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Abstract 

 

The incidence of Squamous Cell Carcinoma is growing in certain populations to the 

extent that it is now the most common skin lesion in young men and women in high 

ultraviolet exposure regions such as Queensland. In terms of incidence up to 45% of the 

Australian population over 40 years of age is thought to possess the precancerous Solar 

Keratosis lesion and with a small but significant chance of progression into SCC, 

understanding the genetic events that play a role in this process is essential. 

 

The major aims of this study were to analyse whole blood derived samples for DNA 

aberrations in genes associated with tumour development and cellular maintenance, with 

the ultimate aim of identifying genes associated with non-melanoma skin cancer 

development. This study had an explicit emphasis on the mitochondrial genome and 

nuclear genes that encode for subunits in the mitochondrial regulated energy transducing 

oxidative phosphorylation pathways. More specifically the first aim of this project was to 

analyse the NDUFA8, PTCH, NDUFA5, SMOH, SDHD, MMP12, NDUFV1, EMS1, 

COXVIIc, and RASA1 genes via non-specific fluorophoric Real-Time PCR for genetic 

aberrations in an affected Solar Keratosis and control cohort. The second aim was to 

analyse two specific genes, SDHD and MMP12, for copy number aberrations via Dual-

Labelled Probe Real-Time PCR in the same affected Solar Keratosis and control cohort. 

The third aim was to analyse Mitochondrial DNA Depletion syndrome (MDS) in a 

chemically exposed RAAF personnel cohort via Dual-Labelled Probe Real-Time PCR.  

 

The significance of these studies is in their contribution to the knowledge of the genetic 

pathways that are malformed in the progression and development of the pre-cancerous 

skin lesion Solar Keratosis. Furthermore, it would determine whether the genes analysed 

in this study exist in greater prevalence in the affected Solar Keratosis population 

compared to the control cohort. With regard to the MDS component, identifying the 

presence of this disease in these individuals was initially undertaken as part of a study to 

provide evidence in compensation claims. The diagnosis may assist in their medical 
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therapy, insofar as some of them were now suffering from liver malfunctions and atypical 

male breast cancer. Another application of this effective and low cost method of 

diagnosing MDS is in populations with high HIV incidences. This is due to the fact that 

the most common drug used to treat this disease can give rise to the expression of MDS, 

thus further complicating the health status of HIV infected individuals.  

 

The analysis of this research was accomplished via the Real-Time PCR technique, with a 

non-specific fluorophore component in addition to specific Dual-Labelled Probe 

components, to ascertain the general nature of any aberration identified in the sample 

cohort. This project also employed additional methods of analysis such as DHPLC and 

DNA sequencing to assist in determining the veracity of its aims, particularly in terms of 

the precise detection of genetic aberrations via Real-Time PCR.  Patients exhibiting male 

breast cancer and liver malfunctions were also analysed via Dual-Labelled Probe Real-

Time PCR to ascertain the presence of Mitochondrial DNA Depletion syndrome, a 

disorder characterised by lactic acidosis, liver failure, seizures, and congestive heart 

failure. Determining the presence of this syndrome in these patients would assist in their 

medical treatment, and contribute to the analytical methods available to diagnose this 

syndrome, which is known to occur in HIV sufferers due to the nucleoside drugs used to 

combat the disease.  Real-Time PCR can adequately gauge the integrity of a genetic area 

in terms of amplicon malformities (non-specific-fluorophoric) and DNA copy number 

aberrations (Dual-Labelled Probe) via fluorophore signal differentials compared to wild-

type samples and housekeeper profiles. 

 

The results of the first component of this project, namely the analysis of five gene pairs 

by non-specific fluorophoric Real-Time PCR, highlighted that a significantly higher 

incidence of putative aberrants is evident in the affected population when compared to 

the control cohort. The genes analysed were NDUFA8, PTCH, NDUFA5, SMOH, 

SDHD, MMP12, NDUFV1, EMS1, COXVIIc, and RASA1. These ten genes were 

subdivided into five pairs; one of the pair being a gene associated with the development 

of a non-melanotic skin cancer (NMSC), the other a gene encoding for a subunit of the 

Electron Transport Chain (ETC). Each of these pairs exists in close proximity to one 
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another on a particular chromosomal locale. Differences were highlighted in the single 

gene triplicate run population. The ETC genes (NDUFA8, NDUFA5, SDHD, NDUFV1, 

COXVIIc) exhibited 10 / 720 (1.37%) as being putative mutants in the control 

population, compared to 117 / 675 (17.3%) for the affected population (p value < 

0.0001). The NMSC gene analysis (PTCH, SMOH, MMP12, EMS1, RASA1) produced a 

16 / 720 (2.22%) ratio for the control population, with the affected population having an 

incidence of 97 / 675 (14.4 %) for putative mutants (p value < 0.0001).  

 

The observance of putative aberrants in the NDUFV1 (p < 0.018), EMS1 (p < 0.003), 

COXVIIc (p < 0.001), and RASA1 (p < 0.009) genes in the affected Solar Keratosis (SK) 

population was significantly higher than that observed in the control population. The 

majority of aberrations detected via the non-specific fluorophoric Real-Time PCR 

technique were small nucleotide base insertions and deletions. The analysis of the SK 

affected and control cohort via Real-Time PCR proved a cost-effective and reliable 

method in identifying the presence of DNA aberrations such as non-instructional sites. 

 

The results of the second component extended the findings of the non-specific 

fluorophoric analysis. The SDHD and MMP12 genes were analysed for copy number 

aberrations via Dual-Labelled Probe Real-Time PCR for genetic aberrations the same 

affected and control Solar Keratosis cohort. It was found that 12 of 279 samples had 

identifiable copy-number aberrations in either the SDHD or MMP12 gene (this means 

that a genetic section of either of these two genes is aberrantly amplified or deleted), with 

five of the samples exhibiting aberrations in both genes. The MMP12 gene also had nine 

samples identified as possessing an intronic heterozygous base-pair substitution anomaly 

via DNA sequencing. The NDUFA8 gene had 12 samples identified as anomalous via the 

DHPLC technique, 11 of which were identified via non-specific fluorophoric Real-Time 

PCR, with the analysis performed to verify the accuracy of the Real-Time technique in 

identifying DNA aberrations. This study identified DNA aberrations in an affected Solar 

Keratosis and control cohort and ascertained several particular genomic abnormalities in 

the SDHD, MMP12 and NDUFA8 genes, with an emphasis on copy-number aberrations 

and amplicon abnormalities. 
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In the third component of this study, namely the analysis of Mitochondrial DNA 

Depletion syndrome (MDS) in a jet-fuel exposed RAAF personnel cohort via Dual-

Labelled Probe Real-Time PCR, the results indicated that four of the seven patients were 

expressing MDS. Of the four patients who exhibited a reduction in mitochondrial copy-

number the average decrease was of a four-fold level, or approximately a depletion of 

mitochondrial copies from 200+ to ~ 54 (74 % reduction in MtDNA). The patients who 

contributed DNA for investigation into the presence of MDS were suffering from liver 

malfunction and atypical male breast cancer. The Dual-Labelled Probe technique proved 

a reliable and cost effective method in identifying the presence of MDS in these patients, 

with the DNA extracted from fresh white blood cells that had been isolated using the 

Ficoll-Hypaque method. The importance of this is that accurate levels of Mitochondrial 

DNA copy numbers can be ascertained in white blood cells as it removes the presence of 

platelets, which also contain mitochondria but no nucleus. 

 

The analysis of ETC and NMSC associated genes in addition to mitochondrial copy 

number integrity means that this study investigated two aspects of the carcinogenetic 

pathway i.e. abnormal energy regulation and the regulation of micromolecular and 

macromolecular cellular homeostatic mechanisms. The mechanism of programmed cell 

death or apoptosis is regulated by the mitochondria and the ability of a genetically 

damaged cell to evade the apoptotic process is directly linked to a cell becoming 

cancerous. It is only after the evasion of apoptosis and the replication of the damaged 

cells’ DNA into daughter cells that neoplastic events can occur. Thus, this study 

contributed to the understanding of how neo-plastic lesions may develop and progress 

into invasive tumours. It additionally assisted in proving the effectiveness of the Real-

Time PCR technique in detecting DNA aberrations and mitochondrial copy number 

anomalies. 



 vi

Acknowledgements 

 

I would like to thank Dr David Maguire for taking me on to do this PhD and who 

provided constant support and encouragement throughout my three years in Brisbane. 

More he allowed a certain latitude of freedom, especially in research applications and 

professional communications, to an extent that he became as much a supervisor as a 

friend. Thank you. 

 

To Professor Frank Clarke, for agreeing to be my associate supervisor and who provided 

me with demonstrating jobs that allowed for me to get through my first six months, 

before my scholarship situation was sorted out, cheers. 

 

I appreciate all the time and professional courtesy extended to me by Dr Ann McDonnell 

throughout my three years of PhD research and who gave invaluable advice in certain 

areas of my PhD.  

 

Thanks to Associate Professor Denis Crane and Dr Bharat Patel, who let me use the Real-

Time PCR machines situated in their lab and who gave some initial advice as to the 

proper implementation of the Real-Time PCR technique. 

 

Professor Lyn Griffiths gave constant support over my three years in Brisbane, with 

particular regard to my PhD thesis write-up and the acquisition of my affected SK and 

control cohort. Thank you very much for all your time and effort, and your 

encouragement after my Honours year. 

 

To Dr Frank Bowling, Dr Noel Williams, and Dr David Cowley who all gave their time 

and energy to getting the Mitochondrial DNA depletion syndrome study up and running, 

and who all provided research space to the procurement of the samples used in the study, 

thank you. 

 



 vii

 

To all my lab partners over the three years in our tiny lab in the science 2 building 

(Harry, Jan, Terita, Theresa, Dominique), I would like to extend my gratitude for pointing 

out the occasional mistake and for providing many stimulating conversations, not to 

mention the occasional movie!  

 

To my brother Grayson and his son Eli, who gave me constant support and laughter 

whilst I was doing my PhD, thanks and I hope you both sort out that unfortunate 

tendency to giggle like schoolgirls when you tickle each other. A mention must go to 

your abilities in distracting me from tending to over-seriousness, cheers, and the first few 

rounds are on you Gray-bo! 

 

To my girlfriend Kathy, who not only mastered the table of contents and references for 

this PhD thesis, but who always gave me her love and support and never failed to put a 

smile on my face, thank you, I could not have done this write-up without you. 

  

To Mum, whose love and encouragement allowed me to get this far in my personal and 

professional lives, and who showed me that sometimes subtlety is vastly superior to the 

sledgehammer. Thank you for all you have done and for putting up with your youngest 

and probably most vexing son when he was at his most annoying. 

 

Lastly I would like to thank my stepfather John, who is the only true father I have ever 

known and a person who gave me some indication as to what it is to be a man in this 

world. I could never have done this without your support and backing, plus you showed 

me the many do’s and don’ts in dealing with people who just plain give you what I guess 

Sir Humphrey calls an “inappropriate level of mental confusion, as to be said that a 

meeting of minds was not evident, particularly with regard to the execution and 

performance of professional actions and activities”.  

 

 



 viii

Table of Contents 

                                                                                                                                       Page 

Abstract             ii 

Acknowledgements            vi 

Table of Contents            viii        

List of Figures             xv                                                                        

List of Tables and Graphs                                                                                        xix 

List of Abbreviations            xx 

Statement of Originality            xxiii 

Publications Arising from Work Described in this Thesis       xxiv 

Conference Abstracts and Presentations          xxv 

 

Chapter 1 Review of the Literature         1 

                        1.1 Aims and Significance        2 

                                    1.1.1 Introduction         2 

                                    1.1.2 Aims          3 

                                    1.1.3 Significance         4 

 

                         1.2 Overview of Cancer         6 

 1.2.1 Carcinogenesis        6 

 1.2.2 DNA repair pathways        11 

                         1.2.3 Pre-cancer         14 

 

1.3 Epidemiology and Aetiology of NMSC      15 

1.3.1 Epidemiology of Solar Keratosis      15 

1.3.2 Aetiology of NMSC        16 

1.3.3 Human Papilloma viruses and Skin cancer     22 

1.3.4 Epidemiology of Squamous Cell Carcinoma     22 

1.3.5 Aetiology of Squamous Cell Carcinoma     23 

1.3.6 Squamous Cell Carcinoma in situ      26 

 



 ix

1.4 Histopathology of NMSC        27 

 

1.5 Genetics of NMSC         31 

 1.5.1 TP53                                                                            31 

 1.5.2 CDKN2A         32 

 1.5.3 GSTM1         32 

 1.5.4 TNF Family         33 

 1.5.5 MMP Family         33 

 1.5.6 RAS Family         34  

 1.5.7 Chromosomal Abnormality       35 

 

1.6 Mitochondria          36 

 1.6.1 Characteristics            36 

 1.6.2 Electron Transport Chain       38 

 1.6.3 Mitochondrial Genome       41 

 

1.7 Disorders Arising From Mitochondrial Abnormalities    43 

 

1.8 Mitochondrial Involvement In Cancer      48 

1.8.1 Apoptosis              48  

1.8.2 Reactive Oxygen Species            54 

1.8.3 Nuclear and Mitochondrial gene coordination        60 

1.8.4 Complex III UQCRFS1 subunit           62 

1.8.5 Complex II subunits             63 

1.8.6 Extracellular ATP Signalling                                         63 

 

1.9 Mitochondrial DNA Depletion Syndrome      65  

 

1.10 Genes of Interest in This Study        66 

1.10.1 Cox VIIc         66 

1.10.2 SDHD          67 



 x

1.10.3 NDUFV1         68  

1.10.4 NDUFA5         69  

1.10.5 NDUFA8                               69  

1.10.6 PTCH          70 

1.10.7 SMOH          74 

1.10.8 MMP12         76 

1.10.9 EMS1          77 

1.10.10RASA1          78 

 

1.11 Molecular Biology Research Techniques      80 

1.11.1  Real-Time PCR        80 

1.11.2 Non-specific Fluorophoric Real-Time PCR     81 

 1.11.3 Dual-labelled Probe Real-Time PCR      83 

 

Chapter 2 Methods and Materials         85 

2.1 Apparatus, Materials, and Solutions       86 

2.1.1 Laboratory Equipment       86 

2.1.2 Disposables / Consumables       86  

2.1.3 Chemicals and Specialised Reagents      87 

 

2.2 Experimental Design for Solar Keratosis Study     88 

2.2.1 Ethical Approval        88 

2.2.2 DNA Collection        89 

2.2.3 Primer Design and Evaluation of DNA Extraction    89 

2.2.4 Investigative Techniques and Gene Selection    90 

2.2.5 SYBR Green I Real-Time PCR Primer Design and 

Evaluation         91 

2.2.6 Non-specific Fluorophoric Real-Time PCR                  91 

 

2.3 Experimental Design for RAAF MDS Study                 95 

 2.3.1 Ethical Approval                                                            95 



 xi

 2.3.2 Ficoll White Blood Cell and DNA Extraction               96 

                 

2.4 Dual-Labelled Probe Real-Time PCR      97 

 2.4.1 Dual-Labelled Probe Real-Time PCR                           98 

 

2.5 PCR Product Purification and Sequencing      100 

 

2.6 Blue-Native Gel Electrophoresis                                        102     

 

 

Chapter 3 Evaluation of Experimental Design        103  

3.1 Introduction          104  

 

3.2 Methods          105 

 

3.2 Results           108 

 

3.4 Discussion                                114 

 

Chapter 4 Solar Keratosis Study 1: Analysis Using Non-Specific Fluorophoric   

Real-Time PCR of Aberrant and Control Samples      117 

 

4.1 Introduction          118 

 

4.2 Methods          119 

 

4.3 Results           121 

 4.3.1 NDUFA8 and PTCH        125 

 4.3.2 NDUFA5 and SMOH        127 

 4.3.3 SDHD and MMP12        129 

 4.3.4 NDUFV1 and EMS1        135 



 xii

4.3.5 COXVIIc and RASA1       139 

4.3.6 Summary of Results        144  

 

 

4.4 Discussion                                144 

 4.4.1 NDUFA8 and PTCH        144 

4.4.2 NDUFA5 and SMOH         145 

4.4.3 SDHD and MMP12         146 

4.4.4 NDUFV1 and EMS1        147 

4.4.5 COXVIIc and RASA1       149 

 4.4.6 Summary and Conclusions       150 

 

 

Chapter 5 Solar Keratosis Study 2: Analysis of Aberrant Samples Using  

Quantitative Real-Time PCR, Sequencing and DHPLC                156 

 

5.1 Introduction          157 

 

5.2 Methods          160 

 

5.3 Results           162 

5.3.1 SDHD and MMP12 Dual-Labelled Probe Ct  

            Result Figures         164 

5.3.2 SDHD and MMP12 Dual-Labelled Probe Result  

Summary         169 

5.3.2.1 Solar Keratosis Study Sample 47     171 

5.3.2.2 Solar Keratosis Study Sample 104     172 

5.3.2.3 Solar Keratosis Study Sample 207     172 

5.3.2.4 Solar Keratosis Study Sample 245     173 

5.3.2.5 Solar Keratosis Study Sample 296     173 

5.3.2.6 Solar Keratosis Study Sample 310     174 



 xiii

5.3.2.7 Solar Keratosis Study Sample 316                175 

5.3.2.8 Solar Keratosis Study Sample 357     176 

5.3.2.9 Solar Keratosis Study Sample 397     177 

5.3.2.10 Solar Keratosis Study Sample 408     178  

5.3.2.11 Solar Keratosis Study Sample 455     179 

5.3.2.12 Solar Keratosis Study Sample 461      179 

   5.3.3 Sequencing of SDHD and MMP12 Putative Mutants   180 

   5.3.4 DHPLC Analysis of NDUFA8 Putative Mutants    182 

 

5.4 Discussion          185 

5.4.1 Dual-Labelled Probe Real-Time PCR Analysis of  

            SDHD and MMP12        185 

 5.4.2 Sequencing Analysis of SDHD and MMP12     186 

 5.4.3 DHPLC Analysis of NDUFA8      187 

 5.4.4 Summary and Conclusions       188 

 

 

Chapter 6 Mitochondrial DNA Depletion Study        191 

6.1 Introduction          192 

 

6.2 Methods          193 

 

6.3 Results           195 

6.3.1 Patient 1         197 

6.3.2 Patient 2         198 

6.3.3 Patient 3         199 

6.3.4 Patient 4         200 

6.3.5 Patient 5         201 

6.3.6 Patient 6         202 

6.3.7 Patient 7         203 

 



 xiv

6.4 Blue-Native polyacrylamide gel electrophoresis                204 

 

6.5 Discussion          206 

  

  

 

 

Chapter 7 Summary and Discussion                               210 

7.1 Introduction          211 

 

7.2 Evaluation of Experimental Design       214 

 

7.3 Solar Keratosis Study 1: Analysis Using Non-Specific  

            Fluorophoric Real-Time PCR of Aberrant and Control  

            Samples                                                                                      218 

 

7.4 Solar Keratosis Study 2: Analysis of Aberrant Samples Using  

            Quantitative Real-Time PCR, Sequencing and DHPLC           224 

 

7.5 Mitochondrial DNA Depletion Study       230 

 

7.6 Limitations          233 

 

7.7 Future Directions         236 

 

 

Chapter 8 Appendix           242 

 

 

Chapter 9 Bibliography            266 



 xv

List of Figures  

              Page 

Figure 1.1: NER pathways in mammalian cells.        12  

Figure 1.2: The clinical progression of normal skin to KIN lesions to SCC on  

                  chronically sun-exposed skin.                                                     27 

Figure 1.3: Normal Skin vs. SK lesion vs. SCC in the epidermis.      29 

Figure 1.4: Photomicrograph of solar (actinic) keratosis.       30 

Figure 1.5: Squamous cell carcinoma in situ.         30 

Figure 1.6: Electron micrograph of a mitochondrion.                  37 

Figure 1.7: Schematic representation of mammalian electron transport  

                   complexes (I–V).           40 

Figure 1.8: Human mitochondrial genome.         42 

Figure 1.9:  Morphology of necrosis and apoptosis.        49 

Figure 1.10: Generation of ROS by complex I of the electron transport chain    

                     in the mitochondria and its implicated consequences.      56  

Figure 1.11: Proteins in the sonic hedgehog-signalling pathway.      72 

Figure 1.12: A schematic representation of the Hedgehog pathway in human cells.    75 

Figure 1.13: Photographs of vascular
 
malformations linked to RASA1

 
mutations.       79 

Figure 2.1: Exonic representation of primer binding: NDUFA8.      92  

Figure 2.2: Exonic representation of primer binding: PTCH.      92  

Figure 2.3: Exonic representation of primer binding: NDUFA5.      92  

Figure 2.4: Exonic representation of primer binding: SMOH.       93  

Figure 2.5: Exonic representation of primer binding: NDUFV1.      93  

Figure 2.6: Exonic representation of primer binding: EMS1.      93 

Figure 2.7: Exonic representation of primer binding: COXVIIc.      94  

Figure 2.8: Exonic representation of primer binding: RASA1.      94  

Figure 2.9: Exonic representation of primer binding: SDHD.      95 

Figure 2.10: Exonic representation of primer binding: MMP12.      95 

Figure 2.11: Exonic representation of primer-probe binding: Tubulin-α-8.     99 

Figure 2.12: Exonic representation of primer-probe binding: SDHD.                          99 

Figure 2.13: Exonic representation of primer-probe binding: MMP12     99 



 xvi

Figure 2.14: Representation of Mitochondrial tRNA leucine primer-probe binding.   100  

Figure 3.1: Agarose gel electrophoresis of NDUFS4 (Samples 1-140).                109  

Figure 3.2: Agarose gel electrophoresis of NDUFS4 (Samples 141-282).                110  

Figure 3.3: MgCl2 titration of mitochondrial leucine tRNA primers at 64°C.     111  

Figure 3.4: MgCl2 titration of Tubulin-α-8 primers at 62°C and 64 °C.     111 

Figure 3.5: MgCl2 titration of PTCH (left) and MMP12 (right) primers at 58°C.        111 

Figure 3.6: MgCl2 titration of SDHD (left) and MMP12 (right) probe  

                  primers at 64°C.           111 

Figure 3.7: MgCl2 titration of SDHD at 56°C.        112 

Figure 3.8: MgCl2 titration of NDUFA5 (left) and SMOH (right) at 60°C.      112 

Figure 3.9: MgCl2 titration of NDUFV1 (left) and EMS1 (right) at 62°C.     112  

Figure 3.10: MgCl2 titration of MMP12 (left) and NDUFA8 (right) at 56°C.    112 

Figure 3.11: MgCl2 titration of COXVIIc (left) and RASA1 (right) at 60°C.    113 

Figure 4.1: NDUFA8 and PTCH melt curve: normal vs. aberrant.                               125 

Figure 4.2: NDUFA8 and PTCH melt curve: normal vs. aberrant.                             126 

Figure 4.3: NDUFA5 and SMOH melt curve: normal vs. aberrant.      127 

Figure 4.4: NDUFA5 melt curve: normal vs. aberrant.                                        1278 

Figure 4.5: SDHD melt curve: normal vs. aberrant.                                         129 

Figure 4.6: SDHD quantitation curve: normal vs. aberrant.                                          130 

Figure 4.7: SDHD melt curve: normal.         130 

Figure 4.8: SDHD melt curve: normal vs. aberrant.                                         131 

Figure 4.9: SDHD melt curve: normal vs. aberrant.                                         131 

Figure 4.10: MMP12 melt curve: normal vs. aberrant.                                        132 

Figure 4.11: MMP12 quantitation curve: normal vs. aberrant.                 132 

Figure 4.12: MMP12 melt curve: normal.         133 

Figure 4.13: MMP12 quantitation curve: normal.                                         133 

Figure 4.14: MMP12 melt curve: normal vs. aberrant.                                        134 

Figure 4.15: NDUFV1 melt curve: normal vs. aberrant.                                        135 

Figure 4.16: NDUFV1 melt curve: normal vs. aberrant.                                        136 

Figure 4.17: NDUFV1 quantitation curve: normal vs. aberrant.                                   136 

Figure 4.18: EMS1 melt curve: normal vs. aberrant.                                         137 



 xvii

Figure 4.19: Agarose gel of putative aberrant EMS1sample.       137 

Figure 4.20: EMS1 quantitation curve: normal vs. aberrant.       138 

Figure 4.21: EMS1 melt curve: normal vs. aberrant.                                         138 

Figure 4.22: COXVIIc melt curve: normal vs. aberrant.                                        139 

Figure 4.23: COXVIIc melt curve: normal vs. aberrant.                                        140 

Figure 4.24: COXVIIc quantitation curve: normal vs. aberrant.                 140 

Figure 4.25: RASA1 melt curve: normal vs. aberrant.                                        141 

Figure 4.26: RASA1 melt curve: normal vs. aberrant.                                        142 

Figure 4.27: RASA1 melt curve: normal vs. aberrant.                                        142 

Figure 4.28: RASA1 quantitation curve: normal vs. aberrant.                 143                        

Figure 5.1: MMP12 Ct: normal vs. aberrant.                                          164 

Figure 5.2: MMP12 Ct: normal vs. aberrant.                               164 

Figure 5.3: MMP12 Ct: normal vs. aberrant (with Tubulin-α-8 Ct).                 165 

Figure 5.4: SDHD Ct: normal vs. aberrant (with Tubulin-α-8 Ct).                 165 

Figure 5.5: MMP12 Ct: normal vs. aberrant (with Tubulin-α-8 Ct).                 166 

Figure 5.6: MMP12 and SDHD Ct: normal vs. aberrant (with Tubulin-α-8 Ct).    167 

Figure 5.7: Agarose gel of SDHD and MMP12 Aberrants.       168 

Figure 5.8: Agarose gel of SDHD and MMP12 Aberrants.       168 

Figure 5.9: Sequence of MMP12 exon 1, reverse primer, SK sample 173.     180 

Figure 5.10: Sequence of MMP12 exon 1, reverse primer, SK sample 248.     181 

Figure 5.11: Sequence of MMP12 exon 1, reverse primer, SK sample 275.     181 

Figure 5.12: Sequence of MMP12 exon 1, reverse primer, SK sample 176.     182 

Figure 5.13: DHPLC chromatogram highlighting wild-type samples and putative   

                    aberrants: NDUFA8.          183 

Figure 5.14: DHPLC chromatogram highlighting wild-type samples and putative  

                    aberrants: NDUFA8.          183 

Figure 5.15: DHPLC chromatogram highlighting wild-type samples and putative  

                    aberrants: NDUFA8.          184 

Figure 6.1: Patient 1 Mitochondrial tRNA Leucine Probe Ct vs.  

                  Tubulin-α-8 Probe Ct.          197 

Figure 6.2: Patient 2 Mitochondrial tRNA Leucine Probe Ct vs.  



 xviii

      Tubulin-α-8 Probe Ct.          198 

Figure 6.3: Patient 3 Mitochondrial tRNA Leucine Probe Ct vs.  

      Tubulin-α-8 Probe Ct.          199 

Figure 6.4: Patient 4 Mitochondrial tRNA Leucine Probe Ct vs. SDHD Probe Ct.    200 

Figure 6.5: Patient 4 Mitochondrial tRNA Leucine Probe Ct vs.  

      Tubulin-α-8 Probe Ct.          201 

Figure 6.6: Patient 5 Mitochondrial tRNA Leucine Probe Ct vs.  

      Tubulin-α-8 Probe Ct.          201 

Figure 6.7: Patient 6 Mitochondrial tRNA Leucine Probe Ct vs.  

      Tubulin-α-8 Probe Ct.          202 

Figure 6.8: Patient 7 Mitochondrial tRNA Leucine Probe Ct vs.  

      Tubulin-α-8 Probe Ct.                     203 

Figure 6.9: Patients 4, 6, and 5 Blue Native polyacrylamide gel electrophoresis.    205 

Figure 7.1: Venn diagram of NDUFA8 / PTCH incidence.       222 

Figure 7.2: Venn diagram of NDUFA5 / SMOH incidence.       222 

Figure 7.3: Venn diagram of SDHD / MMP12 incidence.       222 

Figure 7.4: Venn diagram of NDUFV1 / EMS1 incidence.       222 

Figure 7.5: Venn diagram of COXVIIc / RASA1 incidence.                  222 

 

 

 

 

 

 

 

 



 xix

List of Tables and Graphs 

                                                                                                                                       Page 

Table 3.1. Chromosomal loci for NMSC and ETC genes and their associations    108 

Table 4.1. Summary of ETC/ NMSC gene analysis via Real-Time  

                 PCR melt-curve               121  

Table 4.2: Summary of Mean Difference: Affected vs. Control                                   122 

Table 5.1. Summary of SK DNA Dual-Labelled probe aberrants      162 

Table 5.2: SK DNA Real-Time PCR inter-run and intra-run Ct variances                   163 

Table 6.1. Summary of Mitochondrial DNA Depletion Study Analysis     195 

Table 6.2: MtDNA Real-Time PCR inter-run and intra-run Ct variances                    196 

Table 7.1 Chromosomal locales for NMSC and ETC genes and their associations    215 

Table 7.2. Fragile site & cancer progression correlations with ETC subunit genes    240 

 

 

Graph 4.1: Control vs. SK affected 95% Error Bar plot of the total incidence  

      of ETC gene aberrants          123 

Graph 4.2: Control vs. SK affected 95% Error Bar plot of the total incidence  

                  of NMSC gene aberrants          124 

Graph 4.3:  Summary of ETC & NMSC gene Incidence vs. Distance separating    144 

Graph 7.1:  ETC & NMSC gene Incidence vs. Distance separating      220 

 

 



 xx

List of Abbreviations 

 

A  Adenine 

AIF  Apoptosis-inducing factor 

AP-1  Activated protein-1 

BCC  Basal cell Carcinoma 

C  Cytosine 

CAT  Catalase 

cDNA  Copy DNA 

CDNK2A Cyclin-dependent kinase inhibitor 2A 

CGH  Comparative genomic hybridisation 

CIN  Cervical intraepithelial neoplasia 

CM-AVM Capillary malformation-arteriovenous malformation 

COX  Cytochrome c oxidase 

CPD  Cyclobutane dimers 

Ct  Threshold cycle 

EGRF  Epidermal growth factor receptor  

EMS1  Oncogene EMS1, Cortactin 

ERK  Extracellular-regulated kinase 

ETC  Electron Transport Chain 

Fas  Tumour necrosis factor receptor superfamily 

G  Guanine 

GGR  Global genome repair 

GPX  Glutathione peroxidase 

GST  Glutathione-S-Transferase 

H2O2  Hydrogen peroxide 

HIF-1  Hypoxia-inducible factor 1 

HPV  Human papilloma virus 

IAPs  Inhibitors of apoptosis protein 

KIN  Keratinocytic intraepidermal neoplasia 



 xxi

LOH  Loss of heterozygosity 

MALDI-TOFMS Matrix assisted laser desorption ionisation- time of flight mass  

spectrometry 

MAPKs Mitogen-activated protein kinases 

MDS  Mitochondrial DNA depletion syndrome  

MMP  Matrix metalloproteinase 

MMR  Mismatch repair  

mtDNA Mitochondrial DNA 

NADH  Nicotinamide adenine dinucleotide 

NCBI  National Centre for Biotechnology Information  

nDNA  Nuclear DNA 

NDUFA5 NADH-ubiquinone oxidoreductase flavoprotein 1 

NDUFA8 NADH-ubiquinone oxidoreductase 1 Alpha subcomplex, 5 

NDUFV1 NADH-ubiquinone oxidoreductase 1 Alpha subcomplex, 8 

NER  Nucleotide excision repair  

NF-B  Nuclear factor B 

NFκB  Nuclear transcription factor kappa B 

NMSC  Non-melanotic skin cancers   

NRF  Nuclear respiratory factor 

O2
-
  Superoxide anions  

1
O2   Singlet oxygen 

OH  Hydroxyl radicals  

OXPHOS Oxidative phosphorylation 

P13K  Phosphoinositide 3-kinase 

POLRMT Mitochondrial RNA polymerase  

PTCH  Patched 

PUVA  Psoralen plus ultraviolet A 

Qld  Queensland 

RAAF  Royal Australian Air Force 

RE  Endoplasmic reticulum 

ROS  Reactive oxygen species 



 xxii

RR  Reoccurrence rate 

SAPK  Stress-activated protein kinase   

SCC  Squamous Cell Carcinoma  

SDH  Succinate dehydrogenase 

SK  Solar Keratosis  

SMOH  Smoothened 

SOD  Superoxide dismutase 

T  Thymine 

TNF  Tumour Necrosis Factor 

TO  Tocopherol  

TRAIL  TNF α–related apoptosis-inducing ligand 

UQCRFS1 Ubiquinol cytochrome c reductase 

UV  Ultraviolet 

UVR  Ultraviolet Radiation 

WBC  White Blood Cell 

WCLB  White Cell Lysis Buffer 

XP  Xeroderma pigmentosum  

 



 xxiii

Statement of Originality 

 

The material presented in this report has not previously been submitted for a degree or 

diploma in any university, and to the best of my knowledge contains no material 

published or written by another person except where due acknowledgement is made in 

the Thesis itself. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

_________________________ 

                                                                                                 Nicholas Lintell 

 



 xxiv

Publications Arising from Work Described in this 

Thesis 

 

Maguire, D.J., Lintell, N.A., McCabe, M., Griffiths, L.R. & Ashton, K.S. (2003). 

Genomic and phenomic correlations in the respiration of non- melanotic skin cancers. 

Advances in Experimental Medicine and Biology 540, 251-256. 

 

 

Lintell N. A., Maguire, D. J., McCabe, M. & Griffiths, L.R. (2004). Focussing on 

genomic and phenomic correlations in the respiration of non-melanotic skin cancers. 

Advances in Experimental Medicine and Biology 566, 375-380.  

 

Lintell N. A., Maguire, D. J., McCabe, M. & Griffiths, L.R. (2005). Focussing on 

genomic and phenomic aberrations in the respiration of non-melanotic skin cancers. 

Advances in Experimental Medicine and Biology. In press. 

 

 

Lintell N. A., Maguire, D. J., McCabe, M. & Griffiths, L.R. (2005). Analysis of 

Mitochondrial DNA Depletion syndrome via Dual-Labelled Probe Real-Time PCR. 

Submitted.  

 

Lintell N. A., Maguire, D. J., McCabe, M. & Griffiths, L.R. (2005). LCGreen I and Dual-

Labelled Probe Real-Time PCR analysis of SDHD and MMP12 in an affected Solar 

Keratosis and control cohort. Submitted.  

 

Related Publications 

 

McCabe, M., Maguire, D. J.  & Lintell N. A. (2004). The anomalous Einstein-Stokes 

behaviour of oxygen and other low molecular weight diffusants. Advances in 

Experimental Medicine and Biology 566, 142-149. 



 xxv

Conference Abstracts and Presentations 

 

Poster, ComBio, Sydney, Australia:  Lintell N. A., Maguire, D. J., M. McCabe, M., 

Griffiths, L.R. & Ashton, K.S. (2002). Genomic and phenomic correlations in the 

respiration of non- melanotic skin cancers.  

 

Oral Plenary, ISOTT, Manchester, UK: Maguire, D. J., Lintell N. A., McCabe, M. & 

Griffiths, L.R. (2002). Genomic and phenomic correlations in the respiration of non- 

melanotic skin cancers.  

 

Oral Plenary, ISOTT, Rochester, USA: Maguire, D. J., Lintell N. A., McCabe, M. & 

Griffiths, L.R. (2003). Focussing on genomic and phenomic correlations in the 

respiration of non-melanotic skin cancers.  

 

Oral Plenary, ISOTT, Bari, Italy: Lintell N. A., Maguire, D. J, McCabe, M. & Griffiths, 

L.R. (2004). Focussing on genomic and phenomic aberrations in the respiration of non-

melanotic skin cancers.  

 

 

 

 

 



 1

Chapter One 

 

 

 

 

 

 

 

Review of the Literature 

 

 

 

 

 

 

 

 

 



 2

1.1 Aims and Significance 

 

1.1.1 Introduction 

 

Lesions of the skin originating from non-melanotic cells occur at a significantly higher 

rate than other neo-plastic malignancies within the Australian population, yet the 

knowledge of their genomic and proteomic manifestations falls below that of breast and 

colon cancer. These types of tumours, Non-melanotic skin cancers (NMSC), possess 

characteristics that make them ideal for clinical research, namely the abundance of 

medical samples available for study and their accessibility on the human body. One type 

of NMSC, Squamous Cell Carcinoma (SCC), has a dermatologically identifiable pre-

cancerous state in which it can proliferate into a malignant lesion or regress into a benign 

tissue state. This stage of this disease is known as Solar Keratosis (SK), but as yet no 

clear genetic shifts have been identified in this stage of the disease for a progression into 

SCC, other than mutations in the gene encoding for the p53 cell cycle mechanism.  

 

Large and small-scale genomic aberrations have recently been detected in samples taken 

from affected Solar Keratosis individuals in Queensland (Qld), Australia, using the 

comparative genomic hybridisation (CGH) technique (Ashton et al., 2001). Anomalous 

loci were also identified using the same technique on samples taken from affected 

Squamous Cell Carcinoma patients, with several genomic regions ascertained as being 

aberrant in both these non-melanotic skin lesions. Several studies utilising CGH have 

identified irregular genomic sites in breast cancer patients that contained several 

oncogenes associated with tumour development and in addition a well-studied subunit of 

the mitochondrial housed energy-producing pathway (Electron Transport Chain or ETC). 

Due to the fact that cancerous tissue has been long known to have abnormal energy 

maintenance and consumption, the authors of these studies have linked the presence of 

the ETC subunit and the oncogenes as a dual reason for the cancerous sample possessing 

that particular aberrant region. The Qld CGH study (Ashton et al., 2001) on SK and SCC 

also described aberrant loci that had genes associated with the development of NMSC 
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and genes that encoded for subunits of the ETC, with one locus at 11q possessing 

numerous NMSC associated genes and ETC subunit genes. This chromosomal region is 

collectively known as the 11q13 amplicon due to the fact it is often amplified in a range 

of solid tumours.  The ETC is additionally associated with production of reactive oxygen 

species (ROS), a species of compound directly linked to the malformation of DNA 

material, such that ROS plays a key role in the initiation of a cell population into 

carcinogenesis. 

 

The ETC is housed in the mitochondria cellular organelle and what is unique about 

mitochondria in eukaryotic tissues is that it is the only extra-nuclear organelle to possess 

its own genome, with several subunits of the ETC encoded by its DNA. The 

mitochondria exist in abundance in each cell that possesses them, with the average 

number being in the range of 200. There exists a range of disorders that collectively come 

under the heading of Mitochondrial DNA depletion syndrome or MDS. This syndrome 

has a wide range of phenotypic symptoms, among them progressive muscular weakness 

and hypotonia, lactic acidosis, liver failure, seizures, and congestive heart failure. Not 

only does the depletion of mitochondria affect the particular tissue that is expressing the 

depletion syndrome, the presence of the depletion can have more systematic 

repercussions such as the development of cancer. This is due to the fact that the 

mechanism of programmed cell death or apoptosis is regulated by the mitochondria and 

the ability of a genetically damaged cell to evade the apoptotic process is directly linked 

to a cell becoming cancerous. It is only after the evasion of apoptosis and the replication 

of the damaged cells’ DNA into daughter cells that neo-plastic events can occur.  

 

 

1.1.2 Aims 

 

The aims of this study were to analyse whole blood derived DNA for aberrations in 

specific genetic areas associated with tumour development and with cellular 

maintenance. This was accomplished via the Real-Time PCR technique, with a non-
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specific fluorophore component in addition to specific Dual-Labelled Probe components. 

This project also employed additional methods of analysis such as DHPLC and DNA 

sequencing to assist in determining the veracity of its aims, particularly in terms of the 

precise detection of genetic aberrations via Real-Time PCR. 

 

More specifically the first aim of this project was to analyse the NDUFA8, PTCH, 

NDUFA5, SMOH, SDHD, MMP12, NDUFV1, EMS1, COXVIIc, and RASA1 genes via 

non-specific fluorophoric Real-Time PCR for genetic aberrations in an affected Solar 

Keratosis and control cohort. The second aim was to analyse two specific genes, SDHD 

and MMP12, for copy number aberrations via Dual-Labelled Probe Real-Time PCR in 

the same affected Solar Keratosis and control cohort. The third aim was to assist in the 

medical diagnosis of Mitochondrial DNA Depletion syndrome in a chemically exposed 

RAAF personnel cohort via Dual-Labelled Probe Real-Time PCR.  

 

Overall, this research utilised a number of molecular genetic techniques to determine 

whether specific DNA aberrations could be detected in a Solar Keratosis population and 

in individuals with potential mitochondrial DNA depletion syndrome. 

 

 

1.1.3 Significance 

 

Although there have been a number of studies investigating potential genetic risk factors 

for precancerous conditions, to date there have been no published studies focussing on 

genes involved in the energy production and cell maintenance pathways. In terms of 

incidence up to 45% of the Australian population over 40 years of age is thought to 

possess the Solar Keratosis lesion and with a small but significant chance of progression 

into SCC, the comprehension of the genetic events that play a role in this process is of an 

essential nature. This is even more evident in light of the fact that the incidence of SCC is 

growing in certain populations to the extent that it is now the most common cancer in 

young men and women in high ultraviolet exposure regions such as Queensland.  
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The analysis of mitochondrial copy number integrity assisted in the diagnosis of patients 

suffering from numerous maladies like liver malfunctions and atypical male breast 

cancer. The mode of analysis contributed to the literature on the subject, particularly in 

terms of the development of a precise yet highly reproducible diagnostic technique, with 

cost measures kept to a minimum as a result of the Dual-Labelled Probe Real-Time PCR 

mode of analysis. The high reproducibility and low cost of this technique would be 

invaluable in populations with high HIV incidences as the most common drug used to 

treat this disease can give rise to the expression of MDS, thus further complicating the 

health status of HIV infected individuals. The patients who contributed DNA for 

investigation into the presence of MDS were suffering from atypical cancer, such as male 

breast cancer. The compound that is thought to have led to the development of MDS and 

the atypical cancer has been widely used in the maintenance of high-performance aircraft. 

Hence, the incidences and need for a rapid yet precise method of diagnosing MDS have a 

chance of increasing due to the high exposure rates of RAAF maintenance personnel to 

this potential carcinogenic and toxic substance.  
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1.2 Overview of Cancer 

 

 

1.2.1 Carcinogenesis 

 

An immense population of cells (approximately 10
15

) constitute the human adult. Many 

of these cells differentiate on a daily basis in order to replenish those cells that have 

reached the end of their growth cycle (Bertram, 2001). Whilst not every one of the 10
15 

cells undergoes this differentiation some 10
12

 of them do every day to some degree and 

this does not include those events that traumatise the body such as injury or infection. 

With the staggering number of replicative events happening on such a frequent basis, 

tight control of these occurrences must be maintained (Aranda-Anzaldo, 2002). Cells 

achieve this via a network of overlapping molecular check points that govern firstly cell 

proliferation events but also the culmination of them, namely programmed cell death or 

apoptosis (Bertram, 2001; Aranda-Anzaldo, 2002). If this tiered superstructure develops a 

fault at any of the checkpoints between birth and death then the potential exists, if the 

problem is not corrected, to alter the total number of cells an organism possesses, which 

is kept at a constant (even weight gain does not involve an increase in cell number, only 

volume) (Bertram, 2001). If this ‘fault’ persists through subsequent generations then this 

increased cellular multiplicity can be detected at a clinical level and defined as neoplasia, 

which literally means new growth (Ladik, 2000; de Gruijl et al., 2001).  

