median overall survival of 11
months (Pappo et al., 2014 Cixutumumab (IME&12), a fully human immunodtalin G1

(IgG1) monoclonal antibody IGF1Rwas tested in a phase Il treahd was also well tolerated

in patients with previously treated advanced or metastatic RMS, leiomyosarcoma, adipocytic
Al NO2YlFX adaey20Alf a I Naoeed, it wasakbodated Wilinded & | NO 2

gastrointestinal adverse events, fatigue and hyperglycaemia. Cixutumumab was most
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efficacious in adipocytic sarcoma with a 32% rate of progredsemnsurvival compared to
RMS with the lowest rate of progressimee survival of 2%. The results from this study
suggest that cixutumumab may be a feasible and effective treatment for patients with
adipocytic sarcoméSchoffski et al., 2013\ phase 1l pilot study to evaluate cixutumumab in
combination with intensive mukagent chemotherap including cyclophosphamide,
dactinomycin, doxorubicin, etoposide, ifosfamide, irinotecan and vincristine has recently
been completed, but analyses of the study results have not yet been published
(NCT01055314)A small molecule ATP competitive inhibitof IGF1IRBMS754807 has
shown promising activity as a single agent in RMS cell lines in vitra alodeescalation
phasel trial showed thaits safety and tolerability were feasible for daily treatmébesai et

al., 2010; Kolb et al., 2011) is howevemworth noting that the maximum tolerated dose for
BMS754807 was not determined.

FGFRA4 signallingdsnstitutively activatedn fusionpositiveand fusioanegative RMS, due to
upregulation by PAX3/FOXOL1 rad a point mutation, respectively. Thisnakes FG-R4 an
attractive candidate for targeted therapgf RMS Recent work demonstrated that the
approvedtyrosine kinase inhibitor ponatinib (AP24534) potently inhibited FGFR4 signalling in
cell lines expressing either witgpe or mutant FGFR4. This drug also inhibited groaviti
induced apoptosisf RMS cell lines in vit@nd inhibitedtumour growth in xemgrafts ofRMS

cell lines expressing mutant FGKR#et al., 2013)

Aberrant expression of ALK has been implicated in the tumorigenesis of several cancer types
including RMS. ALK activation triggers multiple downstream pathwaysved in cell
proliferation, survival and cell cycle progression including PIRK/MEK/ERK, and thanus

kinase (JAK)/signal transducer and activator of transcription (STCTih D2 pathways and

is thus considered a therapeutic target ALKpostive tumours(Chiarleet al., & Inghirami,

2008; Hallberg & Palmer, 2016)llay et al. (2002yeported that 23% 0f99 RMS patient
sampleghat theytested showed positive ALK expression with a higher prevalence in ARMS
(45%) compared to ERMS (15%) samples. Crizotirlti2@H.066) and ceritinib (LDK378) are
first- and seconegeneration ALK inhibitors that are under investigation in clinical trials for the
treatment of ALKpositive tumours. Crizotinib is associated with a more rvdfiase targeting

profile inhibiting ALK and MET, which has also been implicated in the maligrayression
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of RMS, where ceritinib is a Agpecificinhibitor (Megiorni et al., 2015; van Erp et al., 2017)

A crosgumoral phase |1l trial testing the artimour activity of crizotinib on a variety of
advanced tumours with alterations in ALK and/or MET pathways including ARMS patients has
recently been completed (NCT01524926). Results indicated that while crizotinib is well
tolerated, it does not display any meaningful activity as a single agent in patigtits
advanced metastatic ARMSchoffski et al., 2018)A phase | study recruiting paediatric
malignanciesvith genetic alterations in Al KxcludingRMSneuroblastoma, anaplastic large

cell lymphoma and inflammatory myofibroblastic tumouris currently underway
(NCT01742286). The purpose of the study is to determine the maximum tolerated dose
and/or recommenmled dose of ceritinib for paediatric patients while also assessing safety,
tolerability, pharmacokinetics and preliminary evidence of damthour activity. Furthermore,

a phasell studyis also currently underway tassess the efficacy and safety of criaitt in
patients harbouring an alteratiom ALKand/or METand ARMS and ERMS patients with
amplified ALK arelsobeing recruited (NCT02034981).

Pazopanib (GW786034) is a selective maltyeted RTK inhibitor that targets, among other
receptors, VEGFRBDGFRs, andkd and t has been shown to block tumour growth and
angiogenesigyBoehmet al., 2010) Pazopanib was the first moleculargeted therapy
approved for the treatment of advanced nedipocytic soft tissue sarconand a phase |l
COGrrial (NCT01956669% airrently underway to test the effects of pazopanib on, among
other resistant and aggressive cancers, patients with relapsed or refractory(RiviSler

Graaf et al., 2012)

Bevacizumalis a monoclonal antibody to all five isoforms of human VEGF and has been
shown to decreasegeneraltumour growth by inhibiting angiogenesend has displayed
promising activity in RMS xenograft modé@R&erberet al.,2000; Presta et al., 1997A phase

Il study which investigaed the addition of bevacizumab to a standard chemotherapy
backbone including ifosfamide, vincristine, actinomy@iand doxorubicimeported that the

drug was well tolerated ipaediatric metastatic RMBatientsand it enhanced the overall
response rate from 36% in patients receivimgly chemotherapy to 54%Chisholm et al.,

2016)
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The tyrosine kinase receptor EGFR, when phosphorylatedasesia variety of downstream
effector molecules regulating cell proliferation and differentiatioAberrant EGF cell
signallingvia the EGFRas been implicated in the development or progressufrseveral
human cancers including RNISe Giovanni et al., 1996; Gaatial., 2006; Gilbertson, 2005)
Drugs that inhibit EGFR signalling rttays potentiate the effects of cytotoxic chemotherapy
and radiation therapyCiardiello et al., 2000; Raben et al., 2005; Woodb1999. Erlotinib,

a highly potent oral inhibitor of EGFRas beenapproved by the US Food and Drug
Administration (FDA)for adults with recurrent norsmall cell lung cancer and advanced
pancreatic cancefCohenret al.,2005; Kelley & Ko, 2008; Moyer et al., 19%@)combination
with the alkylating chemotherapy agent temozolomide, erlotinib was testeghase | and
pharmacokinetic studies involvingatients with relapsed/recurrent/refractory paediatric
solid tumours including RMSakacki et al., 2008)he studies revealed favourable results for
maximum tolerated dose, adverse effects, towiand preliminary anttumour activity and
thus a phase Il trial is currently recruiting patients to investigate the overall response rate to

treatment (NCT02689336).

1.5.2 Cell cycle inhibitors

During the differentiation of myoblasts into myotubes, the celist the cell cycle which is
mediated, in part, by the downregulation of cyclin D1 and a decrease in CDK4/CDKG6 activity.
RMS results from proliferating myoblast cells that fail to exit the cell cycle and RMS tumours
frequently have amplification of CDKAdagenetic loss of the CDK4 and CDKG6 inhibitof'#26
(CDKN2A Treatment of RMS cell lines with the CDK4/6 inhibitor palbociclil0@3R991)
triggers a @arrest and induces the expression of musgpecific markerg¢Saab et al., 2006)

A phase Il trial is currently recruiting patients with advansattomasincluding RMSwith

CDK4 overexpression to evaluate palbociclib second line treatment (NCT0324H382).
MDM2 locus is also frequently amplified in REt&I MI-63, an inhibitor of the MDM2p53
interaction, has been shown to decrease proliferation and increase apoptosis in RMS cell lines

expressing wildype p53 and it is currently in early phase | clinical tr{@anner et al., 2009)
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1.5.3 Mammalian target of rapamycin (mTOR) inhibitors

In response to insulin and various endogenous ghovéctors, the protein kinasenTOR
regulates cell growth, proliferation, protein synthesis and transcription via the PKK/A
pathway. The control of cell growth and proliferation by the PI3KIATOR pathway is
abnormally activated in many human tumouasd alterations in the RTK/RAS/PI3K axis has
been reported in 93% of RMS ca¢Btay, 2011; Preust al, 2013; Zhu & Davie, 20159)he
MTOR inhibitor rapamycin was shown to potently inhibit cell proliferation in RMSnes| |
and induces p5&dependent apoptosigDiling et al., 1994; Hosoi et al., 1999; Rini, 2008)
Furthermore, RMS xenograft models treated with the mTOR inhibitor temsirolimus {GSCI
showed significant suppression mTOR signalling artdmour growth (Wanet al.,2006) A
phase Il trial of temsirolimus in children with highade glioma, neuroblastoma and RMS did
not meet the primary objective efficacy threshold of an overall response to treatment, but
disease stabilisation in 41% of gliomatients, 32% of neuroblastoma patients and only 6%
of RMS patients was observed within 12 weeks of treatnf@woerger et al., 20127\ phase

Il trial of bevacizumab or temsirolimus in combination with vinorelbine and
cyclophosphamide for the treatment of patients with first relapse/disease progression RMS
(NCT012227155howed that the addition oftemsirolimus was more efficacious than
bevacizumab. Everitee survival was 50% for the bevacizumab treatment regimen and 65%
for the temsirolimus treatment regimen and the rate of progressive disease was 26% and 9%
respectively (Mascarenhas et al. 2014 )phase | trial banother mTOR inhibitogverolimus

in paediatric patients with recurrent refractory solid tumours including RMS has been
completed and a phase Il study of everolinmisurrently recruitinghildren and adolescents

with refractory or réapsed RMS and other soft tissue sarcomas (NCT01216839).

1.5.4 RAF, MEK and PI3K Inhibitors

Ras isoforms are commonly mutated in fusisegative RMS and thus Ras effectors including
PI3K and BRAF are thus potential drug targets. Vemurafenib and dabrafeniBRae
inhibitors and trametinib is a MEK inhibitor that have all gained FDA approval for the
treatment of Raglriven cancers, such as metastatic melanoma. Recent work has shown that

the smaklmolecule inhibitors of MEK and PI3K, U0126 and P1103 respechesly a
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Fig.1.6 Targeted therapies in preclinical and clinical trials for the treatment of RMSE2: insulin

like growth factor 2; FGFRA4: fibroblast growth factor receptor 4; IGF1R: {lisalgrowth fictor 1
receptor; ALK: anaplastic lymphoma kinase; VEGF: vascular endothelial growth factor; EGFR:
epidermal growth factor; MET: mesenchyregithelial transition factorJAK2: janus kinase 3; STAT3:
signal transducer and activator of transcription; PIK3Cgatalytic component of the
phosphatidylinositol &inase complex; MTOR: mammalian target of rapamycin; AKT: protein kinase
B; CDK4: cychiependent kinase 4; MDM2: mouse double minute 2 homolog; HDAC: histone
deacetylasdtaken fromShern, Yoh& Khan 2015

synthetic lethal interaction in the fusienegative ERMS cell line RD which harbours an
activating mutation iNRAGuenther, Graab, & Fulda, 201B)oreo\er, studies have shown
that growth of RD cells is dependent on the FRY-MEKERK signalling pathway as the MEK
inhibitor selumetinib (AZD244) and the ERK2 inhibitorl¥X have been shown to inhibit
proliferation in vitro(Z. lLet al., 2013)

31



Although targeted therapy is a rapidly developing field, it is still abfencywith regards to
therapies for RMS as there are currently no approved targeted therapies for the treatment of
this cancer. This is, ipart, because (Ithere needs to be a better understanding of the
molecular biology of RMS to identify better targets; (II) results from targeted therapies
currently in clinical trials have not been that efficacious or only show efficacy when in
combination with current chmotherapeutics; and (lll) the drug discovery and development
pipeline is an incredibly arduous and costly procésdight of the above investigation into
more effective and less toxic chemotherapeutic drugs is still a successful and growing field
and ths thesistherefore investigates palladiuAdbased complexeas potential therapeutics

for the treatment of RM3discussed in sectioh.7). Secondly, drug repurposing has become
an attractive approach to fagtack the drug discovery pipelirand the current study explores

combining drug repurposing (described in the next segtwith a targeted approach.

1.6 Drug Repurposing

Despite a rapidly growing understanding of human disease and technological advances,
translation of this into therapeutic applications has been limi{@ghburn & Thor, 2004;
Scannelkt al., 2012) This, in part, is due to the escalating costs, time and risk for de novo
drug developmeniPammolli, Magazzini, & Riccaboni, 2011; Waring et al., 2@L%cent
approach to circumvent these issues is drug repurposing (alsareefeto as drug
repositioning, reprofiling or réasking) which is a strategy to identify new applications for an

existing drug for which it is not currently prescrib@kshburn & Thor, 2004)

This approach is underpinned by the fact that common molecular pathways contribute to
many different diseases and capitalises on the fact that drugs have already passed safety
studies and there is information otineir pharmacology, formulation, dose, and potential
toxicity (Ashburn & Thor, 2004Jhis has important time and cost implicatioasd Fig.1.7
summarsesthe differencesbetween de novo drug development and drug repurposigy.
example the time required to develop a new drugestimated totake 10 to 17 yearsnd to
cost$2-3 billion, compared to 3 to 12 yeamndon averageb300 millionto repurpose a drug

(Nosengo, 2016Moreover,drug repurposing provides a better riskersusreward tradeoff.
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Fig. 1.7 A comparison between de novo drug discovery amelvelopment and drug repurposing.
ADMET: absorption, distribution, metabolism, excretion and toxicity; EMEA: European Medicines
Agency; FDA: Food and Drug Administration; IP: intellectual property; MHLW: Ministry of Health,
Labour and Welfardadapted from Ashburn and Thor 2004)

Indeed,the percentage of de novo candidates reaching approved status once human testing
begins may be as low as 10bt drug repurposingncreasesthis approval rate to 40%
(Ashburn & Thor, 2004; Pushpakom et al., 2018; Tobinick, 2009)

Historically, drug repurposing has mostly been serendipitous where aargiét or new on
target effe¢ was identified, and the drug was taken forward for further validation and
commercial exploitationRecentlya more systematic approacéhvolving the following three
stepshas been adoptetiefore taking the candidate drug through the development pipeline

() identification of adrugfor a given indication;ll) assessmentf the effectof the drugin
preclinical models; andl() evaluation ofirugefficacy in phase Il clinical trials (assuming there

is sufficient safety data from phase | studies undertaken as a part of the original indication).
GComputational and experimental approachbave been employed to identify the potential

of a drug to be reprposed(Pushpakom et al., 201L8Ffomputational approaches are largely
data-drivenand involve systematic analysis of data such as signature matching, gemidese

association studies, computational molecular docking, pathway and network mapping and
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retrospective clinical analysis of electronic health records. Experimental approacheseincl

binding assays to identify target interactions and phenotypic screening.

