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SiRNA silencing RNA

SnRNA small nuclear ribonucleic acid

SLAL Synthetic Lethal with ABP1

SRBC serum deprivation response factor (satélated gene product that binds to-c
kinase

STAT Signal Transducemnd Activator of Transcription
STDEV standard deviation

SUM1 SUppresor of Marl

SWI4 or SWI6 Switching deficient 4 or 6

TAFs TBRassociated factors
tBID truncated BID

TBP TATAbinding protein
TFA trifluoroacetic acid
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TFIID
TGS
TNBC
TNFN
TOF
TOR
UME6
UPR
VDAC
YFD
YKO
YPD
ZAP1

1-GCS

Transcription Factor [ID

Tris-glycine SDS

triple-negative breast cancer

tumour necrosis factah

time of flight

target of rapamycin

Unscheduled Meiotic gene Expression
unfolded protein response
voltagedependent anion selective channel protein
Yeast Fitness database

Yeast Knockut

yeast, peptone, dextrose
Zincresponse Activator Protein

I -glutamylcysteine synthetase
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1 Abstract

The platinumbased cytotoxic chemotherapeutics cisplatin, carboplatin, and oxalipagwidely

used as antcancer drugsbut their efficacy is limited by the occurrence of resistantbe

mechanisms of actions of these drugs as wal the mechanism underlying resistance
(formation) to platinum drugs remain incompletely understood. Méreowledge is requed to

develop more effective therapies.

In this study, we used yeast cells and neuroblastoma cell lines/éstigate the mode of action
and resistance to platinum drugs. First, we screenefaacharomyces cerevisi)anscription
factor heterozygousgyene deletion library to identify genes that when deleted result in enhanced
sensitivity to cisplatin, carboplatin and/or oxaliplatitn addition, data on platinum drug
sensitivity in yeast, derived from screening a yeast wiggleome honozygous deletion library,
was extracted from the Yeast Fitness Databdk#p:/fitdb.stanford.edu/). There was a
substantial overlap in the genes (and related pathways) that determine sensitivity to the
individual platinum drugs, but also considerabldatinces. Notably, cisplatin and carboplatin are
anticipated to be more similar in their mode of action compareasaliplatin but the yeast data

did not entirely support this notion. Amoung the genes involved in response to platirugs,
BDF1 (Bromodwnain-containing factorl) was identified as a novel gerwhich, when deleted,
resulted in increased sensitivity to all three platinum drugs. Itexeression reversed platinum
drug sensitivity, confirming strole in determining the yeast cell responge platinum drugs.
Notably, BET pretns (the human equivalents of Bdfl) are increasingly recognised as potential
anti-cancer dug targets. @r data suggest that they may have a role in sensitising cancer cells to
platinum drugs.

Next, we investigated anique panel of cell lines consisting of neuroblastoma cell linesNB<3-

and UKAMB-6 and their sullines with acquired resistance to cisplatin (UXB3'CDDP® UKF
NB6'CDDPY), oxaliplatin (UKMB3'OXALF?® UKFNBBOXALF™), or carboplatin (UKF
NB3CARB&” UKMNB6'CARBE). Adaption to platinum drugs was associated with changes in
doubling times and cell morphology but there were no consistent patterns. This suggests that
resistance mechanisms are complex and heterogeneous. The ressfthenotype was stable
after cultivation of the resistant sulines for three months in the absence of drugglicating that
resistance was not a consequence of the reide enrichment of a prexisting subpopulation of
cells, but due to a permangnirreversible gaomic change. This notion was supported by the
determination d sensitivty profiles to cisplatin, carboplatin and oxaliplatin in the cell line panel.
Bah UKFNB3 and UKHB6 parentallines exhibited sensitivity to all three platinum @) and

the platinum drugadapted parentatells diplayed generally increased resistance, not just to the
drug to which they were adapted, but to all three platinum drugs. Elmv ceplatin- and
carboplatin resistant UKINB-3 cells displayedo crossresstance to oxaliplatin, and oxaliplatin
resistant UKINB-3 cells displayedone to cisphtin and carboplatin. In contrast to the yeast data,
this supports the notion that cisplatin and carboplatin are more similar in their mode of action
than oxaliplatin.

Finally, in a proteomics study, we compateée UKFNB-3 and UKINB-6 cells with their cisplatin
resistant suHines to study acquired cisplatin resistance, and also investigated their responses to
acute cisplatin treatment. The resulting data, togetheith previous proteomics studies that
investigated acquired resistance in cisplaitiapted neuroblastoma cell lines, suggested that,
despite overlaps, the resistance mechanisms are heterogeneic and cedpkedic. This was also

the case, comparing owell lines only, for the acute cisplatin responses.

In conclusion our data demonstrate that resistance formation to cisplatin is a complex and
individual/cell line specifiprocess. Furtheresearch will be required to enable a ®mslevel
understandig of gasplatin resistance that can be translated into improved therapeutic
approaches.
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2 Introduction

2.10verview of cancer, chemotherapies and

chemoresistance

2.1.1 Cancer statistics and antiancer agents

Cancer is one of the leading causes of deathdonomically developed countries/ith 352197
cases diagnosed in the UK in 2013, andabrte prostate, lung and bowel cancers together
accounted for over half (5%) of these casei 2011 it was reported that 1 in 4 deaths in the UK
were from cancerWorldwide, an estimated,14.1 million peoplewere diagnosed and 8.2 million
died from cancerin 2012 most commonly from cancer of thking, liver, stomactor bowel.
Numbers are constantly increasimye to aging and growth of the populatianEven though
overall patient prognosis has significantly improved due to earlier diagnosis and better treatment,
survival rates are still poor fsome common cancersuch as lun@nd pancreaticcancer,and
there is acontinuouspressing need for new therapeutic strategi(Quaresma, Coleman et al.

2015)(Cancer Research UKrtp://www.cancerresearchuk.org/).

Cytotoxic chemotherapeuticsuch as the platinum drugs cisplatin, carboplatin and oxaliplatin,
which we have focussed on in this proje@main the most commonly useghti-cancerdrugs to

date. However, theycome with a host of severe side effeesd the problem of chemoresistance,

the latter of which shall be discussed laternrore detail. Latdy, efforts have been made to
develop better tolerated and more effective metallodru@y/ang, Wang et al. 2015pverall, in
recent years, an effort to develop new treatments promising fewer adverse events and@uper
response rates compared thesenon-specific drugs has shifted the emphasigrtore rationally
designed, targted therapeutics Such molecularly targeted andW( F NBSGSR G KSNJI L
biopharmaceuticals (eg. #ibodies) or small molecules (faxample kinase inhibitors) which
selectively target cancer specific events such as receptors for overexpressed growth factors,
examplecetuximaband gefitinib respectively, which both block epidermal growth factor receptor
(EGFR)Dancey 2004, Tonini, Calvieri et al. 2009, Workman, Clarke .26iblyever the
development of resistance is still an issue with these targeted theraPies.of themore modern
movementsin cancer treatmenthas beenthe development of drugs that target immune cells
rather than tumour cells to induce a long lasting immune response in the patient against their

own cancercells, for examplanti-CTLA4 and anBD1 to treat recurring cancerske metastatic
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melanomas, renal cell carcinoma or nsmallcell lung carcinom@aNSCLQ)Shekarian, Valsesia

Wittmann et al. 2015)

2.1.2 Neuroblastoma

For the majority of our experiments we have used neuroblastomaline, both parental drug
sensitive lines and also corresponding 4inles resistant to each of the platinum drugs cisplatin,
carboplatin and oxaliplatin, which are clinically used to treatment neuroblastéRugggero,
Trombatore et al. 2013)Neuroblastoma is a rare and clinically challenging childhood cancer that
is diagnosed in around 100 children every year in the UK, who are mainly under the age of 5 and
often diagnosed in the first year of liféhttp://www.cancerresearchuk.orgl Most children
diagnosed over 1 year old already have extensive metastasis and poor pro@rosisur 2003)

It is a very complicated and heterogeneous can@nodeur 2003) interestingly being able to
regress spontaneously in most infants with little therapy, but in older children more likely, despite
intense therapy using drug combinations, to mature into a tumour which is liable to metastasis
and the development of chemoresistand®rodeur 2003, Cheung, Dyer 2013)his cancer
originally develops from neuroblasts (nerve cells) of the neural crest during development, and
often initially presents in adrenal glands or nerve tissue of the abdomen. In about half of patients
it commonly metastases to the bones, liver and skin via the blood and lymphatic system
(http://www.cancerresearchuk.org/ Survival is dictated by, not just the¢age and age at
diagnosis, but also by the MYCN status of the tumour. The transcription factor MYCN regulates
the proliferation, growth, differentiation and survival of nerve cells in the developing neural crest.
Amplification of MYCN genomic copy numbeccurs in approximately 226 of cases of
neuroblastoma, and this is a biomarker for a poor progn®isedeur 2003, Cheung, Dyer 2013)
Another biomarker for poor treatment outcome, whichrautually exclusive to the amplification

of MYCN, is the presence of deletions on the long arm of chromosom€dren, Kryh et al.

2010)

2.1.3 Chemoresistance

Unfortunately, drug resistance severely limits the successkétment of cancer patients.
Accounting for half of all drug resistant cancer cases is intrinsic resistance, which is when a patient
has preexisting molecular mechanisms that enable tumour cells to survive and proliferate in the
presence of a drug befe treatment starts. Acquired resistance is the main cause of relapse of
disease after initial response to chemotherapy, developing due to tumour cell resistance
mechanisms occurring as a result of chronic drug expofippert, Ruoff et al. 2011, Holohan,

Van Schaeybroeck et al. 2013, Hu, Zhang 2016, Gottesman, Lavi et al. ARff¥1&xample,

colorectal, renal, lung and prostate can@am be intrinsically resistant to the cytotoxic platinum
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drug cisplatin, whereas ovarian cancer commonly becomes resistant after initially effective

cisplatin treatment(Stewart 2007, Koeberle, Tomicic et al. 2010, Dmitriev 2011)

Overcoming drug resistance is a constant challenge because of the complefactoliial nature

of the underlying molecular events. Many resistance mechanisms have been identifiedassuch
reduced entry into the cell, accelerated drug efflux, enhanced detoxification inside the cell,
interference with cell cycle dynamics, increased DNA repair and defective apoffodisidkar,

Dey et al. 1999, Koeberle, Tomicic et al. 2010, Dmitriev 2011, Holohan, Van Schaeybroeck et al
2013)as well as epigenetic modifications that effect gene expres@vawn, Curry et al. 2014,
Easwaran, Tsai et al. 201aH)d the tumour microenvironmenfHolohan, Van Schaeybroeck et al.
2013) which together form a complex network mediating an individual resistance phenotype
(Lage 2008)Contributing to this problem is the broad heterogenic variation of cancer cells both
within tumours and baween cancer type and patients(Sharma, Haber et al. 2010, Shekhar
2011) Multidrug resistance (MDR) often describes a phenotype when cancers treated with anti
cancer drugs develop crasssistance to rany other anticancer agents to which they have never
been exposedwhich is a severe issue when it comes to successful chemotherapeutic treatment
of cancer patientgAmbudkar, Dey et al. 1999, Leslie, Deeley et al. 2005, Gottesman, Lavi et al.
2016, Wu, Yang et al. 2014nterestingly, in neuroblastoma, MYCRX.2) directly contributes to
MDRby regulathg specific ABC transporters includihg multidrug resistancessociatedViIRP1
protein (Manohar, Bray et aR004, Porro, Haber et al. 2010, Harvey, Piskareva et al..2015)

2.1.4 Monitoring and predicting chemoresistance

Historically, 8 6 SYLJia KIF @S 06SSy YIRS {2 -trédt®nrf fbrinBinsicd G A
drug resistance using fresh tumour celllture assays that measuréor example,cell activity
(such aghymidine incorporation into cell DNE&KERN, WEISENTHAL 199Ghe loss of cell ATP
(ANDREOTTI, CREE et al. 2988ginst a range of drug concentrations, though redutisi such
tests canbe unreliable(Lippert, Ruoff et al. 2011Puringchemotherapytreatment, positror
emission tomography (PET) can be used to detegrttie metabolic activity of tumour tissuend,
though it cannot distinguish between intrinsic and acquired resistage® be used to assess
multi-drug resistance(Kurdziel, Kiesewetter 2010Radiotracers may & used for measuring
cellular activity in more detail and to detect the presence of cancer biomalRasaphy, Lewis
2009, Lippert, Ruoff et al. 2011, Sharma, Abea@pll) Other examples of laboratory
approaches to determine resistance atee measurement of half inhibitory concentration
and resistanceindex (RW/fold resistance using the MTT assegte of drug pump effluusing the
drug efflux assaygrowth curves anddrug susceptibilityusing MTT or HDRA technology
(histoculture drugresponse assaypnd the apoptosis index using higbntent screening and
analysiqWu, Yang et al. 2014)The status of multidrug séstant genes (such as MRP, MDBnd

MDR2) and signalling pathwayscan be assessed using Western blotting and
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immunohistochemistrymethods, and drug resistance phenotypes can be assessed higihg
throughput screeningsystems by means of RNA interference or array babgs (Wu, Yang et al.
2014)

Biomarkers may be cancderived molecules found in the blood (eg. prostate specific antigen
(PSA) for prostate cancer), or in tumousstie (eg. overexpression of HER2 in breast cancer
(Harries, Smith 2002) Biomarkerswhich may include pathways, may be used to monitor drug
resistance mechanisms and to guide therapiBéd, Yao et al. 2006, Coughlin, Johnston et al.
2010) It is a constant challenge to identify cancer biomarkers #rable reliablemonitoring of
drug resistance during therapy or that can be used confidently toiptreadinical outcome for

individual patients.

Over the last decade, a greater knowledge of dmegjstance mechanisms combined with the
AYUNRRdAzOGAZ2Y 2F Wil NBSGSR UKSNJI LIS dzibrapgeaigbn K | &
medicine. The aim is tdevelop specific cancer therapies to treat the individual patient and
ultimately to enable better treatment and extend survival for more patients, including those who
had previously failed platinum chemotherapy, whilavoiding drug therapies which are
ineffective, costly and harmfiyte Bono, Ashworth 2010, Murphy, Stordal 2011, Lippert, Ruoff et
al. 2011) This has culminated in a new generation of clinical trialguiring preselection of
relevant patients based on appropriate predictive biomarker identification from the biological
characterisation of tumour biopsie@e Bono, Ashworth 2010, Wistuba, Gelovani et al. 2011,
Tursz, Andre et al. 2011, Biankin, Piantadosi et al. 2015, Renfro, Mallick et al.Xdéples are
The Biomarkeintegrated Approaches of Targeted Therapy lfong Cancer Elimination (BATTLE)
trial (Kim, Herbst et al. 201X¥viewed in(Wistuba, Gelovani et al. 2011, Renfro, Mallick et al.
2016)and the Alliance Trial, both for NSC{tfayden 2011)and also the-EPY Zrial for locally

advanced breast cancéBarker, Sigman et al. 2009¢viewed in (Renfro, Mallick et al. 2016)
2.2 The platinum drugs and resistance

2.2.1 The platinum drugsclinical utility and mode of action

Platinumbased drugs are among the most active ar@hcer agents and are used as single agent,
or in combination with, other cytotoxic or targeted drugs and/or radiotherapytreat a wide
variety of human malignancig$tordal, Davey 2007, Kelland 2007, Wheata/kaf et al. 2010)
Cisplatin is the most widely used platintased chemotherapeutic and was the first to be
approved in 1979. Since theayer twentyother platinum drugs have entered clinical trials in an
attempt to better cisplatin in terms of toxity and acquired resistance, with only carboplatin and

oxaliplatin gaining international marketing approval. No new platinum drug has entered clinical
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trials since 1999, explained Hite shift in focus to drug delivery systems and more targeted

therapeutics(Wheate, Walker et al. 2010, Johnstone, Suntharalingam et al. 2016)

The main way that they are assumed to waskto entercells by passive diffusion or through
organic or metal @mnsporters and, upon erdnce aquation occurs and the drug becomes
positively charged, enablirigto bind to DNA and cause DNA lesions. Such lesions distort the DNA
helix andblock RNA polymerases, thypseventing replication and DNA repairand ultimately

cause cellular apoptosis and tumour damd¥éang, Lippard 2005, Stewart 2007, Kleiamley

2009, Koeberle, Tomicic et al. 2010, Wheate, Walker et al. 2010, Johnstone, Suntharalingam et al.
2016) Unfortunately, ontinued use of platinum drugs is restricted because of their severe-dose
limiting side effects caused by the random drug akg into all rapididividing cells, not just

cancer cell§Wheate, Walker et al. 2010)

The chemical structures of cisplatin, carboplatin and oxaliplatin are showigurel. Gsplatin

and carboplatin arerery similar structurallyand they aregenerallyused to treat the same types

of cancersuch as testicular, cervical, head and neck cancers, and-celiding canceralthough
cisplatin is the drug of choice for testicular canaerd carboplatins now the drug of choice for
ovarian cancer. Carboplatin forms similBNA adducts as cisplatimost frequently intrastrand
adducts between adjacent guanines lmetween guanine and adeninbut has a lower reactivity,

so subsequently has fewer side effects and can be administered in higher (RigsesOrtuzar et

al. 1996, Heffeter, Jungwirth et al. 2008, Negoro, Yamano et al. 2009, Ahmad 2010, Wheate,
Walker et al. 2010, Johnstone, Suntharalingam et al. 2016)

HsN. Cl N, O HaN, O
,Pt\ ’Pt\ /Pt\
HsN  Cl N 07 HaN O
HQ O
Cisplatin Oxaliplatin Carboplatin

Figurel. Chemical structures of platinum argancer druggHeffeter, Jungwirth et al. 2008)

Oxaliplatin is currently the drug of choice, used in combination wilu5and folinic acid, to treat
colorectal cance(Wang, Lippard 2005, Heffeter, Jungwirth et al. 2008, Wheate, Walker et al.
2010) Oxaliplatin has structural differences which enable the formation of different -sirand
DNAadducts that prevent the binding of some DNA repair proteins, therefore it has fewer side
effects than cisplatin and carboplatin. For example, DNA mismatch repaiRjMd&chinery does

not recogniseDNA adducts formed by oxaliplatin, but does recogniselatispand carboplatin

adducts resulting in mediation of apoptogRabik, Dolan 2007, Ahmad 2010, Martiisadibrea,
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MartinezCardus et al. 2015) It is also ofarger structure than the other two drugs, therefore
cause greater DNA deformatigiMehmood 2014) and produces fewer DNA adducts than the
other two drugs at equmolar concentrations, but a higher toxicifyVoynarowski, Faivre et al.
2000, MartinezBalibrea, MartinezCardus et al. 2015¥»pper transporter 1 (CTRhas shown to

be involved in the uptake of platinum drugs, but mainly of epland carboplatin(Holzer,
Manorek et al. 2006)whereas oxaliplatirenters cells primarily via a different mechanism, for
example by organic cation transporters such as-0@md OCP (Zhang, Lovejoy et al. 200&)is
interesting that colorectal cancer cells are often lacking MMR machinery, and also organic cation
transporters are expressed at a high level in many colorectal cancer patients, thus oxaliplatin is
the more active drug compared to cisplatin and carboplatin to treat this cancer (gpang,
Lovejoy et al. 2006, Rabik, Dolan 200arfihezBalibrea, MartinezCardus et al. 2015, Johnstone,
Suntharalingam et al. 20160xaliplatin is commonly believed to be capable of overcoming
cisplatin resistance, for example in cisplatasistant ovarian cance(Rabik, Dolan 2007, Wheate,
Walker et al. 2010, Ahmad 2010, Johnstone, Suntharalingam et al.,2846)interestingly,
cisplatin may have activity in oxaliplatiresistant colon cancer(Rixe, Ortuzar et al. 1996,
Mohammed, Retsas 2000)s already mentioned, all three platinum drugs are clinically used to
treat neuroblastoma(Ruggiero, Trombatore et al. 2013Regarding their side effect profiles,
cisplatin commonly causes ototoxicity, peripheral neuropathy, myelosuppression, and
nephrotoxicity, carboplatin generally causes myelosuppression and occasionally neurotoxicity and

nephrotoxicity, and oxaliplatin cause neurotoxidiBabik, Dolan 2007)

As mentioned, the platinum drugs enter the cell by passive diffusion or via organic or metal
transporterssuch as CTR1, OCTand OC®R. i terms of activeplatinum drug efflux,copper
transporting Ptype adenosine triphosphatases ATP@amimi, Safaei et al. 200ahd ATP7B
(Leonhardt Gebhardt et al. 2009, Dmitriev 201Hgve been implicated, which contribute to drug
accumulation.There is a link between the uptake and efflux of cisplatin and copper metabolism
(Wang, Lippard 2005Platinum also binds to sulphurand therefore bindssulphurcontaining
cytoplasmic glutathione and mdtathionein molecules ¢atalysed by glutathion&transferase)
which ultimately cause®latinum drug deactivation and detoxification, theimactive drug is
exported from the cel via ATRlependent efflux pumps such abke multi-drug resistance
associated proteinsMRP1 and MRPZKelland 2007, Klein, Hambley 200%jowever this
detoxification process alsdepletes the cell of the antioxidants glutathione and metallothionein,

which can cause oxidative stress and, in turn, damage to DNA.

Cisplatin is the most studieof the platinum drugs and a summary of its mode of actioost
cellular entry s illustrated inFigure2. More research is required to elucidate theodes of action
of the individual platinum drugs in more detaflGatti, Cassinelli et al. 2015hough t can be

presumed that thee are similarites in particubrly between cisplatin andtarboplatin (Rabik,
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Dolan 2007)The ky differencescompared tothe other two drugsregardingrecognition and
processing obxaliplatin have already been highlighteahdalsothere are differences between

cell death pathwayswhich shall be discussed later.

Focussing onFigure 2, cisplatininduced mst-translational modification of histones alters
chromatin structure, enabling nuclear factors to bind that control DNA repair, transcription, and
other processegWang, Lippard 2004\uclear DNA damages recognised by proteins such as
high-mobility group box protein (HMGBXn chromatin protein)(Siddik2003, Wang, Lippard
2005, Lange, Vasquez 2009nd aDNA damage respongs elicitedto promote cell survival
which, if the adducts are in low numbers, DNA repair machieainly nuclear excision repair
(NER)Xxan resolvawith a temporary cell cyclarrest(Galluzzi, Vitale et al. 2014 owever,if it is
irrepairable, cell cycle arrest becomes permanent and the cell ensemescenc@Gewirtz, Holiet

al. 2008, Galluzzi, Vitale et al. 202hich can ultimately lead to cell deathDNA danage
modulates many signal transductionpathways that are an attempt to mediate or which
contribute to platinum drug cytotoxicity for example the AKT {a@kt murine thymoma viral
oncogene homologue),-8BL (vabl Abelson murine leukaemia viral oncogene homologue), p53,
MAPK (mibgenactivated protein kinase)NK (eJun NH2terminal kinase)/ERK (extallular
signaidrelated kinase) pathway8Nang, Lippard 2005 he tumour suppressor protein p58 a
transcription factor thatplaysan important role inDNA repair, thecell cycle senescencethe
apoptotic pathwayand overall genetic stabilityand platinum resistance is often associated with
p53 abnormalitiegReles, Wen et al. 2001, Vaseva, Moll 2009, Liu, Xu .20¥&)50 % of cancers
have mutations in p53becausewith no or altered p53function cellularcontrol over growth and
death is lostwhich results in a canceroghenotype mutant p53 is therefore a cancer drug target
(Parrales, lwakuma 2015)ormally, p53s expressed at low levels, but when cells are stressed by,
for example, DNA damage by cisplatin, p53 is stabilisat activatedand can induce cell cycle
arrest so that repair can take placend/or apoptosis(Parrales, lwakuma 201%Figure 2) by
upregulating genes such as NOXA and PUNMSS upregulated modulator of apoptosif)at
encode preapoptotic proteins d the Bct2 family (Liu, Xu 2011)The sabilisation/activation of
p53results from theactivation ofATR (ATMand RAD3elated protein)followed downstream by
activationof CHEK1 (checkpoint kinase($)ddik 2003, Galluzzi, Vitale et al. 208 well as by
pathways of MAPK signallif@iddik 2003, Wang, Lippard 200%hese events can lead toell
senesene or to apoptosis viawidespreadmitochondrial membrane permeabilisatiofiGalluzzi,

Vitale et al. 2014)

As previously mentioned, detoxification of platinum drugs causelox stress. As depicted in
Figure2, this redox stress can also directly cause nuclear DNA damage by peroxides and free
radicals(Kryston,Georgiev et al. 2011)It can also cause p53 activation; at low redox stress levels,

p53 acts as an antioxidaand protects the cells, wherease if the stress levels increase, p53 acts in
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Figure 2. Cisplatin(CDDP)node of action On entering the cell by passive diffusion, cisplatin becomes
aquated and positively charged, enabling it to bind nuclear DNA with high affinity, thus promoting the DNA
damage responselt also binds to mitochondrial DNA (mtDNA) as well as varioitechondrial and
extramitochondrial proteins, causing i) favouriniget establishment of oglative and reticular stress; ii)
activating signaling pathways that involve mpoptotic BCi2 family members BAK1 and BAX, as well as
voltagedependent anion channel 1 (VDACL) &@ijdactivation of cytoplasmic p53. The relative contribution

of these malules and crosstalk between thentp the cytotoxicity of cisplatin remains to be precisely
elucidated. Asterisks = primary reactivity effects, ER = endoplasmic reticulum, MOMP = mitochondrial outer
membrane permeabilisatiofGalluzzi, Vitale et al. 2014)

a prooxidative manner which increasstress levels further, leading to cell dedttiu, Xu 2011)

Cisplatininduced DNA damage can cause ERdoplasmic reticulumkstresstoo via calpain
(Yadav, Chae et al. 2014nd cisplatin has also been proven to have the ability to induce a
nucleus independent apoptotic signalling pathway which involBstress(Mandic, Hansson et
al. 2003) as depicted irrigure2. ER stress results in the accumulation of unfolded proteins in the
ER, which, if not resolveby activation of the unfolded protein respee (UPR), leads to cell
death. ER stresénduced cell death is caused lay increase in transcriptionfro-apoptotic
protein genes such as NOXA and PUMadav, Chae etl. 2014)which are modulated by p53
stabilisation(Li, Lee et al. 2006)

Platinum drugs like cisplataiso bind to cytoplasmic targets intitate cytotoxic effectsKigure2)
due totheir low binding specificity and high activitfhere are digepancies between literature
reports on the percentage of cisplatin that forms adducts with DNA compared to with cellula

proteins; some say thahe amount of intracellular cisplatin DNA and protein adddotsned are
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10% and 755 % respectivelfyMehmood 2014)or 10% and 90% respectively(Goodsell 2006)
whereasmany others report that only 246 of cellular cisplatin binds touclearDNA by quoting
Gonzalez et alGonzalez, Fuertes et al. 20pWhich tracks back to EastmgBASTMAN 1986)
Cytoplasmic targets includ@NA, proteins, lipidsdysosomesgcytoskeletal components and thiol
containing moleculegJamieson, Lippard 1999, Gonzalez, Fuertes et al. 2001, Fuertes, Castilla et
al. 2003, Wang, Lippard 2005, Cullen, Yang et al. 2007, Heffeter, Jungwirth et al. 2008, Zhao
Wang et al. 2015, Gatti, Cassinelli et al. 20Bjportant nonDNA targets, as already mentioned,

are the thiol containing moleculesytoplasmic glutathione and metallothioneiwhich are
involved in drug detoxificatior{fFuertes, Castilla et al. 2003)\s mentioned above is that in
enucleatedcells, the ER has been shown to baaget for cisplatifMandic, Hansson et al. 2003)
likely via cytoplasmic cdiXu, Megyesi et al. 2008, Galluzzi, Vitale et al. 2014)

A central cytoplasmic target for cisplatin is the mitochonaii@ang with mitochondrial DNA, which
inducesmitochondriatmediated apoptosisthis is partly respnsible for the cytotoxicity of the
drug(Gonzalez, Fuertes et al. 2001, Cullen, Yang et al. 280 thisis also the case fdahe other
platinum compounds(Gatti, Cassinelli et al. 2019ylitochondrial DNA can also be damaged
directly by raised levels of peroxides and free radicals from cisptatirced redox stresand
damaged mitochondria releag€&igure2) (Gatti, Cassinelli et al. 2015}t is interesting thathe
mitochondria have their own stores of glutathione, but as they cannot make it themselves, it is
derived from active transport across the mitochondrial membrane against an electrochemical
gradient(GRIFFITH, MEISTER5) It has been demonstrated thatitochondrial DNA (mtDNAS

more susceptible to damage and with the damage lasting longer than nuclear DNA ({viakidg,
VanHouten 1997)which is expectedo be the case postxposure of cells to the platinum drugs.
The reason for this is mainly because the mitochondria lack their own DNA repair system, and
mitochondrial DNA lacks protective histones and a lack of introns renders it susceptible to

detrimental mutationg(Preston, Abadi et al. 20Q1)

Activated p53caninitiate activation of BAK1, VDAC1 and BR¥rfettini, Kroemer et al. 2004)
but they can also be activated by mitochondrial DNA damageigure2) (Galluzzi, Vitale et al.
2014) BAX (Bcl2 Associatedprotein) and BAK (Bcl2 Antagonist Killgrare preapoptotic
proteins of the BCL2 {Bell Leukaemi&) family that control OMM (outer mitochondrial
membrane) permeabilisationwhich is ssentialfor mitochondrial mediated apoptosi®Vei, Zong

et al. 2001, Roy, Ehrlich et al. 200@DAQvoltagedependent anion selective channel proteig)

a major component of the mitochondrighermeability transitionpore complex (PTPC) that
permeabilises theOMM, resulting in the release of cytochrome C (an apoptosis intermediate)
(ShosharBarmatz, BerHail 2012) Interestingly, n head and neck cancer it has been evidenced
that high levels of cisplatin bind dirdgtto VDAC more than 2€0ld higher than the amount
bound by other cellular componentsrang, Schumaker et al. 2008his binding of VDAC by
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cisplatin can directly assist the release of cytochrome c¢ by disrupteBTRGnd in turn induce
apoptosis in cancer cells, irrespective of mitochondrial DNA damage by cis(Biralez,

Fuertes et al. 2001, Yang, Schumaker et al. 2006 n\Cilng et al. 2007)

As mentioned, mitochondrial DNA can be damabgdaised levels of peroxides and free radicals
(reactive oxygen species (ROS)) from cisplatoced redox stressConversely, twever,
damaged mitochondrial DNikads to mitochond&l dysfunction whiclcan also cause increased
levels of RO®hich in turn can damage its own DNBline 2012)Figure2); this is becausROS
are mainly produced in the mitochondria as-poducts of respiratory chain reactionshe
components of which are encodeby mitochondrial DNAAnN increase in ROS legelbesides
intensifying the cytotoxicity of platinum drugs, can also favour the opening of the (SHe€han

Barmatz, De Pinto et al. 2010, Galluzzi, Vitale et al. 2014)

Cisplatin iduces two different modes of celleath in a concentration dependent manner;
necrosis at high drug levels and apoptosis a lower drug ld@dszalez, Fuertes et al. 2001,
Wang, Lippard 2005Necrosis could be considered to be a random and uncontrolled process, its
key mediators being RIP kinases (poe-interacting protein kinases) and PARP (poly(ADP
ribose) polymerase)When cells undergo necrosisiapma membrane integrity is disrupted and
intracellular contents are released, ultimately causing an inflammatory respisag, Lippard
2005, Ouyang, Shi et al. 2012)poptosis is a more controlled type of cell deatind is the
primary woute of cell death for platinum drugs. It éharacterised by cell shrinkage, chromatin
condensation,DNA fragmentationmembrane budding, externalisation of phosphatidylserine,
and activation ofinitiator and executionercaspaseqDasari, Tchounwou 2014fFxamples of
initiator caspases are caspases 8 and 9, which when activated subsequently activate executioner
caspasessuchcaspases 3 and, Wwhich cleave many other proteins leading to apoptd®iang,
Lippard 2005, Dasari, Tchounwou 2Q1%here are twomajor pathways,the extrinsic and
intrinsic, the latter of which is favoured by platinum drug@ée extrinsic pathway is initiated by
extracellular ligands binding to the tumour necrosis factor 0-¢ b C NS OS LJitleNE &
oligomerise, recruit caspase 8 and form a desijnalling complex (DIS@) ultimately cause
apoptosis(Dasari, Tchounwou 20140his pathway can be stimulatdzy sphingolipidceramide
which is produced via the inhibition of the Na+/H+ membrane exchanger(NHEZ1)which is
initiated byexposure tocisplatin(Rebillard, Tekpli et al. 200 eramide alsinteracts with lipids

of the membrane causing changes in its composition and flyidihich can influence the
exposure of death receptors at the cell surface and ultimately affect drug sensitnity
resistance to apoptosigGatti, Cassinelli et al. 2015Jhe intrinsic pathway (mitochondrial
mediated) is initiated by cellular stress such as cispiatnced DNA damag@-igure2), and it
relies on the release of mitochondrial cytochrome c¢ via the PER€ady discussed)yhich

activates caspase % ultimately cause apoptosigDasari, Tchounwou 2014)nterestingly,
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oxaliplatin has been documented as an inhibitor of survivin, which is highly expressed in cancers
and plays a key role in apoptosis and mitotic catastroffhgiie, Yamamoto et al. 2005, Rabik,
Dolan 2007)

There is another mode of cell deaititiated by cancer treatmentermedimmunogenic cell death
(ICD), which isw cell death procesthat stimulatesa host immune response against the tumour
that has benreportedto be activated by oxaliplati(Apetoh, Ghiringhelli et al. 2007, Ghiringhelli,
Apetoh et al. 2009, Gatti, Cassinelli et al. 20b5i} not cisplatinMartins, Kepp et al. 2011, Gatti,
Cassinelli et al. 2015This $ mainly because cisplatin is not capable of inducing the translocation
of calreticulin which playsa main ple in ICD, working together with ATP and HMGRBitjh
mobility group box 1jo activate dendritic cell§Martins, Kepp et al. 2011, Gatti, Cassinelli et al.
2015) Interestingly, it has also beereported that platinum drugshave immunomodulating
effects, being able tadecrease the immunosuppressive capabilities of tumour celisterhuis et

al report that programmed cell death receptor ligandPXL) inhibitory molecules are
downregulated by plabhum drug treatment ihediated bySTAT6gignal transducer and activator
of transcription), particularly carboplatin, whichesults in both enhanced T cell stimulation by
dendritic cells PC3 and enhancedsensitivity of the tumour for lysis by cytotoxic cells
(Lesterhuis, Punt et al. 2011, Gatti, Cassinelli et al. 2015)

2.2.2 Platinum drug resistance

Mechanisms underlyinthe compkx and multifactorial phenomenoaf platinum drug resistance

are poorly understoodShahzad, LopeBerestein et al. 2009)vith a need for more detailed
knowledge around the specific differences between individual platinum drug class members
Cispatin resistancehas been studied to a greater extent than carboplatin and oxaliplatin
resistance and, even though cisplatin and carboplatin resistance mechanisms are very similar,
GKSNBE R2S8Sa& y2i FLWISIFN G2 -BEHzA G NB & AGaEpses20/S ¢
Consequently, resistance mechanisms cannot easily be predidedteter, Jungwirth et al. 2008)

Many resistance mechanisms have been propo&ed many to cover in this sectionjnostly
discovered usingrdigresistant cancecell lines, and they can result from modifications directly
related to druginduced damage to cellular components, as well as to the systems and pathways
that regulate them (Gatti, Cassinelli et akR015) Various strategies to overcome platinum
resistance and enhance therapeutic response are at the preclinical and clinical level, many
utilising combinations of existing therapies and also newer approaches such as RNAi and small
molecule inhibitos. This approach can lead to improvements in clinical responses due to differing
modes of action.There arealso continuous attempts to develop newer platinum drugsth
differences in modes of action compared to cisplatin, carboplatin and oxaliplatisxamplethe

cisplatin analogues sarcoplatin and picoplatimichshow signs of overcoming resistance to other
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platinum druggKoeberle, Tomicic et al. 201@phnstae et al haverecently troroughly reviewed

the next generation of platinum druggohnstone, Suntharalingam et al. 2016)

Regarding the tumour and its environment, tissue pressure and tumour blood flow can play a role
in resistance, affecting drug deliyeand hence intracellular accumulati@nd toxicity and so
may affect platinum drug efficacy in the clifgtewart 2007)Efforts have been made to increase
platinum drug delivery to tumour cellspecificallyusing a variety of drug targeting and delivery
approaches for example the use ofiposomal or cepolymer products, or administering drug
directly into the tumour (for ovarian cancefiXelland2007, Wang, Guo 2013An example is a
recently successful attempt to deliver cisplatin directly to the mitochondria, which do not have
NER capabilities, by engineering a-grag using a biocompatible nanoparti¢iarrache, Pathak

et al. 2014) The role of the tumour microenvironment has also been explored with respect to
platinum resistance(Tsai, Chang et al. 2014 particularly the extracellular matrix (ECNhHe
production of collagen VI has been reported to cause such resist§8bermarBaust,

Weeraratna et al. 2003, Shahzad, Loferestein et al. 2009)

Regarding cellular resistanogechanisms, they came broadly grouped into fiveain categories;

i) decreasectellular drug uptake and/dncreased efflux,i) increasedenzymatic or chemical
detoxification inside the celiii) enhanced repair or tolerance of platinum drug induced DNA
adducts, iv) changes in molecular pathways involved in regulation of cell survival and/or cell
death, and v) epigenetic changé&summarised irFigure3) (Kuo, Chen et al. 2007, Rabik, Dolan
2007, $wart 2007, Stordal, Davey 2007, Heffeter, Jungwirth et al. 2008, Shahzad,- Lopez
Berestein et al. 2009, Koeberle, Tomicic et al. 2010, Galluzzi, Vitale et al. 2014)

®
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Figure 3. Key molecular mechanisms of tumour cellavolved in platinum drug resistance.

i) Decreasedtellular drug uptake and/dncreased efflux leading to reduced intracellular accumulatign,
increased enzymatic or chemical detoxification inside the cell such as conjugation with intracellular
thiols, iii) enhanced repair or tolerance of platim drug induced DNA addudk) changes in molecular
pathways involved in regulation of cell survival and/or cell deatid v) epigenetic changesSee text for

more details(Heffeter, Jungwirth et al. 2008)
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2.2.2.1 i) Decreasedellular drug uptake and/ancreased efflux.

Platinum drugs enter cells by both passive diffusion and via transporters. Membrane rigidity can
affect both of these processes, and resistant cells wattuced uptake have been shown to have
rigid cell membranes associated with high sphingomyelin and cholesterol cqtepbvic, Wong

et al. 1994, Stewart 2007Plasma membrane transporterdag a role in resistance, ultimately
impairing cellular accumulation, distribution and storage of platinum drugs in organelles and
vesicular compartments such as lysosomes, mitochondria and the ER. For example, the copper
transporter CTR1Song, Savaraj et al. 2004, Holzer, Manorek et al. 2806)organic cation
transporters such as OdTand OC®R (Zhang, Lovejoy et al. 200@)s previously discuss¢al.2.1)

are involved in platinum drug uptake, and the coppensporting Ptype adenosine
triphosphatases ATP7¢Samimi, Safaei et al. 2004)d ATP7BLeonhardt, Gebhardt et al. 2009,
Dmitriev 2011) which shuttle copper between the Golgi and the plasma membriaaes been
implicated in platinum effluxCertain ATinding cassette (ABCjflex pumps also play a role in
drug resistance, for exampl@-glycoprotein also known as multirug resistance protein 1
(MDR1,encoded by ABCB1) and mudtug resistanceassociatedproteins (MRP1 and MRP2,
encoded by ABCC1 and ABCC2 respecti(iefbik, Dolan 2007, Heffeter, Jungwirth et al. 2008,
Galluzzi, Vitale et al. 2014)lterations in the expression levels, functionality and location of all of
thesereceptors can be associated with resistan(€alluzzi, Vitale et al. 2014or example, cells
lacking CTR1 are resistant to cisplatin, and CTR1 receptors are rapidly internalised into the
cytoplasmupon exposure to the drugrhich subsequently limits further drug uptakkshida, Lee

et al. 2002, Stewart 2007)n an effort to circumvent such a resistance mechanism cepper
lowering agents such as trientine have betralled, for example, to enhance the efficacy
carboplatin (which islso transported by CTR1) to overcome platinum resistance in ovarian cancer
patients, with results that merit further investigatiofiru, Naing et al. 2012, Chen, Kuo 2013)
Attempts havebeen made to overcome AB@nsportermediated drug resistance by developing
effective ABC inhibitors, modulators or Mb&ersal agents, which has led to some success in
pre-clinicalstudies(Falasca, Linton 2012)tilisation of RNAI or other approaches to silence genes
encoding drug transporters such as ATP7B have been shown to reverse drug reg@mmgaia,

Zuzel et al. 2009}t is interesting that dysfunctional lysosomal and increased exosomal export of
cisplatin has been reported in platinum drug resistamarian cancecells(Safaei, Larson et al.

2005)

2.2.2.2 i) Increased enzymatic or chemical detoxification inside the cell.

Platinum drugs can be inactivated by conjugation with intracellular thiols like metallothionein
(MT), or to glutathione (GSH) catalysed by glutathi@teansferase (GST). Increased lavef
GSH may also enhance DNA repair and reduceidduged oxidative stress, leading to resistance

to platinum drugs. Other GS€&lated enzymes as well as antioxidants have also been linked with
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resistance. Picoplatin, a platinum compound that exertseduced reactivity with thiols, was
suggested to be effective in cells expressing enhanced GSH (ldeéister, Jungwirth et al. 2008,
Tang, Parham et al. 201Tfurther agents that deplete S¥ or inhibit GST have been described
(Byun, Kim et al. 2005, Koeberle, Tomicic et al. 2Gb0example §7-nitro-2,1,3benzoxadiazel
4-ylthio)hexanol (NBDHEX) is a GST inhibitor that straeghrsed cisplatin resistance in human
osteosarcoma cell lines and so is a potentiatherapy with cisplatinPasello, Michelacci et al.
2008, Koeberle, Tomicic et al. 2010)

2.2.2.3 iii) Enhaned repair or tolerance of @glinum drug induced DNA adducts

This mainly occurs via the nuclear excision repair (NER) pathway mediated by the proteins such as
the excision repair complementation group 1 (ERCC1) proteéhnhomologous recombination

(HR) pthwaysand the poly(adenosine diphosphate [ABPpse) polymerase (PARP) proteofs

base excision repair (BERNd the mismatch repair (MMR) systd@hahzad, LopeBerestein et

al. 2009)

Regarding the NERathway and ERCC1, there areany preclinical studies that have
demonstrated that ERCC1 mRNA or protein expression levels are associated with cisplatin
resistancgGossage, Madhusudan 200Fpr instanceypregulatedexpression oERCChas been
shown tocorrelate withenhanced NER and cisplatin resistance in a human ovarian cancer model
system(Ferry, Hamilton et al. 2000, Shahzad, LeBeresteinet al. 2009) Also, inducible ERCC1
expression in colorectal cancer cells has been demonstrated to correlate with oxaliplatin
resistance, which is reversible upon RNA silencing of ER&#@tharam, Sood eal. 2010)
Methods like RNAIi could be used to target ERCC1 to enhance platinum treatment outcome in
patients with platinum resistant cancefShahzad, Lope2erestein et al. 2009and due to its lack

of enzyme activity, targeting protein interactions with ERCC1 has been explGeskage,
Madhusudan 2007, Koeberle, Tomicic et al. 2016{rinsically low levels of EECC1 are associated
with cisplatin and oxaliplatin sensitivity &RCChas beerinvestigatedas a predictive biomarker

of platinum treatment outcome in cancéGossage, Madhusudan 200#)ough the value of this

has lately been reevaluated(Galluzzi, Vitale et al. 2014)

Homologous recombination (HR) pathways repair double strand breaks illicited by cisplatin at the
same time as DNA synthesis, and cancers deficient in HRareesensitive to c@atin treatment.

BRCA1 and BRC@#east cancer 1 and 2 genem)e key components of HR and mutations in
these genes can predispose to breast and other cang&asner, McCabe et al. 200%hd cause
sensitivityto drugs like cisplatin and tahibitors of poly(adenosine diphosphate [ADfjose)
polymerase (PARP) proteins. PARP proteins are key players in the base excision repair (BEF
system, which repairs singlgrand breaks, and this dual rsgitivity can be explained by the HR

and BER pathways working together to repair DMW&en PARP proteins are inhibited, the

Page |34



resulting persistent DNA lesiomascumulate, leading to soluble strand breaks thed repaired by

HR (Farmer, McCabe et al. 2005, Shahzad, L&mestein et al. 2009)Ccadministration of
cisplatin or carboplatin with  PARP inhibitors appears tpotentiate anti-cancer effects
(Rottenberg, Jaspers et al. 2008, Michels, Vitale et al. 2013, Galluzzi, Vitale et al.l2&14)
interesting that n breast cancer cells it has been discovered that compensatory mutations can
appear in thesgenes which contribute to cisplatin resistan@akai, Swisher et al. 2008, Galluzzi,
Vitale et al. 2014)

The MMR system repairs DNA mismatch lesions, so does not repair platinum addudts;aou
detect them. In the case of cisplatin, the MMR repair proteins recognise the DNA adducts, but
after several unsuccessful attempts of repair cycles, apoptotic signalling is finally in{tratéd
Nebel et al. 1996, Siddik 2003, Kelland 2007, Heffeter, Jungwirth et al.. 280&)reviously
mentioned (2.2.1), DNA adducts formed by oxaliplatin DNA are not recognised by MMR
machinery, but cisplatin and carboplatin adducts éRabik, Dolan 2007, Ahm&@10, Martinez
Balibrea, MartineCardus et al. 2015)This is why the loss of MMR has been correlated with
increased tolerance of DNA damage and hencelexgl resistance to cisplatin and carboplatin
but not oxaliplatin(Fink, Nebel et al. 1996PDownregulation or mutations in MMR genes are
frequently observed in cisplatin resistan¢Biddik 2003, Galluzzi, Vitale et al. 20IBerefore

high expression leve of MMR proteins could be a biomarker indicative of more successful
cisplatin treatment outcome, and low levels indicative of a higher risk of cisplatin resistance
(Galluzzi, Vitale et al. 2014n contrast to thd MMR deficiency in resistance, another major
recognition protein, HMGBZ1Lange, Vasquez 20095 upregulated in cisplatin resistant cells
(Nagatani, Nomoto et al. 200Bnd RNA interference of HMBGL increases apoptosis in cisplatin

resistantNSCLGwvhich could be useful in clinical therag@@hang, Li et al. 2015)

Mitochondrial DNASs a central target for the platinum druggrevicusly discusseth 2.2.7), and it

can also be damagetirectly by raised levels of peroxidasd free radicals from cisplatimduced

redox stress md damaged mitochondria releasbut mitochondria have no DNA repair system
Studies of mutations in mitochondrial DNA have been carried out in cisplatin resistant cancer cell
lines, and mutations resulting ipartial defectsof the repiratory chain have been identified
However, retrograde nuclear signalling and peroxisomlependent signalling resulting in
compensatory mitochondrial activity has been proposed as a cellular mechanism for
circumventing this. These mitochondali mutations are potential antcancer drug targets

(Mizutani, Miyato et al. 2009)
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2.2.2.4 iv)Changes in molecular pathways involved in regulation of cell survival and/or cell

death.

Overexpression of a number of aapoptotic proteins have been associated with platinum drug
resistance, for example B2l(Beale, Rogers et al. 20080d BclXL(Williams, Lucas eadl. 2005)
XIAP (Ainked inhibitor of apoptosis) and surviiNomura, Yamasaki et al. 2008)ese proteins
promote cellular survival byounteractng the caspase activation caused by platinum drug

activated apopotic pathways andso theyare promisingdrug targets to overcome resistance

As previouslydescribed(2.2.1), cisplatin carinduce a nucleus independent apoptotic signalling
pathwayvia calpain and caspase Mhich involvesendoplasmic reticulum (ER) streddandc,
Hansson et al. 2003Associated with cisplatin resistance is the upregulatibproteins like the
ankyrin repeat domain 1 (ANKRD1), which protects againstress mediated apoptosiScurr,
Guminski et al2008) and the ER resident chaperone GRP78, which is a key player in the UPR
(Jiang, Mao et al. 2009, Lee 2014, Gatti, Cassinelli et al..2018)s also been discssd how
cisplatin preferentially binds to VDAC compared to other cellular components, disrupting the
PTPC to release cytochrome C and initiate apop{dsing, Schumaker et al. 20@B)2.1). VDAC is

a major component of the mitochondrial permeability transition complex pore complex (PTPC)
involved in outer mitochondrial membrane (OMM) permeabilisat{@mosharBarmatz, BetHail

2012) and isa candidate for cisplatin resistance. Downregulation or inhibition of the VDAC1
isoform reduces cisplatimduced apoptosimssociated modifications of both mitochondrial and
plasma membranes in NSCLC c@igeddine Galluzzi et al. 2008Also, the protein adseverin
(SCIN) binds to VDACSs in the mitochondria and it has been suggested that that this interaction
may inhibit the mitochondrial apoptosis pathway in cancer cells that are resistant to cisplatin
(Miura, Takemori et al. 2012Adseverin could be a promising therapeutic target to overcome

platinum resistance mediated via VDACSs.

The tumour suppressor protein p5as already discussd@d.2.1), besides DNA repair it algpays

an important role in cell cycle and the apoptotic pathway, and platinum resistance is often
associated with p53 abnormalitigReles, Wen et al. 2001, Parrales, Iwakuma 201bis is also

the case for aurora kinas€kanden, Lin et al. 20QAvhich are essential for natic integrity and

the cell cycle inhibiting these enzymes has proven to reverse platinum resistance in ovarian
cancer modelgLin, Immaneni et al. 2008, Shahzad, Leperestein et al. 2009ps well as in
neuroblastoma cells (the same cisplatin resistant cell lines in our testing panel used in this thesis)
(Michaelis, Selt et al. 2014j is relevant that the exgssion and amplification @furora kinase A

has been demonstrated as predictive of poor prognosis in neuroblas{@&hang, Burlingame et

al. 2009, Michaelis, Selt et al. 2014)
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Similarly, activation of numerousanscription factors such as MB (nuclear factor kappdight-
chainenhancer of activated B cellim, Kim et al. 2004nd members of the JaRtat(Heffeter,
Jungwirth et al. 208) and Pi3KAkt survival pathway§Stewart 2007) can confer platinundrug
resistance. Targeting such key proteins with RNAi approaches and small molecule inhibitors, for
example Pi3k inhibitiogOhta, Ohmichi et al. 20063lso holds promise for circumventing related

resistance mechanisms and improve platinum drug therapeutic outcome.

¢ KS 2-gAténinisignalling is also a survival pathway that plays a key role in gene regulation,
cell proliferation and apoptosis; its activation has been associated with poor chemotherapeutic
outcome, and targeting this pathway by inhibition has beenvaido improve efficacy of anti
cancer agent§Shen, Pouliot et al. 2012, Nagaraj, Joseph et al. 8015) Y KA 6 A (idateénjh 2 F
signalling has also been shown to overcome platinunstasce; for example, the Wratpecific
inhibitor iICG001 was shown to reverse cisplatin resistance in primary-tighle serous ovarian
cancer (HGSOC) céldagaraj, Joseph et al. 2085) | O A @I (-da@njh signalling hagibedn
shown to increase cisplatin resistance; for example inhibition of cytoplasmie3Gfgka was
shown to increase resistance to cisplatin via activatdr? y (i-gatenin signalling in cisplatin

resistant human lung adenocarcinoma séao, Liu et al. 2013)

Heat shock proteins (HSPs) are copiously expressed, -gtrthgsble molecular chaperones that
have been linked to platinum drug resistan@édandic, Hansson et al. 2003, Shen, Pouliot et al.
2012, Ciocca, Cappello et al. 201HSPs are involved in the correct folding and unfolding of
proteins, and degradation pathways such #se endoplasmic reticulum (ER¥sociated
degradation (ERAD) pathwayd the regulation of apoptosi€iocca, Cappello et al. 201&ven
though targeting heat shock proteins to avoid resistance would be sensible, many have been
evaluated as targts for anticancer therapy but none have successfully completed a phase lll trial

(Ciocca, Cappello et al. 2015)

Disruption of the extrinsic death pathway a cellular mechanism for circumverg the action of
platinum drugs which is supported by many studi¢Gatti, Cassinelli et al. 2015)s discussed
previously(2.2.1), dsplatintreatment can cause amtracellularincrease irsphingolipidceramide
levels which affect the composition and fluidity of the plasma membrde&jmentally affecting

the exposure of death receptors at the cell surfaogd, in NSCLC cells, despite having functional
death receptor machinery, a dysfunctional asMASE enzyme hampers incmeaseamide levels
and hence caspase cleavage, preventing apop{@sial, Chacko et al. 2011, Gatti, Cassinelli et al.
2015) Activation of the extrinsic death pathway is a potential therapeutic strategy to enhance

the efficacy of platinum agents.
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2.2.2.5 iv) Epigenetic changes

Epigenetis is defined asitotically and meiotically heritable changes in gene expression that do
not involved alterations in DNA sequences. Such changes, examples of which are DNA
methylation and histone modification, affect cell signalling, proliferation and &y®i@ and are
thought to favour malignant phenotypes of cancer. DNA methylation and histone modification
require epigenetic modifying enzymes such as DNA methyltransferases (DNMTSs), histone
deacetylases (HDACS), histone acetylases (HAT) and histone girsesh(HDMdKala, Peek et

al. 2013, Wu, Yang et al. 2014, Martisgalibrea, MartinezCardus et al. 2015)

DNA methylation is the most common covalent modificatimhhuman DNA. It involves the
addition of a methyl groups at cytosinesidues which are adjacent to guanine residues to
dzt GAYFGSte AyFOGAGIGS 3ASYS (GNFYaONRLIIAZ2YyIT
regulatory regions; this may play a roleplatinum drug resistance by silencing of genes that are
required for drug sensitivitylt has been evidenced that overexpression of DNA methyltransferase
is associated with cisplatin resistance in murine neuroblastoma @&lsg, Mirkin et al. 2001)

Also, in the same cell type, induced overexpression of DNA methyltransferase is linked to
resistance to cisplatin and inhibition of DNA methylatian aeverse cisplatin resistang®iu,

Mirkin et al. 2005, Ibrahim, Srivenugopal et al. 201R)rthermore Chang et al demonstrated
using cancer cell lingshat DNA methylation of promoter regions is associateith chronic
cisplatin treatment which leads to cisplatin séstance(Chang, Monitto et al. 2010)Several
studies have identified genes that are regulated by DNA methylation and associated with
platinum resistance. For example, SRB&rum deprivation response factor (saglated gene
product that binds to <inase) interacts with BRCAL which, as previously discu8se@.3, is
involved in DNA repair;he epigeneic inactivation of the SRBgene by promoter CpG island
hypermethylationhas been proven to be associated with acquired oxaliplatin resistance and poor
outcome to oxaliplatin therapyShen, Pouliot et al. 2012, Moutinho, Martin€ardus et al. 2014,
MartinezBalibrea, MartinezCardus et al. 2015Also, DNA methylation profiling of twenty gastric
cancer cells lines revealed bone morphogenetic protein 4 (BMB4pet a gene that is
epigenetically regulated and expressed at high levels in cisplatin resistant gastric cancer cells
(lvanova, Zouridis et al. 2013, Wu, Yang et al. 20M4estigation of gees that are DNA
methylated may identify biomarkers predictive of platinum resistance and treatment outcome
(Ibrahim, Srivenugopal et al. 2013 pigenetic drugs that inhibit DNA methylation may have
future application in platinum therapy, with the aim of increasing platinum efficacy and avoiding
platinum resistance.For example, an increase in death receptor 4 expression (DR4) was
demonstrated ina carboplatin resistant ovarian cancer cell line post exposure to azacitidine (DNA
hypomethylating agent); this also increased the sensitivity of these cells to carbofhlatidu et

al. 2009)
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Maodification of histmes is important for maintaining chromatin structure and functig@hen,
Pouliot et al. 2012hnd aberrations of histone modifications are typical of can@dartinez
Balibrea, MartinezCardus et al. 2015Histone deacetylases (HDACs) remove acetyl groups from
prominent amineterminal lysine residues of chromatin, promoting condensation of chromatin
which leads to repression of gene transcription and DNA repEtis proces$ias been implicated

to silence growth regulatory and apoptotic pathwasd linked to drug resistangé&alchook, Fu

et al. 2013, Zuco, Cassinelli et al. 201Gjsplatininduced mst-translational modification of
histones alters chromatin structure, enabling nuclear factors to bind that control DNA repair,
transcription, and other process€g/ang, Lippard 2004Lorrelation of oveexpression of BACs
with cisplatin resistance has been demonstrate@pithelial ovarian cancer cell lin€€im, Pak et

al. 2012) Inhibitors of HDACkave a variety of targets, including histones, transcription factors
and chapeone proteins (Scott, Mattie et al. 2006, Galluzzi, Vitale et al. 20Tdatment with the
HDAC inhibitor SAHAUberanilohydroxamic acid)as been shown to enhance CDiDBuced
apoptosisin oral squamous cell carcinoma celRikiishi, Shinohara et al. 200@nd exposure to
HDAC inhibitors MS275 and SBpthAentiates the cytotoxicity of oxaliplatin ioolorectal cancer
cells probably due to aincrease in apoptotic signallirf{§lis, Gnyszka et al. 2009 phase | trial
treating patiens with advancedolid malignancieqrefractory to standard therapgysequentially
with azacitidine(DNA hypmethylating agnt) and valproic acigHDAC inhibitor)n combination
with carboplatinwas carried out for the first time recently. The outcome vetable disease or
modest cytotoxic effectsn 6 of 32 patients, 3 of which had platinum refractory ovarian cancer
but the therapy was poorly toleratedFalchook, Fu et al. 2018uch drug combinaihs need to

be explored further.