 

In a differentiated cell it has been estimated that out of the 5 × 10
4 
genes that are active, 

10% of them participate in the regulation of the differentiated cell (Ladik, 2000). As each 

one of these genes is activated during the process of duplication, the initiation of 

carcinogenesis can only be designated as a multi-step process, as this event will not 

commence unless at least two cancer genes have been ‘triggered’ by the accruement of 

previous mutations in those cancer genes (Ladik, 2000). 

 

Cell growth and DNA synthesis are both tightly regulated processes. DNA damage often 

leads to delayed progression into the S-phase of the cell cycle and this frequently results 
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in cell death, chromosomal abnormalities or mutation (Bertram, 2001). Carcinogenesis is 

intimately associated with cell cycle regulation events; it is not surprising to find that 

many of the genes found mutated in cancer cells play important roles in cell cycle 

checkpoint control (Ladik, 2000; Bertram, 2001). A classic example would be the 

retinoblastoma (RB) gene, which is a cell-cycle related gene often found mutated in 

retinoblastoma cancer cells (Bertram, 2001). Mutations in these genes lead to the 

activation of genes that might promote proliferation or protection against cell death, like 

oncogenes, or inactivation of genes that normally inhibit proliferation, like tumour 

suppressor genes (Ilyas et al., 1999; Bertram, 2001). Mutation of a single allele of an 

oncogene is sufficient to induce some aspects of the neoplastic phenotype (Bertram, 

2001). On the other hand, carcinogenic mutations in tumour suppressor genes lead to loss 

of function. One important characteristic of tumour suppressor genes is that most tumour 

suppressor genes can function in the presence of a single damaged allele; hence, both 

alleles must be inactivated before total loss of function (Bertram, 2001). In contrast to 

oncogenes whose activation may limit normal embryonic development, the loss of one 

allele of a tumour suppressor gene is often silenced and allows germ-line inheritance of 

the damaged allele (Bertram, 2001). 

 

There are multiple check points existing in cells to limit inappropriate proliferation, 

hence, transformed cells must accumulate multiple mutations in crucial genes that allow 

the cell’s autonomous replication and invasion (Bertram, 2001). An analogy between 

Darwinian evolution theory and malignant tumour development is often made. Cells have 

random genetic mutations and this can be viewed by Darwin’s natural selection theory; 

that random mutations give rise to a selective advantage to individuals. Furthermore, just 

as the “fittest” survives in the evolution, only the mutations in genes which give the cell 

the most advantage in evading normal homeostatic mechanisms are passed on to future 

cell generations (Ilyas et al., 1999; Bertram, 2001). In addition, the subsequent mutations 

acquired by a cancerous cell can be amassed and the cancer cell will become 

progressively better adapted to independent life, due to their freedom from overlying 

control mechanisms (Bertram, 2001). This process can be observed clinically in that 

progression of cancer is characterized by an increased growth rate and the acquisition of 
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the ability to invade neighbouring normal tissue, metastasis and sometimes after 

treatment with chemotherapeutic agents, become progressively drug-resistant (Bertram, 

2001). 

 

There are five major pathways that need to be activated or inactivated in the 

transformation of a malignant tumour cell. The five pathways, as simplified by Bertram 

J.S. (2001) are: 

 

� Independence of external growth signals.  

This can be mediated through inappropriate synthesis or expression of either growth 

factors or their receptors e.g. EGRF (epidermal growth factor receptor). The 

inappropriate activation of nuclear transcription factors such as c-myc also plays a 

critical role in the tumour becoming independent of external growth signals (Ilyas et 

al., 1999; Bertram, 2001). 

 

� Resistance to growth inhibitory signals.  

This is most often mediated through the inactivation of tumour suppressor genes 

such as the RB (retinoblastoma) and TP53 (tumour protein 53) genes, which 

maintain cell-cycle regulation pathways (Bertram, 2001).   

 

� Resistance to apoptosis.  

Programmed cell death, also called apoptosis, involves p53 dependent and 

independent mechanisms to eliminate cell proliferation (Bertram, 2001; 

Zimmermann et al., 2001). Apoptosis can be induced by signals from external 

membrane receptors, such as the Fas (Tumour necrosis factor receptor superfamily) 

receptors and the Fas ligands (Bertram, 2001; Zimmermann et al., 2001; Schultz 

and Harrington, 2003). Apoptosis can also be induced by intra-cell stress and is 

mediated by mitochondria via the release of cytochrome c from depolarised 

mitochondria (Kluck et al., 1997; Yang et al., 1997; Green and Reed, 1998; 

Bertram, 2001; Zimmermann et al., 2001; Schultz and Harrington, 2003; Yu and 

Zhang, 2004). Both the external and internal initiation signals ultimately lead to the 
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activation of Caspase 3, an intracellular cysteine protease (Yu and Zhang, 2004), 

which initiates a cascade of caspases that results in DNA fragmentation (Schultz 

and Harrington, 2003). Apoptosis is also used to eliminate cells infected with virus 

and viral genetic materials and thus many viruses have mechanisms to evade 

apoptosis. Viral gene products may even interfere with host (normal) cell proteins 

involved in the apoptosis pathways, for example, the Human Papillomavirus 

proteins E6 and E7, interact with the apoptotic proteins p53 and pRB, respectively 

(Stanley, 2002).   

 

••••    Infinite proliferative capacity. 

It is now known that the progressive loss of the ends of chromosomes, which are 

capped by telomeres (a repetitive six base pair sequence (TTAGGG in mammals)), 

is a critical event in limiting the life span of normal cells. The accrual of replication 

cycles leads to progressive shortening of telomeres, which in turn is recognized by 

p53 to cause cell-cycle arrest (Vaziri and Benchimol, 1999). Telomerase, an 

enzyme that helps sustain telomere length, is not expressed in most somatic cells. 

The majority of cancer cells have been shown to have reactivated telomerases, 

which overcomes the senescence due to replicative events of a rapid and gross 

nature (Bertram, 2001). Furthermore, several studies have indicated that the extent 

of telomerase activity is positively correlated with the aggressiveness of the 

malignant tumour cell (Ramirez et al., 1999, Sarvesvaran et al., 1999, Umbricht et 

al., 1999, Tatsumoto et al., 2000; Bertram, 2001). 

 

� Angiogenic potential. 

Tumours require a sufficient supply of nutrients to maintain persistent cell growth 

and to remove metabolic products that could be potentially lethal. Angiogenesis 

(the creation of a new network of blood vessels) is essential to these processes and 

it has been reported that cancer cells have mechanisms to enhance expression of 

pro-angiogenic factors and suppress negative regulators (Hahnfeldt et al., 1999; 

Ilyas et al., 1999; Bertram, 2001). There are also evidence of oncogenes and tumour 
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suppressor genes being involved in promoting angiogenesis and suppressing 

negative regulators (Bertram, 2001). 

 

Neighbouring cells need to communicate with each other when they are growing in the 

body (Ilyas et al., 1999). It is often observed in cancer cells that communication, mainly 

through the gap junctions, is defective. There is evidence that growth inhibitory signals 

pass through gap junctions during normal cell growth (Mehta, 1986). Furthermore, down 

regulation of gap junction expression and their functions is frequently observed in certain 

cancers like cervical cancer (King et al., 2000; Bertram, 2001). 

 

Any aberration created by whatever method, such as ultraviolet damage to skin cells, has 

to be inherited so that following generations carry the mutation, otherwise the mutation 

cannot be categorised as being oncogenic (de Gruiji et al., 2001). It is these following 

generations that initiate the process by which a cell can be labelled to be what we know 

as cancerous (Ladik, 2000; Bertram, 2001).  

 

Somatic mutations accumulate during the lifetime of an individual and they are defined 

as any kind of modification in the genetic material of a cell that is passed on to the 

daughter cell (Ladik, 2000; Aranda-Anzaldo, 2002). These mutations can come in several 

different forms and include point mutations, polyploidy, chromosomal rearrangements, 

unequal crossing over, loss of heterozygosity, and modification of DNA methylation 

(Bertram, 2001; Aranda-Anzaldo, 2002). Such mutations are produced by intrinsic errors 

of DNA replication and repair as well as by peripheral factors such as exposure to 

mutagenic substances or radiation.  

 

Many somatic mutations are of a non-biased nature; that is they do not change the 

phenotype of a cell, whilst some somatic mutations lead to cells that replicate at a slower 

rate than their neighbours. These mutations are ‘disadvantageous’ with respect to somatic 

selection (Aranda-Anzaldo, 2002). A small proportion of mutations lead to cells that 

reproduce faster than their neighbours and these types of mutations are ‘advantageous’ 

with respect to somatic selection (Aranda-Anzaldo, 2002). Regardless of the affect on 
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replicative rates all types of somatic mutations can increase the risk of developing cancer 

(Meier, 2000; Aranda-Anzaldo, 2002).  

The majority of human cancers arise in epithelial tissues (Ponten, 2001; Michor et al., 

2003). Carcinoma-in situ is defined as a condition confined to epithelial cancers 

(carcinomas) with all morphological criteria of cancer except signs of invasive growth. 

Dysplasia is a lesion with a degree of cellular atypia, characterised by abnormal 

differentiation (Ponten, 2001). It is conventionally graded mild, moderate or severe.  

  

1.2.2 DNA repair pathways 

 

Cells quiescent in G0 or progressing into G1 are subject to spontaneous base changes, 

including depurination, hydrolytic deamination, oxidation and methylation (Lindahl, 

1993; Bertram, 2001; Ponten, 2001). Pathways exist to repair these malformations, such 

as the base excision repair pathway. The base excision repair pathway is assisted by a 

nucleotide excision repair (NER) system (Figure 1.1) that is especially significant for 

lesions that can trigger a fundamental distortion of DNA integrity (Ponten, 2001; 

Ichihashi et al., 2003). This is in contrast to the depurination and mismatch repair 

systems (MMR), which takes care of larger lesions, (Ponten, 2001). Cyclobutane 

pyrimidines and 6–4 pyrimidine–pyrimidones that are produced after exposure to UV 

require the NER pathway to be removed (Sancar, 1994; Ponten, 2001) as do bulky DNA 

adducts that may be instigated by contact to benzopyrene (in tobacco smoke) and 

cisplatin (Wood, 1996; Ponten, 2001; Ichihashi et al., 2003). Methylated bases, including 

the commonly occurring O
6
-methylguanine induced by alkylating agents initiate the use 

of the MMR pathway (Karran and Hampson, 1996; Ponten, 2001).  
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Figure 1.1: NER pathways in mammalian cells. GGR and TCR pathways are known to 

exist in mammalian cells. XPC protein may play a crucial role in the GGR pathway by 

binding to hHR23B and then binds together to the c (coding) DNA damaged site. XPA, 

TF II H2, RPA and DDB2 are expected to serve as essential common factors in NER 

pathways  (Ichihashi et al., 2003). 

 

A drawback of the MMR pathway is that it neglects to discriminate between the correct 

DNA strand and the strand carrying the single base pair alteration where the mismatch 

originated. Thus, in 50% of instances that the MMR pathway is initiated to correct a 

mismatch, the wrong strand is ‘repaired’ and therefore a permanent mutation is induced 

(Ponten, 2001). NER in human cells is only partially understood. A 27–29 unit long 

oligonucleotide is excised, including the damaged bases and replaced by the correct 
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bases. It requires at least 17 polypeptides, including those that are mutated in the different 

types of xeroderma pigmentosum (XP) (Nakagawa et al., 1998; Ponten, 2001; Ichihashi 

et al., 2003) and the preferential repair of the transcribed strand in NER is due in part to 

NER itself being initiated by transcriptional interruption (Ponten, 2001). Human MMR is 

under control of at least four different genes, which are all of the suppressor type (Ponten, 

2001).  

 

As TP53 retards G1 after primary DNA damage, G0/G1 will have to be sufficiently long to 

permit repair to be finished after a burst of base damage (Bertram, 2001; Ponten, 2001).  

 If, however, the rate of damage is increasing orders of magnitude, for instance in UV 

exposed epidermis; the numbers of changed base pairs become templates for DNA 

polymerases during S phase. Particularly if repair is defunct, this number becomes very 

large, as dramatically shown in XP, where genes such as TP53 exhibited abundant 

missense mutations (Williams et al., 1998; Ponten, 2001; Stary and Sarasin, 2002).  

 

During S phase, any remaining misincorporated base pairs or other nucleotide alteration 

is copied and transmitted to one daughter cell as a permanent mutation (Bertram, 2001). 

Additional mutations are created because of imperfections in the DNA synthesis 

machinery centred around five DNA polymerases and a number of accessory proteins 

(Bertram, 2001). The second type of error introduced during S phase derives from the 

tendency to create mismatches, particularly of repeated nucleotide sequences, where so-

called slippage will increase or decrease the number of repeats (Ponten, 2001). This need 

not have any functional consequences because most repeats are found outside of genes 

and other functionally important parts of DNA (Ponten, 2001; Aranda-Anzaldo, 2002). 

Those few repeats found in exons are, however, a potential risk because slippage here 

would easily create frameshift mutations with dire consequences (Ponten, 2001).  

 

The mitotic phase, the next stage of the cell cycle, is prone to mistakes, with reports of 

endomitosis, non-disjunction, sister chromatid exchanges, and LOH (loss of 

heterozygosity) occurring in normal cells (Heim and Mitelman, 1995a, 1995b; Bertram, 

2001; Ponten, 2001). Since such gross effects will result from any chromosomal 
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rearrangement, most mistakes can be expected to result in non-viable progeny. Certain 

abnormalities will, however, be stable and could at least theoretically become part of a 

precancerous genotype (Ponten, 2001).  

 

 

1.2.3 Pre-cancer 

 

From cytogenetic data, there is evidence that morphological absence of precancer in 

sarcoma, leukaemia, lymphoma and myeloma could be explained as a result of a 

requirement for only few mutation events to accomplish malignant transformation 

(Mitelman, 1997; Johansson et al., 1996; Ponten, 2001). The existence of 

leukaemia/lymphoma/sarcoma already in childhood hints at two-hit neoplasia.  

 

Chromosomal instability has repeatedly been associated with progression of precancer to 

cancer (Ponten, 2001; Gumus et al., 2002; Hogg et al., 2002).  Karyotypic and molecular 

analysis, particularly of chronic myelogenous leukaemia and follicular lymphoma, is 

compatible with a requirement of only a few mutative events. Results from all types of 

cancer have not been equally clear-cut. Many leukaemias, lymphomas and sarcomas, 

particularly of high differentiation, do not show heteroploidy (Mertens et al., 1997; 

Mitelman et al., 1997; Ponten, 2001). The same seems to be true for well differentiated 

endocrine neoplasms, such as carcinoids of the gut and thyroid carcinoma.  

 

Large -scale genetic drift and the concept of pre-cancer is currently a point of contention 

amongst neoplastic researchers, particularly in light of the fact that many cancers, such as 

sarcoma and adenoma cancer, have no identifiable pre-cancerous stage (Ponten, 2001). 

The Ponten 2001 article did have a glaring oversight in that it used Basal cell Carcinoma 

(BCC) as its main point of discussion into why precancer is currently struggling for a 

definitive role in carcinogenesis. The article states that BCC has no identifiable 

precancerous stage, yet an article by Sober in 1995 pointed out that BCC development is 

associated with the precancerous lesion Congenital Jadassohn’s sebaceous nevus in at 

least 5-7% of cases. This indicates that BCC probably has a genetically identifiable 
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precancerous stage rather than a dermatological one, such as Squamous cell carcinoma in 

regards to solar keratosis (Taipale et al., 2002).  

 

 

1.3 Epidemiology and Aetiology of NMSC 

 

1.3.1 Epidemiology of Solar Keratosis 

 

Solar Keratosis (SK) lesions have been estimated to occur in 45% of the Australian 

population over 40, with the average number of lesions in affected individuals being eight 

(Rosen and Studniberg, 2003). It has been reported that men have a greater prevalence to 

be affected by solar keratosis than woman, with one study that focussed on the town of 

Nambour in the subtropical latitude of Queensland (Qld), Australia, finding this type of 

skin lesion in 52 % of the tested male population, compared to 36% in woman (Frost et 

al., 1998). This trend is even more evident in the affected population under 40 years 

(Frost and Green, 1994), though there are several recent studies that indicate that this 

epidemiological characteristic is reversing (Rosen and Studniberg, 2003).  

 

A follow up study on skin cancer incidence in the subtropical town of Nambour, Qld, 

found that these incident rate differences were relatively consistent, with 55% of the 

males in the study presenting with at least one SK, compared to 37% in females (Frost et 

al., 2000). This difference is further highlighted in age and sex category, with 22% of 

males aged 30-39 presenting with at least one SK, compared to 8% of women. In the 60-

69 year age group this trend is 64% in women and 83% in men. This follow up study was 

important for another reason in that it monitored the sample population for 12 months, 

with regular skin checkups every two months. There were 89 eligible subjects (45 males 

and 44 females) included in the study, with 614 reported cases of solar keratosis in the 

12-month period. The vast majority were reported in men (549 or 80%), with women 

only making up 11% (65) of the reported cases of SK. In that 12-month period there were 
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24 new cases of SK diagnosed in men after the initial primary screening and 13 in the 

female population. Another aspect to this data is that nine of the 45 men contributed 73% 

of the reported cases of SK, with two women contributing 41% of the total number of SK 

detected (Frost et al., 2000).  

 

 

1.3.2 Aetiology of NMSC 

 

Sunlight is composed of a continuous spectrum of electromagnetic radiation that is 

divided into three main regions of wavelengths: ultraviolet (UV), visible, and infrared 

(Young and Sands, 1998; Matsumurra and Ananthaswarny, 2004). UV radiation 

comprises the wavelengths from 200 to 400 nm, the span of wavelengths just shorter than 

those of visible light (400–700 nm). UV radiation is further divided into three sections, 

each of which has distinct biological effects: UVA (320–400 nm), UVB (280–320 nm), 

and UVC (200–280 nm) (Young and Sands, 1998; Einspahr et al., 2002; Merk et al., 

2004). UVC is effectively blocked from reaching the Earth's surface by the stratospheric 

ozone layer, although accidental exposure could occur from man-made sources, such as 

germicidal lamps. UVA and UVB radiation both reach the Earth's surface in amounts 

sufficient to have important biological consequences to the skin and eyes.  

 

Wavelengths in the UVB region of the spectrum are absorbed into the skin, producing 

erythema, burns, and eventually skin cancer (Young and Sands, 1998; Einspahr et al., 

2002; Agar et al., 2004). Although UVA is the predominant component of UV radiation 

to which we are exposed, it is thought to only have minor carcinogenic effects, with long 

term exposure to it primarily causing aging and wrinkling of the skin (Einspahr et al., 

2002; Merk et al., 2004). Prolonged sun exposure induces skin thickening and 

pigmentation in order to provide protection from further damage by UV irradiation. The 

degree of pigmentation in the skin and the ability to tan are important risk factors in skin 

cancer development and the risk of NMSC is highest in people who sunburn easily and 

suntan poorly (Basler, 1991; Quaedvlieg et al., 2003). 
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UV irradiation from 245 to 290 nm is absorbed maximally by DNA (Tornaletti and 

Pfeifer, 1996) and it is able to induce mutagenic photoproducts or lesions in DNA among 

adjacent pyrimidines in the form of dimers (Ananthaswamy, 1997). These dimers are of 

two main types: cyclobutane dimers (CPDs) between adjacent thymine (T) or cytosine 

(C) residues and pyrimidine (6-4) photoproducts among adjacent pyrimidine residues. 

CPDs are formed between the C-4 and C-5 carbon atoms of any two adjacent 

pyrimidines; the double bonds become saturated to produce a four-membered ring 

(Kanjilal and Ananthaswamy, 1996). Similarly, (6-4) photoproducts are formed between 

the 5-prime 6 position and the 3-prime 4 position of two adjacent pyrimidines, most often 

between TC and CC residues (Tornaletti and Pfeifer, 1996). CPDs are produced three 

times as often overall as (6-4) photoproducts (Tornaletti and Pfeifer, 1996). Although 

both lesions are potentially mutagenic, CPDs are thought to be the major contributor to 

mutations in mammals (Tornaletti and Pfeifer, 1996) as (6-4) photoproducts are repaired 

much more quickly than CPDs in mammalian cells (Mitchell and Nairn, 1989).  

UV-induced DNA lesions that are not repaired usually lead to mutations in the DNA 

sequence. These mutations are in the form of C to T and CC to TT transitions, known as 

UV `signature' mutations. UV signature mutations arise from DNA lesions via what is 

known as the `A rule' (Tessman et al., 1992). According to the A rule, DNA polymerase-

eta inserts adenine (A) residues by default opposite lesions that it cannot interpret. A 

mutation is then created upon DNA replication of the strands containing base-pair 

changes. The TT cyclobutane dimers do not result in mutations because A normally is 

paired with T and no mutation would result from insertion of adenine residues by default 

opposite the dimer. However, with CC CPDs, a CC to TT transition occurs, because two 

A residues are placed opposite the dimer by default in the place of two guanine (G) 

residues (Einspahr et al., 2002; Ichihashi et al., 2003; Matsumura and Ananthaswamy, 

2004). In (6-4) photoproducts between a pyrimidine and a C residue on a strand of DNA, 

the 5-prime residue base-pairs correctly, but the 3-prime C residue resembles a non-

instructional site (Kanjilal and Ananthaswamy, 1996). A Cytosine to Thymine mutation 

occurs because an A residue is placed opposite the C residue by default.  
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All mammalian cells are equipped with several DNA repair systems, which are able to 

protect the cell from the effects of DNA damaging compounds by removing DNA lesions 

(Wood, 1996). Depending upon the type of DNA lesion produced, one or more repair 

pathways are activated. These include direct repair, base excision repair, mismatch repair, 

double-stranded break repair, and nucleotide excision repair (NER) (Stary and Sarasin, 

2002; Ichihashi et al., 2003; Matsumura and Ananthaswamy, 2004). CPD and (6-4) 

photoproducts generated by UV irradiation are primarily repaired by NER, which 

removes damaged DNA in two distinct sub-pathways (Lehmann, 1995; Stary and 

Sarasin, 2002; Ichihashi et al., 2003; Matsumura and Ananthaswamy, 2004).  

The first of these sub-pathways removes damaged actively transcribed genes by a quick 

mechanism called transcription-coupled repair (TCR; see Figure 1.1) (Stary and Sarasin, 

2002; Ichihashi et al., 2003; Matsumura and Ananthaswamy, 2004). The second of the 

sub-pathways prevails in other parts of the genome that are not as actively transcribed 

and it removes aberrant genes in a gradual fashion via global genome repair (GGR) 

(Stary and Sarasin, 2002; Ichihashi et al., 2003; Matsumura and Ananthaswamy, 2004). 

The two sub-pathways are different only in the first step of NER, which is the recognition 

of damaged DNA. In GGR, the protein complex XPC/HHR23B is involved in damage 

recognition, whereas in TCR the mechanism is accomplished by a stalled RNA 

polymerase II with the probable assistance of the CSA and CSB proteins (Stary and 

Sarasin, 2002; Ichihashi et al., 2003; Matsumura and Ananthaswamy, 2004). The 

following stages then develop along similar lines in both sub-pathways; dual incision of 

the damaged DNA strand ensuing the unwinding of the DNA helix surrounding the DNA 

lesion, with the final step being excision of the damaged region with accompanying de 

novo DNA synthesis (Stary and Sarasin, 2002; Ichihashi et al., 2003; Matsumura and 

Ananthaswamy, 2004).  

The clinical aspects of human skin after acute UV irradiation include sunburn and 

immunomodulation (Einspahr et al., 2002) and despite the ability of human cells to repair 

UV-induced DNA damage, some damage will remain. Immunomodulation refers to the 

immune surveillance mechanisms of the body, with its activation in this instance geared 
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towards identifying and killing cancerous cells (Einspahr et al., 2002). The cells of the 

skin contain mechanisms to prevent such DNA damage from leading to skin 

carcinogenesis (Einspahr et al., 2002), with one of these mechanisms being growth arrest 

followed by DNA repair, whilst another is cell death by apoptosis (Matsumura and 

Ananthaswamy, 2002). Both of these mechanisms prevent the transmission of mutations 

to daughter cells that can lead to transformation and carcinogenesis. 

The clinical effects of UV irradiation on normal human skin are sunburn inflammation 

(red skin; erythema) and tanning (enhanced melanogenesis). The histological changes 

following UV irradiation include thickening of the stratum corneum, epidermis and 

dermis, as well as intercellular and perivascular swelling of the dermis and perivascular 

infiltration (Einspahr et al., 2002; Matsumura and Ananthaswamy, 2004). The skin-

pigmentation reaction subsequent to UV irradiation is biphasic, comprising immediate 

pigment darkening and the delayed formation of new melanin (McGregor and Hawk, 

1999; Matsumura and Ananthaswamy, 2004). Pigment darkening is maximal seconds 

after UV exposure and apparently results from the alteration and redistribution of melanin 

moieties already present in the skin. The prompt darkening of skin pigment is thought to 

provide protection against damage to epidermal basal cell nuclei by forming `nuclear 

caps' (McGregor and Hawk, 1999).  

Delayed tanning following UV exposure is the result of both UVB and UVA irradiation. 

Delayed tanning from UVB exposure is associated with an increase in the activity and 

number of melanocytes. Repeated and frequent doses of UV radiation are required to 

increase the number of melanocytes, as single exposures only increase their activity and 

not their number (Matsumura and Ananthaswamy, 2004). An up-regulation of melanin 

transfer to keratinocytes results from this increase in activity and number with the 

consequence of more melanin granules in the epidermis. Tanning derived from frequent 

UVA exposure has distinct effects that are wavelength dependent. UVA irradiation 

between 340 and 400 nm augments melanin density localized to the basal cell layer, 

whereas UVA radiation between 320 and 340 nm increases the synthesis and transfer of 

melanized melanosomes to the epidermis (Fitzpatrick, 1986; Matsumura and 

Ananthaswamy, 2004).  
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Hyperplasia (skin thickening) of the dermis is induced by an increase in the dose of UV 

radiation due to amplified epidermal and dermal mitotic activity about 24–48 h after 

acute UV exposure and is associated with increased synthesis of DNA, RNA, and 

proteins (Epstein, 1970; Matsumura and Ananthaswamy, 2004). This occurs after a 

transient period of cell-cycle arrest regulated by the activity of the nuclear p53 tumour 

suppressor protein, which plays a crucial role in DNA repair and in protecting the 

genome from potentially deleterious mutations before mitosis begins (Lane, 1992; Hall, 

1993; Matsumura and Ananthaswamy, 2004). All of the histological changes mentioned 

above are temporary and, in the absence of further UV exposure, the skin cells return to 

normal within 1–2 weeks (Matsumura and Ananthaswamy, 2004).  

Skin photo-ageing is the result of chronic sun exposure. The clinical symptoms include 

dryness (roughness), irregular pigmentation (freckling, flat patches of increased 

pigmentation (lentigines), persistent hyperpigmentation), wrinkling, elastosis (fine 

nodularity or coarseness), and telangiectasia (dilation of pre-existing blood vessels 

creating small focal red lesions). UVA induces the formation of reactive oxygen species 

that readily react with membrane lipids and amino acids. Membrane damage results in the 

release of arachidonic acid and leads to activation of secondary cytosolic and nuclear 

messengers that activate UV-response genes (Kochevar, 1995; Matsumura and 

Ananthaswamy, 2004).  

PUVA (psoralen plus ultraviolet A) and UVB therapies are widely used and effective 

treatments in many skin disorders including psoriasis, atopic dermatitis, vitiligo, and 

cutaneous T-cell lymphoma (Hawrot et al., 2003; Matsumura and Ananthaswamy, 2004). 

The rationale of PUVA is to induce remissions of skin diseases by repeated, controlled 

phototoxic reactions. These reactions occur only when psoralens are photo activated by 

UVA. Clinically, PUVA-induced phototoxic reactions are characterized by a delayed 

sunburn-like erythema and skin inflammation that, upon over dosage, may progress to 

blistering and superficial necrosis (Hawrot et al., 2003; Matsumura and Ananthaswamy, 

2004). In case of repeated PUVA treatment with high cumulative UVA doses, cutaneous 

carcinogenicity becomes the major concern. UVB phototherapy has also been 
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successfully used for the treatment of mainly inflammatory skin diseases. UVB 

irradiation is considered to exert its therapeutic effects through the inhibitory effect 

against cellular proliferation, apoptosis induction, and the systemic immune suppression.  

The mechanism underlying the therapeutic effect of the combination of psoralen plus 

UVA (PUVA) is generally assumed to be that UVA-induced DNA-psoralen photo-

adducts impairs cell replication (Honig et al., 1994). In fact, inhibition of cell 

proliferation is observed at psoralen concentrations and UVA doses, which do not affect 

cell viability (Luftl et al., 1998). On the other hand, higher doses cause irreversible cell 

damage, resulting in both apoptosis and necrosis (Johnson et al., 1996). Recently, 

Santamaria et al., (2002) revealed that PUVA treatment induces significantly less 

apoptosis in the epidermis of p53
-/-
 mice compared to p53

+/+
 mice and Fas-L-deficient 

mice are completely resistant PUVA-induced apoptosis compared to wild-type mice. This 

then indicated p53 and Fas–Fas ligand interactions are required in the process of PUVA-

induced keratinocyte apoptosis. On the other hand, induction of cell death of lymphocytes 

by PUVA may be responsible for the anti-inflammatory effects of PUVA on 

lymphoproliferative diseases like cutaneous T-cell lymphoma.  

Recently, Kreimer-Erlacher et al., (2003) reported that most of the mutations detected at 

the CDNK2A (cyclin-dependent kinase inhibitor 2A) locus in SCCs, which developed in 

chronically PUVA-treated patients had either UVB fingerprint (58%) or the UVB or 

PUVA fingerprint (16%).  No sample showed PUVA-specific mutation (5'ApTpG base 

substitution at non-dipyrimidine sites) which was reported in the previous in vitro studies 

(Boyer et al., 1988; Sage and Bredberg, 1991). This result would imply that the history of 

therapeutic exposure to artificial UVB or natural sunlight would be the direct cause of 

skin carcinogenesis. PUVA itself may play no direct role in the development of genetic 

mutations but may promote tumour growth by nonmutational effects such as tumour 

promotion or immunosuppression.  
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1.3.3 Human Papilloma viruses and Skin cancer 

Papilloma viruses are small DNA-containing viruses that generally infect tissues of 

epithelial origin (Forslund et al., 2003). At present, more than 130 different types of 

human papilloma viruses (HPV) have been isolated that can be grouped roughly into 

mucosal- and skin-types of HPVs depending on the tissue they infect. Productive 

infection with HPVs has long been known to result in the generation of benign squamous 

epithelial lesions, commonly known as warts (Zur Hausen, 1996; Forslund et al., 2003). 

However, some types of HPVs have also been associated with malignant lesions 

including cancer of the uterine cervix (cervical carcinoma), skin tumours in patients with 

Epidermodysplasia verruciformis (a rare hereditary disease). More recently HPV has 

been identified to play a role in the development of squamous cell carcinomas of the skin 

in immunosuppressed patients and in the normal population, especially on sun-exposed 

sites (Jablonska and Majewski, 1994; Forslund et al., 2003).  

 

1.3.4 Epidemiology of Squamous Cell Carcinoma 

In Australia, the overall incidence rate for Squamous Cell Carcinoma (SCC) is 

approximately 1000 new cases per 100 000 people per year  (equates to nearly 200 000 

new lesions being diagnosed per year in the Australian population) (Buettner and Raasch, 

1998; Diepgen and Mahler, 2002; Hawrot et al., 2003) This high level has been 

confirmed in population-based longitudinal studies in which physical examinations were 

prospectively conducted (English et al., 1997; Hawrot et al., 2003).  

Incidence data have also been captured from studies of deaths attributed to cutaneous 

SCC. This information is unreliable as a marker of overall incidence rate because SCC is 

not routinely reported as a cause of death by medical examiners, but the inferred 

conclusions provide useful demographic information. Review of all the cancer-related 

death certificates issued in Victoria, Australia, from 1988 to 1990 found 115 deaths from 

SCC. Of these, 64% were in men with a mean age of 74 years and 36% were in women 
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aged 81 years. Multiple errors in death designation, with misclassification of deaths 

induced by other skin cancers and non–skin cancers as SCC-related deaths, suggested 

that many deaths truly caused by SCC were likewise misclassified and missed with this 

chart review (Rosenblatt and Marks, 1996; Hawrot et al., 2003).  

 

1.3.5 Aetiology of Squamous Cell Carcinoma  

The incidence rate of invasive SCC is higher in subpopulations that are unusually 

susceptible to known risk factors for skin cancer (Salasche, 2000; Armstrong and 

Kricker, 2001; Hawrot et al., 2003). Psoriasis patients treated with psoralens and 

ultraviolet A light (PUVA) have been shown to have an increased risk of SCC that is 

associated with the number of treatments and the intensity of therapy (Hawrot et al., 

2003; Matsumura and Ananthaswamy, 2004).  

The incidence rate of cutaneous SCC is increased in organ transplant recipients (Berg and 

Otley, 2002; Hawrot et al., 2003). Patients with transplants are at a 3-fold to 4-fold 

increased risk of systemic and cutaneous cancers compared with other patients, with SCC 

being one of the most common malignant diseases, along with other skin cancers, 

lymphoma, cervical carcinoma, and Kaposi's and other sarcomas. (Sheil, 1992; Penn, 

2000a, 2000b ; Hawrot et al., 2003) In nations populated primarily by fair-skinned 

whites, cutaneous SCC is the most common post transplantation cancer. (Sheil et al., 

1993; Hawrot et al., 2003)  

The magnitude of the incremental risk of SCC in transplant patients is great. Ten years 

after transplantation, approximately 45% of patients in Australian studies were found to 

have a skin cancer, most often SCC (Bouwes Bavinck et al., 1996; Hawrot et al., 2003). 

An increased incidence rate of SCC after transplantation is associated with time after 

transplantation, decreasing latitude, and older age as well as childhood, duration of 

immunosuppression, intensity of immunosuppression, and history of skin cancer before 
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transplantation. (Bouwes Bavinck et al., 1996; Webb et al., 1997; Ramsay et al., 2000; 

Hawrot et al., 2003).  

The anatomic location of cutaneous SCC is primarily on sun-exposed areas and hence, 

overall incidence rate is greater in geographic regions receiving more ambient radiation 

(Stern, 1999; Armstrong and Kricker, 2001; Hawrot et al., 2003). In a study of patients 

dying of SCC, only 3.5% of primary tumours were on routinely covered areas of the 

trunk and the remainder were on exposed areas easily viewed during physical 

examination (Rosenblatt and Marks, 1996; Hawrot et al., 2003). Some disagreement 

exists regarding exactly which parts of the head and neck are most at risk: Australian data 

suggest that the so-called "less-exposed face" (area within the orbit and nasolabial fold) 

may be a more common site for SCC (incidence rate of 5843 per 100,000 body units) 

than the "more-exposed face" (ears, nose, and cheeks; incidence rate of 4200 per 100,000 

body units) (Raasch et al., 1998; Hawrot et al., 2003).  

Now widely considered an incipient form of SCC in situ, SKs are a precursor lesion for 

invasive SCC (Brand and Ackerman, 2000; Cockerell, 2000; Hawrot et al., 2003). 

Aggregate prevalence of numerous SKs on a given individual is the most important risk 

factor for SCC (Salasche, 2000; Hawrot et al., 2003). Unfortunately, the extent to which 

specific SKs transform into SCC has eluded precise characterization because of the 

difficulty inherent in tracking individual lesions over a span of many decades. A review 

of 5 studies from the period 1988 to 1998 revealed mean rates of conversion of SKs to 

invasive SCCs varying from 0.025% to 16% per lesion per year, with a mean of 

approximately 8%. (Marks et al., 1988a, 1988b ; Glogau, 2000; Hawrot et al., 2003). 

Historically, earlier studies have found rates of conversion per SK lesion per year of 0.1% 

to 10% (Marks et al., 1986, 1988a; Salasche, 2000; Hawrot et al., 2003). Early studies by 

Marks and colleagues (Marks et al., 1986, 1988a) indicated rates of conversion of less 

than 1%, but these examined a younger sample population, considered only a 1-year 

duration, and did not evaluate the risk of multiple SKs. More realistically, the presence of 

multiple SKs over a 10-year period is associated with a lifetime risk of progression to 

SCC of 6% to 10% (Hawrot et al., 2003).  
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Research on the likelihood of degeneration of SKs into SCC is hampered by practical 

considerations. Most significantly, few clinically diagnosed SKs are biopsied for 

histologic verification, thus it is not clear whether the lesions visually tracked as SKs for 

the purpose of epidemiologic studies are in fact true SKs (Hawrot et al., 2003; Anwar et 

al., 2004). Visual counts of SKs are notoriously inconsistent between different 

dermatologists, even if they are experienced practitioners (Weinstock et al., 2001; 

Hawrot et al., 2003). When SKs have been exhaustively histologically examined, they 

have been frequently found to be proximal to frank SCC. In one study, step sectioning of 

SKs revealed additional diagnostic findings in a third of specimens, with 13% of these 

meeting criteria for SCC in situ and 3% for invasive SCC (Carag et al., 2000; Hawrot et 

al., 2003).   

Because the likelihood of a specific SK evolving into SCC is difficult to measure, 

treatment of all clinically identified SKs is indicated to reduce cumulative risk. 

Significantly, although studies examining SKs have offered annual rates of progression 

per lesion ranging from 0.025% to 20%, the cumulative risk depends on the number of 

lesions and the overall duration (Hawrot et al., 2003; Anwar et al., 2004).  

Over the past 50 years, lifestyle changes and recreational preferences have led to 

increased exposure to sunlight. Frequent exposure to sunlight during childhood and a 

history of sunburns at a young age may be among the most important behavioural risk 

factors in the development of SCC (Suchniak et al., 1997; Hawrot et al., 2003). As 

mentioned previously, fair-skinned individuals (ie, Fitzpatrick skin types I and II) are at 

highest risk; those with light skin, hazel or blue eyes, and blonde or red hair have two to 

five times the RR (reoccurrence rate) of darker individuals (Johnson et al., 1992; Hawrot 

et al., 2003).  Occupational exposure to sunlight and ultraviolet radiation has also been 

identified as a significant risk factor (Kwa et al., 1992; Hawrot et al., 2003). Individuals 

with outdoor occupations have five times the RR of those who work indoors, and those 

born in areas that receive high amounts of ultraviolet radiation have three times the risk 

of those who move to such areas during adulthood (Preston and Stern, 1992; Hawrot et 

al., 2003). The incidence rate of cutaneous SCC increases rapidly with age. Depending 
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on geographic location, the risk for individuals 55 to 75 years of age may be four to eight 

times that of individuals 20 years younger (Preston and Stern, 1992; Hawrot et al., 2003; 

Anwar et al., 2004).  The use of tanning devices may contribute to the risk of developing 

non-melanoma skin cancer (Karagas et al., 2002; Hawrot et al., 2003).  

Squamous cell carcinoma is more likely to develop in chronically injured, inflamed, or 

diseased skin than in normal skin. Individuals with long-standing ulcers, sinus tracts, 

osteomyelitis, radiation dermatitis, or burn scars are at increased risk (Davis et al., 1989; 

Johnson et al., 1992; Kontochristopoulos et al., 2000; Hawrot et al., 2003).  

 

1.3.6 Squamous Cell Carcinoma in situ 

Clinically, cutaneous SCC in situ can present in a variety of ways, ranging from ill-

defined rough pink patches similar to SKs, to verrucous papules or plaques, to the well-

recognized subset known as Bowen's disease, originally described in 1912 (Goldman, 

1998; ; Bagheri and Safai, 2001; Hawrot et al., 2003). It may be associated with all of the 

previously discussed risk factors, including exposure to ultraviolet radiation, arsenic, 

immunosuppression, HPV, ionising radiation, and chronic dermatoses (Cox et al., 1999; 

Hawrot et al., 2003). It is most commonly found on sun-exposed sites, including the 

head, neck, extremities, and ears (Kossard and Rosen, 1992; Bagheri and Safai, 2001; 

Hawrot et al., 2003).  

All types of SCC in situ may progress to invasive cancer if not treated, with the risk of 

Bowen's disease undergoing malignant transformation estimated to be on the order of 3-

5% (Kao, 1986; Bagheri and Safai, 2001; Hawrot et al., 2003). 
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1.4 Histopathology of NMSC 

First described in 1926 by Freudenthal as keratoma senilis, solar keratosis’s nomenclature 

has undergone several revisions over the years. Pinkus in 1958 characterised the lesion as 

actinic keratosis based on the observation that the lesion was keratotic (meaning it was 

thickened and scaly), with the ‘damage’ primarily induced by exposure to 

electromagnetic irradiation (Hawrot et al., 2003; Anwar et al., 2004).  The Solar keratosis 

lesion (SK) has historically been characterized as being "precancerous", due to the fact 

that they are confined to the epidermis and thus do not possess metastatic potential. It is 

not, however, accurate to deem them "premalignant" as SKs are malignant in the same 

sense as Bowen's disease (squamous cell carcinoma (SCC) in situ), intraepithelial Merkel 

cell carcinoma, intraepithelial sebaceous carcinoma, intraepithelial melanoma (melanoma 

in situ), extramammary Paget's disease, and cervical intraepithelial neoplasia (CIN). If 

left untreated, all of these lesions possess the potential to progress to metastasis and 

possibly kill the affected person.  

 

 

 

Figure 1.2: The clinical progression of normal skin to KIN lesions to SCC on chronically 

sun-exposed skin (Diem and Runger, 1997). 
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The concept that there is no fundamental difference between SK and SCC (Figure 1.2) 

but rather a progression along a spectrum is not new (Weinstock, 1997; Schwarze et al., 

1999; Hawrot et al., 2003; Anwar et al., 2004). SK and SCC both contain atypical 

keratinocytes in which there is loss of polarity, nuclear pleomorphism, disordered 

maturation, and increased numbers of mitotic figures, many of them atypical and 

pleomorphic (Glass and Hoover, 1989; Hawrot et al., 2003). As with other cutaneous 

intraepithelial malignancies, a significant number of SKs will increase in size and 

thickness, extend into the dermis and place an affected person at risk for metastatic 

disease (Weinstock et al., 1991; Goldman, 1998; Cockerell, 2000; Hawrot et al., 2003). 

 The exact number of SKs that progress to SCC involving the dermis is unknown and 

estimates vary depending on the number of risk factors present. The likelihood of a fully 

developed SCC evolving from a given SK has been estimated to occur at a rate of 

0.075% to 0.096% per lesion per year (Kaldor et al., 1993; Hawrot et al., 2003). Thus, for 

a person with 7.7 SKs, the average number present on the skin of an affected person, 

SCC would develop at a rate of 10.2% over 10 years (Lucke et al., 1997; Hawrot et al., 

2003). Other estimates are even higher with rates of 13% to 20% over a 10-year period 

(Green et al., 1996; Hawrot et al., 2003). These rates are similar to those that have been 

determined for intraepithelial neoplasia of other sites. In the uterine cervix, 

approximately 15% of all untreated low and moderate grade CIN lesions (CIN I and II, 

respectively) will progress to carcinoma in situ (CIN III) and to more advanced 

carcinoma involving deeper tissues if left untreated (Gallagher et al., 1995; Hawrot et al., 

2003). This process generally occurs over 10 to 20 years, although in some cases this 

may be as short as 6 months (Gallagher et al., 1973; Hawrot et al., 2003). 