There have been many successful drug repurposing examples to dat@ahted.2 highlights
several of them. However, with relevance to this thesis, it is important to notettiere have
been numerous success stories of drugs repurposed for their usatasancer therapies.
For examplemetformin, afirst-line medication for thetreatment of type 2 diabetesvas
identified to exert possible anttanceractivity in 2005 during aasecontrolled study that
included 11876 type 2 diabetespatients (Evanset al., 2005) Consequently, woitiple
epidemiological studies have documented an association between metfaminreduced
cancer incidence and mortalitfrthere are55 completedclinical trials (Phased Ill) to date
that have examined the antiancer effect bmetformin on a variety of cancer types including
breast, colon, oesophageal, endometrial, head and nao# prostate cancefHeckman
Stoddardet al.,2017) The underlying mechanism by whicletformin has been shown to
exerts its anticancer activity involves targeting the IGF gnd | RSy 2aAy S Y2y 2 LJ
(AMP-activated protein kinas¢AMPK signalling pathway(Dowlinget al, 2007; Gallagher

& LeRoith, 2010; Ziteal., 2018) Another example is thanti-fungal compound itraconazole
which waddentified as one of the most promisifiitsin adrug screen designed to identify
angiogenesis inhibitor;n 2007 (Chong et al., 2007)Subsequently itraconazole has been
shown to also mediate its antiumour activity through theinhibition of the Hedgehog
pathway,induction ofcell cycle arrest and autphagocytosigPoundset al.,2017) Several
clinical trial studies have reported on the ability of itraconazolentvease drug efficacy and
overcome drug resistancaglone or in combination with other chemotherapeuticsseveral
cancer types including, prostate, ovarian, breast, lupgncreatic cancer and basal cell
carcinomaAntonarakis et al., 2013; Kim et al., 2014; Rudin et al., 2013; Tsubamoto, Sonoda,
& Inoue, 2014; Tsubamotet al.,2014) An example of a drug repurposed as a targeted-anti
cancer therapyis all-trans retinoic acid(ATRA) for the treatment adicute promyelocytic
leukaemia(APL) in 1987. ATRAaisompoundused in medications that treat severe acaed
was shown tdind to the unique APL fusion oncoprotepromyelocytic leukaemiaetinoid

X receptoralpha PML-RARAand induce cellular differentiation. Although ATRA does not
have anticancer properties when used on its own, in combination with current

chemotherapeuics forAR it results in 9.00% complete remission in patients compared to
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Tablel.2 Examples of successfully repurposed dr@gdapted from Pushpakom et al. 2018)

- L L Date of .
Drug name Original Indication New Indication Repurposing approach used
Approval

Zidovudine Cancer HIV/AIDS 1987 In vitro screening of compound libraries
Retrospective clinical analysis

Minoxidil Hypertension Hair loss 1988 (identification of hair growth as an advers:
effect)

Sildenafil Angina Erectile dysfunction 1998 Retrospective clinical analysis

Erythema nodosum leprosum and Off-label usage and pharmacological

Thalidomide Morning sickness multiple myeloma 1998 and 2006 analysis

Celecoxib Pain and inflammation Familial adenomatous polyps 2000 Pharmacological analysis
Atomoxetine Parkinson disease ADHD 2002 Pharmacological analysis
Duloxetine Depression Sul 2004 Pharmacological analysis

Retrospective clinical analysis (remission of
Rituximab Various cancers Rheumatoid arthritis 2006 coexisting rheumatoid arthritis in patients with no
Hodgkin lymphoma treated with rituximab)

Raloxifene Osteoporosis Breast cancer 2007 Retrospective clinical analysis
Fingolimod Transplant rejection MS 2010 Pharmacological and structural analysis]
Dapoxetine Qgsrlgsziiz‘nand Premature ejaculation 2012 Pharmacological analysis

Topiramate Epilepsy Obesity 2012 Pharmacological analysis

Ketoconazole Fungal infections Cushing syndrome 2014 Pharmacological analysis

Aspirin Analgesia Colorectal cancer 2015 Retrospective clinical and pharmacologici

analysis

ADHD: attention deficit hyperactivity disorder; MS: multiple sclerosis: SUI: stress urinary incontinence

previous complete remission rated 55-88%on an anthracyclindbased chemotherapeutic
regimen(McCulloch, Brown, & lland, 2017)
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1.7 Palladiumbased compounds as chemotherapeutiaad the DNA damage response

The use of transition metal complexes as potential therapeutics and in diagnostic medicine is
of considerablemportance. Platinum drugs, particularly cisplatin, are the mainstay of metal
based compounds in the treatment of cancer. However, due to dek#ed adverse effects

and multikdrug resistance associated with this line of therapy there has been an ongoing
search for alternative metallic compodsa with improved antcancer activity and distinct
mechanisms of actioNdagi, Mhlongo, & Soliman, 201T) this regard, palladiufbased
complexes have been pfrticular interest for reasons including (1) their structural similarity

to cisplatin (i.e. should exert antancer activity) (ll) reports of their superior cytotoxicity at
much lower concentrations compared to cisplatin and (Ill) challenges of staipihialladiura

based complexes lvabeen overcome.

In order to understand what can be expected from palladibased compounds as anti

cancer agents, it is important to know how cisplatin exerts its-eaticer activityDNA is the

primary target of cisplati whereits platinum ions covalently bind to guanine bases of DNA

and form intra and interstrand crosslinks. These cisplaiNA adducts interfere with DNA
replication and transcription, but thelouble strandedDNA breakgDSBs)kaused by the
crosslinksbetween adjacent guanine residues are largely responsible for the cytotoxicity
exerted by cisplatifCheungOng, Giaever, & Nislow, 2013; Lukas, Lukas, & Bartek, 2011;
Woods & Turchi, 2013This genotoxic stress triggers a canormxaB$HONA damage response
(DDRyathway(Fig.1.8) through activation of ataxia telangiectasia mutated (ATM) and ATM
Rad3related (ATR). These master regulators drive the accumulation of the phosphorylated
F2NY 2F GKS KA&aG2yS GFNRFYG | H! - e DEegtiSINNBE R
2F 1 H! .- Aad GKSNBEFT2NB O2yaAiRSNEadiglesiadtRl) dza & 0
2013)

It facilitates the activation of checkpoint kinag(Chk2) and the tumour suppressor p53,
which has multfunctional roles in mediating several responses to DNA damage. These
include cell cycle arrests and DNA repair or if the damage is too extensive it initiates
programmed cell deatliZzhou & Elledge, 2000Ylitogen-activated protein kinases (MAPKS)
are also implicated in th®DR Indeed, the p38/MAPK pathway has shown to play a key role
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in cisplatirinduced cytotoxicityHernandez Losa et al., 200%) response to D p38 is
phosphorylated allowing for its nuclear localisation and the activation of its targets that
induce cell cycle checkpoints and DNA repair. Phosphorylated p83{palso targets and
activates p53, thus amplifying tHeDR(Wood et al., 2009) Ultimately the DSBs caused by
cisplatin leads taell cycle arrest and cell dealty apoptosigBasu & Krishnamurthy, 2010;
Cohen & Lippard, 2001)

DNA damage recognition

yH2AX
Double-strand DNA breaks / /ﬁﬂ \\Single-strand DNA breaks
¥ / pVY Replication stress
o Lz
ATM ATR
s | i
p53 —

< B
\\;23\ CHK1 Checkpoint induction

4

DNA-damage signal effectors

part ! ™

Apoptosis <« Cell cycle arrest > DNA repair

<

< S

Fig. 1.8 The canonical DNA damage response pathwBW\A damage is detected by sensors which
transduce the signal through ATM for doulsteanded DNA damage and ATR for sirggtanded DNA
damage. These master regtrs activate checkpoint kinases CHK1 and CHK2 which activate cell cycle
checkpoints and the tumour suppressor transcription factor p53 and other DNA damage signal
effectors which mediate cell cycle arrests to enable DNA repair or cell death via apapidsialso
phosphorylates histone H2AX forming histone varA&t2AX which amplifies the DNA damage signal.
ATM is also able to activate the ATR pathway. ATM: ataxia telangiectagated; ATR: ataxia
telangiectasia and Rad@lated protein; CHK1: checkpokinase 1; CHK2: checkpoint kinase 2; P:
phosphoryltiono ¢ OdzA 12 Sid Ff ®X HAamMy D
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It has been suggested that based on the structural similarity between palladium and platinum
ions, that palladiurbased complexes may also induce their cytotoxic effects via a mechanism
involving the induction oDNA damagéMukherjeeet al.,2011; Serrano et al., 2011; Ulukaya

et al., 2013) Indeed, studie®iave shown that palladiursbased compounds dmduce DSBs

and encouragingly, palladitimased compounds have been showneixert a much greater
degree of cytotoxicity in cancer cettempared to cisplatin. Furthermore, palladidmased
compounds have also been reported to exert asgncer activity against cisplatnesistant

cells suggesting a different mechanism of acti¢hkdi et al., 2002;ahromi et al., 2016;
Kruszewski et al., 2003jor example, a series of watsoluble palladiunrbased complexes
showed potent anticancer activity at lég concentrations much lower than that obtained for
cisplatin in gastric cancer, oesophageal cansguamous cell carcinoma and hepatocellular
carcinoma cell line¢Hadizadeh et al., 2014Moreover, a chiral palladium Bheterocyclic
carbene complex has recently been shoiw exert potent cytotoxicity. The induction of DNA
damage was measured by phosphorylation of H2AX in-Ki@feast cancer cells and the
palladium complex was shown to induce a significantly greater degree of phosphorylated
H2AX compared toisplatinat the sameconcentration (4uM)Kumar et al., 2017Yanakeet

al. (2013) synthesised @ad tested aglycoconjugated alladium complePdCI2(L)] against
cisplatinresistant gastric cell lines. This complex was shown to exertcantier activity
against these cisplatiresistant gastric cancer cells through the induction of DSBs and
apoptoss. FurthermorePdCI2L) was able to significantly repress proliferation in a xenogratft
model. Fiuza et al(2011)compared the antcancer activity of alinuclear palladiunrbased
complex Pd(2)-Spm to cisplatin inhuman breast cancer cell lineSimilar to cisplatinPd(2)
-Spm was shown trigg@?SBs indicated by increased levelstd2AX but in thepresence of

the PI3K inhibitor wortmanninPd(2) -Spm displagd a greater anti-proliferative effect
compared to cisplatinFurthermore, when cadministered Pd(2)-Spmand cisplatin showed

a synergistic effectThese results suggestdistinct mechanism of action for each of these

complexes

In a series of studies, the@wel Pd(Il) comple¥dCl(terpy)](sac)- 28, showed promising ani
cancer activity againdtreast cancg prostate cancercervical cancernon-small cell lung
cancerneuroblastoma and gliomeell linesin vitro and in vivo. ImportanthyGso values were

significantly higher for noncancerous caliggesting specificity and the compouexhibited
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superior anticancer effects compared to cisplatin. In most cases the complex induced
apoptosis and autophagy, however in rsmall cell lung cancer cell lines the induction of
necrosis was evidentyith no induction of apoptosisFurthermore, the complex was able to
reduce the viability of cancer stem ceflsacar et al., 2014; Ulukaga al.,2011; Ulukaya et

al., 2013) Lastly, A}5, a novel binuclear palladacycle complex with -1,2
bis(diphenylphosphino)ethane as-igand was identified in the Prince laboratory as a lead
compound. Importantly, the concentration of -AJrequired to kill aggressive and resistant
breast cancer and slanoma cells was 5fld less than that of cisplatin and -Adisplayed
promising in vivo clearance of advanced melandg/avaini et al., 203, 2015. This suggests
that A35 is more effective at killing melanoma and breast cancer cells than cisplatin and may
present with fewer side effect.hese studies suggest that paliam-based compounslare
promising anticancer agents that may prove to be less toxic and more effective for the

treatment of aggressive and resistant cancers.