Micro RNAEmiRNA)are small (~20 nucleotides long) roading RNA molecules which are post
transcriptinal gene regulators that target mRNA for degradation. They play key roles in many
processes, including the stress response, apoptosis and proliferation. SevethAmhave been
demonstrated to reverse cisplatin resistance in cancer cells by regulatingtcsi® and cell
survival pathways. Further research is required to understand miRNA dysregulation in cisplatin
resistant cell{Shen, Pouliot et al. 2012l is interesting that miRNAs can control the expression

of a diverse range of epigenetmodifying enzymes that are involved in carcinogen@sada, Peek

et al. 2013) and that some miRNAS that contribute to cisplatin resistance are under epigenetic
control by DNA methylatiorand histone acetylatior{Galluzzi, Vitale et al. 2014nhibitors of

these epigenetic processes may reduce cisplatin resistance by modulating cellular levels of
miRNAs. For example, histone deacetylase inhibiti?xQ@824) in breast cancer cells has been
shown to rapidly alter the levels of many miRNA spe(3estt, Mattie et al. 2006, Galluzzi, Vitale

et al. 2014)
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2.3Cancer cell lines an8acchaonmycescerevisaeas

models to investigate cancer

2.3.1 Cancer cell lines

2.3.1.1 The use and validityf cancer cell lineas preclinical cancer models

Human tumourderived cell lines (grown in monolayer, 3D scaffold or in xenograft) have been,
and can be assumed to remaia,mainstay model for the investigation of cancer cell biology.
{dzOK Y2RSftax Ay O2Yo0AYy!l sush2ay gedoiidskandypetecmidsild®) G S
potential for the investigation of novel drugs and the identification of biomarkers to allow the
personalisation of cancer treatmeiiNeve, Chin et al. 2006, Sharma, Settleman 2007, Sos, Michel
et al. 2009, Chao, Chigret al. 2011, Goodspeed, Heiser et al. 20k#)a-tumour heterogeneity

is a limitation forthe use ofcancer biopsiesis models, through tumour sampling bigBurrell,
McGranahan et al. 2013)nterestindy, cell lines caexhibit heterogeneity representingtumours,
which isdiscussedater in this section Celllines as preclinical models enable the systematic
performance of functional studies that can only be performed to a very limited extent by the use
of clinical samplesAlso, cancer cell lines as pinical modelsenable detailed systems level
investigations in cancer cellopulations that cannot be determined in patients suffering from

multiple metastaseswhennot all cancer cedlare accessible.

In the last few decadesiotechnology and pharmaceutical industries have more routinely utilised
cancer cell lines to discover and study genetic determinants of drug resplomglementation of
high throughput screening strategies, using much larger (>1680¢er cell line plérms (for
example,CMT100qQMcDermott, Sharma et al. 2007, McDermott, Sharma et al. 20&@8hprising
more varied tumour types than historical sreal cell line platforms (for exampleNCI60
(Shoemaker 2006and JFCR3@ramori 2003) has been an industrial attempt to capture the
genomic variation of human cancddrug sensitivity and genomic data froexperiments using
large cell line panels has been collated into databases such as the Genomics of Drug Sensitivity ir
Cancer (GDSQYang, Soares et al. 2013he cancer cell line encyclopedia (CC(E&yretina,
Caponigro et al. 2012nd the cancer therapeutics response portal (CTTBR3u, Bodycombe et
al. 2013)which, along withNCI60(Shoemaker 2006)contribute to &rge, international cancer
projects, such asThe Cancer Genome Atlas (TC@AY the InternationalCancer Genome
Consortium (ICGGh an effort to charaterise patient tumours.Suchpan-cancer analysis has
found both tissie-specific and recurnm patterns across many canceiGoodspeed, Heiser et al.
2016)
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Many drug resistant human tumotderived cell lines have been established by exposing-drug
sensitive (parental) cells tochemotherapeutic over a period of time. The resulting-Bobs can

be studied alongside the parental cells to elucidate specific drug resistance mechanisms and to
investigate ways to overcome therfof example hew therapeutics or drug combinations), dde

to discover biomarkers predictive of resistan@@harma, Haber et al. 201®tudies using such
methods have been mentioned throughout the previous section discussing platinum drug

resistanceZ.2.2.

Despitecancer cell linesontinuously growing and being easy to handle, a majibicism isthat it

is not possible to create cell lines from every type of cari&@arma, Haber et al. 2010, Borrell
2010) and that here may also be some bias in cell line representation if cells are sampled from
different stages of disease and cancer subtypes which may not behavarkiniii culture
(Sharma, Haber et al. 2018)hen culture is possible, the most worrying caveat is that the cancer
cells can become genomically disarrayed and unstable as they adapt to their artificial
environment, (Sos, Michel et al. 2009, Borrell 2010, Gillet, Calcagno et al.,20&kjng it difficult

to capture the frequency and histological distribution of genetic lesiavithin the primary
tumour (Sos, Michel et al. 20093\so, cell lines cannot be used to investigate -aaticer agents

that potentially function to affect the interaction of tumour cells with their environment; fo

example angiogenesis inhibitofSharma, Haber et al. 2010)

Conversely thougtthe largedata resources mentioned aboveve enabled thorough assessment

of how well cell lineganrecapitulate the genomic iegularitiesof tumours Studies have shown
how cell lines actually do represent the genomic charactesistfctumours, tumour molecular
subtypes and their patternswithin tumours and also intraumour heterogeneic patterns
(Goodspeed, Heiser et al. 2016Jowever DNA methylation in cell lines has been shown to
exhibit both similarities and differences to tumouf§&oodspeed, Heiser et al. 2016Jwo
examples ofstudies in Nature emphasidehe continued relevance of cancer cell lin@orrell
2010) Firstly, Bignell et al analysed deletion mutations in 746 cell lines, including th6 ONCL
collection, and consequentlygtlighted that cell lines are perfect for detecting genomic deletions
because they do not contain any noancerous cells which can be found in primary tumours
(Bignell, Greenman et al. 2010%econdly, Beroukim et al searched for DNA additions and
deletions in 3,131 cancer entities, including 541 cell lines which mirrored those found in the
primary tumour(Beroukhim, Mermel et al. 2010, Borr@010) Further evidence to support the
use of cell linesas pe-clinical modelgNeve, Chin et al. 2006, McDermoSharma et al. 2007,
McDermott, Sharma et al. 2008, Lin, Baker et al. 2008, Sos, Michel et alir08gs that from

Sos et a[Sos, Michel et al. 2009vho studied the genomes of 84 NSCLC cell lines tw st

they are highly representative of those of primary NSCLC tumours, and identified molecular and

genomic predictors of drug sensitivity which they validated using lung cancer mouse models. Also,
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Neve et al(Neve Chin et al. 2006ratalogued the recurrent genomic, transcriptional and
biological characteristics of 51 breast cancer cell lines and showed that they represented those of
145 primary breast tumours, although some significant differences were docwderithey
concluded from this, together with results from predictive studies using Trastuzamab (Herceptin),
that the cell lines were appropriate pi@inical tools to investigate and to identify biomarkers to
predict sensitivity and resistance to atince agents.Resistance mechanisms in dradapted
cancer cell line models have been shown to reflect drug resistance mechanisms in patients
(Sharma, Haber et al. 2010, DomiFlgomenech, Vidal et al. 2012, Korpal, Korn et al. 2013,
Joseph, Lu et al. 2013, Bucheit, Davies 2014, Crystal, Shaw et al. 2014)

2.3.1.2 The Resistant Cancer Cell Line CollectiGIIR

Over the last 25/ears, the first resistant cancer cell line collection (RCCL) has been created by
Jindrich Cinatl (Institute of Medical Virology, Goethe University, Frankfurt/Main, Germany) and his
co-workers including his former group member Marhfichaelis (University ofdft). It currently
consists of nearly 1 cancer cell lines, sourced from a broad range of entities, and adapted to
growth in the presence of therapeutic concentrations of clinically relevantaantcer agents. This

tool is congantly growing due to the addition of novel drugs and cancer cell lines, and has the
potential to be used for high throughput screening in the futufeom the RCCL, we have used
platinum resistant neuroblastoma cell lines and their corresponding dargitive parental cell

lines for our studies.

Initial studies using cell lines from the RCCL were carried alibtgich Cinatl et al, and they were
mainlyto evaluatechemotherapeutic agents belonging to the nucleoside analogue family, which
are used totreat both cancer and viral diseases such as-HIMichaelis along with Cinatl et al
have continued to extensively use both sensitive and dagistant neuroblastoma cell lines from
the RCCL collection to study cancer, in particularly to understandcoialechemotherapy drug
resistance mechanismMichaelis, Klassert et al. 2008urthermore, they have used RCCL cell
lines, in particularly neuroblastoma, to evaluate other new potential -aaticer agents to
overcame drug resistance, for example the murine double minute 2 (MDM2) antagonist 18utlin
(Michaelis, Rothweiler et al. 2009, Van Maerken, Ferdinande et al. 200%p study biomarkers
and prospective drug targets, for example the overexpression of EGFR in cispfasitant

neuroblastoma cell@Michaelis, Bliss et al. 2008)

2.3.2 Saccharomyces cerevisiae

2.3.2.1 The use of S. cerevisiae as a prarogenonic tool in cancer research

The budding yeask.cerevisiaés extensively used as a model organism to study eukaryotic cell

biologyand advantagsto usingS.cerevisiaes that it has simplgrowth requirementshas a rapid
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doubling time,has a small genome whidb easy to genetically manipulatean exist in both
haploid and diploid states, which means recessive mutations can be staidds inexpensive
(Simon, Bedalov 2004, Maiu Sousa et al. 2012fhere is evidence fdrigh levels of similarities
between cellular processes of human and yetst partake in carcinogerss, such as DNA
repair, cell cycle checkpoints, and epigenetic consydtems However yeastis unicelllar and
cannot completely substitute for mammalian models becatissy cannot be used to study the
tumour microenvironment and aspects such as angiogenesidissuk invasionAlso, there may
be a decrease in permeability to some anticancer agents, asddNA topoisomerase toxins, and
yeast are deficient in some drug metabolising, tumour suppression and apoptotic enzymes
(Matuo, Sousa et al. 201.25. cerevisiaean be used asraefficienttool to study modes otirug
action as well as drug screenirigharmacogenomidsthe study of the genes that affect response
to drugs, and large systemic studies have been carried out in the eastrevisiaecompared to

very few in humangSilberberg, Kupiec et al. 2016)

For anticancer drug screeningingle target genesan beoverexpressedn yeastto lead to a
specific phenotype to screen for chemigadluced inhibition of this protein. An examplé this is
screening for pgl (ADPribose) polymerases 1 (PARPL1) inhibitors which ultimately improve the
efficacy of DNA damaging agents like the platinum d(@gskins, Sun et al. 2001, Gao, Chen et al.
2014)(see2.2.2.3. Also anticancer drug screening can take advantage of cellular processes that
are conserved between yeast and humans. For example, target of rapamycin (TORngignalli
mediates cell growth and is exacerbated in cancer cellsS.serevisiagés a suitable model to

screen for TORathwayinhibitors (Bjornsti, Houghton 2004, Gao, Chen et al. 2014)

There are diffeent ways to screen yeast fetudyingthe mode of action of drugs and understand
more about drug resistance mechanismee of whichis dug-induced haploinsufficiency profiling
(HIP) Haploinsuficiency is when a diploid cellith one copy of a gene grows in the same way as
wild type, except in conditions for which full protein activity is necess@he concepof HIP
profiling is thatif an essential gene encoding a drug targehtains a heterozygous deletion then

in the presence of that drug that strain will exhibit drug sensitiétyd reduced fitness, which can

be measuredby gene taggingsee 2.3.2.2. From parallel screening gliossible heterozygous
deletion strains, liis type of assay enables the identificatioof both direct drug tagets and
proteins that may act in the same pathwéymith, Ammar et al. 201@GheungOng, Giaever et al.
2013) An example of such a study is by Lum et al, who assessed the cellular effects of 78
compounds i this way, including cisplatin, for which they identified the genes PSY2 (Platinum
SensitivitY Subunit of protein phospltase PP4 complex which regulates recovieoyn the DNA
damage checkpoint)yPS65 (Vacuolar Protein Sorting; though unlikely to encode a functional
protein), and ATP4 (ATP synthase; Subunit b of the stator stalk of mitochondrial F1IFO ATP

synthase)as possiblecisplatin targets (Lum, Armour et al. 2004Another methodof yeast
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screeningis homozygous profiling (HQRy¥hichis analogous to HIP profiling except that ron
essential genes are completely deleted in dighlor haploid strains and strains sensitive to the
drug, as for HIP, exhibit drug sensitivity and reduced fitness. However, direct targets are not
identified in this way because the genes are absent, so HOP profiling more identifies genes that
are necessar for growth in the presence of drug and buffer drug effects. These genes can be
potentially responsible for drug resistan¢®mith, Ammar et al. 2010, Cheu®gg, Giaever et al.
2013) We have used a type of HOP profiling in our studigstampinghaploid gene deletion

strains(see2.3.2.2 onto solid agar containing drug assess strain grolwtbased a colony size.

2.3.2.2 The Yeast Knoahut collection (YKO) deletion collection and the Yeast Fitness Database

The Yeast Knockut collection (YKO) was created by Giaver éGéever, Chu et al. 20Q2yhich

is comprised of four mutantibraries (heterozygous and homozygous diploids, and haploids of
both MATaandMAT Y I (i A y Zhs pére afJ3h& (Saccharomyces Gene Deletion Project
(Sacharomyces Gene Deletion Project (Stanford University, Stanford .CH)e)S.cerevisiae
strains CWG424 (wiltype) and all deletion strains used aur studies were derived from one of
the four libraries, theMATa haploid gene deletion libraryFor eab of the four YKO libraries, the
deletion strains cover approximately 96 of the yeast genome and were created using a-PCR
based gene deletion stratediaever, Chu et al. 200Hach deletion was replaced with a KanMX
module and uniquely tagged with one or two 20mer sequences to act like an identification bar
code. For history of this Yeast Knamkt collection (YKO), refer {&iaever, Nisiw 2014)

TheYeast Fithess Databaféeast Fitness Database (2008). Hillenmeyer,Maureen E., Fung et al. )
is a collection of growth fitness results generated from sciegtibraries of yeast gene deletion
strains in the presence of numerous chemical or environmental stress conditions. This database
was constructed by a group led by Maureen Hillenmeyer (Stanford University) and Guri Giaever
(University of TorontoYHillenmeyer, Fung et al. 200&lso see accompanying supplementary
material for detailed methodology and analysiahd has been used extensively in yeast
pharmacogenomic researchThe libraries of yeast deletiostrains that they used were the
homozygous and heterozygous diploid deletion strain libraries, which, along théthMATa
library Gee2.3.2.2and 3.1.2.0) are part of the Yeast Knockit collection (YKO), created by
(Giaever, Chu et al. 2002s part of the Saccharomyces Gene DeleRonject(Saccharomyces
Gene Deletion Project (Stanford University, Stanford @&)described abové&creening involved
growing pools of deletion strains competitively in liquid cuitun the presence of different
conditions, purifying the genomic DNA and amplifying the unique molecular tags on the gene
deletion cassettes by PCR (as(fierce, Fung et al. 2006)lso see supplementary matal).

These amplified unique tags, which allow for parallel analysis, were then hybridised to a TAG3
DNA array chip, which is specifically for use with the yeast deletion collections, and fluorescently

labelled, the array scanned and the resulting fluoremeeintensities were used to determine any
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changes in the amount of each strain present (method detaile{Pierce, Davis et al. 20Q7)
although note that this describes TAG4, not TAG3, arrays and analysiassebs for significant
sensitivity to the conditions tested, a fithess defect (FBLae was generated for every gene
experiment test, from which an accompanying fithess defgevvalue was calculated
((Hillenmeyer, Fung et al. 20083ee accompanying supplementary material for detailed analysis).
For our studies we have takefrom the Yeast Fitness Databasie entire set of homozygous
knockouts inhibited datdor the drugscisplatin, carboplatin and oxaliplatiiVe used thesealata
from screening the whole yeast genonte investigate gene hits unique and common to each
drug, and to explore the functions and processes in which they are involaeid understand

more abouthow these drugs work and to compare them to one another.

2.4Theaim and study plan for our investigations

The aim of our studies was to investigate platinum drug nsodé action and resistance
mechanisng usingS.cerevisia@s a pharmacogenomic tool and human r@hlastoma cell lines,
both the drug sensitive parental cells and their correspondinglisds resistant to each drug, as
models of cancerWe focussed on the drugs cisplatin, carboplatin, and oxaliplatiese were
tested in a library 209 homozygousMata strains of S.cerevisiaen which single geneénon-
essential)encoding key transcription factors and transtiopal regulators were deleted. The
rationale for focussing on transcription factors and transcriptonal regulators was because they are
involved in the expression of many genes encoding proteins involved in many processes and
pathways, enabling a broader picture of drug action and resistance to be gendratadour
screening and also the potential to further study the process and pathways irchwtiiey are
involved. Strains were stampednto solid media containing and not containiegch platinum
drug. Growth was monitoredover timeto assess drug sensitivity Isgoringcolony size oragar
with drug as a percentage of growth on agar with drbits werestrains that exhibited the least
growth on agar containing drug compared to that on agar containing no. dheghits for each
drug were assesd forgenescommon and unique to each druign an attempt to understand the
action of individual drugand potential resistancenechanismsbesidesiooking forpossible drug
targets to enhance platinum cytoxicitypr even biomarkers to predict outcome of platinum
therapy.We also analysed the distribution of our screen hits betw#endrugs and the cellular
processes in which these genes are involvAdditionally, weinvestigated the Yeast Fitness
Database resultdrom screening the entire homozygous diploid deletion librafyS.cerevisiae
against the three platinum drugs (for their screening methods refe?.3.2.2); hits were deletion
strains with poor fitness in the presence of drug compared to without dwg studied tis large
data setin an dtempt to gain a better understanding of the bigger picture of tenes involved

in their mode of action andpotentially resistance to these agents because ithecreen was
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essentially of the entire genoméNe did this, not by individual gene comparisdmyt solelyin
terms of the distribution of the number of gene hits between the druaysd alsoof the functions
and processes that thgenesare involved in Again, we looked for similarities and differences

between the drugs, anthen compared the resultto those of our smallelibrary screen

In addition, we have characterised a panel consisting of the neuroblastoma parental cell lines
UKFNB3 and UKMB6 and the suHines with acquired resistance to cisplatin, carboplatin or
oxaliplatinfor growth knetics, morphology and sensitivity profiles to the three platinum drugs to
see whether we could identify pattern¥he drugresistant cell lines were also cultured in the
absence and presence of drimy three monthsto assess whether resistance waversible or a
permanent genomic changéinally, wecompared UKINB-3 and UKMB6 parental cells and

their cisplatinresistant subHines in a proteomics approach, using-dimensional gel
electrophoresisand mass spectroscopyethods, to investigate pratins that could be implicated

as playing a role in acquired cisplatin resistance and in response to acute cisplatin treatment.
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3 Saccharomyces cerevisiae

3.1Materials and Methods- yeast

3.1.1 Platinum drugs

All stocks described below,of platinum drugs were stored at room temperature in the

dark/wrapped in foil

3.1.1.1 Platinum drugs for@eeningyeast grown on solid agar for platinum drug sensitivity

For the initialplate-based screeningn solid agaof a transcriptionfactor deletion strain library
(see sectiorB8.1.3), the cisplatin 1mg/mL solutionusedwas preparedmanually by diluting solid
cisplatin (Sigma, Poole, Dorset, UK, R4894) in 0.9 sodium chloride. The 0% sodium
chloride solution (Fisons, Ipswich, SuffglklK, now part oRhonePoulenc, Inc., Ref S/3160/60)
waspreparedby dissolving® gsodium chloridawvith MQ H,0 up to to 1000 mlandfilter-sterilised
(0.2 micron).Asplatin was left to dissolve stirring on a magnetic stir(Bibby B212, Bibby
Scientific Ltd, Stone, Staffordshire, Wijhe dark at room temperature for 8ays, after which it
was adjustedto the final volume with diluentfilter-sterilised (0.2micron), and aliquoted into
sterile tubes.All filtering was carried out in &€lass Ibiological safety cabingiCellgard Energy
Saver (ES) Model NU 4800E,Nuaire, Plymouth, UK) becautgs cisplatin was also to be used

in mammalian celluture. Note for this pH was not adjusted.

In a second set of experiments to-sereen strains to confirm drug sensitivigee sectior8.1.5,

the cisplatin 1mg/mL Concentrate for Solution for Infusiarsed was from Accord Healthcare
Limited (North Harrow, Middlesex, UK) apdrchased fromShakespeare Pharma Ltd. (Hilton,
Derbyshire, UK). This solution contains%.8odium chloride, so for control experimentstead

of drug, 0.9 sodium chloridsolution (Fisons, Ipswich, Suffolk, UK, now part of RRBaalenc,

Inc., Ref S/3160/60) waseparedwith MQ H,0 as diluent and the pH was adjusted to 3368 (to

be of equivalent pH to the product) using hydrochloric acid (Fisons, Ipswich, Suffolk, UK, now part

of RhonePoulenc, Inc., Ref H/1150/PB17) ditigér-sterilised(0.2 micron).

For both platebasedscreens (see séons 3.1.3and3.1.5, carboplatin 10ng/mL concentrate for
solution for Infusion was from Sun Pharmaceutical Industries (Leeds, Yorkshire, UK) and
purchased fromShakespeare Pharma Ltd. (Hilton, Derbyshire, UK), the diluent being water for
injections, with a pH between 4 and 7, so for control experiments, instead of ditarlavedMQ

H,0 was used.
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For both platebasedscreens (see sectior&l.3and 3.1.5, oxaliplatin 5mg/mL Concentrate for
Solution for Infusion was from TEVA (Castleford, West Yorkshire, UKpuaokdased from
ShakespearePharma Ltd. (Hilton, Derbyshire, UK]JThis solution contains 4.6 lactose
monohydrate Yeast cannotmetabolise lactose monohydrate so for the initial plitased
screening of a transcription regulator based deletion strain library (se@iarf), for control
experiments, instead of dru¢/Q H,0 was used. However, for the hit-sereen (sectior3.1.5), for
control experiments,4.5% lactosenonohydrate (Fisons, Ipswich, Suffolk, UK, now paRtaine
Poulenc, Inc., Ref L/0200/60) wassed ¢ this was preparedby dissoling 45 g lactose
monohydratewith MQ H,0 up to 1000 mlandfilter-sterilised(0.2 micron), having a pH between

4 and 6, equialent to the product.

3.1.1.2 Platinum druggor use in liquid growth experiments
For liquid growth experiments see secti8ri.a
All drugs were sourced by Shakespeharma Ltd. (Hilton, Derbyshire, UK).

Cisplatin Img/mL Concentrate for Solution for Infusion was from Accord Healthcare Limited

(North Harrow, Middlesex, UK)as described above for plate basedscreeningn 3.1.1.1

Carboplatin 10mg/mL Intravenous Infusion was from Hospira (Leamington Spa, Warwickshire,
UK) sourced by Shakespeare Pharma Ltd. (Hilton, Derbyshire, UK), the diluent being water for
infusion with a pH between 4 and 7, so for control experiments, instead of drug, avtddéQ

H,0 was used.

Oxaliplatin 5mg/mL Concentrate for Solution for Infusiomas from TEVA (Castleford, West
Yorkshire, UK{ as describedabove for plate based screenirig 3.1.1.1, except 4.5% lactose

monohydratesolutionwas used for all control experiments.

3.1.2 TheMATagene deletion library of yeast straingnedia and growth conditions

3.1.2.1 Yeast strains

The S. cerevisiaestrains CWG424also known in the CWG labdoay (UKC) as CGY424, and
generically as BY474apdall deletion strainavere derived from théViATa haploidgene deletion
library (2.3.2.9, which can be purchsed from Open Biosystems, novwbHarmacon, GE
Healthcare Life Sciences, Little Chalfont, Buckinghamshire, THK$e ®ains were routinely
grownin YPDiquid mediumat 30 °C in a shaking incubator (200rpm) or on YPD agar in a standing

30°Cincubator.
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The following foutransformants strainsfér preparation and plasmid details s8el.6.]),

S. cerevisiastrainwild type CWG424 transformed with negatieentrol plasmid PCG279
S. cerevisiastrainwild type CWG424 transformeaith BDF1 plasmi8@CG596
S. cerevisiastrainnBdfltransformed withnegative control plasmi@CG279

S. cerevisiastrainnBdflwith BDF1 plasmi@CG596

can grow without uracil because the PCG279 and PCG596 plasmids halleABegene. These
transformant strains were routinely grown in synthetic defin€8D) medium lacking uracil
referred to as SJRA mediunat 30°C in a shaking incubator (268m), or on SEJRA again a

30°C standing incubator

3.1.2.2 YPD (Yeast, Peptone, Dextrasedium and agar

YPD mediuncomprised ofl % yeast extrac{Oxoid Fsher Scientific(part of Thermo Fisher
Scientific) Loughborough, LeicestershirélK, Ref LP0021and 2 % peptone(BD biosciences
OxfordScience Park, Oxford URef BD 211677)vas prepared withtMQ H,0 as diluentin aglass
Duran bottle autoclavedand then2 % dextrose (Fisons, Ipswich, Suffolk, UK, now pdrhohe
Poulenc, IncRef G/0550/61pdded once cooled to a temperatuad whichit can be held.

For YPDagar, 1.5% granulated agar (Oxqiéfisher Scientific (part of Thermo Fisher Scientific),
Loughborough, Leicestershire, URefLP0013)as added to a YPD liquid medium mixture before
autoclaving (just described) and, after autoclaving, 24 dextrose (Fisons, Ipswich, Suffolk, UK,
now pat of RhonePoulenc, Inc.Ref G/0550/61)was added once cooled to a temperature at
which it can be heldThe agamwasthen poured intostandard 90mm petri dishplates(about 20
mL per dish) and allowed to cool further at room temperature until ateswere the dried
open andupturned for 20mins in adrying cabinet set at 40C (Gallen Kamp, now Weiss Technik,

Loughborough, Leicestershire, UKhd stored at 2B°C until used.

3.1.2.3 Synthetiadefined (SD) medium and agar lacking uracil (referred to ddFs®medium or

agar)

SDURA mediuncomprised of 0.675% Yeast Nitrogen base without amino acids (Formedium
Hunstanton, Norfolk, UKRef CYN0402), 0.19%2 Synthetic complete mixture (Kaiser) chmyxt
medium supplement lacking uracil (Formediutunstanton, Norfolk, UK, Ref DSCK1009),
preparedusingMQ H;0 as diluentin a glass Duran bottle arilen 2 % dextrose (Fisons, Ipswich,
Suffolk, UK, now part d2honePoulenc, IncRef G/0550/61pdded once cooled to a temperature
at which it can be Hel.

For Synthetic defined (SD) medium lacking urggBURA)agar, 1.5% granulated agar (Oxoid,
Fisher Scientific (part of Thermo Fisher Scientific), Loughborough, LeicestershiReef WR0013)
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was added to a SDRAliquid medium mixturebefore autalaving(just described)and, after
autoclavingthe 2 % dextrose (Fisons, Ipswich, Suffolk, UK, now parhainePoulenc, Inc.Ref
G/0550/61)was added once cooled to a temperature at which it can be heldn Tire pouring

and dryingprocedure was as fanaking YPD agar plat€s1.2.2.

3.1.2.4 Making twofold concentratednedia or agar

When performing expeéments involving the addition of drug to mediuor agar(3.1.3.3and
3.1.5.3 medium or agar a&s preparedby dissolvingcomponerts in half the total volumeof MQ
H.0, resulting in atwo-fold concentraion. During experimental set up, the addition MQ H0
containing the drugand/or drug diluent (and, for medium onlyeast culturé at the required

concentrationgo this, resultedin the correct final concentration ahedium/agarcomponents.

3.1.2.5 Overnight cultures

Unless stated, m overnight culture ofa yeast strainvas prepared bytransferring3 mL of the
required mediuminto sterile Universal tube The mediunwas inoculated with gast cells from
colonies on agar plates using a sterile pipette tip, gralvn overnight,shakingat 200 rpm at 30
°C in an Innova 44 shaking incubatéMew Brunswick, part of Eppendorf, Stevenage,

Hertfordshire, UK).

3.1.2.6 Measuring the absorbance (Ah$ of cultures

The Asgs of cultures wasroutinely measured using an Eppendorf Biophotometer Plus
(Eppendorf, Stevenage, Hertfordshire, Ut§),dilutingcultures 1 in 100 in inL ddHO in a ImL
cuvette (1cm pathlength) andinverting several times to mifwith a cover of parafilm) before
taking a reading. fle resulting Ahgo,was multiplied by 100 to get the trugbsorbance unitAU)

value.

3.1.3 Initial plate-based screening oé transcription regulator based deletion strain

library

3.1.3.1 Creating the transcriptioregulatorlibrary of genedeletionyeast strains

The transcription regulatotlibrary of gene deletion yeast straingas provided as glycerol stocks
stored at-80 °Cin 96-well plates by the CWG laboratory, University of KeMembers of this
library werefrom the MATa haploidgene deletion librarf{Saccharomyces Gene Deletion Project
(Stanford University, Stanford CAplirchased fromOpen Biosystems, nowDharmacon, GE
Healthcare Lifésciences, Littli€halfont, Buckinghamshire, UK) (s28.2.2and methods3.1.2.1
for MATa library details The list of members of thislibrary was originally generated by

performing a search in SGD Gene Ontol¢g8gccharomyces Gene Database (SGD) (Stanford
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University, Stardrd CA) )Jdza Ay 3 (G KS G SN)Y aThbldegiéh @olkratbtll 8.y F I
cerevisiadranscription factor genes, and additionally pulled out some transcriptional regulators
and a small percentage of ndranscriptional members. dne extra memberswere added

manuallyand the resulting list comprised of 209 straiAdl. genes were norssential genes

A table of members of thistranscription regulatorlibrary of gene deletion yeast strainsheir
names and role descriptions, arldeir positions in aotal of three 96-well platesis shown in
Appendix A namesand roles were taken from their locus overview in the SG&ccharomyces
Gene Database (SGD)ai#brd University, Stanford CA) Any nontranscriptional members have
roles highlighted in purpleEach plate included wild type strain CWG424 (also known in the CWG
laboratory (UKC) as CGY424, and generiaal§Y474)1 Additional wells of CWG424 were added

to each plate (highlighted bold, red type) along with the DNA repair mutantspnRad52and
NRadZ as controlstrains (highlighted bold, black type), making a total of 212 strains to be

screened altogether.

3.1.3.2 Growth ofthe transcriptionregulatorlibrary in preparation forscreening

Glycerol stock96-well plates 1-3 of the transcription regulator based deletion strdibrary
(described in3.1.3.0) were, one at a time,placed on iceuntil just thawed Then, usg a 96
prongedmetal replica plater (Sigma, Poole, Dorset, UK, RE5GBIEA),they were gently mixed
andstamped ontoYPD aga3.1.2.9 in large 150nm petri dish plates (6BL agar per plate)The
replica platerwas dipped in alcohol and flamed before stamping out each plEteseplates

were left at room temperatureuntil the stampedout strains weredry, and then incubated
upturned ina standing 30C incubator (Leec Classic Incubator, Leec, Nottingham, UK) for three

days

Next, theday before screeningstrains on theselates were inoculatedin the same formatinto
each of three 9@well plates (Greiner BieOne Cellstar96-well plates Greiner BioOne Ltd,
Stonehouse, UK, Reb5180)containing 15QuL/well of YPDnediumto make overnight cultures
This was carried out usingautoclaved fine tipped plastic 96-pronged stampers(Singer
Instruments, Watchet Somerset, UK Ref-NRR2L) a newone for each plateThese 9éwell
plates were subsequentlysealed tightly with parafilm to prevent any evaporation, and then
incubated with shakingovernight on a plate shakelG¢ant Bio PMSL000, Grant Instruments,
Shepreth, Cambridge, JKn a 30°C static incubator (Stuart S160 incubat&tuart, Stone,
Staffordshire, UK
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3.1.3.3 Preparation of YPD agar plates with and without drug to screentrdugscription

regulatorlibrary

YPD agarcontainng 1000 uM cisplatin, 4000 uM carboplatin, or 4000 uM oxaliplatin, and
corresponding controlagar containing drug diluent onlywas prepared on the same day of

screeningas followsDrug solutions and drug diluents used are detailed in se@itrl.1

Volumes of 75nL of twafold concentration YPD agar wepeepared(3.1.2.9 in each of six 250

mL glass Duran bottles (three for the control agar, three for the agar containing dxiig).
autoclaving, he agar was cooled down fat least30 mins in a water bathet at 55°C(Grant SUB
waterbath, Grant Instruments, Shepreth, Cambridge, \B)tles containing0.9 % NaCsolution

and MQH,Owere also placed into a water bath set at 558@ch 75nL twofold concentration of
YPD agar was to kajusted to a finalolume of 150mL with drug and/or drug diluentone at a
time. For theagar containing drugthe volumeof drugto give the required dig concentratiors
(1000uM cisplatin, 400QuM carboplatin, or 400QM oxaliplatin)at 150mL final volumeand the
volume of MQ H,O required to make up to 150mL, were added to the75 mL twofold
concentration of YPD agar whilst swirling the bottle by hand to mix thoroudkéxt,the mixture

was quickly transferred to each of sevestandard 90mm petri dishplates (21mL per plate) It
should be noted that drug was added last after the mixture had cooled to a temperature which
could be held by handror control agar containing no dryginstead of drugthe equivalent
volume ofcorresponding drug diluent was adddd thisexperiment the drug diluents wer8.9%
NaClsolutionfor cisplatin, and dd§D for carboplatin and oxaliplatitt shouldalsobe noted that

for both the cisplatin drug and control plates, an extra%@3compared to drug volume)f 0.9%
NaClsolutionwasadded to the agar to maintain consistency with other cisplatin screening which
had been carried out at 150QM. All agar plates were left to set for one hoat room
temperature, and kept in the dark by covering them in a black cloth because the drugs are
photosensitive Plates were then dried open and upturned for 20(ns in a drying cabinet set at

40°C (Gallen Kamp, now Weiss Technik, Loughborough, Leicestershire, UK)

3.1.3.4 Performing the gasttranscription regulatotibrary screening

The overnight cultures ofranscription regulator library plates 13 (prepared as described in
3.1.3.2, were removed from the shaker at 30°C, ready to stamp out on the YPD agar plates with
and without drug (prepared adescribed in3.1.33). These @ernight library cultures were in 96

well plates, but were stamped as half plates (columrs (hamed a) and 712 (named b), in
singlicate, ontoboth the drug and no drugsmall agar plates using asing a 4§ronged metal
replica plater (Sigma, Poole, Bet, UK, Ref-8383) To ensure strains were evenly in suspension

before stamping out onto agar, a mutthannel pipette was uset by pipette them up and down
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several times just before doing s@hereplica platerwas dipped in alcohol and flamed bedor

stamping out each plate.

For stamping onto carboplatin and oxaliplatonto drug and no drug control agar platethe
strains were diluted 1 in 10 with M®&,O (15uL culture added td.35 L ddHO per wellin new
96-well plates(Greiner BieOne CellstaB6-well plates Greiner BioOne Ltd, Stonehouse, Bi¢f

655 180), separate ones for each drugrepared using mukchannel pipettes.The undiluted
overnight library cultures strains were stamped onto cisplatin drug and no drug control agar
plates. The reasoning behind diluting theeast strais is explainedin 3.2.1 All plates were
transferred to and upturned ina standing 30°C incubator (Leec Classic Incubatbegec,
Nottingham, UK), and growth was monitored by scanning images of the pisiteg a CanoScan
4400F scanner (Canon Europe Ltd, Uxbridge, LondonintdkAdobe photoshop softwareach

day for four days.

It should be noted that for the cisplatin scr@ag only, copies of strains YLR278C, UME6, ARR1,
AFT1, AZF1 and SLA1 were inoculated into welblX27respectively of library plate 2lso,
library plate 2b (columns-I2) was stamped out onto twaeisplatinand two nocisplatinagar

plates.

3.1.3.5 Analysis of thgreasttranscription regulatotibrary screening

Growth was assessed by measuring colony sizes ondhgscanned plate images.(.3.9 by

eye The size of thecolonyof a deletionstrain on agar containing drugasexpressed as a % of
the size of the colony of the same deletisinain on agar containing no drugrowth scores were
assignedn incrementsas 0% (no growth) K4 X0 % MR0 % 30 % M40 % XKP % etc. and
colour coded, and then also in 20 incrementgpost 50% These % growth values were recorded
for eachof the four daysin 48well formats in aMicrosoft Excel2010 spreadsheetand an
example ofscoringof colony growthis shownin Figure4. All % growth scores over all four days
growth werethen collated together for each individual yeast deletion strain, and tabulated as a
time course of % growth valueStrains werebroadlyOf  a 8 SR | a KA (58 % foF 72
each of the four daysScoring of random colonies was validated by independent assessors to

support accuracy of the method.

These hit strains were assembled as lists for each drug screen which were then organised into
groups of unique and common genes to each drug in Venn diagrams using Venny 2.0 software
(Oliveros 20072015), which excludes any duplicates, and Microsoft Powerpoint. These gene lists
were also analysed using Gene Ontology (GO) Slim Mapper analysis Sacti@aromyces Gene
Database $GD) sitdSaccharomyces Gene Database (SGD) (Stanford University, Stanford CA) )
using the YeastG&®f A Y GSN¥Ya& WFdzyOliA2yQ YR WLINROSaaQ

and processes, which excludes duplicatesyésing on those with a fold enrichment value >1.0.
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Figured. A. A example of growth of members of the transcription reguldibrary of gene deletion yeast
strains on agar with and without 10Q@M cisplatin. The results are from the cisplatin screen, day2, library
plate 2a. Control strains are includedwild type CW5424(grey) and DNA repair gene deletion strains
nRad27(purple) and nRad52(green) B. Growth was assessed by colony size. The size of the colony of a
deletion strain on agar containing drug was expressed as a % of the size of the colony of the stiore dele
strain on agar containing no drug. The table displays the scores for the results in A.
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¢ KS aidNRyYy3ISN KA fodeadibf thg four das2wede ynalysednsthe same way
but, because it was a smaller data set, we focussed on all of the bis, regardless of fold

enrichment value.

3.1.4 The Yeast Fitned3atabase- analysis of platinum drug data

The entire homozygous knockouts inhibited data sets for sensitivity to cisplatin, carboplatin and
oxaliplatin were downloaded from the Yeast Fitness Datal{a®ast Fitness Dalbase (2008).
Hillenmeyer,Maureen E., Fung et a(rgfer t0 2.3.2.2 into Microsoft Excel. For our analysis, we
focussed on the genes generating-aglue cutoff less than 0.01, which had a false discovery rate

of 10 %, and hits from both generation and 20 were included, as were hits from all
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concentrations of drug teste(Hillenmeyer, Fung et al. 20Q0&eeaccompanying supplementary
material for detailed analysis); cisplatin was tested at concentrations from 31.25 tquBIQ0
carboplatin from 25QuM to 15000uM, and oxaliplatin from 100QM to 4000uM. The resulting
gene hit lists were organised into groupsunique and common genes sensitive to each drug in
Venn diagrams using Venny 2.0 softw@@iveros 20072015)and Microsoft Powerpoint, which
excluded the duplicates gene hits. These gene listevalso analysed using Gene Ontology (GO)
Slim Mapper analysis via thésaccharomyces Gene DatabaS&D) sitgSaccharomyces Gene
Database (SGD) (Stanforditkrsity, Stanford CA)using the Yeast G®f A Y G SNX)a W7 dz
WLINP OSaaQ G2 3INRPdzZ) GKS 3IASySa Ayidi2 RAFFSNBy
gene hits. All resulting functions and processes with a fold enrichment valuevelieQorganised

into those unique and common to each drug in Venn diagrams using Venny 2.0 sdfblisezos

2007-2015) which excluded duplicate gene hits, and Microsoft Powerpoint.

3.1.5 Confirmation OSNBSy Ay 3 2F GKS WK Anitidl Qlatesb&sgdS NI {

screening of theranscription regulator library

3.1.5.1 Creating master plates of hit deletion strains

A master plate was created of the 25 yeast gene deletion strains that were classed as hits (%
grog 0 K & | % fodKeaoh of the four days) in the initial pldiased screening of the
transcriptional regulator library (semethod 3.1.3 and results 3.2.1.3. Fve extra strains were
included- two extra transcriptionaregulators,nADRland pHIR1 and alsohnHMS1 nhKAR4and
NAFT1las additional controls.The hit strains were taken from the original M&haploidgene
deletion library (see sectiors3.2.2and 3.1.2.7 which was stored a80°C. Using pipette tipghe

frozen strainswere streaked onto YPD agdé8.1.2.9 and grown in a standing 3 incubator

(Leec Classic Incubator, Leec, Nottingham, UK) for three days. Using pipette tips, each strain wa:
individually inoculated into a well, one for each strain, of twevadl cell culture plates (Greiner
Bio-One Cellstar 24vell plates, Greiner BioOne Ltd, Stonehouse, UK, Ref 662 160) containing 1
mL /wellYPD liquidnedium (3.1.2), and incubated shaking overnight at 2ffin at 30°C in an
Innova 44 shaking incubator (New Brunswick, part of Eppendorf, Stevenage, Hertfordshire, UK).
The next day, 7L of these overnight cultures were transferred into |15 40% glycerol (Fisher
Scientific (part of Thermo Fisher Scientific), Loughborough, Leicestershire, UK, Ref G/0650/17) pet
well into one half ofa 96well cell culture plate (Greiner Bione CellstaB6-well plates, Greiner
BioOne Ltd, Stonehouse, UK, Ref 655 180), gently pipetted up and down to mix and then

transferred to-80 °C to keep as glycerol stocks and to use for the hit conformation screening.

A table of the hit yeast gene deletion strairtbeir names and role descriptions, and their
positions in the 9éwvell glycerol stock plate for screening is shown in Appendigr&ted and

labelled in the same way as described for Append&. AJ.).
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3.1.5.2 Growth of the hit yeast deletion strains in preparation for screening

The dycerol stock 9évell master plate of hit strains3(1.5.1) wasthawed, stamped outonto agar
and grownin the same way as i8.1.3.2 but using a 48 prongedhetal replica plater (Sigma,
Poole, Dorset, UK, Ref2383) and YPD agar in a standarch@® petri dish plate. fie day before
screeningthese strains on theYPDplates were inoculated int@ mL YPDnediumin Universal

tubes to make overnight cultures dsscribed in sectior(1.2.5.

3.1.5.3 Preparation ofYPD agar plates with and without drugr@screen thewenty-¥ A @S WK A

from thetranscription regulatotibrary of gene deletion yeast strains

YPD agar containing 10Q0/ cisplatin,YPD agar containing000uM carboplatin, andYPD agar
containing4000uM oxaliplatin, and corresponding control agar containing drug diluent only, was
preparedon the same day of screening as follower the selection of these drug concentrations

refer to section3.2.1 Drug solutions and drug diluents used are dlethin sectior3.1.1.1

A volume of 300nL of twefold concentration YPD agar wpsepared(3.1.2.4 in a 500mL glass
Duran bottle. After autoclaving, the agar was cooled down for at leashi®8 by transferring it
into a water bath set at 55C(Grant SUB waterbatlGrant Instruments, Sipreth, Cambridge,
UK)along with ottles containing 0.9 NaCkolution, MQ H,O and4.5 % lactose monohydrate
solutionand $x empty pre-autoclaved 250nL Duran bottlesAt this temperature the agar does

not set.

A volume of 35nL twofold concentration of YPD agar was todmjusted toa final volume of 70
mLwith drug and/or drug diluent, one at a time. For the agar containing drug, the volucheigf
to give the required drug concentration$Q00uM cisplatin, 400QuM carbopétin, or 4000uM
oxaliplatin)at 70mL final volume, and the volume BfQ H,O requiredto make up to 70GnL, were
added to a warmed pre-autoclaved 250mL Duran bottle, followed by the 3B&L twofold
concentration of YPD aguahilst swirling the bottle by hand to mix thoroughNext, the mixture
was quikly transferred to each of threstandard 90mm petri dish plates (2InL per plate) For
control agar containing no drug, instead of drug, the equivalent volume of corresmprablug
diluent (at 55°C)was addedand three plates were again pouredn this experiment the drug
diluents were 0.9 NaCkolution for cisplatin, and M(H,0 for carboplatin, and 4.56 lactose
monohydratesolutionfor oxaliplatin. It should also be notéthat for both the cisplatin drug and
control plates, an extra 3% (compared to drug volume) of @8 NaCséolutionwas added to the
agar to maintain consistency with other cisplatin screening which had been carried out at 1500

WM. All agar plates wereift to setand dry as ir8.1.3.3
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3.1.5.4 Performing theconfirmation screen othe twenty¥ A S WKAGaQ FTNRY

regulatorlibrary

The overnight cultures dhe hit deletion strains (prepared as #1.5.2 were removed from the
shaker at 30°C, ready to stamp out on the YPD agar plates with and withautatepared as
described in3.1.5.3. TheAgys of each culture was measured as described in sec3idn2.6to
check if they were in the same range of-13. If any culture measured as having ags Above
rangeit was adjusted diluting with M®,L,O, and if an &swas below range a cultureample was
taken and centrifuged at 400@m for 4 minutes using a Sigm&l4 benchtop centrifuge (Sigma,
Poole, Dorset, UKnd resugpended in a reduced volume of M@O. A wlume of 180uL/well of
eachovernight culture was then transferred into a 9&vell cell culture plate(Greiner BieOne
Cellstar 96éwell plates, Greiner BioOne Ltd, Stonehouse, Ri#,655180)in the same format as

the 96-well glycerol plate & shown in Appendi® andasdescribed in sectio.1.5.1

From this culture plate, two further plates in the same format were prepared, but with ttaénst
diluted 1 in 10(15 pL culture in 13uL MQH,O per well) resulting in all dotal volume of 150
puL/well. Strains were mixed into suspension by pipetting befst@mpingthem out onto agaiin
triplicate, onto both drug and no drug agar plates using -p®iged metakeplica plater (Sigma,
Poole, Dorset, UK, Ref2R83), dipping tk plater in alcohol and flamirigefore stamping out each
plate. The undiluted strains ware used for the cisplatin drug and no drug platasdthe 1 in 10
diluted strains were usedor the carboplatin and oxaliplatin drug and no drug plates. The
reasoningoehind diluting the yeast strains is explained®i@.1 Plates were grown and imaged as
in3.1.3.4

3.1.5.5 Analysis of theonformation screen

Growth was assessed by measuring colony sizes on the daily scanned plate Bnh&e$ énd

scores recorde@nd tabulatedas described in sectioh.1.3.5! & 02 NB RyF ddg&s S N
meant that there was no significant growth of the strain to score on either of the YPD containing
drug or on the corresponding YPD agar containing no d@agipared to the initial screegrowth
inhibition in the presence of each drugas notas significanfor this rescreen sothe method of

classing strains as hits wasdesigned as follows.

Strains were classed asrong hitsif % growthfor all three replicatess I a %Kforiwo time
points. Strains were classed as medium hft& growth for two out of the three replicates was
Ko % for two time points. Strains were classedvasaker hits if % growth for two out of the

0§ KNBS NI LI RGdr v time pointsThekg hit strains were assembled as lists for each
drug screerwhich were then organised into groups of uniqgue and common gémesch drugn

Venn diagramausing Venny 2.0 softwaréOliveros 2002015) and Microsoft PowerpointAs
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before, scoring of random tmnies was validated by independent assessors to support accuracy

of the method.

3.1.6 Does the reintroduction of BDF1 into thenBdf1 strains recovergrowth in the

presence of the platinum drugs?

3.1.6.1 Transformatios

Plasmid PCG279 (standard mulbpy expressiorvector PRS426, seeigureb) was used as the
negative control. PCG596 is the same PRS426 plasmid but wighcirevisiagene BDFand its

own promotor cloned into ORF frame 3. PCG279 and PCG596 were provided by Bianchi et al
(Bianchi, Costanzo et al. 2004nd PRS426 was originally constructed by Christianson et al
(CHRISTIANSON, SIKORSKI et al. 1992)

pGEX_3_primer
URA3_promater
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Weol (822)
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—
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/
|I 1
| |
| |
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Figureb. Plasmid PRS42Bt{ps://www.addgene.org/vectordatabase/3989).
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Overnight cultures 08. cerevisiastrains CWG424 anuBdflwere prepared 3.1.2.9, and each
strain was harvested by takingmL overnightulture (Asos between 16020 AU (absorbance units))
into each of two sterile Eppetrdf tubesand centrifuginghe total of four tubes at 400@pm for 4

mins in a Sigma-14 bench centrifuge Thesupernatants were discarded, and then the cells were
re-suspended with InL TE (InM Tris (Fisondpswich, Suffolk, UK, now part BhonePouknc,
Inc.,Ref T/P630/60), inM EDTA (Fisonfpswich, Suffolk, UK, now part BhonePoulenc, Inc.,

Ref D/0700/53, pH8.0) and centrifuged at 40ffm for 4 mirs in a Sigma 414 benchtop
centrifuge (Sigma, Poole, Dorset, UK). The supernatants were theard#idcand the cells were
re-suspended with InL 0.1M LIOAdSigma Poole, Dorset, UK, Ref L4158) in TE and centrifuged
again at 4000pm for 4 mins. This time the supernatants were discarded, the cells were re
suspended in 0.InL of 0.1M LiOAc in TE, artlen 15uL (150ug) carrier DNA (single stranded
DNA from herring sperm (Sigma, Poole, Dorset, UK, Ref D729®)i[me for 15 miis and then
iced) was added to each cell mixture. Nexpl1(100ng) PCG278ansforming DNA (seg.1.6.)
wasadded to one tube of cell mixture originating from eaclCa¥G424 onBdflstraing and 1uL

(100 ng) PCG596 transformirgNA (se€3.1.6.]) wasadded to the other tube of cell mixture
originating from each o€WG424 onBdflstrains and all tubes were mixed gently by pipetting.
Next, 700uL of 409% PEG4000 (Sigma, Poole, Dorset, UK93®€#4) in 0.IM LiOAc in TE was
added to each tube of cells and incubated with rotati@tuart roller mixer SRT6, Stuart, Stone,
Staffordshire, UKjor 90 mirs at room temperature. The cells were then incubated for 15sratn

42 °C in a Grant blodkeater (Grant Instruments, Shepreth, Cambridge, UK) and then centrifuged
at 4000rpm for 4 mirs, the supernatant discarded and the cellssuespended in 20QL MQ H.0,
which was dispensed and spread with a spreader across the surface-WURSDagar plates
(3.1.2.3, one for each transformant strain. These plates were subsequently incubptached

at 30°C for 3 days in a standing 30 incubator (Leec Classic Inator, Leec, Nottingham, UK),
and at that point ten colonies of each transformant strains were picked altogether onto one
sterile pipette tip to mix and then streaked onto new-BBA agar plates, incubateghturned at

30°C for 3 days in a standing 30 hcubator.

3.1.6.2 Drug titration growth curves using CWG424 transformed wébative control plasmid
PCG279

At the outset, dug titration growth curvesvere generatechlongside control growth curvesiith
no drug using strain CWG424 transformed withegative cofrol plasmid PCG27%nly (for
transformations see3.1.6.). This was testimate the optimal concentration of each platinum
drug to further study all four transformant straingor this, tsplatin was tested at 25QM, 500
MM and 1000uM, carboplatin was tested at 400uM, 8000uM and 12000uM, and oxaliplatin
was testal at 1000uM, 2000puM and 400QuM.
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Thesesets ofgrowth curves were generated in a final volume oMl SDURA mediun{3.1.2.3,
each ina well of a24-well plate Grener BiocOne 24 well cell culture plate, Greiner, Stonehouse,
UK, Ref 662160Eachdrug titration was carried out in singlicate (one weith one growth curve)
from each of two separate overnight culturé€8.1.2.5 in SDURAmedium of strain CWG424
transformed withnegative control plasmidPCG279giving two biological repeat3he Absggs of
the two overnight cultures was measured(as described i18.1.2.9 and the resultingAUs were
used tocalculatethe volume of cell§which were added to the growth curve wells last)add to

1mL toachieve a final\bss0f0.100, ready to start a growth curve at lag phéSigurel?2).

Initially, avolume of 50QuL of twafold concentrated SRURA medium was added to the required
number of wells The volume of drugo give the required dose concentratiorat 1 mL final
volume was then added directly to the wellsNext, the volume of drug diluent (0.96 NaCl
solution for cisplatin,MQ H,O only for carboplatin, and.5 % lactse monohydratesolution for
oxaliplatin)required to equathe total drugvolumeused for the top oncentrationwascalculated

for each well and added this was to keep drug/drug diluent volume consistent across the
titration. The volume of MQH;0 required to make=ach well volume up to &nal volume of ImL
(including the previously calculatedquired volume of cells) was then calculated and was added,

followed lastly by the addition of the cells themselves.

3.1.6.3 Growth kineticdor drug titration growth curves

To assesgrowth, plates were transferred into a BMG Labtech SPECTROstar Nano plate reader
(Aylesbury, Buckinghamshire, UK)generate growth curves at 30°C. The protocol settings were
as follows: Cycle time: 1800 secs, Flashes per well: 30, Excitation: 600, Shakiagclyed00

rom, Shaking mode: double orbital, Additional shaking time: 1750 secs after each cycle,

Positioning delay: 0.5 sedsxperiments were stopped after 24 hours.

3.1.6.4 Data analysidor drug titration growth curves

Growth curve raw datavas exportedinto Microsoft Excel 2010 using the BMG Labtech MARS
data analysis softwarayhere each growth curve was plottedstime in hours (3axis) against

Abs (Y-axis). All data analysis was carried out in Microsoft Excel 2010.

The doubling time of a culture is thigne it takes for the cell population to double during the log
phase of growth(refer to Figure12), and this can be measured from growth curved3oubling
times were determined by separately plotting sequential 2 hour data sets, overlapping by 30
mins, as time in hours (axis) against Abg (y-axi9. For each2 hour plot, an exponential trend

line was fittedand an exponential line equation waegerated.,y = c*e”(b*x), which is equivalent

to In(y) = In(c) + b*x, for which b represents the sl@al In(c) represents the-gxis intecept

The 2 hour plot with the highest x value (which represents slope) in the exponential line equation
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was selectd, and that xvalue was used to generate the doubling time (hours) using the formula

LN(2)/x.The mean of doubling times for each biological repeat were plotted as bar charts.

3.1.6.5 Growth curvesof all transformants with eacplatinum drugs

Assessment of vidlitiy by growth kineticsvas carried oufor all four transformantstrainswith
and without one concentration of drug; 250 uM Cisplatin, 1200QuM carboplatin or 400QuM
oxaliplatin. These drug concentrations were chosen based on the results from the drug titration

growth curvesgee method3.1.6.2and results3.2.3.]).

As for the drug titration experiments, these growth curves were generated in a final volume of 1
mL SBURA mediun{3.1.2.3, eachtested as three technical repeats on the samewall plate
(Greiner BieOne CellstaR4-well plates Greiner BioOne Ltd, Stonehouse, UK, Ref @82 filom

one overnight culturg3.1.25) in SBURA mediumThis experiment wasltimately repeatedon

two more separate 24vell plates using twather different overnight culturesn SBURA medium
giving three biological replicates in total. The Absgs of overnight cultures of the four
transformants wasneasuredeach time(3.1.2.9 and the resultingAUs were used to calculatbe
volume of cells (which were added to the growth curve wells last) to addwd 10 achieve a final

Absys0f0.100, ready to start a growth curve at lag phase.

Initially, a volume of 50QL of twofold concentrated SBJRA medium was added to the required
number of wells. The volume of drug to give the required dose concentration at 1mL final volume
was then added directly to the wellsNext added wasirug diluent (0.9% NaCkolution for
cisplatin,MQ H,O only for carboplatin, and 4% lactose monohydrateolution for oxaliplatin)

The volume of drug diluentised per well was kept exactly the same as for equivalent drug
concentration in the drug titration experiments, to maintain consistency. For the growth curves
testing no drug, drugdiluent only was used, at a volume equivalent to the total volume of
drug/drug diluent used for the other growth curveBhe volume of MQH,0 required to make

each well volume up to a final volume ofmlL (including the previously calculated required
volume of cells)was then calculated and was added, followed lastly by the addition of the cells

themselves

3.1.6.6 Growth kinetisfor growth curvesf all transformants with each platinum drug

Growth curve kinetics were then carried out usinBMG Labtech SPECTR®Blano plate reader
as previously described $11.6.3
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3.1.6.7 Data analysis formwth curveof all transformants with each platinum drug

Data analysis was performed detailed in sectior8.1.6.4 except thatthe growth curves plotted
for each biological repeatised the means of the thredechnical repeatsand the mean of

doubling times of the total of three biological repeatsre dotted as bar charts.
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3.2Results- yeast

3.2.1 Initial plate-based screening of the transcription regulattbrary

Initial plate-based screening was ofhie complete transcription regulatorlibrary of 209 gene
deletion yeast strainglus control strains wild typ€CWG42%and DNA repair mutantpRad27

and nRadb2 (refer to section3.1.3), with the aim of identifyinggenes required for growth in the
presence of drug to help better understand their mode of action and potentially their resistance
mechanisms. Growth othe library strains on YPD agar containing cisplatin, carboplatin or
oxaliplatin,was compared to growtlon YPD agar contaimg no drug Every day, for foudays,
growth was scored by expressing thige of acolony on agar containing drug as a %hef size of

the colony of the same deletiostrain on agar containing no drugmages of the YPD agar

screening plates themselves are not shown.

