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HIP  haploinsufficiency profiling 

HIR1  Histone Regulation 
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HMGB1  high-mobility group box 1 

HOP  homozygous profiling 

HR  homologous recombination 

HSP  heat shock protein 

HSP heat shock protein 

HU  hydroxyurea 

IAA iodoacetic acid 

IC50  half-inhibitory concentration 

ICD  immunogenic cell death 

IEF isoelectric focussing 

IMDM LǎŎƻǾŜΩǎ aƻŘƛŦƛŜŘ 5ǳƭōŜŎŎƻΩǎ aŜŘƛǳƳ 

INNS International Neuroblastoma Staging System 

Jak  Janus kinase 

JNK  c-Jun NH2-terminal kinase 

MAC1  Metal binding ACtivator 

MALDI  Matrix-Assisted Laser Desorption/Ionisation 

MAPK   mitogen-activated protein kinase 

MBF  transcriptional activator  (Mbp1/Swi6 protein complex) 

MDR  multi-drug resistance 

MDR1  P-glycoprotein, also known as multi-drug resistance protein 1  

miRNA  micro RNA 

MMR  DNA mismatch repair 

MMS  methyl methanesulfonate 

MQ H20  Milli-Q water 

Mr th theoretical molecular weight 

Mr molecular weight 

MRGBP MRG-binding protein 

mRNA  messenger RNA 

MRP1  multi-drug resistance-associated protein 1 

MRP2  multi-drug resistance-associated protein 2 

MS mass spectroscopy 

MT  metallothionein 
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mtDNA mitochondrial DNA 

MTT  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NaCl  sodium chloride 

NB neuroblastoma 

nDNA nuclear DNA 

NER  nuclear excision repair 

NF-kB  nuclear factor kappa-light-chain-enhancer of activated B cells 

NH4HCO3 sodium bicarbonate 

NHE1  Na+/H+ membrane exchanger-1 

nLC-MSE nanoflow liquid chromatography mass spectroscopy 

NSCLC  non-small-cell lung carcinoma 

OCT-1 or 2 organic cation transporter 1 or 2 

OMM  outer mitochondrial membrane 

OXALI  oxaliplatin 

p53  tumour protein p53 

PARP  poly(adenosine diphosphate [ADP]-ribose) polymerase protein 

PBS phosphate-buffered saline 

PCG279  standard multi-copy expression vector PRS426, used as the negative control  

PCG596  PRS426 plasmid but with the S.cerevisiae gene BDF1 and its own promotor cloned
  into ORF frame 3 

PCR  polymerase chain reaction 

PD-L  programmed cell death receptor ligand 

PDR pleiotropic drug resistance 

PET  positron-emission tomography 

PFF peptide fragment fingerprint 

pI isoelectric point 

pI th theoretical isoelectric point 

Pi3K  Phosphatidylinositol-4,5-bisphosphate 3-kinase 

PKM  pyruvate kinase 

PMF protein mass fingerprint 

PSA  prostate specific antigen 

PTPC  mitochondrial permeability transition complex pore complex 
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PUMA  p53 upregulated modulator of apoptosis 

RACK1 receptor of activated protein C kinase 1 

RAD27  RADiation sensitive 

RAD52  RADiation sensitive 

RCCL  The Resistant Cancer Cell Line Collection 

RIP  receptor-interacting protein kinases 

RKIP Raf kinase inhibitor protein/ phosphatidylethanolamine-binding protein 1 

RNA  ribonucleic acid 

RNAi  RNA intereference 

ROS  reactive oxygen species 

RTG ReTrograde Regulation 

SAGA  Spt-Ada-Gcn5 Acety-Transferase 

SBF  transcriptional activator (Swi4/Swi6 protein complex) 

SD  synthetic defined 

SDS sodium dodecyl sulphate 

SDS-PAGE sodium dodecyl sulphate-polyacrylamide gel electrophoresis  

SD-URA  synthetic defined without uracil 

SFP1  Split Finger Protein 

SGD  Saccharomyces Gene Database 

shRNA short hairpin RNA 

siRNA silencing RNA 

snRNA small nuclear ribonucleic acid 

SLA1  Synthetic Lethal with ABP1 

SRBC  serum deprivation response factor (sdr)-related gene product that binds to c-
kinase 

STAT  Signal Transducer and Activator of Transcription 

STDEV standard deviation 

SUM1  SUppresor of Mar1-1 

SWI4 or SWI6 Switching deficient 4 or 6 

TAFs TBP-associated factors 

tBID truncated BID 

TBP TATA-binding protein 

TFA trifluoroacetic acid 
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TFIID  Transcription Factor IID 

TGS Tris-glycine SDS 

TNBC triple-negative breast cancer 

TNF-  h  tumour necrosis factor-  h

TOF time of flight 

TOR  target of rapamycin 

UME6  Unscheduled Meiotic gene Expression 

UPR  unfolded protein response 

VDAC  voltage-dependent anion selective channel protein 

YFD  Yeast Fitness database 

YKO  Yeast Knock-out  

YPD  yeast, peptone, dextrose   

ZAP1  Zinc-response Activator Protein 

-ɹGCS  -ɹglutamylcysteine synthetase 
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1 Abstract 

The platinum-based cytotoxic chemotherapeutics cisplatin, carboplatin, and oxaliplatin are widely 
used as anti-cancer drugs, but their efficacy is limited by the occurrence of resistance. The 
mechanisms of actions of these drugs as well as the mechanisms underlying resistance 
(formation) to platinum drugs remain incompletely understood. More knowledge is required to 
develop more effective therapies. 
 

In this study, we used yeast cells and neuroblastoma cell lines to investigate the mode of action 
and resistance to platinum drugs. First, we screened a Saccharomyces cerevisiae transcription 
factor heterozygous gene deletion library to identify genes that when deleted result in enhanced 
sensitivity to cisplatin, carboplatin and/or oxaliplatin. In addition, data on platinum drug 
sensitivity in yeast, derived from screening a yeast whole-genome homozygous deletion library, 
was extracted from the Yeast Fitness Database (http://fitdb.stanford.edu/). There was a 
substantial overlap in the genes (and related pathways) that determine sensitivity to the 
individual platinum drugs, but also considerable differences. Notably, cisplatin and carboplatin are 
anticipated to be more similar in their mode of action compared to oxaliplatin, but the yeast data 
did not entirely support this notion. Amoung the genes involved in response to platinum drugs, 
BDF1 (Bromodomain-containing factor 1) was identified as a novel gene which, when deleted, 
resulted in increased sensitivity to all three platinum drugs. Its re-expression reversed platinum 
drug sensitivity, confirming its role in determining the yeast cell response to platinum drugs. 
Notably, BET proteins (the human equivalents of Bdf1) are increasingly recognised as potential 
anti-cancer drug targets. Our data suggest that they may have a role in sensitising cancer cells to 
platinum drugs.   
 

Next, we investigated a unique panel of cell lines consisting of neuroblastoma cell lines UKF-NB-3 
and UKF-NB-6 and their sub-lines with acquired resistance to cisplatin (UKF-NB-3rCDDP1000, UKF-
NB-6rCDDP2000), oxaliplatin (UKF-NB-3rOXALI2000, UKF-NB6rOXALI4000), or carboplatin (UKF-
NB3rCARBO2000, UKF-NB-6rCARBO2000). 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 resistance phenotype was stable 
after cultivation of the resistant sub-lines for three months in the absence of drugs, indicating that 
resistance was not a consequence of the reversible enrichment of a pre-existing sub-population of 
cells, but due to a permanent, irreversible genomic change. This notion was supported by the 
determination of sensitivity profiles to cisplatin, carboplatin and oxaliplatin in the cell line panel. 
Both UKF-NB-3 and UKF-NB-6 parental lines exhibited sensitivity to all three platinum drugs, and 
the platinum drug-adapted parental cells displayed generally increased resistance, not just to the 
drug to which they were adapted, but to all three platinum drugs. However cisplatin- and 
carboplatin- resistant UKF-NB-3 cells displayed no cross-resistance to oxaliplatin, and oxaliplatin-
resistant UKF-NB-3 cells displayed none to cisplatin 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 compared the UKF-NB-3 and UKF-NB-6 cells with their cisplatin-
resistant sub-lines to study acquired cisplatin resistance, and also investigated their responses to 
acute cisplatin treatment. The resulting data, together with previous proteomics studies that 
investigated acquired resistance in cisplatin-adapted neuroblastoma cell lines, suggested that, 
despite overlaps, the resistance mechanisms are heterogeneic and cell line-specific. This was also 
the case, comparing our cell lines only, for the acute cisplatin responses. 
 

In conclusion our data demonstrate that resistance formation to cisplatin is a complex and 
individual/cell line specific process. Further research will be required to enable a systems-level 
understanding of cisplatin resistance that can be translated into improved therapeutic 
approaches. 
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2 Introduction 

2.1 Overview of cancer, chemotherapies and 

chemoresistance 

2.1.1 Cancer statistics and anti-cancer agents 

Cancer is one of the leading causes of death in economically developed countries, with 352,197 

cases diagnosed in the UK in 2013, and breast, prostate, lung and bowel cancers together 

accounted for over half (53 %) of these cases; in 2011 it was reported that 1 in 4 deaths in the UK 

were from cancer. Worldwide, an estimated, 14.1 million people were diagnosed and 8.2 million 

died from cancer in 2012, most commonly from cancer of the lung, liver, stomach or bowel. 

Numbers are constantly increasing due to ageing and growth of the population. Even though 

overall patient prognosis has significantly improved due to earlier diagnosis and better treatment, 

survival rates are still poor for some common cancers such as lung and pancreatic cancer, and 

there is a continuous pressing need for new therapeutic strategies (Quaresma, Coleman et al. 

2015) (Cancer Research UK at http://www.cancerresearchuk.org/). 

Cytotoxic chemotherapeutics such as the platinum drugs cisplatin, carboplatin and oxaliplatin, 

which we have focussed on in this project, remain the most commonly used anti-cancer drugs to 

date. However, they come with a host of severe side effects and the problem of chemoresistance, 

the latter of which shall be discussed later in more detail.  Lately, efforts have been made to 

develop better tolerated and more effective metallodrugs (Wang, Wang et al. 2015). Overall, in 

recent years, an effort to develop new treatments promising fewer adverse events and superior 

response rates compared to these non-specific drugs has shifted the emphasis to more rationally 

designed, targeted therapeutics. Such molecularly targeted and ΨǘŀǊƎŜǘŜŘ ǘƘŜǊŀǇƛŜǎΩ Ŏŀƴ ōŜ 

biopharmaceuticals (eg. antibodies) or small molecules (for example, kinase inhibitors) which 

selectively target cancer specific events such as receptors for overexpressed growth factors, for 

example cetuximab and gefitinib respectively, which both block epidermal growth factor receptor 

(EGFR) (Dancey 2004, Tonini, Calvieri et al. 2009, Workman, Clarke 2011). However the 

development of resistance is still an issue with these targeted therapies. One of the more modern 

movements in cancer treatment has been the development of drugs that target immune cells 

rather than tumour cells to induce a long lasting immune response in the patient against their 

own cancer cells, for example anti-CTLA4 and anti-PD-1 to treat recurring cancers like metastatic 
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melanomas, renal cell carcinoma or non-small-cell lung carcinoma (NSCLC) (Shekarian, Valsesia-

Wittmann et al. 2015). 

2.1.2 Neuroblastoma 

For the majority of our experiments we have used neuroblastoma cell lines, both parental drug-

sensitive lines and also corresponding sub-lines resistant to each of the platinum drugs cisplatin, 

carboplatin and oxaliplatin, which are clinically used to treatment neuroblastoma (Ruggiero, 

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 life (http://www.cancerresearchuk.org/). Most children 

diagnosed over 1 year old already have extensive metastasis and poor prognosis (Brodeur 2003). 

It is a very complicated and heterogeneous cancer (Brodeur 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 chemoresistance (Brodeur 2003, Cheung, Dyer 2013). This 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 stage 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 number occurs in approximately 22 % of cases of 

neuroblastoma, and this is a biomarker for a poor prognosis (Brodeur 2003, Cheung, Dyer 2013). 

Another biomarker for poor treatment outcome, which is mutually exclusive to the amplification 

of MYCN, is the presence of deletions on the long arm of chromosome 11 (Caren, Kryh et al. 

2010).   

2.1.3 Chemoresistance  

Unfortunately, drug resistance severely limits the successful treatment of cancer patients.  

Accounting for half of all drug resistant cancer cases is intrinsic resistance, which is when a patient 

has pre-existing molecular mechanisms that enable tumour cells to survive and proliferate in the 

presence of a drug before 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 exposure (Lippert, Ruoff et al. 2011, Holohan, 

Van Schaeybroeck et al. 2013, Hu, Zhang 2016, Gottesman, Lavi et al. 2016). For example, 

colorectal, renal, lung and prostate cancer can 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 complex multi-factorial nature 

of the underlying molecular events. Many resistance mechanisms have been identified, such as 

reduced entry into the cell, accelerated drug efflux, enhanced detoxification inside the cell, 

interference with cell cycle dynamics, increased DNA repair and defective apoptosis (Ambudkar, 

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 expression (Brown, Curry et al. 2014, 

Easwaran, Tsai et al. 2014) and the tumour microenvironment (Holohan, 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 between cancer types and patients (Sharma, Haber et al. 2010, Shekhar 

2011).  Multidrug resistance (MDR) often describes a phenotype when cancers treated with anti-

cancer drugs develop cross-resistance to many other anti-cancer agents to which they have never 

been exposed, which is a severe issue when it comes to successful chemotherapeutic treatment 

of cancer patients (Ambudkar, Dey et al. 1999, Leslie, Deeley et al. 2005, Gottesman, Lavi et al. 

2016, Wu, Yang et al. 2014).  Interestingly, in neuroblastoma, MYCN (2.1.2) directly contributes to 

MDR by regulating specific ABC transporters including the multidrug resistance-associated MRP1 

protein (Manohar, Bray et al. 2004, Porro, Haber et al. 2010, Harvey, Piskareva et al. 2015). 

2.1.4 Monitoring and predicting chemoresistance 

Historically, aǘǘŜƳǇǘǎ ƘŀǾŜ ōŜŜƴ ƳŀŘŜ ǘƻ ǇǊƻŦƛƭŜ ǇŀǘƛŜƴǘǎΩ ǘǳƳƻǳǊ ŎŜƭƭǎ ǇǊŜ-treatment for intrinsic 

drug resistance using fresh tumour cell culture assays that measure, for example, cell activity 

(such as thymidine incorporation into cell DNA (KERN, WEISENTHAL 1990) or the loss of cell ATP 

(ANDREOTTI, CREE et al. 1995)), against a range of drug concentrations, though results from such 

tests can be unreliable (Lippert, Ruoff et al. 2011). During chemotherapy treatment, positron-

emission tomography (PET) can be used to determine the metabolic activity of tumour tissue and, 

though it cannot distinguish between intrinsic and acquired resistance, can be used to assess 

multi-drug resistance (Kurdziel, Kiesewetter 2010). Radiotracers may be used for measuring 

cellular activity in more detail and to detect the presence of cancer biomarkers (Dunphy, Lewis 

2009, Lippert, Ruoff et al. 2011, Sharma, Aboagye 2011).  Other examples of laboratory 

approaches to determine resistance are the measurement of half inhibitory concentration (IC50), 

and resistance index (RI)/fold resistance using the MTT assay, rate of drug pump efflux using the 

drug efflux assay, growth curves and drug susceptibility using MTT or HDRA technology 

(histoculture drug-response assay), and the apoptosis index using high-content screening and 

analysis (Wu, Yang et al. 2014).  The status of multidrug resistant genes (such as MRP, MDR-1 and 

MDR-2) and signalling pathways can be assessed using Western blotting and 
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immunohistochemistry methods, and drug resistance phenotypes can be assessed using high-

throughput screening systems by means of RNA interference or array based chips (Wu, Yang et al. 

2014).  

Biomarkers may be cancer-derived molecules found in the blood (eg. prostate specific antigen 

(PSA) for prostate cancer), or in tumour tissue (eg. overexpression of HER2 in breast cancer 

(Harries, Smith 2002)).  Biomarkers, which may include pathways, may be used to monitor drug 

resistance mechanisms and to guide therapies (Bild, Yao et al. 2006, Coughlin, Johnston et al. 

2010). It is a constant challenge to identify cancer biomarkers that enable reliable monitoring of 

drug resistance during therapy or that can be used confidently to predict clinical outcome for 

individual patients.   

Over the last decade, a greater knowledge of drug-resistance mechanisms combined with the 

ƛƴǘǊƻŘǳŎǘƛƻƴ ƻŦ ΨǘŀǊƎŜǘŜŘ ǘƘŜǊŀǇŜǳǘƛŎǎΩ Ƙŀǎ ƛƴƛǘƛŀǘŜŘ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ ǇŜǊǎƻƴŀƭƛǎŜŘ or precision 

medicine. The aim is to develop 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, whilst avoiding drug therapies which are 

ineffective, costly and harmful (de Bono, Ashworth 2010, Murphy, Stordal 2011, Lippert, Ruoff et 

al. 2011). This has culminated in a new generation of clinical trials requiring pre-selection of 

relevant patients based on appropriate predictive biomarker identification from the biological 

characterisation of tumour biopsies (de Bono, Ashworth 2010, Wistuba, Gelovani et al. 2011, 

Tursz, Andre et al. 2011, Biankin, Piantadosi et al. 2015, Renfro, Mallick et al. 2016). Examples are 

The Biomarker-integrated Approaches of Targeted Therapy for Lung Cancer Elimination (BATTLE) 

trial (Kim, Herbst et al. 2011) reviewed in (Wistuba, Gelovani et al. 2011, Renfro, Mallick et al. 

2016) and the Alliance Trial, both for NSCLC (Hayden 2011), and also the I-SPY 2 trial for locally 

advanced breast cancer (Barker, Sigman et al. 2009), reviewed in (Renfro, Mallick et al. 2016). 

2.2  The platinum drugs and resistance 

2.2.1 The platinum drugs: clinical utility and mode of action 

Platinum-based drugs are among the most active anti-cancer agents and are used as single agent, 

or in combination with, other cytotoxic or targeted drugs and/or radiotherapy to treat a wide 

variety of human malignancies (Stordal, Davey 2007, Kelland 2007, Wheate, Walker et al. 2010). 

Cisplatin is the most widely used platinum-based chemotherapeutic and was the first to be 

approved in 1979. Since then, over twenty other platinum drugs have entered clinical trials in an 

attempt to better cisplatin in terms of toxicity 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 by the 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 work is to enter cells by passive diffusion or through 

organic or metal transporters and, upon entrance, aquation occurs and the drug becomes 

positively charged, enabling it to bind to DNA and cause DNA lesions. Such lesions distort the DNA 

helix and block RNA polymerases, thus preventing replication and DNA repair, and ultimately 

cause cellular apoptosis and tumour damage (Wang, Lippard 2005, Stewart 2007, Klein, Hambley 

2009, Koeberle, Tomicic et al. 2010, Wheate, Walker et al. 2010, Johnstone, Suntharalingam et al. 

2016). Unfortunately, continued use of platinum drugs is restricted because of their severe dose-

limiting side effects caused by the random drug uptake into all rapidly-dividing cells, not just 

cancer cells (Wheate, Walker et al. 2010).  

The chemical structures of cisplatin, carboplatin and oxaliplatin are shown in Figure 1. Cisplatin 

and carboplatin are very similar structurally, and they are generally used to treat the same types 

of cancer such as testicular, cervical, head and neck cancers, and small-cell lung cancer, although 

cisplatin is the drug of choice for testicular cancer, and carboplatin is now the drug of choice for 

ovarian cancer. Carboplatin forms similar DNA adducts as cisplatin, most frequently intra-strand 

adducts between adjacent guanines or between guanine and adenine, but has a lower reactivity, 

so subsequently has fewer side effects and can be administered in higher doses (Rixe, Ortuzar 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).   

 

 

Figure 1. Chemical structures of platinum anti-cancer drugs (Heffeter, Jungwirth et al. 2008). 

 

Oxaliplatin is currently the drug of choice, used in combination with 5-FU and folinic acid, to treat 

colorectal cancer (Wang, Lippard 2005, Heffeter, Jungwirth et al. 2008, Wheate, Walker et al. 

2010). Oxaliplatin has structural differences which enable the formation of different intra-strand 

DNA adducts that prevent the binding of some DNA repair proteins, therefore it has fewer side 

effects than cisplatin and carboplatin. For example, DNA mismatch repair (MMR) machinery does 

not recognise DNA adducts formed by oxaliplatin, but does recognise cisplatin and carboplatin 

adducts resulting in mediation of apoptosis (Rabik, Dolan 2007, Ahmad 2010, Martinez-Balibrea, 
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Martinez-Cardus et al. 2015).  It is also of larger structure than the other two drugs, therefore 

cause greater DNA deformation (Mehmood 2014), and produces fewer DNA adducts than the 

other two drugs at equi-molar concentrations, but a higher toxicity (Woynarowski, Faivre et al. 

2000, Martinez-Balibrea, Martinez-Cardus et al. 2015). Copper transporter 1 (CTR1) has shown to 

be involved in the uptake of platinum drugs, but mainly of cisplatin and carboplatin (Holzer, 

Manorek et al. 2006), whereas oxaliplatin enters cells primarily via a different mechanism, for 

example by organic cation transporters such as OCT-1 and OCT-2 (Zhang, Lovejoy et al. 2006). It 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 type (Zhang, 

Lovejoy et al. 2006, Rabik, Dolan 2007, Martinez-Balibrea, Martinez-Cardus et al. 2015, Johnstone, 

Suntharalingam et al. 2016). Oxaliplatin is commonly believed to be capable of overcoming 

cisplatin resistance, for example in cisplatin-resistant ovarian cancers (Rabik, Dolan 2007, Wheate, 

Walker et al. 2010, Ahmad 2010, Johnstone, Suntharalingam et al. 2016), and interestingly, 

cisplatin may have activity in oxaliplatin-resistant colon cancer (Rixe, Ortuzar et al. 1996, 

Mohammed, Retsas 2000). As already mentioned, all three platinum drugs are clinically used to 

treat neuroblastoma (Ruggiero, Trombatore et al. 2013). Regarding 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 neurotoxicity (Rabik, Dolan 2007).  

As mentioned, the platinum drugs enter the cell by passive diffusion or via organic or metal 

transporters such as CTR1, OCT-1 and OCT-2. In terms of active platinum drug efflux, copper-

transporting P-type adenosine triphosphatases ATP7A (Samimi, Safaei et al. 2004) and ATP7B 

(Leonhardt, Gebhardt et al. 2009, Dmitriev 2011) have been implicated, which contribute to drug 

accumulation. There is a link between the uptake and efflux of cisplatin and copper metabolism 

(Wang, Lippard 2005). Platinum also binds to sulphur and therefore binds sulphur-containing 

cytoplasmic glutathione and metallothionein molecules (catalysed by glutathione-S-transferase), 

which ultimately causes platinum drug deactivation and detoxification, then inactive drug is 

exported from the cell via ATP-dependent efflux pumps such as the multi-drug resistance 

associated proteins MRP1 and MRP2 (Kelland 2007, Klein, Hambley 2009). However this 

detoxification process also depletes the cell of the antioxidants glutathione and metallothionein, 

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

Cisplatin is the most studied of the platinum drugs and a summary of its mode of action, post 

cellular entry, is illustrated in Figure 2. More research is required to elucidate the modes of action 

of the individual platinum drugs in more detail (Gatti, Cassinelli et al. 2015), though it can be 

presumed that there are similarites, in particularly between cisplatin and carboplatin (Rabik, 



 
Page | 27  

 

Dolan 2007). The key differences, compared to the other two drugs, regarding recognition and 

processing of oxaliplatin have already been highlighted, and also there are differences between 

cell death pathways, which shall be discussed later.  

Focussing on Figure 2, cisplatin-induced post-translational modification of histones alters 

chromatin structure, enabling nuclear factors to bind that control DNA repair, transcription, and 

other processes (Wang, Lippard 2004). Nuclear DNA damage is recognised by proteins such as 

high-mobility group box protein (HMGB1) (a chromatin protein) (Siddik 2003, Wang, Lippard 

2005, Lange, Vasquez 2009), and a DNA damage response is elicited to promote cell survival 

which, if the adducts are in low numbers, DNA repair machinery (mainly nuclear excision repair 

(NER)) can resolve with a temporary cell cycle arrest (Galluzzi, Vitale et al. 2014). However, if it is 

irrepairable, cell cycle arrest becomes permanent and the cell enters senescence (Gewirtz, Holt et 

al. 2008, Galluzzi, Vitale et al. 2014) which can ultimately lead to cell death. DNA damage 

modulates many signal transduction pathways that are an attempt to mediate or which 

contribute to platinum drug cytotoxicity, for example the AKT (v-akt murine thymoma viral 

oncogene homologue), c-ABL (v-abl Abelson murine leukaemia viral oncogene homologue), p53, 

MAPK (mitogen-activated protein kinase)/JNK (c-Jun NH2-terminal kinase)/ERK (extracellular 

signal-related kinase) pathways (Wang, Lippard 2005). The tumour suppressor protein p53 is a 

transcription factor that plays an important role in DNA repair, the cell cycle, senescence, the 

apoptotic pathway and overall genetic stability, and platinum resistance is often associated with 

p53 abnormalities (Reles, Wen et al. 2001, Vaseva, Moll 2009, Liu, Xu 2011). Over 50 % of cancers 

have mutations in p53, because with no or altered p53 function cellular control over growth and 

death is lost which results in a cancerous phenotype; mutant p53 is therefore a cancer drug target 

(Parrales, Iwakuma 2015). Normally, p53 is expressed at low levels, but when cells are stressed by, 

for example, DNA damage by cisplatin, p53 is stabilised and activated and can induce cell cycle 

arrest so that repair can take place and/or apoptosis (Parrales, Iwakuma 2015) (Figure 2) by 

upregulating genes such as NOXA and PUMA (p53 upregulated modulator of apoptosis) that 

encode pro-apoptotic proteins of the Bcl-2 family (Liu, Xu 2011). The stabilisation/activation of 

p53 results from the activation of ATR (ATM- and RAD3-related protein) followed downstream by 

activation of CHEK1 (checkpoint kinase 1) (Siddik 2003, Galluzzi, Vitale et al. 2014), as well as by 

pathways of MAPK signalling (Siddik 2003, Wang, Lippard 2005). These events can lead to cell 

senescene or to apoptosis via widespread mitochondrial membrane permeabilisation (Galluzzi, 

Vitale et al. 2014). 

As previously mentioned, detoxification of platinum drugs causes redox stress. As depicted in 

Figure 2, 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 antioxidant and protects the cells, wherease if the stress levels increase, p53 acts in 
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Figure 2. Cisplatin (CDDP) mode 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 response. It also binds to mitochondrial DNA (mtDNA) as well as various mitochondrial and 
extramitochondrial proteins, causing i) favouring the establishment of oxidative and reticular stress; ii) 
activating signaling pathways that involve pro-apoptotic BCL-2 family members BAK1 and BAX, as well as 
voltage-dependent anion channel 1 (VDAC1) and iii) activation of cytoplasmic p53.  The relative contribution 
of these modules, and crosstalk between them, to the cytotoxicity of cisplatin remains to be precisely 
elucidated. Asterisks = primary reactivity effects, ER = endoplasmic reticulum, MOMP = mitochondrial outer 
membrane permeabilisation (Galluzzi, Vitale et al. 2014). 

 

a pro-oxidative manner which increases stress levels further, leading to cell death (Liu, Xu 2011). 

Cisplatin-induced DNA damage can cause ER (endoplasmic reticulum) stress too via calpain 

(Yadav, Chae et al. 2014), and cisplatin has also been proven to have the ability to induce a 

nucleus independent apoptotic signalling pathway which involves ER stress (Mandic, Hansson et 

al. 2003), as depicted in Figure 2. ER stress results in the accumulation of unfolded proteins in the 

ER, which, if not resolved by activation of the unfolded protein response (UPR), leads to cell 

death. ER stress-induced cell death is caused by an increase in transcription of pro-apoptotic 

protein genes such as NOXA and PUMA (Yadav, Chae et al. 2014) which are modulated by p53 

stabilisation (Li, Lee et al. 2006).  

Platinum drugs like cisplatin also bind to cytoplasmic targets to intitate cytotoxic effects (Figure 2) 

due to their low binding specificity and high activity. There are discrepancies between literature 

reports on the percentage of cisplatin that forms adducts with DNA compared to with cellular 

proteins; some say that the amount of intracellular cisplatin DNA and protein adducts formed are 
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10 % and 75-85 % respectively (Mehmood 2014), or 10 % and 90 % respectively (Goodsell 2006), 

whereas many others report that only 1 % of cellular cisplatin binds to nuclear DNA by quoting 

Gonzalez et al (Gonzalez, Fuertes et al. 2001), which tracks back to Eastman (EASTMAN 1986). 

Cytoplasmic targets include RNA, proteins, lipids, lysosomes, cytoskeletal components and thiol-

containing molecules (Jamieson, 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. 2015). Important non-DNA targets, as already mentioned, 

are the thiol containing molecules cytoplasmic glutathione and metallothionein which are 

involved in drug detoxification (Fuertes, Castilla et al. 2003). As mentioned above is that in 

enucleated cells, the ER has been shown to be a target for cisplatin (Mandic, Hansson et al. 2003), 

likely via cytoplasmic cdk2 (Yu, Megyesi et al. 2008, Galluzzi, Vitale et al. 2014). 

A central cytoplasmic target for cisplatin is the mitochondria along with mitochondrial DNA, which 

induces mitochondrial-mediated apoptosis; this is partly responsible for the cytotoxicity of the 

drug (Gonzalez, Fuertes et al. 2001, Cullen, Yang et al. 2007), and this is also the case for the other 

platinum compounds (Gatti, Cassinelli et al. 2015). Mitochondrial DNA can also be damaged 

directly by raised levels of peroxides and free radicals from cisplatin-induced redox stress and 

damaged mitochondria release (Figure 2) (Gatti, Cassinelli et al. 2015).  It is interesting that the 

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, MEISTER 1985). It has been demonstrated that mitochondrial DNA (mtDNA) is 

more susceptible to damage and with the damage lasting longer than nuclear DNA (nDNA) (Yakes, 

VanHouten 1997), which is expected to be the case post-exposure 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 mutations (Preston, Abadi et al. 2001).  

Activated p53 can initiate activation of BAK1, VDAC1 and BAX (Perfettini, Kroemer et al. 2004), 

but they can also be activated by mitochondrial DNA damage (Figure 2) (Galluzzi, Vitale et al. 

2014). BAX (Bcl2 Associated X-protein) and BAK (Bcl2 Antagonist Killer-1) are pro-apoptotic 

proteins of the BCL2 (B-Cell Leukaemia-2) family that control OMM (outer mitochondrial 

membrane) permeabilisation, which is essential for mitochondrial mediated apoptosis (Wei, Zong 

et al. 2001, Roy, Ehrlich et al. 2009). VDAC (voltage-dependent anion selective channel protein) is 

a major component of the mitochondrial permeability transition pore complex (PTPC) that 

permeabilises the OMM, resulting in the release of cytochrome C (an apoptosis intermediate) 

(Shoshan-Barmatz, Ben-Hail 2012). Interestingly, in head and neck cancer it has been evidenced 

that high levels of cisplatin bind directly to VDAC more than 200-fold higher than the amount 

bound by other cellular components (Yang, Schumaker et al. 2006). This binding of VDAC by 
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cisplatin can directly assist the release of cytochrome c by disrupting the PTPC and in turn induce 

apoptosis in cancer cells, irrespective of mitochondrial DNA damage by cisplatin (Gonzalez, 

Fuertes et al. 2001, Yang, Schumaker et al. 2006, Cullen, Yang et al. 2007). 

As mentioned, mitochondrial DNA can be damaged by raised levels of peroxides and free radicals 

(reactive oxygen species (ROS)) from cisplatin-induced redox stress. Conversely, however, 

damaged mitochondrial DNA leads to mitochondrial dysfunction which can also cause increased 

levels of ROS which in turn can damage its own DNA (Cline 2012) (Figure 2); this is because ROS 

are mainly produced in the mitochondria as by-products of respiratory chain reactions, the 

components of which are encoded by mitochondrial DNA. An increase in ROS levels, besides 

intensifying the cytotoxicity of platinum drugs, can also favour the opening of the PTPC (Shoshan-

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

Cisplatin induces two different modes of cell death in a concentration dependent manner; 

necrosis at high drug levels and apoptosis a lower drug levels (Gonzalez, Fuertes et al. 2001, 

Wang, Lippard 2005). Necrosis could be considered to be a random and uncontrolled process, its 

key mediators being RIP kinases (receptor-interacting protein kinases) and PARP (poly(ADP-

ribose) polymerase). When cells undergo necrosis, plasma membrane integrity is disrupted and 

intracellular contents are released, ultimately causing an inflammatory response (Wang, Lippard 

2005, Ouyang, Shi et al. 2012). Apoptosis is a more controlled type of cell death, and is the 

primary route of cell death for platinum drugs. It is characterised by cell shrinkage, chromatin 

condensation, DNA fragmentation, membrane budding, externalisation of phosphatidylserine, 

and activation of initiator and executioner caspases (Dasari, Tchounwou 2014). Examples of 

initiator caspases are caspases 8 and 9, which when activated subsequently activate executioner 

caspases, such caspases 3 and 7, which cleave many other proteins leading to apoptosis (Wang, 

Lippard 2005, Dasari, Tchounwou 2014). There are two major pathways, the extrinsic and 

intrinsic, the latter of which is favoured by platinum drugs. The extrinsic pathway is initiated by 

extracellular ligands binding to the tumour necrosis factor-ʰ ό¢bC-ʰύ ǊŜŎŜǇǘƻǊǎ ǿƘƛŎƘ then 

oligomerise, recruit caspase 8 and form a death-signalling complex (DISC) to ultimately cause 

apoptosis (Dasari, Tchounwou 2014). This pathway can be stimulated by sphingolipid ceramide, 

which is produced via the inhibition of the Na+/H+ membrane exchanger-1 (NHE1), which is 

initiated by exposure to cisplatin (Rebillard, Tekpli et al. 2007). Ceramide also interacts with lipids 

of the membrane causing changes in its composition and fluidity, which can influence the 

exposure of death receptors at the cell surface and ultimately affect drug sensitivity and 

resistance to apoptosis (Gatti, Cassinelli et al. 2015). The intrinsic pathway (mitochondrial 

mediated) is initiated by cellular stress such as cisplatin-induced DNA damage (Figure 2), and it 

relies on the release of mitochondrial cytochrome c via the PTPC (already discussed), which 

activates caspase 9 to ultimately cause apoptosis (Dasari, Tchounwou 2014). Interestingly, 
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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 catastrophe (Fujie, Yamamoto et al. 2005, Rabik, 

Dolan 2007). 

There is another mode of cell death initiated by cancer treatment termed immunogenic cell death 

(ICD), which is a cell death process that stimulates a host immune response against the tumour 

that has been reported to be activated by oxaliplatin (Apetoh, Ghiringhelli et al. 2007, Ghiringhelli, 

Apetoh et al. 2009, Gatti, Cassinelli et al. 2015), but not cisplatin (Martins, Kepp et al. 2011, Gatti, 

Cassinelli et al. 2015). This is mainly because cisplatin is not capable of inducing the translocation 

of calreticulin, which plays a main role in ICD, working together with ATP and HMGB1 (high-

mobility group box 1) to activate dendritic cells (Martins, Kepp et al. 2011, Gatti, Cassinelli et al. 

2015). Interestingly, it has also been reported that platinum drugs have immunomodulating 

effects, being able to decrease the immunosuppressive capabilities of tumour cells; Lesterhuis et 

al report that programmed cell death receptor ligand (PD-L) inhibitory molecules are 

downregulated by platinum drug treatment (mediated by STAT6 (signal transducer and activator 

of transcription)), particularly carboplatin, which results in both enhanced T cell stimulation by 

dendritic cells (DCs) and enhanced sensitivity of the tumour for lysis by cytotoxic T cells 

(Lesterhuis, Punt et al. 2011, Gatti, Cassinelli et al. 2015). 

2.2.2 Platinum drug resistance 

Mechanisms underlying the complex and multifactorial phenomenon of platinum drug resistance 

are poorly understood (Shahzad, Lopez-Berestein et al. 2009) with a need for more detailed 

knowledge around the specific differences between individual platinum drug class members. 

Cisplatin resistance has been studied to a greater extent than carboplatin and oxaliplatin 

resistance and, even though cisplatin and carboplatin resistance mechanisms are very similar, 

ǘƘŜǊŜ ŘƻŜǎ ƴƻǘ ŀǇǇŜŀǊ ǘƻ ŜȄƛǎǘ ŀ ŎƻƳƳƻƴ άŎŀƴŎŜǊ ƳŜǘŀƭ-ŘǊǳƎ ǊŜǎƛǎǘŀƴŎŜέ ǇƘŜƴotype. 

Consequently, resistance mechanisms cannot easily be predicted (Heffeter, Jungwirth et al. 2008). 

Many resistance mechanisms have been proposed (too many to cover in this section), mostly 

discovered using drug-resistant cancer cell lines, and they can result from modifications directly 

related to drug-induced damage to cellular components, as well as to the systems and pathways 

that regulate them (Gatti, Cassinelli et al. 2015).  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 inhibitors. This approach can lead to improvements in clinical responses due to differing 

modes of action. There are also continuous attempts to develop newer platinum drugs with 

differences in modes of action compared to cisplatin, carboplatin and oxaliplatin, for example the 

cisplatin analogues sarcoplatin and picoplatin, which show signs of overcoming resistance to other 
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platinum drugs (Koeberle, Tomicic et al. 2010). Johnstone et al have recently thoroughly reviewed 

the next generation of platinum drugs (Johnstone, Suntharalingam et al. 2016). 

Regarding the tumour and its environment, tissue pressure and tumour blood flow can play a role 

in resistance, affecting drug delivery and hence intracellular accumulation and toxicity, and so 

may affect platinum drug efficacy in the clinic (Stewart 2007). Efforts have been made to increase 

platinum drug delivery to tumour cells specifically using a variety of drug targeting and delivery 

approaches, for example the use of liposomal or co-polymer products, or administering drug 

directly into the tumour (for ovarian cancer) (Kelland 2007, Wang, Guo 2013). An example is a 

recently successful attempt to deliver cisplatin directly to the mitochondria, which do not have 

NER capabilities, by engineering a pro-drug using a biocompatible nanoparticle (Marrache, Pathak 

et al. 2014). The role of the tumour microenvironment has also been explored with respect to 

platinum resistance (Tsai, Chang et al. 2014), in particularly the extracellular matrix (ECM); the 

production of collagen VI has been reported to cause such resistance (Sherman-Baust, 

Weeraratna et al. 2003, Shahzad, Lopez-Berestein et al. 2009). 

Regarding cellular resistance mechanisms, they can be broadly grouped into five main categories; 

i) decreased cellular drug uptake and/or increased efflux, ii) increased enzymatic or chemical 

detoxification inside the cell, iii) 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 changes (summarised in Figure 3) (Kuo, Chen et al. 2007, Rabik, Dolan 

2007, Stewart 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).  

 

Figure 3. Key molecular mechanisms of tumour cells involved in platinum drug resistance. 
i) Decreased cellular drug uptake and/or increased efflux leading to reduced intracellular accumulation, ii) 
increased enzymatic or chemical detoxification inside the cell such as conjugation with intracellular 
thiols, iii) enhanced repair or tolerance of platinum drug induced DNA adduct, iv) changes in molecular 
pathways involved in regulation of cell survival and/or cell death, and v) epigenetic changes.  See text for 
more details. (Heffeter, Jungwirth et al. 2008). 
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2.2.2.1 i) Decreased cellular drug uptake and/or increased efflux.  

Platinum drugs enter cells by both passive diffusion and via transporters. Membrane rigidity can 

affect both of these processes, and resistant cells with reduced uptake have been shown to have 

rigid cell membranes associated with high sphingomyelin and cholesterol content (Popovic, Wong 

et al. 1994, Stewart 2007). Plasma membrane transporters play 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 CTR1 (Song, Savaraj et al. 2004, Holzer, Manorek et al. 2006) and organic cation 

transporters such as OCT-1 and OCT-2 (Zhang, Lovejoy et al. 2006), as previously discussed (2.2.1) 

are involved in platinum drug uptake, and the copper-transporting P-type adenosine 

triphosphatases ATP7A (Samimi, Safaei et al. 2004) and ATP7B (Leonhardt, Gebhardt et al. 2009, 

Dmitriev 2011), which shuttle copper between the Golgi and the plasma membrane, have been 

implicated in platinum efflux. Certain ATP-binding cassette (ABC) efflux pumps also play a role in 

drug resistance, for example P-glycoprotein, also known as multi-drug resistance protein 1 

(MDR1, encoded by ABCB1) and multi-drug resistance associated proteins (MRP1 and MRP2, 

encoded by ABCC1 and ABCC2 respectively) (Rabik, Dolan 2007, Heffeter, Jungwirth et al. 2008, 

Galluzzi, Vitale et al. 2014). Alterations in the expression levels, functionality and location of all of 

these receptors can be associated with resistance (Galluzzi, Vitale et al. 2014). For example, cells 

lacking CTR1 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, Stewart 2007). In an effort to circumvent such a resistance mechanism copper-

lowering agents such as trientine have been trialled, for example, to enhance the efficacy 

carboplatin (which is also transported by CTR1) to overcome platinum resistance in ovarian cancer 

patients, with results that merit further investigation (Fu, Naing et al. 2012, Chen, Kuo 2013). 

Attempts have been made to overcome ABC-transporter-mediated drug resistance by developing 

effective ABC inhibitors, modulators or MDR-reversal agents, which has led to some success in 

pre-clinical studies (Falasca, Linton 2012). Utilisation of RNAi or other approaches to silence genes 

encoding drug transporters such as ATP7B have been shown to reverse drug resistance (Mangala, 

Zuzel et al. 2009). It is interesting that dysfunctional lysosomal and increased exosomal export of 

cisplatin has been reported in platinum drug resistant ovarian cancer cells (Safaei, Larson et al. 

2005). 

2.2.2.2 ii) 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 glutathione-S-transferase (GST). Increased levels of 

GSH may also enhance DNA repair and reduce drug-induced oxidative stress, leading to resistance 

to platinum drugs. Other GST-related enzymes as well as antioxidants have also been linked with 
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resistance. Picoplatin, a platinum compound that exerts a reduced reactivity with thiols, was 

suggested to be effective in cells expressing enhanced GSH levels (Heffeter, Jungwirth et al. 2008, 

Tang, Parham et al. 2011). Further agents that deplete GSH or inhibit GST have been described 

(Byun, Kim et al. 2005, Koeberle, Tomicic et al. 2010), for example 6-(7-nitro-2,1,3-benzoxadiazol-

4-ylthio)hexanol (NBDHEX) is a GST inhibitor that strongly reversed cisplatin resistance in human 

osteosarcoma cell lines and so is a potential co-therapy with cisplatin (Pasello, Michelacci et al. 

2008, Koeberle, Tomicic et al. 2010). 

2.2.2.3 iii) Enhanced repair or tolerance of platinum 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) protein, the homologous recombination 

(HR) pathways and the poly(adenosine diphosphate [ADP]-ribose) polymerase (PARP) proteins of 

base excision repair (BER), and the mismatch repair (MMR) system (Shahzad, Lopez-Berestein et 

al. 2009).  

Regarding the NER pathway and ERCC1, there are many pre-clinical studies that have 

demonstrated that ERCC1 mRNA or protein expression levels are associated with cisplatin 

resistance (Gossage, Madhusudan 2007). For instance, upregulated expression of ERCC1 has been 

shown to correlate with enhanced NER and cisplatin resistance in a human ovarian cancer model 

system (Ferry, Hamilton et al. 2000, Shahzad, Lopez-Berestein et 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 ERCC1 (Seetharam, Sood et al. 2010). 

Methods like RNAi could be used to target ERCC1 to enhance platinum treatment outcome in 

patients with platinum resistant cancers (Shahzad, Lopez-Berestein et al. 2009), and due to its lack 

of enzyme activity, targeting protein interactions with ERCC1 has been explored (Gossage, 

Madhusudan 2007, Koeberle, Tomicic et al. 2010) . Intrinsically low levels of ERCC1 are associated 

with cisplatin and oxaliplatin sensitivity so ERCC1 has been investigated as a predictive biomarker 

of platinum treatment outcome in cancer (Gossage, Madhusudan 2007), though the value of this 

has lately been re-evaluated (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 HR are more sensitive to cisplatin treatment. 

BRCA1 and BRCA2 (breast cancer 1 and 2 genes) are key components of HR and mutations in 

these genes can predispose to breast and other cancers (Farmer, McCabe et al. 2005), and cause 

sensitivity to drugs like cisplatin and to inhibitors of poly(adenosine diphosphate [ADP]-ribose) 

polymerase (PARP) proteins. PARP proteins are key players in the base excision repair (BER) 

system, which repairs single-strand breaks, and this dual sensitivity can be explained by the HR 

and BER pathways working together to repair DNA. When PARP proteins are inhibited, the 
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resulting persistent DNA lesions accumulate, leading to soluble strand breaks that are repaired by 

HR (Farmer, McCabe et al. 2005, Shahzad, Lopez-Berestein et al. 2009). Co-administration of 

cisplatin or carboplatin with PARP inhibitors appears to potentiate anti-cancer effects 

(Rottenberg, Jaspers et al. 2008, Michels, Vitale et al. 2013, Galluzzi, Vitale et al. 2014). It is 

interesting that in breast cancer cells it has been discovered that compensatory mutations can 

appear in these genes which contribute to cisplatin resistance (Sakai, Swisher et al. 2008, Galluzzi, 

Vitale et al. 2014).  

The MMR system repairs DNA mismatch lesions, so does not repair platinum adducts, but it can 

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 initiated (Fink, 

Nebel et al. 1996, Siddik 2003, Kelland 2007, Heffeter, Jungwirth et al. 2008). As previously 

mentioned (2.2.1), DNA adducts formed by oxaliplatin DNA are not recognised by MMR 

machinery, but cisplatin and carboplatin adducts are (Rabik, Dolan 2007, Ahmad 2010, Martinez-

Balibrea, Martinez-Cardus et al. 2015). This is why the loss of MMR has been correlated with 

increased tolerance of DNA damage and hence low-level resistance to cisplatin and carboplatin 

but not oxaliplatin (Fink, Nebel et al. 1996). Downregulation or mutations in MMR genes are 

frequently observed in cisplatin resistance (Siddik 2003, Galluzzi, Vitale et al. 2014). Therefore 

high expression levels 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. 2014). In contrast to this MMR deficiency in resistance, another major 

recognition protein, HMGB1 (Lange, Vasquez 2009), is upregulated in cisplatin resistant cells 

(Nagatani, Nomoto et al. 2001) and RNA interference of HMBG1 increases apoptosis in cisplatin 

resistant NSCLC, which could be useful in clinical therapy (Zhang, Li et al. 2015). 

Mitochondrial DNA is a central target for the platinum drugs (previously discussed in 2.2.1), and it 

can also be damaged directly by raised levels of peroxides and free radicals from cisplatin-induced 

redox stress and damaged mitochondria release, but 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 in partial defects of the repiratory chain have been identified. 

However, retrograde nuclear signalling and peroxisome-dependent signalling resulting in 

compensatory mitochondrial activity has been proposed as a cellular mechanism for 

circumventing this. These mitochondrial mutations are potential anti-cancer 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 anti-apoptotic proteins have been associated with platinum drug 

resistance, for example Bcl-2 (Beale, Rogers et al. 2000) and Bcl-XL (Williams, Lucas et al. 2005), 

XIAP (X-linked inhibitor of apoptosis) and survivin (Nomura, Yamasaki et al. 2005); these proteins 

promote cellular survival by counteracting the caspase activation caused by platinum drug-

activated apoptotic pathways, and so they are promising drug targets to overcome resistance.  

As previously described (2.2.1), cisplatin can induce a nucleus independent apoptotic signalling 

pathway via calpain and caspase 12, which involves endoplasmic reticulum (ER) stress (Mandic, 

Hansson et al. 2003). Associated with cisplatin resistance is the upregulation of proteins like the 

ankyrin repeat domain 1 (ANKRD1), which protects against ER-stress mediated apoptosis (Scurr, 

Guminski et al. 2008), 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. 2015). It has also been discussed how 

cisplatin preferentially binds to VDAC compared to other cellular components, disrupting the 

PTPC to release cytochrome C and initiate apoptosis (Yang, Schumaker et al. 2006) (2.2.1). VDAC is 

a major component of the mitochondrial permeability transition complex pore complex (PTPC) 

involved in outer mitochondrial membrane (OMM) permeabilisation (Shoshan-Barmatz, Ben-Hail 

2012) and is a candidate for cisplatin resistance. Downregulation or inhibition of the VDAC1 

isoform reduces cisplatin-induced apoptosis-associated modifications of both mitochondrial and 

plasma membranes in NSCLC cells (Tajeddine, Galluzzi et al. 2008). Also, the protein adseverin 

(SCIN) binds to VDACs 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. 2012). Adseverin could be a promising therapeutic target to overcome 

platinum resistance mediated via VDACs. 

The tumour suppressor protein p53, as already discussed (2.2.1), besides DNA repair it also plays 

an important role in cell cycle and the apoptotic pathway, and platinum resistance is often 

associated with p53 abnormalities (Reles, Wen et al. 2001, Parrales, Iwakuma 2015). This is also 

the case for aurora kinases (Landen, Lin et al. 2007), which are essential for mitotic integrity and 

the cell cycle; inhibiting these enzymes has proven to reverse platinum resistance in ovarian 

cancer models (Lin, Immaneni et al. 2008, Shahzad, Lopez-Berestein et al. 2009), as well as in 

neuroblastoma cells (the same cisplatin resistant cell lines in our testing panel used in this thesis) 

(Michaelis, Selt et al. 2014). It is relevant that the expression and amplification of aurora kinase A 

has been demonstrated as predictive of poor prognosis in neuroblastoma (Shang, Burlingame et 

al. 2009, Michaelis, Selt et al. 2014).  
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Similarly, activation of numerous transcription factors such as NF-kB (nuclear factor kappa-light-

chain-enhancer of activated B cells) (Kim, Kim et al. 2004) and members of the Jak-Stat (Heffeter, 

Jungwirth et al. 2008) and Pi3K-Akt survival pathways (Stewart 2007), can confer platinum drug 

resistance. Targeting such key proteins with RNAi approaches and small molecule inhibitors, for 

example Pi3k inhibition (Ohta, Ohmichi et al. 2006), also holds promise for circumventing related 

resistance mechanisms and improve platinum drug therapeutic outcome.  

¢ƘŜ ²ƴǘκʲ-catenin signalling 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 been shown to improve efficacy of anti-

cancer agents (Shen, Pouliot et al. 2012, Nagaraj, Joseph et al. 2015)Φ LƴƘƛōƛǘƛƻƴ ƻŦ ²ƴǘκʲ-catenin 

signalling has also been shown to overcome platinum resistance; for example, the Wnt-specific 

inhibitor iCG-001 was shown to reverse cisplatin resistance in primary high-grade serous ovarian 

cancer (HGSOC) cells (Nagaraj, Joseph et al. 2015)Φ !ŎǘƛǾŀǘƛƻƴ ƻŦ ²ƴǘκʲ-catenin signalling has been 

shown to increase cisplatin resistance; for example inhibition of cytoplasmic GSK-3 beta was 

shown to increase resistance to cisplatin via activation of ²ƴǘκʲ-catenin signalling in cisplatin 

resistant human lung adenocarcinoma cells (Gao, Liu et al. 2013).  

Heat shock proteins (HSPs) are copiously expressed, stress-inducible molecular chaperones that 

have been linked to platinum drug resistance (Mandic, Hansson et al. 2003, Shen, Pouliot et al. 

2012, Ciocca, Cappello et al. 2015). HSPs are involved in the correct folding and unfolding of 

proteins, and degradation pathways such as the endoplasmic reticulum (ER)-associated 

degradation (ERAD) pathway and the regulation of apoptosis (Ciocca, Cappello et al. 2015). Even 

though targeting heat shock proteins to avoid resistance would be sensible, many have been 

evaluated as targets for anticancer therapy but none have successfully completed a phase III trial 

(Ciocca, Cappello et al. 2015). 

Disruption of the extrinsic death pathway is a cellular mechanism for circumventing the action of 

platinum drugs, which is supported by many studies (Gatti, Cassinelli et al. 2015). As discussed 

previously (2.2.1), cisplatin treatment can cause an intracellular increase in sphingolipid ceramide 

levels which affect the composition and fluidity of the plasma membrane, detrimentally affecting 

the exposure of death receptors at the cell surface and, in NSCLC cells, despite having functional 

death receptor machinery, a dysfunctional asMASE enzyme hampers increases in ceramide levels 

and hence caspase cleavage, preventing apoptosis (Paul, 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  

Epigenetics is defined as mitotically 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 apoptosis, and are 

thought to favour malignant phenotypes of cancer. DNA methylation and histone modification 

require epigenetic modifying enzymes such as DNA methyltransferases (DNMTs), histone 

deacetylases (HDACs), histone acetylases (HAT) and histone demethylases (HDMs) (Kala, Peek et 

al. 2013, Wu, Yang et al. 2014, Martinez-Balibrea, Martinez-Cardus et al. 2015).   

DNA methylation is the most common covalent modification of human DNA. It involves the 

addition of a methyl groups at cytosine residues which are adjacent to guanine residues to 

ǳƭǘƛƳŀǘŜƭȅ ƛƴŀŎǘƛǾŀǘŜ ƎŜƴŜ ǘǊŀƴǎŎǊƛǇǘƛƻƴΣ ŜǎǇŜŎƛŀƭƭȅ ǳǇƻƴ ƘȅǇŜǊƳŜǘƘȅƭŀǘƛƻƴ ƻŦ рΩ/ǇD ƛǎƭŀƴŘ 

regulatory regions; this may play a role in platinum drug resistance by silencing of genes that are 

required for drug sensitivity. It has been evidenced that overexpression of DNA methyltransferase 

is associated with cisplatin resistance in murine neuroblastoma cells (Wang, 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 methylation can reverse cisplatin resistance (Qiu, 

Mirkin et al. 2005, Ibrahim, Srivenugopal et al. 2013). Furthermore, Chang et al demonstrated, 

using cancer cell lines, that DNA methylation of promoter regions is associated with chronic 

cisplatin treatment which leads to cisplatin resistance (Chang, Monitto et al. 2010). Several 

studies have identified genes that are regulated by DNA methylation and associated with 

platinum resistance. For example, SRBC (serum deprivation response factor (sdr)-related gene 

product that binds to c-kinase) interacts with BRCA1 which, as previously discussed (2.2.2.3), is 

involved in DNA repair; the epigenetic inactivation of the SRBC gene by promoter CpG island 

hypermethylation has been proven to be associated with acquired oxaliplatin resistance and poor 

outcome to oxaliplatin therapy (Shen, Pouliot et al. 2012, Moutinho, Martinez-Cardus et al. 2014, 

Martinez-Balibrea, Martinez-Cardus et al. 2015). Also, DNA methylation profiling of twenty gastric 

cancer cells lines revealed bone morphogenetic protein 4 (BMP4) to be a gene that is 

epigenetically regulated and expressed at high levels in cisplatin resistant gastric cancer cells 

(Ivanova, Zouridis et al. 2013, Wu, Yang et al. 2014). Investigation of genes that are DNA 

methylated may identify biomarkers predictive of platinum resistance and treatment outcome 

(Ibrahim, Srivenugopal et al. 2013). Epigenetic 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 in a carboplatin resistant ovarian cancer cell line post exposure to azacitidine (DNA 

hypomethylating agent); this also increased the sensitivity of these cells to carboplatin (Li, Hu et 

al. 2009).  
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Modification of histones is important for maintaining chromatin structure and function (Shen, 

Pouliot et al. 2012) and aberrations of histone modifications are typical of cancer (Martinez-

Balibrea, Martinez-Cardus et al. 2015). Histone deacetylases (HDACs) remove acetyl groups from 

prominent amino-terminal lysine residues of chromatin, promoting condensation of chromatin 

which leads to repression of gene transcription and DNA repair.  This process has been implicated 

to silence growth regulatory and apoptotic pathways and linked to drug resistance (Falchook, Fu 

et al. 2013, Zuco, Cassinelli et al. 2015). Cisplatin-induced post-translational modification of 

histones alters chromatin structure, enabling nuclear factors to bind that control DNA repair, 

transcription, and other processes (Wang, Lippard 2004). Correlation of overexpression of HDACs 

with cisplatin resistance has been demonstrated in epithelial ovarian cancer cell lines (Kim, Pak et 

al. 2012). Inhibitors of HDACs have a variety of targets, including histones, transcription factors 

and chaperone proteins, (Scott, Mattie et al. 2006, Galluzzi, Vitale et al. 2014). Treatment with the 

HDAC inhibitor SAHA (suberanilohydroxamic acid) has been shown to enhance CDDP-induced 

apoptosis in oral squamous cell carcinoma cells (Rikiishi, Shinohara et al. 2007), and exposure to 

HDAC inhibitors MS275 and SBHA potentiates the cytotoxicity of oxaliplatin in colorectal cancer 

cells, probably due to an increase in apoptotic signalling (Flis, Gnyszka et al. 2009).  A phase I trial 

treating patients with advanced solid malignancies (refractory to standard therapy) sequentially 

with azacitidine (DNA hypomethylating agent) and valproic acid (HDAC inhibitor) in combination 

with carboplatin was carried out for the first time recently. The outcome was stable disease or 

modest cytotoxic effects in 6 of 32 patients, 3 of which had platinum refractory ovarian cancer, 

but the therapy was poorly tolerated (Falchook, Fu et al. 2013). Such drug combinations need to 

be explored further.  