1.8 Programmed cell death

Ultimately, the aim otancertherapiesis to induce cell death. Thereeaseveral mechanisms
by which cell death can occur which are generally divided into programmed cell (R@E)
and nonprogrammed cell deathEdinger & Thompson, 2004pPCDis an evolutionary
conserved process that has drawn attention in asg@hcer treatmentsand, as depicted irrig.
1.9, is divided into three main categories: typ@CD ompoptosis, type IPCDor autophagy
and type IIIPCDor programmed necrosiéTan et al. 2014). These three?CD pathways can
be distinguished atnorphological, biochemical and biomoleculavels(Galluzzi et al., 2007;
Kroemer et al., 2009)

1.8.1 Type IPCD apoptosis

Apoptosis was the firdeCDmechanism to be identified. It has been extensively studied with
characteristic morphological features including cell shrinkage, membrhfebdbing,
chromosome condensation and nuclear fragmentati@regler 200%(Fig.1.9). It is a process
that degrades cellular components by a group of cysteine proteases called caspases that are
irreversibl activated through two distinct but convergent pathways namely, the intrinsic and
the extrinsic pathwaygElmore, 2007)
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Fig. 1.9 Morphological features of apoptosis, autophagy and programmed necro3isis diagram
highlights the distinguishing morphological features of type | (apoptosis), type Il (autophagy) and type
Il (programmed necrosis) programmed cell death (R&i2)pted from Tan et al. 2014)

The intrinsicapoptotic pathway can be stimulated by the &@sence of growth factors and
intracellular stresses, such as DNA damageidative stress, calcium overload and
endoplasmic reticulum stress. i6 a mitochondriecentred cell death that is triggered by
mitochondrial outer membranepermeabilization (MOMP) (Danial & Korsmeyer, 2004;
Galluzzi et al., 2012)Activation ofthe pro-apoptotic proteins BX and BAK which are
members of the EBell lymphoma 2 (B1:2) family, results in MOMPT hiscaugsthe release
of other pro-apoptotic proteins, including cytochrome c, from the mitochondrial
intermembrane space into the cytog@ske®t al.,2000;Wei et al., 2000, 2001Lytochrome

¢ binds apoptotic protease activating factor P@¥) forming the apoptosome and activating
caspased. Once active, caspafecan directly cleave and activate effector caspakasd-7

(Li et al., 1997; Srinivasui al., 1998) (Fig.1.10). Effector caspases mediate key cellular

apoptotic events including cleavage of a key DNA repair protein polyi(h&se) polymerase

40



(PARP), which serves as a useful biomarker of apopiOs$iger, 1998; Soldani & Scovassi,
2002). Through the activities of these caspases the characteristic morphological features of

apoptosis, mentioned above, become evid¢ghi, 2002; Woo et al., 28).

The extrinsi@apoptoticpathway is induced by extracellular stress signals that are sensed and
propagated by specific transmembrameath receptors(Galluzzi et al., 2012Binding of
lethal ligands, such aselfASligand, to their death receptors initiatesidapoptotic cascade.

The FRASassociated death domai (FADD protein adaptor associates with the cytosolic
domain of the activated death receptor and initiates recruitment and activation of caspase
8. Togeher these components form the deathducing signallingcomplex (DISC) which
triggers autoproteolytic processing of the effector caspa@¥sjant, 2002) Caspas® is a
crucial trigger of the extrinsic apoptotic pathwand because it activates the effector
caspases directly is sufficient to induce apoptosis indepaently of MOMP(Fulda, 2009)
However, the intrinsic and extrinsic pathways also have the ability to crosstalk at the level of
caspase8 leading to the intensification of the death signal via the mitochon@hidams &
Cory, 2007; Green, 2000Jang & EDeiry, 2003 (Fig.1.10).

p53 plays a critical role in apoptosis by regulating tkd-B family of proteingRileyet al.,

2008) Apoptosis is modulated by these proteins through the release of intermembrane
mitochondrial factorgKlucket al.,1997) While the majority bthese ECL-2 proteins are anti
apoptotic, such as ®:2 and ElLextra large (K), a subset of them are classified as pro
apoptotic for example BXand BAK(Brunelle & Letai, 2009; Ola, Nawaz, & Ahsan, 2@EB

also acts in response to cellular stresses by inducing cell cycle arrests through activating the
expression of the CDKI p21. This response leads to theagativof intrinsic and extrinsic

apoptosis(Hauptet al.,2003)

1.8.2 Type Il cell death: autophagy

Autophagy $eeFig.1.11) is a tightly reglated fundamental catabolic process that maintains
cellular homeostasis and promotes cell survival under conditions of sfiéss Klionsky,
2009; Levine, 2007) During autophagy, doublmembraned vesicles known sa

autophagosomesgngulf misfolded proteingdamaged organelles and superfluous cell
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Fig. 1.10 Extrinsic and intrinsi@poptotic signalling pathways Left panel:In the extrinsic (death
receptor) apoptotigpathwayactivatesdeath receptors such as TRAILR and FAS, upon binding to their
cognate ligand, can activate initiator caspases (casflsad caspasé0) through dimerization
mediated by adaptor proteins such as FADD. Active cafpaséd caspas40 thencleave and activate

the effector caspas8 and caspas& leading to apoptosifRight panei In the intrinsic (mitochondrial)
pathway of apoptosis cell stresses engage-BRIg protein activation leading to BAX and BAK activity
which triggers MOMP. Angpoptotic BCE2 family proteins counteract this. Following MOMP,
mitochondrial intermembrane space proteins such as SMAC and cytochrome c are released into the
cytosol. Cytochrome c interacts with APAF1 which triggers apoptosome formation and activates
caspag-9. Active caspas®, in turn, activates caspask and caspas€ leading to apoptosis.
Mitochondrial release of SMAC facilitates apoptosis by blocking the caspase inhibitor XIAP -&aspase
cleavage of the BH8nly protein BID enables crosstalk betweenel@insic and intrinsic apoptotic
pathways. TRAILR: tumour necrosis factor (TélB)ed apoptosignducing ligand (TRAIL) receptor;
FADD: FAS8ssociated death domain protein;, MOMP: mitochondrial outer membrane
permeabilization; BC2: Bcell lymphoma 2;BH3: BGR homology domain 3; SMAC: second
mitochondriaderived activator of caspases; APAF1: apoptotic protease activating factor 1; XIAP: X
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linked inhibitor of apoptosis protein; BID: Bidfracting death domain agonist; tBID: truncated BID;
MCL1, myelid cell leukaemia 1; ER: endoplasmic reticujtaken from Ichim and Tait 2016)

contents that aretargeted for degradation. Autophagolysosomes are formed when
autophagosomes fuse with hydrolase containing lysosomes, after which the cargo is degraded
into basic biomolecules and recycled back into the cell for reuse. The formation of the
autophagosome is regulated by autophagjated (ATG) proteins of which Beclin 1 and
microtubuleassociated protein 1A/HBght chain3 (LC3) are key componer{tdizushima&
Komatsu, 2011; Wirawaat al., 2012) Beclin 1, sequestered byCB2 under nutrientrich
conditions, is crucial for initiation of autophagosome formation and regulation of the
autophagic procesgCao & Klionsky, 2007 C3lI, the cytosolic form of LC3, is conjugated to
phosphatidylethanolamine (PE) forming the autophagosomal membrane bound form, LC3II.
This conversion of LC3 is widely used to detect and monitor autophagy. Furtherm8iiesLC
degraded in the autophagosomal lumen after lysosomal fusion and this turnover of LC3 is an

indicator of autophagic flufMizushima & Yoshimori, 2007; Tanida, Ueno, & Kominami, 2008)

The induction of autophagy is tightly controlled by complex regulatory mechanisms involving
diverse upstream input signals such as hormones, nutrients, growth factors, adenosine
triphosphate (ATP) levels and intracellulaf@ancentrations. Theségnals converge on the
MTOR(Dunlop & Tee, 2014; Jurg al., 2010) mTORwhich isactivated byclass | PI3Ks,
negatively regulates autophagy under favourable, nutrigah conditions. However, in
response to extraor intra-cellular stress signals such as starvation, growth factor deprivation,
pathogen infection and endoplasmic reticulum stress, RT©inhibited by class Il PI3Ks and
thus allows the induction of autophagyLu et al., 2008; Yap et al., 200Bpr example, the
metabolic sensor AMPK is activated under energy stress conditions i.e. low levels of
intracellular ATP and represses mTORstliggering autophagfShackelford & Shaw, 2009)

p53 can ao positively mediate autophagy by activating AMPK and thus inhibiting mTOR. In
addition, p53 can initiate autophagy via its other downstream targets sudnsasinlike
growth factorbinding protein JIGBPJ, damageregulated modulator of autophagy (IBI1)

and preapoptotic proteins PUMA andAXthat also positively regulate autopha@Sui et al.,
2011)
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There is substantial evidence to suggest that the roles of autophagy in cancer are-double
faced and contexspecific(White, 2012; White & DiPaola, 200®ecreased expression of
ATG proteinsi.e. the inhibition of autophagyas been linked to the initiation and/or
progression of cancewhile on the other handautophagyhas been showmo support the
survival of established tumours by providing extra endkgkelinen, 2011; Liang et al., 2006;
Mathew, KarantzaVadsworth, & White, 2007; Qu et al., 2003; Shintani & Klionsk§4;20
Yanget al.,2011) These results suggest that autophagy can function to either prevent or

support tumourigenesis.

Autophagy is one of the most important mechanisms to tolerate cytotoxic stresses and thus
the function of autophagy in cancéreatment is also complex. Autophagy can cause-anti
cancer drug resistance and can enable tumour recurrence after-tlermg cytotoxic
treatment, but extreme stress over a protracted period can also commit a cell to undergo
autophagic cell deattiBhutia et al., 2013; Livesey, Tang, Zeh, & Lotze, 20@$¥ed, the
inhibition of autophagy has been shown to be a successful approach to enhance therapeutic
benefits in many gperimental settingsvhere autophagy has been shown as a drug resistance
pro-survival mechanisrfAmaravadi et al., 2007; Longo et al., 2008; Rao et al., 2012; Yang et
al., 2010)Inapoptosisresistant cancer cells especially, the induction of autophagic death has
been reported and shen to be a useful therapeutic approaclror example,several
chemotherapeutic drugs including alkylating agents, actinomycin D and arsenic trioxide have
been shown to trigger autophagic cell death in various cancerioelitro (Chen & Karantza,
2011) Whether the autophagic response to chemotherapy is an attempt to support cancer

cell survival or the cause of death is context dependéndda, 2012)

1.8.3 Type Il cell deathregulated necrosis

Necrosis is often viewed as an accidental and unregulated cellular event chasexttby
swelling of organelles and cells, rupture of the plasma membrane and release of the
intracellular contents. However, evidence now reveals thia¢ apoptosis, necrosis can be
executed by regulated mechanismich includenecroptosis, parthanatos, ferroptosis or
oxytosis, mitochondrial permeability transition (MRI@pendent necrosis, pyroptosis and

pyronecrosis, and NETosis or ET@ergheet al.,2014; de Almagro & Vucic, 2015; Galluzzi
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& Kroemer, 2008; Vandenabeede al.,2010) Ofthese, necroptosis is the best characsed
and it generallyexhibits morphological features of necros{&alluzziet al., 2017; Lorenzo
Galluzzi & Kroemer, 2008; Vandenabeele et al., 2010)
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Fig. 1.11 Schematic representation of the key mediatonsvblved in the autophagic proces3he
negative regulator of autophagy, mTOR, is activated by class | PI3Ks and key promoters of autophagy
are sequestered by B2lunder normal conditions. Stress signals inhibit mMTOR and caugetdcl

45



release its inhibibn thus activating autophagy. Beclin 1 plays a crucial role in autophagosome
initiation and regulation of the autophagic process and cleaved and conjugated LC3I to PE (LC3II) is
essential for autophagosomal membrane elongation. The autophagosome catging62 binds to
ubiquitinated proteins and attaches to LC3lI for selective autophagy. The mature autophagosome fuses
with a hydrolase containing lysosome to from an autophagolysosome in which cargo is degraded and
recycled back into the cytosol for reus€3ll dissociates from the mature autophagosome while p62

is degraded and recycled in the autophagolysosome. mif@Rmalian target of rapamycin; PI3K:
phosphoinositide Kinase; BeR: Bcell lymphoma 2; LC3: microtubtdesociated proteid A/1Blight

chain 3; PE: phosphatidylethanolamine.

¢CKS GSNY WySONERLII2aAaQ-appptaiic node lofy/cslIRleath 2zhat 8BS & O NA
induced by the ligation of various death receptors which are common to apoptosis signalling

and include FASmour necrosis factor (TNF) receptorINFR)Land TNFR2, various FikKe

receptors and intracellular sensors such as Blependent activator of interferomegulatory

factors (DAI) and protein kinase R (PKB)an, Nailwal, & Moriwaki, 2019; Linkermann &

Green, 2014Zhou & Yuan, 2014Df these,the TNFR signallingathway isthe most well
charactersed necroptotic programmeHg.1.12). Following binding of TNF, TNFR1 recruits
receptorinteracting serine/threonineprotein kinasel (RPKJ, TNFRlassociated death

domain (TRADD), cellular inhibitor of apoptosis protein (clAP) 1 and clAP2, and TNFR
associated factor 2 (TRAF2) and TRAF5, which form complex I. clAPs mediatmkss63
dzoAljdzAa Geft I GA2Yy 2F wLt YmI -adtikate@inass ¢ (TAKIL)STAKLG KS |
binding protein 2 (TAB2) and TAB3 and results in the activation of the inhibitor of nuclear
factor . ©b€ 1AylIasS o6LYYOD O2Y Ligeshnbibiter KFANEBO2 Y LI S |
(I°B") for degradation, which liberates NIB, allowing it totranslocate to the nucleughere

it drives transcription of presurvival genes as well as genes encoding negétieeback
LINPGSAya adzOK | & L-F7) réceploryDfFucihsyetial, 90138 dzih &Bem O L |
Neriah, 2000; Wertz et al., 2004; Wright &t, 2007) Two such preurvival NF B target

genes are those encoding zifioger protein A20 and FLIdike inhibitory protein (FLIP).