All deleted genes of thegastdeletion strains that grewt§0 %over fourdays growthon YPD agar
containingcisplatin, carboplatin and oxaliplattompared to on YPD agar containing no diarg,
displayedwith their daily growth scoref Tablel, Table2, andTable3 respectively. All these
Wa: Q KAG 3ISySa avewbdiayohhdd &iguye6, @Rovihgany duplicate genes
illustrate which hits are exclusive to and common with theee drugs(described ir8.1.3.5. The

gene hits that were common to all three drugs included the control straRad27and nRad52

but also witl type. Using this approach and scoring system we observed that wild type strains
sometimes appeared sensitive to the drugs at the concentrations.usbis was observed for
cisplatin 3/45 times (6.P6), for carboplatin 1/45 times (2.%), and foroxaliplatin 8/45 times
(17.7%)(referto Tablel, Table2, andTable3).

It can be concluded thabxaliplatin was a stronger screen than the cisplatin screen and the
carboplatin screen was theeakest of the three screens in terms of growth inhibition at the drug
concentrations and strain dilutions tested. This was concluded from observing the overall strength
of growth inhibition of the yeast strains and monitoring the control strgifad27and nRad52
However, despite this, strong hitswere detected for each drug screeand we accepted that
some middle to low strength hits may drop out. It should also be noted thauede screening
method like thiscomes withan acceptable variability deito factors such athe number of cells
plated and differences in stamping out of strain® avoid thisvould meanplating out exactly the

same number of cells for each strain and repeating the assay many times.

The drug concentrations 01000 uM cisphtin, 4000uM carboplatin and 4000uM oxaliplatin
were selectedbased on the results from testing the selected control yeast strains wild type
(CWG42% nRad52andnRad27during theoriginaloptimisation of screening yeast strains on agar

containing drug. All control strains grew well on YPD agar containing no drug after 2 days at 30°C,
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thoughpRad52and nRad27grew less than CWG424n comparison, after-3 days growing at 30
°C onl1000uM dsplatin agar, 400QM carboplatin and 400QtM oxaliplatin,we observed very
slightly reduced growth of CWG424, but no growthn&ad52,and reduced growth ofRad27
Therefore to achieve comparable results to 10AM cisplatin, for 400QuM carboplatin ad 4000
MM oxaliplatin the yeast strainsere prediluted 1 in 10 with MQH,0 before stamping them onto

the agar. These control strains were included in all yeast screening

Platinumdrugsbind to DNA and form intratrand adductstherefore DNA repair mtants such as
NnRad52and nRad27are suitable control strains for screening the gtovof yeast strains in the
presence of such drugfRad52 (RADiation sensitive) is implicated in the repfattoublestrand
breaks (DSBN DNA resulting from spontaneousndage, exposure to DNA damaging agents, and
collapse of replication forks; mutations ifRAD52 cause severe defects, especially in
meiotic/mitotic recombination, because Rad52 is involved in multiple DSB repair pathways,
reviewed in (Symington 2002and (Paques, Haber 1999)ised as a control ifCHUA, ROEDER
1995) Rad27 (RADiation sensitive) is a flap endonuclease involved in removipgeb ! Sy R
Okazaki fragments during replication, and is also required for base excision repair (BER);
mutations in RAD27 cause duplication between very short homologies which generates numerous
lesions, and also DNA repair defegtal, Kao et al. 2004, Symington 2002)

3.2.1.1 Analysis ofjene hit distributiorand comparisonvith the Yeast Fitness Database

We investigatedthe Yeat Fitness Databas®.3.2.2 results from screening the entiragenomic
homozygous diploid deletion librargf S.cerevisiaeagainst the three platinundrugs in an
attempt to get a whole genomic viewof the genes involved in theimode of action and
potentially resistance to these agent®/e did this by comparing the distribution of individual
genes hits between drugs and comparing this to the results of our screen. We also confpared

each drugthe funcions and processes that the gera® involved in.

We downloaded from the Yeast Fitness Database (refe2.802.9 all hitsfrom screening the
entire yeast genomeof homozygous gene knockouigth cisplatin, carboplatin and oxaliplatin
with a p value <0.01 (refer t8.1.4), which totalled 2180Gindividualgenes. We compared ith
gene hit distributionof the Yeast Fitness Database drug screertfdoequivalent forour screens
that grew less than 5@6over fourdays growth Figure7 shows our screemits in Venn Diagram A
and shows the collated Yeast Fithess Database gene hits in Venn di&jrath express as

percentagefrequencyvaluesfor ease of comparisan

For our screeg of the total of 212 yeast deletion strains tested (including control strains), 93
(43.9%) were hits in one or more of the three platinum drug scre€lfse Venn diagram iRigure

7A shows that, when focussing on these 93 gene deletion h§,5 % (48) had sensitivity to
cisplatin,26.9% (25) to carboplatin andb1.3% (57) oxaliplatin. Regarding the total of 2180 gene
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deletion hits generated from the Yeast Fithnd3gdabase screens in Venn diagrdfigure7B, the
vast majaoity, 76.0% (1656)showed sensitivity toisplatin, 26.7%(582)to carboplatin and 30.1
% (657) to oxaliplatin.

Both datasets showed gene deletion hits exclusive to the individual drugs, but also hits common
to two or all three of the drugQur screen of transcription regulators showed oxaliplatin sharing
6.5 % (6) of hits with cisplatin and’.5 % (7) with carboplatin, whereas cisplatin and carboplatin
shared fewer gene hits (4% (4)) (Figure7A). The Yeast Fitness Databadata suggestd that
oxaliplatin is more similar to cisplatiri4.0 % (306)of gene hits shared) than cisplatin is to
carboplatin 6.5 % (141)of gene hits shared), Wi oxaliplatin and carboplatin sharing juki6 %
(34)gene hitsFigure7B. Regarding gene hits shared by all three drugs, ¥#(80) were shared in

our screensKigure7A) and 5.446 (117) in the Yeast Fitness database screens.
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Cisplatin

Colour key for growth of stains over all 4 days

All no growth (0)

Vet OKpz

Vot Km iz

et XKu

Standard| Systematic

Position
Name Name

Name description

Size of colony on drug plate as a % of siz
corresponding colony on control plate

1 SWI5 YDR146C[SWiItching deficient
1 F6 NDT80 | YHR124W |Non-DiTyrosine
3 D2 MET18 | YIL128W |METhionine requiring
3 F2 EMI1 YDR512C [Early Meiotic Induction
2b rpt H10 AFT1 YGLO71W |Activator of Ferrous Transport
1 E12 RAD52 | YMLO32C [RADiation sensitive
* 1 E5 SWF1 | YDR126W|Spore Wall Formation
1 D1 HAP5 YOR358W/|Heme Activator Protein
il G1 SWI6 YLR182W [SWItching deficient
3 G7 SFP1 YLR403W [Split Finger Protein
2b rpt D11 TOD6 YBLO54W [Twin Of Dot6p
1 F1 MOT2 | YERO068W |Modulator Of Transcription
* 2b rpt H12 SLAL YBLOO7C [Synthetic Lethal with ABP1
3 F4 URC2 YDR520C|URacil Catabolism
3 F5 SNT2 YGL131C |-
2 H3 RAD27 YKL113C |RADiation sensitive
1 F4 RIM101 | YHLO27W [Regulator of IME2
1 G10 HAP4 YKL109W |Heme Activator Protein
2 H10 AFTL YGLO71W |Activator of Ferrous Transport
3 F10 SWi4 YER111C|SWItching deficient
1 H11 - CWG424 |Wild type BY4741
3 D11 YOX1 YMLO27W |Yeast homeobOX
3 G3 FKH1 YIL131C |ForK head Homolog
2 All - CWG424 |Wild type BY4741
1 Al - CWG424 |Wild type BY4741
3 B3 ZAP1 YJLO56C |Zinc-responsive Activator Protein
3 E6 - YPR022C |-
3 G4 SNF1 YDR477W |Sucrose NonFermenting
3 F1 PLM2 YDR501W [PLasmid Maintenance
* 1 B5 - YLRO46C |-
3 F3 EMI2 YDR516C [Early Meiotic Induction
2 B11 ECM22 | YLR228C |ExtraCellular Mutant
3 E2 DAL81 [ YIR023W |Degradation of Allantoin
3 F6 SUT1 YGL162W [Sterol UpTake
2 H8 UMESB YDR207C|Unscheduled Meiotic gene Expression
3 Cc8 CRZ1 YNLO27W [Calcineurin-Responsive Zinc finger
2 C10 DIG1 YPLO49C |Down-regulator of Invasive Growth
3 H12 RAD52 | YMLO032C [RADiation sensitive
2 G12 SPT10 YJL127C [SuPpressor of Ty
3 D5 NNF2 YGRO89W|-
1 G11 ASH1 YKL185W [Asymmetric Synthesis of HO
1 C6 STBL YNL309W (Sin Three Binding protein
2 H4 RAD27 YKL113C |RADiation sensitive
2b rpt H8 UME6 YDR207C [Unscheduled Meiotic gene Expression
2 H9 ARR1 YPR199C |ARsenicals Resistance
2 C12 ECM23 YPLO21W |ExtraCellular Mutant
3 B6 BAS1 YKRO99W|BASal
2 F5 OTU1 YFL044C [Ovarian TUmor
2 B12 PDR8 YLR266C |Pleiotropic Drug Resistance
2 E3 AFT1 YGLO71W |Activator of Ferrous Transport
3 B9 HIR3 YJR140C [HiIstone Regulation
1 B6 CHA4 YLR098C |Catabolism of Hydroxy Amino acids
2 Cc2 UMES6 YDR207C|Unscheduled Meiotic gene Expression
3 C5 CBF1 YJRO60W [Centromere Binding Factor
2 C6 HAP2 YGL237C |Heme Activator Protein

Tablel. Yeast deletion strains

cisplatincompared to growth on YPD containing no drtrgnon-transcriptional regulator.

that greW§0 % over 4days growth on YPD agar containing 1Q0@
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Carboplatin
Colour key for growth of stains over all 4 days
All no growth (0)
et Kpiz

tEf Xm t Kp m:z
1VEE KM S
Standard| Systematic Size of colony on drug plate as a % of siz
Position Name description corresponding colony on control plate

| 2 [ E5 [ GCR2 | YNL199C [GlyColysisReguiaion |

20 40

30 40

30 40

30 40

40 40

40 40

1 YER068W [Modulator Of Transcription 30 50

1 D6 BUD29 YOLO72W |Tho2/Hprl Phenotype 40 50

2 C3 UPC2 YDR213W |UPtake Control 40 50

* 1 E5 SWF1 YDR126W |Spore Wall Formation 40 50
3 H12 RAD52 YMLO32C |RADiation sensitive 40 50

2 F1 SUM1 YDR310C |SUppresor of Mar1-1 40 50

3 G6 BDF1 YLR399C |BromoDomain Factor 40 50

B E2 DAL81 YIR023W |Degradation of Allantoin 40 50

2 F8 MET28 YIR017C |[METhionine 50 50

2 F9 YAP5 YIRO18W |Yeast AP-1 50 50

1 H4 - CWG424 |Wild type BY4741 50 50

2 F7 MAL13 YGR288W |MALtose fermentation 50 50

Table2. Yeast deletion strainspre-diluted tenfold, that grew #§0 % over 4daysgrowth on YPD agar
containing 4000uM carblatin compared to growth on YPD containing no drtig.nontranscriptional
regulator.
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Oxaliplatin
Colour key for growth of stains over all 4 days
All no growth (0) ret
ret

fft

Size of colony on drug plate as a % of siz

Name description corresponding colony on control plate

2 YGLO71W)|Activator of Ferrous Transport
2 H3 RAD27 YKL113C|RADiation sensitive 20 30
2 F1 SUM1 YDR310C|SUppresor of Mar1-1 20 30
1 F9 SKN7 YHR206W/|Suppressor of Kre Null 20 30
2 C2 UME6 YDR207C|Unscheduled Meiotic gene Expression 30 30
i Cl1 RAD27 YKL113C [RADiation sensitive 30 30
2 A4 - CWG424 [wild type BY4741 30 30
i D9 Usvi YPL230W |Up in StarVation 30 30
i Al0 = CWG424 |wild type BY4741 20 30 30
1 YMRO16C|Suppressor Of Kinase 30 30
30 40
30 40
30 40
30 40
30 40
30 40
40 40
40 40
40 40
40 40
40 40
40 40
40 40
40 40
40 40
40 40
40 40
40 40
40 40
30 40
40 40
40 40
40 40
1 YER068W|Modulator Of Transcription 40 50
2 Bl RMEL1 YGRO044C|Regulator of MEiosis 40 50
2 A3 = CWG424 |wild type BY4741 40 50
2 E1 PDR1 YGLO13C|Pleiotropic Drug Resistance 20 30 40 50
2 F7 MAL13 | YGR288W|MALtose fermentation 30 30 40 50
2 D3 ARR1 YPR199C|ARsenicals Resistance 20 40 40 50
2 E12 MTHL1 YDR277C|MSN Three Homolog 20 40 40 50
1 c4_| Rem1 | vmMRris2c|- | T 50 50
2 Fe) YAPS YIR018W |Yeast AP-1 20 40 50 50
2 D11 TOD6 YBLO54W | Twin Of Dot6p 20 40 50 50
2 D12 SEF1 YBLO66C [Suppressor of Essential Function 20 40 50 50
1 D10 SMP1 YBR182C|Second MEF2-like Protein 1 20 40 50 40
1 E9 SIP1 YDR422C|SNF1-Interacting Protein 20 40 50 40
2 =5 GCR2 YNL199C |GlyColysis Regulation 20 50 40 40
* 2 G8 - YMR102C|- 30 40 50 50
2 F10 MSA2 YKRO77W|Mbf and Sbf Associated 30 40 50 50
2 F11 MOT3 | YMRO70W/|Modifier of Transcription 30 40 50 50
2 G11 ROX1 | YPRO65W|Regulation by OXygen 30 40 50 50
1 cio HIR2 | YOR038C|Histone Regulation | B 50 50
1 A4 ° CWG424 |Wild type BY4741 20 50 50 50
1 D8 AFT2 YPL202C [Activator of Fe (iron) Transcription 20 50 50 50
1 B9 TDA9 YMLO81W |[Topoisomerase | Damage Affected 20 50 50 50
i E8 GCN4 YELOO9C [General Control Nonderepressible 20 50 50 40
3 G7 SFP1 YLR403W/|Split Finger Protein 40 40 40 50
2 C12 ECM23 | YPLO21W |ExtraCellular Mutant 40 40 50 50
3] D8 TEC1 YBR083W/|Transposon Enhancement Control 40 50 50 50

Table 3. Yeast deletion strains, piluted tenfold, that grewX§0 % over 4daysgrowth on YPD agar
containing 4000uM oxaliplatincompared to growth on YPD containing no dréig. nontranscriptional
regulator.
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Cisplatin

Carboplatin
48 hits

25 hits
28

4

SWIS SNF1

MET18 PLM2 STB1 NDT80
EMIT YLRO46C  BAS1 SWF1
HAPS EMI2 oTu1 RIM101
URC2 ECM22 PDR8 DAL81
SNT2 SuT1 HIR3

HAP4 CRZ1 CHA4

YOX1 DIG1 CBF1

FKH1 NNF2 HAP2

YPRO22C

10

MOQOT2
RAD27
Swi4
CcwG424
UMEG

34 Total = 93

CINS YPR127W  RDR1 YMR102C
SKNT IME4 Mss11  MOT3
USW1 PIP2 SMK1 ROX1
SoK2 SIP3 RMEL HIR2
MIG1 GAL4 PDR1 AFT2
YAP1 GALBO MTH1 TDA9
HAL9 HMS1 RGM1 GCN4
STRS suT2 smP1 TEC1
DAT1 sip1

Figure6. Venn diagram of cisplatin, carboplatin and oxaliplaggne hits scoring*§0 % growth on agar
containing drug compared to growth on agar containing no dimogn our screen of the transcription
regulatorlibrary of gene deletion yeast strains.
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A. Our screert, hits X§0% growth

Cisplatin

48 hits
51.5% of 93

Carboplatin

25 hits
26.9% of 93

4

4.3% of 93

8.3% of 48
16.0% of 25

10

10.8% of 93

4

4.3% of 93
16.0% of 25

28

30.1% of 93
58.3% of 48

7

7.5% of 93

6

6.5% of 93
12.5% of 48

20.8% of 48
40.0% of 25

28.0% of 25

Total=93

34

36.6% of 93

B. Yeast Fitness Database

Cisplatin
1656 hits

76.0% of 2180,

Carboplatin
582 hits

26.7% of 2180

141

6.5% of 2180

290

13.3% of 2180
49.8% of 582

1092

50.1% of 2180
65.9% of 1656

8.5% of 1656
24.2% of 582

117

5.4% of 2180

34

1.6% of 2180

7.1% of 1656
20.1% of 582

14.0% of 2180
18.5% of 1656

5.8% of 582

Total =2180

200

9.2% of 2180

Figure7. A. Venn diagram of cisplatin, carboplatin and oxaliplatin gene ddtsing»§0 % growth on agar
containing drug compared to growth on agar containing no dimogn our screen of the transcription
regulatorlibrary of gene deletion yeast strain®. Venn diagram of cisplatin, carboplatin and oxaliplatin hits
with p<0.01 from the Yeast Fitness DatababBerA. andB., results areallin the form of percentage hits of
the total number of hits (black type), of thetad number of cisplatin hits (blue type), of the total number of
carboplatin hits darkred type), and of the total number of oxaliplatin hits (green type).
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3.2.1.2 Analysis ofgene hit functions and processaad comparison with thereast Fitness

Database

All cisplatin, carboplatin and oxaliplatin gene hits from the Yeast Fitness database with a p value
<0.01, were collatecind thenanalysed usingsene Ontology (GO) Sliktapper analysis via the
Saccharomyces Gene DatabassG[) site (Saccharomyces Gene Database (SGD) (Stanford
University, Stanford CA)uUsing the Yeast GBf A Y (GSN¥Ya WFdzyOlAz2yQ |y
genes(refer t0 3.1.4). Gene Ontology (GO) SliMapperanalysis has a total of 44 function terms

and 101 process terms to group genes irfanctions and processes with fold enrichmeatues

>1.0 were used to compile the Venn diagramg$-igure8 and Figure9. For more detailed data
includingthe Frequency, Genome frequency atite Fold enrichment valuefor each function

and processrefer to AppendixCand D respectivelyThesedatafrom the Yeast Fitness database
was generated byscreening the entireyeast genome in the form of theomozygous diploid
deletion library(2.3.2.9, and wecollatedit in this way toprovide us withan interestingoverview

of all of the functions and processes that @eclusive to and shared laysplatin, carboplatin and

oxaliplatin

The Venn diagram iRigure8 focussel on functions and demonstratel thatthere were functions
both exclusive to the individual drugs and common to two or all three of the drumsthése
three platinum drugsas a groupthey are generallycentred around DNA, histone, and chromatin
binding, protein and lipid bindingthe activiy of various enzyme groups and protein and
transmembranetransporter activity. Focussing on some dhe these functions illustrated in
Figure8, DNA bindingvas common to all three drugsnd enriched by 1-2.3 foldwith a high
frequency valughistone bindingwas enriched by twdold for cispldin and oxdiplatin, chromatin
binding was a function for oxaliplatin and enriched by 1.6 ,fddd nucleic acid binding
transcription factor actity was a common function for gktin and carboplatin (1.1 and 1.3 fold
enriched respectively(see Appendix @r fold enrichment valugsRegarding transport functions,
protein transporter activitywasenrichedby 1.8 foldfor the gene deletion hits obxaliplatin and

transmembrane transporter activity was enrichibg 1.4 foldfor hits ofcarboplatin(see Appentk

0.

The Venn diagram iRigure9 focussel on processes, anshowed that there were functions both
exclusive to the individual drugend common to two or all three of the drugs.orFcisplatin,
carboplatin and oxaliplatithey mostly covezd the repair, organisation, and transcription DNA
histone and chromatin, along with vesicle and membrane traffickimjracellular transport,
protein modification and proteolysis, the cell cyaeetabolic processeand stress rgponses. The
majority of processes we shared by all three drugs oy lriglatin with oxaliplatin, which was
also the case for the gene hit distributiobstween the three drugs3(2.1.1). However,compared

to cisplatin and carboplatin, oxaliplatin haderall much higherprocess termfold enrichment
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values(see AppendiD). Oxaliplatinhad very high (18.7)fold enrichmentvaluesfor processes
more centred around vesicle and membrane trafficking sendosomal transport, membrane
invagination, vesicle and vacuole organisation, endand exocytosis, Golgi vesicle transport,
membrane fusion and organelle fusion, fission and inheritaise® AppendidD). Four of these
highly enrichedprocesses were exclusive to oxaliplatifigure9). In contrastto oxaliplatin,the
processes with the highest fold enrichment values for cisplatin and carboplatin were quite varied

(see Appendip).

Gene Ontology (GO) Sliktapper analysis of our platinum drug screen hits using the Yeast GO
af AY GSN¥a WT¥dzy Odusetuy Butnot asRapptopilde asSitiwaior the Yedast
Fithess database. This liecause our transcription regulatdibrary of gene deletion strains
(3.1.3.0 was already enriched for transcription regulator gene deleti@m also this analysis is
more powerful for lager data setsFor the results fromanalysingour screen deletion strains that
grew X80 % over four dayswith fold enrichment values >1.8.(.3.5), refer to Appendix E for
functions and Appendix F for processéscluding fold enrichment valueDue to this pre
enrichment, fold enrichment values (and frequency values) were very high for transcription factor
and DNA/chromatin/histone binding funot terms for all three drugs, and the majority of DNA
process terms were shared il three drugs. In terms of other processes, enriched terms
generally coveredhe repair, organisation, and transcription of DNA, histone and chromatin,
along with vesicleand membrane trafficking, intracellular transport, protein modification and
proteolysis the cell cycle, metabolic processes and stress responses; disialgp the case, as
already describedor the Yeast Fitness databadedure9 and Appendix D)However, due to our
smaller dataset, it was very useful to focus on frequencihker than enrichment Regarding
processesthat were common to all three drugs, the higher frequencies were mainly for
transcription from RNA polymerase Il promoter, mitotic and meiotic cell cycles, response to
chemical, and organelle fission. Compared to the Yeast Fitness DatbaséOntologyGO).the
majority of other processes were from smaller numbers of gene hits, many just one or two per

process.
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Cisplatin Carboplatin

lyase activity

transmembrane transporter activity
isomerase activity

methyltransferase activity
nucleic acid binding transcriptio

factor activi

hydrolase activity, acting on

glycosyl bonds
protein binding, bridging
molecular function unknown
DNA binding
enzyme regulator activity
enzyme binding

histone binding
signal transducer

activity
phosphatase activity
kinase activity
unfolded protein

ATPase activity

binding
lipid binding

ubiquitin-like protein binding

guanyl-nucleotide exchange factor activity
ion binding

protein transporter activity
chromatin binding
cytoskeletal protein binding
GTPase activity

hydrolase activity

Figure8. AVenn diagram of the functions ofsplatin, carboplatin and oxaliplatin gene hits with p<0.01 from strggthe Yeast Fitness Databasbese functionsvere collated using
Gene Ontology (GO) Sltapperanalysis via th&accharomyces Gene DatabaS&D), alhavingfold enrichment scoref >1.0.
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Cisplatin

protein alkylation

histone modification

peptidyl-amino acid modification
chromatin organization

conjugation

cytokinesis

protein phosphorylation

cell budding

cell morphogenesis

regulation of protein modification process
Golgi vesicle transport

mitotic cell cycle

protein modification by small protein
conjugation or removal

DNA-templated transcription, elongation
organelle inheritance

cytoskeleton organization

protein glycosylation

carbohydrate metabolic process
transcription from RNA polymerase |l promoter
cellular ion homeostasis

peroxisome
organization
response to heat
cellular respiration

lipid transport
ion transport
transmembrane
transport

vesicle organization
membrane fusion
exocytosis

protein targeting

organelle fusion
carbohydrate transport
chromosome segregation
protein complex biogenesis

amino acid transport

cofactor metabolic process

tRNA processing

monocarboxylic acid metabolic process

protein maturation

Carboplatin

response to osmotic stress

membrane invagination

sporulation

regulation of transport

organelle fission

regulation of DNA metabolic process

meiotic cell cycle

cellular response to DNA damage stimulus

telomere organization

cell wall organization or biogenesis

protein folding

regulation of cell cycle

DMNA repair

biological process unknown

protein dephosphorylation

response to chemical

endocytosis

vacuole organization

pseudohyphal growth

signaling

DNA recombination

regulation of organelle organization

invasive growth in response to
glucose limitation

proteoclysis involved in cellular protein
catabolic process

protein acylation

DNA replication

endosomal transport

response to oxidative stress

response to starvation

Figure9. A Venn diagram of thprocesse®f cisplatin, carboplatin and oxaliplatin gene hits with p<0.01 femmeeninghe Yeast Fitness DatabaSéhese processegere collated using
Gene Ontology (GO) SlMapperanalysis via th&accharomyces Gene DatabaS&D), athavingfold enrichment score of >1.0.
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3.2.1.3 Gene deletion straingken forward for confirmation screening

It was decidd to take forward for confirmation screeningthe gene deletion strains thagrew

H80 % over fourdays growthon at least one of cisplatin, carboplatin or oxaliplatin in YPD agar,
compared toon YPIagar containing no drurefer to methods sectio.1.3.9. Thesetotalled 25
strainsand are highlighted in green for each drug screeMablel, Table2 and Table3 and are
displayed in a Venn diagram FigurelOA (gene hits) and B (frequenciesihdeed, omparedto
usingthe XXp % cut off(compareFigure10A with Figure6), it can be seen that some gene hits
shifted position in the Venn, however the overall frequencies (compageirel0B with Figure7A)
remaired similar%values apart from an increase of carboplatin exclusive.hitéith this cut-off

valuez2 T 9 owild type strain CWG424ld not class as a hit for cisplatin and carboplatin and
was only a hit 2/45 times for oxaliplatirefer t03.2.14 2 02 Y LJ NB { Réacatofffi 2 & A

For the results froml V' | £ & & A Y@ cuffiaddeercesults usinGene Ontology (GO) Slim
Mapperrefer to Appendix G for functions and Appendix H for procesSempared to the 5%

cut off data, these results are presentedgenedeletion hitnames with genes ordered in terms

of frequencyrather than fold enrichmentwhich was more useful for this smaller dataset. It can
be seen howone gene hit can come under more than one function or process t&ompared to

0 KS %Kgutnoffdata (Appendix E and Find common to the three drug screerfginction
frequencies remainecdhighest for DNA binding and transcription factor ternasd process
frequenciesremained highestfor transcription fromRNA polymerase Il promoter, mitotic and
meiotic cell cyclesnd organelle fissionOverall, the process terms covered were the same as for

the XX p % cut off hits.
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Cisplatin
12 hits

Carboplatin
8 hits

7 3

RIM101
Swi4
GCR2

SWI5  SWF1
NDT80 HAPS
MET18 SFP1

EMI1

Total = 25
8
CINS SKN7
RAD27 CWG424
ZAP1 usvi
SUM1  SOK2

Cisplatin Carboplatin
12 hits 8 hits
48% of 25 32% of 25

1

4.0% of 25

7

28.0% of 25
58.3% of 12

3

12.0% of 25
37.5%of 8

8.3% of 12
12.5% of 8

2

8.0% of 25

2

8.0% of 25
16.7% of 12

2

8.0% of 25
25.0% of 8

16.7% of 12
25.0%of 8

Total =25

8

32.0%of 25

FigurelO. A. Venn diagram of cisplatin, carboplatin and oxaliplatin geneduitsing?30 % growth on agar
containing drug compared to growth on agar containing no dimogn our screen of the transcription
regulatorlibrary of gene deletion yeast strainBlote SLA1 and SWF1 are not transcriptional regulatBrs.
Venn diagranof the gene hits irA. in the form of percentage hits of the total number of hits (black type), of
the total number of cisplatin hits (blue type), of the total number of carboplatin hits (dark red type), and of
the total number of oxaliplatin hits (green type

Page |76



3.2.2 Confirmaton 8 ONBSYy Ay 3 27F WKA (G a Qitial Ir@ns@iptidni S R

regulator library screen

A total of twentyfive hits incuding control strains wild type CWG424 and DNA repair mutants
NRad27and nRad52 were resscreenedagainst cisplatin, carboplatin arakaliplatin(3.1.5 with

the aim of confirming them as hitky G KS AYyAGALFf LI I 3GS 320N&SY A
four days growth on at least one of ciafih, carboplatin or oxaliplatin in YPD agar compared to

on YPD agar containing no drigy2.1.3. @mparng methodology to that othe initial screen

(3.1.3, this time overnight cultures were prepared in 3mL Y®@Edium rather than in 96well
platesand strains were taken from the original Mata haploid gene deletion libiad.2.D), the

Asgs of each culture was measureghd adjusted so that they were in tteame range, and the

strains were stamped out in triplicat8.(..5.4).

As for theinitial screeiling, growth of these strains on YPD agar containing cisplatibogdatin or
oxaliplatin, was compared to growth on YPD agar containing no. deagry day for four days,
growth was scored by expressing thige of a colony on agar containing drug as a % of the size of
the colony of the same deletion strain on agantaning no drug.However for the conformation
screening, growth inhibition in the presence of each drug was not as signjfitemefore the
original scoring systen{(3.1.3.3 was redesigned to pick up the strongest of the h{&1.5.5.
Also, aswvas the casdor the initial plate screeningoxaliplatin was a stronger screen than the
cisplatin screen andhe carboplatin screen was theeakest of the three screensn terms d
growth inhibitionat the drug concentrationsnd strain dilutions testedlhis was concluded from
observing the overall strength of growth inhibitiontbe yeast strains and monitoring the control
strainspnRad27andnRad52 Importantly, strong gene detion hits were still detected using this

screening method.

Using the conformation screen scoring syst&1i (5.5, the yeast deletion strainsere classed as
strong hitsif % growthfor all three replicatesestedg I & %kKforiwo time points Strains were
classed asnedium hitsif growth for two out of the three replicatess I a 9K ortwo time
points. Strains were classed agaker hitsif growth for two out of the three replicateg I &0 %K

for two time points. All hits meeting these criteria, with their scores over each of the four days
growth, are represented iffable4, Table5, andTable6. A Venn diagram of all the gene deletion
hits for each drug is shown Figurell, and all these hits are shown againTiable7 with their

screen results and role descriptions.

Table4, Table5, andTable6 along withFigurell show that there were 4 hits for cisplatin, 6 hits
for carboplatin and 13 hits for oxalgiin and in tota] between all three drugghere were 14
gene hits. Focussing on the Venn diagrdar this conformation screenind-{gurell), compaing

it with the initial screenindwith aX80 % cut off)(Figurel0A) it can be seen that gene hits RAD52
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BDF1MAC1 UMEG ZAP1 SUM] and RAD27 were confirmed as hits for the same daggn
AFT1 was confirmed as a hit for cisplatin and carbop&tohdropped out as a hit for oxaliplatin
and SWI6 was confirmed as a hit for oxalipleaimd dropped out as a hit for cisplatin and
carboplatin.SLA1 was a hit for cisplatin and carboplatirthe initial screeningusinga X#80 % cut
off (Figure10A), but confirmedhere as a hit for cisplatiandalsocame up as hitfor oxaliplatin-
this was not unexpected becausevitas a hit for althree drugsin the initial screerusinga >§0 %
cut off (Figure6). SWI4 and GCRA&ere confirmed as hits for carboplatin but were also hits for
oxaliplatinbut again, andthis wasnot unexpecteckither becauseboth of these genes came up as
hits for oxaliplatinin the initial screerusing aX§0 % cut off(Figure6). SFP1however,was a hit
for cisplatinin the initial screeningisinga X80 % cut offbut here in the conformation screeit
was a borderline hit for cisplatin andisa ahit for carboplain and oxaliplatinin the initial screen
usingl  p cut off thoughSFP1 was a hit famly ciglatin and oxaliplatin not carboplatin
HIR1was added as a test strain at this confirmation stage only, howiedit pass the @t off as a
hit for oxaliplatin and so was included in the results figures and talflesthis screening there
were no hits exclusive to cisplatin or carboplatin and there were no hits common to all three

drugs.

Table7 showsthat this group of 14 genes, including controls RAD27 and RAaDSRvolved in a
vast range of cellular processes suctDad$Asynthesis andepair, glycolysis metal ionutilisation,
metal ion transport and homeostasis, mitotic and meiotic cellcle, chromatin and histone
regulation, cytoskeleton assemblyand response to stressA breakdown ofthe functions and
processes othese 14 hitscan be found withilAppendix tables G and, Mhere the25 gene hits
screenedwere matchedto Yeast G&lim function and process termssing Gene Ontology (GO)
Slim Mapper analysis via theSaccharomyces Gene DatabaS&D) sitg Saccharomyces Gene

Database (SGD) (Stanford University, Stanford.CA) )

For thisconformation screening,raalysingTable4, Table5, andTable6, it canbe seen that the
strongestgene deletion hits ¢ A G K | 2 %IoNBvatin& poidtd for dothmee replicates,
were the control RAD52 and BDF1 for both cisplatin andliplatin poth genes hadsigns of
growth inhibition by carboplatin foonly one n number (data neshown)so did not pass as hjts
As described ir8.2.1, Rad52is implicated in the repir of doublestrand breaks (DgBn DNA
resultingfrom DNA damaging agentich as the platinum drugsBdflis a protein with two
bromodomainsthat is involved in the initiation ofenetranscription(Table7) andwasmatched
to the Yeast G@Ilim process terms (using Gene Ontology (GO) Blapper analysis)cellular
response to DNA damage stimulus, DNA repair, regulation of DNA metabolic procasdes
chromatin and organelle organisation (refer Appendix tables G and H). The strongest gene
deletion hits forcarboplatin were AFT1 and MACRFTL was alsgassed as weaker hit for

cisplatin, and MAC1 wadso a medium hit for oxaliplatin. Aft& a transcription factor associated
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with the utilisation and homeostasis of iron, and Macl is as transcription factor that senses
copper and is involved in the regulation of genes required for &ffihity copper transpor{Table

7). AFT1lwas matched to many Yeast G&lim process terms (using Ge@mntology (GO) Slim
Mapper analysis); transcription from RNA polymerase Il promoter, orgafiefen, mitotic and
meiotic cell cycle, response to starvation, regulation of transport, chromosome segregation, and
ion transport(refer to Appendix tables G and HYIAC1lwas matched to the following process
terms - transcription from RNA polymerase Il promotendacellular ion homeostasigefer to
Appendix tables G and H)

It was decided to take BDF1 forward forther studies This wasecause in the conformation
screeningt was one of the strongest hits for cisplatin and oxaliplaliake4, Table5, Table6).
BDFlalso hadsigns of growth inhibition by carboplatithough onlyfor one n number (data not
shown) so it did not pass as a hitlso, itpassed as strong hit for cisplatin and oxalgtin and a
weaker hit for carboplatin in the initial screenin@aplel, Table2, Table3). BDF1 was also the
only gene hit confirmed that has homology with human genes; Bdfl is a member &@Ehe
(Bromodomain and Extréierminal domain¥amily of transcriptional regulatoré~lorence, Faller
2001, Matangkasombut, Buratowski et al. 2008png withhuman BET proteins includirigrd2
(RING3), Brd3, Brd4 and Br(®rd6) (GarciaGutierrez, Mundi et al. 2012, Bunnage 2Q10)
Additionally, in the homozygous knockouts inhibited data sets for sensitivity talatis
carboplatin and oxaliplatifrom the Yeast Fithess Databag¥east Fitness Database (2008).
Hillenmeyer,Maureen E., Fung et glthere is no data for BDF1,aking this hit in comparison,

unigque to us.
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CISPLATIN

Colour key for growth of stains over all 4 days
CKNBS yI Xom: F2N xis2 (GAYS LRAyGA

¢g2 Y1 Xom: F2N xiig2 GAYS LRAyGA
¢o2 Y1 Xpm: FT2N) xig2 GAYS LkRAyGa
N Standard| SystematicN o Size of colony.on drug plate as a % of siZ
Position Name description n# corresponding colony on control plate
Name ame
1 day 3 days 4days
E1l RAD52 | YMLO32C [RADiation sensitive 1 20 20 20
2 30 40 50
3 30 20 40
D6 BDF1 YLR399C |BromoDomain Factor 1 20 20 40 60
e 2 20 20 60 70
3 20 50 60
E5 AFT1 YGLO71W |Activator of Ferrous Transpoit 1 20 40 60 80
2 30 70 80 90
3 20 50 70 70
F1 SLAL YBLOO7C [Synthetic Lethal with ABP1 1 30 40 60 80
2 40 60 110 120
3 30 40 50 60

Table4. Cisplatin gene hits from the conformation screening of the 25 gene hits from the initial plate
screens. For this conformation screening these genes scoredt fleast two out of three n numbers, at
least two time points withKp % growth onYPDagar containind 000uM cisplatincompared to growth on
YPDagar containing no drug see colour key above tablblote: SLAL is not a transcription factor. HIR1 was
only tested in the rescreen. Rad52 control is in bold type.

CARBOPLATIN

Colour key for growth of stains over all 4 days
¢CKNBS yI Xom: F2NJ xieg2 GAYS LkRAyda
¢o2 yI Xom: F2N) xi(i662 GAYS LRAY
¢s2 Y1 Xpm: FT2N xie2 GAYS LRAYD

Q¢ Qx

. Size of colony on drug plate as a % of siZ
Position Standard Systematic Name description n# corresponding colony on control plate
Name Name
E5 AFT1 YGLO71W |Activator of Ferrous Transport 1
2
3 20
E2 MAC1 | YMRO21C|Metal binding ACtivator 1 20 20 30 40
e 2 40 20 50 50
3 60 20 30 50
E3 UME6 YDR207C [Unscheduled Meiotic gene 1 60 40 40 50
Expression 2 60 50 50 50
3 60 40 40 40
D4 SWi4 YER111C|SWiItching deficient 1 60 40 50 70
2 60 40 50 40
3 30 50 40 40
C1l SFP1 | YLR403W |Split Finger Protein 1 70 70 80
2 50 50 60
3 40 30 40 50
D5 GCR2 YNL199C |GlyColysis Regulation 1 60 60 60 60
2 H 70 50 50
3 30 50 40 50

Table5. Carboplatin gene hits from the conformation screening of the 25 gene hits from the initial plate
screens. For this conformation screening these genes scoredt fleast two out of three n numbers, at

least two time points with)Kp #o growth (yeast deletion strains, pdduted tenfold) on YPDagar
containing4000 uM carboplatincompared to growth on YPD agar containing no dgusee colour key

above table. Age g 0K A02NB 2F Wy3aQ YSkya GKSNB gl a y2 &aaid
of the YPD containing drug or on the corresponding YPD agar containing no drug.
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OXALIPLATIN

¢ KNBS
to2 VyI

y 1 Xo
Xo ml:

wr F2N kg2
F2N) xGo2 GA

Colour key for growth of stains over all 4 days
!¢é2 Y1 Xpm: F2NI xGé2 GA

GAYS LIRAYGE

YS LI2A
YS LI2A

Q¢

y i
y i

Q¢

. Size of colony on drug plate as a % of siz
. Standard | Systematic o )
Position Name description n# corresponding colony on control plate
Name Name

D6 BDF1 YLR399C |BromoDomain Factor 1
I 2
3
E1l RAD52 | YMLO32C [RADiation sensitive 1
I 2
3

C4 ZAP1 YJLO56C |Zinc-responsive Activator Protein 1 50 40 30 30

s 2 30 20 30 30

3 80 30 40 30

E2 MAC1 YMRO021C|Metal binding ACtivator 1 30 40 40 50

s 2 20 20 40 40

3 20 30 40 40

E6 SWI6 YLR182W|SWiItching deficient 1 50 70 60 50

s 2 20 20 40 50

3 30 20 40 50

C1l SFP1 | YLR403W|Split Finger Protein 1 50 50 70

2 30 50 60

3 30 30 50

D4 SWIi4 YER111C|SWItching deficient 1 70 50 50 40

2 30 50 50 40

3 30 50 50 40

F1 SLA1 YBLOO7C |Synthetic Lethal with ABP1 1 40 70 60 60

2 20 50 60 70

3 40 30 50 50

D5 GCR2 YNL199C |GlyColysis Regulation 1 70 60 50 40

2 20 40 40 50

3 50 60 60 50

E3 UME6 YDR207C|Unscheduled Meiotic gene 1 60 60 50 50

Expression 2 20 60 50 40

3 30 60 50 50

E4 HIR1 YBLOO8W [HIstone Regulation 1 60 60 50 40

2 20 60 50 50

3 40 60 60 50

C5 SUM1 YDR310C|SUppresor of Marl-1 1 80 60 50 60

2 20 60 50 50

3 20 70 60 50

C3 RAD27 | YKL113C|RADiation sensitive 1 60 70 60 60

2 30 50 60 50

3 50 80 60 50

Table6. Oxaliplatin gene hits from the conformation scréeg of the 25 gene hits from the initial plate
screens. For this conformation screening these genes scoredt fleast two out of three n numbers, at
least two time points with)Kp o growth (yeast deletion strains, pdduted tenfold) on YPDagar
containing4000uM oxaliplatincompared to growth on YPD agar containing no drsge colour key above
a02NB 2F Wwy3dQ YSIya
YPD containing drug or on the corresponding ¥§& containing no drudNote: SLAL is not a transcription
factor. HIR1 was only tested in the-sereen. Rad27 and Rad52 controls are in bold type.

table. !

ANR S G K

0 KSNS

6l & y2

Page |81

ana3d



Carboplatin
6 hits

Cisplatin
4 hits

MAC1 SWi4
UME6 GCR2
SFP1

Total=14

5

ZAP1 SuMl
SWI6 RAD27
HIR1

Figurell. Venn diagram of cisplatin, carboplatin aogaliplatin gene hits from the conformation screening
of the 25 gene hits from the initial plate screens. For this conformation screening these genes scaaed, for
least two out of three n numbers, at least two time points wip % growth on YPBgar cataining drug
compared to growth on YPD agar containing no driNgte: HIR1(italics) was only tested in the
conformation screen, not the intital screening.
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Cisplatin | Carboplatin| Oxaliplatin | Standard Name| Systematic Name Name description Description

Regulates transcription of ribosomal protein and biogenesis genes; regulates response to nutrients and stress, G2/M transiti
mitotic cell cycle and DNA-damage response, and modulates cell size; regulated by TORC1 and Mrs6p; sequence of zinc fin

Y Y SFP1 YLR403W Split Finger Protein o S . . o X .
P 9 localization data, and protein-binding microarray (PBM) data, and computational analyses suggest it binds DNA directly at hi
RP genes and indirectly through Rap1p at others; can form the [ISP+] prion
Transcription factor involved in iron utilization and homeostasis; binds consensus site PyPUCACCCPu and activates transcr
v v AFTL YGLO71W Activator of Ferrous Transport response to changes in iron availability; in iron-replete conditions localization is regulated by Grx3p, Grx4p, and Fra2p, and

binding is negatively regulated via Grx3p-Grx4p binding; AFT1 has a paralog, AFT2, that arose from the whole genome dupl
relative distribution to the nucleus increases upon DNA replication stress

Copper-sensing transcription factor; involved in regulation of genes required for high affinity copper transport; required for re|
Y Y MAC1 YMRO021C Metal binding ACtivator of yeast copper genes in response to DNA-damaging agents; undergoes changes in redox state in response to changing ley|
copper or MMS

Rpd3L histone deacetylase complex subunit; key transcriptional regulator of early meiotic genes; involved in chromatin remo

Unscheduled Meiotic gene

Y Y UME6 YDR207C Expression transcriptional repression via DNA looping; binds URS1 upstream regulatory sequence, couples metabolic responses to nut
with initiation and progression of meiosis, forms complex with Imelp
DNA binding component of the SBF complex (Swi4p-Swi6p); a transcriptional activator that in concert with MBF (Mbp1-Swi6
Y Y Swi4 YER111C SWitching deficient regulates late G1-specific transcription of targets including cyclins and genes required for DNA synthesis and repair; Slt2p-in
regulator of cold growth; acetylation at two sites, K1016 and K1066, regulates interaction with Swiép
Y Y GCR2 YNL199C GlyColysis Regulation Transcriptional activator of genes involved in glycolysis; interacts and functions with the DNA-binding protein Gerlp
Protein that stimulates strand exchange; stimulates strand exchange by facilitating Rad51p binding to single-stranded DNA; 3
Y Y RAD52 YMLO32C RADiation sensitive complementary single-stranded DNA; involved in the repair of double-strand breaks in DNA during vegetative growth and mq

UV induced sister chromatid recombination

Protein involved in transcription initiation; functions at TATA-containing promoters; associates with the basal transcription fac]
Y Y BDF1 YLR399C BromoDomain Factor TFIID; contains two bromodomains; corresponds to the C-terminal region of mammalian TAF1; redundant with Bdf2p; BDF1|
paralog, BDF2, that arose from the whole genome duplication

Cytoskeletal protein binding protein; required for assembly of the cortical actin cytoskeleton; interacts with proteins regulating|
dynamics and proteins required for endocytosis; found in the nucleus and cell cortex; has 3 SH3 domains

Zinc-regulated transcription factor; binds to zinc-responsive promoters to induce transcription of certain genes in presence o
represses other genes in low zinc; regulates its own transcription; contains seven zinc-finger domains

Transcription cofactor; forms complexes with Swi4p and Mbp1p to regulate transcription at the G1/S transition; involved in m
gene expression; also binds Stb1p to regulate transcription at START; cell wall stress induces phosphorylation by Mpk1p, w
regulates Swi6p localization; required for the unfolded protein response, independently of its known transcriptional coactivatg

Y Y SLAL YBLOO7C Synthetic Lethal with ABP1

=]

Y ZAP1 YJLO56C Zinc-responsive Activator Prote

Y SWi6 YLR182W SWitching deficient

Subunit of the HIR complex; HIR is a nucleosome assembly complex involved in regulation of histone gene transcription; con
nucleosome formation, heterochromatic gene silencing, and formation of functional kinetochores

Transcriptional repressor that regulates middle-sporulation genes; required for mitotic repression of middle sporulation-speci
Y SUM1 YDR310C SUppresor of Marl-1 genes; also acts as general replication initiation factor; involved in telomere maintenance, chromatin silencing; regulated by p
checkpoint

5'to 3' exonuclease, 5' flap endonuclease; required for Okazaki fragment processing and maturation, for long-patch base-ex
Y RAD27 YKL113C RADiation sensitive repair and large loop repair (LLR), ribonucleotide excision repair; member of the S. pombe RAD2/FENL1 family; relocalizes to
in response to hypoxia

Y HIR1 YBLOOBW Hlstone Regulation

Table7. Cisplatin, carboplatin and oxaliplatin gene Hitsm the conformation screening of the 25 gene hits from the initial plate screens, along with their role descriptiondraaken
the SGD(Saccharomyces Ge Database (SGD) (Stanford University, Stanford.Aj jhis conformation screening these genes scoredafdeast two out of three n numbers, at least
two time points with)Xp % growth on YPBgar containing drug compared to growth on YPD agataining no drugHighlighted grey are the screen results, with a Y meaing9d Q
hit for that drug.Note: SLA1 is not a transcription factor. HIR1 was only tested in thereen. Rad27 and Rad52 controls ardoldtype. BDF1 was taken forwardrfturther studies
and is in red bold type
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3.2.3 Does the reintroduction of BDF1 intonBdfl strains recover viability in the

presence of the platinum drugs?

Growth curves and doubling times were initially generatefdr wild type stran CWG424
transformed withnegative control plasmidPCG279 withitrations of cisplatin, carboplatin and
oxaliplatin This enabled the selection of drug concentrations predicted to give the optimal assay
window to capturegrowth curvesand doubling timesdr each of the followindour transformant

strains;

S. cerevisiastrain CWG424 transformed witiegative control plasmi@CG279
S. cerevisiastrain CWG424 transformesith BDF1 plasmiB@CG596,

S. cerevisiastrainnBdfltransformed withnegative controplasmidPCG279, and
S. cerevisiastrainnBdflwith BDF1 plasmi@CG596,

These experiments werearried outto overall assess whether the -ietroduction ofthe BDF1
geneinto the nBdfl strain restord any resistance to the platinum drugbhe different plases of

yeast growth are illustrated and describedrigurel2.

3.2.3.1 Drug titration growth curves using CWG424 transformed wébative control plasmid

PCG27% determine suitablelrug concentratios

Wild type CWG424 transformed withegative control plasmi€?CG279 was initially grown the
presence of serial dilutionsf cisplatin, oxaliplatin, and daoplatin Figurel3) in SBURA liquid
medium The aimof this experimentwas to select a concentration @ach drug that clearly
reduces thegrowth of CWG424 transformed withegative control plasmidPCG279, but not
completely abolishegrrowth. The selected drug concentrat®mvere hoped for subsequent
experimentstesting all four transformantsto create a suitably sized assay windtavcapture
minimal growth of theS. cerevisiaestrain nBdfl transformed with negative control plasmid
PCG27grownin the presence athe drugs. Minimal growth of this strain in the presence of each
drug in liguidmediumwas predicted due téhe minimal or no growth observed when timBdfl
deletion strainwvasgrownon YPD agar containirigese platinumdrugs - seeresults section3.2.1

and3.2.2

Growth in the presence ofigplatin was tested at 25a@M, 500uM and 100QuM, carboplatin was
tested at 400QuM, 8000uM and 1200QuM, andoxaliplatin was tested at 10Q0M, 2000uM and
4000 uM. These concentrations were selectéased on the results fronthe agar platebased
drug screeningof the nBdfl deletion strainin sections3.2.1and 3.2.2 the concentrations tested
in liquid medium for the Yeast Fitness Database @3(2.2 and 3.1.4), combined with the
knowledgethat cells are generally more sensitive to drugs in liquutture compared to growth

on agar For oxaliplatin were used 4000uM andn . Rwasa strong hit for cisplatiand
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Diauxic Saturation
Shift 1
Log
ODesoo 3
(Culture s
density) g
L
1+ 4 Time
. | Log Post-diauxic .
CULTURE STATE: phase phase Stationary phase
_ | Prolif- Slow Quiescent
CELL STATE: erating|  Proliferating (G(0))

Figurel2. The different growth phases exhibited By cerevisiaexhibits when grown in mediurmontaining
glucose(Gray, Petsko et al. 2004jeast cells in a liquid culture will continuously proliferate if conditions are
favourable and nutrients abundant. Growth of yeast cultures can be monitored by meashieifgigoof

the cell suspension as a function of time. These data can then be used to construct a growth curve like the
example depicted. At the outset there is a slight lag as the cells adjust themselves to their new environment
and available nutrientsThe initial log phase of growth is by glucose fermentation (glycolysis), during which
the culture density increases exponentially as the cells rapidly divide. When glucose becomes limiting, the
yeast cells adjust their metabolism from fermentation of glsedo respiration, and their growth rate slows
(diauxic shift). This enables the cells, during the resulting-gasixic phase, to aerobically utilise other
carbon sources to produce energy, such as the ethanol that was produced from the glucose féiondnta

the log phase. When these carbon sources are exhausted, the cells enter stationary phase, stop
proliferating, and enter the quiescent stafelerman 2002, Gray, Petskba. 2004, Galdieri, Mehrotra et al.
2010)

oxaliplatin, butweaker in the presence of carboplatin. Therefore it was decided to titrate cisplatin
down from 1000uM, carboplatin up from 400QM, and oxaliplatin down from 400AM. From
the cisplatin titation growth curves Kigure 13A), a concentration of 25QuM cisplatin was
selected for carboplatin Figure13B) a @mncentration of 1200QuM, and br oxaliplatin (Figure

130 a concetration of 000uM.

During the log phase of growth, the doubling time with 4Q00 oxaliplatin was more comparable
to the doubling times with 25QM cisplatin and 1200@M carboplatin Figure 14). However,
4000uM oxaliplatin(Figure13C)significantly affectedyrowth post 10hrsduring the postdiauxic
phase,remainingaround half the maximum Alg of both the 250uM cisplatin and 1200QM

carboplatin growth curvesH{gurel3A andFigurel3B). Thisobservationmay be illustrative of
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mechanism of actiof oxaliplatin not observed with the other two platinum druder example
perhaps the cells find the damage induced by exposure to oxaliplatin more difficult to repair than
the damage from cisplatin and carboplatiiiherefore, even though it gave a slightly lower
doubling time, 200QuM oxaliplatin was selected becauseetimaximum Abg,was higher and
therefore this concentration was predicted to have more chance of capturiropidpletegrowth

curves when later testing the four transforman&durel?).

Future experiments, generating growth curves for all four transformants in the presence of these
selected drug concentrations resulted in suitable assay windows, successfully captured all growth

curves for all tranfermantsand conditions testedHigurel5, Figurel6, andFigurel?).

Page |86



A. Cisplatin titration with CWG424 transformed with neg plasmid PCG279
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B. Carboplatin titration with CWG424 transformed with neg plasmid PCG279
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C. Oxaliplatin titration with CWG424 transformed with neg plasmid PCG279
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Figure13. Growth curve gamples of CWG424 transformed withegative control plasmidPCG279 tested
with a titration of cisplatin (A) carboplatin (B) and oxaligia (C) This is single point testing these

titrations were also carried out with aecond batch ofovernight cultures to give abiological replicate

which gavedentical results (data not showndnd doubling times for both are shownkigurel4.
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A. Cisplatin titration with CWG424
transformed with neg plasmid PCG279
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B. Carboplatin titration with CWG424
transformed with neg plasmid PCG279
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C. Oxaliplatin titration with CWG424
transformed with neg plasmid PCG279

il
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Oxallplatln Oxaliplatin  Oxaliplatin  Oxaliplatin
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Figure 14. Mean doubling times for the growth curves f@WG424 transformed witimegative control plasmidPCG273rown with titrations of cisplatin (A), carboplatin (B) and

oxaliplatin (C)Data are the mean dfvo biological repeats (ofvhich examples of one are shownhkigurel3); error bars represent standard deviation.
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3.2.3.2 Growth curves of atransformants with the platinum drugs
Thefollowingfour transformant strains

S. cerevisiastrainwild type CWG424 transformed withegative control plasmi@CG279
S. cerevisiastrainwild type CWG424 transformeaith BDF1 plasmiB@CG596,

S. cerevisiastrainnBdfltransformed withnegative control plasmi®CG279, and

S. cerevisiastrainnBdflwith BDF1 plasmi@CG596,

were all grown with and without each of the previously selected concentrations ofthinee
platinum drugs: 25QuUM cisplatin, 1200QuM carboplatin and 200QuM oxaliplatin (Figure 15,
Figurel6, andFigurel?).

In the absence of cisplatinf@vth of wild type CWG424 transformed with BDF1 plasrRidG596

was significantly slowethan that of CWG424 transfored with negative control plasmid PCG279
(Figurel5A andFigurel8A). These plasmids can exist in cells anywhere betwe2@®copies per

cell and so BDF1 is overexpressed when compared to wild type (which has a single copy of the
gene). hisresultis in accordance with prious observations that high cellular levels of Bdfl
impair yeast growti{Matangkasombut, Buratowski et al. 2000he presence of 25QM cisplatin

further reducel the growth of both CWG424ransformantstrains

In the absence of cisplatipBdflyeast cells transfored with negative control plasmi€?CG279
(Figurel5A and B, andrigure18A) displayedthe slowest growth. This is concordance with the

role of Bdflin the expression of numerous genes that are relevant for yeast cell proliferation
(CHUA, ROEDER 1995, Ladurner, Inouye et al. 2003, Bandyopadhyay, Mehta et al. 2010
Reinstating the BDF1 gene into tlpBdfl strain significantly recovered growth to a level
comparable to that of CWG424 transformed with BDF1 plasmid PC8&96ot up to the levelof

the CWG424strain transformed withnegative control plasmidPCG279Kjgure15A and B, and
Figurel8A). This is because both the wild type anBdfl strain have been transformed with a
multi-copy plasmid containg BDF1 and, as mentioned abowevatedlevels of Bdfl impairs

yeast growth it can be assumed thahese growth curves represent the maximum growth these

cells can achieve when BDF1 is overexpressed in thigwiag absence of cisplatin

In the presence of 250uM cisplatinylivation of the nBdfl strain transformed withnegative
control plasmidPCG27%esulted in minimal growthand the reintroduction of the BDF1 gene into
the nBdflstrainvia plasmidPCG596 resulted in a substantial recovery of yeast cell growth in the
presence of cisplatin(Figure15B andFigure 18A), to a level comparable to that of CWG424
transformed with BDF1 plasmid PCGp%ut not up to the level of the CWG424 strain

transformed withnegative control plasmidPCG279lt can be assumed thahis represents the
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maximum growth these cells can achieve when BDBlerexpressed inhe presene of cisplatin.
Reintroduction of BDF1 into theBdflstrain alsorecovered yeast cell growth in the presence of
12000uM carboplatin(Figure16 and Figure18B)and 2000uM oxaliplatin Figurel7 and Figure
18C)in a similar fashion as in the presence&6DuM cisplatin(Figurel5andFigurel8A).

For the drug titration experiments (see sectié2.3.)), it was discussed ho, with the CWG424
strain transformed withhegative control plasmi®@CG27%he oxaliplatin growth curves displayed
a slower growth during the postiauxic phase ana lower maximum Ahg, compared tothe
curveswith cisplatinand carboplatin Figure13). Here this is as expectedagainobserved for
eachof the fourtransformant straiis in the presence of oxaliplatifFigurel?), compared to with
the other two drugs Figure 15 and Figure 16). A concentration of 2000uM over 4000uM
oxaliplatin was selected toapture the complete growth curves of all strairfeefer to section
3.2.3.1andFigurel3), whichherewas swcessfu(Figurel?), though, as expectedhe toxiceffect
of 2000uM oxaliplatin(Figure17 and Figure18C) was notquite as strong as 25QM cisplatin
(Figurel5andFigurel8A) or 12000uM carboplatin Figurel6 and Figurel8B).