Micro RNAs (miRNA) are small (~20 nucleotides long) non-coding RNA molecules which are post-

transcriptional gene regulators that target mRNA for degradation. They play key roles in many 

processes, including the stress response, apoptosis and proliferation. Several miRNAs have been 

demonstrated to reverse cisplatin resistance in cancer cells by regulating apoptosis and cell 

survival pathways. Further research is required to understand miRNA dysregulation in cisplatin 

resistant cells (Shen, Pouliot et al. 2012). It is interesting that miRNAs can control the expression 

of a diverse range of epigenetic-modifying enzymes that are involved in carcinogenesis (Kala, Peek 

et al. 2013), and that some miRNAS that contribute to cisplatin resistance are under epigenetic 

control by DNA methylation and histone acetylation (Galluzzi, Vitale et al. 2014). Inhibitors of 

these epigenetic processes may reduce cisplatin resistance by modulating cellular levels of 

miRNAs. For example, histone deacetylase inhibition (LAQ824) in breast cancer cells has been 

shown to rapidly alter the levels of many miRNA species (Scott, Mattie et al. 2006, Galluzzi, Vitale 

et al. 2014).  
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2.3 Cancer cell lines and Saccharomyces cerevisae as 

models to investigate cancer 

2.3.1 Cancer cell lines 

2.3.1.1 The use and validity of cancer cell lines as pre-clinical cancer models  

Human tumour-derived cell lines (grown in monolayer, 3D scaffold or in xenograft) have been, 

and can be assumed to remain, a mainstay model for the investigation of cancer cell biology.  

{ǳŎƘ ƳƻŘŜƭǎΣ ƛƴ ŎƻƳōƛƴŀǘƛƻƴ ǿƛǘƘ ΨƻƳƛŎǎΩ ǘŜŎƘƴƻƭƻƎƛŜǎ such as genomics and proteomics, hold 

potential for the investigation of novel drugs and the identification of biomarkers to allow the 

personalisation of cancer treatment (Neve, Chin et al. 2006, Sharma, Settleman 2007, Sos, Michel 

et al. 2009, Chao, Chiang et al. 2011, Goodspeed, Heiser et al. 2016). Intra-tumour heterogeneity 

is a limitation for the use of cancer biopsies as models, through tumour sampling bias (Burrell, 

McGranahan et al. 2013). Interestingly, cell lines can exhibit heterogeneity, representing tumours, 

which is discussed later in this section. Cell lines as pre-clinical models enable the systematic 

performance of functional studies that can only be performed to a very limited extent by the use 

of clinical samples. Also, cancer cell lines as pre-clinical models enable detailed systems level 

investigations in cancer cell populations that cannot be determined in patients suffering from 

multiple metastases, when not all cancer cells are accessible.   

In the last few decades, biotechnology and pharmaceutical industries have more routinely utilised 

cancer cell lines to discover and study genetic determinants of drug response. Implementation of 

high throughput screening strategies, using much larger (>1000) cancer cell line platforms (for 

example, CMT1000 (McDermott, Sharma et al. 2007, McDermott, Sharma et al. 2008)) comprising 

more varied tumour types than historical smaller cell line platforms (for example, NCI60 

(Shoemaker 2006) and JFCR39 (Yamori 2003)), has been an industrial attempt to capture the 

genomic variation of human cancer. Drug sensitivity and genomic data from experiments using 

large cell line panels has been collated into databases such as the Genomics of Drug Sensitivity in 

Cancer (GDSC) (Yang, Soares et al. 2013), the cancer cell line encyclopedia (CCLE) (Barretina, 

Caponigro et al. 2012) and the cancer therapeutics response portal (CTRP) (Basu, Bodycombe et 

al. 2013) which, along with NCI60 (Shoemaker 2006), contribute to large, international cancer 

projects, such as The Cancer Genome Atlas (TCGA) and the International Cancer Genome 

Consortium (ICGC) in an effort to characterise patient tumours. Such pan-cancer analysis has 

found both tissue-specific and recurrent patterns across many cancers (Goodspeed, Heiser et al. 

2016).  
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Many drug resistant human tumour-derived cell lines have been established by exposing drug-

sensitive (parental) cells to a chemotherapeutic over a period of time.  The resulting sub-lines can 

be studied alongside the parental cells to elucidate specific drug resistance mechanisms and to 

investigate ways to overcome them (for example, new therapeutics or drug combinations), beside 

to discover biomarkers predictive of resistance (Sharma, Haber et al. 2010). Studies using such 

methods have been mentioned throughout the previous section discussing platinum drug 

resistance (2.2.2).  

Despite cancer cell lines continuously growing and being easy to handle, a major criticism is that it 

is not possible to create cell lines from every type of cancer (Sharma, Haber et al. 2010, Borrell 

2010), and that there may also be some bias in cell line representation if cells are sampled from 

different stages of disease and cancer subtypes which may not behave similarly in culture 

(Sharma, Haber et al. 2010). When 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. 2011), making it difficult 

to capture the frequency and histological distribution of genetic lesions within the primary 

tumour (Sos, Michel et al. 2009). Also, cell lines cannot be used to investigate anti-cancer agents 

that potentially function to affect the interaction of tumour cells with their environment, for 

example angiogenesis inhibitors (Sharma, Haber et al. 2010). 

Conversely though, the large data resources mentioned above have enabled thorough assessment 

of how well cell lines can recapitulate the genomic irregularities of tumours. Studies have shown 

how cell lines actually do represent the genomic characteristics of tumours, tumour molecular 

subtypes and their patterns within tumours and also intra-tumour heterogeneic patterns 

(Goodspeed, Heiser et al. 2016). However, DNA methylation in cell lines has been shown to 

exhibit both similarities and differences to tumours (Goodspeed, Heiser et al. 2016). Two 

examples of studies in Nature emphasised the continued relevance of cancer cell lines (Borrell 

2010). Firstly, Bignell et al analysed deletion mutations in 746 cell lines, including the NCL-60 

collection, and consequently highlighted that cell lines are perfect for detecting genomic deletions 

because they do not contain any non-cancerous cells which can be found in primary tumours 

(Bignell, Greenman et al. 2010). Secondly, Beroukhim 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, Borrell 2010). Further evidence to support the 

use of cell lines as pre-clinical models (Neve, Chin et al. 2006, McDermott, Sharma et al. 2007, 

McDermott, Sharma et al. 2008, Lin, Baker et al. 2008, Sos, Michel et al. 2009) includes that from 

Sos et al (Sos, Michel et al. 2009), who studied the genomes of 84 NSCLC cell lines to show that 

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. 2006) catalogued 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 documented. They 

concluded from this, together with results from predictive studies using Trastuzamab (Herceptin), 

that the cell lines were appropriate pre-clinical tools to investigate and to identify biomarkers to 

predict sensitivity and resistance to anti-cancer agents. Resistance mechanisms in drug-adapted 

cancer cell line models have been shown to reflect drug resistance mechanisms in patients 

(Sharma, Haber et al. 2010, Domingo-Domenech, 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 Collection (RCCL) 

Over the last 25 years, 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 Martin Michaelis (University of Kent). It currently 

consists of nearly 1000 cancer cell lines, sourced from a broad range of entities, and adapted to 

growth in the presence of therapeutic concentrations of clinically relevant anti-cancer agents. This 

tool is constantly 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 future. From the RCCL, we have used 

platinum resistant neuroblastoma cell lines and their corresponding drug sensitive parental cell 

lines for our studies. 

Initial studies using cell lines from the RCCL were carried out by Jindrich Cinatl et al, and they were 

mainly to evaluate chemotherapeutic agents belonging to the nucleoside analogue family, which 

are used to treat both cancer and viral diseases such as HIV-1. Michaelis along with Cinatl et al 

have continued to extensively use both sensitive and drug-resistant neuroblastoma cell lines from 

the RCCL collection to study cancer, in particularly to understand molecular chemotherapy drug 

resistance mechanisms (Michaelis, Klassert et al. 2009). Furthermore, they have used RCCL cell 

lines, in particularly neuroblastoma, to evaluate other new potential anti-cancer agents to 

overcome drug resistance, for example the murine double minute 2 (MDM2) antagonist Nutlin-3 

(Michaelis, Rothweiler et al. 2009, Van Maerken, Ferdinande et al. 2009) and to study biomarkers 

and prospective drug targets, for example the overexpression of EGFR in cisplatin-resistant 

neuroblastoma cells (Michaelis, Bliss et al. 2008).     

2.3.2 Saccharomyces cerevisiae 

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

The budding yeast S.cerevisiae is extensively used as a model organism to study eukaryotic cell 

biology and advantages to using S.cerevisiae is that it has simple growth requirements, has a rapid 
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doubling time, has a small genome which is easy to genetically manipulate, can exist in both 

haploid and diploid states, which means recessive mutations can be studied, and is inexpensive 

(Simon, Bedalov 2004, Matuo, Sousa et al. 2012). There is evidence for high levels of similarities 

between cellular processes of human and yeast that partake in carcinogenesis, such as DNA 

repair, cell cycle checkpoints, and epigenetic control systems.  However, yeast is unicellular and 

cannot completely substitute for mammalian models because they cannot be used to study the 

tumour microenvironment and aspects such as angiogenesis and tissue invasion. Also, there may 

be a decrease in permeability to some anticancer agents, such as DNA topoisomerase toxins, and 

yeast are deficient in some drug metabolising, tumour suppression and apoptotic enzymes 

(Matuo, Sousa et al. 2012).  S. cerevisiae can be used as an efficient tool to study modes of drug 

action as well as drug screening. Pharmacogenomics is the study of the genes that affect response 

to drugs, and large systemic studies have been carried out in the yeast S. cerevisiae compared to 

very few in humans (Silberberg, Kupiec et al. 2016).  

For anti-cancer drug screening, single target genes can be overexpressed in yeast to lead to a 

specific phenotype to screen for chemical-induced inhibition of this protein. An example of this is 

screening for poly (ADP-ribose) polymerases 1 (PARP1) inhibitors which ultimately improve the 

efficacy of DNA damaging agents like the platinum drugs (Perkins, Sun et al. 2001, Gao, Chen et al. 

2014) (see 2.2.2.3). Also anti-cancer drug screening can take advantage of cellular processes that 

are conserved between yeast and humans. For example, target of rapamycin (TOR) signalling 

mediates cell growth and is exacerbated in cancer cells, so S.cerevisiae is a suitable model to 

screen for TOR pathway inhibitors (Bjornsti, Houghton 2004, Gao, Chen et al. 2014). 

There are different ways to screen yeast for studying the mode of action of drugs and understand 

more about drug resistance mechanisms, one of which is drug-induced haploinsufficiency profiling 

(HIP).  Haploinsufficiency is when a diploid cell with one copy of a gene grows in the same way as 

wild type, except in conditions for which full protein activity is necessary. The concept of HIP 

profiling is that if an essential gene encoding a drug target contains a heterozygous deletion then 

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

be measured by gene tagging (see 2.3.2.2). From parallel screening all possible heterozygous 

deletion strains, this type of assay enables the identification of both direct drug targets and 

proteins that may act in the same pathway (Smith, Ammar et al. 2010, Cheung-Ong, Giaever et al. 

2013).  An example of such a study is by Lum et al, who assessed the cellular effects of 78 

compounds in this way, including cisplatin, for which they identified the genes PSY2 (Platinum 

SensitivitY; Subunit of protein phosphatase PP4 complex which regulates recovery from the DNA 

damage checkpoint), VPS65 (Vacuolar Protein Sorting; though unlikely to encode a functional 

protein), and ATP4 (ATP synthase; Subunit b of the stator stalk of mitochondrial F1F0 ATP 

synthase) as possible cisplatin targets (Lum, Armour et al. 2004). Another method of yeast 
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screening is homozygous profiling (HOP), which is analogous to HIP profiling except that non-

essential genes are completely deleted in diploid or 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 necessary for growth in the presence of drug and buffer drug effects.  These genes can be 

potentially responsible for drug resistance (Smith, Ammar et al. 2010, Cheung-Ong, Giaever et al. 

2013). We have used a type of HOP profiling in our studies by stamping haploid gene deletion 

strains (see 2.3.2.2) onto solid agar containing drug to assess strain growth based on colony size. 

2.3.2.2 The Yeast Knock-out collection (YKO) deletion collection and the Yeast Fitness Database 

The Yeast Knock-out collection (YKO) was created by Giaver et al (Giaever, Chu et al. 2002), which 

is comprised of four mutant libraries (heterozygous and homozygous diploids, and haploids of 

both MATa and MATh  ƳŀǘƛƴƎ ǘȅǇŜǎύ as part of the Saccharomyces Gene Deletion Project 

(Saccharomyces Gene Deletion Project (Stanford University, Stanford CA) ). The S.cerevisiae 

strains CWG424 (wild-type) and all deletion strains used in our studies were derived from one of 

the four libraries, the MATa haploid gene deletion library.  For each of the four YKO libraries, the 

deletion strains cover approximately 96 % of the yeast genome and were created using a PCR-

based gene deletion strategy (Giaever, Chu et al. 2002). Each 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 Knock-out collection (YKO), refer to (Giaever, Nislow 2014). 

The Yeast Fitness Database (Yeast Fitness Database (2008). Hillenmeyer,Maureen E., Fung et al. ) 

is a collection of growth fitness results generated from screening libraries 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 Toronto) (Hillenmeyer, Fung et al. 2008), also see accompanying supplementary 

material for detailed methodology and analysis) and has been used extensively in yeast 

pharmacogenomic research. The libraries of yeast deletion strains that they used were the 

homozygous and heterozygous diploid deletion strain libraries, which, along with the MATa 

library (see 2.3.2.2 and 3.1.2.1) are part of the Yeast Knock-out collection (YKO), created by 

(Giaever, Chu et al. 2002), as part of the Saccharomyces Gene Deletion Project (Saccharomyces 

Gene Deletion Project (Stanford University, Stanford CA) ) as described above. Screening involved 

growing pools of deletion strains competitively in liquid culture in the presence of different 

conditions, purifying the genomic DNA and amplifying the unique molecular tags on the gene 

deletion cassettes by PCR (as in (Pierce, Fung et al. 2006) - also see supplementary material). 

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 fluorescence intensities were used to determine any 
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changes in the amount of each strain present (method detailed in (Pierce, Davis et al. 2007), 

although note that this describes TAG4, not TAG3, arrays and analysis).  To assess for significant 

sensitivity to the conditions tested, a fitness defect (FD) z-score was generated for every gene-

experiment test, from which an accompanying fitness defect p-value was calculated 

((Hillenmeyer, Fung et al. 2008), see accompanying supplementary material for detailed analysis). 

For our studies we have taken, from the Yeast Fitness Database, the entire set of homozygous 

knockouts inhibited data for the drugs cisplatin, carboplatin and oxaliplatin. We used these data 

from screening the whole yeast genome to investigate gene hits unique and common to each 

drug, and to explore the functions and processes in which they are involved in to understand 

more about how these drugs work and to compare them to one another. 

2.4 The aim and study plan for our investigations 

The aim of our studies was to investigate platinum drug modes of action and resistance 

mechanisms using S.cerevisiae as a pharmacogenomic tool and human neuroblastoma cell lines, 

both the drug sensitive parental cells and their corresponding sub-lines resistant to each drug, as 

models of cancer. We focussed on the drugs cisplatin, carboplatin, and oxaliplatin. These were 

tested in a library 209 homozygous Mata strains of S.cerevisiae in which single genes (non-

essential) encoding key transcription factors and transcriptional 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 generated from our 

screening, and also the potential to further study the process and pathways in which they are 

involved. Strains were stamped onto solid media containing and not containing each platinum 

drug. Growth was monitored over time to assess drug sensitivity by scoring colony size on agar 

with drug as a percentage of growth on agar with drug; hits were strains that exhibited the least 

growth on agar containing drug compared to that on agar containing no drug. The hits for each 

drug were assessed for genes common and unique to each drug, in an attempt to understand the 

action of individual drugs and potential resistance mechanisms, besides looking for possible drug 

targets to enhance platinum cytoxicity, or even biomarkers to predict outcome of platinum 

therapy. We also analysed the distribution of our screen hits between the drugs and the cellular 

processes in which these genes are involved. Additionally, we investigated the Yeast Fitness 

Database results from screening the entire homozygous diploid deletion library of S.cerevisiae 

against the three platinum drugs (for their screening methods refer to 2.3.2.2); hits were deletion 

strains with poor fitness in the presence of drug compared to without drug. We studied this large 

data set in an attempt to gain a better understanding of the bigger picture of the genes involved 

in their mode of action and potentially resistance to these agents because their screen was 
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essentially of the entire genome. We did this, not by individual gene comparison, but solely in 

terms of the distribution of the number of gene hits between the drugs, and also of the functions 

and processes that the genes are involved in. Again, we looked for similarities and differences 

between the drugs, and then compared the results to those of our smaller library screen.  

In addition, we have characterised a panel consisting of the neuroblastoma parental cell lines 

UKF-NB-3 and UKF-NB-6 and the sub-lines with acquired resistance to cisplatin, carboplatin or 

oxaliplatin for growth kinetics, morphology and sensitivity profiles to the three platinum drugs to 

see whether we could identify patterns. The drug-resistant cell lines were also cultured in the 

absence and presence of drug for three months to assess whether resistance was reversible or a 

permanent genomic change. Finally, we compared UKF-NB-3 and UKF-NB-6 parental cells and 

their cisplatin-resistant sub-lines in a proteomics approach, using 2-dimensional gel 

electrophoresis and mass spectroscopy methods, to investigate proteins 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  

3.1 Materials 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 screening yeast grown on solid agar for platinum drug sensitivity 

For the initial plate-based screening on solid agar of a transcription factor deletion strain library 

(see section 3.1.3), the cisplatin 1 mg/mL solution used was prepared manually by diluting solid 

cisplatin (Sigma, Poole, Dorset, UK, Ref P4394) in 0.9 % sodium chloride. The 0.9 % sodium 

chloride solution (Fisons, Ipswich, Suffolk, UK, now part of Rhone-Poulenc, Inc., Ref S/3160/60) 

was prepared by dissolving 9 g sodium chloride with MQ H20 up to to 1000 mL and filter-sterilised 

(0.2 micron). Cisplatin was left to dissolve stirring on a magnetic stirrer (Bibby B212, Bibby 

Scientific Ltd,  Stone, Staffordshire, UK) in the dark at room temperature for 5 days, after which it 

was adjusted to the final volume with diluent, filter-sterilised (0.2 micron), and aliquoted into 

sterile tubes. All filtering was carried out in a Class II biological safety cabinet (Cellgard Energy 

Saver (ES) Model NU 480-400E, Nuaire, Plymouth, UK) because this cisplatin was also to be used 

in mammalian cell culture. Note for this pH was not adjusted.  

In a second set of experiments to re-screen strains to confirm drug sensitivity (see section 3.1.5), 

the cisplatin 1 mg/mL Concentrate for Solution for Infusion used was from Accord Healthcare 

Limited (North Harrow, Middlesex, UK) and purchased from Shakespeare Pharma Ltd. (Hilton, 

Derbyshire, UK).  This solution contains 0.9 % sodium chloride, so for control experiments, instead 

of drug,  0.9 % sodium chloride solution (Fisons, Ipswich, Suffolk, UK, now part of Rhone-Poulenc, 

Inc., Ref S/3160/60) was prepared with MQ H20 as diluent, and the pH was adjusted to 3.6-3.8 (to 

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

of Rhone-Poulenc, Inc., Ref H/1150/PB17) and filter-sterilised (0.2 micron).  

For both plate-based screens (see sections 3.1.3 and 3.1.5), carboplatin 10 mg/mL concentrate for 

solution for Infusion was from Sun Pharmaceutical Industries (Leeds, Yorkshire, UK) and 

purchased from Shakespeare Pharma Ltd. (Hilton, Derbyshire, UK), the diluent being water for 

injections, with a pH between 4 and 7, so for control experiments, instead of drug, autoclaved MQ 

H20 was used.  
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For both plate-based screens (see sections 3.1.3 and 3.1.5), oxaliplatin 5 mg/mL Concentrate for 

Solution for Infusion was from TEVA (Castleford, West Yorkshire, UK) and purchased from 

Shakespeare Pharma Ltd. (Hilton, Derbyshire, UK). This solution contains 4.5 % lactose 

monohydrate. Yeast cannot metabolise lactose monohydrate so for the initial plate-based 

screening of a transcription regulator based deletion strain library (section 3.1.3), for control 

experiments, instead of drug, MQ H20 was used. However, for the hit re-screen (section 3.1.5), for 

control experiments,  4.5 % lactose monohydrate (Fisons, Ipswich, Suffolk, UK, now part of Rhone-

Poulenc, Inc., Ref L/0200/60) was used ς this was prepared by dissolving 45 g lactose 

monohydrate with MQ H20 up to 1000 mL and filter-sterilised (0.2 micron), having a pH between 

4 and 6, equivalent to the product.  

3.1.1.2 Platinum drugs for use in liquid growth experiments 

For liquid growth experiments see section 3.1.6.   

All drugs were sourced by Shakespeare Pharma Ltd. (Hilton, Derbyshire, UK).  

Cisplatin 1 mg/mL Concentrate for Solution for Infusion was from Accord Healthcare Limited 

(North Harrow, Middlesex, UK) ς as described above for plate based re-screening in 3.1.1.1.            

Carboplatin 10 mg/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, autoclaved MQ 

H20 was used.  

Oxaliplatin 5 mg/mL Concentrate for Solution for Infusion was from TEVA (Castleford, West 

Yorkshire, UK) ς as described above for plate based screening in 3.1.1.1, except 4.5 % lactose 

monohydrate solution was used for all control experiments. 

3.1.2 The MATa gene deletion library of yeast strains, media and growth conditions  

3.1.2.1 Yeast strains 

The S. cerevisiae strains CWG424 (also known in the CWG laboratory (UKC) as CGY424, and 

generically as BY4741) and all deletion strains were derived from the MATa haploid gene deletion 

library (2.3.2.2), which can be purchased from Open Biosystems, now (Dharmacon), GE 

Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK). These strains were routinely 

grown in YPD liquid medium at 30 °C in a shaking incubator (200rpm) or on YPD agar in a standing 

30 °C incubator. 
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The following four transformants strains (for preparation and plasmid details see 3.1.6.1),  

S. cerevisiae strain wild type CWG424 transformed with negative control plasmid PCG279 

S. cerevisiae strain wild type CWG424 transformed with BDF1 plasmid PCG596 

S. cerevisiae strain ɲBdf1 transformed with negative control plasmid PCG279 

S. cerevisiae strain ɲBdf1 with BDF1 plasmid PCG596 

can grow without uracil because the PCG279 and PCG596 plasmids have the URA3 gene.  These 

transformant strains were routinely grown in synthetic defined (SD) medium lacking uracil, 

referred to as SD-URA medium at 30 °C in a shaking incubator (200 rpm), or on SD-URA agar in a 

30 °C standing incubator. 

3.1.2.2 YPD (Yeast, Peptone, Dextrose) medium and agar 

YPD medium comprised of 1 % yeast extract (Oxoid, Fisher Scientific (part of Thermo Fisher 

Scientific), Loughborough, Leicestershire, UK, Ref LP0021) and 2 % peptone (BD biosciences, 

Oxford Science Park, Oxford UK, Ref BD 211677), was prepared with MQ H20 as diluent in a glass 

Duran bottle, autoclaved and then 2 % dextrose (Fisons, Ipswich, Suffolk, UK, now part of Rhone-

Poulenc, Inc., Ref G/0550/61) added once cooled to a temperature at which it can be held.  

For YPD agar, 1.5 % granulated agar (Oxoid, Fisher Scientific (part of Thermo Fisher Scientific), 

Loughborough, Leicestershire, UK, Ref LP0013) was added to a YPD liquid medium mixture before 

autoclaving (just described) and, after autoclaving, the 2 % dextrose (Fisons, Ipswich, Suffolk, UK, 

now part of Rhone-Poulenc, Inc., Ref G/0550/61) was added once cooled to a temperature at 

which it can be held. The agar was then poured into standard 90 mm petri dish plates (about 20 

mL per dish) and allowed to cool further at room temperature until set. Plates were the dried 

open and upturned for 20 mins in a drying cabinet set at 40 °C (Gallen Kamp, now Weiss Technik, 

Loughborough, Leicestershire, UK), and stored at 2-8° C until used.    

3.1.2.3 Synthetic defined (SD) medium and agar lacking uracil (referred to as SD-URA medium or 

agar) 

SD-URA medium comprised of 0.675 % Yeast Nitrogen base without amino acids (Formedium, 

Hunstanton, Norfolk, UK, Ref CYN0402), 0.192 % Synthetic complete mixture (Kaiser) drop-out 

medium supplement lacking uracil (Formedium, Hunstanton, Norfolk, UK,   Ref DSCK1009), 

prepared using MQ H20 as diluent in a glass Duran bottle and then 2 % dextrose (Fisons, Ipswich, 

Suffolk, UK, now part of Rhone-Poulenc, Inc., Ref G/0550/61) added once cooled to a temperature 

at which it can be held.    

For Synthetic defined (SD) medium lacking uracil (SD-URA) agar, 1.5 % granulated agar (Oxoid, 

Fisher Scientific (part of Thermo Fisher Scientific), Loughborough, Leicestershire, UK, Ref LP0013) 
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was added to a SD-URA liquid medium mixture before autoclaving (just described) and, after 

autoclaving, the 2 % dextrose (Fisons, Ipswich, Suffolk, UK, now part of Rhone-Poulenc, Inc., Ref 

G/0550/61) was added once cooled to a temperature at which it can be held. Then the pouring 

and drying procedure was as for making YPD agar plates (3.1.2.2). 

3.1.2.4 Making two-fold concentrated media or agar  

When performing experiments involving the addition of drug to medium or agar (3.1.3.3 and 

3.1.5.3) medium or agar was prepared by dissolving components in half the total volume of MQ 

H20, resulting in a two-fold concentration. During experimental set up, the addition of MQ H20 

containing the drug and/or drug diluent (and, for medium only, yeast culture) at the required 

concentrations to this, resulted in the correct final concentration of medium/agar components.   

3.1.2.5 Overnight cultures 

Unless stated, an overnight culture of a yeast strain was prepared by transferring 3 mL of the 

required medium into sterile Universal tubes. The medium was inoculated with yeast cells from 

colonies on agar plates using a sterile pipette tip, and grown overnight, shaking at 200 rpm at 30 

°C in an Innova 44 shaking incubator (New Brunswick, part of Eppendorf, Stevenage, 

Hertfordshire, UK).   

3.1.2.6 Measuring the absorbance (Abs595) of cultures 

The Abs595 of cultures was routinely measured using an Eppendorf Biophotometer Plus 

(Eppendorf, Stevenage, Hertfordshire, UK), by diluting cultures 1 in 100 in 1 mL ddH2O in a 1 mL 

cuvette (1 cm path length), and inverting several times to mix (with a cover of parafilm) before 

taking a reading. The resulting Abs600 was multiplied by 100 to get the true absorbance unit (AU) 

value. 

3.1.3 Initial plate-based screening of a transcription regulator based deletion strain 

library 

3.1.3.1 Creating the transcription regulator library of gene deletion yeast strains 

The transcription regulator library of gene deletion yeast strains was provided as glycerol stocks 

stored at -80 °C in 96-well plates by the CWG laboratory, University of Kent.  Members of this 

library were from the MATa haploid gene deletion library (Saccharomyces Gene Deletion Project 

(Stanford University, Stanford CA) ) purchased from Open Biosystems, now (Dharmacon), GE 

Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK) (see 2.3.2.2 and methods 3.1.2.1 

for MATa library details). The list of members of this library was originally generated by 

performing a search in SGD Gene Ontology (Saccharomyces Gene Database (SGD) (Stanford 
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University, Stanford CA) ) ǳǎƛƴƎ ǘƘŜ ǘŜǊƳ άǘǊŀƴǎŎǊƛǇǘƛƻƴ ŦŀŎǘƻǊέΦ This search generated all S. 

cerevisiae transcription factor genes, and additionally pulled out some transcriptional regulators 

and a small percentage of non-transcriptional members. Some extra members were added 

manually and the resulting list comprised of 209 strains. All genes were non-essential genes.  

A table of members of this transcription regulator library of gene deletion yeast strains, their 

names and role descriptions, and their positions in a total of three 96-well plates is shown in 

Appendix A; names and roles were taken from their locus overview in the SGD (Saccharomyces 

Gene Database (SGD) (Stanford University, Stanford CA) ).  Any non-transcriptional members have 

roles highlighted in purple. Each plate included wild type strain CWG424 (also known in the CWG 

laboratory (UKC) as CGY424, and generically as BY4741). Additional wells of CWG424 were added 

to each plate (highlighted bold, red type) along with the DNA repair mutants and ɲRad52 and 

ɲRad27 as control strains (highlighted bold, black type), making a total of 212 strains to be 

screened altogether.  

3.1.3.2 Growth of the transcription regulator library in preparation for screening 

Glycerol stock 96-well plates 1-3 of the transcription regulator based deletion strain library 

(described in 3.1.3.1) were, one at a time, placed on ice until just thawed.  Then, using a 96-

pronged metal replica plater (Sigma, Poole, Dorset, UK, Ref R-2508-IEA), they were gently mixed 

and stamped onto YPD agar (3.1.2.2) in large 150 mm petri dish plates (65 mL agar per plate).  The 

replica plater was dipped in alcohol and flamed before stamping out each plate. These plates 

were left at room temperature until the stamped-out strains were dry, and then incubated 

upturned in a standing 30 °C incubator (Leec Classic Incubator, Leec, Nottingham, UK) for three 

days.  

Next, the day before screening, strains on these plates were inoculated, in the same format, into 

each of three 96-well plates (Greiner Bio-One Cellstar 96-well plates, Greiner BioOne Ltd, 

Stonehouse, UK, Ref 655 180) containing 150 µL/well of YPD medium to make overnight cultures. 

This was carried out using autoclaved fine tipped plastic 96-pronged stampers (Singer 

Instruments, Watchet Somerset, UK Ref RP-MP-2L), a new one for each plate. These 96-well 

plates were subsequently sealed tightly with parafilm to prevent any evaporation, and then 

incubated with shaking overnight on a plate shaker (Grant Bio PMS-1000, Grant Instruments, 

Shepreth, Cambridge, UK) in a 30 °C static incubator (Stuart S160 incubator, Stuart, Stone, 

Staffordshire, UK). 
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3.1.3.3 Preparation of YPD agar plates with and without drug to screen the transcription 

regulator library 

YPD agar containing 1000 µM cisplatin, 4000 µM carboplatin, or 4000 µM oxaliplatin, and 

corresponding control agar containing drug diluent only, was prepared on the same day of 

screening as follows. Drug solutions and drug diluents used are detailed in section 3.1.1.1.  

Volumes of 75 mL of two-fold concentration YPD agar were prepared (3.1.2.4) in each of six 250 

mL glass Duran bottles (three for the control agar, three for the agar containing drug). After 

autoclaving, the agar was cooled down for at least 30 mins in a water bath set at 55 °C (Grant SUB 

waterbath, Grant Instruments, Shepreth, Cambridge, UK). Bottles containing 0.9 % NaCl solution 

and MQ H2O were also placed into a water bath set at 55°C. Each 75 mL two-fold concentration of 

YPD agar was to be adjusted to a final volume of 150 mL with drug and/or drug diluent, one at a 

time.  For the agar containing drug, the volume of drug to give the required drug concentrations 

(1000 µM cisplatin, 4000 µM carboplatin, or 4000 µM oxaliplatin) at 150 mL final volume, and the 

volume of MQ H2O required to make up to 150 mL, were added to the 75 mL two-fold 

concentration of YPD agar whilst swirling the bottle by hand to mix thoroughly.  Next, the mixture 

was quickly transferred to each of seven standard 90 mm petri dish plates (21 mL per plate). It 

should be noted that drug was added last after the mixture had cooled to a temperature which 

could be held by hand. For control agar containing no drug, instead of drug, the equivalent 

volume of corresponding drug diluent was added. In this experiment the drug diluents were 0.9 % 

NaCl solution for cisplatin, and ddH2O for carboplatin and oxaliplatin. It should also be noted that 

for both the cisplatin drug and control plates, an extra 33 % (compared to drug volume) of 0.9 % 

NaCl solution was added to the agar to maintain consistency with other cisplatin screening which 

had been carried out at 1500 µM. All agar plates were left to set for one hour at 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 mins in a drying cabinet set at 

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

3.1.3.4 Performing the yeast transcription regulator library screening  

The overnight cultures of transcription regulator library plates 1-3 (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 as described in 3.1.3.3). These overnight library cultures were in 96-

well plates, but were stamped as half plates (columns 1-6 (named a), and 7-12 (named b)), in 

singlicate, onto both the drug and no drug small agar plates using a using a 48-pronged metal 

replica plater (Sigma, Poole, Dorset, UK, Ref R-2383).  To ensure strains were evenly in suspension 

before stamping out onto agar, a multi-channel pipette was used to by pipette them up and down 
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several times just before doing so. The replica plater was dipped in alcohol and flamed before 

stamping out each plate. 

For stamping onto carboplatin and oxaliplatin onto drug and no drug control agar plates, the 

strains were diluted 1 in 10 with MQ H2O (15 µL culture added to 135 µL ddH2O per well in new 

96-well plates (Greiner Bio-One Cellstar 96-well plates, Greiner BioOne Ltd, Stonehouse, UK, Ref 

655 180), separate ones for each drug, prepared using multi-channel pipettes. The undiluted 

overnight library cultures strains were stamped onto cisplatin drug and no drug control agar 

plates. The reasoning behind diluting the yeast strains is explained in 3.2.1. All plates were 

transferred to and upturned in a standing 30 °C incubator (Leec Classic Incubator, Leec, 

Nottingham, UK), and growth was monitored by scanning images of the plates using a CanoScan 

4400F scanner (Canon Europe Ltd, Uxbridge, London, UK) into Adobe photoshop software each 

day for four days.  

It should be noted that for the cisplatin screening only, copies of strains YLR278C, UME6, ARR1, 

AFT1, AZF1 and SLA1 were inoculated into wells H7-H12 respectively of library plate 2. Also, 

library plate 2b (columns 7-12) was stamped out onto two cisplatin and two no cisplatin agar 

plates.   

3.1.3.5 Analysis of the yeast transcription regulator library screening 

Growth was assessed by measuring colony sizes on the daily scanned plate images (3.1.3.4) by 

eye.  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 same deletion strain on agar containing no drug.  Growth scores were 

assigned in increments as 0 % (no growth), Җр %, Җ10 %, Җ20 %, 30 %, Җ40 %, Җр0 % etc. and 

colour coded, and then also in 10 % increments post 50 %. These % growth values were recorded 

for each of the four days in 48-well formats in a Microsoft Excel 2010 spreadsheet, and an 

example of scoring of colony growth is shown in Figure 4. All % growth scores over all four days 

growth were then collated together for each individual yeast deletion strain, and tabulated as a 

time course of % growth values. Strains were broadly ŎƭŀǎǎŜŘ ŀǎ Ƙƛǘǎ ƛŦ ҈ ƎǊƻǿǘƘ ǿŀǎ Җ50 % for 

each of the four days. Scoring 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 2007-2015), which excludes any duplicates, and Microsoft Powerpoint.  These gene lists 

were also analysed using Gene Ontology (GO) Slim Mapper analysis via the Saccharomyces Gene 

Database (SGD) site (Saccharomyces Gene Database (SGD) (Stanford University, Stanford CA) ), 

using the Yeast GO-ǎƭƛƳ ǘŜǊƳǎ ΨŦǳƴŎǘƛƻƴΩ ŀƴŘ ΨǇǊƻŎŜǎǎΩ ǘƻ ƎǊƻǳǇ ǘƘŜ ƎŜƴŜǎ ƛƴǘƻ ŘƛŦŦŜǊŜƴǘ ŦǳƴŎǘƛƻƴǎ 

and processes, which excludes duplicates, focussing on those with a fold enrichment value >1.0.  
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A.                 1000 µM cisplatin           Control/no drug  

                                          

B. Scoring of strain growth in A.  

 

Figure 4.  A. An example of growth of members of the transcription regulator library of gene deletion yeast 
strains on agar with and without 1000 µM cisplatin. The results are from the cisplatin screen, day2, library 
plate 2a.  Control strains are included ς wild type CWG424 (grey), and DNA repair gene deletion strains 
ɲRad27 (purple) and ɲRad52 (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 same deletion 
strain on agar containing no drug. The table displays the scores for the results in A. 

 

¢ƘŜ ǎǘǊƻƴƎŜǊ Ƙƛǘ ǎǘǊŀƛƴǎ ǎŎƻǊƛƴƎ Җол % for each of the four days were analysed in the same way 

but, because it was a smaller data set, we focussed on all of the gene hits, regardless of fold 

enrichment value. 

3.1.4 The Yeast Fitness Database - 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 Database (Yeast Fitness Database (2008). 

Hillenmeyer,Maureen E., Fung et al. ) (refer to 2.3.2.2) into Microsoft Excel. For our analysis, we 

focussed on the genes generating a p-value cut off less than 0.01, which had a false discovery rate 

of 10 %, and hits from both generations -5 and 20 were included, as were hits from all 

1 2 3 4 5 6

A 10 80 40 70 30 30

B 30 30 50 20 40 50

C 40 20 70 40 50 30

D 30 60 70 70 40 50

E 60 50 30 60 20 30

F 10 40 60 50 20 30

G 20 20 20 30 30 20

H 40 20 <5 10 <5 <5
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concentrations of drug tested (Hillenmeyer, Fung et al. 2008), see accompanying supplementary 

material for detailed analysis); cisplatin was tested at concentrations from 31.25 to 500 µM, 

carboplatin from 250 µM to 15000 µM, and oxaliplatin from 1000 µM to 4000 µM. The resulting 

gene hit lists were organised into groups of unique and common genes sensitive to each drug in 

Venn diagrams using Venny 2.0 software (Oliveros 2007-2015) and Microsoft Powerpoint, which 

excluded the duplicates gene hits. These gene lists were also analysed using Gene Ontology (GO) 

Slim Mapper analysis via the Saccharomyces Gene Database (SGD) site (Saccharomyces Gene 

Database (SGD) (Stanford University, Stanford CA) ) using the Yeast GO-ǎƭƛƳ ǘŜǊƳǎ ΨŦǳƴŎǘƛƻƴΩ ŀƴŘ 

ΨǇǊƻŎŜǎǎΩ ǘƻ ƎǊƻǳǇ ǘƘŜ ƎŜƴŜǎ ƛƴǘƻ ŘƛŦŦŜǊŜƴǘ ŦǳƴŎǘƛƻƴǎ ŀƴŘ ǇǊƻŎŜǎǎŜǎΣ ǿƘƛŎƘ ŜȄŎƭǳŘŜŘ ǘƘŜ ŘǳǇƭƛŎŀǘŜǎ 

gene hits. All resulting functions and processes with a fold enrichment value >1.0 were organised 

into those unique and common to each drug in Venn diagrams using Venny 2.0 software (Oliveros 

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

3.1.5 Confirmation sŎǊŜŜƴƛƴƎ ƻŦ ǘƘŜ ΨƘƛǘǎΩ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ ǘƘŜ ƛnitial plate-based 

screening of the transcription 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 (% 

groǿǘƘ ǿŀǎ Җол % for each of the four days) in the initial plate-based screening of the 

transcriptional regulator library (see method 3.1.3 and results 3.2.1.3). Five extra strains were 

included - two extra transcriptional regulators, ɲADR1 and ɲHIR1, and also ɲHMS1, ɲKAR4 and 

ɲAFT1 as additional controls.  The hit strains were taken from the original MATa haploid gene 

deletion library (see sections 2.3.2.2 and 3.1.2.1) which was stored at -80°C. Using pipette tips the 

frozen strains were streaked onto YPD agar (3.1.2.2) and grown in a standing 30 °C incubator 

(Leec Classic Incubator, Leec, Nottingham, UK) for three days. Using pipette tips, each strain was 

individually inoculated into a well, one for each strain, of two 24-well cell culture plates (Greiner 

Bio-One Cellstar 24-well plates, Greiner BioOne Ltd, Stonehouse, UK, Ref 662 160) containing 1 

mL /wellYPD liquid medium (3.1.2), and incubated shaking overnight at 200 rpm at 30 °C in an 

Innova 44 shaking incubator (New Brunswick, part of Eppendorf, Stevenage, Hertfordshire, UK).  

The next day, 75 µL of these overnight cultures were transferred into 75 µL 40 % glycerol (Fisher 

Scientific (part of Thermo Fisher Scientific), Loughborough, Leicestershire, UK, Ref G/0650/17) per 

well into one half of a 96-well cell culture plate (Greiner Bio-One Cellstar 96-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 strains, their names and role descriptions, and their 

positions in the 96-well glycerol stock plate for screening is shown in Appendix B, created and 

labelled in the same way as described for Appendix A (3.1.3.1).   
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3.1.5.2 Growth of the hit yeast deletion strains in preparation for screening 

The glycerol stock 96-well master plate of hit strains (3.1.5.1) was thawed, stamped out onto agar 

and grown in the same way as in 3.1.3.2, but using a 48 pronged metal replica plater (Sigma, 

Poole, Dorset, UK, Ref R-2383) and YPD agar in a standard 90 mm petri dish plate. The day before 

screening, these strains on the YPD plates were inoculated into 3 mL YPD medium in Universal 

tubes to make overnight cultures as described in section (3.1.2.5).  

3.1.5.3 Preparation of YPD agar plates with and without drug to re-screen the twenty-ŦƛǾŜ ΨƘƛǘǎΩ 

from the transcription regulator library of gene deletion yeast strains 

YPD agar containing 1000 µM cisplatin, YPD agar containing 4000 µM carboplatin, and YPD agar 

containing 4000 µM oxaliplatin, and corresponding control agar containing drug diluent only, was 

prepared on the same day of screening as follows. For the selection of these drug concentrations 

refer to section 3.2.1. Drug solutions and drug diluents used are detailed in section 3.1.1.1. 

A volume of 300 mL of two-fold concentration YPD agar was prepared (3.1.2.4) in a 500 mL glass 

Duran bottle. After autoclaving, the agar was cooled down for at least 30 mins by transferring it 

into a water bath set at 55 °C (Grant SUB waterbath, Grant Instruments, Shepreth, Cambridge, 

UK) along with bottles containing 0.9 % NaCl solution, MQ H2O and 4.5 % lactose monohydrate 

solution and six empty pre-autoclaved 250 mL Duran bottles. At this temperature the agar does 

not set. 

A volume of 35 mL two-fold concentration of YPD agar was to be adjusted to a final volume of 70 

mL with drug and/or drug diluent, one at a time.  For the agar containing drug, the volume of drug 

to give the required drug concentrations (1000 µM cisplatin, 4000 µM carboplatin, or 4000 µM 

oxaliplatin) at 70 mL final volume, and the volume of MQ H2O required to make up to 70 mL, were 

added to a warmed pre-autoclaved 250 mL Duran bottle, followed by the 35 mL two-fold 

concentration of YPD agar whilst swirling the bottle by hand to mix thoroughly. Next, the mixture 

was quickly transferred to each of three standard 90 mm petri dish plates (21 mL per plate).  For 

control agar containing no drug, instead of drug, the equivalent volume of corresponding drug 

diluent (at 55°C) was added and three plates were again poured. In this experiment the drug 

diluents were 0.9 % NaCl solution for cisplatin, and MQ H2O for carboplatin, and 4.5 % lactose 

monohydrate solution for oxaliplatin.  It should also be noted that for both the cisplatin drug and 

control plates, an extra 33 % (compared to drug volume) of 0.9 % NaCl solution was added to the 

agar to maintain consistency with other cisplatin screening which had been carried out at 1500 

µM. All agar plates were left to set and dry as in 3.1.3.3. 
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3.1.5.4 Performing the confirmation screen of the twenty-ŦƛǾŜ ΨƘƛǘǎΩ ŦǊƻƳ ǘƘŜ ǘǊŀƴǎŎǊƛǇǘƛƻƴ 

regulator library 

The overnight cultures of the hit deletion strains (prepared as in 3.1.5.2) were removed from the 

shaker at 30°C, ready to stamp out on the YPD agar plates with and without drug (prepared as 

described in 3.1.5.3). The A595 of each culture was measured as described in section 3.1.2.6 to 

check if they were in the same range of 13-15.  If any culture measured as having an A595 above 

range it was adjusted diluting with MQ H2O, and if an A595 was below range a culture sample was 

taken and centrifuged at 4000 rpm for 4 minutes using a Sigma 1-14 benchtop centrifuge (Sigma, 

Poole, Dorset, UK) and re-suspended in a reduced volume of MQ H2O. A volume of 180 µL/well of 

each overnight culture was then transferred into a 96-well cell culture plate (Greiner Bio-One 

Cellstar 96-well plates, Greiner BioOne Ltd, Stonehouse, UK, Ref 655 180) in the same format as 

the 96-well glycerol plate as shown in Appendix B and as described in section 3.1.5.1.  

From this culture plate, two further plates in the same format were prepared, but with the strains 

diluted 1 in 10 (15 µL culture in 13 5µL MQ H2O per well), resulting in all a total volume of 150 

µL/well. Strains were mixed into suspension by pipetting before stamping them out onto agar in 

triplicate, onto both drug and no drug agar plates using a 48-pronged metal replica plater (Sigma, 

Poole, Dorset, UK, Ref R-2383), dipping the plater in alcohol and flaming before stamping out each 

plate. The undiluted strains were used for the cisplatin drug and no drug plates, and the 1 in 10 

diluted strains were used for the carboplatin and oxaliplatin drug and no drug plates. The 

reasoning behind diluting the yeast strains is explained in 3.2.1.  Plates were grown and imaged as 

in 3.1.3.4.  

3.1.5.5 Analysis of the conformation screen 

Growth was assessed by measuring colony sizes on the daily scanned plate images (3.1.5.4) and 

scores recorded and tabulated as described in section 3.1.3.5. ! ǎŎƻǊŜ ƻŦ ΨƴƎΩ ƛƴ ǘƘŜǎŜ ǊŜ-screens 

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 drug. Compared to the initial screen, growth 

inhibition in the presence of each drug was not as significant for this re-screen, so the method of 

classing strains as hits was re-designed as follows.  

Strains were classed as strong hits if % growth for all three replicates ǿŀǎ Җол % for two time 

points. Strains were classed as medium hits if % growth for two out of the three replicates was 

Җол % for two time points. Strains were classed as weaker hits if % growth for two out of the 

ǘƘǊŜŜ ǊŜǇƭƛŎŀǘŜǎ ǿŀǎ Җрл % for two time points. 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 2007-2015) and Microsoft Powerpoint. As 
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before, scoring of random colonies was validated by independent assessors to support accuracy 

of the method. 

3.1.6 Does the re-introduction of BDF1 into the ɲBdf1 strains recover growth in the 

presence of the platinum drugs? 

3.1.6.1 Transformations 

Plasmid PCG279 (standard multi-copy expression vector PRS426, see Figure 5) was used as the 

negative control.  PCG596 is the same PRS426 plasmid but with the S.cerevisiae gene BDF1 and its 

own promotor cloned into ORF frame 3. PCG279 and PCG596 were provided by Bianchi et al 

(Bianchi, Costanzo et al. 2004), and PRS426 was originally constructed by Christianson et al 

(CHRISTIANSON, SIKORSKI et al. 1992).  

 

Figure 5. Plasmid PRS426 (https://www.addgene.org/vector-database/3989/). 
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Overnight cultures of S. cerevisiae strains CWG424 and ɲBdf1 were prepared (3.1.2.5), and each 

strain was harvested by taking 1 mL overnight culture (A595 between 10-20 AU (absorbance units)) 

into each of two sterile Eppendorf tubes and centrifuging the total of four tubes at 4000 rpm for 4 

mins in a Sigma 1-14 bench centrifuge.  The supernatants were discarded, and then the cells were 

re-suspended with 1 mL TE (1 mM Tris (Fisons, Ipswich, Suffolk, UK, now part of Rhone-Poulenc, 

Inc.,Ref T/P630/60), 1 mM EDTA (Fisons, Ipswich, Suffolk, UK, now part of Rhone-Poulenc, Inc., 

Ref D/0700/53, pH8.0) and centrifuged at 4000 rpm for 4 mins in a Sigma 1-14 benchtop 

centrifuge (Sigma, Poole, Dorset, UK). The supernatants were then discarded and the cells were 

re-suspended with 1 mL 0.1 M LiOAc (Sigma Poole, Dorset, UK, Ref L4158) in TE and centrifuged 

again at 4000 rpm for 4 mins. This time the supernatants were discarded, the cells were re-

suspended in 0.1 mL of 0.1 M LiOAc in TE, and then 15 µL (150 µg) carrier DNA (single stranded 

DNA from herring sperm (Sigma, Poole, Dorset, UK, Ref D7290), pre-boiled for 15 mins and then 

iced) was added to each cell mixture. Next, 1 µL (100 ng) PCG279 transforming DNA (see 3.1.6.1) 

was added to one tube of cell mixture originating from each of CWG424 or ɲBdf1 strains, and 1 µL 

(100 ng) PCG596 transforming DNA (see 3.1.6.1) was added to the other tube of cell mixture 

originating from each of CWG424 or ɲBdf1 strains, and all tubes were mixed gently by pipetting. 

Next, 700 µL  of 40 % PEG4000 (Sigma, Poole, Dorset, UK, Ref 95904) in 0.1 M LiOAc in TE was 

added to each tube of cells and incubated with rotation (Stuart roller mixer SRT6, Stuart, Stone, 

Staffordshire, UK) for 90 mins at room temperature. The cells were then incubated for 15 mins at 

42 °C in a Grant block heater (Grant Instruments, Shepreth, Cambridge, UK) and then centrifuged 

at 4000 rpm for 4 mins, the supernatant discarded and the cells re-suspended in 200 µL MQ H20, 

which was dispensed and spread with a spreader across the surface of SD-URA agar plates 

(3.1.2.3), one for each transformant strain.  These plates were subsequently incubated upturned 

at 30 °C for 3 days in a standing 30 °C incubator (Leec Classic Incubator, 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 SD-URA agar plates, incubated upturned at 

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

3.1.6.2 Drug titration growth curves using CWG424 transformed with negative control plasmid 

PCG279 

At the outset, drug titration growth curves were generated alongside control growth curves, with 

no drug, using strain CWG424 transformed with negative control plasmid PCG279 only (for 

transformations see 3.1.6.1).  This was to estimate the optimal concentration of each platinum 

drug to further study all four transformant strains. For this, cisplatin was tested at 250 µM, 500 

µM and 1000 µM, carboplatin was tested at 400 0µM, 8000 µM and 12000 µM, and oxaliplatin 

was tested at 1000 µM, 2000 µM and 4000 µM.  
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These sets of growth curves were generated in a final volume of 1 mL SD-URA medium (3.1.2.3), 

each in a well of a 24-well plate (Greiner Bio-One 24 well cell culture plate, Greiner, Stonehouse, 

UK, Ref 662160). Each drug titration was carried out in singlicate (one well with one growth curve) 

from each of two separate overnight cultures (3.1.2.5) in SD-URA medium of strain CWG424 

transformed with negative control plasmid PCG279, giving two biological repeats. The Abs595 of 

the two overnight cultures was measured (as described in 3.1.2.6) and the resulting AUs were 

used to calculate the volume of cells (which were added to the growth curve wells last) to add to 

1mL to achieve a final Abs595 of 0.100, ready to start a growth curve at lag phase (Figure 12).  

Initially, a volume of 500 µL of two-fold concentrated SD-URA medium was added to the required 

number of wells.  The volume of drug to give the required dose concentration at 1 mL final 

volume was then added directly to the wells.  Next, the volume of drug diluent (0.9 % NaCl 

solution for cisplatin, MQ H2O only for carboplatin, and 4.5 % lactose monohydrate solution for 

oxaliplatin) required to equal the total drug volume used for the top concentration was calculated 

for each well and added - this was to keep drug/drug diluent volume consistent across the 

titration. The volume of MQ H20 required to make each well volume up to a final volume of 1 mL 

(including the previously calculated required volume of cells) was then calculated and was added, 

followed lastly by the addition of the cells themselves. 

3.1.6.3 Growth kinetics for drug titration growth curves 

To assess growth, plates were transferred into a BMG Labtech SPECTROstar Nano plate reader 

(Aylesbury, Buckinghamshire, UK) to generate growth curves at 30°C. The protocol settings were 

as follows: Cycle time: 1800 secs, Flashes per well: 30, Excitation: 600, Shaking frequency: 400 

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

Positioning delay: 0.5 secs. Experiments were stopped after 24 hours. 

3.1.6.4 Data analysis for drug titration growth curves 

Growth curve raw data was exported into Microsoft Excel 2010 using the BMG Labtech MARS 

data analysis software, where each growth curve was plotted as time in hours (x-axis) against 

Abs600 (y-axis).  All data analysis was carried out in Microsoft Excel 2010. 

The doubling time of a culture is the time it takes for the cell population to double during the log 

phase of growth (refer to Figure 12), and this can be measured from growth curves.  Doubling 

times were determined by separately plotting sequential 2 hour data sets, overlapping by 30 

mins, as time in hours (x-axis) against Abs600 (y-axis).  For each 2 hour plot, an exponential trend 

line was fitted and an exponential line equation was generated, y = c *e^(b*x), which is equivalent 

to ln(y) = ln(c) + b*x, for which b represents the slope and In(c) represents the y-axis intercept. 

The 2 hour plot with the highest x value (which represents slope) in the exponential line equation 
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was selected, and that x-value 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 curves of all transformants with each platinum drugs 

Assessment of viability by growth kinetics was carried out for all four transformant strains with 

and without one concentration of drug ς 250 µM Cisplatin, 12000 µM carboplatin or 4000 µM 

oxaliplatin. These drug concentrations were chosen based on the results from the drug titration 

growth curves (see method 3.1.6.2 and results 3.2.3.1).  

As for the drug titration experiments, these growth curves were generated in a final volume of 1 

mL SD-URA medium (3.1.2.3), each tested as three technical repeats on the same 24-well plate 

(Greiner Bio-One Cellstar 24-well plates, Greiner BioOne Ltd, Stonehouse, UK, Ref 662 160) from 

one overnight culture (3.1.2.5) in SD-URA medium. This experiment was ultimately repeated on 

two more separate 24-well plates using two other different overnight cultures in SD-URA medium, 

giving three biological replicates in total. The Abs595 of overnight cultures of the four 

transformants was measured each time (3.1.2.6) and the resulting AUs were used to calculate the 

volume of cells (which were added to the growth curve wells last) to add to 1 mL to achieve a final 

Abs595 of 0.100, ready to start a growth curve at lag phase.  

Initially, a volume of 500 µL of two-fold concentrated SD-URA 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 wells.  Next added was drug diluent (0.9 % NaCl solution for 

cisplatin, MQ H2O only for carboplatin, and 4.5 % lactose monohydrate solution for oxaliplatin). 

The volume of drug diluent used 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, drug diluent only was used, at a volume equivalent to the total volume of 

drug/drug diluent used for the other growth curves. The volume of MQ H20 required to make 

each well volume up to a final volume of 1 mL (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 kinetics for growth curves of all transformants with each platinum drug 

Growth curve kinetics were then carried out using a BMG Labtech SPECTROstar Nano plate reader 

as previously described in 3.1.6.3. 
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3.1.6.7 Data analysis for growth curves of all transformants with each platinum drug 

Data analysis was performed as detailed in section 3.1.6.4, except that the growth curves plotted 

for each biological repeat used the means of the three technical repeats, and the mean of 

doubling times of the total of three biological repeats were plotted as bar charts. 
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3.2 Results - yeast 

3.2.1 Initial plate-based screening of the transcription regulator library 

Initial plate-based screening was of the complete transcription regulator library of 209 gene 

deletion yeast strains plus control strains wild type (CWG424) and DNA repair mutants ɲRad27 

and ɲRad52 (refer to section 3.1.3.), with the aim of identifying genes required for growth in the 

presence of drug to help better understand their mode of action and potentially their resistance 

mechanisms. Growth of the library strains on YPD agar containing cisplatin, carboplatin or 

oxaliplatin, was compared to growth on YPD agar containing no drug. Every day, for four days, 

growth was scored by expressing the size of a colony on agar containing drug as a % of the size of 

the colony of the same deletion strain on agar containing no drug. Images of the YPD agar 

screening plates themselves are not shown. 