Because SK represents an increase in keratinocytes localised to the epidermis, the 

nomenclature for this lesion has been modified to keratinocytic intraepidermal neoplasia 

or keratinocytic intraepidermal malignant neoplasia (KIN) in lieu of this process 

(Chuang et al., 1995; Hawrot et al., 2003). This name is analogous to the name cervical 

intraepithelial neoplasia (CIN) currently in use in gynaecologic pathology for neoplastic 

lesions of the uterine cervix. Just as with CIN, neoplastic lesions confined to the 
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epidermis can be divided into three broad categories based on clinical features, the degree 

of cytologic atypia of epidermal keratinocytes, and the extent of the epidermis containing 

atypical keratinocytes. 

As noted by Anwar et al. in 2004, this alteration in nomenclature is not without its 

drawbacks. The associated CIN classification has three sub-categories, with the low and 

moderate grades (I and II respectively) progressing to CIN III (carcinoma in situ), before 

the lesion metastasises into deeper tissues. The two studies mentioned above argue 

against the assumption that all SK lesions pass through stages I to III before becoming 

invasive SCC, with some grade KIN I and KIN II lesions seemingly progressing directly 

to invasive SCC without first transversing the histopathological definition of the KIN III 

stage. This anomaly has not been observed within the CIN realm of classification in 

regards to cervical lesions and their characterisation and thus the authors suggest that SKs 

terminology histopathologically is still unclear, particularly with regards to the definition 

of lesions between the SK and SCC stages.  

 

 

Figure 1.3. Normal Skin versus SK lesion (arrow showing atypical keratinocytic 

proliferation within the epidermis (Mortier et al., 2002). 

 

The diagnosis of SK is usually made on the basis of clinical characteristics (Figures 1.3 

and 1.4). However, a biopsy may be required to exclude deeper involvement (Figure 1.5), 

especially when a given lesion is large; bleeds; itches; is ulcerated, erythematous, or 

indurated; or demonstrates other unusual features.  Histologic variants of SK exist, 
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including the pigmented, acantholytic, and hyperplastic types, but they all share the 

characteristic of atypical keratinocytic proliferation within the epidermis.  

 

Figure 1.4: Photomicrograph of solar (actinic) keratosis. There is proliferation of atypical 

keratinocytes involving the lower portions of the epidermis with overlying parakeratosis. 

There is hyperchromaticity of nuclei and mitotic figures are present. There is also 

extensive solar elastosis manifested as blue-grey fibres and homogenous material in the 

dermis. (Hematoxylin-eosin stain; original magnification ×200) (Cockerell, 2000). 

 

Figure 1.5: Squamous cell carcinoma in situ. This lesion demonstrates the cytologic 

features of neoplastic cells, namely, the hyperchromatic, pleomorphic nuclei that are 

closely apposed to one another and the scattered atypical mitotic figures. There is full-

thickness involvement of the epidermis. (Hematoxylin-eosin stain; original magnification 

× 400) (Cockerell, 2000). 
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1.5 Genetics of NMSC 

 

Carcinogenesis by UV radiation often involves the inactivation of two or more tumour 

suppressor genes or the over activation of growth-stimulatory proto-oncogenes. Tumour 

suppressor genes are negative growth regulators and usually are recessive in that they 

require both copies of the gene to be inactivated before loss of control of cell growth 

occurs. Accumulation of proteins that bind to and sequester tumour suppressor proteins 

can also make the cell more susceptible to further mutations.  

Activation of oncogenes is dominant in that a change in only one copy of the gene is 

required to have an effect. Proto-oncogenes, the normal versions of oncogenes, act to 

control cell proliferation and differentiation and are divided into three groups: growth 

factors and growth factor receptors, signal transduction proteins, and nuclear factors 

(Kanjilal and Ananthaswamy, 1996). Carcinogenesis can result from expression of either 

a mutant or altered gene product. Several genes have been extensively studied that have 

important roles in skin carcinogenesis, including Tp53, PTCH, p19, and Ras genes 

(Sarasin, 1999; Ichihashi et al., 2003; Hildesheim and Fornace Jr., 2004).  

 

1.5.1 TP53 

The TP53 gene is the most frequent target of genetic alteration identified so far in human 

cancers (Hollstein et al., 1991). Loss or mutation of TP53 has been demonstrated in 

approximately 50% of all human cancers examined, although the frequency of mutations 

varies greatly depending on the type of cancer (O’Brate and Giannakakou, 2003). The 

basic function of the p53 protein is to maintain a cell in normal status against various 

extracellular stresses including UV irradiation, or to lead the cell into apoptosis when its 

DNA is severely damaged to prevent the carcinogenesis procedure. A number of 

investigators have detected TP53 gene mutations in a large proportion of human SCCs, 

BCCs, and keratoses (Brash et al., 1991; Matsumura and Ananthaswamy, 2002), with 
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one study reporting that TP53 gene mutations in non-melanoma skin cancers were 

detected at a high frequency (about 50–90%) compared with those of internal 

malignancy. The predominant alterations are C to T and CC to TT transitions at 

dipyrimidine sites (Ziegler et al., 1994). One report compared multiple SCCs with and 

without TP53 mutations developed in the same patient and found that the former tend to 

exhibit more rapidly growing or histologically immature clinical features, suggesting that 

TP53 gene mutations would bring more malignant characteristics to UV-induced skin 

cancers (Matsumura et al., 1995).  

 

1.5.2 CDKN2A  

The CDKN2A gene encodes for the p16
NK4a

 protein, which is a CDK inhibitor that 

specifically inhibits progression through the G1 phase of the cell cycle in cells that 

express pRb (Serrano et al., 1993; Mortier et al., 2002) and is linked to the p53 mediated 

cell-cycle arrest pathway through their associated MAP kinase regulators (Hidelsheim 

and Fornace Jr., 2004). p16
INK4a

 accumulates in HeLa cells after non-lethal UV 

irradiation and causes cell-cycle arrest, suggesting that an alteration in p16
INK4a

 would 

constitute an important step in UV-induced carcinogenesis (Wang et al., 1996). Kubo et 

al. (1997) reported that 3 out of 21 (14%) SCCs developed in a study of Japanese patients 

showed hemizygous mutations in the CDKN2A gene. Soufir et al. (1999) examined 20 

human SCCs and found four different mutations, with three of the four mutations 

detected possessing UV signature mutations. No SCCs had simultaneous alterations of 

p53 and p16
INK4a

, confirming a reciprocal relationship among the genes (Pomerantz et al., 

1998).  

 

1.5.3 GSTM1 

The UVR associated genetic shifts in NMSC are not solely confined to the p53 pathways 

and its associated cohorts. The GSTM1 gene has been found to play a role in the 
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development of Solar Keratosis lesion (SK) (Carless et al., 2002). Theorised to be 

homozygously deleted in approximately 50% of the human population, the GSTM1 gene 

is from the Glutathione-S-Transferase (GST) superfamily, which hold sway over the 

removal of toxic molecules produced by UV-induced oxidative stress (Seidgard et al., 

1990; Bell et al., 1993; Strange et al., 1998). The Carless study identified the GSTM1 

null phenotype as being associated with an increased risk in developing SK amongst 

those people with an above average exposure to UVR. 

 

1.5.4 TNF Family 

Two members of the Tumour Necrosis Factor (TNF) superfamily, the CD95 ligand and 

the TNF α–related apoptosis-inducing ligand (TRAIL), are both important regulators of 

skin homeostasis through their apoptotic roles in the epidermis, functioning in a p53 

independent pathway. A study in 2001 by Bachmann et al. found that UVR markedly 

down-regulates the expression of these two molecules and that when the level of the 

CD95 ligand was compared between SCC in situ to a precancerous SK lesion, it was 

shown that only in the SCC lesion was the expression of the CD95 ligand down-

regulated.  

 

1.5.5 MMP Family 

Two members of the matrix metalloproteinase family (MMP), which perform the 

function of digesting all matrix macromolecules such as collagen and elastin, have been 

linked to the remodelling of elastotic areas in sun-damaged skin (Saarialho-Kere et al., 

1999). The two MMP molecules, MMP-and and MMP-12, have previously been found to 

be over-expressed in aggressive SCCs and granulomatous skin disorders respectively 

(Karelina et al., 1994; Vaalamo et al., 1999), with MMP-12 also theorised to be 

associated with two types of inflammatory skin disorders (Vaalamo et al., 1999). 
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1.5.6 RAS Family 

Among the various kinds of oncogenes that have been analysed in human tumours, ras 

oncogenes are most likely to be involved in carcinogenesis (Hildesheim and Fornace Jr., 

2004). The family of ras oncogenes consists of three members, H-ras, K-ras, and N-ras, 

which encode 21-kDa guanosine triphosphate (GTP)-binding proteins located on the 

inner surface of the cell membrane (Barbacid, 1987) and regulate a variety of cellular 

process involving proliferation, differentiation and apoptosis (Hildesheim and Fornace 

Jr., 2004). 

 A good example of Ras’s divergent actions is that the activation of the c-jun N-terminal 

kinase (JNK) and the p38 mitogen activated protein kinase (MAPK) pathways leads to 

cellular apoptosis, whereas activation of the phosphoinositide 3-kinases/AKT and the 

Raf/extracellular signal-regulated protein kinases (ERK) signal cascades activate cell 

growth and survival (Tsai et al., 2006). Most of the ras mutations found in various types 

of human cancers occur in codons 12, 13, and 61 (Bos, 1989), and result in the 

continuous activation of ras-mediated signal transduction. Activated ras genes may 

initiate papillomas (benign tumours of the epidermis) (Nelson et al., 1992) and, in 

cooperation with at least one other genetic alteration (such as the proto-oncogene c-

MYC), they can induce malignant conversion (Greenhalgh et al., 1990, Sagun et al., 

2006).  

Activation of Ras proteins is tightly regulated by guanidine nucleotide exchange factors 

(GEF), which exchange GDP for GTP to produce an active, GTP-bound state, and by 

GTPase-activating protein (GAP), which catalyses the hydrolysis of bound GTP to turn 

off Ras activity (Tsai et al., 2006). Ras proteins undergo multiple post-translational 

modifications needed to localize to the plasma membrane and mediate intracellular signal 

transduction (Watson, 2006). These modifications are regulated by the C-terminal 

variable region, and lead to differential trafficking of the three Ras isoforms through the 

endoplasmic reticulum (ER) and Golgi complex, and to the subsequent subdomain 

localization in the plasma membrane (Tsai et al., 2006). 
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1.5.7 Chromosomal Abnormality 

Large and small-scale chromosomal anomalies have been detected in SK and SCC in 

recent years, through both karyotyping and the Comparative Genomic Hybridisation 

(CGH) technique. Jin et al. in 2002 found that structural aberrations in SK lesions at the 

3p13, 3q10, and 21q10 loci, with the 3p13 locus the only one sharing a link with SCC. 

The other SCC sites this study identified as being aberrant were 1p31, 4p16, 5q13, and 

15p11. 

In 2001, Ashton et al. utilised the CGH technique to identify aberrant chromosomal 

regions in SK and SCC, with a focus on sites that both the lesions shared. These loci were 

9p21, 4q26, 9q22, 3p21, 5q23, 3q21, 4p15, 17q22, 11p12, and 11q22. Those sites 

detected solely on SK samples were 14q11, Xq21, and Xq22, whilst the SCC lesion was 

found to have 15q22, 10q22, 14q24, 7q11-q22, 3p14, and 11p14 as aberrant regions 

detected only within samples derived from SCC patients. 
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1.6 Mitochondria 

 
1.6.1 Characteristics 

 

Mitochondria are dynamic organelles that play a central role in cellular metabolism 

(Modica-Napolitano and Singh, 2004). Energy generation (through oxidative 

phosphorylation) is the primary metabolic function of mitochondria, however they also 

participate in several other essential cellular processes (Burger et al., 2003). These 

include the oxidative decarboxylation of pyruvate, the tricarboxylic acid cycle, heme 

biosynthesis, β- oxidation of fatty acids and the metabolism of particular amino acids 

(Reichart and Neupet, 2004). Additionally they have been shown to play a role in the 

formation and export of Fe/ S clusters, the regeneration of cytosolic NAD
+
, the urea 

cycle, gluconeogenesis. They are also the primary initiators of programmed cell death or 

apoptosis (Modica-Napolitano and Singh, 2004). 

 

That we breathe oxygen is primarily due to the presence of mitochondria within our cells 

as they consume 98% of the oxygen we inhale, with an example being the utilisation of 

O2 as a substrate in the terminal components of oxidative phosphorylation. Mitochondria 

are the prime focal point for the cellular machinery that obtains and delivers carbohydrate 

substrates to the tissues, as this process culminates in the utilisation of carbon bond 

energy by the mitochondria during oxidative phosphorylation (Duchen, 2004). 

 

Mitochondria are composed of two-membrane systems (Figure 1.6), the inner and outer 

membranes, which can occasionally come into contact to form junctional complexes 

(Duchen, 2004). The inner membrane possesses a selective impermeant nature and forms 

the integral barrier between the cytosol and the mitochondrial matrix (Duchen, 2004). 

This feature is in stark contrast to the outer membrane, which possesses large 

proteinaceous pores, in that in a high osmolarity environment, mitochondria reduce in 

size and take on a condensed form as the inner membrane is impermeable to most small 

ions other than water (Reichert and Neupert, 2002).  
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Figure 1.6: Electron micrograph of a mitochondrion. Taken from a 0.5-µm-thick section 

of chick cerebellum recorded at an accelerating voltage of 400 kV. Arrows point out 

circular profiles observed in this orientation corresponding to circular crista junctions. (b) 

One section of the electron tomogram calculated from a tilt series of the mitochondrion in 

(a); the tilt series consisted of 60 images recorded over a tilt range of −60° to +60° with 

an interval of 2°. The vertical arrows point to cross-sections of crista junctions. The inset 

at lower left is a section along the vertical z-axis of the tomogram sectioning the crista at 

the line drawn in the lower left of the main figure; horizontal arrows point to two circular 

crista junctions in the inset. (c) A three-dimensional model of the segmented tomogram 

displayed using the program Synu; the outer membrane is displayed in translucent dark 

blue, the IBM in translucent light blue, and the cristae in yellow. (d) A three-dimensional 

model of the tomogram in (b) with only four cristae segmented separately and displayed 

in different colours. The four cristae display the range of morphologies observed; 

however, the yellow crista is the most typical as an example of a lamellar compartment 

with multiple crista junctions connecting it to the inner boundary membrane (adapted 

from Perkins et al., 2001). 

The membrane-bound enzyme systems are localised within the dynamic folding 

structures of the cristae, which make up the edificial components of the inner membrane 
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(Duchen, 2004). The reason these cristae are considered to be dynamic in nature is that 

there is no uniform formation of these structures in biological systems; they in fact have 

great variance depending on what tissue houses the mitochondria. Two examples of this 

are the tightly packed lamellar cristae evident in brown fat and the tubular-like cristae 

that occur in steroid synthesising tissues, such as the adrenal cortex (Duchen, 2004). 

 

Reconstruction of the cristae from electron microscope images indicates that the cristae 

do not form orderly uniform structures, but have a more convoluted and complex tubule 

formation, which possibly fuse and divide continually and do not constantly interact with 

the inter-membrane space as was previously thought (Duchen, 2004; Duguez et al., 2002; 

Griparic and van der Bliek, 2001; Perkins et al., 2001; Renken et al., 2002). 

 

 

1.6.2 Electron Transport Chain 

 

Located on the inner membrane is what is collectively known as the Electron Transport 

Chain (ETC). This chain is composed of a series of enzyme systems coupled together 

(Figure 1.7), which have been denoted Complex’s I, II, III, and IV (Burger et al., 2003; 

Duchen, 2004; Grossman et al., 2004).  

 

Complex I is also known as nicotinamide adenine dinucleotide (NADH): ubiquinone 

oxidoreductase and it catalyses the transfer of electrons by oxidising NADH. The 

electrons produced from this reduction are transferred to a lipid-soluble electron carrier 

(quinone or coenzyme Q) as an electron receptor (Yano, 2002). This complex is also 

thought to be the prime progenerator of ROS (reactive oxygen species) in the electron 

transport chain. As of 2002, 48 subunits of Complex I had been identified, of which 41 

are nuclear encoded (nDNA), the rest being encoded by mitochondrial DNA (mtDNA) 

(Mandavilli et al., 2002). There exists the very real possibility of further subunits being 

identified. This discrepancy in composition is due to the fact that complex I is by far the 

largest of the complexes and the redox reactions it undertakes are the most complicated, 

so identifying individual subunits presents some what of a challenge (Yano, 2002). 
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The next step in the Electron Transport Chain is the succinate dehydrogenase- ubiquinone 

oxidoreductase or complex II. This complex oxidises succinate to fumarate (in the citric 

acid cycle) and transfers the subsequent electrons from FADH2 to CoQ10 (in the 

respiratory chain) (Sue and Schon, 2000). It is entirely composed of subunits encoded by 

the nucleus (there are four of them), this being the only example of this amongst the five 

complexes (Sue and Schon, 2000). 

 

The third of the respiratory complexes is the ubiquinol cytochrome c reductase or 

cytochrome bc1 complex (Borisov, 2002). It is possessed of 11 subunits with only the 

cytochrome b unit being encoded by the mitochondrial genome. Its purpose in the ETC is 

to catalyse the transfer of electrons from ubiquinone to cytochrome c via cytochrome b 

(Shoubridge, 2001a).  

 

The terminal component of the Electron Transport Chain is the cytochrome c oxidase 

(COX) complex, which contains 13 subunits, ten of which are nuclear encoded 

(Shoubridge, 2001a). Two of the nuclear subunits (VIa and VIIa) have tissue specific 

isoforms (4).  Complex IV activity entails the transfer of electrons from the bc1-reduced 

cytochrome c to molecular oxygen and it is coupled to the generation of a transmembrane 

electrochemical gradient of protons that can be further used to drive ATP synthesis and 

ion transport (Borisov, 2002). 

 

The culmination of this entire procedure is the ATP synthase or F1F0 ATPase complex, 

otherwise known as complex V (Sue and Schon, 2000). It drives the manufacture of ATP 

from ADP using the proton gradient generated by the four respiratory chain complexes. It 

possesses two mtDNA encoded subunits and 14 nuclear-encoded subunits with several of 

the nDNA components having tissue-specific isoforms (Sue and Schon, 2000). 
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Figure 1.7: Schematic representation of mammalian electron transport complexes (I–V). 

Electrons flow from NADH or succinate to complex I or II, respectively, and 

subsequently to ubiquinone pool (yellow). Electrons then flow from ubiquinone through 

complexes III and IV to the final acceptor, molecular oxygen. Electron flow is coupled to 

proton movement across the inner membrane in complexes I, III and IV. Complex V to 

generate ATP harvests the resulting proton gradient. The number of subunits encoded by 

the nuclear/mitochondrial genomes are at the bottom of the diagram. (Mandavilli et al 

2002) 

 

In a total context the central premise of the chain is the transfer of energy between the 

intermediates of the ETC moving progressively down the gradient from a reduced to an 

oxidised state (Duchen, 2004). Electrons are shuttled from NADH and FADH2 to 

Complexes I and II respectively, and these both then transfer electrons to ubiquinone, 

which moves the electrons onto Complex III. Electrons are then moved from cytochrome 

c to Complex IV. Major parts in the redox reactions of this chain are non-haem iron, 

copper, and haem.  Non-iron haem is a component of complexes I, II, III; haem is a part 

of complexes III, IV, and cytochrome c, with copper only residing in complex IV 
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(Duchen, 2004). The electron transfer reactions of complex I, III, and IV are all linked to 

the proton-motive force (the electrochemical proton gradient), via the transfer of protons 

across the mitochondrial inner membrane and from the matrix into the inter-membrane 

space. It is the proton-motive force that drives the proton translocating ATP synthase 

(complex V or F1F0 ATPase) to phosphorylate ADP, thereby releasing ATP (Stock et al., 

1999). The ATP is ultimately transported out of the mitochondria by adenine nucleotide 

translocase (ANT), which is a electrogenic transporter that exchanges ADP for ATP 

(Duchen, 2004). 

 

 

1.6.3 Mitochondrial Genome 

 

A significant portion of the studies into mitochondrial function and dysfunction in disease 

states in recent years has centred on an aspect of mitochondria that is unique amongst the 

cellular organelles: it possesses its own genome. The mitochondrial genes (mt-genes) are 

located in a circular, double-stranded DNA molecule of 16, 569 base pairs (Figure 1.8). A 

major feature, however, of this genome in humans is that it only contains a fraction of the 

genes that encode for the proteins that make up its integral and compositional elements 

(Marcelino and Thilly, 1999; Madavilli et al., 2002). The mt-genome encodes for 13 of 

the 91 known ETC subunits, as well as 22 tRNAs and two rRNAs required for their 

synthesis (Madavilli et al., 2002). The method of its inheritance is entirely through the 

maternal line as after ovulation all of the mitochondrial sperm DNA is discarded 

(Marcelino and Thilly, 1999). 
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Figure 1.8: Human-mitochondrial genome. Human mitochondrial genome displaying the 

22 tRNA genes (red), two ribosomal RNA genes (blue) and genes encoding 13 

polypeptides for complex I (grey), complex III (grey), complex IV (grey) and ATP 

synthetase (grey). This figure is adapted from MITOMAP, a web site maintained by Dr. 

Doug Wallace (http://www.gen.emory.edu/mitomap.html). 
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1.7 Disorders Arising From Mitochondrial Defects 

 

It has been noted that an oxidative phosphorylation disorder can give rise “ to any 

symptoms in any organ or tissue with any mode of inheritance” (Hanson et al., 2001). 

The disorders that can arise from mitochondrial abnormalities are extremely variable in 

presentation and are not hindered by age or tissue type in terms of how they can affect the 

human system (Zeviani and Di Donato, 2004). Syndromes of a neurological origin are 

considered to be the most common example of mitochondrial defects giving rise to a 

disease or disorder and due to the nature of their location they tend too have wide ranging 

systemic affects as well (Triepels et al., 1999; Ojaimi et al., 1999; Beskow et al., 2000; 

Papa et al., 2001; Rubio-Gozalbo et al., 2000; Benit et al., 2003 ; Petruzzella et al., 2001; 

Borisov, 2002; Zeviani and Di Donato, 2004). 

 

Disease due to oxidative phosphorylation abnormalities are estimated to occur at a 

frequency of 1: 10 000 live births (Hanson et al., 2001). Due to its dual genetic control, 

mitochondria dysfunction can lead to a disease that can be caused by mutations in 

mitochondrial DNA (mtDNA) or nuclear DNA (nDNA) genes, or even both (Sue and 

Schon, 2000; Shoubridge, 2001a; Zeviani et al., 2003). The nDNA component include at 

least 79 genes encoding protein subunits of the OXPHOS complexes and hundreds of 

genes encoding factors controlling their expression, assembly, function and turnover 

(Rubio-Gozalbo et al., 2000; Shoubridge, 2001a; Seyda et al., 2001).  

 

Mutations in mtDNA include either large-scale rearrangements, which are usually 

sporadic, or point mutations, which are usually transmitted through the maternal lineage 

(Zeviani and Di Donato, 2004; Schaefer et al., 2004). Whereas large-scale 

rearrangements are invariably heteroplasmic (non-uniform mtDNA genome within an 

individual, tissue, cell, or mitochondria), point mutations may be either heteroplasmic or 

homoplasmic (identical mtDNA genomes throughout) and can affect structural genes or 

genes encoding the RNA apparatus involved in mtDNA translation (Weissig and 

Torchilin, 2001a, 2001b; Borisov, 2002, Zeviani and Di Donato, 2004). The segregation 
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pattern of pathogenic mtDNA mutants is an important determinant of the nature and 

severity of mitochondrial disease, but it varies with the specific mutation, cell type and 

nuclear background (Schaefer et al., 2001; Kunz, 2003; Zeviani et al., 2003). The 

canonical strand–asymmetric model for mtDNA replication, proposed by Clayton in 1981 

(Clayton, 1982; Zeviani et al., 2003), has been seriously challenged by experiments 

supporting the existence of conventional, strand-coupled replication of mammalian 

mtDNA (Holt et al., 2000; Yang et al., 2002; Zeviani et al., 2003). In addition, an 

important progress in the understanding of the mitochondrial transcriptional machinery 

has been the discovery that two novel transcriptional factors, TFB1M (McCulloch et al., 

2002; Seidel-Rogol et al., 2003; Zeviani et al., 2003) and TFB2M, cooperate with 

mitochondrial RNA polymerase (POLRMT) and mitochondrial transcription factor A, to 

carry out basal transcription of mammalian mtDNA (Falkenberg et al., 2002; Zeviani et 

al., 2003).  

 The most frequent mitochondrial disorder observed in the human tissues is the complex I 

deficiency (Rubio et al., 1998; Smeitink et al., 1998; Triepels et al., 1999; Beskow et al., 

2000; Loeffen et al., 2000; Papa et al., 2001; Sherer et al., 2001; Triepels et al., 2001a, 

2001b; Petruzzella and Papa 2002; Benit et al., 2003; van der Westhuizen et al., 2003; 

Zeviani et al., 2003; Ugalde et al., 2004; Zeviani and Di Donato 2004). In most of these 

cases, the clinical presentation is that of an early-onset progressive neurological disorder 

with lactic acidosis, most often Leigh syndrome, occasionally complicated by 

cardiomyopathy, or multi-system involvement. However, no mutation in structural genes 

has been found in many cases of complex I deficiency (a rare example is the NDUFA8 

gene (Triepels et al., 1998), suggesting that still unknown assembly factors for complex I, 

or other gene products involved in its formation and activity may be responsible for these 

forms (Sue and Schon, 2000; Shoubridge, 2001a; Janssen et al., 2002; Zeviani et al., 

2003; Zeviani and Di Donato, 2004).  

Complex II, or succinate-cytochrome c reductase, is a FAD-dependent enzyme at a cross-

point between OXPHOS and Krebs-cycle pathways. It comprises four protein subunits, 

all encoded by nuclear genes (SDH-A, B, C, and D). Mutations in SDHA, the largest 
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subunit of complex II, are a rare cause of Leigh syndrome or late-onset 

neurodegenerative disease (Sue and Schon, 2000; Shoubridge, 2001a; Rustin and Rotig, 

2002; Zeviani et al., 2003; Zeviani and Di Donato, 2004). 

An additional component of the electron transfer system is Coenzyme Q10, which 

shuffles electrons from complexes I and II to complex III. A deficiency in this enzyme 

has been associated with two specific syndromes. The first syndrome gives rise to CNS 

irregularities (producing seizures, ataxia, and mental retardation), as well as recurrent 

myoglobinuria and ragged red-fibres (Sobreira et al., 1997). The other syndrome 

associated with Coenzyme Q10 deficiency is characterised by seizures, pyramidal signs 

and cerebellar ataxia of an unknown origin (Sue and Schon, 2000; Musumeci et al., 2001; 

Shoubridge, 2001a; Zeviani et al., 2003; Zeviani and Di Donato, 2004).  

A deficiency in the fourth of the electron transport complexes, cytochrome c oxidase or 

COX, primarily manifests in infantile Leigh syndrome. Two other noted COX deficiency 

syndromes give rise to severe cardiomyopathy or complex encephalocardiomyopathy 

depending on the type of tissue the deficiency is expressed in. To date no nuclear defects 

have been identified in COX genes that may give rise to COX deficiency, however 

aberrations in nuclear-encoded COX assembly factors have been associated with this 

syndrome. These genes include SURF1, SCO1, SCO2, COX10 and COX15 (Sue and 

Schon, 2000; Shoubridge, 2001a, 2001b; Borisov, 2002; Zeviani et al., 2003; Zeviani and 

Di Donato, 2004). 

Mutations affecting SURF 1, which is a hydrophobic protein housed in the inner 

membrane of the mitochondria, cause the accumulation of early assembly intermediates 

and severely reduces the number of viable COX complexes in the affected tissue. This 

particular aberration is the major cause of Leigh syndrome due to COX deficiency 

(Tiranti et al., 1999; Sue and Schon, 2000; Shoubridge, 2001a; Zeviani et al., 2003; 

Zeviani and Di Donato, 2004).  

The nuclear-encoded SCO1 and SCO2 genes are presumed to be responsible for the 

insertion of copper into copper holoenzyme. Mutations in these copper-ion binding 
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proteins are predominately found in SCO2; with SCO1 having only one reported familial 

case. The clinical manifestation of mutations in these two genes is the early onset of fatal 

cardioencephalomyopathy via COX deficiency (Sue and Schon, 2000; Shoubridge, 

2001a; Zeviani et al., 2003; Zeviani and Di Donato, 2004). A rarer phenotype is early 

onset type-1 spinal muscular atrophy (Jaksch et al., 2001; Salviati et al., 2002). The 

prosthetic group of the COX complex is synthesised with the help of COX 10 and COX 

15. COX 15 is the heme A farnesyl transferase component and mutations in this gene 

give rise to fatal infantile hypertrophic cardiomyopathy (Antonicka et al., 2003a, 2003b).  

The third of the ETC complexes, ubiquinol cytochrome c reductase, is responsible for 

catalysing the transfer of electrons from complexes I and II to cytochrome c. A nuclear-

encoded chaperone gene associated with the assembly of complex III, BCS1L, has been 

found to be mutated in complex III deficiency patients who have developed neonatal 

proximal tubulopathy, hepatic encephalopathy, and GRACILE syndrome (growth 

retardation, aminoaciduria, cholestasis, iron overload, lactacidosis, and early death) (de 

Lonlay et al., 2001; Visapaa et al., 2002). By contrast, no nuclear-encoded mutations in 

complex III functional subunit genes have been reported to date, however in cytochrome 

b, the only mitochondrial-encoded complex III subunit, a pathogenic mutation has been 

identified in encephalopathy patients (Sue and Schon, 2000; Shoubridge, 2001a; Haut et 

al., 2003; Zeviani et al., 2003; Zeviani and Di Donato, 2004).  

Alzheimer’s disease (AD) is a late-onset neurodegenerative disease characterised by the 

cortical accumulation of senile plaques and neurofibrillary tangles (Borisov, 2002). To 

date reduced expression and irregular distribution of Complex I and Complex IV subunits 

have been associated with the development of AD (Ojaimi et al., 1999; Kim et al., 2001; 

Borisov, 2002). A generalised depression in the activity of complexes I, II, III, and IV 

have been found in AD, whilst sporadic mutations in the subunits the F1F0 ATPase 

complex have been found in the cerebral tissue of AD patients (Kim et al., 2001). 

The autosomal dominant disorder adPEO (autosomal dominant progressive external 

ophthalmoplegia) is characterised by multiple mtDNA deletions in the patients’ tissues. 

This disorder is usually linked to mutations in three genes: ANT1, a gene that encodes for 
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a mitochondrial adenine nucleotide translocator; Twinkle, which encodes for a putative 

mtDNA helicase; and POLG1, encoding for mtDNA specific polymerase with catalytic 

functions (Hirano et al., 2001; Zeviani et al., 2003; Zeviani and Di Donato, 2004).  

A group of genes that play fringe roles in mitochondrial homeostasis have been linked to 

the development of several neurodegenerative disorders. These include paraplegin, a 

mitochondrial metalloprotease associated with autosomal spastic paraplegia (Zeviani et 

al., 2003; Zeviani and Di Donato, 2004); ABC7, a mitochondrial iron exporter that has 

been associated with X-linked sideroblastic anaemia and ataxia due to its regulation of 

cytosolic iron-sulphur proteins (Zeviani et al., 2003, Zeviani and Di Donato, 2004); 

frataxin, a mitochondrial iron-storage protein that is partly responsible for Friedreich’s 

ataxia; DDP1, a component of the mitochondrial import carrier machinery, which has 

been associated with X-linked deafness-dystonia syndrome (Roesch et al., 2002, Zeviani 

et al., 2003, Zeviani and Di Donato, 2004); and OPA1, a gene that encodes for a protein 

embedded in the mitochondrial inner membrane that has been linked to autosomal 

dominant optic neuropathy (Olichon et al., 2002, Zeviani et al., 2003, Zeviani and Di 

Donato, 2004).  

A gene that encodes for a component of the phospholipid milieu of the mitochondrial 

inner membrane, cardiolipin, which has a homology to phospholipid acyltransferases, has 

been found to mutated in Barth syndrome. This syndrome is characterised by X-linked 

mitochondrial myopathy, cardiomyopathy, neutropenia, short stature and 3-methyl 

glutaconic aciduria (Schlame et al., 2002, Zeviani et al., 2003, Zeviani and Di Donato, 

2004).   

Finally a rare form of congenital microcephaly has recently been associated with 

mutations in a mitochondrial deoxynucleotide carrier (DNC), which indicates that 

mitochondrial deoxynucleotide transport may be essential for foetal brain development. 

This further highlights the role the nucleus plays in mitochondrial biogenesis and diseases 

related to their malfunction (Kelley et al., 2002; Rosenberg et al., 2002; Zeviani et al., 

2003, Zeviani and Di Donato, 2004).  
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1.8 Mitochondrial Involvement In Cancer 

 

1.8.1 Apoptosis 

Apoptosis represents a collection of intricate pathways with more than 100 different 

proteins actively participating in apoptotic processes from signal transduction, zymogen-

type cascade, to key cytoskeletal structures and nuclear genes within the marked cell 

(Gosslau and Chen, 2004). These events lead to DNA fragmentation, blebbing, and the 

formation of apoptotic bodies and ultimately to cell death (Figure 1.9) (Saikumar et al., 

1999; Preston et al., 2001; Reed, 2001). Further, the dying cell is engulfed by phagocytes 

due to the exposure of phosphatidylserine and changes in surface sugars. (Green and 

Reed, 1998; Hengartner, 2000; Preston et al., 2001; Reed, 2002; van Gurp et al., 2003; 

Gosslau and Chen, 2004).  

The critical step in apoptosis is the activation of the mitochondrial-mediated death 

pathway, which triggers an increase in the permeability of the mitochondrial outer 

membrane (the other cell death pathway, necrosis, is initiated by the permeability 

increase in the plasma membrane, not the mitochondrial) that causes mitochondrial 

swelling, rupture of the outer membrane, and release of proapoptotic factors from the 

intermembranous space (Cavialli and Liang, 1998; Lemasters et al., 1998; Kroemer et al., 

1998; Susin et al., 1998; Skulachev, 1999; Hengartner, 2000; Lee et al., 2002; Reed, 

2002; van Gurp et al., 2003; Gosslau and Chen, 2004.) Three elements induce this 

increased permeability; an opening of the permeability transition pore, an increase of the 

Bax/Bcl-2 ratio and damage to the mitochondrial membrane induced by ROS (Lemasters 

et al., 1998, Blackstone and Green, 1999, Veech et al., 2000, Everatt and McFadden, 

2001; Lee et al., 2001).  

The opening of the permeability transition pore at the contact sites of inner and outer 

mitochondrial membranes destroys the electrochemical gradient and uncouples the 

respiratory chain with concomitant cessation of adenosine triphosphate synthesis. 
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(Loeffler and Kroemer, 2000; Waterhouse et al., 2002; van Gurp et al., 2003). The 

Bax/Bcl-2 ratio is a rheostat that indicates the relative amount of anti-apoptotic (Bcl-2, 

Bcl-x, Bfl-1, and Bad-P) and pro-apoptotic (Bax, Bid, Bik, Bim, and Bad) proteins within 

the Bcl-2 superfamily (Saikumar et al., 1999; Wrone-Smith et al., 1999; Waterhouse et 

al., 2002; Bossy-Wetzel et al., 2003). This ratio controls the permeability of 

mitochondrial membranes via an oligomerisation mechanism (Kumar and Vaux, 2002; 

Reed, 2002; Scorrano and Korsmeyer, 2003; Gosslau and Chen, 2004). 

 

 

Figure 1.9:  Morphology of necrosis and apoptosis. Necrotic cells and their organelles are 

characteristically swollen. There is early membrane damage with eventual loss of plasma 

membrane integrity and leakage of cytosol into extracellular space. Despite early 

clumping, the nuclear chromatin undergoes lysis (karyolysis). In contrast, apoptotic cells 

are shrunken and develop blebs containing dense cytoplasm. Membrane integrity is not 

lost until late, after cell death. Nuclear chromatin undergoes striking condensation and 

fragmentation. The cytoplasm becomes divided to form apoptotic bodies containing 

organelles and/or nuclear debris. Terminally, phagocytes engulf apoptotic cells and 

fragments or surrounding cells (Adapted from Cotran et al., Eds. Saunders, 1999, p. 18). 
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After the membrane potential has collapsed, proapoptotic factors are released from the 

mitochondria. These include procaspases, cytochrome c, apoptosis protease activating 

factor-1 (Apaf-1), endonuclease-G, and apoptosis-inducing factor (AIF) (Skulachev, 

1999; Everett and McFadden, 2001; Preston et al., 2001; Reed, 2001; Lorenzo and Susin, 

2004). Cytochrome c, Apaf-1, adenosine triphosphate, and procaspase-9 form a 

supramolecular complex termed an apoptosome, which activates caspase-9 through 

autocatalysis (Everett and McFadden, 2001; Preston et al., 2001; Reed, 2001; Sesso et 

al., 2004).  

It is the activation of caspase 9 that induces the action of the caspase executioner, caspase 

3 (Kong et al., 2001; Barbu et al., 2002; Yu and Zhang, 2004). Apart from activating a 

host of other caspases, caspase 3 also cleaves cytoskeletal proteins such as fodrin and 

gelosin, and induces the action of the caspase-activated DNAse (Barbu et al., 2002). It is 

this caspase-activated DNAse that allows caspase-activated DNAse that enters the 

nucleus to fragment nuclear DNA (Lorenzo and Susin, 2004). Apoptosis-inducing factor 

and endonuclease-G operate independent of caspases and may represent proapoptotic 

factors of an ancestral cell death pathway. (van Gurp et al., 2003; Gosslau and Chen, 

2004; Lorenzo and Susin, 2004)  

The caspase family proteins (cysteine aspartate-specific proteases) exhibit proteolytic 

specificity for aspartate residue. Caspases-2, -3, -6, -7, -8, -9, and -10 are sequentially 

activated during apoptosis via a zymogen-type cascade (Gosslau and Chen, 2004). 

Caspases-8, -9, and -10 are considered initiator caspases responsible for activating the 

downstream effector caspases (-3, -6, and -7) (Saikumar et al., 1999;  Chang et al., 2003). 

Procaspases represent the inactive forms (zymogens) of caspases, which are cleaved at 

internal aspartate residues by other caspases. This results in their activation (Creagh and 

Martin, 2001; van Gurp et al., 2003; Gosslau and Chen, 2004) and the caspases perform 

their interactions via specific domains called caspase-associated recruitment domains 

(Reed, 2002; Gosslau and Chen, 2004).  

The regulation of the caspase pathway is performed by the inhibitors of apoptosis protein 

(IAPs), which bind to and inhibit the activation of procaspases and the activity of mature 
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caspases (Saikumar et al., 1999; Reed, 2001). During apoptosis three different proteins 

that are released by the mitochondria neutralize the inhibitory effects of IAPs. These 

include the second mitochondria-derived activator of caspase, direct IAP binding protein 

with low pI, and/or high-temperature requirement protein-A2 (HtrA2) (Lorenzo and 

Susin, 2004; Yu and Zhang, 2004).  

Another mechanism of regulation is performed by heat-shock proteins 70 and 27, which 

bind to Apaf-1 and cytochrome-c, respectively, and block apoptosome formation and thus 

block the mitochondrial-mediated apoptosis (Xanthoudakis and Nicholson, 2000; 

Lorenzo and Susin, 2004; Yu and Zhang, 2004). Other factors such as acyl coenzyme A–

binding protein and polypyrimidine tract-binding protein released from mitochondria also 

may play certain role in apoptosis (van Gurp et al., 2003; Gosslau and Chen, 2004).  

Death receptors are cell surface receptors that participate in the apoptotic signalling 

pathways, which transmit their signals through specific death ligands, such as the FAS 

Ligand or TRAIL (TNF related apoptosis induced ligand) (Kong et al., 2001). The super-

molecular death-inducing signalling complex is composed of the FAS ligand, FAS-

associated protein with death domain, and caspase 8. These three proteins interact with 

each other via their death effector domains and it is this interaction that induces caspase 

8’s activation of the caspase executioner, caspase 3 (Reed, 2001; Kong et al., 2001). 

Another protein that caspase 8 can induce is Bid, which is a proapoptotic member of the 

Bcl-2 family, whilst caspase 8’s inactivation is regulated by the Fas-associated protein 

with death-domain like interleukin-1-converting enzyme inhibitory protein (FLIP) 

(Saikumar et al., 1999; Murphy and Smith, 2000; Reed, 2001; Kong et al., 2001). The 

Ras component of the complex also activates Akt in conjunction with phosphoinositide 3-

kinase (P13K) and this association may suppress apoptosis due to Akt phosphorylating 

the Bad protein to its anti-apoptotic form, Bad-P (Gosslau and Chen, 2004).  

Regarded as an isoform of mitogen-activated protein kinase, the extracellular-regulated 

kinase (ERK) may be activated by ROS interaction, but predominately is induced by 

mitogens (Kong et al., 2001; Gosslau and Chen, 2004). ERK participates in an activation 

cascade in conjunction with the Ras-Raf-MEK complex, to regulate several different 
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transcription factors such as activation protein-1 (Kong et al., 2001; Gosslau and Chen, 

2004). The cellular antagonist of P13K, the phosphatase and tensin homolog deleted on 

chromosome 10 can inactivate the P13K/Akt pathway. It should be noted that the roles of 

anti-apoptotic proteins is far from clear (Kong et al., 2001; Gosslau and Chen, 2004). 

One putative anti-apoptotic protein, Nuclear factor B (NF-B), has been shown to play a 

part in activating anti-apoptotic and pro-apoptotic genes, as well as suppressing the action 

of the pro-apoptotic gene Bax (Gosslau and Chen, 2004).  

The stress-activated protein kinase (SAPK) and p38 proteins are induced by ROS and 

inflammatory signals, which then activate kinases such as apoptosis signal-regulating 

kinase-1 (ASK-1) (Gosslau and Chen, 2004). SAPK and p38 are thought to play a role in 

apoptosis due to their ability to activate AP-1, which is an important transactivator for 

pro-apoptotic genes like tumour necrosis factor and proto-oncogenes such as c-Jun (Kong 

et al., 2001; Gosslau and Chen, 2004).  

The cell-cycle checkpoint protein p53 mediates apoptosis via its activator and suppressor 

abilities (Saikumar, et al., 1999). The proteins it activates include APO-1/Fas as well as 

other death receptors like Bax and Bcl-2 (Clynes et al.,1998; Saikumar, et al.,1999). The 

p53 protein can also down-regulate the activity of Bax and Bcl-2, with Bcl-2 further 

inhibited by ROS interaction. The production of ROS not only induces p53 activity, it 

also activates stress response pathways, which include the previously mentioned SAPK 

and p38 molecules (Gosslau and Chen, 2004). 