Taken together, thse data indicatéhat the loss ofBDF1 isassociated with increased sensitivity

of S. cerevisia® cisplain, carboplatin and oxaliplatin.
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A. Growth curves of CWG424 transformants with no CDDP
and 250pM CDDP
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B. Growth curves of ABdf1 transformants with no CDDP
and 250uM CDDP
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Figure 15. Growth curve examples dhe CWG424 transformants (A) and thd&dfl transformants (B)
grown with and without 250uM cisplatin Data are the mean of three technical replicates; error bars
represent standard deviatiomA further two biological replicates of this experiment were carried out with
virtually identical resultsDoubling times of all three biological replicates can be seéiiguarel8.
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A. Growth curves of CWG424 transformants with no carboplatin and
12000uM carboplatin
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B. Growth curves of ABdf1 transformants with no carboplatin and
12000pM carboplatin
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Figure16. Growth curve examples of: the CWG424 transformants (A) andhBaf1 transformants (B)
grown with and without 1200QuM carboplatin Data are the mean of three technical replicates; error bars
represent standard deviation. A further two biological replicatd this experiment were carried out with
virtually identical resultsDoubling times of all three biological replicates can be seéiiguarel8.
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A. Growth curves of CWG424 transformants with no oxaliplatin and
2000pM oxaliplatin
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B. Growth curves of ABdf1 transformants with no oxaliplatin and
2000pM oxaliplatin
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Figure17. Growth curve examples of: the @¥24 transformants (A) and theBdfl transformants (B)
grown with and without 200QuM oxaliplatin Data are the mean of three technical replicates; error bars
represent standard deviation. A further two biological replicates of this experiment were carried out with
virtually identical resultsDoubling times of all three biological replicates can bensieaFigurel8.
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A. Mean doubling times with and B. Mean doubling times with and C. Mean doubling times with and
without 250uM CDDP without 12000uM Carboplatin without 2000uM Oxaliplatin
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Figurel8. Mean doubling times fothe growth curve of the S. cerevisiae strains CWG424 j@Bdf1 transformed with negative control plasmi@CG279 or plasmid PCG596 (which
contains BDF1), and grown with awithout 250uM cisplatin (A), 1200QM carboplatin (B) and 2008M oxaliplatin (C)Data are the mean of three biological repeats (of which
examples of one are shown Figurel5, Figurel6, andFigurel?); error bas represent standard deviation
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3.3 Discussion yeast

The aim ofour yeast Saccharmyces cerevisiddMATa haploid gene deletion libraggreensvas
to identify genesencoding traascription factors and regulatorthat were required for growthand
potentially confer resistancen the presence of the platinum drugs cisplatearboplatin and
oxaliplatin. This would possibly help to better understand the mode of action of and resistance to
these medicines, and to compare these threleugs in parallelldentified genes couldhelp to
identify potential resistance markerand pathways drug targets oreven biomakers to help
predict treatment outcomeQOur screening was gpe of homozygousrofiling (HOPY, this type
of assayuses complete homozygous deletion straf@heungOng, Giaever et al. 2018) achieve

the sane goal

3.3.1 Homozygous profiling (HOP) studigacluding our screen

An exampleof a HOP screen, on an enormous scale, is the Yeast Fithess DatéabaseFitness
Database (2008). Hillenmeyer,Maureen E., Fung et far jvhich the growth data generated was

from screening both the homozygous and heterozygous diploid Yeast Hdno¢KO) libraries
under numerous chemical or environmental stress conditions (rééef.3.2. We used the
resulting homozygous knockout data from the Yeast Fitness Cs@atio look at the effects of

three platinum drugs on the whole genom&.2.1.1and 3.2.1.2). These YKO gene deletion
libraries including the MATahaploid deletion library qee 2.3.2.2 and 3.1.2.7) used for our
screeny 3 KIF @S WYy2f SOdz I NJ 6 ND2RSaQ 2y GKS 3ISyS
These barcodes were exploited in the Fitness Database screening, enabling the simultaneous
competitive growth of pools of gene deletion strains in the presencefaf,example, drug.
Growth was then assessed by quantitatively detecting-PQRLI A FASR O2LIASa 27
0l ND2RSaQ dardyyeshndioydandrchnipakidg to growth in control conditions.

HOP has beensed to detemine genesthat in particularlyplay a key role in the DNA damage
response, an example of which is a study by Birrell @b &001 (Birrell, Giaever et al. 2001)
(2.3.2.9. They used this method to screen the full yeast homozygous deletion library
(Saccharomyces Gene Deletion Project (Stanfdniversity, Stanford CA) Using competitive

growth of pooled deletion strains anahicro-array technologyand identified three genes (THR1,
LSM1, and YAF9) that are key players in the DNA damage response (here, damage was by U
radiation)for which thishad not been demonstrated befoyef which two have human orthologs
involved in cancepredispo#ion. This research group subsequently ushd same methodology

again toreveal the genes required for growth in the presericar DNA damaging reagemtdJV
radiation, ionising radiation, hydrogen peroxide exposure and treatment witplatin (Birrell,

Brown et al. 2002and directly compared thesedata with the transcriptional responsef wild
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type strainto the same agentsinterestingly,they showed that there was no correlation,
suggesting that the genesnportant for survival of yeast tbNAdamaging agents cannot be
identified from the genes whose expression is elevated in response teetlagents which
supports that HOP screening methodology similar to oussappropriate foridentifying drug
resistance genesTheir findings contradicwidespread assumption thahe protection of cells
from DNA damage comes from at least some of the genes induced BNA damagéBirrell,
Brown et al. 2002)Proposed explanations for this are that the Dd&naging agentsan also
damagenumerousother cell macromolecules, thus initiating the expression of protein chaperone
and poteasome gens (as has been observed for MMBethyl methanesulfonatejreatment)
(Jelinsky, Estep et al. 200@nd also treatmenbf yeastby DNA damaging agents can indwm
overall stress response that is ingendent of DNA damagéGasch, Spellman et al. 200@)e
stress response is now known to involve ptyanscriptional events through translational
reprogramming,which make it faste(Giaever, Nislow 2014}t should also be considered that
wild-type levels of DNA repaiinzymescanalreadybe at sufficient levels tprotect the cells from
DNAdamage for example overexpressirRADS2NRNA has no effect on yeast sensitivityMMS
(DORNFELD, LIVINGSTON 1@®agver et al also demonstrated a lack of correlation between
the genes necessary for growth in a condition and genes whose transcription increases in the
same condition when they amunced the completion of th&. cerevisiaPeletion Project in 2002
(Giaever, Chu et al. 2002)

Another study using HOP was by Lee et al in ZD66, Onge et al. 20Q5)his grougnvestigated

the effects ofl2 DNA damaging agerits paralle) including cisplatin, carboplatin and oxaliplatin,

on the full yeast homozygous deletion libraf@accharomyces Gene Deletion Project (Stanford
University, Stanford CA)using competitive growth of pooled deletion strains and miarcay
technology here, microarray resultswere confirmed by performing indepepdt individual
growth analysis.They grouped 4 KS Y2ald &aSyairdAgsS WKAGQ- adN
characterised DNA damage repair models, such as Nuclear Excision Repair (NER) and Homologo
Recombination Repair (HRRhd were able to distinguish betweedrug mechanisms of action.

In this way theydemonstrated thatcarboplatin has a distinct profil@and less dependent on NER
machinery,compared tocisplatin and oxaliplatinThey also showed that, along with mitomycin C,
carboplatin had a larger number of gene deletion hits thateveot previously associated with

DNA metabolism. This challenges #esumption that because cisplatin and carboplatin are more
structurally similar and form more closely related adducts than oxaliplttat, they have more

similar modes of actioand sgectrum of clinical activityLee, Onge et al. 2005, Rabik, Dolan 2007,
Heffeter, Jungwirth et al. 2008, Wheate, Walkeragt 2010, MartineBalibrea, MartinezCardus

et al. 2015) Clustering of the most sensitive gene deletion strains in the staiyelated the
platinum drugs together, an@lso revealed several genes to be linked to EldAage repair

pathways which hadot been linked previousiyt would beof value to performsimilar studies to

Page |96



the one just describedLee, Onge et al. 200%)ut focussing on other processes instead of DNA,
for example the apoptotic responseWu et al (Wu, Brown et al. 2004plso previously
demonstrated that cisplatin and oxaliplatin have similar sensitivity profiles in their HOP screening
of the same homozygous deletioribrary and competitive fithess profilig and microarray

methodology though they did not screen carboplatin.

In contrast to the Yeast Fitness Database mamay screeningwe used the MATa haploid gene
deletion library ¢ee 2.3.2.2and 3.1.2.0) and screeneda smaller subsetof library strainsfor
growth defects in the presence aisplatin carboplatin andoxaliplatinonly. This smaller scale
screening wasnore controlled and manageable than largeale automated micrarray, more
costeffectiveg and by using different methodology we attempted to break new grouftte
library subsetwas of 209 transcriptionfactor/regulator genedeletion strains plus three control
strains, wild type CWG424, anble DNA repair mutantjRad52and nRad27(3.2.1). The®
transcription factor/regulator genes amaster controllers of gene expression and regulatife
did not use liquid culture for our screening, we stampbid subset of yeast strains onswlid
media {YPD agdrcontaining drug or no drug (control), and expredsgowth on the agar
containing drug to the growth on the control agar containing no did.8. The strongest hits
were then rescreened to confirm their drug sensitividyl(5. Smilar drug screenin@pproacles
to ours, on solid agamwhere sensitivity is measured by colony size, haeen used previously
(Smith, Ammar et al. 201®ut none comparing the three platinum compounds in paralkr
example, experiments by Parsons e(Rarsons, Brost et al. 200dhcluded using the same Mata
library, but the whole of it, to screen 12 compounds (though unrelated to the platinum drugs), by
robotically pinning all the strains onto solid agar containdrgg, and tren carrying out spot
dilution assays to confirm hitsA study byHartman et al(Hartman, Tippery 2004ipcluded a
genorric screen of deletion strains on solid media and the use of {iapse image focussing to
measure colony growth in the presence thie DNA synthesjsreplication and repaiinhibitor
hydroxyurea (HU); sensitive hits were screened against other drugs irngladiplatin and the
data suggested that cisplatin is similar to HU in terms of overlapping pathways required to grow
when DNA is damageBaetz et a[Baetz, McHardy et al. 200dhd Carrol et aJCarroll, Stirling et
al. 2009) also screened deletion strains on solid agar to study #wtion of the drug

dihydromotuporamineCand yeast K28 (an A/B toxin) respectively

For our screeimg on solid medig3.1.3and 3.1.5 we stamped out many more cells per strain

onto the agar tharwere initially inoculatedinto liquid culturefor growth up to 20 generations for

the Yeast Fitness Database miamay screening2.3.2.2, and we grew colonies over four days

For theYeast Fitness Database screening they had measures in place to be sure that the same
number of cells went into theriginal strain pools and bystarting growth fromthe sameoptical

density in the test conditions during screeni@3.2.2. We endeavoured to compensate for
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growth rate differences betweedeletion strains by using overnight saturated cultures so there
was the best possible chance of plating out simiambers of cells for each straiand br the
conformation screening weactually adjusted theAsgs of each cultureto be in the same range
However, here would have beemn unavoidabledegree of variation in stamping out strains
shown by, for example, theiplicate stamping out for ouconformation screen (refer tdable4,
Table5 and Table6 for % growth values of colony size on agar containing drug over colony size on
agar containing no drug for three parallel repgatdowever all our screens wergjualitative not
quantitative, and a level of varialiiy was acceptedit was expected tgpossiblylose some low to
middle strength hitdut we were certain that the strong gene deletion hits would still be detected

using this screening method, which they were.

Our screens were carried out usint000 uM cisplatin, 4000uM carboplatin and 400QuM
oxaliplatin, and for the oxaliplatin and carboplatin screens the yeast stva#ns prediluted 1 in

10 with MQH,O before stamping them onto the agan an attempt to obtain comarableresults

for the control strains to the cisplatin screeluring optimisation (refer to3.2.1). However for

both the initial screening and conformation screeningabplatin was the strongest screen in
terms of growth inhibition,followed by the cisplatin screen, and the carboplatin screen was the
weakest.It is challenging to set an ideal concentration of drug because ideallyould have
useda drugdilution seresto screena serialdilution of the yeast strains to géhe mostaccurate

idea of sensitivity. For our screening we were essentially generating a snapshot of drug inhibition
which will not capture every single sensitive straint would capture the singersensitivities If

this screening method was to be repeated, a higher concentration of carboplatin would be used.
The conformation screeningvas not as strongn terms of growth inhibitionas for the initial
screening; the yeast deletion strain colesigrew quicker in the presence of each of the three
drugs, therefore the original scoring systet1(3.9 was redesigned to pick up the strongest of
the hits 3.1.5.9. This highlightstte variability of such a screening methoBxplanations fothis
weaker screercould be thatthe yeast strains were grown overnight in 3mL YR&lium rather

than in a small volume in 9&ell plates as for the initial screeand sothey were healthier on
stamping out on the agar so grew better in the presence of diiigo, perhapshe strains were
healthier because they were fresh from the MATa haploid deletion library, whereas the strains
used for the initial screen had been freettmwed several timegrior and they may have
developed a degree of background mutation or maybe even contamination which could affect

growth.
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3.3.2 Initial plate-based screening of the transcription regulator library and

comparison with the Yeast Fitness Database

From our initial screening §.2.1.0) of our transcription factor/regulator gene deletioklata
haploid library subset in the presence of cisplatin, carboplatin ardifgatin, we discoveredene
deletion hits that were exclusive to the individual platinum drugs, and hits that were common to
two or all threedrugsd ¥ 2 Odza & A y 3 2 y% fisrXoiirdday 3 dW BDAayaR contéinimg drug
compared to on no drugfFigure6 and Figure7A). This sharing of hitsuggess that they may
share mechanisms of action opotential resistancefactors. The gene hit distribution also
suggested that cisplatin and carboplatin are not necessarily the most similar tifreieedrugs It

is widely believed thabecausecisplain and carboplatirare more structurally similar and form
more closely related DNA adducts than oxaliplatin, that they have more similar modes of action
and a similarspectrum of clinical activityasreviewed in(Rabik, Dolan 2007, Heffeter, Jungwirth
et al. 2008, Wheate, Walker et al. 2010, Martisgalibrea, MartinexCardus et al. 2015p.2.1)

and, aspreviously mentionedl.ee et al demonstrated a unique profile for carboplatin in terms of
DNA damage repair pathwaykee, Onge et al. 2005refer to R.2) for and overview oknown

platinum drug mode of action and resistance mechanisms.

BEven though the YeadfitnessDatabase platinum drug dataset was generated from sdregthe

entire yeast genome in the form of the homozygous diploid deletion lib(ar$.2.2 the gene hit
distribution of this screeningsuggested similar conclusiotsour screenFigure7B). Also, being a
genomic screenhe Yeast FithesBatabase platinum drug datasgave us anore generic picture

of the functions and processes of the gene hits required for fitness in the presence of the three
platinum drugscompared to our dtaset(3.2.1.9. We matched the gene hits from Yeast Fitness
databaseto SGD Yeast GDf A Y (G SN a W7 dzyaddiestablsied, hsyfdR thedgeddRitO S &
distributions, termghat were unique to each drug and common to two or all three drggder to

Figure8 and Apendix C for functions anligure9 and Appendix D for processedjor ourinitial
screening datasetit A & ¢l a € &2 G NUzS FRdiy OHLINRYXS aidINMiaS Niy
were unique to each drug or common all three drugsfer to Appendix E for functions and
Appendix F for processesfhis again suggested that the three drugsmay have common
mechanisms of action or potential resistaneetors It should be noted, though, thalue to our

subset library already beinmuch smaller and alsenriched for transcription factor/regulator

gene deletion strains, thitype of analysisvas not as appropriate, and we had to focus on

frequency valuegeneratedrather than fold enrichment valugbat we calculated using them

As expected for our screeffipld enrichment valuesand frequency values wereery high for
transcription factor and DNA/chromatin/histonginding function terms for all three dgsas a
group due to preenrichmentfor transcription factors and regulator8.2.1.2) (Appendix E)For

the Yeast Fithess Database dataset,agroup of all three drugshits alsocentred around these
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function terms(3.2.1.2 (Figure8 and Appendix CDNA binding was enriched for all three drugs
(with high frequency valugs which wasexpected because it is essential for platinum drug
activity, aswas protein binding and other terms included, not necessarily present for all three
drugs, were lipid bindingthe activity of a variety ofenzyme groups, and protein and
transmembrane transporter activity. Examples of more specific functvea® histone binding
whichwas very enrichethy two-fold for cisplatin and oxaliplatibut not enriched for carboplatin
and drromatin bindingwas enrched for oxaliplatinbut not enrichedfor the other two drugs
which may indicate differences in modes of action and resistaridgleic acid binding
transcription factor activity was a commamrichedfunction for cisplatin and carboplatirit was
intereging that there was nota fold enrichment value above 1for these functions fomll the
three drugs consideringhat they are DNA binding agentBlatinum drugs enter cells by both
passive diffusion and via plasma membrane transporters which likghains the protein and
transmembrane transporter activity functions being quite enriched for the gene deletion hits of
oxaliplatin and carboplatin respectivelill these differences indicate dissimilarities in modes of

action and resistance.

Regardingprocess terms, our initial screening gene deletion hits thedmajority of DNA process
terms were shared by all three drugdue to preenrichment of our library subsef3.2.1.2)
(Appendix F)In terms of other processeshough, both our screerfAppendix Fand the Yeast
Fitness databas@igure9 and Appendix Dgénrichment formatched terms generally coverdhe
repair, organisation, and transcription of DNA, histone and chromatin, along with vesicle and
membrane trafficking, intrackllar transport, protein modification and proteolysis, the cell cycle,
metabolicprocesses and stress responskghlighting the complexity of the responses of cells to

these drugs, and potentially their mechanism of action

These enriched process madense in terms athe published aspects dhe better characterised
platinum drug mechanism of actiprihey are taken into cedlby passive diffusion or through
metal transporters, in the cell they form adducts with DNA, the resulting DNA damage modulates
several different signal transduction pathways leading to cell cycle check points and arrest, DNA
repair, and apoptosis, reviewed in (Wang, Lippard 2005, Wheate, Walker et al. 202.0Q).
However it is alsoimportant to appreciate thatbecause of their v binding specificity and high
activity, the platinum drugsalso bindto numerousother celllar componentdesidesDNA,such

as RNA, proteins, lipidsgytoskeletal components and tHigontaining moleculegJamieson,
Lippard 1999, GonzaleEuertes et al. 2001, Fuertes, Castilla et al. 2003, Wang, Lippard 2005,
Cullen, Yang et al. 2007, Heffeter, Jungwirth et al. 2008, Zhao, Wang et al(2@1B) Sudies

have been carried out to show thia enucleated cancer cells; for example the endoplasmic
reticulum as a target for cisplatifMandic, Hansson etl. 2003) and the mitochondrial apoptotic

response fooxaliplatin(Gourdier, Crabbe et al. 2004jitochondria and mitochondrial DNA have
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been shown to be targeted by cisplatin which can induce apoptasisthisis partly responsible

for the cytotoxicity of the drugGonzalez, Fuertes et al. 2001, Yang, Schumaker et al. 2006, Cullen,
Yang et al. 2007pnd is likely to be thease for the other two drugsAs mentioned, freatment

with these drugsanalsoinduce an overall stress responsethe yeast cellshat is independent

of DNA damagéGasch, Spellman et al. 20000 the variety oprocess terms covered by both

the Yeast Fitness database screen and our screens are unlikely to be entirely due to solely the

DNA binding aspects of the drugs.

Due to the much smaller dataset from our screemvhich meant manyprocessterms were
matched byjust a few of the gene deletion hitsye focused on frequenciesrather than fold
enrichment valuesand the highefrequencies for processes that were common to all three drugs
were mainly transcription from RNA polymerase |l promoter, mitotic and measit cycles,
response to chemical, and organelle fiss{@ppendix F)For the largeryeast Fitness databases
dataset, the majority of processes were shared by all three drugs or by cisplatin with oxaliplatin
(Figure9 and Appendix D)Referring back to thgene hit distributions3.2.1.7), both our initial
screen Figure7A) andthe Yeast Fitness database data@egure7B) suggested that cisplatin and
carboplatin and not necessarily the more similar of the three dr@gsis widely believedith

the Yeast Fitness database datasetggesing that oxaliplatin is more similar to cigatin. Here, in
terms of enrichedprocessedrom screening the whole genoméhe Yeast Fitnesdata suggests

that oxaliplatinis more uniqguecompared to the other two drug@-igure9 and Appendix D)This is
because, interestingly, compared to cisplatin and carboplatin, oxaliplatin had overall much higher
fold enrichment values, and these processes were morehestrated around \esicle and
membrane traffickingwhereas the processes with the highest fold enrichment values for cisplatin
and carboplatin were quite varie@ppendix D)It is noteworthy that protein transporter activity
YR OeiG2a1StSiFt LINE (iTSdayyO (a2 WRA yiaS NarSINSTF 2 Ny NAEC
Oxaliplatin fold enrichment valuem the Yeast Fitness database datasetre very highfor
endosomal transport, membrane invagination, vesicle and vacuole organisation- @mdo
exocytosis, Golgi vesicle trgport, membrane fusion and organelle fusion, fission and inheritance
and ur of these processerms were exclusive to oxaliplatihits (Figure9 and Appendix P
Vesicular trafficking is important the protection of yeast cellagainst DNA damad&rol, Brozda

et al. 2015)as is vacuolar traffking (Hartman, Tippery 2004Xhe vacuole isnvolved in drug
detoxification (Giaever, Nislow 2014Yhese processes could be more important for oxaliplatin
due to this drug pssibly binding more to lipid components of the cytoplasm compared to the
other two drugs. Regarding carboplatias previously mentioned, focussing in on DNA damage
repair pathways, Lee et al demonstrated a unique profile for carboplesimg the diploid deletion

library (Lee, Onge et al. 2005)
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3.3.3 Conformation screening

For the conformation screening weok forward the 25 gene deletion straingvith the strongest
phenotypes, growingKo % overfour daysgrowth on at least one of cisplatin, carbaph or
oxaliplatin in YPD agaompared to on YPD agar containing no drai@.(.3and Figure10). On
rSRdzOA y 3 (i K S%,helnierall fleduenti€for thigse 25 gene deletioria terms of gene
deletion hits(Figure10B) remained similai 2 i K¥&cutiidataset(Figure6) (apart from an
increase of carboplatin exclusive hitalong withsome expected shifts in positidretween drugs

in the gene hit Venn diagrams (compdiigurel0A withFigure6). / 2 Y LI NS R @ aitofi KS )
data (Appendix E and Fsene Ontolog{GO) Slinfunction frequencieqAppendix Gyemained
highest for DNA binding and transcription factor terms, and process freque(&msendix H)
remained highest for transcription froRNA polymerase |l promoter, mitotic and meiotic cell
cycles and orgagile fissionfor the three drugs. All process termgemainedcomparable tothe

YKp % cut off gene deletion hits.

Between all three drugs a total of 14 of the 25 gene deletion strains werénhite conformation
screening(Figurell) - 4 hits for cisplatinTable4), 6 hits for carboplatirfTable5) and 13 hits for
oxaliplatin (Table 6), and there were no hits exclusive to cisplatin or carboplatin, and no hits
common to all three drugg-ocussing ofrigurell and comparing it to thet§0 % cut off data of

the initial screeningFigure10A) illustrates how7 yeast deletion strains were 1@nfirmed as hits

for the same drugsRAD52(RADiation sensitivegnd BDF1 (BromoDomain Factdor cisplatin

and oxaliplatin MAC1 Wetal binding ACtivator) andUME6 (Unscheduled Meiotic gene
Expressiop for caboplatin and oxaliplatin;ZAP1 (Zincesponse Activator Protein), SUM1
(SUppresor of Marl) and RAD27{RADiation sensitivefor oxaliplatin Some yeast deletion
strains dropped out in the conformation screening for some drugs; for exarApi€1l (Activator

of Ferrous Transport) was confirmed as a hit for cisplatin and carboplatin and dropped out as a hit
for oxaliplatin, and SWI6 (Switching deficient) was confirmed as a hit for oxaliplatin and dropped
out as a hit for cisplatin and carboplatiBome yeast eletion strainsalsoappeared as hits for a
drugg KSy GKS Odzi 2FF 2 T % iFiguses)ieyainples wdreSLAIO(SMBtReYc & |
Lethal with ABP1whichwas confirmed here as a hit for cisplabint not for carboplatin butlso

came up as a hit favxaliplatin, however, it was a hit faill three drugs in the iniéal screen using a

Xp % cut off. AlsasSWI4 (Switching deficient) and GCR2 (GlyColysis Regubatisct) were
confirmed as hits for carboplatiand came up abits for oxaliplatin howeverboth of these genes
werehits foroxallJt F GAY Ay (GKS A y% dul dffFiguie€).MBliScyepadet wag 3 |
SFP1 (Split Finger Proteimhichwas a hit for cisplatin in the iiA I £ & ONB Sy% guH dza
off but here in the conformation screen it was a borderline hit for cispl@tata not shownjand

also a hit for carboplatin and oxaliplatinpweverA y G KS Ay A (A | % culdifNGBRAY d.

was a hit for only eplatin and oxaliplatin, not carboplatimhis may be because SFR&s
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positioned on one of the weaker carboplatin drug plageeak due to possible stamping issuigs)

the initial screen where the strains grew quicker on the drug plate compared todhtol plate

soit waspossiblylost as a hitThe test strairHIR1 (Histone Regulatiomjas a hit for oxaliplatin

This group of 14 genes, including controls RAD27 and RABS2re required for growth in the
presence of platinum drugsogether demonsrate varied roles, covering DNA synthesis and
repair, glycolysis, metal ion utilisation, metal ion transport and homeostasis, mitotic and meiotic
cell cycle, chromatin and histone regulation, cytoskeleton assembly, and response to stress
(Figurel0 andrefer to Appendix G and HMany of these rolesorrelatewith reported platinum

drug mode of action§2.2) and their roles/pathways in which they are involved ktblbe potential

platinum drug esistance mechanisms.

Of these 14 hit conformations, only 6 were hits in the Yeast Fitness DatakiaEéwas ahit for

all three drugs RAD52, MAC1 and SWI4 were hits for cisplatin only, SUM1 was a hit for cisplatin
and oxaliplatin and HIR1 was a hit for cisplatin and oxaliplatme of which agreed with our
results (see above). Some discrepancies betwesults using our screening methods and those
used for the generation of data for the Yeast Fitness Database are not totally unexpected.
Limitations of our screening methodology have already been discus®egarding the Yeast
Fithess Databasesgowerfula technique as tag micrarray analysis is, @&lsohas its limitations.

For example, if any small errors occur early on in the pool construction and cell cultivation steps
they are likely to be amplified at the PCR stage of the process. Also, hugeopé#nts Yeast
Fithess Database micarray screening were automated, and there comes a risk of missing hits
with the automation of such largscale screensNevertheless, Costanzo et al have demonstrated
that genetic interactions identified on solid medjasing automated plating and computational
analysis) have significant correlation with genetic interactions identified by assessing growth in
liquid media(Costanzo, Baryshnikova et al. 2010)should also be noted that the cells in the
MATa library that we used were haploid whereas those screened for the Yeast Fitness database
were diploid, which are generally larger in size and they may have different growth rates in
comparison. However diploid strains, ased for the Fitness Database Screen, have two copies of
every gene, ame of which may be heterallelic that contribute to genetic variation; in contrast,

in a haploid state there is less chance of such genetic variation because there is only one copy of
each gene. It would be interesting to carry out our screen again but using the diploid strains as a

comparison.

GCRR2along withthe DNA binding proteitGCR1 (which we did not screeaje both required for

the transcriptional activdabn of glycolytic genes in yeaUEMURA, FRAENKEL 1990, Uemura,
Fraenkel 1999with analogous function to the human gene hS@%ato, Jigami et al. 1999)
Glucose netabolism is important foproliferation and survivieand also recovery from damagso

it makes sense that such a gene deletion renders yeast cells sumaeptible to the action of
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platinum drugs.There are no publications directly linking GCR2 to platirdrug resistance.
However, everthough GCR2 was a hit for oxaliplatin and carboplatin, it is interestingtlieat
Bromopyruvate (BP), a hexokinagglycolytic enzymej)nhibitor, has been demonstrated to
potentiate the antiproliferative effects of cisptan and oxaliplatin in human colon carcinoma cells
(Ihrlund, Hernlund et al. 2008Pur data suggests that functional studies investigatigbition

of glycolytic activity, maybe vithe human genehSGT1las apotential method to enhance

platinum drug toxicity or reverse platinum drug resistance in cancer cells.

Our hits SUM1, UME6, SWIldnd SWI6, are all genes involved jmoliferation, with SUM1
(Irlbacher, Frake et al. 2005and UMES6 (Lardenois, Becker et al. 201&)so playing roles in
chromatin regulation (Table 7). Swi4 and $vi6 are both components of the SBF transcriptional
activator (Swi4/Swi6 protein complexyith Swi4 being the DNBinding protein SBRegulates
late Glspecific transcription of cyclinsell wall biosynthesis genes and the HO geHeerelated
factor MBF (Mbpl/Swi6 protein complexggulates late Ghpecific transcriptionof genes
required for DNAeplication and repai(PRIMIG, SOCKANATHAN efi892, Ho, Costanzo et al.
1999, lyer, Horak et al. 2001, Coic, Sun et al. 2% also binds to Stb{Ho, Costanzo et al.
1999)- the STB1 gene deletion strain was a sensitive hit for cisptatime initial screning with a
cut off of XXp % Tablel). The DNA damageesulting from exposure of cells to platinum drugs
regulatesseveralvarioussignal transduction pathwayshich lead to check potsin the cell cycle
and arrest(Wang, Lippard 2005, Wheate, Walker et al. 20%0)it follows that these genes are
important for survival inthe presence of platinum drugé/ME6 was a hit for carboplatin and
oxaliplatin and is part of the Rpd3L histone deacetylzm®plex subuni{Carrozza, Florens et al.
2005) involved in chromatin remodellingsuppoting this, exposure to HDAC inhibitors MS275
and SBHA potentiates the cytotoxicity of oxaliplaticthirman colorectal cancer cells, probably
due to an increase in apoptotic signallifiglis, Gnyszka et al. 200@)2.2.5. Like UMESG, the HIR1
geneis also involved in chromatin remodelling, and it is therefore not unexpected that the
coresponding deletion mutant isensitiveto DNA damage by platinum drugs and is a hit for

oxaliplatin in ourconformationscreen.

SLAldoesnot encodea transcriptional regulator but a protein that is a central player in actin
cytoskeleton assemblynd it has effect on prdeins essential for mdocytosigGardiner, Costa et

al. 2007) In yeast the actin cytoskeleton is important famaintenance of cell morphology,
polarity, cell division, cell migration, vesicular trafficking and mechanosensétibasalso teen
mentioned that vesicular trafficking is important in the protection of yeast cells against DNA
damage(Krol, Brozda et al. 2015k has been demonstrated in human ovarian cancer cells that
there is adirect role in actin remodelling and resistance to cisplawith resistant cells showing a
dosedependent increase in cell stiffneéSharma, Santiskulvong et al. 201&)so, a&tin plays a

role in endocytosisand this is a route of cellular entry of cisplatin and decreased endocytosis is
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often a cisplatin resistance mechanism in cannen, Pouliot et al. 201L2Patinum drugs are
also known to directly bind numerous ther cellular components, including those of the
cytoskeleton which may contribute to their cytotosity (Jamieson, Lippard 1999, Gonzalez,
Fuertes etal. 2001, Fuertes, Castilla et al. 2003, Cullen, Yang et al.. 70@&fore it makes sense

that alack of SLAIk detrimental to surviving exposure to platinum drugs.

RAD52one of theDNA repair deletion mutartontrol strains(Table7)) and BDF1plays roles in
growth, sporulation and DNA repaifdble7)) were the strongest gene deletion hits (with a %
INER ¢ i K % 2ofFtworfmerpoints for all three replicates) for cisplatin and oxalip)atird both

with weak sensitivity to carboplatin (data not shown) this again suggts more similarities
between cisplatin and oxaliplatin in terms of how these drugs work and the resistance to them in
yeast though these strainswould possiblyhave passed asarboplatin hits if our carboplatin
screen was strongelAs described in3(1.3, Rad52 is implicated in the repair of dousigand
breaks (DSD) in DNA resulting from spontaneous damage, exposure to DNA damaging agents, an
collapse of replication forks; mutations INRAD52 cause severe defects, especially in
meiotic/mitotic recombination, because Rad52 is involved in multiple DSB repair pathways,
reviewed in(Symington 2002and (Paques, Haber 1999)ised as a control ilCHUA, ROEDER
1995) BDF1 shall be discussed in more detail later.

AFT1 and MACWere the strongeshits for carboplatin, with AT1 pasag as a weaker hifor
cisplain, and MAC1passingas a medium hit for oxaplatin. AFT1is a transcription factor that

plays a key role in iron utilisation and homeostasiich is an essential elemethiat isimportant

for redox reactionfYAMAGUCHIIWAI, DANCIS et al. 1995, Kimura, Ohashi et al.l2i80&s0
involved in many other cellular processes, thoughirntlear f all these are regulated via iron
homeostasis(Berthelet, Usher et al. 2010AFT1matched many Yeast GGlim process terms
(using Gene Ontology (GO) Slivapper analysis); transcription from RNA polymerase |l
promoter, organelle fission, mitotic and meiotic cell cycle, respdosstarvation, regulation of
transport, chromosome segregation, and ion transport (refer to Appendix tables G anthdp

been reported thatAftl affects the RIM101 pH pathwd{Berthelet, Usher et al. 2010jhe
RIM101 gene deletion straghowed sensitivity to carboplatin iour initir £ & ONB Sy % dz& A y
cut off (Figure10A),I YR G2 OA&LX | GAY | yWRcutOff(Mgorac)lIpfl dldoy  dz
plays an ironmediated role in DNA repaitbecause iron has protective effects against DNA
damage(Berthelet, Usher et al. 2010Therefore it follows that AFT1 deletion strains can be
sensitive to the DNAlamaging fatinum drugs.Kimura et al(Kimura, Ohashi et al. 200ésed

cDNA microarrays and PCR conformation experiments to demonstrate that the mRNA levels of a
group of 14 proteinsincluding Fet3are elevated in the presence of cisplatin, and that these
genes are all controlled by Aftl, which is activated by low levels of Fory showed that

cisplatin inhibits cellular iron uptake, leading to an iron deficiency and thus activation of Aftl.
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Kimura et alpropose two theories for the how cisplatin inhibits the uptake of iron, the first being
that the drug directly inhibits proteins involved in the process, and, interestingly the second is
that cisplatinmay doso indirectly via inhibition of coppeauptakevia the yeast and human cell
copper transporter CTR(shida, Lee et al. 2002This is because Fei8required (in a complex
with Ftrl) for iron uptake but is only active in the presence of copper, sophatis inhibits
copper uptake, the FetBtrl complex will not function and iron levels will decreadewever,
another study revealed that copper levels in yeast are not affected by cisplitiashi, Kajiya et
al. 2003) CTR1 has been shownyeast andmammalian cells to be involved the uptake of
platinum druggqIshida, Lee et al. 2002, Song, Savaraj et al. 2004, Holzer, ManoreRC&i&(see
2.2.7), which evidences that oxaliplatin and carboplattan also potentially inhibit copper
transport via CTR1t has been reportedising murinecells,that at higher concentrations of each
of the three drugs (superseding those typically established in patient plasiraliplatinenters

cells primarily via a different mechanism to CTRdlzer, Manorek et al. 2006)

It is interesting that the other strong carboplatin gikne MAC], is acoppersensingranscription

factor that contributes to copper level control by regulating the expressiothefCTR1 and CTR3
encoded membranassociated copper transport proteirfsabbe, Zhu et al. 1997, Ishida, Lee et

al. 2002) Changes in coppdevelsinduce a change in the redox state of Maehd this also
happens on exposure tthe DNA damaging agent MM@ethyl methanesulfonateDong,
Addinall et al. 2013)The expression o€TR1along with other past copper geneshas been
shown to be upregulated in esponse to DNA damage (BYMS (methyl methanesulfonate)
treatment, and hydroxyurea) via mechanismequiring Macl and Acel This, along with
suppression of thgene encodingnetallothionein, which collates copper, indicates that copper is
required when DNAs damaged this requires further investigationfDong, Addinall et al. 2013)
Sowe could propose that without MAC1, CTR1 cannot be upregulated in response to DNA
damage by the platinum drugs, therefore there wouldrbducedcopper uptake This would also
cause lack of Fet3 activation, 8 Fet3Ftrl complex wuld not function andsoiron levelsand

also AFT1 activation woultbcrease and result in reduced protection against DNA damdades

could explain our resultsvhichdemonstrat sensitivity of the MAC1 deletion mutant strain in the
presence of carboplatin and oxaliplatilowever MAC1 was not a hit for cisplatin in our screen,
just signs ofensitivityat early time points during thénitial screen Contradicting this resulfor
cisplatin Ishida et allshida, Lee et al. 2002ked a transposo mutageresis aproachto create

gene deletions in yeast, and then selected for stains that were able to grow in the presence of
cisplatin; trey found the strain lacking MAC1 showed the highest degremspfatinresistance.

They then deleted each of the known MACL1 target genes and found that only the strain lacking
CTR1 showed comparable resistance to the MAC1 mutant, suggesting that CTR1 is the majol
MAC1 target for resistance to cisplatihis can be explainetly the lack of MAC1 causing

reduction in CTR1 expressjamausinga decreasean the uptake ofplatinumdrug via CTRand so a

Page |106



reduction ofintracellulardrug accumulation ad improved survivalresuling in drug resistance
Supporting this, cells lackinGTR1 are resistant to cisplatin, and CTR1 receptors are rapidly
internalised into the cytoplasm upon exposure to the drug which subsequently limits further drug
uptake (Ishida, Lee et al. 2002, e8tart 2007) (2.2.2.). As already mentioned at high
concentrations,oxaliplatin enters cells primarily via a different mechanism to C{HRilzer,
Manorek et al. 2006)so this may not explaithe case for oxaliplatinbut it suggests that an
expected result in our screen would be for the MACL1 deletion strain to be resistant to cisplatin as

well as carboplatin.

ZAP1 was a confirmed hit for oxaliplatin, and is a transcription factor that is a central player in
controlling levels of zinc, whicih does by increasing expression levels of zinc uptake genes in
response to low levels of zinGdble7) (Zhao, Eide 997). This important becauslew levels of

zinc lead to increased oxidative stress and DNA dar(\agge Bird et al. 2007 which would cause

a cell to be more susceptible to the DNA damaging effects of platinum drugs, as seen in our

screen for the ZAP1 deletion mutant in the presence of oxaliplatin.

AFT1, MAC1 and ZAP1 (responsive to iron, copper and zinc respectivelipprall nsany
similarities, each responsible for upregulating the expression of their metal ion uptake system
when environmental ion levels are low, each having BiNling domains, and all being able to
constitutively express target genes due to having domiradleles(Zhao, Eide 1997, Rutherford,
Bird 2004) Figurel9 illustrates the protein prducts of these metalloregulated genes together.
Note that ACEL1 is also involved in copper homeostasis a copper binding transcription factor
that activates transcription of the metallothionein genes CtlPand CUR2 in response to

elevated coppeconcentrations, but was not included in our screen.

BDF1 was selected for further investigatidh1(5.9; we wanted to explore whether the re
introduction of BDF1 intahe nBdfl strain recovers viability in the presence of cisplatin,
carboplatin and oxaliplatin to confirm these screening results, which we3d3(3. BDF1 was
chosen because it was a strong hit for cisplatin and oxaliplatin with signs of sensitivity to
carboplatin too, and it was the only confirmed hit with human homolegylf1l shares homology
with human BET proteiné-lorence, Faller 2001Also, BDF1 has no data in the homozygous
knockouts inhibited data sets for sensitivity to cisplatin, carboplatin and oxaliplatin from the Yeast
Fitness Databasgrfeast Fithess Database (2008). Hillenmeyer,Maureen E., Fung, ettdth we

used as a comparison to our screening, making BDF1 an exclusive hit to us. We created four
transformant strains; wild typeéS. cerevisiastrain CWG424 transformed with negative control
plasmid PCG279, CWG424 transformed with BDF1 plaB@@596,nBdfl deletion strain
transformed with negative control plasmid PCG279, pBdfl deletion strain transformed with
BDF1 plasmidPCGS6. These strains were each grown with and without previously selected

concentrations 3.2.3.) of the three platinum drugs: 25@M cisplatin, 1200QM carboplatinand
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Metal-limiting

Fet 3Fre1 Fre2
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Figure 19. Protein products of metalloregulated genes involved in metal homeostasiS. inerevisiae.
Products of genes that are activated under métaiiting conditions (A) and metakplete conditions (B) by

Aftl (green), Macl (blue), Zap1l (red), and Acel (purple) are shown. Iron that is bound to siderophores has
been circled, and stars indicate pratsithat undergo irordependent cellular trafficking. The metal ion
specificities of proteins required for metal uptake are indicat@dtherford, Bird 2004)

2000uM oxaliplatin 8.2.3.9, and the data generated proved, for the first time in yeast, that the
absence of BDF1 is associated with increased sensitiviby oérevisiaéo cisplatin, carboplatin

and oxaliplatin, which adirmed our screening results

The last to mention of our other conformation screetshiSFP1, which nearly passed as a hit for
for cisplatin, and was a hit for carboplatin and oxaliplategulates transcription of ribosomal
protein and biogenesis genes and the response to nutrients and stress, plays a role in the mitotic
cell cycle, response to DN#amage and modulates cell size. It is interesting that it is also a
putative regulator of BB1, evidenced by microarray RNA expression levelbl¢7) (Cipollina,

van den Brink et al. 2008)Reglators of BDF1 expression were pulled from the BDF1 regulation
tab in the SG¥Saccharomyces Gene Database (SGD) (Stanford University, Stanfortba3d) )
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primarily onSELISNA YSy (&4 aK2éAy3a GKIG F NBIdzZ | G2NJ
3SySQa (NIF yaONR LI A 2is/ muiatkdS @ther (i gtoPosed Tegutatoris(dith NJ
corresponding references evidencing thateraction with BDF1are FKH1 (ForK head Homolog
1) and its paralogcKH2 (ForK head Homolog (R)aclsaac, Wang et al. 2008)EU3 (LEUcine
biosynthesis)(Venters, Wachi et al. 20L1RAP1 (RepresgActivator site binding Protein)
(Maclsaac, Wang et al. 200é)d SPT3 (SuPpressor of T{®nters, Wachi et al. 201thich is a
subunit of the SAGA and SA®e trarscriptional regulatory complexes. RAP1 and SiI&ion
strainswere not included in our screeand LEU3deletion strainwas screened but was not a hit
Interestingly, FKH2which plays a role in the cell cycle and chromatin silengitadjenhorst, Bose

et al. 2000)did come up as: hit for cisplatin in the initisdcreening with a cut off oKp % (Table

1), and theFKH2 deletion strain showed signs of cisplatin and oxaliplatin sensitivity but did not

pass as a hit

Together arr findings sow howimportant these conformation screen hienes ag for survivabf
yeastin the presence of platinum drugs, and supports these gdaed the systemsthat they
regulate or are components oBs being potentialdrug resistance factorsand hence alsoas
potential targets totreat platinum drug resistantells, but additionally astargetsfor combination
therapyto enhance platinum drug cytoxicityh& variety of processes that they are involved in
also shows how complex the mode of platinum drug action is, and how it is also not solely
focussed on DNA dargg this is mainly because the drugs bind to many other cellular
components. It would be of value to investigate all of these genes further, starting with
experiments introducing the genes back individually into the equivalent gene deletion strains
using gowth kinetics in liquid culture to further confirtine screening resultsas we did for BDFL1.

It would subsequently be useful to test parallel treatment of cells with platinum drugs and
inhibitors of these genes, if available, in an attempt to increasesiigity to platinum drugsThe

hits other than BDF1 have no direct human homology but the inhibition of equivalent mammalian
systems could be explored further in our platinum drug resistant neuroblastoma cell lines in an

attempt to recover resistancand to maybe identify biomarkers predictive of treatment outcome.

3.3.4 Bromodomain factor 1 (BDFBnd theBromodomain andExtra-Terminal domain

(BET) family

The BDFIBromoDomain factorjene wasoriginallydiscoveredio encode a transcription factor

Bdfl, in a screen for genes that affect the synthesis of yeast sShRNRSEROU, CONESA et al.
1994) Bdfl contains two bromodomains and an exteaminal domain and binds, via the
bromodomains, to acetylated amiAerminal tails of histones, and is found in the nucleus
throughout the cell cyclLYGEROU, CONESA et al. 1994, CHUA, ROEDER 1995, Matangkasomb

Buratowski et al. 2000) Bdfl is important for normal vegetative growth, but nesssential for
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viability (LYGEROU, CONESA et al. 1994, CHUA, ROEDERu9gswth kinetics data has
provided further evidence to show th&DF1lis not essential for viability in the growth kinetics
experiments 8.2.3.9, where theS. cerevisiastrain nBdfl transformed with negative control
plasmidPCG279 grew satisfactorily. However the growth rate was slightly lower than that of the
wild type strain CWG424 transformed witiegative control plasmidPCG279 see Figure 15,
Figurel6, Figurel?7, andFigurel8), so there was a minimal effect on viability in the absence of
BDF1, which is not unexpected considering the many transcrgdtiprocess in which Bdfl is
involved, including the expression of cell cycle gefisy, Chitsaz et al. 2003, GarGatierrez,
Mundi et al. 2012) ThenBdfl strain also grew satisfactorily on the control YPD agar plates
compared to thewild type strainCWG424 in oupreliminaryplate based screeningxperiments
(3.21 and 3.2.2 plate pictures noshown). The BDF1 gene has a paralogue, BDF2, and BDF2
mutants appear to be normgMatangkaombut, Buratowski et al. 2000)If BDF1 or BDF2 is
deleted there is no effect on viability, however a double deletion is le(NEtangkasombut,
Buratowski et al. 2000, Fu, Hou et al. 2plin our initial screening, BDF2 showed signs of
sensitivity to cisplatin, but none to carboplatin and oxaliplatin (data not showioyether, BDF1
and BDF2 have been shown to interplay with each qtlfi@r example in the regulation dhe

yeast salstress respons@-u, Hou et al. 2013)

Bdfl is also necessary for meiosis and consequently sporulation, playing a role in chromatin
structure (CHUA, ROEDER 1995, Ladurner, Inouye et al. 2003, Zhang, Roberts et,zn2085)
required for DNA damage repaitHUA, ROEDER 1995, Garabedian, Noguchi et al, Béh2®
repressessensitivity to DNA damaging agerfGHUA, ROEDER 1995, Garabedian, Noguchi et al.
2012) For the first time in yeast, we have demonstrated tHBDF1 is required for viability of
yeast cellsin the presence of the DNéamaging platinum druggisplatin, carboplatin and
oxaliplatin (3.2.3.2 by reintroducinga BDF1 plasmid into pBdfl deletion yeast stran. Our
preliminary plate based screenind the yeast deletion library also validated the limited growth of
the npBdfl strain in the presence of these platinum drugs YD agaf3.2.1.1and 3.2.1.3.
Cisplatin was the most potent of the drugs in terms of affecting viability ofpBdf1 strain,
followed by oxaliplatin and carboplatigensitivity to these three platinum drugs likelydue to

the nBdflstrain being weaker than wild type in terms of transcription, which can affect the ability
to detect and repair DNA lesion€HUA, ROEDER 1995, Garabedian, Noguchi et al. 2012)
Alternatively, any irregular chromatin structure in th®dfl strain could possibly limit access to
damaged DNA by the DNA repair machin@iHUA, ROEDER 199%)other explanation could be
that the mechanism of action of these drugs could be enhancedlikglg weaker and disrupted
chromatin integrityin the BDF deletion strajralthough the mechanism is not cleasisplatin
treatment, for example, besides initially inhibiting DNA synthesis, has been shown to reduce
chromatin remodelling and thus transcription, which could contribute to its toxic ef{dtysryk

Zaniewski et al. 1995, Wu, Davey 200Biterestingly, for oxaliplatin, we observed a slightly
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different shape of yeast growth curve compared to those of cisplatin and carboplatin, which may
be due to a mechanism of action that differs to the otheotplatinum drug this may be due to

the cells being less able to overcome damage induced by oxaliplatin than damage from cisplatin
and carboplatin, or maybe oxaliplatin signals the cells to prematurely exit GO of the cell Agcle.
discussed, xaliplatin differs from cisplatin and carboplatin in terms of structure, thus can form
different types of DNA adductéWheate, Walker et al. 2010) maybe this contributes to

explainingthis different response of the cells ierms of growth curves

Both Bdfl and Bdfare important transcriptional regulators thatteractwith components othe
promoter binding iitiation factor complers TFIID(Transcription Factor [Ind SAGASptAda
Genb5 AcetyTransferase)these complexes bothave equivalent complexes mgher eukaryotes
The TFIIDcomplex comprisng of a TATAbinding protein (TBR)encoded by the gene SPT15,
(which binds to TATA elements) and-1® TBRassociated factors (TAFs) (whose role in
transcription is porly undersbod), isa key component of the RNA Pol Il transcription machinery
(Matangkasombut, Buratowski et al. 200Bgflinteracts with Taf67p(also known as TAFif) the
context of the TFIIBomplex(TFIID has itswn histone acetyltransferase activifilizzen, Yang et

al. 1996, Dikstein, Ruppert et al. 199@nd Bdfl facilitatesthe recruitment of TFIIDo promoters

to TATAcontaining promoters(via the TBP) or TATéss promoters(via $1) located at
acetylated nucleosomeswhere the chromatin structure is less compaand more acessible
(PUGH, TJIAN 1991, Magkasombut, Buratowski et al. 2000, Huisinga, Pugh 2008 is
essential for tanscription even at a TATl@sspromoter (PUGH, TJIAN 1991, Basehoar, Zanton et
al. 2004) Theacidiccarboxyterminal region of Bdfl has been shownhave associated kinase
activity asobservedfor humanTAR250and BRD2 (RING@enis, Green 1996, Dikstein, Ruppert
et al. 1996)and boththe structure and functions oBdflsuggest thait might correspond to the
carboxyterminal half of TAR50(Matangkasombut, Buratowski et al. 200@df1 is also involved

in the regulation ofthe SAGA(SptAdaGm5 AcetyTransferaseomplex in yeastwhich is a
significant transcriptional regulator, but is not essential for gene expresSiAGAunctions in the
stressinduced expression of ~1% of the genome, the expression of the remaining®dhvolves

the TFIID pathwayMatangkasombut, Buratowski et al. 2000, Huisinga, Pugh 2004, Basehoar,
Zanton et al. 2004, Fu, Hou et al. 2013 AGA, like TFlIDalso has TBP binding atmistone
acetyltransferase activiss (Grant, Duggan et al. 1997, Huisinga, Pugh 2004, Fu, Hou et al. 2013)
Figure20 illustratesthe bipolar transcriptioal regulation of stressinduced genes by SAGA (via
TATA promoters) and housekeeping genes by TRIHNly via TATHess promoters)Huisinga,
Pugh 2004, Lopedlaury, Marguerat et al. 2008)

Bdfl also forms part of the SWR1 chromatin remodelling complex, which directs Htzl (H2A
variant) deposition at the promoters of Pol lérges, removing H2AI2B dimers and replacing

them with HtzXH2B dimergMizuguchi, Shen et al. 2004Htz1 has an ansilencing function that
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SAGA-dominated genes TFlID-dominated genes
~10% of genome ~90% of genome
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low stress

Figure20. The bipolar transcriptional regulation of streésduced genes by SAGA (via TATA promoters) and
housekeeping genes by TFIID (mainly via fla3Apromoters)in budding yeast, streselated genes tend

to be extensively regulated, their control is domied by the ceactivator complex SAGA and their
promoters often contain TATA boxes, whereas grovelated and housekeeping genes tend to have TATA

less promoters and their control is dominated by theamivator complex TFIID. Factors depicted in red are
negative regulators, whereas those in green are positive regulators. Stk¢ed genes tend to be
positively regulated by the SAGA complex and by acetylation (Ac) of histones H3 and H4, and negatively
regulated by histone dacetylases (Hdal and Rpd3gpressors and repressor complexes (S$npl
complex, Motl, Bur6é and Bdfl), and a member of the mediator complex (Srb10). Gredatd genes, on

the other hand, are positively regulated by histone H4 acetylation and Bdfl. The dashed arrows show that
SAQ also contributes to the expression of genes targeted by TFIID, and vice versa. Gcnb, general control
nonderepressible 5; TAF, TB&sociated factor; TBP, TABding protein(Huisinga, Pugl2004, Lopez

Maury, Marguerat et al. 2008)

can have effects on both transcriptional regulation and chromosome metabolism, and even
genomic stability and DNA repdlrogan, Keogh et al. 2003, Mizuguchi, Shen et al. 2004, Kobor,
Venkatasubrahmanyam et al. 2004, Zhang, Roberts et al. 2005)suggested thaBdfl, via its
bromodomains, assists recruitment of SWiRlacetylated chromatin by binding acetylated H3
and H4 (Ladurner, Inouye et al. 2003, Zhang, Roberts et al. 2088) also by physically
interactingwith promoter binding initiation factors TFIl@nd SAGAZhang, Roberts et al. 2005)
thereby connecting chromatin remodelling together with transcription initiat{@ang, Roberts

et al. 2005, Albdscu, Sabet et al. 201Bdf1 may also be important in linking preRNA splicing

with chromatin remodelling with transcription initiatior{Albulescu, Sabet et al. 2012A
schematicrepresentation of theyeast SWRcomplex can be seen at the top right kigure21,

which interestingly illustrates a model for the evolution of the yeast chromatin rentiodel
complexes SWR1 and also NuA4 HAT (responsible for histone H4 and H2A acetylation) to the
human SRCAcetylationrindependent exchange of H2A for H2AZ) and human NuA4/ Tip60 HAT
(acetylationlinked exchange of H2A variants) complef&ager, Galarneau et al. 2008Hereit

can be seen that ihumans Brd8 is utilised as an equivalent to Bdfl, and the potential of Brd8 as a
drug target is discussed later. It would be interesting to focus on screening thedgéteons of

all the individual components of the SWR1, as well as SAGA and TFIID, complexes together in the
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(acetylation-independent
exchange of H2A for H2AZ in chromatin)

Human NuA4/Tip60 HAT complex

(acetylation-linked
exchange of H2A variants in chromatin)

Figure21. Model for the evolution of NuA4 HAT and SWR1-4djfendent remodeling complexes from

yeast to human cells. The yeast NuA4 and SWR1 complexes are depicted. SWR1 could be present in twi
forms, with or without a bromodomaigontaining Bdfl subunit. These distt complexes regulating
histone H2AZ incorporation in chromatin would differentially reflect the link to Ndégendent chromatin
acetylation. In human cells, SWR1 plus a Bdfl equivalent is physically merged with NuA4 into the
TIP60/hNuA4 complex (throbgthe fusion of yeast Eafl and Swrl platform proteins into human
p400/Domino). The yeast SWR1 lacking Bdfl corresponds to the human SRCAP complex, which should no
be linked to chromatin acetylatiofAuger, Galarnaaet al. 2008)

presence of the platinum drugs to see if any others, besides BDF1, are important for survival in

their presence.