All deleted genes of the yeast deletion strains that grew Җ50 % over four days growth on YPD agar 

containing cisplatin, carboplatin and oxaliplatin compared to on YPD agar containing no drug, are 

displayed with their daily growth scores in Table 1, Table 2, and Table 3 respectively.  All these 

ΨҖ50 ҈Ω Ƙƛǘ ƎŜƴŜǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ŀǎ a Venn diagram in Figure 6, removing any duplicate genes, to 

illustrate which hits are exclusive to and common with the three drugs (described in 3.1.3.5).  The 

gene hits that were common to all three drugs included the control strains ɲRad27 and ɲRad52, 

but also wild type. Using this approach and scoring system we observed that wild type strains 

sometimes appeared sensitive to the drugs at the concentrations used. This was observed for 

cisplatin 3/45 times (6.7 %), for carboplatin 1/45 times (2.2 %), and for oxaliplatin 8/45 times 

(17.7 %) (refer to  Table 1, Table 2, and Table 3). 

It can be concluded that oxaliplatin was a stronger screen than the cisplatin screen and the 

carboplatin screen was the weakest 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 strains ɲRad27 and ɲRad52.  

However, despite this, strong hits were detected for each drug screen, and we accepted that 

some middle to low strength hits may drop out. It should also be noted that a crude screening 

method like this comes with an acceptable variability due to factors such as the number of cells 

plated and differences in stamping out of strains; to avoid this would mean plating out exactly the 

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

The drug concentrations of 1000 µM cisplatin, 4000 µM carboplatin, and 4000 µM oxaliplatin 

were selected based on the results from testing the selected control yeast strains wild type 

(CWG424), ɲRad52 and ɲRad27 during the original optimisation 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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though ɲRad52 and ɲRad27 grew less than CWG424.  In comparison, after 2-3 days growing at 30 

°C on 1000 µM cisplatin agar, 4000 µM carboplatin and 4000 µM oxaliplatin, we observed very 

slightly reduced growth of CWG424, but no growth of ɲRad52, and reduced growth of ɲRad27.  

Therefore, to achieve comparable results to 1000 µM cisplatin, for 4000 µM carboplatin and 4000 

µM oxaliplatin the yeast strains were pre-diluted 1 in 10 with MQ H2O before stamping them onto 

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

Platinum drugs bind to DNA and form intra-strand adducts, therefore DNA repair mutants such as 

ɲRad52 and ɲRad27 are suitable control strains for screening the growth of yeast strains in the 

presence of such drugs. Rad52 (RADiation sensitive) is implicated in the repair of double-strand 

breaks (DSB) in DNA resulting from spontaneous damage, exposure to DNA damaging agents, and 

collapse of replication forks; mutations in RAD52 cause severe defects, especially in 

meiotic/mitotic recombination, because Rad52 is involved in multiple DSB repair pathways, 

reviewed in  (Symington 2002) and (Paques, Haber 1999), used as a control in (CHUA, ROEDER 

1995). Rad27 (RADiation sensitive) is a flap endonuclease involved in removing the рΩwb! ŜƴŘ ƻŦ 

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 defects (Liu, Kao et al. 2004, Symington 2002). 

3.2.1.1 Analysis of gene hit distribution and comparison with the Yeast Fitness Database 

We investigated the Yeast Fitness Database (2.3.2.2) results, from screening the entire genomic 

homozygous diploid deletion library of S.cerevisiae against the three platinum drugs, in an 

attempt to get a whole genomic view of the genes involved in their mode of action and 

potentially resistance to these agents. We did this by comparing the distribution of individual 

genes hits between drugs and comparing this to the results of our screen.  We also compared, for 

each drug, the functions and processes that the genes are involved in. 

We downloaded from the Yeast Fitness Database (refer to 2.3.2.2) all hits from screening the 

entire yeast genome of homozygous gene knockouts with cisplatin, carboplatin and oxaliplatin, 

with a p value <0.01 (refer to 3.1.4), which totalled 2180 individual genes.  We compared this 

gene hit distribution of the Yeast Fitness Database drug screens to the equivalent for our screens 

that grew less than 50 % over four days growth. Figure 7 shows our screen hits in Venn Diagram A 

and shows the collated Yeast Fitness Database gene hits in Venn diagram B, all expressed as 

percentage frequency values for ease of comparison.   

For our screens, 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 screens.  The Venn diagram in Figure 

7A shows that, when focussing on these 93 gene deletion hits, 51.5 % (48) had sensitivity to 

cisplatin, 26.9 % (25) to carboplatin and 61.3 % (57) oxaliplatin.  Regarding the total of 2180 gene 
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deletion hits generated from the Yeast Fitness Database screens in Venn diagram Figure 7B, the 

vast majority, 76.0 % (1656), showed sensitivity to cisplatin, 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 drugs. Our screen of transcription regulators showed oxaliplatin sharing 

6.5 % (6) of hits with cisplatin and 7.5 % (7) with carboplatin, whereas cisplatin and carboplatin 

shared fewer gene hits (4.3 % (4)) (Figure 7A).  The Yeast Fitness Database data suggested that 

oxaliplatin is more similar to cisplatin (14.0 % (306) of gene hits shared) than cisplatin is to 

carboplatin (6.5 % (141) of gene hits shared), with oxaliplatin and carboplatin sharing just 1.6 % 

(34) gene hits Figure 7B.  Regarding gene hits shared by all three drugs, 10.8 % (10) were shared in 

our screens (Figure 7A) and 5.4 % (117) in the Yeast Fitness database screens. 
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Table 1. Yeast deletion strains that grew Җ50 % over 4 days growth on YPD agar containing 1000 µM 
cisplatin compared to growth on YPD containing no drug. *= non-transcriptional regulator. 

 

Cisplatin
Colour key for growth of stains over all 4 days

All no growth (0) !ƭƭ Җол҈

!ƭƭ Җр҈ !ƭƭ Җпл҈ 

!ƭƭ Җмл҈ !ƭƭ Җрл҈

!ƭƭ Җнл҈

1 day 2 days 3 days 4days

3 G6 BDF1 YLR399C BromoDomain Factor  0 0 0 0

* 2b rpt D9 SLA1 YBL007C Synthetic Lethal with ABP1 0 0 0 <5

* 2 H12 SLA1 YBL007C Synthetic Lethal with ABP1 0 0 0 <5

2 H5 RAD52 YML032C RADiation sensitive <5 <5 <5 <5

2 H6 RAD52 YML032C RADiation sensitive <5 <5 <5 <5

3 H11 RAD52 YML032C RADiation sensitive 0 0 0 10

* 2 D9 SLA1 YBL007C Synthetic Lethal with ABP1 <5 <5 <5 10

1 E6 SWI5 YDR146C SWItching deficient 0 0 <5 20

1 F6 NDT80 YHR124W Non-DiTyrosine 0 0 <5 20

3 D2 MET18 YIL128W METhionine requiring <5 <5 <5 20

3 F2 EMI1 YDR512C Early Meiotic Induction  <5 <5 <5 20

2b rpt H10 AFT1 YGL071W Activator of Ferrous Transport <5 <5 <5 20

1 E12 RAD52 YML032C RADiation sensitive <5 <5 <5 20

* 1 E5 SWF1 YDR126W Spore Wall Formation 0 0 <5 30

1 D1 HAP5 YOR358W Heme Activator Protein <5 <5 10 30

1 G1 SWI6 YLR182W SWItching deficient <5 <5 <5 30

3 G7 SFP1 YLR403W Split Finger Protein  <5 <5 <5 30

2b rpt D11 TOD6 YBL054W Twin Of Dot6p 0 0 <5 40

1 F1  MOT2 YER068W Modulator Of Transcription <5 <5 10 40

* 2b rpt H12 SLA1 YBL007C Synthetic Lethal with ABP1 <5 10 10 40

3 F4 URC2 YDR520C URacil Catabolism 0 <5 20 40

3 F5 SNT2 YGL131C - 0 <5 20 40

2 H3 RAD27 YKL113C RADiation sensitive <5 <5 20 40

1 F4 RIM101 YHL027W Regulator of IME2 <5 <5 20 40

1 G10 HAP4 YKL109W Heme Activator Protein <5 <5 20 40

2 H10 AFT1 YGL071W Activator of Ferrous Transport <5 <5 20 40

3 F10 SWI4 YER111C SWItching deficient <5 <5 20 40

1 H11 - CWG424 Wild type BY4741 <5 <5 20 40

3 D11 YOX1 YML027W Yeast homeobOX  0 10 20 40

3 G3 FKH1 YIL131C ForK head Homolog 0 <5 30 40

2 A11 - CWG424 Wild type BY4741 0 <5 30 40

1 A1 - CWG424 Wild type BY4741 <5 <5 30 40

3 B3 ZAP1 YJL056C Zinc-responsive Activator Protein <5 <5 30 40

3 E6 - YPR022C - <5 <5 30 40

3 G4 SNF1 YDR477W Sucrose NonFermenting 0 <5 40 40

3 F1 PLM2 YDR501W PLasmid Maintenance <5 <5 40 40

* 1 B5 - YLR046C - <5 <5 20 50

3 F3 EMI2 YDR516C Early Meiotic Induction 0 <5 30 50

2 B11 ECM22 YLR228C ExtraCellular Mutant 0 <5 30 50

3 E2 DAL81 YIR023W Degradation of Allantoin <5 <5 30 50

3 F6 SUT1 YGL162W Sterol UpTake <5 <5 30 50

2 H8 UME6 YDR207C Unscheduled Meiotic gene Expression  <5 <5 30 50

3 C8 CRZ1 YNL027W Calcineurin-Responsive Zinc finger <5 <5 30 50

2 C10 DIG1 YPL049C Down-regulator of Invasive Growth <5 <5 30 50

3 H12 RAD52 YML032C RADiation sensitive <5 <5 30 50

2 G12 SPT10 YJL127C SuPpressor of Ty  <5 10 30 50

3 D5 NNF2 YGR089W - <5 20 30 50

1 G11 ASH1 YKL185W Asymmetric Synthesis of HO <5 20 30 50

1 C6 STB1 YNL309W Sin Three Binding protein <5 <5 40 50

2 H4 RAD27 YKL113C RADiation sensitive <5 10 40 50

2b rpt H8 UME6 YDR207C Unscheduled Meiotic gene Expression  <5 10 40 50

2 H9 ARR1 YPR199C ARsenicals Resistance <5 10 40 50

2 C12 ECM23 YPL021W ExtraCellular Mutant <5 20 40 50

3 B6 BAS1 YKR099W BASal  10 20 40 50

2 F5 OTU1 YFL044C Ovarian TUmor 10 20 40 50

2 B12 PDR8 YLR266C Pleiotropic Drug Resistance 10 20 40 50

2 E3 AFT1 YGL071W Activator of Ferrous Transport 10 30 40 50

3 B9 HIR3 YJR140C HIstone Regulation <5 10 50 50

1 B6 CHA4 YLR098C Catabolism of Hydroxy Amino acids <5 20 50 50

2 C2 UME6 YDR207C Unscheduled Meiotic gene Expression  10 20 50 50

3 C5 CBF1 YJR060W Centromere Binding Factor 10 30 50 50

2 C6 HAP2 YGL237C Heme Activator Protein 20 30 50 50

Size of colony on drug plate as a % of size of 

corresponding colony on control platePlate Position
Standard 

Name

Systematic 

Name
Name description
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Table 2. Yeast deletion strains, pre-diluted ten-fold, that grew Җ50 % over 4 days growth on YPD agar 
containing 4000 µM carboplatin compared to growth on YPD containing no drug. *= non-transcriptional 
regulator. 

 

 

 

 

 

 

 

 

 

 

 

 

Carboplatin
Colour key for growth of stains over all 4 days

All no growth (0) !ƭƭ Җол҈

!ƭƭ Җр҈ !ƭƭ Җпл҈ 

!ƭƭ Җмл҈ !ƭƭ Җрл҈

!ƭƭ Җнл҈

1 day 2 days 3 days 4days

1 G1 SWI6 YLR182W SWItching deficient 0 0 0 0

2 E3 AFT1 YGL071W Activator of Ferrous Transport 0 0 0 0

2 C2 UME6 YDR207C Unscheduled Meiotic gene Expression  0 0 <5 <5

1 C1 MAC1 YMR021C Metal binding ACtivator 0 0 0 10

1 F4 RIM101 YHL027W Regulator of IME2 0 0 <5 10

3 F10 SWI4 YER111C SWItching deficient <5 <5 <5 10

2 D9 SLA1 YBL007C Synthetic Lethal with ABP1 0 0 20 20

2 E5 GCR2 YNL199C GlyColysis Regulation  0 <5 30 30

2 D12 SEF1 YBL066C Suppressor of Essential Function 0 <5 20 40

2 E11 HEL2 YDR266C Histone E3 Ligase 0 <5 30 40

2 H5 RAD52 YML032C RADiation sensitive <5 10 30 40

2 H3 RAD27 YKL113C RADiation sensitive <5 20 30 40

1 F6 NDT80 YHR124W Non-DiTyrosine 10 20 40 40

2 F10 MSA2 YKR077W Mbf and Sbf Associated <5 30 40 40

1 F1  MOT2 YER068W Modulator Of Transcription 0 0 30 50

1 D6 BUD29 YOL072W Tho2/Hpr1 Phenotype  0 <5 40 50

2 C3 UPC2 YDR213W UPtake Control <5 10 40 50

* 1 E5 SWF1 YDR126W Spore Wall Formation <5 10 40 50

3 H12 RAD52 YML032C RADiation sensitive 10 10 40 50

2 F1 SUM1 YDR310C SUppresor of Mar1-1 <5 20 40 50

3 G6 BDF1 YLR399C BromoDomain Factor  20 20 40 50

3 E2 DAL81 YIR023W Degradation of Allantoin 30 30 40 50

2 F8 MET28 YIR017C METhionine <5 20 50 50

2 F9 YAP5 YIR018W Yeast AP-1 <5 20 50 50

1 H4 - CWG424 Wild type BY4741 10 20 50 50

2 F7 MAL13 YGR288W MALtose fermentation 10 30 50 50

Size of colony on drug plate as a % of size of 

corresponding colony on control platePlate Position
Standard 

Name

Systematic 

Name
Name description



 
Page | 68  

 

 

Table 3. Yeast deletion strains, pre-diluted ten-fold, that grew Җ50 % over 4 days growth on YPD agar 
containing 4000 µM oxaliplatin compared to growth on YPD containing no drug. *= non-transcriptional 
regulator. 

 

 

Oxaliplatin
Colour key for growth of stains over all 4 days

All no growth (0) !ƭƭ Җол҈

!ƭƭ Җр҈ !ƭƭ Җпл҈ 

!ƭƭ Җмл҈ !ƭƭ Җрл҈

!ƭƭ Җнл҈

1 day 2 days 3 days 4days

1 C1 MAC1 YMR021C Metal binding ACtivator 0 0 0 0

2 H6 RAD52 YML032C RADiation sensitive 0 0 0 0

3 G6 BDF1 YLR399C BromoDomain Factor  0 0 0 0

1 G1 SWI6 YLR182W SWItching deficient 0 0 0 <5

2 H5 RAD52 YML032C RADiation sensitive 0 0 0 <5

3 H11 RAD52 YML032C RADiation sensitive 0 0 0 <5

1 E12 RAD52 YML032C RADiation sensitive 0 0 0 <5

3 H12 RAD52 YML032C RADiation sensitive 0 0 0 <5

1 C9 CIN5 YOR028C Chromosome INstability 0 <5 10 10

2 H4 RAD27 YKL113C RADiation sensitive <5 <5 10 20

3 B3 ZAP1 YJL056C Zinc-responsive Activator Protein 0 <5 20 20

2 E3 AFT1 YGL071W Activator of Ferrous Transport 0 <5 20 30

2 H3 RAD27 YKL113C RADiation sensitive <5 10 20 30

2 F1 SUM1 YDR310C SUppresor of Mar1-1 <5 10 20 30

1 F9 SKN7 YHR206W Suppressor of Kre Null <5 20 20 30

2 C2 UME6 YDR207C Unscheduled Meiotic gene Expression  0 10 30 30

1 C11 RAD27 YKL113C RADiation sensitive 0 10 30 30

2 A4 - CWG424 Wild type BY4741 <5 10 30 30

1 D9 USV1 YPL230W Up in StarVation 10 20 30 30

1 A10 - CWG424 Wild type BY4741 10 20 30 30

1 B11 SOK2 YMR016C Suppressor Of Kinase 10 30 30 30

2 E2 MIG1 YGL035C Multicopy Inhibitor of GAL gene expression <5 20 30 40

2 G12 SPT10 YJL127C SuPpressor of Ty  <5 20 30 40

1 B10 YAP1 YML007W Yeast AP-1 10 30 30 40

2 G1 HAL9 YOL089C HALotolerance 20 30 30 40

1 A8 - CWG424 Wild type BY4741 20 30 30 40

1 A9 - CWG424 Wild type BY4741 20 30 30 40

3 F10 SWI4 YER111C SWItching deficient 0 20 40 40

1 F7 STB5 YHR178W Sin Three Binding protein <5 20 40 40

2 D1 - YPR127W - 20 20 40 40

* 3 G8 IME4 YGL192W Inducer of MEiosis 20 20 40 40

* 2 D9 SLA1 YBL007C Synthetic Lethal with ABP1 <5 30 40 40

1 A11 - CWG424 Wild type BY4741 <5 30 40 40

1 D2 PIP2 YOR363C Peroxisome Induction Pathway 10 30 40 40

1 C7 SIP3 YNL257C SNF1-Interacting Protein 20 30 40 40

1 D7 GAL4 YPL248C GALactose metabolism 20 30 40 40

1 B8 GAL80 YML051W GALactose metabolism 20 30 40 40

1 C8 HMS1 YOR032C High-copy Mep Suppressor 20 30 40 40

2 G9 SUT2 YPR009W Sterol UpTake 20 30 40 40

2 G7 DAT1 YML113W DATin 30 30 40 40

1 H12 - CWG424 Wild type BY4741 30 40 30 40

1 D3 RDR1 YOR380W Repressor of Drug Resistance <5 40 40 40

1 C3 MSS11 YMR164C Multicopy Suppressor of STA genes 10 40 40 40

* 2 G10 SMK1 YPR054W - 30 40 40 40

1 F1  MOT2 YER068W Modulator Of Transcription 0 0 40 50

2 B1 RME1 YGR044C Regulator of MEiosis <5 20 40 50

2 A3 - CWG424 Wild type BY4741 10 30 40 50

2 E1 PDR1 YGL013C 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 MTH1 YDR277C MSN Three Homolog 20 40 40 50

1 C4 RGM1 YMR182C - 10 40 50 50

2 F9 YAP5 YIR018W Yeast AP-1 20 40 50 50

2 D11 TOD6 YBL054W Twin Of Dot6p 20 40 50 50

2 D12 SEF1 YBL066C 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 E5 GCR2 YNL199C GlyColysis Regulation  20 50 40 40

* 2 G8 - YMR102C - 30 40 50 50

2 F10 MSA2 YKR077W Mbf and Sbf Associated 30 40 50 50

2 F11 MOT3 YMR070W Modifier of Transcription  30 40 50 50

2 G11 ROX1 YPR065W Regulation by OXygen 30 40 50 50

1 C10 HIR2 YOR038C HIstone Regulation <5 50 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 YML081W Topoisomerase I Damage Affected 20 50 50 50

1 E8 GCN4 YEL009C General Control Nonderepressible 20 50 50 40

3 G7 SFP1 YLR403W Split Finger Protein  40 40 40 50

2 C12 ECM23 YPL021W ExtraCellular Mutant 40 40 50 50

3 D8 TEC1 YBR083W Transposon Enhancement Control 40 50 50 50

Size of colony on drug plate as a % of size of 

corresponding colony on control platePlate Position
Standard 

Name

Systematic 

Name
Name description



 
Page | 69  

 

 

Figure 6. Venn diagram of cisplatin, carboplatin and oxaliplatin gene hits scoring Җ50 % growth on agar 
containing drug compared to growth on agar containing no drug from our screen of the transcription 
regulator library of gene deletion yeast strains.   
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A. Our screen ς hits Җ50 % growth 

 

B. Yeast Fitness Database 

 

Figure 7.  A. Venn diagram of cisplatin, carboplatin and oxaliplatin gene hits scoring Җ50 % growth on agar 
containing drug compared to growth on agar containing no drug from our screen of the transcription 
regulator library of gene deletion yeast strains.  B. Venn diagram of cisplatin, carboplatin and oxaliplatin hits 
with p<0.01 from the Yeast Fitness Database.  For A. and B., results are all 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).   
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3.2.1.2 Analysis of gene hit functions and processes and comparison with the Yeast Fitness 

Database  

All cisplatin, carboplatin and oxaliplatin gene hits from the Yeast Fitness database with a p value 

<0.01, were collated and then analysed using Gene Ontology (GO) Slim Mapper analysis via the 

Saccharomyces Gene Database (SGD) site (Saccharomyces Gene Database (SGD) (Stanford 

University, Stanford CA) ) using the Yeast GO-ǎƭƛƳ ǘŜǊƳǎ ΨŦǳƴŎǘƛƻƴΩ ŀƴŘ ΨǇǊƻŎŜǎǎΩ ǘƻ ƎǊƻǳǇ ǘƘŜ 

genes (refer to 3.1.4). Gene Ontology (GO) Slim Mapper analysis has a total of 44 function terms 

and 101 process terms to group genes into. Functions and processes with fold enrichment values 

>1.0 were used to compile the Venn diagrams in Figure 8 and Figure 9. For more detailed data 

including the Frequency, Genome frequency and the Fold enrichment values for each function 

and process, refer to Appendix C and D respectively.  These data from the Yeast Fitness database 

was generated by screening the entire yeast genome in the form of the homozygous diploid 

deletion library (2.3.2.2), and we collated it in this way to provide us with an interesting overview 

of all of the functions and processes that are exclusive to and shared by cisplatin, carboplatin and 

oxaliplatin. 

The Venn diagram in Figure 8 focussed on functions, and demonstrated that there were functions 

both exclusive to the individual drugs and common to two or all three of the drugs. For these 

three platinum drugs as a group, they are generally centred around DNA, histone, and chromatin 

binding, protein and lipid binding, the activity of various enzyme groups, and protein and 

transmembrane transporter activity. Focussing on some of the these functions illustrated in 

Figure 8, DNA binding was common to all three drugs and enriched by 1.2-1.3 fold with a high 

frequency value, histone binding was enriched by two-fold for cisplatin and oxaliplatin, chromatin 

binding was a function for oxaliplatin and enriched by 1.6 fold, and nucleic acid binding 

transcription factor activity was a common function for cisplatin and carboplatin (1.1 and 1.3 fold 

enriched respectively) (see Appendix C for fold enrichment values). Regarding transport functions, 

protein transporter activity was enriched by 1.8 fold for the gene deletion hits of oxaliplatin and 

transmembrane transporter activity was enriched by 1.4 fold for hits of carboplatin (see Appendix 

C).   

The Venn diagram in Figure 9  focussed on processes, and showed that there were functions both 

exclusive to the individual drugs and common to two or all three of the drugs.  For cisplatin, 

carboplatin and oxaliplatin they mostly covered the repair, organisation, and transcription of DNA, 

histone and chromatin, along with vesicle and membrane trafficking, intracellular transport, 

protein modification and proteolysis, the cell cycle, metabolic processes and stress responses. The 

majority of processes were shared by all three drugs or by cisplatin with oxaliplatin, which was 

also the case for the gene hit distributions between the three drugs (3.2.1.1). However, compared 

to cisplatin and carboplatin, oxaliplatin had overall much higher process term fold enrichment 
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values (see Appendix D). Oxaliplatin had very high (1.8-3.7) fold enrichment values for processes 

more centred around vesicle and membrane trafficking such endosomal transport, membrane 

invagination, vesicle and vacuole organisation, endo- and exocytosis, Golgi vesicle transport, 

membrane fusion and organelle fusion, fission and inheritance (see Appendix D).  Four of these 

highly enriched processes were exclusive to oxaliplatin (Figure 9). In contrast to oxaliplatin, the 

processes with the highest fold enrichment values for cisplatin and carboplatin were quite varied 

(see Appendix D).   

Gene Ontology (GO) Slim Mapper analysis of our platinum drug screen hits using the Yeast GO-

ǎƭƛƳ ǘŜǊƳǎ ΨŦǳƴŎǘƛƻƴΩ ŀƴŘ ΨǇǊƻŎŜǎǎΩ ǿŀǎ useful, but not as appropriate as it was for the Yeast 

Fitness database. This is because our transcription regulator library of gene deletion strains 

(3.1.3.1) was already enriched for transcription regulator gene deletions, and also this analysis is 

more powerful for larger data sets. For the results from analysing our screen (deletion strains that 

grew Җ50 % over four days with fold enrichment values >1.0 (3.1.3.5)), refer to Appendix E for 

functions and Appendix F for processes, including fold enrichment values. Due to this pre-

enrichment, fold enrichment values (and frequency values) were very high for transcription factor 

and DNA/chromatin/histone binding function terms for all three drugs, and the majority of DNA 

process terms were shared by all three drugs.  In terms of other processes, enriched terms 

generally covered the repair, organisation, and transcription of DNA, histone and chromatin, 

along with vesicle and membrane trafficking, intracellular transport, protein modification and 

proteolysis, the cell cycle, metabolic processes and stress responses; this was also the case, as 

already described, for the Yeast Fitness database (Figure 9 and Appendix D). However, due to our 

smaller dataset, it was very useful to focus on frequencies rather than enrichment. Regarding 

processes that were common to all three drugs, the higher frequencies were mainly for 

transcription from RNA polymerase II promoter, mitotic and meiotic cell cycles, response to 

chemical, and organelle fission.  Compared to the Yeast Fitness Database Gene Ontology (GO), the 

majority of other processes were from smaller numbers of gene hits, many  just one or two per 

process. 
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Figure 8. A Venn diagram of the functions of cisplatin, carboplatin and oxaliplatin gene hits with p<0.01 from screening the Yeast Fitness Database. These functions were collated using 
Gene Ontology (GO) Slim Mapper analysis via the Saccharomyces Gene Database (SGD), all having fold enrichment score of >1.0. 
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Figure 9. A Venn diagram of the processes of cisplatin, carboplatin and oxaliplatin gene hits with p<0.01 from screening the Yeast Fitness Database. These processes were collated using 
Gene Ontology (GO) Slim Mapper analysis via the Saccharomyces Gene Database (SGD), all having fold enrichment score of >1.0. 
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3.2.1.3 Gene deletion strains taken forward for confirmation screening 

It was decided to take forward, for confirmation screening, the gene deletion strains that grew 

Җ30 % over four days growth on at least one of cisplatin, carboplatin or oxaliplatin in YPD agar, 

compared to on YPD agar containing no drug (refer to methods section 3.1.3.5). These totalled 25 

strains and are highlighted in green for each drug screen in Table 1, Table 2 and Table 3 and are 

displayed in a Venn diagrams in Figure 10A (gene hits) and B (frequencies).  Indeed, compared to 

using the Җрл % cut off (compare Figure 10A with Figure 6), it can be seen that some gene hits 

shifted position in the Venn, however the overall frequencies (compare Figure 10B with Figure 7A) 

remained similar % values, apart from an increase of carboplatin exclusive hits.  With this cut-off 

value ƻŦ Җол %, wild type strain CWG424 did not class as a hit for cisplatin and carboplatin and 

was only a hit 2/45 times for oxaliplatin (refer to 3.2.1 ǘƻ ŎƻƳǇŀǊŜ ǘƘƛǎ ǘƻ ǿƛǘƘ ŀ  Җрл % cut off).  

For the results from ŀƴŀƭȅǎƛƴƎ ƻǳǊ Җол % cut-off screen results using Gene Ontology (GO) Slim 

Mapper refer to Appendix G for functions and Appendix H for processes. Compared to the 50 % 

cut off data, these results are presented as gene deletion hit names, with genes ordered in terms 

of frequency rather than fold enrichment, which was more useful for this smaller dataset. It can 

be seen how one gene hit can come under more than one function or process term.  Compared to 

ǘƘŜ Җрл % cut off data (Appendix E and F), and common to the three drug screens, function 

frequencies remained highest for DNA binding and transcription factor terms, and process 

frequencies remained highest for transcription from RNA polymerase II promoter, mitotic and 

meiotic cell cycles and organelle fission. Overall, the process terms covered were the same as for 

the Җрл % cut off hits. 
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A.  

 

B.  

 

Figure 10. A. Venn diagram of cisplatin, carboplatin and oxaliplatin gene hits scoring Җ30 % growth on agar 
containing drug compared to growth on agar containing no drug from our screen of the transcription 
regulator library of gene deletion yeast strains. Note SLA1 and SWF1 are not transcriptional regulators.  B. 
Venn diagram of the gene hits in A. 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).  
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3.2.2 Confirmation ǎŎǊŜŜƴƛƴƎ ƻŦ ΨƘƛǘǎΩ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ ǘƘŜ ƛnitial transcription 

regulator library screen 

A total of twenty-five hits, including control strains wild type CWG424 and DNA repair mutants 

ɲRad27 and ɲRad52, were re-screened against cisplatin, carboplatin and oxaliplatin (3.1.5) with 

the aim of confirming them as hits. Lƴ ǘƘŜ ƛƴƛǘƛŀƭ ǇƭŀǘŜ ǎŎǊŜŜƴƛƴƎΣ ǘƘŜǎŜ ǎǘǊŀƛƴǎ ƎǊŜǿ Җол % over 

four days growth on at least one of cisplatin, carboplatin or oxaliplatin in YPD agar compared to 

on YPD agar containing no drug (3.2.1.3).  Comparing methodology to that of the initial screen 

(3.1.3), this time overnight cultures were prepared in 3mL YPD medium rather than in 96-well 

plates and strains were taken from the original Mata haploid gene deletion library (3.1.2.1), the 

A595 of each culture was measured and adjusted so that they were in the same range, and the 

strains were stamped out in triplicate (3.1.5.4.).   

As for the initial screening, growth of these strains on YPD agar containing cisplatin, carboplatin or 

oxaliplatin, was compared to growth on YPD agar containing no drug.  Every day, for four days, 

growth was scored by expressing the size of a colony on agar containing drug as a % of the size of 

the colony of the same deletion strain on agar containing no drug.  However for the conformation 

screening, growth inhibition in the presence of each drug was not as significant, therefore the 

original scoring system (3.1.3.5) was re-designed to pick up the strongest of the hits (3.1.5.5). 

Also, as was the case for the initial plate screening, oxaliplatin was a stronger screen than the 

cisplatin screen and the carboplatin screen was the weakest 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 

strains ɲRad27 and ɲRad52.  Importantly, strong gene deletion hits were still detected using this 

screening method. 

Using the conformation screen scoring system (3.1.5.5), the yeast deletion strains were classed as 

strong hits if % growth for all three replicates tested ǿŀǎ Җол % for two time points. Strains were 

classed as medium hits if growth for two out of the three replicates ǿŀǎ Җол % for two time 

points. Strains were classed as weaker hits if growth for two out of the three replicates ǿŀǎ Җ50 % 

for two time points. All hits meeting these criteria, with their scores over each of the four days 

growth, are represented in Table 4, Table 5, and Table 6.  A Venn diagram of all the gene deletion 

hits for each drug is shown in Figure 11, and all these hits are shown again in Table 7 with their 

screen results and role descriptions. 

Table 4, Table 5, and Table 6 along with Figure 11 show that there were 4 hits for cisplatin, 6 hits 

for carboplatin and 13 hits for oxaliplatin and in total, between all three drugs, there were 14 

gene hits.  Focussing on the Venn diagram for this conformation screening (Figure 11), comparing 

it with the initial screening (with a Җ30 % cut off) (Figure 10A) it can be seen that gene hits RAD52, 
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BDF1, MAC1, UME6, ZAP1, SUM1, and RAD27 were confirmed as hits for the same drugs again.  

AFT1 was confirmed as a hit for cisplatin and carboplatin and dropped out as a hit for oxaliplatin, 

and SWI6 was confirmed as a hit for oxaliplatin and dropped out as a hit for cisplatin and 

carboplatin. SLA1 was a hit for cisplatin and carboplatin in the initial screening using a Җ30 % cut 

off (Figure 10A), but confirmed here as a hit for cisplatin and also came up as a hit for oxaliplatin - 

this was not unexpected because it was a hit for all three drugs in the initial screen using a Җ50 % 

cut off (Figure 6).  SWI4 and GCR2 were confirmed as hits for carboplatin but were also hits for 

oxaliplatin but again, and this was not unexpected either because both of these genes came up as 

hits for oxaliplatin in the initial screen using a Җ50 % cut off (Figure 6).  SFP1, however, was a hit 

for cisplatin in the initial screening using a Җ30 % cut off but here in the conformation screen it 

was a borderline hit for cisplatin and also a hit for carboplatin and oxaliplatin; in the initial screen 

using ŀ Җрл % cut off though, SFP1 was a hit for only cisplatin and oxaliplatin, not carboplatin. 

HIR1 was added as a test strain at this confirmation stage only, however it did pass the cut off as a 

hit for oxaliplatin and so was included in the results figures and tables. For this screening there 

were no hits exclusive to cisplatin or carboplatin and there were no hits common to all three 

drugs. 

Table 7 shows that this group of 14 genes, including controls RAD27 and RAD52, are involved in a 

vast range of cellular processes such as 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.  A breakdown of the functions and 

processes of these 14 hits can be found within Appendix tables G and H, where the 25 gene hits 

screened were matched to Yeast GO-slim function and process terms using Gene Ontology (GO) 

Slim Mapper analysis via the Saccharomyces Gene Database (SGD) site (Saccharomyces Gene 

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

For this conformation screening, analysing Table 4, Table 5, and Table 6, it can be seen that the 

strongest gene deletion hitsΣ ǿƛǘƘ ŀ ҈ ƎǊƻǿǘƘ ƻŦ Җол % for two time points for all three replicates, 

were the control RAD52 and BDF1 for both cisplatin and oxaliplatin (both genes had signs of 

growth inhibition by carboplatin for only one n number (data not shown) so did not pass as hits). 

As described in 3.2.1, Rad52 is implicated in the repair of double-strand breaks (DSB) in DNA, 

resulting from DNA damaging agents such as the platinum drugs.  Bdf1 is a protein with two 

bromodomains that is involved in the initiation of gene transcription (Table 7) and was matched 

to the Yeast GO-slim process terms (using Gene Ontology (GO) Slim Mapper analysis) cellular 

response to DNA damage stimulus, DNA repair, regulation of DNA metabolic processes, and  

chromatin and organelle organisation (refer to Appendix tables G and H). The strongest gene 

deletion hits for carboplatin were AFT1 and MAC1 - AFT1 was also passed as a weaker hit for 

cisplatin, and MAC1 was also a medium hit for oxaliplatin. Aft1 is a transcription factor associated 
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with the utilisation and homeostasis of iron, and Mac1 is as transcription factor that senses 

copper and is involved in the regulation of genes required for high affinity copper transport (Table 

7). AFT1 was matched to many Yeast GO-slim process terms (using Gene Ontology (GO) Slim 

Mapper analysis); transcription from RNA polymerase II promoter, organelle fission, mitotic and 

meiotic cell cycle, response to starvation, regulation of transport, chromosome segregation, and 

ion transport (refer to Appendix tables G and H). MAC1 was matched to the following process 

terms - transcription from RNA polymerase II promoter and cellular ion homeostasis (refer to 

Appendix tables G and H).   

It was decided to take BDF1 forward for further studies. This was because in the conformation 

screening it was one of the strongest hits for cisplatin and oxaliplatin (Table 4, Table 5, Table 6). 

BDF1 also had signs of growth inhibition by carboplatin, though only for one n number (data not 

shown), so it did not pass as a hit. Also, it passed as a strong hit for cisplatin and oxaliplatin and a 

weaker hit for carboplatin in the initial screening (Table 1, Table 2, Table 3). BDF1 was also the 

only gene hit confirmed that has homology with human genes; Bdf1 is a member of the BET 

(Bromodomain and Extra-Terminal domain) family of transcriptional regulators (Florence, Faller 

2001, Matangkasombut, Buratowski et al. 2000), along with human BET proteins including Brd2 

(RING3), Brd3, Brd4 and Brdt (Brd6) (Garcia-Gutierrez, Mundi et al. 2012, Bunnage 2010).  

Additionally, in the homozygous knockouts inhibited data sets for sensitivity to cisplatin, 

carboplatin and oxaliplatin from the Yeast Fitness Database (Yeast Fitness Database (2008). 

Hillenmeyer,Maureen E., Fung et al. ), there is no data for BDF1, making this hit, in comparison, 

unique to us. 
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Table 4. Cisplatin gene hits from the conformation screening of the 25 gene hits from the initial plate 
screens. For this conformation screening these genes scored, for at least two out of three n numbers, at 
least two time points with Җрл % growth on YPD agar containing 1000 µM cisplatin compared to growth on 
YPD agar containing no drug ς see colour key above table. Note: SLA1 is not a transcription factor. HIR1 was 
only tested in the re-screen. Rad52 control is in bold type. 

 

Table 5. Carboplatin gene hits from the conformation screening of the 25 gene hits from the initial plate 
screens. For this conformation screening these genes scored, for at least two out of three n numbers, at 
least two time points with Җрл % growth (yeast deletion strains, pre-diluted ten-fold) on YPD agar 
containing 4000 µM carboplatin compared to growth on YPD agar containing no drug ς see colour key 
above table.  A grƻǿǘƘ ǎŎƻǊŜ ƻŦ ΨƴƎΩ ƳŜŀƴǎ ǘƘŜǊŜ ǿŀǎ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ƎǊƻǿǘƘ ƻŦ ǘƘŜ ǎǘǊŀƛƴ ǘƻ ǎŎƻǊŜ ƻƴ ŜƛǘƘŜǊ 
of the YPD containing drug or on the corresponding YPD agar containing no drug.  

CISPLATIN

Colour key for growth of stains over all 4 days

¢ƘǊŜŜ ƴІ Җол҈ ŦƻǊ җǘǿƻ ǘƛƳŜ Ǉƻƛƴǘǎ  

¢ǿƻ ƴІ Җол҈ ŦƻǊ җǘǿƻ ǘƛƳŜ Ǉƻƛƴǘǎ

¢ǿƻ ƴІ Җрл҈ ŦƻǊ җǘǿƻ ǘƛƳŜ Ǉƻƛƴǘǎ

n #

1 day 2 days 3 days 4days

E1 RAD52 YML032C RADiation sensitive 1 20 10 20 20

2 30 20 40 50

3 30 10 20 40

D6 BDF1 YLR399C BromoDomain Factor  1 20 20 40 60

2 20 20 60 70

3 10 20 50 60

E5 AFT1 YGL071W Activator of Ferrous Transport 1 20 40 60 80

2 30 70 80 90

3 20 50 70 70

F1 SLA1 YBL007C Synthetic Lethal with ABP1 1 30 40 60 80

2 40 60 110 120

3 30 40 50 60

Position
Standard 

Name

SystematicN

ame
Name description

Size of colony on drug plate as a % of size of 

corresponding colony on control plate

CARBOPLATIN

Colour key for growth of stains over all 4 days

¢ƘǊŜŜ ƴІ Җол҈ ŦƻǊ җǘǿƻ ǘƛƳŜ Ǉƻƛƴǘǎ  

¢ǿƻ ƴІ Җол҈ ŦƻǊ җǘǿƻ ǘƛƳŜ Ǉƻƛƴǘǎ

¢ǿƻ ƴІ Җрл҈ ŦƻǊ җǘǿƻ ǘƛƳŜ Ǉƻƛƴǘǎ

n #

1 day 2 days 3 days 4days

E5 AFT1 YGL071W Activator of Ferrous Transport 1 30 <5 <5 <5

2 20 <5 <5 <5

3 20 <5 <5 >5

E2 MAC1 YMR021C Metal binding ACtivator 1 20 20 30 40

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 SWItching deficient 1 60 40 50 70

2 60 40 50 40

3 30 50 40 40

C1 SFP1 YLR403W Split Finger Protein  1 ng 70 70 80

2 ng 50 50 60

3 40 30 40 50

D5 GCR2 YNL199C GlyColysis Regulation  1 60 60 60 60

2 ng 70 50 50

3 30 50 40 50

Position
Standard 

Name

Systematic 

Name
Name description

Size of colony on drug plate as a % of size of 

corresponding colony on control plate
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Table 6. Oxaliplatin gene hits from the conformation screening of the 25 gene hits from the initial plate 
screens. For this conformation screening these genes scored, for at least two out of three n numbers, at 
least two time points with Җрл % growth (yeast deletion strains, pre-diluted ten-fold) on YPD agar 
containing 4000 µM oxaliplatin compared to growth on YPD agar containing no drug ς see colour key above 
table.  ! ƎǊƻǿǘƘ ǎŎƻǊŜ ƻŦ ΨƴƎΩ ƳŜŀƴǎ ǘƘŜǊŜ ǿŀǎ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ƎǊƻǿǘƘ ƻŦ ǘƘŜ ǎǘǊŀƛƴ ǘƻ ǎŎƻǊŜ ƻƴ ŜƛǘƘŜǊ ƻŦ ǘƘŜ 
YPD containing drug or on the corresponding YPD agar containing no drug. Note: SLA1 is not a transcription 
factor. HIR1 was only tested in the re-screen. Rad27 and Rad52 controls are in bold type. 

 

 

OXALIPLATIN

Colour key for growth of stains over all 4 days

¢ƘǊŜŜ ƴІ Җол҈ ŦƻǊ җǘǿƻ ǘƛƳŜ Ǉƻƛƴǘǎ  

¢ǿƻ ƴІ Җол҈ ŦƻǊ җǘǿƻ ǘƛƳŜ Ǉƻƛƴǘǎ

¢ǿƻ ƴІ Җрл҈ ŦƻǊ җǘǿƻ ǘƛƳŜ Ǉƻƛƴǘǎ

n #

1 day 2 days 3 days 4days

D6 BDF1 YLR399C BromoDomain Factor  1 0 0 <5 10

2 0 0 <5 10

3 0 0 <5 <5

E1 RAD52 YML032C RADiation sensitive 1 20 20 20 20

2 30 <5 10 20

3 20 <5 10 20

C4 ZAP1 YJL056C Zinc-responsive Activator Protein 1 50 40 30 30

2 30 20 30 30

3 80 30 40 30

E2 MAC1 YMR021C Metal binding ACtivator 1 30 40 40 50

2 20 20 40 40

3 20 30 40 40

E6 SWI6 YLR182W SWItching deficient 1 50 70 60 50

2 20 20 40 50

3 30 20 40 50

C1 SFP1 YLR403W Split Finger Protein  1 ng 50 50 70

2 ng 30 50 60

3 ng 30 30 50

D4 SWI4 YER111C SWItching deficient 1 70 50 50 40

2 30 50 50 40

3 30 50 50 40

F1 SLA1 YBL007C 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 YBL008W HIstone Regulation 1 60 60 50 40

2 20 60 50 50

3 40 60 60 50

C5 SUM1 YDR310C SUppresor of Mar1-1 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

Standard 

Name

Systematic 

Name
Name description

Size of colony on drug plate as a % of size of 

corresponding colony on control platePosition
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Figure 11. Venn diagram of cisplatin, carboplatin and oxaliplatin gene hits from the conformation screening 
of the 25 gene hits from the initial plate screens. For this conformation screening these genes scored, for at 
least two out of three n numbers, at least two time points with Җрл % growth on YPD agar containing drug 
compared to growth on YPD agar containing no drug. Note: HIR1 (italics) was only tested in the 
conformation screen, not the intital screening. 
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Table 7. Cisplatin, carboplatin and oxaliplatin gene hits from the conformation screening of the 25 gene hits from the initial plate screens, along with their role descriptions, taken from 
the SGD (Saccharomyces Gene Database (SGD) (Stanford University, Stanford CA) ). For this conformation screening these genes scored, for at least two out of three n numbers, at least 
two time points with Җрл % growth on YPD agar containing drug compared to growth on YPD agar containing no drug. Highlighted grey are the screen results, with a Y meaning Ψ¸9{Ω - a 
hit for that drug. Note: SLA1 is not a transcription factor. HIR1 was only tested in the re-screen. Rad27 and Rad52 controls are in bold type. BDF1 was taken forward for further studies 
and is in red bold type. 

Cisplatin Carboplatin Oxaliplatin Standard Name Systematic Name Name description Description

Y Y SFP1 YLR403W Split Finger Protein 

Regulates transcription of ribosomal protein and biogenesis genes; regulates response to nutrients and stress, G2/M transitions during 

mitotic cell cycle and DNA-damage response, and modulates cell size; regulated by TORC1 and Mrs6p; sequence of zinc finger, ChIP 

localization data, and protein-binding microarray (PBM) data, and computational analyses suggest it binds DNA directly at highly active 

RP genes and indirectly through Rap1p at others; can form the [ISP+] prion

Y Y AFT1 YGL071W Activator of Ferrous Transport

Transcription factor involved in iron utilization and homeostasis; binds consensus site PyPuCACCCPu and activates transcription in 

response to changes in iron availability; in iron-replete conditions localization is regulated by Grx3p, Grx4p, and Fra2p, and promoter 

binding is negatively regulated via Grx3p-Grx4p binding; AFT1 has a paralog, AFT2, that arose from the whole genome duplication; 

relative distribution to the nucleus increases upon DNA replication stress

Y Y MAC1 YMR021C Metal binding ACtivator

Copper-sensing transcription factor; involved in regulation of genes required for high affinity copper transport; required for regulation 

of yeast copper genes in response to DNA-damaging agents; undergoes changes in redox state in response to changing levels of 

copper or MMS

Y Y UME6 YDR207C
Unscheduled Meiotic gene 

Expression 

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

transcriptional repression via DNA looping; binds URS1 upstream regulatory sequence, couples metabolic responses to nutritional cues 

with initiation and progression of meiosis, forms complex with Ime1p

Y Y SWI4 YER111C SWItching deficient

DNA binding component of the SBF complex (Swi4p-Swi6p); a transcriptional activator that in concert with MBF (Mbp1-Swi6p) 

regulates late G1-specific transcription of targets including cyclins and genes required for DNA synthesis and repair; Slt2p-independent 

regulator of cold growth; acetylation at two sites, K1016 and K1066, regulates interaction with Swi6p 

Y Y GCR2 YNL199C GlyColysis Regulation  Transcriptional activator of genes involved in glycolysis; interacts and functions with the DNA-binding protein Gcr1p

Y Y RAD52 YML032C RADiation sensitive

Protein that stimulates strand exchange; stimulates strand exchange by facilitating Rad51p binding to single-stranded DNA; anneals 

complementary single-stranded DNA; involved in the repair of double-strand breaks in DNA during vegetative growth and meiosis and 

UV induced sister chromatid recombination 

Y Y BDF1 YLR399C BromoDomain Factor 

Protein involved in transcription initiation; functions at TATA-containing promoters; associates with the basal transcription factor 

TFIID; contains two bromodomains; corresponds to the C-terminal region of mammalian TAF1; redundant with Bdf2p; BDF1 has a 

paralog, BDF2, that arose from the whole genome duplication

Y Y SLA1 YBL007C Synthetic Lethal with ABP1
Cytoskeletal protein binding protein; required for assembly of the cortical actin cytoskeleton; interacts with proteins regulating actin 

dynamics and proteins required for endocytosis; found in the nucleus and cell cortex; has 3 SH3 domains 

Y ZAP1 YJL056C Zinc-responsive Activator Protein
Zinc-regulated transcription factor; binds to zinc-responsive promoters to induce transcription of certain genes in presence of zinc, 

represses other genes in low zinc; regulates its own transcription; contains seven zinc-finger domains

Y SWI6 YLR182W SWItching deficient

Transcription cofactor; forms complexes with Swi4p and Mbp1p to regulate transcription at the G1/S transition; involved in meiotic 

gene expression; also binds Stb1p to regulate transcription at START; cell wall stress induces phosphorylation by Mpk1p, which 

regulates Swi6p localization; required for the unfolded protein response, independently of its known transcriptional coactivators

Y HIR1 YBL008W HIstone Regulation
Subunit of the HIR complex; HIR is a nucleosome assembly complex involved in regulation of histone gene transcription; contributes to 

nucleosome formation, heterochromatic gene silencing, and formation of functional kinetochores

Y SUM1 YDR310C SUppresor of Mar1-1

Transcriptional repressor that regulates middle-sporulation genes; required for mitotic repression of middle sporulation-specific 

genes; also acts as general replication initiation factor; involved in telomere maintenance, chromatin silencing; regulated by pachytene 

checkpoint

Y RAD27 YKL113C RADiation sensitive

5' to 3' exonuclease, 5' flap endonuclease; required for Okazaki fragment processing and maturation, for long-patch base-excision 

repair and large loop repair (LLR), ribonucleotide excision repair; member of the S. pombe RAD2/FEN1 family; relocalizes to the cytosol 

in response to hypoxia
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3.2.3 Does the re-introduction of BDF1 into ɲBdf1 strains recover viability in the 

presence of the platinum drugs? 

Growth curves and doubling times were initially generated for wild type strain CWG424 

transformed with negative control plasmid PCG279 with titrations of cisplatin, carboplatin and 

oxaliplatin.  This enabled the selection of drug concentrations predicted to give the optimal assay 

window to capture growth curves and doubling times for each of the following four transformant 

strains; 

S. cerevisiae strain CWG424 transformed with negative control plasmid PCG279 

S. cerevisiae strain CWG424 transformed with BDF1 plasmid PCG596, 

S. cerevisiae strain ɲBdf1 transformed with negative control plasmid PCG279, and 

S. cerevisiae strain ɲBdf1 with BDF1 plasmid PCG596, 

These experiments were carried out to overall assess whether the re-introduction of the BDF1 

gene into the ɲBdf1 strain restored any resistance to the platinum drugs. The different phases of 

yeast growth are illustrated and described in Figure 12. 

3.2.3.1 Drug titration growth curves using CWG424 transformed with negative control plasmid 

PCG279 to determine suitable drug concentrations 

Wild type CWG424 transformed with negative control plasmid PCG279 was initially grown in the 

presence of serial dilutions of cisplatin, oxaliplatin, and carboplatin (Figure 13) in SD-URA liquid 

medium. The aim of this experiment was to select a concentration of each drug that clearly 

reduces the growth of CWG424 transformed with negative control plasmid PCG279, but not 

completely abolishes growth. The selected drug concentrations were hoped, for subsequent 

experiments testing all four transformants, to create a suitably sized assay window to capture 

minimal growth of the S. cerevisiae strain ɲBdf1 transformed with negative control plasmid 

PCG279 grown in the presence of the drugs. Minimal growth of this strain in the presence of each 

drug in liquid medium was predicted due to the minimal or no growth observed when the ɲBdf1 

deletion strain was grown on YPD agar containing these platinum drugs - see results sections 3.2.1 

and 3.2.2.  

Growth in the presence of cisplatin was tested at 250 µM, 500 µM and 1000 µM, carboplatin was 

tested at 4000 µM, 8000 µM and 12000 µM, and oxaliplatin was tested at 1000 µM, 2000 µM and 

4000 µM. These concentrations were selected based on the results from the agar plate-based 

drug screening of the ɲBdf1 deletion strain in sections 3.2.1 and 3.2.2, the concentrations tested 

in liquid medium for the Yeast Fitness Database in (2.3.2.2 and 3.1.4), combined with the 

knowledge that cells are generally more sensitive to drugs in liquid culture compared to growth 

on agar. For oxaliplatin were used at 4000 µM and ɲ.ŘŦм was a strong hit for cisplatin and  
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Figure 12. The different growth phases exhibited by S. cerevisiae exhibits when grown in medium containing 
glucose (Gray, Petsko et al. 2004). Yeast cells in a liquid culture will continuously proliferate if conditions are 
favourable and nutrients abundant.  Growth of yeast cultures can be monitored by measuring the Abs600 of 
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 nutrients. The 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 glucose to respiration, and their growth rate slows 
(diauxic shift).  This enables the cells, during the resulting post-diauxic phase, to aerobically utilise other 
carbon sources to produce energy, such as the ethanol that was produced from the glucose fermentation in 
the log phase. When these carbon sources are exhausted, the cells enter stationary phase, stop 
proliferating, and enter the quiescent state (Herman 2002, Gray, Petsko et al. 2004, Galdieri, Mehrotra et al. 
2010) 

 

oxaliplatin, but weaker in the presence of carboplatin. Therefore it was decided to titrate cisplatin 

down from 1000 µM, carboplatin up from 4000 µM, and oxaliplatin down from 4000 µM. From 

the cisplatin titration growth curves (Figure 13A), a concentration of 250 µM cisplatin was 

selected, for carboplatin (Figure 13B) a concentration of 12000 µM, and for oxaliplatin (Figure 

13C) a concentration of 2000 µM.  

During the log phase of growth, the doubling time with 4000 µM oxaliplatin was more comparable 

to the doubling times with 250 µM cisplatin and 12000 µM carboplatin (Figure 14). However, 

4000 µM oxaliplatin (Figure 13C) significantly affected growth post 10hrs during the post-diauxic 

phase, remaining around half the maximum Abs600 of both the 250 µM cisplatin and 12000 µM 

carboplatin growth curves (Figure 13A and Figure 13B). This observation may be illustrative of a 

http://mmbr.asm.org/content/68/2/187/F1.large.jpg


 
Page | 86  

 

mechanism of action of oxaliplatin not observed with the other two platinum drugs, for example 

perhaps the cells find the damage induced by exposure to oxaliplatin more difficult to repair than 

the damage from cisplatin and carboplatin. Therefore, even though it gave a slightly lower 

doubling time, 2000 µM oxaliplatin was selected because the maximum Abs600 was higher and 

therefore this concentration was predicted to have more chance of capturing all complete growth 

curves when later testing the four transformants (Figure 17).   

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 transformants and conditions tested (Figure 15, Figure 16, and Figure 17). 
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Figure 13. Growth curve examples of CWG424 transformed with negative control plasmid PCG279 tested 
with a titration of cisplatin (A), carboplatin (B) and oxaliplatin (C). This is single point testing ς these 
titrations were also carried out with a second batch of overnight cultures to give a biological replicate, 
which gave identical results (data not shown), and doubling times for both are shown in Figure 14.    
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Figure 14. Mean doubling times for the growth curves for CWG424 transformed with negative control plasmid PCG279 grown with titrations of cisplatin (A), carboplatin (B) and  
oxaliplatin (C). Data are the mean of two biological repeats (of which examples of one are shown in Figure 13); error bars represent standard deviation. 
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3.2.3.2 Growth curves of all transformants with the platinum drugs 

The following four transformant strains 

S. cerevisiae strain wild type CWG424 transformed with negative control plasmid PCG279 

S. cerevisiae strain wild type CWG424 transformed with BDF1 plasmid PCG596, 

S. cerevisiae strain ɲBdf1 transformed with negative control plasmid PCG279, and 

S. cerevisiae strain ɲBdf1 with BDF1 plasmid PCG596, 

were all grown with and without each of the previously selected concentrations of the three 

platinum drugs: 250 µM cisplatin, 12000 µM carboplatin and 2000 µM oxaliplatin (Figure 15, 

Figure 16, and Figure 17).  

In the absence of cisplatin, growth of wild type CWG424 transformed with BDF1 plasmid PCG596 

was significantly slower than that of CWG424 transformed with negative control plasmid PCG279 

(Figure 15A and Figure 18A). These plasmids can exist in cells anywhere between 2-200 copies per 

cell and so BDF1 is overexpressed when compared to wild type (which has a single copy of the 

gene). This result is in accordance with previous observations that high cellular levels of Bdf1 

impair yeast growth (Matangkasombut, Buratowski et al. 2000). The presence of 250 µM cisplatin 

further reduced the growth of both CWG424 transformant strains.  

In the absence of cisplatin, ɲBdf1 yeast cells transformed with negative control plasmid PCG279 

(Figure 15A and B, and Figure 18A) displayed the slowest growth. This is in concordance with the 

role of Bdf1 in 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 the ɲBdf1 strain significantly recovered growth to a level 

comparable to that of CWG424 transformed with BDF1 plasmid PCG596, but not up to the level of 

the CWG424 strain transformed with negative control plasmid PCG279 (Figure 15A and B, and 

Figure 18A). This is because both the wild type and ɲBdf1 strain have been transformed with a 

multi-copy plasmid containing BDF1 and, as mentioned above, elevated levels of Bdf1 impairs 

yeast growth; it can be assumed that these growth curves represent the maximum growth these 

cells can achieve when BDF1 is overexpressed in this way in the absence of cisplatin.  