Whereas, A20 polyubiquitylates RIPKat Lys48 thereby marking it for proteasomal
degradation the deubiquitylatingenzyme cylindromatosis (CYLD) eliminates Lis&8d

ubiquitin chains from RIPK1, leading to the dissociation of RIPK1 from coripiexi et al.,

2008; Wright et al., 2007WhenRIPK1s deubiquitylated at Lys63 its function chan@esn

promoting survival to promoting death through formation of the DISC (also known as complex

lla), whch comprises RIPK1, RIPK3, TRADD, FADD, easpadé-LIRBerghe et al., 2014,

Micheau & Tschopp, 2003yhe DISC has a dual role: it facilitates the cleavage and
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Fig. 1.12 TNFmediated survival, apoptosis and necroptositigation of TNFR1 results in the
recruitment of RIPK1, TRADD, clAP1 and clAP2, and TRAF2 and TRAF5 to TNFR1 to form complex I.
clAP1 and clAP2 mediate Lysi3ked ubiquitylation of RIPK1, which facil@atdocking of TAK1 and

its binding partners TAB2 and TAB3. The signal is then propagated to the IKK complex, which promotes
GKS RSANIRFIGAZ2Y 2F LC.h3T {(KS . @& ha/LOtSI & YAAOCE NA (G KSARG A
NF ¢B translocates to the nucleushere it drives the transcription of pgurvival genes as well as
feedback antagonists. These orvival NF¢B-target genes include those encoding A20 and FLIP,

which promote the association of RIPK1 with cytoplasmic RIPK3, TRADD, FADD8casgdbe

NF ¢B target FLIP to form the DISC. FLIPL can heterodimerize with e@spadefacilitate the

cleavage and degradation of CYLD, RIPK1 and RIPK3. However, the DISC also causes homodimerization
and catalytic activation of caspaske which activates caspas$ and caspasé to induce apoptosis.

When caspas8 is deleted or inhibited, RIPK1 interacts with RIPK3, leading to the formation of the
necrosome; this interaction can be inhibited by NEC1. RIPK3 recruits and phosphorylatéseaged

kinase domairike protein (MLKL), leading to the formation of MLKL oligomers that translocate to the
plasma membrane. Once at the plasma membrane, MLKL forms membrane disrupting pores, which
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regulate influx of both Na+ and Ca2+, resulting in membrane rupTiME&: tumou necrosis factor;

TNFR1: TNF receptor 1; RIPK1: receapteracting serine/threonine protein kinase 1; TRADD:
TNFR4associated death domain; clAP1: cellular inhibitor of apoptosis protein 1; TRAF2: TNFR
associated factor 2; TAK1: transforming growth ¢mét 0 ¢-dptvatad kinase 1; TAB2:

TAK1 binding protein 2; IKK: inhibitor of nuclear factor -9 b € 1 A Y | & $Ke inlGitdrtyt Y C[ L/
protein; FADD: FA&sociated death domain protein; DISC: deattucing signalling complex; FLIPL:

FLIP long isofm; CYLD: cylindromatosis; NEC1: necrosiatip: phosphorylation; MLKL: mixed

lineage kinase domailike protein(adapted from Hchsé& Steller 2015)

degradation of CYLD, RIPK1l and RIPK3 to inhibit necroptosis; and it enables the
homodimerization and catalytic activation of casp#@séo stimulate apoptosis. The key
function of complex lla is to regulate necroptod{siczmarek, Vandebaele, & Krysko, 2013;
Kaiser et al., 2013; Oberst et al., 201\hen caspas8 is inactivated, RIPK1 associates with
RIPK3, resulting in autophosphorylation, transphosphorylation and formation of the
necrosome(Cho et al., 200%e et al., 2009Zhang et al., 2009Necrostatinl targets the
kinase domain of RK1 viich inhibits its interaction with RIPK3 Thisprevents necroptosis

but does not affect the preurvival NF B pathway downstream of RIPKQhristofferson &
Yuan, 2010Degterev et al., 200egterev & Yuan, 2008Necroptosisis iniiated when
phosphorylaed RIPK3 recrustand phosphorylaésmixed lineage kinase domailike protein
(MLKLD. which leads to the formation of MLKL oligomers that translocate to the plasma
membrane, bind to phosphatidylinositol phosphates and form membraseugting pores
(Sun et al. 2012; Xie et al. 2013; Dondelinger et al. 2014; Wang et al. 20k4¢sulting
perturbation of membrane integrity seems to induce influx of both Alad C&', leading to a

rise in osmotic pressure that causes membrane ruptarel the release of immune
stimulating moleculegCai et al., 2014; Xin Chen et al., 2014; Huayi Wang et al.,. 20i54)
important to note that necroptotic tumour cellsefficiently elicita cytotoxic CD8 T-cell
response known to play a major role in thenmune surveillance and elimination of cancer

cells against tumoumgrafts(Aaes et al., 2016; Fehretal.,2014; Yatim et al., 2015)
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1.9 Aims of this study

RMS, although a rare soft tissue sarcoma, contributes to a considerable loss of years of life in
comparison to other cancers #dargely affects children and adolescents. Although localised
RMS has a high rate of overall survival with current treatment regintease has been very
limited improvement in the treatment of the metastatic forand the chemotherapeutic
agentsusedare associated with debilitating side effecthere isthereforea need for new

treatment optionsthat can improve the outcomes of metastatic diseaselthat cause fewer

approach outlined in the aims and objectives below.

Aim 1:

Based on the promising data generated in the Prince laboratory on the novel palthdisea
complex, Ab, against advanced melanoma and breast cancer celtsstady aimed to test
the efficacy of AD against aggressive cancers of mesenchymal origin, specifically RMS.

Therefore, to achieve this aim the objectives were:

To test the efficacy of AJin RMS and nomalignant cell lines
To investigate the DDR assignalling cascade that mediates5Aididuced cytotoxicity
To investigae modes of AJb induced cell death in RMS cells

To investigate the pharmacokinetic properties of5Aih healthy nude mice

a & W Dnh ke

To test and compare the efficacy of the more wasetubleAJ5 derivative, BTC2, in

RMS and nomalignant cell lines

Aim 2:

With advances in understanding the molecular biology that drives rhabdomyosarcomagensis,
the T-box transcriptions factors TBX2 and TBX3 are of particular interest as they have been
identified as key drivers of RMS and have been validated as biological targets for therapeutic
intervention. However, developing a targeted therapy timie-consuming and costly.

Therefore, the aim of this aspect of the study was to adopt a drug repurposing strategy to
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identify FDAapproved drugs that target TBX2 and/or BBKhe objectives to achieve this aim

were:

1. To design, run and analyse a dmlsed high throughput immunofluorescence drug
repurposing screen to identify alreadyDAapproved compounds that negatively
regulate TBX2 and/or TBX3

2. To validateselected¥ K Adéndfied in the drug screetior their effect onTBX2/3

3. To perform preliminary eeriments to determine the mechanism(s) by which the
WKAGEAQ AYKAOAG ¢. - -HKO

4. To determine iV K A (i @eciRasdiraricarell viabilitythrough inhibitingTBX2/3

5. To determine if knockdown of TBX2/3 sensitises celtetected? K A (1 Q R NXz3 &
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CHAPTER 2

Materials and Methods

2.1 Cell culture

RH30 humanmRMScells (kindly provided by Associate Professor Judith Davie, Southern

lllinois University), AOH1 humanARMSand FEOH1 humanERMSells (kindly provided by

Professor Stefan Bath, University of Cape Town) were cultured in Roswell Park Memorial
Institute Medium (RPMKL640 (Sigma Aldrich, Missouri, USA). RD hueRNM3:ells (ATCT

CCEL361), FGO and DMB human skin fibroblasts (kindly provided by Associate Professor
Denver Hendricks, University of Cape Town), mouse myoblast cells®(&REC/721,

referred to as C2C12 human mesenchymal stem cells A10021501 (kindly provided by
Professor Michael Pepper, University of Pretoria and confirmed to meet the criteria to be
defined as mesenchymal stem cells as set out by the Mesenchymal and Tissue Stem Cell
Commitiee of the International Society for Cellular Thergpwpminici et al., @06)), HT1080

human fibrosarcoma cells (ATOTCEL201), SW1353 human chondrosarcoma cells (RTCC
HTB94x), SW982 human synovial sarcoma cells (ATBTB93x), SW872 human
liposarcoma (ATCCGHTB921) and MG63 human osteosarcoma cells (kindly provided b

1 3420A1F0S tNRPFSaa2N) t KATALILI | dZtSes | yAGSH
a2 RATAS RMedu @MBVD ESigma Aldrich). All culture medium was supplemented

with 10% heath y I OG0 A @ G SR F2SGlf 0620AYyS &ASNHzY o6C. {
streptomycin. Cells were maintained at 37°C in a 95% air and 2%u@@lified incubator.

Medium was replacedwery 2 to 3 days and cells were routinely subjected to mycoplasma

tests. Only mycoplasma free cells were used in experiments. Cell morphology was monitored
dzaAy3 +y hfteévYLdza /Y-nm AYDSNISR YAONR&AO2LIS O
AMEX1000 Corienaging System (Thermo Fisher Scientific, Massachusetts, USA)
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2.1.1 Stable cell lines
2.1.1.1 Inducible TBX2/3FLAGO01melcells

Monoclonal inducible stable human melanoma (501mel) cell lines expressing 3¥ggkG

TBX2 and 3XFLAGF 33SR ¢. -0 ¢SNBE LINBGA2dzate Sadlofa
laboratory, Ludwig Institute for Cancer Research, University of Oxford using aytding
controlled transcriptional activation (T€dn) system combined with the piggyBAC (PB)
transposase mediated genomic integration sysg&uohmidt, 2015)The cDNAs for TBX2 and
TBX3 including the 3XFLAG peptide were cloned under control of the minimal promoter
hCMV*1 with an upstream tetracycline response eleménRE), not transcriptionally active

alone Administered doxycycline (D9891, SigAidrich, USA), a tetracycline derivative, binds

to the constitutively expressed reverse tetracycline transactivator (rtTA) enabling its binding

to the TRE, subsequently a@ting the expression of TBX2 and TBKig.@.1A). The PB
transposase system was used to efficiently integrate the coding sequences of TBX2 and TBX3
with their minimalpromoter into the genomic DNA. The above described sequences were
inserted between inverted terminal repeat sequences (ITRs), recognised by the PB
transposase. Upon recognition the PB transposase excises the sequence from the plasmid and
mediates efficiehintegration into genomic DNA at TTAA sitEg(2.1B). InducibleTBX2
FLAGO01mel monoclonal cell line 8 and 501mel inducible FTBX8G monoclonal cell line 9

were selected to be used in this study and were maintained and cultured in RPMI medium as

described earlier.

2.1.1.2 shTBX2 and shTBX®1mel cell lines

Monoclonal stable melanom(501mel) cell lines with shRNA mediated knockdown of TBX2
and TBX3 were previously established in our laboratory. shTBX2 clone 5 was used with
corresponding shControl clone 8 and shTBX3 was used with corresponding shControl clone 3

(Peres et al., 2010%ell lines were cultured in RPMI medium as described earlier.
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B PiggyBAC mediated genomic integration

_____ PB recognition
nucleus T~ __=="" S BRI S~
- vy

constitutive expression

A

Doxycycline

cytoplasm

s ) i L )
/— TTAA @ TRE [hcMv*-1| TBX2/3 | TTAA —/

Fig.2.1 The piggyBAdet-On system used in this studgonstructs for TBX2 and TBX3 flanked by ITRs
were respectively etvansfected with an rtTA construct also flanked by ITRs and a PB construct. (A)
Teton system. TheGOIl (TBX2BLAG) is under the control of a minimal promoter which is
transcriptionally inactive by itself. Doxycycline, a tetracycline derivative binds to constitutively
expressed rtTA and the complex binds the TRE driving expression of the GOI. BBYQoiggdiated
genomic integration. ITRs flanking the SOI are recognised by PB transposase, excised together with the
SOl and integrated at accessible TTAA sites in the genome. ITRs: inverted terminal repeat;sequence
rTA: reverse tetracycline transactivaidPB: piggyBAC transposageOl: gene of interesfTRE:
tetracycline response elemer80I: site of interest.

2.1.1.3 Inducible CRISPR/Cas9 induced pluripotent stem cells (iPSCs)

iIPSCs with a T€dn CRISPR/Cas9 system (established and kindly provided forRisdédssor

Musa Mhlanga, University of Cape Town) were maintained as described earlier and cultured

in feede,lr NES {0SYt NB At {/ YSRAdzY 6KAOK AyOf dzRSR
omMnpcpnnHO &adzllL) SYSYGSR 6A 0K w2 bfvineSseumNR 1 K9
albumin BSA (A1000801), 55mM -Pnercaptoethanol (21985023) and 10ug/mL HEzSic

(AA 1155) Recombinant Human ProtgiARH® 2 § al from Thermo Fisher (Massachusetts,

USA).

2.1.2 Mycoplasma test

Cells were grown on a coverslip in a 35mm dish for a miniroti24h in antibiotiefree

medium. The cells were fixed in a 1:3 mixture of glacial acetic acid and methanol for 5s, briefly
washed with water to remove the fixing solution and-dired at room temperaturgRT)for

' 02dzLX S 27F YAy dzidpadd khyyf 09 2RINJAKSIRIE  oporomo>nifH Sn Ly @
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was applied for 7s to stain the DNA, followed by a brief wash with water to remove excess
stain. The coverslip was mounted on a slide with mounting {l&jmbendix7.1) and viewed

with a Carl Zeiss Axioskop 2 MOT fluorescence microscope (Zeiss, Germany) using the
ultraviolet (UV)hannel. Mycoplasma negative cells stained positive with Hoechst only in the
nucleus, while mycoplasma infected cells showed positive staining in both the nucleus and
the cytoplasm. Staining in the latter is due to the DNA of the bacteria, which is not confined

to the nucleus of the host cell.

2.2 Cell treatments
2.2.1 Palladacycle complexe

AJ5 (MW: 1210.93g.md), synthesised as previously describ@diwaini et al., 2013and
Bridged Tethered Complex 2 (BTC2) (MW: 1419.141g)nwynthesised as previously
described(Blanckenberg, 201&yere dissolved in dimethyl sulfoxide (DMSO) (Sigma Aldrich,
Missouri, USA) with several 10s intervals of heating at 90°CfowAd 65°C for BTC2 to give

a 5mM drug stock which was stored at (RT) and used within 5 daysaAd BTC2 were
diluted in cellculture medium to achieve the desired final concentration and a vehicle control
(DMSO) of the same concentration was prepared simultaneously. Cells were treated at a

confluency of 60%.