It has been reported thaBdfl also plays a role in mitochondrial retrograde signalling, a cellular
quality control mechaism comprising a complex network of processes used to compensate for

dysfunctional mitochondria. In yeast, damage to mitochondria induces an increase in the levels of
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damaging reactive oxygen species (ROS) (which can act as signalling molecules) g@rtme el
transport chain, which may be a route for eliminating those impaired cells. Howetemn the

loss of respiratory function in mitochondnsidue toa loss ofcytochrome c oxidase (C@Xxhis is
encoded by mitochondrial DNAcytosolic Ras proteiis recruitedto their outer membrane,

which in turn induces ROS production via #oitochondrial sources, prompting cell death
signalling(Leadsham, Sanders et al. 20{tBjs research was conducted in the Goyrlaboratory

(Kent Fungal Group, UKC) where our yeast studies were performei) recruitment of &sto

the mitochondriarelieson Bdfl, but how Bdfl does this is yet to be elucidated. When BDF1 is
deleted in cells with no respiration (rhaero stains)the accumulation of ROS is prevented; this is
because Ras signalling can no longer occur without Bdfl, and there is also an increase in the

expression of antbxidant defense gengéeadsham, Sanders et al. 2013)

As previously mentioned, mitochondria and mitochondrial DNA have been shown to be targeted
by cisplatin which can induce apoptosis, and this is partly responsible for the cytotoxicity of the
drug (Gonzalez, Fuertes et al. 2001, Yang, Schumaker et al. 2006, Cullen, Yang et al. 2007
Mitochondrial DNA (mtDNA) has been shown to be more susceptible to damage and with the
damage lasting longer than nuclear DNA (nD¥&kes, VanHouten 1994nd thislikely to be

the case posexposure of cells to the platinum drugBhe reason for this is mainly because the
mitochondria lack their own DNA repair system, and mitochondrial DNA lackscpvetéistones

and its lack of introns renders it susceptible to detrimental mutati@®reston, Abadi et al. 20Q1)

Also in the Gourlay Laboratory (Kent Fungal Group, UKC), studies have been carried out
(unpublished which have demonstrated that cisplatin decreases respiratory activijeastbut,
intriguingly, this is not accompanied by an increase in RO&e same study, Gourlagt al have

also shown that cisplatin initiates a PDR (pleiotropic drug resistance) mediated retrograde
response as a cryoprotective mechanism (by assessing PDR5 expression), and partly an RT
(ReTrograde Regulation) (by assessing CIT2 expression); these ardefimgtl retrograde
pathways(Butow, Avadhani 2004)ntriguingly, in our initial screenirdgd A y 3 G K S% d¢GtA 3 K S
off we hit PDRS8 for cisplatin only, and PDR1 for oxaliplatin only, however PDR3 was not a hit, and
surprisingly RTG1 or RTG3 were also not hits, which suggests that these pathways are not
significantly importanion an individual gene levébr the resistance of yeast cells to cisplatin.

would be interesting to delete the genes of the PDR and RTG teddiasponses together as

gene groups and evaluate the resulting phenotype yeast cells on exposure to the platinum drugs
to investigate platinum drug induced retrograde responses further; targeting such retrograde
responses may enhance platinum drug cytatity. Perhaps in the case of the BDF1 deletion
strain in our studies, it is more the role of Bdfl in DNA damage repair and chromatin remodelling
than the Bdfl mediated retrograde response that makes the cells more sensitive to the platinum

drugs.
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Bdfl, dong with Bdf2, are members of the BEBFomodomain andxtra-Terminal domainfamily

of transcriptional regulators that can be found in can be found in animals, plants and fungi
(Matangkasorbut, Buratowski et al. 2000, Florence, Faller 200Lhese proteinsall have
sequence similarities concentrated itheir bromodomain regions and -€rminal regions
(designated the ET motifjFlorence, Faller 2001pand, unlike other bromodomaioontaining
proteins, they remain located on chromosomes during mit¢SidUA, ROEDER 1995, Dey, Chitsaz
et al. 2003, KanndKanno et al. 2004, Gardzutierrez, Mundi et al. 20123ue to the binding of

the aminoterminal of acetylated histone@atangkasombut, Buratowski et al. @0, Dey, Chitsaz

et al. 2003, Garci&utierrez, Mundi et al. 2012n humans, the BET family members include Brd2
(RING3), Brd3, Brddnd Brdt (Brd6), which are the most studied, and also includes Brd7, Brd8,
and Brd9 these proteins are widely express in all tissues except for Brdt, which is confined
within the male germ lindBunnage 2010, Garefautierrez, Mundi et al. 2012) Besides being
involved in transcription via Hisne acetylation, BET proteins alstrongly participate in the
control of genes linked with the cell cydleey, Chitsaz et al. 2003, Gar@atierrez, Mundi et al.
2012) though specifidunctions are not well understoogSanchez, Zhou 2009)Attempts to
investigate their function, for example by using Brd2 and Brd4 knockout mice, have been
confounded becausehese proteins are essential for #a embryonic developmen{Garcia
Gutierrez, Mundi et al. 2012BETproteinsare implicated in oncogenesis, being overexpressed in
certain cancers(Florence, Faller ZIl), and canbe cancer biomarkersfor example, BRD4
activation may predict the survival of patients with breast cancer because dysregulation of BRD4
associated pathwayis believed to be involved in breast cancer progresgiorawford, Alsarraj et

al. 2008, Sanchez, Zhou 2008pnsidering all this, i not surprising that they hawecently been

used as targets for cancer drugs in the form of BET inhibitors.

To date, BETinhibitors are termed as paBET inhibitors because these drugs target
bromodomains rather than selectively targeting individual members of thef&faly. PanBET
inhibitors have been shown not just to have to have @aincer effects, but also others suas
anti-inflammatory effectShi, Vakoc 2014)nd they are very promising in the field of epigenetic
drug treatmentsHowever there i¢ack of understanding of the exact mechanism of action of BET
inhibitors (Helin, Dhanak 2013)rhe firstpublished BET inhibitors were JQ1 and its use in NUT
midline carcinoma, a cancer driven by translocations of Brd3 and (Bitidpakopoulos, Qi et al.
2010, French 2014and IBET and its use in inflammation (the regulation of which is governed by
Brd2, Brd3 and Brd4) and thus sep@iBcodeme, Jeffrey et al. 2010)These molecules have
similar chemical structures and mechanism of action, which involves binding to the
bromodomains of BET family members to compete out binding to acetylated histones, hence
displacing them from chromatiiShi, Vakoc 2014) CKAAZ Ay OFYyOSNE A
abnormal histone acetylation, leading to the dowggulation of transcription of oncogenes, such

as MYC(Khabele, Wilson et al. 2013, Helin, Dhanak 2013, Puissant, Frumm et al. 2013,
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Filippakopoulos, Knapp 201d)d BCL2Helin, Dhanak 2013)Wyce et al have demonstratekiis

in both human neuroblastoma cell lines and mouse xenograft models of human neuroblastoma
(which is associated with high frequency of MYCN amplifications) using the BET intBI&iof26
(Wyce, Ganji et al. 20).3

The success of JQ1 an®BHET in models of cancer and inflammation respectively pushed the
development of other highly related compounds called benzodiazepines and thienodiazapines,
and pharmacological fragmestreening has revealed molecules tha¢ potential starting points

for more novel BET inhibitor development. The search for more potent and selective BET
inhibitors is ongoing and the consequence, in terms of side effects, explored in the clinic. Several
of these drugs are currently being auated in phase | clinical tria{ueller, Knapp 2014, Shi,
Vakoc 2014)Besidesreliably targetingindividual BET family membemshich to date has been
unsuccessfulFilippakopoulos, Knapp 2014)is also a focus to develop inhibitors that blamke

of the individual bromodomains, BD1 or BD@,contribute to understandingdf their specific
functions in gene targeting andhe treatment of disease a BD31specific chemical inhibitor,

Olinone, has been shown to enhance oligodendrocyte differentigiiZiiang 2014)

There is a lack of biomarkers predictive of response or resistance to Baioistl{Helin, Dhanak

2013) though MYCN amplification has been suggested as a predictor of sengfiuigsant,
Frumm et al. 2013)Anticipated resistance mechams of BET resistandeave been more
recently evaluated(Settleman 2016) Activation of the Wnt pathway, which is involved in
proliferation and survival, has been associated with resistance to BET inhiliitgssit could be

useful to combine BET inhibitor therapy with Wpdthway inhibitors(Fong, Gilan et al. 2015,
Rathert, Roth et al. 2015, Settleman 2016pr thefirst time, a recent study by Shu et al revealed

that out of a panel of breast cancer cell lines, tripkgative breast cancers (TNBC) are
preferentially sensitive to BET inhibition bathvitroandin vivo(Shu, Liret al. 2016) Moreover,

they created BET inhibitor (JQ1) resistant TNBCs and proteomics studies demonstrated JQ1
resistance to be linked to the transcription regulator protein MED1 and Rghesphorylation of

BRD4 (due to decreased activity of anpiple BRD4 serine phosphatase (PP2A) and increased
activity of casein kinase 2 (CK2), which is helpful to anticipate clinical drug resistance to BET
inhibitors. Thus it could be useful to combine BET and CK2 inhibitors to treat TNBCs and prevent
drug resstance(Shu, Lin et al. 2016, Settleman 2Q16)

Our yeast BDF1 data contribute as supporting evidence for the Bdfl related proteins of the
human BET family as being possible targets to ertaeasitivity of cancer cells to the platinum
drugs, or possibly to reverse platinum drug resistance, though studies to date regarding this are
very limited. Considering existing BET inhibitors, -@m@cal studies for JQ1 have shown
encouraging resultsiiMY CGdependent cancers, but compatibility with platinum drug therapy has

not been establishedwWiedemeyer, Beach et al. 2014egarding reversal of resistance, one
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study revealed that JQ1 could be a potenti&iffective drug for sensitising ovarian cancer cells to

cisplatin therapy when resistance occkhabele, Wilson et al. 2013)

Regarding Bdfl in the yeast SWR1 complex, already discussed, it is interesting thahd&dt
functional homology with human Brd8, as previously illustrateBigure21 (Auger, Galarneau et

al. 2008) Brd8 is an accessory subunit taoman NuA4/Tip60 HAT complex, of which MRGBP
(MRGbinding protein) is a subunignd BRDS8 is a downstream target for MRGBP. Short hairpin
RNA suppression of expression of Brd8 inhibited proliferation of colorectal cancer cells, and the
result was the same on suppressing MRGBP in the same way, suggesting MRGBP, and maybe Br
itself, shoud be possible future therapeutic targets for colorectal can@é&maguchi, Sakai et al.
2010) Elevated levels of Brd8 in human metastatic colorectal cancer cells and a role of Brd8 in
tumour progression have beeshown(Yamada, Rao 2008nd this further evidences Brd8 as a
future cancer drug target. Also, BrtBockdown cells are more sensitive to microtubule drugs,

so a BRDS inhibitor could be used alongside suchsdiarga more effective therapfyamada, Rao
2009, Bunnage 2010)Based on this and our Bdfl data, it may be useful to evaluate specifically

targeting this Bdf1 human homologue, Brd8 sensitise cancer cells to oxaliplatin.

It could be useful to test the use of BET inhibitors in combination with the platinum drugs using
wild type yeast cells and our parental neuroblastoma cells to discover if BET inhibitors can be used
in combinationwith the platinum drugs to enhance platinum cytotoxicity. Additionally, it may be

of value to test BET inhibitors in combination with our platinum drug resistant neuroblastoma cell
lines to evaluate their ability to reverse platinum drug resistance. Asoe is limited knowledge
surrounding their mechanism of action, so it would be interesting to test BET inhibitors in the
same way as our platinum drugs in our yeast screening system, and also study the acute affects by
performing proteomics studies witlour parental neuroblastoma cell lines, as we have with

cisplatin.
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4 Neuroblastoma cell lines

4.1Materials and Methods ¢ neuroblastoma cell

lines

4.1.1 Platinum drugs

All stocks described below,of platinum drugs were stored at room temperature in the

darkiwrapped in foil.

Asplatin 2mg/mL solution used wagreparedmanually by diluting solidisplatin (Sigma, Poole,
Dorset, UK, Ref P4394) in 0® sodium chlorideThe 0.9% sodium chloridesolution (Fisons,
Ipswich, SuffolkUK, now part oRhonePoulenc, Inc., Ref S/3160/60) was prepared by dissolving
9 gsodium chloridenith MQ HO0 up to 1000 mland filter-sterilised (0.2 micronldsplatin was left

to dissolve stirring on a magnetic stirrer (Bibby B212, Bibby Scientific Ltd, StonerdStaifé,

UK) in the dark at room temperature for 5 days, after which it adjsstedto the final volume
with diluent, filter-sterilised (0.2micron)and aliquoted into sterile tubes. All filtering was carried
out in a Class Il biological safety cabif@ellgard Energy Saver (ES) Model NUAMBE Nuaire,

Plymouth, UK) becaudhis cisplatin was also to be used in mammalian cell culture

Carboplatin 10ng/mL Concentra for Solution for Infusiofrom Sun Pharmaceutical Industries
(Leeds, Yorkshire, UKhd purchased fronby Shakespeare Pharma Ltd. (Hilton, Derbyshire, UK),
the diluent being water for injections, with a pH between 4 andOkaliplatin 5mg/mL
Concentrate for Solution for Infusion was purchased from TEVA (Castleford, West Yorkshire, UK)
and sourced by Shakespeare Pharma Ltd. (Hilton, Derbyshire, UK). This solution cont#ins 4.5
lactose monohydrate. 1mg/mL aliquots were prepared for both drugs usingdikeitised (0.2
micron) 5% (w/v)glucose (Bglucose, Fisons, Ipswich, Suffolk, WBw part of Rhond>oulenc,

Inc., Ref G/0500/61) soluticend stored at20 °C in the dark.
4.1.2 Tissue culture

4.1.2.1 Neuroblastoma cell lines

Thehumanneuroblastoma cell lineKFNB-3 and UKHNB-6 were established from bone marrow
metastases of INSS stage 4 neuroblastoma pati@ldttchetkov, Driever et al. 2008nd are
MYCNamplified The drugesistant lines were derived from thRCCL(Resistance Cancer Cell
Line)collection(2.3.1.2 (Cinatl, Michaelis et al. JKFNB-3 and UKNB-6 cells lad been adapted
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to cisplatin, carboplatin and oxaliplatin by continuous expogarmcreasingdrug concentrations

as described previous{Kotthetkov, Cinatl et al. 2003, Kotchetkov, Driever et al. 2005, Michaelis,
Rothweiler et al. 2011, Michaelis, Agha et al. 20T&g resulting cisplatinesistant cell lines were
designated aszJKFNB-3'CDDP® and UKINB6'CDDP®, the carboplatirresisant cell lines as
UKFNB-3'CARB&® and UKMNB6'CARB®, and the oxaliplatirresistant cell linesSUKFNB-
FOXALF? and UKMIB6'OXALF® Thenumbersin superscript indicate thelrug concentratiors

that the resistant cis were continuously culturedith in ng/mL.

4.1.2.2 Media, reagents,antinuous culture and passaging cells

The cell linesw& Odzft § dzZNBR Ay Lao2 @S QaMzVvg @hbcdaspart of5 dzf o
Thermo Fisher Scientifitoughborough, Leicestershire, UK, Ref 219808§f)lemented wih 10

% Foetal Bovine Serum (FBS)gma, Poole, Dorset, UK, Ref F7%2w) 100 U/mLpenicillin/100
png/mL greptomycin (Gibco,part of Thermo Fisher Scientific, Loughborough, Leicestershire, UK,
Ref 151400 makecomplete IMDM medium The medium of the drugesistant cell lines was
also supplemented with the indicated drug concentrations #de2.]) using the Img/mL stocks
prepared as descrdd in 4.1.1, drug was added to mediwhen passaging cellells were
routinely grown in 10mL of their mediain a T25cn? culture flasls (SarstedtAG & Co,
Sarsteltstrale 1, 51588 Numbrecht, Germarigef 1116035) in a 37°Cf CQ incubator. For
passaging or experiments, cells were washed Whhsphate Buffered Saline (PBS) (Dulbecco A,
with no G or Mg?") (Oxoid, Fisher Scientific (part of Thermo Fisher Sti@ntioughborough,
Leicestershire, UK, Ref BR0014G) and removed from the surface of cell culture flasks uslng 0.5
of 0.05% Trypsin/EDTA (Gibaas part of Thermo Fisher Scientific, Loughborough, Leicestershire,
UK, Ref 25300pr approximately 2 minutes in a 37°C¥% CQincubator (Panasonic Biomedical,
Loughborough, Leicestershire, UK, IncU Safe models-2084C and MCQ5AC) untilall cells
were detachedthen medum was added up to the original medh volume to stop the enamatic
reaction. Cells were passaged once a week, when the cells had reacli€® 8)confluency and

typical splitting raibs for weekly passaging apeesented inTable8.

Passage
ratio
UKFNB 3 parentals 1in 40
UKFNB3'CDDP™ 1in 40
UKFNB3'CARB&® | 1in25
UKFNB-3'OXAL® 1in 20
UKFNB6 parentals 1in 20
UKFNB-6'CDDP™ 1in 20
UKFNB6'CARB&® | 1in25
UKFNB-6'OXALH® 1in 30

Cell line

Table8. Neuroblastoma cell linegypical splitting ratios for weekly passaging
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Separate media, PBS a@d5% Trypsin/EDTwere always used for each cell line and warmed to
37°C in a waterbatliGrant JB series, @rt Instruments, Shepreth, Cambridge, WKen usedor

the cells. The cell lines were always handled one at a time in a Class Il biological safety flow
cabinet (Cellgard Energy Saver (ES) Model N&@8B, Nuaire, Plymouth, UK).

4.1.2.3 Qyopreservation otels

To expand enough cells for cryopreservation, cells were seeded into largenit fiasks per cell

line which take 3GmL medium per flask. On reaching 780 % confluency 3 flasks oélts were
washed with PBShe celldetached usind mL0.05% Trypsin/EDTAand then the cells from all 3
flasks were combined andesuspendedin 10 mL complete IMDM (see 4.1.2.2 for reagent
sources) After centrifugation for5 minutes at 1000rpm in an Eppendorf 5702 benchtop
centrifuge (Eppendorf, Stevenage, Hertfordshire, UK) and removal of the supernatants, cells were
resuspended in 6mL of cryoprotectamtedium (IMDM supplemented witHLO % DMSO $igma,
Poole, Dorset, UK, RE4394)20% FBS anti00 U/mL penicillin/100 pg/mL streptomygjrand 1

mL aliquotstransferred into 1.8mL cryotube vials (Nunc, as pat Thermo Fisher Scientific,
Loughborough, Leicestershire, UK, Ref 368a8a)e thatall reagents wergre-warmedto 37 °C

in a waterbath(Grant JB series, Grant Instruments, Shepreth, CambridgeChijube vials were
sealed into cryoflex tubing (Nunc, as part of Thermo Fisher Scientific, Loughborough,
Leicestershire, UK, Ref 343958) and then transferred to a Ct§oFreezin@ontainer (Nalgene ,

as part of Thermo Fisher Scientific, Loughborough, Leicestershire, UK, R&f0b1)at -80 °C
overnight The following daythe vials were transferred tdiquid nitrogencontainersfor long

term storage.For the drugresistant suHines, if they were newly resuscitatethe required drug

was introduced at the first passage and grown for a total of at least three passatedrug

before cryopreservation

4.1.2.4 Resuscitation of cellgyopreserved in liquid nitrogen

Frozen ells in a cryovial tubevere thawed at 37C in a water bath and themmediatelyslowly
transferred to 10mL 37°Ccomplete IMDM medium and centrifugesd 1000rpm for 5 minsin an
Eppendorf 5702 benchtop centrifuge (Eppendorf, Stevenage, Hertfordstdde, e supernatant
was removed and the cells were repended in 10mL 37°C complete IMDMmedium and
transferred into a T2&n7 flask and then inta 37°Q5 % CQ incubator (Panasonic Biomedical,
Loughborough, Leicestershire, UK, IncU &addels MC&0AIC and MCQ5AC).For the drug
resistant sudines therequired drug wasot introduced untilthe first passageand they were

cultured for at least 3 passages before using in experiments4 32 2for reagent sources.
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4.1.2.5 Counting cells

To determine cell numbers, a sample of cells in suspensiordikged 1 in 2 with0.4 % Trypan
blue solution Sigma,Poole, Dorset, UK, R88595),and counted using haemocytometer. The
haemocytometerwas viewed using an Olympus IM microscope, focussing on the gridlines.
Unstained viable cells were counted, in each of the outer four quadrants (one quadrant is
outlined in blue inFigure22) of 16 squares. Regarding cells sat on boundary lines, only those on

the right hand side boundary lines were included.

Figure22. The gridlines of a haemocytometer.

To calculate the average number of viable cells/mL, the count from each of the four quadrants
was averaged, multiplied by 1@nd then multiplied by 2 to correct for the 1 in 2 dilution from the
addition of Trypan Bluelf there were too many cells to accurately count the dilution was
increased by diluting the cells with PBS first before diluting 1 in 2 with Trypan Blue, and then the
final multiplication factor was changed accordinglp. determine the fraction of viableells, the
number of unstained cells was calculated relative to the total number of cells and expressed as a

percentage.

4.1.3 Production of images of the neuroblastoma cell lines

Cellsimages were takerusing a Zeiss IM 35 phase contrast light microscd@arl Zeiss
Microscopy GmbHKenam Germanygt a magnification ok 200. A Nikox D70 camera (Nikon UK
Ltd, Kinsgton Upon Thames, Surrey, W} fitted to the microscope to take images using an

exposure time of 1 second, resulting in 3@ resolution colouimages
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4.1.4 Determination of cell growth kinetics

4.1.4.1 TheRoche xCELLigeriReal Time Cell Analyzer (RTCA)

Cell growth kineticeand doubling timesvere determined using th&oche xCELLigensgstem
FOO2NRAY3I G2 GKS YI ydzfI O GanNiesdt &n elegiranic Nbz6bi A 2
analyser anc device station witlpositions for three 16vell plates (called flates). The bottora

of the wellsof Eplates are covered by golanicroelectrodeswhich communtate impedace
readingsof the electrical circuito the sensor analyseiThe interaction of adherent mammalian

cells with the microelectrodesegerates a celubstrateimpedance response that is proportional

to the number of cells seeded into the welllse cell viabilitythe morphology of the cells and ¢h

quality of the cell attachmentThe dectrode impedace is displayed a=ll index C), whichisa
dimensionless parametdhat representsa relative change in measucd electricalimpedanceto
represent cell situs(Acea Biosciences Inc.(San Diego, CA) , Witzel, Fritseregher et al. 2015)

(www.bionity.com) Figure23illustrates the principles dmpedance using-glates

e
hahiiass Z=z.
S 1
electrode electrode
ithout call .
W =25
e —
s cell
v
M oe M 2=2:w:
et
electrode electrode attached < \Z)
with a cell impedance
 or—
e » celis
v M dandan M % <Z> Z2=2 :x:
electrode electrode attached -
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O —
l
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electrode with 2 impedance further
strongly-attached cells A

Figure23. Schematic drawing of the interdigitated microelectrodes on the bottom of each well of the E
plates. The interaction ohdherent mammalian cells with the microelectrodesngrates a celsubstrate
impedance response that is proportional to the number of cells seeded into the wells, the morphology of
the cells and the quality of the cell attachment. The sighal generateidptagied by the arbitrary unit of cell
index (Cl)Z = impedencdwww.aceabio.com and/ww.bionity.com).
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4.1.4.2 Generation of growth curves using tReche xCELLigerReal Time Cell Analyzer (RTCA)

The Roche xCELLigence Real Time Cell Analyzer (/BN (Roche Diagnostics Ltd., Burgess
Hill, UK) was set up inside a 3Z/5 % CQ incubator (Panasonic Biomedicabughborough,
Leicestershire, UKIncU Safe models ME&DAIC and MCQ5AC). Impedance measurements
(sweeps) were taken every 30 ngirfor 35 to 459 hours (13 to 19 days in total, so that death
curves were also captured). InitialpOuL 37 °CcompleteIMDM medium (4.1.2.2 was added to
each of the 16 wells (two columns A and B of eight we83% df an XxCELLigenEdPlate VIEW 16
Roche Diagnostics Ltd., (Burgess Hill,R#{, 063247380019nd leftfor 30 minsinside a 37C/5

% CQ® incubator to equilibrate before doing a scan of theplate on the XCELLigence RTCA
system; this enables the software to measure the blirse impedance A total of 3000 cells
suspended in 10QL complete IMDM medium were added thet 100uL/well complete IMDM
medium already used for calibration in each wedllls were counted as described4rl.2.5, and

to blank wells complete IMDM medim only was added instead of cell suspension. All the
surrounding gaps on the-ate were then filled with 37C PBS to help to prevent evaporation of
the mediathroughout the course of the growth curve. The preparepl&e was not repositioned
onto the xCELLigence system until at least 30 minutes after adding the last cells to allow the cells

to settle down onto the electrode, then the generation of growth curves was started.

In total, three biological repeats of duplicate growth curves were generaie@dch of the UkKF
NB-3 and UKMB6 parental cell lines and their corresponding platinum drug resistant cell lines
(see4.1.2.1for cell line detds). The resistant sulines were grown both in the presence and

absence of their indicated drug concentrations (dek2.]).

4.1.4.3 Growth curve dta analysis

Usingthe RTCA softwareggrowth curves were plottechnd the exponential parts of the growth
curve (which were linear on the logging the y axis) were used teraéte the doubling times.
Each set of cell lines were ram three separate occasionss described i.1.4.2, and the mean

doubling times werecalculated foreach cell line and plotted dsar chars.

4.1.5 MTTcell viability assay

4151 The MTT assay principle

This is a colarimetric test based on the muction of yellow 3-(4,5dimethylthiazot2-yl)-2,5
diphenyltetrazoliumbromide (MTT) to purple formazarE,Z)5-(4, 5dimethylthiazol2-yl)-1,3-
diphenylformazan)y mitochondrial dehydrogenasegFigure24). The protocolwe usedis an
adaption from that of Mosman (MOSMANN 1983)which has beermregularly usedfor the

determination of theviability when working with neuroblastoma ce(lslichaelis, Fichtner et al.
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2006, Michaelis, Cinatl et al. 2007, Michaelis, Bliss et al. 2008, Michaelis, Kleinschmidt et al. 2009,
Michaelis, Rothweiler et al. 2009, Michaelis, Rothweiler et al. 2011, Fichtner, Cinatl et al. 2012,
Michaelis, Hinsclet al. 2012, Loeschmann, Michaelis et al. 2013, Michaelis, Selt et al. 2014,
Michaelis, Agha et al. 2015, Michaelis, Rothweiler et al. 2015)
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Figure 24. Conversion of yellow MTT to purple formazan by active mitochondrialydieigenases
(www.biotek.con).

4.1.5.2 Performing the MTT assay

The MTT assayas always carried out ia Class |l biological safety flow cabinet (Cellgard Energy
Saver (ES) Model NU 4800E, Nuaire, Plymouth, Uijth the light switched off when handling
the platinum drugs0.4g MTT(Serva Electropheresis GmbHeidelberg, Germany, R206395.02)
wasdissolved withPBSup to 200 mL (Dulbecco A, with no&" or Mg?") (Oxoid, Fisher Scientific
(part of Thermo FisheBcientific), Loughborough, Leicestershire, UK, Ref BROO4G Jfilter-
sterilised (0.2 micrornd stored at #C wrapped in fail

Drugs were tested for their effects on cell viability usingot serial dilutions in 98vell plates
(Greiner BieOneCellstar 98well plates, Greiner BioOne Ltd, Stonehouse, UK, Ref 655r&8€)
to Figure25C) using 3000 cells/wleDne cell line was used per asgdate using cells harvested at
70 to 100% confluency4.1.2.9. Plates wereset up by first adding complete IMDM medim
(4.1.2.2 as inFigure 25A, and then cellswere prepared at 2 x final assagoncentrationin
completeIMDM mediumand added as ifrigure25B. Finally drug serial dilutions were prepared

at 2 x final assay concentration in compl&#¢DM mediumandadded as irFigure25C.

After 120 hours incubation ia 37 °C/5% CQ® incubator (Panasonic Biomedical, Loughborough,
Leicestershire, UK , IncU Safe models ROAIC and MCQ5AC) 25uLMTT reagent waadded

per welland plateswere incubated fora further4 hours in a 37C/5% CQ®incubator.Then 100
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uL of a20 % (w/v) sodium dodecyl sulphate (SD@jisher Scientific (part of Thermo Fisher
Scientific), Loughborough, Leicestershitek, RefS/P530/53 solution in 1:1 MQ K:DMF
(Dimethylformamide (DMR) Fisher Scientific: D/3840/1&djusted to pH 4.7 was add per well
to lyse cells and dissolve the precipitated formazan overnight3i &/5% CQincubator. The

plates were then read in BMG Labtech FLuost@mega plate reader at an absorbance of 6o

A. Addition of complete IMDM medium

1 2 3 4 5 6 7 8 9 10 11 12
A 50 50 50 50 50 50 50 50 50 50 50 50
B 50 100 50 50
C 50 100 50 50
D 50 100 50 50
E 50 50 100 50
F 50 50 100 50
G 50 50 100 50
H 50 50 50 50 50 50 50 50 50 50 50 50

B. Addition ofcells

1 2 3 4 5 6 7 8 9 10 11 12
A 50 50 50 50 50 50 50 50 50 50 50 50
B 50 50 50 50 50 50 50 50 50 50 50
C 50 50 50 50 50 50 50 50 50 50 50
D 50 50 50 50 50 50 50 50 50 50 50
E 50 50 50 50 50 50 50 50 50 50 50
F 50 50 50 50 50 50 50 50 50 50 50
G 50 50 50 50 50 50 50 50 50 50 50
H 50 50 50 50 50 50 50 50 50 50 50 50

C.Addition of 8point serial drug dilutioa

1 2 3 4 5 6 7 8 9 10 11 12

N R
N[NNI (NN
W wW[w|w[w|lw
ADND|INMDIDN
gjar|on o1 or|on
oloo|oolo
O] BN ENREN] ENI BN
00|00 |00 |00|00 |00

I OmMm|O0O|w|>

Figure25. MTT assay plate sefp. WellsB2, C2, D2 and E11, F11, G11 (red boxed) = minimum signal
(medum only), and wells E2, F2, G2 and B11, C11, D11 (blue boxed) = maximum signal (cells, Ao drug).
Addition of medum only to orange wells onlynumbers areulL/well added. BAddition of cell suspension

to yellow wells only numbers areplL/well added. CAddition of triplicate8 point drug dilution series to
coloured wells only, 5QL/well¢ green and purple represéiwo different drugs.
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The higher the absorbance value, the more converted formazan was present and so the higher

the number of viable, proliferating cells.

4.1.5.3 MTT assay data analysis

The background absorbance derived framdium only (minimum) wells was subtracted from the
absorbance of cell containing wells. Then the viability of dregted cells was calculated relative
to non-treated cells in percent. From these data thg,Malues were determined using Calcusyn

(Version 1.1, Biosoft 1996

100

% Viability

100 1000 10000 100000
Dose (nM)

Figure26. An example of a doseesponse curve Here the UKINB-3 parental cell line is challenged with
carboplatin, resulting in an d§gvalue of 2358nMred dashed line)Data points represent the mean of 3
biological repeat, with bars representing standard deviation.

4.1.6 Generation ofdrug sensitivity profiles and investigating the effect o€ulturing

drug resistant cell linesvithout drug

4.1.6.1 Qulturing drug resistant cell lisewith and without drugand generation of l§gvalues

The UKMB3 and UKMB6 platinum drug resistant sulines (UKAB3'CDDF® UKMNB-
3'CARBEY, UKMNBIOXALP®, UKANB6'CDDF”, UKMNB6'CARBE®, and UKMB
6'OXALF were cultured bottwith and withoutdrug for three months The UKANB-3 and UKF
NB-6 chemosensitive parental cell lines were also cultivated alongside.tHeefer tosections
4.1.2.1and 4.1.2.2 for details of the cell lines and how to culture themll cell lines were
resuscitatedas described in sectiof1.2.4 andthe resistant suHines were split into twesetsof
flasksat the first passageinto onesetdrug was introdaed tothe continuous cultureandfor the

second setdrug was not, and both sets were cultured fréhen on in paralle
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One month later the first MTT assa4.1.5 was performed, for which each cell line was tested
with each of cisplatin, carboplatin and oxaliplath1(1) to generate(IG,) values, and this was
carried out again one month later, and one month after thatgive three datasetsTwo further
datasets of 16 values were generated using the exactly the same parental cell lines and

correspording resistant sulines cultured with drug only.

4.1.6.2 Data analysis

Thetotal of five datasetf I1G, values generated from the parental lines and the resistant sub
lines cultivated with drug onlywere used to constructirug sensitivityprofiles for each cell line

with each drugMean G, values were plotted for each cell line with each drug. Additionally, for
the drug resistant sultines, the Igs were expressed as a fold difference over the corresponding
drug 1G, of the parental cdl line, by dividing the former by the latteand the mean of theseere

also plotted Fold differences a#@.0 were regarded as resistamata for UKINB-3 and UKINB-6

cell lines wereplotted separately as bar chartklsing Minitab 17 statisticadoftware, oneway
ANOVA with a post hoc Tukey analysis was performed to compare each combination of cell line,
drug tested and I§gresponse to one anotheilhis was to identify which means}@alue (for each

cell line and drug combination) fell into aasistically different group compared to the others in
terms of individual 9846 Cls for mean based on pooled STDEV: means that did not share a letter
were significantly different (g 0.05). Each group was labelled alphabetically on the chart bars.
determine whether a resistant subline retained drug resistanethe absenceof drug in
continuousculture we plotted, for each drug, théirst three datasets oG, values generated

from the parental lines anthe resistant subinescultivatedin parallelwith and without drugfor

three months (see4.1.6.). For each time pointwe plotted the IG,values for the cell lines
cultured without drug expressed as a fottifference over thecorrespondinglG, valuesfor the

same cell lines thatvere culured with drug, by diiding the former by the latterData for UKF

NB-3 and UKINB®6 cell lines were plotted separately

4.1.7 Proteomics

For proteomics studies, we investigatéite acute and adaption effects of the platinum drug
cisplatin on the neuroblastoma proteome using the &3 parental and UKRB-3rCDDE®
cell lines and also the UK¥B-6 parental and UKRB6rCDDP® cell lines (seet.1.2.1for cell
lines and4.1.7.1for the proteomics study set upfells were harvested and lysed .(.7.2, lysate
protein content was measured 4.1.7.3, and proteins were separated on gelsoy 2D-gel
electrophoresis(4.1.7.4. Differences in protein levels were identifiedsing the Progenais
Samespots Softwaréd.1.7.5. Protein spots that significantly differed between cell lines or
treatment were extracted from the gels and tryptically digested1(7.9, and identified using

matrix-assisted laser desorption /ionisation time of flight (MAIQFand MALDITOFTOR and
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tandem mass spectrometryMS andMS/MS respectively followed by data andysis using the
human protein  databases SwissProt (http:// www.uniprot.org/) and  (NCBInr

http://www.ncbi.nlm.nih.gov/refseq/)(4.1.7.9).

4.1.7.1 Proteomics studplanand set up of cells for studies

To investigate the acute and adaption effects of cisplatin onngroblastomgproteome we set
up two studies, one using the UKIB-3 parental and UKRB-3rCDDE® cell lines, and the other
using theUKFNB6 parental and UKRB-6rCDDP® cell lines.For each study a total of three
separate drug addition time course experiments were carried, @xcept forthe UKFNB-3
parental and UKRB-3rCDDF® 2 hour drug addition timepoints only, for which theewere twa
The cell lines were routinely cultured in between setting up the time course studies inrf25
flasks as described i1.2.2 though for this study wesed split ratios of 1 in 50 for both UKIB-

3 cell lines and 1 in 25 for both UKIB-6 cell linesAll ell lines weregrown for120 hourswith no
drug to 60-90 % confluency and haested, and isplatin was addedat concentrations ofL000
ng/mL forboth UKFNB-3 celllinesand 2000ng/mL forboth UKFNB-6 celllineg at 24, 8, and 2
hours BEFORRarvesting, but no drugvasadded to control flask§time 0 hours). Thus for each
time course experiment at least twb75cn flasks of cells were set Upr ead of the cisplatin
addition time points (2, 8, and 2hour) and alsocontrol cells (no drug added) for both the
parental and splatin resistantell lines.The am of these studiesvasto compareproteomesand

identify differencedor the followingcomparisongvs = versus, CDDPr = cisplatin resistant)

Identification of changes associated witisplatinacquired resistance
Nontreated parental lines vs respective nineated cisplatin resistant sulines

Parentals O hour control vs CDDPr 0 hour control

Identification ofacute cisplatin effectsin the parental cell lines and the cisplatesistant cells;
Nontreated parental cell lines vs parental cell line af2e8, or 24 toursincubation withcisplatn
Parentals 0 hour con vs Parentals 2 hour

Parentals 0 hour con vs Parentals 8 hour

Parentals 0 hour con vs Parentals 24 hour

Nontreated cisplatin resistant sulines vs cisplatin resistant sulines after 2, 8, or 24 s of
incubation with cisplatin

CDDPr 0 hour control vs CDDPr 2 hour

CDDPr 0 hour control vs CDDPr 8 hour

CDDPr 0 hour control vs CDDPr 24 hour
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4.1.7.2 Harvesting of cells and cell lysis

60 mL Dunn lysis buffer wapreparedby addng 36 g urea (Invitrogen (part of Thermo Fisher
Scientific), Lougporough, Leicestershire, UK, Ref 1582%), 1.2 g 3-(3-
Cholamidopropyl)dimethylammonief-propanesulfonate hydratéd CHAPS(Sigma,Poole, Dorset,
UK, RefC9426), and 0.§ DTT (Melford Laboratories Ltd, Ipswich, Suffolk, Ref MB1OZ&) mL
MQ H,O and stirring overnighton a magnetic stirre(Bibby B212, Bibby Scientifitdl. Stone,
Staffordshire, UK)The following day, L volumes of M®L,O were added one at a time (about 6
mL total) until the solution was cleand the components in solution, athich point 1.2mL
Pharmalyte carrier ampholytes (pH 310) (Amersham Pharmacia GE Healthcare Ltd.,
Buckinghamshire, URef17-0456:01) were added to the stirring solution The volume was then
adjustedto 60 mL with MQ H,O, aliquoted and stored at-80°C.Urea (10 M) disruptsthe non
covalent bonds in proteinand increaseshe solubility of some proteinSCHAPS$2 % wiv)is a
non-denaturingzwitterionic detergenthat solubilisesnembrane proteils; DTT(1 % whj) disrupts
protein disulphide bondscarrier ampholyteq2 % v/v)are small soluble molecusavith negative
and positive charges and they botmprove the solubility of some prot&is andcontribute to

establishing the pH gradiefar the first dimension of the 2[gelelectrophoresis4.1.7.9.

For each time point, cells the two T75cn? flasks were washed using PBS (n& 6aMg’") and
detached using InL 0.05% Trypsin/EDTA4(1.2.2), pooled and resuspended in 1AL 37°C
complete IMDMmedium Then the cell suspensions wereentrifuged in an Eppendorf 5702
benchtop centrifuge (Eppendorf, Stevenage, Hertfordshire,ddKPOOrpm for 5 mins. Cells were
washed twice by resuspending 10 mLPBS (no Ghor Mg™) and centrifugation at 1006pm for

5 mins. Next the cells were resuspended imb 0.35M sucrose, centrifuged at 100@m for 5
mins and the supernatant discagd. One protease inhibitor (PI) tablet (RocGemplete, Mini
Protease Inhibitor Cocktail TableRpche Diagnostics Limited, Burgess Hill, West SussaxefUK
11836153001)vas dissolved into inL MQH,;0 to make a 10 x concentration solution and kept on
ice. This 10 x protease inhibitor solution was dilutechara 1 xconcentrationby addingl00 pL

of it to 1 mLDLB and the cell pelletvas resuspended using 220 of this protease inhibitor
solution per 1x10cells by vortexing. Then the suspension wasubated onice for 3 mins,
vortexed again andheared through a sterile 8m long Microlance 19G gauge needle (Becton
Dickinson,UK Ltd, Oxford, England, Ref 301750) attached tmnka &terile syringe (Henke Sass
Wolf, Tuttlingen, Germany, Ref S5NNORMJECT), by aspirating and expelling rapidly five times
These lysedadlls were then centrifuged at0®0 rpm at 4°C for 20 misin a cooling Thermo
Electron Corporation centrifuge (Thermo Fisher Scientific), Loughborough, Leicestershire, UK, Ref

IEC CR1R) to remove particulate material. The supernatant/lysate was then storeRDaC.
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4.1.7.3 Modified Bradford assay

The modified Bradford assawas used to measure the protein concentrations in our lysates
(prepared as iM.1.7.2 and the method is based aat described by(Ramagli 1999)in this
method, acid is used to neutralise thékaline lysate samples befe adding dye because they

contain urea and basic ampholytes that affect thedong of dye to the proteins.

Bovine serum albumin (BSA) (Sigma Cat# A7030) was dissolved in 1 x protease inhibitor solution i
Dunn lysis buffer (prepared as4nl.7.9 at 5mg/ml and stored at80°C. 0.M HCI| wagrepared

by adding 0.3mL 32% HCI (Fisher Scientific (part of Thermo Fisher Scientific), Loughborough,
LeicestershirelJK, Ref H1100/PB17) to 29l MQH,0, and0.011M HCI was freshly prepared on

the day of testing by adding 1mI10M HCI to 8nl ddHO. Then the BSA solutioprotein inhibitor
solution and 0.01IM HCI were mixed as indicated Trable9 in order to generate a range of
protein concentrations needed for preparing a standard curve for the detection of protein
contents in sample. Triplicates were preparédough onlyone blank Q pg protein). The lysate

samples fromd.1.7.2were also prepared in triplicate, both undiluted and 1 in 2, aBaiblel0.

Proteino >3 0|5Y 3k Y[ .| 1xprotease inhibitor solutiorj 0.011M HCI¢6 >

in Dunn lysis buffed > f

0 0 10 90

5 1 9 90

10 2 8 90

15 3 7 90

20 4 6 90

25 5 5 90

30 6 4 90

40 8 2 90

50 10 0 90

Table9. Preparation of thestandard curve samples for the modified Bradford assay.
Dilution factor Sample (uL) | 1 x protease inhibitor solutiorj 0.011 M HCI (uL)

in Dunn lysis buffed > f

Undiluted 10 0 90

1lin2 5 5 90

Tablel0. Preparation of théysate samplefor the modified Bradford assay.

All tubes were vortexed to mix and then centrifugégdaThermo Electron Corporation centrifuge
(Thermo Fisher Scientific), Loughborough, Leicestershire, UK, Ref IECvELBaR)fly to collect
all ligud to the bottom of the tubes BioRad Protein Assay reagdlioRad Laboratories Ltd.,
Hemel Hempstead, Hertsfordshire, UK, Ref-8006)was diluted 1 in 4vith MQ H,O. Next,3.5
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ml of diluted Protein Assay reagewtas added to each tube and the tubesre vortexed and left
at room temperature for 5 mis Then the absorbance was read at 5%Bn using a
spectrophotometer (Jenway 6705 UV/Vis, Barlow Scientific, Dunmow, EssewalKjanked

with O ug protein.

The standard curvewas plotted using SigmaPlot softwareafi example of a standard curve is
shown below irFigure27). This standard curweas used taleterminethe protein concentrations

in the undiluted and 1 in 2 diluted lysagamples The protein concentration predicted for the
samples diluted 1 in 2 was doubled to gkeir undiluted actual value. All the resulting protein
concentrations were the amount of protein (ug) in 1D lysaé. The mean concentration for each
sample was calculated from the triplicate value§.he decision between using the protein
concentration values predicted for the undiluted or 1 in 2 diluted samples was based on the
position of their Ags values on the standard curve; the more central to the curve the more

accurate theprotein determination

0.8

0.6

Abs (595)

0.4 4

0.2

0.0 T T T T T
0 10 20 30 40 50 60

BSA (ug)

Figure27. An example of a BSA standard curve for the modified Bradford Assay.

4.1.7.4 2Dgelelectrophoresis

4.1.7.4.1 The principle of 2[@elelectrophoresis

The firstdimension stepisoelectric focussinga{so known asEF) separates proteins according to
their isoelectric points (pl)which is the pH at which the net charge of a protein is zeDwr
samples were applied ta plasticbadked gel strip withan immobilized pH gradientnon-linear,

pH 3-10), which wascreated by covalently incorporating a gradient of acidic and basic buffering

groups(immobilines) the pH range of-30 covers most proteins found in eukaryotic cells and the
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pHgradients at the extreme ends of the pH scale are nonlinear to distribute the proteins evenly
over the gel length to obtain maximal resolutio@n applyingan electric potential acrosthe

strip, the proteins in the sample migrate and focus to their psipons in thepH gradient aided

by the carrier ampholytes in the lysis buffer. Carrier ampholytes are a mixture of small, soluble
amphoteric molecules, each with a different, go they also migrate and focus to their pl
positions in the pH gradientthey have a high buffering capacity near their qahid theybuffer

their environment to the correspating pHs(GE Healthcare Handbook -882960AC. D
Electrophoresis Principles and Methods. 2004, Issaq, Veenstra 2008)

. SeeFigure28.

The secondlimension step is sodium dodecyl sulpha@yacrylamidegel electrophoresis (SBS
PAGE) which separates proteins according to their molecular weights (Mr) fdae3ion from

the first dimension. The pl resolvedproteins in thelEFstrips are again treated with DTT, a
reducing agent that breaks disulphide bonds (also present in the lysis buffet,.s&&) and also
iodoacetic acid (IAA) that prevents thedlilphide bonds reformingSDSs a negatively charged
anionic detergent whiclis used todenature the proteinin the lysatedurther by binding to them

and unfolding them into linear moleculeshe resulting anionic complexes have a constant net
negative charge per unit masahich enables them to migrate through tipelyacrylamide gebn
application of an electrical potentiaAfter such treatment, the degree of separation of the
proteins in an SBDBAGE gel mostly depends on their molecular weight, with larger proteins being
retained higher in the gel and smaller proteins being able to migrate through the gel to lower
positions There isan approximately linear relationship between the logarithm of the molecular
weight and the relative distance of migration of the §ia$/peptide complex.The resulting2D

gel has protein spots distributed across it, each of which potentiallyesents a single type of

protein (GE Healthcare Handbook -8829-60AC. 2D Electrophoresis Principles and Methods.

2004, Issaq, Veenstra 2008)
. SeeFigure28.
IEF S05-PAGE
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Figure28 Thefirst dimension(isoelectric focussing (IEF)) asetond dimensiorfsodium dodecyl sulphate
polyacrylamide electrophoresis (SPBGE)df 2Dgelelectrophoresighttps://www.thermofisher.conj.
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4.1.7.4.2 Sample preparation for 2Belelectrophoresis

The resulting protein concentrations (ug) in 10 lysate values generated from the modified
Bradford assay4(1.7.3, were divided by 10 to get the resulting protein concentrations (ug) in 1
uL lysate. Then 180 was divided by this protein cotraton (ug) in 1L lysate to get the
volume of lysate thatontains180 g total protein (180ug was a piagtimisedloadingamount).
Thisvolume of lysate waadjustedto the loading volume of 12B5L with1 x protease inhibitor
solution in Dunn lysis buffer (prepared as4iri.7.2. Thetiniest amount of bromophenol blue
(Sigma, Poole, Dorset, UK, Ref B5%243 added to each samp#mndthe sampleswere vortexed,
resulting ina very pale blue sample colour. All samples were then briefly centrifugéd an
Eppendorf minispin benchtop centrifugéEppendorf, Stevenage, Hertfordshire, UK)collect
sample at the bottom of the tubesefore continuing to the first dimension step (IEF)1.7.4.3.

4.1.7.4.3 Frst dimension stepisoelectric focussing (IEF)

The 125 uL volume of prepared sampleontaining 18Qug total protein 4.1.7.4.2 was pipetted
along the length of dEF ceramic strip holdéGE Healthcarétd., Buckinghamshire, UK FBfF
614687) and a7 cm Immobiline IPG D8trip pH 310 NL (GE Healthcatéd., Buckhghamshire,
UK Refl7600112)was laidgel side down onto the sampigith the marked+ end pointing north
in the + end of the strip holdeAny bubbles were gely pres®d out using a pipette tipThe
Immobiline IPG DryStrigas overlaid with0.3 mIDryStrip cover fluidAmersham Pharmacia, GE
Healthcare Ltd., Buckinghamshire, UK, Ref133501) and the strip holder lid ently put into
position. The strip holders werdllacedonto an Ettan IPGPhorsystemlIsoelectric Focussing
System(GE Healthcardtd., Buckinghamshire, JKvith the marked+ at the top and - at the
bottom, making sure the electrodes vee on the gold plated electrode areas.The IPGphor
conditionsused for these Zm Immobiline IPG DryStrigsshown inTablell. The systemvas run

overnight and stoppeavhen the last step reache8000 VhT.

Step Voltage (V) Time (h:min)
Stepn-hold 30 13:30
Gradient 200 00.45
Stepn-hold 500 00.45
Stepn-hold 1000 00.45
Gradient 8000 00.30
Stepn-hold 8000 07.30
Total Vhr(VhT) 8000

Tablell. Focusing protocol for 7 cm IPG DryStrips gl BIL

The Immobiline IPG DryStrips welteen washed inMQH,0. The washed stripshat were not

immediately progressed furthewvere gored at -80°C.
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4.1.7.4.4 Second dimensiorstep: sodium dodecyl sulphatpolyacrylamide electrophoresis
(SDSPAGE)

4 Xresolving gel buffer solution (1M Tris (pH 8.8)vaspreparedby dissolving 181.@ Tris base
(MW 121.1) Fisons, Ipswich, SuffolklK, now part oRhonePoulenc, Inc.,Ref/P360/6Q in 750
ml MQ H,O, adjustngto pH 8.8 withhydrochloric acidand fillingup to afinal volume of 1 litre
with MQ H,O and storedlong term at 4°C.10 % (w/v) SDSsolution was alsoprepared by
dissolvingd g SDSHisons, Ipswich, Suffolk, UK, now part of RABnalenc, Inc., Re&3/P530/53)
with MQ H,O up to 50 ml 10 % (w/v) ammonium persulfate (APSplution was prepared by
dissolving 0.1 g AP8i¢-RadLaboratories Ltd., Hemel Hempsteddertsfordshire, UK, R&61-
0700)with MQH,Oto to 1 m.

12.5 % SDS gels wemgreparedin 1.0 mm gel cassettes lavitrogen (part of Thermo Fisher
Scientific), Loughborough, Leicestershire, UKNR010). Tprepare50 mL of gel the following
reagents were added in the following orde20.8 mL of30 % (w/v) acrylamide/Bis solution 37.5:1
(2.7 % crosslinker(Bio-Rad Laboratories Ltd., Hemel Hempstead, Hertsfordshire, UKl @Ref
0158 (12.5% wv acrylamide finatoncentratior), 12.5 nL of 4 x resolving gel buffeplution (1 x
final concentration, 0.5mL of10 % (w/v) SDS solutiof0.1 % wi/v finalconcentration), 15.7 mL
MQ H,O, 0.5 mL 10 % (w/v) APS(0.1 % wi/v finalconcentratior), and 50 ul TEMED(Bio-Rad
Labaatories Ltd., Hemel Hempstead, Hertsfordshire, UK,. R61-0800) (0.1 % v/v final
concentratior). The resulting solution was thoroughly mixed by inversion and then transferred
quickly into the gel cassettes, fillingp near to their top,before carefully adding 40l water
saturatedbutanol to all the gels except for one gel into whizl2Dcombwas addedto give a
position for the strip and lao awell to add markerGels were left to set at room temperature for

30mins.

SDS equilibration buffeconsistedof 33.5 mL ofl.5M Tris (pH 8.8) (this is 4 x resolving buffer as
described above0.05M final concentratior), 360.35¢g of urea(Invitrogen (part of Thermo Fisher
Scientific)6 M final concentratior), Loughborough, Leicesthire, UK, Ref53605027), 345mL of
glycerol Fisons, Ipswich, SuffolklK, now part oRhonePoulenc, Inc., Ref G/0650/1{B4.5% v/v
final concentratior), 20g SDSFisons, Ipswich, SuffolkK, now part oRhonePoulenc, Inc., Ref
S/P530/53)(2 % wl/v final concentration and a couple of grains dfromophenol blue(Sigma,
Poole, Dorset, UK, Ref B5525) all dissolving overnight storirg magnetic stirre(Bibby B212,
Bibby Scientific Ltd, Stone, Staffordshire, UKo 1 litre with MQH,O. Aliquots of 45mL were
stored at-80 °C for long term storagd.0 x Tris Glycin8DS (TGS) running buffer vpasparedby
dissolving144 g glycine Fisons, Ipswich, SuffoIkJK, now part ofRhonePoulenc, Inc., Ref
G/0800/60)(192mM final conentrationas 1 x)30.3 g Tris baseHisons, Ipswich, SuffglkK, now
part of RhonePoulenc, Inc., R&/P360/60) (25mM final concentrationwhen1 x ),10g SDS0.1

% wi/v finalconcentrationwhen 1 x )with MQ H,O up to 1 litre there isno need to adjust the pH
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as it wil be pH8.3. Agarose (0.80) sealing solution waseparedby dissolving 0.2§ agarose in

50mL 1 x Tris Glycir@DS (TGS) running buféerd sbring 1mL aliquots at room temperature.

The Immobiline IPG DryStrips generated in the first dimenglah1.4.3 were equilibrated by
soaking then at room temperaturein 5 ml of SD®&quilibrium buffer containing ® mg DTT
(Melford Laboratories Ltd, IpswictSuffolk, Ref MB1015per strip, which breaks protein
disulphide bondsin their individual tubedor 15 mirs with gentle agitation oan IKA KS260 basic
rotating table (IKA, GmBH & Co, Staufen, Germaifyje strips were then each washed three
times whilstin the tubes with MQH,O. Thelmmobiline IPG DryStripsere then incubatedat
room temperature for a further 15 mawith 5 ml of SD®quilibrium buffer containing 125 mg
iodoacetamide (IAA)Signa, Poole, Dorset, UK, R&1L49) per stripin their individual tubesfor 15
minutes with gentle agitation othe rotating table 1AAalkylates thethiol groups and prevest
their re-oxidation and alsoalkylates any residual DTT to prevent streakimghe 2D gelsThe
strips were then each washed three timegth MQ H,O whilst in the tubes. Each strip was then
laid on top of a 12.%% Trigglycine gel, gel side to the front and + end to the,lefid overlaid with
0.5mLagarosg0.5%)sealing solutiorwhich had beempreviously heated to 100Cin a Test Tub
Heater SHT 1DSf{uart, Stone, Staffordshire, YKFor a set of stripdfrom ore time course
experiment, there was one gel for which 2D-comb wasused to give a position for the strip and
also a well to add markerForthis gelthe Immobiline IPG Dry$prused was cut off at each end
where there is no gel to fibefore sealing in The markers used were Precision Plus Protein
Standards (Dual ColourBi6-Rad Laboratories Ltd., Hemel Hempstead, Hertsfordshire, UK, Ref
161-0374), 5uL per wellThe gels wererun in an Invitrogen XCell Sure Lock Muiall
Electrophoresis System Inyitrogen (part of Thermo Fisher Scientific), Loughborough,
Leicestershire, UK 1 x Tris GlycinksSDS (TGS) running buffer 1 hour 30 mins (until the dye
front reached the bottom of the ge§t a constant 125Vwith ampssetas high as possible (3.00).

The resulting 2D SDS PAGE gels were removed from the cassettiesligitiially stained with
Coomassie Blue Stain for one houramIKA K$D basiaotating table This stain waprepared

by dissolving 0.25g Coomassie -BR50 (BieRad Laboratories Ltd., Hemel Hempstead,
Hertsfordshire, UK, Ref 1&1400)(0.05% wi/v final)in 250mL methanol Fisons, Ipswich, Suffolk
UK, now part oRhonePouenc, Inc., Ref M/4000/PC1@B0% v/v final) 50mL acetic acidHjsons,
Ipswich, SuffolkUK, now part oRhonePoulenc, Inc., Ref A/03600PB1T0 % v/v final)and 200
mL MQH,O (40% v/v final) The stain was then poured off and the gels individualks@éned fo
two hours on a rotating table, until the background was clear and the spots and bands visible.
The destain solutioncontained25 mL methanol Fisons, Ipswich, SuffolkK, now part bRhone
Poulenc, Inc., Ref M/4000/PC17) %o v/v final),35 mL acetic acidHisons, Ipswich, SuffolkJK,
now part of RhonePoulenc, Inc., Ref A/03600PB17)%7v/v final) and 44enL MQH,O (88%

final). The destain wasexchangedwhen it became too purplén colour. Destained gels were
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stored individually at £C in 0.1% acetic acid (1mL acetic ackispns, Ipswich, SuffglklK, now
part of RhonePoulenc, Inc., Ref A/03600PB1A 1 litre MQ HO) in resealable bags, laid

horizontally in a boxvhich waswrapped in foil

4.1.7.5 Andysis usindProgenesis Samespots software

Progenesis SameSpots software by Narear Dynamicéversion 4; v4.0.3779.13738)onlinear
Dynamics Ltd., Newcastle upon Tyne, WK$ used to analyse the 2D SDS Pa&& 4.1.7.4.9.

Two experiments$Samespots filesvere created with the software, on® comparethe UKFNB-3
parental and UKINB-3rCDDP® cell lines, and the ther one to comparethe UKFNB6 parental

and UKIMNB6rCDDP® cell lines.The software has guidedworkflow which was followed, in

brief, as follows described as for one of the experimentsith workflow steps in inverted
commas(for more details refeto www.totallab.com(Total Lab Ltd (Newcastle upon Tyne, UK.)
The next step was toupload images of the gels into their experimetty RS NJ WL Yl 38 v
select them to be includedAll of the destained 2D SDS PAGE gels were scanned as 6biddpi
depth of 8and grey scale TIFF images using an Amersham Pharmacia Biotech Image Scanne!
(Amersham Pharmacia, GE Healthcare Ltd., Buckinghamshire, UK) with visualegadion
appropriate croppingising Magiscan for Windows (version 4.2).SE (i = dzy Rc® Ndagew S ¥
{ St S OvieAragsifreda gel, which had the clearest and most well defined spats,the
reference gel to align all the other gel images@2 NJ 2 dzZNJ SELISNAYSy iia y2 Y
added- nothing was cropped or not included! f A 3 gf ¥&ly gelQone gel at a time, to the
reference gel image, is a critical step in the workflow. The softwatially aligns them using
automatic alignment vectors, then manual alignment vectors were added to each of the other
spots (and any individuahutomatic vectors discardkeif judged as not appropriate)Spots are
automaticallyassigned a numbeafter alignmentby the software and ro spots were filtered out

dzy’ R S NJ Q &t {olusesmgasutediere automaticallynormalised to the spot intensig and
background of a reference gel image that is selected by thevaoff to remove any system
variation fram differences between gels in, for example, sample preparation and loading, staining
and destaining,and/or image acquisition. The next stage wa&<® E LISNA YSy (i | fands Sa A
firstly an experiment was set upith all gels together. Then this experiment was viekaaking

at multiple lumns per condition so that, on scrolling through each spot one at a time, it was
possible to see how it appears on all the gels together in the same frame and this was used to
merge spots, split spots, redraw the spot outlioe just leavethe spotsas they vere. Spots were

only ever deleted if they were definitely not spots, but this was always avoided if posHilge.
eELISNAYSyi(ida 6SNB &S0 dzld dAAy3 G(KS w. @ditier8,Sy {
for example UKINB-3 parentals 0 burs and UKMB-3'CDDF* 0 hours or UKFNB-3 parentals 0
hoursand UKRNB-3 parentals 2 lours (all seven study comparisons are listedtift.7.1), and the

three gels from thehree separate drug addition time course experimentsre added for each
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conditon.ni KS W@A S NBadzZ 6aqQ aSO0iGrAzys (G(KS SELINBaA:
normalised spot volumegjanbe analysedas well as all collattimages of all the spots in each of

the comparisons, and a ongay ANOVA alue andFold increasevalue (the highest mean
normalised spot volume/lowest mean spot volume)e displayed foreach spot in each
comparison. For each study comparison, spots were seledtdfurther analysis. The selection
criteriawere tha the ANOVA galue was <0.05he Foldincreasevaluex m (bgpl decimal place)

and that the spot had reliable alignment and appearance on each gel.