In the presence of 250µM cisplatin, cultivation of the ɲBdf1 strain transformed with negative 

control plasmid PCG279 resulted in minimal growth, and the reintroduction of the BDF1 gene into 

the ɲBdf1 strain via plasmid PCG596 resulted in a substantial recovery of yeast cell growth in the 

presence of cisplatin  (Figure 15B and Figure 18A), to a level comparable to that of CWG424 

transformed with BDF1 plasmid PCG596, but not up to the level of the CWG424 strain 

transformed with negative control plasmid PCG279. It can be assumed that this represents the 
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maximum growth these cells can achieve when BDF1 is overexpressed in the presence of cisplatin. 

Reintroduction of BDF1 into the ɲBdf1 strain also recovered yeast cell growth in the presence of 

12000 µM carboplatin (Figure 16 and Figure 18B) and 2000 µM oxaliplatin (Figure 17 and Figure 

18C) in a similar fashion as in the presence of 250 µM cisplatin (Figure 15 and Figure 18A).   

For the drug titration experiments (see section 3.2.3.1), it was discussed how, with the CWG424 

strain transformed with negative control plasmid PCG279, the oxaliplatin growth curves displayed 

a slower growth during the post-diauxic phase and a lower maximum Abs600 compared to the 

curves with cisplatin and carboplatin (Figure 13). Here this is, as expected, again observed for 

each of the four transformant strains in the presence of oxaliplatin (Figure 17), compared to with 

the other two drugs (Figure 15 and Figure 16).  A concentration of 2000 µM over 4000 µM 

oxaliplatin was selected to capture the complete growth curves of all strains (refer to section 

3.2.3.1 and Figure 13), which here was successful (Figure 17), though, as expected, the toxic effect 

of 2000 µM oxaliplatin (Figure 17 and Figure 18C) was not quite as strong as 250 µM cisplatin 

(Figure 15 and Figure 18A) or 12000 µM carboplatin (Figure 16 and Figure 18B). 

Taken together, these data indicate that the loss of BDF1 is associated with increased sensitivity 

of S. cerevisiae to cisplatin, carboplatin and oxaliplatin. 
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Figure 15. Growth curve examples of the CWG424 transformants (A) and the ɲBdf1 transformants (B) 
grown with and without 250 µM cisplatin. 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 results. Doubling times of all three biological replicates can be seen in Figure 18. 
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Figure 16. Growth curve examples of: the CWG424 transformants (A) and the ɲBdf1 transformants (B) 
grown with and without 12000 µM carboplatin. 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 results. Doubling times of all three biological replicates can be seen in Figure 18. 
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Figure 17. Growth curve examples of: the CWG424 transformants (A) and the ɲBdf1 transformants (B) 
grown with and without 2000 µM 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 results. Doubling times of all three biological replicates can be seen in Figure 18. 
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Figure 18. Mean doubling times for the growth curves of the S. cerevisiae strains CWG424 and ɲBdf1  transformed with negative control plasmid PCG279 or plasmid PCG596 (which 
contains BDF1), and grown with and without 250 µM cisplatin (A), 12000 µM carboplatin (B) and 2000 µM oxaliplatin (C). Data are the mean of three biological repeats (of which 
examples of one are shown in Figure 15, Figure 16, and Figure 17 ); error bars represent standard deviation.
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3.3  Discussion - yeast 

The aim of our yeast (Saccharomyces cerevisiae) MATa haploid gene deletion library screens was 

to identify genes encoding transcription factors and regulators that were required for growth and 

potentially confer resistance in the presence of the platinum drugs cisplatin, carboplatin and 

oxaliplatin.  This would possibly help to better understand the mode of action of and resistance to 

these medicines, and to compare these three drugs in parallel. Identified genes could help to 

identify potential resistance markers and pathways, drug targets or even biomarkers to help 

predict treatment outcome. Our screening was a type of homozygous profiling (HOP) ς this type 

of assay uses complete homozygous deletion strains (Cheung-Ong, Giaever et al. 2013) to achieve 

the same goal.   

3.3.1 Homozygous profiling (HOP) studies, including our screen 

An example of a HOP screen, on an enormous scale, is the Yeast Fitness Database (Yeast Fitness 

Database (2008). Hillenmeyer,Maureen E., Fung et al. ), for which the growth data generated was 

from screening both the homozygous and heterozygous diploid Yeast Knock-out (YKO) libraries 

under numerous chemical or environmental stress conditions (refer to 2.3.2). We used the 

resulting homozygous knockout data from the Yeast Fitness Database to look at the effects of 

three platinum drugs on the whole genome (3.2.1.1 and 3.2.1.2.). These YKO gene deletion 

libraries including the MATa haploid deletion library (see 2.3.2.2 and 3.1.2.1) used for our 

screeniƴƎΣ ƘŀǾŜ ΨƳƻƭŜŎǳƭŀǊ ōŀǊŎƻŘŜǎΩ ƻƴ ǘƘŜ ƎŜƴŜ ŘŜƭŜǘƛƻƴ ŎŀǎǎŜǘǘŜǎ ǘƘŀǘ ŀŎǘ ŀǎ ǎǘǊŀƛƴ ƛŘŜƴǘƛŦƛŜǊǎΦ 

These barcodes were exploited in the Fitness Database screening, enabling the simultaneous 

competitive growth of pools of gene deletion strains in the presence of, for example, drug.  

Growth was then assessed by quantitatively detecting PCR-ŀƳǇƭƛŦƛŜŘ ŎƻǇƛŜǎ ƻŦ ǘƘŜǎŜ ΨƳƻƭŜŎǳƭŀǊ 

ōŀǊŎƻŘŜǎΩ ǳǎƛƴƎ ǘŀƎ ƳƛŎǊƻ-array technology, and comparing to growth in control conditions.  

HOP has been used to determine genes that in particularly play a key role in the DNA damage 

response, an example of which is a study by Birrell et al in 2001 (Birrell, Giaever et al. 2001) 

(2.3.2.1). They used this method to screen the full yeast homozygous deletion library 

(Saccharomyces Gene Deletion Project (Stanford University, Stanford CA) ) using competitive 

growth of pooled deletion strains and micro-array technology and identified three genes (THR1, 

LSM1, and YAF9) that are key players in the DNA damage response (here, damage was by UV 

radiation) for which this had not been demonstrated before, of which two have human orthologs 

involved in cancer predisposition. This research group subsequently used the same methodology 

again to reveal the genes required for growth in the presence four DNA damaging reagents - UV 

radiation, ionising radiation, hydrogen peroxide exposure and treatment with cisplatin (Birrell, 

Brown et al. 2002) and directly compared these data with the transcriptional response of wild 
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type strain to the same agents. Interestingly, they showed that there was no correlation, 

suggesting that the genes important for survival of yeast to DNA-damaging agents cannot be 

identified from the genes whose expression is elevated in response to these agents, which 

supports that HOP screening methodology similar to ours is appropriate for identifying drug 

resistance genes. Their findings contradict widespread assumption that the protection of cells 

from DNA damage comes from at least some of the genes induced after DNA damage (Birrell, 

Brown et al. 2002). Proposed explanations for this are that the DNA-damaging agents can also 

damage numerous other cell macromolecules, thus initiating the expression of protein chaperone 

and proteasome genes (as has been observed for MMS (methyl methanesulfonate) treatment)  

(Jelinsky, Estep et al. 2000), and also treatment of yeast by DNA damaging agents can induce an 

overall stress response that is independent of DNA damage (Gasch, Spellman et al. 2000); the 

stress response is now known to involve post-transcriptional events through translational 

reprogramming, which make it faster (Giaever, Nislow 2014). It should also be considered that 

wild-type levels of DNA repair enzymes can already be at sufficient levels to protect the cells from 

DNA damage, for example overexpressing RAD52 mRNA has no effect on yeast sensitivity to MMS 

(DORNFELD, LIVINGSTON 1991). Giaever 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 announced the completion of the S. cerevisiae Deletion Project in 2002 

(Giaever, Chu et al. 2002).   

Another study using HOP was by Lee et al in 2005 (Lee, Onge et al. 2005). This group investigated 

the effects of 12 DNA damaging agents in parallel, including cisplatin, carboplatin and oxaliplatin, 

on the full yeast homozygous deletion library (Saccharomyces Gene Deletion Project (Stanford 

University, Stanford CA) ) using competitive growth of pooled deletion strains and micro-array 

technology; here, microarray results were confirmed by performing independent individual 

growth analysis. They grouped ǘƘŜ Ƴƻǎǘ ǎŜƴǎƛǘƛǾŜ ΨƘƛǘΩ ǎǘǊŀƛƴǎ ƎŜƴŜǎ ƛƴǘƻ ǎŜǾŜǊŀƭ ǿŜƭƭ-

characterised DNA damage repair models, such as Nuclear Excision Repair (NER) and Homologous 

Recombination Repair (HRR), and were able to distinguish between drug mechanisms of action.  

In this way they demonstrated that carboplatin has a distinct profile, and less dependent on NER 

machinery, compared to cisplatin and oxaliplatin. They also showed that, along with mitomycin C, 

carboplatin had a larger number of gene deletion hits that were not previously associated with 

DNA metabolism. This challenges the assumption that because cisplatin and carboplatin are more 

structurally similar and form more closely related adducts than oxaliplatin, that they have more 

similar modes of action and spectrum of clinical activity (Lee, Onge et al. 2005, Rabik, Dolan 2007, 

Heffeter, Jungwirth et al. 2008, Wheate, Walker et al. 2010, Martinez-Balibrea, Martinez-Cardus 

et al. 2015). Clustering of the most sensitive gene deletion strains in the study correlated the 

platinum drugs together, and also revealed several genes to be linked to DNA-damage repair 

pathways which had not been linked previously. It would be of value to perform similar studies to 



 
Page | 97  

 

the one just described, (Lee, Onge et al. 2005), but focussing on other processes instead of DNA, 

for example the apoptotic response. Wu et al (Wu, Brown et al. 2004) also previously 

demonstrated that cisplatin and oxaliplatin have similar sensitivity profiles in their HOP screening 

of the same homozygous deletion library and competitive fitness profiling and microarray 

methodology, though they did not screen carboplatin. 

In contrast to the Yeast Fitness Database micro-array screening, we used the MATa haploid gene 

deletion library (see 2.3.2.2 and 3.1.2.1) and screened a smaller subset of library strains for 

growth defects in the presence of cisplatin, carboplatin and oxaliplatin only. This smaller scale 

screening was more controlled and manageable than large-scale automated micro-array, more 

cost-effective, and by using different methodology we attempted to break new ground. The 

library subset was of 209 transcription factor/regulator gene deletion strains, plus three control 

strains, wild type CWG424, and the DNA repair mutants ɲRad52 and ɲRad27 (3.2.1).  These 

transcription factor/regulator genes are master controllers of gene expression and regulation. We 

did not use liquid culture for our screening, we stamped this subset of yeast strains onto solid 

media (YPD agar) containing drug or no drug (control), and expressed growth on the agar 

containing drug to the growth on the control agar containing no drug (3.1.3). The strongest hits 

were then rescreened to confirm their drug sensitivity (3.1.5).  Similar drug screening approaches 

to ours, on solid agar where sensitivity is measured by colony size, have been used previously 

(Smith, Ammar et al. 2010) but none comparing the three platinum compounds in parallel. For 

example, experiments by Parsons et al (Parsons, Brost et al. 2004) included 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 containing drug, and then carrying out spot 

dilution assays to confirm hits. A study by Hartman et al (Hartman, Tippery 2004) included a 

genomic screen of deletion strains on solid media and the use of time-lapse image focussing to 

measure colony growth in the presence of the DNA synthesis, replication and repair inhibitor 

hydroxyurea (HU); sensitive hits were screened against other drugs including cisplatin, and the 

data suggested that cisplatin is similar to HU in terms of overlapping pathways required to grow 

when DNA is damaged. Baetz et al (Baetz, McHardy et al. 2004) and Carrol et al (Carroll, Stirling et 

al. 2009) also screened deletion strains on solid agar to study the action of the drug 

dihydromotuporamine C and yeast K28 (an A/B toxin) respectively.   

For our screening on solid media (3.1.3 and 3.1.5) we stamped out many more cells per strain 

onto the agar than were initially inoculated into liquid culture for growth up to 20 generations for 

the Yeast Fitness Database micro-array screening (2.3.2.2), and we grew colonies over four days. 

For the Yeast Fitness Database screening they had measures in place to be sure that the same 

number of cells went into the original strain pools, and by starting growth from the same optical 

density in the test conditions during screening (2.3.2.2). We endeavoured to compensate for 
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growth rate differences between deletion strains by using overnight saturated cultures so there 

was the best possible chance of plating out similar numbers of cells for each strain, and for the 

conformation screening we actually adjusted the A595 of each culture to be in the same range.  

However, there would have been an unavoidable degree of variation in stamping out strains 

shown by, for example, the triplicate stamping out for our conformation screen (refer to Table 4, 

Table 5 and Table 6 for % growth values of colony size on agar containing drug over colony size on 

agar containing no drug for three parallel repeats). However, all our screens were qualitative not 

quantitative, and a level of variability was accepted. It was expected to possibly lose some low to 

middle strength hits but 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 using 1000 µM cisplatin, 4000 µM carboplatin and 4000 µM 

oxaliplatin, and for the oxaliplatin and carboplatin screens the yeast strains were pre-diluted 1 in 

10 with MQ H2O before stamping them onto the agar, in an attempt to obtain comparable results 

for the control strains to the cisplatin screen during optimisation (refer to 3.2.1). However, for 

both the initial screening and conformation screening, oxaliplatin 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 ideally we would have 

used a drug dilution series to screen a serial dilution of the yeast strains to get the most accurate 

idea of sensitivity. For our screening we were essentially generating a snapshot of drug inhibition 

which will not capture every single sensitive strain, but would capture the stronger sensitivities. If 

this screening method was to be repeated, a higher concentration of carboplatin would be used. 

The conformation screening was not as strong in terms of growth inhibition as for the initial 

screening; the yeast deletion strain colonies grew quicker in the presence of each of the three 

drugs, therefore the original scoring system (3.1.3.5) was re-designed to pick up the strongest of 

the hits (3.1.5.5). This highlights the variability of such a screening method.  Explanations for this 

weaker screen could be that the yeast strains were grown overnight in 3mL YPD medium rather 

than in a small volume in 96-well plates as for the initial screen, and so they were healthier on 

stamping out on the agar so grew better in the presence of drug.  Also, perhaps the strains were 

healthier because they were fresh from the MATa haploid deletion library, whereas the strains 

used for the initial screen had been freeze-thawed several times prior 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 (3.2.1.1) of our transcription factor/regulator gene deletion Mata 

haploid library subset in the presence of cisplatin, carboplatin and oxaliplatin, we discovered gene 

deletion hits that were exclusive to the individual platinum drugs, and hits that were common to 

two or all three drugs όŦƻŎǳǎǎƛƴƎ ƻƴ Ƙƛǘǎ ƎǊƻǿƛƴƎ Җрл % for four days on YPD agar containing drug 

compared to on no drug) (Figure 6 and Figure 7A). This sharing of hits suggests that they may 

share mechanisms of action or potential resistance factors. The gene hit distribution also 

suggested that cisplatin and carboplatin are not necessarily the most similar of the three drugs.  It 

is widely believed that because cisplatin and carboplatin are more structurally similar and form 

more closely related DNA adducts than oxaliplatin, that they have more similar modes of action 

and a similar spectrum of clinical activity, as reviewed in (Rabik, Dolan 2007, Heffeter, Jungwirth 

et al. 2008, Wheate, Walker et al. 2010, Martinez-Balibrea, Martinez-Cardus et al. 2015) (2.2.1) 

and, as previously mentioned, Lee et al demonstrated a unique profile for carboplatin in terms of 

DNA damage repair pathways (Lee, Onge et al. 2005). Refer to (2.2) for and overview of known 

platinum drug mode of action and resistance mechanisms. 

Even though the Yeast Fitness Database platinum drug dataset was generated from screening the 

entire yeast genome in the form of the homozygous diploid deletion library (2.3.2.2) the gene hit 

distribution of this screening suggested similar conclusions to our screen (Figure 7B). Also, being a 

genomic screen, the Yeast Fitness Database platinum drug dataset gave us a more generic picture 

of the functions and processes of the gene hits required for fitness in the presence of the three 

platinum drugs compared to our dataset (3.2.1.2). We matched the gene hits from Yeast Fitness 

database to SGD Yeast GO-ǎƭƛƳ ǘŜǊƳǎ ΨŦǳƴŎǘƛƻƴΩ ŀƴŘ ΨǇǊƻŎŜǎǎΩ, and established, as for the gene hit 

distributions, terms that were unique to each drug and common to two or all three drugs (refer to 

Figure 8 and Appendix C for functions and Figure 9 and Appendix D for processes).  For our initial 

screening dataset tƘƛǎ ǿŀǎ ŀƭǎƻ ǘǊǳŜ ŦƻǊ ΨǇǊƻŎŜǎǎΩ ǘŜǊƳǎΣ ŀƴŘ ŦƻǊ ΨŦǳƴŎǘƛƻƴΩ ǘŜǊƳǎ ǘƘŜȅ ǿŜǊŜ ŜƛǘƘŜǊ 

were unique to each drug or common all three drugs (refer to Appendix E for functions and 

Appendix F for processes). This again suggested that these three drugs may have common 

mechanisms of action or potential resistance factors.  It should be noted, though, that due to our 

subset library already being much smaller and also enriched for transcription factor/regulator 

gene deletion strains, this type of analysis was not as appropriate, and we had to focus on 

frequency values generated rather than fold enrichment values that we calculated using them.  

As expected for our screen, fold enrichment values and frequency values were very high for 

transcription factor and DNA/chromatin/histone binding function terms for all three drugs as a 

group due to pre-enrichment for transcription factors and regulators (3.2.1.2.) (Appendix E). For 

the Yeast Fitness Database dataset, as a group of all three drugs, hits also centred around these 
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function terms (3.2.1.2) (Figure 8 and Appendix C); DNA binding was enriched for all three drugs 

(with high frequency values), which was expected because it is essential for platinum drug 

activity, as was protein binding, and other terms included, not necessarily present for all three 

drugs, were lipid binding, the activity of a variety of enzyme groups, and protein and 

transmembrane transporter activity. Examples of more specific functions were histone binding, 

which was very enriched by two-fold for cisplatin and oxaliplatin but not enriched for carboplatin, 

and chromatin binding was enriched for oxaliplatin but not enriched for the other two drugs, 

which may indicate differences in modes of action and resistance. Nucleic acid binding 

transcription factor activity was a common enriched function for cisplatin and carboplatin. It was 

interesting that there was not a fold enrichment value above 1.0 for these functions for all the 

three drugs considering that they are DNA binding agents. Platinum drugs enter cells by both 

passive diffusion and via plasma membrane transporters which likely explains the protein and 

transmembrane transporter activity functions being quite enriched for the gene deletion hits of 

oxaliplatin and carboplatin respectively. All these differences indicate dissimilarities in modes of 

action and resistance.   

Regarding process terms, our initial screening gene deletion hits had the majority of DNA process 

terms were shared by all three drugs, due to pre-enrichment of our library subset (3.2.1.2.) 

(Appendix F). In terms of other processes, though, both our screen (Appendix F) and the Yeast 

Fitness database (Figure 9 and Appendix D) enrichment for matched terms generally covered the 

repair, organisation, and transcription of DNA, histone and chromatin, along with vesicle and 

membrane trafficking, intracellular transport, protein modification and proteolysis, the cell cycle, 

metabolic processes and stress responses, highlighting the complexity of the responses of cells to 

these drugs, and potentially their mechanism of action.   

These enriched process made sense in terms of the published aspects of the better characterised 

platinum drug mechanism of action; they are taken into cells by 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. 2010) (2.2.1). 

However, it is also important to appreciate that, because of their low binding specificity and high 

activity, the platinum drugs also bind to numerous other cellular components besides DNA, such 

as RNA, proteins, lipids, cytoskeletal components and thiol-containing molecules (Jamieson, 

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) (2.2.1). Studies 

have been carried out to show this in enucleated cancer cells; for example the endoplasmic 

reticulum as a target for cisplatin (Mandic, Hansson et al. 2003), and the mitochondrial apoptotic 

response for oxaliplatin (Gourdier, Crabbe et al. 2004). Mitochondria and mitochondrial DNA have 
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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), and is likely to be the case for the other two drugs.  As mentioned, treatment 

with these drugs can also induce an overall stress response in the yeast cells that is independent 

of DNA damage (Gasch, Spellman et al. 2000).  So the variety of process 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 screen, which meant many process terms were 

matched by just a few of the gene deletion hits, we focussed on frequencies rather than fold 

enrichment values, and the higher frequencies for processes that were common to all three drugs 

were mainly transcription from RNA polymerase II promoter, mitotic and meiotic cell cycles, 

response to chemical, and organelle fission (Appendix F). For the larger Yeast Fitness databases 

dataset, the majority of processes were shared by all three drugs or by cisplatin with oxaliplatin 

(Figure 9 and Appendix D). Referring back to the gene hit distributions (3.2.1.1), both our initial 

screen (Figure 7A) and the Yeast Fitness database dataset (Figure 7B) suggested that cisplatin and 

carboplatin and not necessarily the more similar of the three drugs (as is widely believed), with 

the Yeast Fitness database dataset  suggesting that oxaliplatin is more similar to cisplatin. Here, in 

terms of enriched processes from screening the whole genome, the Yeast Fitness data suggests 

that oxaliplatin is more unique compared to the other two drugs (Figure 9 and Appendix D). This is 

because, interestingly, compared to cisplatin and carboplatin, oxaliplatin had overall much higher 

fold enrichment values, and these processes were more orchestrated around vesicle and 

membrane trafficking, whereas the processes with the highest fold enrichment values for cisplatin 

and carboplatin were quite varied (Appendix D). It is noteworthy that protein transporter activity 

ŀƴŘ ŎȅǘƻǎƪŜƭŜǘŀƭ ǇǊƻǘŜƛƴ ōƛƴŘƛƴƎ ǿŜǊŜ ŜƴǊƛŎƘŜŘ ΨŦǳƴŎǘƛƻƴΩ ǘŜǊƳǎ ŦƻǊ ƻȄŀƭƛǇƭŀǘƛƴ ό!ǇǇŜƴŘƛȄ /ύΦ 

Oxaliplatin fold enrichment values in the Yeast Fitness database dataset were very high for 

endosomal transport, membrane invagination, vesicle and vacuole organisation, endo- and 

exocytosis, Golgi vesicle transport, membrane fusion and organelle fusion, fission and inheritance, 

and four of these process terms were exclusive to oxaliplatin hits (Figure 9 and Appendix D). 

Vesicular trafficking is important in the protection of yeast cells against DNA damage (Krol, Brozda 

et al. 2015) as is vacuolar trafficking (Hartman, Tippery 2004); the vacuole is involved in drug 

detoxification (Giaever, Nislow 2014). These processes could be more important for oxaliplatin 

due to this drug possibly binding more to lipid components of the cytoplasm compared to the 

other two drugs. Regarding carboplatin, as previously mentioned, focussing in on DNA damage 

repair pathways, Lee et al demonstrated a unique profile for carboplatin using the diploid deletion 

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

For the conformation screening we took forward the 25 gene deletion strains with the strongest 

phenotypes, growing Җол % over four days growth on at least one of cisplatin, carboplatin or 

oxaliplatin in YPD agar compared to on YPD agar containing no drug (3.2.1.3 and Figure 10). On 

rŜŘǳŎƛƴƎ ǘƘŜ Ŏǳǘ ƻŦŦ ǘƻ Җол %, the overall frequencies for these 25 gene deletions in terms of gene 

deletion hits (Figure 10B) remained similar ǘƻ ǘƘŜ Җрл % cut off dataset (Figure 6) (apart from an 

increase of carboplatin exclusive hits), along with some expected shifts in position between drugs 

in the gene hit Venn diagrams (compare Figure 10A with Figure 6).  /ƻƳǇŀǊŜŘ ǘƻ ǘƘŜ Җрл % cut off 

data (Appendix E and F), Gene Ontology (GO) Slim function frequencies (Appendix G) remained 

highest for DNA binding and transcription factor terms, and process frequencies (Appendix H) 

remained highest for transcription from RNA polymerase II promoter, mitotic and meiotic cell 

cycles and organelle fission for the three drugs.  All process terms remained comparable to the 

Җрл % cut off gene deletion hits.  

Between all three drugs a total of 14 of the 25 gene deletion strains were hits in the conformation 

screening (Figure 11) - 4 hits for cisplatin (Table 4), 6 hits for carboplatin (Table 5) and 13 hits for 

oxaliplatin (Table 6), and there were no hits exclusive to cisplatin or carboplatin, and no hits 

common to all three drugs. Focussing on Figure 11 and comparing it to the Җ30 % cut off data of 

the initial screening (Figure 10A) illustrates how 7 yeast deletion strains were re-confirmed as hits 

for the same drugs; RAD52 (RADiation sensitive) and BDF1 (BromoDomain Factor) for cisplatin 

and oxaliplatin; MAC1 (Metal binding ACtivator) and UME6 (Unscheduled Meiotic gene 

Expression) for carboplatin and oxaliplatin; ZAP1 (Zinc-response Activator Protein), SUM1 

(SUppresor of Mar1-1) and RAD27 (RADiation sensitive) for oxaliplatin. Some yeast deletion 

strains dropped out in the conformation screening for some drugs; for example, AFT1 (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 carboplatin. Some yeast deletion strains also appeared as hits for a 

drug ǿƘŜƴ ǘƘŜ Ŏǳǘ ƻŦŦ ƻŦ ǘƘŜ ƛƴƛǘƛŀƭ ǎŎǊŜŜƴ ǿŀǎ Җрл % (Figure 6); examples were SLA1 (Synthetic 

Lethal with ABP1), which was confirmed here as a hit for cisplatin but not for carboplatin but also 

came up as a hit for oxaliplatin, however, it was a hit for all three drugs in the initial screen using a 

Җрл % cut off. Also SWI4 (Switching deficient) and GCR2 (GlyColysis Regulation) which were 

confirmed as hits for carboplatin and came up as hits for oxaliplatin, however both of these genes 

were hits for oxaliǇƭŀǘƛƴ ƛƴ ǘƘŜ ƛƴƛǘƛŀƭ ǎŎǊŜŜƴ ǳǎƛƴƎ ŀ Җрл % cut off (Figure 6). A discrepancy was 

SFP1 (Split Finger Protein), which was a hit for cisplatin in the iniǘƛŀƭ ǎŎǊŜŜƴƛƴƎ ǳǎƛƴƎ ŀ Җол % cut 

off but here in the conformation screen it was a borderline hit for cisplatin (data not shown) and 

also a hit for carboplatin and oxaliplatin; however, ƛƴ ǘƘŜ ƛƴƛǘƛŀƭ ǎŎǊŜŜƴ ǳǎƛƴƎ ŀ Җрл % cut off, SFP1 

was a hit for only cisplatin and oxaliplatin, not carboplatin. This may be because SFP1 was 
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positioned on one of the weaker carboplatin drug plates (weak due to possible stamping issues) in 

the initial screen where the strains grew quicker on the drug plate compared to the control plate, 

so it was possibly lost as a hit. The test strain HIR1 (Histone Regulation) was a hit for oxaliplatin. 

This group of 14 genes, including controls RAD27 and RAD52, that are required for growth in the 

presence of platinum drugs together demonstrate 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 

(Figure 10 and refer to Appendix G and H). Many of these roles correlate with reported platinum 

drug mode of actions (2.2) and their roles/pathways in which they are involved could be potential 

platinum drug resistance mechanisms. 

Of these 14 hit conformations, only 6 were hits in the Yeast Fitness Database; AFT1 was a hit 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 oxaliplatin, some of which agreed with our 

results (see above).  Some discrepancies between results 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 discussed. Regarding the Yeast 

Fitness Database, as powerful a technique as tag micro-array analysis is, it also has 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, huge parts of the Yeast 

Fitness Database micro-array screening were automated, and there comes a risk of missing hits 

with the automation of such large-scale screens.  Nevertheless, Costanzo et al have demonstrated 

that genetic interactions identified on solid media (using automated plating and computational 

analysis) have significant correlation with genetic interactions identified by assessing growth in 

liquid media (Costanzo, Baryshnikova et al. 2010). It 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, as used for the Fitness Database Screen, have two copies of 

every gene, some of which may be hetero-allelic 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. 

GCR2, along with the DNA binding protein GCR1 (which we did not screen), are both required for 

the transcriptional activation of glycolytic genes in yeast (UEMURA, FRAENKEL 1990, Uemura, 

Fraenkel 1999) with analogous function to the human gene hSGT1 (Sato, Jigami et al. 1999). 

Glucose metabolism is important for proliferation and survival and also recovery from damage, so 

it makes sense that such a gene deletion renders yeast cells more susceptible to the action of 
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platinum drugs. There are no publications directly linking GCR2 to platinum drug resistance. 

However, even though GCR2 was a hit for oxaliplatin and carboplatin, it is interesting that the 

Bromopyruvate (BP), a hexokinase (glycolytic enzyme) inhibitor, has been demonstrated to 

potentiate the anti-proliferative effects of cisplatin and oxaliplatin in human colon carcinoma cells 

(Ihrlund, Hernlund et al. 2008). Our data suggests that functional studies investigating inhibition 

of glycolytic activity, maybe via the human gene hSGT1, as a potential method to enhance 

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

Our hits SUM1, UME6, SWI4 and SWI6, are all genes involved in proliferation, with SUM1 

(Irlbacher, Franke et al. 2005) and UME6 (Lardenois, Becker et al. 2015) also playing roles in 

chromatin regulation (Table 7). Swi4 and Swi6 are both components of the SBF transcriptional 

activator (Swi4/Swi6 protein complex), with Swi4 being the DNA-binding protein; SBF regulates 

late G1-specific transcription of cyclins, cell wall biosynthesis genes and the HO gene.  The related 

factor MBF (Mbp1/Swi6 protein complex) regulates late G1-specific transcription of genes 

required for DNA replication and repair (PRIMIG, SOCKANATHAN et al. 1992, Ho, Costanzo et al. 

1999, Iyer, Horak et al. 2001, Coic, Sun et al. 2006). Swi6 also binds to Stb1 (Ho, Costanzo et al. 

1999) - the STB1 gene deletion strain was a sensitive hit for cisplatin in the initial screening with a 

cut off of Җрл % (Table 1). The DNA damage resulting from exposure of cells to platinum drugs 

regulates several various signal transduction pathways which lead to check points in the cell cycle 

and arrest (Wang, Lippard 2005, Wheate, Walker et al. 2010), so it follows that these genes are 

important for survival in the presence of platinum drugs. UME6 was a hit for carboplatin and 

oxaliplatin and is part of the Rpd3L histone deacetylase complex subunit (Carrozza, Florens et al. 

2005), involved in chromatin remodelling. Supporting this, exposure to HDAC inhibitors MS275 

and SBHA potentiates the cytotoxicity of oxaliplatin in human colorectal cancer cells, probably 

due to an increase in apoptotic signalling (Flis, Gnyszka et al. 2009) (2.2.2.5). Like UME6, the HIR1 

gene is also involved in chromatin remodelling, and it is therefore not unexpected that the 

coresponding deletion mutant is sensitive to DNA damage by platinum drugs and is a hit for 

oxaliplatin in our conformation screen.  

SLA1 does not encode a transcriptional regulator but a protein that is a central player in actin 

cytoskeleton assembly, and it has effects on proteins essential for endocytosis (Gardiner, Costa et 

al. 2007). In yeast, the actin cytoskeleton is important for maintenance of cell morphology, 

polarity, cell division, cell migration, vesicular trafficking and mechanosensation. It has also been 

mentioned that vesicular trafficking is important in the protection of yeast cells against DNA 

damage (Krol, Brozda et al. 2015). It has been demonstrated in human ovarian cancer cells that 

there is a direct role in actin remodelling and resistance to cisplatin, with resistant cells showing a 

dose-dependent increase in cell stiffness (Sharma, Santiskulvong et al. 2012). Also, actin plays a 

role in endocytosis, and this is a route of cellular entry of cisplatin and decreased endocytosis is 
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often a cisplatin resistance mechanism in cancer (Shen, Pouliot et al. 2012). Platinum drugs are 

also known to directly bind numerous other cellular components, including those of the 

cytoskeleton, which may contribute to their cytotoxicity (Jamieson, Lippard 1999, Gonzalez, 

Fuertes et al. 2001, Fuertes, Castilla et al. 2003, Cullen, Yang et al. 2007). Therefore it makes sense 

that a lack of SLA1 is detrimental to surviving exposure to platinum drugs.  

RAD52 (one of the DNA repair deletion mutant control strains (Table 7)) and BDF1 (plays roles in 

growth, sporulation and DNA repair (Table 7)) were the strongest gene deletion hits (with a % 

ƎǊƻǿǘƘ ƻŦ Җол % for two time points for all three replicates) for cisplatin and oxaliplatin, and both 

with weak sensitivity to carboplatin (data not shown); this again suggests more similarities 

between cisplatin and oxaliplatin in terms of how these drugs work and the resistance to them in 

yeast, though these strains would possibly have passed as carboplatin hits if our carboplatin 

screen was stronger. As described in (3.1.3), Rad52 is implicated in the repair of double-strand 

breaks (DSD) in DNA resulting from spontaneous damage, exposure to DNA damaging agents, and 

collapse of replication forks; mutations in RAD52 cause severe defects, especially in 

meiotic/mitotic recombination, because Rad52 is involved in multiple DSB repair pathways, 

reviewed in (Symington 2002) and (Paques, Haber 1999), used as a control in (CHUA, ROEDER 

1995). BDF1 shall be discussed in more detail later.   

AFT1 and MAC1 were the strongest hits for carboplatin, with AFT1 passing as a weaker hit for 

cisplatin, and MAC1 passing as a medium hit for oxaliplatin. AFT1 is a transcription factor that 

plays a key role in iron utilisation and homeostasis, which is an essential element that is important 

for redox reactions (YAMAGUCHIIWAI, DANCIS et al. 1995, Kimura, Ohashi et al. 2007). It is also 

involved in many other cellular processes, though it unclear if all these are regulated via iron 

homeostasis (Berthelet, Usher et al. 2010); AFT1 matched many Yeast GO-slim process terms 

(using Gene Ontology (GO) Slim Mapper analysis); transcription from RNA polymerase II 

promoter, organelle fission, mitotic and meiotic cell cycle, response to starvation, regulation of 

transport, chromosome segregation, and ion transport (refer to Appendix tables G and H).  It has 

been reported that Aft1 affects the RIM101 pH pathway (Berthelet, Usher et al. 2010); the 

RIM101 gene deletion strain showed sensitivity to carboplatin in our initiŀƭ ǎŎǊŜŜƴ ǳǎƛƴƎ ŀ Җол % 

cut off (Figure 10A), ŀƴŘ ǘƻ ŎƛǎǇƭŀǘƛƴ ŀƴŘ ŎŀǊōƻǇƭŀǘƛƴ ǳǎƛƴƎ ŀ Җрл % cut off (Figure 6). Aft1 also 

plays an iron-mediated role in DNA repair, because iron has protective effects against DNA 

damage (Berthelet, Usher et al. 2010). Therefore it follows that AFT1 deletion strains can be 

sensitive to the DNA-damaging platinum drugs. Kimura et al (Kimura, Ohashi et al. 2007) used 

cDNA microarrays and PCR conformation experiments to demonstrate that the mRNA levels of a 

group of 14 proteins, including Fet3, are elevated in the presence of cisplatin, and that these 

genes are all controlled by Aft1, which is activated by low levels of iron. They showed that 

cisplatin inhibits cellular iron uptake, leading to an iron deficiency and thus activation of Aft1.  
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Kimura et al propose 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 cisplatin may do so indirectly via inhibition of copper uptake via the yeast and human cell 

copper transporter CTR1 (Ishida, Lee et al. 2002). This is because Fet3 is required (in a complex 

with Ftr1) for iron uptake but is only active in the presence of copper, so if cisplatin inhibits 

copper uptake, the Fet3-Ftr1 complex will not function and iron levels will decrease. However, 

another study revealed that copper levels in yeast are not affected by cisplatin (Ohashi, Kajiya et 

al. 2003).  CTR1 has been shown in yeast and mammalian cells to be involved in the uptake of 

platinum drugs (Ishida, Lee et al. 2002, Song, Savaraj et al. 2004, Holzer, Manorek et al. 2006) (see 

2.2.1), which evidences that oxaliplatin and carboplatin can also potentially inhibit copper 

transport via CTR1.  It has been reported using murine cells, that at higher concentrations of each 

of the three drugs (superseding those typically established in patient plasma), oxaliplatin enters 

cells primarily via a different mechanism to CTR1 (Holzer, Manorek et al. 2006).   

It is interesting that the other strong carboplatin hit gene, MAC1, is a copper-sensing transcription 

factor that contributes to copper level control by regulating the expression of the CTR1 and CTR3-

encoded membrane-associated copper transport proteins (Labbe, Zhu et al. 1997, Ishida, Lee et 

al. 2002). Changes in copper levels induce a change in the redox state of Mac1, and this also 

happens on exposure to the DNA damaging agent MMS (methyl methanesulfonate) (Dong, 

Addinall et al. 2013). The expression of CTR1, along with other yeast copper genes, has been 

shown to be upregulated in response to DNA damage (by MMS (methyl methanesulfonate) 

treatment, and hydroxyurea) via mechanisms requiring Mac1 and Ace1. This, along with 

suppression of the gene encoding metallothionein, which collates copper, indicates that copper is 

required when DNA is damaged - this requires further investigations (Dong, Addinall et al. 2013). 

So we could propose that without MAC1, CTR1 cannot be upregulated in response to DNA 

damage by the platinum drugs, therefore there would be reduced copper uptake.  This would also 

cause lack of Fet3 activation, so the Fet3-Ftr1 complex would not function and so iron levels and 

also AFT1 activation would decrease, and result in reduced protection against DNA damage. This 

could explain our results, which demonstrate sensitivity of the MAC1 deletion mutant strain in the 

presence of carboplatin and oxaliplatin.  However, MAC1 was not a hit for cisplatin in our screen, 

just signs of sensitivity at early time points during the initial screen. Contradicting this result for 

cisplatin, Ishida et al (Ishida, Lee et al. 2002) used a transposon mutagenesis approach to create 

gene deletions in yeast, and then selected for stains that were able to grow in the presence of 

cisplatin; they found the strain lacking MAC1 showed the highest degree of cisplatin resistance. 

They then deleted each of the known MAC1 target genes and found that only the strain lacking 

CTR1 showed comparable resistance to the MAC1 mutant, suggesting that CTR1 is the major 

MAC1 target for resistance to cisplatin. This can be explained by the lack of MAC1 causing 

reduction in CTR1 expression, causing a decrease in the uptake of platinum drug via CTR1 and so a 
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reduction of intracellular drug accumulation and improved survival, resulting in drug resistance.  

Supporting this, cells lacking CTR1 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, Stewart 2007) (2.2.2.1). As already mentioned, at high 

concentrations, oxaliplatin enters cells primarily via a different mechanism to CTR1 (Holzer, 

Manorek et al. 2006), so this may not explain the case for oxaliplatin, but it suggests that an 

expected result in our screen would be for the MAC1 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, which it does by increasing expression levels of zinc uptake genes in 

response to low levels of zinc (Table 7) (Zhao, Eide 1997) . This important because low levels of 

zinc lead to increased oxidative stress and DNA damage (Wu, 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 respectively) all share many 

similarities, each responsible for upregulating the expression of their metal ion uptake system 

when environmental ion levels are low, each having DNA-binding domains, and all being able to 

constitutively express target genes due to having dominant alleles (Zhao, Eide 1997, Rutherford, 

Bird 2004). Figure 19 illustrates the protein products of these metalloregulated genes together.  

Note that ACE1 is also involved in copper homeostasis ς it is a copper binding transcription factor 

that activates transcription of the metallothionein genes CUP1-1 and CUP1-2 in response to 

elevated copper concentrations, but was not included in our screen.   

BDF1 was selected for further investigation (3.1.5.5); we wanted to explore whether the re-

introduction of BDF1 into the ɲBdf1 strain recovers viability in the presence of cisplatin, 

carboplatin and oxaliplatin to confirm these screening results, which we did (3.2.3.2). 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 homology - Bdf1 shares homology 

with human BET proteins (Florence, Faller 2001). Also, BDF1 has no data in the homozygous 

knockouts inhibited data sets for sensitivity to cisplatin, carboplatin and oxaliplatin from the Yeast 

Fitness Database (Yeast Fitness Database (2008). Hillenmeyer,Maureen E., Fung et al. ), which we 

used as a comparison to our screening, making BDF1 an exclusive hit to us.  We created four 

transformant strains; wild type S. cerevisiae strain CWG424 transformed with negative control 

plasmid PCG279, CWG424 transformed with BDF1 plasmid PCG596, ɲBdf1 deletion strain 

transformed with negative control plasmid PCG279, and ɲBdf1 deletion strain transformed with 

BDF1 plasmid PCG596. These strains were each grown with and without previously selected 

concentrations (3.2.3.1) of the three platinum drugs: 250 µM cisplatin, 12000 µM carboplatin and 
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Figure 19. Protein products of metalloregulated genes involved in metal homeostasis in S. cerevisiae. 
Products of genes that are activated under metal-limiting conditions (A) and metal-replete conditions (B) by 
Aft1 (green), Mac1 (blue), Zap1 (red), and Ace1 (purple) are shown. Iron that is bound to siderophores has 
been circled, and stars indicate proteins that undergo iron-dependent cellular trafficking. The metal ion 
specificities of proteins required for metal uptake are indicated (Rutherford, Bird 2004). 

 

2000 µM oxaliplatin (3.2.3.2), and the data generated proved, for the first time in yeast, that the 

absence of BDF1 is associated with increased sensitivity of S. cerevisiae to cisplatin, carboplatin 

and oxaliplatin, which confirmed our screening results.  

The last to mention of our other conformation screen hits, SFP1, which nearly passed as a hit for 

for cisplatin, and was a hit for carboplatin and oxaliplatin, regulates transcription of ribosomal 

protein and biogenesis genes and the response to nutrients and stress, plays a role in the mitotic 

cell cycle, response to DNA damage and modulates cell size. It is interesting that it is also a 

putative regulator of BDF1, evidenced by microarray RNA expression levels (Table 7) (Cipollina, 

van den Brink et al. 2008).  Regulators of BDF1 expression were pulled from the BDF1 regulation 

tab in the SGD (Saccharomyces Gene Database (SGD) (Stanford University, Stanford CA) ), based 
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primarily on ŜȄǇŜǊƛƳŜƴǘǎ ǎƘƻǿƛƴƎ ǘƘŀǘ ŀ ǊŜƎǳƭŀǘƻǊ ōƛƴŘǎ ǘƻ ǘƘŜ ƎŜƴŜΩǎ ǇǊƻƳƻǘŜǊ ƻǊ ŀŦŦŜŎǘǎ ǘƘŜ 

ƎŜƴŜΩǎ ǘǊŀƴǎŎǊƛǇǘƛƻƴ ǿƘŜƴ ǘƘŜ ǊŜƎǳƭŀǘƻǊ is mutated. Other proposed regulators (with 

corresponding references evidencing their interaction with BDF1) are FKH1 (ForK head Homolog 

1) and its paralog FKH2 (ForK head Homolog 2) (MacIsaac, Wang et al. 2006), LEU3 (LEUcine 

biosynthesis) (Venters, Wachi et al. 2011), RAP1 (Repressor/Activator site binding Protein) 

(MacIsaac, Wang et al. 2006) and SPT3 (SuPpressor of Ty's) (Venters, Wachi et al. 2011) which is a 

subunit of the SAGA and SAGA-like transcriptional regulatory complexes. RAP1 and SPT3 deletion 

strains were not included in our screen and LEU3 deletion strain was screened but was not a hit.  

Interestingly, FKH1, which plays a role in the cell cycle and chromatin silencing (Hollenhorst, Bose 

et al. 2000), did come up as a hit for cisplatin in the initial screening with a cut off of Җрл % (Table 

1), and the FKH2 deletion strain showed signs of cisplatin and oxaliplatin sensitivity but did not 

pass as a hit. 

Together our findings show how important these conformation screen hit genes are for survival of 

yeast in the presence of platinum drugs, and supports these genes (and the systems that they 

regulate or are components of) as being potential drug resistance factors, and hence also as 

potential targets to treat platinum drug resistant cells, but additionally as targets for combination 

therapy to enhance platinum drug cytoxicity. The 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 damage; 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 growth kinetics in liquid culture to further confirm the screening results, as we did for BDF1. 

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 increase sensitivity to platinum drugs. The 

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 resistance and to maybe identify biomarkers predictive of treatment outcome.  

3.3.4 Bromodomain factor 1 (BDF1) and the Bromodomain and Extra-Terminal domain 

(BET) family  

The BDF1 (BromoDomain factor) gene was originally discovered to encode a transcription factor, 

Bdf1, in a screen for genes that affect the synthesis of yeast snRNPs (LYGEROU, CONESA et al. 

1994). Bdf1 contains two bromodomains and an extra-terminal domain and binds, via the 

bromodomains, to acetylated amino-terminal tails of histones, and is found in the nucleus 

throughout the cell cycle (LYGEROU, CONESA et al. 1994, CHUA, ROEDER 1995, Matangkasombut, 

Buratowski et al. 2000).  Bdf1 is important for normal vegetative growth, but not essential for 
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viability (LYGEROU, CONESA et al. 1994, CHUA, ROEDER 1995). Our growth kinetics data has 

provided further evidence to show that BDF1 is not essential for viability in the growth kinetics 

experiments (3.2.3.2), where the S. cerevisiae strain ɲBdf1 transformed with negative control 

plasmid PCG279 grew satisfactorily. However the growth rate was slightly lower than that of the 

wild type strain CWG424 transformed with negative control plasmid PCG279 (see Figure 15, 

Figure 16, Figure 17, and Figure 18), so there was a minimal effect on viability in the absence of 

BDF1, which is not unexpected considering the many transcriptional process in which Bdf1 is 

involved, including the expression of cell cycle genes (Dey, Chitsaz et al. 2003, Garcia-Gutierrez, 

Mundi et al. 2012).  The ɲBdf1 strain also grew satisfactorily on the control YPD agar plates 

compared to the wild type strain CWG424 in our preliminary plate based screening experiments 

(3.2.1 and 3.2.2, plate pictures no shown). The BDF1 gene has a paralogue, BDF2, and BDF2 

mutants appear to be normal (Matangkasombut, Buratowski et al. 2000).  If BDF1 or BDF2 is 

deleted there is no effect on viability, however a double deletion is lethal (Matangkasombut, 

Buratowski et al. 2000, Fu, Hou et al. 2013). In our initial screening, BDF2 showed signs of 

sensitivity to cisplatin, but none to carboplatin and oxaliplatin (data not shown).  Together, BDF1 

and BDF2 have been shown to interplay with each other, for example in the regulation of the 

yeast salt stress response (Fu, Hou et al. 2013). 

Bdf1 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 al. 2005), and is 

required for DNA damage repair (CHUA, ROEDER 1995, Garabedian, Noguchi et al. 2012), hence 

represses sensitivity to DNA damaging agents (CHUA, ROEDER 1995, Garabedian, Noguchi et al. 

2012). For the first time in yeast, we have demonstrated that BDF1 is required for viability of 

yeast cells in the presence of the DNA-damaging platinum drugs cisplatin, carboplatin and 

oxaliplatin (3.2.3.2) by reintroducing a BDF1 plasmid into a ɲBdf1 deletion yeast strain.  Our 

preliminary plate based screening of the yeast deletion library also validated the limited growth of 

the ɲBdf1 strain in the presence of these platinum drugs in YPD agar (3.2.1.1 and 3.2.1.3). 

Cisplatin was the most potent of the drugs in terms of affecting viability of the ɲBdf1 strain, 

followed by oxaliplatin and carboplatin. Sensitivity to these three platinum drugs is likely due to 

the ɲBdf1 strain being weaker than wild type in terms of transcription, which can affect the ability 

to detect and repair DNA lesions (CHUA, ROEDER 1995, Garabedian, Noguchi et al. 2012).  

Alternatively, any irregular chromatin structure in the ɲBdf1 strain could possibly limit access to 

damaged DNA by the DNA repair machinery (CHUA, ROEDER 1995). Another explanation could be 

that the mechanism of action of these drugs could be enhanced by a likely weaker and disrupted 

chromatin integrity in the BDF deletion strain; although the mechanism is not clear, cisplatin 

treatment, for example, besides initially inhibiting DNA synthesis, has been shown to reduce 

chromatin remodelling and thus transcription, which could contribute to its toxic effects (Mymryk, 

Zaniewski et al. 1995, Wu, Davey 2008). Interestingly, 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 other two platinum 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 G0 of the cell cycle.  As 

discussed, oxaliplatin differs from cisplatin and carboplatin in terms of structure, thus can form 

different types of DNA adducts (Wheate, Walker et al. 2010) ς maybe this contributes to 

explaining this different response of the cells in terms of growth curves.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

Both Bdf1 and Bdf2 are important transcriptional regulators that interact with components of the 

promoter binding initiation factor complexes TFIID (Transcription Factor IID) and SAGA (Spt-Ada-

Gen5 Acety-Transferase); these complexes both have equivalent complexes in higher eukaryotes. 

The TFIID complex, comprising of a TATA-binding protein (TBP), encoded by the gene SPT15, 

(which binds to TATA elements) and 10-12 TBP-associated factors (TAFs) (whose role in 

transcription is poorly understood), is a key component of the RNA Pol II transcription machinery 

(Matangkasombut, Buratowski et al. 2000). Bdf1 interacts with Taf67p (also known as TAF7) in the 

context of the TFIID complex (TFIID  has its own histone acetyltransferase activity (Mizzen, Yang et 

al. 1996, Dikstein, Ruppert et al. 1996)), and Bdf1 facilitates the recruitment of TFIID to promoters 

to TATA-containing promoters (via the TBP) or TATA-less promoters (via Sp1) located at 

acetylated nucleosomes, where the chromatin structure is less compact and more accessible 

(PUGH, TJIAN 1991, Matangkasombut, Buratowski et al. 2000, Huisinga, Pugh 2004). TBP is 

essential for transcription even at a TATA-less promoter (PUGH, TJIAN 1991, Basehoar, Zanton et 

al. 2004). The acidic carboxy-terminal region of Bdf1 has been shown to have associated kinase 

activity as observed for human TAFII250 and BRD2 (RING3) (Denis, Green 1996, Dikstein, Ruppert 

et al. 1996), and both the structure and functions of Bdf1 suggest that it might correspond to the 

carboxy-terminal half of TAFII250 (Matangkasombut, Buratowski et al. 2000).  Bdf1 is also involved 

in the regulation of the SAGA (Spt-Ada-Gcn5 Acety-Transferase) complex in yeast, which is a 

significant transcriptional regulator, but is not essential for gene expression. SAGA functions in the 

stress-induced expression of ~10 % of the genome, the expression of the remaining 90 % involves 

the TFIID pathway (Matangkasombut, Buratowski et al. 2000, Huisinga, Pugh 2004, Basehoar, 

Zanton et al. 2004, Fu, Hou et al. 2013).  SAGA, like TFIID, also has TBP binding and histone 

acetyltransferase activities (Grant, Duggan et al. 1997, Huisinga, Pugh 2004, Fu, Hou et al. 2013). 

Figure 20 illustrates the bipolar transcriptional regulation of stress- induced genes by SAGA (via 

TATA promoters) and housekeeping genes by TFIID (mainly via TATA-less promoters) (Huisinga, 

Pugh 2004, Lopez-Maury, Marguerat et al. 2008). 

Bdf1 also forms part of the SWR1 chromatin remodelling complex, which directs Htz1 (H2A 

variant) deposition at the promoters of Pol II genes, removing H2A-H2B dimers and replacing 

them with Htz1-H2B dimers (Mizuguchi, Shen et al. 2004).  Htz1 has an anti-silencing function that  
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Figure 20. The bipolar transcriptional regulation of stress- induced genes by SAGA (via TATA promoters) and 
housekeeping genes by TFIID (mainly via TATA-less promoters). In budding yeast, stress-related genes tend 
to be extensively regulated, their control is dominated by the co-activator complex SAGA and their 
promoters often contain TATA boxes, whereas growth-related and housekeeping genes tend to have TATA-
less promoters and their control is dominated by the co-activator complex TFIID. Factors depicted in red are 
negative regulators, whereas those in green are positive regulators. Stress-related genes tend to be 
positively regulated by the SAGA complex and by acetylation (Ac) of histones H3 and H4, and negatively 
regulated by histone de-acetylases (Hda1 and Rpd3), repressors and repressor complexes (Ssn6-Tup1 
complex, Mot1, Bur6 and Bdf1), and a member of the mediator complex (Srb10). Growth-related genes, on 
the other hand, are positively regulated by histone H4 acetylation and Bdf1. The dashed arrows show that 
SAGA also contributes to the expression of genes targeted by TFIID, and vice versa. Gcn5, general control 
nonderepressible 5; TAF, TBP-associated factor; TBP, TATA-binding protein (Huisinga, Pugh 2004, Lopez-
Maury, Marguerat et al. 2008). 

 

can have effects on both transcriptional regulation and chromosome metabolism, and even 

genomic stability and DNA repair (Krogan, Keogh et al. 2003, Mizuguchi, Shen et al. 2004, Kobor, 

Venkatasubrahmanyam et al. 2004, Zhang, Roberts et al. 2005). It is suggested that Bdf1, via its 

bromodomains, assists recruitment of SWR1 to acetylated chromatin by binding acetylated H3 

and H4 (Ladurner, Inouye et al. 2003, Zhang, Roberts et al. 2005), and also by physically 

interacting with promoter binding initiation factors TFIID and SAGA (Zhang, Roberts et al. 2005), 

thereby connecting chromatin remodelling together with transcription initiation (Zhang, Roberts 

et al. 2005, Albulescu, Sabet et al. 2012). Bdf1 may also be important in linking pre-mRNA splicing 

with chromatin remodelling with transcription initiation (Albulescu, Sabet et al. 2012). A 

schematic representation of the yeast SWR1 complex can be seen at the top right in Figure 21, 

which interestingly illustrates a model for the evolution of the yeast chromatin remodelling 

complexes SWR1 and also NuA4 HAT (responsible for histone H4 and H2A acetylation) to the 

human SRCAP (acetylation-independent exchange of H2A for H2AZ) and human NuA4/ Tip60 HAT 

(acetylation-linked exchange of H2A variants) complexes (Auger, Galarneau et al. 2008).  Here it 

can be seen that in humans Brd8 is utilised as an equivalent to Bdf1, and the potential of Brd8 as a 

drug target is discussed later. It would be interesting to focus on screening the gene deletions of 

all the individual components of the SWR1, as well as SAGA and TFIID, complexes together in the  
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Figure 21. Model for the evolution of NuA4 HAT and SWR1 ATP-dependent remodeling complexes from 
yeast to human cells. The yeast NuA4 and SWR1 complexes are depicted. SWR1 could be present in two 
forms, with or without a bromodomain-containing Bdf1 subunit. These distinct complexes regulating 
histone H2AZ incorporation in chromatin would differentially reflect the link to NuA4-dependent chromatin 
acetylation. In human cells, SWR1 plus a Bdf1 equivalent is physically merged with NuA4 into the 
TIP60/hNuA4 complex (through the fusion of yeast Eaf1 and Swr1 platform proteins into human 
p400/Domino). The yeast SWR1 lacking Bdf1 corresponds to the human SRCAP complex, which should not 
be linked to chromatin acetylation (Auger, Galarneau et 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 that Bdf1 also plays a role in mitochondrial retrograde signalling, a cellular 

quality control mechanism 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) via the electron 

transport chain, which may be a route for eliminating those impaired cells. However, when the 

loss of respiratory function in mitochondria is due to a loss of cytochrome c oxidase (COX ς this is 

encoded by mitochondrial DNA), cytosolic Ras protein is recruited to their outer membrane, 

which in turn induces ROS production via non-mitochondrial sources, prompting cell death 

signalling (Leadsham, Sanders et al. 2013) (this research was conducted in the Gourlay laboratory 

(Kent Fungal Group, UKC) where our yeast studies were performed). This recruitment of Ras to 

the mitochondria relies on Bdf1, but how Bdf1 does this is yet to be elucidated. When BDF1 is 

deleted in cells with no respiration (rho0 zero stains), the accumulation of ROS is prevented; this is 

because Ras signalling can no longer occur without Bdf1, and there is also an increase in the 

expression of anti-oxidant defense genes (Leadsham, 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 (nDNA) (Yakes, VanHouten 1997), and this likely to be 

the case post-exposure 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 its lack of introns renders it susceptible to detrimental mutations (Preston, Abadi et al. 2001). 