2.2.2 Chemical compounds and small molecule library

Mitomycin C (M4287, &na Aldrich, Missouri, USA) was used to inhibit proliferation during
scratch motility assays at a concentration of 10uM administered after wound formation
(Eccles, Box, & Court, 200%)oxorubicin (z/26/0167, Teva Pharmaceutical Industries Ltd,
Israel) was used as a positive control in Casjialseexperiments at a concemation of 0.5uM.
Doxycycline (D9891, Sigma Aldrich, Missouri, USA) was used (20n@®0ng/mL and
2ug/mL) to induce expression ofducible TBX2FLAG andhducibleTBX3FLAG 501mel cell
lines. The Pharmakon 1600 drug library (MicroSource Discovery Sy§temrsecticut, USA),
1600 known drugs (10mM in DMSO) from US and International Pharma, was provided by the
Target Discovery Institute, University of Oxford. All compounds within the Pharmakon 1600

collection have reached clinical evaluation and demonstoatéogical activity against known
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targets. Cells were treated with the library at a concentration of 10uM. The following small
compounds were purchased for further validation and characterisation: niclosamide (N3510),
tacrolimus (Y0001933), piroctone olara (51872), pyrvinium pamoate (P0O02/@rh Sigma
Aldrich (Sigma Aldrich, Missouri, USA), and vardenafil hydrochlori2(868, Santa Cruz
Biotechnology, Texas, USA). For validation and characterisation experiments cells were
treated with 10uM (except yrvinium pamoate which was administered at 2.5uM) at 60%

confluency for 24h.

2.2.3 Pathway inhibitors

Necrostatinl selectively targets the kinase activity of RIP1, a key mediator of necrofosis
Degterev, Maki, & Yuan, 2018hd thus inhibition of necroptosis was achieved by 2h pre
treatment with 50uM necrostatisl (N9037, Sigma Aldrich, Missouri, USA) priotht®
addition of AJb for 48h. For western blotting experiments investigating autophagic flux, cells
were treated for 2h post 24h $£AJ5 treatment with 200nM bafilomycin A1 (B1793, Sigma
Aldrich, Missouri, USA) which blocks the autophagy pathway bybiiimigg fusion of
autophagosomes with lysosomébauvezin & Neufeld, 2015for inhibition of ubiquitin
mediated protein degradation through the S26 proteasof@®ao & Peng 2013) cells were
pre-treated with 5uM MG132 (474790, Calbiochem (Merck), Massachusetts, USA) for 2h
prior to the addition of drug (A3/niclosamide/pioctone olamine/pyrvinium pamoate) for

24h.

2.3 Cell viability assays

Cell viability was measured using the(435-dimethylthiazot2-yl)-2,5-diphenytrazolium
bromide (MTT) assay which is based on the ability of metabolically active cells to metabolise
the ydlow tetrazolium salt, MTT, to purple formazan crystals by mitochondrial succinate
dehydrogenaséRiss et al., 2013An MTT kit (Roche, Switzerlanddsawsed according to the
YIydzZFl OGdzZNBNDR&a AyailiNdzOGA2ya 2NJ a¢t¢ OaHMHY3S -
reagents were made up in the IgBppendix7.2). Cells were seeded in 98ell plates and
treated the next day at a confluency of 60%. For the palladacycle complexe@sIBTC?2,
OStfa BSNB GNBFGSR AGK | -mPysas&S0 2FY RnQ ORNOS
DMSO). For niclosamide and pyrvmiypamoate cell viability assays cells were treated with
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2uM, 4uM, 6uM, 8uM, 10uM of drug and 10uM vehicle (DMSO) and for piroctone olamine
cells were treated with 4uM, 8uM, 12uM, 16uM, 20uM of drug and 20uM vehicle (DMSO).

I FGSNI GNBI (YSy (et was mddéd toZedch well and NiBtd iBHcubate for 4h
F2tft26SR 08 20SNYAIKG AyOdzolGAz2y AGK mnn>f
measured at 585nm using a spectrophotometer-@RU0C Microplate Reader, China). Wells

with medium and drug oly (no cells) were used as a blank. Mean cell viability for each
treatment condition was calculated as a percentage of the mean vehicle control. At least

three independent experiments in quadruplicate were performed.

2.3.1 Determination of half maximal inhikiory concentration (1Go)

IGso concentrations were determined using cell viability assays after 48h of drug treatment. A
doseresponse curve was fitted using GraphPad Prism version 6.0 (GraphPad Software,
California, USA) from which thess€oncentrationwas calculated or in some cases predicted.

All in vitro experiments with A9 and BTC2 used thes¢@€oncentration for treatment with

many experiments including a lower concentration.

2.3.1.1 Selectivity Index (SI)

To determine if a drug displays differential @dy against cancer cells and normal cells an Sl

was determined using the following equation:

e Lpec pOfRuE- g
LETr e m

An Sl of < 2 indicates general toxicity of the drug and is considered unfavourable where an Sl

X H A& FlL@2dz2N} 6fS FyR adaA3sSada GKFIIG GKS RNXYz
The higher the SI, the more selective the drug towards cancer(Baltiisa et al., 2009; Koch

et al.,2005)

2.4 Clmogenic assays

Cells were seeded and treated at 60% confluency the following day wigh4QGo, ¥4 16
and vehicle. After 24h, 868000 cells were seeded in 35mm dishes in eireg medium.
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Formation of colonies were monitored, medium changed when sgsag/ and after-21 days

cells were fixed with 3:1 methanol: acetic acid and stained with crystal violet (Sigma Aldrich,
Missouri, USA)YAppendix 7.3). Dishes wereimaged and percentage colony area was
determined using ImageJ v1.5(bchneider, Rasband, & Eliceiri, 20H2)d the plugin
ColonyAredGuzman et al., 2014)Colony area was determined for each drug concentration

as a percentage of vehicle treated control.

2.5 Scratch Motility Assay

Cells were seeded imBell plates and treated with KAJ 5 and vehicle for 24h. Cells were
collected, canted and replated to achieve 100% confluency in av24l plate. The following

day a sterile 2L pipette tip was used to make a vertical scratch in the cell monolayer of each
well and the cells treated with 20uM mitomycin C to inhibit proliferation. Gedlee imaged

at0, 3, 6,9, 12 and 24h pesbund formation and ImageJ v1.58chindelin et al., 201¥as

used to calculate the area of the scratch. The total areas migrated was determined by

subtracting the area for a specific time point from the area measured at Oh.

2.6 Western blotanalyses

Cells were lysed at 4°C in 2X boiling blue soly#@pendix7.4) by either resuspension of the

cell pellet or scraping of celfgolume used depended grellet size or cell confluency to adjust

for equal protein loadingjollowed by boiling at 100°C for 10min. Equal amounts of protein

GSNE t2FRSR FYyR tlF3SwdzZ SN t NBadlFAYSR t NRG

Scientific, Massachusetts, USA) or Cdétoestained Protein Standard, Broad Range {11

245kDa) (New England BioLabs, Massachusetts, USA) was used for accurate protein sizing

(Appendix 7.5). Protein sampleswere resolved by 45% sodium dodecyl sulphate

polyacrylamide gel electrophoresiSPSPA®) and transferred to Hybond ECL membranes

(Amersham, UKAIl SDEAGE reagent recipes can be foundppendix7.6. The membranes

were blocked for 1h at RT with 1X phosphatdfered saline (PB&\ppendix7.7) or 1X tris

buffered sdine (TBS) (Appendix8) containing 0.1% Tween 20 and 5% 4fiaindry or fatfree

milk followed by primary antibody incubation in appropriate buffer (according to the

datasheet or optimised in the laboratory) overhigat 4°C with shakingAfter primary

antibody incubation, membranes were washed with 1XPBS/TBS 0.1% Tween 20 and
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incubated with goat antrabbit, goat antimouse (BieRad Laboratories, California, USA) or
donkey antigoat (Santa Cruz Biotechnology, TeXdSA)horseradish peroxidaseHRR-
conjugated secondary antibodies for 1h at RT. Membranes were washed again with
1IXPBS/TBS 0.1% Tween 20 and reactive proteins were visualised by enhanced
chemiluminescence using SuperSignal West Pico Chemiluminescentagulbst (Thermo

Fisher Scientific, Massachusetts, USA) or WesternBright ECL HRP Substrate Kit (Advansta,
California, USA). Densitometry readings were obtained using ImageJ (@chieideet al.,
2012)and protein expression levels were represented as a ratio of protein of interest/p38
loading control normalised to the vehicle treated control sample if appropriate. All blots are
representative of at least two independent repeats. Tokofving primary antibodies, diluted
1:1000 unless otherwise stated, were used in this study: rabbit polyclonal antibodies to
phosphchistone H2A.X (Serl139) (#2577), phospgh&2 (Thr68) (#221), phospip38 MAPK
(Thrl80/Tyr1l82) (#9211), cleaved caspds@spl75) (#9661), PARP (#9542), casPase
(#9502), LC3B (#2775), p38 MAPK (#9212) (1:5000), rabbit monoclonal antibody to cleaved
caspase/ (Aspl98) (D6H1) (#8438), phosgRiP3 (Ser227) (D6W2T) (#93654), phospho
MLKL (Ser358) (D6H3V) (#91689), mouse monatl antibodies to phosph&TM
(Ser1981)(D6H9) (#5883), Cyclin B1 (V152) (#4135), Cas(B8&2) (#9746), SQSTM1/p62
(D5L7G) (#88588) (1800) from Cell Signaling Technology (Massachusetts, USA); mouse
monoclonal antibody to p53 (DD (se€l126), rabbit pojclonal antibodies to p21 {C9) (se

397) (1:500), cyclin A {#B2) (se751) (1:500), cyclin B1 {4#83)(se752), PARR (H250) (se

7150) (1:500), goat polyclonal antibody to TBX21{&80) from Santa Cruz Biotechnology
(Texas, USA); mouse monoclonal laodly to FLAG® M2 (F1804), rabbit polyclonal antibody

to p38 MAP kinase (M0800) (1:5000) from Sightdrich (Missouri, USA); and rabbit
polyclonal antibody to TBX3 (ab99302) (Abcam, UK).

2.7 Immunofluorescence

Cells were plated on glass coverslips and post treatment they were fixed with 4%
paraformaldehydeg(Appendix7.9) for 15min at RT or iceold 100% methanol a20°Cfor

5min followed by 1XPBS washes and blockingpmrcheabilizationwith 0.2% TritoAX-100

(Sigma Aldrich, USA) and 5% BSA in 1XPBS for 30min at RT. Slides were incubated with primary
antibody in blocking buffer overnight at 4°C (except the FLAG antivbibh was incubated
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for 1h at RT). Rabbit polyclonal antibodies to phospistone H2A.X (#2577) (1:500), LC3B
(#2775) (1:200) (Cell Signaling Technology, Massachusetts, USA), TBX3 (ab99302, Abcam,
USA) (1:100), and mouse monoclonal antibody to FLAG®1M\8P4) (1:500) (Sigma Aldrich,
Missouri, USA) were used in this study. After 1XPBS washes coverslips were incubated with
the appropriate secondary antibody diluted 1:1000 in blocking buffer for 1h at RT in the dark.
The secondary antibodies used includexhkey antirabbit Cy3, donkey antabbit, donkey
anti-mouse and donkey angoat Alexa Fluor® 488 (Jackson ImmunoResearch Laboratories
Inc. Pennsylvania, USA or Thermo Fisher Scientific, Massachusetts, USA). A secondary
antibody-only control was always @luded in the experiment. Nuclei of cells were stained

with Hoechst (33342, Invitrogen, California, USAnor-diamidino2-phenylindole (DAPI)
(Thermo Fisher Scientific, Massachusetts, USA) either simultaneously with secondary
antibody incubation (1:1000or afterwards for 10min at RT in the dark. After 1XPBS washes,
coverslips were mounted using Mowiol mounting medium. Cells were imaged with a LSM 510,
710 or 880 confocal microscop€Zeiss, Germany) using a RRpochromat 63x/1.40 Oil DIC
objective. Inmost cases, multiple z layers were acquired with 1um step width, images were
processed using ZEN 2012 imaging software (Zeiss, Germany) and maximum intensity
projections were generated. For quantification, mean fluorescence was measured from at
least 20 felds of view (FOV) per treatment condition and pooled from three independent

repeats.

2.8 Flow cytometry
2.8.1 Cell cycle analyses

Cells were treated for 24h and 48h at 60% confluency wghAG5 or vehicle, trypmised,
washed with 1XPBS, counted and permeabilised in 70% Et&8°& overnight. Cells were
LISttt SGSR yR UNBFGSR gA0K pn>3kY[ wblFaS o6CSN
for 15min then stained with the DNA intercalating dye propidium iodiRl¢ @ppendix7.10)
to a final concentration of 1X2@ells/mL in a FACS tube. A minimum of 50 000 cells/sample
were subjected to analysis using adBbn Dickinson FACSCalibur flow cytometer (Becton
Dickinson, New Jersey, USA) with a 488nm coherent laser. The data were acquired using
CellQuest Pro version 5.2.1. software (Becton Dickinson, New Jersey, USA) and the analyses
were done using ModFit vemsi 2.0. software (Verity Software House Inc, Maine, USA). The
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proportion of cells in each phase of the cell cycle are identified based on their Pl fluorescence,
a measure of DNA content. Dividing cells in ta®MJhase of the cell cycle have double the
amount of DNA than cells ini@nd thus the PI fluorescence of cells will be twice as high. Cells
in S phase show fluorescence intensity somewhere in betwaean® G/M phase cells and

dead cells with damaged and lost DNA show&uPI fluorescencéDarzynkiewicz, 2010)

2.8.2 Measurement of apoptosis: Annexin-#ITC assay

In apoptotic cells, phospholipid phosphatidylserine (PS) is translocated from the inner to the
outer surface of the plasma membranerging as a recognition signal for phagocytes.
AnnexinV is a calciundependent phospholipidbinding protein with high affinity for PS and
thus binds to the membrane surface of apoptotic cells. Annex#HhTC thus serves as a probe

for flow cytometric anafsis of cells undergoing apoptosis. Double staining with Pl is used for
identification of early and late apoptotic cells as PS translocation precedes the loss of
membrane integrity. Therefore, viable cells with intact membranes exclude PI, whereas the
memlranes of dead and damaged cells are permeable to PIl. Accordingly, cells that are
considered viable are both AnnexinFVTC and PI negative, while cells that are in early
apoptosis are AnnexinMTC positive and Pl negative, cells that are in late apemosboth
Annexin WFITC and PI positive and cells that are only PI positive are considered to be
undergoing necrosis (which can include programmed necrdse) Engeland, Nieland,
Ramaekers, Schutte, & Reutelingsperger, 1998; Vermes, Haanen, Shédildien, &
Reutellingsperger, 1995)

After treatment cells were collected by trypsinisation (including all floaters), washed with
1XPBS and counted. The FITC Annexin V/Dead Cell Apoptosis kit (V13242, Thermo Fisher
Scientific, Massachusetts, USA) was used according to the manufactumgrigctions.