Apoptosis is a response that is involved in a whole array of normal physiologic processes, 

including immune defence, tissue homeostasis, and development. Any tilt of the balance 

between cell survival and death within an organism can lead to disease. Thus, the loss of 

essential cells of post-mitotic tissues due to enhanced cell death may play an important 

role in a number of functional deficiencies and degenerative diseases such as Alzheimer's 

disease, Parkinson's disease, Huntington's disease, multiple sclerosis, myocardial 

infarction, arteriosclerosis, chronic inflammation, rheumatoid arthritis, sterility, or 

cataract (Williams, 1995; Knight, 1998, 2000; Saikumar et al., 1999; Cottrell et al., 2000; 

Reed, 2001; Gosslau and Chen, 2004) However, apoptosis can be considered a proactive 
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self-defence mechanism of a living organism to weed out dysfunctional cells such as the 

precursors of metastatic cancer cells without creating secondary oxidative stress due to 

inflammation (Davies, 2000; Gosslau and Chen, 2004).  

Indeed, defect in apoptotic mechanisms is recognized as an important cause of 

carcinogenesis (Reed, 2003; Gosslau and Chen, 2004). A dysregulation of proliferation 

alone is not sufficient for cancer formation; a suppression of apoptotic signalling is also 

needed (Igney and Krammer, 2002; Reed, 2003; Gosslau and Chen, 2004). Cancer cells 

acquire resistance to apoptosis by over expression of antiapoptotic proteins (Bcl-2, IAPs, 

and FLIP) and/or by the down regulation or mutation of proapoptotic proteins (Bax, 

Apaf-1, caspase-8, and death receptors) (Gosslau and Chen, 2004). Over expression of 

antiapoptotic Bcl-2 and Bcl-xL has been estimated to occur in more than 50% of all 

cancers (Reed, 2003; Yang et al., 2003), with many cancers presenting with a pathologic 

over expression of FLIP (e.g., stomach cancer (Lee et al., 2003)) and IAPs (e.g., in 

gastric cancer (Kania et al., 2003)), which interferes with apoptosis induction at the level 

of the death receptors and caspases, respectively (Igney and Krammer, 2002; Reed, 

2002). According to its role in induction or suppression of antiapoptotic (FLIP, IAP, Bcl-

x, and Bfl-1) or proapoptotic (Bax) factors, (Reed, 2003) a hyperactivity of NF-B is 

observed in certain cancers, (Karin et al., 2002) which suggests an antiapoptotic role of 

NF-B. In fact, inhibiting NF-B activity results in enhanced apoptosis by chemotherapy 

(Lowe and Lin, 2000).  

Because chemotherapy and irradiation act primarily by inducing apoptosis of body cells, 

both normal and malignant, a defect in the apoptotic pathway may increase the resistance 

of cancer cells to these treatments. Alternatively, tumour resistance to apoptosis is due to 

inactivation of proapoptotic genes (Yu and Zhang, 2004; Gosslau and Chen, 2004). 

Enhanced mutation rates of Bax, Apaf-1, and caspase-8 have been found in various types 

of cancer. Moreover, death receptors are down regulated, mutated, or inactivated in many 

tumours (Igney and Krammer, 2002). Lack of Fas ligand–mediated killing has been 

linked to in vivo tumour promotion of lung cancer in mouse (Lee et al., 2003). Another 

mechanism of suppression of death receptor–mediated apoptosis in cancers might be the 
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expression of soluble receptors that act as competitive inhibitors for ligands of the tumour 

necrosis factor family. Elevated levels of those receptors have been found in the sera of 

cancer patients (Igney and Krammer, 2002). 

The p53 protein plays a dual but contrary role in the apoptosis of cancer cells because 

whilst p53 mutations increase the resistance to chemotherapy (Lee and Beinstein, 1993) 

possibly due to a decrease of Bax (Yin et al., 1997), the reintroduction of p53 into p53 

mutant tumour cells can result in apoptosis by chemotherapy (Lowe and Lin, 2000). In 

addition, the PI3K/AKT pathway may be hyper-activated in some tumours because Ras, 

the catalytic subunit of PI3K, and Akt are over expressed in several cancers (Gosslau and 

Chan, 2004). In contrast, phosphatase and tensin homolog deleted on chromosome 10, the 

cellular antagonist of PI3K, is frequently down regulated in various cancer types (Lowe 

and Lin, 2000; Igney and Krammer, 2002). 

 

1.8.2 Reactive Oxygen Species 

Several recent results suggest temporal relationships between oxidative stress, genomic 

instability and the development of cancer (Li et al., 1998a, 1998b; Polyak et al, 1998; 

Ambrosone et al., 1999; Mates and Sanchez-Jimenez, 2000; DeWeese et al., 2001; 

Sander et al., 2003; Pelicano et al., 2004). Free radicals may induce several DNA 

sequence changes: point mutations, deletions, gene amplification and rearrangements that 

result in the activation of several proto-oncogenes and/or the activation of some tumour 

suppressor genes (Bai and Cederbaum, 2000; Mates and Sanchez-Jimenez, 2000; 

DeWeese et al., 2001; Sander et al., 2003; Pelicano et al., 2004).  

As a consequence of aerobic metabolism, small amounts of reactive oxygen species 

(ROS), including hydroxyl radicals (.OH), superoxide anions (O2.
-
), singlet oxygen (

1
O2) 

and hydrogen peroxide (H2O2), are constantly generated in organisms (Kamat and 

Devasagayam, 2000; Preston et al., 2001; Mandavilli et al., 2002;  Ichihashi et al., 2003). 

Cellular antioxidants act in concert to detoxify these species but, when the balance is 
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disrupted, a condition referred to as oxidative stress exists. If oxidative stress persists, 

oxidative damage to critical biomolecules (including oxidant-induced damage to the 

genome) accumulates and eventually results in several biological effects ranging from 

alterations in signal transduction and gene expression to mitogenesis, transformation, 

mutagenesis, and cell death (Mates and Sanchez-Jimenez, 2000; Bota and Davies, 2001; 

DeWeese et al., 2001; Woods Jr., 2001; Barja, 2002a; Sander et al., 2003; Bailey et al., 

2004; Pelicano et al., 2004).  

Apoptosis and cancer might be considered to be opposed phenomena, but ROS have been 

widely reported to play a key role in both. Evidence that apoptosis can be induced by 

ROS is provided by studies in which mediators of apoptosis induce intracellular 

production of ROS or are inhibited by the addition of antioxidants (Mates and Sanchez-

Jimenez, 2000; Kamat and Devasagayam, 2000; Preston et al., 2001; Sander, et al., 2003; 

Pelicano et al., 2004). In addition, induction of carcinogenesis has been clearly linked to 

oxidative DNA damage and the DNA oxidative product, 8-oxo-2'-deoxyguanosine, has 

been reported to be highly mutagenic (Matsui et al., 1999; Preston et al., 2001; Barja, 

2002a; Mandavilli et al., 2002; Ichihashi et al., 2003; Pelicano et al., 2004). ROS are 

thought to contribute to carcinogenesis through interference with signal cascade systems, 

including among others, the nuclear transcription factor kappa B (NFκB), activated 

protein-1 (AP-1), phospholipase A2, mitogen-activated protein kinases (MAPKs) and c-

Jun kinase (Preston et al., 2001; Ichihashi et al., 2003; Pelicano et al., 2004).  

Cells react rapidly to redox imbalance with a plethora of biological responses, which 

include cell cycle-specific growth arrest, gene transcription, initiation of signal 

transduction pathways and repair of damaged DNA. These early events are likely to 

determine whether a cell will necrose, senesce, apoptose or survive and proliferate (Mates 

and Sanchez-Jimenez, 2000; Ichihashi et al., 2003; Sander et al., 2003; Bailey et al., 

2004).  

In aerobic cells, the most important sources of O2
-
 are the electron transport chains of 

mitochondria (Figure 1.10) and endoplasmic reticulum (Kowaltowski and Vercesi, 1999; 
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Mates and Sanchez-Jimenez, 2000; Kowaltowski et al., 2001). In mitochondria, ROS 

formation is significantly increased by oxidative phosphorylation uncouplers, hyperbaric 

O2 treatment, pathologic conditions such as ischemia/reperfusion syndrome, ageing, etc 

and alterations of mitochondrial lipids occurring during deficiency of polyunsaturated 

fatty acids and lipoperoxidation processes (Kowaltowski and Vercesi, 1999; Mates and 

Sanchez-Jimenez, 2000; Kowaltowski et al., 2001). In the endoplasmic reticulum (RE), 

NADPH-cytochrome P450 reductase can leak electrons onto O2
-
 generating O3

-
. It can 

also be formed during activity of the desaturase system, which introduce C=C double 

bonds into unsaturated fatty acids. The system contains FADH2 and cytochrome b5 that 

can leak electrons onto O2 (Mates and Sanchez-Jimenez, 2000; Preston et al., 2001; 

Pelicano et al., 2004).  

 

Figure 1.10: Generation of ROS by complex I of the electron transport chain in the 

mitochondria and its implicated consequences. O2. - Is generated by a single electron 

reduction of O2 by SQ or cluster N2. H2O2 and OH.- are formed by MnSOD and by 

Fenton's reaction in the presence of Fe or Cu, respectively. NO seems to react with O2.- 

or SQ.- species, generating a pernitrate species, ONOO.-. Changes in (NADH)/(NAD+) 
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ratio and decrease of (NAD+) concentration are suggested to affect several cellular 

activities, resulting in the onset of diseases such as cancers (Yano, 2002) 

Other biological sources of O2.
-
 are the nuclear membrane (containing an electron 

transport chain that in the presence of NAD(P)H is able to leak electrons onto O2 with 

formation of O2.
-
), the decomposition of oxyhaemoglobin, photo-irradiation of 

tryptophan, eumelanin and pheomelanin by UV-light, endothelium, autoxidation of 

catecholamines, thiols, a reduced form of riboflavin and its derivatives, enzymes such as 

xanthine oxidase, deoxygenases and oxidases and phagocyte cells as neutrophils and 

macrophages (Mates and Sanchez-Jimenez, 2000; Preston et al., 2001; Pelicano et al., 

2004).  

Generation of hydrogen peroxide takes place through the dismutation of superoxide and 

therefore any biological system generating O2.
-
 will produce H2O2. However, there are 

enzymes localized in peroxisomes that produce H2O2 without intermediation of O2.
-
. 

Contrary to O2.
-
, H2O2 is able to cross cell membranes and inside the cells it can react 

with Fe
2+

 or Cu
+
 to form hydroxyl radicals via the Fenton reaction (Skulachev, 1999; 

Preston et al., 2001; Mandavilli et al., 2002 ). 

Fe
2+

+H2O2  →  Fe
3+

+.OH+ 
-
OH (Fenton reaction) 

O2.
-
+H2O2  →   O2+.OH 

+
 
-
OH (Haber–Weiss reaction) 

The metal-catalysed Haber–Weiss reaction may involve the participation of either free 

iron (or copper) or iron sequestered in the form of nucleotide iron complexes, ferritin, 

lactoferrin, haemoglobin and myoglobin (Mates and Sanchez-Jimenez, 2000).  

Another form of active oxygen, singlet oxygen, can be generated by sensitisation of 

molecules such as riboflavin and its derivatives (FMN, FAD), chlorophyll a and b, 

bilirubin, retinal, different porphyrins, etc to a specific wavelength of light. Singlet 

oxygen can also be generated during phagocytosis and by spontaneous dismutation of 

O2.
-
 (Mates and Sanchez-Jimenez, 2000).  
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To avoid redox imbalance and oxidative DNA damage, a wide array of enzymatic and 

non-enzymatic antioxidant defences exist. Primary defence mechanisms prevent 

oxidative damage by scavenging reactive species directly. The primary defence system 

includes superoxide dismutase (SOD), glutathione peroxidase (GPX), catalase (CAT), 

and thioredoxin reductase (Rodriguez et al., 2000; DeWeese et al., 2001; Sander et al., 

2003; Pelicano et al., 2004). The main compounds belonging to the secondary defence 

system are ascorbic acid (vitamin C), -tocopherol (vitamin E), glutathione (GSH), -

carotene, vitamin A, NADPH and urate (Mitsumoto et al., 2002; Ichihashi et al., 2003; 

Pelicano et al., 2004).  

Superoxide dismutase destroys the highly reactive radical superoxide by conversion into 

the less reactive peroxide (H2O2), which can be destroyed by catalase or glutathione 

peroxidase reactions (Skulachev, 1999; Preston et al., 2001; Mandavilli et al., 2002). 

Catalase is a highly reactive enzyme, reacting with H2O2 to form water and molecular 

oxygen; and with H+ donor’s methanol, ethanol, formic acid or phenols. Not 

surprisingly, high concentrations of catalase are found in tissues and cells with high O2 

levels, such as erythrocytes (Skulachev, 1999; Mates and Sanchez-Jimenez, 2000; 

Preston et al., 2001; Mandavilli et al., 2002). Glutathione peroxidase catalyses the 

reduction of a variety of hydroperoxides (ROOH and H2O2) using GSH, thereby 

protecting mammalian cells against oxidative damage and reducing, among others, 

cellular lipid hydroperoxides (Skulachev, 1999; Mates and Sanchez-Jimenez, 2000; 

Preston et al., 2001; Mandavilli et al., 2002). 

The flavin containing thioredoxin reductase is a ubiquitous enzyme able to reduce O2
-
 

and NO by using thioredoxin as a substrate. Transferrin and ferritin sequester Fe
2   

and 

Fe
3+

 ions respectively, while ceruloplasmin sequesters copper ions so that the ions are not 

available to catalyse Haber–Weiss reaction generating .OH or to perform the 

decomposition of hydroperoxides. Ceruloplasmin also has ferroxidase activity: it oxidizes 

Fe
2+

 to Fe
3+

 and so inhibits OH formation from H2O2 and iron dependent lipoperoxidation 

(Skulachev, 1999; Mates and Sanchez-Jimenez, 2000; Preston et al., 2001; Mandavilli et 

al., 2002; Pelicano et al., 2004).  
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Tocopherol (TO) is concentrated inside the membranes, in blood lipoproteins and adrenal 

glands. It quenches and reacts with 
1
O2 and is a scavenger of OH, able to protect 

membranes from these extremely reactive species. However, its major antioxidant role in 

biological membranes is to act as a chain breaking antioxidant, donating labile hydrogen 

to peroxy and alkoxy radicals, thereby breaking the radical chain. Ascorbic acid and the 

reduced form of glutathione are scavengers of ROS and other reactive free radicals, 

whilst carotene is a powerful scavenger of 
1
O2, as is the urate molecule, which also binds 

iron and copper (Mates and Sanchez-Jimenez, 2000; Preston et al., 2001).  

Formation of ROS following irradiation is thought to be a major determinant of cellular 

damage. Activation of recombinant adenoviral vectors expressing the radical-scavenging 

enzymes Mn-SOD, Cu and Zn-SOD reduces the level of apoptosis (Mates and Sanchez-

Jimenez, 2000; Preston et al., 2001). Ferric/ferrous iron may mediate the UVB response 

via the generation of ROS, finally leading to connective tissue degradation, which is a 

hallmark of carcinogenesis, ageing, and disease (Vural et al., 1999; Mates and Sanchez-

Jimenez, 2000; Preston et al., 2001; Ventura et al., 2002; Ichihashi et al., 2003; Sander et 

al., 2003). Inorganic iron, in concert with chemical and physical inducers of the heat 

shock response, may trigger apoptosis. Accumulation of iron in injured tissue may 

thereby predispose to accelerated apoptosis and account in part for poor wound healing 

and organ failure (Mates and Sanchez-Jimenez, 2000; Preston et al., 2001).   

Antioxidant enzymes can antagonize initiation and promotion phases of carcinogenesis 

and they are reduced in many malignancies. The most commonly decreased antioxidant 

enzyme in cancerous tissue is the mitochondrial Mn-SOD. This has led to suggestions 

that Mn-SOD might be a new type of tumour-suppressor gene, though the majority of 

researchers into this field tend to ascribe the deficiency of the Mn-SOD activity to a 

defect in the expression of the gene rather than to its deletion (Skulachev, 1999; 

Rodriguez et al., 2000; Barja, 2002a, 2002b; Preston et al, 2001; Bailey et al., 2004).  

Rapidly growing tumours are capable of expanding beyond the perfusion capacity of the 

local vasculature, causing much of the cancerous tissue to be deprived of oxygen 

(hypoxia) and nutrients. Therefore, the affected cancer cells must adapt to survive this 
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environment until new blood vessels are produced (angiogenesis). One way that hypoxia-

mediated death is avoided is by inhibition of the senescence- and apoptosis-inducing p53 

tumour suppressor pathway, accomplished by lowered p53 expression, altered subcellular 

localization and stability, or mutation (Ashcroft et al, 2000; Preston et al, 2001; Pelicano, 

et al, 2004). Another adaptive mechanism is activation of hypoxia-inducible factor 1 

(HIF-1), a transcription factor that promotes the expression of genes involved in glucose 

transport, glycolysis, angiogenesis, erythropoiesis and cell proliferation (Chandel et al., 

1997, 1998, 2000; Freyer, 1998; Laderoute et al, 1999; Lee and Corry, 1999; Minet et al, 

2000; Preston et al, 2001; Pelicano, et al, 2004).  

 

1.8.3 Nuclear and Mitochondrial Gene Coordination 

The production of ATP in mammalian cells takes place primarily in the mitochondria as a 

result of oxidative phosphorylation (OXPHOS) and ordinarily this is the major source of 

energy for processes such as replication (Woods Jr., 2001). However, in rapidly growing 

cells such as cancer cells, a frequent observation is that a majority of ATP is derived 

instead from the glycolytic pathway (Mathupala et al., 1997; Preston et al., 2001).  

Differences in the number of mitochondria, the expression of oxidative phosphorylation 

dependent genes and enhanced glycolytic capacity can all contribute to the altered energy 

metabolism observed (Capuano et al., 1997; Preston et al., 2001). These changes may be 

due to mtDNA mutation, preventing the normal functioning of the organelle (Cavalli and 

Liang, 1998; Kowaltowski and Vercesi, 1999; Preston et al., 2001). One possible 

advantage to cancer cells with this energetic profile is the ability to proliferate in spite of 

mtDNA damage and in hypoxic environments, with these changes possibly required to 

maintain the tumourigenic phenotype (Cavalli and Liang, 1998; Preston et al., 2001). In 

one reported case however, an avian sarcoma cell line required the presence of mtDNA to 

maintain the transformed phenotype, exemplifying a role for mitochondrial function(s) in 

tumourigenesis (Zinkewich-Péotti et al., 1991; Preston et al., 2001).  
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Along with the increased reliance on glycolytic sources of energy, another frequent 

observation is that the number of mitochondria is reduced in cancer cells despite the fact 

that there is enhanced expression of respiration machinery genes (Cavalli and Liang, 

1998; Preston et al., 2001). The mitochondrial genome is not large enough to encode all 

of the required proteins for the electron transport chain and ATP production machinery, 

nor does it encode the required enzymes for the transcription and translation of its own 

genes (Poyton and McEwan, 1996; Preston et al., 2001). Therefore, the input of nuclear 

genes towards mitochondrial biogenesis and functioning is vital. If the changes observed 

in cancer cells are in part due to mitochondrial damage, it is of interest to understand how 

the organelle may also signal the nucleus that the energy profile of the cell must be 

altered to compensate for such damage. Alternatively, if the changes noted in cancer cells 

are purely a nuclear adaptation to the cell's environment, how the cell can sense energetic 

needs to alter mitochondrial function from the nucleus is of importance.  

Two candidate transcription factors that coordinate nuclear and mitochondrial gene 

transcription to produce functional mitochondria are nuclear respiratory factor 1 (NRF-1) 

and 2 (NRF-2). NRF-1 was originally identified as an activator of cytochrome c 

expression; a NRF-1-binding consensus sequence has since been found in the promoter 

regions of other genes coding for respiratory proteins (such as the ubiquitous cytochrome 

c oxidase (COX) genes, Vb and VIIa), as well as proteins involved in heme biosynthesis, 

mtDNA transcription and replication (Scarpulla, 1997, 2002; Preston et al., 2001).  

Changes in ATP availability resulting from the ETC dysfunction and shift to glycolysis 

associated with cancer could therefore affect NRF activities via phosphorylation status. 

The Ets protein family member NRF-2 is also a transcriptional activator of genes 

involved in oxidative phosphorylation and heme biosynthesis (Scarpulla, 1997, Chinenov 

et al., 2000; Preston et al., 2001). Ets proteins contain a conserved Ets domain that 

recognizes a core GGAA/T sequence; this binding has been found to regulate the 

expression of immune response genes, growth factor genes, proto-oncogenes as well as 

genes encoding matrix metalloproteinases (Gilles et al., 1996; Preston et al, 2001). A 

study in 1994 using a brown adipose tissue model demonstrated that NRF-2 is involved 
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in the regulation of the nuclear-encoded gene for ATP synthase, a major component of 

the mitochondrial F1F0 ATP synthase complex (Villena et al., 1998; Preston et al., 2001).  

 

1.8.4 Complex III UQCRFS1 subunit 

Ubiquinol cytochrome c reductase (UQCRFS1), otherwise known as the Rieske Fe-S 

protein, is a key subunit of the cytochrome bc1 complex (complex III) in the 

mitochondria (Rieske, 1976; Trumpower and Edwards, 1979; Ohashi et al., 2004). The 

Rieske Fe-S protein (the gene encoding for it is localised to chromosome band 19q12) is 

important in redox reactions in the mitochondria due to its involvement in electron 

transport (Rieske, 1976; Pennacchio et al., 1995; Ohashi et al., 2004).  

Through the use of FISH and spectral karyotyping, a study involving acute myeloid 

leukaemia (AML) patients identified an amplification of the 19q11-19q13.1 region, 

which is known to contain the UQCRFS1 gene (Sait et al., 2002; Ohashi et al., 2004). 

Another study examined ovarian cancer samples using the very same UQCRFS1 FISH 

probes found amplification of this region in several patients (Kaneko et al., 2003; Ohashi 

et al., 2004), whilst several studies demonstrated a gain at chromosome 19q in breast 

cancer samples by comparative genomic hybridisation (James et al., 1997; Tirkkonen et 

al., 1998; Bürki et al., 2000; Ohashi et al., 2004).  

Interactions between anticancer drugs and electron transport in mitochondria have been 

reported. Tamoxifen, which is known as an antiestrogenic agent, was recently shown to 

inhibit electron transfer in the mitochondrial respiratory chain at the levels of complex III 

(Tuquet et al., 2000; Ohashi et al., 2004). Mitochondrial dysfunction can result in 

excessive production of reactive oxygen species (ROS), which stimulates the release of 

cytochrome c from the mitochondrial intermembrane space to the cytosol, triggering the 

transduction pathway of apoptosis (Fiskum et al., 2003; Ohashi et al., 2004). Some 

anticancer drugs are known to increase the formation of ROS, which induces an apoptotic 

pathway (Varbiro et al., 2001; Zhou et al., 2003; Ohashi et al., 2004).  
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One article reported lack of UQCRFS1 and of mitochondrial NADH–ubiquinone 

oxidoreductase complex III expression in renal cell carcinoma using two-dimensional 

polyacrylamide gel electrophoresis (Sarto et al., 1997; Ohashi et al., 2004). They 

suggested that mitochondrial dysfunction may play a major role in renal cell carcinoma 

genesis or evolution, but the mechanism of the absence is unknown.  

 

1.8.5 Complex II subunits 

Mutations in complex II of the ETC have a strong association with inherited 

paragangliomas (Niemann and Muller, 2000; Gimenez-Roqueplo et al., 2001; Maher and 

Eng, 2002; Ackrell, 2002; Baysal, 2002; Dannerberg et al., 2002; Dekker et al., 2003; 

Zeviani et al., 2003; Zeviani and Di Donato, 2004). In 10–15% of the cases, these usually 

benign neuroectodermal tumours are inherited in an autosomal dominant fashion with 

incomplete penetrance.  

It now appears that mutations in SDHB, SDHC, and SDHD (succinate dehydrogenase 

complex subunits B, C, and D respectively) are responsible for the majority of familial 

paragangliomas (Baysal et al., 2002; Zeviani et al., 2003; Zeviani and Di Donato; 2004) 

and also for a significant fraction of non-familial tumours, including 

phaeochromocytomas (tumours of the adrenal medulla) (Cascon et al., 2002; Neumann et 

al., 2002; Zeviani et al., 2003; Zeviani and Di Donato; 2004). Interestingly, inactivation 

of the SDHD gene is associated with stimulation of the angiogenic pathway (Gimenez-

Roqueplo et al., 2001).  

 

1.8.6 Extracellular ATP Signalling 

Adenosine Triphosphate (ATP) plays an important role as an extracellular signalling 

molecule in many biological processes, such as cell proliferation, differentiation, 

development, immune responses and neurotransmission (Gerasimovskaya et al., 2002, 
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Ahmad et al., 2005, Lee et al., 2005). The functions of ATP in the signal transduction are 

mainly mediated by one of the purine receptors (P2-purinoceptors), which consists of two 

distinct subtypes of the ligand-gated ion channels (P2X receptors) and G protein-coupled 

receptors (P2Y receptors) (Gerasimovskaya et al., 2002, Ahmad et al., 2005, Lee et al., 

2005). 

 

ATP has widespread and specific extracellular signalling actions
 
in the regulation of a 

variety of functions in many tissues and
 
appears to have key roles in development, 

proliferation, differentiation,
 
and release of hormones, neurotransmitters, and cytokines 

(Gerasimovskaya et al., 2002, Ahmad et al., 2005). Damaged cells release ATP as a 

result of ischemia or inflammation and serves as a cell-to-cell mediator through cell 

surface P2 receptors (Ahmad et al., 2005, Lee et al., 2005).  

 

The extracellular
 
concentration of ATP and subsequent purinergic activation appears

 
to 

play a critical role in determining the intracellular signalling
 
set point of many key 

growth-regulating factors (e.g. ERK1/2 or c-Jun N-terminal kinases) (Gerasimovskaya et 

al., 2002, Ahmad et al., 2005). Therefore, an environmental or chemical stimulus that 

induces the release of ATP or its degradation
 
may contribute to the set

 
point of cellular 

signalling pathways regulated by P2 receptors.
 

This raises the probability that 

extracellular ATP is a critical
 
modulator of signal transduction pathways operating to 

control
 
proliferative responses and possibly carcinogenesis (Gerasimovskaya et al., 2002,  

Ahmad et al., 2005). 
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1.9 Mitochondrial DNA Depletion Syndrome  

 

There exists a range of disorders that originate from having tissue-specific mitochondrial 

DNA depletion, though they come under one broad heading: mitochondrial DNA 

depletion syndrome or MDS. The phenotypic presentation of this disorder in the 

particular cells of the affected tissue is a reduction in the number of copies of 

mitochondria that exist per cell. They manifest themselves usually in infancy and early 

childhood and are characterised by progressive muscular weakness and hypotonia, lactic 

acidosis, liver failure, renal Fanconi syndrome, seizures, external ophthalmoplegia, and 

congestive heart failure (Genge et al., 1995; Macmillan and Shoubridge, 1996; Morris et 

al., 1998; Gilkerson et al., 2000; Absalon et al., 2001; Bonod-Bidaud et al., 2001; 

Mandel et al., 2001; Vu et al., 2001; Elpeleg et al., 2002; Filiano et al., 2002; Hargreaves 

et al., 2002; Muller-Hocker et al., 2002; Pesece et al., 2002; Mansouri et al., 2003; Saada 

et al., 2003; Tano et al., 2003; Wang et al., 2005). Unfortunately, the mechanisms by 

which this mitochondrial DNA depletion occurs is not yet understood (Barthelemy et al., 

2001; Tano et al., 2003; Mancuso et al., 2005; Wang et al., 2005).  

 

There is only tenuous evidence to suggest a systemic mode of inheritance for this 

disorder, with a study identifying that there may be nuclear gene involved in maintaining 

mitochondrial DNA copy number, but as yet no gene has been linked with this proposed 

function (Ducluzeau et al., 2002; Mancuso et al., 2005; Wang et al., 2005). Only two 

forms of the tissue specific MDS have been connected with particular nuclear genes and 

their relevant mutations: Hepatocerebral MDS with deoxyguanosine kinase and 

Myopathic MDS with thymidine kinase (Ducluzeau et al., 2002; Mancuso et al., 2005; 

Wang et al., 2005).  

 

Certain compounds can also initiate this disorder, among them the HIV treatment drug 

Zidovudine and all associated nucleoside analogues used in the treatment. They achieve 

this mitochondrial toxicity by inhibiting mitochondrial DNA polymerase gamma (γ) 
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(Chariot et al., 1999). It should be stressed that this method of inducing MDS is not the 

method by which the disease expresses itself in infancy, as several studies have ruled out 

polymerase gamma (γ) as being a candidate for the disease (Barthelemy et al., 2001). 

These types of compounds are also associated with anti-cancer treatments, such as 

leukaemia therapy (Benyumov et al., 2005; Falchetti et al., 2005; Uckun et al., 2005). 

 

 

 

1.10 Nuclear-Encoded Genes of Interest  

The genes chosen to be analysed in this study were selected due to their chromosomal 

location and their cellular function. There are five genes that have been associated with 

the development of non-melanotic skin cancer, with the other five encoding for subunits 

of the Electron Transport Chain. Each of the genes plays a role in the maintenance of 

cellular integrity, with descriptions as to what functions each gene encodes for 

summarised in the following ten sub-sections. 

 

1.10.1 Cox VIIc 

Cytochrome c oxidase (COX) is the terminal component of the mitochondrial respiratory 

chain complex that catalyses the conversion of redox energy to ATP. Human COX is 

composed of 13 subunits, the 3 largest of which are encoded by mitochondrial DNA and 

represent the catalytic core of the enzyme. The smaller subunits have regulatory functions 

and are nuclear-encoded. The COXVIIc subunit functions as part of the catalytic unit that 

assists in the transfer of electrons from cytochrome c to molecular oxygen. The gene, 

which is found in all mammalian tissues, encodes for a protein that is composed of 63-

amino acids, with a 16-amino acid presequence (Lenka et al., 1998).  
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1.10.2 SDHD 

Complex II (succinate dehydrogenase complex) is an important enzyme complex in both 

the tricarboxylic acid cycle and the aerobic respiratory chains of mitochondria in 

eukaryotic cells and prokaryotic organisms. Hirawake et al. (1997) deduced the amino 

acid sequences of the large (cybL, encoded by the SDHC gene, and small (cybS), 

encoded by the SDHD gene) subunits of cytochrome b in human liver complex II from 

cDNAs (copy DNA) isolated by homology probing with mixed primers for the 

polymerase chain reaction. The mature cybL and cybS contain 140 and 103 amino acids, 

respectively, and show little similarity to the amino acid sequences of the subunits from 

other species, in contrast to the highly conserved features of the flavoprotein (Fp) subunit 

(SDHA) and the iron-sulfur protein (Ip) subunit (SDHB) 

In contrast to the other mitochondrial ETC subunits investigated in this study with 

regards to disease associations, there is a plethora of information about the probable role 

of SDHD in the development of certain cancers and in particular paragangliomas and 

neuroblastomas. The SDHD link to these types of cancers was elucidated by Baysal et al 

in 2000, who found that mitochondria play an important role in the pathogenesis of 

certain tumours and that cybS plays a role in normal carotid body physiology. This study 

also identified germ-line mutations in the SDHD gene on chromosome 11q23 in families 

with hereditary paraganglioma, which is characterized by the development of benign 

vascularized tumours in the head and neck. Germ-line loss of function mutations in the 

paternal alleles and subsequent somatic loss of normal maternal alleles in this cohort 

suggested that SDHD functions as a tumour suppressor gene at the cellular level and 

needs two events for inactivation.  

 

Baysal et al. (2000) suggested that on the basis of the phenotypic similarity between PGL 

tumours and the normal carotid body exposed to chronic hypoxia, cybS is a critical 

component of the oxygen-sensing system of paraganglionic tissue and that its loss may 

lead to chronic hypoxic stimulation and cellular proliferation. To determine whether 

SDHD plays a role in the development of sporadic pheochromocytomas, Gimm et al. 
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(2000) performed mutation and deletion analysis of the gene. Their small-scaled study, 

with 18 samples, indicated that SDHD plays a role in the pathogenesis of 

pheochromocytoma. Taschner et al. (2001) demonstrated that the maternally derived wild 

type SDHD allele is lost in tumours from mutation-carrying paraglioma patients, 

indicating that SDHD functions as a tumour suppressor gene. Kytola et al. (2002) found 

heterozygous sequence variants of the SDHD gene in 2 of 18 midgut carcinoids and in 2 

of 7 Merkel cell carcinomas analysed. 

 

 

1.10.3 NDUFV1 

Spencer et al first identified NDUFV1 (NADH-ubiquinone oxidoreductase flavoprotein 

1) in 1992, who used a bovine sequence to map the site of this gene to 11q13 and 

identified it as the 51-KD subunit that forms the NADH and FMN binding sites for 

complex I in the ETC. Disturbances of mitochondrial energy metabolism occur with an 

estimated incidence of 1 in 10,000 live births and are often caused by isolated 

mitochondrial complex I (NADH-ubiquinone oxidoreductase) deficiency. As 

mitochondrial DNA (mtDNA) mutations are rarely found to be causative, the genetic 

defects appear to be mainly of nuclear origin, especially if symptoms begin during 

infancy. Schuelke et al. (1999) detected mutations in the NDUFV1 gene in 3 of 20 

patients with isolated complex I deficiency. Two were brothers with Leigh syndrome 

while the third patient presented with a phenotype resembling Alexander disease 

although a brain biopsy was not available for histologic confirmation.  

In a series of 36 patients with mitochondrial complex I deficiency, Benit et al. (2001) 

identified 3 patients carrying a total of 6 mutations in the NDUFV1 gene. NDUFV1 has 

been hypothesised to be of primary importance in the development of complex I 

deficiency, in part due to its binding capabilities and in another way due to the 11q13 

region housing several mitochondrial genes and a glutathione transferase. The soluble 

glutathione transferases are a family of dimeric isoenzymes catalysing the conjugation of 

glutathione to hydrophobic electrophiles. Their subunits can be grouped into 4 families, 
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alpha, mu, pi, and theta, on the basis of their primary structures. In man, a single gene, 

GST3 located on 11q13, represents the pi class. The oncogenes INT2, HSTF1, and PRA 

are also localized at 11q13, and together with the GSTP1 locus and other loci in that 

region such as NDUFV1, form a DNA unit of approximately 2000 to 2500 kb, which is 

known as the 11q13 amplicon because it is often amplified in a range of solid tumours. 

 

1.10.4 NDUFA5 

The multi-subunit NADH-ubiquinone oxidoreductase (complex I) is the first enzyme 

complex in the electron transport chain of mitochondria. The iron-sulphur protein (IP) 

fraction of complex I is made up of 7 subunits, including NDUFA5 (NADH-ubiquinone 

oxidoreductase 1 Alpha subcomplex, 5), which has been mapped to 7q32 (Pata et al., 

1997). The 116-amino acid human protein has a calculated molecular weight of 1.6-kb 

and the composite mRNA was found to be expressed in all human tissues, with the 

highest levels in heart, skeletal muscle, and brain (Pata et al., 1997). A psudeogene to this 

ETC subunit has been found at 11p15.5 (Russell et al., 1997). 

 

1.10.5 NDUFA8 

Triepels et al. (1998) reported the cloning of the cDNA sequence of the nuclear-encoded 

NDUFA8 (NADH-ubiquinone oxidoreductase 1 Alpha subcomplex, 8) subunit of 

NADH-ubiquinone oxidoreductase, the complex I of the mitochondrial respiratory chain. 

The NDUFA8 open reading frame includes 519 bp and encodes 172 amino acids. A 

multiple tissue blot revealed the highest NDUFA8 mRNA expression in human heart, 

skeletal muscle, and foetal heart. Mutation analysis of the NDUFA8 fibroblast cDNA in 

20 patients with isolated enzymatic complex I deficiency in cultured skin fibroblasts 

revealed 2 polymorphisms, one within the open reading frame and the other in the 3-

prime untranslated region of the NDUFA8 cDNA sequence. The allelic frequencies of 



 70

both polymorphisms were similar in controls and complex I-deficient patients. By 

radiation hybrid analysis, Emahazion et al. (1998) mapped the NDUFA8 gene to 9q33.2-

q34.11. 

1.10.6 PTCH 

The Drosophila 'patched' (PTCH) gene encodes a transmembrane protein that represses 

transcription in specific cells of genes encoding members of the TGF-beta and WNT 

families of signalling proteins. Hahn et al. (1996) isolated a human sequence with strong 

homology to the Drosophila segment polarity gene 'patched' from a YAC and cosmid 

contig of the nevoid basal cell carcinoma (NBCCS) region on chromosome 9q22.3. Hahn 

et al. (1996) defined the intron-exon boundaries of the PTCH gene and reported that the 

PTCH gene contains 23 exons spanning approximately 34 Kb. They noted that there are 

at least three different forms of the PTCH protein present in mammalian cells; the 

ancestral form and two human forms. The first in-frame methionine codon for one of the 

forms is in the third exon. The other human form of PTCH contains an open reading 

frame that extends through to the 5-prime end and may be initiated by upstream 

sequences. Hahn et al. (1996) pointed out that the identification of several potential forms 

of the PTCH protein provides a mechanism whereby a single PTCH gene could play a 

role in different pathways. They stressed that determination of the regulation of different 

splice forms of PTCH mRNA may shed light on the apparent role of the gene in 

embryonic development and growth control in adult cells.  

   

To assess the role of PTCH in cell physiology and development, Marigo et al. (1996) 

expressed the chick-patched gene in Xenopus laevus oocytes (oocytes do not express 

endogenous PTCH). Protein of the size expected for PTCH was detected 48 hours after 

injection. They then performed binding assays on injected, uninjected, and control-

injected oocytes using the N-terminal fragment (N-Shh) of human Sonic hedgehog 

protein. The binding assay showed that labelled N-Shh protein could bind to PTCH-

injected oocytes, but not to the control oocytes. Injected oocytes bound human N-Shh 

produced in E. coli and mouse N-Shh produced in the baculovirus system. Marigo et al. 
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(1996) demonstrated direct interaction between PTCH and Shh using co-

immunoprecipitation studies. They also showed that the 2 extracellular loops of the 

PTCH protein are necessary for binding and that binding also requires that the PTCH 

protein be glycosylated. Marigo et al. (1996) proposed that PTCH does not carry out 

signalling to the cell directly but that an additional molecule is involved, namely the 7-

transmembrane protein 'Smoothened '.  

 

Independently and simultaneously, Stone et al. (1996) concluded that the PTCH gene 

encodes a candidate receptor for Shh by showing that epitope-tagged N-Shh binds 

specifically to human embryonic kidney 293 cells expressing mouse PTCH. By 

expression of genes in 293 cells with subsequent lysis and immunoprecipitation, Stone et 

al. (1996) showed that PTCH, SMOH (smoothened), and Shh form a physical complex in 

vivo and that a SMOH-Shh complex does not form in the absence of PTCH. They 

proposed that the Hedgehog system might provide mitogenic or differentiative signals to 

basal cells in the skin throughout life. They also raised the possibility that BCNS and 

BCC might result from constitutive activation of SMOH, which becomes oncogenic after 

its release from inhibition by PTCH.  

 

On the basis of their studies in Drosophila, Chen and Struhl (1996) presented evidence 

that PTCH acts as a receptor for hedgehog (Hh) proteins (Figure 1.11). They suggested a 

novel signal transduction mechanism in which Hh proteins bind to PTCH or to a PTCH-

SMOH complex and thereby induces SMOH activity. Their results showed further that 

PTCH limits the range of Hh actions and that the high levels of PTCH induced by Hh 

serve to sequester any free Hh and thereby create a barrier to its further movement 

 

Basal cell carcinoma, medulloblastoma, rhabdomyosarcoma, and other human tumours 

are associated with mutations that activate the proto-oncogene 'Smoothened' or that 

inactivate the tumour suppressor 'Patched.' Smoothened and Patched mediate the cellular 

response to the Hedgehog secreted protein signal and oncogenic mutations affecting these 

proteins cause excess activity of the Hedgehog response pathway.  
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Figure 1.11: Proteins in the sonic hedgehog-signalling pathway. One signalling pathway 

is activated by Shh binding to Patched (Ptc-1), which releases inhibition of the GPCR 

Smoothened, activating the Shh signalling pathway and allowing progression through the 

G1 phase of the cell cycle. Shh can also affect progression through the G2/M transition. 

Patched binds to phosphorylated Cyclin B1, one component of the M-phase promoting 

factor (MPF), along with the kinase Cdc2. The interaction of Cyclin B1 with Patched 

blocks MPF activity, blocking progression through the G2/M transition. Shh binding 

leads to degradation of Ptc-1, release of Cyclin B1, and entry of the cyclin B1 into the 

nucleus, with Patched acting as a tumour suppressor by blocking MPF activity (SMOH 

protein) (http://www.biocarta.com/pathfiles/m_ptc1Pathway.asp).  

 

Taipale et al. (2002) reported that PTCH and SMOH are not significantly associated with 

hedgehog-responsive cells and that free PTCH (unbound by hedgehog) acts 

substoichiometrically to suppress SMOH activity and thus is critical in specifying the 

level of pathway activity. Patched is a 12-transmembrane protein with homology to 
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bacterial proton-driven transmembrane molecular transporters. Taipale et al. (2002) 

demonstrated that the function of PTCH is impaired by alterations of residues that are 

conserved in and required for function of these bacterial transporters. This study also 

suggested that the PTCH tumour suppressor functions normally as a transmembrane 

molecular transporter, which acts indirectly to inhibit SMOH activity, possibly through 

changes in distribution or concentration of a small molecule.  

 

During early development in vertebrates, Shh is produced by the notochord and the floor 

plate. A ventrodorsal gradient of Shh directs ventrodorsal patterning of the neural tube. 

However, Shh is also required for the survival of neuroepithelial cells. Thibert et al. 

(2003) demonstrated that PTCH induces apoptotic cell death unless its ligand Shh is 

present to block the signal. Moreover, the blockade of PTCH-induced cell death partly 

rescues the chick spinal cord defect provoked by Shh deprivation. Thibert et al. (2003) 

concluded that the proapoptotic activity of unbound PTCH and the positive effect of Shh-

bound PTCH on cell differentiation probably cooperate to achieve the appropriate spinal 

cord development.  

 

Casali and Struhl (2004) demonstrated that a cell's measurement of ambient Hh 

concentration is not determined solely by the number of unliganded PTCH molecules, 

rather it is that Hh-bound PTCH can titrate the inhibitory action of unbound PTCH. 

Furthermore, this effect is sufficient to allow normal reading of the Hh gradient in the 

presence of a form of PTCH that cannot bind the ligand but retains its ability to inhibit 

SMOH. Casali and Struhl (2004) concluded that their results supported a model in which 

the ratio of bound to unbound PTCH molecules determines the cellular response to Hh.  