Also in the Gourlay Laboratory (Kent Fungal Group, UKC), studies have been carried out  

(unpublished) which have demonstrated that cisplatin decreases respiratory activity in yeast but, 

intriguingly, this is not accompanied by an increase in ROS.  In the same study, Gourlay et 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 RTG 

(ReTrograde Regulation) (by assessing CIT2 expression); these are well defined retrograde 

pathways (Butow, Avadhani 2004). Intriguingly, in our initial screening ǳǎƛƴƎ ǘƘŜ ƘƛƎƘŜǊ Җрл % cut 

off we hit PDR8 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 important on an individual gene level for the resistance of yeast cells to cisplatin. It 

would be interesting to delete the genes of the PDR and RTG mediated responses 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 cytotoxicity. Perhaps in the case of the BDF1 deletion 

strain in our studies, it is more the role of Bdf1 in DNA damage repair and chromatin remodelling 

than the Bdf1 mediated retrograde response that makes the cells more sensitive to the platinum 

drugs. 
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Bdf1, along with Bdf2, are members of the BET (Bromodomain and Extra-Terminal domain) family 

of transcriptional regulators that can be found in can be found in animals, plants and fungi 

(Matangkasombut, Buratowski et al. 2000, Florence, Faller 2001). These proteins all have 

sequence similarities concentrated in their bromodomain regions and C-terminal regions 

(designated the ET motif) (Florence, Faller 2001), and, unlike other bromodomain-containing 

proteins, they remain located on chromosomes during mitosis (CHUA, ROEDER 1995, Dey, Chitsaz 

et al. 2003, Kanno, Kanno et al. 2004, Garcia-Gutierrez, Mundi et al. 2012), due to the binding of 

the amino-terminal of acetylated histones (Matangkasombut, Buratowski et al. 2000, Dey, Chitsaz 

et al. 2003, Garcia-Gutierrez, Mundi et al. 2012). In humans, the BET family members include Brd2 

(RING3), Brd3, Brd4 and Brdt (Brd6), which are the most studied, and also includes Brd7, Brd8, 

and Brd9; these proteins are widely expressed in all tissues except for Brdt, which is confined 

within the male germ line (Bunnage 2010, Garcia-Gutierrez, Mundi et al. 2012).  Besides being 

involved in transcription via histone acetylation, BET proteins also strongly participate in the 

control of genes linked with the cell cycle (Dey, Chitsaz et al. 2003, Garcia-Gutierrez, Mundi et al. 

2012), though specific functions are not well understood (Sanchez, Zhou 2009).  Attempts to 

investigate their function, for example by using Brd2 and Brd4 knockout mice, have been 

confounded because these proteins are essential for early embryonic development (Garcia-

Gutierrez, Mundi et al. 2012). BET proteins are implicated in oncogenesis, being overexpressed in 

certain cancers (Florence, Faller 2001), and can be cancer biomarkers, for example, BRD4 

activation may predict the survival of patients with breast cancer because dysregulation of BRD4 

associated pathways is believed to be involved in breast cancer progression (Crawford, Alsarraj et 

al. 2008, Sanchez, Zhou 2009). Considering all this, it is not surprising that they have recently been 

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

To date, BET inhibitors are termed as pan-BET inhibitors because these drugs target 

bromodomains rather than selectively targeting individual members of the BET family. Pan-BET 

inhibitors have been shown not just to have to have anti-cancer effects, but also others such as 

anti-inflammatory effects (Shi, Vakoc 2014) and they are very promising in the field of epigenetic 

drug treatments. However there is lack of understanding of the exact mechanism of action of BET 

inhibitors (Helin, Dhanak 2013). The first-published BET inhibitors were JQ1 and its use in NUT 

midline carcinoma, a cancer driven by translocations of Brd3 and Brd4 (Filippakopoulos, Qi et al. 

2010, French 2014), and I-BET and its use in inflammation (the regulation of which is governed by 

Brd2, Brd3 and Brd4) and thus sepsis (Nicodeme, 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 chromatin (Shi, Vakoc 2014)Φ  ¢ƘƛǎΣ ƛƴ ŎŀƴŎŜǊΣ ƛƴǘŜǊǊǳǇǘǎ άǊŜŀŘƛƴƎέ ƻŦ 

abnormal histone acetylation, leading to the down-regulation 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 2014) and BCL2 (Helin, Dhanak 2013).  Wyce et al have demonstrated this 

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 inhibitor I-BET726 

(Wyce, Ganji et al. 2013).   

The success of JQ1 and I-BET in models of cancer and inflammation respectively pushed the 

development of other highly related compounds called benzodiazepines and thienodiazapines, 

and pharmacological fragment screening has revealed molecules that are 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 evaluated in phase I clinical trials (Mueller, Knapp 2014, Shi, 

Vakoc 2014). Besides reliably targeting individual BET family members, which to date has been 

unsuccessful (Filippakopoulos, Knapp 2014), it is also a focus to develop inhibitors that block one 

of the individual bromodomains, BD1 or BD2, to contribute to understanding of their specific 

functions in gene targeting and the treatment of disease; a BD1-specific chemical inhibitor, 

Olinone, has been shown to enhance oligodendrocyte differentiation (Chiang 2014).  

There is a lack of biomarkers predictive of response or resistance to BET inhibitors (Helin, Dhanak 

2013), though MYCN amplification has been suggested as a predictor of sensitivity (Puissant, 

Frumm et al. 2013). Anticipated resistance mechanisms of BET resistance have 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 inhibitors, thus it could be 

useful to combine BET inhibitor therapy with Wnt-pathway inhibitors (Fong, Gilan et al. 2015, 

Rathert, Roth et al. 2015, Settleman 2016).  For the first time, a recent study by Shu et al revealed 

that out of a panel of breast cancer cell lines, triple-negative breast cancers (TNBC) are 

preferentially sensitive to BET inhibition both in vitro and in vivo (Shu, Lin et 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 hyper-phosphorylation of 

BRD4 (due to decreased activity of a principle 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 resistance (Shu, Lin et al. 2016, Settleman 2016).  

Our yeast BDF1 data contribute as supporting evidence for the Bdf1 related proteins of the 

human BET family as being possible targets to enhance sensitivity 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, pre-clinical studies for JQ1 have shown 

encouraging results in MYC-dependent cancers, but compatibility with platinum drug therapy has 

not been established (Wiedemeyer, Beach et al. 2014). Regarding reversal of resistance, one 
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study revealed that JQ1 could be a potentially effective drug for sensitising ovarian cancer cells to 

cisplatin therapy when resistance occurs (Khabele, Wilson et al. 2013).   

Regarding Bdf1 in the yeast SWR1 complex, already discussed, it is interesting that Bdf1 shares 

functional homology with human Brd8, as previously illustrated in Figure 21 (Auger, Galarneau et 

al. 2008). Brd8 is an accessory subunit to human NuA4/Tip60 HAT complex, of which MRGBP 

(MRG-binding protein) is a subunit, and BRD8 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 Brd8 

itself, should be possible future therapeutic targets for colorectal cancer (Yamaguchi, Sakai et al. 

2010). Elevated levels of Brd8 in human metastatic colorectal cancer cells and a role of Brd8 in 

tumour progression have been shown (Yamada, Rao 2009) and this further evidences Brd8 as a 

future cancer drug target.  Also, Brd8-knockdown cells are more sensitive to microtubule drugs, 

so a BRD8 inhibitor could be used alongside such drugs for a more effective therapy (Yamada, Rao 

2009, Bunnage 2010).  Based on this and our Bdf1 data, it may be useful to evaluate specifically 

targeting this Bdf1 human homologue, Brd8, to 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 combination with 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. Also, there 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 with our parental neuroblastoma cell lines, as we have with 

cisplatin. 
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4 Neuroblastoma cell lines 

4.1 Materials and Methods ς neuroblastoma cell 

lines 

4.1.1 Platinum drugs 

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

dark/wrapped in foil.  

Cisplatin 1 mg/mL solution used was prepared manually by diluting solid cisplatin (Sigma, Poole, 

Dorset, UK, Ref P4394) in 0.9 % sodium chloride. The 0.9 % sodium chloride solution (Fisons, 

Ipswich, Suffolk, UK, now part of Rhone-Poulenc, Inc., Ref S/3160/60) was prepared by dissolving 

9 g sodium chloride with MQ H20 up to 1000 mL and filter-sterilised (0.2 micron). Cisplatin was left 

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

UK)  in the dark at room temperature for 5 days, after which it was adjusted to the final volume 

with diluent, filter-sterilised (0.2micron), and aliquoted into sterile tubes. All filtering was carried 

out in a Class II biological safety cabinet (Cellgard Energy Saver (ES) Model NU 480-400E, Nuaire, 

Plymouth, UK) because this cisplatin was also to be used in mammalian cell culture.  

Carboplatin 10 mg/mL Concentrate for Solution for Infusion from Sun Pharmaceutical Industries 

(Leeds, Yorkshire, UK) and purchased from by Shakespeare Pharma Ltd. (Hilton, Derbyshire, UK), 

the diluent being water for injections, with a pH between 4 and 7. Oxaliplatin 5 mg/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 contains 4.5 % 

lactose monohydrate.  1mg/mL aliquots were prepared for both drugs using filter-sterilised (0.2 

micron) 5 % (w/v) glucose (D-glucose, Fisons, Ipswich, Suffolk, UK, now part of Rhone-Poulenc, 

Inc., Ref G/0500/61) solution and stored at -20 °C in the dark. 

4.1.2 Tissue culture 

4.1.2.1 Neuroblastoma cell lines 

The human neuroblastoma cell lines UKF-NB-3 and UKF-NB-6 were established from bone marrow 

metastases of INSS stage 4 neuroblastoma patients (Kotchetkov, Driever et al. 2005) and are 

MYCN-amplified. The drug-resistant lines were derived from the RCCL (Resistance Cancer Cell 

Line) collection (2.3.1.2) (Cinatl, Michaelis et al. ). UKF-NB-3 and UKF-NB-6 cells had been adapted 
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to cisplatin, carboplatin and oxaliplatin by continuous exposure to increasing drug concentrations, 

as described previously (Kotchetkov, Cinatl et al. 2003, Kotchetkov, Driever et al. 2005, Michaelis, 

Rothweiler et al. 2011, Michaelis, Agha et al. 2015). The resulting cisplatin-resistant cell lines were 

designated as UKF-NB-3rCDDP1000 and UKF-NB-6rCDDP2000, the carboplatin-resistant cell lines as 

UKF-NB-3rCARBO2000 and UKF-NB-6rCARBO2000, and the oxaliplatin-resistant cell lines UKF-NB-

3rOXALI2000 and UKF-NB-6rOXALI4000. The numbers in superscript indicate the drug concentrations 

that the resistant cells were continuously cultured with in ng/mL. 

4.1.2.2 Media, reagents, continuous culture and passaging cells 

The cell lines werŜ ŎǳƭǘǳǊŜŘ ƛƴ LǎŎƻǾŜΩǎ aƻŘƛŦƛŜŘ 5ǳƭōŜŎŎƻΩǎ aŜŘƛǳƳ όIMDM) (Gibco, as part of 

Thermo Fisher Scientific, Loughborough, Leicestershire, UK, Ref 21980065) supplemented with 10 

% Foetal Bovine Serum (FBS) (Sigma, Poole, Dorset, UK, Ref F7524) and 100 U/mL penicillin/100 

µg/mL streptomycin (Gibco, part of Thermo Fisher Scientific, Loughborough, Leicestershire, UK, 

Ref 15140) to make complete IMDM medium.  The medium of the drug-resistant cell lines was 

also supplemented with the indicated drug concentrations (see 4.1.2.1) using the 1 mg/mL stocks 

prepared as described in 4.1.1; drug was added to media when passaging cells. Cells were 

routinely grown in 10 mL of their media in a T25 cm2 culture flasks (Sarstedt AG & Co, 

Sarstedtstraße 1, 51588 Nümbrecht, Germany, Ref 1116035) in a 37°C/5 % CO2 incubator. For 

passaging or experiments, cells were washed with Phosphate Buffered Saline (PBS) (Dulbecco A, 

with no Ca2+ or Mg2+) (Oxoid, Fisher Scientific (part of Thermo Fisher Scientific), Loughborough, 

Leicestershire, UK, Ref BR0014G) and removed from the surface of cell culture flasks using 0.5 mL 

of 0.05 % Trypsin/EDTA (Gibco, as part of Thermo Fisher Scientific, Loughborough, Leicestershire, 

UK, Ref 25300) for approximately 2 minutes in a 37°C/5 % CO2 incubator (Panasonic Biomedical, 

Loughborough, Leicestershire, UK, IncU Safe models MCO-20AIC and MCO-15AC) until all cells 

were detached, then medium was added up to the original medium volume to stop the enzymatic 

reaction. Cells were passaged once a week, when the cells had reached 80-100 % confluency and 

typical splitting ratios for weekly passaging are presented in Table 8.  

Cell line 
Passage 

ratio 

UKF-NB-3 parentals 1 in 40 

UKF-NB-3rCDDP1000 1 in 40 

UKF-NB-3rCARBO2000 1 in 25 

UKF-NB-3rOXALI2000 1 in 20 

UKF-NB-6 parentals 1 in 20 

UKF-NB-6rCDDP2000 1 in 20 

UKF-NB-6rCARBO2000 1 in 25 

UKF-NB-6rOXALI4000 1 in 30 
 

Table 8. Neuroblastoma cell lines: typical splitting ratios for weekly passaging. 
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Separate media, PBS and 0.05 % Trypsin/EDTA were always used for each cell line and warmed to 

37 °C in a waterbath (Grant JB series, Grant Instruments, Shepreth, Cambridge, UK) when used for 

the cells. The cell lines were always handled one at a time in a Class II biological safety flow 

cabinet (Cellgard Energy Saver (ES) Model NU 480-400E, Nuaire, Plymouth, UK).   

4.1.2.3 Cryopreservation of cells 

To expand enough cells for cryopreservation, cells were seeded into larger T75 cm2 flasks per cell 

line which take 30 mL medium per flask. On reaching 70-80 % confluency 3 flasks of cells were 

washed with PBS, the cells detached using 1 mL 0.05 % Trypsin/EDTA, and then the cells from all 3 

flasks were combined and resuspended in 10 mL complete IMDM (see 4.1.2.2 for reagent 

sources). After centrifugation for 5 minutes at 1000 rpm in an Eppendorf 5702 benchtop 

centrifuge (Eppendorf, Stevenage, Hertfordshire, UK) and removal of the supernatants, cells were 

resuspended in 6mL of cryoprotectant medium (IMDM supplemented with 10 % DMSO (Sigma, 

Poole, Dorset, UK, Ref P4394), 20 % FBS and 100 U/mL penicillin/100 µg/mL streptomycin), and 1 

mL aliquots transferred into 1.8 mL cryotube vials (Nunc, as part of Thermo Fisher Scientific, 

Loughborough, Leicestershire, UK, Ref 368632). Note that all reagents were pre-warmed to 37 °C 

in a waterbath (Grant JB series, Grant Instruments, Shepreth, Cambridge, UK). Cryotube vials were 

sealed into cryoflex tubing (Nunc, as part of Thermo Fisher Scientific, Loughborough, 

Leicestershire, UK, Ref 343958) and then transferred to a Cryo 1 °C Freezing Container (Nalgene , 

as part of Thermo Fisher Scientific, Loughborough, Leicestershire, UK, Ref 5100-0001) at -80 °C 

overnight.  The following day, the vials were transferred to liquid nitrogen containers for long 

term storage. For the drug-resistant sub-lines, if they were newly resuscitated, the required drug 

was introduced at the first passage and grown for a total of at least three passages with drug 

before cryopreservation. 

4.1.2.4 Resuscitation of cells cryopreserved in liquid nitrogen  

Frozen cells in a cryovial tube were thawed at 37 °C in a water bath and then immediately slowly 

transferred to 10 mL 37 °C complete IMDM medium and centrifuged at 1000 rpm for 5 mins in an 

Eppendorf 5702 benchtop centrifuge (Eppendorf, Stevenage, Hertfordshire, UK). The supernatant 

was removed and the cells were resuspended in 10 mL 37 °C complete IMDM medium and 

transferred into a T25 cm2 flask and then into a 37 °C/5 % CO2 incubator (Panasonic Biomedical, 

Loughborough, Leicestershire, UK,  IncU Safe models MCO-20AIC and MCO-15AC). For the drug-

resistant sub-lines the required drug was not introduced until the first passage, and they were 

cultured for at least 3 passages before using in experiments. See 4.1.2.2 for reagent sources. 
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4.1.2.5 Counting cells 

To determine cell numbers, a sample of cells in suspension was diluted 1 in 2 with 0.4 % Trypan 

blue solution (Sigma, Poole, Dorset, UK, Ref 93595), and counted using a haemocytometer. The 

haemocytometer was 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 in Figure 22) of 16 squares.  Regarding cells sat on boundary lines, only those on 

the right hand side boundary lines were included. 

 

 

Figure 22.  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 104 and then multiplied by 2 to correct for the 1 in 2 dilution from the 

addition of Trypan Blue. If 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 accordingly. To determine the fraction of viable cells, 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 

Cells images were taken using a Zeiss IM 35 phase contrast light microscope (Carl Zeiss 

Microscopy GmbH, Kenam Germany) at a magnification of x 200.  A Nikon D70 camera (Nikon UK 

Ltd, Kinsgton Upon Thames, Surrey, UK) was fitted to the microscope to take images using an 

exposure time of 1 second, resulting in 300 dpi resolution colour images.  
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4.1.4 Determination of cell growth kinetics 

4.1.4.1 The Roche xCELLigence Real Time Cell Analyzer (RTCA) 

Cell growth kinetics and doubling times were determined using the Roche xCELLigence system 

ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴΦ ¢ƘŜ ǎȅǎǘŜƳ comprises of an electronic sensor 

analyser and a device station with positions for three 16-well plates (called E-plates). The bottoms 

of the wells of E-plates are covered by gold microelectrodes which communicate impedance 

readings of the electrical circuit to the sensor analyser. The interaction of adherent mammalian 

cells with the microelectrodes generates a cell-substrate-impedance response that is proportional 

to the number of cells seeded into the wells, the cell viability, the morphology of the cells and the 

quality of the cell attachment.  The electrode impedance is displayed as cell index (CI), which is a 

dimensionless parameter that represents a relative change in measure of electrical impedance to 

represent cell status (Acea Biosciences Inc.(San Diego, CA) , Witzel, Fritsche-Guenther et al. 2015) 

(www.bionity.com). Figure 23 illustrates the principles of impedance using E-plates. 

 

Figure 23. Schematic drawing of the interdigitated microelectrodes on the bottom of each well of the E-
plates. The interaction of adherent mammalian cells with the microelectrodes generates a cell-substrate-
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 signal generated is displayed by the arbitrary unit of cell 
index (CI). Z = impedence. (www.aceabio.com and www.bionity.com). 

 



 
Page | 123  

 

4.1.4.2 Generation of growth curves using the Roche xCELLigence Real Time Cell Analyzer (RTCA) 

The Roche xCELLigence Real Time Cell Analyzer (RTCA) system (Roche Diagnostics Ltd., Burgess 

Hill, UK) was set up inside a 37 °C/5 % CO2 incubator (Panasonic Biomedical, Loughborough, 

Leicestershire, UK, IncU Safe models MCO-20AIC and MCO-15AC). Impedance measurements 

(sweeps) were taken every 30 mins for 315 to 459 hours (13 to 19 days in total, so that death 

curves were also captured). Initially 100 µL 37 °C complete IMDM medium (4.1.2.2) was added to 

each of the 16 wells (two columns A and B of eight wells 1-8) of an xCELLigence E-Plate VIEW 16 

Roche Diagnostics Ltd., (Burgess Hill, UK, Ref. 06324738001) and left for 30 mins inside a 37 °C/5 

% CO2 incubator to equilibrate before doing a scan of the E-plate on the xCELLigence RTCA 

system; this enables the software to measure the base-line impedance. A total of 3000 cells 

suspended in 100 µL complete IMDM medium were added to the 100 µL/well complete IMDM 

medium already used for calibration in each well (cells were counted as described in 4.1.2.5), and 

to blank wells  complete IMDM medium only was added instead of cell suspension. All the 

surrounding gaps on the E-plate were then filled with 37 °C PBS to help to prevent evaporation of 

the media throughout the course of the growth curve. The prepared E-plate was not re-positioned 

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 generated for each of the UKF-

NB-3 and UKF-NB-6 parental cell lines and their corresponding platinum drug resistant cell lines 

(see 4.1.2.1 for cell line details). The resistant sub-lines were grown both in the presence and 

absence of their indicated drug concentrations (see 4.1.2.1).  

4.1.4.3 Growth curve data analysis  

Using the RTCA software, growth curves were plotted and the exponential parts of the growth 

curve (which were linear on the logging the y axis) were used to determine the doubling times. 

Each set of cell lines were run on three separate occasions, as described in 4.1.4.2., and the mean 

doubling times were calculated for each cell line and plotted as bar charts.   

4.1.5 MTT cell viability assay  

4.1.5.1 The MTT assay principle 

This is a colourimetric test based on the reduction of yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) to purple formazan (E,Z)-5-(4, 5-dimethylthiazol-2-yl)-1,3-

diphenylformazan) by mitochondrial dehydrogenases (Figure 24).  The protocol we used is an 

adaption from that of Mosmann (MOSMANN 1983), which has been regularly used for the 

determination of the viability when working with neuroblastoma cells (Michaelis, 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, Hinsch et al. 2012, Loeschmann, Michaelis et al. 2013, Michaelis, Selt et al. 2014, 

Michaelis, Agha et al. 2015, Michaelis, Rothweiler et al. 2015). 

 

 

Figure 24. Conversion of yellow MTT to purple formazan by active mitochondrial dehydrogenases 
(www.biotek.com). 

 

4.1.5.2 Performing the MTT assay 

The MTT assay was always carried out in a Class II biological safety flow cabinet (Cellgard Energy 

Saver (ES) Model NU 480-400E, Nuaire, Plymouth, UK) with the light switched off when handling 

the platinum drugs. 0.4 g MTT (Serva Electropheresis GmbH, Heidelberg, Germany, Ref 20395.02) 

was dissolved with PBS up to 200 mL (Dulbecco A, with no Ca2+ or Mg2+) (Oxoid, Fisher Scientific 

(part of Thermo Fisher Scientific), Loughborough, Leicestershire, UK, Ref BR0014G), then filter-

sterilised (0.2 micron) and stored at 4 °C wrapped in foil.  

Drugs were tested for their effects on cell viability using 8-point serial dilutions in 96-well plates 

(Greiner Bio-One Cellstar 96-well plates, Greiner BioOne Ltd, Stonehouse, UK, Ref 655 180) (refer 

to Figure 25C) using 3000 cells/well. One cell line was used per assay plate using cells harvested at 

70 to 100 % confluency (4.1.2.2). Plates were set up by first adding complete IMDM medium 

(4.1.2.2) as in Figure 25A, and then cells were prepared at 2 x final assay concentration in 

complete IMDM medium and added as in Figure 25B. Finally, drug serial dilutions were prepared 

at 2 x final assay concentration in complete IMDM medium and added as in Figure 25C. 

After 120 hours incubation in a 37 °C/5 % CO2 incubator (Panasonic Biomedical, Loughborough, 

Leicestershire, UK , IncU Safe models MCO-20AIC and MCO-15AC), 25 µL MTT reagent was added 

per well and plates were incubated for a further 4 hours in a 37 °C/5 % CO2 incubator. Then 100 
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µL of a 20 % (w/v) sodium dodecyl sulphate (SDS) (Fisher Scientific (part of Thermo Fisher 

Scientific), Loughborough, Leicestershire, UK, Ref S/P530/53) solution in 1:1 MQ H20:DMF 

(Dimethylformamide (DMF) ς Fisher Scientific: D/3840/17) adjusted to pH 4.7 was added per well 

to lyse cells and dissolve the precipitated formazan overnight in a 37 °C/5 % CO2 incubator. The 

plates were then read in a BMG Labtech FLuostar Omega plate reader at an absorbance of 600 nm.  

 

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 of cells 
 

 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 8-point serial drug dilutions 
 

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

A             

B   1 2 3 4 5 6 7 8   

C   1 2 3 4 5 6 7 8   

D   1 2 3 4 5 6 7 8   

E   1 2 3 4 5 6 7 8   

F   1 2 3 4 5 6 7 8   

G   1 2 3 4 5 6 7 8   

H             
 

Figure 25.  MTT assay plate set-up. Wells B2, C2, D2 and E11, F11, G11 (red boxed) = minimum signal 
(medium only), and wells E2, F2, G2 and B11, C11, D11 (blue boxed) = maximum signal (cells, no drug). A. 
Addition of medium only to orange wells only - numbers are µL/well added. B. Addition of cell suspension 
to yellow wells only- numbers are µL/well added. C. Addition of triplicate 8 point drug dilution series to 
coloured wells only, 50 µL/well ς green and purple represent two 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 from medium only (minimum) wells was subtracted from the 

absorbance of cell containing wells.  Then the viability of drug-treated cells was calculated relative 

to non-treated cells in percent.  From these data the IC50 values were determined using Calcusyn 

(Version 1.1, Biosoft 1996). 

 

 

 

Figure 26. An example of a dose-response curve. Here the UKF-NB-3 parental cell line is challenged with 
carboplatin, resulting in an IC50 value of 2358nM (red dashed line). Data points represent the mean of 3 
biological repeat, with bars representing  standard deviation. 

 

4.1.6 Generation of drug sensitivity profiles and investigating the effect of culturing 

drug resistant cell lines without drug 

4.1.6.1 Culturing drug resistant cell lines with and without drug and generation of IC50 values 

The UKF-NB-3 and UKF-NB-6 platinum drug resistant sub-lines (UKF-NB-3rCDDP1000, UKF-NB-

3rCARBO2000, UKF-NB-3rOXALI2000, UKF-NB-6rCDDP2000, UKF-NB-6rCARBO2000, and UKF-NB-

6rOXALI4000) were cultured both with and without drug for three months. The UKF-NB-3 and UKF-

NB-6 chemosensitive parental cell lines were also cultivated alongside them.  Refer to sections 

4.1.2.1 and 4.1.2.2 for details of the cell lines and how to culture them. All cell lines were 

resuscitated as described in section 4.1.2.4, and the resistant sub-lines were split into two sets of 

flasks at the first passage; into one set drug was introduced to the continuous culture, and for the 

second set drug was not, and both sets were cultured from then on in parallel.  



 
Page | 127  

 

One month later the first MTT assay (4.1.5) was performed, for which each cell line was tested 

with each of cisplatin, carboplatin and oxaliplatin (4.1.1) to generate (IC50) values, and this was 

carried out again one month later, and one month after that to give three datasets. Two further 

datasets of IC50 values were generated using the exactly the same parental cell lines and 

corresponding resistant sub-lines cultured with drug only. 

4.1.6.2 Data analysis 

The total of five datasets of IC50 values generated from the parental lines and the resistant sub-

lines cultivated with drug only were used to construct drug sensitivity profiles for each cell line 

with each drug. Mean IC50 values were plotted for each cell line with each drug.  Additionally, for 

the drug resistant sub-lines, the IC50s were expressed as a fold difference over the corresponding 

drug IC50 of the parental cell line, by dividing the former by the latter, and the mean of these were 

also plotted. Fold differences of җ2.0 were regarded as resistant. Data for UKF-NB-3 and UKF-NB-6 

cell lines were plotted separately as bar charts. Using Minitab 17 statistical software, one-way 

ANOVA with a post hoc Tukey analysis was performed to compare each combination of cell line, 

drug tested and IC50 response to one another. This was to identify which mean IC50 value (for each 

cell line and drug combination) fell into a statistically different group compared to the others in 

terms of individual 95 % CIs for mean based on pooled STDEV: means that did not share a letter 

were significantly different (p < 0.05). Each group was labelled alphabetically on the chart bars. To 

determine whether a resistant subline retained drug resistance in the absence of drug in 

continuous culture we plotted, for each drug, the first three datasets of IC50 values generated 

from the parental lines and the resistant sub-lines cultivated in parallel with and without drug for 

three months (see 4.1.6.1). For each time point, we plotted the IC50 values for the cell lines 

cultured without drug expressed as a fold difference over the corresponding IC50 values for the 

same cell lines that were cultured with drug, by dividing the former by the latter. Data for UKF-

NB-3 and UKF-NB-6 cell lines were plotted separately. 

4.1.7 Proteomics 

For proteomics studies, we investigated the acute and adaption effects of the platinum drug 

cisplatin on the neuroblastoma proteome using the UKF-NB-3 parental and UKF-NB-3rCDDP1000 

cell lines and also the UKF-NB-6 parental and UKF-NB-6rCDDP2000 cell lines (see 4.1.2.1 for cell 

lines and 4.1.7.1 for the proteomics study set up). Cells were harvested and lysed (4.1.7.2), lysate 

protein content was measured (4.1.7.3), and proteins were separated on gels by 2D-gel 

electrophoresis (4.1.7.4). Differences in protein levels were identified using the Progenesis 

Samespots Software (4.1.7.5). Protein spots that significantly differed between cell lines or 

treatment were extracted from the gels and tryptically digested (4.1.7.6), and identified using 

matrix-assisted laser desorption /ionisation time of flight (MALDI-TOF and MALDI-TOF-TOF) and 
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tandem mass spectrometry (MS and MS/MS respectively) followed by data analysis using the 

human protein databases SwissProt (http:// www.uniprot.org/) and (NCBInr 

http://www.ncbi.nlm.nih.gov/refseq/) (4.1.7.7). 

4.1.7.1 Proteomics study plan and set up of cells for studies 

To investigate the acute and adaption effects of cisplatin on the neuroblastoma proteome we set 

up two studies, one using the UKF-NB-3 parental and UKF-NB-3rCDDP1000 cell lines, and the other 

using the UKF-NB-6 parental and UKF-NB-6rCDDP2000 cell lines. For each study a total of three 

separate drug addition time course experiments were carried out, except for the UKF-NB-3 

parental and UKF-NB-3rCDDP1000 2 hour drug addition timepoints only, for which there were two. 

The cell lines were routinely cultured in between setting up the time course studies in T25 cm2 

flasks as described in 4.1.2.2, though for this study we used split ratios of 1 in 50 for both UKF-NB-

3 cell lines and 1 in 25 for both UKF-NB-6 cell lines. All cell lines were grown for 120 hours with no 

drug to 60-90 % confluency and harvested, and cisplatin was added (at concentrations of 1000 

ng/mL for both UKF-NB-3 cell lines and 2000 ng/mL for both UKF-NB-6 cell lines) at 24, 8, and 2 

hours BEFORE harvesting, but no drug was added to control flasks (time 0 hours). Thus for each 

time course experiment at least two T75 cm2 flasks of cells were set up for each of the cisplatin 

addition time points (24, 8, and 2 hour) and also control cells (no drug added) for both the 

parental and cisplatin resistant cell lines. The aim of these studies was to compare proteomes and 

identify differences for the following comparisons (vs = versus, CDDPr = cisplatin resistant): 

Identification of changes associated with cisplatin acquired resistance; 

Non-treated parental lines vs respective non-treated cisplatin resistant sub-lines 

Parentals 0 hour control vs CDDPr 0 hour control  

 

Identification of acute cisplatin effects in the parental cell lines and the cisplatin resistant cells; 

Non-treated parental cell lines vs parental cell line after 2, 8, or 24 hours 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 

Non-treated cisplatin resistant sub-lines vs cisplatin resistant sub-lines after 2, 8, or 24 hrs 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 was prepared by adding 36 g urea (Invitrogen (part of Thermo Fisher 

Scientific), Loughborough, Leicestershire, UK, Ref 15505-027), 1.2 g 3-[(3-

Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate (CHAPS) (Sigma, Poole, Dorset, 

UK, Ref C9426), and 0.6 g DTT (Melford Laboratories Ltd, Ipswich, Suffolk, Ref MB1015) to 24 mL 

MQ H2O and stirring overnight on a magnetic stirrer (Bibby B212, Bibby Scientific Ltd,  Stone, 

Staffordshire, UK). The following day, 1 mL volumes of MQ H2O were added one at a time (about 6 

mL total) until the solution was clear and the components in solution, at which point 1.2 mL 

Pharmalyte carrier ampholytes (pH 3-10) (Amersham Pharmacia, GE Healthcare Ltd., 

Buckinghamshire, UK  Ref 17-0456-01) were added to the stirring solution.  The volume was then 

adjusted to 60 mL with MQ H2O, aliquoted and stored at -80°C. Urea (10 M) disrupts the non-

covalent bonds in proteins and increases the solubility of some proteins; CHAPS (2 % w/v) is a 

non-denaturing zwitterionic detergent that solubilises membrane proteins; DTT (1 % w/v) disrupts 

protein disulphide bonds; carrier ampholytes (2 % v/v) are small soluble molecules with negative 

and positive charges and they both improve the solubility of some proteins and contribute to 

establishing the pH gradient for the first dimension of the 2D gel electrophoresis (4.1.7.4).   

For each time point, cells in the two T75 cm2 flasks were washed using PBS (no Ca2+ or Mg2+) and 

detached using 1 mL 0.05 % Trypsin/EDTA (4.1.2.2), pooled and resuspended in 10 mL 37 °C 

complete IMDM medium. Then the cell suspensions were centrifuged in an Eppendorf 5702 

benchtop centrifuge (Eppendorf, Stevenage, Hertfordshire, UK) at 1000 rpm for 5 mins. Cells were 

washed twice by resuspending in 10 mL PBS (no Ca2+ or Mg2+) and centrifugation at 1000 rpm for 

5 mins. Next the cells were resuspended in 5 mL 0.35 M sucrose, centrifuged at 1000 rpm for 5 

mins and the supernatant discarded. One protease inhibitor (PI) tablet (Roche Complete, Mini 

Protease Inhibitor Cocktail Tablets, Roche Diagnostics Limited, Burgess Hill, West Sussex, UK Ref 

11836153001) was dissolved into 1 mL MQ H20 to make a 10 x concentration solution and kept on 

ice. This 10 x protease inhibitor solution was diluted to near a 1 x concentration by adding 100 µL 

of it to 1 mL DLB, and the cell pellet was resuspended using 220 µL of this protease inhibitor 

solution per 1x107 cells by vortexing. Then the suspension was incubated on ice for 30 mins, 

vortexed again and sheared through a sterile 5 cm long Microlance 19G gauge needle (Becton 

Dickinson,UK Ltd, Oxford, England, Ref 301750) attached to a 5 mL sterile syringe (Henke Sass 

Wolf, Tuttlingen, Germany, Ref  5ML NORM-JECT), by aspirating and expelling rapidly five times. 

These lysed cells were then centrifuged at 4000 rpm at 4 °C for 20 mins in a cooling Thermo 

Electron Corporation centrifuge (Thermo Fisher Scientific), Loughborough, Leicestershire, UK, Ref 

IEC CL31R) to remove particulate material. The supernatant/lysate was then stored at -80°C.   
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4.1.7.3 Modified Bradford assay 

The modified Bradford assay was used to measure the protein concentrations in our lysates 

(prepared as in 4.1.7.2) and the method is based on that described by (Ramagli 1999). In this 

method, acid is used to neutralise the alkaline lysate samples before adding dye because they 

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

Bovine serum albumin (BSA) (Sigma Cat# A7030) was dissolved in 1 x protease inhibitor solution in 

Dunn lysis buffer (prepared as in 4.1.7.2) at 5 mg/ml and stored at -80°C. 0.1 M HCl was prepared 

by adding 0.3 mL 32 % HCl (Fisher Scientific (part of Thermo Fisher Scientific), Loughborough, 

Leicestershire, UK, Ref H1100/PB17) to 29.7 mL MQ H20, and 0.011 M HCl was freshly prepared on 

the day of testing by adding 1ml 0.1 M HCl to 8 ml ddH2O. Then the BSA solution, protein inhibitor 

solution and 0.011 M HCl were mixed as indicated in Table 9 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 prepared, though only one blank (0 µg protein). The lysate 

samples from 4.1.7.2 were also prepared in triplicate, both undiluted and 1 in 2, as in Table 10. 

 

Protein ό˃Ǝύ 5 ƳƎκƳ[ .{! ό˃ƭύ 1 x protease inhibitor solution 
in Dunn lysis buffer ό˃ƭύ 

0.011 M HCl ό˃ƭύ 

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 
 

Table 9. Preparation of the standard curve samples for the modified Bradford assay. 

 

Dilution factor Sample (µL) 1 x protease inhibitor solution 
in Dunn lysis buffer ό˃ƭύ 

0.011 M HCl (µL) 

Undiluted 10 0 90 

1 in 2 5 5 90 
 

Table 10. Preparation of the lysate samples for the modified Bradford assay. 

 

All tubes were vortexed to mix and then centrifuged  in a Thermo Electron Corporation centrifuge 

(Thermo Fisher Scientific), Loughborough, Leicestershire, UK, Ref IEC CL31R) very briefly, to collect 

all liquid to the bottom of the tubes.  BioRad Protein Assay reagent (Bio-Rad Laboratories Ltd., 

Hemel Hempstead, Hertsfordshire, UK, Ref 500-0006) was diluted 1 in 4 with MQ H2O. Next, 3.5 
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ml of diluted Protein Assay reagent was added to each tube and the tubes were vortexed and left 

at room temperature for 5 mins. Then the absorbance was read at 595 nm using a 

spectrophotometer (Jenway 6705 UV/Vis, Barlow Scientific, Dunmow, Essex, UK) was blanked 

with 0 µg protein.  

 

The standard curve was plotted using SigmaPlot software (an example of a standard curve is 

shown below in Figure 27). This standard curve was used to determine the protein concentrations 

in the undiluted and 1 in 2 diluted lysate samples. The protein concentration predicted for the 

samples diluted 1 in 2 was doubled to get their undiluted actual value.  All the resulting protein 

concentrations were the amount of protein (µg) in 10 µL lysate.  The mean concentration for each 

sample was calculated from the triplicate values.  The decision between using the protein 

concentration values predicted for the undiluted or 1 in 2 diluted samples was based on the 

position of their A595 values on the standard curve; the more central to the curve the more 

accurate the protein determination. 

 

Figure 27. An example of a BSA standard curve for the modified Bradford Assay. 

 

4.1.7.4 2D gel electrophoresis 

4.1.7.4.1 The principle of 2D gel electrophoresis 

The first dimension step, isoelectric focussing (also known as IEF), separates proteins according to 

their isoelectric points (pI), which is the pH at which the net charge of a protein is zero.  Our 

samples were applied to a plastic-backed gel strip with an immobilized pH gradient (non-linear, 

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

groups (immobilines); the pH range of 3-10 covers most proteins found in eukaryotic cells and the 
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pH gradients at the extreme ends of the pH scale are nonlinear to distribute the proteins evenly 

over the gel length to obtain maximal resolution. On applying an electric potential across the 

strip, the proteins in the sample migrate and focus to their pI positions in the pH gradient, aided 

by the carrier ampholytes in the lysis buffer.  Carrier ampholytes are a mixture of small, soluble 

amphoteric molecules, each with a different pI, so they also migrate and focus to their pI 

positions in the pH gradient - they have a high buffering capacity near their pI, and they buffer 

their environment to the corresponding pHs (GE Healthcare Handbook 80-6429-60AC. 2-D 

Electrophoresis Principles and Methods. 2004, Issaq, Veenstra 2008)                                                                                                                                                                                 

.  See Figure 28.  

The second dimension step is sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) which separates proteins according to their molecular weights (Mr) in a 90° direction from 

the first dimension.  The pI resolved proteins in the IEF strips are again treated with DTT, a 

reducing agent that breaks disulphide bonds (also present in the lysis buffer, see 4.1.7.2) and also 

iodoacetic acid (IAA) that prevents the di-sulphide bonds reforming. SDS is a negatively charged 

anionic detergent which is used to denature the protein in the lysates further by binding to them 

and unfolding them into linear molecules.  The resulting anionic complexes have a constant net 

negative charge per unit mass, which enables them to migrate through the polyacrylamide gel on 

application of an electrical potential. After such treatment, the degree of separation of the 

proteins in an SDS-PAGE 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 is an approximately linear relationship between the logarithm of the molecular 

weight and the relative distance of migration of the SDS-polypeptide complex.  The resulting 2D 

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

protein (GE Healthcare Handbook 80-6429-60AC. 2-D Electrophoresis Principles and Methods. 

2004, Issaq, Veenstra 2008)                                                                                                                                                                          

. See Figure 28. 

 

Figure 28 The first dimension (isoelectric focussing (IEF)) and second dimension (sodium dodecyl sulphate-
polyacrylamide electrophoresis (SDS-PAGE)) of 2D gel electrophoresis (https://www.thermofisher.com). 



 
Page | 133  

 

4.1.7.4.2 Sample preparation for 2D gel electrophoresis 

The resulting protein concentrations (µg) in 10 µL lysate values generated from the modified 

Bradford assay (4.1.7.3), were divided by 10 to get the resulting protein concentrations (µg) in 1 

µL lysate.  Then 180 was divided by this protein concentration (µg) in 1 µL lysate to get the 

volume of lysate that contains 180 µg total protein (180µg was a pre-optimised loading amount). 

This volume of lysate was adjusted to the loading volume of 125 µL with 1 x protease inhibitor 

solution in Dunn lysis buffer (prepared as in 4.1.7.2). The tiniest amount of bromophenol blue 

(Sigma, Poole, Dorset, UK, Ref B5525) was added to each sample and the samples were vortexed, 

resulting in a very pale blue sample colour. All samples were then briefly centrifuged in an 

Eppendorf minispin benchtop centrifuge (Eppendorf, Stevenage, Hertfordshire, UK) to collect 

sample at the bottom of the tubes before continuing to the first dimension step (IEF) (4.1.7.4.3).  

4.1.7.4.3 First dimension step: isoelectric focussing (IEF) 

The 125 uL volume of prepared sample containing 180 µg total protein (4.1.7.4.2) was pipetted 

along the length of a IEF ceramic strip holder (GE Healthcare Ltd., Buckinghamshire, UK Ref 80-

6146-87) and a 7 cm Immobiline IPG DryStrip pH 3-10 NL (GE Healthcare Ltd., Buckinghamshire, 

UK Ref 17600112) was laid gel side down onto the sample with the marked + end pointing north 

in the + end of the strip holder. Any bubbles were gently pressed out using a pipette tip. The 

Immobiline IPG DryStrip was overlaid with 0.3 ml DryStrip cover fluid (Amersham Pharmacia, GE 

Healthcare Ltd., Buckinghamshire, UK, Ref 17-1335-01) and the strip holder lid gently put into 

position. The strip holders were all placed onto an Ettan IPGPhor system Isoelectric Focussing 

System (GE Healthcare Ltd., Buckinghamshire, UK) with the marked + at the top and - at the 

bottom, making sure the electrodes were on the gold plated electrode areas.  The IPGphor 

conditions used for these 7 cm Immobiline IPG DryStrips is shown in Table 11. The system was run 

overnight and stopped when the last step reaches  8000 VhT.  

 

Step Voltage (V) Time (h:min) 

Step-n-hold 30 13:30 

Gradient 200 00.45 

Step-n-hold 500 00.45 

Step-n-hold 1000 00.45 

Gradient 8000 00.30 

Step-n-hold 8000 07.30 

Total Vhr (VhT) 8000  
 

Table 11. Focusing protocol for 7 cm IPG DryStrips pH 3-10 NL 

 

The Immobiline IPG DryStrips were then washed in MQH20. The washed strips that were not 

immediately progressed further were stored at -80°C. 
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4.1.7.4.4 Second dimension step: sodium dodecyl sulphate-polyacrylamide electrophoresis 

(SDS-PAGE) 

4 X resolving gel buffer solution (1.5 M Tris (pH 8.8)) was prepared by dissolving 181.7 g Tris base 

(MW 121.1) (Fisons, Ipswich, Suffolk, UK, now part of Rhone-Poulenc, Inc.,Ref T/P360/60) in 750 

ml MQ H2O, adjusting to pH 8.8 with hydrochloric acid, and filling up to a final volume of 1 litre 

with MQ H2O and stored long term at 4°C. 10 % (w/v) SDS solution was also prepared by 

dissolving 5 g SDS (Fisons, Ipswich, Suffolk, UK, now part of Rhone-Poulenc, Inc., Ref S/P530/53) 

with MQ H2O up to 50 ml. 10 % (w/v) ammonium persulfate (APS) solution was prepared by 

dissolving 0.1 g APS (Bio-Rad Laboratories Ltd., Hemel Hempstead, Hertsfordshire, UK, Ref 161-

0700) with MQ H2O to to 1 ml.  

12.5 % SDS gels were prepared in 1.0 mm gel cassettes (Invitrogen (part of Thermo Fisher 

Scientific), Loughborough, Leicestershire, UK, Ref NC2010). To prepare 50 mL of gel, the following 

reagents were added in the following order:  20.8 mL of 30 % (w/v) acrylamide/Bis solution 37.5:1 

(2.7 % crosslinker) (Bio-Rad Laboratories Ltd., Hemel Hempstead, Hertsfordshire, UK, Ref 161-

0158) (12.5 % w/v acrylamide final concentration), 12.5 mL of 4 x resolving gel buffer solution (1 x 

final concentration), 0.5 mL of 10 % (w/v) SDS solution (0.1 % w/v final concentration), 15.7 mL 

MQ H2O, 0.5 mL 10 % (w/v) APS (0.1 % w/v final concentration), and 50 µl TEMED (Bio-Rad 

Laboratories Ltd., Hemel Hempstead, Hertsfordshire, UK, Ref. 161-0800) (0.1 % v/v final 

concentration).  The resulting solution was thoroughly mixed by inversion and then transferred 

quickly into the gel cassettes, filling up near to their top, before carefully adding 400 µl water-

saturated butanol to all the gels except for one gel into which a 2D-comb was added to give a 

position for the strip and also a well to add marker. Gels were left to set at room temperature for 

30 mins. 

SDS equilibration buffer consisted of 33.5 mL of 1.5 M Tris (pH 8.8) (this is 4 x resolving buffer as 

described above) (0.05 M final concentration), 360.35 g of urea (Invitrogen (part of Thermo Fisher 

Scientific) (6 M final concentration), Loughborough, Leicestershire, UK, Ref 15505-027), 345 mL of 

glycerol (Fisons, Ipswich, Suffolk, UK, now part of Rhone-Poulenc, Inc., Ref G/0650/17) (34.5 % v/v 

final concentration), 20 g SDS (Fisons, Ipswich, Suffolk, UK, now part of Rhone-Poulenc, Inc., Ref 

S/P530/53) (2 % w/v final concentration) and a couple of grains of bromophenol blue (Sigma, 

Poole, Dorset, UK, Ref B5525) all dissolving overnight stirring on a magnetic stirrer (Bibby B212, 

Bibby Scientific Ltd,  Stone, Staffordshire, UK) up to 1 litre with MQ H2O. Aliquots of 45 mL were 

stored at -80 °C for long term storage. 10 x Tris Glycine-SDS (TGS) running buffer was prepared by 

dissolving 144 g glycine (Fisons, Ipswich, Suffolk, UK, now part of Rhone-Poulenc, Inc., Ref 

G/0800/60) (192 mM final concentration as 1 x), 30.3 g Tris base (Fisons, Ipswich, Suffolk, UK, now 

part of Rhone-Poulenc, Inc., Ref T/P360/60) (25 mM final concentration when 1 x ), 10 g SDS (0.1 

% w/v final concentration when 1 x ) with MQ H2O up to 1 litre; there is no need to adjust the pH 
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as it will be pH 8.3. Agarose (0.5 %) sealing solution was prepared by dissolving 0.25 g agarose in 

50 mL 1 x Tris Glycine-SDS (TGS) running buffer and storing 1 mL aliquots at room temperature. 

The Immobiline IPG DryStrips generated in the first dimension (4.1.7.4.3) were equilibrated by 

soaking them at room temperature in 5 ml of SDS-equilibrium buffer containing 50 mg DTT 

(Melford Laboratories Ltd, Ipswich, Suffolk, Ref MB1015) per strip, which breaks protein 

disulphide bonds, in their individual tubes for 15 mins with gentle agitation on an IKA KS260 basic 

rotating table (IKA, GmBH & Co, Staufen, Germany). The strips were then each washed three 

times whilst in the tubes with MQ H2O. The Immobiline IPG DryStrips were then incubated at 

room temperature for a further 15 mins with 5 ml of SDS-equilibrium buffer containing 125 mg 

iodoacetamide (IAA) (Sigma, Poole, Dorset, UK, Ref I1149) per strip, in their individual tubes for 15 

minutes with gentle agitation on the rotating table.  IAA alkylates the thiol groups and prevents 

their re-oxidation, and also alkylates any residual DTT to prevent streaking of the 2D gels. The 

strips were then each washed three times with MQ H2O whilst in the tubes.  Each strip was then 

laid on top of a 12.5 % Tris-glycine gel, gel side to the front and + end to the left, and overlaid with 

0.5 mL agarose (0.5 %) sealing solution which had been previously heated to 100 °C in a Test Tube 

Heater SHT 1D (Stuart, Stone, Staffordshire, UK). For a set of strips from one time course 

experiment, there was a one gel for which a 2D-comb was used to give a position for the strip and 

also a well to add marker. For this gel the Immobiline IPG DryStrip used was cut off at each end 

where there is no gel to fit before sealing in. The markers used were Precision Plus Protein 

Standards (Dual Colour) (Bio-Rad Laboratories Ltd., Hemel Hempstead, Hertsfordshire, UK, Ref 

161-0374), 5µL per well. The gels were run in an Invitrogen XCell Sure Lock Mini-Cell 

Electrophoresis System (Invitrogen (part of Thermo Fisher Scientific), Loughborough, 

Leicestershire, UK) in 1 x Tris Glycine-SDS (TGS) running buffer for 1 hour 30 mins (until the dye 

front reached the bottom of the gel) at a constant 125V, with amps set as high as possible (3.00).  

The resulting 2D SDS PAGE gels were removed from the cassettes and individually stained with 

Coomassie Blue Stain for one hour on an IKA KS260 basic rotating table.  This stain was prepared 

by dissolving 0.25 g Coomassie R-250 (Bio-Rad Laboratories Ltd., Hemel Hempstead, 

Hertsfordshire, UK, Ref 161-0400) (0.05 % w/v final) in 250 mL methanol (Fisons, Ipswich, Suffolk, 

UK, now part of Rhone-Poulenc, Inc., Ref M/4000/PC17) (50 % v/v final), 50 mL acetic acid (Fisons, 

Ipswich, Suffolk, UK, now part of Rhone-Poulenc, Inc., Ref A/03600PB17) (10 % v/v final) and 200 

mL MQ H2O (40 % v/v final). The stain was then poured off and the gels individually de-stained for 

two hours on a rotating table, until the background was clear and the spots and bands visible.  

The de-stain solution contained 25 mL methanol (Fisons, Ipswich, Suffolk, UK, now part of Rhone-

Poulenc, Inc., Ref M/4000/PC17) (5 % v/v final), 35 mL acetic acid (Fisons, Ipswich, Suffolk, UK, 

now part of Rhone-Poulenc, Inc., Ref A/03600PB17) (7 % v/v final) and 440 mL MQ H2O (88 % 

final). The de-stain was exchanged when it became too purple in colour.  De-stained gels were 
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stored individually at 4 °C in 0.1 % acetic acid (1mL acetic acid (Fisons, Ipswich, Suffolk, UK, now 

part of Rhone-Poulenc, Inc., Ref A/03600PB17) in 1 litre MQ H2O) in re-sealable bags, laid 

horizontally in a box which was wrapped in foil. 

4.1.7.5 Analysis using Progenesis Samespots software 

Progenesis SameSpots software by Non-Linear Dynamics (version 4; v4.0.3779.13732) (Nonlinear 

Dynamics Ltd., Newcastle upon Tyne, UK) was used to analyse the 2D SDS PAGE gels (4.1.7.4.4).  

Two experiments/Samespots files were created with the software, one to compare the UKF-NB-3 

parental and UKF-NB-3rCDDP1000 cell lines, and the other one to compare the UKF-NB-6 parental 

and UKF-NB-6rCDDP2000 cell lines. The software has a guided workflow which was followed, in 

brief, as follows, described as for one of the experiments, with workflow steps in inverted 

commas (for more details refer to www.totallab.com (Total Lab Ltd (Newcastle upon Tyne, UK.) 

The next step was to upload images of the gels into their experiment ǳƴŘŜǊ ΨLƳŀƎŜ v/Ω ŀƴŘ ǘƻ 

select them to be included. All of the de-stained 2D SDS PAGE gels were scanned as 600dpi, bit 

depth of 8 and grey scale TIFF images using an Amersham Pharmacia Biotech Image Scanner 

(Amersham Pharmacia, GE Healthcare Ltd., Buckinghamshire, UK) with visualisation and 

appropriate cropping using Magiscan for Windows (version 4.3).  bŜȄǘΣ ǳƴŘŜǊ ΩwŜŦŜǊŜnce Image 

{ŜƭŜŎǘƛƻƴΩΣ we assigned a gel, which had the clearest and most well defined spots, as the 

reference gel to align all the other gel images to. CƻǊ ƻǳǊ ŜȄǇŜǊƛƳŜƴǘǎ ƴƻ Ψaŀǎƪ ƻŦ 5ƛǎƛƴǘŜǊŜǎǘΩ ǿŀǎ 

added - nothing was cropped or not included Ψ!ƭƛƎƴƳŜƴǘΩ of each gel, one gel at a time, to the 

reference gel image, is a critical step in the workflow.  The software initially aligns them using 

automatic alignment vectors, then manual alignment vectors were added to each of the other 

spots (and any individual automatic vectors discarded if judged as not appropriate). Spots are 

automatically assigned a number after alignment by the software, and no spots were filtered out 

ǳƴŘŜǊ ΩCƛƭǘŜǊƛƴƎΩ. Spot volumes measured were automatically normalised to the spot intensity and 

background of a reference gel image that is selected by the software, to remove any system 

variation from differences between gels in, for example, sample preparation and loading, staining 

and de-staining, and/or image acquisition. The next stage was ά9ȄǇŜǊƛƳŜƴǘŀƭ 5ŜǎƛƎƴ {ŜǘǳǇέ, and 

firstly an experiment was set up with all gels together.  Then this experiment was viewed looking 

at multiple columns 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 outline, or just leave the spots as they were. Spots were 

only ever deleted if they were definitely not spots, but this was always avoided if possible. Then 

eȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǎŜǘ ǳǇ ǳǎƛƴƎ ǘƘŜ Ψ.ŜǘǿŜŜƴ {ǳōƧŜŎǘ 5ŜǎƛƎƴΩ ƻǇǘƛƻƴΣ ŎƻƳǇŀǊƛƴƎ ǘǿƻ Ŏƻnditions, 

for example UKF-NB-3 parentals 0 hours and UKF-NB-3rCDDP1000 0 hours or UKF-NB-3 parentals 0 

hours and UKF-NB-3 parentals 2 hours  (all seven study comparisons are listed in 4.1.7.1), and the 

three gels from the three separate drug addition time course experiments were added for each 
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condition. In ǘƘŜ ΨǾƛŜǿ ǊŜǎǳƭǘǎΩ ǎŜŎǘƛƻƴΣ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ǇǊƻŦƛƭŜǎ ŀƴŘ ǎǇƻǘ ŘŜǘŀƛƭǎ όǿƛǘƘ ŦƻŎǳǎ ƻƴ ǘƘŜ 

normalised spot volumes) can be analysed, as well as all collated images of all the spots in each of 

the comparisons, and a one-way ANOVA p-value and Fold increase value (the highest mean 

normalised spot volume/lowest mean spot volume) are displayed for each spot in each 

comparison.  For each study comparison, spots were selected for further analysis. The selection 

criteria were that the ANOVA p-value was <0.05, the Fold increase value җмΦр (to 1 decimal place), 

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

4.1.7.6 Gel spot excision and in-gel tryptic digestion of proteins 

Throughout the procedure, gloves were always worn and methanol (Analytical grade, Fisher 

Scientific (part of Thermo Fisher Scientific), Loughborough, Leicestershire, UK, Ref M/4000/PC17) 

washed (x3) 0.5 and 1.5 mL Eppendorf tubes were used.  