Briefly, pelleted cells were resuspended in binding buffer to a cell density of tel§/mL

and double stained with Pl and Annexin V for 15min in the dark in a FACS tube. A negative
control of unstained cells and positive controls of cettated with 3% formaldehyde (F8775,

Sigma Aldrich, Missouri, USA) for 30min on ice and stained with either Pl or Aihexire

used to gate the flow cytometer for viable, early apoptotic, late apoptotic and necrotic cell

populations. A minimum of 2000 cells/sample were subjected to analysis using a Becton
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Dickinson FACSCalibur flow cytometer (Becton Dickinson, New Jersey, USA) and data were
acquired and analysed using CellQuest Pro version 5.2.1. software (Becton Dickinson, New
Jersey, USA).

2.9 Caspase @ivity assays

Cells were treated for 24h at 60% confluency witkp K35, vehicle, or 0.5uM Doxorubicin

(IGo determined in RD and RH30 cells after 3 independent MTT assays in quadruplicate), a
well-known apoptotic inducefWei et al., 2015)Cells were trypaised, washed and counted

and caspas@, -9, -3/7 adivity was measured using CaspaS®® 8, 9 and 3/7 assay kits

Ot NPYS3Il S 2A302yaAys {1l 0 NBaLSOuGA@Ste | OO0O2N
the appropriate CaspasBlo® cell lysis and proluminogenic casps®ecific substrate
containing ragent was added to cells in suspension in av@ll format. In the presence of

the caspases of interest (3/7, 8 or 9) the proluminogenic substrate would be cleaved resulting
in a luminescent signal. The signal generated is proportional to the amountpEs=activity
present. Luminescence was measured 45min after incubation with Caspase Glo® reagent
using a Luminoscan Ascent luminometer (Thermo LabSystems Inc, Massachusetts, USA).
Luminescence signal for treated samples were normalised to vehicle tresztegbles to

express a fold change increase in caspase activity.

2.10 Supravital staining with acridine orange

Acridine orange is a fluorescent dye that readily enters cells, stains DNA and RNA and
accumulates in vesicles. It emits green fluorescence when btumuble stranded DNA
(dsDNA, but in acidic compartments, the acridine orange dye molecules become protonated,
sequestered and trapped in the vesicles and the dye emits red fluorescence and thus acridine
orange is used as an acidic vesicle tracer to tiflenlysosomes, endosomes and
autophagosomegMillot et al., M dbpT Tt -M&cNJadoFski] & Dobrucki, 2014 ells

were seeded on glass coverslips and treated for 24h widA@5 or vehicle and then stained

with 2ug/mL acridine orange (Michrome No. 714, Edward Gurr Ltd., UK), which was added
directly to the medium, for 15min atTRin the dark. Coverslips were mounted on glass slides

and visualised and imaged as described for immunofluorescvitiet et al., 1997)
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2.11 Single cell autophagosome flux analyses

The autophagy steady state variables were measured in RD cells treatedsa#3Gor 48h.

The autophagosome flux was calculated from the rate of autophagosome accumulation as
previously describeddu Toitat al.,2018) Briefly, this was determined after the complete
inhibition of fusion between autoplgosomes and lysosomes using 400nM bafilomycin Al

(B0025, LKT Laboratories Inc, Minnesota, USA).

Cells were transfected with a GEE3 construct using Lipofectamine 3000 (L3000001,
CKSNY2 CAAKSNI {OASYGATAOL I OOANRkahed foitéo G KS Y
days in order to achieve high levels of GFF3 expression. Thereafter, cells were harvested

by trypsinisation and seeded into ancBamber cover sl 8 SR RA &K OMpPppn MM
¢SIunI ¢KSN)Y2 CA&KSNI { OAcY sftérwAich they weretredted With S @S ¢
1Go A5 for 48h.

Autophagosome, autolysosome and lysosome pool size were assessed by supplementing the
culture media with 25nM LysoTracker Red (L7528, Thermo Fisher Scientific, Massachusetts,
USA) 2h prior to imagacquisition. An LSM80 confocal with ELYRA S.1 Superresolution
platform (Carl Zeiss, Germany) was used for image acquisition. -€hander dish was
placed in a heated chamber maintained at 5% tb@ encased the microscope objective. An

LCI PlarApochiomat 63x/1.4 Oil DIC M27 objective was used and samples excited with an
Argon multiline laser 25mW at 488nm and 514nm with appropriate beam splitters and GaAsP
detector 32+2 PMT. Multiple z layers were acquired with 1um step width. Laser power and
electron gain were set to achieve an optimal signal to noise ratio without causing photo
toxicity. Images were processed using ZEN 2011 imaging software (Carl Zeiss, Germany) and
the maximum intensity projections were exported to Fiji softwéBehindelin et al., 2012)r

further analysigdu Toit et al., 2018)

2.12 Pharmacokinetics studies of AJin healthy mice

All studies and procedures were conducted with prior approval of the Animal Ethics

Committee of the University of Cape Town (Protocol 012/049) in accordance with the South

African National Standard (SANS 10386:008) for the Care and Use of Animals fifficScien
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Purposes(SABS Standards Division, 2015)d guidelines from the Department of Health
(Department of Health, 2015)

Pharmacokinetic parameters of-BJvere determined after intravenous (1V), intraperitoneal

(IP) and oral (PO) dosing in MF1 nude mice randomly divided into groupsvasprepared

in the respective formulations immediately prior to dosing. For the IV group, the compound

was made up in a mixture of 10% DMSO and 90% of an IV mixture, which consisted of 60%
propylene glycol, 10% ethanol and 30% polyethylene glycol. For thgr&®, Adb was

dissolved in DMSO and a hydroxypropylmethylcellulose solution (0.5% in water) containing
0.2% Tween 80 in a ratio of 1:9. For the IP grough ¥as dissolved in 10% DMSO and 90%
1XPBS. Mice were permitted access to food and water ad ribi#d5 was administered
omnn>[ 0 o6& 2N}¥t 3IL@F3AS 4G | R2aS 2F wnY3ak] 3
at a dose of 2mg/kg (n=2) and intraperitoneally at a dose of 2mg/kg (n=3).

L fE22R A1 YLX S& oun>[ kal YLI S@in lithtimBepaditibesS:O i SR ¢
predetermined timepoints to evaluate the kinetic profile over 24h. Samples were stored

at -80°C until analysis. Blood samples together with calibration standards and quality controls
were quantified using ICHMS. All resultgeported are for palladium (Pd). Pharmacokinetic
parameters of the A3 complex were determined using n@ompartmental analysis in PK

Solutions 2.0 (Summit Research Systems, Montrose CO, USA).

2.13 TBX2/3rescueexperiments
2.13.1 Transient TBX2/3 overexpression ARMSRH30) cells

RH30 cells were fast forward transfected using Lipofectamine® 3000 Transfection Reagent

(L3000008, Thermo Fisher Scientific, Massachusetts, USA) with a p3XMMA&ctor with

either a mouse expression construct for Tbx2, mouse exmmessonstruct for Tbx3, or an

empty control (kindly provided by Professor Colin Goding, University of Oxford). For MTT cell

viability assays cells were seeded inv@8ll plates and transfected with 50ng FL-A®x2 and

100ng FLAGNtbx3 and for western bloainalyses cells were seeded in-&éll plates and

transfected with 250ng FLA@tbx2 and 500ng FLA@tbx3 with equal amounts of control

FLAGempty vector for each experiment. For the fast forward transfection protocol cells were
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seeded and immediately trarefted. Briefly, for an individual transfection reaction 0.3uL or

1.5uL Lipofectamine® 3000 Reagent was diluted in 5pL or 25uL-feeimedium for a 96

well or 24well reaction respectively. DNA was diluted in a separate tube with the same
volume of serurdF NES YSRAdzY FYR tonnnau wSFEIASYyd O6HX[ KX
The contents of the diluted DNA tube were added to the diluted Lipofectamine® 3000 Reagent

tube (1:1 ratio), gently mixed and left to incubate for 5min at RT. The transfection
reagent/CNA complex was then added in a dropwise manner to the freshly seeded cells. Cells
were treated the following day with ¥ AJ35 or vehicle (added to transfection reagent
containing medium) for 24h and MTT and western blot analyses were performed as ddscrib

earlier.

2.13.2 Proof of Concept: TBX2/3 rescue using inducibBX2/3FLAGO01mel cells.

Inducible TBXEFLAG501melcells and TBXBLAG cells were seeded in-®6ll and 6well
plates and treated the following day at 60% confluency with 10uM niclosamide, 10uM
piroctone olamine, 2.5uM pyrvinium pamoate or vehicle for 24h. After 12h of drug treatment,
100ng/mL and 200ng/mL doxycycline was as added to the-cloatpining medium of the
TBX2FLAG cells and the TBRBAG cells to induce TBX2/3 expression respegtared 12h
later MTT assays (98ell plate) and western blot (@ell plate) analyses were performed as

described earlier.

2.14 Quantitative reattime PCR (qRIPCR)

Inducible CRISPR/Cas9 iPSCs were seeded iwell3late and treated 3 days later at 60%
confluency with 20ng/mL and 2ug/mL doxycycline for 24h to induce Cas9 expression.
Tacrolimus, piroctone olamine and vehicle were added to the medium of the cells to achieve
a final concentration of 10uM and left for 24h after which total RNA was extracted using
Directl 2f u whb ! aAYAt NBL) tfdza o%eyYz2 wSaSlkNOKE:
YIydzF I OGdzZNBEQa AyadNHzOGA2yad ¢KS ljdzr t AG& | yF
spectrophotometry using a NanoDrop® IG00 spectrophotometer (Agilent Technologies,
Califoy Al = ! {1 0®d {IFYLXSa 6AGK |y !wHcnk!Hyn NI
approximately 2 were reverse transcribed using the ImRlolmn WS @SNES ¢ NJ y & ONJ
(A3800, Promega, Wisconsin, USA) according to the manufa®édre Ay & G NHzOG A 2 y & «
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100ng of RNA was combined with 0.5ug of Oligoddimer made up to a final volume of

5uL with nucleaséree water and denatured at 70°C for 5min, chilled on ice and combined

with reverse transcription reaction mix (5X ImPran. ¥ wSIF OG A2y o 0BMMSNE o0 )
dNTP mix, 10U RNasin® Ribonuclease Inhibitor and 1l of ImPtom WSOSNES ¢NIYy
to a final volume of 20uL). The annealing of the primers to the template RNA occurred at 25°C

for 5min, the reactions were incubated at 42°C for 1h for theerse transcription of the

template, followed by 15min incubation at 70°C to inactivate the reverse transcriptase. qRT

PCR was conducted with the KAPA SYBR® FAST gqPCR Master Mix (2X) Kit (KR0389,
alaal OKdzaSiddaz ! {! 0 I OO02 Nieds.\Bieflyjicach ®BRSesettioy dzF I O
contained 2.6uL nucleadece water, 5uL KAPA SYBR FAST gPCR Master Mix (2X), 1uL BSA
(2.5pg/pL) and 0.4pL of combined forward and reverse primers (10uM stock) per 9uL
reaction. Primers specific to Cas9 (Forwpr@CGATGRATTTTCCAGGE® Y wWSHEDSNAE S
ACATGATCAAGTTCCGGEQ® $SNB (AYyRf& LINPOJARSR o0& tNRF
2F /LIS ¢28y YR latd FEWakp -OGCGIEADGGT GATCAANS |
Reversep BAC ATGATCTGGGTCATCITAQI&E ¢ SNBE  Odza (i 2 YordeR& A A Iy S
(Integrated DNA Technologies, lowa, USA) and used as an internal control to correct for
sampleto-sample variations. PCR reactions were made up as master mixes and aliquoted into

glass capillaries with the addition of 1uL of cDNA per capillagwwa final reaction volume

of 10uL. LightCycler 3.0 (Roche, Switzerland) PCR cycle parameters were: denaturation for
3min at 95°C, annealing and amplification 4@rcycles forlOs at 95°C20s at 55°C ands at

72°C, melting for 15s at 65°C and coofmig30s at 40°C. Each DNA sample was quantified in
duplicate and a negative control without cDNA template was run with every assay to assess

the overall specificity and monitor for contamination. Melting curve analyses were carried

out to ensureproduct specificity and data was analysed using thé& fhiethod. Relative Cas9

MRNA expression levels were normalised ta@cBn expression levels and data was
represented as a fold change of Cas9 mRNA expression@nTERISPR/Cas9 iPSCs induced

with doxycycline and treated with drug or vehicle relative to uninduced and untreated Tet

On CRISPR/Cas9 iPSCs.
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2.15 Small molecule library screen