4.1.7.6 Gelspot excision andchigeltryptic digestion of proteins

Throughout the procedure, gloves were always worn and methanol (Analytical gristesr
Scientific (part of Thermo Fisher Scientific), Loughborough, Leicestershire, UK, Ref M/4000/PC17’

washed (x39.5 and1.5mL Eppendorf tubes were used.

4.1.7.6.1 Gel spot excision

Selected spots were cut ofitom at leasttwo gelsin which they were the strongest in terms of
spot volume and clearest in terms of outling.X.7.5. A2D SD®AGHEel was initially washed
twice with MQ HO in a sterie 150 mm petri dishwith gentle agitation on aotating table (KA
KS260 basjdKA, GmBH & Co, Staufen, Germahiging a suitable sizesderile filter pipette tip
with the end cut off with a clean scalpel bladbe gelwas positioned on a methanol wiped
MEDAIght flat light box andthe spot of interest was excisedutting as close to the edge of the
spot as possible (it is important t@duce the amount of background geThe excised spot was
transferredinto a 1.5mL microfuge tube containing 0.5L 0.1 % acetic acid (InL acetic acid
(Fisons, Ipswich, Suffolk, UK, now part of RABoslenc, Inc., Ref A/03600PB1@)1 litre MQ
H,O). Batches of 12 spots at a time were taken through thalowingin gel digestion procedure

each spot in its own tubthroughout

4.1.7.6.2 In-gel tryptic digestiorof proteins

The protocol was based dBhevchenko et glShevchenko, Wilm et al. 199@roceduresvere
carried out in an ICN BSB48 laminar vertical flow recircling cabinet (MP Biomedicals, Irvine,
California, USA, distributed by Fisher Scientific (part of Thermo Fisher Scientific), Loughborough,

Leicestershie, UK) to reduce the chance of keratin contamination.

The proteirs in the gel piecewere then reduced and alkylated-orthis first stagethe following
buffers were required (note that all ammoniubicarbonate hiffers werepreparedfresh m the
day ofperforming thedigestiors): 100mM NHHCQ (Sigma, PooleDorset, UK, Ref A614(IR.06
mg in10 mL ddHO) filter-sterilised using).2 micron filters, which was used t@repare 50 mM
NHHCQ/acetonitrile (1:1) for 12 samples350 uL 100mM NHHCQ, 350 L. MQH,O, and700 uL
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acetonitrile (Fisher Scientific (part of Thermo Fisher Scientific), Loughborough, Leicestershire, UK,
Ref A/0627/17), and 50mM NHHCQ (for 12 samples: 1.s0L100mM NHHCQ mixed with1.4

mL ddH,0, enough for 12 sampleslO mM DTT (Melford Laboratories Ltd, Ipswich, Suffolk, Ref
MB1015)solutionwaspreparedin 50mM NHHCQ (1.54mgDTTin 1 mLb). 55mM iodoacetamide
(IAA) Gigna, Poole, Dorset, UK, R&fl49)solution was prepareith 50mM NHHCQ (10.17mg
IAAin 1 mL) and kept in the dark Excised gel particles wereaghed with 100 i of 50 mM
NHHCQ/acetonitrile (1:1) for 15 mig then @ntrifuged for 1 min at 5000 rpm in a benchtop
centrifuge (MSE Microcentaur MS13010.Cx1.5 centrifuge, MSE (UK) Ltd., Lower Sydenham
London, UKpand the liquid removed Next, 100 L acetonitrile was addedand Idt for 15 mirs
until the gel pieces hhdehydrated (they becane white and stik together if more than one
piece. Thenthey were entrifuged for 1min at5000rpm and the acetonitrilavasremoved The

gel pieces were themehydratedin 20 mM DTT in 5nM NHHCQ solution byadding emugh
liquid to cover the gepiece(about50 ), andincubaton for 30 mirs in aGrant Y6@vater bathat
56 C (Grant Instruments, Shepreth, Cambridge,) \Mext the gel pieces were centrifugefibr 1

min at 5000rpm and theDTT solutiorwasremoved Then he gel piecesvere thendehydrated
againfor 2 mins with 100nL acetonitrileprior to centrifugationfor 1 min at 5000rpm to remove

the acetonitrile. The next step was toehydratethe gel pieces ih5 mM iodoacetamidesolution

in 50mM NHHCQ adding enough liquid to cover the gel piece (aboutn®( whilst in the dark

for 20 mins at roomtemperature They were then entrifuged for 1 min at 5000 rpm and the
iodoacetamide solutionvas thenremoved The gel pieces were then washetdce usingl00 L

of 50 mM NHHCQ solution for 15 mirs followed by centrifugation for 1 min @5000rpm and
removal of50 mM NHHCQsolution. Next he gel pieces weragain dehydratedor 15 mins with

100 uL acetonitrile centrifuged for 1 min at 5000 rpm and acetonitrilewas removed The gel
pieces then dried in @acuum centrifuge for 1Bins atthe lowest speedSPD Speed VA4 \-

230,Thermo Savant (part of Thermo Fisher Scientific), Loughborough, Leicestershire, UK).

For in-gel tryptic protein digestion the following reagents were prepate 100 pL of Trypsin
Resuspension Bffer (Promega, Southampton, URefV542A)was addedto 20 ug freezedried
Sequencing Grade Modified TrypsiPr¢gmega, Southampton, UKefR/511A)esulting ina 0.2
Mg/uL solution (aliquoted and stored &0 °C longterm). Bothenzyme andouffer were bought
as a set (Promega, Southampton,, Bef V5111) Digestion bufferonly (25mM NHHCQ, 10%
acetonitrile) was prepared by mixind00 pL 100mM NHHCQ solution (see above), 4QuL
acetonitrile and 26QuL MQH,O. 10ng/pL trypsin in digagn buffer was prepared by adding0
pL 0.2ug/ul trypsin (see abovelo a mixture of100 uL 100mM NHHCQ(see above), 4QuL

acetonitrile and 24QuL MQH,O. To digest the ifgel proteins, the gel pieces were rehydrated in
20 ni of the 10 ng/uL trypsinin digestion buffersolution at 4 C (on ice) for 30 minsThe

remaining 10ng/uL trypsin in digestion buffesolution was removed and 1@1 of the digestion
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buffer only was added to cover the gel piecdhe samples were left at room temperature

overnightin the dark.

After tryptic digestion, the proteins were extracted from the gel piecegll5acetonitrile was
added to each gel piecéhenthey were sonicated for 15nins in aDecon FS minor sonicator,
Ultrasonics Ltd., Hove, Sussed, Wentrifuged for 1min at 5000rpm, and the supernatargt
collected. Next, 10 uL 50% acetonitrilecontaining5 % (v/v) formic acid prepared using7 L

formic acid(Fisher Chemical (part of Thermo Fisher Scientific), Loughborough, Leicestershire, UK,
Ref 1055957Q)70uL acetonitrile and 63uL MQH,O)was added and the pieces sonicdtegain

for 15 mins After centrifugationfor 1 min at 5000rpm, the supernatantwascollected and pooled

with the first supernatant. The pooled supernatanivere vortexed using a whirlimixel(Fisons
Whirlimixer, Fisons Science equipmghbughborough LeicestershitgK, Ref S€-202-0105)and

stored at-20 °C temporarily or80 °C longterm.

4.1.7.7 Mass spetroscqy and identification of proteins

4.1.7.7.1 The principle of MALBIOF MS anMALDITOFTORMS/MS

A mass spectrometer comprises of an ion source which ionises analytes, an analyser to measure
their massto-charge ratio (m/z), and a detector that quantifies the number of ions at each m/z

value(Figure29).

MALDI (Matrix-Assisted Laser Desorptidohisation) is a soft ionisation method which is
commonlyused to obtain large iondike proteins into gas phasevith minimal fragmentation.
Drieddroplets of samples and calibration standards in a matrix solution are prepared as spots on
a steel anchor plat¢4.1.7.7.2. In the source of theénstrument, desorption is triggered bpulses

from a UV laser bearhecausehe matrix material keavily absorbs UV laser ligintd converts it to

heat energy. fis causesblation ofthe matrixupper layerand thetransferof a proton from the

matrix to the analyte molecules giving thema positive charge (positive ionisatiofann,
Hendrickson et al. 2001, Cheng, Zhang 2010, Aebersold, Mann. 2068h analysing proteins
digestedwith trypsin, eachproteolytic fragment contains a basacginine (Rpr lysine (Kamino

acid residue, andso thisis highly suitable for positive ionisation mass spectrometric analysis

(Cheng, Zhang 2010)

To generatdime of flight TORF data (Figure29A), the resulting chargeabns of different sizes are
accelerated in the source and agama first ime of flight tube (TO®) before entering thdarger
second time of flight (TOR2) tube of the instrument where they are subjected to an
electronic/magnetic field. The time it takes for charged ions to fly through titbe to the
detector depends on their mads-charge ratios Snaller ions reach the detector more quickly.

Theresult is a Pejde Mass Fingerprint (PMF)a unique spectrum of abundance of all ions
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detected for that sample.The most abundant peptides @st intense peaks in the PMF spectra)
are selected to progregbrough to MALDITOFTORMS/MS.In the mass spectrometer, an ion can

be narrowly electronically gated for selection based on the velocity with which it leaves the
source in the TOE tube of tre instrument(Figure29B). For MALDTOFTOFMS/MS Figure

29C), he samples are subjected to the laser again at the source, but at a higher intensity than for
MALDITOF MSo that the peptides fall apart into even smaller fragmentsthe TOF tubethe
FNFAYSyGa Fte |G tylakdSareseldktedAfof Itsfrequir@dyimass bydie fgatiayA
before being accelerated through TQFand reaching the detector.The resultis a Peptide
Fragment Fingerprint (PFF) for the selected mass, which can be used to derive the amino acid
sequence of the original proteolytic fragment of that mass yielded from the trypsin digestion. This
is carriedout one at a time for the selected mbabundant peptidegAebersold, Mann 2003,

Mann, Hendrickson et al. 2001, Cheng, Zhang 2010)

4.1.7.7.2 Target plate preparation for mass spectroscopy

The next stage was to prepare dried droplets of protein samples and calibration standards onto
Anchorchip steel target plates ready for mass spectrometric analysis. AnchorChip standard 800um
target plates (MTP Anchorchip 384 TF Ref 209514 mounted on thegeé Ref 74115, Bruker

51 f GNRYA]l DYool s . NBYSYysS DSNXYlIyeo | NB Sldz L
hydrophobic surroundingsone plate has 384 anchors for samples and 96 anchors for calibrants
(Calibanchors) for MALDIOF MS. Sample and cadition anchors are grouped in a manner, that
always four sample anchors surround one calibration anchor which serves to calibrate those four

sample runs.

| / /| !'-cyand®4-hydroxycinnamic acid) is a widely used MALDI matrix for peptides, especially in
proteomics applicationgJaskolla, Papasotiriou et al. 2000)7 mg/mL HCCA matrix solution was
prepared by dissolving 1.shg HCCA (Sigma, Poole, Dorset, UK, Ref 18185@-crystalli®d
twice) in 2mL 80% aceobnitrile/0.09 % TFA solution (acetonitrile (Fisher Scientific (part of Thermo
Fisher Scientific), Loughboroudteicestershire, UK, Ref A/0627/17 and trifluoroacetic acid (TFA)
(Rathburn Chemicals Ltd., Walkerburn, Scotland Ref PTS@0dhjch 20uL 100mM NHH.PQ
(Sigma, Poole, Dorset, UK, Ref 2160038 addedf(nal concentration InM). Peptide Calibration
Standard I(freezedried) (Bruker Daltronik GmbH, Bremen, Germany, Ref 222&&8)prepared

in 125uL TA3(Q30:70 (v/v) acetonitrile : TFA 0%in water)and 10 pL of this calibrant solution

was mixedwith 2 mL of the HCCA matrix solution (aliquoted and stored-2@ °C for longterm

storage)¢ KS | yOK2NOKALI GFNBSG LXIFGS 461 a Of SFySR
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A.MALDITORgeneration of Peptide Mass Fingerprint (PMF)
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C.MALDITOFTORgeneration of Peptide Fragment Fingerprint (PFF)
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Figure29. The generation of MALDIOFMS andMALDITOFTORMS/MS data by the BrukddltraXtreme, a
MALDITOFTOF spectrometeiThe legend for this figure is in the following text.
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Figure29. The generation of MALBIIOF MS and MALDDFTOF MS/MS dathy the Bruker UltraXtreme, a
MALDITOFTOF spectrometerd. MALDITOF MS: Sample is ised in the source by th@ser and the ions
are accelerated through Time of Flight (T@Hes 1 and 2. tAthe end of TOF2 the ions are reflected
toward the detector which calculates ion masshich is dependent on the ma$s-charge ratio- the
smallest ions fly through the TOF tubes the quick®ghat results is a PMF (Peptide Mass Fingerprint)
which summarises the masses detected in a samplédnBion can be narrowly electronically gated for
selection based on the velocity with which éalves the source in the T@Ftube of the instrument. C.
MALDITOFTOFMS/MS: The most abundant peptides from MADIF MS are selected. Thanple is
ionised in the source by the laser again but at a higher intensity, causing the peptides to fallnapart i

AAAAA

AYFffSNI FNIF IYSyhiao ¢KSe IINB aStSOGSR o0& 3IFGAy3a |
ion fragments are acceleratatirough the TOF2 tubeAt the end of TOF2 the ions are reflected toward the
detector which calculates ion mass.hdt results is alaughter PF (Peptideé=ragmentFingerprint)for the
selected mass.(Figure adapted from Max Planck Institute for Plant Breeding Research website
http://www.mpipz.mpg.de/4452/MALDITOFTOF_MS_MS

Tryptically digested protein samples prepared astih.7.§ were thawed on ice and vortexed
using a Whirlimixer (Fisons Whirlimixer, Fisons Science equipment, Loughborough
Leicestershire,UK, Re3CP-202-0105). All samples and the calibration solutiowere each
vortexed again just before spotting them onto the Anchorchip target platgL of tryptically
digested protein sample solution was deposited onto each target sample anchor position and
allow to dry, then JuL HCCA matrix solution was depositaer each sample spot and allow to

dry. Thenl pyL of Peptide Calibration Standard Il solution (which already contains the HCCA) was
deposited onto each target calibranchor position and allovairadry. 1 uL HCCA matrix solution
onlywas deposited o three sample spat as a blank to check the Anchorchip plate was absolutely

clean.

4.1.7.7.3 MALD-TOF and MALBEIIOFTOF analysis

For each saple, MALDITOF MS (generatinggiein mass fingerpnts (PMF)) and MALDIOF
TOF MIS analyses (generating peptide fragmengérprints (PFF)) were carried ousinga
Bruker UltrafleXtrememass spectromete(Bruker Daltronik, Bremen, Germarnip) the positive

ion mode using monoisotopic masElex control software (version 3.4, Bruker Daltronik, Bremen,
Germany) was used to sep the instrument using the autoXecute feature for optimisation of
laser energy and automated data collectiddpectra were collected in reflector mode with an
acceleration voltage of 25 kV and a pulse ion extraction time ofs80he protein mass rangeif

MS was between 700 and 3500 m/z. The number of laser shots summed in MS0basrd for
MSMS it was 3000Data generated was sent to Flex Analysis software (version 3.4, Bruker
Daltronik, Bremen, Germanydr both external calibration in the proteimass range using the
Peptide Calibration Standarddiandardsolution (described above), and for peak selectidine

top five most intense peaks from the MALEDDF MS (PMF) data were subjected to MALDI TOF
TOF MS/MS to generate the PFF data.
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4.1.7.7.4 Protein idenification

The M§PMF)and MSMS (PFF) dat#4.1.7.7.3 were then sent, using Biotoosoftware (version
3.2, Bruker Daltronik, Bremen, Germanty) the standard Masot search engine (version 2.4.1
(http://wvww.matrixscience.comj and searched against both the humaprotein SwissProt
database (http://www.uniprot.org/) (version 2014 01, and version 2014 03 for reppgats
placedin the public domain by UNIprdBateman, Martin et al. 2015and the human protein
NCBInr  database (version 20140122, and version 20140323 for repeats
(http://www.ncbi.nim.nih.gov/refseq). For MALDITOFMS (PMF) data the following search
conditions were used; enzyme: trypsin, mixed modification: carbamidomethyl (C), variable
modification: oxidation (M), mass values: monisotopic, protein mass: unrestripieptide mass
tolerance: +# 100 ppm, peptide charge state: 1+, max missed cleavages: IMBoDITOFTOF
MS/MS (PFF) data the search conditions used were as favitleDITORMS (PMF) data, but with
the addition of fragment mass tolerance:-4).5 Da.For details of the original database search

algorithm that underpins the Mascot software refer to Pappin €Palppin, Hojrup et al. 1993)

Initially, for both MS and MS/MS data, the detailed data forpafitein matchesfrom both
Swissprot and NCBInr from the search results that passed the sceodf ¢uthich gives a p value
<0.05 andindicates a significant match for MS amdlicates identity or extensive homology for
MS/M9 werecollectedin an Excel gpadsheet, irrespective of the expect value. It is important to
note that for MS/MS data we focussed on the individual peptides (ion) scores, not the total
protein score for all peptides togetheEach protein score in a peptide mass fingerprint, and each
ion score in an MS/MS search has an expectation value too, widatates how often a match of
this quality or better is expected to arise by chance alohe; lbwer the expectation value, the
more significant the scoreéAn expect value cubff of 1 x 10 was taken as this represents a 1 in
100,000 chance that the match is random; we apply this strict ¢aiees for single spots from a 2D
gel there is no reliable mechanism for measuring a falsketection rate

(http://www.matrixscience.com/).

Next a seond spreadsheet was created, in which thames of thematched protein results
passing the score cutffs for both database searchesere collatedinto a tableand colour coded
according to whether or not the expectation value was above or below 10, resulting in a
simplified and unbiased representation of all the data togethiéte NCBInr database is not as
highly curated as the Swissprot database,nsore likely forNCBInrmany hits are frequently
generated for a singlquery,anda singleprotein hit often consists of a ligtf proteins rather than

a singleprotein (as for Swissprotepresentingmatches to, for examplalifferentisoforms, partial
sequences or subunitsf the same proteinln Mascot MS data reports,r@eins that matchthe
same setor a subset of mass values are grouped into a single IiHted in order of decreasing

scores and expect valuegjor our MS data,the top scoring protein inhe list for eachhit was
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transferred into thetable. However, ifa protein was unnamedthen the nextnamed proteinin

the list for that hit was also transferred (if there was one)In Mascot MS/MS data reports,
proteins matching the same set of peptidékerefore havinghe samescore andexpect values

are grouped as hitsso in this instangehe first protein in thelist for each hit was transferred into

the table, and ifthat protein was unnamed, then the next named protein in the list for that hit
was also transferred (if there was on#)second proteimialist for anMS/MS hitwassometimes
transferred tooif its namemade more sense relating the names ofcorresponding MS hits for
example VDAC2 was transferred as well as porin for spot@3éur coding waas follows.For

the MS data, matches with an expect value <1 X W@re colour coded green (strong match), and
matches with an expect value >1 x*1@ere colour coded orange (weak match). For the MS/MS
data, matches were colour coded green (strong match) if 1. at least one of the five peptides
passed the score cudff (whichgives a p value <0.05) as well as having a strong expect value <1 x
10°, 2. two or more of the five peptides passed the scoreaffifwhich gives a p value <0.05) but
had weaker expect values (>1 x°103. just one of the five peptides passed the scoutoff
(which gives a p value <0.05) with a weak expect value (>I’pbdDaccompanied by another

one or more of thefive peptides having (a) score (s) near to the scoreoffuand weak expect
value(s) (>1 x 19). An orange colour for the MS/MS daindicated a weaker match, and this was
for when just a single peptide passed the scoredai{which gives a p value <0.05) with a weak
expect value (>1 x ). The datan thetable was then arranged together for the duplicate spots,
then they were diided into one of the following groups; definite identifications, no identification,
keratin identifications and unsure identifications. Generally speaking, spots were classed as
definite identifications if each of the duplicates had strong identical ifieation in both
databases, with more weighting given to MS/Miis because MS/MS matches actual peptide

sequences rather than masses.
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4.2 Resultsc neuroblastoma cell lines

4.2.1 Characterisation of the neuroblastoma cell lines

4.2.1.1 Observedppearanceand growth characteristics of theearoblastoma cell lines

Representativeamagesof each of the eight cell lingg.1.2.]) used in these studieare shown in
Figure30, viewedon a phasecontrast light microscopé4.1.3. Described below are observations

of cell sizemorphology and growth whilst continuously culturing in the laboratdnl 2.9.

All the UKINB-3 cdl lines haveprojectionsand grow in monolayers. THgKFNB-3 parentals are
small and grow in clusters, and the UKB3'OXAL¥* look very similar except when they die
they merge together, and they diguite rapidly at a lower confluency than the other cell lines.
The UKMB3'CDDPP® cells are the largest of the UKIB-3 cell lines, growing uniquely in fan
shaped clusters. The U#IB-3'CARBE® cells are smaller als (compared to the UKRB3
parentals and UKINB-3'OXALP® cells) which grow more individually than as clusters, with a
minimal number of larger cells too; interestingly these larger MRB'CARB& cells reduce in
number over time compared to those with the after morphology. The UAKNB-3 parentals, UKF
NB-3'CDDF® and UKINB-3'OXAL¥* appear to be homogeneous populations compared to the
UKFNB-3'CARB&® cells. The UKRB3 parentals and UKRB-3'CDDP® cells grew the fastest,
followed by the UKINB-3'CARB&®and UKAINB-3'OXAL  cells.

Compared to thdJKFNB-3 cell lines, the UKNB6 cell lines have a more globular appearance
TheUKFNB-6 parentals and UKNB6'CDDP® are the smaller celland resemble each other the
mostregarding cell size and morpholgdiiey sendout many processes to neighbouring cells and
grow in multilayers the more confluent they getoweverthe UKFNB6'CDDP® were more
globular The UKIB6'CARB&™ and UKINB6'OXAL®grow not as much in multilayersith
few processes. The UKB-6'CARB&Y cells appear to be the most heterogeneous of all the cell
lines, and(closely followed by the UKRB6'OXALf cells)the hardest to trypsinise from the
flask surface (particularly the distinctive larger flat cells in the cell population)paerll they
are extremely pale and rounder in appearance. The-NBB'OXAL%is the fastest growing of
the UKFNB6 cell lines, with a largeand rounder morphology and are also palevith a
cobblestone growth pattern The UKINB6'CARB&® do not gow as fast as the UK¥B
6'OXALf cells, and the UKNB6 parentals and UKRNB-6'CDDP® grow the slowest.

For one experimen{see 4.1.6), all the resistant @b-lines were also grown for three months
without drug,and the only observed differences between the cellguredwith and without drug

were that the UKINB-3'CDDP®cells grew quicker withoutompared to with cisplatinand that
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the UKANB-6'CDDPcellscultured without cisplatinappeared less globuland looked flattein

morphologyover time compared to those cultured with cisplatin.

UKF-NB-3 Parentals UKF-NB-6 Parentals
0 :

UKF-NB-3"CDDP°®

UKF-NB-3"CARBO?°® UKF-NB-6"CARBO?°®

UKF-NB-3"OXALI?°% UKF-NB-6"OXALI*%®

Figure30. Imagesshowing representative morphologf each of the eight neurob&ioma cell linegimages
taken atx200 magnificationsize bars represent 1066n).
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4.2.1.2 Realtime growth curves in the presence and absence of drugs

Growth curves were generated for all four UKB-3 cell lines and the four UK¥B-6 cell lines
(4.1.2.9), using impedence based technology on Reche xCELLigensgstem(4.1.4.7), in order
to study their growth characteristics and to generagpowth doubling times For theresistant
sublines growth curves were generateth the presenceof drug (at continuous culture
concentration3, andin order to investigate theféects of removal of drug on their growth, curves
were also set up with drug excluded from thenedia A total of three biological repeats of
duplicate growth curves were generated feach set of four cell line@.1.4.2. Figure31 shows
the growth curves for each of the U#IB-3 and UKMB6 cell lines (oneepresentativebiological
repeat shown as an example, data not shown for the other two repeats)Fanae32 shows bar

charts of doubling time&t.1.4.3 (means of all three biological repeats).

For both the UKINB-3 and UKMB6 sets of cell lines, the growth and death profiles of the curves
for each drug resistant cell line all looked different compat@dboth that of the corresponding
parental cell lie (from which they were originally derived), and also compared to each other
within the sets Figure 31). This phenomenon was also demonstrated by thésequently

calculated mean doubling times figure32.

For the UKINB-3 cell linesfocussing on doubling timggigure32) for cell lines cultured with and
without drug, the fastest growing were theJKFNB3'CDDP® cells (22.2 and 19.1 hours
respectively) followed by the UKIB-3 parentals(32.3 hoursthen the UKINB-3'CARB&™ (36.0
and 35.5 hours respectivelygnd UKINB-3'OXALcells(38.7 and 35.7 hours respectivelyffor
the UKFNB6 cell lines the fastest growing were thiKFNB-6'OXALf cells (19.4 and 18.1 hours
respectiely) and the UKIB6'CARB& cells (22.4 and 21.7 hours respectively), followed by the
UKFNB®6 parentals (27.4 hours) and UKB6'CDDP™ (32.0 and 27.3 hours respectively).
Overall, the results generally reflected the growth observations of all abk lines during
continuous culture, as described4r2.1.1 It was interesting to note that the UK¥B-6'CARBE&™
and UKINB6'OXAL™ cells were the most difficult to trypsinise from the surface of flasks
(4.2.1.7, and in these experiments they always had the highest impedence (Qek (81)
measurements. This makes sense because impedence measurements are not just proportional to

the number of cells present and their viability, but also to cell morphology and attachment.

It wasalsodemonstratel how the resistant suHines with dug removedstill grew, on the whole,
in parallel to when grown with drygherefore the presence of drug is not essential for their
viability and growth.However the resistant sulines all had marginallysmallermean doubling
timesthan with drug presenfEigure32. The actual percentagedecreases of theseneandoubling
times are displayedelow in Table12, andinterestinglyit can be seen that thewumbers are

similar for the same drug resistant subline derived from each patiEme. biggest mean doubling
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time differences were between the cigpin resistant sudines with and without drug (14.1 to
14.7%), followed by the oxaliplatin resistant slibes with and without drug (6.5 to 7%), and
lastly, with minimal difference, the carboplatin resistant dines with and without drug (1.4 to

3.3 %). In the laboratory, dring routine continuous culture of the resistant slibes without

drug, differences were only obvious for the cisplatin resistantlés ee4.2.1.]).

UKFNB-3 cell line

% decrease in doubling
time (no drug/+ drug)

UKFNB-6 cell line

% decrease in doubling
time (no drug/+ drug)

UKFNB-3'CDDP® 14.1 UKFNB-6'CDDP® 14.7
UKFNB-3'CARB&® 1.4 UKFNB-6'CARBE&® 3.3
UKFNB-3'OXALFP® 7.8 UKFNB6'OXALH 6.5

Tablel2. The % decrease in mean doubling t&fgom Figure32) of the drug resistant subines grown
with no drug compared to when grown witheir corresponding drug.

Page |148



UKF-NB-3 Parentals
UKF-NB-3'CDDP'™ + CDDP
UKF-NB-3'CDDP™ no drug
UKF-NB-3CARBO™ + CARBO
UKF-NB-3'CARBO™™ no drug
UKF-NB-3'0XAL™™ + OXALI
UKF-NB-30XAU™ no drug
No cells, media only control
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Time (in Hour)

UKF-NB-6 Parentals
UKF-NB-6'cDDP™™ +CDDP
UKF-NB-6'CDDP™ no drug
UKF-NB-6'CARBO™™ + CARBO
UKF-NB-6'CARBO™™ no drug
UKF-NB-6'0XALI “™+ OXALI
UKF-NB-6'0XALI ““ no drug
No cells, media only control
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Time (in Hour)

Figure31. Representative growth curves generated using impedence techn@®mpghe xCelligence system)
for the panels of UKNB-3 cell lines (A) and UK¥B-6 cell lines (B). The drug resistant dines were

grown both in he presence and absence of drdgl(.4). Data are the mean of duplicate curves and error
bars represent standard deviatioThis datasetrepresents one of three biological repedtgher two not
shown)
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A. UKF-NB-3 cell lines B. UKF-NB-6 cell lines
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Figure32. Mean doubling times(calculated as i.1.4.3 of three biologial repeats of the growth curves (one of whichrépresented inFigure31) generated using impedence
technology (Roche xCelligence system) for the panels ofNB<Fcell lines (A) and UK¥B-6 cell lines (B). The drug resistant dies were grown both in the psence and absence of
drug @.1.4). Errorbars represent standard deviation.
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4.2.1.3 Drug sensitivityrofiles

The panels of UKNB-3 and UKINB-6 cell lineg4.1.2.7 were all tested byMTT assay4.15) to
generate five biological repeats of dose responses for each of the platinum drugs cisplatin,
carboplatin, and oxaliplati4.1.6). The aim was tdoth assess the sensitivity of each cell line to
each drug and to determine if the was any platinum drug crosssistance. Cros®sistance
means that even though the cancer cells have been culturéiceipresence of one drug to which

they have established resistance, they also demonstrate resistance to drugs to which they have
never been exposedTablel3 and Tablel4 show the mean l§gandmeanfold difference data for

the UKMNB-3 cells and UKNB6 cells respectivelyrold difference valuewere calculateddr the

drug resistant suinesonly, by dividing thelGgs by the corresponding drug kCof the parental

cell line.Figure33 showsthese data plottedor the UKFNB-3 cells andrigure34 for the UKFNB-6

cells.

RegardingFigure 33A and Figure 34A, sensitivity to each of the three platinum drugs was
demonstrated forboth the UKMNB-3 and UKIB6 parental cell lines, which have never been
exposed to these drugs. Additionally, all dmegistant suHines displayed substantially increased
IG, values to the drugs they had been adapted to. These data also clearly deaterss level of
drug crosgesistance for the resistant UKB-3 and UKINB6 sublines, except for the UKNB
3OXAL cells.

Focussing more on the fold differences values plottedigure33B andFigure34B, and classing a

fold changex®.0 as resistant; both the UK¥B-3'CDDP® and UKMB6'CDDE cell lines,
besides having cisplatin resistance (8.3 and 19.9 fold respectively), also demonstrated resistance
to carboplatin (6.3 and 9.6 fold respectively), but no, or lower levels of resistance to oxaliplatin (1
and 2.4 fold respectively). TheKBNB-3'CARB&” and UKMB6'CARB&Y cell lines, besides
having carboplatin resistance (7.6 and 8.5 fold respectively), also showed an interestingly higher
level of resistance to cisplatin (10.6 and 12.9 fold respectively), but no, or lower levels of,
resistance to oxaliplatin (1.1 and 4.1 fold respectively). The-NBFOXALF® and UKMNB-
6'OXALf™ cell lines, both showed oxaliplatin resistance (4.@ &ril fold respectively), and whilst

the UKFANB3'OXALF® cells showed no cisplatin resistance (1.4 fold) and no carboplatin
resistance (1.3 fold), the UKIB-6'OXALf™ cells showed a level of crosssistance to cisplatin

(3.9 fold) and carboplatin (2 fold). These data show that out of the drugs cisplatin, carboplatin
and oxaliplatin, there is a higher level of crossistance between the drugs cisplatin and

carboplatin in our panels of neuroblastoma cell lines.
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IC50 (nM) Fold difference
Cell line Drug Mean | STDEV|] Mean | STDEV
UKF-NB-3 Parentals CDDP 511 142 - -
CARBO | 2540 771 - -
OXALI 1060 480 - -
'YCmb. 6/ 55t |CDDP 4129 1374 8.3 3.0
CARBO | 15458 4620 6.3 2.2
OXALI 1059 609 1.0 0.4
''YCmtb. mo**F ! w. hCDDP 5387 2112 10.6 3.8
CARBO | 18973 8182 7.6 3.1
OXALI 1182 609 1.1 0.1
'YCmb. n'd**h - ! [ \CDDP 660 208 14 0.5
CARBO | 3130 928 1.3 0.4
OXALI 4669 1709 4.7 1.6

Tablel3. Drug sensitivity profiling of the four UKIB-3 neuroblastoma cell lines with cisplatin, carboplatin
and oxaliplatin by MTT assalG, values and Fold difference¥he table showshe meanlG, values for
each cell line for each drugndthe meanfold differences of the Igs of the resistant sudines with each
drug divided by the gvaluesfor the same drug with thegrental cell lineFold differences below 2.0 were
classed as no resistandeata are the mean of five biological repeatgh standard deviation.

IC50 (nM) Fold difference
Cell line Drug Mean | STDEV| Mean | STDEV
UKF-NB-6 Parentals CDDP 556 271 - -

CARBO | 3275 1590 - -
OXALI 3704 1333 - -

''YCnb. & */ 55t |CDDP 9634 3579 19.9 8.5

CARBO | 29123 | 11157 9.6 3.2
OXALI 8859 4500 2.4 0.6
lYCmb. me**F ! w. KCDDP 6211 2122 12.9 5.7
CARBO | 23829 6291 8.5 3.8
OXALI 14086 5958 4.1 1.7
l'YCmb. m'&**h - ! [ ICDDP 2125 991 3.9 0.7
CARBO | 12079 4445 4.0 1.3
OXALI 18033 6710 5.1 1.5

Tablel4. Drug sensitivity profiling of the four UKB-6 neuroblastoma cell lines with cisplatin, carboplatin
and oxaliplatin by MTT assa{, values and Fold difference$he table shows tgvalues for each cell line
for each drug and fold differences of the,d€of the resistant sulines with each drug divided by theg}C
values for the same drug with the parental cell lifeold differences below 2.0 were classed as no
resistanceData ae the mean of five biological repeats with standard deviation.
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Figure33. Drug sensitivityprofiling of thefour UKFNB-3 neuroblastoma cell lines with cisplatin, carboplatin
and oxaliplatin using the MTT ass#é§, values and Fold differenceA.|G, values for each cell line for each
drug. Letters on bars represent grouping from ANOVA -oay analysis with pogtoc Tukey test, using
individual 95% Cls for mealG, based on pooled STDEV: means that do not shdetter are significantly
different. B. The fold differences of thegS (as in A) of the resistant slibes with each drug divided by
the IGg values (as in A) for the same drug with therental cell lineForboth A and B, data are the mean of
five hiological repeats; error bars represent standard deviation.
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A. UKF-NB-6
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Figure34. Drug sensitivityrofiling of thefour UKFNB-6 neuroblastoma cell lines wittigplatin, carboplatin
and oxaliplatin using the MTT ass#§, values and Fold differenceA. 1G, values for each cell line for each
drug. Letters on bars represent grouping from ANOVA -oag analysis with pogtoc Tukey test, using
individual 95% Cls for mealG, based on pooled STDEV: means that do not shdettexr are significantly
different. B. The fold differences of thesi€ (as in A) of the resistant slihes with each drug divided by
the 1Gp values (as i) for the same drug with thegpental cell line. For both A and B, data are the mean of
five biological repeats; error bars represent standard deviation.
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4.2.1.4 Assessment of culturing drug resistant cell lines with and without drug

Toinvestigate the stability of the resistance phenotype of thiKFNB-3 and UKRB-6 platinum
drug resistant sultinesin the absence of drughty were cultured both with and without drug for
three months The parental cell lines were also cultivated alongside thd@, values were
determined monthly for each drug withach cell ling4.1.6. Data forUKFNB-3 and UKINB-6 cell
lines were plottedseparately inFigure35 and Hgure 36 respectively These figures show time
plots for IG, valuesfrom all cell linesfor cisplatin (A), carlblatin (B), and oxaliplatin (C), and
additionally the fold differenced@Gvalues for the cell lines cultured without dralvided bythe
corresponding & values for the same cell lines cultured with dydigr cisplatin (D), carboplatin

(E) and oxaliplatin (F).

A degree of variability in the MTT assay can be observed in thpld® A, B and @r the UKF
NB-3 cell lines but generally over the Bonths thelG, valuesare stable. Regarding the fold
differences in D, E andF, there is a decreasing trend for the UKB3'CDDP® and UKMNB
3OXALP® cell lines for each of the three platinum drugs, which could be translated as loss in
drug resistance and cross resistance. Howgther fold differences do not drop far belody thus
giving no strong suggestion of a loss of resistance or ¢esistance of any cell line. Overall, the
fold differences forFigure35D, E and F ranged from 0.78 to 2.19. The four fold difference points
that were over 1.5 can be explained by the variation in the correspondiggvilues ploted in

the corresponding l¢g plots. Assayvariability wasobserved more so in the UK¥B-6 1G, plotsin
Fgure 36A, B and C. However, the;J@alues for each cell line cultured without drug generally
trend with the 1G, values for the corresponding cell line cultured with dréigre 36A, Band C)
Therefore the fold differences plotdHgure 36D, E and Fall trended around the values of 1,
suggesting no loss of resistanéedownward tend and the lowest fold difference (0.54) at month

3 was observed for the UKNB-6'CDDP™ cell line versus cisplatin iAgure 36D, however on
referring to the cisplatin I§ plot Hgure 36A, this can be explained by a variable increasesyofC

the UKFNB-6'CDDP® cell line + CDDP cell line versus cisplatin at the 3 month time point.
Overall, the fold differences fdtigure 36 plots D, E and F ranged from 0.54 to 1.43.

Taking into accountariability of the MTT assay, there wano strongevidene that there wasa
loss of esistance foany of the UKINB-3 or UKINB6 drug resistant sutines over three months
of being cultured without drugHence resistance does not appear to be caused bydiiersible
enrichment of previously existing drugsistant cell populations, but more likely that an

irreversible genomic change occurred.
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Figure35. Assessmenof culturing
UKFNB-3 drug resistant cell lines
with and without drug for three
months. Each month, by MTT
assaypne biological repeat oG
values were generated for each
cell line with each of the platinum
drugs cisplatin, carboplatin, and
oxaliplatin. ine graphs of the
actual 1G, values for all cell lines
are plotted over time for cisplatin
(A), carboplatinB), and oxaliplatin
(C). Line graphs of thesl@alues
for the cell lines cultured without
drug expressed as a fold
difference over the corresponding
IG, values for the same cell lines
that were cultured with drug (by
dividing the former by the latter)
are plotted over time for cisplatin
(D), carboplatin (E) and oxaliplatin
(F)The key shows the cell line and
the drug they were continuously
cultured with or if not cultured
with drug
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UKFNB-6 drug resistant cell lines
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cultured without drug expressed
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by the latter) are plotted over
time for cisplatin (D), carboplatin
(E) and oxaliplatin (F)The key
shows the cell line and the drug
they were continuously cultured
with or if notcultured with drug

Page |157



4.2.2 Proteomics

4.2.2.1 Overview

Proteomics is the largecale study of the expression, localisations, functions, and interactions of
the entire complement of proteins (the proteome) expressed by a cell, tissue or organism at a
given time.Proteomics methodology was used to investigate ticute and adaption effects of
cisplatin on the neuroblastoma proteomel.L.7) using the UKRNB3 parental and UKNB
3'cDDPcell lines, and th UKANB-6 parental and UKRB6'CDDP® cell lines.Regarding the
toxicity of cisplatin in these cedland the levels of resistance of the slibes, he UKINB3
parental and UKRB3'CDDP® cell lines have mean (n=5) cisplatin,@lues of 511 and129

nM respectively, with a meafin=5) fold difference of 8.3the UKFNB3'CDDP® cell line is
maintained in continuous culturgvith cisplatin at3333 nM (1000ng/mL)in the medium The
UKFNB®6 parental and UKRB-6'CDDP® cell lines have mean (n=5) cisplatin,i@lues of 556

and 9634nM respectively, with a mean (n=5) fold difference of 1%@ UKFNB6'CDDF® cell

line is maintained in continuous cultukgith cisplatin at6666 nM (2000ng/mL)in the medium
(refer to both 4.2.1.3and 4.1.2.2. Using the MTT assay.L.5, time kinetics of response to
cisplatinwere generated(courtesy of Joanna Bir@r UKFNB-3 parental and UKRB-3'CDDP®

cell lines(1000ng/mL cisplati), and the UKNB6 parental and UKINB-6'CDDF* (2000 ng/mL
cisplatin (Figure37). For this, b simulate the proteomics study (see below), cell lines were grown
for 120 hours(at which pointMTT reagent was addedjith no drug to60-90 % confluencyand
drugwas addedndividually for 2, 8, 24 or 48ur timepointsprior to adding MTT reagent.

Two studies were set up, one using the tN@3 parental and UKRB3rCDDF® cell lines, and
the other using the UKRB-6 parental and UKNB6'CDDP®cell lines. Br each studya total of
three separate drug addition time coae experiments were carried quexcept forthe UKFNB-3
parental and UKRB3rCDDP* 2 hour drug addition timepoints only, for which there were two
(4.1.7.9. The time course experiments were namel, 3" and 4" runs for the UK#B-3 studies,
and n1, n2 ad n3 for the UKINB-6 study Cell lines wergrown for120 hourswith no drug to60-
90 % confluencyCsplatin(using the Img/mL stocks prepared as describedtit.l) was added at
concentrations of 1000ng/mL for the UIIB-3 cells and 2006g/mL for the UKINB6 cells a4,
8, and 2 lours prior to harvesting, but no drugvasadded to controlcells(0 hous), note that for
the UKANB-3 n1 (3 run) study, there was no Bour drug addition time pointCells were lysed
(4.1.7.2, protein content was determined (4.1.7.3, and samples analysed byD gel
electrophoresis 4.1.7.4. Theresulting gels were scanned and imagesre analysed using

Progenesis Samespots softwadiel(7.5, with experiments set up within the software that
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A. Time kinetics of response to 1000ng/mL cisplatin
for UKF-NB-3 parental and UKF-NB-3"CDDP1990 cells
140%
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100% ¢ ___4\\ -
§ 80% \\\\\
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20% | =—@—UKF-NB-3CDDP'000 \§
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0 12 24 36 48
Time of incubation with 1000ng/mL CDDP (hrs)
B. Time kinetics of response to 2000ng/mL cisplatin
for UKF-NB-6 parental and UKF-NB-6"CDDP2°%0 cells
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g 80%
g
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Figure37. Time kinetics of response to cisplatin far UKFNB-3 parental and UKNB3'CDDPcell lines
after treatment with 1000ng/mL cisplatin, an®. UKFNB-6 parental and UKRB6'CDDP® cell linesafter
treatment with 2000ng/mL cisplatinThe data for these curves was generated by MTT a@sayp. UKF
NB-3 parental and UKRB-3'CDDP®lines wereseeded at 800 cells/well and UKHB-6 parental and UKF
NB-6'CDDP® were seeded at 400@ells/well in 96 well plategn 100 pL/well mediain MTT assayand
grown for 120 lours with no drug to 680 % confluencyand thenMTT reagent was addecells were
treated with cisplatin for 2, 8, 24 and or 4®urs and cell viability was determined relative to untreated
control. Data are the mean of three biological repeats; error bars represent standard devigtis data is
courtesy of Joanna Bir@ur studies investigating the acute effects of cisplatin treatmiarthe same cell
lines @.2.2.4 were carried out over 2hours
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compared the sets of gels from the different drug addition time points as foll@ws= versus,

CDDPr = cisplatin resistant)

Identification of changes associated witisplatinacquired resistance
Nonttreated parental linews respective noftreated cisplatin resistant sulines

Parentals O hour control vs CDDPr 0 hour control

Identification ofacute cisplatineffectsin the parental cell lines and the cisplatesistant cells;

Nontreated parental cell lines vs parentatlcline after2, 8, or 24 hours of incubation with
cisplatin

Parentals 0 hour con vs Parentals 2 hour

Parentals 0 hour con vs Parentals 8 hour

Parentals 0 hour con vs Parentals 24 hour

Nontreated cisplatin resistant sulinesvs cisplatin resistant sutines after 2, 8, or 24 hours of
incubation with cisplatin

CDDPr 0 hour control vs CDDPr 2 hour

CDDPr 0 hour control vs CDDPr 8 hour

CDDPr 0 hour control vs CDDPr 24 hour

For archivedProgenesis Samespots files for the N3 and UKHNB6 studies referto the disc
provided. Note thafor the UKMNBo &G dzRés ¢S aSt SOG SR rub KB Pat S f
n KN TocTn cnnRLAMQ a4 GKS NBFSNByOS 3sts |y
NHzy b.oNJ /55t nKNJTocTp cnn-RBGsudy, we feNdted ha\géll A
YVIEYSR Wywm b. c Ll NwnKwn Hnar mokSr ovB/ oSNNSy OS 3St = |
YIEYSR WyH b.cNOAaAnKKYndpntTmMoptodpomPpcnnRLIAQ T2

The citeria for selection of spots from the above comparisons weusing the average
normalised spot volumes for one spot in each condititvat the ANOVA {alue was <0.05nd
that the Foldincreasevalue (the highest mean normalised spot volume/lowest nmeapot
volume)wasx m @l décimal place)and that the spot had reliable alignment and appearance

on each ge{4.1.7.5.

4.2.2.2 Summary of alldentified proteins

48 spots(out of 574 per ge) indicated differences in protein leveler at least one comparisoim
the UKFNB-3 cell linesand 32spots(out of 675per ge) indicated differences in protein levels for
at least one comparisoim the UKFNB-6 cell lines. These spots weeacised(4.1.7.6.3 from two
different gelsand thentryptically digestedand extracted from the gebieces(4.1.7.6.2. Each

protein samplewas subjected to the mass spectroscopy analytical metidd& DITOF MSt¢
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generate Protein mass fingerprints (PMF)) and MAIDIFTOF MS/MSt@ generate peptide
fragmert fingerprints (PFF)}3(1.7.7. Protein identity was determined based on thesulting MS

and M3MS fingerprintswhich were searched againgite human protein SwissProt database
(http://www.uniprot.org/) (version 2014_01, and version 2014_03 for repeaisyl the human
protein NCBInr database (version 20140122, and version 20140323 for repeats)
(http://www.ncbi.nlm.nih.gov/refseq) (4.1.7.7.4. Subsequent data handling is described in detall

in4.1.7.7.4 andthe resultingtables can be seen in Appendix | and J.

Of the 48 spots excised from the UKB3 study, 11 of these were recut from other gels and
analysed again due to unsure identifications for which -autecould possibly help to achieve a
definite identification, fo which one did. Ultimately, the result was 20 definite identifications, 12
that were identified as keratin or that had no identification, and 16 unsure identifications. Of the
32 spots excised spots from the UKB6 study, 8 of these were recut from othgels and
analysed again, although none achieved a definite identification. Ultimately, the result was 14
definite identifications, 4 that were identified as keratin or that had no identification, and 15
unsure identifications. Images of all spot n numsbfor the 20 UKINB-3 study spots and 14 UKF
NB-6 study spots that were definitely identified (and what gels they were excised from) are shown
in Appendix K and Appendix L respectively, tables showing normalised spot volumes and
expression ratios are shawin AppendixM and Appendix N respectivelyhe original 2D SBS
PAGEA4.1.7.4.9 gel positions of these identified spots are shown for the-NEBR study inFigure
38and for the UKINB-6 study inFigure39 (on the prementioned study reference gels).
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Figure 38 A 2D gel
electrophoresis image
showing the spot positions of
the 20 proteins (pH 3 -10)
resulting from the UKINB3
study (4.1.7 that were
excised and had definite
identifications using mass
spectroscopy methods and
MASCOT searches of tliee
human protein Swisfrot and
NCBInr databases. The gel
shown is the selected
reference gelWn H ny Mo
run NB3 Par 0 hr 73670
CNNRLAMQO®

Page |162



kDa

250
150

100
75

50

37

25

20

15

pH 3.0

» 10.0

Figure 39. A 2D gel
electrophoresis image
showing the spot positions of
the 14 proteins (pH 310)
resulting from the UKINB-6
study (4.1.7 that were
excised and had definite
identifications using mass
spectroscopy methods and
MASCOT searches of ttiee
human protein Swis®rot and
NCBInr databases. The gel
shown is the selected
reference gel Yy m

NB6parOh_020713_73683
cnnQod
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Tablel5and Tablel6 are summary results tables for the twenty UKB-3 and fourteen UKRNB-

6 identified proteins respectively. In these tables the spots are listed alongside tesitified
protein names, and with their Uniprot KB accession number and Uniprot KB name taken from the
UNiprot knowledge baséhttp://www.uniprot.org/). The mature length of the proteins were also
taken from Uniprot, and their theoretical averagmolecular weight (Mr) and theoretical
isoelectric points were calculated from the mature length protein using Geenpute pl/MW
option. The gepositions of the identified protein§Figure38 and Figure39) coincide with their
expectedpositions with regard taheir calculated molecular weights and yalues(Table15 and
Table 16). Minor variations were most likely due tposttranslational modificatias such as
glycosylation, posphorylation, and deamidatiofHalligan, Ruotti et al. 2004)In Table15 and
Table16 the mean normalised spot volumes for each set of geéscategorised imt the highest
or lowest foreachcomparison (see AppendiM and AppendixN for the individual and mean
normalised spot volumes). This information, along with tH¢QVA(p) and Foldncrease(the
highest mean normalised spot volume for the comparisxpressed over the lowest mean
normalised spot volume)priginate from the Progenesis Samespots analydie have also
expressed the mean spot volumes as a fold change ratio over the papemtiabl cell lines (Par
Ohr) for both the acquired cisplatin resance study and the acutdfects of cisplatin study in the
parental cells, andhen over the drug resistant control ceihes (CDDPr Ohr) for the acutfexts

of cisplatin study in the cisplatin resistant slilies We shall focus on these fold changatios
rather than the fold increase valugbold clange ratiosbelow 1.0 signifiedlownregulation and
above 1.0 upregulation of protein expressioBummarised roles were put togetharsing
AppendixO and AppendiXP, where the main roles and matchésleneOntology (GO) molecular
function, biological process and cellular component terms (excluding those inferred by electronic
annotation) are tabulated; all of this information was taken frddmiProt Knowledge base

(http://www.uniprot.org/).

Page |164



. Fold increase .
Highest X Fold change ratio
. . Average| Lowest mea| (highest mean K
. UniprotKB |UniprotKB Mature length mean . R of mean normalised .
Spot # [Protein name Gene R Mrth | Plth . normalised | Anova (p)| normalised spot Summarised role

accession #name (total length) normalised spot volumeas

(Kda) spot volume volume/lowest meary P Ao x a

spot volume SELINBaas

spot volume)
Acquired cisplatin resistance X t I NJ nKNJ

749 |Peroxiredoxin-2 PRDX2 |P32119 PRDX2_HUMAN |2-198 (198) 21.8 | 5.67 |Par Ohr CDDPr Ohr 0.00847 2.04 0.49 Redox regulation, growth factor signalling, negative regulat
of apoptosis

1369 |Phosphatidylethanolamine-binding PEBP1 |P30086 PEBP1_HUMAN |2-187 (187) 20.9 | 7.43 |Par Ohr CDDPr Ohr 0.02023 1.85 0.54 Enzyme inhibitor, neuronal function, promotes apoptosis,

protein 1/ Neuropolypeptide h3 immune reponse

792 |Stathmin STMN1 [P16949 STMN1_HUMAN |2-149 (149) 17.2 | 5.76 |Par Ohr CDDPr Ohr 0.04705 1.73 0.58 Microtubule regulation, signal transduction

978 |Dihydropyrimidinase-related protein 5 |DPYSL5 [Q9BPU6 |[DPYL5 HUMAN |1-564 (564) 61.4 | 6.73 |Par Ohr CDDPr Ohr 0.00170 1.71 0.58 Neuronal system development

/Collapsin response mediator protein-§
635 |S-formylglutathione hydrolase /EsteragESD P10768 ESTD_HUMAN |2-282 (282) 31.3 | 6.58 |Par Ohr CDDPr Ohr 0.03761 1.67 0.60 Detoxification of formaldehyde
D

709 |Heat shock protein beta-1 /heat shock |[HSPB1 |P04792 HSPB1_HUMAN (1-205 (205) 22.8 | 5.98 |CDDPrOhr [Par Ohr 0.00525 2.72 2.72 Chaperone, stress resistance and actin organisation, immy

protein 27 response, negative regulator of apoptosis

1659 |Heat shock protein beta-1 /heat shock |HSPB1  |P04792 HSPB1_HUMAN (1-205 (205) 22.8 | 5.98 |CDDPrOhr (Par Ohr 0.01586 2.24 2.24 Chaperone, stress resistance and actin organisation, immy

protein 27 response, negative regulator of apoptosis

1719 |Lactate dehydrogenase, A chain * LDHA P00338 LDHA_HUMAN  [2-332(332) 36.6 | 8.46 |CDDPr Ohr |Par Ohr 0.01305 2.07 2.07 Carbohydrate metabolism

1276 |Nucleophosmin ** NPM1 P06748 NPM_HUMAN 1-294 (294) 32.6 | 4.64 |CDDPr Ohr [Par Ohr 0.01315 2.09 2.09 Chaperone, ribosome biogenesis, cell proliferation, DNA
repair, tumour suppressor regulation, negative regulator off
apoptosis

1571 |Eukaryotic initiation factor 4A- EIF4A3 |P38919 IFAA3_HUMAN |1-411 (411) 46.9 | 6.30 [CDDPr Ohr |Par Ohr 0.02673 1.93 1.93 Regulation of translation, MRNA metabolism, negative

Ill/Translation initiation factor regulator of apoptosis

1583 |Phosphoglycerate kinase 1 PGK1 P00558 PGK1_HUMAN |2-417 (417) 445 8.3 |CDDPr Ohr |Par Ohr 0.00045 1.72 1.72 Carbohydrate metabolism, DNA replication

901 |60 kDa heat shock protein, mitochondrigSPD1  |P10809 CH60_HUMAN  |27-573 (573) | 58.0 | 5.24 [CDDPr Ohr |Par Ohr 0.03634 1.50 1.50 Chaperone, stress resistance, mitochondrial protein import
regulation of apoptosis, immune reponse

1121 |D-3-phosphoglycerate dehydrogenase|PHGDH [043175 SERA_HUMAN [2-533 (533) 56.5 | 6.31 [CDDPr Ohr |Par Ohr 0.02027 1.53 1.53 L-serine biosynthesis

Acute effects of cisplatin in cisplatin sensitive parental cells X t | NJ g KNJ

1084 |RuvB-like 2 RUVBL2 |Q9Y230 RUVB2_HUMAN |2-463 (463) 51.0 | 5.49 [Par 2hr Par Ohr 0.00357 1.67 1.67 Pos regulator of transcription; activation of cell proliferation
apoptosis, DNA repair and replication, negatively regulate
expression of ER stress response genes (ERAD)

1276 |Nucleophosmin ** NPM1 P06748 NPM_HUMAN 1-294 (294) 32.6 | 4.64 |Par 8hr Par Ohr 0.02465 1.61 1.61 Chaperone, ribosome biogenesis, cell proliferation, DNA
repair, tumour suppressor regulation, negative regulator off
apoptosis

449 |ATP synthase subunit beta, mitochond[®TP5B  |P06576 ATPB_HUMAN  [48-529 (529) 51.8 | 5.00 |Par 24hr Par Ohr 0.02593 1.52 1.52 Cellular metabolism

Acute effects of cisplatin in corrresponding cisplatin resistant cells X [/ 55t NJ|n KNJ
1576 |(26S protease regulatory subunit 8 PSMC5 |P62195 PRS8_HUMAN  |2-406 (406) 455 | 7.27 |CDDPr 2hr |CDDPr Ohr | 0.02232 1.58 1.58 Protein degradation
/Thyroid receptor interactor

637 |Voltage-dependent anion-selective |[VDAC2 |P45880 VDAC2_HUMAN (2-294 (294) 31.4 | 7.66 |CDDPr 2hr (CDDPIOhr 0.03104 1.61 1.61 Anion transport across the mitochondrial outer membrane,

channel protein 2 in apoptosis

1284 |Guanine nucleotide-binding protein  |GNB2L1 |P63244 GBLP_HUMAN  (1-317 (317) 35.1 | 7.60 [CDDPr 2hr |CDDPIOhr 0.04154 1.55 1.55 Cell signalling; repression of transcription and translation,

subunit beta-2-like 1 protein turnover, protein transport, cell proliferation,
promotes migration, promotes apoptosis

1252 |26S protease regulatory subunit 10B  |PSMC6 |P62333 PRS10_HUMAN |1-389 (389) 44.2 | 7.09 (CDDPr 2hr |CDDPr Ohr | 0.00522 1.54 1.54 Protein degradation

/Proteasome subunit p42
1002 |Elongation factor 2 EEF2 P13639 EF2_HUMAN 2-858 (858) 95.2 | 6.42 |CDDPr Ohr (CDDPr 24h 0.01506 241 0.41 Translation elongation
1719 |Lactate dehydrogenase , A chain * LDHA P00338 LDHA_HUMAN  [2-332(332) 36.6 | 8.46 |CDDPr Ohr |CDDPr_24hi 0.03580 1.88 0.53 Carbohydrate metabolism

Tablel5 The twentyidentified UKFNB-3 excised spotand their results for each comparison experiment in decreasing order oirfoldase Forlegend referto Tablel6legend.
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’ Fold increase )
Highest . Fold change ratio
. n Average| Lowest mea (highest mean .
. UniprotkB UniprotkB Mature length mean . R of mean normalised| .
Spot # |Protein name Gene . Mrth | Plth . normalised | Anova (p)| normalised spot Summarised role
accession # name (total length) normalised spot volumeas
(Kda) spot volume volume/lowest meary S A% x &
spot volume SELINKaas
spot volume)
Acquired cisplatin resistance X t | NJ |n KNJ
323 [Dihydropyrimidinase-related protein 3DPYSL2 (Q16555 DPYL2_HUMAN |1-152 (152) 62.3 | 5.95 [Par Ohr CDDPr Ohr | 0.00402 1.77 0.56 Neuronal system development, cytoskeleton remodelling f
neuronal growth cone collapse and cell migration, endocytd
722 |Glutathione S-transferase P GSTP1 |P09211 GSTP1_HUMAN |2-210 (210) 23.2 | 5.44 |Par Ohr CDDPr Ohr | 0.02040 1.72 0.58 Redox regulation, prevents neurodegeneration, negative
regulator of apoptosis and proliferation
682 [Proteasome subunit alpha type-6 PSMA6 |P60900 PSA6_HUMAN |1-246 (246) 27.4 | 6.34 |Par Ohr CDDPr Ohr | 0.00383 1.55 0.64 Protein degradation
/Macropain subunit iota *
1652 |Actin cytoplasmic 1 ACTB P60709 ACTB_HUMAN |1-375 (375) 41.7 | 5.29 |Par Ohr CDDPr Ohr | 0.01803 1.50 0.66 Cell motility and cellular component organisation
679 [Heat shock protein beta-1 /heat shocHHSPB1  |P04792 HSPB1_HUMAN |1-205 (205) 22.8 | 5.98 [CDDPr Ohr (Par Ohr 0.00409 2.35 2.35 Chaperone, stress resistance and actin organisation, immy
protein 27 response, negative regulator of apoptosis
779 [Stathmin STMN1 ([P16949 STMN1_HUMAN |2-149 (149) 17.2 | 5.76 |CDDPr Ohr (Par Ohr 0.03179 2.24 2.24 Microtubule regulation, signal transduction
1403 |Voltage-dependent anion-selective |VDAC2 |P45880 VDAC2_HUMAN |2-294 (294) 31.4 | 7.66 |CDDPr Ohr |Par Ohr 0.00009 197 197 Anion transport across the mitochondrial outer membrane,
channel protein 2 (VDAC2) in apoptosis
1441 |26S protease regulatory subunit 8 PSMC5 |P62195 PRS8_HUMAN [2-406 (406) 455 | 7.27 |CDDPr Ohr (Par Ohr 0.01223 177 177 Protein degradation
/Thyroid receptor interactor **
1548 |Pyruvate kinase (PKM) ** PKM P14618 KPYM_HUMAN |2-531 (531) 57.8 | 7.95 [CDDPr Ohr (Par Ohr 0.02274 1.83 1.83 Carbohydrate metabolism, tumour cell proliferation and
survival, role in caspase independent death of tumour cellq
1539 |Aconitate hydratase, mitochondrial |ACO2 Q99798 ACON_HUMAN |28-780 (780) 85.4 | 7.36 [CDDPr Ohr |Par Ohr 0.00915 1.62 1.62 Carbohydrate metabolism
Acute effects of cisplatin in cisplatin sensitive parental cell X t I NJ n]KNJ
163 |Endoplasmin HSP90B1 |P14625 ENPL_HUMAN |22-803 (803) 90.2 | 4.73 |Par Ohr Par 2hr 0.04190 1.70 0.59 Chaperone; folding and transport of secreted proteins and
like receptors, ERAD, negative regulator of apoptosis
682 [Proteasome subunit alpha type-6 PSMA6 |P60900 PSA6_HUMAN |1-246 (246) 27.4 | 6.34 [Par Ohr Par 2hr 0.02157 1.45 0.69 Protein degradation
/Macropain subunit iota *
950 [Heat shock cognate 71 kDa protein  |[HSPA8 |P11142 HSP7C_HUMAN |2-646 (646) 70.8 | 5.37 |Par Ohr Par 8hr 0.00703 1.60 0.62 Repressor of transcriptional activation, chaperone, ERAD,
component of the spliceosome
1104 |Peroxiredoxin-4 PRDX4 |Q13162 PRDX4_HUMAN |38-271 (271) 26.6 | 5.54 [Par Ohr Par 8hr 0.02249 1.47 0.68 Redox regulation
1548 |Pyruvate kinase (PKM) *** PKM P14618 KPYM_HUMAN |2-531 (531) 57.8 | 7.95 [Par 8hr Par Ohr 0.00104 1.47 1.47 Carbohydrate metabolism, tumour cell proliferation and
survival, role in caspase independent death of tumour cellg
278 |78 kDa glucose-regulated protein HSPA5 |P11021 GRP78 HUMAN |19-654 (654) 70.5 | 5.01 [Par Ohr Par 24hr 0.01090 1.52 0.66 Chaperone, negative regulator of apoptosis
Acute effects of cisplatin in corrresponding cisplatin resistant cells X /55t NJ nKNJ
1548 |Pyruvate kinase (PKM) *** PKM P14618 KPYM_HUMAN |2-531 (531) 57.8 | 7.95 [CDDPr Ohr |CDDPr 2hr 0.02496 1.86 0.54 Carbohydrate metabolism, tumour cell proliferation and
survival, role in caspase independent death of tumour cellq
1441 |26S protease regulatory subunit 8 PSMC5 |P62195 PRS8_HUMAN |2-406 (406) 45.5 | 7.27 |CDDPr Ohr |cDDPR4hr | 0.03220 1.45 0.69 Protein degradation
/Thyroid receptor interactor **

Tablel6. The fourteenidentified UKFNB-6 excised spotandtheir results for each comparison experiment in decreasing order ofificiéase This legends extended on the next page
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Table 16 legend continued. Spot # corresponds to those on the 2DKigls €38 and Figure39). Gene,
Uniprot KB accession # and name, mature length of protein, #geMrth (theoretical molecular weight)

and Pl th (theoretical isoelectric point) were all taken from the Uniprot KB (knowledge base)
(http://www.uniprot.org/). Highest mean and lowest meamormalised spot volumeee mean normalised

spot volumes in Appedix M and N) for that comparison with the associated ANOWAlpe(all < 0.05pnd

Fold increasdall x m ®p (2 wm [RafeCal tdkeri fromJthé Pr&énesis Samespots analysis. Mean
normalisedspot volumes were also expressed as a Fold change ratio over the parental cell lines (Par Ohr) for
both the acquired cisplatin resistance study and the a@ifects of cisplatin study in the parental cells, and

then over thecisplatinresistant control ck lines (CDDPOhr) for the acute #ects of cisplatin study in the
cisplatin resistant sutines. Fold change ratio values below 1.0 signified downregulation and above 1.0
upregulation of protein expressiorRar = @rental cell line, CDDPr = cisplatirsistant cell line, and hr
values are the cisplatin addition timepoints (note no drug was added to O hr controls). Summarised roles
have been constructed using Appendix O and P. Shaded in grey are proteins that appear in both-the UKF
NB3 and UKINB6 studes; Heat shoclprotein betal, stathmin, VDAZ, and 26S protease regulatory
subunit 8. Asterisks denote if a protein was a result in more than one study comparison in the table; lactate
dehydrogenase, A chain (*) and nucleophosmin (**) each appear twi€ahitel5 and proteasome subunit

alpha type6 (*) and 26S protease regulatory subunit 8 (**) each appear twice and pyruvate kinase (PKM)
(***) appearsthree times inTablel6.