4.1.7.6.1 Gel spot excision 

Selected spots were cut out from at least two gels in which they were the strongest in terms of 

spot volume and clearest in terms of outline (4.1.7.5). A 2D SDS PAGE gel was initially washed 

twice with MQ H2O in a sterile 150 mm petri dish with gentle agitation on a rotating table (IKA 

KS260 basic, IKA, GmBH & Co, Staufen, Germany). Using a suitable sized sterile filter pipette tip 

with the end cut off with a clean scalpel blade, the gel was positioned on a methanol wiped 

MEDALight flat light box and the spot of interest was excised, cutting as close to the edge of the 

spot as possible (it is important to reduce the amount of background gel). The excised spot was 

transferred into a 1.5 mL microfuge tube containing 0.5 mL 0.1 % acetic acid (1 mL acetic acid 

(Fisons, Ipswich, Suffolk, UK, now part of Rhone-Poulenc, Inc., Ref A/03600PB17) in 1 litre MQ 

H2O).  Batches of 12 spots at a time were taken through the following in gel digestion procedure, 

each spot in its own tube throughout.  

4.1.7.6.2 In-gel tryptic digestion of proteins 

The protocol was based on Shevchenko et al (Shevchenko, Wilm et al. 1996). Procedures were 

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, 

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

The proteins in the gel pieces were then reduced and alkylated. For this first stage the following 

buffers were required (note that all ammonium bicarbonate buffers were prepared fresh on the 

day of performing the digestions): 100 mM NH4HCO3 (Sigma, Poole, Dorset, UK, Ref A6141) (79.06 

mg in 10 mL ddH2O) filter-sterilised using 0.2 micron filters, which was used to prepare 50 mM 

NH4HCO3/acetonitrile (1:1) (for 12 samples: 350 µL 100 mM NH4HCO3, 350 µL MQ H2O, and 700 µL 
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acetonitrile (Fisher Scientific (part of Thermo Fisher Scientific), Loughborough, Leicestershire, UK, 

Ref A/0627/17)), and 50 mM NH4HCO3 (for 12 samples: 1.4 mL 100 mM NH4HCO3  mixed with 1.4 

mL ddH2O, enough for 12 samples). 10 mM DTT (Melford Laboratories Ltd, Ipswich, Suffolk, Ref 

MB1015) solution was prepared in 50 mM NH4HCO3 (1.54 mg DTT in 1 mL). 55 mM iodoacetamide 

(IAA) (Sigma, Poole, Dorset, UK, Ref I1149) solution was prepared in 50 mM NH4HCO3 (10.17 mg 

IAA in 1 mL) and kept in the dark. Excised gel particles were washed with 100 mL of 50 mM 

NH4HCO3/acetonitrile (1:1) for 15 mins, then centrifuged for 1 min at 5000 rpm in a benchtop 

centrifuge (MSE Microcentaur MS13010.Cx1.5 centrifuge, MSE (UK) Ltd., Lower Sydenham, 

London, UK) and the liquid removed. Next, 100 mL acetonitrile was added and left for 15 mins 

until the gel pieces had dehydrated (they became white and stick together if more than one 

piece). Then they were centrifuged for 1 min at 5000 rpm and the acetonitrile was removed. The 

gel pieces were then rehydrated in 10 mM DTT in 50 mM NH4HCO3 solution by adding enough 

liquid to cover the gel piece (about 50 mL), and incubation for 30 mins in a Grant Y6 water bath at 

56̄ C (Grant Instruments, Shepreth, Cambridge, UK). Next the gel pieces were centrifuged for 1 

min at 5000 rpm and the DTT solution was removed.  Then the gel pieces were then dehydrated 

again for 2 mins with 100 mL acetonitrile prior to centrifugation for 1 min at 5000 rpm to remove 

the acetonitrile. The next step was to rehydrate the gel pieces in 55 mM iodoacetamide solution 

in 50 mM NH4HCO3, adding enough liquid to cover the gel piece (about 50 mL), whilst in the dark 

for 20 mins at room temperature. They were then centrifuged for 1 min at 5000 rpm and the 

iodoacetamide solution was then removed. The gel pieces were then washed twice using 100 mL 

of 50 mM NH4HCO3 solution for 15 mins followed by centrifugation for 1 min @5000 rpm and 

removal of 50 mM NH4HCO3 solution. Next the gel pieces were again dehydrated for 15 mins with 

100 µL acetonitrile, centrifuged for 1 min at 5000 rpm and acetonitrile was removed. The gel 

pieces then dried in a vacuum centrifuge for 15 mins at the lowest speed (SPD Speed Vac 11V-

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

For in-gel tryptic protein digestion, the following reagents were prepared: 100 µL of Trypsin 

Resuspension Buffer (Promega, Southampton, UK, Ref V542A) was added to 20 µg freeze-dried  

Sequencing Grade Modified Trypsin (Promega, Southampton, UK, Ref V511A) resulting in a 0.2 

µg/µL solution (aliquoted and stored at -20 °C long-term). Both enzyme and buffer were bought 

as a set (Promega, Southampton, UK, Ref V5111).  Digestion buffer only (25 mM NH4HCO3, 10 % 

acetonitrile) was prepared by mixing 100 µL 100 mM NH4HCO3 solution (see above), 40 µL 

acetonitrile and 260 µL MQ H2O.  10 ng/µL trypsin in digestion buffer was prepared by adding 20 

µL 0.2 µg/µl trypsin (see above) to a mixture of 100 µL 100 mM NH4HCO3 (see above), 40 µL 

acetonitrile and 240 µL MQ H2O. To digest the in-gel proteins, the gel pieces were rehydrated in 

20 mL of the 10 ng/µL trypsin in digestion buffer solution at 4̄ C (on ice) for 30 mins. The 

remaining 10 ng/µL trypsin in digestion buffer solution was removed and 10 ml of the digestion 
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buffer only was added to cover the gel pieces. The samples were left at room temperature 

overnight in the dark. 

After tryptic digestion, the proteins were extracted from the gel pieces. 5 µL acetonitrile was 

added to each gel piece. Then they were sonicated for 15 mins in a Decon FS minor sonicator, 

Ultrasonics Ltd., Hove, Sussed, UK), centrifuged for 1 min at 5000 rpm, and the supernatants 

collected.  Next, 10 µL 50 % acetonitrile containing 5 % (v/v) formic acid (prepared using 7 µL 

formic acid (Fisher Chemical (part of Thermo Fisher Scientific), Loughborough, Leicestershire, UK, 

Ref 10559570), 70 µL acetonitrile, and 63 µL MQ H2O) was added and the pieces sonicated again 

for 15 mins. After centrifugation for 1 min at 5000 rpm, the supernatant was collected and pooled 

with the first supernatant. The pooled supernatants were vortexed using a whirlimixer (Fisons 

Whirlimixer, Fisons Science equipment, Loughborough Leicestershire, UK, Ref SC-P-202-0105) and 

stored at -20 °C temporarily or -80 °C long-term. 

4.1.7.7 Mass spectroscopy and identification of proteins 

4.1.7.7.1 The principle of MALDI-TOF MS and MALDI-TOF-TOF MS/MS 

A mass spectrometer comprises of an ion source which ionises analytes, an analyser to measure 

their mass-to-charge ratio (m/z), and a detector that quantifies the number of ions at each m/z 

value (Figure 29).  

MALDI (Matrix-Assisted Laser Desorption/Ionisation) is a soft ionisation method which is 

commonly used to obtain large ions, like proteins, into gas phase with minimal fragmentation. 

Dried droplets of samples and calibration standards in a matrix solution are prepared as spots on 

a steel anchor plate (4.1.7.7.2). In the source of the instrument, desorption is triggered by pulses 

from a UV laser beam because the matrix material heavily absorbs UV laser light and converts it to 

heat energy. This causes ablation of the matrix upper layer and the transfer of a proton from the 

matrix to the analyte molecules, giving them a positive charge (positive ionisation) (Mann, 

Hendrickson et al. 2001, Cheng, Zhang 2010, Aebersold, Mann 2003). When analysing proteins 

digested with trypsin, each proteolytic fragment contains a basic arginine (R) or lysine (K) amino 

acid residue, and so this is highly suitable for positive ionisation mass spectrometric analysis 

(Cheng, Zhang 2010). 

To generate time of flight (TOF) data (Figure 29A), the resulting charged ions of different sizes are 

accelerated in the source and again in a first time of flight tube (TOF-1) before entering the larger 

second time of flight (TOF-2) tube of the instrument, where they are subjected to an 

electronic/magnetic field. The time it takes for charged ions to fly through this tube to the 

detector depends on their mass-to-charge ratios. Smaller ions reach the detector more quickly. 

The result is a Peptide Mass Fingerprint (PMF) - a unique spectrum of abundance of all ions 
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detected for that sample.  The most abundant peptides (most intense peaks in the PMF spectra) 

are selected to progress through to MALDI-TOF-TOF MS/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 TOF-1 tube of the instrument (Figure 29B).   For MALDI-TOF-TOF MS/MS (Figure 

29C), the samples are subjected to the laser again at the source, but at a higher intensity than for 

MALDI-TOF MS so that the peptides fall apart into even smaller fragments.  In the TOF-1 tube the 

ŦǊŀƎƳŜƴǘǎ Ŧƭȅ ŀǘ ǘƘŜ ƻǊƛƎƛƴŀƭ ƛƻƴΩǎ ǾŜƭƻŎƛty and are selected for its required mass by the gating 

before being accelerated through TOF-2 and reaching the detector.  The result is 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 carried out one at a time for the selected most abundant peptides (Aebersold, 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 800µm 

target plates (MTP Anchorchip 384 TF Ref 209514 mounted on target frame Ref 74115, Bruker 

5ŀƭǘǊƻƴƛƪ DƳōIΣ .ǊŜƳŜƴΣ DŜǊƳŀƴȅύ ŀǊŜ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ƘȅŘǊƻǇƘƛƭƛŎ ǇŀǘŎƘŜǎ όάŀƴŎƘƻǊǎέύ ƛƴ 

hydrophobic surroundings - one plate has 384 anchors for samples and 96 anchors for calibrants 

(Calibanchors) for MALDI-TOF MS. Sample and calibration anchors are grouped in a manner, that 

always four sample anchors surround one calibration anchor which serves to calibrate those four 

sample runs.  

I//! όʰ-cyano-4-hydroxycinnamic acid) is a widely used MALDI matrix for peptides, especially in 

proteomics applications (Jaskolla, Papasotiriou et al. 2009). 0.7 mg/mL HCCA matrix solution was 

prepared by dissolving 1.4 mg HCCA (Sigma, Poole, Dorset, UK, Ref 144550-5 ς re-crystallised 

twice) in 2 mL 80 % acetonitrile/0.09 % TFA solution (acetonitrile (Fisher Scientific (part of Thermo 

Fisher Scientific), Loughborough, Leicestershire, UK, Ref A/0627/17 and trifluoroacetic acid (TFA)  

(Rathburn Chemicals Ltd., Walkerburn, Scotland Ref PTS6045) to which 20 µL 100 mM NH4H2PO4 

(Sigma, Poole, Dorset, UK, Ref 216003) was added (final concentration 1 mM). Peptide Calibration 

Standard II (freeze-dried) (Bruker Daltronik GmbH, Bremen, Germany, Ref 222570) was prepared 

in 125 µL TA30 (30:70 (v/v) acetonitrile : TFA 0.1 % in water) and 10 µL of this calibrant solution 

was mixed with 2 mL of the HCCA matrix solution (aliquoted and stored at -20 °C for long-term 

storage). ¢ƘŜ !ƴŎƘƻǊŎƘƛǇ ǘŀǊƎŜǘ ǇƭŀǘŜ ǿŀǎ ŎƭŜŀƴŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ  
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A. MALDI-TOF generation of Peptide Mass Fingerprint (PMF) 

 

B. Mass selection 

 

C. MALDI TOF-TOF generation of Peptide Fragment Fingerprint (PFF) 

 

Figure 29. The generation of MALDI-TOF MS and MALDI-TOF-TOF MS/MS data by the Bruker UltraXtreme, a 
MALDI-TOF-TOF spectrometer. The legend for this figure is in the following text. 
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Figure 29. The generation of MALDI-TOF MS and MALDI-TOF-TOF MS/MS data by the Bruker UltraXtreme, a 
MALDI-TOF-TOF spectrometer. A. MALDI-TOF MS: Sample is ionised in the source by the laser and the ions 
are accelerated through Time of Flight (TOF) tubes 1 and 2.  At the end of TOF2 the ions are reflected 
toward the detector which calculates ion mass, which is dependent on the mass-to-charge ratio - the 
smallest ions fly through the TOF tubes the quickest. What results is a PMF (Peptide Mass Fingerprint) 
which summarises the masses detected in a sample. B. An ion can be narrowly electronically gated for 
selection based on the velocity with which it leaves the source in the TOF-1 tube of the instrument. C. 
MALDI-TOF-TOF MS/MS: The most abundant peptides from MALDI-TOF MS are selected.  The sample is 
ionised in the source by the laser again but at a higher intensity, causing the peptides to fall apart into 
ǎƳŀƭƭŜǊ ŦǊŀƎƳŜƴǘǎΦ ¢ƘŜȅ ŀǊŜ ǎŜƭŜŎǘŜŘ ōȅ ƎŀǘƛƴƎ ŀǘ ǘƘŜ ƻǊƛƎƛƴŀƭ ƛƻƴΩǎ ǾŜƭƻŎƛǘȅ ƛƴ ǘƘŜ ¢hCм ǘǳōŜ ŀƴŘ ǘƘŜƴ ǘƘŜ 
ion fragments are accelerated through the TOF2 tube.  At the end of TOF2 the ions are reflected toward the 
detector which calculates ion mass. What results is a daughter PFF (Peptide Fragment Fingerprint) for the 
selected mass. (Figure adapted from Max Planck Institute for Plant Breeding Research website 
http://www.mpipz.mpg.de/44542/MALDI-TOF-TOF_MS_MS). 

 

Tryptically digested protein samples prepared as in 4.1.7.6, were thawed on ice and vortexed 

using a Whirlimixer (Fisons Whirlimixer, Fisons Science equipment, Loughborough 

Leicestershire,UK, Ref SC-P-202-0105). All samples and the calibration solution were each 

vortexed again just before spotting them onto the Anchorchip target plate. 1 µL of tryptically 

digested protein sample solution was deposited onto each target sample anchor position and 

allow to dry, then 1 µL HCCA matrix solution was deposited over each sample spot and allow to 

dry. Then 1 µL of Peptide Calibration Standard II solution (which already contains the HCCA) was 

deposited onto each target calibranchor position and allow to air dry.  1 µL HCCA matrix solution 

only was deposited on three sample spots as a blank to check the Anchorchip plate was absolutely 

clean. 

4.1.7.7.3 MALDI-TOF and MALDI-TOF-TOF analysis 

For each sample, MALDI-TOF MS (generating protein mass fingerprints (PMF)) and MALDI-TOF-

TOF MS/MS analyses (generating peptide fragment fingerprints (PFF)) were carried out using a 

Bruker UltrafleXtreme mass spectrometer (Bruker Daltronik, Bremen, Germany) in the positive 

ion mode, using monoisotopic mass. Flex control software (version 3.4, Bruker Daltronik, Bremen, 

Germany) was used to set up the instrument using the autoXecute feature for optimisation of 

laser energy and automated data collection. Spectra were collected in reflector mode with an 

acceleration voltage of 25 kV and a pulse ion extraction time of 80 ns. The protein mass range for 

MS was between 700 and 3500 m/z. The number of laser shots summed in MS was 3500, and for 

MS-MS it was 3000. Data generated was sent to Flex Analysis software (version 3.4, Bruker 

Daltronik, Bremen, Germany) for both external calibration in the protein mass range using the 

Peptide Calibration Standard II standard solution (described above), and for peak selection. The 

top five most intense peaks from the MALDI-TOF MS (PMF) data were subjected to MALDI TOF-

TOF MS/MS to generate the PFF data. 

http://www.mpipz.mpg.de/44542/MALDI-TOF-TOF_MS_MS
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4.1.7.7.4 Protein identification 

The MS (PMF) and MS/MS (PFF) data (4.1.7.7.3) were then sent, using Biotools software (version 

3.2, Bruker Daltronik, Bremen, Germany) to the standard Mascot search engine (version 2.4.1) 

(http://www.matrixscience.com/) and searched against both the human protein SwissProt 

database (http://www.uniprot.org/ ) (version 2014_01, and version 2014_03 for repeats)                                                                                             

placed in the public domain by UNIprot (Bateman, Martin et al. 2015), and the human protein 

NCBInr database (version 20140122, and version 20140323 for repeats) 

(http://www.ncbi.nlm.nih.gov/refseq/). For MALDI-TOF MS (PMF) data the following search 

conditions were used; enzyme: trypsin, mixed modification: carbamidomethyl (C), variable 

modification: oxidation (M), mass values: monisotopic, protein mass: unrestricted, peptide mass 

tolerance: +/- 100 ppm, peptide charge state: 1+, max missed cleavages: 1. For MALDI-TOF-TOF 

MS/MS (PFF) data the search conditions used were as for the MALDI-TOF MS (PMF) data, but with 

the addition of fragment mass tolerance: +/- 0.5 Da. For details of the original database search 

algorithm that underpins the Mascot software refer to Pappin et al (Pappin, Hojrup et al. 1993). 

Initially, for both MS and MS/MS data, the detailed data for all protein matches from both 

Swissprot and NCBInr from the search results that passed the score cut-off (which gives a p value 

<0.05 and indicates a significant match for MS and indicates identity or extensive homology for 

MS/MS) were collected in an Excel spreadsheet, 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 together. Each protein score in a peptide mass fingerprint, and each 

ion score in an MS/MS search has an expectation value too, which indicates how often a match of 

this quality or better is expected to arise by chance alone; the lower the expectation value, the 

more significant the score. An expect value cut-off of 1 x 10-5 was taken as this represents a 1 in 

100,000 chance that the match is random; we apply this strict criteria as for single spots from a 2D 

gel there is no reliable mechanism for measuring a false detection rate 

(http://www.matrixscience.com/). 

 
Next a second spreadsheet was created, in which the names of the matched protein results 

passing the score cut-offs for both database searches were collated into a table and colour coded 

according to whether or not the expectation value was above or below 1 x 10-5, resulting in a 

simplified and unbiased representation of all the data together. The NCBInr database is not as 

highly curated as the Swissprot database, so more likely for NCBInr many hits are frequently 

generated for a single query, and a single protein hit often consists of a list of proteins rather than 

a single protein (as for Swissprot) representing matches to, for example, different isoforms, partial 

sequences or subunits of the same protein. In Mascot MS data reports, proteins that match the 

same set or a sub-set of mass values are grouped into a single hit (listed in order of decreasing 

scores and expect values). For our MS data, the top scoring protein in the list for each hit was 
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transferred into the table. However, if a protein was unnamed, then the next named protein in 

the list for that hit was also transferred (if there was one). In Mascot MS/MS data reports, 

proteins matching the same set of peptides (therefore having the same score and expect values) 

are grouped as hits, so in this instance, the first protein in the list for each hit was transferred into 

the table, and if that protein was unnamed, then the next named protein in the list for that hit 

was also transferred (if there was one). A second protein in a list for an MS/MS hit was sometimes 

transferred too if its name made more sense relating to the names of corresponding MS hits for 

example VDAC2 was transferred as well as porin for spot 637. Colour coding was as follows. For 

the MS data, matches with an expect value <1 x 10-5 were colour coded green (strong match), and 

matches with an expect value >1 x 10-5 were 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 cut-off (which gives a p value <0.05) as well as having a strong expect value <1 x 

10-5, 2. two or more of the five peptides passed the score cut-off (which gives a p value <0.05) but 

had weaker expect values (>1 x 10-5), 3. just one of the five peptides passed the score cut-off 

(which gives a p value <0.05) with a weak expect value (>1 x 10-5) but accompanied by another 

one or more of the five peptides having (a) score (s) near to the score cut-off and weak expect 

value(s) (>1 x 10-5). An orange colour for the MS/MS data indicated a weaker match, and this was 

for when just a single peptide passed the score cut-off (which gives a p value <0.05) with a weak 

expect value (>1 x 10-5). The data in the table was then arranged together for the duplicate spots, 

then they were divided 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 identification in both 

databases, with more weighting given to MS/MS hits because MS/MS matches actual peptide 

sequences rather than masses. 
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4.2  Results ς neuroblastoma cell lines 

4.2.1 Characterisation of the neuroblastoma cell lines 

4.2.1.1 Observed appearance and growth characteristics of the neuroblastoma cell lines 

Representative images of each of the eight cell lines (4.1.2.1) used in these studies are shown in 

Figure 30, viewed on a phase contrast light microscope (4.1.3). Described below are observations 

of cell size, morphology and growth whilst continuously culturing in the laboratory (4.1.2.2).   

All the UKF-NB-3 cell lines have projections and grow in monolayers. The UKF-NB-3 parentals are 

small and grow in clusters, and the UKF-NB-3rOXALI2000 look very similar except when they die 

they merge together, and they die quite rapidly at a lower confluency than the other cell lines. 

The UKF-NB-3rCDDP1000 cells are the largest of the UKF-NB-3 cell lines, growing uniquely in fan-

shaped clusters. The UKF-NB-3rCARBO2000 cells are smaller cells (compared to the UKF-NB-3 

parentals and UKF-NB-3rOXALI2000 cells) which grow more individually than as clusters, with a 

minimal number of larger cells too; interestingly these larger UKF-NB-3rCARBO2000 cells reduce in 

number over time compared to those with the smaller morphology. The UKF-NB-3 parentals, UKF-

NB-3rCDDP1000 and UKF-NB-3rOXALI2000 appear to be homogeneous populations compared to the 

UKF-NB-3rCARBO2000 cells.  The UKF-NB-3 parentals and UKF-NB-3rCDDP1000 cells grew the fastest, 

followed by the UKF-NB-3rCARBO2000 and UKF-NB-3rOXALI2000 cells. 

Compared to the UKF-NB-3 cell lines, the UKF-NB-6 cell lines have a more globular appearance. 

The UKF-NB-6 parentals and UKF-NB-6rCDDP2000 are the smaller cells and resemble each other the 

most regarding cell size and morphology; they send out many processes to neighbouring cells and 

grow in multilayers the more confluent they get, however the UKF-NB-6rCDDP2000 were more 

globular. The UKF-NB-6rCARBO2000 and UKF-NB-6rOXALI4000 grow not as much in multilayers with 

few processes. The UKF-NB-6rCARBO2000 cells appear to be the most heterogeneous of all the cell 

lines, and (closely followed by the UKF-NB-6rOXALI4000 cells) the hardest to trypsinise from the 

flask surface (particularly the distinctive larger flat cells in the cell population), and overall they 

are extremely pale and rounder in appearance. The UKF-NB-6rOXALI4000 is the fastest growing of 

the UKF-NB-6 cell lines, with a larger and rounder morphology and are also pale, with a 

cobblestone growth pattern. The UKF-NB-6rCARBO2000 do not grow as fast as the UKF-NB-

6rOXALI4000 cells, and the UKF-NB-6 parentals and UKF-NB-6rCDDP2000 grow the slowest.  

For one experiment (see 4.1.6), all the resistant sub-lines were also grown for three months 

without drug, and the only observed differences between the cells cultured with and without drug 

were that the UKF-NB-3rCDDP1000 cells grew quicker without compared to with cisplatin, and that  
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the UKF-NB-6rCDDP2000 cells cultured without cisplatin appeared less globular and looked flatter in 

morphology over time compared to those cultured with cisplatin. 

 

 

Figure 30. Images showing representative morphology of each of the eight neuroblastoma cell lines (images 
taken at x200 magnification, size bars represent 100 ˃m).  
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4.2.1.2 Real-time growth curves in the presence and absence of drugs 

Growth curves were generated for all four UKF-NB-3 cell lines and the four UKF-NB-6 cell lines 

(4.1.2.1), using impedence based technology on the Roche xCELLigence system (4.1.4.1), in order 

to study their growth characteristics and to generate growth doubling times. For the resistant 

sub-lines, growth curves were generated in the presence of drug (at continuous culture 

concentrations), and in order to investigate the effects of removal of drug on their growth, curves 

were also set up with drug excluded from their media. A total of three biological repeats of 

duplicate growth curves were generated for each set of four cell lines (4.1.4.2). Figure 31 shows 

the growth curves for each of the UKF-NB-3 and UKF-NB6 cell lines (one representative biological 

repeat shown as an example, data not shown for the other two repeats), and Figure 32 shows bar 

charts of doubling times (4.1.4.3) (means of all three biological repeats).  

For both the UKF-NB-3 and UKF-NB-6 sets of cell lines, the growth and death profiles of the curves 

for each drug resistant cell line all looked different compared to both that of the corresponding 

parental cell line (from which they were originally derived), and also compared to each other 

within the sets (Figure 31). This phenomenon was also demonstrated by the subsequently 

calculated mean doubling times in Figure 32. 

For the UKF-NB-3 cell lines, focussing on doubling times (Figure 32) for cell lines cultured with and 

without drug, the fastest growing were the UKF-NB-3rCDDP1000 cells (22.2 and 19.1 hours 

respectively), followed by the UKF-NB-3 parentals (32.3 hours) then the UKF-NB-3rCARBO2000 (36.0 

and 35.5 hours respectively)  and UKF-NB-3rOXALI2000 cells (38.7 and 35.7 hours respectively).  For 

the UKF-NB-6 cell lines the fastest growing were the UKF-NB-6rOXALI4000 cells (19.4 and 18.1 hours 

respectively) and the UKF-NB-6rCARBO2000 cells (22.4 and 21.7 hours respectively), followed by the 

UKF-NB-6 parentals (27.4 hours) and UKF-NB-6rCDDP2000 (32.0 and 27.3 hours respectively). 

Overall, the results generally reflected the growth observations of all the cell lines during 

continuous culture, as described in 4.2.1.1. It was interesting to note that the UKF-NB-6rCARBO2000 

and UKF-NB-6rOXALI4000 cells were the most difficult to trypsinise from the surface of flasks 

(4.2.1.1), and in these experiments they always had the highest impedence (Cell Index (CI)) 

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 was also demonstrated how the resistant sub-lines with drug removed still grew, on the whole, 

in parallel to when grown with drug, therefore the presence of drug is not essential for their 

viability and growth. However the resistant sub-lines all had marginally smaller mean doubling 

times than with drug present Figure 32. The actual percentage decreases of these mean doubling 

times are displayed below in Table 12, and interestingly it can be seen that the numbers are 

similar for the same drug resistant subline derived from each patient. The biggest mean doubling 
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time differences were between the cisplatin resistant sub-lines with and without drug (14.1 to 

14.7 %), followed by the oxaliplatin resistant sub-lines with and without drug (6.5 to 7.8 %), and 

lastly, with minimal difference, the carboplatin resistant sub-lines with and without drug (1.4 to 

3.3 %). In the laboratory, during routine continuous culture of the resistant sub-lines without 

drug, differences were only obvious for the cisplatin resistant sub-lines (see 4.2.1.1).  

 

UKF-NB-3 cell line 
% decrease in doubling 
time  (no drug/+ drug) 

UKF-NB-6 cell line 
% decrease in doubling 
time (no drug/+ drug) 

UKF-NB-3rCDDP1000 14.1 UKF-NB-6rCDDP2000 14.7 

UKF-NB-3rCARBO2000 1.4 UKF-NB-6rCARBO2000 3.3 

UKF-NB-3rOXALI2000 7.8 UKF-NB-6rOXALI4000 6.5 

 

Table 12. The % decrease in mean doubling times (from Figure 32) of the drug resistant sub-lines grown 
with no drug compared to when grown with their corresponding drug.  
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A. 

 

 

B.  

 

 

Figure 31. Representative growth curves generated using impedence technology (Roche xCelligence system) 
for the panels of  UKF-NB-3 cell lines (A) and UKF-NB-6 cell lines (B). The drug resistant sub-lines were  
grown both in the presence and absence of drug (4.1.4). Data are the mean of duplicate curves and error 
bars represent standard deviation. This data set represents one of three biological repeats (other two not 
shown).     
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Figure 32. Mean doubling times (calculated as in 4.1.4.3) of three biological repeats of the growth curves (one of which is represented in Figure 31) generated using impedence 
technology (Roche xCelligence system) for the panels of UKF-NB-3 cell lines (A) and UKF-NB-6 cell lines (B). The drug resistant sub-lines were grown both in the presence and absence of 
drug (4.1.4). Error bars represent standard deviation. 
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4.2.1.3 Drug sensitivity profiles 

The panels of UKF-NB-3 and UKF-NB-6 cell lines (4.1.2.1) were all tested by MTT assay (4.1.5) to 

generate five biological repeats of dose responses for each of the platinum drugs cisplatin, 

carboplatin, and oxaliplatin (4.1.6).  The aim was to both assess the sensitivity of each cell line to 

each drug and to determine if there was any platinum drug cross-resistance. Cross-resistance 

means that even though the cancer cells have been cultured in the presence of one drug to which 

they have established resistance, they also demonstrate resistance to drugs to which they have 

never been exposed.  Table 13 and Table 14 show the mean IC50 and mean fold difference data for 

the UKF-NB-3 cells and UKF-NB-6 cells respectively. Fold difference values were calculated for the 

drug resistant sub-lines only, by dividing the IC50s by the corresponding drug IC50 of the parental 

cell line. Figure 33 shows these data plotted for the UKF-NB-3 cells and Figure 34 for the UKF-NB-6 

cells. 

Regarding Figure 33A and Figure 34A, sensitivity to each of the three platinum drugs was 

demonstrated for both the UKF-NB-3 and UKF-NB-6 parental cell lines, which have never been 

exposed to these drugs. Additionally, all drug-resistant sub-lines displayed substantially increased 

IC50 values to the drugs they had been adapted to. These data also clearly demonstrate a level of 

drug cross-resistance for the resistant UKF-NB-3 and UKF-NB-6 sub-lines, except for the UKF-NB-

3rOXALI2000 cells. 

Focussing more on the fold differences values plotted in Figure 33B and Figure 34B, and classing a 

fold change җ2.0 as resistant; both the UKF-NB-3rCDDP1000 and UKF-NB-6rCDDP2000 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). The UKF-NB-3rCARBO2000 and UKF-NB-6rCARBO2000 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 UKF-NB-3rOXALI2000 and UKF-NB-

6rOXALI4000 cell lines, both showed oxaliplatin resistance (4.7 and 5.1 fold respectively), and whilst 

the UKF-NB-3rOXALI2000 cells showed no cisplatin resistance (1.4 fold) and no carboplatin 

resistance (1.3 fold), the UKF-NB-6rOXALI4000 cells showed a level of cross-resistance to cisplatin 

(3.9 fold) and carboplatin (4.1 fold). These data show that out of the drugs cisplatin, carboplatin 

and oxaliplatin, there is a higher level of cross-resistance between the drugs cisplatin and 

carboplatin in our panels of neuroblastoma cell lines.   
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Table 13. Drug sensitivity profiling of the four UKF-NB-3 neuroblastoma cell lines with cisplatin, carboplatin 
and oxaliplatin by MTT assay: IC50 values and Fold differences. The table shows the mean IC50 values for 
each cell line for each drug and the mean fold differences of the IC50s of the resistant sub-lines with each 
drug divided by the IC50 values for the same drug with the parental cell line. Fold differences below 2.0 were 
classed as no resistance. Data are the mean of five biological repeats with standard deviation. 

 

 

Table 14. Drug sensitivity profiling of the four UKF-NB-6 neuroblastoma cell lines with cisplatin, carboplatin 
and oxaliplatin by MTT assay: IC50 values and Fold differences. The table shows IC50 values for each cell line 
for each drug and fold differences of the IC50s of the resistant sub-lines with each drug divided by the IC50 
values for the same drug with the parental cell line. Fold differences below 2.0 were classed as no 
resistance. Data are the mean of five biological repeats with standard deviation. 

 

Cell line Drug Mean STDEV Mean STDEV

UKF-NB-3 Parentals CDDP 511 142 - -

CARBO 2540 771 - -

OXALI 1060 480 - -

¦YCπb.πо /55tцххх CDDP 4129 1374 8.3 3.0

CARBO 15458 4620 6.3 2.2

OXALI 1059 609 1.0 0.4

¦YCπb.πо /!w.hчххх CDDP 5387 2112 10.6 3.8

CARBO 18973 8182 7.6 3.1

OXALI 1182 609 1.1 0.1

¦YCπb.πо h·![Lчххх CDDP 660 208 1.4 0.5

CARBO 3130 928 1.3 0.4

OXALI 4669 1709 4.7 1.6

IC50 (nM) Fold difference

Cell line Drug Mean STDEV Mean STDEV

UKF-NB-6 Parentals CDDP 556 271 - -

CARBO 3275 1590 - -

OXALI 3704 1333 - -

¦YCπb.πс /55tчххх CDDP 9634 3579 19.9 8.5

CARBO 29123 11157 9.6 3.2

OXALI 8859 4500 2.4 0.6

¦YCπb.πс /!w.hчххх CDDP 6211 2122 12.9 5.7

CARBO 23829 6291 8.5 3.8

OXALI 14086 5958 4.1 1.7

¦YCπb.πс h·![Lщххх CDDP 2125 991 3.9 0.7

CARBO 12079 4445 4.0 1.3

OXALI 18033 6710 5.1 1.5

IC50 (nM) Fold difference
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Figure 33. Drug sensitivity profiling of the four UKF-NB-3 neuroblastoma cell lines with cisplatin, carboplatin 
and oxaliplatin using the MTT assay: IC50 values and Fold differences. A. IC50 values for each cell line for each 
drug. Letters on bars represent grouping from ANOVA one-way analysis with post-hoc Tukey test, using 
individual 95 % CIs for mean IC50 based on pooled STDEV: means that do not share a letter are significantly 
different.  B. The fold differences of the IC50s (as in A) of the resistant sub-lines with each drug divided by 
the IC50 values (as in A) for the same drug with the parental cell line. For both A and B, data are the mean of 
five biological repeats; error bars represent standard deviation.  
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Figure 34. Drug sensitivity profiling of the four UKF-NB-6 neuroblastoma cell lines with cisplatin, carboplatin 
and oxaliplatin using the MTT assay: IC50 values and Fold differences. A. IC50 values for each cell line for each 
drug. Letters on bars represent grouping from ANOVA one-way analysis with post-hoc Tukey test, using 
individual 95 % CIs for mean IC50 based on pooled STDEV: means that do not share a letter are significantly 
different.   B. The fold differences of the IC50s (as in A) of the resistant sub-lines with each drug divided by 
the IC50 values (as in A) for the same drug with the parental 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 

To investigate the stability of the resistance phenotype of the UKF-NB-3 and UKF-NB-6 platinum 

drug resistant sub-lines in the absence of drug, they were cultured both with and without drug for 

three months. The parental cell lines were also cultivated alongside them. IC50 values were 

determined monthly for each drug with each cell line (4.1.6). Data for UKF-NB-3 and UKF-NB-6 cell 

lines were plotted separately in Figure 35 and Figure 36 respectively. These figures show time 

plots for IC50 values from all cell lines for cisplatin (A), carboplatin (B), and oxaliplatin (C), and 

additionally the fold differences (IC50 values for the cell lines cultured without drug divided by the 

corresponding IC50 values for the same cell lines cultured with drug) for cisplatin (D), carboplatin 

(E) and oxaliplatin (F).  

A degree of variability in the MTT assay can be observed in the IC50 plots A, B and C for the UKF-

NB-3 cell lines, but generally over the 3 months the IC50 values are stable.  Regarding the fold 

differences in D, E and F, there is a decreasing trend for the UKF-NB-3rCDDP1000 and UKF-NB-

3rOXALI2000 cell lines for each of the three platinum drugs, which could be translated as loss in 

drug resistance and cross resistance. However, the fold differences do not drop far below 1, thus 

giving no strong suggestion of a loss of resistance or cross-resistance of any cell line.  Overall, the 

fold differences for Figure 35D, 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 corresponding IC50 values plotted in 

the corresponding IC50 plots.  Assay variability was observed more so in the UKF-NB-6 IC50 plots in 

Figure 36A, B and C.  However, the IC50 values for each cell line cultured without drug generally 

trend with the IC50 values for the corresponding cell line cultured with drug (Figure 36A, B and C).  

Therefore the fold differences plots (Figure 36D, E and F) all trended around the values of 1, 

suggesting no loss of resistance. A downward trend and the lowest fold difference (0.54) at month 

3 was observed for the UKF-NB-6rCDDP2000 cell line versus cisplatin in Figure 36D, however on 

referring to the cisplatin IC50 plot Figure 36A, this can be explained by a variable increase in IC50 of 

the UKF-NB-6rCDDP2000 cell line + CDDP cell line versus cisplatin at the 3 month time point. 

Overall, the fold differences for Figure 36 plots D, E and F ranged from 0.54 to 1.43.  

Taking into account variability of the MTT assay, there was no strong evidence that there was a 

loss of resistance for any of the UKF-NB-3 or UKF-NB-6 drug resistant sub-lines over three months 

of being cultured without drug. Hence resistance does not appear to be caused by the reversible 

enrichment of previously existing drug-resistant cell populations, but more likely that an 

irreversible genomic change occurred. .
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Figure 35.  Assessment of culturing 
UKF-NB-3 drug resistant cell lines 
with and without drug for three 
months. Each month, by MTT 
assay, one biological repeat of IC50 
values were generated for each 
cell line with each of the platinum 
drugs cisplatin, carboplatin, and 
oxaliplatin. Line graphs of the 
actual IC50 values for all cell lines 
are plotted over time for cisplatin 
(A), carboplatin (B), and oxaliplatin 
(C). Line graphs of the IC50 values 
for the cell lines cultured without 
drug expressed as a fold 
difference over the corresponding 
IC50 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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Figure 36. Assessment of culturing 
UKF-NB-6 drug resistant cell lines 
with and without drug for three 
months. Each month, by MTT 
assay, one biological repeat of IC50 
values were generated for each 
cell line with each of the platinum 
drugs cisplatin, carboplatin, and 
oxaliplatin. Line graphs of the 
actual IC50 values for all cell lines 
are plotted over time for cisplatin 
(A), carboplatin (B), and 
oxaliplatin (C). Line graphs of the 
IC50 values for the cell lines 
cultured without drug expressed 
as a fold difference over the 
corresponding IC50 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. 



 
Page | 158  

 

4.2.2 Proteomics 

4.2.2.1 Overview 

Proteomics is the large-scale 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 the acute and adaption effects of 

cisplatin on the neuroblastoma proteome (4.1.7) using the UKF-NB-3 parental and UKF-NB-

3rCDDP1000 cell lines, and the UKF-NB-6 parental and UKF-NB-6rCDDP2000 cell lines. Regarding the 

toxicity of cisplatin in these cells and the levels of resistance of the sub-lines, the UKF-NB-3 

parental and UKF-NB-3rCDDP1000 cell lines have mean (n=5) cisplatin IC50 values of 511 and 4129 

nM respectively, with a mean (n=5) fold difference of 8.3; the UKF-NB-3rCDDP1000 cell line is 

maintained in continuous culture with cisplatin at 3333 nM (1000 ng/mL) in the medium. The 

UKF-NB-6 parental and UKF-NB-6rCDDP2000 cell lines have mean (n=5) cisplatin IC50 values of 556 

and 9634 nM respectively, with a mean (n=5) fold difference of 19.9; the UKF-NB-6rCDDP2000 cell 

line is maintained in continuous culture with cisplatin at 6666 nM (2000 ng/mL) in the medium 

(refer to both 4.2.1.3 and 4.1.2.2). Using the MTT assay (4.1.5), time kinetics of response to 

cisplatin were generated (courtesy of Joanna Bird) for UKF-NB-3 parental and UKF-NB-3rCDDP1000 

cell lines (1000 ng/mL cisplatin), and the UKF-NB-6 parental and UKF-NB-6rCDDP2000 (2000 ng/mL 

cisplatin) (Figure 37). For this, to simulate the proteomics study (see below), cell lines were grown 

for 120 hours (at which point MTT reagent was added) with no drug to 60-90 % confluency, and 

drug was added individually for 2, 8, 24 or 48 hour timepoints prior to adding MTT reagent. 

Two studies were set up, one using the UKF-NB-3 parental and UKF-NB-3rCDDP1000 cell lines, and 

the other using the UKF-NB-6 parental and UKF-NB-6rCDDP2000 cell lines.  For each study a total of 

three separate drug addition time course experiments were carried out, except for the UKF-NB-3 

parental and UKF-NB-3rCDDP1000 2 hour drug addition timepoints only, for which there were two 

(4.1.7.1). The time course experiments were named 3rd, 5th and 4th runs for the UKF-NB-3 studies, 

and n1, n2 and n3 for the UKF-NB-6 study. Cell lines were grown for 120 hours with no drug to 60-

90 % confluency. Cisplatin (using the 1 mg/mL stocks prepared as described in 4.1.1) was added at 

concentrations of 1000ng/mL for the UKF-NB-3 cells and 2000 ng/mL for the UKF-NB-6 cells at 24, 

8, and 2 hours prior to harvesting, but no drug was added to control cells (0 hours); note that for 

the UKF-NB-3 n1 (3rd run) study, there was no 2 hour drug addition time point. Cells were lysed 

(4.1.7.2), protein content was determined (4.1.7.3), and samples analysed by 2D gel 

electrophoresis (4.1.7.4). The resulting gels were scanned and images were analysed using 

Progenesis Samespots software (4.1.7.5), with experiments set up within the software that   
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Figure 37. Time kinetics of response to cisplatin for A. UKF-NB-3 parental and UKF-NB-3
r
CDDP

1000
 cell lines 

after treatment with 1000 ng/mL cisplatin, and B. UKF-NB-6 parental and UKF-NB-6
r
CDDP

2000
 cell lines after 

treatment with 2000 ng/mL cisplatin. The data for these curves was generated by MTT assay (4.1.5). UKF-
NB-3 parental and UKF-NB-3

r
CDDP

1000
 lines were seeded at 3000 cells/well and UKF-NB-6 parental and UKF-

NB-6
r
CDDP

2000
 were seeded at 4000 cells/well in 96 well plates in 100 µL/well media in MTT assay, and 

grown for 120 hours with no drug to 60-90 % confluency and then MTT reagent was added. Cells were 
treated with cisplatin for 2, 8, 24 and or 48 hours and cell viability was determined relative to untreated 
control. Data are the mean of three biological repeats; error bars represent standard deviation. This data is 
courtesy of Joanna Bird. Our studies investigating the acute effects of cisplatin treatment in the same cell 
lines (4.2.2.4) were carried out over 24 hours. 
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compared the sets of gels from the different drug addition time points as follows (vs = versus, 

CDDPr = cisplatin resistant): 

 

Identification of changes associated with cisplatin acquired resistance; 

Non-treated parental lines vs respective non-treated cisplatin resistant sub-lines 

Parentals 0 hour control vs CDDPr 0 hour control  

 

Identification of acute cisplatin effects in the parental cell lines and the cisplatin resistant cells; 

Non-treated parental cell lines vs parental cell line after 2, 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 

Non-treated cisplatin resistant sub-lines vs cisplatin resistant sub-lines 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 archived Progenesis Samespots files for the UKF-NB-3 and UKF-NB-6 studies refer to the disc 

provided. Note that for the UKF-NB-о ǎǘǳŘȅΣ ǿŜ ǎŜƭŜŎǘŜŘ ǘƘŜ ƎŜƭ ƴŀƳŜŘ Ψлнлумо п рth run NB3 Par 

л ƘǊ тостл сллŘǇƛмΩ ŀǎ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ƎŜƭΣ ŀƴŘ ǘƘŜ ǎƻŦǘǿŀǊŜ ǎŜƭŜŎǘŜŘ ǘƘŜ ƎŜƭ ƴŀƳŜŘ Ψлнлумо у рth 

Ǌǳƴ b.оǊ /55t лƘǊ тостр сллŘǇƛлΩ ŦƻǊ ƴƻǊƳŀƭƛǎŀǘƛƻƴΦ CƻǊ ǘƘŜ ¦YC-NB-6 study, we selected the gel 

ƴŀƳŜŘ Ψƴм b.сǇŀǊлƘψлнлтмоψтосуо-сллΩ ŀǎ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ƎŜƭΣ ŀƴŘ ǘƘŜ ǎƻŦǘǿŀǊŜ ǎŜƭŜŎǘŜŘ ǘƘŜ ƎŜƭ 

ƴŀƳŜŘ Ψƴн b.сǊŎƛǎлƘƘψлфлтмоψтофомψсллŘǇƛΩ ŦƻǊ ƴƻǊƳŀƭƛǎŀǘƛƻƴ. 

The criteria for selection of spots from the above comparisons were, using the average 

normalised spot volumes for one spot in each condition, that the ANOVA p-value was <0.05, and 

that the Fold increase value (the highest mean normalised spot volume/lowest mean spot 

volume) was җмΦр όto 1 decimal place), and that the spot had reliable alignment and appearance 

on each gel (4.1.7.5).   

4.2.2.2 Summary of all identified proteins 

48 spots (out of 574 per gel) indicated differences in protein levels for at least one comparison in 

the UKF-NB-3 cell lines and 32 spots (out of 675 per gel) indicated differences in protein levels for 

at least one comparison in the UKF-NB-6 cell lines. These spots were excised (4.1.7.6.1) from two 

different gels and then tryptically digested and extracted from the gel pieces (4.1.7.6.2). Each 

protein sample was subjected to the mass spectroscopy analytical methods MALDI-TOF MS (to 
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generate Protein mass fingerprints (PMF)) and MALDI-TOF-TOF MS/MS (to generate peptide 

fragment fingerprints (PFF)) (4.1.7.7). Protein identity was determined based on the resulting MS 

and MS/MS fingerprints which were searched against the human protein SwissProt database 

(http://www.uniprot.org/ ) (version 2014_01, and version 2014_03 for repeats), and 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 detail 

in 4.1.7.7.4, and the resulting tables can be seen in Appendix I and J. 

Of the 48 spots excised from the UKF-NB-3 study, 11 of these were recut from other gels and 

analysed again due to unsure identifications for which a re-cut could possibly help to achieve a 

definite identification, for 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 UKF-NB-6 study, 8 of these were recut from other gels 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 numbers for the 20 UKF-NB-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 shown in Appendix M and Appendix N respectively. The original 2D SDS-

PAGE (4.1.7.4.4) gel positions of these identified spots are shown for the UKF-NB-3 study in Figure 

38 and for the UKF-NB-6 study in Figure 39 (on the pre-mentioned 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 UKF-NB-3 
study (4.1.7) that were 
excised and  had definite 
identifications using mass 
spectroscopy methods and 
MASCOT searches of the the 
human protein Swiss-Prot and 
NCBInr databases. The gel 
shown is the selected 
reference gel Ψлнлумо п р

th
 

run NB3 Par 0 hr 73670 
сллŘǇƛмΩΦ                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
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Figure 39. A 2D gel 
electrophoresis image 
showing the spot positions of 
the 14 proteins (pH 3-10) 
resulting from the UKF-NB-6 
study (4.1.7) that were 
excised and  had definite 
identifications using mass 
spectroscopy methods and 
MASCOT searches of the the 
human protein Swiss-Prot and 
NCBInr databases. The gel 
shown is the selected 
reference gel Ψƴм 

NB6par0h_020713_73683-
сллΩΦ                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
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Table 15 and Table 16 are summary results tables for the twenty UKF-NB-3 and fourteen UKF-NB-

6 identified proteins respectively. In these tables the spots are listed alongside their identified 

protein names, and with their Uniprot KB accession number and Uniprot KB name taken from the 

UNiprot knowledge base (http://www.uniprot.org/ ). The mature length of the proteins were also 

taken from Uniprot, and their theoretical average molecular weight (Mr) and theoretical 

isoelectric points were calculated from the mature length protein using the Compute pI/MW 

option. The gel positions of the identified proteins (Figure 38 and Figure 39) coincide with their 

expected positions with regard to their calculated molecular weights and pI values (Table 15 and 

Table 16). Minor variations were most likely due to post-translational modifications such as 

glycosylation, phosphorylation, and deamidation (Halligan, Ruotti et al. 2004).  In Table 15 and 

Table 16 the mean normalised spot volumes for each set of gels are categorised into the highest 

or lowest for each comparison (see Appendix M and Appendix N for the individual and mean 

normalised spot volumes). This information, along with the ANOVA (p) and Fold increase (the 

highest mean normalised spot volume for the comparison expressed over the lowest mean 

normalised spot volume) originate from the Progenesis Samespots analysis. We have also 

expressed the mean spot volumes as a fold change ratio over the parental control cell lines (Par 

0hr) for both the acquired cisplatin resistance study and the acute effects of cisplatin study in the 

parental cells, and then over the drug resistant control cell lines (CDDPr 0hr) for the acute effects 

of cisplatin study in the cisplatin resistant sub-lines. We shall focus on these fold change ratios 

rather than the fold increase values, Fold change ratios below 1.0 signified downregulation and 

above 1.0 upregulation of protein expression. Summarised roles were put together using  

Appendix O and Appendix P, where the main roles and matched Gene Ontology (GO) molecular 

function, biological process and cellular component terms (excluding those inferred by electronic 

annotation) are tabulated; all of this information was taken from UniProt Knowledge base 

(http://www.uniprot.org/ ).  
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Table 15 The twenty identified UKF-NB-3 excised spots and their results for each comparison experiment in decreasing order of fold increase.  For legend refer to Table 16 legend. 

Spot # Protein name Gene
UniprotKB  

accession #

UniprotKB           

name

Mature length 

(total length)

Average 

Mr th 

(Kda)

PI th

Highest 

mean 

normalised 

spot volume

Lowest mean 

normalised 

spot volume

Anova (p)

Fold  increase                 

(highest mean 

normalised spot 

volume/lowest mean 

spot volume)

Fold change ratio                        

of mean normalised            

spot volumeas 

ŜȄǇǊŜǎǎŜŘ κ ΧΦ

Summarised role

Acquired cisplatin resistance Χ tŀǊ лƘǊ

749 Peroxiredoxin-2 PRDX2 P32119  PRDX2_HUMAN 2-198 (198) 21.8 5.67  Par  0hr CDDPr 0hr 0.00847 2.04 0.49 Redox regulation, growth factor signalling, negative regulator 

of apoptosis

1369 Phosphatidylethanolamine-binding 

protein 1 / Neuropolypeptide h3

PEBP1 P30086  PEBP1_HUMAN 2-187 (187) 20.9 7.43  Par  0hr CDDPr 0hr 0.02023 1.85 0.54 Enzyme inhibitor, neuronal function, promotes apoptosis, 

immune reponse

792 Stathmin STMN1 P16949  STMN1_HUMAN 2-149 (149) 17.2 5.76  Par  0hr CDDPr 0hr 0.04705 1.73 0.58 Microtubule regulation, signal transduction

978 Dihydropyrimidinase-related protein 5 

/Collapsin response mediator protein-5

DPYSL5 Q9BPU6  DPYL5_HUMAN 1-564 (564) 61.4 6.73  Par  0hr CDDPr 0hr 0.00170 1.71 0.58 Neuronal system development

635 S-formylglutathione hydrolase /Esterase 

D

ESD P10768 ESTD_HUMAN 2-282 (282) 31.3 6.58  Par  0hr CDDPr 0hr 0.03761 1.67 0.60 Detoxification of formaldehyde

709 Heat shock protein beta-1 /heat shock 

protein 27

HSPB1 P04792 HSPB1_HUMAN 1-205 (205) 22.8 5.98  CDDPr 0hr Par  0hr 0.00525 2.72 2.72 Chaperone, stress resistance and  actin organisation, immune 

response, negative regulator of apoptosis

1659 Heat shock protein beta-1 /heat shock 

protein 27

HSPB1 P04792 HSPB1_HUMAN 1-205 (205) 22.8 5.98  CDDPr 0hr Par  0hr 0.01586 2.24 2.24 Chaperone, stress resistance and  actin organisation, immune 

response, negative regulator of apoptosis

1719 Lactate dehydrogenase, A chain * LDHA P00338  LDHA_HUMAN 2-332 (332) 36.6 8.46  CDDPr  0hr Par  0hr 0.01305 2.07 2.07 Carbohydrate metabolism

1276 Nucleophosmin ** NPM1 P06748 NPM_HUMAN 1-294 (294) 32.6 4.64  CDDPr  0hr Par  0hr 0.01315 2.09 2.09 Chaperone, ribosome biogenesis, cell proliferation, DNA 

repair, tumour suppressor regulation,  negative regulator of 

apoptosis

1571 Eukaryotic initiation factor 4A-

III/Translation initiation factor

EIF4A3 P38919 IF4A3_HUMAN 1-411 (411) 46.9 6.30  CDDPr  0hr Par  0hr 0.02673 1.93 1.93 Regulation of translation, mRNA metabolism, negative 

regulator of apoptosis

1583 Phosphoglycerate kinase 1 PGK1 P00558 PGK1_HUMAN 2-417 (417) 44.5 8.3 CDDPr  0hr Par  0hr 0.00045 1.72 1.72 Carbohydrate metabolism, DNA replication

901 60 kDa heat shock protein, mitochondrialHSPD1 P10809  CH60_HUMAN 27-573  (573) 58.0 5.24 CDDPr  0hr Par  0hr 0.03634 1.50 1.50 Chaperone, stress resistance, mitochondrial protein import, 

regulation of apoptosis, immune reponse

1121 D-3-phosphoglycerate dehydrogenase PHGDH O43175 SERA_HUMAN 2-533 (533) 56.5 6.31 CDDPr  0hr Par  0hr 0.02027 1.53 1.53 L-serine biosynthesis

Acute effects of cisplatin in cisplatin sensitive parental cells Χ  tŀǊ лƘǊ

1084 RuvB-like 2 RUVBL2 Q9Y230 RUVB2_HUMAN 2-463 (463) 51.0 5.49  Par   2hr Par  0hr 0.00357 1.67 1.67 Pos regulator of transcription; activation of cell proliferation, 

apoptosis, DNA repair and replication, negatively regulates 

expression of ER stress response genes (ERAD)

1276 Nucleophosmin ** NPM1 P06748 NPM_HUMAN 1-294 (294) 32.6 4.64  Par  8hr Par  0hr 0.02465 1.61 1.61 Chaperone, ribosome biogenesis, cell proliferation, DNA 

repair, tumour suppressor regulation,  negative regulator of 

apoptosis

449 ATP synthase subunit beta, mitochondrialATP5B P06576  ATPB_HUMAN 48-529 (529) 51.8 5.00  Par  24hr Par  0hr 0.02593 1.52 1.52 Cellular metabolism

Acute effects of cisplatin in corrresponding cisplatin resistant cells Χ /55tǊ лƘǊ

1576 26S protease regulatory subunit 8             

/Thyroid receptor interactor 

PSMC5 P62195 PRS8_HUMAN 2-406 (406) 45.5 7.27 CDDPr  2hr CDDPr  0hr 0.02232 1.58 1.58 Protein degradation

637 Voltage-dependent anion-selective 

channel protein 2

VDAC2 P45880 VDAC2_HUMAN 2-294 (294) 31.4 7.66  CDDPr  2hr CDDPr  0hr 0.03104 1.61 1.61 Anion transport across the mitochondrial outer membrane, role 

in apoptosis

1284 Guanine nucleotide-binding protein 

subunit beta-2-like 1

GNB2L1 P63244  GBLP_HUMAN 1-317 (317) 35.1 7.60  CDDPr  2hr CDDPr   0hr 0.04154 1.55 1.55 Cell signalling; repression of transcription and translation, 

protein turnover, protein transport, cell proliferation, 

promotes migration, promotes apoptosis

1252 26S protease regulatory subunit 10B 

/Proteasome subunit p42 

PSMC6 P62333 PRS10_HUMAN 1-389 (389) 44.2 7.09  CDDPr  2hr CDDPr  0hr 0.00522 1.54 1.54 Protein degradation

1002 Elongation factor 2 EEF2 P13639 EF2_HUMAN 2-858 (858) 95.2 6.42  CDDPr  0hr CDDPr   24hr 0.01506 2.41 0.41 Translation elongation

1719 Lactate dehydrogenase , A chain * LDHA P00338  LDHA_HUMAN 2-332 (332) 36.6 8.46  CDDPr  0hr CDDPr   24hr 0.03580 1.88 0.53 Carbohydrate metabolism
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Table 16. The fourteen identified UKF-NB-6 excised spots and their results for each comparison experiment in decreasing order of fold increase. This legend is extended on the next page.