Inducible TBX2FLAG501mel cells were harvested, counted and resuspended infieBS

medium at a density of 1X80el& Kk Y[ @ / St £ ¢ NI O1 SN h NI y3IS donprg
Massachusetts, USA) (1:1000) was added and cells were incubated for 45min at 37°C, spun
and resuspended in 1mL FB&e medium and incubated for another 30min at 37°C. Cells

were spun, resuspendeid normal medium, and counted\ total of 6x1@ stained inducible
TBX2ZFLAG01melcells were mixed with 6X2@ducible TBXFLAGO1melcells and 80uL
containing 800 cells (~400 from each population) were seeded in 30X (5 drug library plates, 3
timepoints done in technical duplicates) 38¢ll clearbottom plates (781097, Greiner Bio

hyS> 'dzZAGNARI O dzaAy3d |y Fdzi2YlFIGSR tSNJAYy 9fYS
USA). Plates were incubated as per normal culture conditions. From this poirgua! |

handling steps of the drug screen protocol were performed with a Perkin Elmer JANUS®
Automated Workstation equipped with a 88 Sf f az2Rdzf I NJ 5AaLISyas
(PerkinElmer, Massachusetts, USA) unless otherwise stated. Once the cells adheretgi(day af
seeding), medium was removed and fresh medium containing 20ng/mL doxycycline was
added (75uL per well) and cells were incubated for 24h. A LABCYTE Echo® 550 (Agilent
Technologies, California, USA) was used to transfer 640nL of drug from the PharrG@@on 1

drug library (5X 384vell source plates each with 320 compounds at a concentration of
10mM) to intermediate 384wvell plates to achieve a final concentration of 160uM in 40uL
medium. 5uL of drug (160uM) from the intermediate drug library plates wenesteared to

the 384well cell culture plates (75uL medium) to achieve a final concentration of 10uM in
80uL. Pharmakon compounds were dispensed in colurd23, Bow AP and vehicle (DMSO)

control was dispensed in column 2 and 23, roW for each 384vell plate. After 4h, 12h and

24h medium was removed and wells were washed 3X with 1XPBS, followed by fixation with

4% paraformaldehyde for 15min at RT after which plates were washed 3X with 1XPBS again
and stored at 4°C until immunofluorescence processing.lsCelere blocked and
permeabilised with 1XPBS containing 5% BSA and 0.2% X4i@® for 20min at RT and then
incubated with mouse monoclonal arfiLAG M2 (1:500) (Sigma Aldrich, Missouri, USA) for

1h at RT in blocking buffer. Wells were washed 3X witlB®dhd incubated with Alexa Fluor®

488 secondary antibody and DAPI (1:1000) for 1hr at RT in the dark. Wells were washed 3X
with 1XPBS and imaged with an IN Cell Analyzer 6000 (GE Healthcare Life Sciences, lllinois,
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USA) using the 20x 0.75NA air objectoreline cell counting to 1000 cells/well (up to 16 fields
of view). And the following channel settings: UV DAPI: 75ms, confocal 0.99AU; FITC: 2500ms,
confocal 1.23AU; and dsRED: 100ms, open aperture.

2.15.1 Screen analyses
2.15.1.1Automated parameter extraction fromrmages

A customised parameter extraction protocol was developed using IN Cell Developer Toolbox
v1.6.2 (GE Healthcare Life Sciences, lllinois, USA) for automated image analyses. Briefly, this
protocol segmented nuclei of cell&J{ channel), separated the BX2FLAG (CellTracker
Orange stained cells) and TBR3AG cell populations (dsRED channel) for independent
analyses and measured whole cell, nuclear, cytoplasmic, eroded nuclear and nuclear collar
FITC fluorescence intensity (FITC channel). Other numedesdriptions of cellular
morphology unrelated to TBX2/3 protein levels and subcellular localisation were also
extracted and calculated during the automated image analyses protocol which are described

in Table4.1. in Chapte 4. This automated analgs protocol is detailed in the resslt

section4.4.

21512202 NB WKAGQ ARSYUAFTFAOLFIGAZY

Mean nuclear, eroded nuclear and nuclear collar FITC Fluorescence intensity measurements
representing TBX2/3 protein levels in defined areas of the cell weed & analyses to
ARSYUATE WKAOQ O2YLRdzyRa® aSty ydzO#pdnt NJ CL ¢
parameter for total protein levels as TBX2/3 localise to the nucleus and thep@nd
parameter used to indicate subcellular localisation was calculaseidllows:

0.Q0Q1 ¢ BDD AT 6 £ 1 Qi OQE ©Q

06 DAr@dENaVOG e . .
d D QOEO WauEd OO 0 €1 Qi w Qe w'Q

A mean nuclear/cytoplasmic ratio >1 indicates nuclear localisation and a ratio <1 indicates
cytoplasmic localisation. The parameter for total protein levels and the parameter for

subcellular localisation for each drug treated well where normalised to trespective
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averaged vehicle control parameter. This was done on a {taf#ate basis to account for
plate-to-plate variation in assay performance. The normalised parameter measurements for

the technical repeats were averaged as &c®relation >0.8¥ R | t SFNAE2y Qa O21
nog 6SNBE OFf OdzZ F ISR FT2NJ SI OK zRdreiias @lcula®dd ¢ 2 7
for each normalised parameter for each drug treatment.-gcare assumes that the data is

normally distributed and is a measure of thember of standard deviations below or above

the population mean that a data point is and was calculated as follows:

o LY 4Qo¥
‘ Yo Y

4 ¢ is e zscore determined for thei sample {Y) by dividing the difference between

“Yand the sample mean of the platé/( ) by the standard deviation of the platescores

¥ H 2NJ X H O0APSP® W al0FyRINR RSOAFGA2Yya | 02 O¢
that are worth taking foward for validationGoktug, Chai, & Chen, 20¥31ang, 2011)These
WKAGAaQ 6SNB FAEGSNBR o6& | G6SM Our éhalyaiimed td K NB a K
identify FDAapproved drugs that negatively regulate TBX2 and/or3T@#&. reduced nuclear
fluorescence levels and nuclear/cytoplasmic ratios of <1) and thus we were interested in

A

z802NBaA X H OAPSP® W all yRFNR RSQOAIFIGAZ2Yy&a 0Sf 2

2.15.1.3HC StratoMineRanalyses

HC StratoMineR is a wddased tool for rapid analyses of higbntent dataset{Omta et al.,
2016) Usingextracted and calculated parameters from our image analyses we used the
decision supportive HC StratoMineR platform that guides users through acbigant data
analysis workflow to mine our multiparametric screen data. The multiparametric data was
analy®d separately for each assay timepoint (4, 12 and 24h) and at each timepoint
independent analyses were conducted for TBX2AG and TBX3.AG cell populations. The
analysis workflow was conducted on a plate and replicate level to account for variation in
assay performance. Each parameter was normalised against the sample mean for that
parameter and where there was significantly skewed distribution (p<0.0001) the parameter

data was transforradto achieve a normal distribution. To prevent bias towards a patame
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that has a larger range, the data was scaled using the robssbre method. Data reduction

was then performed using the prin@pcomponent analysis based on a correlation matrix.
Parameters were reduced to factors and the number of factors incldoeturther analyses

were selected using the Elbow method (3 factors were suggested for all our analyses). The
loadings of each parameter within a factor were used to calculate factor scores for every
sample well and control well which were used to ideitif & A AY A FA Ol yi 2dzit A S|
different from the vehicle control. The Manhattan distance of all the vectors to the vehicle
control was calculated which reduced data for each well (drug treatment) to just one distance
score which is the measure thfe phenotypic effect of the drug on the cells in that well. The
Manhattan distances are then transferred tovplues by using a Poisson probability
distribution with the Lambda of the sample distribution. Statistically significant hits were then

identified based on our jwalue cutoff of p<1x10.

2.16 Statistical analyses

All data were obtained from at least three independent experiments (unless otherwise
stated) with error bars representing standard error of the mean (SEM). Data were analysed
using GraphPaBrism version 6.0 (GraphPad Software) and a parametric unpaiest was

performed. Significance was accepted at *p<0.05, **p<0.01 and ***p<0.001.
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CHAPTER 3
The anticancer activity of novel palladacycle

complexes in rhalmmyosarcoma cells

3.1 Introduction

RMSis an aggressive sarcoma thatgely affects children and adolescerBincethe 1970s,
disease control for patients with locsdid or completely resected RMS has been achieved
with combinational chemotherapy most commigrusing theVACregimen (Hosoi, 2016)
However, this treatment regimen has had limited success for patients with regional
spreading, incomplete resection or metastaaasd these dugs are associated with
debilitating side effectyPappo et al. 1995)Therefore there is a need focontinued
collaborative efforts to find more effective treatments with fewer side effeéts described

in the literature review palladiumbasedcomplexes may prove to be less toxic and more
effective for the treatment of aggressive cancers. Recentlyb,Aa novel binuclear
palladacycle complex with Xs(diphenylphosphino)ethane as-igand was shown to exert
potent antitumour activity in advanced melanoma and breast cancer cells with very
promising in vivo clearance of advanced melandgAlavaini et al. 2013, 2015 the present
study we therefore exploredhe anticancer activity of A3 in RMS and other sarcoma
subtypes. We show here for the first time thatBdisplays potent and selective cytotoxicity
at submicromolarO2 y OSy (i NI (i A 2 y & ARMSndERMSIelks and infkitsitheia G
ability to survive, proliferate and migrate. We show thatSAdduces DSBs which triggers the
canonical DSBs ATMIK2 pathway as well as the p38/MAPK stress signalling pathway leading
to a G cell cycle arrest, reduction in autophadiuax, induction of apoptosisas well as an
increase in necroptotic cell death mans. AJ5 alsoshows efficacy in a range of sarcoma
subtypes and displays a promising pharmacokinetic profile in healitg. Furthermore, the
more water-solublederivative of Ab, BTC2 was shown to display comparable-aaticer
activity in RMSThis studytherefore provides evidence that AJand BTChave promising

therapeutic potential for the treatment of RMS and a range of other sarcoma subtypes.
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3.2 AJ5 shows potent and selective cytotoxicity against RMS cells

Here we investigated the antiumour effects of the binuclear palladacycle complex548ig.

3.1A), in RMS cells. To this end, MTT assays were perform&RdMSRH30 and AXOH1

cell lines) andERMS(RD and FDH1 cell lines) cells treated with a range of-2AJ
concentrations (A-Mm ®n>a v FORIYOBK B NI /GA2ya 2F X ndHka
lines Fig.3.1B). Light microscopy images of RMS cells treated fidbr 2nd 48h with their
respective 16 concentrations show the impact of AJon cell viability and morpholog¥ig.

3.1B). To determine the selectivity of AJfor RMS cells, Kgvalues were determined in nen
malignant fibroblasts (FGO and DMB) and mouse myoblasts (C2C12). Results shovbthat AJ
is less cytotoxic in the nemalignant cells with a selectivity indéX1)of > 2 in all case$ig.

3.1C and D Interestingly, there is growing evidence that mesenchymal stem cells are the cell
of origin for specific sarcoma types including RW8ttmer & Wagers, 2010Rodriguez,
Rubio, & Menendez, 2012and compared to the other nemalignant cells testedihe
mesenchymal stem cells (A100021501) were the most sensitive3qfAg.3.1C and D)

3.3 AJ5 inhibits the ability of RMS cells to survive, proliferate and migrate

To explore the potential impact of AJon the longterm fate of RMS cells, clonogenic assays
were performed (Galluzzi et al.,, 2009)Fig. 3.2A shows representative images and
guantification of colonies formed overZl days after 24h of AJtreatment. It is evident that
AJ5 significantly inhibits the ability of RMS cells to survive and proliferate. Indeed, for all
except one RMS cell line tested, there was a significant decrease in colony areasat % IC
treatment and only a few or no RMS cell colonies formed sclihcentrations. Importantly,

the ability of the nomAmalignant C2C12 myoblasts to survive and pratierwas not
significantly hindered after 24h of 0.3uM-BJFig.3.2B). This is at least 1.5 times higher than
the IGo values obtained for the RMS cells. To furtkgplore the anticancer activity of A3,

RMS cells were exposed for 24h teokfdncentrations of the drug and scratch motility assays
were performed.Fig.3.2C show that A®b reduced the migratory ability of all RMS cells
tested. Taken together, this data suggests thabAdhibits the ability of RMS cells to survive,

proliferate and migrate.
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Fig.3.1 AJ5 shows potent and selective cytotoxicity agailSRMSand ERMSells.(A) Structure and
molecular formula of A3 (B) MTT celiabilityassays oRRMSell lines, RH30 and AOoH1, andERMS
cell lines, RD and fH1, treated with a range of A9 concentrations (0.1uM 1.0uM) or vehicle for
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48h. Graphs show mean cell viability as a percentage of vehicle control £+ SEM for each concentration
of AJ5 determined from three independent experiments performed in quadruplidatarve was

fitted to determine the 16 concentration of A3 for each cell lineBelow are epresentative light
microscopy images (200X; EVOS XL AMEX1000 Core Imaging SysieMparfid ERMell lines

treated with their respective $eoncentrationof AJ5 or vehicle for 24 and 48IQ(MTT cell viability
assays of nomalignant human fibroblast cell lines, FGO and DMB, mouse myoblast cell line, C2C12,
and mesenchymal stem cell line, A10021501, treated with @ |G concentrations determined as
described inB) above.(C)Selectivity indices (Sls) were determined for each RMS cell line by dividing
the 1Go of each noamalignant cell line by the 46of each RMS cell line.

To further explore the mechanisms by whiBl35 exerts its cytotoxicity the ARMS cell line

RH30 and the ERMS cell line RD were used for further characterisation.