  

By Northern blots and RNA in situ hybridisation Gailani et al. (1996) showed that 

'patched' is expressed at high levels in tumour cells but not normal skin, suggesting that 

mutational inactivation of the gene leads to over-expression of mutant transcript owing to 

failure of a negative feedback mechanism. In 2001, Ping et al. found that mutations in the 

PTCH gene also occurred in tissues derived form SCC samples, with three of the five 

patients that possessed mutations having a history of BCC. 
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1.10.7 SMOH 

Stone et al. (1996) screened a rat embryonic library with the Drosophila 'Smoothened' 

(SMOH) gene and isolated overlapping cDNA clones that encode for a protein of 794 

amino acids. Subsequently they isolated a human homolog of the Drosophila SMOH 

gene, which is 94% homologous to the rat gene. The rat and human SMOH genes are 

33% homologous to Drosophila SMOH; in the putative transmembrane domains of the 

gene homology is 50%. Stone et al. (1996) reported that human and rat SMOH appear to 

be 7-transmembrane G protein-coupled receptors with 4 glycosylation sites and a putative 

extracellular amino terminus 203-205 amino acids long which includes 13 cysteines and 

can bind a polypeptide ligand. They observed that the spatial distribution of the rat 

'Patched' gene product PTCH and SMOH show considerable overlap in embryonic 

tissues.  

Xie et al. (1998) reported that the human SMOH locus occupies more than 35 kb of 

genomic DNA. They found that the human SMOH gene is composed of 12 exons within 

24 kb of genomic DNA. Exons 1 and 2 contain 5-prime untranslated sequences, the 

initiation codon ATG, and the entire signal peptide. By FISH and radiation hybrid 

analysis, Sublett et al. (1998) localised the SMOH gene to 7q32.3. Stone et al. (1996) 

carried out competitor binding, cross-linking, and coprecipitation studies and 

demonstrated that there was no evidence that SMOH acted as a receptor for Shh, the 

Sonic hedgehog gene product. They demonstrated that an epitope-tagged N-terminal Shh 

peptide binds specifically to mouse PTCH (Figure 1.12). They also showed that PTCH 

and SMOH form a complex to which Shh binds. Stone et al. (1996) noted that genetic 

mutations leading to a truncated or unstable PTCH protein are associated with the 

familial and sporadic forms of BCC. This finding, combined with the fact that PTCH is a 

high-affinity binding protein for Shh, suggests that the Hedgehog system may provide 

mitogenic or differentiative signals to basal cells in the skin throughout life. Stone et al. 

(1996) raised the possibility that BCNS and BCC might result from constitutive 

activation of SMOH, which then becomes oncogenic after its release from inhibition by 

PTCH.  
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Figure 1.12: A schematic representation of the Hedgehog pathway in human cells. 

Activation of Shh proliferative signalling occurs through binding to a receptor complex 

including Patched (Ptc-1) and Smoothened, a G-protein coupled receptor. Downstream of 

the Smoothened receptor are GSK-3 and PKA, which oppose activation of the Shh 

pathway. Suppressor of Fused (SUFU) interacts directly with Gli proteins, repressing Shh 

signalling while Dyrk1 is a kinase that acts by a distinct pathway to stimulate Gli1 

activation of transcription (http://www.biocarta.com/pathfiles/h_shhPathway.asp). 

 

The binding of sonic hedgehog to its receptor, PTCH, is thought to prevent normal 

inhibition by PTCH of smoothened (SMOH), a 7-transmembrane protein. According to 

this model, the inhibition of SMOH signalling is relieved following mutational 

inactivation of PTCH in basal cell nevus syndrome. Xie et al. (1998) identified activating 

somatic missense mutations in the SMOH gene itself in sporadic basal cell carcinomas 
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from 3 patients. The mutant SMOH, unlike wild-type, can cooperate with adenovirus 

E1A to transform rat embryonic fibroblast cells in culture. Furthermore, skin 

abnormalities similar to basal cell carcinomas developed in transgenic murine skin over-

expressing mutant SMOH. These findings support the role of SMOH as a signalling 

component of the Shh-receptor complex and provide direct evidence that mutated SMOH 

can function as an oncogene in basal cell carcinomas. 

 

 

1.10.8 MMP12 

The matrix metalloproteases (MMPs) are a family of related matrix-degrading enzymes 

that are important in tissue remodelling and repair during development and inflammation. 

Abnormal expression is associated with various diseases such as tumour invasiveness, 

arthritis, and atherosclerosis. MMP activity may also be related to cigarette-induced 

pulmonary emphysema.  

Shapiro et al. (1993) cloned a cDNA for a metalloproteinase produced by human alveolar 

macrophages, which are known to have the capacity to degrade elastin, by screening an 

alveolar macrophage cDNA library and a genomic library with the previously cloned 

mouse gene (Shapiro et al., 1992). The human gene, which they designated HME (human 

macrophage metalloelastase or MMP12), produces a 1.8-kb transcript encoding a 470-

amino acid protein that is 64% identical to the mouse protein. Both the mRNA and 

protein were detected in alveolar macrophages. As in the mouse, the predicted human 54-

kD protein is processed by loss of both N- and C-terminal residues to a 22-kD mature 

form. The authors showed that recombinantly expressed HME was able to degrade 

insoluble elastin. Pendas et al. (1996) isolated a 1.5-Mb YAC clone mapping to 11q22.3. 

MMP12 has been found to be over-expressed in aggressive SCCs and granulomatous skin 

disorders respectively (Karelina et al., 1994; Vaalamo et al., 1999), and abnormal 

expression of this protein has been theorised to be associated with two types of 

inflammatory skin disorders (Vaalamo et al., 1999). 
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1.10.9 EMS1 

Amplification of the 11q13 region is frequently found in breast cancer and in squamous 

cell carcinomas of the head and neck. The known oncogenes within the amplified 11q13 

region, INT2 and FGF4, are rarely expressed in these tumours, indicating that another, 

hitherto unidentified gene/s were involved. Schuuring et al. (1992), using human 

squamous cell carcinoma cell lines, isolated two cDNA clones, U21B31 and U21C8, 

which recognized genes amplified and over-expressed in cell lines harbouring 11q13 

amplification. Sequence analysis of the U21C8 cDNA clone revealed no homology to 

known genes, which was then labelled EMS1 

Van Damme et al. (1997) stated that EMS1 is the human homolog of cortactin, an actin-

binding protein involved in the restructuring of the cortical actin cytoskeleton. Cortactin 

is a substrate for the pp60v-src tyrosine kinase. Cortactin is over-expressed in carcinoma 

cells with an amplification of 11q13 and is found in two forms, designated p80 and p85. 

Van Damme et al. (1997) found that in carcinoma cells with the 11q13 amplification, p85 

was produced from p80 by post-translational modification. Also, treatment of these cells 

with epidermal growth factor or vanadate caused conversion of p80 to p85 and enhanced 

phosphorylation of the p85 form. Both over-expression and post-translational 

modification of cortactin coincided with its redistribution from the cytoplasm to cell-

matrix contact sites, implying a role for cortactin in the modulation of cellular adhesive 

properties.  

Yuan et al., 2000, detected the amplification and over-expression of the EMS1 Oncogene 

in human hepatocellular carcinomas, with a recommendation by the authors to trial 

EMS1 as a prognostic marker in these types of carcinomas. 
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1.10.10 RASA1 

The RAS gene family encodes membrane-associated, guanine nucleotide-binding 

proteins (p21) that are involved in the control of cellular proliferation and differentiation. 

Similar to other guanine-binding proteins (such as the heterotrimeric G proteins), the 

RAS proteins cycle between an active guanosine-triphosphate (GTP) bound form and an 

inactive, guanosine-diphosphate (GDP) bound form. The weak intrinsic GTPase activity 

of RAS proteins is greatly enhanced by the action of GTPase-activating proteins (GAPs), 

with GAP (RASA1) performing as an effector of RAS oncogene action. Lemons et al. 

(1990) localized the human RASA1 (Ras p21 protein activator 1) gene to 5q13-q15 by 

Southern analysis of somatic cell hybrids and by in situ hybridisation.  

Point mutations in RAS genes ('activating' or oncogenic mutants) decrease the intrinsic 

GTPase activity of RAS and are insensitive to stimulation by GAPs. This suggested to 

Friedman et al. (1993) that at least some of the transforming activity of mutant RAS is 

conferred by the RAS protein being constitutively activated in its GTP-bound state. 

Mutations in RAS that render it insensitive to GAP regulation result in tumour formation. 

Mutations in GAP that ablate its ability to down-regulate RAS might result in a similar 

phenotype. To test this hypothesis, Friedman et al. (1993) analysed 188 human tumour 

samples for mutations within the catalytic domain of the GAP gene and for mutations 

within its C-terminal SH2 region. Although no mutations could be demonstrated in the 

catalytic domain, three different nonsense mutations were observed in basal cell 

carcinomas. The region in which the mutations were clustered is A/T rich, raising the 

possibility that UV radiation is a contributing factor. The three mutations were found in 

the first five tumours examined, with no abnormalities identified in 16 other basal cell 

carcinomas. Thus, the apparent prevalence of GAP mutation was about 14% (3 of 21).  

 

Starting with a family study of capillary malformation (Figure 1.13), or 'port-wine stain', 

Eerola et al. (2002) identified a susceptibility locus at 5q, which was initially referred to 

as CMC1. Eerola et al. (2003) screened for mutations in RASA1, which was a positional 

candidate, in 17 families. Heterozygous inactivating RASA1 mutations were detected in 

six families manifesting atypical capillary malformations associated with arteriovenous 
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malformation, arteriovenous fistula, or Parkes Weber syndrome. Eerola et al. (2003) 

named this new entity caused by RASA1 mutations CM-AVM for 'capillary 

malformation-arteriovenous malformation'. The phenotypic variability found in this 

experiment was theoretically explained by the involvement of p120-RasGAP in 

signalling for various growth factor receptors that control proliferation, migration, and 

survival of several cell types, including vascular endothelial cells.  

 

 

 

Figure 1.13: Photographs of vascular
 
malformations linked to RASA1

 
mutations. 

Individual numbers refer
 
to pedigrees 

 
A, Atypical inherited pink-to-red,

 
round-to-oval 

CMs (arrows) (patients
 
CM45 III-8, CM45 III-15,

 
and CM45 IV-2, CM8

 
III-4, and CM8 

II-6);
 
patient CM20 III-1, with

 
a circumscribed nasal AVM

 
and a cutaneous capillary

 

blush (arrowhead); patient PW1
 
III-1, with Parkes Weber

 
syndrome in the lower

 
limb 

(arrows). B, Photographs
 
of CMs not linked

 
to RASA1 mutations. Typical

 
red-purple 

facial CM (patient
 
PW1 II-5); typical red

 
CM of the neck

 
(patient PW1 I-3) (Eerola et al., 

2003). 
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1.11 Molecular Biology Research Techniques  

 

Analysing samples for DNA aberrations in genes of interest can be accomplished in 

many ways, with the most effective being those that determine the presence of anomalies 

by comparing putative aberrant samples to those of a designated wild-type, to decrease 

the chances of identifying false positives. An example of this would be DNA sequencing, 

which allows for a comparison of single nucleotide anomalies to that of an established 

wild-type population, which is in a published format on the NCBI server. Unfortunately 

the greatest drawback to this technique is the cost of such an analysis on a relatively large 

sample cohort. A technique that is cost effective yet reliable in terms of minimising 

variances that might adversely affect the aims of the project is Real-Time PCR. The 

following is a description as to the advantages and disadvantages of analysing a sample 

cohort for DNA aberrations. 

 

 

1.11.1  Real-Time PCR 

 

Real-Time PCR is a technique that analyses the amplification of Genomic DNA in real 

time. This means it is possible to evaluate the size of amplicons without having to run the 

finished product on a gel, though this is still recommended for confirmation of the result 

(Bustin, 2000). Those samples that have a larger target area will melt before those that 

have a smaller amplicon (http://DNA-9.int-med.uiowa.edu/realtime.htm.). Another 

advantage of this technique is that it is quantitative; relative amounts or indeed absolute 

amounts of any given amplicon can be estimated (Ririe et al., 1997; Bustin, 2000; von 

Ahsen et al., 2001; Wittwer et al., 2001; Bernard and Wittwer, 2002; Burgos et al., 2002; 

Giglio et al., 2003; Mocellin et al., 2003a, 2003b). There are two main ways of 

determining whether or not a particular sample has aberrations: probes or SYBR Green 1 

(Bustin, 2000; von Ahsen et al., 2001; Wittwer et al., 2001; Bernard and Wittwer, 2002; 

Burgos et al., 2002; Giglio et al., 2003; Mocellin et al., 2003a, 2003b). The Probe 

method utilises DNA sequences that have fluorescent tags attached to them, which the 
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Real-Time apparatus can detect with specific filters. The advantage of this method is that 

it can detect changes in the DNA sequence as low as a single nucleotide (Bustin, 2000; 

Wittwer et al., 2001; Mocellin et al., 2003a, 2003b). 

 

 

1.11.2  Non-specific Fluorophoric Real-Time PCR 

 

The SYBR Green 1 technique employs the fact that DNA has major and minor Grooves, 

to which SYBR Green binds in a greater or lesser extent respectively. A specialised filter 

picks up when a particular sample denatures and the SYBR green is released from the 

DNA (von Ahsen et al., 2001; Burgos et al., 2002; Giglio et al., 2003). Its advantage over 

the probe method is that it can be used to detect aberrations on quite large amplicons 

(200-400 bp), whereas probes are best used on amplicons of 90 base pairs or less 

(http://DNA-9.int-med.uiowa.edu/realtime.htm.).  

 

The G/C content and length of the genetic area of interest that is to be amplified are two 

criteria that have an enormous influence on the ability of the real-time procedure to 

produce a melt curve profile (O’Mahony and Hill, 2002). SYBR Green’s specificity for 

the DNA template is directly related to the MgCl2 concentration of the PCR master mix 

and any slight pipetting errors can influence the results derived from real-time analysis 

(von Ahsen et al., 2001; Burgos et al., 2002; Giglio et al., 2003). Thus, the practise of 

comparing ‘runs’ is discouraged when utilising SYBR Green I within real-time 

parameters (O’Mahony and Hill, 2002).  

 

SYBR Green 1 is a dye that changes fluorophoric characteristics upon interacting with 

DNA. This offers a method of calculating the amount of DNA produced in a given PCR 

run by measuring the increase in fluorescence (Moen et al., 2002). The cycle number at 

which the level of fluorescence rises above a background threshold value is inversely 

proportional to the log of the initial template copies (Burgos et al., 2002; Mocellin et al., 

2003 a, 2003b). This approach is sometimes selected over several others such as the 

TaqMan method as it partly overcomes the problem of sequence heterogeneity. This 
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means that any mutations in primer binding sequences would only hamper the first 

cycle/s, whereas point mutations in a probe region (like the TaqMan probe) might 

significantly alter the yield of signal throughout the PCR (Moen et al., 2002).  

 

A disadvantage of the SYBR Green technique is that it can be incorporated into any 

double-stranded DNA, including unspecific products like primer dimers (von Ahsen et 

al., 2001; Burgos et al., 2002; Giglio et al., 2003; Mikula et al., 2003). Since extensive 

accumulation of primer-dimer is often associated with PCRs involving small amounts of 

target DNA or in no-template control samples, SYBR Green 1 PCR can produce false 

positive results (O’Mahony and Hill, 2002). This fluorophore has an additional drawback 

in that running multiplex reaction is usually discouraged due to the elevated preference 

SYBR Green I has for higher G/C % templates and amplicons of a greater length. 

Running a multiplex reaction (a reaction with two or more gene targets, usually a 

housekeeper and a gene of interest) with SYBR Green I usually produces only one 

significant peak, that of amplicon with the higher G/C % or greater length (Giglio et al., 

2003). 

 

 A way of accurately distinguishing non-specific amplification product from true PCR 

amplicons is to conduct a melting curve analysis of the amplified DNA (O’Mahony and 

Hill, 2002). Melting curve analysis generates a specific profile, which depicts the rate of 

change of fluorescence over time as a function of temperature for each sample. It is this 

profile that is mostly dependent upon the length and G/C content of the PCR product. The 

use of melt-curve analysis eliminates the necessity for a PCR sample to be analysed via 

agarose gel electrophoresis because the melting temperature of the specific amplicon is 

analogous to the detection of an electrophoretic band (Giglio et al., 2003).  

 

The quantitation phase of the real-time reaction produces a characteristic sigmoidal curve 

that depicts the increase of the fluorescent signal as the number of products also 

increases. This curve represents the three phases of the polymerase chain reaction, the lag 

phase (little product accumulation), the exponential phase (rapid product accumulation), 

and the plateau phase (no further product is amplified) (Ririe et al., 1997; Bustin, 2000; 
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von Ahsen et al., 2001; Wittwer et al., 2001; Bernard and Wittwer, 2002; Burgos et al., 

2002; O’Mahony and Hill, 2002; Giglio et al., 2003; Mocellin et al., 2003a, 2003b). The 

point at which the lag phase crosses over into the exponential phase is known as the 

threshold cycle and can be used as a guide to the optimisation specifics of the reaction. 

The majority of the information regarding the kinetics of the PCR is generated from this 

point onwards so the two major factors that affect this component, MgCl2 concentration 

and primer concentration, have to be specifically geared towards the target sequence (von 

Ahsen et al., 2001; Burgos et al., 2002; O’Mahony and Hill, 2002; Giglio et al., 2003;  

Mikula et al., 2003).  

 

 

1.11.3  Dual-labelled Probe Real-Time PCR 

 

Dual-labelled probes are used to analyse the genomic integrity of a nuclear area in a gene 

of interest relative to a housekeeper gene, which is theoretically proposed to be unaltered, 

as any significant mutation would lead to cell death. If a genetic gain or loss of the 

genetic are of interest existed on either copy of the gene or even both for a particular 

sample, than the Threshold cycle for that sample would be visibly different (Wittwer et 

al., 2001; Bernard and Wittwer, 2002; Mocellin et al., 2003a, 2003b). The threshold 

cycle (Ct) is the point in a real-time reaction when the lag phase (little product 

accumulation), crosses over to the exponential phase (rapid product accumulation). The 

Ct is inversely proportional to the starting copy number for the gene, which means the Ct 

will be higher (that it the Ct will occur at a later period when compared to the 

housekeeper or a normal sample) for a sample with less copies of the genetic area of 

interest (Bernard and Wittwer 2002; Mocellin et al., 2003a, 2003b). 

 

This technique can also be optimised to evaluate mitochondrial DNA content. Due to the 

fact that mitochondria exist in a 100 fold excess (200 copies of mtDNA versus two copies 

of nDNA genes), which is reflected in a 6-7 fold difference in Ct number, compared to 

one nucleus, this technique can detect any significant changes in mitochondrial DNA 

content rapidly and concisely by comparing mitochondrial and nuclear DNA via 
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quantitation. If there is no addition or deletion of mitochondrial DNA then the 

quantitative graph produced by the real-time instrument should show the mitochondrial 

component existing in a six to seven fold increase in contrast to the nuclear probe. This is 

due to the fact that the graphs are logarithmic in nature and each three and a half cycles 

represents a 10 fold increase (Bernard and Wittwer 2002; Mocellin et al., 2003a, 2003b). 

Thus, six cycles would equal 128 times the amount and as there are 200 mitochondria per 

cell, each with their own genome, then any control samples should show the Ct of the 

nuclear component lagging six to seven cycles behind that of the mitochondrial based 

probe. 

 



Chapter Two 

 

 

 

 

 

 

 

Methods and Materials 
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2.1 Apparatus, Materials, and Solutions 

 

2.1.1 Laboratory Equipment 

 

• AGP Technologies UVP white/UV transilluminator, Upper Mt Gravatt, QLD 

• Beckman TS-X 100 000 Ultracentrifuge, Fullerton, CA 

• BioRad iCycler, Philadelphia, PA 

• BioRad Minigel System, Philadelphia, PA 

• BioRad P2, Micropipette, Philadelphia, PA 

• Corbett Research Roto-Gene RG-3000, Mortlake, NSW 

• Dell Computer Optiplex GX7, running Windows 95, Round Rock, TX and 

Seattle, Washington 

• Gilson Micropipettes (P20, P200, P1000), Middleton WI 

• Fuji FLA 3000 Protein Imager, FujiFilm Medical systems, Stamford, CT  

• IKA Vortex mixer, Pose Scientific, Mississauga, Ontario 

• MSE microcentaur microcentrifuge, Sanyo, Loughborough, UK 

• OminGene Hybaid PCR Machine, Long Island Scientific, East Setauket, NY 

• Sigma Quantum Scientific 1-15 microcentrifuge, Sigma-Aldrich Co., St Louis, 

MO 

• TPS pH meter, Enviroequip, Port Melbourne, Vic 

• Tomy High-pressure steam sterilizer E8-315, Alfa medical, Hempstead, NY 

 

 

  

2.1.2 Disposables / Consumables 

 

• Autoclavable 0.6mL PCR Tubes, Eppendorf, Hamburg, Germany 

• Autoclavable 1.5 PCR Tubes, Eppendorf, Hamburg, Germany  
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• Corbett Research Real-Time PCR tubes, Mortlake, NSW 

• Corbett Research Real-Time PCR tube caps, Mortlake, NSW  

• Disposable Syringe, 30mL, Sarstedt, Numbrecht, Germany  

• Falcon Tube, 50mL, Eppendorf, Hamburg, Germany  

• iCycler BioRad Real-Time PCR 96 well plate, Philadelphia, PA 

• iCycler BioRad Real-Time PCR 96 well plate cover slip, Philadelphia, PA  

• Micropipette tips (2µL, 20µL, 200µL, 1000µL), QSP, California  

• Mineral Oil, Sigma-Aldrich Co., St Louis, MO  

• Plastic Cannula, Sarstedt, Numbrecht, Germany  

• Qiagen PCR Product Purification Kit  

• Transfer pipettes, Sarstedt, Numbrecht, Germany 

 

 

2.1.3 Chemicals and Specialised Reagents 

 

• Acetic Acid, Sigma-Aldrich Co., St Louis, MO  

• Amino-caproic acid, Sigma-Aldrich Co., St Louis, MO 

• Ammonium Acetate, Sigma-Aldrich Co., St Louis, MO  

• BIO Taq Polymerase, Astral Scientific, Gymea, New South Wales  

• Bis-Tris, Sigma-Aldrich Co., St Louis, MO  

• BigDye Terminator 3.1, Applied Biosystems, Foster City, CA 

• Dodecylmaltoside, Sigma-Aldrich Co., St Louis, MO  

• DNA Agarose Molecular Biology Grade, Progen Industries LTD., Darra, 

Queensland 

• EDTA, Astral Scientific, Gymea, New South Wales 

• Ethanol, BDH, Merck PTY Limited, Kilsyth, Victoria  

• GeneReleaser, Integrated Science, Sydney, NSW  

• Hydrochloride Acid, BDH, Merck PTY Limited, Kilsyth, Victoria  

• LCGreen I, Idaho Technologies, Salt lake City, Utah 
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• MOPS, Sigma-Aldrich Co., St Louis, MO  

• Primers and Dual-Labelled Probes, Proligo, Boulder, CO • SDS, Sigma-Aldrich 

Co., St Louis, MO  

• Serva Blue G dye, Sigma-Aldrich Co., St Louis, MO  

• Sodium Acetate, Sigma-Aldrich Co., St Louis, MO  

• Sodium Azide, Sigma-Aldrich Co., St Louis, MO  

• Sodium Chloride, UNIVAR, Ajax Chemicals, Sydney, New South Wales  

• Sodium Hydroxide Pellets, UNIVAR, Ajax Chemicals, Sydney, New South 

Wales 

• Sucrose, Sigma-Aldrich Co., St Louis, MO  

• SYBR Green I, Astral Scientific, Gymea, New South Wales 

• Tris, Sigma-Aldrich Co., St Louis, MO 

• Tris-Cl, Sigma-Aldrich Co., St Louis, MO   

 

 

2.2 Experimental Design for Solar Keratosis Study 

 

2.2.1 Ethical Approval 

 

Prior to the commencement of research, ethical approval was obtained from the Griffith 

University Ethics Committee. This enabled the acquisition of anonymous blood-derived 

DNA samples (144 control and 135 affected Solar Keratosis {SK} samples) from the 

Genomics Research Centre, Griffith University Gold Coast Campus. These samples were 

taken as part of the 1996 Nambour Skin Cancer trial and stored in ddH2O buffer at – 80 

°C. The original samples from the 1996 Nambour Skin Cancer trial were larger in 

number and were age and sex matched. However, over the years the sample numbers in 

both the SK-affected and control population decreased in size to the extent that this study 

was unable to analyse the study cohort in an age and sex matched manner. Thus, this 
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study only analysed the samples for aberration distribution in an affected versus control 

approach. 

 

 

2.2.2 DNA Collection 

 

Genomic DNA was purified from archived aqueous samples that had already undergone 

260/280 ratio analysis before storage, with all samples being in the standard range of 1.8-

2.0. The Genereleaser method of purifying archived DNA was used with some 

modifications. Briefly 20µL of GeneReleaser was added to 20µL of Aqueous DNA 

solution in a clean 0.6 mL Eppendorf tube. The tube was then vortexed vigorously for 

five seconds before being microwaved on high power for seven minutes, with a beaker of 

water in the microwave to reduce direct heat being applied to the tube/s. The tube was 

then spun in a bench-top MSE microcentaur on high speed for one minute. The 

supernatant was removed (~ 20µL) and put in a fresh 0.6 Eppendorf tube containing 

80µL of ddH2O. 

 

 

2.2.3 Primer Design and Evaluation of DNA Extraction 

 

Initially primers were designed to amplify the five exons of the NDUFS4 gene. The 

software used to design the primers included the utilisation of the NCBI gene database 

and the web-based CYBRGENE primer analysis program.   

 

A standard magnesium titration was performed on all five-primer pairs, which 

represented the five exons of NDUFS4. Firstly utilising 0.6 ml thin-wall Eppendorf PCR 

tubes with mineral oil overlay, the magnesium titration was carried out on the Omni Gene 

PCR machine using the melting temperature provided by the Proligo primer design 

institute. The 143 control samples provided by the Genomic Research Centre were 

amplified using all 5-primer pairs for evaluation of design and extraction. Upon 
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successful completion of the primer evaluation, the 135-affected Solar Keratosis samples 

were also evaluated using the previous method. Evaluation was achieved firstly by 

agarose gel electrophoresis to confirm DNA and amplicon size specificities, and secondly 

by a standard amplicon log plot to verify the primer design. 

 

The Agarose gel electrophoresis was performed using a standard 2% 1 X TAE gel, with 

the run performed on mini-gel tanks attached to a power pack. The voltage was a constant 

90mV and the run was over a 35-minute time-period, regardless of whether the second 

row of comb wells was filled with sample. A standard 100 base pair ladder was added to 

each row of the gel, with the highest molecular weight being 1000 and the lowest being 

100 bp. A picture of the gel was then taken via an AGP Technologies UVP white/UV 

transilluminator. 

 

 

2.2.4 Investigative Techniques and Gene Selection 

 

Using results from a Qld CGH study (Ashton et al., 2001) on Solar Keratosis and 

Squamous Cell Carcinoma, candidate genetic loci were chosen for further investigation. 

The areas chosen contained a CGH anomaly, a gene associated with non-melanotic skin 

cancer development, and a nuclear-encoded subunit of the electron transport chain. The 

genomic areas were investigated for these criteria using the NCBI map and sequence 

viewer. Ten genes were selected, five NMSC (Non-melanotic skin cancer) associated 

genes, and five electron transport chain genes. A single exon from each gene was chosen 

for SYBR Green I real-time PCR analysis, with the criteria being length and G/C content 

of the exon. The hypothesis behind these reasons will be discussed in the Evaluation of 

Experimental Design chapter. 
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2.2.5  SYBR Green I Real-Time PCR Primer Design and Evaluation  

 

Primers for this component were designed with the help of the web-based CYBERGENE 

and Primo software programs, with the DNA sequences of interest downloaded from the 

NCBI sequence viewer. A standard magnesium titration was performed on all ten-primer 

pairs, using the Hybaid OmniGene PCR machine with a mineral oil overlay. An analysis 

set on one ETC/NMSC pair was performed utilising LCGreen I rather than SYBR Green 

I, due to its higher binding capabilities for smaller amplicons. The primers were designed 

by the same method as previously described. 

 

 

2.2.6  Non-specific Fluorophoric Real-Time PCR 

 

A standard stock of 1X BioTaq reaction buffer, 0.8 µM dNTPs, 0.5µM primer and 1.0 

units of BioTaq polymerase was needed for each of the primers as the majority of them 

had been specifically selected to have similar compositions and melt temperatures. The 

SYBR Green I solution was made up to 4 parts per 10 000, giving a final volume of 1µL 

in the 20µL  PCR master mix.  

 

Each primer is labelled with their chromosomal contig ascension points and is 

accompanied by an NCBI exonic diagram of the particular gene, with arrows indicating 

where the primers bind. The left-hand arrow indicates the forward primer, with the right-

hand arrow representing the reverse primer. The results of the primer design for each 

gene are depicted in Figures 2.1-2.10, with the variations in MgCl2 and cycle conditions 

as follows: 

 

NDUFA8: MgCl2: 2.5µM.  

Forward Sequence: 4990915 ` AGCAAGGCTATGTATTTGAG ` 4990896 

Reverse Sequence: 4990559 ` TCTGTATTTACAGAGACCCT ` 4990578 

PCR Cycling Conditions: 95°C 4 min; 50 X (95°C 30 sec, 56°C 30 sec, 72°C 50 sec.). 
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Figure 2.1: Exonic representation of primer binding: NDUFA8. 

 

PTCH: MgCl2: 2.5µM. 

Forward Sequence: 5564108 ` TTCATGGTCTCGTCTCCTAA ` 5564089 

Reverse Sequence: 5563871 ` AAGTGAACGATGAATGGACA ` 5563890 

PCR Cycling Conditions: 95°C 4 min; 50 X (95°C 30 sec, 58°C 30 sec, 72 °C 50 sec.). 

 

 

Figure 2.2: Exonic representation of primer binding: PTCH. 

 

NDUFA5: MgCl2: 3.0µM.  

Forward Sequence: 48367240 ` GGTAATATTTTAACCTATGG ` 48367221 

Reverse Sequence: 48367033 ` TTGGTTAAATGTTACACAAG ` 48367052 

PCR Cycling Conditions: 95°C 4 min; 50 X (95°C 30 sec, 60°C 30 sec, 72°C 50 sec.). 

 

 

Figure 2.3: Exonic representation of primer binding: NDUFA5. 

 

SMOH: MgCl2: 3.0µM.  

Forward Sequence: 54021415 ` CCTAAGGTCACAGAATGGCC ` 54021434 

Reverse Sequence: 54021658 ` CTGTACCTTCAGGTCTGGGT ` 54021639 

PCR Cycling Conditions: 95°C 4 min; 50 X (95°C 30 sec, 60°C 30 sec, 72°C 50 sec.). 
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Figure 2.4: Exonic representation of primer binding: SMOH. 

 

NDUFV1: MgCl2: 3.0µM.  

Forward Sequence: 12685350 ` AGATCATCAGGCCCTCTCTT ` 12685369 

Reverse: Sequence: 12685551 ` CGCAGAAGGGTGGTGAATAC ` 12685532 

PCR Cycling Conditions: 95°C 4 min; 45 X (95°C 30 sec, 62°C 30 sec, 72°C 45 sec.). 

 

 

Figure 2.5: Exonic representation of primer binding: NDUFV1. 

 

EMS1: MgCl2: 3.0µM.  

Forward Sequence: 959005 ` ATTGCTGCCCTGTCTCTCCA ` 959024 

Reverse Sequence: 959170 ` AACGCGTGATTACAGACCGT ` 959151 

PCR Cycling Conditions: 95°C 4 min; 45 X (95°C 30 sec, 62°C 30 sec, 72°C 45 sec.). 

 

 

Figure 2.6: Exonic representation of primer binding: EMS1. 

 

COXVIIC: MgCl2: 3.0µM.  

Forward Sequence: 10705829 ` CATCTGTCCTCATTCTCTGC ` 10705848 

Reverse Sequence: 10705965 ` CCCTTACACACTAACCTTCC ` 10705946 

PCR Cycling Conditions: 95°C 4 min; 45 X (95°C 30 sec, 60°C 30 sec, 72°C 45 sec.). 
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Figure 2.7: Exonic representation of primer binding: COXVIIc. 

 

RASA1: MgCl2: 3.0µM.  

Forward Sequence 1: 11462654 ` TTGTGAATCTGGTTTTAGGT ` 11462673 

Forward Sequence 2: 11462531 ` TTCTCCTTGCTCCTTTAGTG ` 11462550 

Reverse Sequence: 11462766 ` GTTTCTGTATCAACTTACAG ` 11462747 

PCR Cycling Conditions: 95°C 4 min; 45 X (95°C 30 sec, 60°C 30 sec, 72°C 45 sec.). 

 

 

Figure 2.8: Exonic representation of primer binding: RASA1. 

 

All LCGreen I related solutions were provided by IDAHO technology, BIO-Chem, in 

their LCGreen I 400 Reaction Kit. The reaction conditions for the LCGreen I Real-Time 

PCR component were as follows:  2µL of 10X LCGreen I solution, 2.5µL of 10X w/20 

mM MgCl2, 1µL of 10X dNTP solution, 1µL of 10X BSA solution, 1µL of 1X diluent 

solution. The primers were 0.5 µM each and the Taq polymerase enzyme was at 1 

unit/µL concentration for all reactions. The reaction conditions are as follows: 

 

SDHD: MgCl2: 3.0µM.  

Forward Sequence: 1496889 ` TCTTATGATCATCCTAATGA ` 1496908 

Reverse Sequence: 1497118 ` CCATTAGTGAAGGTAAAGAT ` 1497101 

PCR Cycling Conditions: 95°C 4 min; 45 X (95°C 30 sec, 56°C 30 sec, 72°C 45 sec.). 
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Figure 2.9: Exonic representation of primer binding: SDHD. 

 

MMP12: MgCl2: 3.0µM. 

Forward Sequence: 6277737 ` CCATAGGTCATCTATTCTAG ` 6277718 

Reverse Sequence: 6277522 ` TTAAGCTGAAGTGAACTAAC ` 6277541 

PCR Cycling Conditions: 95°C 4 min; 45 X (95 30 sec, 56°C 30 sec, 72°C 45 sec.). 

 

 

 

Figure 2.10: Exonic representation of primer binding: MMP12. 

 

 

2.3 Experimental Design for RAAF MDS Study 

 

2.3.1 Ethical Approval 

 

Ethical approval was granted as an extension of the existing RAAF MDS study, which 

was being undertaken at the Mater Hospital under the guidance of Dr Frank Bowling. 

Seven RAAF personnel were tested for the presence of mitochondrial DNA depletion 

syndrome (MDS), with no control samples analysed. This was due to time constraints as 

there was an urgent requirement for the elucidation of MDS in these individuals, and it 

was thought that identifying age and sex matched control patients would prolong 

diagnosis. Thus, the age and sex of the seven affected RAAF personnel was not released 
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to this study in order to minimise time delays that could occur if the study sought full 

ethical clearance with regard to the utilisation of their personal data. 

 

 

2.3.2 Ficoll White Blood Cell and DNA Extraction 

 

The entire Ficoll extraction procedure was performed at the Mater Medical Research 

Institute in Brisbane, Queensland. 15 mLs of whole blood (not older than eight hours) 

from a putative mitochondrial DNA depleted patient in an EDTA collection tube was 

stirred using a plastic Pasteur pipette before being added to a 50mL Falcon tube. To this 

aliquot, 25 mL of 1X PBS was added and the solution was mixed well using a plastic 

mixing cannula. 10mL of Ficoll-Hypaque was underlaid using a 60mL syringe in 

conjunction with a plastic cannula. The underlay of Ficoll-Hypaque was injected very 

slowly, over a period of 20 seconds to prevent inappropriate mixing of the solutions. The 

solution was then centrifuged at 1600 rpm/500 g for 20 minutes at room temperature with 

no brake. The white/cream coloured peripheral blood mononuclear layer was then 

collected from the interphase using a 10mL pipette. The upper aqueous/platelet phase 

was also collected for further study and transferred to a separate 50mL Falcon tube. This 

was stored at -20°C until it was needed.  

 

The interphase layer (containing lymphocytes, monocytes and thrombocytes) was 

transferred to a new 50mL Falcon tube, which was diluted with 1 X PBS up to a volume 

of 50mL. Cells were pelleted by centrifuging at 1600 rpm for 5 minutes at 4°C. The 

supernatant was then discarded and the cells were gently resuspended in 1 X PBS, up to a 

volume of 50mL. This procedure was repeated a further two times, with the last step 

preceded by taking a small aliquot of cells for trypan blue microscopy if it was needed. 

After the last wash step, the cells were not resuspended in any medium but stored on ice 

until there were transported back to the lab freezer where they were stored in their 

pelleted form at -20°C. DNA extraction of the pelleted cells was performed at the School 

of Biomolecular and Biomedical Science, Griffith University, Nathan campus, Brisbane, 
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Queensland. A White Cell Lysis Buffer was prepared via the following method; 100mM 

Tris-Cl (pH 7.6), 40mM EDTA (pH 8.0), 50mM NaCl, 0.2% SDS, and 0.05% Sodium 

azide were added to a 100mL glass vial, with the SDS added after the solution was 

autoclaved via a Tomy High Pressure Steam Steriliser.  

 

For the extraction of genomic DNA, 1.8mL of the White Cell Lysis Buffer was added to 

the cell pellet, with the tube then being vortexed for 15 seconds on high. To a 1.5mL 

Eppendorf, 400 µL of this solution was transferred and 150µL of saturated 6M NaCl was 

added to it. The solution was vortexed for 15 seconds and then placed on ice for ten 

minutes, after which it was centrifuged at 12 000 rpm for five minutes at room 

temperature. The resultant supernatant was transferred to a new 1.5mL Eppendorf tube 

(~550µL), with 1000µL of cold 100% ethanol over-laid on top of the solution. The 

solution was mixed by inversion and after a period of 25 seconds the DNA precipitate 

became visible. The solution was spun at 12 000 rpm at room temperature and the 

supernatant was discarded. The pellet was washed with 400µL of 70% ethanol and 

resuspended in 100µL of 1M TE (Tris-EDTA) solution at 4°C overnight to ensure 

complete resuspension. The 100µL of extracted DNA in TE was transferred to a fresh 

1.5mL Eppendorf tube and 10µL of 7.5M Ammonium Acetate (pH 7.5) was added to it, 

along with 250µL of -20°C 100% ethanol. The tube was then placed into liquid nitrogen 

for 15 seconds to ensure maximal precipitation. After centrifuging at 10 000 rpm for 15 

minutes at 4°C, the supernatant was discarded. The pellet was dried in an air vacuum and 

then resuspended in 200µL of ddH2O. 

 

 

2.4 Dual-labelled Probe and Primer Design for SK and 

RAAF MDS studies 

 

Primers and probes for the this component were designed with the help of the web-based 

CYBRGENE and Primo software programs, with the DNA sequences of interest 
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downloaded from the NCBI sequence viewer. Only three genes were selected; one 

NMSC gene, one ETC subunit gene, and one housekeeper gene (Tubulin-α-8), with the 

housekeeper gene chosen based on the results of the previously mentioned CGH study on 

NMSC. The housekeeper gene probes and primers were designed by Proligo. The primers 

and probes for the mitochondrial DNA depletion component (mtDNA t-RNA Leucine), 

as well as the ETC and NMSC genes were all designed by the author. The four sets of 

primers had a standard magnesium titration performed on them via the Hybaid 

OminGene PCR machine with a mineral oil overlay. 

 

 

2.4.1 Dual-Labelled Probe Real-Time PCR 

 

For each of the primer sets for the dual-labelled probes, a standard reaction master mix 

was made. This reaction master mix contained: 1X BioTaq reaction buffer, 0.8 µM 

dNTPs, 0.5µM primer and 1.0 unit of BioTaq polymerase. The master mix included a set 

volume of 2.5µM MgCl2 due to the design specificities of the oligonucleotides that were 

used in the experiment. The SDHD, MMP12, and Tubulin-α-8 probes were run in 

conjunction in the same real-time run, but in separate tubes, utilising the same sample/s.  

 

Each particular primer and probe set has an NCBI exonic diagram of the gene 

accompanying the primer sequences, with arrows indicating where the primers bind. The 

left-hand arrow indicates the forward primer, with the right-hand arrow representing the 

reverse primer. The results of the primer design for each gene are depicted in Figures 

2.11-2.13, with the reaction and oligonucleotide sequences for the Solar Keratosis 

component are as follows: PCR Cycling Conditions: 95°C 4 min; 45 X (95 25 sec, 53°C 

20 sec, 64°C 20 sec, 68°C 20 sec, 72°C 30 sec.) 

 

Tubulin-α-8: 

Forward Sequence: 1759141 ` GCAGCCAACAACTATGCCCG ` 1759160 

Reverse Sequence: 1759218 ` CTTCCGTATGCGGTCCAGCA ` 1759199 
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Probe Sequence: 1759193 ` 6-Fam-TCAATGCTCTCCTTGCCCACCGTGTAGT-BHQ1 

` 1759166 

 

Figure 2.11: Exonic representation of primer-probe binding: Tubulin-α-8. 

SDHD: 

Forward Sequence: 1496998 ` GGTCAGACCTGCTCATATCTC ` 1497018 

Reverse Sequence: 1497087 ` TGGCTCGGTGACAAGTGTATG ` 1497067 

Probe Sequence: 10497066 ` Joe-TGCTGCACTCCACACCATTCTGGGATAG-BHQ1 ` 

1497039 

 

 

Figure 2.12: Exonic representation of primer-probe binding: SDHD.                  

 

MMP12: 

Forward Sequence: 6287427 ` GGTCTGAAAGTGACCGGGCA ` 6287408 

Reverse Sequence: 6287347 ` ATGGACATCGGGGACTCCAC ` 6287366 

Probe Sequence: 6287370 ` Rox-GAGGTGCGTGCATCATCTCCAGGGTAG-BHQ2 

`6287396 

 

Figure 2.13: Exonic representation of primer-probe binding: MMP12. 

 

The SDHD, MMP12, Mitochondrial Leucine, and Tubulin Alpha probes were run in 

conjunction in the same real-time run, but in separate tubes, utilising the same sample/s. 

The reaction and oligonucleotide sequences for the mitochondrial DNA depletion 

component are as follows:  
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PCR Cycling Conditions: 95°C 4 min; 45 X (95 25 sec, 53°C 20 sec, 64°C 20 sec, 68°C 

20 sec, 72°C 30 sec.) 

 

 

Mitochondrial t-RNA Leucine: 

Forward Sequence: 3231 ` GTTAAGATGGCAGAGCCCGG ` 3250 

Reverse Sequence: 3299 ` GAAGAGGAATTGAACCTCTGAC ` 3278 

Probe Sequence: 3277 ` Rox- TGTAAAGTTTTAAGTTTTATGCGATTA-BHQ2 ` 3251 

 

 

 

 

 

Figure 2.14: Representation of Mitochondrial tRNA leucine primer-probe binding. 

 

 

2.5 PCR Product Purification and Sequencing 

 

There were 58 samples analysed in this section, comprising of 29 samples from each of 

the analysed SDHD and MMP12 genes, which had been investigated for mutations as 

part of the SK studies. The Qiagen PCR Product Purification Kit was used for this 
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section. The protocol used is as follows:  250µL of binding buffer was added to a 20µL 

PCR solution. The purification tube was attached to the collection tube and the previous 

solution was pipetted to the upper reservoir of the filter tube. The purification tube was 

then centrifuged at 14 000 rpm for 30 seconds, with the flow through discarded. The filter 

tube was attached again and 500µL of the wash buffer was added to the upper reservoir, 

after which it was centrifuged at 14 000 rpm for 30 seconds. The flow through was 

discarded as before, with 200µL of the wash buffer added for this step instead of 500µL. 