Spot # Protein name Gene
UniprotKB  

accession #

UniprotKB                

name

Mature length 

(total length)

Average             

Mr th 

(Kda)

PI th

Highest 

mean 

normalised 

spot volume

Lowest mean 

normalised 

spot volume

Anova (p)

Fold increase                   

(highest mean 

normalised spot 

volume/lowest mean 

spot volume)

Fold change ratio                        

of mean normalised            

spot volumeas 

ŜȄǇǊŜǎǎŜŘ κ ΧΦ

Summarised role

Acquired cisplatin resistance Χ  tŀǊ лƘǊ

323 Dihydropyrimidinase-related protein 2DPYSL2 Q16555  DPYL2_HUMAN 1-152 (152) 62.3 5.95  Par  0hr CDDPr  0hr 0.00402 1.77 0.56 Neuronal system development, cytoskeleton remodelling for 

neuronal growth cone collapse and cell migration, endocytocis

722 Glutathione S-transferase P GSTP1 P09211  GSTP1_HUMAN 2-210 (210) 23.2 5.44  Par  0hr CDDPr  0hr 0.02040 1.72 0.58 Redox regulation, prevents neurodegeneration, negative 

regulator of apoptosis and proliferation

682 Proteasome subunit alpha type-6  

/Macropain subunit iota  *

PSMA6 P60900  PSA6_HUMAN 1-246 (246) 27.4 6.34 Par  0hr CDDPr  0hr 0.00383 1.55 0.64 Protein degradation

1652 Actin cytoplasmic 1 ACTB P60709  ACTB_HUMAN 1-375 (375) 41.7 5.29  Par  0hr CDDPr  0hr 0.01803 1.50 0.66 Cell motility and  cellular component organisation

679 Heat shock protein beta-1 /heat shock 

protein 27

HSPB1 P04792  HSPB1_HUMAN 1-205 (205) 22.8 5.98  CDDPr  0hr Par  0hr 0.00409 2.35 2.35 Chaperone, stress resistance and  actin organisation, immune 

response, negative regulator of apoptosis

779 Stathmin STMN1 P16949  STMN1_HUMAN 2-149 (149) 17.2 5.76  CDDPr  0hr Par  0hr 0.03179 2.24 2.24 Microtubule regulation, signal transduction

1403 Voltage-dependent anion-selective 

channel protein 2 (VDAC2)

VDAC2 P45880  VDAC2_HUMAN 2-294 (294) 31.4 7.66  CDDPr  0hr Par  0hr 0.00009 1.97 1.97 Anion transport across the mitochondrial outer membrane, role 

in apoptosis

1441 26S protease regulatory subunit 8 

/Thyroid receptor interactor  **

PSMC5 P62195  PRS8_HUMAN 2-406 (406) 45.5 7.27 CDDPr  0hr Par  0hr 0.01223 1.77 1.77 Protein degradation

1548 Pyruvate kinase (PKM)  *** PKM P14618  KPYM_HUMAN 2-531 (531) 57.8  7.95  CDDPr  0hr Par  0hr 0.02274 1.83 1.83 Carbohydrate metabolism, tumour cell proliferation and 

survival, role in caspase independent death of tumour cells

1539 Aconitate hydratase, mitochondrial ACO2 Q99798  ACON_HUMAN 28-780 (780) 85.4 7.36  CDDPr  0hr Par  0hr 0.00915 1.62 1.62 Carbohydrate metabolism

Acute effects of cisplatin in cisplatin sensitive parental cells Χ tŀǊ лƘǊ

163 Endoplasmin HSP90B1 P14625  ENPL_HUMAN 22-803 (803) 90.2 4.73  Par  0hr Par   2hr 0.04190 1.70 0.59 Chaperone; folding and transport of secreted proteins and Toll 

like receptors, ERAD, negative regulator of apoptosis

682 Proteasome subunit alpha type-6 

/Macropain subunit iota  *

PSMA6 P60900  PSA6_HUMAN 1-246 (246) 27.4 6.34 Par  0hr Par   2hr 0.02157 1.45 0.69 Protein degradation

950 Heat shock cognate 71 kDa protein HSPA8 P11142  HSP7C_HUMAN 2-646 (646) 70.8 5.37  Par  0hr 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  0hr 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  8 hr Par  0hr 0.00104 1.47 1.47 Carbohydrate metabolism, tumour cell proliferation and 

survival, role in caspase independent death of tumour cells

278 78 kDa glucose-regulated protein HSPA5 P11021  GRP78_HUMAN 19-654 (654) 70.5 5.01  Par  0hr Par   24hr 0.01090 1.52 0.66 Chaperone, negative regulator of apoptosis

Acute effects of cisplatin in corrresponding cisplatin resistant cells Χ /55tǊ лƘǊ

1548 Pyruvate kinase (PKM) *** PKM P14618  KPYM_HUMAN 2-531 (531) 57.8 7.95  CDDPr  0hr CDDPr 2hr 0.02496 1.86 0.54 Carbohydrate metabolism, tumour cell proliferation and 

survival, role in caspase independent death of tumour cells

1441 26S protease regulatory subunit 8 

/Thyroid receptor interactor  **

PSMC5 P62195  PRS8_HUMAN 2-406 (406) 45.5 7.27 CDDPr  0hr CDDPr  24hr 0.03220 1.45 0.69 Protein degradation
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Table 16 legend continued. Spot # corresponds to those on the 2D gels (Figure 38 and Figure 39). Gene, 
Uniprot KB accession # and name, mature length of protein, Average Mr th (theoretical molecular weight) 
and PI th (theoretical isoelectric point) were all taken from the Uniprot KB (knowledge base) 
(http://www.uniprot.org/). Highest mean and lowest mean normalised spot volumes (see mean normalised 
spot volumes in Appendix M and N) for that comparison with the associated ANOVA p-value (all < 0.05) and 
Fold increase (all җмΦр ǘƻ м ŘŜŎƛƳŀƭ ǇƭŀŎŜύ, are all taken from the Progenesis Samespots analysis. Mean 
normalised spot volumes were also expressed as a Fold change ratio over the parental cell lines (Par 0hr) for 
both the acquired cisplatin resistance study and the acute effects of cisplatin study in the parental cells, and 
then over the cisplatin resistant control cell lines (CDDPr 0hr) for the acute effects of cisplatin study in the 
cisplatin resistant sub-lines. Fold change ratio values below 1.0 signified downregulation and above 1.0 
upregulation of protein expression. Par = parental cell line, CDDPr = cisplatin resistant cell line, and hr 
values are the cisplatin addition timepoints (note no drug was added to 0 hr controls). Summarised roles 
have been constructed using Appendix O and P. Shaded in grey are proteins that appear in both the UKF-
NB-3 and UKF-NB-6 studies; Heat shock protein beta-1, stathmin, VDAC2, 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 twice in Table 15 and proteasome subunit 
alpha type-6 (*) and 26S protease regulatory subunit 8 (**) each appear twice and pyruvate kinase (PKM) 
(***) appears three times in Table 16. 
 

4.2.2.3 Investigation of changes associated with acquired cisplatin resistance 

This investigation was carried out by comparing the proteomes of the non-treated parental cells 

to the corresponding cisplatin resistant sub-lines.  

Regarding the UKF-NB-3 acquired cisplatin resistance study (top section of Table 15), there were 

12 proteins found differentially regulated; 5 proteins displayed decreased levels in the UKF-NB-

3rCDDP1000 cells relative to the UKF-NB-3 parental cells (peroxiredoxin-2, 

phosphatidylethanolamine-binding protein 1, stathmin, dihydropyrimidinase-related protein 5, 

and S-formylglutathione hydrolase), and 7 proteins displayed increased levels in the UKF-NB-

3rCDDP1000 cells relative to the UKF-NB-3 parental cells (heat shock protein beta-1, lactate 

dehydrogenase, nucleophosmin, eukaryotic initiation factor 4A III, phosphoglycerate kinase 1, 60 

kDa heat shock protein (mitochondrial), and D-3-phosphoglycerate dehydrogenase). As indicated 

by GO term analysis, the identified proteins are involved in many processes including chaperone 

activity, stress resistance, redox and detoxification, cell growth, apoptosis, DNA repair, protein 

turnover, carbohydrate metabolism, cytoskeletal organisation and neuronal function and 

development (Table 15 and Appendix O). Fold change ratio values below 1.0 signified 

downregulation and above 1.0 upregulation of protein expression, and we considered the largest 

changes in protein expression to be for proteins with a fold change ratio over the UKF-NB-3 

parental cells below 0.5 or above 2.0. The redox regulator peroxiredoxin-2 was downregulated 

with a fold change ratio of 0.49, whilst the chaperone heat shock protein beta-1, lactate 

dehydrogenase (A chain), which is a player in sugar metabolism, and the multifunctional protein 

nucleophosmin were all upregulated with fold change ratios of 2.72/2.24, 2.07 and 2.09 

respectively; note that in this study, heat shock protein beta-1 was identified as two spots 

appearing at different isoelectric points on the gel (Figure 38), which could be explained by 

differences in post-translational modifications.   
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Regarding the UKF-NB-6 acquired cisplatin resistance study (Table 16) there were 10 proteins that 

were found differentially regulated; 4 proteins displayed decreased levels in the UKF-NB-

6rCDDP2000 cells relative to the UKF-NB-6 parental cells (dihydropyrimidinase-related protein 2, 

glutathione S-transferase P, proteasome subunit alpha type-6, and actin cytoplasmic 1), and 6 

proteins displayed increased levels in the UKF-NB-6rCDDP2000 cells relative to the UKF-NB-6 

parental cells (heat shock protein beta-1, stathmin, voltage-dependent anion-selective channel 

protein 2 (VDAC2), 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 UKF-NB-3rCDDP1000 and UKF-NB-3 

parental cells, including chaperone activity, stress resistance, redox and detoxification, cell 

growth, apoptosis, DNA repair, protein turnover, carbohydrate metabolism, cytoskeletal 

organisation and neuronal function and development (Table 16 and Appendix P).  Regarding fold 

change ratios over the UKF-NB-3 parental cells falling below 0.5 or above 2.0, there were none 

below 0.5, but above 2.0 were heat shock protein beta-1 (also high in the UKF-NB-3 study), along 

with the microtubule system regulator stathmin, and the voltage-dependent anion-selective 

channel protein 2 (VDAC2), with fold change ratios of 2.3, 2.2 and 2.0 respectively. VDAC2 is 

involved in both anion transport across the outer mitochondrial membrane and apoptosis, and 

had the smallest ANOVA p-value. It appeared to be switched on in the UKF-NB-6rCDDP2000 cells 

compared to switched off in the UKF-NB-6 parental cells (see spot 1403 in Appendix L). 

At the individual protein level, heat shock protein beta-1 was found to be upregulated in both 

comparisons, UKF-NB-3rCDDP1000 cells vs UKF-NB-3 parental cells, and the UKF-NB-6rCDDP2000 cells 

vs UKF-NB-6 parental cells. Stathmin was also differentially regulated in both comparisons.  

However, stathmin was downregulated in the comparison UKF-NB-3rCDDP1000 cells vs UKF-NB-3 

parental cells and upregulated in the comparison UKF-NB-6rCDDP2000 cells vs UKF-NB-6 parental 

cells.  

Differences in up and downregulation were observed when we compared our results with those 

from two other proteomic investigations into cisplatin resistance using neuroblastoma cell lines; 

one that was published previous to our work (D'Aguanno, D'Alessandro et al. 2011), and a second 

that was published after (Piskareva, Harvey et al. 2015)Φ 5Ω!Ǝǳŀƴƴƻ Ŝǘ ŀƭ ŎŀǊǊƛŜŘ ƻǳǘ ŜȄǇǊŜǎǎƛƻƴ 

analysis in SH-SY5Y parental and corresponding cisplatin resistant neuroblastoma cells using, in 

parallel, 2D gel electrophoresis coupled to mass spectrometry and the more sophisticated label-

free nLC-MSE (nanoflow liquid chromatography mass spectroscopy). Piskareva et al used similar 

methodology (nLC-MS-MS), to generate protein expression data for three neuroblastoma cell 

lines (Kelly, CHP-212 and SK-N-AS cells) and their corresponding cisplatin resistant sub-lines. From 

these publications we took their results for all the 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-
NB-3 and UKF-NB-6 
studies (resistance 
only: Par 0hr vs CDDPr 
0hr from Table 15 and 
Table 16) 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. 

 

 

 

 

 

 

 

2D                 

electrophoresis
nLC-MSE

Spot # Protein name
UniprotKB  

accession #

Fold change ratio                     

UKF-NB-3rCDDP1000 / 

UKF-NB-3 Par   

Fold change ratio                           

UKF-NB-6rCDDP2000 / 

UKF-NB-6 Par              

Fold change ratio                                        

KellyCis83 / Kelly                         

Fold change ratio                                                            

CHP-212Cis100 /                                             

CHP-212 

Fold change ratio                                                                                

SK-N-ASCis24 /                                                     

SK-N-AS                            

Of the 6 cell lines,  the # that  

the protein is modulated in                                         

(# agreeing with us in terms of 

expression direction) 

749 Peroxiredoxin-2 P32119  0.49 none none none 0.57 none none 2 (2)

1369 Phosphatidylethanolamine-binding 

protein 1 / Neuropolypeptide h3

P30086  0.54 none none none none none none 1

792 Stathmin P16949  0.58 2.24 none highly represented in                   

SH-SY5Ywt 

0.61 none none 4 (3)

978 Dihydropyrimidinase-related protein 5 

/Collapsin response mediator protein-5

Q9BPU6  0.58 none none none none none none 1

635 S-formylglutathione hydrolase /Esterase 

D

P10768 0.60 none none none none none none 1

709 Heat shock protein 27/Heat shock 

protein beta-1

P04792 2.72 2.35 none none none 0.43 0.41 4 (2)

1659 Heat shock protein 27/Heat shock 

protein beta-1

P04792 2.24 2.35 none none none 0.43 0.41 4 (2)

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-

III/Translation initiation factor

P38919 1.93 none none none none none none 1

1583 Phosphoglycerate kinase 1 P00558 1.72 none none highly represented in                    

SH-SY5Ycp

1.48 none 0.47 4 (3)

901 60 kDa heat shock protein, 

mitochondrial

P10809  1.50 none none 3.70 none 1.75 none 3 (3)

1121 D-3-phosphoglycerate dehydrogenaseO43175 1.53 none none none none 0.55 none 2 (1)

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 

/Macropain subunit iota 

P60900 none 0.64 none none none none none 1

1652 Actin cytoplasmic 1 P60709 none 0.66 none none none none none 1

679 Heat shock protein beta-1 /heat shock 

protein 27

P04792 2.72                                                        

2.24

2.35 none none none 0.43 0.41 4 (2)

779 Stathmin P16949 0.58 2.24 none highly represented in                      

SH-SY5Ywt 

0.61 none none 4 (1)

1403 Voltage-dependent anion-selective 

channel protein 2 (VDAC2)

P45880 none 1.97 2.22 none none none none 2 (2)

1441 26S protease regulatory subunit 8 

/Thyroid receptor interactor

P62195 none 1.77 none none none none none 1

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)

UKF-NB-3 study

UKF-NB-6 study

Our studies                                                                                                                                                                                                                                        D'Aguanno et al (2011 ) Piskareva et al (2015)

2D                                                                                                                                                                                                                                                                                         

electrophoresis
nLC-MS-MS

Fold change ratio                                                                                      

SH-SY5Ycp / SH-SY5Ywt 
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Table 17 legend continued.  Fold change ratios were calculated by dividing the mean normalised spot 
volume of the cisplatin resistance subline over that of its parental line. Note that all the proteins presented 
in this table had a one way ANOVA p-value <0.05 and a fold increase (highest mean/lowest mean spot 
volumes) of җ1.5 to 1 decimal place for each comparison, excepǘ ŦƻǊ ǘƘŜ 5Ω!Ǝǳŀƴƴƻ н5 gel electrophoresis 
results, which used more stringent cut-offs, p value <0.02 and a fold increase (highest mean/lowest mean 
spot volumes) of җ2.0. Blue = proteins with higher expression in parentals cells, green = proteins with higher 
expression in corresponding cisplatin resistant sub-lines, grey = proteins appearing in both the UKF-NB-3 
and UKF-NB-6 studies. wŜŘ ǘŜȄǘ Ґ мн ǇǊƻǘŜƛƴǎ ǿƛǘƘ ŀ ǊŜǎǳƭǘ ƛƴ ŀǘ ƭŜŀǎǘ ƻƴŜ ƻŦ ǘƘŜ ŎŜƭƭ ƭƛƴŜǎ ƻŦ ǘƘŜ 5Ω!Ǝǳŀƴƴƻ  
et al or Piskareva et al studies.  

 

data, in Table 17, making a total of 6 neuroblastoma cell line, including our two.  It is important to 

note the major neuroblastoma-relevant difference between these cell lines; UKF-NB-3, UKF-NB-6, 

and Kelly are MYCN-amplified, and SH-SY5Y, CHP-212 and SK-N-AS are non-amplified (refer to 

2.1.2 and 2.1.3 for MYCN information). Since a limited amount of such studies has been 

performed so far, it is not really clear what level of overlap we would expect. 

Of our total of 20 modulated proteins in one or both of the UKF-NB-3 and UKF-NB-6 acquired 

cisplatin resistance studies, 8 (40 %) (in black text in Table 17) gave no result in any of the other 

neuroblastoma cell line comparisons. The remaining 12 (60 %) (in red text in Table 17) 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 %) (peroxiredoxin-2, nucleophosmin, the 

chaperone 60 kDa mitochondrial heat shock protein, and the voltage-dependent anion-selective 

channel protein 2 (VDAC-2)) 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 cell line comparisons. The 

remaining 8 out of these 12 proteins (67 %), including heat shock protein beta-1, were both up 

and downregulated.   

Focussing more on the results of ǘƘŜ ƛƴŘƛǾƛŘǳŀƭ ŎŜƭƭ ƭƛƴŜǎ ƛƴ ǘƘŜ 5Ω!Ǝǳŀƴƴƻ Ŝǘ al and Piskareva et al 

studies, there were 5/12 (42 %) UKF-NB-3 proteins (including stathmin) that were also modulated 

in the SH-SY5Y studies and all with the same direction of expression to our study, and there were 

3/10 (33 %) UKF-NB-6 proteins also modulated in the SH-SY5Y studies, two of which had the same 

direction of expression to our study whilst stathmin was different. There were 3/12 (25 %) UKF-

NB-3 proteins that were also modulated in the Kelly study and all with the same direction of 

expression, and there were 4/10 (40 %) UKF-NB-6 proteins that were also modulated in the Kelly 

study, one (stathmin) with the same direction of expression to our study. There were 3/12 (25 %) 

UKF-NB-3 proteins that were modulated in the CHP-212 study of which one had the same 

direction of expression to our study, and there were 2/10 (20 %) UKF-NB-6 proteins that were 

modulated in the CHP-212 study and both had different directions of expression to our studies. 

There were 3/12 (25 %) UKF-NB-3 proteins that were modulated in the SK-N-AS study and they 

had a different direction of expression to our study, which was also the case for the one (10 %) 

UKF-NB-6 protein. Regarding both the number of modulated proteins and direction of expression, 
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the SH-SY5Y study generated the most similar results to our UKF-NB-3 and UKF-NB-6 studies, and 

overall our UKF-NB-6 cell line was more different than our UKF-NB-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 cisplatin-resistant sub-lines were treated with cisplatin (UKF-NB-3 

parentals, UKF-NB-3rCDDP1000: 1000 ng/mL; UKF-NB-6 parentals, UKF-NB-6rCDDP2000: 2000 ng/mL) 

for 2, 8 or 24 hours and the cisplatin-mediated effects were determined by 2D gel-based 

proteomics. No drug was added to the 0hr time point (control cells) (4.1.7.1). The identified 

proteins are shown for the UKF-NB-3 studies in Table 15 and for the UKF-NB-6 studies in Table 16. 

In these tables, the main roles of these proteins were summarised using Appendix O and 

Appendix P, where their main roles and matched Gene Ontology (GO) molecular function, 

biological process and cellular component terms (excluding those inferred by electronic 

annotation) are tabulated; all of this information was taken from the UniProt Knowledge base 

(http://www. uniprot.org/).  The Progenesis Samespots data for these proteins are also shown for 

the UKF-NB-3 studies in Table 18 and Table 19, and for the UKF-NB-6 studies in Table 20 and Table 

21, but here the tables include the results for these proteins at all the other time points, even 

though at these time points the ANOVA p value was not <0.05, except for peroxiredoxin-4 at 2 

hours (Table 20) and the 26S protease regulatory subunit 8 at 8 hours (Table 21), and Fold 

increase values were not always above our cut off (җмΦр όǘƻ м ŘŜŎƛƳŀƭ ǇƭŀŎŜύ). Despite this, we 

used these extra time point data to get an overall idea of expression over 24 hours for each 

protein. We focussed on fold change ratios (quoted in parentheses in the following text). 

Cisplatin treatment resulted in the differential regulation of 3 proteins in the UKF-NB-3 parental 

cells (refer to Table 18). RuvB-like 2, a protein that plays a key role in DNA repair and metabolism 

(Table 15), displayed enhanced levels after 2 hours of incubation with cisplatin with a fold change 

ratio over the UKF-NB-3 parental cells at 0 hours of 1.67. This appears to be a short acting 

response because the fold change ratio decreases after 8hr (1.32) and then by 24 hours (1.16) it is 

nearly back to control cell levels. The multifunctional protein nucleophosmin (Table 15) (which 

was also identified in the UKF-NB-3 acquired resistance study as having elevated expression levels 

in the resistant compared to the parental cells (4.2.2.3 and Table 15)), was upregulated during the 

8 hours post addition of cisplatin with a fold change ratio over the UKF-NB-3 parental cells 0 hours 

of 1.61. Expression levels were also elevated after 2 hours (1.58), but by 24 hours (1.33) they had 

decreased, overall suggesting a longer acting response. ATP synthase subunit beta 

(mitochondrial), a cellular metabolism protein (Table 15), was upregulated during the 24 hours 

post addition of cisplatin with a fold change ratio over the UKF-NB-3 parental cells 0 hours of 1.52. 

It was also upregulated at the 2 hours (1.70) and 8 hours (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 UKF-NB-3rCDDP1000 

cells (refer to Table 19), 4 of which were upregulated during 2 hours post cisplatin addition; the 

26S protease regulatory subunit 8 and 26S protease regulatory subunit 10B, VDAC2 (which 

appeared as upregulated in resistant cells in the UKF-NB-6 acquired resistance study (4.2.2.3 and 

Table 16)) and the multifunctional protein guanine nucleotide-binding protein subunit beta-2-like 

1 with fold change ratios over the UKF-NB-3rCDDP1000 cells at 0 hours of 1.58, 1.54, 1.61 and 1.55 

respectively. 26S protease regulatory subunit 8 appeared to be downregulated by 8 hours (1.18) 

but then levels increased again at 24 hours (1.40), 26S protease regulatory subunit 10B was 

downregulated near to the control cell levels by 8 hours (1.07) and 24 hours (1.10) which suggests 

a short acting response, VDAC2 expression levels were also elevated at 8 hours (1.43) and 24 

hours (1.51) suggesting a long acting response, and guanine nucleotide-binding protein subunit 

beta-2-like 1 was also longer acting with upregulated expression at 8 hours (1.36) and 24 hours 

(1.36). These proteins all play a key role in protein degradation except for VDAC2, which is 

involved in both anion transport across the outer mitochondrial membrane and apoptosis (Table 

15). 24 hours post cisplatin addition we identified translational elongation factor 2 and lactate 

dehydrogenase (A chain), a protein involved in sugar metabolism (Table 15) (which appeared as 

upregulated in resistant cells in the UKF-NB-3 acquired resistance study (4.2.2.3 and Table 15)) 

that were downregulated with fold change ratios over the UKF-NB-3rCDDP1000 cells at 0 hours of 

0.41 and 0.53 respectively. Elongation factor 2 was not modulated at 2 hours (1.00), and at 8 

hours (0.78) expression had begun to downregulate, overall suggesting a slow starting response 

to cisplatin for this protein. A decrease in expression levels of lactate dehydrogenase (A chain) 

also appeared to be slow starting because of its higher expression levels at 2 hours (0.79) and 8 

hours (0.95). 

We observed mostly downregulation of expression levels of the identified proteins post addition 

of cisplatin to the UKF-NB-6 parental cells (refer to Table 20). Two proteins were identified post 2 

hours cisplatin addition; the chaperone endoplasmin and proteasome subunit alpha type-6 (which 

was identified as downregulated in resistant cells in the UKF-NB-6 acquired resistance study 

(4.2.2.3 and Table 16)), with fold change ratios over the UKF-NB-6 parental cells at 0 hours of 0.59 

and 0.69 respectively. At 8 hours (0.66) and 24 hours (0.77), endoplasmin expression began to 

increase again, but not back up to the levels of the UKF-NB-6 parental cells at 0 hours, therefore 

endoplasmin downregulation appears to be a long acting effect.  At 8 hours (0.85) and 24 hours 

(0.90), proteasome subunit alpha type-6 expression had increased nearly back up to the levels of 

the UKF-NB-6 parental cells at 0hr suggesting a short acting cisplatin effect. Also downregulated, 

but post 8 hours cisplatin addition, was the chaperone heat-shock cognate 71Kda protein, a 

repressor of transcription, and the redox regulator peroxiredoxin-4 (Table 16) with fold change 

ratios over the UKF-NB-6rCDDP2000 cells 0 hours of 0.62 and 0.68 respectively. Heat-shock cognate 

71Kda protein expression levels were slightly decreased after 2 hours (0.74), but by 24 hours 
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(0.85) expression had increased nearly back up to the levels of the UKF-NB-6 parental cells at 0 

hours so overall this suggested a short acting downregulatory effect. The response was similar 

regarding peroxiredoxin-4, protein expression levels were slightly decreased after 2 hours (0.73), 

but by 24 hours (0.92) expression had increased nearly back up to the levels of the UKF-NB-6 

parental cells at 0hr. Pyruvate kinase was also identified at this time point though, in contrast, 

with elevated expression and a fold change ratio over the UKF-NB-6 parental cells 0 hours of 1.47. 

The other time point data, 2 hours (1.03) and 24 hours (1.32), suggested that this response did 

not occur within the first 2 hours and was starting to decrease by 24 hours. Pyruvate kinase is 

involved in sugar metabolism and both tumour cell proliferation and death (Table 16) and also 

appeared as upregulated in resistant cells in the UKF-NB-6 acquired resistance study (4.2.2.3 and 

Table 16). Post 24 hours cisplatin addition we also observed downregulation of the ER chaperone 

and negative apoptotic regulator 78Kda glucose-regulated protein (Table 16) with a fold change 

ratio over the UKF-NB-6 parental cells at 0 hours of 0.66.  Regarding the time points prior to this, 2 

hours (0.79) and 8 hours (0.58), it appears that this protein was downregulated over the 24 hours 

and suggests a long acting effect.   

Two proteins were modulated post addition of cisplatin in the UKF-NB-6rCDDP2000 cells (refer to 

Table 21). Firstly, downregulated after 2 hours, was pyruvate kinase with a fold change ratio over 

the UKF-NB-6rCDDP2000 cells at 0 hours of 0.54. The fold change ratios at 8 hours (0.62) and 24 

hours (0.64) suggest that this downregulation was a long acting effect. This protein also appeared, 

but upregulated, in the UKF-NB-6 parental time course study (see above), and also as upregulated 

in resistant cells in the UKF-NB-6 acquired resistance study (4.2.2.3 and Table 16). Secondly, also 

downregulated but after 24 hours, was 26S protease regulatory subunit 8, with a fold change ratio 

over the UKF-NB-6rCDDP2000 cells at 0hr of 0.69. At 2 hours (0.64) and 8 hours (0.76) the 

expression was increasing again but levels remained low, suggestive of a long acting cisplatin 

effect. This protein was upregulated in the resistant cells in the UKF-NB-6 acquired resistance 

study (4.2.2.3 and Table 16), and also post 2 hours cisplatin addition in the UKF-NB-3rCDDP1000 

cells (see above). 

Overall, for the UKF-NB-3 parental time course, there were 3 proteins that were identified that 

did not appear in the UKF-NB-3rCDDP1000 cells time course, and also there were 5 proteins 

identified in the UKF-NB-6 parental time course (excluding pyruvate kinase) that did not appear in 

the UKF-NB-6rCDDP2000 time course. There were 6 proteins unique to the UKF-NB-3rCDDP1000 time 

course and one of these proteins, 26S protease regulatory subunit 8, was shared with the UKF-NB-

6rCDDP2000 time course. Pyruvate kinase is an overlapping protein in the UKF-NB-6 study, 

appearing in both UKF-NB-6 parental (elevated with a fold change ratio over the UKF-NB-

6rCDDP2000 cells 0 hours of 1.47) and UKF-NB-6rCDDP2000 (decreased with a fold change ratio over 

the UKF-NB-6rCDDP2000 cells 0 hours hr of 0.69) time courses.  
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Table 18. The acute effects in UKF-NB-3 parental cells after 2, 8 and 24 hours 1000 ng/mL cisplatin 
incubation. Spot # corresponds to those on the 2D gels (Figure 38). Highest mean and lowest mean 
normalised spot volumes for each comparison, with the associated ANOVA p-value and Fold increase, are 
all taken from the Progenesis Samespots analysis. Highlighted green are the time points where both the 
ANOVA p-value was <0.05 (red type)) and Fold increase was җ1.5 (red type); these data are included in 
Table 15. Mean normalised spot volumes were also expressed as a Fold change ratio over the parental cell 
lines (Par 0hr). Fold change ratio values below 1.0 signified downregulation and above 1.0 upregulation of 
protein expression. Par = parental cell line, CDDPr = cisplatin resistant cell line, and hr values are the 
cisplatin addition timepoints (note no drug was added to 0 hr controls).  

 

 

Table 19 The acute effects in UKF-NB-3
r
CDDP

1000 
cells after 2, 8 and 24 hours 1000 ng/mL cisplatin 

incubation. Spot # corresponds to those on the 2D gels (Figure 38) Highest mean and lowest mean 
normalised spot volumes for each comparison, with the associated ANOVA p-value and Fold increase, are 
all taken from the Progenesis Samespots analysis. Highlighted green are the time points where the both the 
ANOVA p-value was <0.05 (red type)) and Fold increase was җ1.5 to 1 decimal place (red type); these data 
are included in Table 15. Mean normalised spot volumes were also expressed as a Fold change ratio over 
the cisplatin resistant control cell lines (CDDPr 0hr). Fold change ratio values below 1.0 signified 
downregulation and above 1.0 upregulation of protein expression. Par = parental cell line, CDDPr = cisplatin 
resistant cell line, and hr values are the cisplatin addition timepoints (note no drug was added to 0 hr 
controls).  

 

 

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

Par 2hr Par 0 hr 0.50046 1.58 1.58

Par 8hr Par 0 hr 0.02465 1.61 1.61

Par 24hr Par 0 hr 0.18422 1.33 1.33

Par 2hr Par 0 hr 0.24611 1.70 1.70

Par 8hr Par 0 hr 0.18563 1.49 1.49

Par 24hr Par 0 hr 0.02593 1.52 1.52

Protein name

ATP synthase subunit beta, 

mitochondrial

Nucleophosmin

RuvB-like 2

449

1276

1084

#

Fold change ratio of 

mean normalised spot 

volumes expressed /                       

Par 0hr

Fold increase (highest 

mean normalised spot 

volume/lowest mean 

normalised spot volume

Anova (p)

Lowest  mean 

normalised 

spot volume

Highest mean 

normalised 

spot volume

CDDPr 2hr CDDPr 0 hr 0.02232 1.58 1.58

CDDPr 8hr CDDPr 0 hr 0.56242 1.18 1.18

CDDPr 24hr CDDPr 0 hr 0.21404 1.40 1.40

CDDPr 2hr CDDPr 0 hr 0.03104 1.61 1.61

CDDPr 8hr CDDPr 0 hr 0.13316 1.43 1.43

CDDPr 24hr CDDPr 0 hr 0.15980 1.51 1.51

CDDPr 2hr CDDPr 0 hr 0.04154 1.55 1.55

CDDPr 8hr CDDPr 0 hr 0.18564 1.36 1.36

CDDPr 24hr CDDPr 0 hr 0.27203 1.36 1.36

CDDPr 2hr CDDPr 0 hr 0.00522 1.54 1.54

CDDPr 8hr CDDPr 0 hr 0.67688 1.07 1.07

CDDPr 24hr CDDPr 0 hr 0.57984 1.10 1.10

CDDPr 0 hr CDDPr 2hr 0.93164 1.00 1.00

CDDPr 0 hr CDDPr 8hr 0.43824 1.27 0.78

CDDPr 0 hr CDDPr 24hr 0.01506 2.41 0.41

CDDPr 0 hr CDDPr 2hr 0.57129 1.27 0.79

CDDPr 0 hr CDDPr 8hr 0.82908 1.05 0.95

CDDPr 0 hr CDDPr 24hr 0.03580 1.88 0.53

Protein name

Voltage-dependent anion-selective 

channel protein 2

Guanine nucleotide binding protein 

subunit beta-like 2

26S proteasome regulatory subunit 

10B/Proteasome subunit p42

Elongation factor 2

Lactate dehydrogenase, A chain

1576 26S protease regulatory subunit 8 

isoforma 2/Thyroid receptor interactor

1719

1002

1252

1284

637

Fold change ratio of 

mean normalised spot 

volumes expressed / 

CDDPr 0hr

Fold increase (highest 

mean normalised spot 

volume/lowest mean 

normalised spot volume

Anova (p)

Lowest  mean 

normalised 

spot volume

Highest mean 

normalised 

spot volume

#
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Table 20. The acute effects in UKF-NB-6 parental cells after 2, 8 and 24 hours 2000 ng/mL cisplatin 
incubation. Spot # corresponds to those on the 2D gels (Figure 39). Highest mean and lowest mean 
normalised spot volumes for each comparison, with the associated ANOVA p-value and Fold increase, are 
all taken from the Progenesis Samespots analysis. Highlighted green are the time points where both the 
ANOVA p-value was <0.05 (red type)) and Fold increase was җ1.5 (red type); these data are included in 
Table 16. Mean normalised spot volumes were also expressed as a Fold change ratio over the parental cell 
lines (Par 0hr). Fold change ratio values below 1.0 signified downregulation and above 1.0 upregulation of 
protein expression. Par = parental cell line, CDDPr = cisplatin resistant cell line, and hr values are the 
cisplatin addition timepoints (note no drug was added to 0 hr controls).  

 

 

Table 21. The acute effects in UKF-NB-6
r
CDDP

2000
 cells after 2, 8 and 24 hours 2000 ng/mL cisplatin 

incubation. Spot # corresponds to those on the 2D gels (Figure 39) Highest mean and lowest mean 
normalised spot volumes for each comparison, with the associated ANOVA p-value and Fold increase, are 
all taken from the Progenesis Samespots analysis. Highlighted green are the time points where the both the 
ANOVA p-value was <0.05 (red type)) and Fold increase was җ1.5 to 1 decimal place (red type); these data 
are included in Table 16. Mean normalised spot volumes were also expressed as a Fold change ratio over 
the cisplatin resistant control cell lines (CDDPr 0hr). Fold change ratio values below 1.0 signified 
downregulation and above 1.0 upregulation of protein expression. Par = parental cell line, CDDPr = cisplatin 
resistant cell line, and hr values are the cisplatin addition timepoints (note no drug was added to 0 hr 
controls).  

 

 

 

 

Par 0hr Par 2hr 0.04190 1.70 0.59

Par 0hr Par 8hr 0.18465 1.51 0.66

Par 0hr Par 24hr 0.29311 1.29 0.77

Par 0hr Par 2hr 0.02157 1.45 0.69

Par 0hr Par 8hr 0.40042 1.17 0.85

Par 0hr Par 24hr 0.36837 1.11 0.90

Par 0hr Par 2hr 0.14432 1.35 0.74

Par 0hr Par 8hr 0.00703 1.60 0.62

Par 0hr Par 24hr 0.34044 1.18 0.85

Par 0hr Par 2hr 0.00049 1.36 0.73

Par 0hr Par 8hr 0.02249 1.47 0.68

Par 0hr Par 24hr 0.43498 1.09 0.92

Par 2hr Par 0hr 0.84425 1.03 1.03

Par 8hr Par 0hr 0.00104 1.47 1.47

Par 24hr Par 0hr 0.90448 1.32 1.32

Par 0hr Par 2hr 0.39414 1.27 0.79

Par 0hr Par 8hr 0.19863 1.72 0.58

Par 0hr Par 24hr 0.01090 1.52 0.66

Protein name

Fold change ratio of 

mean normalised spot 

volumes expressed /            

Par 0hr

78 kDa glucose-regulated protein

Pyruvate kinase

Peroxiredoxin-4

Heat shock cognate 71 kDa glucose-

regulated protein

Proteasome subunit alpha type-

6/Macropain subunit iota

Endoplasmin

#

Highest mean 

normalised 

spot volume

Lowest  mean 

normalised 

spot volume

Anova (p)

Fold increase (highest 

mean normalised spot 

volume/lowest mean 

normalised spot volume

278

1548

1104

163

682

950

CDDPr 0hr CDDPr 2hr 0.02496 1.86 0.54

CDDPr 0hr CDDPr 8hr 0.10637 1.62 0.62

CDDPr 0hr CDDPr 24hr 0.26811 1.56 0.64

CDDPr 0hr CDDPr 2hr 0.12078 1.57 0.64

CDDPr 0hr CDDPr 8hr 0.01975 1.32 0.76

CDDPr 0hr CDDPr 24hr 0.03220 1.45 0.69

Protein name

26S protease regulatory subunit 

8/Thyroid receptor interactor

Pyruvate kinase

Fold change ratio of 

mean normalised spot 

volumes expressed / 

CDDPr 0hr

Fold increase (highest 

mean normalised spot 

volume/lowest mean 

normalised spot volume

Anova (p)

Lowest  mean 

normalised 

spot volume

Highest mean 

normalised 

spot volume

#

1548

1441
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4.3 Discussion ς neuroblastoma cell lines 

Platinum drug resistance, both intrinsic and acquired, is 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 understood (Shahzad, 

Lopez-Berestein et al. 2009). It is important to gain further insight into the mechanisms underlying 

platinum drug action and resistance in order to identify novel, effective (biomarker-guided) 

therapies for the treatment of cancers, like neuroblastoma, that are prone to platinum drug 

resistance (2.1.3, 2.1.4, 2.2). 

Our understanding of the processes underlying the acquisition of resistance to therapy in cancer 

is limited (Sharma, Haber et al. 2010, Holohan, Van Schaeybroeck et al. 2013). Preclinical models 

such as cancer cell lines (2.3.1.1) enable a detailed systems level investigation of resistance 

formation in cancer cell populations that cannot be determined in patients suffering from 

multiple metastases in which not all cancer cells are accessible.  Notably, intra-tumour 

heterogeneity is a limitation for cancer biopsies (Burrell, McGranahan et al. 2013). Pre-clinical 

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 in drug-adapted cancer 

cell line models have been shown to reflect drug resistance mechanisms in patients (Sharma, 

Haber et al. 2010, Domingo-Domenech, Vidal et al. 2012, Korpal, Korn et al. 2013, Joseph, Lu et al. 

2013, Bucheit, Davies 2014, Crystal, Shaw et al. 2014). 

To study acquired platinum drug resistance in human neuroblastoma cells we used a panel of 

eight neuroblastoma cell lines (4.1.2.1), consisting of the MYCN-amplified neuroblastoma cell 

lines UKF-NB-3 and UKF-NB-6 (drug-sensitive parentals) and their sub-lines adapted to growth in 

the presence of therapeutic concentrations of cisplatin, carboplatin or oxaliplatin. The 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 sub-lines to see whether resistance remained. Finally, a proteomics study was carried 

out, using both UKF-NB-3 and UKF-NB-6 parental lines and their cisplatin-resistant sub-lines, to 

identify proteins that potentially play a part in cisplatin resistance and the acute mode of action of 

cisplatin in neuroblastoma. Modulated proteins could be possible biomarkers for drug resistance 

or actual drug targets for the treatment of cisplatin-resistant neuroblastoma. 
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4.3.1 Characterisation of the neuroblastoma cell lines 

Cell size and morphological changes, as we have observed (4.2.1.1, cell images in Figure 30) 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 phenotype (Sharma, 

Haber et al. 2010, Holohan, Van Schaeybroeck et al. 2013). Changes in morphology may indicate 

resistance mechanisms and have functional roles.  For example, modification of the organisation 

of the cytoskeletal proteins is a recognised cisplatin resistance mechanism (Shen, Liang et al. 

2004, Shen, Pouliot et al. 2012). In concordance with previous studies (IRELAND, PITTMAN et al. 

1994, Piskareva, Harvey et al. 2015), resistance 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 different resistance 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 regulation (Stewart 2007). Growth curves were generated 

for all cell lines (4.2.1.2 and Figure 31) using impedence-based technology on the Roche 

xCELLigence system (4.1.4.1) and doubling times were generated (Figure 32). There was no 

consistent proliferation pattern in the platinum drug-resistant neuroblastoma cell lines, further 

suggesting heterogeneity in the individual cell line resistance mechanisms. In a previous study, 

Piskareva et al also found that the doubling times differed between parental neuroblastoma cell 

lines and their corresponding cisplatin resistant sub-lines (Piskareva, Harvey et al. 2015). 

However, resistance formation to cisplatin may not always be associated with a change in 

proliferation rate since Ireland et al found no differences in cell growth of their two cisplatin 

resistant neuroblastoma cell lines compared to the sensitive lines (IRELAND, PITTMAN et al. 

1994). Interestingly, the platinum drug resistant cells proliferated marginally quicker in the 

absence of drug (Figure 31 and Figure 32), indicating that the drugs still exerted anti-proliferative 

effects in the resistant cell lines. Interestingly, the change in proliferation rates on removal of drug 

was by the same percentage in the same resistant cell lines of UKF-NB-3 cells and UKF-NB-6 cells 

(Table 12).  

Cultivation of the resistant cell lines for three months in the absence of drug did not result in their 

re-sensitisation to the drugs of adaption (4.2.1.4) This suggests that resistance formation is not 

the result of a reversible enrichment of a pre-existing drug-resistant sub-population. It may rather 

be the consequence of an irreversible adaption process resulting in durable genetic and 

epigenetic changes (Figure 40).
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Figure 40. Two possible outcomes from continuously culturing cancer cells in the presence of drug. A. An enrichment of previously existing intrinsically drug-resistant cells, that is 
ultimately reversible if drug were to be removed. B. There are no previously existing intrinsically drug-resistant cell populations, and resistance is acquired due to a permanent, 
irreversible genomic change which remains if drug is removed.

 



 
Page | 179  

 

Drug sensitivity profiles were generated by challenging each cell line with dose-responses of 

cisplatin, carboplatin and oxaliplatin by MTT assay (see Figure 33 and Figure 34, and section 

4.2.1.3). Both UKF-NB-3 and UKF-NB-6 parental lines exhibited sensitivity to all three drugs. The 

platinum drug-adapted parental cells displayed generally increased resistance not just to the drug 

to which they were adapted, but to all three platinum drugs. However, UKF-NB-3rCDDP1000 and 

UKF-NB-3rCARBO2000 did not display substantial cross-resistance to oxaliplatin and UKF-NB-

3rOXALI2000 displayed limited resistance to cisplatin and carboplatin. This is the first time that 

these three platinum drugs have been tested in parallel in this way, and in cell lines from two 

sources, to demonstrate cross-resistance. Overall, this again shows some heterogeneity in the 

resistance mechanisms among the cell lines.  As discussed in the introduction (2.2.2), 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 cross-reactivity, along with cross-reactivity to other anti-cancer therapeutics 

has been demonstrated in other cell lines. Multi-drug resistance is one of the biggest problems to 

date when it comes to successful treatment with anti-cancer agents (Wu, Yang et al. 2014). 

Cisplatin resistant oral carcinoma cells were shown, using the MTT assay and a clonogenecity 

assay, to have strong cross-resistance to carboplatin, nedaplatin and oxaliplatin (Negoro, Yamano 

et al. 2009). Endorsing our results, Rixe et al took cisplatin resistant cervical cancer and ovarian 

cancer cell lines and, using a dye-staining method, established that these cells were also cross-

resistant to carboplatin, but very minimally cross-resistant to oxaliplatin and tetraplatin (Rixe, 

Ortuzar et al. 1996). Using neuroblastoma cell lines established at different points of therapy, 

Keshelava et al clinically demonstrated cross-resistance 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. 1998). This 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 between cisplatin and carboplatin from 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 analogous cellular components, resulting in a 

comparable mode of action and molecular response.  In 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, Martinez-Cardus et al. 2015); this explains the lower level of cross-reactivity 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 proteins (Fink, Nebel et al. 

1996, Trudu, Amato et al. 2015, Martinez-Balibrea, Martinez-Cardus et al. 2015); the 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 extent compared to that of oxaliplatin in CTR1 knockout murine cells 

(Holzer, Manorek et al. 2006). Research investigating cancer treatment using combinations of 

cisplatin and oxaliplatin have highlighted how these two drugs are additive and maybe even 

synergistic due to the low cross reactivity between them (Rixe, Ortuzar et al. 1996).  Therefore 

researchers suggested to consider oxaliplatin to treat cisplatin-resistant cancer (Rixe, 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 yeast screen and the Yeast Fitness Database screen showed 

that they were not the most similar (Figure 7, 3.2.1.1), as did the gene hit distribution for our 

yeast screen once anŀƭȅǎŜŘ ǿƛǘƘ ŀ ǊŜŘǳŎŜŘ Ŏǳǘ ƻŦŦ ǾŀƭǳŜ ƻŦ Җ30 % (Figure 10, 3.2.1.3), as did our 

hit conformation screen (Figure 11, 3.2.2), the strongest hits of which indicated that cisplatin and 

oxaliplatin are most similar (3.2.2). The distribution between drugs of Yeast Go-{ƭƛƳ ΨŦǳƴŎǘƛƻƴΩ ŀƴŘ 

ΨǇǊƻŎŜǎǎΩ ǘŜǊƳǎ ƳŀǘŎƘŜŘ ǘƻ ƎŜƴŜ Ƙƛǘǎ ŦǊƻƳ ǘƘŜ Yeast Fitness Database screen (Figure 8/Appendix 

C and Figure 9/Appendix D respectively, both in section 3.2.1.2) also showed that cisplatin and 

carboplatin are not necessarily the more similar. In fact the majority of processes were shared by 

all three drugs or by cisplatin with oxaliplatin. In terms of the ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ƳŀǘŎƘŜŘ ΨǇǊƻŎŜǎǎΩ 

terms to our own screening data (Appendix F), this also showed that cisplatin 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 analysis of 

processes; oxaliplatin had overall much higher fold enrichment values, and these processes were 

more orchestrated around vesicle and membrane trafficking, whereas the processes with the 

highest fold enrichment values for cisplatin and carboplatin were quite varied (Appendix D). It was 

also interesting that, when evaluating BDF1, oxaliplatin generated growth curves of a different 

nature to the other two drugs, suggesting it is different to the other two drugs (for example see 

3.2.3.1 and Figure 13). 
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4.3.2 Proteomics 

Proteomics approaches are regarded as suitable techniques for studying drug action and 

resistance mechanisms to anti-cancer drugs (Zhang, Liu 2007, Wang, Chiu 2008, Gabbiani, 

Magherini et al. 2010).  They have been used to examine resistance to the platinum drug cisplatin 

using a variety of human cancer cell lines, including neuroblastoma (D'Aguanno, D'Alessandro et 

al. 2011, Piskareva, Harvey et al. 2015), melanoma (Sinha, Poland et al. 2003), bladder cancer 

(Miura, Takemori et al. 2012), ovarian cancer (Yan, Pan et al. 2007, Gong, Peng et al. 2011, Lincet, 

Guevel et al. 2012, Stewart, White et al. 2006, Jin, Huo et al. 2014), and cervical cancer cells 

(Castagna, Antonioli et al. 2004, Chavez, Hoopmann et al. 2011). The acute effects of cisplatin 

have been studied in cell lines from various cancer entities, including neuroblastoma (Tabata, 

Sakai et al. 2011), cervical cancer (Castagna, Antonioli et al. 2004), ovarian cancer (Li, Zhao et al. 

2005) and renal cell carcinoma (Vasko, Mueller et al. 2011).   

We used a well-established proteomics method (2D gel electrophoresis coupled with MALDI-TOF 

MS and MALDI-TOF-TOF MS/MS) to resolve, analyse, and identify proteins of the proteomes of 

parental neuroblastoma cell lines and the corresponding cisplatin resistant sub-lines (UKF-NB-3 

parental and UKF-NB-3rCDDP1000, and UKF-NB-6 parental and UKF-NB-6rCDDP2000), with the aim of 

studying both the adaption and acute effects of cisplatin (4.1.7). To investigate the acquired 

resistance mechanisms, we compared the proteomes of the parental cells and the corresponding 

cisplatin resistant sub-lines directly to each other. To investigate the acute cisplatin effects in both 

the parental and cisplatin resistant cells, time course cisplatin addition studies were set up, where 

cisplatin was added at 24, 8, and 2 hours before lysing cells and comparing the results to those of 

control cells to which no drug was added. It is important to be aware of limitations to a 

proteomics approach like ours, in that it reveals minimum numbers of spots because there will be 

proteins below our detection limits.  Also, we solely focussed on proteins with a fold difference 

cut-off of 1.5, and additionally not all spots that were excised were identified; for UKF-NB-3 42 % 

(20/48) were identified, and for the UKF-NB-6 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. 

5Ω!Ǝǳŀƴƴƻ Ŝǘ ŀƭ  (D'Aguanno, D'Alessandro et al. 2011) carried out expression analysis in SH-SY5Y 

parental and corresponding cisplatin resistant neuroblastoma cells using, in parallel, 2D gel 

electrophoresis coupled to mass spectrometry and the more sophisticated label-free nLC-MSE 

(nanoflow liquid chromatography mass spectroscopy), published before our studies were carried 

out. The identified proteins (13 by 2-D gel electrophoresis, 88 by label-free nLC-MSE), of which 

some had overlap with those identified in our studies (see 4.3.2.1), were then organised into 

biological functions and were mostly classified into cytoskeletal proteins, nucleic acid binding 

proteins, and chaperones.  Next, bioinformatics pathway analysis was carried out to identify 
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processes in which the proteins modulated in resistance partake.  This was followed by a meta-

mining investigation in an effort to identify main pathways involved in resistance to cisplatin in 

other cancer cell lines that have been published to date, including their results too. The most 

frequent occurrence was the oxidative stress response pathway mediated by Nrf2, which they 

investigated further and concluded that this pathway is possibly involved in cisplatin resistance. In 

non-cancerous cells a protein called Keap1 directs the proteasomal degradation of Nrf2, but in 

oxidative stress conditions, Nrf2 translocates to the nucleus where it activates the transcription of 

genes regulated by AREs (AU-rich elements) (D'Aguanno, D'Alessandro et al. 2011). However, a 

recent publication claims that the Nrf2-Keap1 pathway does not have an important role in 

cisplatin resistance in neuroblastoma (Tanoshima, Yang et al. 2014).  Some of their modulated 

proteins were also modulated in our acquired cisplatin resistance study (see Table 17 in 4.2.2.3). 

Piskareva et al (Piskareva, Harvey et al. 2015) recently carried out a large proteomics study, post 

our studies, using similar methodology (nLC-MS-MS) to generate protein expression data for three 

neuroblastoma cell lines (Kelly, CHP-212 and SK-N-AS cells) and their corresponding cisplatin 

resistant sub-lines to examine resistance molecular pathways and integrate this with 

accompanying characterisation data including cell behaviour, genomic alterations and 

cytotoxicity.  They found that most of the proteins with modulated expression levels in the 

resistance cell lines were cytoskeletal, nucleic acid binding and chaperones and that the pathways 

in which they were mostly involved indicated that epithelial to mesenchymal transition (EMT) is a 

characteristic of the development of cisplatin resistance in neuroblastoma to enable invasion and 

metastasis. !ǎ ŦƻǊ ǘƘŜ 5Ω!Ǝǳŀƴƴƻ ǎǘǳŘȅΣ ǎome of their modulated proteins were also modulated in 

our acquired cisplatin resistance study (see Table 17 in 4.2.2.3). 

Another proteomics study in neuroblastoma (IMR-32) cells, by Tabata et al (Tabata, Sakai et al. 

2011), was to investigate the acute mode of action of cisplatin, administered at a dose of 3 µg/mL 

for 24 hours. 2D gel electrophoresis demonstrated elevation of T-complex protein 1 ̡ -subunit 

(CCT- )̡, elongation factor 1-ʴ ό9C-1- ɹ ύΣ ŀŎǘƛƴ ŎȅǘƻǇƭŀǎƳƛŎ м όʲ-actin), and adenosylhomocysteinase 

(adoHcy hydrolase), and a decrease in expression levels of splicing factor arigine/serine-rich 3 

(SRP20). AdoHcy hydrolase, involved in methylation metabolism, showed the largest modulation 

and the results from subsequent investigation into the methylation of histones in these cells 

implied that methylation status is altered by acute cisplatin exposure. None of their modulated 

proteins appeared in our acute studies (4.2.2.4). 

Comparing our studies to the 5ΩAguanno, Piskareva and Tabata investigations just described, our 

studies extend their own. This is because we used two different neuroblastoma cell lines, and in 

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 revealed 12 differentially expressed 

proteins in the UKF-NB-3rCDDP1000 cells relative to the UKF-NB-3 parental cells, and 10 in the UKF-

NB-6rCDDP2000 relative to the UKF-NB-6 parental cells (see results 4.2.2.3). The identified proteins 

from both comparative studies covered a similar variety of functions and processes, which 

highlighted the complexity of cisplatin resistance. These were mainly chaperone activity, stress 

resistance, redox and detoxification, cell growth, apoptosis, DNA repair, protein turnover, 

carbohydrate metabolism, cytoskeletal organisation and neuronal function and development. The 

summarised identified proteins can be found in Table 15 and Table 16. Their roles in these tables 

were put together using Appendix O and Appendix P, in which both the main roles and matched 

Gene 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 taken from the UniProt Knowledge base (http://www.uniprot.org/). Similar roles 

were reported for proteins that had been found differentially regulated in other studies, (which 

have been summarised in 4.3.2), reporting on proteomics comparisons of parental neuroblastoma 

cell lines and their cisplatin-resistant sub-lines (D'Aguanno, D'Alessandro et al. 2011, Piskareva, 

Harvey et al. 2015). We tabulated their results for our identified proteins alongside ours in Table 

17 (section 4.2.2.3), making a total of six neuroblastoma cell lines, including our two. Table 17 

notably shows how the overlap of individual proteins associated with cisplatin resistance and 

their direction of expression is limited, indicating how cisplatin resistance formation may be 

complicated and cell line specific. 

4.3.2.1.1 Chaperones 

Our results show that chaperone activity plays a role in acquisition of cisplatin resistance, and this 

was also demonstrated in the other two neuroblastoma studies (D'Aguanno, D'Alessandro et al. 

2011, Piskareva, Harvey et al. 2015). Of the seven proteins found upregulated in the UKF-NB-

3rCDDP1000 cells vs UKF-NB-3 parental cells, three were chaperones: nucleophosmin, heat shock 

protein beta-1 (HSP27/HSPB1) and 60 kDa heat shock protein (mitochondrial) (HSP60/HSPD1). 

Heat shock protein beta-1 and nucleophosmin were both upregulated with a large fold change 

ratio over the parentals above 2.0.  Heat shock protein beta-1 was also found upregulated in the 

UKF-NB-6rCDDP2000 cells vs  UKF-NB-6 parentals (with a large fold change ratio over the parentals 

above 2.0), as well as in cisplatin-adapted ovarian cancer (Yan, Pan et al. 2007) and in cisplatin-

adapted melanoma cells (Sinha, Poland et al. 2003). Interestingly, heat shock protein beta-1 was, 

however, down-regulated in cisplatin resistant CHP-212 and SK-N-AS neuroblastoma cells 

compared to their corresponding parental cells in the Piskereva et al study (Table 17), and was 

also downregulated in cisplatin resistant bladder cancer cells compared to their corresponding 

parental cells (Miura, Takemori et al. 2012). 60 kDa heat shock protein was also found 
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upregulated in cisplatin-adapted SH-SY5Y and CHP-нмн ƴŜǳǊƻōƭŀǎǘƻƳŀ ŎŜƭƭǎ ƛƴ ǘƘŜ 5Ω!Ǝǳŀƴƴƻ Ŝǘ ŀƭ 

and Piskereva et al studies (Table 17), and in cisplatin-adapted melanoma cancer cells (Sinha, 

Poland et al. 2003) .  

Chaperones are involved in the correct folding and assembly of proteins, and the three that we 

identified also have roles in the stress response and apoptosis. These proteins could therefore 

mechanistically contribute to cisplatin resistance by supporting the functions of proteins involved 

in resistance, and by playing anti-stress and anti-apoptotic roles. Regarding the heat shock 

proteins (see 2.2.2.4), both 60 kDa heat shock protein and heat shock protein beta-1 have been 

reported to be over-expressed during carcinogenesis ((Cappello, Bellafiore et al. 2003) and 

(Katsogiannou, Andrieu et al. 2014) respectively). Mitochondrial 60 kDa heat shock protein has 

previously been associated with cisplatin (and oxaliplatin) resistance (Abu-Hadid, 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 al. 2007) (2.2.1). 