4.2.2.3 Inwestigation ofchanges associated widcquired cisplatin resistance

This investigation was carried out by comparihg proteomes of thenon-treated parental cells

to the corresponding cisplatiresistantsub-lines

Regardinghe UKFNB-3 acquired cisplatin resistancgudy fop section ofTablel5), there were

12 proteinsfound differentially regulated5 proteins displayed decreased levels in the DIRF
3CDDP® cells relatve to the UKMNB3 parental cells (peroxiredoxin2,
phosphatidylethanolamindinding protein 1, stathmin, dihydropyrimidinaselated protein 5,

and Sformylglutathione hydrolase)and 7 proteins displayed increased levels in th&FNB-
3ICDDP™ cells relative to the UKANB3 parental @lls (heat shock protein betd, lactate
dehydrogenase, nucleophosmin, eukaryotic initiation factor 4A 1ll, phosphoglycerate kinase 1, 60
kDa heat shock protein (mitochondrial), aneBiphosphoglycerate dehydrogenasd)s indicated

by GO term analysis, thdentified proteinsare involved in many process@xludingchaperone
activity, stress resistance, redox and detoxification, cell growfigptosis,DNA repair, protein
turnover, carbohydrate metabolism, cytoskeletal organisation and neuronal functioth an
development (Table 15 and Appendix O).Fold change ratio values below 1.0 signified
downregulation and above 1.0 upregulation of protein expressima, weconsidered the largest
changes in protein expression to be for proteins with a foldinge ratio over the UKRB-3
parental cells below 0.5 or above 2.0. The redox regulator peroxiredbximas downregulated

with a fold change ratio of 0.49, whilsthe chaperone heatshock protein betdl, lactate
dehydrogenase (A chain), which is a player in sugar metabolism, and the multifunctional protein
nucleophosminwere all upregulated with fold change ratios of 2.72/2.24, 2.07 and 2.09
respectively; no¢ that in this study, heat shock protein belawas identified as two spots
appearing at different isoelectripoints on the gel Kigure 38), which coud be explained by

differences in postranslational modifications.
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Regarding th&JKFNB-6 acquired cisplatin resistanctudy (Tablel6) there were 10 proteins that
were found differentially regulated 4 proteins displayed decreased levels in thiKFNB
6'CDDP™ cellsrelative to the UKINB-6 parental cells dihydropyrimidinaseelated protein 2,
glutathione Stransferase P, proteasomaulsunit alpha type6, and actincytoplasmic )}, and 6
proteins displayedincreased levels in thdJKFNB6'CDDP® cells relative to the UKINB6
parental cells lfeat shock protein betd, stathmin,voltagedependent aniorselective channel
protein 2 (VDAR), 26S protease regulatory subunit 8, pyruvate kinase, and aconitate hydratase
(mitochondrial). GO term analysis revealed that these identified proteins are involved in similar
processes as those found differentially regulated between the-NBB'CDDPF® and UKMNB-3
parental cells, includingchaperone activity, stress resistance, redox and detoxification, cell
growth, apoptosis, DNA repair, protein turover, carbohydrate metabolism, cytoskeletal
organisation and neuronal function and developméhable16 and Agendix P) Regarding fold
change ratios over the UKB-3 parental cellsfalling below 0.5 or above 2.0, there were none
below 0.5, butabove 2.0 were heat shock protein beta(also high in the UKRB-3 study), along

with the microtubule system regulator stathmin, and the voltadgpendent aniorsdective
channel protein 2 (VDAX), with fold change ratios of 2.2.2 and 2.0 respectivelWDAQ is
involved in both anion transport across the outer mitochondrial membrane and apoptosis, and
had the smallest ANOVAwalue It appeared to beswitched on in the UKRB6'CDDP® cells
compareal to switched off in the UKRB6 parental cells (sespot 1403 in Appendix L).

At the individual protein level, heat shock protein bdtavas found to be upregulated in both
comparisonsUKFNB-3'CDDP® cellsvs UKFNB-3 parental cells and theUKFNB6'CDDE® cells
vs UKFNB6 parental cells.Stathmin was also differentially regulated in both comparisons.
However, stathmin was downregulated in the comparis®FNB3'CDDP® cellsvs UKFNB-3
parental cellsand upregulated in the comparisddKFNB-6'CDDP® cellsvs UKMB6 parental

cells.

Differences in up and downregulation were obserwelden we compared our results with those

from two other proteomic investigations into cisplatin resistance using neuroblastoma cell lines;
one that was published previous to oupovk (D'Aguanno, D'Alessandro et al. 2014nd a second

that was published afte(Piskareva, Harvey et al. 2086) 5 Q! 3dzt yy 2 Sa& Ff OI I
analysis in SI3Y5Y parental and corresponding cisplatin resistant neuroblastoma cells using, in
parallel, 2Dgel electrophoresis coupled to mass spectrometry and the more sophisticated label
free NLEGVIS (nanoflow liquid chromatography mass spectroscopy). Piskarevé eteal similar
methodology (nL@ISMS), to generate protein expression data for three neuroblastoma cell
lines (Kelly, CHP12 and S#N-AS cells) and their corresponding cisplatin resistantlsds. From

these publications we took their results for allet proteins that we found to be differentially

expressed in our acquired cisplatin resistance investigations and presented it altogether, with our
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Table 17. A

comparison of the
differentially regulated
proteins in our UKF
NB3 and UKFNB®6

studies (esistance
only: Par Ohr vs CDDP,|
Ohr from Table15 and

Tablel6) alongside the
results for the same
proteins in two other

proteomics studies
investigating platinum
resistance in
neuroblastoma cell
lines (D'Aguanno,
D'Alessandro et al.
2011, Piskareva,
Harvey et al. 2015)
This legend is

extended on the next
page.

Our studies D'Aguanno et al (2011 ) Piskareva et al (2015)
0 b nLc-M§ nLC-MS-MS
electrophoresis electrophoresis
. . . . | Ofthe 6 cell lines, the # thg
UniprotkB Fold change ratio Fold change ratio Fold change ratio Fold change ratio Fold change ratio | - Fold change ratio the protein is modulated in
Spot # |Protein name ) UKF-NB-®€DDF*/ | UKF-NBE&DDF*/ ) CHP-212Cis100 /| SK-N-ASCis24 / A ;
accession # SH-SY5Ycp / SH-SY5Ywt KellyCis83 / Kelly (# agreeing with us in terms
UKF-NB-3 Par UKF-NB-6 Par CHP-212 SK-N-AS . . .
expression direction)
UKF-NB-3 study
749 |Peroxiredoxin-2 P32119 0.49 none none none 0.57 none none 2(2)
1369 |Phosphatidylethanolamine-binding |P30086 0.54 none none none none none none 1
protein 1 / Neuropolypeptide h3
792  [Stathmin P16949 0.58 2.24 none highly represented in 0.61 none none 4 (3)
SH-SY5Ywt
978  |Dihydropyrimidinase-related protein 5|Q9BPU6 0.58 none none none none none none 1
/Collapsin response mediator protein-
635 [S-formylglutathione hydrolase /Estera|P10768 0.60 none none none none none none 1
D
709 [Heat shock protein 27/Heat shock P04792 272 2.35 none none none 0.43 0.41 4(2)
protein beta-1
1659 |Heat shock protein 27/Heat shock  |P04792 2.24 2235 none none none 0.43 0.41 4(2)
protein beta-1
1719 |Lactate dehydrogenase, A chain P00338 2.07 none none 9.09 none none 0.50 3(2)
1276 |Nucleophosmin P06748 2.09 none none 9.09 none none none 2(2)
1571 |Eukaryotic initiation factor 4A- P38919 1.93 none none none none none none 1
Ill/Translation initiation factor
1583 |Phosphoglycerate kinase 1 P00558 1.72 none none highly represented in 1.48 none 0.47 4 (3)
SH-SY5Ycp
901 (60 kDa heat shock protein, P10809 1.50 none none 3.70 none 1.75 none 3(3)
mitochondrial
1121 |D-3-phosphoglycerate dehydrogenasg043175 1.53 none none none none 0.55 none 2(1)
UKF-NB-6 study
323 |Dihydropyrimidinase-related protein 2|Q16555 none 0.56 none none none none none 1
722 |[Glutathione S-transferase P P09211 none 0.58 0.30 none 1.67 none none 3(2)
682 |Proteasome subunit alpha type-6 P60900 none 0.64 none none none none none 1
/Macropain subunit iota
1652 |Actin cytoplasmic 1 P60709 none 0.66 none none none none none 1
679 [Heat shock protein beta-1 /heat shoc P04792 272 2.35 none none none 0.43 0.41 4(2)
protein 27 2.24
779 [Stathmin P16949 0.58 2.24 none highly represented in 0.61 none none 4 (1)
SH-SY5Ywt
1403 |Voltage-dependent anion-selective  |P45880 none 1.97 222 none none none none 2(2)
channel protein 2 (VDAC?2)
1441 |26S protease regulatory subunit 8 P62195 none 1.77 none none none none none 1
/Thyroid receptor interactor
1548 |Pyruvate kinase (PKM) P14618 none 1.83 none none 1.49 0.66 none 3(2)
1539 |Aconitate hydratase, mitochondrial |Q99798 none 1.62 none none 0.64 none none 2(1)
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Table 17 legend continuedFold change ratios were calculated by dividing the mean normalised spot
volume of the ciplatin resistance subline over that of its parental line. Note that all the proteins predente

in this table had a one way ANOWAalue <0.05 and a fold increase (highest mean/lowest mean spot
volumes) ofKlL.5to 1 decimal placéor each comparison, excdp T 2 NJ (G KS del@lecRBapthosésis?2 H 5
results, which used more stringent eaffs, p value <0.02 and a fold increase (highest mean/lowest mean
spot volumes) of.0.Blue = proteins with higher expression in parentals cells, green = proteinigithr
expression in corresponding cisplatin resistant-§ubs, grey sproteins appearing in both the UK¥B-3

and UKMNB6 studeswSR GSEG ' mH LINPGOSAYya G6AGK | NBadzZ G Ay
et alor Piskarevat alstudies

data, inTablel7, making a total of 6 neuroblastoma cell ljiecluding our two.It is important to
note the major neuroblastomaelevant differencebetween these cell linedJKFNB-3, UKFNB-6,
and Kelly 2 MYCNamplified, andSHSY5YCHP212 and SiN-ASare nonamplified (refer to
2.1.2 and 2.1.3 for MYCN information).Since a limited amount of such studies has been

performed so farit is not really clear what level of overlap we would expect.

Of our total of 20 modulated proteins in one or both of the tN&3 and UKIB-6 acquired
ciglatin resistancestudies, 8 (4®%6) (in black text iTablel7) gave no result in any of the other
neuroblastoma cell line comparison$he remaining 12 (6®) (in red text inTable17) were
discovered to have a result in at least one of the other neuroblastoma cell line comparisons by the
other two research groups. Of these 12 proteins, 4 ¥33(peroxiredoxit2, nucleophosmin, the
chaperone 6(kDa mitochondrial heat shock proteiand the voltagedependent aniorselective
channel protein 2 (VDAR)) were the same in terms of up or downregulation (in a total of 2, 2, 3,

2 cell lines respectively; see last column of the table) across all 6 eltdmparisons The
remaining 8 out of these 12 proteins (8%), including heat shock protein betawere both up

and downregulated.

Focussing more on the results®fK S A Y RA @A Rdzl £ OSft 4l antl RiskdBeva ehay’ (0 |
studies, here were5/12 (42%) UKINB-3 proteins (including stathmin) that were also modulated

in the SHSYS5Y studies and all with the same direction of expression to our study, and there were
3/10 (33%) UKINB-6 proteins also modulated in the S¥5Y studies, two of whiblad the same
direction of expression to our study whilst stathmin was different. There were 3/124RBKF

NB-3 proteins that were also modulated in the Kelly study and all with the same direction of
expression, and there were 401(40%) UKMNB6 proteins that were also modulated in the Kelly
study, one (stathmin) with the same direction of expression to our study. There were 3/22)(25
UKFNB3 proteins that were modulated in the CER2 study of which one had the same
direction of expression to our wtly, and there were 2/ (20%) UKINB-6 proteins that were
modulated in the CHR12 study and both had different directions of expression to studies

There were 3/12 (2%6) UKMNB-3 proteins that were modulated in the SKAS study and they

had a diferent direction of expression to our study, which waso the case for the one (1)

UKFNB6 protein. Regarding both the number of modulated proteins and direction of expression,
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the SHSY5Y study generated the most similar results to ourNBE and IKFNB6 studies, and
overall our UKINB-6 cell line was more different than our UKIB-3 cell line was to the cell lines

of the other studies.

4.2.2.4 Investigating the acute effects of cisplatin

The parental cell lines and the cisplatasistant subines weretreated with cisplatin JKFNB-3
parentak, UKFNB-3'CDDF® 1000ng/mL; UKINB-6 parental, UKANB6'CDDF°% 2000ng/mL)

for 2, 8 or 24 hours and the cisplatmediated effects were determined by 2D gpsed
proteomics.No drug was added to the Otiime point (control cells)4.1.7.]). The identified
proteinsare shownfor the UKFNB-3 studies irTablel5and for the IKFNB-6 studies inTablel6.

In these tables, the main roles of these protemgre summarised using Appendix O and
Appendix P, where the main roles and matchedsene Ontology (GO) molecular function,
biological process and cellular component terms (excluding those inferred by electronic
annotation) are tabulated; all of this information was taken frane UniProt Knowledge base
(http://www. uniprot.org/). TheProgenesis Samespalata for these proteinsire also shown for

the UKFNB-3 studies inTablel8 and Tablel9, and for the UKINB-6 studies inTable20 and Table

21, but here thetables includethe resultsfor these proteins atall the other time points, even
though at these time pointshe ANOVAp valuewas not <0.05 except forperoxiredoxing at 2
hours (Table 20) and the 26S protease regulatory subunit 8 ath®urs (Table 21), and Fold
increase valug were not alwaysibove our cut offs M ®p 6 (2 ™ ). RSHd the)vie LI |
used these extra time point date get an overallidea of expression over 24ours for each

protein. We focussed on fold change ratios (quoted in parentheses in the following text).

Cisplatin treatment resulted in the differential regulation ®foroteinsin the UKFNB-3 parental
cells(refer to Table18). RuvBlike 2, a protein that plays a key role in DNA repair and metabolism
(Tablelb), displayed enhanced levels afteh@urs of incubation with cisplatinvith a foldchange
ratio over the UKINB-3 parental cellsat 0 hours of 1.67. This appears to be a short acting
responsebecause the fold change ratio decreasdier 8hr (1.32)andthen by24 hours(1.16) it is
nearly back to control cell level$he multifunctional protein nucleophosmiffable15) (which
was also identified in th&JKFNB-3 acquired resistance study as having elevated expression levels
in the resistant compared to the parental cels3.2.3and Tablel5)), was upregulated during the

8 hours post addition of cisplatin with afd change ratio over the KFNB-3 parental cell9 hours

of 1.61 Expression levels were also elevatafier 2 hours (1.58) but by 24hours (1.33)they had
decreased, overall suggesting alonger acting response. ATP synthase subunit beta
(mitochondrial),a cellular metabolism proteiiTable15), wasupregulated during the24 hours
post addition of cisplatin witla fold change ratio over the UK¥B-3 parental cell9) hoursof 1.52.

It was also upregulated at th2 hours (1.70)and 8hours (1.49)time points, suggesting a long

acting response.
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Cisplatin treatment resulted in the differential regulation of 6 proteins in the-NRB'CDDE®
cells (refer toTable19), 4 of which wereupregulaed during 2hours post cisplatin additigrthe
26S protease regulatory subunit 8 and 26S protessgulatory subunit 10BVDAC2(which
appeared as upregulated in resistant cells in the NB/B acquired resistance study.2.2.3and
Tablel16)) and the multifunctional protein guanine nucleotidending protein subunit bet2-like

1 with fold change ratios over the UKIB-3*CDDP® cellsat 0 hours of 1.58, 1.54, 1.61 and 1.55
respectively 26S protease regulatory subunit 8 appeared to be downregulated Hiyuss (1.18)
but then levels increased again at Bdurs (1.40), 26S protease regulatory subunit 10B was
downregulated near to the controkedl levels by $ours (1.07) and 24ours (1.10) which suggests
a short acting response/DAC2 expression levels were also elevated hb@s (1.43) and 24
hours (1.51) suggesting a long acting response, and guanine nucleatidang protein subunit
beta-2-like 1 was also lomy acting with upregulated expressi@t 8 hours (1.36) and 24ours
(1.36) These proteins all play a key role in protein degradatextept for VDAC2, which is
involved in both anion transport across the outer mitochondrial membrand apoptosi¢Table
15). 24 hours post cisplatin addition we identifiettanslationalelongation factor 2 and lactate
dehydrogenase (A chaind protein involved in sugar metaboligffiable15) (which appeared as
upregulated in resistant cells in the UKB-3 acquired resistance study.@.2.3and Table15))
that were downregulated with fold change ratios over the UKB-3'CDDP® cellsat 0 hours of
0.41 and 0.53 respectivelfelongation factor 2 was not modulated athdurs (1.00), and at 8
hours (0.78) expression had begun to downregulatgerall suggesting a slow starting response
to cisplatin for this proteinA decrease in expression levelslactate dehydrogenase (A chain)
also appeared to be slow starting because of its higher expression levelsoat2(0.79) and 8

hours (0.95).

We observed mostly downregulation of expression levaf the identified proteins posaddition
of cisplatinto the UKFNB-6 parental cellqrefer to Table20). Two proteins were identified post 2
hours cisplatin addition; the chaperone endoplasnaind proteasome subunit alpha typé (which
was identified as downregulated in resistant cells in th€EFNB6 acquired resistance study
(4.2.2.3and Tablel6)), with fold change ratios over the UKIB-6 parental cellsaat O hours of 059
and 0.69 respectivelyAt 8 hours (0.66) and 24hours (0.77) endoplasmin expression began to
increase again, but not back up the levels of the UKNB-6 parental cells at Gours, therefore
endoplasmin downregulatioappears to be dng acting effect.At 8 hours (0.85) and 24ours
(0.90), proteasome subunit alpha tyeexpression had increased nearly backaphe levels of
the UKFNB-6 parental cellsat Ohr suggestinga short acting cisplatin effecilso downregulated,
but post 8hours cisplatin addition, was the chaperonesdit-shock cognate 71Kda proteia,
repressorof transcription,and the redox regulator peroxiredox# (Table16) with fold change
ratios over the UKFNB-6'CDDP® cells0 hours of 062 and 0.68espectively Heatshock cognate

71Kda protein expression levels were slightbcreasedafter 2 hours (0.74), but by 24hours
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(0.85) expression had increased nearly back up to the levels diikiNB-6 parental cells at 0
hours so overallthis suggested ahort acting downregulatory effect. The response was similar
regarding peroxiredoxid, protein expression levels were slightly decreased afteos (0.73),
but by 24hours (0.92) expression had increased nearly back up to the levels o/ HFeNB-6
parental cells at OhrPyruvate kinase waslso identified at this time pointthough, in contrast,
with elevatedexpression ana fold change rati@verthe UKFNB-6 parental cell€ hours of 1.47.
The other time point data, hours (1.03) and 24hours (1.32), suggested that this response did
not occur within the first Zhours and was starting to decrease by Bdurs. Pyruvate kinases
involved in sugar metabolism and both tumour cell proliferation and déatble16) and also
appeared as upregulated in resistant cells in the NBPB acquired resistance studg.2.2.3and
Tablel6). Post 24hours cisplatin addition we also observed downregulation of ERchaperone
and negative apoptoticegulator 78Kda glucosegulated protein (Table16) with a fold change
ratio over theUKFNB-6 parental cells at hours of 0.66. Regarding the tim@oints prior to this2
hours (0.79) and &ours (0.58) it appears thathis proteinwas downregulated ovethe 24 hours

andsuggesta longactingeffect.

Two proteins were modulated post addition of cisplatintiie UKFINB-6'CDDP® cells (refer to
Table21). Firstly,downregulated after hours, was pyruvate kinase with a fold change ratio over
the UKANB-6'CDDP™ cellsat 0 hours of 054. The fold change ratios at 8ours (0.62) and 24
hours (0.64) suggest that this downregulation was a long acting effdts protein also appeared,
but upregulated, in the UKNB-6 parental time course study (see above), and also as upregulated
in resistantcells in the UKINB-6 acquired resistance studg¢..2.3and Table16). Secondly, also
downregulated but after 2 hours, was 26S protease regulatory subunit 8, with a fold change ratio
over the UKMNB6'CDDP cells at Ohr of 0.69.At 2 hours (0.64) and 8hours (0.76) the
expression wasncreasig again bu levels remaied low, suggestive of a long acting cisplatin
effect. This protein was upregulated in the resistant cells in the-NEBB acquired resistance
study @.2.2.3and Table16), and also post Rours cisplatin addition in the UKNB-3'CDDF®

cells (see above).

Overall, 6r the UKFNB-3 parentl time course, thee were 3 proteinsthat were identified that
did not appearin the UKANB3'CDDFP® cells time course and also thee were 5 poteins
identified n the UKANB-6 parental time courséexcludng pyruvate kinagethat did not appear in
the UKANB6'CDDP*time course There weres proteinsunique to the UKIB-3'CDDP*time
courseand oneof these proteins26S protease regulatory subunit\®as shared with the) KFNB-
6'CDDP™ time course Pyruvate kinaseis an overlapping proteirin the UKFNB6 study,
appearing in both UKRB-6 parentl (elevated with a fold change ratio over the UKB
6'CDDP™ cells Ohours of 1.47)and UKINB-6'CDDP*(decreased with dold change ratio over
the UKANB-6'CDDP® cells Ohours hr of 0.69) timecourses
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) Fold increase (highest| Fold change ratio of

Highest mear| Lowest meal . .
. . . mean normalised spot| mean normalised spo

# Protein name normalised | normalised [Anova (p
volume/lowest mean | volumes expressed /
spot volume | spot volume .
normalised spot volumg Par Ohr

1084 |RuvB-like 2 Par 2hr Par 0 hr 0.00357 1.67 1.67

Par 8hr Par 0 hr 0.24073 1.32 1.32

Par 24hr Par 0 hr 0.60616 1.16 1.16

1276 |Nucleophosmin Par 2hr Par O hr 0.50046 1.58 1.58

Par 8hr Par O hr 0.02465 1.61 1.61

Par 24hr Par 0 hr 0.18422 1.33 1.33

449 |ATP synthase subunit beta, Par 2hr Par O hr 0.24611 1.70 1.70

mitochondrial Par 8hr Par O hr 0.18563 1.49 1.49

Par 24hr Par 0 hr 0.02593 1.52 1.52

Table 18. The acute effects in UK¥B-3 parental cellsafter 2, 8 and 24hours 1000 ng/mL cisplatin
incubation Spot # corresponds to those on the 2D gdtgyre 38). Highest mean and lowest mean
normalised spot volumes for each comparison, with the associated AN@AIg and Fold increase, are

all taken from the Progenesis Samespots analysis. Highlighted green are the time points where both the
ANOVA pralue was <0.05 (red type)) and Fold increase was5 (red type); these data are included in
Tablel5. Mean normalised spot volumes were also expressed as a Fold change ratio over the parental cell
lines (Par Ohr). Fold change ratio values below 1.0 signified downregulation and hBoweregulation of

protein expression. Par =apental cell line, CDDPr = cisplatin resistant cell line, and hr values are the
cisplatin addition timepoints (note no drug was added to O hr controls).

. Fold increase (highest| Fold change ratio of
Highest mear| Lowest meal . ;
# Protein name normalised | normalised [Anova (p mean normalised spot| mean normalised spo
spot volume | spot volume vqume/Iowest mean | volumes expressed /
normalised spot volumeg CDDPr Ohr
1576 |26S protease regulatory subunit8 |CDDPr2hr |CDDPrO hr 0.02232 1.58 1.58
isoforma 2/Thyroid receptor interactolCDDPr 8hr  (CDDPr O hr 0.56242 1.18 1.18
CDDPr 24hr |CDDPr O hr 0.21404 1.40 1.40
637 |Voltage-dependent anion-selective |CDDPr2hr  (CDDPr 0 hr 0.03104 1.61 1.61
channel protein 2 CDDPr 8hr |CDDPrOhr 0.13316 1.43 1.43
CDDPr 24hr |CDDPr O hr 0.15980 1.51 1.51
1284 |Guanine nucleotide binding protein |CDDPr 2hr  |CDDPr O hr 0.04154 1.55 1.55
subunit beta-like 2 CDDPr 8hr  (CDDPr 0 hr 0.18564 1.36 1.36
CDDPr 24hr |CDDPr 0 hr 0.27203 1.36 1.36
1252 |26S proteasome regulatory subunit |CDDPr 2hr  |CDDPr O hr 0.00522 1.54 1.54
10B/Proteasome subunit p42 CDDPr 8hr  (CDDPr O hr 0.67688 1.07 1.07
CDDPr 24hr |CDDPr O hr 0.57984 1.10 1.10
1002 |Elongation factor 2 CDDPrOhr |(CDDPr 2hr 0.93164 1.00 1.00
CDDPrOhr |(CDDPr 8hr 0.43824 1.27 0.78
CDDPrOhr |CDDPr24hr | 0.01506 2.41 0.41
1719 |Lactate dehydrogenase, A chain CDDPrOhr |(CDDPr 2hr 0.57129 1.27 0.79
CDDPrOhr |(CDDPr 8hr 0.82908 1.05 0.95
CDDPrOhr |CDDPr24hr | 0.03580 1.88 0.53

Table 19 The acute effects in UK¥B-3'CDDP® cells after 2, 8 and 24 hours 1000 ng/mL cisplatin
incubation Spot # corresponds to those on the 2D gdfgire 38) Highest mean and lowest mean
normalised spot volumes for each comparison, with the associated ANG@AIg and Fold increase, are

all taken from the Progenesis Samespots analisghlighed green are the time points where the both the
ANOVA pralue was <0.05 (red type)) and Fold increase ®las to 1 decimal place (red typethese data

are included inTable15. Mean normalised spot volumes were also expressed as a Fold change ratio over
the cisplatin resistant control cell lines (CDDPr OHfpld change ratio values below 1.0 signified
downregulaton and above 1.0 upregulatioof protein expression. Par agental cell line, CDDPr = cisplatin
resistant cell line, and hr values are the cisplatin addition timepoints (note no drug was added to O hr
controls).
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. Fold increase (highest| Fold change ratio of
Highest mear| Lowest meal . ;
# Protein name normalised | normalised [Anova (p mean normalised spot| mean normalised spo
spot volume | spot volume vqumg/Iowest mean | volumes expressed /
normalised spot volumg Par Ohr
163 |Endoplasmin Par Ohr Par 2hr 0.04190 1.70 0.59
Par Ohr Par 8hr 0.18465 151 0.66
Par Ohr Par 24hr 0.29311 1.29 0.77
682 |Proteasome subunit alpha type- Par Ohr Par 2hr 0.02157 1.45 0.69
6/Macropain subunit iota Par Ohr Par 8hr 0.40042 1.17 0.85
Par Ohr Par 24hr 0.36837 1.11 0.90
950 |Heat shock cognate 71 kDa glucose- |Par Ohr Par 2hr 0.14432 1.35 0.74
regulated protein Par Ohr Par 8hr 0.00703 1.60 0.62
Par Ohr Par 24hr 0.34044 1.18 0.85
1104 |Peroxiredoxin-4 Par Ohr Par 2hr 0.00049 1.36 0.73
Par Ohr Par 8hr 0.02249 1.47 0.68
Par Ohr Par 24hr 0.43498 1.09 0.92
1548 |Pyruvate kinase Par 2hr Par Ohr 0.84425 1.03 1.03
Par 8hr Par Ohr 0.00104 1.47 1.47
Par 24hr Par Ohr 0.90448 1.32 1.32
278 |78 kDa glucose-regulated protein Par Ohr Par 2hr 0.39414 1.27 0.79
Par Ohr Par 8hr 0.19863 1.72 0.58
Par Ohr Par 24hr 0.01090 1.52 0.66

Table 20. The acute effects in UKWB-6 parental cells after 2, 8 and 2hours 2000 ng/mL cisplatin
incubation. Spot # corresponds to those on the 2D gdtgy(re 39). Highest mean and lowest mean
normalised spot volumes for each comparison, with the associated AN@AIg and Fold increase, are

all taken from the Progenesis Samespots analysis. Highlighted green are the time points where both the
ANOVA praluewas <0.05 (red type)) and Fold increase was$ (red type); these data are included in
Tablel6. Mean normalised spot volumes were also expressed Beld change ratio over the parental cell
lines (Par Ohr). Fold change ratio values below 1.0 signified downregulation and above 1.0 upregdlatio
protein expression. Par =apental cell line, CDDPr = cisplatin resistant cell line, and hr values are the
cisplatin addition timepoints (note no drug was added to 0 hr controls).

I Fold increase (highest| Fold change ratio of
Highest mean|Lowest mean : }
. ) . mean normalised spot| mean normalised spo
# Protein name normalised [normalised |Anova (p
spotvolume  lspot volume volume/lowest mean | volumes expressed /
P P normalised spot volumg CDDPr Ohr
1548 |Pyruvate kinase CDDPr Ohr  [CDDPr 2hr 0.02496 1.86 0.54
CDDPr Ohr  |CDDPr 8hr 0.10637 1.62 0.62
CDDPr Ohr |CDDPr 24hr | 0.26811 1.56 0.64
1441 |26S protease regulatory subunit CDDPr Ohr  [CDDPr 2hr 0.12078 1.57 0.64
8/Thyroid receptor interactor CDDPr Ohr  |CDDPr 8hr 0.01975 1.32 0.76
CDDPr Ohr |CDDPr 24hr | 0.03220 1.45 0.69

Table 21. The acute effects in UK¥B6'CDDP® cells after 2, 8and 24 hours 2000 ng/mL cisplatin
incubation. Spot # corresponds to those on the 2D géfgure 39) Highest mean and lowest mean
normalised spot volumes for each comparison, with the associated ANGMAI@ andFold increase, are

all taken from the Progenesis Samespots analysis. Highlighted green are the time points where the both the
ANOVA pralue was <0.05 (red type)) and Fold increase #las to 1 decimal place (red type); these data

are included inTable16. Mean normalised spot volumes were also expressed as a Fold change ratio over
the cisplatin resistant control cell lines (CDDPr Ohr). Fold chande values below 1.0 signified
downregulation and above 1.0 upregulatiof protein expression. Par ;amental cell line, CDDPr = cisplatin
resistant cell line, and hr values are the cisplatin addition timepoints (note no drug was added to O hr
controls).
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4.3Discussiort neuroblastoma cell lines

Platinum drug resistangeboth intrinsic and acquiredis a major cause of treatment failure
(Lippert, Ruoff et al. 2011, Holohan, Van Schaeybroeck et al. 2013, Hu, Zhang 2016, Gottesman
Lavi et al. 2016)Resistance mechanisms are complex and only partly undersfSbdhzad,
LopezBerestein et al. 208). It is important to gairfurther insight into themechanisms underlying
platinum drug action andresistance in order to identify novel, effeati (biomarkerguided)
therapiesfor the treatment of cancerslike neuroblastomathat are prone to platinon drug
resistancg2.1.3 2.1.4 2.2).

Our understanding of the processes underlying the acquisition of resistance to therapy in cancer
is limited (Sharma, Hadr et al. 2010, Holohan, Van Schaeybroeck et al. 20@[linical models
such as cancer cell lind2.3.1.1 enable a detailed systems level investigation e$istance
formation in cancer cell populationthat cannot be determined in patients suffering from
multiple metastases in which not all cancer sedire accessible. Notably, ntra-tumour
heterogeneity is a limitation for cancer biopsiéBurrell, McGranahan et al. 2013reclinical
models enable the systematic performance of functional studies that can only be performed to a
very limited extent by the use of clinical samples. Resistance mechanisms {iaddpigd cancer

cell line models have been shown to reflect drug resistance mechanisms in pgtshaama,
Haber et al. 2010, Domingdomenech, Vidal et al. 2012, Korpal, Korn et al. 2013, Joseph, Lu et al.
2013, Bucheit, Davies 2014, Crystal, Shaw et al. 2014)

To studyacquiredplatinum drug resistance in human neuroblastoma cells we usedrel of
eight neuroblastoma cell linegt.(L.2.], consisting of the MYCamplified neuroblastoma cell
lines UKNB-3 and UKMNB-6 (drugsensitive parentals) and #¢ir sublines adapted to growtlin

the presence of therapeutic concentrations of cisplatin, carboplatin or oxaliplahie. cell lines
were characterised for morphology, growth kinetics and drug sensitivity/resistance profiles to the
three platinum drugs.In parallel, drug was removed from continuous culture for the drug
resistant sudines to see whether resistance remained. Finally, a proteomics stadycarried

out, using both UKINB-3 and UKINB-6 parental lines and their cisplatimesistant suHines to
identify proteins thatpotentially playa part incisplatin resistance and the acute mode of action of
cisplatinin neuroblastomaModulated proteins could be poss#biomarkers for drug resistance

or actual drug targetfor the treatment of cisplatirresistant neuroblastoma.
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4.3.1 Characterisation of the neurdlastoma celllines

Cell size and morphological changas we have observed.@.1.] cell images irFigure30) on
acquiring platinum drug resistance are not unexpected, considering the numerous genomic and
epigenetic changes that take place in cancer cells to assume the resistance phef&lgpma,
Haber et al. 2010, Holohan, Van Schaeybroeck et al. 2Ct@)nges in morphology may indicate
resistance mechanisms and have functional roles. For example, modification of the organisation
of the cytoskeletal proteings a recognisectisplatin resistance mechanisn(Shen, Liang et al.
2004, Shen, Pouliot et al. 201%) concordance with previous studi@éRELAND, PITTMAN et al.
1994, Piskareva, Harvey et al. 2018 sistance acquisition to platinum drugs was associated with
substantial changes in morphology. We did not observe a consistent pattern, suggesting that the

different resistant cell lines may have developed differentstesice mechanisms.

Resistance formation to platinum drugs may be associated with changes in cell proliferation
patterns due to changes in the cellular energy requirements or changes in molecules that are
involved in resistance and in cell cycle regulaiiStewart 2007)Growth curveswere generated

for all cell lines(4.2.1.2 and Figure 31) using impedencéased technology on the Roche
XCELLigence syste.1.4.]) and doubling times were generatedrigure 32). There was no
consistent proliferation pattern in the platinum drugsistant neuroblastoma cell lines, further
suggesting heterogeneity in the individual cell line resistance mechanlsmasprevious study,
Piskareva et al alstobund that the doubling timedliffered between parental neuroblastoma cell
lines and their correspondingisplatin resistantsublines (Piskareva, Harvey et al. 2015)
However, resistance formation to cisplatin may not always be associated with a change in
proliferation rate since Ireland et dbund no differences in cell growth of their two cisplatin
resistant neuroblastoma cell lines compared to the sensitive IifiBELAND, PITTMAN et al.
1994) Interestingly, the platinum drugesistant cellsproliferated marginally quickerin the
absence ofirug Figure31 and Figure32), indicating that the drugs still exerted asgroliferative
effects inthe resistant cell linednterestingly the change improliferationrateson removal of drug

was by the same percentage in tekame resistant cell lines &fKFNB-3 cellsand UKFNB6 cells
(Table12).

Cultivation of the resistant cell lines for three months in the absence of drug did not result in their
re-sensitisation tothe drugs of adaption4(2.1.49 This suggests that resistance formation is not
the result of a reversible enrichment of a pegistingdrugresistant subpopulation.It may rather

be the consequence of an irreversible atlap process resulting in durablgenetic and

epigenetic changes Figure 40).
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drug resistant cells
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permanent changes.
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Figure40. Two possible outcomes from continuously culturing cancer cells in the presence of drugemiohment of previously existirigtrinsicallydrugresistant cellsthat is
ultimately reversible if drug were to be removed. B. There arpmwiously existigintrinsicallydrug-resistant cell populations, ane@sistance is acquired due to a permanent,

irreversible genomic change which remains if drug is removed.
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Drug sensitivity profiles were generated by challenging eeelh line with doseesponses of
ciglatin, carboplatin and oxaliplatiby MTT assay (seEBigure 33 and Figure 34, and section
4.2.1.3. Both UKMB3 and UKINB-6 parental lines exhibited sensity to all three drugs. The
platinum drugadaptedparental cells displayed generally increased resistanutgust to the drug
to which they were adapted, but tall three platinum drugs. However, UKIB-3'CDDF® and
UKFNB3'CARB&™ did not display substantial crosssistance to oxaliplatin and UHB-
3OXALF® displayed limited resistanceo cisplatin and carboplatin. This is the first time that
these three platinum drugs have been tested in parallel in this way, and in callftio® two
sources, to demonstrate crosssistance. Overall, thiagain shows some heterogeneity in the
resistance mechanisms anmg the cell lines. As discussed in the introductio.2.2, many drug
resistance mechanisms common to the platinum drugs have been reported, though cisplatin has

been studied in more depth compared to the other two drugs.

Such platinum drug crosgactivity, along with crosgeactivity to other anticancer therapeutics
has been demonstrated in other cell lines. Mudtug resistance is one of the biggest problems to
date when it comes to successful treatment with acaince agents(Wu, Yang et al. 2014)
Osplatin resistant oral carcinoma cells were shown, using NHel assay and a clonogenecity
assay, to have strong cresssistance to carboplatin, nedaplatin and oxaliplgfifegoro, Yamano

et al. 2009) Endorsing our resultRixe et al took cisplatin resistant cervical cancer and ovarian
cancer cell lines and, using a estaining method, established that these cells were also eross
resistant tocarboplatin, but very minimally crosesistant to oxaliplatin and tetraplatifRixe,
Ortuzar et al. 1996)Using neuroblastoma cell lines established at different points of therapy,
Keshelava et al clinically demongtrd crossresistance between cisplatin and doxorubicin,
between carboplatin and cisplatin, or etoposide, or melphalan, also between etoposide and
cisplatin, melphalan, or doxorubicin these are all drugs usually used in the treatment of
neuroblastoma(Keshelava, Seeger et al. 1998his demonstrates how common some of the

modes of actions, cellular targets and resistance mechanisms to different drugs must be.

We have observed a high level of cross reactivity betwasplatin and carboplatifrom the drug
sensitivity profiles These drugs are used to treat similar types of cancer, and studies overall
strongly suggest that they share similar, although not always identical, resistance mechanisms
(Stewart 2007)2.2.1. This is likely due to their similar chemical structures, which means that
they form similar DNA adducts and bind to dgous cellular components, resulting in a
comparable mode of action and molecular respange contrast, oxaliplatin is more structurally
dissimilar to cisplatin and carboplatin, therefore it forms different DNA adducts and binds to
different cellular components, thus ultimately being more different to them in its mode of action
(Rabik, Dolan 2007, Heffeter, Jungwirth et al. 2008, Wheate, Walker et al. 2010, Martinez

Balibrea, MartinexCardus et al. 2015}this explains the loer level of crosseactivity that we
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observed for this drug. Evidencing this further is that, unlike for the other two drugs, the
oxaliplatin DNA adducts are not recognised by DNA mismatch repair pr¢igimls Nebel et al.
1996, Trudu, Amato et al. 2015, MartinBalibrea, MartinezCardus et al. 2015)}he DACH ligand

of the compound is thought to prevent the binding of the mismatch repair complex (MMR)
(Mehmood 2014) Moreover, research involving CTR1, involved in the uptake of platinum drugs,
has shown that oxaliplatin is different to the other two drugs; the uptake of cisplatin, carboplatin
is reduced by a much larger extt compared to that of oxaliplatin in CTR1 knockout murine cells
(Holzer, Manorek et al. 2006Research investigating cancer treatment using combinations of
cisplatin and oxaliplatin have highlighted how these drugs are additive and maybe even
synergistic due to the low cross reactivity between th@Rixe, Ortuzar et al. 1996)Therefore
researchers suggested to considedliplatin to treat cisplatifresistant cancefRixe, Ortuzar et

al. 1996, Rabik, Dolan 2007, Wheate, Walker et al. 2010)

Regarding our yeast studies, the majority of the results indicated that, if anything, cisplatin and
carboplatin are not necessarily the most similar of the three platinum drugs we have investigated.
The gene hit distribution for both our yeastreen and the Yeast Fitness Databsseen showed

that they were not the most similaf={gure7, 3.2.1.], as did the gene hit distribution for our
yeast screenonce anf @ ASR GAGK | NB RUWEJRreld &4.1.3 a Hidod | t dzS
hit conformation screerfFigurell, 3.2.2), the strongest hit®f which indicated that cisplatin and
oxaliplatin are most similaB(2.2). The distribution between drugs of Yeast-Gdk A Y WF dzy O A
WLINE 0S33aQ GSNX¥a YI (i YeaStRindsg Daflhse®en Kiguie@ApfendkY G |
C andFigure9/Appendix D respectivelyboth in section3.2.1.2 also showed that cisplatin and
carboplatin are ot necessarily the more similadn factthe majority of processes were shared by

all three drugs or by cisplatin with oxaliplatim terms of theRA & G NA o dzG A2y 2F Y
terms to our own screening data (Appendix th)s also showed that cisgila and carboplatin are

not necessarily the most alike. Yeast data suggesting that oxaliplatin may be more unique
compared to cisplatin and carboplatin was from the Yeast Fitness Database screen arialysis
processesoxaliplatin had overall much higherldbenrichment values, and these processes were
more orchestrated around vesicle and membrane traffickinereas the processes with the
highest fold enrichment values for cisplatin and carboplatin were quite varied (Appendbwik

also interesting tht, when evaluatingdDF1 oxaliplatin generated growth curves of a different
nature to the other two drugs, suggesting it is different to the other two drugs (for exasgge

3.2.3.1andFigurel3).
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4.3.2 Proteomics

Proteomics approads are regarded as suitable techniqués studying drug action and
resistance mechanismt anti-cancer drugs (Zhang, Liu 2007, Wang, Chiu 2008, Gabbiani,
Magherini et al. 2010)They have ben used taexanine resistanceo the platinum drug cisplatin
using a variety ohumancancer cell hies,includingneuroblastoma(D'Aguanno, D'Alessandro et
al. 2011, Piskareva, Harvey et al. 20I%¢lanoma(Sinha, Poland et al. 20Q03)ladder cancer
(Miura, Takemori et al. 2012pvarian cancefYan, Pan et al. 2007, Gong, Peng et al. 2011, Lincet,
Guevel et al. 2012, Stewart, White et al. 2006, Jin, Huo et al. 28fd)cervical cancecells
(Castagna, Antonioli et al. 2004, Chavez, Hoopmann et al. .20hé&pcute effects of cisplatin
have been studiedn cell lines from various cancer entities, includimguroblastoma(Tabata,
S&ai et al. 2011)cervicalcancer(Castagna, Antonioli et al. 2004)varian cance(Li, Zhao et al.
2005)and renal cell carcinom@/askoMueller et al. 2011)

We used a welkstablishedoroteomicsmethod (2D gel electrophoresis coupled with MALDDF

MS and MALBTOFTOF MS/M§to resolve analyse, and identify proteins diie proteomes of
parental neuroblastoma cell lines and tleerresponding cisplatin resistant silihes (UKFNB-3
parental and UKINB-3'CDDP®, and UKFNB-6 parental and UKRB-6'CDDP), with the aim of
studying both the adaption and acute effects ofisplatin (4.1.7). To investigate theacquired
resstance mechanisms, we compared the proteomes of the parental cells and the corresponding
cisplatin resistant sutines directly to each other. To investigate the acute aigpleffects in both

the parental and cisplatin resistant cells, time course cisplatin addstiodies were set up, where
cisplatin was added &4, 8, and 2 awurs before lysing cells and comparing the results to those of
control cells to whichno drug was added.lIt is important to beaware of limitations to a
proteomics approach like ours, in that it reveaitnimum numbers of spots because there will be
proteins below our detection limits. Alswe solely focussed on proteins with a fold difference
cut-off of 1.5, and additionallyot all spots hat were excised were identifiedopr UKFNB-3 42%
(20/48) were identified, and for the UKNB6 study, 44% were identified (14/32)Further work
would be to use western blot analysis to confirm the modulation of expression of our identified

proteins.

5 Q! 3dzl y yDAgudninho, D'Alessandro et al. 20ta)ried out expression analysis in-SM5Y
parental andcorresponding cisplatin resistant neuroblastoma cells using, in parallelge2D
electrophoresis coupled to mass spectrometry and the more sophisticated-ftasehnLGMS
(nanoflow liquid chromatography mass spectroscopylblished before our studies wercarried

out. The identified proteing13 by 2D gel electrophoresjs88 bylabekfree nLGVIS), of which
some had overlap with those identified in our studies (ge2.2.]), were then organised into
biological functionsand were mostly classified into cytoskeletal proteins, nucleic acid binding

proteins, and chaperones. Nextjoinformatics pathway analysis was carried out to identify
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procesgsin whichthe proteins modulated in resistangeartake. This was followed by a meta
mining investigation in an effort to identifjnain pathways involved in resistance to cisplatin in
other cancer cell lines that ka been publishedo date, including their resultdoo. The most
frequent occurence was the oxidative stress response pathway mediated by Nrf2, which they
investigatedfurther and concluded that this pathway is possibly involved in cisplatin resistance. In
non-cancerous cells protein called Keapl dirés the proteasomal degradation of Nrf2, but in
oxidative stress conditions, Nrf2 translocates to thelaus where it activates the transption of
genes regulated by AREs (Ath elemens) (D'Aguanno, D'Alessaral et al. 2011) However, a
recent publication claimghat the Nrf2-Keaplpathway doesnot have an important role in
cisplatin resistance in neuroblastonf@anoshima, Yang et al. 2014%ome of their modulated

proteins were also modulated in our acquiredplatin resistance study (sé&ablel7in 4.2.2.3.

Piskareva et gPiskareva, Harvey et al. 20I®rently carried out a large proteomics stygyost
our studiesusingsimilar methodolog¥nLGMSMS)to generate protein expression data for three
neuroblastoma cell lines (Kelly, GRIE2 and SHN-AS cells) and their corresponding cisplatin
resistant suHines to examine resistance molecular pathways and integrate this with
accompanying charéerisation data including cell behavigurgenomic alterations and
cytotoxicity. They found thatmost of the proteins with modulated expression leveis the
resistance ck lineswere cytoskeletal, nucleic acid binding and chapercares that the pathways

in which they were mostly involved indicated that epithelial to mesenchymal trangiiT)is a
characteristic of the development of cisplatin resistance in neuradiaa to enable invasion and
metastasis! & F2 NJ G KS 5 amedifddeiymbauitet prdind Weredlso modulated in

our acquiredcisplatin resistance study (sé&ablel7in 4.2.2.3.

Another proteomicsstudy in neuroblastom#&lMR32) cells by Tabata et a(Tabata, Sakai et al.
2011) was to investigate the acute mode of actiohcisplatin administered at a dose of &/mL

for 24 hours. 2Dgel electrophoresisdemonstrated elevation of -Eomplex protein 1 -subunit
(CCT), elongation factor2 49 ©® = | OGAY @éid) 2ahdadefosyh@nocysteinase
(adoHcy hydralse), and a decrease in expression levels of splicing factor ariginefsehnd
(SRP20). AdoHcy hydrolase, involved in methylation metabolism, showed the largest modulation
and the results from subsequent investigation into the methylation of histonethése cells
implied that methylation status is altered by acute cisplatin exposNi@e of their modulated

proteins appeared in our acute studiesZ.2.9.

Comparing our studies to the A&guanno, Piskareva and Tabata investigatjass describedpur
studiesextend their own. This is because we used two different neuroblastoma cell lines) and
parallel we carried out a multiple cisplatin addition time course over 24hrs with the same parental

and cisplatin resistant cell lines.
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4.3.2.1 Investigation of acquired cisplatin resistance

Our investigation into the adaption mechanisms of cisplatin revealedifferentially expressed
proteins in theUKFNB-3'CDDP® cellsrelative to the UKFNB-3 parental cellsand 10 in theUKF
NB-6'CDDP relative to theUKFNB-6 parental cell§see resultst.2.2.3. The identified proteins
from both comparative studies covered similar variety of functions and processeswvhich
highlighted the complexity of cisplatin resistandéese weremainly chapeone activity, stress
resistance, redox and detoxification, cell growthpoptosis, DNA repair, protein turnover,
carbohydrate metabolism, cytoskeletal organisation and neuronal function and developirent
summarised identified proteins can be foundTablel5 and Tablel6. Their roles in these tables
were put together using Appendix O and AppendiinRyhich boththe main roles and matched
Gene Ontology (GO) molecular function, biological process and ceallutaponent terms that
they are matched to (excluding those inferred by electronic annotation) are tabulated; all of this
information was taken from th&niProt Klowledge baséhttp://www.uniprot.org/). Similar roles
were reported for proteins that had beefound differentially regulated in other studies, (which
have been summarised 3.2, reporting on proteomics comparisons of parental neuroblasio
cell lines and their cisplatiresistant suHines (D'Aguanno, D'Alessandro et al. 2011, Piskareva,
Harvey et al. 2015)NVe tabulated their results for oudentified proteinsalongside ours$n Table

17 (section4.2.2.3, making a total of six neuroblastoma cell lines, including our atle17
notably shows how the overlap of individual proteins associated wigplatin resistance and
their direction of expression is limited, indicatifgpw cisplatin resistancéormation may be

complicatedand cell line specific.