After centrifuging at 14 000 rpm for 30 seconds, the collection tube was discarded and 

the filter tube was attached to a 1.5mL Eppendorf tube. To the filter tube, 50µL of ddH2O 

was added and the tube was allowed to sit at room temperature for one minute, after 

which it was centrifuged at 14 000 rpm for 60 seconds. The 1.5mL Eppendorf tube was 

used as the storage facility of the purified sample and the tube was stored at -20°C until it 

was required for the sequencing reaction mix. Before being incorporated into the 

sequencing reaction mix, five µL of the purified PCR product was electrophoresed on a 

2% agarose gel for verification of DNA content. The brighter the band indicated the less 

PCR product need for the reaction (2µL for a strong band, up to 5µL for a weak band). 

 

The purified PCR product was prepared for sequencing via the following method:  To a 

100µL Rotor Gene Real-Time tube, 4 µL of BigDye 3.1 terminator reaction mix was 

added, with 0.5µL of the requisite primer and 5µL of PCR product. The volume was 

brought up to 10 µL with ddH2O. The cycling conditions for the sequencing reaction are 

as follows: 96°C for five minutes, followed by 25 cycles of 96°C for 10 seconds, 50°C 

for five seconds, and 60°C for four minutes. The DNA from the reaction was then 

precipitated. The reaction conditions are as follows: 10µL of PCR / BigDye reaction mix, 

2µL 1M sodium acetate, 10µL ddH2O, 50 µL 100% ethanol. The solution was then 

mixed gently by inversion and left to stand for 30 minutes at room temperature. After 

centrifuging at 13 000 rpm at room temperature for 30 minutes, the supernatant was 

discarded, and the pellet was overlaid with 200µL of 70% ethanol and spun for five 

minutes at 13 000 rpm at room temperature. The supernatant was removed and the pellet 
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was air dried overnight. The tube was then labelled and sent to the Griffith University 

DNA Sequencing facility for sequencing. 

 

 

2.6 Blue-Native Gel Electrophoresis 

 

Due to a storage malfunction, only three of the seven RAAF MDS samples were analysed 

in this section for anomalies in their Electron Transport Chain complexes. The Schagger 

(1996) method of extracting viable Mitochondrial Oxidative Phosphorylation complexes 

from platelets was used for this component with some modifications made. The 600 g 

and 15 000 g spins at 4°C for 15 minutes were performed at the School of Biomolecular 

and Biomedical Science, Griffith University, Nathan Campus. The 100 000 g spin was 

performed at the School of Physiology and Pharmacology, University of Queensland, St 

Lucia Campus. 

 

Ten milligrams of cells were suspended in 500µL of Hypotone buffer (83mM sucrose, 

10mM MOPS, pH 7.2) and then homogenised in a tight-fitting glass homogeniser, after 

which they were resuspended in 500µL of 250 mM sucrose, 30mM MOPS, pH 7.2. The 

cells were then centrifuged at 600 g (4°C) for 15 minutes to remove sedimented broken 

cells, which was followed by a 15-minute spin at 15 000 g and 4°C to collect the 

mitochondrial fraction. The sediment was then suspended in 15µL of 1M amino-

capricoic acid, 50mM Bis-Tris HCL (pH 7.0), with an overlay of 5µL of 10% (w/v) 

dodecylmaltoside.  The cell fraction was then put on ice and transported to the 

Ultracentrifuge at the University of Queensland. Centrifugation was performed at 100000 

g for 15 minutes at 4°C to extract the membrane-bound proteins and 5µL of 5% (w/v) 

Serva Blue G dye in 1 M amino-capricoic acid was added to the supernatant. The 

supernatant solution was then ready for loading onto the Blue-Native polyacrylamide gel 

electrophoresis apparatus, with imaging performed by the FUJI FLA 3000 Protein 

Imager.  



Chapter Three 

 

 

 

 

 
 

 

Evaluation of Experimental 

Design 
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3.1 Introduction 

 

Optimising the primer design and DNA purification procedures was performed utilising a 

standard PCR machine (OmniGene Hybaid). Magnesium titrations and amplicon length 

verifications were also performed on a standard PCR machine, with due reference paid to 

the possibility of unspecific product amplification. The unspecific product evaluation was 

of considerable importance to this project due to the high homology and number of 

mitochondrial pseudogenes throughout the human genome. For instance NDUFA5, 

which is one of the subunits studied in this project, has a pseudogene at 11p15.5 that has 

been labelled NDUFA5LP1 (Tourmen et al., 2002). The possibility of unspecific product 

accumulation is also a factor in dual-labelled real-time PCR. This is due to the fact the 

accumulation of unspecific products can affect the time taken for the polymerase reaction 

to reach the exponential phase, which in turn will affect the threshold cycle number for 

that experiment. Unspecific product accumulation does not under general circumstances 

affect any other components of the real-time reaction, as the probe will only bind to the 

area of interest and it will not be activated unless the primers bind in the designated areas. 

The binding of the primers to the genetic area of interest gives the Taq polymerase 

enzyme an adequate guide to not only extend the strand but also to implement its 

exonuclease ability, which is the necessary trigger that removes the quencher from the 

fluorophore on the dual-labelled probe. Only after this event does the probe fluoresce, 

with the emittance of the detectable fluorophore only lasting until the end of the 

extension phase.  

 

Due to the design specificities of the probe and primer design, and the nature of the dual-

labelled reaction, all oligonucleotides were manufactured within a particular melt range. 

This was due to the fact that the dual-labelled reaction only fluoresces during the 

extension phase of the PCR, i.e. the 72°C step. Thus the melt temperature at which the 

primers and probes bind to the DNA template is of considerable importance, particularly 

if, as in this experiment, more than two primer and probe sets are run on the same real-

time PCR machine plate. If there is too much lag time between binding of the probe/s and 

fluorescing of the probe/s, than the critical juncture of threshold cycle commencement 
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can be delayed amongst the different probes to give false negative or positive threshold 

cycle differences. As the time at which the threshold cycle is reached is the most 

important factor in the dual-labelled real-time PCR experiment, any thing that can 

adversely affect it must be taken into account at the design and validation stage. In this 

experiment it meant that all the primers and probes had to be designed so the Tm was in 

the 64°C to 68°C temperature range recommended by the probe manufactures, Proligo. 

 

 

3.2 Methods 

 

The selection of genes to be studied in this project was based on the publication of a 

study into chromosomal aberrations that were detected in non-melanotic skin cancers 

(NMSC), such as Solar Keratosis (SK) and Squamous Cell Carcinoma (SCC) (Ashton et 

al., 2001). Several of the chromosomal areas identified as being aberrant in that study 

were found to contain genes associated with the development of NMSC as well as genes 

that encode for subunits of the energy producing Electron Transport Chain (ETC). The 

NCBI sequence viewer was used to pinpoint the exact location of all the genes and the 

distances between each of the ETC and NMSC-associated genes of interest, with data 

from this task summarised in Table 3.1, in section 3.3.  

 

Primers were chosen for each of the selected genes based on the length of the exon (150-

350 base pairs optimum), the amino acid composition of the exon (greater than average 

proportion of charged amino acids and single codon amino acids so as to minimise silent 

mutations), and the integrity of the intronic area surrounding the exon to ensure that 

primers designed for the PCR had the greatest chance of success. The reasoning behind 

such an ethos for the criteria is that length and nucleotide composition have a great affect 

on primer performance and that if an aberration were detected in an exon, having an 

amino acid arrangement as indicated above would increase the chances of that aberration 

being of a significant type (that is if a base pair substitution mutation were detected by 

whatever method it would be more likely to encode for an entirely new amino acid). The 
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integrity of the primers them selves were evaluated by two web-based primer design 

programs, Primo and CYBERGENE, which determine the chances of primer dimers and 

hair-pin loop formation respectively. 

 

The PCR for each of the primer sets were performed as indicated in sections 2.3 and 2.4, 

with some additional modifications. All reagents except the Astral-Scientific Bio-Taq 

polymerase (Gymea, New South Wales) were defrosted and left to acquire room 

temperature for 20 minutes to ensure optimum performance. The master mix was created 

by adding the PCR buffer, the relevant MgCl2 volume, dNTPs, primers, Bio-Taq (which 

had been left on ice up until this moment) and ddH2O to a volume of 18µL for one 

reaction. This was pipetted into the Real-Time PCR tube, with the relevant DNA to be 

analysed added on top, with the tube at a 45° angle, to bring the reaction mix up to 20µL. 

The Bio-Taq was added with a Bio-Rad P2-2µL pipette, as was the 2µL of DNA, with 

the other reagents inserted via a Gilson P-20 or P-200, depending on the number of 

reactions to be performed. The use of the iCycler and Rotor-Gene Real-Time PCR tubes 

meant that spinning the PCR reaction mix down to ensure adequate immersion was not 

needed due to the design and size of the tubes themselves, with the Rotor-Gene machine 

having the additional benefit of being centrifugal based at start up. 

 

Agarose gels were made for each of the relevant PCR and Real-Time PCR runs, with a 

standard gel manufactured each time. This involved weighing 1.0 gram of Progen DNA 

Agarose Molecular Biology Grade, which was then added to a 100mL glass flask 

containing 50mL of 1 X TAE. After swirling several times to ensure mixture, the flask 

was heated via a microwave on high for an initial 20 second burst, with the flask taken 

out and swirled again before being returned to the microwave for a 15 second burst. The 

resultant mixture was left to cool in a fume hood for ten minutes before 1.25µL of 

10mG/mL Ethidium Bromide was appended to the agarose. When the mixture was at ~ 

50°C it was added to a prepared agarose gel tray with the appropriate comb already 

inserted and left to set in the fume hood until the agarose had turned opaque. All relevant 

PCR samples to be analysed via agarose gel electrophoresis had tenµL taken out and 

added to 2µL of agarose blue dye, which was then pipetted into the gel wells whilst the 
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gel was immersed under 1 X TAE buffer in the electrophoresis tank. General run time for 

standard electrophoretic analysis was ~ 35 minutes under a 90 mV charge, with the gel 

examined via a UVP white/UV transilluminator (AGP Technologies, Upper Mt Gravatt, 

QLD).  

 

A component of the blood-derived DNA (lymphocytic DNA) to be analysed in this study 

came from the 1996 Nambour Skin Cancer Trial, with 135 affected Solar Keratosis (SK) 

samples and 144 control samples used in the non-specific fluorophoric Real-Time PCR 

and Solar Keratosis DNA aberration studies. The other seven samples analysed in this 

project were from seven RAAF personnel who had been exposed to jet-fuel and were 

exhibiting a wide range of symptoms, including male breast cancer and liver 

malfunctions. The DNA yield for the SK components was optimised via the 

GeneReleaser method as described in section 2.2.2, with the RAAF DNA extracted and 

optimised via the Ficoll White Blood Cell technique as explained in 2.2.6. The data 

available about the seven RAAF personnel was that they were all had been routinely 

exposed to a type of jet-fuel, with the information concerning the SK cohort being the 

status of the individuals in an affected (possessing one or more SKs) or control manner in 

1996. The results of the primer optimisations for the 15 primer-pairs used in this project 

are depicted in Figures 3.3 to 3.11, with the primer design evaluation and DNA 

optimisation verification results portrayed in Figures 3.1-3.2.  
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3.3 Results 

 

  

Mb = Mega bases 

 

Utilising the NCBI database to elucidate the exact chromosomal locations of the genes of 

interest, the distance in mega-bases between the NMSC associated genes and the ETC 

genes was calculated. The genes found to be encoded by the particular chromosomal 

locations labelled as aberrant by the Ashton et al., 2001 study are summarised in Table 

3.1. Those genes selected for analysis via Real-Time PCR are highlighted in grey, with 

the reasoning behind the selection of those specific genes being that each of the NMSC 

associated genes is involved in the regulation and maintenance of epithelial tissues. For 

instance the MMP12 gene is involved in the macromolecular maintenance of tissues such 

as collagen and elastin, specifically in terms of remodelling and repair during 

Table 3.1. Chromosomal loci for NMSC and ETC genes and their associations 

Cancer 

gene Position Site ETC gene Position Site Distance Genes Cancer 

  Mb   Mb Mb   

MMP12 11q22.2-q22.3 104.93 SDHD 11q23 114.37 9.44 ~40 SCC 

EMS1 11q13 72.59 NDUFS8 11q13 79.33 6.74 ~30 SCC 

" " 72.59 NDUFV1 11q13 69.91 2.68 ~15 SCC 

" " 72.59 COXVIII 11q13 66.17 6.42 ~30 SCC 

RASA1 5q13.3 85.56 COXVIIC 5q14 84.83 0.73 0 SCC 

PTGS2 1q25 184.17 SDHC 1q24 159.04 25.13 >100 SCC 

" " 184.17 NDFS2 1q23 158.89 25.28 >100 SCC 

SMOH 7q31-q32 104.93 NDUFA5 7q31 114.375 9.445 ~40 BCC 

"  104.93 NDUFB2 7q32-q34 138.67 33.74 >100 BCC 

PTCH 9q22.3 89.05 NDUFA8 9q33.2-q34.11 113 24.221 ~100 BCC 

GAS1 9q21-q22 89.05 NDUFB6 9q13.2 32.891 56.159 >200 BCC 

RAB22A 20q13.32 56.65 ATP5E 20q13.3 57.35 0.7 9 BCC 
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development and inflammation. The five sets of genes were selected on the basis of 

physical proximity of the ETC subunit genes to NMSC-associated genes on the 

chromosome. 

 

The following two figures (Figures 3.1 and 3.2) depict the evaluation of primer design for 

exons 1, 2, and 3 for the NDUFS4 gene, as well as to the relative success of the 

Genereleaser technique in increasing DNA yield from previously used whole-blood stock 

for the Solar Keratosis affected and control cohort. The NDUFS4 gene was not analysed 

via Real-Time PCR and was only used to gauge primer design mechanics, relative to 

non-specific product amplification and amplicon viability. 

 

 

  

 

 

 

 

 

 

 

    

 

 

 

 

 

 

Figure 3.1:  Agarose gel electrophoresis of NDUFS4 (Samples 1-140). (a) NDUFS4 exon 

2 primer, top row: samples 1-13, bottom row: samples 14-26;  (b) NDUFS4 exon 2 

primer, top row: samples 27-38, bottom row: samples 39-51; (c) NDUFS4 exon 1 primer, 

top row: samples 52-61, bottom row: samples 62-70; (d) NDUFS4 exon 1 primer, top 

   

  
a b c 

d f e 
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row: samples 71-73, bottom row: samples 74-86; (e) NDUFS4 exon 2 primer, top row: 

samples 87-100, bottom row: samples 101-113; (f) NDUFS4 exon 2 primer, top row: 

samples 114-126, bottom row: samples 127-140. Middle lanes in Figure 3.1 (a) though 

(f):  1000-100 bp ladder. Pink arrows indicate non-specific products, orange arrows 

primer dimers.            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Agarose gel electrophoresis of NDUFS4 (Samples 141-282). (a) NDUFS4 

exon 2 primer, top row: samples 141-152, bottom row: samples 153-165; (b) NDUFS4 

exon 2 primer, top row: samples 166-179, bottom row: samples 180-192; (c) NDUFS4 

exon 3 primer, top row: samples 193-204, bottom row: samples 205-217; (d) NDUFS4 

exon 3 primer, top row: samples 218-231, bottom row: samples 232-244; (e) NDUFS4 

exon 2 primer, top row: samples 245-258, bottom row: samples 259-271; (f) NDUFS4 

exon 1 primer, top row: samples 272-279, bottom row: samples 274-282. Middle lanes in 

Figure 3.2 (a) though (f):  1000-100 bp ladder. Pink arrows indicate non-specific  

products, orange arrows primer dimers.       
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1.5 2.0  2.5  3.0  3.5  1.5  2.0 100bp 2.5 3.0 3.5  

µм µм  µм  µм µм   µм  µм  ladder µм µм µм 

 

Figure 3.5: MgCl2 titration of PTCH (left)  

and MMP12 (right) primers at 58°C. 

Orange arrows indicate primer dimers.            

                                     

Figures 3.3 - 3.11 depict MgCl2 titrations for the 15 primer pairs used in the Real-Time 

PCR analysis components, with the relevant concentrations and ladders indicated by 

arrows. The gene of interest is indicated by the figure legend, will all the concentrations 

in µм volumes of MgCl2.  Several primers are portrayed in conjunction with other primers 

not associated with the particular ETC-NMSC chromosomal relationship for that gene, 

eg. PTCH and MMP12 in Figure 3.5. 

 

             

             
                 100 bp   1.5   2.0    2.5     3.0     3.5    100 bp                              
                      ladder    µм  µ м    µм     µм     µм     ladder        
 

Figure 3.3: MgCl2 titration of      

Mitochondrial Leucine tRNA primers at 

64°C.   

 

 
           
  
100 bp 1.5 2.0 2.5 3.0 3.5                    1.5  2.0  2.5  3.0  3.5 100bp                               

ladder   µм µм µм  µм µм                   µм µм   µм  µм  µм  ladder 

 

Figure 3.4: MgCl2 titration of Tubulin-α-8 

primers at 62°C and 64 °C.                                               

 

 
100 bp  1.5 2.0  2.5  3.0  3.5 100 bp 1.5 2.0  2.5  3.0 3.5 100bp    

ladder   µм µм  µм   µм µм  ladders µм µм µм   µм µм ladder                  

 

 

Figure 3.6: MgCl2 titration of SDHD 

(left) and MMP12 (right) probe primers 

at 64°C. 
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                            1.5     2.0  100 bp 2.5   3.0    3.5 

                            µм     µм  ladder  µм   µм    µм   

 

Figure 3.7: MgCl2 titration of SDHD at 56°C. 

Orange arrows indicate primer dimers.            

 

 

 

 

 

 

 

 

 

 

 

 

                                     2.5 100bp 3.0  3.5          2.0   2.5 3.0 

                                     µм  ladder µм µм          µм   µм  µм     

 

Figure 3.9: MgCl2 titration of NDUFV1 (left)  

and EMS1 (right) at 62°C.  

 
 
    2.0        2.5   3.0                  100 bp            2.5   3.0 
    µм        µм   µм                  ladder              µм   µм     
 

 

Figure 3.8: MgCl2 titration of NDUFA5 (left) 

and SMOH (right) at 60°C. 

 

Orange arrows indicate primer dimers.            

 

 

 

 
 
                             2.0  2.5   3.0 100 bp                       2.5   3.0    3.5 

                             µм  µм   µм  ladder                       µм   µм    µм      

 

 

Figure 3.10: MgCl2 titration of MMP12 (left) 

and NDUFA8 (right) at 56°C. 

Orange arrows indicate non-specific product.           
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 1.5     2.0    2.5        3.0     3.5  100 bp 1.5   2.0    2.5     3.0    3.5     

 µм     µ м   µм        µм     µм   ladder µм    µ м   µм     µм    µм      

 

Figure 3.11: MgCl2 titration of COXVIIc (left) 

and RASA1 (right) at 60°C. 

      

As indicated by Figures 3.3-3.11, the method chosen to design the relevant primers for 

the genes of interest, with particular emphasis on both the genes in an ETC-NMSC pair 

amplifying at the same temperature, proved adequate for this project to achieve its aims. 

As mentioned in section 1.11.1, analysing two genes in the same tube in a Real-Time 

PCR run can give rise to irregularities, however the design mechanics of the ETC-NMSC 

gene pair allows for such an analysis if the quantity of the Solar Keratosis cohort DNA 

became low, and thus the project would still be able to analyse all ten genes of interest. 

The MgCl2 titrations performed on all 11-primer pairs adequately removed the presence 

of non-specific product amplification, which in the case of both non-specific fluorophoric 

and Dual-Labelled Probe Real-Time PCR can have an affect on the validity of the data 

derived from the Real-Time PCR analysis. Thus, it was decided to proceed with the 

analysis of the Solar Keratosis affected and control cohort via the Real-Time PCR 

technique, with the implications of the evaluation of experimental design further 

discussed in section 3.4. 
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3.4 Discussion  

 

The inclusion of an internal housekeeper standard (Tubulin α-8) in the non-specific 

fluorophoric Real-Time PCR study proved deleterious to the project attaining its aims, as 

the runs that were trouble-shooted with the housekeeper gave rise to several anomalies. 

Several experiments and some new publications about real-time PCR gave an indication 

as to what the problem was (Giglio et al., 2003). It appeared that the SYBR Green I 

compound has a much higher preference to bind to amplicons of a higher G/C content 

and length. This preference would not normally prove to be a hindrance to a multi-plex 

real-time reaction, but this project was attempting a large-scale analysis of genomic 

regions with a large population sample and as the mutation analysis component is entirely 

composed of melt-curve comparisons it is of the utmost importance to the project.  

 

The majority of experiments involving real-time PCR have a greater emphasis on the 

quantitation component of the real-time reaction, whilst the major factor in the part of the 

project was comparing and contrasting the melt-curve profiles of affected solar keratosis 

patients versus control samples. Thus it was found that anything that adversely affected a 

melt-curve profile to the slightest degree had to be taken into account. The preferential 

binding of SYBR Green I to one of the amplicons produced in a multi-plex reaction over 

the other/s, gave rise to inconsistent melt curve profiles. By this it is meant that due to the 

unspecific binding of the SYBR Green I compound to the DNA template, anomalies were 

produced in the melt-curves profiles of a multi-plex reaction, as the real-time machine 

could not detect an adequate amount of signal from the other amplicon/s produced by the 

other set/s of primers. The melt-curves produced tended to be of an aberrant nature, with 

indistinctive peaks, and this particular characteristic (a melt-peak of a plateau like nature, 

rather than a definitive peak) has been associated with mutant samples by several studies 

that utilised mutation analysis via melt-curve profiles. For this reason the project used the 

peaks produced by the control samples, which were run in triplicate and a normal range 

was established for the particular gene being studied. This normal range was what the 

entire population of samples taken from affected solar keratosis individuals was 

compared too, in addition to those control samples that had also shown aberrant melt 
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curve profiles. The triplicate running of the control samples not only established a fixed 

range for the amplicons to melt at, it also established the standard profile for the gene 

being analysed as different genes tend to have different profiles due to the differences in 

length and G/C content.  

 

The importance of establishing a melt-curve profile of ‘normality’ as distinct from a 95% 

confidence interval (C.I.) of temperature range for control samples is two-fold. Firstly 

Solar Keratoses are precancerous lesions and as such share many cytological and genetic 

similarities with normal skin. If there are any pre-existing or introduced mutations in 

lymphocytes that do contribute or are characteristics of skin carcinogenesis, then these 

need to made distinct from anomalies that exist in control samples. It needs restating that 

the control samples are blood-derived DNA samples taken from individuals with no 

history of Solar Keratosis or cancer whatsoever. The second motive for not implementing 

a 95% C.I. was that the majority of true mutants are not samples that portray a 

temperature shift anomaly, rather they are samples exhibiting melt-curve area 

abnormalities (O’Mahony and Hill, 2002). These melt-curve area abnormalities, such as 

plateau-like peaks, can only be identified through the expertise of the investigator and not 

simply using 95% C.I. data to distinguish anomalous samples. This is due to the fact that 

the Real-Time PCR machine will assume the middle of the plateau as the melt-peak, 

which may lie within normal ranges. Using the method of establishing melt-curve profile 

standards for comparative measures thus minimises the identification of false negatives. 

 

The evaluation of experimental design comprised of an additional component in that each 

of the genes to be analysed via Real-Time PCR had to undergo a homology scan with 

other genomic areas, to identify regions that could non-specifically amplify. Non-specific 

amplification can adversely affect a Real-Time reaction, particularly the melt-curve 

element due to fluorophoric signal reduction. Another genomic amplicon will inevitably 

bind additional non-specific fluorophores like SYBR Green I, which will decrease the 

true signal melt-peak of the genomic area of interest, possibly to an extent that false 

positive melt-peak area abnormalities will arise (O’Mahony and Hill, 2002).  
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As is evident in Figures 3.3 to 3.11, magnesium titrations in conjunction with careful 

primer design techniques involving web-based primer evaluators like CYBERGENE, 

produced PCR amplicons without any apparent non-specific products. Apart from the 

PTCH component in Figure 3.5, no primer pair produced uniform primer dimers, which 

as stated in section 1.11.2 can be incorporated into a SYBR Green I melt-peak signal, 

though without the adverse affects observed in non-specific amplification. The use of the 

GeneReleaser technique to optimise DNA yield proved successful, with the vast majority 

of samples from the affected Solar Keratosis and control cohort exhibiting strong DNA 

amplification with the NDUFS4 test primers, as shown in Figures 3.1 and 3.2. Occasional 

samples did exhibit non-specific amplification with the test primers, though this was 

mainly inclusive of those encoding for exon 2 of NDUFS4, which possessed primers that 

melted at different optimum temperatures as a result of a design flaw. 

 

In conclusion the use of Real-Time PCR with both non-specific fluorophores and Dual-

Labelled Probes provided the study with a precise yet cost effective method of analysing 

a large sample cohort for both amplicon aberrations and DNA copy number aberrations. 

Utilising the Ashton et al., 2001 study to select chromosomal areas of interest that 

possessed genes that plat an integral role in cellular maintenance allowed for a detailed 

examination of possible molecular biology research techniques best suited to the project 

achieving its aims. A cost-effective technique that allowed for rapid yet concise screening 

of multiple genes in a relatively large sample cohort was needed and after reviewing the 

literature Real-Time PCR was selected. This was partially due to the ability of this 

technique to analyse two or more genetic areas simultaneously in the same run, though 

not in the same tube. As shown in Table 3.1, the genetic areas comprised of two different 

types of genes, those involving the Electron Transport Chain and those that encode for 

genes associated with the development of Squamous Cell carcinoma and Basal Cell 

Carcinoma. Analysing each of the gene-pairs that encompassed a chromosomal area of 

interest at the same time allowed for a direct visual comparison of the particular amplicon 

characteristics of putative wild-types and aberrants. 

 



Chapter Four 
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4.1 Introduction 

 

Solar Keratosis (SK) are cutaneous neoplasms that primarily occur on sun-exposed skin 

surfaces. They have a higher prevalence in the aged, with men generally having a higher 

incidence rate compared to women. This skin lesion has been also labelled as actinic 

keratosis, though the accepted dermatological nomenclature is keratinocytic 

intraepithelial neoplasia or KIN. It is under the KIN auspice that SK is graded as being of 

a continuum with Squamous Cell Carcinoma (SCC). The initial step in this pathway is 

KIN I, which encompasses the pre-cancerous stage of SK. This stage of the process is 

reversible in the fact that a significant number of these lesions spontaneously regress if 

they are not continually re-exposed to sunburn. The KIN II stage has definitive 

histological characteristics and has also been grouped with the presentation of a SK 

lesion, though on the more severe side. The last stage of this progression is KIN III, 

which has also been labelled as SCC in situ. The genetic factors that play apart in the 

development of this lesion have not yet been elucidated, though the tumour suppressor 

gene TP53 has been linked to this skin lesion and several other skin cancers such as 

Squamous Cell Carcinoma.  

 

Carcinogenesis is a process that can only happen if certain cellular events take place. Of 

prime importance is the damaged cell avoiding the programmed cell death pathways, 

which induce cell death or apoptosis when mutations are detected in major cell-cycle 

checkpoints. A prime pro-generator of mutations in cellular bodies is the production of 

reactive oxygen species (ROS), usually through aberrant redox-reactions. Redox 

reactions, such as the production of energy via oxidative phosphorylation, do have 

mechanisms of regulation such as the glutathione pathways to neutralise aberrant oxygen 

species, though sometimes this process is circumvented if the production of ROS occurs 

at a high rate on a sudden basis, such as can happen when sunlight reacts with the 

electron carrier mechanisms of complex I in the Electron Transport Chain (ETC).  
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Mitochondria are dynamic cellular organelles whose primary function is the regulation 

and production of energy through the ETC. They are also the major initiators of apoptosis 

through the release of cytochrome c and contribute a significant portion of a cells ROS 

production through the actions of the ETC.  Anomalous energy consumption has long 

been known to be a hallmark of a cancerous cell and thus mitochondria are increasingly 

becoming a focal point in neo-plastic research, with the prime focus usually on apoptotic 

irregularities in tumour tissue.  

 

This study focussed on the analysis of DNA taken from blood samples from 135 affected 

solar keratosis patients and 144 normal control patients for aberrations in the genetic 

sequences of ETC subunit genes and genes that are implicated in the development of 

Squamous Cell Carcinoma and Basal Cell Carcinoma. The aim of this study was to 

analyse the NDUFA8, PTCH, NDUFA5, SMOH, SDHD, MMP12, NDUFV1, EMS1, 

COXVIIc, and RASA1 genes via non-specific fluorophoric Real-Time PCR for genetic 

aberrations in an affected Solar Keratosis and control cohort. 

 

 

4.2 Methods 

 

The first two sets of genes (PTCH and NDUFA8, and SMOH and NDUFA5) were 

analysed in pairs (meaning that NDUFA8 and PTCH were analysed together in the same 

Real-Time run, as was NDUFA5 and SMOH) using the BioRad iCycler machine, which 

utilises a standard 96 well plate with a cellophane self-sealing lid to ensure the samples 

did not evaporate. SYBR Green I was used at a ratio of 4 parts per 10 000 in ddH2O, with 

the solution spun down to ensure no DMSO remained in the SYBR Green I suspension. 

The three remaining gene pairs (MMP12 and SDHD, EMS1 and NDUFV1, RASA1 And 

COXVIIc) were analysed via the Corbett Research Rotor-Gene machine, with the 

MMP12 and SDHD pair having half of its sample population analysed via the Idaho 

Technology fluorophore LCGreen I. The LCGreen I compound has the same Excitation 

and Emission specifics as SYBR Green I but does not share the preference of SYBR 

Green I for G/C rich or longer amplicons.  
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All samples were analysed within each Real-Time PCR run in duplicate, side-by-side, 

with each sample having another Real-Time PCR analysis performed on it at least (i.e. 

triplicate), with the vast majority investigated for aberrations within run in duplicate on 

two separate occasions (i.e. four sets of data). Wild-type melt-curves were analysed to 

give typical profiles and standard melt temperature peaks, with the non-specific 

fluorophoric melt temperature differentials being +/- 1.0°C for the iCycler Real-Time 

machine, and +/- 0.5°C for the Rotor-Gene apparatus for putative aberrants.  

 

Total cumulative data was initially analysed by one sample t-test / error bar plots to 

determine if any affected versus control differences were evident. This was achieved by 

first creating two population columns, affected Solar Keratosis and control, then 

designating a putative wild-type sample as a 1.0 and a putative aberrant as a 2.0 in an 

Excel spreadsheet. By analysing the incidence of these two designates in the two 

populations, an one sample t-test / error bar plot can determine if any significant 

difference exists between the two populations. This analysis is presented in Graphs 4.1 

and 4.2, with total ETC gene and NMSC incidence analysed respectively in the two 

populations in conjunction with their particular means differential scores. Individual 

aberrant gene incidence is portrayed in Table 4.1, with each gene also shown exhibiting 

their individual melt-curve characteristics in Figures 4.1- 4.28. Agarose gels and PCR 

master mixes were produce as per sections 3.2 and 2.3 respectively. Melt-curves and 

quantitation curves were constructed via the relevant Real-Time machine software (either 

Bio-Rad iCycler or Corbett Research Rotor-Gene) and extracted into the portrayed 

format via the Windows 95 JPEG system. 
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4.3 Results 

 

The results of the analysis of the ten genes of interest (NDUFA8, PTCH, NDUFA5, 

SMOH, SDHD, MMP12, NDUFV1, EMS1, COXVIIc, and RASA1) in triplicate via non-

specific fluorophoric Real-Time PCR is summarised in Tables 4.1 and 4.2 below.  

 

Table 4.1. Summary of ETC/ NMSC gene analysis via Real-Time PCR melt-curve  

ETC Gene 

and Locus 

Affected 

Aberrants in 

Triplicate 

Control 

Aberrants in 

Triplicate 

NMSC Gene 

and Locus 

Affected 

Aberrants in 

Triplicate 

Control 

Aberrants in 

Triplicate 

NDUFA8 

(9q33.2-

q34.11) 

13% 

(18/135) 

0.0% 

(0/144) 

PTCH 

(9q22.3) 

8.9% 

(12/135) 

1.4% 

(2/144) 

NDUFA5 

(7q32) 

13% 

(18/135) 

2.8% 

(4/144) 

SMOH 

(7q31-q32) 

9.6% 

(13/135) 

2.1% 

(3/144) 

SDHD 

(11q23) 

10% 

(14/135) 

2.1% 

(3/144) 

MMP12 

(11q22.2-

q22.3) 

6.0% 

(8/135) 

2.8% 

(4/144) 

NDUFV1 

(11q13) 

20% 

(27/135) 

1.4% 

(2/144) 

EMS1 

(11q13) 

24% 

(32/135) 

4.9% 

(7/144) 

COXVII 

(5q14) 

30% 

(40/135) 

0.7% 

(1/144) 

RASA1 

(5q13.3) 

24% 

(32/135) 

0.0% 

(0/144) 

 

Tables 4.1 and 4.2 highlight that the observation of putative aberrants in the NDUFV1, 

EMS1, COXVIIc, and RASA1 genes (bold type) in the affected Solar Keratosis (SK) 

population was significantly higher than that observed in the control population, with an 

example being a difference of 30 % to 0.7% (p < 0.001) and 24% to 0.0% (p < 0.009) in 

the affected versus control SK COXVIIc and RASA1 cohort respectively. This difference 
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is further highlighted in Graphs 4.1 and 4.2, which are error bar plots of the total ETC 

and NMSC genes in an affected versus control population manner. 

 

Table 4.2: Summary of Mean Difference: Affected vs. Control 

Gene Mean Difference P value (2-tailed) 

NDUFA8 0.09677 0.095 

PTCH 0.08244 0.164 

NDUFA5 0.11111 0.061 

SMOH 0.08961 0.132 

SDHD 0.09319 0.116 

MMP12 0.07527 0.213 

NDUFV1 0.13620 0.018 

EMS1 0.17204 0.003 

COXVIIc 0.17921 0.001 

RASA1 0.14695 0.009 

 

Table 4.2 shows the probability values (p value) for each gene set. The hypothesis behind 

the analysis was that the means of the affected and control populations in terms of 

aberrant incidence for each of the ten genes was equal. The middle column represents the 

mean difference between the affected and control populations in terms of the incidence of 

aberrant samples. The p value indicates whether this mean difference is of a significant 

nature in terms of a standard two-tail test for mean comparison between the affected and 

control populations. The p value is the probability that the mean difference observed in 

this 279-sample population is less (that is the affected and control population means are 

relatively equal) than what would be observed in the true population of affected-SK and 

control cohorts. The p values in bold indicate those genes which possess a significant 

mean difference between the two populations in terms of aberrant incidence (NDUFV1, 

EMS1, COXVIIc, and RASA1). 
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Graph 4.1: Control vs. SK affected 95% Error Bar plot of the total incidence of ETC gene 

aberrants 
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This error bar plot shows the sum of the analysis for five ETC genes analysed in an 

affected versus control manner. As indicated in methods, this graph was generated from 

an one sample t-test analysis, with the total number of ETC aberrants in the control 

population added together, compared to the total number of ETC aberrants in the affected 

SK population. This was achieved by designating the presence of a putative wild type as 

a 1.00 in the data analysis and presence of a putative aberrant as a 2.00. Thus the above 

error plot shows that the error bar representing the control population is significantly 

closer to the ‘1.00’ compared to the affected population (p < 0.0001). This observation 

was also noted in the error plot that was generated in the same manner for the five NMSC 

genes (p < 0.0001). There were 117 putative aberrants in the affected ETC gene 

population compared to 97 in the NMSC gene population. The control population 

exhibited 10 putative aberrants in ETC gene population and 16 in the NMSC gene 

population. 
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Graph 4.2: Control vs. SK affected 95% Error Bar plot of the total incidence of NMSC 

gene aberrants 
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A breakdown of the types of aberrations observed in each of the genes pairs is 

highlighted and discussed in the following five sections. Shown in each ETC-NMSC 

gene pair section are examples of a putative aberrant Real-Time PCR melt-curve, with 

some genes having an additional component highlighting wild-type samples. 
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4.3.1 NDUFA8 and PTCH 

 

This gene set was entirely analysed via the Bio-Rad iCycler and such, could not be 

presented in individual case samples, due to the analytical formatting of the iCycler 

software, with the analysis of NDUFA8 and PTCH identifying 18 and 14 putative 

aberrants respectively. Figure 4.1 shows a Real-Time PCR iCycler run, with arrows 

indicating the putative wild type samples for both NDUFA8 and PTCH, in comparison to 

the putative aberrant samples for these two genes.  

 

 

 

 

Figure 4.1: NDUFA8 and PTCH melt curve: normal vs. aberrant.                                 

 

This gene set exhibited aberrations of a temperature shift motif, mostly of a nature 

indicating the presence of a putative decrease in the size of the amplicon. Figure 4.1 

highlights the existence of putative aberrants samples from the NDUFA8 and PTCH 

genes; with two distinct populations exhibiting varying degrees of amplicon melt 

temperature reduction and increase. Figure 4.2 shows the presence of two samples 

exhibiting similar melt patterns, only they represent samples amplified using primers for  

the NDUFA8 gene.

Normal melt curves for 

NDUFA8 wild-type 

control samples. 

Normal melt curves for 

PTCH wild-type control 

samples. 

Aberrant melt curves for 

PTCH.  

Aberrant melt curves for 

NDUFA8.  
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Figure 4.2: NDUFA8 and PTCH melt curve: normal vs. aberrant.  

 

The wild-type samples were designated as such by running control sample genes 

repeatedly to determine the melt-temperature range for putative wild-type samples, and to 

specify the nominal ‘normal’ mode of how the melt-curves for both NDUFA8 and PTCH 

represented. In this case, the putative NDUFA8 wild-types all exhibited definitive high-

graduation peaks, with the PTCH genes’ melt peaks exhibiting a non-uniform graduation 

slope and a definitive peak. The melt-curves that represented the putative aberrant PTCH 

population usually exhibited a very sharp delineation point, as shown in Figure 4.1, 

whilst the NDUFA8 putative aberrants usually melted in a normal manner, with their 

melt-peaks existing outside the nominal range as highlighted in Figure 4.2. Sharp 

delineation points could indicate the presence of non-instructional sites, which are a type 

of mutation that is produced by ultraviolet radiation, though these types of mutations are 

usually exhibited by plateau like peaks, as will be discussed later in section 4.4.6. There 

is a chance the iCycler machine produces irregular melt-peaks by virtue of its set up (96 

well plate with thick plastic walls) as indicated in a comparison of Figures 4.3 and 4.4 in   

the NDUFA5 and SMOH component.

Normal melt curves for 

NDUFA8 wild-type control 

samples. 

Normal melt curve for 

PTCH wild-type control 

samples. 

Aberrant melt curve for 

NDUFA8.  
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4.3.2 NDUFA5 and SMOH 

 

 

 

Figure 4.3: NDUFA5 and SMOH melt curve: normal vs. aberrant. 

  

The NDUFA5 and SMOH gene set was analysed in totality via the Bio-Rad iCycler, with 

the putative aberrants detected for the NDUFA5 gene in the iCycler component (there 

were 22 putative aberrants, with SMOH having 16 putative aberrants identified) 

additionally analysed via the Corbett Research Rotor-Gene to verify the analytical 

software capabilities of the new machine.  

 

Figure 4.3 highlights the melt-curve characteristics of the NDUFA5 and SMOH genes 

respectively, with the SMOH gene exhibiting a standard definitive melt-peak in the 

putative wild-type samples, whilst the aberrant samples exhibited plateau-like peaks. 

NDUFA5 exhibited a sharp delineation point in the putative wild-types, with a marked 

decrease in peak size area observed in the putative aberrants. As shown in Figure 3.18 in 

chapter three, a magnesium titration removed the presence of primer dimers in both 

NDUFA5 and SMOH, and thus the non-conformational melt-curves produced by the 

NDUFA5 appear to be a hallmark of the iCycler set up itself, rather a characteristic of an 

aberrant NDUFA5 sample. This is shown in a putative aberrant comparison performed 

via the Corbett Research Rotor-Gene in Figure 4.4, which highlights the conformational 

nature of the aberrant peak, other than the fact it exists outside the designated normal 

melt-range for the NDUFA5 gene. 

Normal melt curve for 

NDUFA5 wild-type 

control samples. 

Aberrant melt curve for 

NDUFA5.  

Normal melt curve for 

SMOH wild-type 

control samples. 

Aberrant melt curve for 

SMOH.  
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Figure 4.4: NDUFA5 melt curve: normal vs. aberrant. 

 

The 18 samples that were detected as putative aberrants using the iCycler were 

additionally run in triplicate via the Rotor-Gene, and all displayed peaks that existed 

outside the range designated for a putative wild-type samples. This indicated that the 

iCycler set-up had as much reproducibility as the Rotor-Gene in detecting temperature 

shift aberrations, but as shown in the comparison of Figures 4.3 and 4.4, the iCycler was 

vastly inferior in terms of identifying non-conformational peaks due to the lack of an 

adequate analysis based on sample to sample contrast. Thus the decision was made to 

analyse the remaining six genes via the Rotor-Gene, which proved a successful move, 

particularly in terms of identifying samples that exhibited melt characteristics other than 

temperature shift anomalies, like delineation peaks and plateau-like peaks. 

 

Normal melt curve for 

NDUFA5, wild-type 

control sample. 

Aberrant melt curve for 

NDUFA5, affected SK 

sample 49. 
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4.3.3 SDHD and MMP12 

 

The SDHD gene was analysed via LCGreen I in triplicate for the entire affected and 

control SK cohort, with SDHD and MMP12 having 17 and 12 putative aberrants 

identified respectively. Figure 4.5 highlights the melt-curve characteristics of the putative 

wild-type and the putative aberrant samples.  

 

 

 

 

Figure 4.5: SDHD melt curve: normal vs. aberrant. 

 

This gene usually exhibited simple temperature shift anomalies, with the sample below 

also giving rise to a quantitation curve that exhibited an abnormal threshold cycle (Ct), as 

portrayed in Figure 4.6. The aberrant melt-curve example in Figure 4.5 shows a sample 

exhibiting a melt-peak increase, which is usually a hallmark of a sample having a genetic 

gain. As shown in Figure 4.6, the quantitation specifics of a sample having a genetic gain 

can result in an abnormal Ct, which in this case is lower than the putative wild-type. The 

majority of cases exhibiting an abnormal quantitation curve and an aberrant melt-curve 

have a quantitation Ct higher than expected, most likely due to the primer binding 

mechanics being disrupted by the presence of an aberration in the primer binding areas, 

which can be in form of a genetic loss, gain, or substitution. Thus, true Ct variances 

Normal melt curve for 

SDHD, wild-type control 

sample. 

Aberrant melt curve for 

SDHD, affected SK 

sample 24. 
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cannot be adequately detected using a non-specific fluorophore, due to the lack of 

reliability in determining the cycle point at which the background fluorescence is 

superseded by that produced by the accumulation of amplicons, which is a value 

represented by the Ct.  