Hence, it may not be too surprising that a mitochondrial heat shock protein such as the 60 kDa 

heat shock protein may be involved in cisplatin resistant cells. However, this protein can also been 

found in extra-mitochondrial locations in cancer and may exert extra-mitochondrial functions in 

cancer cells (Cappello, de Macario et al. 2008). Heat shock protein beta-1, which has many client 

proteins, had been previously associated with cisplatin resistance (Yamamoto, Okamoto et al. 

2001, Ciocca, Cappello et al. 2015). It protected mouse fibroblasts against cisplatin-induced 

apoptosis (Zhang, Shen 2007). It is interesting that two spots of the same molecular weight but 

different pI values were identified as being heat shock protein beta-1 in the UKF-NB-3 study 

(Table 15), but this could be explained by this protein also having a phosphorylated state (Zhu, 

Zhao et al. 2005), which is known to function in cancer progression (Katsogiannou, Andrieu et al. 

2014). These heat shock proteins were suggested as therapeutic targets in cancer, which could 

also alleviate resistance to drugs like cisplatin. However, to date, only a few compounds have 

been shown to bind the 60 kDa heat shock protein but, because they inhibit its folding activity, 

further development work is required. Regarding targeting heat shock protein beta-1, research 

has mainly utilised RNA interference approaches. An antisense nucleotide directed against heat 

shock protein beta-1 (Apatorsen), is currently being evaluated in clinical trials (Ciocca, Cappello et 

al. 2015). 

Overexpression of nucleophosmin has been demonstrated in highly proliferating cells and in many 

cancer types (Grisendi, Mecucci et al. 2006, Di Fiore 2008, Lindstrom 2011, Lo, Fan et al. 2013), 

but it has not been directly associated with cisplatin resistance so far. However, it was found 

upregulated in the UKF-NB-3rCDDP1000 cells relative to the UKF-NB-3 parental cells, and in cisplatin 

adapted SH-SY5Y neuroblastoma cells (D'Aguanno, D'Alessandro et al. 2011) (Table 17). In 

contrast it was found downregulated in cisplatin-adapted ovarian cancer cells (Jin, Huo 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 remodelling (Lindstrom 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. 2014). Furthermore, nucleophosmin is involved in DNA replication and 

transcription, acts as a controller of centrosome replication (Grisendi, Mecucci et al. 2006, 

Poletto, Lirussi et al. 2014), and its overexpression  leads  to indirect inhibition of apoptosis (Ye 

2005). Moreover, nucleophosmin can mediate 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 to cisplatin treatment (Lo, Fan 

et al. 2013).  In the same study, a novel interaction of nucleophosmin with BAX was demonstrated 

that regulates death evasion. BAX is a pro-apoptotic protein of the BCL2 family that is required for 

mitochondrial mediated apoptosis (Wei, Zong et al. 2001, Roy, Ehrlich et al. 2009) (see VDAC2 in 

section 4.3.2.1.7), and Lo et al showed that by directly blocking BAX mitochondrial translocation 

and activation, nucleophosmin facilitates evasion of apoptosis independently of p53-mediated 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 promise (Lindstrom 2011), and it 

would be of worth to utilise such drugs to explore their ability to reverse cisplatin resistance in 

our resistant neuroblastoma cells, in particularly UKF-NB-3rCDDP1000, to support the results from 

our proteomics analysis. 

4.3.2.1.2 Cytoskeletal proteins 

Our results support possible roles for the cytoskeleton in acquired cisplatin resistance in 

neuroblastoma cells. Cytoskeletal proteins are important for the intracellular structure and 

dynamic behaviour of cells during carcinogenesis and the process of apoptosis (Zhang, Liu 2007), 

and also intracellular drug transport. Heat shock protein beta-1, previously mentioned as 

upregulated in cisplatin resistant cells (4.3.2.1.1), is also involved in the organisation of actin 

(Kostenko, Johannessen et al. 2009). The other protein besides heat shock protein beta-1 that was 

found differentially regulated in both the UKF-NB-3rCDDP1000 cells and UKF-NB-6rCDDP2000 relative 

to the respective parental lines was stathmin.  However, stathmin was downregulated in UKF-NB-

3rCDDP1000 cells compared to upregulated in the UKF-NB-6rCDDP2000 cells.  Such discrepancies in 

up and down-regulation of proteins in different neuroblastoma cell lines was apparent when 

comparing the acquired cisplatin resistance studies of six cell lines from both our studies and the 

5Ω!Ǝǳŀƴƴƻ Ŝǘ ŀƭ ŀƴŘ tƛǎƪŀǊŜǾŀ Ŝǘ ŀƭ ǎǘǳŘƛŜǎ όǎŜŜ 4.2.2.3 and Table 17). Stathmin was 

downregulated in cisplatin-adapted SH-SY5Y and Kelly neuroblastoma cell lines in these studies. 
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Stathmin was also downregulated in cisplatin-adapted cervical cancer cells compared to 

corresponding parental cells (Castagna, Antonioli et al. 2004), but upregulated in cisplatin-

adapted ovarian cancer cells (Gong, Peng et al. 2011).  

Stathmin is expressed at high levels in many types of tumour cells and plays a role in cancer 

progression (Sherbet, Cajone 2005).  It is important in mediating the microtubule filament system 

by preventing assembly and promoting disassembly of microtubules (Figure 41) for example, of 

the mitotic spindle. This enables its role as an important signal transduction factor in the mitogen 

activated protein kinase (MAPK) signalling pathway and its involvement in cell cycle and cell 

division (Lin, Tang et al. 2012). Microtubule alterations may also have an effect on the formation 

of endocytic recycling compartments, leading to reduced cisplatin uptake and resistance (Liang, 

Mukherjee et al. 2006, Stewart 2007), and decreased endocytosis is often a cisplatin resistance 

mechanism in cancer (Shen, Pouliot et al. 2012). Stathmin, at high levels, negatively regulates the 

sensitivity of cancer cells to microtubule targeting drugs (Meng, Tao 2015). However, little is 

known about the role of stathmin in the sensitivity or resistance of cancer cells to cisplatin. Our 

data is inclusive and may indicate that a role of stathmin in the context of cisplatin resistance may 

depend on the individual cellular context. Functional studies that investigate the effects of 

stathmin silencing using RNA interference or CRISPR methods and stathmin upregulation by 

forced expression on cellular cisplatin sensitivity are needed to further its role in cisplatin 

resistance. 

 

 

Figure 41. 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 
collapse. Diagram is Figure 16-31 taken from  (Alberts, Johnson et al. 2002) 

 

Cytoplasmic actin 1 (beta-actin) and dihydropyrimidinase-related protein 2, which is involved in 

cytoskeletal remodelling, were found downregulated in UKF-NB-6rCDDP2000 cells relative to UKF-

NB-6 parental cells. Neither of these proteins were found to be modulated in ǘƘŜ 5Ω!Ǝǳŀƴƴƻ Ŝǘ ŀƭ 
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and Piskareva et al proteomics studies in cisplatin-adapted neuroblastoma cells (see 4.2.2.3 and 

Table 17). Actin is key to cell motility and cellular component organisation and also plays a role in 

endocytosis which, as already mentioned, is a route of cellular entry of cisplatin. Decreased 

endocytosis is often a cisplatin resistance mechanism in cancer cells (Shen, Pouliot et al. 2012). 

Decreased actin and filamin levels in parallel with actin and filamin disorganisation was 

demonstrated in cisplatin-adapted human epidermoid and liver carcinoma cell lines (Shen, Liang 

et al. 2004), which supports our findings. Interestingly, the actin cytoskeleton has been reported 

as being more robust in cisplatin resistant ovarian cancer cells compared to their sensitive 

parental cells due to an actin remodelling mechanism mediated by Rho GTPase (Sharma, 

Santiskulvong et al. 2012, Sharma, Santiskulvong et al. 2014). A denser actin network may 

physically disrupt drug uptake in resistant cells (Mokady, Meiri 2015), but this may not necessarily 

be accompanied by a change in actin expression levels as we have observed. In our yeast studies 

we identified the gene SLA1 to be essential for growth in the presence of cisplatin (3.2.2 and 

Figure 7). SLA1 encodes a cytoskeletal protein binding protein which is a central player in actin 

cytoskeleton assembly, and has effects on proteins essential for endocytosis (Gardiner, Costa et 

al. 2007) (3.3.3). Beta-actin is also a component of the human SRCAP, TIP60 histone 

acetyltransferase and INO80 chromatin remodelling complexes, which are also involved in 

processes such as DNA repair and replication (Ikura, Ogryzko et al. 2000, Morrison, Shen 2009) 

(see the discussion for RuvB-like 2 protein, another component, in 4.3.2.2.1). The SRCAP complex 

is the human equivalent of the yeast SWR1 chromatin remodelling complex of which Bdf1 can be 

a component. Bdf1-deficient yeast cells displayed increased sensitivity to cisplatin, as well as 

carboplatin, and oxaliplatin (see the yeast discussion (3.3)). Upregulation of DNA repair is a known 

cisplatin resistance mechanism (2.2.2.3), therefore upregulation of the levels and activity of these 

chromatin remodelling complexes, including their subunits such as beta-actin (which has weak 

ATPase activity) would be expected in our cisplatin-adapted cells (Ikura, Ogryzko et al. 2000, 

Morrison, Shen 2009), rather than beta-actin downregulation, as we have observed.  

Dihydropyrimidinase-related protein 2, also known a collapsing response mediator protein 2, 

plays a role in neuronal development and polarity and axon growth, neuronal growth cone 

collapse, and cell migration and endocytosis (Inagaki, Chihara et al. 2001, Chi, Schmutzler et al. 

2009, Rahajeng, Giridharan et al. 2010) and altered expression has been observed in several 

malignant cancers, inclusing colorectal, lung and breast cancer (Tan, Thiele et al. 2014). Its role in 

endocytosis, which is a route of cellular entry of cisplatin, may explain the downregulation of this 

protein in UKF-NB-6rCDDP2000 cells. Its role in cisplatin resistance is poorly understood and 

functional studies would gain further insights 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) balanced. They are often detected in drug resistant cells where they 

are involved in combating cellular stress (Zhang, Liu 2007). Cisplatin induces an increase in ROS 

levels that causes DNA damage and cell death (Dasari, Tchounwou 2014). Peroxiredoxin-2 was 

downregulated in UKF-NB-3rCDDP1000 cells relative to UKF-NB-3 parental cells, and also in the case 

of cisplatin-adapted Kelly neuroblastoma cells in the Piskareva et al proteomics study (Table 17) 

(Piskareva, Harvey et al. 2015). Peroxiredoxin-2, as well as the other isoforms 4 and 6, were also 

found to be downregulated in cisplatin-resistant ovarian cancer cell lines (Jin, Huo et al. 2014). 

Peroixiredoxin-2 was also reported by Zhang et al. as being generally downregulated in 

proteomics studies looking at resistance to various cancer treatments in different cancer cell lines 

(Zhang, Liu 2007). Interestingly, peroxiredoxin-2 is involved in redox regulation (by reducing 

peroxides (ROS) using reducing equivalents generated via the thioredoxin system), in cell 

proliferation and differentiation, intracellular signalling, and is also a negative regulator of 

apoptosis (Sanchez-Font, Sebastia et al. 2003, Sharapov, Ravin et al. 2014, Perkins, Nelson et al. 

2015) (Table 15). Overexpression of peroxiredoxin-2 in gastric carcinoma cells inhibited cisplatin-

induced apoptosis, suggesting that peroxiredoxin-2 contributes to cisplatin resistance (Chung, Yoo 

et al. 2001, Sharapov, Ravin et al. 2014) and a decrease in the expression of peroxiredoxin-2 in 

gastric carcinoma cells by an siRNA approach increased their sensitivity to cisplatin-induced 

apoptosis (Yoo, Chung et al. 2002, Sharapov, Ravin et al. 2014). Therefore it might have been 

expected to be upregulated in resistant cells, as it indeed was in cisplatin resistant bladder cells 

(Miura, Takemori et al. 2012). Functional studies will be needed to further elucidate the role of 

peroxiredoxin-2 in cisplatin resistance. 

Another redox regulatory protein modulated in our studies was the enzyme glutathione-S-

transferase P (GSTP) which, like peroxiredoxin-2, was downregulated in UKF-NB-6rCDDP2000 cells 

relative to UKF-NB-6 parental cells. This was unexpected because glutathione-S-transferase P is 

reported to catalyse the conjugation of drugs like cisplatin to the endogenous thiol glutathione to 

facilitate their elimination from the cell, to prevent neurodegeneration and to be a negative 

regulator of apoptosis and proliferation (Townsend, Tew 2003). Detoxification involving 

glutathione-S-transferase P is a well-documented platinum drug resistance mechanism 

(Townsend, Tew 2003, Siddik 2003, Stewart 2007, Heffeter, Jungwirth et al. 2008, Koeberle, 

Tomicic et al. 2010, Galluzzi, Vitale et al. 2014). Recently, knockdown of glutathione-S-transferase 

P was shown to enhance the cisplatin and carboplatin sensitivity of ovarian cancer cell lines 

(Sawers, Ferguson et al. 2014). Therefore 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. 2012). However, as was the case in our experiments, it was also 
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downregulated in SH-SY5Y cisplatin ǊŜǎƛǎǘŀƴǘ ƴŜǳǊƻōƭŀǎǘƻƳŀ ŎŜƭƭǎ ƛƴ ǘƘŜ 5Ω!Ǝǳŀƴƴƻ Ŝǘ ŀƭ ǎǘǳŘȅ 

(Table 17) (D'Aguanno, D'Alessandro et al. 2011), but in contrast upregulated in CHP-212 cisplatin 

resistant neuroblastoma cells in the Piskareva et al study (Table 17) (Piskareva, Harvey et al. 

2015).  5Ω!guanno et al quote that GSTP1 is controlled by a different element compared to other 

detoxification enzymes, which may explain downregulation (Usami, Kusano et al. 2005).  

Glutathione-S-transferase P was also found to be downregulated in cisplatin resistant bladder 

cancer cells (Miura, Takemori et al. 2012) and cisplatin resistant ovarian cancer cells (Jin, Huo et 

al. 2014). Similar inconsistent observations regarding the direction of regulation of this protein 

across studies have been discussed (Rabik, Dolan 2007, Sawers, Ferguson et al. 2014) and it has 

been suggested that whilst such detoxification involving glutathione-S-transferase P may be 

important for some cancers regarding cisplatin resistance, it does not appear to be a global 

indicator of cisplatin resistance (Rabik, Dolan 2007). The reason for both up and down regulation 

in resistance cells is not understood and it may be of worth to investigate this further in our panel 

of cell lines, for which there are tool compounds available. One example is the diuretic drug 

ethacrynic acid, which inhibits glutathione-S-transferase by both binding directly to the substrate-

binding site and depleting its cofactor glutathione (Townsend, Tew 2003, Xu, Zheng et al. 2013). 

Another example is the drug buthionine sulfoximine (BSO) is a synthetic amino acid that inhibits 

glutathione-S-transferase indirectly by irreversibly inhibiting ŀƴ ŜƴȊȅƳŜΣ ʴ-glutamylcysteine 

ǎȅƴǘƘŜǘŀǎŜ όʴ-GCS), which is a critical step in glutathione biosynthesis. (YOKOMIZO, KOHNO et al. 

1995).   

4.3.2.1.4 Glycolytic enzymes 

In terms of carbohydrate metabolism, we identified four proteins involved in this process, and all 

were upregulated in cisplatin resistant cells. Interestingly, a glycolytic regulator (GCR2) with a 

human functional equivalent (hSGT1) was a hit in our carboplatin and oxaliplatin yeast screens 

(3.3.3) (Table 7). Lactate dehydrogenase and phosphoglycerate kinase 1 were both upregulated 

(lactate dehydrogenase highly) in UKF-NB-3rCDDP1000 cells compared to UKF-NB-3 parental cells. 

Pyruvate kinase and mitochondrial aconitate hydratase were both upregulated in UKF-NB-

6rCDDP2000 cells compared to UKF-NB-6 parental cells. ¢ƘŜ ΨWarburg ŜŦŦŜŎǘΩ (Figure 42) describes 

cancer 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 the tricarboxylic acid 

(TCA) cycle, which has been suggested to offer a growth advantage and is a hallmark of invasive 

cancers (Gatenby, Gillies 2004, Xu, Pelicano et 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 signalling, alterations in metabolic enzymes, and also tumour environmental 

constraints such as hypoxia and acidosis (Gatenby, Gillies 2004, Pelicano, Martin et al. 2006). 
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Inhibition of glycolysis for the treatment of cancer has been explored and suggested to be a 

promising approach to kill cancer cells with mitochondrial defects (Xu, Pelicano et al. 2005, 

Pelicano, Martin et al. 2006), and the inhibition of glycolysis has also been shown to enhance 

cisplatin-induced apoptosis in ovarian cancer cells (Loar, Wahl et al. 2010). Our results showing 

elevation of the enzymes phosphoglycerate kinase 1, pyruvate kinase and lactate dehydrogenase 

in our cisplatin resistant neuroblastoma cells suggest a shift of cisplatin-resistant cells towards 

Ψ²ŀǊōǳǊƎΩ. This could be explained by the cisplatin-induced mitochondrial DNA damage in 

resistant cells, which causes a malfunction of mitochondrial oxidative phosphorylation resulting in 

a need to rely on glycolysis for energy. The TCA cycle enzyme aconitate hydratase was also 

upregulated in UKF-NB-6rCDDP2000 cells. However, aconitate hydratase may also be upregulated 

due to its secondary function, which is to maintain the stability of mtDNA. Aconitate hydratase 

was suggested, possibly, by reversibly remodelling nucleoids, to directly affect the expression of 

mitochondrial genes in response to changes in cellular metabolism, including oxidative stress, 

caused by genotoxic drugs like cisplatin (Shadel 2005).  

 

 

Figure 42 A diagrammatic representation of the Ψ²ŀǊōǳǊƎ ŜŦŦŜŎǘΩ. This describes cancer 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 the tricarboxylic acid (TCA) cycle, which offers a growth advantage and 
is a hallmark of invasive cancers (Gatenby, Gillies 2004, Xu, Pelicano et al. 2005, Pelicano, Martin et al. 2006, 
Vasko, Mueller et al. 2011). Heavier arrows indicate more reliance on that particular part of the pathway. 
Diagram taken from www.biochemikon.com. 

 

Notably, the regulation of lactate dehydrogenase, phosphoglycerate kinase and pyruvate kinase 

does not appear to be consistent in different neuroblastoma models of acquired cisplatin 

resistance. Lactate dehydrogenase was upregulated in cisplatin-adapted SH-SY5Y neuroblastoma 

cells, but downregulated in cisplatin-adapted neuroblastoma SK-N-AS cells. Phosphoglycerate 
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kinase was upregulated in cisplatin-adapted SH-SY5Y and Kelly neuroblastoma cells, but 

downregulated in cisplatin-adapted SK-N-AS neuroblastoma cells. Pyruvate kinase was 

upregulated in cisplatin-adapted Kelly neuroblastoma cells, but downregulated in cisplatin-

adapted CH-212 neuroblastoma cells. Mitochondrial aconitate hydratase was downregulated in 

cisplatin-adapted Kelly neuroblastoma cells (D'Aguanno, D'Alessandro et al. 2011, Piskareva, 

Harvey et al. 2015) (Table 17). In line with our findings in cisplatin-adapted UKF-NB-3 and UKF-NB-

6 cells, phosphoglycerate kinase was shown to be upregulated in cisplatin-adapted ovarian 

carcinoma cells (Gong, Peng et al. 2011, Lincet, Guevel et al. 2012) and cervical cancer cells 

(Castagna, Antonioli et al. 2004), and pyruvate kinase was shown to be upregulated in cisplatin-

adapted ovarian carcinoma cells (Lincet, Guevel et al. 2012).  In contrast, the expression levels of 

glycolytic enzymes (including lactate dehydrogenase, phosphoglycerate kinase and pyruvate 

kinase) was decreased in cisplatin resistant ovarian cancer cells, suggesting that resistance 

formation to cisplatin was linked to a decrease in glycolysis (Jin, Huo et al. 2014). Also, a decrease 

in expression and activity of pyruvate kinase has been linked to cisplatin resistance in gastric 

carcinoma cell lines, and RNA interfering inhibition of pyruvate kinase expression increased 

resistance to cisplatin (Yoo, Ku et al. 2004). Conversely, 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 model (Guo, Zhang et al. 2011). These 

apparently conflicting findings emphasise the complexity of the drug resistance formation process 

in cancer cell populations and the need to better understand the role of particular resistance-

associated changes in a given, individual cellular background. To do so, the role of the individual 

metabolic enzymes needs to be further elucidated in different models of acquired cisplatin 

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 UKF-NB-6rCDDP2000 and UKF-NB-6 parental cells: proteasome subunit alpha type-6 (a 

component of the 20S proteasome), was downregulated in UKF-NB-6rCDDP2000 cells compared to 

the parental cells, and 26S protease regulatory subunit 8 (a component of the 26S proteasome), 

displayed enhanced levels in UKF-NB-6rCDDP2000cells. No differentially-regulated proteasomal 

proteins were identified according to our criteria in the other studies investigating cisplatin-

adapted neuroblastoma cells (D'Aguanno, D'Alessandro et al. 2011, Piskareva, Harvey et al. 2015) 

(Table 17). However, supporting our findings, proteasome subunit alpha type-6 was found 

downregulated and 26S protease regulatory subunit 8 was found upregulated in cisplatin-adapted 

ovarian cancer cells (Jin, Huo et al. 2014). There is a substantial amount of evidence that may link 

changes in proteasomal function to cisplatin resistance. Proteasomes are very abundant protein 

complexes and are required for ubiquitin-dependent degradation of proteins, besides being 
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essential to numerous processes such as cell cycle progression, gene expression, and apoptosis 

(Gu, Enenkel 2014, Tundo, Sbardella et al. 2015). Proteasomal activity is necessary for cancer cells 

to proliferate (Tundo, Sbardella et al. 2015). Recently, cisplatin has been shown in vitro to inhibit 

the three enzymatic activities of proteasome (chymotryspsin-like activity, trypsin-like activity and 

caspase-like activity) in a dose-dependent fashion and also to inhibit proteasome activity in SH-

SY5Y neuroblastoma cells (Tundo, Sbardella et al. 2015). Furthermore, the proteasome inhibitor 

lactacystin increased cisplatin-induced apoptosis in neuroblastoma cells (Tundo, Sbardella et al. 

2015). Additionally, a combination of cisplatin and the proteasome inhibitor bortezomib 

enhanced apoptosis in bladder cancer cells, compared to treatment with either drug alone, and 

thus to be a potential treatment for bladder cancer (Konac, Varol et al. 2015). As part of the 26S 

proteasome, 26S protease regulatory subunit 8 is involved in the regulation of Wntς̡-catenin 

signalling (Hwang, Yu et al. 2005), a proliferation pathway that has been implicated in cisplatin 

resistance (Gao, Liu et al. 2013, Nagaraj, Joseph et al. 2015) (2.2.2.4). However, the roles of 

proteasome subunit alpha type-6 and 26S protease regulatory subunit 8 need to be studied 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 neuronal proteins were found differentially regulated between UKF-NB-3rCDDP1000 cells and 

UKF-NB-3 parental cells; phosphatidylethanolamine-binding protein 1 and dihydropyrimidinase-

related protein 5 were both downregulated in UKF-NB-3rCDDP1000 cells. They are involved in 

neuronal function and neuronal system development respectively. As discussed in section 

4.3.2.1.2 (because it is also involved in cytoskeletal remodelling), a different dihydropyrimidinase-

related protein (dihydropyrimidinase-related protein 2) was identified as being downregulated in 

in UKF-NB-6rCDDP2000cells. Dihydropyrimidinase-related protein 5, also known as collapsin 

mediator protein-5, plays a role in nervous system development, and is a novel biomarker of lung 

tumour samples to distinguish between highly aggressive neuroendocrine carcinoma and other 

lung cancers, such as poorly differentiated non-small cell carcinoma or carcinoid lung tumors 

(Meyronet, Massoma et al. 2008). Nuclear dihydropyrimidinase-related protein 5 may also play a 

role in glioblastoma proliferation (Tan, Thiele et al. 2014), though a role in drug resistance is 

unclear. Phosphatidylethanolamine-binding protein 1, also known as Raf kinase inhibitor protein 

(RKIP), is a selective modulator of the Raf1/MEK/ERK growth factor pathway, as well as G-protein 

signalling and NF-ˁ. and so has multiple cellular roles aside from neuronal function, including 

membrane biosynthesis and spermatogenesis, and promotion of apoptosis (Keller, Fu et al. 2005, 

Wang, Wang et al. 2010, Farooqi, Li et al. 2015). Phosphatidylethanolamine-binding protein 1 has 

been reported to be a suppressor of metastasis and is frequently downregulated in cancers. It is a 

prognostic biomarker for prostate, breast, melanoma, gastrointestinal stromal, and epithelial 
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ovarian cancer (Keller, Fu et al. 2005, Wang, Wang et al. 2010, Farooqi, Li et al. 2015) and has also 

been found to be downregulated in pancreatic cancer (Wang, Wang et al. 2010) and ovarian 

cancer (Martinho, Pinto et al. 2013). Phosphatidylethanolamine-binding protein 1 expression, 

which is controlled by various proteins (Farooqi, Li et al. 2015), was shown to be downregulated in 

cisplatin-adapted gastric cancer cells, and overexpression was demonstrated to can enhance 

cisplatin-induced apoptosis, possibly via the NF-ˁ.κ{ƴŀƛƭ signaling pathway y (Liu, Li et al. 2015). 

Also, phosphatidylethanolamine-binding protein 1 inhibition by shRNA methodology induced 

apoptotic resistance to cisplatin treatment in cervical cancer cells (Martinho, Pinto et al. 2013). 

Furthermore, up-regulation of the miRNA molecule miR-27a was reported to possibly suppress 

phosphatidylethanolamine-binding protein 1 expression and hence contribute to cisplatin 

resistance in lung adenocarcinoma cells (Li, Wang et al. 2014, Farooqi, Li et al. 2015). Taking these 

roles and studies together, the downregulation of phosphatidylethanolamine-binding protein 1 

levels in UKF-NB-3rCDDP1000 cells makes sense. Natural agents that increase 

phosphatidylethanolamine-binding protein 1 expression are also potential cancer therapeutics for 

the future, as well as nanotechnological delivery of phosphatidylethanolamine-binding protein 1 

(Farooqi, Li et al. 2015). Neither phosphatidylethanolamine-binding protein 1 or 

dihydropyrimidinase-related protein 5 were identified above our cut off criteria in the proteomics 

ǎǘǳŘƛŜǎ ōȅ 5Ω!Ǝǳŀƴƴƻ Ŝǘ ŀƭ ŀƴŘ tƛǎƪŀǊŜǾŀ Ŝǘ ŀƭ (D'Aguanno, D'Alessandro et al. 2011, Piskareva, 

Harvey et al. 2015) (Table 17).  Functional studies are required to draw further conclusions about 

the role of these proteins in cisplatin resistance in the individual cellular contexts. 

4.3.2.1.7 Other modulated proteins, including VDAC2 

Other proteins that were found differentially regulated in cisplatin-adapted cells included S-

formylglutathione hydrolase (Esterase D) (an enzyme that detoxifies formaldehyde 

downregulated in UKF-NB-3rCDDP1000 cells) and eukaryotic initiation factor 4A-III (a protein 

involved in translation and a negative regulator of apoptosis, upregulated in UKF-NB-3rCDDP1000 

cells). However, neither of these proteins fell above our cut off criteria in the proteomics studies 

ōȅ 5Ω!Ǝǳŀƴƴƻ Ŝǘ ŀƭ ŀƴŘ tƛǎƪŀǊŜǾŀ Ŝǘ ŀƭ (D'Aguanno, D'Alessandro et al. 2011, Piskareva, Harvey et 

al. 2015) (Table 17). Eukaryotic initiation factor 4A-III was also found to be upregulated in cisplatin 

resistant ovarian cancer cell lines (Jin, Huo et al. 2014). D-3-phosphoglycerate dehydrogenase is 

an enzyme involved in L-serine biosynthesis that was found upregulated in in UKF-NB-3rCDDP1000  

cells. It was also found to be upregulated in cisplatin-adapted ovarian cancer cell lines (Lincet, 

Guevel et al. 2012). However, it was found downregulated in cisplatin-adapted CHP-212 

neuroblastoma in the Piskareva study (Piskareva, Harvey et al. 2015).  

The voltage-dependent anion channel protein 2 (VDAC2) displayed enhanced levels in UKF-NB-

6rCDDP2000 cells compared to in UKF-NB-6 parentals (see spot 1403 in Appendix L). Upregulation 
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of VDAC2 was also observed in cisplatin-adapted SH-SY5Y neuroblastoma cells in ǘƘŜ 5Ω!Ǝǳŀƴƴƻ 

2D gel electrophoresis study (D'Aguanno, D'Alessandro et al. 2011).  

There are three VDAC isoforms, VDAC1, VDAC2, VDAC3, that have been characterised in higher 

eukaryotes. VDAC1 is the most abundant one. All three isoforms are mainly located in the outer 

mitochondrial membrane, being evenly spread across the mitochondrial surface. The transcript 

levels of all three isoforms were shown to be significantly higher in rat liver cancer cells compared 

to normal liver cells (Shinohara, Ishida et al. 2000, Shoshan-Barmatz, Ben-Hail 2012). These anion 

channels may play a role in the mitochondrial mediated (intrinsic) apoptosis pathway, existing in 

different oligomerization states.  They possess the ability to complex with other proteins and form 

pores (such as the mitochondrial permeability transition (MPT) pore complex (PTPC)) that 

permeabilise the outer mitochondrial membrane (OMM) (Shoshan-Barmatz, Ben-Hail 2012) 

(Figure 43).   

 

 

Figure 43. A representation of the possible of architecture of the permeability transition pore complex 
(PTPC). This is a large multiprotein complex that is assembled across the outer and inner mitochondrial 
membranes and its opening mediates mitochondrial permeability transition (MPT). Numerous 
mitochondrial and cytosolic proteins intervene in the formation or regulation of this pore complex, but its 
actual pore-forming unit is yet to be defined. These proteins include (but are not limited to): various 
isoforms of VDAC, ANT and HK (hexokinase), CYPD (cyclophilin D), PiC (SLC25A3), TSPO (translocator 
protein), CKMT1 (mitochondrial creatine kinase)Σ D{Yоʲ όƎƭȅŎƻƎŜƴ ǎȅƴǘƘŀǎŜ ƪƛƴŀǎŜ оʲύ, p53, as well as 
several members of the Bcl-2 protein family (B-Cell Leukaemia-2). IMS, mitochondrial intermembrane 
space.  Diagram lifted and legend adapted from (Bonora, Wieckowski et al. 2015) 
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BAX (Bcl2 Associated X-protein) and BAK (Bcl2 Antagonist Killer-1) are pro-apoptotic proteins of 

the BCL2 (B-Cell Leukaemia-2) family that play key roles in mitochondrial dysfunction, which is 

neccessary for mitochondrial mediated apoptosis (Wei, Zong et al. 2001, Roy, Ehrlich et al. 2009). 

BAK is an integral OMM protein where it controls its permeabilisation (Wei, Lindsten et al. 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 intermediate of apoptosis leading to cell death. BAK and BAX control OMM 

permeabilisation in response to truncated BID (tBID), another pro-apoptotic protein of the BCL2 

family.  Truncation of cytosolic BID is catalysed by caspases, calpain, cathepsins or granzyme B, 

and this can be initiated by a variety of stress conditions such as direct DNA damage by 

chemotherapeutics such as cisplatin, or via death receptors such as tumour necrosis factor 

receptor 1 (TNFR1) or FAS (Wei, Lindsten et al. 2000, Roy, Ehrlich et al. 2009).  

There are conflicting studies regarding the role of VDAC2 in apoptosis. Roy et al (Roy, Ehrlich et al. 

2009) demonstrated that VDAC2 has a pro-apoptotic role, being crucial 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 regulation of BAX expression. In contrast, previous work by Cheng et al (Cheng, 

Sheiko et al. 2003) support an anti-apoptotic role for VDAC2, but not VDAC1, specifically as an 

inhibitor of BAK-dependent mitochondrial apoptosis by interacting with BAK and maintaining it in 

an inactive form. Consistent with these findings, both vdac1-deficient and vdac3-deficient mice 

are viable, whereas vdac2-deficient mouse embryos are non-viable (Cheng, Sheiko et al. 2003). 

Furthermore, studies by Baines et al (Baines, Kaiser et al. 2007) indicate that all three VDAC 

isoforms are actually dispensable for both MPT pore and BCl-2 family orchestrated apoptosis. Roy 

et al (Roy, Ehrlich et al. 2009) suggest that a pro-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 other apoptosis pathways are regulated. Perhaps our data, demonstrating 

elevated VDAC2 levels in UKF-NB-6rCDDP2000 cells, supports an anti-apoptotic role of VDAC2, as 

suggested by the Cheng et al study. Besides directly damaging mitochondrial DNA, cisplatin also 

damages nuclear DNA and initiates the mitochondrial apoptosis pathway via p53 dependent or 

independent damage responses (Yang, Schumaker et al. 2006), and VDAC2 could possibly protect 

from this by inhibiting BAK-dependent mitochondrial apoptosis in the UKF-NB-6rCDDP2000 cells. 

In head and neck cancer, cisplatin has been shown to preferentially bind to both mitochondrial 

DNA and VDAC itself. The quantity of cisplatin bound to VDAC was more than 200 fold higher than 

the amount bound by total cellular proteins (Yang, Schumaker et al. 2006). This binding of VDAC 

by cisplatin can directly assist the release of cytochrome c by disrupting the mitochondrial 

permeability transition pore and in turn induce apoptosis in cancer cells, irrespective of 
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mitochondrial DNA damage by cisplatin (Gonzalez, Fuertes et al. 2001, Yang, Schumaker et al. 

2006, Cullen, Yang et al. 2007). It should be noted, though, that the VDAC in these experiments 

comprised of all 3 isoforms and so it is not known what proportion, if any, of specific binding was 

to VDAC2. Maybe the levels of VDAC2 are elevated in the UKF-NB-6rCDDP2000 cells in an attempt 

to circumvent direct VDAC2 cisplatin binding and maintain its anti-apoptotic effects. The exact 

role of the VDAC2 isoform in the mode of action and resistance to cisplatin remains to be 

elucidated. The VDAC1 isoform, though, has been shown to be involved in cisplatin-induced 

apoptosis via OMM permeabilisation (acting downstream of BAK and upstream of BAX) (2.2.1 and 

Figure 2. Downregulation or inhibition of VDAC1 reduced cisplatin-induced apoptosis-associated 

modifications of both mitochondrial and plasma membranes in non-small cell lung cancer cells 

(Tajeddine, Galluzzi et al. 2008). Also, the protein adseverin (SCIN) was identified as a cisplatin 

resistance marker in human bladder cancer cells in a proteomics study, and SCIN binds to VDACs 

in the mitochondria. This interaction may inhibit the mitochondrial apoptosis pathway in cancer 

cells that are resistant to cisplatin (Miura, Takemori et al. 2012). 

It is also interesting that VDACs, by partaking in the binding of the glycolytic enzyme hexokinase 

to the mitochondrial outer compartment, have been proposed to play a key role in ǘƘŜ Ψ²ŀǊōǳǊƎ 

ŜŦŦŜŎǘΩ (high rates of glycolysis in the presence of oxygen) in cancer cells, whilst the 

mitochondrially-associated hexokinase activity simultaneously protects against apoptosis 

(Pedersen 2008, Shoshan-Barmatz, De Pinto et al. 2010). We have discussed that tƘŜ Ψ²ŀǊōǳǊƎ 

ŜŦŦŜŎǘΩ may be further driven in the UKF-NB-3rCDDP1000 and UKF-NB-6rCDDP2000 cells due to the 

upregulation of glycolytic enzymes (4.3.2.1.4), but the direct involvement of the VDAC2 isoform in 

this phenomenom is also not known. Nevertheless, if VDAC2 is involved, it could be another 

explanation for elevated levels of VDAC2 is elevated in the UKF-NB-6rCDDP2000 cells.  

Ultimately, elevated VDAC2 could be a biomarker for cisplatin resistance in neuroblastoma cells, 

and a target for inhibitors to alleviate cisplatin resistance, though further functional studies in 

cisplatin-adapted cells and in the individual cellular contexts are required.  

4.3.2.2 Investigating the acute effects of cisplatin 

We also investigated the effects of acute cisplatin treatment in parental and cisplatin-adapted 

neuroblastoma cell lines by performing a multiple cisplatin addition time course over 24 hours, 

adding cisplatin to cells at 2, 8 and 24 hours before harvesting, with no drug added to the 0 hour 

time point (control cells) (4.1.7.1), see results (4.2.2.4). As for the acquired resistance studies, 

summarised identified proteins can be found in Table 15 and Table 16 and their roles were put 

together using Appendix O and Appendix P, where the main roles and matched Gene 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 the UniProt Knowledge base (http://www.uniprot.org/).  Table 18, Table 19, Table 20, 

and Table 21 show the ANOVA p-values and fold change ratios of the proteins at each time point 

over 24 hours. In the acute studies we unveiled a mixture of proteins that were a combination of 

different, similar and the same as those found in the acquired resistance studies.                                                                          

4.3.2.2.1 The acute response study in parental cells 

RuvB-like 2 protein, nucleophosmin, and ATP synthase subunit beta (mitochondrial) were 

upregulated in response to cisplatin treatment after 2 hours, 8 hours and 24 hours incubation 

respectively of UKF-NB-3 parental cells with 1000 ng/mL cisplatin compared to the control (no 

drug) cells. RuvB-like 2 appeared to be a short acting response, whereas nucleophosmin, and ATP 

synthase subunit beta appeared to be longer acting responses over the 24 hours (Table 18).  

RuvB-like 2, along with RuvB-like 1, are components of the human SRCAP, NuA4/TIP60 histone 

acetyltransferase, INO80 chromatin and BAF remodelling complexes. The RuvB-like proteins are 

functionally related to bacterial RuvB helicase which is involved in DNA repair (HOLLIDAY 1974, 

Ikura, Ogryzko et al. 2000). As part of human SRCAP and NuA4/TIP60 histone acetyltransferase 

they are involved in the transcriptional regulation of genes, possibly including those involved in 

oncogene-mediated growth or tumour suppressor-growth arrest, via nucleosomal histone 

modification. The SRCAP complex is the human equivalent of the yeast SWR1 chromatin 

remodelling complex, of which Bdf1 can be a component. Interestingly, Bdf1 deletion resulted in 

increased yeast cell sensitivity to cisplatin, as well as to carboplatin and oxaliplatin (3.3). Figure 21 

illustrates a model for the evolution of the yeast chromatin remodelling complexes SWR1 and also 

NuA4 HAT (histone acetyltransferase) (responsible for histone H4 and H2A acetylation) to the 

human SRCAP (responsible for acetylation-independent exchange of 2A for H2AZ) and human 

NuA4/ Tip60 HAT (responsible for acetylation-linked exchange of H2A variants) complexes (Auger, 

Galarneau et al. 2008). As part of the NuA4/TIP60 histone acetyltransferase complex, the Ruv-B 

like proteins (which contribute ATPase and DNA helicase activity) are also involved in DNA repair 

and the signalling of the existence of DNA damage to the apoptotic system (Ikura, Ogryzko et al. 

2000). As part of the INO80 complex, the RuvB-like proteins are also involved in transcriptional 

regulation, DNA replication and repair. Therefore, the upregulation of RuvB-like 2 may antagonise 

cisplatin-induced DNA damage (2.2.1). It is not surprising regarding that damaging DNA resulting 

in apoptosis is a known mode of cisplatin action.  However, functional studies are needed to 

further investigate the role of RuvB-like 2 in cisplatin resistance, in particularly because 

cytoplasmic actin-1 (beta actin), another component of the human SRCAP and INO80 complexes, 

was found downregulated in UKF-NB-6rCDDP2000 cells (Ikura, Ogryzko et al. 2000, Morrison, Shen 

2009) (4.3.2.1.2.).  Nucleophosmin was found upregulated both in this acute response study in 

UKF-NB-3 parental cells, and in the UKF-NB-3rCDDP1000 vs UKF-NB-3 parental cell comparison 
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(4.3.2.1.1, where it is described). Therefore, it may be involved in the acute response to cisplatin 

and play a role in acquired cisplatin resistance.  ATP synthase subunit beta, also known as F1F0 ATP 

synthase or Complex V, is 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 chain. The role in the context of cisplatin treatment is unclear. 

Six proteins were differentially regulated in UKF-NB-6 parental cells in response to cisplatin 

treatment. Three of these were heat shock chaperones, which were downregulated: endoplasmin 

(HSP90B1/GRP94/GP96), heat shock cognate 71 kDa protein (HSP71/HSC70/HSPA8) and 78 kDa 

glucose related protein (GRP78/HSPA5) after 2 hours, 8 hours and 24 hours (respectively) 

incubation with 2000 ng/mL cisplatin compared to the control (no drug) cells. Endoplasmin 

appeared to be a longer-acting response, heat shock cognate 71 kDa protein a short term 

response, and 78 kDa glucose related protein a long-acting effect over the 24 hours (Table 20). 

Endoplasmin is a constitutive and cytosolic HSP90 isoform that is required for proper folding of 

proteins involved in tumourigenesis such as Toll-like receptors, and also plays a key role in the 

innate function of macrophages (Yang, Liu et al. 2007). It is overexpressed in certain cancers, 

playing a key role in tumour cell survival, and is a negative regulator of apoptosis (Wu, Chu et al. 

2015). An endoplasmin peptide complex derived from tumours, named vitespen, has been trialled 

successfully as a vaccine for a range of cancers (Wood, Mulders 2009). Heat shock cognate 71 kDa 

protein is a member of the HSP70 family that is overexpressed in tumours and is involved in many 

cellular processes such as protein folding, protein degradation, autophagy (Stricher, Macri et al. 

2013). Additionally, it is required for activating pre-mRNA splicing as part of the splicesome (van 

Maldegem, Maslen et al. 2015). There is a drug called apoptozole which inhibits the ATPase 

activity of both HSP70A1 and HSPA8, resulting in the induction of apoptosis in human embryonic 

carcinoma and lung cancer cells (Braunstein, Scott et al. 2007, Ciocca, Cappello et al. 2015). Both 

endoplasmin and 78 kDa glucose related protein, of which there are several inhibitors available, 

are classed as stress-inducible glucose-regulated proteins (GRPs) which are mainly located in the 

ER and mitochondria, both being positive regulators of the unfolded protein response (UPR), the 

cell cycle regulating PI3KςAKT pathway, Wntς̡-catenin proliferative signalling, suppressors of 

apoptosis and are linked to drug resistance (Lee 2014). Hence down-regulation of each of these 

three heat shock proteins may contribute to the anti-neuroblastoma effects of cisplatin. Notable 

the effects may be isoform specific. One proteomics study in cervix squamous cell carcinoma cells 

demonstrated that three isoforms of heat shock cognate 71 kDa were differentially regulated in 

response to cisplatin treatment (30 µg/mL for 1 hour) (Castagna, Antonioli et al. 2004). 

Also after 2 hours incubation with cisplatin, proteasome subunit alpha type-6 (a component of the 

20S proteasome) was downregulated in UKF-NB-6 parental cells, which is concordant with recent 

work showing that cisplatin inhibits proteasome activity in SH-SY5Y neuroblastoma cells (Tundo, 



 
Page | 199  

 

Sbardella et al. 2015). This downregulation appeared to be short acting (Table 20). Notably, this 

protein was also found downregulated in the comparison UKF-NB-6rCDDP2000 vs UKF-NB-6 

parental cells in the acquired resistance study, as already discussed (4.3.2.1.5). Overall, our data 

suggests that downregulation of proteasome subunit alpha type-6 is both a resistance mechanism 

and an acute effect of cisplatin at least in UKF-NB-6 neuroblastoma cells. 

Another protein that was found downregulated after 8 hours cisplatin treatment was a redox 

protein, peroxiredoxin-4. By 24 hours this downregulation had returned back up to near the levels 

of the control UKF-NB-6 parental cells at 0 hours (Table 20). Since cisplatin is anticipated to induce 

higher ROS levels that contribute to DNA damage and cell death (Dasari, Tchounwou 2014) 

(2.2.1), peroxiredoxin-4 downregulation may contribute to the anti-neuroblastoma effects of 

cisplatin. Notably, peroxiredoxin-2 was found downregulated in UKF-NB-3rCDDP1000 in the 

acquired resistance study (4.3.2.1.3).  

Pyruvate kinase (PKM) was found upregulated in UKF-NB-6 cells in response to 8 hours cisplatin 

incubation (Table 20). Pyruvate kinase was also upregulated in the UKF-NB-6rCDDP2000 cells 

compared to the parental cells in the acquired resistance study (4.3.2.1.4). Hence a shift towards 

ŀ Ψ²ŀǊōǳǊƎΩ ƳŜǘŀōƻƭƛǎƳΣ likely resulting from cisplatin-induced 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 acute response study in cisplatin-adapted cells  

There was no overlap between the proteins that were differentially regulated in response to 

cisplatin in UKF-NB-3 and UKF-NB-3rCDDP1000 cells (4.3.2.2.1). Four proteins were found short-

term upregulated in response to 2 hour cisplatin (1000 ng/mL) treatment in UKF-NB-3rCDDP1000 

cells (Table 19). 26S protease regulatory subunit 8, which was modulated in the UKF-NB-

6rCDDP2000 cells in the acquired resistance study (4.3.2.1.5), and also 26S protease regulatory 

subunit 10B are both components of the 26S proteasome (refer to 4.3.2.1.5).  

VDAC2 was also upregulated in UKF-NB-3rCDDP1000 cells after 2 hours cisplatin treatment which 

appeared to be a long term response (Table 19). Since VDAC2 was switched on in UKF-NB-

6rCDDP2000 cells compared UKF-NB-6 parental cells, it has been discussed previously (4.3.2.1.7). It 

has been discussed how in head and neck cancer, cisplatin has been shown to preferentially bind 

to VDAC itself, directly assisting the release of cytochrome c by disrupting the mitochondrial 

permeability transition pore and in turn inducing apoptosis (Yang, Schumaker et al. 2006, Cullen, 

Yang et al. 2007) (4.3.2.1.7).  If part of this binding is to the VDAC2 isoform, then VDAC2 elevation 

in the cisplatin resistant cells could also be an immediate defence against this cisplatin mode of 
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action. Maybe VDAC2 has an alternative, yet unknown, role in the stress response to drug 

challenge. 

The fourth protein that was found upregulated in UKF-NB-3rCDDP1000 cells in response to 2 hours 

cisplatin treatment was guanine nucleotide-binding protein subunit beta-2-like-1, also known as 

RACK1 (receptor of activated protein C kinase 1). RACK1 is involved in many cellular processes, 

including a dual roles in apoptosis and proliferation (Li, Xie 2015). RACK1 has been implicated in 

negative regulation of Wntς̡-catenin signalling (Li, Esterberg et al. 2011, Deng, Yao et al. 2012), a 

proliferation pathway that has been implicated in cisplatin resistance (Gao, Liu et al. 2013, 

Nagaraj, Joseph et al. 2015) (2.2.2.4). Regarding neuroblastoma, it has been documented that 

RACK1 is expressed in neuroblastoma cells and in contrast positively regulates cell migration and 

proliferation via modulating the activation of Src (Lu, Zhang et al. 2012). However, in response to 

cisplatin, RACK1 has beŜƴ ǎƘƻǿƴ ǘƻ ǘŀǊƎŜǘ ҟbǇсоʰ όŀ ƳŜƳōŜǊ ƻŦ ǘƘŜ Ǉро ŦŀƳƛƭȅύ ŦƻǊ ǇǊƻǘŜŀǎƻƳŜ 

degradation in head and neck cancer cells (Fomenkov, Zangen et al. 2004), disrupting the role of 

ҟbǇсоʰ in cell proliferation and oncogenic growth (Patturajan, Nomoto et al. 2002).   

Elongation factor 2 and lactate dehydrogenase (A chain) were downregulated in UKF-NB-

3rCDDP1000 cells after 24 hours treatment with cisplatin (Table 19). Lactate dehydrogenase was 

previously discussed because it was upregulated in UKF-NB-3rCDDP1000 cells in the acquired 

resistance study (4.3.2.1.4). During translation elongation, elongation factor 2 catalyses the GTP-

dependent ribosomal translocation step, and silencing of elongation factor 2 in lung 

adenocarcinoma cells resulted in increased sensitivity to cisplatin (Chen, Fang et al. 2011).  

The relevance of these six proteins in the response of UKF-NB-3rCDDP1000 cells to cisplatin remains 

unclear. 

In the UKF-NB-6rCDDP2000 cells, pyruvate kinase was downregulated after 2 hours treatment with 

cisplatin (2000 ng/mL) which appeared to be a long-term response (Table 21). This protein was 

upregulated in UKF-NB-6rCDDP2000cells relative to UKF-NB-6 parentals cells in the acquired 

resistance study (4.3.2.1.4) and also in the UKF-NB-6 parental cells in the acute study after 8 hours 

cisplatin treatment (4.3.2.2.1). In addition, 26S protease regulatory subunit 8 was downregulated 

after 24 hours cisplatin treatment in UKF-NB-6rCDDP2000 cells, also appearing to be a long-term 

response (Table 21). This protein has already been discussed due to its upregulation in UKF-NB-

6rCDDP2000cells relative to UKF-NB-6 parental cells in the acquired resistance study (4.3.2.1.5) and 

also in this section (4.3.2.2.2) because it was upregulated in the acute response study in the UKF-

NB-3rCDDP1000 cells in response to cisplatin.  

Again, the relevance of these proteins in the response of UKF-NB-6rCDDP2000cells 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.cerevisiae) heterozygous gene deletion strains in the 

presence of cisplatin, carboplatin and oxaliplatin on agar containing drug versus no drug (3.2.1 

and 3.2.2), as well as proteomics studies of human parental and cisplatin-resistant neuroblastoma 

cell lines using 2D gel electrophoresis (coupled with MALDI-TOF MS and MALDI-TOF-TOF MS/MS) 

(4.2.2), both revealed a number of novel candidates that may contribute to platinum drug 

resistance or mode of platinum drug action, being potential biomarkers, or future drug targets to 

reverse resistance or enhance platinum drug sensitivity. The most obvious differences between 

these approaches were the, just described, methodologies and the model organisms. Also, the 

yeast screen was a gene deletion/loss of function analysis approach compared to the analysis of 

protein overexpression and down-regulation for the proteomics studies. Furthermore, the yeast 

screen was of a pre-selected group of strains with genes encoding transcription factors deleted, 

whereas proteomics was of the whole cell proteome. The yeast study was also extended by 

examining fitness data generated from screening a whole-genome homozygous gene deletion 

library versus the same platinum drugs (3.2.1.1 and 3.2.1.2); these data was extracted from the 

Yeast Fitness Database, produced from pooled competitive growth of gene deletion strains in the 

presence of drug, with growth quantified by PCR and tag micro-array technology. 

Comparing screening figures, in yeast a total of 14 genes were confirmed from our initial screen of 

209 (transcription factor/regulator) gene deletion strains, as important for survival in the 

presence of platinum drugs (3.2.2); 4 for cisplatin, 6 for carboplatin, and 13 for oxaliplatin (Figure 

11). From the Yeast Fitness Database (3.2.1.1), derived from screening the whole genome, there 

were 1656 hits for cisplatin, 582 for carboplatin, and 657 for oxaliplatin (Figure 7B). Both our 

screen and the Yeast Fitness Database screen, from studying the distribution of both the hit 

strains (3.2.1.1) and their functions and processes (3.2.1.2), demonstrated that the three platinum 

drugs have both exclusively individual and shared (between two or all three drugs) modes of 

actions and potential resistance mechanisms. Of the hit strains confirmed in our screening, BDF1 

was investigated in more detail (3.2.3), confirming that it antagonises the effects of all three 

platinum drugs. Notably, BET inhibitors that target the human analogues of BDF1 are under 

clinical development for 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, Bdf1 shares functional homology with human Brd8, 

an accessory subunit of the human NuA4/Tip60 HAT complex (Figure 21) (Auger, Galarneau et al. 
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2008); both complexes regulate histone H2AZ incorporation into chromatin and ultimately 

regulate transcriptional processes. Targeting Brd8 specifcally may be a worthwhile consideration 

for future therapy to sensitise cancer cells to platinum agents. In contrast, we carried out solely 

cisplatin studies in neuroblastoma, and 20 differentially expressed proteins were implicated in 

acquired cisplatin resistance and 15 in all the acute cisplatin responses (combined figures from 

the UKF-NB-3 and UKF-NB-6 studies). Originally, 20/48 excised spots (out of 574 per gel) were 

identified in the UKF-NB-3 cell lines and 14/32 spots (out of 675 per gel) the UKF-NB-6 cell lines. 

Excised spots were those that indicated differences in protein levels for at least one of the 

comparisons (4.2.2.2). 

Even though the yeast studies and proteomics were two quite different approaches, they were 

both data mining exercises with some interesting overlaps in results. Proteomics hits for cisplatin 

resistance (4.2.2.3) and the acute responses (4.2.2.4) were matched to a variety of functions and 

processes, mainly chaperone activity, stress resistance, redox and detoxification, cell growth, 

apoptosis, DNA repair and replication, protein turnover, carbohydrate metabolism, cytoskeletal 

organisation and neuronal functional and development. Most of these were in agreement with 

those of the gene deletion hits (both for cisplatin only and for all three drugs) from the yeast 

studies (3.2.1.2). It was also very interesting that proteomics hits RuvB-like 2 (identified as 

upregulated in the cisplatin acute response in UKF-NB-3 parental cells) and beta-actin (identified 

as downregulated in UKF-NB-6 acquired cisplatin resistance) are both part of the human 

NuA4/TIP60 histone acetyltransferase (as for Brd8, see above), INO80 and SRCAP chromatin 

remodelling complexes, which are also involved in DNA repair and replication (Ikura, Ogryzko et 

al. 2000, Morrison, Shen 2009). The SRCAP complex is the human equivalent of the yeast SWR1 

chromatin remodelling complex with which Bdf1, our key hit from the yeast studies, is associated. 

It would be very interesting to further investigate the role of all these complexes, and their 

individual components, in platinum drug resistance and as potential drug targets, in particularly to 

enhance platinum toxicity.  

Focussing on the proteomics studies, it would be interesting and worthwhile to further investigate 

the role of nucleophosmin and VDAC2 in cisplatin resistance because both of these proteins were 

upregulated with high fold change ratios in cisplatin resistant cells (UKF-NB-3rCDDP1000 and UKF-

NB-6rCDDP2000 respectively) (4.2.2.3), and both appeared in the UKF-NB-3 acute responses 

(4.2.2.4), and both were upregulated in one of the other external acquired resistance studies in 

neuroblastoma (SH-SY5Y cells) with the same direction of expression (4.2.2.2). Furthermore, there 

is limited literature implicating them in cisplatin resistance, which would add to their novelty as 

potential biomarkers or drug targets. 

Cisplatin and carboplatin, which have similar modes of cellular uptake, were described to induce 

similar DNA adducts and to differ from oxaliplatin in their modes of interaction with DNA and 
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subsequent cascade of events leading to cell death. However, the majority of our results obtained 

from the yeast deletion strains suggested that they are not the most similar (3.2). In contrast to 

these findings in the yeast model, cross-resistance profiles in our cell line panel (consisting of the 

neuroblastoma cell lines UKF-NB-3 and UKF-NB-6 and their sub-lines adapted to cisplatin, 

carboplatin or oxaliplatin) were more pronounced between cisplatin- and carboplatin-resistant 

neuroblastoma cells than between cisplatin- or carboplatin-resistant neuroblastoma cells and 

oxaliplatin-resistant neuroblastoma cells (4.2.1.3). This finding suggests that yeast-derived data 

may only transferred to human cancer (models) with caution.  

The comparison of platinum drug-resistance profiles (4.2.1.3), cell doubling times (4.2.1.2) and 

cell morphology (4.2.1.1) indicated significant differences between the different platinum drug-

adapted neuroblastoma cell lines, indicating that, despite a substantial level of cross-resistance, 

resistance formation is a complex, cell line-specific (individual) process. The individuality of the 

resistance formation process in a given cancer cell line was confirmed by our proteomics study 

investigating the cisplatin-resistant sub-lines of UKF-NB-3 and UKF-NB-6 and the comparison of 

the resulting data to the results of two other external studies that had investigated additional 

cisplatin-adapted neuroblastoma cell lines by proteomics (4.2.2).  

Taken together, our data overall suggests 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 improved therapies for each individual cancer patient. 
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