3.4 AJ5 activates the DNA damage and p38APK pathways in RMS cells.

P! - A& I NP o d¥didiglesiasNgt SIIN20RRd wes{ern dlotting and
AYYdzy20@820KSYAA(INE NBGSIfSR I RELBARBILISYRSY
Fy OOdzydzt F GA2y 2F RAA&aGAYDitreated gells-Kig. 33BOA A Y
respectively. Furthermore, Altreatment led to increased levels of phosphorylated ATM and

its downstream target kk2 as well aphosphorylated p38Kig.3.3C). AJb thus activated the
canonical DSB and p@8APK stress signalling pathways. Both of these pathways converge

on p53 which ordinarilyplays an important role in transcriptionally activating the cyclin
dependant kinase p2(Sionov & Haupt, 1999However, both the RMS cell lines used in this

study harbour p53 mutations that result in high levels of inactive (=ix et al., 1992)
Importantly, p21 levels increased at thesd€oncentrations of A3 and this response was
particularly pronounced after 24h of treatmenfify.3.3C). These results suggest that p21

levels increase in a p§Bdependent manner.

3.5 AJ5 triggers a @cell cycle arrest and induces apoptosis and necrosis

To investigate the effect of AJon cell cycle progression, FACS analyses were performed on
RMS cells treated with drug for 24h and 48h. Results show th&tiAdues a Gcell cycle

arrest in both cell lines at the expense of the S phdsg.B8.4A). This correlated with a
decrease in levels of cyclin A and cyclin B which are required for progression through the S
and G/M phases respectivelfKarimian, Ahmadi, & Yousefi, 2016)g.3.4B). The suitz
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Fig. 3.2 AJ5 inhibits the ability of RMS cells to survive, proliferate and migraiRepresentative
images and quantification of clonogenic assaysRM&aind ARMSells treated with vehicle, YaCr2

1Go or 1Go concentrations of A3 for 24h and then replated at low densities in dftge medium and

left for 7-21 days for colonies t@fm. Colonies were stained with crystal violet and images from three
independent repeats were quantified using the ImageJ plugin ColonyArea. The graph represents the
mean colony area SEM of eaclreatment condition as a percentage of the vehicle cont{B). The

same as (A) above for the namlignant mouse myoblast cell line C2C12, but treated with vehicle,
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0.15uM, 0.3uM or 0.6uM Ad. (C) Representative images (200X; EVOS XL AMEX1000 Core Imaging
System) and quantification of scratch motility assayERMSand ARMScells pretreated with 1Go
concentrations of A3 or vehicle for 24h and then replated at 100% confluency in-tteegmedium.

After celladherencea sterile 2uL pipette tip was used to make a linear wound in the cell monolayer
and cells wee treated with 10pg/mlmitomycin C to inhibit proliferation. Cells were imaged at 0, 3, 6,

9, 12 and 24h post wound formation. Total area migrated was calculated by subtracting the wound
area at each timepoint from the wound area at time Which is reprsented in the graphs as mean

area migrated+ SEM pooled from three independent repeats. Data was analysed using GraphPad
Prism 6.0 and a parametric unpairetest was performegwhere*p<0.05, **p<0.01, ***p<0.001.

peaks seen ifrig.3.4A suggested that Ad treatment leads to cell death. Indeed, Annexin V

FITC assays confirm that&ihduces apoptotic and necrotic cell deakid.3.4C).

3.6 AJb5 triggers the intrinsic and extrinsic apoptosis pathways in RMS cells.

To confirm that Ab-induces apoptosis, RD and RH30 cells were treated wih #d
biologcal, molecular and biochemical markers of apoptosis were investigated by light
microscopy, western blotting and enzymatic Casp@s® assays respectively. The results
show that Adb induced characteristic features of apoptosis including membrane blebhithg a
cell shrinkageRig.3.5A). In addition, A3 treatment led to increased levels and activity of
cleaved caspas® and caspas®, the effectors of the extrinsic andhtrinsic pathways
respectively Fig.3.5B and C). This correlated with increased levels of the active (cleaved)
forms of the executioner caspas8s/ and their substaite PARPHig.3.5B and C)Oliver,
1998; Soldani & Scovassi, 2Q0Rjerestingly, we observed an ~20kDa band above the 18kDa
active cleaved caspask fragment. A similar band has also been reported by other
researchers and it has been g&gted that it represents an intermediate product of
procaspased processingHoffmannet al.,2009;Wanget al.,2012) Importantly, caspase®
and-9 were more robustly dwvated in RD cells treated with AXhan those treated with IKg
doxorubicin, a drug commonly used in the treatment of RMS and used as a positive control in
apoptosis assay$ig.3.5C). Together these results show thatZAihduces cell death in RMS

cells, in part, through the extrinsic and intrinsic apoptotic pathways.
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Fig.3.3 AJ5 activates the DNA damage and the p38APK pathways! | H! - LINRPGSAY f S@St

by western blotting in RH3&ARMS and RDERM$ cells treated with vehicle (V), 0.1uM o0§I&35

for 24 and 48h. p38 was used as a loading control. Densitometry readings were obtained using ImageJ
and protein expression levels are represented as a ratio of protein of interest/p38 normalised to the
vehicle control sample (where possible). Blotsrapresentative of at least two independent repeats

(B) Representative confocal immunofluorescence maximum intensity projection images (630X; Carl
Zeiss LSM10) of RH30 and RD cells treated with A3p 2 NJ OSKAOf S F2NJ vnK | yR
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a fluorophore conjugated Cy3 secondary antibody. Nuclei of cells were stained with DAPI. Scale bar is
HAKY® . 2E LI 20Ga NBLNB&ASY(d ljdad yGAFAOLIGAZY 2F 11 H!
fluorescence from 20 fields of view from three independepkeats. Data was analysed using
GraphPad Prism 6.0 and a parametric unpairgdst was performedwhere *p<0.05, **p<0.01,

***p<0.001. (C) Western blot analyses with antibodies to key DNA damage and stress signalling
pathway proteins: pATM, pChk2, pp38, p53 and p21. RH30 and RD cells were treated wifhafdl

protein expression quantified as described above in (A). Broken lines in western blots shown in this
figure indicate where lanes not relevant were removed.

3.7 AJ5 induces markers of necroptosis RMS cells

Fig.3.4C showed that A3 triggers necrosis in RMS cells and therefore we explored the
possibility that it may induce necroptosis, the regulated formnetrosis. Indeed, A
treatment of RD and RH30 cells led to increased levels of phosphorylated RIP3, a critical
component of the necrosome, as well as increased levels of phosphorylated MLKL, a
downstream target of the necrosomgif).3.6A). Importantly Fig.3.6B shows that when RMS
cells were treated with A3 in the presence of necrostatih, an inhibitor of the necroptotic
pathway, cell viability increased significantly. These results suggeshthe¢ll death induced

by AJ5 possiblyinvolves necroptosis. Consistent with this possibility, Annex#iTC assays
(Fig.3.6C) reveal that when cells were treatadth AJ35 in the presence of necrostatihthere

was an almost complete shift of the necrotic cell population to viable cells with no change in
the apoptotic population. These resultaplythat A35 induced cell death in ERMS and ARMS

cellsnot only invdves apoptosis, but also possibly involmesroptosis.

3.8 AJ5 induces several markers of autophagy in RMS cells

We next investigated whether Alinduced autophagy because large vacuolar structures and
acidic vesicles were observed in RMS cells treate thits drug Fig.3.7A). To this end,
western blotting and immunocytochemistry were performed with an antibody to EGS.

3.7B shows that LC3II (the autophagosomal membrane bound form of LC3) was induced in
both RMS cell lines in a time and dose dependant manner. Furthermrage3.7C shows
distinct puncta, presumed to represent LC3Il aggregates conjugated to autophagosomal

membranes, in RD and RH30 cells from as early as 6h affetréaktment.
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Fig.3.4 AJ5 triggers a G1 cell cycle arrest and induces apoptotic and necrotic cell death in RH30 and
RD cellsFlow cytometry analyses of cells treated with vehicle ey AG5 for 24 and 48h. Graphs
represent the mean proportion of celSSEM at each phase of the cell cycle pooled from three
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independentrepeats. (B) Western blot analyses of protein harvested from cells treated as indicated
and incubated with antibodies anst cell cycle markers cyclin A and cyclin B1. p38 was used as a
loading control. Densitometry readings were obtained using ImageJ and protein expression levels are
represented as a ratio of protein of interest/p38 normalisedntvehicle control sampl Blots are
representative of at least two independent repeats. Broken lines indicate where lanes not relevant
were removed. (C) Flow cytometric analyses of cells treated with vehiclg A33Cand stained with
Annexin WITC and PI. Graphs represeém imeant SEM percentage of viable (lower left hand
qguadrant),apoptotic (lower right hand quadrant + upper right hand quadrant) and necrotic (upper left
hand quadrant) cells from three independent experiments. For (A) and (C) datanaésed using
GraphPad Prism 6.0 and a parametric unpairetbdt was performedwhere*p<0.05, **p<0.01,
***p<0.001.

3.9 AJ5 reduces autophagic flux in RD and RH30 cells

The detection of LC3II alone does not distinguish between autophagy induction and cessation
in the downgream steps of autophagy. We therefore next determined the impact &b AJ
treatment on autophagic flux by measuring the levels of p62, a receptor of polyubiquitinated
proteins. The rationale for this is based on observations that upon autophagy indyaéi2n,

is incorporated within an autophagosome and degraded within an autolyso¢Biwuekiv et

al., 2007) The turnover of p62 is therefore consideredh indicator of autophagic flux.
Interestingly,Fig.3.8A shows that whereas AJappears to reduce autophagic flux in RH30
cells, it increases autophagic flux in RD cells. To confirm the above data, levels of LC3II were
determined by western blotting in the presence and absence of bafilomycin A1 which blocks
the autophagy pathway by inhibiting fusion of autophagosomes with lysos@vesvezin &
Neufeld, 2015) An accumulation of LC3Il in the presence of timhibitor is therefore
considered evidence of autophagic flux. Consistent with our p62 data in RH30 cdlls, AJ
treatment followed by bafilomycin A1l exposure led to decreased levels of IFZRB.8B).
Interestingly, contrary to our p62 data in RD cells, in the presence of bafilomycin-81, AJ
treatment led to a negligible change in LC3II compared with vehicle treated fcigll3.8B).

We therefore further investigated the impact of-BJbn autophagic flux in the RD cell line by
performing single cell autophagosome flux analyses. Our results reveal that RD cells are
charactersed by a predominant autolysosomal pooR€E83 autolysosomes/cell), with only a
very minor pool of autophagosomes and lysosomes per Egl3.8C). Moreover, the dis

are characterised by a basal autophagosome Jlok6.3 autophagosomes/hour/cell. Upon

AJ5 treatment, however, both autolysosome pool size as well as autophagosome flux

significantly decreased. This suggests tha Adgatively impacts the rate otitophagosome
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Fig.3.5 AJ5 triggers the intrinsic and extrinsic apoptosis pathways in RMS cBlpresentative light
microscopy images (200X; EVOS XL AMEX1000 Core Imaging System) showipdthegy of RH30
and RD cells treated with vehicle, 0.1uM ap K35 for 24 and 48h. Numbered circles correspond to
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magnified images on the right which highlight characteristic apoptotic morphology including
membrane blebbing and cell shrinkage. (B)st¥m blot analyses of protein harvested from cells
treated as in (A) and incubated with antibodies as indicated. p38 was used as a loading control and
densitometry readings were obtained using ImageJ. Protein expression levels are represented as a ratio
of protein of interest/p38 normalised to vehicle control samples (where possible). Blots are
representative of at least two independent repeats. Broken lines indicate where lanes not relevant
were removed. (C) CaspaSé assays showing the enzymatic attiaf caspse3/7, caspased and
caspase9 for cells treated with vehicle orsp@&J35. Doxorubicin was included as a positive control for
casmse8 and-9 assays at the $gconcentration (0.5uM) established in the cell lines tested. Graphs
represent themean fold change of caspase activity + SEM pooled from three independent repeats.
Data was analysed using GraphPad Prism 6.0 and a parametric unpsastdvas performegdwhere
*p<0.05, **p<0.01, ***p<0.001.

synthesis which supports the data showing tthia the presence of bafilomycin Al,-BJ
treatment does not lead to LC3IlI accumulatiéig(3.8B). Together these data suggest that
AJ5 reduces autophagic flux irH30 and RD cells.

3.10 AJ5 can regulate TBX2 and TBX3 in RMS cells.

The Thox transcription factors TBX2 and TBX3 have been implicated in
rhabdomyosarcomagenes(Sims, 2016; Willmer et al., 2016; Zhu et al., 2Giy due to

their relevance in this thesis, the ability of-BJdo regulate these oncogenic proteins was of
interest. Therefore, levels of TBX2 and TBX3 were detaot&®&D and RH30 cells after?\J
treatment (Fig.3.9A). In the RH30 cell line TBX2 and TBX3 levels were convincingly reduced
at all concentrations and timepoints tested. Hever, the same trend was not observed in

the RD cell line where TBX2 levels increased aftdy #hdatment and TBX3 levels initially
increased after 24h and then drastically decreased after 48h of treatment. The increase in
TBX2 levels can possibly be exped by the fact that TBX2 has been shown to be upregulated

in response to the DNA damaging agent cisplatin and contribtdeDNA repair and
subsequent cisplatinesistance(Wanslebenet al., 2013) This response could be cstpe
specific and thus it was not observed in the RH30 cell line. The initial increase in TBX3 levels
in the RD cell line could be associated with an initial desistance response which is then
overridden by longer exposure to-AJAnother explanation for the drop in TBX3 levels at the
48h timepoint, when TBX2 levels have increased significantly, is the ability of TBX2 to suppress

its homologue TBX®hich has ben previously showm the Prince laboratorfunpublished).
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Fig.3.6 Cell death induced by AJin RMS cells involves necroptodfgestern blot analyses showing
levels of gRIP3 and PLKL and théoading control, p38, in RH30 and RD cells treated with vehicle (V),
0.1uM or 16 AJ5 for 24 and 48h. Densitometry readings were obtained using ImageJ and protein
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