 

 

 

 

Figure 4.6: SDHD quantitation curve: normal vs. aberrant. 

 

 

Figure 4.7: SDHD melt curve: normal. 

 

The above Figure 4.7 shows an entire sample run composed of putative wild-types for the 

SDHD gene. This figure and the following two figures (Figure 4.8 and Figure 4.9) show 

how non-specific fluorophoric Real-Time PCR can distinguish between putative wild-

types and putative aberrants, in terms of melt-peak anomalies.  

Normal quantitation 

curve for SDHD, wild-

type control sample. 

Aberrant quantitation 

curve for SDHD, 

affected SK sample 24. 
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Figure 4.8: SDHD melt curve: normal vs. aberrant. 

 

Figure 4.8 shows an entire sample run, with no distinguishing aberrant peaks indicated by 

arrows. If this run has several putative wild-type samples removed from its output melt-

curve to give a gauge of how the sample represented by the yellow curves exists outside 

the melt-peak range designated for wild-types (the purple melt-curves), it is evident that 

visually confirming the presence of a putative aberrant is possible, as highlighted in 

Figure 4.9. 

 

 

 

 

Figure 4.9: SDHD melt curve: normal vs. aberrant. 
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SDHD, wild-type control 
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sample 65 in duplicate. 
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The MMP12 component was analysed partially via LCGreen I, with the majority of 

samples analysed via SYBR Green I. Figure 4.10 shows an affected SK sample analysed 

via SYBR Green I exhibiting plateau-like characteristics, which indicates then presence 

of non-instructional sites. The putative presence of malformities in this particular sample 

is further highlighted in the accompanying quantitation curve (Figure 4.11), with the 

relevant Ct lagging far behind that of the putative wild-type sample. 

 

 

 

 

Figure 4.10: MMP12 melt curve: normal vs. aberrant. 

 

 

Figure 4.11: MMP12 quantitation curve: normal vs. aberrant.  

Aberrant melt curves for 

MMP12, affected SK 

sample 248 in duplicate. 

 

Normal melt curves for 

MMP12, wild-type 

control samples. 

Aberrant quantitation 

curves for MMP12, 

affected SK sample 248 

in duplicate. 

 

Normal quantitation 

curves for MMP12, wild-

type control samples. 
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Figures 4.12, 4.13 and 4.14 show Real-Time PCR runs using LCGreen I as the 

fluorophore, with Figures 4.12 (melt-curve) and 4.13 (quantitation curve) portraying runs 

composed of putative wild-type samples. All the sample exist within the range designated 

for a putative wild-types. 

 

 

 

Figure 4.12: MMP12 melt curve: normal. 

 

 

 

Figure 4.13: MMP12 quantitation curve: normal. 

 

What is evident by comparison of Figures 4.12 and 4.14 is that visual confirmation of a 

putative aberrant by LCGreen I real-Time PCR melt-curve is possible, but as with SYBR 
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Green I, slight variations exist within the aberrant melt-peaks themselves. Figure 4.10 

shows a sample exhibiting melt-curve abnormalities in duplicate, but the abnormal melt-

curves themselves are not even remotely exact copies of each other. This is also the case 

with Figure 4.14, in that the putative aberrant sample has two distinct melt-peaks, both of 

which are outside the range for designated wild-types.  

 

 

 

 

Figure 4.14: MMP12 melt curve: normal vs. aberrant. 

 

The lack of reproducibility in terms of having aberrations of a relatively exact nature 

gives rise to several questions. Firstly the majority of putative aberrations detected in this 

non-specific fluorophoric Real-Time PCR study were of the temperature shift variety. 

Those samples that exhibited non-conformational melt-peak areas, such as plateau-like 

peaks, usually exhibited the same manner of non-conformity, but also possessed 

variations in melt-peak temperatures within themselves. This indicates that detecting the 

presence of mutations like non-instructional sites (which is of the substitution variety) is 

more probable when utilising non-specific fluorophores than accurately determining the 

presence of a genetic gains or losses. Another question is does this particular technique 

have enough power in itself to accurately determine if the sample is aberrant? This 

question is partially answered by several experiments that were conducted as part of 

chapter five, and which will be discussed in full in that chapter. 

Normal melt curves for 

MMP12, wild-type 

control samples. 

Aberrant melt curves for 

MMP12, affected SK 

sample 277 in duplicate. 
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4.3.4 NDUFV1 and EMS1 

 

This gene set was analysed entirely via SYBR Green I Real-Time PCR, with the aberrant 

population of the NDUFV1 gene usually exhibiting temperature shift anomalies. In the 

case of Figure 4.15, it is of a sample exhibiting a melt-peak temperature increase. 

 

 

 

 

Figure 4.15: NDUFV1 melt curve: normal vs. aberrant. 

 

The following two figures represent samples from the NDUFV1 component with putative 

genetic losses. Figure 4.17 is the relevant quantitation component in comparison to the 

melt-peak Figure 4.16, with both showing a putative aberrant sample in duplicate, whilst 

another is shown in single comparison form. The explanation as to why some samples are 

shown in duplicate and some are not, is that often the second of the melt-curves produced 

by the putative aberrant will have a component of their curve that matches another curve 

(usually the upward slope approaching the peak), which makes difficult to distinguish 

that particular melt-peak form the others. Each of the putative aberrant melt-curves are 

shown in the manner that best highlights the type of aberration detected in that sample, 

and thus it is evident that the two putative aberrants portrayed in Figure 4.16 possess 

temperature shift anomalies. The quantitation Figure 4.17 highlights the putative genetic 

loss of NDUFV1 in these two samples relative to the putative wild type.

Aberrant melt curve for 

NDUFV1, affected SK 

sample 38. 

 

Normal melt curve for 

NDUFV1, wild-type 

control samples. 
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Figure 4.16: NDUFV1 melt curve: normal vs. aberrant. 

 

 

 

 

Figure 4.17: NDUFV1 quantitation curve: normal vs. aberrant. 
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NDUFV1, wild-type 

control sample. 

Aberrant melt curves for 

NDUFV1, affected SK sample 49. 

Aberrant melt curve for 

NDUFV1, affected SK 

sample 57. 
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Aberrant quantitation 
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Figure 4.18: EMS1 melt curve: normal vs. aberrant. 

 

The EMS1 sample detected as aberrant in Figure 4.18 was the only example found of a 

putative aberrant exhibiting visual electrophoretic differences compared to wild-type 

samples, as shown in Figure 4.19. This sample possessed a temperature shift anomaly as 

well as a melt-peak exhibiting non-conformational characteristics (a delineation peak), 

which as mentioned previously could indicate the presence of non-instructional sites. 

This sample also possessed an abnormal quantitation curve, indicative of a genetic gain, 

which is shown in Figure 4.20. 

 

 

 

 

 

 

 

 

 

Figure 4.19: Agarose gel of putative aberrant EMS1sample. 
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Figure 4.20: EMS1 quantitation curve: normal vs. aberrant. 

 

The EMS1 aberrant population possessed a relatively higher proportion of non-

conformational peaks, which, as shown in Figure 4.21 usually contained a temperature 

shift anomaly as well. The aberrant population of NDUFV1 and EMS1 was the highest 

detected so far, with 29 and 39 aberrants respectively.  

 

 

 

Figure 4.21: EMS1 melt curve: normal vs. aberrant. 

 

Normal quantitation curves 

for NDUFV1, wild-type 

control samples. 

Aberrant quantitation 

curves for NDUFV1, 

affected SK sample 71. 

 

Aberrant melt curves for 

NDUFV1, affected SK 

sample 401. 

 

Normal melt curves for NDUFV1, 

wild-type control sample. 



 139

4.3.5 COXVIIc and RASA1  

 

The COXVIIc and RASA1 gene component was entirely analysed via SYBR Green I 

Real-Time PCR, with the analysis identifying 41 and 32 putative aberrants respectively. 

The COXVIIc aberrant population usually exhibited simple temperature melt-peak shift 

anomalies, but as shown in figure some sample also exhibited plateau-like peaks. 

 

 

 

 

 

Figure 4.22: COXVIIc melt curve: normal vs. aberrant. 

 

Figure 4.23 highlights two putative aberrants, both of which exhibit a temperature melt-

peak shift, with one showing a decrease and the other indicating the presence of an 

increase. The accompanying quantitation Figure 4.24 correlates with the data produced 

by Figure 4.23 in that the putative amplicon size decrease is linked to a quantitative 

decrease, with the relevant Ct for that sample being higher than that designated for 

putative wild-types. This type of link is also highlighted in the sample that portrayed a 

putative amplicon size increase, with the sample relevant quantitation Ct being lower 

than that given to putative wild-types indicating the presence of a genetic gain.
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Figure 4.23: COXVIIc melt curve: normal vs. aberrant. 

 

 

 

 

 

Figure 4.24: COXVIIc quantitation curve: normal vs. aberrant. 
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Figure 4.25: RASA1 melt curve: normal vs. aberrant. 

 

The above Figure 4.25 and the figure on the next page, Figure 4.26, both indicate the 

presence of non-conformational melt-peak aberrations for the RASA1 gene, with Figure 

4.25 exhibiting a plateau-like melt-peak in comparison to the putative wild-type sample. 

The aberrant melt-peak in Figure 4.26 is not of a plateau-like nature; rather it is an 

example of the melt-peak area itself being of a non-conformational manner. There is only 

a small fluorophoric rise to the peak above the background fluorescence, which for this 

sample is itself abnormally high. The presence of such a long melt-peak area indicates 

that the amplicon produced by the relevant sample may possess multiple areas of non-

conformity, such as non-instructional site substitutions. The putative RASA1 gene 

aberrations detected were mostly of the non-conformational melt-peak type in 

conjunction with temperature shift anomalies, much more so than the other genes 

analysed in this study, other than the EMS1 gene. In fact out of the 39 and 32 putative 

aberrations identified for the EMS1 and RASA1 genes, more than half of them (20 and 

21 respectively) were of the non-conformational melt-peak variety.

Normal melt curve for 

RASA1, wild-type 

control sample. 

Aberrant melt curve for 

RASA1, affected SK 

sample 361. 
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Figure 4.26: RASA1 melt curve: normal vs. aberrant. 

 

 

 

 

 

Figure 4.27: RASA1 melt curve: normal vs. aberrant. 

 

The above Figure 4.27 highlights a sample run with a different forward primer for the 

exon of interest in the RASA1 gene.  Changing the forward primer produced amplicons 

of a shorter length and thus lower melting temperature, resulting in melt-peaks of a more 

standard nature compared to those performed with the old primer. This change was made 

Normal melt curve for 
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sample 10. 

 

Aberrant melt curve for 
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sample 327. 
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due to the large temperature shifts that were produced by the old forward primer in the 

putative aberrant population, which was not reflected in anyway by Agarose gel 

electrophoresis. It is possible that the putative aberrations detected were of a large-scale 

non-instructional area and thus the amplicon would melt differently, but would not 

possess a significantly smaller amplicon size that would be evident via Agarose gel 

electrophoresis. The sample identified as aberrant in Figure 4.27 also exhibited a 

quantitation curve Ct aberration, indicative of a putative genetic gain, as portrayed in 

Figure 4.28. 

 

 

 

 

 

Figure 4.28: RASA1 quantitation curve: normal vs. aberrant. 
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4.2.6 Summary of results  

 

Analysing the entire putative aberrant cohort in terms of total ETC gene and total NMSC 

gene aberrations gave rise to a observation that is summarised in Graph 4.3. The 

observation was that if a bar graph of putative aberrant gene incidence was plotted 

against that of the distance separating the relevant ETC and NMSC gene pairs on the 

chromosome in terms of mega bases (Mb), it became evident that an increase in the 

putative aberrant incidence was occurring. Possible reasons as to why this particular 

incidence increase was taking place are discussed in section 4.4.6.   

 

Graph 4.3:  Summary of ETC & NMSC gene Incidence vs. Distance separating 
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The legend along the bottom of the graph indicates the gene pairs (1 = NDUFA8 & 

PTCH, 2 = NDUFA5 & SMOH, 3 = SDHD & MMP12, 4 = NDUFV1 & EMS1, 5 = 

COXVIIc & RASA1). 

4.4 Discussion  

 

This study analysed blood samples taken from an affected and control Solar Keratosis 

(SK) population. In all there were 144 control samples and 135 affected samples analysed 

in at least triplicate (mostly triplicate but up to six times due to ambiguity) for aberrations 

in ten genes. These ten genes were subdivided into five pairs; one of the pair being a gene 

associated with the development of a non-melanotic skin cancer (NMSC), the other a 

gene encoding for a subunit of the Electron Transport Chain (ETC). Each of these pairs 

exists in close proximity to one another on a particular chromosomal locale. The 

following is a discussion focussing on each of the five gene pairs, with the emphasis on 

the number and distribution of putative aberrants. 

 

 

4.4.1 NDUFA8 and PTCH 

 

NDUFA8 (9q33.2-q34.11) and PTCH (9q22.3) were the first of the pairs that were 

analysed via SYBR Green I Real-Time PCR and exist 24.221 Mb apart from each other 

on chromosome 9. NDUFA8 and PTCH had a total of 18 and 14 ETC gene putative 

aberrants respectively, with none of the NDUFA8 aberrants coming from the control 

population. The PTCH aberrants were composed of 12 samples from the affected SK 

cohort, with the remaining four coming from the control population.  

 

 This gene pair was the only pair to have the entire affected and control SK population 

analysed for aberrations via the Bio-Rad iCycler Real-Time apparatus. The most common 

aberrations detected in this sample cohort consisted of simple melt-peak temperature 

shifts, which are hallmarks of nucleotide additions or deletions to the genomic area 

analysed. Several delineation peaks were observed in the aberrant PTCH population, 
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which is a type of peak considered to be of a non-conformational nature, possibly due to 

the presence of a non-instructional site.  

Mutations in the NDUFA8 gene have been linked with the development of complex I 

deficiency, a disease associated with an early-onset progressive neurological disorder, 

which is characterised by lactic acidosis, Leigh syndrome, and occasionally 

cardiomyopathy. The PTCH gene has been found to be aberrant in both the common non-

melanotic skin cancers; Basal Cell Carcinoma (BCC) and Squamous Cell Carcinoma 

(SCC). The PTCH gene expresses a protein that provides mitogenic or differentiative 

signals to basal cells in the skin throughout life and thus is a key component in skin 

homeostasis. 

 

 

 

4.4.2 NDUFA5 and SMOH 

 

NDUFA5 (7q32) and SMOH (7q31-q32) were the second of the pairs that were analysed 

via SYBR Green I Real-Time PCR and exist 9.445 Mb apart from each other on 

chromosome 7. NDUFA5 and SMOH had a total of 22 and 16 ETC gene putative 

aberrants respectively, with four of the NDUFA5 aberrants coming from the control 

population. The SMOH aberrants were composed of 13 samples from the affected SK 

cohort, with the remaining three coming from the control population.  This gene pair was 

the only pair to have the entire affected and control SK population analysed for 

aberrations in them via the Bio-Rad iCycler Real-Time apparatus and have the putative 

aberrant population in the ETC component (NDUFA5) additionally analysed for 

anomalies via the Corbett Research Rotor-Gene Real-Time PCR machine. The most 

common aberrations detected in this sample cohort consisted of simple melt-peak 

temperature shifts, which was evident in both the analyses performed with the iCycler 

and Rotor-Gene Real-Time PCR machines. As stated previously these types of anomalies 

are a hallmark of nucleotide additions or deletions to the genomic area of interest. 
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Anomalies in the SMOH gene are associated with the development of the most prevalent 

non-melanotic skin cancer; Basal Cell Carcinoma (BCC). The PTCH and SMOH genes 

both encode proteins involved in the Hedgehog pathway, which regulates mitogenic and 

differentiative signals that are sent to the basal cells in the skin throughout life. The 

PTCH gene has been labelled a tumour suppressor due to functioning as a transmembrane 

molecular transporter, which acts indirectly to inhibit the activity of the SMOH protein. 

The SMOH protein functions as a signalling component of the SHH-receptor complex, 

the central component of the hedgehog pathway, and thus the SMOH gene is regarded as 

a protooncogene, due to its stimulatory abilities.  No genetic abnormalities have reported 

in NDUDA5 to date to the knowledge of this study. 

 

 

4.4.3 SDHD and MMP12 

 

SDHD (11q23) and MMP12 (11q22.2-q22.3) were the third of the pairs that were 

analysed via SYBR Green I Real-Time PCR. They were also the only pair additionally 

analysed via LCGreen I Real-Time PCR and exist 9.44 Mb apart from each other on 

chromosome 11. SDHD and MMP12 had a total of 17 and 12 ETC gene putative 

aberrants respectively, with three of the SDHD aberrants coming from the control 

population. The MMP12 aberrants were composed of 8 samples from the affected SK 

cohort, with the remaining four coming from the control population. The SDHD 

component exhibited aberrations of a melt-peak temperature shift nature, however the 

aberrant MMP12 component presented with plateau and area-under the curve melt-peak 

anomalies in addition to the temperature shift melt-peaks. The nature of the plateau and 

area-under the curve melt-peak abnormalities will be discussed in the summary and 

conclusion component to reduce repetition due to the fact that the next two gene pairs 

also exhibited these particular melt-peak anomalies. 

 

The entirety of the SDHD gene component of this pair was additionally analysed via 

LCGreen I to compare its Real-Time mechanics to that of SYBR Green I.  As shown in 

Figure 4.9, LCGreen I exhibits binding and melting characteristics of a more specific 
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nature than the SYBR Green I MMP12 melt curve shown in Figure 4.10. LCGreen I did 

not bind to a significant degree to unspecific products such as primer dimers and seemed 

to give rise to melt-curves of a ‘cleaner’ nature than SYBR Green I. MMP12 had a small 

component of the affected SK and control cohort analysed via LCGreen I and as shown 

Figure 4.14, LCGreen I can allow for a putative aberrant sample to be compared visually 

to the rest of the Real-Time run samples, rather than the individual control samples as 

shown in the SYBR Green I Real-Time PCR run in Figure 4.10. This tends to a give 

more of a true indication as to what type of aberration the sample is exhibiting and by 

how much, in terms of melting temperature, it exists outside the normal designated range 

for the wild-type samples.  

 

The malformation of the SDHD gene has been linked to the development of hereditary 

paragangliomas, with mutations in this gene theorised to be the prime cause of these 

particular carcinomas.  Hereditary paragangliomas are tumours characterized by the 

development of benign vascularized neoplasias in the head and neck. The SDHD gene 

functions as a tumour suppressor gene at the cellular level in these tissues and needs two 

events for inactivation. The SDHD protein is part of Complex II in the electron transport 

chain and primarily functions as an integral membrane protein involved in electron 

transport, however it also has a secondary function in gliomal tissue in that it comprises 

part of the oxygen-sensing system in paraganglionic tissue, and thus its loss may lead to 

chronic hypoxic stimulation and cellular proliferation. 

 

The MMP12 gene encodes for a matrix metalloprotease that is important in tissue 

remodelling and repair during development and inflammation. Abnormal expression of 

the protein is associated with various diseases states such as tumour invasiveness, 

arthritis, and atherosclerosis. The MMP12 protein has been found to be over-expressed in 

aggressive SCCs and granulomatous skin disorders, and has been theorised to be 

associated with two types of inflammatory skin disorders. 
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4.4.4 NDUFV1 and EMS1 

 

NDUFV1 (11q13) and EMS1 (11q13) were the fourth of the pairs that were analysed via 

SYBR Green I Real-Time PCR and exist 2.68 Mb apart from each other on chromosome 

11. NDUFV1 and EMS1 had a total of 29 and 39 ETC gene putative aberrants 

respectively, with two of the NDUFV1 aberrants coming from the control population. 

The EMS1 aberrants were composed of 32 samples from the affected SK cohort, with the 

remaining seven coming from the control population. The aberrant NDUFV1 and EMS1 

components presented with plateau and area-under the curve melt-peak anomalies in 

addition to temperature shift melt-peaks.  

 

The NDUFV1 gene has been hypothesised to be of primary importance in the 

development of complex I deficiency, mainly due to the function it has within Complex I, 

that of a binding site for electron donators. It is part of the 11q13 amplicon, which also 

contains the EMS1 gene and the anomalous amplification of this area has been detected 

in samples derived from breast cancer and squamous cell carcinomas of the head and 

neck. The EMS1 gene encodes for an actin-binding protein involved in the restructuring 

of the cortical actin cytoskeleton. The over-expression and posttranslational modification 

of the EMS1 transcript (cortactin) results in its redistribution from the cytoplasm to cell-

matrix contact sites, implying a role for cortactin in the modulation of cellular adhesive 

properties 

 

 

4.4.5 COXVIIc and RASA1 

 

COXVII (5q14) and RASA1 (5q13.3) were the fifth and last of the pairs that were 

analysed via SYBR Green I Real-Time PCR and exist 0.73 Mb or 730 Kb apart from 

each other on chromosome 5. COXVIIc and RASA1 had a total of 41 and 32 ETC gene 

putative aberrants respectively, with one of the COXVIIc aberrants coming from the 

control population. The RASA1 aberrants were composed of 32 samples from the 
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affected SK cohort, with none of the putative aberrants coming from the control 

population. The aberrant COXVIIc and RASA1 components presented with plateau and 

area-under the curve melt-peak anomalies in addition to temperature shift melt-peaks. 

 

The RASA1 gene is associated with the development of the capillary malformation-

arteriovenous malformation (CM-AVM) disorder. The disorder is characterised by 

anomalous stains presenting on the skin and their development has theoretically been 

explained by the aberrant activity of the guanosine triphosphate-activating protein, which 

is encoded by the RASA1gene, in signalling for various growth factor receptors that 

control proliferation, migration, and survival of several cell types, including vascular 

endothelial cells. To knowledge of this study no genetic aberrations have been identified 

in the COXVIIc gene, nor have any studies specifically targeted this gene for analysis in 

any disorder or disease. 

 

 

4.4.6 Summary and Conclusions 

 

Mutations caused by exposure to ultraviolet radiation (UVR) can give rise to genetic 

areas that, when amplified in a non-specific fluorophoric Real-Time PCR run, melt in an 

a anomalous manner and present as a plateau like peak or an area-under the curve 

irregularity. These mutations are in the form of C to T and CC to TT transitions, known 

as UV `signature' mutations. UV signature mutations arise from DNA lesions via what is 

known as the `A rule'. According to the A rule, DNA polymerase-eta inserts adenine (A) 

residues by default opposite lesions that it cannot interpret. Thus in UV signature 

mutations a CC to TT transition occurs, because two A residues are placed opposite the 

dimer by default in the place of two guanine (G) residues. A mutation is then created 

upon DNA replication of the strands containing base-pair changes. Another type of 

transition mutation is the 6-4 photoproduct aberration that occurs between a pyrimidine 

and a C residue. The 5-prime residue base-pairs correctly, but the 3-prime C residue 

resembles a non-instructional site. A Cytosine to Thymine mutation occurs because an A 
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residue is placed opposite the C residue by default. It is the presence of non-instructional 

sites via the inclusion of 6-4 photoproduct and UVR signature mutations in the strand of 

DNA being amplified that cause the strand to melt in a non-conformational manner. As 

the SYBR Green I compound intercalates with the DNA strand in an unspecific manner, 

its dissociation from the minor and major grooves of the DNA molecule can be affected 

by the DNA strand having irregular binding properties at specific sites along the strand. It 

is the moment of dissociation of the SYBR Green I compound from the DNA strand that 

the Real-Time PCR machine detects as an increase in fluorescence that gives rise to a 

particular temperature specific melt-peak. Thus any gross changes in DNA binding will 

give rise to a melt-curve area of a plateau-like peak rather than a definitive summit peak 

due to the amplicon in question melting in an aberrant manner through nucleotide binding 

malformations. This is based on simple nucleotide binding mechanics: the presence of 

more G:C sites in the DNA strand of interest gives rise to a higher melting temperature 

due to the G:C bond requiring more energy to break it than the A:T bond. If the binding 

is even that of a lower energy state than the A:T bond, such as in a non-instructional site, 

than the DNA area of interest will possess abnormal melting characteristics such as those 

displayed in a plateau-like peaks.  

 

This study, however, used whole-blood derived DNA from lymphocytes. The short-lived 

lymphocytes would not be exposed to cumulative UVR and thus these types of mutations 

would have to be discounted as direct cause of the observed aberrations in the ten genes 

analysed. There are other sources of carcinogens that have systemic affects rather than 

localised affects. Exposure to chemical carcinogens, polycyclic aromatic hydrocarbons 

(eg. Benzene) and ionising radiation are all known to play a role in the development of 

SCC (Hawrot et al., 2003). Unfortunately, there are no published studies as far as this 

project is aware that analyse the types of mutations caused by exposure to the 

carcinogens discussed previously.  Long term exposure to Benzene is known to give rise 

to non-instructional site variations, though not to the same extent that cumulative UVR 

exposure generates.  Another factor to be taken into account is immunosuppression, 

which has repercussions on the lymphocyte population and contributes significantly to 

affected individuals developing non-melanotic skin lesions such as SCC. 
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Immunosuppression can come from a pre-existing disorder of this type, or be drug-

induced, such as that observed in transplant patients and individuals who have undergone 

chemotherapy (Hawrot et al., 2003). 

 

As shown in Tables 4.1 and 4.2 and on Graph 4.3, the closer the two genes that 

comprised a particular ETC-NMSC pair were to each other on the chromosome, the 

higher the incidence of putative aberrants. NDUFA8 and PTCH (18 and 12 aberrants 

respectively), with a distance of 24 Mb between them on chromosome 9, compared to 41 

and 32 aberrants for COXVIIc and RASA1 respectively, with a distance of 0.73 Mb 

between them on chromosome 5. NDUFA5 and SMOH (22 and 16, with 9 Mb) and 

SDHD and MMP12 (17 and 12, with 9 Mb) were also slightly behind the incidence of 

putative mutants in comparison to the NDUFV1 / EMS1 pair (2 Mb apart), which had 29 

and 39 anomalies identified respectively. Due to the fact that the two genes from the 

NMSC gene association component that possessed the highest incidence (39 and 32 

putative aberrants for EMS1 and RASA1 respectively) came from those associated with 

the development of Squamous Cell Carcinoma (SCC) and not Basal Cell Carcinoma 

(SMOH and PTCH), it is possible that the higher incidence was due to the use of samples 

taken from individuals with the pre-cancerous Solar Keratosis lesion. This lesion has long 

been identified as dermatological and histological precursor to SCC, with Basal Cell 

Carcinoma only associated with the pre-cancer state in 5-7 % of cases via the 

development of Congenital Jadassohn’s sebaceous nevus skin lesion (Sober 1995). Thus 

these genes, which have the potential to play a role in the development of SCC, may only 

be exhibiting a higher incidence as part of the genetic aberrations that occur in the 

progression of a pre-cancerous lesion to its relevant metastatic state.  

 

The significantly higher incidence of putative aberrants in the NDUFV1 (p < 0.018) and 

EMS1 (p < 0.003) genes and the COXVIIc (p < 0.001) and RASA1 (p < 0.009) genes 

could arise due to the chromosomal location of the genes themselves. The NDUFV1 

subunit is part of a 2000 to 2500 Kb section in the 11q13 locus, which is known as the 

11q13 amplicon because it is often amplified in a range of solid tumours. This 

chromosomal area also contains the EMS1 gene, in addition to the COXVIII subunit of 
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the ETC, as well as the oncogenes INT2, HSTF1, and PRAD1. The aberrant 

amplification of this region could be the reason for the comparatively higher prevalence 

of putative aberrants in both the NDUFV1 and EMS1 genes. To the knowledge of this 

study the COXVIIc or RASA1 genes are not part of any aberrantly amplified 

chromosomal amplicon. Another explanation as to the higher prevalence of putative 

aberrants in the two ETC subunit genes (NDUFV1 And COXVIIc) could be the type of 

redox reaction that the particular ETC subunit was involved in, and the concurrent 

susceptibility of the gene to malformation by reactive oxygen species (ROS). Redox 

reactions are a part of the oxidative phosphorylation capabilities of the Electron Transport 

Chain and have a great chance of producing ROS due to the nature of the reactions that 

take place within the chain itself. For example the NDUFV1subunit forms the NADH- 

and FMN-binding site for complex I, and thus is highly susceptible to producing ROS as 

part of its oxidative capabilities, whilst COXVIIc functions as part of the catalytic unit 

that assists in the transfer of electrons from cytochrome c to molecular oxygen as part of 

the cytochrome oxidase c complex. 

 

Another relationship that the data highlighted was that of a higher incidence occurring in 

the affected population when compared to the control. This difference is highlighted in 

the single gene triplicate run population, with the ETC gene component having 10 / 720 

(1.37%) as being putative mutants for the control population, compared to 117 / 675 

(17.3%) for the affected population (p < 0.0001). The NMSC gene component produced a 

16 / 720 (2.22%) ratio for the control population, with the affected population having an 

incidence of 97 / 675 (14.4 %) for putative mutants (p < 0.0001). Both the ETC and 

NMSC gene aberrants are summarised in Graphs 4.1 and 4.2 respectively, with the 

putative aberrants subdivided into their respective control and affected Solar Keratosis 

populations. The graphs clearly indicate that the incidence of putative aberrants is 

significantly higher in the affected SK population in comparison to the control SK 

population.  

 

In conclusion the SYBR Green I and LCGreen I Real-Time PCR methods of analysing 

specific genetic areas proved a cost-effective system of screening large sample 
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populations for putative aberrations. The cost of one vial of SYBR Green I was around 

AUD 200.00, with the number of samples possible to screen from a standard volume 

being in the range of 10 000. LCGreen I had a cost of AUD 180.00, but the standard 

volume supplied by the manufacturing company could only analyse a total of 400 

samples for a one-gene set. The need for both of these compounds to have at least 

triplicate runs performed with them meant that more man-hours were needed to 

adequately screen a genetic area than was usual.  This in conjunction with the fact that 

serious anomalies can still occur in putative wild-type samples, particularly in the melt-

peak component, suggests that non-specific fluorophoric Real-Time PCR is only viable in 

concurrence with other genetic screening techniques such as probe-based Real-Time PCR 

and sequencing. If this particular technique is used in addition to such techniques as 

probe-based Real-Time PCR it can moderate the cost of screening a large population base 

by reducing the number of samples to be analysed for possible aberrations.  

 

The cost of sequencing numerous genetic areas in a large sample cohort is inhibitory and 

thus the best method of analysing specific genes lies with screening the samples first with 

a non-specific fluorophore, with both the quantitation and melt-curve methods, then 

analysing the putative aberrant population from that study via single-labelled and dual-

labelled probes. The former can accurately analyse a sample for amplicon melting 

anomalies, which can indicate the presence of a nucleotide aberrations down to the 

single-nucleotide level, whilst the latter is a precise way to detect the presence of gross 

copy-number aberrations in the genetic area of interest. The total cost of doing such a 

thing would be, to give an example of ten genes and 300 samples, around AUD 12 000, 

compared to at least AUD 70 000 for a forward and backward sequencing screening of 

the sample cohort with the ten genes. The AUD 12 000 figure is based on the assumption 

that the non-specific fluorophore screening component would significantly reduce the 

number of samples that could be putative aberrants for a specific gene, and thus the 

number of probe based Real-Time PCR runs would be lessened. For a study such as the 

one conducted, the approach of sequencing the entire population cohort for anomalies in 

ten specific genes would be extremely cost-ineffective. For methods such as DHPLC 

analysis the cost would be lessened but the need to still sequence the putative samples 
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would still be there in greater emphasis than Real-Time PCR, due to the lack of 

quantitative DNA data in the DHPLC technique.  

 



Chapter Five 
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5.1 Introduction 

 

Large and small-scale genomic aberrations have been detected previously in Solar 

Keratosis (SK) affected individuals using the comparative genomic hybridisation 

technique (Ashton et al., 2001). The locus containing the SDHD and MMP12 genes 

(11q23) was found to possess regional losses in samples from both Solar Keratosis and 

Squamous Cell Carcinoma (SCC) patients and whilst the loss found was on a very broad 

scope (11q22-qter), it was one of the few areas that was common to both lesions, which is 

of interest in light of the fact that SK and SCC are considered to be part of a progressive 

non-melanotic skin cancer spectrum, with SK defined as a precancerous stage of the SCC 

phenomenon. The SDHD and MMP12 genes were selected for further analysis via Dual-

Labelled Real-Time PCR due to the results of the SYBR Green I Real-Time PCR 

component, which indicated that the SDHD and MMP12 genes were less frequently of an 

aberrant nature compared to the other genes of interest. This is significant to this 

component of the project due to the nature of the method employed. If the Dual-Labelled 

probe and primer binds to an area of significant variability then the Ct derived from that 

sample may be of a false nature, either positive or negative. This is due to the lag affect 

improper binding of the probe can have on the Ct, which is the main designate of interest 

to this part of the project.  

 

The Dual-Labelled Probe Real-Time PCR technique is a relatively inexpensive but 

reliable way to scan large sample population for putative gains and losses in a genetic are 

of interest. The results are very easy to interpret, but rely on the type of aberration to be 

detected to be of a specific nature (i.e. either a genetic gain or loss). The types of 

aberrations that the two genes of interest gave rise to from the SYBR Green I Real-Time 

PCR component were usually of a uniform nature. This meant that the plateau and area 

under the curve aberrations detected in other genes by the melt-curve method, which are 

usually an indicator of a gross malformation to the genetic area tested, were not detected 

in these two genes and thus the probe method of an analysis would have a lesser chance 

of producing false positive or negative Ct results. The aim of this study was to analyse 

two specific genes, SDHD and MMP12, for copy number aberrations via Dual-Labelled 
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Probe Real-Time PCR in the same affected Solar Keratosis and control cohort. 

 

The NDUFA8 component of the Solar Keratosis cohort was additionally analysed for 

aberrations via DHPLC (Denaturating High Pressure Liquid Chromatography), which is 

based on the automated detection of heteroduplexes in short DNA segments by ion-pair 

reverse phase high-performance liquid chromatography under partially denaturing 

conditions (Abbas et al., 2004; Castro et al., 2004). The major advantage of this method 

is the low cost and the speed of analysis whereby after a single PCR the unpurified 

product can be analysed within approximately 16 min. Once the profiles are established 

DNA sequencing of PCR fragments is unnecessary (Castro et al., 2004) and it is possible 

to ascertain the presence of single base substitutions, deletions or insertions.  

 

The major requirement for the integral performance of DHPLC analysis is the quality and 

quantity of PCR products (A260 >2 mV) and the size of the amplification product, which 

should be less than 700 bp (Castro et al., 2004). Biggin et al., in 2005 showed that 

DHPLC analysis of multiple sequence alterations in a defined DNA region can 

adequately identify mutations in low melting domains, whilst those in high melting 

domains were unlikely to be detected. It is widely appreciated that the success of DHPLC 

in mutational analysis is dependent on the quality of PCR product. Although DHPLC 

does not require any special PCR’s or conditions, reliable DHPLC analysis requires 

amplified fragments of high quality (Biggin et al., 2005). Despite much success with Taq 

DNA polymerase, touchdown PCR using Pfu polymerase is recommended for DHPLC, 

as this type of PCR minimises mis-primed products while the proof reading Pfu 

polymerase minimises PCR-induced mutations (this enzyme has the lowest error rate of 

any thermostable DNA polymerase (Biggin et al., 2005). The variability in the detection 

sensitivity of different mutations may reflect the position of the mutation and degree of 

surrounding denaturation as stated above.  

 

DHPLC has a proven history in the diagnosis of many disorders including haemophilia, 

Marfan syndrome, cystic fibrosis, breast cancer, and acute lymphoblastic leukaemia 
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(Biggin et al., 2005).  One limitation of analysing NDUFA8 for aberrations in the SK 

cohort is that DHPLC does not identify deletions and duplications, which require a semi-

quantitative PCR for detection (Pigullo et al., 2004). Furthermore, detecting pathologic 

mutation in tissues in which cancer cells are admixed with substantial numbers of normal 

cells is considered to be problematic (Curtiss et al., 2005), due to the incongruous data 

produced by such a sample mix. 

 

A sub-population of SDHD and MMP12 gene aberrants that were identified as putatively 

abnormal in the non-specific fluorophoric Real-Time PCR study were selected for 

sequencing at the Griffith University sequencing facility. The type of sequencing 

implemented in this facility is electrophoresis based, which can have difficulty detecting 

heterozygotes unambiguously and are not 100% accurate for a given base due to 

compressions in GC rich regions (Edwards et al., 2005). In addition, the first few bases 

after the priming site are often masked by the high fluorescence signal from the excess 

dye-labelled primers or dye-labelled terminators, and are difficult to identify (Edwards et 

al., 2005). Conventional electrophoresis based DNA sequencing methods have difficulty 

in characterizing frameshift mutations, because a deletion or insertion in any one allele 

will cause the sequencing reaction between the two alleles to be out of phase, leading to 

difficulties in interpreting the sequencing data (Edwards et al., 2005). DNA sequencing 

involving slab gel or capillary electrophoresis approaches has inherent limitations of read 

length due to separation issues (Ramanathan et al., 2004). The primary limitations of 

current electrophoresis based DNA sequencers are the long time it takes for samples to 

travel across a gel electrophoretically and the resolving capability of the gel itself 

(Edwards et al., 2005). 
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5.2 Methods 

 

The primers and Dual-Labelled Probes were designed as per section 2.2.7, with Dual-

Labelled probe extracted into a viable ddH2O solution via C1V1=C2V2 to give the 

recommended concentration as indicated on the Dual-Labelled Probe data sheet from 

Proligo. The troubleshooting for this component involved experimenting with the 

different probe and primer combinations to see if unspecific product accumulation would 

adversely affect any of the Ct derivatives. This meant that the SDHD, MMP12 and the 

Tubulin-α-8 (housekeeper gene) probe and primer sets were run either all separate, with 

the sample to be tested put into three different tubes as a result, or two tubes were used, 

one with only one probe in it, and the other with two probes in it. This was done for two 

reasons: firstly when all three probe and primer sets were put into the one tube, only the 

SDHD probe performed with any reliability, and secondly to minimise Taq polymerase 

expenditure. The result was that the housekeeper was run separately from the second tube 

containing both the SDHD and MMP12 probe and primer sets. Due to MgCl2 and PCR 

buffer concentration affecting the outcome of a real-time PCR run, a master mix 

containing everything (as per sections 2.4) bar the probe and primers was made up, to be 

dispensed in all the tubes to be run before the relevant probe and primer combination was 

added to each of the tubes utilising a 2µL pipette to minimise pipetting errors. The DNA 

sample to be tested was then added to each of the relevant tubes, with the testing 

performed in duplicate for both the Tubulin-α-8 housekeeper and the SDHD/MMP12 

probe combination. The results from these analyses are presented in Figures 5.1-5.8. 

Samples are designated as aberrant if the differ by two or more Ct cycles outside the 

putative wild-type range as per the standard literature (Wittwer et al., 2001; Bernard and 

Wittwer, 2002; Mocellin et al., 2003a, 2003b), with samples identified as anomalous 

portrayed in Tables 5.1 and 5.2.  

 

Only those samples that exhibited aberrations in triplicate were selected for sequencing 

analysis at the Griffith University sequencing facility. Due to budgetary constraints only 

30 samples could be analysed, and thus the gene set that had the lowest number of 

putative aberrants was chosen.  Based on this criterion the SDHD/MMP12 gene set was 
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chosen, with a total of 29 putative aberrants sequenced, in both the forward and reverse 

direction. All sequencing was performed on the ABI-Prism 377 DNA sequencer in 

conjunction with the Big-Dye Terminator 3.1 solution, with samples prepared for 

analysis as per section 2.5. Results were emailed and then analysed via Chromas plus, 

with Jan Shah from the Mater Hospital and Griffith University doing the review of the 

results to make sure the anomalies detected were in conjunction with the current 

sequencing literature. The results from these analyses are presented in Figures 5.9-5.12. 

 

The DHPLC analysis of the NDUFA8 gene was completed by first performing a standard 

PCR with a Astral-Scientific PCR buffer-Bio-Taq mix as per section 2.3, with sample 

analysed via Agarose gel electrophoresis as per section 3.2 to ensure an adequate level of 

PCR template. Belinda Hartman of Griffith University performed all the analysis on the 

DHPLC data, with the results in chromatogram printout format. The putative mutants 

were already labelled, as indicated by Figures 5.13-5.15. 
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5.3 Results 

 

Table 5.1. Summary of SK DNA Dual-Labelled probe aberrants 

Sample 

Number 

SK Status and 

gender 

SDHD  

Aberration 

MMP12 

Aberration 

Aberrant Gene/s in 

Chapter Four study 

47 
Affected 

male 
Genetic loss − RASA1 

104 Control male Genetic gain Genetic gain − 

207 Control male − Genetic loss − 

245 
Control 

female 
Genetic loss Genetic loss − 

296 
Control 

female 
− Genetic gain NDUFA8 

310 
Affected 

male 
− Genetic gain − 

316 
Affected 

male 
Genetic gain Genetic gain − 

357 
Affected 

female 
− Genetic gain 

PTCH, NDUFA8, 

NDUFA5. 

397 Control male Genetic loss − 

PTCH, SMOH, 

MMP12, EMS1, 

NDUFV1. 

408 
Affected 

female 
− Genetic gain − 

455 Control male Genetic gain Genetic gain − 

461 Control male Genetic loss Genetic loss − 
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Table 5.2: SK DNA Real-Time PCR inter-run and intra-run Ct variances 

Sample 
Tubulin 

intra-run 

Tubulin 

inter-run 

SDHD 

intra-run 

SDHD 

inter-run 

MMP12 

intra-run 

MMP12 

inter-run 

47 0.173 0.889 0.141 0.141 − − 

104 0.255 0.255 0.071 0.283 0.131 0.434 

207 0.141 0.141 − − 0.141 0.141 

245 0.176 0.161 0.169 0.402 0.424 0.424 

296 0.244 0.439 − − 0.375 0.759 

310 0.050 1.19 − − 0.160 0.460 

316 0.040 1.26 0.209 0.183 0.127 0.127 

357 0.131 1.03 − − 0.020 0.863 

397 0.134 0.134 0.180 0.284 − − 

408 0.138 0.243 − − 0.240 0.240 

455 0.173 0.834 0.219 1.30 0.070 0.571 

461 0.010 0.010 0.290 0.290 0.064 0.064 

 

Table 5.1 shows the aberrant sample, the gender of the individual that the sample came 

from and their SK status, the type of aberration (either gain or loss), and any genes 

identified as anomalous in the non-specific fluorophoric Real-Time PCR study. The 

examples that possess bold descriptions in the aberrant gene columns indicate the 

presence of a sample exhibiting copy-number aberrations in both the SDHD and MMP12 

genes. Table 5.2 shows the between run (inter-run) and within-run (intra-run) threshold 

cycle (Ct) variances that exist for each particular sample. The characteristic that has the 

greatest influence on Dual-Labelled Real-Time PCR parameters is the intra-run variance, 

which is portrayed in bold type. It should be noted that none of the intra-run Ct variances 

is above half a cycle, with the majority existing around 0.1 of a cycle variance. This 

indicates this analytical technique is quite precise and has high reproducibility for the  

identification of copy-number aberrations. 
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5.3.1 SDHD and MMP12 Dual-Labelled Probe Ct Result Figures 

 

The quantitation curves produced by the analysis of the Solar Keratosis affected and 

control cohort highlights the types of aberrations that can be detected using this particular 

technique. They are an example of genetic gains and losses localised to a particular 

genetic loci, with the Dual-Labelled Probe Real-Time PCR technique exhibiting this type 

of aberration by portraying the relevant threshold cycle (Ct) for the quantitation curve 

(the cycle point at which the quantitation curve reaches the threshold line on the graph) as 

existing outside the range for the designated wild-type. This is shown in Figures 5.1 and 

5.2, which indicate a putative genetic gain and a putative genetic loss respectively for 

exon 1 of the MMP12 gene.  