4.3.2.1.1 Chaperones

Our results show that chaperone activity plays a role in acquisition of cispdaistance andthis

was also demonstrated in the other two neuroblastoma stud@$\guanno, D'Alessandro et al.
2011, Piskareva, Harvey et al. 2Q16¥ the sevemproteins found upregudated in the UKFNB
3'CDDP™ cells vSUKFNB-3 parental cells three were chaperonesnucleophosminheat shock
protein betal (HSR7/HSPB) and 60 kDa heat shock protein (mitochondrigfiSBO/HSPD1)
Heat shock protein betd and nucleophosmin were both upregulated with a large fold change
ratio over the parentals above 2.(Heat shock protein betd was alsdound upregulatedn the
UKFNB6'CDDP®cells vsUKFNB-6 parentas (with a largefold change ratio over the parentals
above 2.0, as well as in cisplatixdapted ovarian cancdiyan, Pan et al. 200@nd in cisplatin
adapted melanoma celkSinha, Poland et al. 2003yterestingly, heat shock protein bethwas
however, down-regulated in cisplatin resistant Ck2RB2 and SHN-AS neuroblastoma cells
compared to their corresponding parental cells in the Piskereva et al gfable17), andwas
also downregulated in cisplatin resistant bladder cancer cells compared to their corresponding

parental cells(Miura, Takemori etal. 2012) 60 kDa heat shock proteirwas also found
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upregulatedin cisplatinadaptedSHSY5Y and @ mH Yy SdzZNR of | ad2Yl OStf a
and Piskereva et al studig¢$able17), andin cisplatinadapted melanoma cancer cell&Sinha,

Poland et al. 2003)

Chaperones are involved in the corrdotding and assemblgf proteing andthe three that we
identified also have roles in thgtress response and apoptosiBhese proteins could therefore
mechanistically contribute to cisplatin resistancedmpporting the functions gbroteins involved

in resistance, and bylaying antistress and antapoptotic roles Regardingthe heat shock
proteins (see2.2.2.9, both 60kDa heat shock protein and heat shock protein bethave been
reported to be oveexpresed during carcinogenesigCappello, Bellafiore et al. 2003nd
(Katsogiannou, Andrieu et al. 201#spectively) Mitochondrial 60 kDa heat shock proteihas
previously been associated with cisplatin (and oxaliplatin) resistéAberHadid, Wilkes et al.
1997) Mitochondria and mitochondrial DNA have been shown to be targeted by cisplatin
(Gonzalez, Fuertes et al. 2001, Yang, Schumaker et al. 2006, Cullen, Yang et 4R.20D7)
Hence, itmay not be toosurprising that a mitochondrial heat shock protein such as@@&Da
heat shock proteiay be involved in cisplatiesistant cellsHowever, this protein camalsobeen
found in extramitochondral locations in canceand may exert extranitochondrial functions in
cancer cell§Cappello, de Macario et al. 2008)eat shock protein betd, whichhasmany client
proteing had been previouslassociated with cisplatin resistan¢®amamoto, Okamoto et al.
2001, Ciocca, Cappello et al. 2018) protected mouse fibroblastaganst cisplatininduced
apoptosis(Zhang, Shen 2007} is irteresting that two spots of the same molecular weight but
different pl values were identified as being heat shock protein fieia the UKINB-3 study
(Table15), but thiscould be explained by this protein also having a phosphorylated ¢Eita,
Zhao et al. 2005)which is known to function in cancer progress{iatsogiannou, Andrieu et al.
2014) These heat shock proteins were suggested as therapeutic targets in cancer, which could
also alleviate resistance to drugs like cisplatitiowever, to date, only a few compounds have
been shownto bind the 60kDa heatshock proteinbut, becausehey inhibit its folding activity,
further development work is required. Regarditaygeting heat shock protein betd, research
has mainlyutilised RNA interferenceapproaches. An antisense nucleotide directed against heat
shok protein betal (Apatorsen)iscurrently being evaluateih clinical trials(Ciocca, Cappello et
al. 2015)

Overexpression of nucleophosmin has been demonstrated in highly proliferating cells and in many
cancertypes (Grisendi, Mecucci et al. 2006, Di Fiore 2008, Lindstrom 2011, Lo, Fan et a). 2013)
but it has not been directly associated witiisplatin resistanceso far. However, it was found
upregulated inthe UKFNB3'CDDP cellsrelative to the UKANB-3 parental cells andin cisplatin
adapted SHSY5Y neuroblastoma celfp'Aguanno, D'Alessandret al. 2011)(Table 17). In

contrast it was found downregulateoh cisplatiradapted ovarian cancer cell§Jin, Ho et al.
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2014) Nucleophosmin is a nucleolar protein with intrinsic RNase activity that continuously
shuttles between the nucleus and the cytoplasm, playing a key role in ribosome biogenesis and is
a histone chaperone in chromatin remodellifgindstrom 2011) It also contributes to the
response to DNA damage, and a novel role in base excision repair has recently been proposed
(Poletto, Lirussi et al. 2014furthermore nucleophosmin is involved iBNA replication and
transcription, acts as a controller of centrosome replicati@risendi, Mecucci et al. 2006,
Poletto, Lirussi et al. 2014and its oveexpression leads to indirect inhibition of apoptofre

2005) Moreover, nucleophosmin camediate tumour suppression(Grisendi, Mecucci et al.
2006)

Taking our findings and these functions together, it appears plausible that nucleophosmin could
contribute to cisplatin resistance in neuroblastoma cells. Nucleophosmin silencing by RNA
interference was demonstrated to sensitise human hepatoma cells pdatiis treatment(Lo, Fan

et al. 2013) In the same study, a novel interaction of nucleophosmin B&X was demonstrated

that regulates death evasion. BAX is a-ppmptotic protein of the BCL2 family that is réepa for
mitochondrial mediated apoptosi@Vei, Zong et al. 2001, Roy, Ehrlich et al. 2(@68¢ VDAC2 in
section4.3.2.1.7, and Lo et al showed that by directly blocking BAX mitochondrial translocation
and activation, nucleophosmin facilitates evasion of apoptosis independently efebiated cell
death (Lo, Fan et al. 2013)Anti-cancer peptides and small molecules that knock down
nucleophosmin in an attempt to stop proliferation have shown pronfisadstrom 2011)and it
would be of worth to utilise sucldrugs to explore their ability to reverse cisplatin resistance in
our resistant neuroblastoma cells, in particularly tN&3'CDDP® to support the results from

our proteomics analysis.

4.3.2.1.2 Cytoskeletal proteins

Our results support possibleroles for the cytoskelebn in acquired cisplatin resistance in
neuroblastoma cellsCytoskeletal proteins are important for the intracellular structure and
dynamic behaviour of cells during carcinogenesis and the process of apg@iioaigy, Liu 2007)
and also intracellular drug transporHeat shock protein betd, previously mentionedas
upregulated in cisplatin resistant celf4.3.2.1.3, is also involved in the organisation of actin
(Kostenko, Johannessen et al. 2009%)e other protein besideseat shoclprotein betal that was
found differentialy regulatedin both the UKFNB-3'CDDF®cells andUKFNB-6'CDDP® relative

to the respective parental linesas stahmin. However, stathmin was downregulated idKFNB-
3'CDDP cells comparedo upregulated in theUKFNB6'CDDP™ cells Such discrepancies in
up and dowrregulaton of proteins in different neuroblastoma cell lines wasparent when
comparing the acquiredigplatin resistance studies of siell lines from both oustudies and the
5Q! 3dzZ yy2 Si | £ 'y R t A42]213 Bide @able 19)ii Sathniin wagi dzR A

downregulated incisplatinradapted SHSY5Y and Kelheuroblastoma cell lines these studies
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Sathmin was also downregulated in cisplatimdapted cervical cancercells compeed to
corresponding parental cell§Castagna, Antonioli et al. 2004)ut upregulatedin cisplatin

adaptedovarian cancer celi&Gong, Peng et al. 2011)

Stathmin is expresed at high levels in many types of tumour cells and plays a role in cancer
progressionSherbet, Cajone 2005)tis important in mediating the microtubule filament system
by preventing assembly and promotingsaisembly of microtubule~igure4l) for example, of

the mitotic spindle This enables dtrole as an important signal transduction factor in the méog
activated protein kinasdMAPK)signalling pathway and its involvemeint cell cycle and cell
division(Lin, Tang et al. 2012Ylicrotubule alterations may also have an effect on the formation
of endocytic recyclio compartments, leading to reduced cisplatin uptake and resistéiniesg,
Mukherjee et al. 2006, Stewart 20Q07@nd decreased endocytosis is often a cisplatin resistance
mechanism in cancdShen, Pouliot et al. 201.23tathmin, & high levels, negatively regulates the
sensitivity of cancer cells to microtubule targeting driy4eng, Tao 2015)However little is
known about the role of stathmin in theensitivity orresistanceof cancer cellso cisplatin Qur
datais inclusive and may indicatkat a role of stathmin in the context of cisplatin resistance may
depend on the individual cellular contexfunctioral studies that investigate the effects of
stathmin silencing using RNA interferenoe CRISPR methods and stathmin upregulation by
forced expression on cellular cisplatin sensitivity are needed to further its role in cisplatin

resistance.

stathmin
“
) 0o —
# W e
free tubulin tubulin subunit
sequestered pool shrinks
by stathmin
GTP
hydrolysis
catches up

microtubule
3 shrinks

Figure4l. Stathmin prevents assembly of microtubules by sequestering free tubulin and reducing cytosolic
tubulin levels; this stops the addition of tubulin to the microtubules and ultimately causes microtubule
collapseDiagram is Figure 181 taken from(Alberts, Johnson et al. 2002)

CQytoplasmic actin Ybetaactin) and dihydropyrimidinaseelated protein 2 which is involved in
cytoskeletal remodellingwvere founddownregulatedin UKFNB-6'CDDE cellsrelative to UKF
NB-6 parentalcells Neither of these proteins were found to be modulatedirK S 5 Q! 3 dz yy
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and Piskareva et gdroteomicsstudiesin cisplatinadapted neuroblastoma cellsee4.2.2.3and
Tablel7). Actin is key to célmotility and cellular component organisati@md also plays a role in
endocytosiswhich, as already mentioneds a route of cellular entry of cisplatinDecreased
endocytosis is often a cisplatin resistance mechanism in car&ks(Shen, Pouliot et al. 2012)
Decreased actin and filamin levels in parallel with actin and filamin disorganisation was
demonstrated m cisplatinadaptedhuman epidermoid and liver carcinoma cell lir(&hen, Liang

et al. 2004) which supports our findingsnterestingly,the actin cytoskeleton has been reported
as being more robust in cisplatin resistant ovarian cancer cells compared to their sensitive
parental cellsdue to an actin remodelling mechsm mediated by Rho GTPag8harma,
Santiskulvong et al. 2012, Sharma, Santiskulvong et al. 2@&ld¥nser actin network may
physically disrupt drug uptakia resistant cell§Mokady, Meiri 2015)but thismaynot necessarily
be accompanied bg change in actin expression levalswe have observedh our yeast studies
we identified the geneSLAlto be essential for growth in the presence abplatin(3.2.2 and
Figure7). SLAJencodes a cytoskeletal protein binding protein whiclaisentral player in actin
cytoskeleton assembly, and has effects on proteins essential for endocy@=midiner, Costa et
al. 2007) (3.3.3). Beta-actin is alsoa component of the human SRCAP, TIP60 histone
acetyltransferase and INO80 chromatin remodelling complexesich are also involved in
processs such as DNA repair and replicatilkura, Ogryzko et al. 2000, Morrison, Shen 2009)
(see the discussion for RBlike 2 protein another componentin 4.3.2.2.). TheSRCARBomplex

is the human equivalent of the yeast SWR1 chromatin remodelling complex of whiclkeddiie

a component Bdfl-deficient yeast cells displayedcreased sensitivity to cisplatiras well as
carboplatin and oxaliplatinseethe yeast discussior8(3)). Upregulaibn of DNA repaiis aknown
cisplatinresistane mechanismd.2.2.3, thereforeupregulationof the levels and awovity of these
chromatin remodelling complexesncluding their subunits such as betatin (which has weak
ATPase activity) would be expecteddor cisplatinadapted cells(lkura, Ogryzko et al. 2000,

Morrison, Shen 2009)ather than betaactin downregulation, as we have observed.

Dihydropyrimidinaseelated protein 2 also known acollapsing response mediator protein 2,
plays a role in neuronal development and polarity and axon growth, neuronal growth cone
collapse and cell migratiorand endocytosiglnagaki, Chihara et al. 2001, Chi, Schmutzler et al.
2009, Rahajeng, Giridharan et al. 20H)d altered expression has been observed in several
malignant cancersinclusing colorectal, lung and breast canfean, Thie et al. 2014)Its role in
endocytosis whichis a route of cellular entry of cisplatin, may explain the downregulation of this
protein in UKFNB-6'CDDP® cells. Its role in cisplatin resistancés poorly understoodand

functional studiesvould gain furtherinsights into this.
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4.3.2.1.3 Redox proteins

Proteins of the redox system are necessary for keeping the intracellular redox state levels of
reactive oxygen species (ROS) balan@éely are often detected in drug resistant celleerethey

are involvedin combating cellular streg&Zhang, Liu 2007 Cisplatin inducean increase inROS
levelsthat causs DNA damage and cell deafbasari, Tchounwou 2014peroxiredoxifR2 was
downregulated inUKFNB-3'CDDP®cellsrelativeto UKFNB-3 parentalcells, and also irthe case

of cisplatinradaptedKelly neuroblastoma cells in the Piskareva gtrateomicsstudy Tablel17)
(Piskareva, Harvey et al. 201B¢roxiredain-2, as well as the other isoforms 4 and 6, were also
found to be downregulated imisplatinresistantovarian cancer cell linedin, Huo et al. 2014)
Peroixiredoxin2 was also reported by Zhang et al. as beimgenerally downregulated in
proteomics studies looking at resistanceviariouscancer treatmentsn differert cancer cell lines
(Zhang, Liu 2007)nterestingly, peroxiredoxinr2 is involved in redox regulatio(by reducing
peroxides (ROS) using reducing equivalents generated via the thioredoxin systeoell
proliferation and differentiation, intracellular signallingnd is 4o a negative regulator of
apoptosis(Sanche#ont, Sebastia et al. 2003, Sharapov, Ravin.e2(l4, Perkins, Nelson et al.
2015)(Tablel5). Overexpression of peroxiredox in gastric carcinoma cells inhibited cisplatin
induced apoptosissuggesting that peroxiredoxia contributes to cisplatin resistan¢€hung, Yoo

et al. 2001, Sharapov, Ravin et al. 20443 adecrease in the expression of peroxiredoegitin
gastric carcinoma cellby an siRNAapproach increased their sensitivity wsplatininduced
apoptosis(Yoo, Chung et al. 2002, Sharapov, Ravin et al. 20hé&yefore it might have been
expected b be upregulated in resistant cells, as it indeed was in cisplatin resistant bladder cells
(Miura, Takemori et al. 2012Functional studies will be needed to further elucidate the role of

peroxiredoxin2 in cispatin resistance.

Another redox regulatory protein modulated in our studies whe enzymeglutathioneS
transferase P (GST®jich, like peroxiredoxi®, was downregulated itWKFNB6'CDDF cells
relative to UKINB6 parental cellsThis wasunexpectedbecauseglutathioneStransferase Hs
reported to catalyse the conjugation of drugs like cisplatirthe endogenous thioglutathione to
facilitate their elimination from the cellfo prevent neurodegeneration ando be a negative
regulator of apoptosisand proliferation (Townsend, Tew 2003)Detoxification involving
glutathione-Stransferase P is awell-documented platinum drug resistancemechanism
(Townsend, Tew 2003, Siddik 2003, Stewart 2007, Heffeter, Jungwirth et al. 2008, Koeberle,
Tomicic et al. 2010, Galluzzi, Vitale et al. 20Rdgently, knockdown oflutathione Stransferase

P was shown to enhance the cisptatind carboplatin sensitivity afvarian cancer cell lines
(Sawers, Ferguson et al. 201%herefore this protein could be expected to be upregulated, rather
than downregulated, in resistant cells, as it has been shown in cisplatin resistant bladder cells

(Miura, Takemori et al. 2012However as wa the case in our experiment® was also
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downregulated in SIBY5Y cisplatinB aA adl yd ySdz2NBoflad2yYlF OSf ¢
(Tablel?) (D'Aguanno, D'Alessandro et al. 2014yt in contrast upregulated in CHR 2 cisplatin
resistant neuroblastoma cells in thRiskareva et al studyTéble 17) (Piskareva, Harvey et al.
2015) 5 (uanno et al quote that GSTP1 is controlled by a different element compared to other
detoxification enzymes, which may explagdownregulation (Usami, Kusano et al. 2005)
GlutathioneStransferase P was also fod to be downregulated in cisplatin resistant bladder
cancer cell§Miura, Takemori et aR012)and cisplatin resistant ovarian cancer célls, Huo et

al. 2014) Smilar inconsistent observationsegarding the direction ofegulationof this protein
across studiedave been discusseRabik, Dolan 2007, Sawers, Ferguson et al. 2&id}t has

been suggestd that whilst such detoxification involving glutathiof$transferase P may be
important for some cancers regarding cisplatin resistanteloes not appear to be a global
indicator of cisplatin resistano@&abik, Dolan 2007The reason for both up and down regulation

in resistance cells not understood and it may be of worth to investigate thigHer in our panel

of cell lines, for which there are tool compounds available. One example is the diuretic drug
ethacrynic acid, which inhibits glutathior&transferase by both binding directly to the substrate
binding site and depleting its cofactor ghtihione (Townsend, Tew 2003, Xu, Zheng et al. 2013)
Another example ishie drug buthionine sulfoximin@BSOjs a synthetic amino acid that inhibits
glutathione-Stransferase indirectly by irreversibly inhibiting y Sy T -§l0faéngicysteine

& @ y (i K S@Asy Bhichhis a critical step in glutathione biosynth€68KOMIZAKOHNO et al.
1995)

4.3.2.1.4 Glycolytic enzymes

In terms of carbohydrate metabolisnave identified four proteins involved in this process, and all
were upregulated in cisplatin resistant cellsterestingly, a glycolytic regulator (GCR2) with a
human functioral equivalent iSGT1was a hit in our carboplatin anoixaliplatin yeast screens
(3.3.3 (Table7). Lactate dehydrogenasand phosphoglycerate kinase 1 were bathregulated
(lactate dehydrogenase highlyin UKFNB-3'CDDP®™ cellscompared toUKFNB-3 parental cells.
Pyruvate kinase and mitochondrial aconitate hydratase were both upréguilan UKINB
6'CDDP® cellscompared to UKB6 parentalcells ¢ K S/arbkirgS ¥ F Figuiie@?) describes
cancercellsas persistentlyconverting glucose tpyruvate tolactic acidevenin the presence of
oxygen {ermed aerobic glycolysis)rather than oxidatiorof pyruvatevia the tricarboxylic acid
(TCA) cycle, whidhas been suggested tffer a growth advantage and is a hallmark of invasive
cancers(Gatenby, Gillies 2004, Xu, Pelicaet al. 2005, Pelicano, Martin et al. 2006, Vasko,
Mueller et al. 2011) The causes of this effect are thought to be inherent changes such as
mitochondrial respiration injury (there are high mutation rates in mitochondrial DNA in cancer),
oncogenic sigalling, alterations in metabolic enzymes, and also tumour environmental

constraints such as hypoxia and acidq&stenby, Gillies 2004, Pelicano, Martin et al. 2006)
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Inhibition of glycolysisdr the treatment of cancer has been explored asuggestedio be a
promising approach to kill cancer cells with mitochondrial defdets, Pelicano et al. 2005,
Pelicano, Martin et al. 2006and he inhibition of glycolysis has also been shown to enhance
cisplatininduced apoptosis in ovarian cancer céllsar, Wahl et al. 2010PDur resultsshowing
elevation of the enzymes phosphoglycerate kinase 1, pyrukiai@se and lactate dehydrogenase
in our cisplatin resistant neuroblastoma cedigggest a shift of cisplatiresistant cells towards
Y2 | NO deNRald be explained by the cisplatimduced mitochondrial DNA damage in
resistant cellswhichcauses a méinction of mitochondrial oxidative phosphorylation resulting in
a need torely on glycolysis for energyh@ TCA cycle enzynaconitate hydratase was also
upregulated inUKFNB6'CDDP® cells However,aconitate hydratasenay also be upregulated
due toits secondary function, which is to maintain the stabilityn@DNA Aconitate hydratase
was suggested, possibly reversibly remodelling nucleoid® directly affect the expression of
mitochondrial genes in responde changes in cellular metabolisnncluding oxidative stress,

caused by genotoxic drugs like cispldfmadel 2005)

Normal cell Cancer cell
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Figure42 A diagrammatic representation of th€¢2 | ND dzNH hisBeBFike©Odarieer cells as persistently
converting glucose to pyruvate to lactic acid even in the presence of oxygen (termed aerobic glycolysis),
rather than oxidation of pyruvate via thteicarboxylic acid (TCA) cycle, which offers a growth advantage and

is a hallmark of invasive cancé@Gatenby, Gillies 2004, Xu, Pelicano et al. 2005, Pelicano, Martin et al. 2006,
Vasko, Mueller et al. 2011Heavier arrow indicate more reliance on that particular part of the pathway.
Diagram taken fromvww.biochemikon.com

Notably, the regulation ofactate dehydrogenasephosphoglycerate kinase and pyruvate kinase
does not appear to be consistent in differenmeuroblastomamodels of acquired cisplatin
resistance. actate dehydrogenaswas upregulated in cisplatadapted SFSY5Y neuroblastoma

cells, but downregulated in cisplatadapted neuroblastoma SK-AS cells. Phosphoglycerate
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kinase was upregulated in sgilatinadapted SFEYS5Y and Kelly neuroblastoma cells, but
downregulated in cisplatiadapted SHKN-AS neuroblastoma cells. Pyruvate kinase was
upregulated in cisplathadapted Kelly neuroblastoma cells, but downregulated in cisplatin
adapted CF212 neurobhstoma cellsMitochondrial aonitate hydratase was downregulated in
cisplatinadapted Kelly neuroblastoma cel(®'Aguanno, D'Alessandro et al. 2011, Piskareva,
Harvey et al. 2015)Tablel7). In line with our findingsn cisplatinadapted UKINB-3 andUKFNB-

6 cells phosphoglycerate kinasgas shown to beupregulated in cisplatiadapted ovarian
carcinoma cell{Gong, Peng et al. 2011, Lincet, Guevel et al. 2@hd) cervical cancer cells
(Castagna, Antonioli et al. 2004nd pyruvate kinase was shown to be upregulated in cisplatin
adapted ovarian carcinoma ce(lsincet, Guevel et al. 2012)n contrast, the expression levels of
glycolytic enzymes (including lactate dehydrogenaphosphoglycerate kinase and pyruvate
kinase) was decreasedn cisplatin resistantovarian cancer cells, suggesting that resistance
formation to cisplatinwas linked to alecrease in glycolys{din, Huo et al. 2014A\Iso,a decrease

in expression and activity of pyruvate kinase has been linked to cisplatin resistamgeestric
carcinoma cell linesand RNA interfering inhibition of pyruvate kinase expression increased
resistance to cisplatirfYoo, Ku et al. 2004Conversely, though, RNA interfering inhibition of
pyruvate kinase expression enhanced the cytotoxic effects of cisplatin by upregulating apoptosis
and preventing cell proliferation in a lung cancer xenograft mg@elo, Zhang et al. 201Tjhese
apparently conflicting findings emphasise the complexity of the drug resistance formation process
in cancer cell populationand the need to better understand the role of particular resistance
associated changda agiven individual cellular background. To do #ue role of the individual
metabolic enzymeseeds to be further elucidated in different models of acquired ciapla

resistance by functional studies.

4.3.2.1.5 Proteasomal proteins

Two proteins that are involved in protein turnover were found to be differentially regulated
between UKMB-6'CDDP® and UKMIB6 parental cellsproteasome subunit alpha typeé (a
component of he 20S proteasomeas downregulated iWKFNB-6'CDDP® cells compared to
the parental cells, and 26S protease regulatory suburfg Bomponent of the 26S proteasome)
displayed enhanced levels in UNB6'CDDPcells. No differentiallyegulated proteasomal
proteins were identified according to our criteria in the other studies investigating cisplatin
adaptedneuroblastoma cell§D'Aguanno, D'Alessandro et al. 2011, Piskarevajdytaat al. 2015)
(Table 17). However,supporting our findingsproteasome subunit alpha typé was found
downregulated and 26S protease regulatory subunite&found upregulated in cisplatindapted
ovarian cancer ck (Jin, Huo et al. 2014There is aubstantial amount of evidence that may link
changes in proteasomal function to cisplatin resistance. Proteasomes are very abundant protein

complexes and are required for ubiquiitependent degradation of proteins, besides being
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essential to numerous processes such as cell cycle progression, gene expression, and apoptosi
(Gu, Enenkel 2014, Tundo, Sbardella et al. 2(&steasomal activity is necessary for cancer cells
to proliferate (Tundo, Sbardella et al. 2015ecently, cisplatin has been shownvitro to inhibit

the three enzymatic activities of proteasome (chymotrysgsia activity, trypsidike activity and
caspasdike activity) in a dosdependent fashion and also to inhilptoteasome activity in SH
SY5Y neuroblastoma ce{lBundo, Sbardella et al. 201%urthermore, the proteasme inhibitor
lactacystinincreasel cisplatininduced apoptosis in neuroblastoma cefleundo, Sbardella et al.
2015) Additionally a combination of cisplatin and the proteasome inhibitor bortezomib
enhancel apoptosis in bladder cancer cells, compared to treatment with either drug alone, and
thus to be apotential treatment for bladder cancdiKonac, Varol et al. 20L%spart of the 26S
proteasome,26S protease regulatg subunit 8 isinvolved in the regulation ofWntg -catenin
signalling(Hwang, Yu et al. 20053 proliferation pathway that has been implicated in cisplatin
resistance(Gao, Liu et al. 2013, Nagaraj, Joseph et al. 2(.8)2.9. However, the roles of
proteasome subunit alpha typ@ and 26S protease gelatory subunit 8 need to bstudied by
functional investigations in the individual cellular contexts in order to learn more about their

actual roles in cisplatin resistance.

4.3.2.1.6 Neuronal proteins

Two neuronalproteins werefound differentially regulated beteen UKFNB-3'CDDP® cells and
UKFNB-3 parental cells phosphatidylethanolamindinding protein 1 and dihydropyrimidinase
related protein 5were both downregulated inUKFNB3'CDDP® cells. Tey are involved in
neuronal function and neuronal system development respectivély. discussedn section
4.3.2.1.2(because it is also involved iptaskeletal remodellingla differentdihydropyrimidinase
related protein(dihydropyrimidinaserelated protein 2)was identified as being downregulated in
in UKFNB-6'CDDPcells Dihydropyrimidinaserelated protein 5 also known as collapsin
mediator piotein-5, plays a role in nervous system development, &w novelbiomarker of lung
tumour samples to distinguish between highly aggressive neuroendocrine carcinoma and other
lung cancers, such as poorly differentiated rsmall cell carcinoma or carcinoid lung tumors
(Meyronet, Massma et al. 2008)Nuclear éhydropyrimidinaserelated protein 5 may also play a
role in glioblastoma proliferatiorfTan, Thiele et al. 2014%hough a role in drug resistance is
unclear Phosphatidylethanolamindinding protein 1 also known as Raf kinase inhibitor protein
(RKIP)is a selective modulator of the Raf1l/MEK/ERK growth factor pathway, as weraset
signalling andNF® .and so has multiple cellular roleside from neuronal function,including
membrare biosynthesis and spermatogenesis, gmdmotion of apoptosis(Keller, Fu et al. 2005,
Wang, Wang et al. 2010, Farooqi, Li et al. 20RBpsphatidylethanolaminkinding protein lhas
been reported to be a suppressor of metastamisl is frequently downregulated in canceltsis a

prognostic biomarker for prostatehreast, melanoma, gastrointestinal stromal, and epithelial
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ovarian cance(Keller, Fu et al. 2005, Wang, Wang et al. 2010, Farooqi, Li et al.a&2@ilBas also
been found to bedownregulated in pancreatic cancg¥Wang, Wang et al. 201@nd ovarian
cancer (Martinho, Pinto et al. 2013)Phosphatidylethanolamineinding protein lexpression
which is controlled by various proteifSarooqi, Li et al. 2015)as shown to belownregulated in
cisplatinadapted gastric cancer cells, amderexpressiorwas demonstrated tocan enhance
cisplatininduced apoptosispossiblyviathe NF© . k { sifghakingpathwayy (Liu, Li et al. 2015)
Also, phosphatidylethanolamindinding protein linhibition by shRNA methodologynduced
apoptotic resistance to cisplatin treatment in cervical cancer ¢dMBrtinho, Pinto et al. 2013)
Furthermore,up-regulation of the miRNA molecule miRa was reported to possibly suppress
phosphatidylethanolamindinding protein 1 expression and hence contribute to cisplatin
resistance in lung adenocarcinoma célls Wang et al. 2014, Farooqi, Li et al. 20T8king these
roles and studies togethethe downregulationof phosphatidylethanolamindinding protein 1
levels in UKFNB3'CDDPP® cells makes sense. Natural agents that increase
phosphatidylethanolamindinding protein lexpression are also potential cancer therapeutics for
the future, as well as nanotechnological delivery bbgphatidylethanolamindinding protein 1
(Farooqi, Li et al. 2015) Neither phosphatidylehanolaminebinding protein 1 or
dihydropyrimidinaseelated protein Swere identified above our cut off criteria in the proteomics
a0dzRAS& o0& 5Q! 3dz yy 2(D'Aiannb, D'AlesgaRdrotetiadi 200 INBigkarevaS (i
Harvey et al. 2015)Tablel?). Functional studies are required to draw further conclusions about

the role of these proteing cispétin resistancen the individual cellular contexts.

4.3.2.1.7 Othermodulatedproteins includingVDAQ

Other proteinsthat were found differentially regulated icisplatinadapted cells include®&
formylglutathione hydrolase (Esterase Dfan enzyme that detoxifies formaldehyde
downregulated in UKFNB-3'CDDP™ cell§ and eukaryotic initiation factor 4All (a protein
involved in translation and a negative regulator of apoptosjgegulated inUKFNB-3'CDDE®
cell§. Howevery neither of these proteins fell above our cut off criteria in the proteonsizglies
08 5Q! 3Jdz yy2 Si (DRAguangoRD'Aessantirb 8B.2011, Sigkaréva, Harvey et
al. 2015)Tablel7). Eukaryoti initiation factor 4Alll wasalsofound to be upregulatedh cisplatin
resistant ovarian cancer cell liné3in, Huo et al. 2014P-3-phosphoglycerate dehydrogenase
an enzyme involved inderine biosynthesithat wasfound upregulated inin UKFNB-3'CDDE®
cells It was alsofound to be upregulatedn cisplatinadaptedovarian cancer cell line@d.incet,
Guevel et al. 2012)However, it was found downregulated in cisplat-adapted CHP212

neuroblastoma in the Piskareva stu(Biskareva, Harvey et al. 2015)

The voltagedependent anion channel protein @ DAC2 displayed enhanced levels WKFNB-
6'CDDP® cells compared ton UKFNB-6 parentas (see spot 1403 in Appendix. Upregulation
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of VDAC2 was also observedciaplatinadapted SHSY5Y neuroblastoma cellsinrk S 5 Q! 3 dzl
2Dgelelectrophoresis studyD'Aguanno, D'Alessandro @&t 2011)

There are three/DAGsoforms VDAC1, VDAC2, VDA@@t have been characterised in higher
eukaryotes VDAC1is the most abundanbne. All three isoforms arenainly located in the outer
mitochondrial membrangbeing evenly spread across thaitochondrial surface.The transcript
levels of all three isoformaere shown to be significantly higher in rat liver cancer cells compared
to normal liver cell§Shinohara, Ishida et.@000, ShoshaBarmatz, BetHail 2012) These anion
channelsmayplay a role irthe mitochondrial mediatedintrinsic)apoptosispathway, existing in
different oligomerization states They possess tlahility to complex with other proteins anfbrm
pores (such as themitochondrial permeability transitionMPT) pore complex (PTBPY that
permeabilise the outer mitochondrial membrane (OMNphosharBarmatz, BeiHail 2012)

(Figure43).
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Figure43. A representation of the possible @frchitecture of the permeability transition pore complex
(PTPE This isa large multiprotein complex that is assembled across the outer and inner mitochondrial
membranes and its openingmediates mitochondrial permeability transition (MPTNumerous
mitochondrial and cytosolic proteins intervene in the formation or regulatibhis pore complex, buits
actual poreforming unitis yet to be defined These proteins include (but are not limited to): various
isoforms of VDAC, ANT and Kfexokinase) CYPD(cyclophilin D) PiC(SLC25A3)TSPQ(translocator
protein), CKMT1(mitochondrial creatine kinasg) D{oYDfié 0238y ady, pw| asellad yI a
several members of the B2l protein family (B-Cell Leukaemi). IMS, ntiochondrial intermembrane
space. Diagram lifted and legend adapted fr@onora, Wieckowski et al. 2015)
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BAX(Bcl2 Associated-protein) and BAKBcI2 Antagonist Killek) are proapoptotic proteins of

the BCLAB-Cell Leukaemid) family that play key roles in mitochondrial dysfunction, which is
neccessary for mitochatrial mediated apoptosiéWVei, Zong et al. 2001, Roy, Ehrlich et al. 2009)
BAK is an integral OMM protein where it controls its permeabilisgidai, Lindsten eal. 2000)
whereas BAX is located in the cytosol from which it is redirected to the OMM to do the same
(Wolter, Hsu et al. 1997)This permeabilisation results in the release of proteins such as
cytochrome C, an termediate of apoptosis leading to cell death. BAK and BAX control OMM
permeabilisation in response to truncated BID (tBID), anothergpaptotic protein of the BCL2
family. Truncation of gtosolic BlIDis catalysed by caspases, calpain, cathepsins arzgrae B,

and this can beinitiated by a variety of stress conditions such as direct DNA damage by
chemotherapeuticssuch as cisplatinpr via death receptors such as tumour necrosis factor

receptor 1 (TNFR1) or FASei, Lindsten et al. 2000, Roy, Ehrlich et al. 2009)

There are conflicting studies regarding the role of VDAC?2 in apopiisiset a[Roy, Ehrlich et al.
2009) demonstrated that VDAC2has a proapoptotic role, beingcrucial for the OMM
permeabilisation mediated by tBID (whilst VDAC1 and VDAC3 are not), not necessarily as a
membrane pore, but by mediating both the control of recruitment of BAK to the OMM, and also
BAK dependent regulationf 8AX expressionn contrast, previous work by Cheng et(@heng,
Sheiko et al. 2003upport an antiapoptotic role for VDAC2ut not VDAC1specifically as an
inhibitor of BAKdependent mitochondrial apoptosis lgteracting with BAK and maintaining it in

an inactive form. Consistent with these findings, bettactdeficient andvdac3deficient mice

are viable, whereagsdac2deficient mouse embryos are nenable (Cheng, Sheiko etl. 2003)
Furthermore, studies by Baines et #Baines, Kaiser et al. 200ifdicate that all three VDAC
isoforms areactuallydispensable for bottMPT poreand BCGR family orchestrated apoptosis. Roy

et al (Roy, Ehrlich et al. 2008uggest that a pr@apoptotic role for VDAC2 was not recognised in
these earlier studies by Cheng et al and Baines et al due to the variation in the way both BID
dependent and othe apoptosis pathways are regulated?erhaps ourdata, demonstrating
elevated VDAC?2 levels in UNB-6'CDDP® cells, supportsan anti-apoptotic role of VDAG2as
suggested by th&€heng et al studyBesides directly damaging mitochondrial DNi&platin also
damagesnuclearDNA and initiates the mitochondrial apoptosis pathway via p53 dependent or
independent damage responsé€gang, Schumaker et al. 200&hd VDAC2 could possibly protect
from thisby inhibiting BAKlependent mitochondrial apoptosia the UKINB-6'CDDF cells

In head and neck cancer, cisplatin has been shown to preferentially bibdtkomitochondrial
DNA and VDAIBelf. The quantity of cisplatin bound to VDAC wasre than200 fold higher than
the amountbound by total cellular proteinfYang, Schumaker et al. 2008his binding of VDAC
by cisplatincan directly assistthe release of cytochrome &y disrupting the mitochondrial

permeability transition poreand in turn induce apoptosis in cancer cellsrrespective of
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mitochondrial DNA damage by cisplati@onzalez, Fuertes et al. 2001, Yang, Sckemat al.
2006, Cullen, Yang et al. 200lf)shouldbe noted though,that the VDAC in these experiment
comprised of all 3 isoforms and so it is not known what proportion, if any, of specific binding was
to VDAC2Maybe the évels of VDAC2 are eleedtin the UKFNB-6'CDDP® cellsin an attempt

to circumvent direct VDAC2 cisplatin bindiagd maintain its antapoptotic effects.The exact

role of the VDAC2 isoform in the mode of action and resistance to cisplatin remains to be
elucidated. The VDAClisoform, though, has been shown to bévolvedin cisplatininduced
apoptosisvia OMM permeabilisation(acting downstream of BA&hd upstream of BAX2 2.1and
Figure2. Downregulationor inhibition of VDAC1 reduakcisplatininduced apoptosisssociated
modifications ofboth mitochondrid and plasma membraneg nonsmall cell lung cancer cells
(Tajeddine, Galluzzi et al. 2008)so, he proteinadseverin(SCINwas idatified as a cisplatin
resistancemarker in human bladder cancer celh aproteomics study and SCIMinds to VDACs

in the mitochondria This interaction may inhibit the mitochondrial apoptosis pathway in cancer

cells thatareresistant to cisplatirfMiura, Takemori et al. 2012)

It is also ingresting that VDAC®Y partaking in thebinding ofthe glycolytic enzyme hexokinase

to the mitochondrial outer compartmenthave been proposed to play a key rateli KS W2 | ND ¢
ST ¥ $hiyhi Gates of glycolysis in the presence of oxygém)cancer cells whilst the
mitochondriallyassociated hexokinase activitgimultaneously protects against apoptosis
(Pedersen 2008, Shosh&armatz, De Pinto et al. 2010)e have discussed tha#K S W2 | NJD dz
S ¥ T 84 belurther driven inthe UKFNB-3'CDDP® and UKRMB6'CDDP® cellsdue to the
upregulation ofglycolytic enzymegt.3.2.1.4, butthe drect involvement of the VDAC?2 isoform in

this phenomenom isalso not known Nevertheless if VDAC2 is involved, it could becatner

explanation for elevated levels 0DMC2 is elevated in tHéKFNB-6'CDDP® cells.

Ultimately, elevated VDAC2 could bdiamarker for cisplatin resistance in neuroblastoma cells,
and a target for inhibitors talleviate cisplatin resistance, though further functional studies in

cisplatinadapted cellandin the individual cellular contextere required.

4.3.2.2 Investigating theacute effects of cisplatin

We also investigated the effects of acute cisplatin treatment in parental and cisplddipted
neuroblastoma cell lines byerforming amultiple cisplatin addition time course over hburs,
adding cisplatirio cells at 2, 8 ath 24 lours before harvestingwith no drug added to the Gour

time point control cells) 4.1.7.7), see results4.2.2.4. As for the acquired resistance studies,
summarised idenfied proteins can be found ifable15 and Table16 and their roles were put
together using Appendix O and Appendix P, where the main roles and ma@mee Ontology
(GO) molecular function, biological process and cellular component terms that they are matched

to (excluding those inferred by electronic annotation) are tabulated; all of this information was
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taken from theUniProt Knowledge base (http://wwwmiprot.org/). Tablel8, Tablel9, Table20,
and Table21 show the ANOVA-palues anddld change ratios of the proteins at each time point
over 24 tours. In the acute studies we unveiled a mixture of proteins that wem@mbination of

different, similar and the same as those found in the acquired resistance studies.

4.3.2.2.1 The acute response studlyparental cells

RuvBlike 2 protein, nucleophosmin, and ATP synsiga subunit beta (mitochondrialjvere
upregulated inresponse to cisplatin treatment afte? hours, 8 hours and 24 lours incubation
respectivelyof UKFNB-3 parental cells with 100@g/mL cisplatincomparedto the control (no
drug) cellsRuvBlike 2 appeared to be a short acting response, whereas nucleophosmin, and ATP

synthase subunit beta agared to be longeacting responses over the 24 haufrablel8s).

RuvBlike 2 along with Ruviike 1, are components of the hum&®BRCAPNuA4/TIP6thistone
acetyltransferaseINO80chromatinand BARemodellingcomplexes.The Ruilike proteins are
functionally related to bacterial RuvB helicase which is involved in DNA (gfairLIDAY 1974,
Ikura, Ogryzko et al. 2000As part of human SRCAP addA4TIP60histone acetyltransferase
they are involved in the transcriptional regulation of gengossibly including those involved in
oncogenemediated growth or tumour suppressgrowth arrest, via nucleosomal histone
modification. The SRCARcomplex is the human equivalg of the yeast SWR1 chromatin
remodelling complexof which Bdflcan bea component Interestingly Bdfldeletion resulted in
increased yeast cell sensitivity to cisplatin, as asglto carboplatin and oxaliplat{i3.3). Figure21
illustrates a model for the evolution of the yeast chromatin remodelling complexes SWR1 and also
NuA4 HAT(histone acetyltransferaseresponsible for histone H4 and H2A acetylation) to the
human SRCAResponsible foracetylationindependent exchange of 2A for H2AZ) and human
NuA4/ Tip60 HATrésponsible folacetylationlinked exchange of H2A variants) complef&sger,
Galarneau et al. 2008As pat of the NuA4TIP60histone acetyltransferase complex, the Raiv
like proteins(which contribute ATPase ar@NAhelicase activitypre alsoinvolved inDNA repair
and the signallingof the existence of DNA damage the apoptotic systenglkura, Ogryzko et al.
2000) As part of theINO80 complex, the RudiBe proteins arealsoinvolved in transcriptional
regulation DNA replication antepair. Therefore the upregulation of RuvBke 2 may antagonise
cisplatininducedDNA damage2(2.1). It is not surprising regarding that damaging DNA resulting
in apoptosis is a known mode of cisplatin actioHowever, functional studies areeaded to
further investigate the role of Ruwviike 2 in cisplatin resistance, in particularly because
cytoplasmic actifl (beta acti, another component of the human SRCAP and INO80 complexes,
was founddownregulated in UKRB6'CDDP® cells(Ikura, Ogryzko et al. 2000, Morrison, Shen
2009)(4.3.2.1.2). Nucleophosminwas foundupregulatedboth in thisacute response study in

UKFNB3 parental cellsand in the UKIB3'CDDP® vs UKMIB3 parental cell comparison
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(4.3.2.1.1 where it isdescribed. Therefore, it may be involved in the acute response to cisplatin
and play a role in acquired cisplatin resistanéd.P synthase subunit beta, also knowrr&s ATP
synthase or Complex 1§ a mitochondrial membrane protein that produces ATP form ADP in the
presence of a proton gradient that is generated across the membrane by electron transport

complexes of the respiratory chaifihe role in the context of cisplatin treatment is unclear.

Six proteins were differentially regulated in UKRB-6 parental cells in response to cisplatin
treatment. Three of thesevere heat shock chaperones, which were downregulagedioplasmin
(HSP90B1/GRP94/GP9b¢at shock cognate 7&Da protein (HSP71/HSCHBPAS8) and 7BDa
glucose related protein (GRP78/HSPA&Era2 hours, 8 hours and 24hours (respectively
incubation with 2000ng/mL cisplatin compared to the control (no drug) ceEmdoplasmin
appeaed to be a longr-acting response, heat shock cognaté kDa protein a short term

response, and 7BDa glucose related protein a loagting effect ovethe 24 hourgTable20).

Endoplasmiris a constitutive and cytosolic HSP90 isofaimat is required for proper folding of
proteins involved in tumorigenesis such asoltlike receptors and also plays a key role in the
innate function of macrophagegrang, Liu teal. 2007) It is overexpressed in certain cancers,
playing a key role in tumour cell survival, and is a negative regulator of apoffésjChu et al.
2015) An endoplasmin peptide complex derived from tumours, nawiggspen,has been trided
successfully as a vaccine for a range of cand®ood, Mulders 2009Heat shock cognate 7Da
protein is a member of the HSP70 family that is overexpressed in tumours andlisethin many
cellular processes such as protein folding, protein degradation, autopt&ggher, Macri et al.
2013) Additionally, it is required for activating preRNA splicing as part of the splicesofman
Maldegem, Maslen et al. 2015Yhere is a drug called apoptozole which inhibits the ATPase
activity of both HSP70A1 and HSPAS, resulting in the induction of apoptosis in human embryonic
carcinoma and lungancer cell{Braunstein, Scott et al. 2007, Ciocca, Cappello et al. 2Bd#)
endoplasmin and 7&Da glucose related proteimf which there are several inhibitors available,
are classd as stressnducible glucoseegulated proteins (GRPs) which are mainly located in the
ER and mitochondria, botheing positiveregulators ofthe unfolded protein response (UPR)e

cell cycle regulatind?I3KAKT pathwayWntc -catenin proliferative sigmlling suppressors of
apoptosis and ardéinked to drug resistanc@.ee 2014)Hence dowrregulation of each of these
three heat shock proteins may contribute to the anguroblastoma effects of cisplatin. Notable
the effects may be isoform specific. One proteomics stindgenix squamous cell carcinoma cells
demonstratedthat three isoforms oheat shock cognate 7kDawere differentially regulated in

response to cisplatin treatmer{80 pug/mL for 1hour) (Castagna, Antonioli et al. 2004)

Also dter 2 hours incubation with cisplatiproteasomesubunit alpha types (@ component of the
20S proteasomeyas downregulatedn UKFNB-6 parental cellsyhich is concordant with i@nt

work showing that isplatin inhibis proteasome activity in SBY5Y neuroblastoma ce{lBundo,
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Shbardella et al. 2015 hisdownregulation appeared te short acting Table20). Notably this
protein was also found downregulated inthe comparison UKFNB-6'CDDP® vs UKMNB6
parentalcells in the acquired resistance study, as already discugsg®.1.5. Overall our data
suggests that downregulation of proteasome subunit alpha {§pe both a resistance mechanism

and an acute effect of cisplatin at leastJiKFNB-6 neuroblastoma cells

Another protein that was found downregulated aft@& hours cisplatintreatment was aredox
protein, peroxiredoxird. By 24 hours this downregulation had returned back up to near the levels
of the control UKINB6 parental ceBat 0 hours (Table20). Since cisplatitis anticipated to induce
higher ROS levels thatontribute to DNA damage and cell deatPasari, Tchounwou 2014)
(2.2.1), peroxiredoxind downregulation may contribute to the antieuroblastoma effets of
cisplatin. Notably, peroxiredoxin2 was found downregulated in UKRB3'CDDP® in the

acquired resistance study.3.2.1.3.

Pyruvate kinase (PKMyas found upregulated in UKNB-6 cells in response t8 hours cisplatin
incubation (Table 20). Pyruvate kinase was also upregeld in the UKMNB6'CDDF™ cells
compared to the parental cells in the acquired resistance sfdd3.2.1.4. Hence a shift towards

I W2 | ND dzNAB Jikely &sultiriy Frémh dispfaliinduced mitochondrial respiration injury
(4.3.2.1.4, may be an acute protective and also an acquired resistance mechanism against

cisplatin.

Functional studies are required to further elucidate the roles of the identified proteins.

4.3.2.2.2 The acuteaesponse study igisplatinradaptedcells

There was no overlap between the proteins that were differentially regulated in response to
cisplatin in UKIB-3 and UKFNB3'CDDP® cells (4.3.2.2.). Four proteins werefound short-

term upregulatedin response ta2 hour cisplatin(1000ng/mL) treatment in UKRB-3'CDDP®

cells (Table 19). 26S proteaseregulatory subunit 8, which was modulated in the LN
6'CDDP® cells in theacquired resistance stud@.3.2.1.5, and also 26S protease regulatory

subunit 10Bare bothcomponents of th&6S proteasoméefer t04.3.2.1.5.

VDAC2 was also upregulated UKFNB3'CDDP™ cellsafter 2 hours cisplatin treatment which
appeared tobe a long term responseTéble 19). Since VDAC®as switched on in UKRB
6'CDDP® cells comparedJKFNB-6 parental cellsit has been discussed previou@ly3.2.1.7. It

has been discussed haw head and neck cancer, cisplatin has been shown to preferentially bind
to VDAC itselfdirectly assishg the release of cytochrome c by disrupting the mitochoad
permeability transition pore and in turn indung apoptosis(Yang, Schumaker et al. 2006, Cullen,
Yang et al. 2001%.3.2.1.7. If part of this binding is to the VDAC2 isoform, then VDAC2 elevation

in the cisplatin resistant cells could also beimmediate defene againsthis cisplatin mode of
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action. Maybe VDAC2 has an alternative, yaknown, role in the strg&s response to drug

challenge.

The fourth proteinthat wasfound upregulated in UKRB-3'CDDP cells in response to Bours
cisplatin treatment wagjuanine nucleotidébinding protein subunit bet&-like-1, also knowras
RACKreceptor of activated protein C kinase. BACK1s involved in many cellular process
includinga dual roles in apoptosis and proliferati¢ii, Xie 2015)RACK1 has been implicated in
negative regulation ofVntci -catenin signallingLi, Esterberg et al. 2011, Deng, Yao et al. 2G12)
proliferation pathway that has been implicated in cisplatin resista(@ao, Liu et al. 2013,
Nagaraj, Joseph et al. 2018).2.2.4. Regarding neuroblastomat, has been documented that
RACK1 is expressed in neuroblastoma cellsiragdntrastpositively regulates cell migration and
proliferation via modulating the activation of S(tu, Zhang et al. 201Dlowever, i response to
cisplatin,RACK1 has Bey’ a K2 gy (2 GFNHBSG kbllkoh oI YSYo6S
degradation in head and neck cancer c@lemenkov, Zangen et al. 200djsruptingthe role of

k b LJcirocell proliferation and oncogenic growfRatturajan, Nomoto et al. 2002)

Hongation factor 2 and lactate dehydrogenase (A chain) were downregulatetdKFNB
3'CDDP™ cells after 24hours treatment with cisplatin(Table19). Lactatedehydrogenasaevas
previously discussed because it was upregulatedJKFNB-3'CDDP® cells in the acquired
resistance study4.3.2.1.4. During translation elongation,lengation factor 2catalyses theGTR
dependent ribosomal translocation step, and silencing of elongation factor 2uigy

adenocarcinoma cells resulted in increased sensitivity to cisdl@tien, Fang et al. 2011)

The relevance of these six proteins in the responsdkENB-3'CDDP* cellsto cisplatin remains

unclear.

In the UKFNB-6'CDDP cells, pyruvate kinase watmownregulatedafter 2 hours treatment with
cisplatin (2000hg/mL) which appeared to be a loitgrm response Table21). This protein was
upregulated in UKRB6'CDDP%ells relative to UKNB6 parentals cells in the acquired
resistance study4(3.2.1.4 and alsan the UKFNB-6 parentalcells in theacute studyafter 8 hours
cisplatin treatment(4.3.2.2.3. In addition,26S protease regulatory subunit 8 was downregulated
after 24 hours cisplatin treatment in UKRB-6'CDDP®cells, also appearing to be a lotegm
response Table21). This protein has already been discussed due taiptegulationin UKFNB
6'CDDPF*ells relative to UKRB-6 parental cells in the acquired resistance st@iy.2.1.5 and
also in this sectiond(3.2.2.3 because it waspregulatedin the acute response study in théKF

NB-3'CDDP® cellsin response to cisplatin.

Again, the relevance ahese proteins in the response of UKIB6'CDDP%cells to cisplatin

remains to be elucidated.
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5 Conclusions

In conclusion, our findings shed additional light on the (complexity of the) mechanisms underlying
resistance (formation) to the clinically approved platinum drugs cisplatin, carboplatin and

oxaliplatin.

Growth profiling studies of a yeast (S.cerevisideheterozygousgene deletion strains in the
presence of cisplatin, carboplatin and oxaliplatin agar containing drug versus no dr(g2.1
and3.2.2), as well as proteomics studie$ humanparental and cisplatinesistant neuroblastoma
cell linesusing2D gel electrophoresis (coupled with MAHIMAMSand MALDITOFTORMS/MS
(4.22), both revealed a number of novel candidates that may contributeptatinum drug
resistanceor mode of platinum drug actigrbeing mtential biomarkersor future drug targetgo
reverse resistance or enhance platinum drug sensitiviie most obviousdifferences between
these approachesvere the, just describedmethodologiesand the model organisms Also, te
yeast screerwasa gene deletion/loss of functioanalysisapproach compared to the analysis of
protein overexpression and downegulationfor the proteomicsstudies. Furthermorgthe yeast
screen was of a preelected group of strains withenes encodingranscription fators deleted
whereas proteomics was of thehole cell proteome. Te yeast study waslso extended by
examiningfitness datagenerated from screenin@ wholegenome homozygous gene deletion
library versus the same platinum dru¢®2.1.1and 3.2.1.9; thesedatawas extracted from the
Yeast Fitness Databggwoducedfrom pooled competiive growth d gene deletionstrains in the

presence of drugwith growth quantified by PCR amah micrearray tecinology.

Comparingscreening figures, in yeaattotal of14 geneswvere confirmedfrom ourinitial screen of

209 (transcription factor/regulator)gene deletion strainsas important for survivalin the
presence of platinum drug8.2.2); 4 for cisplatin, 6 focarboplatin, and 13 for oxaliplatifrigure

11). From the Yeast Fitness Datab48e2.1.]), derived from screening the whole genome, there
were 1656 hits for cisplatin, 582 for carboplatin, a687 for oxaliplatin(Figure 7B). Both our
screenand the Yeast Fithess Database screfeom studying the distribution of both the hit
strains(3.2.1.7 and their functions and processé%?2.1.2, demonstratedthat the three platinum

drugs have both exclusively individual and shared (between two or all three drugs) modes of
actions and potential resistance mechanis@$the hit strainsconfirmed in our screeningBDF1

was investigated in more detafB.2.3, confirming that it antagonises the effects of all three
platinum drugs. Notably, BET inhibitors that target the human analogues of BDF1 are under
clinical developmenfor cancer and may sensitise cancer cells to platinum drugs, and it would be
useful to explore whether such drugs sensitise our neuroblastoma cell lines to the platinum
agents.As an accessory to the SWR1 complex, Baiies finctional homdogy with huran Brd8

an accessorgubunit of the human NuA4/Tip60 HAT comp(Eigure21) (Auger, Galarneau et al.
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2008) both complexes regulate histone H2AZ incorporation into chromativd ultimately
regulate tanscriptioral processesTargetingBrd8 specifcally may be a worthwhitensideation
for future therapy to sensitise canceells to platinum agentdn contrast, we carried out solely
cisplatin studies imeuroblastoma and 20 differentially expressed proteins were implicated in
acquired cisplatirresistanceand 15 in all the acute cisplatin responsg¢combined figurefrom
the UKFNB-3 and UKMNB6 studes) Originally, 20/48 excisedspots (out of 574 per gelyere
identified in the UKFANB-3 cell lines and 4/32 spots (out of 675 per gahe UKFNB-6 cell lines
Excised spots were those thandicated differences in protein levels for at least ook the

comparisors (4.2.2.2.

Even thoughhe yeast studies and proteomics meetwo quite different approachesthey were
both datamining exercises with somateresting overlag inresults Proteomicshits for cisplatin
resistance(4.2.2.3 and the acute responsg4.2.2.4 were matdied to a variety ofunctions and
processes, mainlghaperone activity, stress resistance, redox and detoxification, cell growth,
apoptosis, DNA repair and replication, protein tower, carbohydrate metabolism, cytoskeletal
organisation and neuronal functional and developmeliiost of these were in agreement with
those of the gene deletion hitd@th for cisplatin only and for all three drugs) from the yeast
studies (3.2.1.2. It was also very interesting that proteomics his RuvBlike 2 (identified as
upregulatedin the cisplatin acute gonsein UKFNB-3 parental cell3 and betaactin (idenified

as downregulated in UKIRB6 acquired cisplatin resistance) afmth part of the human
NuA4/TIP60 histoneacetyltransferase(as for Brd8, see above)NO80and SRCARhromatin
remodelling complexeswhich are also involved in DNA repair and replicati@ara, Ogryzko et
al. 2000, Morrison, Shen 2009he SRCARomplexis the human equivalent of the yeast SWR1
chromatin remalelling conplex withwhich Bdfl, our kehit from the yeast studigds associated

It would be very interesting to further investigate the role alf these complexes, and their
individual components, in platinum drug resistance and as potential drug taiggtaticularly to

enhance platinum toxicity

Focussing othe proteomics studiest would be interestingand worthwhileto further investigate
the role ofnucleophosmin an&/DAC?2n cisplatin resistancbecause bth of these proteins were
upregulated withhigh fold change ratios in cisplatiesistant cell{UKFNB-3'CDDP® and UKF
NB6'CDDP® respectively) (4.2.2.3, and both appeared in the UKNB3 acute responses
(4.2.2.9, and both were pregulated in one othe other externalacquired resistancstudiesin
neuroblastomaSHSYS5Y cells) witihe same direction of expressidd.2.2.2. Furthermore there
is limited literature implicating them in cisplatin resistanocghich would add to their novelty as

potential biomarkers or drug targets

Cisplatin and carboplatjrwhich have similar modesf cellular uptakewere describedo induce

similar DNA adducts and to diff from oxaliplatin in their modes of interaction with DNvd
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subsequent cascade of events leading to cell deldtwever the majority ofour results obtained
from the yeast deletion strains suggestttht they are not the most similg§3.2). In contrast to
these findings in the yeast model, cragsistance profiles in our cell line panel (consisting of the
neuroblastomacell lines UKINB3 and UKMB6 and their sublines adapted to cisplatin,
carboplatin or oxaliplatin) were more pronounced between cisptasind carboplatirresistant
neuroblastoma cells than between cisplatior carboplatinresistant neuroblastoma cells and
oxaliplatinresistant neuroblastomasetls (4.2.1.3. This finding suggests that yeafdrived data

may only transferred to human cancer (models) with caution.

The comparison of platinum drugsistarce profiles(4.2.1.3, cell doubling timeg4.2.1.29 and

cell morpholog (4.2.1.]) indicated significant differences between the different platinum drug
adapted neuroblastoma cell lines, indicating that, despite a substantial level ofresistance,
resistance formatioris a complex, cell linspecific (individual) process. The individuality of the
resistance formation process in a given cancer cell line was confirmed by our proteomics study
investigating the cisplatinesistant subines of UKINB-3 and UKMB-6 and thecomparison of

the resulting data to the results of two othaxternal studies that had investigated additional

cisplatinradaptedneuroblastomecell lines by proteomicgt.2.2).

Taken together, our dataverallsuggess that an in depth systems biology understanding of the
processes underlying resistance (formation) to platinum drugs (and probably also other anti

cancer drugs) will be needed to develop improvedrépées for each individual cancer patient.
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