 

 

 

 

Figure 5.1: MMP12 Ct: normal vs. aberrant. 

 

 

 

 

 

Figure 5.2: MMP12 Ct: normal vs. aberrant. 

Normal quantitation 

curve for MMP12, 

wild-type sample. 

Aberrant quantitation curve for 

MMP12, SK sample 296. 

Normal quantitation curve for 

MMP12, wild-type sample. 

Aberrant 

quantitation curve 

for MMP12, SK 

sample 310. 
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The standard method of comparing Ct values to identify aberrant samples is not to 

compare the sample to a putative wild-type for the gene of interest (as highlighted in 

Figures 5.1 and 5.2 for the MMP12 gene), but to compare the Ct to the Ct of a 

housekeeper gene. As shown in Figure 5.3, this Ct comparison indicates that the wild-

type sample for MMP12 and its relevant housekeeper Ct exist within the two-cycle limit 

that is characteristic of a sample not portraying a genetic loss or gain. However, the 

MMP12 quantitation curve on the far left for SK sample 357 exhibits a Ct that is more 

than two-cycles difference to its relevant housekeeper Ct, indicative of a putative genetic 

gain for this sample at exon two of the MMP12 gene. 

 

 

 

 

Figure 5.3: MMP12 Ct: normal vs. aberrant (with Tubulin-α-8 Ct). 

 

 

 

 

 

Figure 5.4: SDHD Ct: normal vs. aberrant (with Tubulin-α-8 Ct). 

 

Normal quantitation curve 

for MMP12, wild-type 

sample. 

Quantitation curve for 

Tubulin-α-8, SK sample 

357. 

Quantitation curve 

for Tubulin-α-8, 

wild-type sample. 

Aberrant quantitation curve 

for MMP12, SK sample 

357. 

Quantitation curves for 

Tubulin-α-8, wild-type 

sample and SK sample 310. 

Normal quantitation curve 

for SDHD, wild-type 

sample. 

Aberrant quantitation curve 

for SDHD, SK sample 47. 
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Solar Keratosis sample 47 in Figure 5.4 is exhibiting a genetic loss at exon three of the 

SDHD gene in comparison to a putative wild-type sample within the normal SDHD Ct 

range, as well as in comparison to sample 47’s Tubulin-α-8 Ct. The above dual-labelled 

real-time PCR run is an example of a sample with a putative loss. The right-hand side 

curve is outside the designated range for the wild-type sample (the Ct for this sample is 

approximately 2.5 cycles higher than the wild-type sample). The Ct range for putative 

wild-types is 24 –26, with the norm being 25. 

 

Figure 5.5 below is an example of a run with one sample (SK sample 316) having a 

putative genetic gain on the far left and another sample with a putative genetic loss on the 

far right (SK sample 397). The two-quantitation curves in the middle represent wild types 

(from the two putative aberrant samples in question) for Tubulin Alpha 8 in the purple; 

whilst the aquamarine curves on the far left and inside left represent aberrant SDHD and 

MMP12 quantitation Ct gains respectively. The far right curve designates a SDHD 

sample with an aberrant Ct loss. 

 

 

 

 

 

Figure 5.5: MMP12 Ct: normal vs. aberrant (with Tubulin-α-8 Ct). 

 

Figures 5.5 and 5.6 are two of the five identified examples of a sample having a putative 

aberration in both the relevant SDHD and MMP12 genetic areas. In both cases the SDHD 

and MMP12 anomalies are of the putative genetic gain variation. Figure 5.6 shows 

downward pointing arrows indicating the putative aberrant sample (SK sample 104), 

which has been amplified using both the SDHD and MMP12 probes respectively. The 

Aberrant quantitation curve 

for SDHD, SK sample 397. 

Aberrant quantitation curve 

for SDHD, SK sample 316. 

Aberrant quantitation curve 

for MMP12, SK sample 

316. 

Quantitation curves for 

Tubulin-α-8, SK samples 

316 and 397. 
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upward pointing arrow indicates the SDHD, MMP12, and housekeeper probe’s 

amplification of a wild-type sample, highlighting the normal range for all three probes 

and by how many cycles the putative aberrant sample exists outside this normal range for 

the SDHD and MMP12 amplicons.  

 

 

 

 

 

Figure 5.6: MMP12 and SDHD Ct: normal vs. aberrant (with Tubulin-α-8 Ct). 

 

In all, there were 12 samples identified as aberrant for either exon two of the MMP12 

gene or exon of three the SDHD gene, with five of these samples exhibiting anomalies in 

both the relevant genetic loci. To ensure that non-specific products were not influencing 

(their influence on the reaction is moderate, but still needs to be taken into account) the 

data derived from the Dual-Labelled Probe Real-Time PCR runs, each of the 12 samples 

were run via agarose gel electrophoresis, as shown in Figures 5.7 and 5.8. Arrows 

indicate which sample is which and the type of aberration detected for that particular 

sample. Two of the samples that exhibited aberrations in both the MMP12 and SDHD 

genes (samples 316 and 455) lack the MMP12 component in gel form due to a lack of 

PCR product. Running the samples via agarose gel electrophoresis additionally helped in 

the matter of whether or not possible aberrations in primer binding areas were affecting    

PCR product accumulation, which appeared not to be the case.

Normal quantitation curve for 

SDHD, MMP12, and Tubulin-α-8 

(all same wild-type sample). 

Aberrant quantitation curve 

for SDHD, SK sample 104. 

Aberrant quantitation curve 

for MMP12, SK sample 

104. 
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Figure 5.7: Agarose gel of SDHD and MMP12 Aberrants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Agarose gel of SDHD and MMP12 Aberrants.
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ladder, with 

the arrow 

indicating 

700 bp. 

207      104       47      296       397     310      245       245      461      461       408 
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500 bp and 
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respectively. 

100 bp 
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500 bp and 

200bp 

respectively. 

       104      316        455                 357      
       SDHD    SDHD      SDHD                    MMP12 

       gain     gain      gain                  gain 
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5.3.2 SDHD and MMP12 Dual-Labelled Probe Result Summary  

 

The Dual-Labelled Probe Real-Time PCR study involved analysing whole blood derived 

DNA for small-scale genomic gains and losses from individuals with no history of cancer 

and patients dermatologically diagnosed with at least one solar keratosis (SK) lesion 

presenting on their body. The genomic regions tested encoded for an exonic locality in 

the SDHD and MMP12 genes respectively, with both genes residing in the 11q23 locus. 

Both genomic areas had previously been analysed via SYBR Green I Real-Time PCR in 

conjunction with eight other genes and was found to contain the lowest frequency of 

putative aberrants in the control and affected SK population.  

 

The SDHD gene encoded for a protein that is an essential subunit of complex II in the 

mitochondrial housed Electron Transport Chain (ETC). It has been previously linked with 

the development of benign paragliomas and neuroblastomas, with several studies 

indicating that the SDHD subunit acts as a tumour suppressor in these particular tumours 

and its inactivation has been found to stimulate the angiogenic pathway.   

 

MMP12 is a matrix metalloproteinase protein important in tissue remodelling and repair 

during development and inflammation. MMP-12 has been found to be over-expressed in 

aggressive SCCs and granulomatous skin disorders respectively and abnormal expression 

of this protein has been theorised to be associated with two types of inflammatory skin 

disorders.  

 

Both the targeted genes have associations with tumour development and the results of 

this study have indicated that these two genes are part of the spectrum of genetic 

abnormalities that non-melanotic skin lesions possess, particularly in light of the fact that 

the abnormalities detected were of the genetic gain and loss variety, rather than base 

deletions and insertions. Genetic gains and losses have been found to be much more 

prevalent in cancerous tissues than specific single nucleotide abnormalities (SNP’s), and 

these types of mutations have a potentially greater impact on genomic integrity than 

SNP’s due to the fact that they are gross anomalies rather than pinpoint substitutions. 

Gross abnormalities can produce proteins of a severely malformed nature, which in the 
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case of SDHD can lead to an increase in the production of reactive oxygen species 

(ROS), which are a class of compounds that play a significant role in carcinogenesis and 

metastasis. As mentioned previously the inactivation of the SDHD protein has been 

linked to angiogenesis, a process that is a hallmark of increased tumour metastasis. 

MMP12 gene anomalies also have the potential to play a role in cancer development 

through its role in degrading cellular tissues that readily get inflamed after exposure to 

carcinogens such as ultraviolet radiation. Increased production of ROS can also lead to 

increased inflammation in cellular bodies, such as the epidermal layers, which can have a 

feedback mechanism to impair apoptosis, a cellular procedure that halts the progression 

and reproduction of damaged cells. The impairment of apoptosis is a critical factor in the 

initiation of carcinogenesis, and in the unsuccessful treatment of cancer cells, particularly 

if the treatment is standard chemotherapy.  

 

The anomalies found in this study consisted of genetic gains and losses, with the gain or 

loss verified with comparison to the Ct of an internal housekeeper, Tubulin-α-8. This 

particular housekeeper was chosen for this study based on two reasons: firstly because of 

its role in heart and skeletal muscle in regulating mitosis, cell movement, and 

intracellular movement (Stanchi et al., 2000), and secondly because of its chromosomal 

locus, 22q11, which was not found to be aberrant in any of the CGH or fragile site studies 

involving skin epithelial tissue. This study found no anomalies in any of the Dual-

Labelled Real-Time PCR runs performed with Tubulin-α-8 as the housekeeper 

comparison, by which it is meant that the Real-Time PCR mechanics of the housekeeper 

probe were all within standard values, especially the lag to exponential phase transition 

stage (a stage in the Real-Time PCR characterised by the threshold cycle number).  

 

This study found a total of 12 samples from the solar keratosis affected and control 

cohort population as having aberrant threshold cycle values in comparison to their 

respective housekeeper threshold cycle number. They were all analysed via Agarose gel 

electrophoresis to verify the correct amplification of the genetic areas of interest and to 

determine if unspecific products were being generated, which was evident not to be the 

case as depicted in Figures 5.7 and 5.8. There were seven samples from the control 
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population and five from the affected solar keratosis population, with the average age of 

the putative aberrant population being 56.17 years.  

 

The following is a summary of the 12 Ct aberrants, with the focus on the type of 

aberration, the gene it was found to occur in, their age and sex, the number of solar 

keratoses present on their body, and whether this particular sample was found to be 

putatively aberrant in the SYBR Green I Real-Time PCR study. 

 

5.3.2.1 Solar Keratosis Study Sample 47  

 

Sample 47 came from an affected male solar keratosis patient; 48 years of age; with a 

total of 24 SK presenting on his body at the time the blood sample was taken (1997). The 

sample was previously shown to be putatively aberrant in the SYBR Green I Real-Time 

PCR study, with the aberration detected in the RASA1 gene on the 5q13.3 locus. This 

gene has been associated with the capillary malformation-arteriovenous malformation 

(CM-AVM) disorder. The disorder is characterised by anomalous stains presenting on the 

skin and their development has theoretically been explained by the aberrant activity of 

the guanosine triphosphatase-activating protein, which is encoded by the RASA1gene, in 

signalling for various growth factor receptors that control proliferation, migration, and 

survival of several cell types, including vascular endothelial cells.  

 

This patient exhibited a genetic loss at exon three of the SDHD gene on the chromosomal 

locus 11q23. The sample was run in conjunction with a Dual-Labelled probe representing 

the housekeeper gene Tubulin-α-8 for an internal comparison of its threshold cycle (Ct) 

number relative to the SDHD probe of interest. This was duplicated in an adjacent tube 

for demonstration of reproducibility and verification of the Ct value, with the sample 

having an additional two runs performed to ensure without run reproducibility, as well as 

within run reproducibility. All six Real-Time quantitation curves this sample produced 

highlighted the presence of a genetic loss at exon three of the SDHD gene. 
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5.3.2.2 Solar Keratosis Study Sample 104 

 

 

Sample 104 came from a control male subject with no previous history of cancer and at 

the time the sample was collected in 1997 was 47 years of age. This sample was not 

shown to be aberrant in the SYBR Green I Real-Time PCR study in any of the ten genes 

analysed.  

 

This patient exhibited a genetic gain at exon three of the SDHD gene and at exon two of 

the MMP12 gene on the chromosomal locus 11q23. The sample was run in conjunction 

with a Dual-Labelled probe representing the housekeeper gene Tubulin-α-8 for an 

internal comparison of its threshold cycle (Ct) number relative to the SDHD and MMP12 

probes of interest. This was duplicated in an adjacent tube for demonstration of 

reproducibility and verification of the Ct value, with the sample having an additional two 

runs performed to ensure without run reproducibility, as well as within run 

reproducibility. All six Real-Time quantitation curves this sample produced highlighted 

the presence of a genetic gain at exon three of the SDHD gene and at exon two of the 

MMP12 gene.  

 

5.3.2.3 Solar Keratosis Study Sample 207 

 

Sample 207came from a control male subject with no previous history of cancer and at 

the time the sample was collected in 1997 was 52 years of age. This sample was not 

shown to be aberrant in the SYBR Green I Real-Time PCR study in any of the ten genes 

analysed. 

 

This patient exhibited a genetic loss at exon two of the MMP12 gene on the chromosomal 

locus 11q23. The sample was run in conjunction with a Dual-Labelled probe representing 

the housekeeper gene Tubulin-α-8 for an internal comparison of its threshold cycle (Ct) 

number relative to the MMP12 probe of interest. This was duplicated in an adjacent tube 

for demonstration of reproducibility and verification of the Ct value, with the sample 

having an additional two runs performed to ensure without run reproducibility, as well as 
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within run reproducibility. All six Real-Time quantitation curves this sample produced 

highlighted the presence of a genetic gain at exon two of the MMP12 gene.  

 

5.3.2.4 Solar Keratosis Study Sample 245 

 

Sample 245 came from a female control subject with no previous history of cancer and at 

the time the sample was collected in 1997 was 56 years of age. This sample was not 

shown to be aberrant in the SYBR Green I Real-Time PCR study in any of the ten genes 

analysed. 

 

This patient exhibited a genetic loss at exon three of the SDHD gene and at exon two of 

the MMP12 on the chromosomal locus 11q23. The sample was run in conjunction with a 

Dual-Labelled probe representing the housekeeper gene Tubulin-α-8 for an internal 

comparison of its threshold cycle (Ct) number relative to the SDHD and MMP12 probes 

of interest. This was duplicated in an adjacent tube for demonstration of reproducibility 

and verification of the Ct value, with the sample having an additional two runs performed 

to ensure without run reproducibility, as well as within run reproducibility. All six Real-

Time quantitation curves this sample produced highlighted the presence of a genetic loss 

at exon three of the SDHD gene and at exon two of the MMP12 gene.  

 

5.3.2.5 Solar Keratosis Study Sample 296 

 

Sample 296 came from a female control SK patient and at the time the sample was 

collected in 1997 when they were 50 years of age. This sample was shown to be 

putatively aberrant in the SYBR Green I Real-Time PCR study, with the gene of interest 

being the nuclear-encoded mitochondrial electron transport chain gene NDUFA8, located 

at the 9q33.2-q34.11 locus. Apart from the DHPLC mutations detected in this gene in the 

SK DNA aberration study the only other well-known publications referring to mutations 

in this gene are to do with complex I deficiency, a disease associated with an early-onset 
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progressive neurological disorder, which is characterised by lactic acidosis, Leigh 

syndrome, and occasionally cardiomyopathy. 

 

This patient exhibited a genetic gain at exon two of the MMP12 gene on the 

chromosomal locus 11q23. The sample was run in conjunction with a Dual-Labelled 

probe representing the housekeeper gene Tubulin-α-8 for an internal comparison of its 

threshold cycle (Ct) number relative to the MMP12 probe of interest. This was duplicated 

in an adjacent tube for demonstration of reproducibility and verification of the Ct value, 

with the sample having an additional two runs performed to ensure without run 

reproducibility, as well as within run reproducibility. All six Real-Time quantitation 

curves this sample produced highlighted the presence of a genetic gain at exon two of the 

MMP12 gene.  

 

5.3.2.6 Solar Keratosis Study Sample 310 

 

Sample 310 came from an affected male solar keratosis patient; 74 years of age; with a 

total of 10 SK presenting on his body at the time the blood sample was taken (1997). The 

sample was previously shown to be putatively aberrant in the SYBR Green I Real-Time 

PCR study, with the aberration detected in the RASA1 gene on the 5q13.3 locus. This 

gene has been associated with the capillary malformation-arteriovenous malformation 

(CM-AVM) disorder. The disorder is characterised by anomalous stains presenting on the 

skin and their development has theoretically been explained by the aberrant activity of 

the guanosine triphosphatase-activating protein, which is encoded by the RASA1gene, in 

signalling for various growth factor receptors that control proliferation, migration, and 

survival of several cell types, including vascular endothelial cells. 

 

This patient exhibited a genetic gain at exon two of the MMP12 gene on the 

chromosomal locus 11q23. The sample was run in conjunction with a Dual-Labelled 

probe representing the housekeeper gene Tubulin-α-8 for an internal comparison of its 

threshold cycle (Ct) number relative to the MMP12 probe of interest. This was duplicated 

in an adjacent tube for demonstration of reproducibility and verification of the Ct value, 
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with the sample having an additional two runs performed to ensure without run 

reproducibility, as well as within run reproducibility. All six Real-Time quantitation 

curves this sample produced highlighted the presence of a genetic gain at exon two of the 

MMP12 gene. 

 

5.3.2.7 Solar Keratosis Study Sample 316 

 

Sample 316 came from a male affected SK subject, with nine SK identified on their body 

at the time the sample was collected in 1997 when they were 37 years of age. This sample 

exhibited aberrations in the SYBR Green I Real-Time PCR study in the MMP12 (11q23 

locus) and EMS1 (11q13) genes respectively.  

 

This patient exhibited a genetic gain at exon three of the SDHD gene and at exon two of 

the MMP12 gene on the chromosomal locus 11q23. The sample was run in conjunction 

with a Dual-Labelled probe representing the housekeeper gene Tubulin-α-8 for an 

internal comparison of its threshold cycle (Ct) number relative to the SDHD and MMP12 

probes of interest. This was duplicated in an adjacent tube for demonstration of 

reproducibility and verification of the Ct value, with the sample having an additional two 

runs performed to ensure without run reproducibility, as well as within run 

reproducibility. All six Real-Time quantitation curves this sample produced highlighted 

the presence of a genetic gain at exon three of the SDHD gene and at exon two of the 

MMP12 gene.  

 

The EMS1 gene encodes for an actin-binding protein involved in the restructuring of the 

cortical actin cytoskeleton and the anomalous amplification of this gene has been 

detected in samples derived from breast cancer and squamous cell carcinomas of the head 

and neck as part of the 11q13 amplicon. 

 

The MMP12 gene encodes for a matrix metalloprotease that is important in tissue 

remodelling and repair during development and inflammation. Abnormal expression of 

the protein is associated with various diseases states such as tumour invasiveness, 
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arthritis, and atherosclerosis. The MMP12 protein has been found to be over-expressed in 

aggressive SCCs and granulomatous skin disorders, and has been theorised to be 

associated with two types of inflammatory skin disorders. 

 

5.3.2.8 Solar Keratosis Study Sample 357 

 

Sample 357 came from a female affected SK patient, with three SK found on their body 

at the time the sample was collected in 1997 when they were 74 years of age. This sample 

was shown to be putatively aberrant in the SYBR Green I Real-Time PCR study, with the 

genes of interest being PTCH (locus 9q22.3) and the nuclear-encoded mitochondrial 

electron transport chain (ETC) genes NDUFA8 and NDUFA5, located at the 9q33.2-

q34.11 and 7q32 loci respectively.  

 

This patient exhibited a genetic gain at exon two of the MMP12 gene on the 

chromosomal locus 11q23. The sample was run in conjunction with a Dual-Labelled 

probe representing the housekeeper gene Tubulin-α-8 for an internal comparison of its 

threshold cycle (Ct) number relative to the MMP12 probe of interest. This was duplicated 

in an adjacent tube for demonstration of reproducibility and verification of the Ct value, 

with the sample having an additional two runs performed to ensure without run 

reproducibility, as well as within run reproducibility. All six Real-Time quantitation 

curves this sample produced highlighted the presence of a genetic gain at exon two of the 

MMP12 gene.  

 

NDUFA5 has not been reported to be aberrant in any studies involving nuclear-encoded 

mitochondrial ETC genes and apart from the DHPLC mutations detected in the NDUFA8 

in the SYBR Green I Real-Time PCR study, the only other well-known publications 

referring to mutations in this gene are to do with complex I deficiency, a disease 

associated with an early-onset progressive neurological disorder, which is characterised 

by lactic acidosis, Leigh syndrome, and occasionally cardiomyopathy. 
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The PTCH gene has been found to be aberrant in both the common non-melanotic skin 

cancers; Basal Cell Carcinoma (BCC) and Squamous Cell Carcinoma (SCC). The PTCH 

gene expresses a protein that provides mitogenic or differentiative signals to basal cells in 

the skin throughout life and thus is a key component in skin homeostasis. 

 

5.3.2.9 Solar Keratosis Study Sample 397 

 

Sample 397 came from a male control subject who was 58 years of age at the time the 

blood sample was taken (1997). This sample exhibited aberrations in the SYBR Green I 

Real-Time PCR study in the EMS1 (11q13), NDUFV1 (11q13), SDHD (11q23), PTCH 

(9q22.3), and SMOH (7q31-q32) genes. 

 

This patient exhibited a genetic loss at exon three of the SDHD gene on the chromosomal 

locus 11q23. The sample was run in conjunction with a Dual-Labelled probe representing 

the housekeeper gene Tubulin-α-8 for an internal comparison of its threshold cycle (Ct) 

number relative to the SDHD probe of interest. This was duplicated in an adjacent tube 

for demonstration of reproducibility and verification of the Ct value, with the sample 

having an additional two runs performed to ensure without run reproducibility, as well as 

within run reproducibility. All six Real-Time quantitation curves this sample produced 

highlighted the presence of a genetic loss at exon three of the SDHD gene. 

 

The PTCH and SMOH genes have been found to aberrant in both the common non-

melanotic skin cancers; Basal Cell Carcinoma (BCC) and Squamous Cell Carcinoma 

(SCC). The PTCH and SMOH genes both encode proteins involved in the Hedgehog 

pathway, which regulates mitogenic and differentiative signals that are sent to the basal 

cells in the skin throughout life. The PTCH gene has been labelled a tumour suppressor 

due to functioning as a transmembrane molecular transporter, which acts indirectly to 

inhibit the activity of the SMOH protein. The SMOH protein functions as a signalling 

component of the SHH-receptor complex, the central component of the hedgehog 

pathway, and thus the SMOH gene is regarded as a protooncogene.  
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The NDUFV1 gene has been hypothesised to be of primary importance in the 

development of complex I deficiency, mainly due to the function it has within Complex I, 

that of a binding site for electron donators. It is part of the 11q13 amplicon, which also 

contains the EMS1 gene and the anomalous amplification of this area has been detected 

in samples derived from breast cancer and squamous cell carcinomas of the head and 

neck. 

 

The malformation of the SDHD gene has been linked to the development of hereditary 

paragangliomas, with mutations in this gene theorised to be the prime cause of these 

particular carcinomas.  Hereditary paragangliomas are tumours characterized by the 

development of benign vascularized neoplasias in the head and neck. The SDHD gene 

functions as a tumour suppressor gene at the cellular level in these tissues and needs two 

events for inactivation. The SDHD protein is part of Complex II in the electron transport 

chain and primarily functions as an integral membrane protein involved in electron 

transport, however it also has a secondary function in gliomal tissue in that it comprises 

part of the oxygen-sensing system in paraganglionic tissue, and thus its loss may lead to 

chronic hypoxic stimulation and cellular proliferation.  

 

 

5.3.2.10 Solar Keratosis Study Sample 408 

 

Sample 408 came from a female affected SK patient, with four SK found on their body at 

the time the sample was collected in 1997 when they were 74 years of age. This sample 

was not shown to be aberrant in the SYBR Green I Real-Time PCR study in any of the 

ten genes analysed. 

 

This patient exhibited a genetic gain at exon two of the MMP12 gene on the 

chromosomal locus 11q23. The sample was run in conjunction with a Dual-Labelled 

probe representing the housekeeper gene Tubulin-α-8 for an internal comparison of its 

threshold cycle (Ct) number relative to the MMP12 probe of interest. This was duplicated 
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in an adjacent tube for demonstration of reproducibility and verification of the Ct value, 

with the sample having an additional two runs performed to ensure without run 

reproducibility, as well as within run reproducibility. All six Real-Time quantitation 

curves this sample produced highlighted the presence of a genetic gain at exon two of the 

MMP12 gene.  

 

5.3.2.11 Solar Keratosis Study Sample 455 

 

Sample 455 came from a male control subject with no previous history of cancer and at 

the time the sample was collected in 1997 was 60 years of age. This sample was not 

shown to be aberrant in the SYBR Green I Real-Time PCR study in any of the ten genes 

analysed. 

 

This patient exhibited a genetic gain at exon three of the SDHD gene and at exon two of 

the MMP12 on the chromosomal locus 11q23. The sample was run in conjunction with a 

Dual-Labelled probe representing the housekeeper gene Tubulin-α-8 for an internal 

comparison of its threshold cycle (Ct) number relative to the SDHD and MMP12 probes 

of interest. This was duplicated in an adjacent tube for demonstration of reproducibility 

and verification of the Ct value, with the sample having an additional two runs performed 

to ensure without run reproducibility, as well as within run reproducibility. All six Real-

Time quantitation curves this sample produced highlighted the presence of a genetic gain 

at exon three of the SDHD gene and at exon two of the MMP12 gene.  

 

5.3.2.12 Solar Keratosis Study Sample 461 

 

Sample 461 came from a male control subject with no previous history of cancer and at 

the time the sample was collected in 1997 was 67 years of age. This sample was not 

shown to be aberrant in the SYBR Green I Real-Time PCR study in any of the ten genes 

analysed. 
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This patient exhibited a genetic loss at exon three of the SDHD gene and at exon two of 

the MMP12 on the chromosomal locus 11q23. The sample was run in conjunction with a 

Dual-Labelled probe representing the housekeeper gene Tubulin-α-8 for an internal 

comparison of its threshold cycle (Ct) number relative to the SDHD and MMP12 probes 

of interest. This was duplicated in an adjacent tube for demonstration of reproducibility 

and verification of the Ct value, with the sample having an additional two runs performed 

to ensure without run reproducibility, as well as within run reproducibility. All six Real-

Time quantitation curves this sample produced highlighted the presence of a genetic loss 

at exon three of the SDHD gene and at exon two of the MMP12 gene.  

 

 

5.3.3 Sequencing of SDHD and MMP12 Putative Mutants 

 

The following three figures represent sequencing chromatograms depicting the presence 

of two Guanine heterozygous substitution polymorphisms. These anomalies are intronic 

and are located 44 and 47 base pairs respectively from the splice 3` end of exon two in 

the MMP12 gene on chromosome 11. According to the review analysis performed by Jan 

Shah of the Mater hospital, the right-hand arrow in Figures 5.9, 510, and 5.11 indicate the 

presence of an A-G substitution and is considered to be a orthodox mutation that matches 

the criteria set out by the current literature (Ramanathan et al., 2004, Edwards et al., 

2005). 

 

 

Figure 5.9: Sequence of MMP12 exon 1, reverse primer, SK sample 173.  
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Figure 5.10: Sequence of MMP12 exon 1, reverse primer, SK sample 248.  

 

 

 

Figure 5.11: Sequence of MMP12 exon 1, reverse primer, SK sample 275.  

 

The left-hand arrow in Figures 5.9, 5.10, and 5.11 show the putative presence of a C-G 

substitution in exon of one of the MMP12 gene, with additional sequencing analysis of 

this particular anomaly required to confirm it as a legitimate polymorphism. Figure 5.12 

below shows a sample lacking a definitive C-G peak substitution, with no A-G 

polymorphic peak evident at all. The MMP12 sequencing component identified 9 of the  

12 samples analysed as possessing the A-G substitution, in addition to the putative C-G 

anomaly, with three samples not exhibiting any sequencing anomalies at all. The 17 

SDHD gene-sequencing reactions produced no clear abnormalities, with 11 of the 

samples lacking any clear sequence to analyse. Due to a lack of funding, additional 

analysis of these SDHD samples as well as those MMP12 samples exhibiting the putative 

C-G peak anomaly was not possible, and thus only the nine MMP12 samples possessing 

the A-G abnormality were identified as aberrant. 
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Figure 5.12: Sequence of MMP12 exon 1, reverse primer, SK sample 176.  

 

 

5.3.4 DHPLC Analysis of NDUFA8 Putative Mutants 

 

The 80 NDUFA8 samples analysed via DHPLC identified 12 putative aberrants, with all 

but one of these identified as aberrant in the non-fluorophoric Real-Time PCR study.  

Belinda Hartmann from Griffith University performed the analysis, with putative 

aberrants and wild-type samples indicated on the DHPLC chromatogram via simple 

lettering (WT = wild-type, and M = mutant or aberrant). The three DHPLC analyses of 

exon two of the NDUFA8 gene portraying putative aberrants is shown in Figures 5.13, 

5.14, and 5.15. The putative aberrant samples are identified by the presence of a red M, in 

conjunction with the markers included by the DHPLC apparatus operator. The sample 

identified as a “real mutant” in Figure 5.13 was from a 67-year-old female with no 

history of Solar Keratosis, and who had not been identified as aberrant in the NDUFA8 

component of the non-fluorophoric Real-Time PCR study. The question as to whether the 

DHPLC technique has validity in conjunction with Real-Time PCR or even over it will 

be discussed in section 5.4, as will the implications of the results depicted in Figures 

5.13, 5.14, and 5.15. 
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Figure 5.13: DHPLC chromatogram highlighting wild-type samples and putative 

aberrants: NDUFA8. 

 

 

Figure 5.14: DHPLC chromatogram highlighting wild-type samples and putative 

aberrants: NDUFA8. 
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Figure 5.15: DHPLC chromatogram highlighting wild-type samples and putative 

aberrants: NDUFA8.

M 

M 

M 
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5.4 Discussion  

 

 

5.4.1 Dual-Labelled Probe Real-Time PCR Analysis of SDHD and 

MMP12 

 

The locus being analysed in the SDHD and MMP12 Dual-Labelled Probe Real-Time 

PCR study was that of the 11q23 region, a chromosomal locus that has previously been 

found to contain regional gains and losses in a comparative genomic hybridisation (CGH) 

study involving samples extracted from both Solar Keratoses (SK) and Squamous Cell 

Carcinoma (SCC) lesions. The importance of this particular finding is that the SK lesion 

has long been identified as part of a continuum with SCC, both histopathologically and 

dermatologically. What it even of more importance is that the regional losses were 

restricted to the 11q22-qter region, whilst the regional gain was found to exist on the 

entire 11q arm. This means that the gains identified in this study would not be part of the 

11q13 amplicon spectrum; a region identified in numerous CGH studies involving 

cancerous tissue, such as breast cancer, as being aberrant.  

 

The Dual-Labelled Probe Real-Time PCR method of diagnosis proved adequate in terms 

of reproducibility and cost, with the average cost of a probe and primer set being AUD 

450.00. Each probe and primer set gives a minimum of 800 uses, with all the probes 

utilised in this study having considerably more repetitions left in its sample volume. The 

use of Tubulin-α-8 as the housekeeper proved a success due its extremely high 

reproducibility (no runs were observed at all as being anomalous when the Tubulin-α-8 

probe was used as the housekeeper component) and the nature of the Real-Time PCR 

quantitation curves it produced, which were all of a clear and easily discernible nature. 

There were no significant differences between the types of mutations identified in terms 

of the incidence of gains and losses in the SDHD and MMP12 genes respectively. There 

were 12 samples identified as being of an anomalous nature for either of the SDHD and 

MMP12 genes out of a total population of 279, with five of the samples exhibiting 

aberrations in both the SDHD and MMP12 genes. The SDHD component possessed two 
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samples that exhibited genetic losses, with no samples showing a gain at exon three for 

this gene. Exon two of the MMP12 gene exhibited four samples possessing the gain 

characteristic, with one sample showing a genetic loss. The five samples possessing 

copy-number abnormalities in both genes showed a gain occurring in three samples, with 

the other two samples exhibiting a genetic loss. Both genes have been associated with 

tumour development as well as inflammation, however they are of the suppressor type in 

that both copies of the gene need to be malformed and thus there presence in relative 

equal numbers in the control and affected population (seven and five respectively) is not 

an unexpected result.  

 

The Dual-Labelled Probe Real-Time PCR method proved to be a precise technique in the 

detection of copy number aberrations as per Table 5.2. Combined with a prior screening 

of putative samples via SYBR Green I to minimise unproductive wasting of probe 

sample, it is a readily performed and easily interpreted procedure in identifying genetic 

gains and losses in an area of interest. Journal searches into CGH studies involving the 

type of disease to be investigated also gives insight into chromosomal areas that might be 

associated with the disease of interest’s development or progression. If the CGH results 

are combined with the Dual-Labelled Probe Real-Time PCR results in terms of genetic 

gains and losses, then a large and small-scale chromosomal locus picture of a disease 

model can be theorised, particularly in light of the large database of allelic variants 

located on the OMIM website with regards to certain genes and their association with the 

development of specific diseases. 

 

 

5.4.2 Sequencing Analysis of SDHD and MMP12 

 

The analysis of 29 samples for anomalies in the genetic sequences of the SDHD and 

MMP12 genes showed a widely distributed polymorphism (9 out of the 12 MMP12 

samples or 75 %) in the intronic region upstream from exon two of the MMP12 gene. 

None of the samples analysed were identified as having an exonic mutation, with the 

SDHD gene only undergoing successful sequencing in six out of the 17 samples. Whilst a 
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reverse and forward sequencing reaction was performed on all 29 samples, there was a 

region in both the SDHD and MMP12 amplicons that did not exhibit ‘clean’ sequencing 

and was virtually undefinable in terms of determining the nucleotide composition of the 

area. This was the first 30 base pairs of all the forward primer reactions, but due to 

budgetary restraints only two sequencing runs were performed on the 29 samples, with 

the first run not exhibiting identifiable gene transcripts due to the PCR product being left 

in the ethanol cleaning stage as per the technique described in section 2.5, with not 

enough ethanol supernatant removed before the pellet was air dried overnight.  

 

 

5.4.3 DHPLC Analysis of NDUFA8 

 

The analysis of 80 affected Solar keratosis and control samples for aberrations in 

NDUFA8 via DHPLC was entirely performed by Belinda Hartmann of Griffith 

University, who categorised the samples into wild-types and mutants based on their 

particular DHPLC peak profile. Several of the high-signal peaks designated as aberrant in 

Figures 5.13-5.15 are apparently of a nature that certain authors classify as false positive 

within the particular context of somatic mutation screening elaborated by the DHPLC 

method. However, as some samples displayed ambiguous profiles, the DHPLC analysis 

was undertaken with careful optimisation steps for each NDUFA8 sequence analysed, 

which was performed by a person with experience in chromatogram reading. Once the 

profiles are established, DNA sequencing of PCR fragments is unnecessary (Castro et al., 

2004).  

 

It is important to note that the presence of a profile with a sharp peak does not necessary 

characterize a wild type sample but rather the presence of a homoduplex, which means 

that a polymorphism/mutation may be present in homozygosis. Therefore, when the first 

screening analysis shows homoduplex formation, mixing the sample with a PCR product 

from a wild type sequence is mandatory, and from the information received by the 

DHPLC operator, this was indeed the case. Thus, the samples identified as aberrant in 

comparison to the wild-type samples can be construed as being identified accurately 
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within the guidelines of the current literature. As stated in section 5.3.4, there were 12 

samples identified as being of an aberrant nature, with all but one sample previously 

labelled as abnormal in the non-specific fluorophoric Real-Time PCR study. This was a 

67-control patient with no history of skin cancer, whilst the other eleven were all from 

affected Solar Keratosis individuals that had previously been identified as aberrant for the 

NDUFA8 gene.  

 

 

5.4.4 Summary and Conclusions 

 

The analysis of DNA aberrations via Dual-Labelled Real-Time PCR proved adequate in 

terms of identifying the presence of a copy-number aberration, with the genetic loss 

variety having an incongruity in that if a substitution mutation was present at either the 

primer or probe binding site, the Ct for that sample would exhibit a copy-number loss, 

which would be a false-positive for that type of anomaly. If those particular genetic areas 

were deleted or aberrantly amplified to an extent they affected the binding of the primers 

or probes, than this also would impair the concise identification of a genetic loss 

anomaly. An improper Ct evaluation of a sample due to the types of DNA aberrations 

described above could possibly exhibit the malformity in a non-specific fluorophoric 

melt-curve reaction. Whilst none of the samples that exhibited a genetic loss gave rise to 

aberrant melt-curves in section 4.3.3, there is a great chance that this technique would not 

detect a significant single-nucleotide polymorphism that might affect the binding of the 

probe component rather than the primer component. A primer binding polymorphism 

would adversely affect the melt-peak signal produced by a non-specific fluorophoric 

Real-Time PCR run, and none of the samples identified as possessing a genetic loss for 

either SDHD or MMP12 possessed such an anomalous melt-peak.  

 

The use of sequencing to analyse the genomic integrity of the SDHD and MMP12 

amplicons proved inconclusive, in part due to the lack of additional analyses, with the 

type of sequencing used itself having several drawbacks. These were that the sequencing 

was electrophoresis based, which can have difficulty detecting heterozygotes 
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unambiguously and are not 100% accurate for a given base due to compressions in GC 

rich regions (Edwards et al., 2005). In addition, the first few bases after the priming site 

are often masked by the high fluorescence signal from the excess dye-labelled primers or 

dye-labelled terminators and are difficult to identify (Edwards et al., 2005), as was the 

case in all the forward primer-based sequencing reactions and to a lesser extent the 

reverse primer based ones as well. Conventional electrophoresis based DNA sequencing 

methods have difficulty in characterizing frameshift mutations, because a deletion or 

insertion in any one allele will cause the sequencing reaction between the two alleles to 

be out of phase, leading to difficulties in interpreting the sequencing data (Edwards et al., 

2005). DNA sequencing involving slab gel or capillary electrophoresis approaches has 

inherent limitations of read length due to separation issues (Ramanathan et al., 2004). 

The primary limitations of current electrophoresis based DNA sequencers are the long 

time it takes for samples to travel across a gel electrophoretically and the resolving 

capability of the gel itself. Thus concise conclusions as to the presence of DNA sequence 

anomalies in exon three of the SDHD gene and exon two of the MMP12 gene cannot be 

drawn, with the nine A-G transition abnormalities identified in MMP12 occurring in an 

intronic region.  

 

The DHPLC technique, which was employed to analyse 80 samples for aberrations in the 

NDUFA8 gene, proved an adequate method of identifying DNA abnormalities in 

amplicons, particularly in conjunction with Real-Time PCR, as the DHPLC technique 

lacks a quantitative aspect to its analysis. The fact that the current literature showed that 

this technique is reliable if precautions are undertaken at the set-up stage when 

identifying the wild-type for the gene of interest, and that 11 of the 12 aberrant samples 

had previously been labelled as anomalous using non-specific Real-Time PCR, 

demonstrates that DHPLC analysis is an appropriate technique if run in conjunction with 

Real-Time PCR. Using the two techniques together enables for a scope of analyses that 

encompasses DNA amplicon degeneration specifics as well as giving DNA quantitation 

data to further understand the precise nature of the aberrations contained within the gene 

of interest in the sample cohort. Thus, it is possible to analyse samples to a significant 
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degree without having to spend an excessive amount of money via such techniques like 

DNA sequencing, which hold their own analytical disadvantages. 

 

In conclusion the identification of DNA aberrations in an affected Solar Keratosis and 

control cohort ascertained several particular genomic abnormalities in the SDHD, 

MMP12 and NDUFA8 genes, with an emphasis on copy-number aberrations and 

amplicon abnormalities. Further analyses involving such techniques as single-labelled 

probe melt curves (Wittwer et al., 2001) and MALDI-TOFMS (matrix assisted laser 

desorption ionisation- time of flight mass spectrometry) (Edwards et al., 2005) would 

provide more information as to the precise nature of the aberrations detected to the single 

nucleotide level, with research parameters that would be viable to studies possessing 

minimal funding such as this one.  
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6.1 Introduction 

 

Mitochondria are unique in mammalian cells, in that they are the only extra-nuclear 

organelle to possess their own genome, which as stated previously exist in a ~ 100 fold 

DNA excess in comparison to the nuclear encoded genes (200 copies of mtDNA versus 

two copies of nDNA encoded genes). Energy generation (through oxidative 

phosphorylation) is the primary metabolic function of mitochondria, however they also 

participate in several other essential cellular processes (Burger et al., 2003). They are also 

the primary initiators of programmed cell death or apoptosis (Modica-Napolitano and 

Singh, 2004), the circumvention of which is a hallmark of the carcinogenetic process. 

Mitochondrial DNA depletion or mitochondrial DNA depletion syndrome (MDS) is a 

disorder that is tissue-specific and is characterised by progressive muscular weakness and 

hypotonia, lactic acidosis, liver failure, renal Fanconi syndrome, seizures, external 

ophthalmoplegia, and congestive heart failure. The phenotypic presentation of this 

disorder in the particular cells of the affected tissue is a reduction in the number of copies 

of mitochondria that exist per cell. There is only tenuous evidence to suggest a systemic 

mode of inheritance for this disorder, with a study identifying that there may be nuclear 

gene involved in maintaining mitochondrial DNA copy number, but as yet no gene has 

been linked with this proposed function (Ducluzeau et al., 2002). Only two forms of the 

tissue specific MDS have been connected with particular nuclear genes and their relevant 

mutations: Hepatocerebral MDS with deoxyguanosine kinase and Myopathic MDS with 

thymidine kinase (Ducluzeau et al., 2002, Mancuso et al., 2005; Wang et al., 2005).  

 

Certain compounds can also initiate this disorder, among them the HIV treatment drug 

Zidovudine and all associated nucleoside analogues used in the treatment. They achieve 

this mitochondrial toxicity by inhibiting mitochondrial DNA polymerase gamma (γ) 

(Chariot et al., 1999). It should be stressed that this method of inducing MDS is not the 

method by which the disease expresses itself in infancy, as several studies have ruled out 

polymerase gamma (γ) as being a candidate for the disease (Barthelemy et al., 2001). 

These types of compounds are also associated with anti-cancer treatments, such as 

leukaemia therapy (Benyumov et al., 2005; Falchetti et al., 2005; Uckun et al., 2005). 
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This study aimed to analyse Mitochondrial DNA depletion syndrome in a RAAF 

personnel cohort, who had been routinely exposed to a type of jet-fuel and were 

exhibiting amongst other symptoms, liver malfunctions, skin disorders, and the 

development of atypical male breast cancer. As stated in Chapter 2, no control samples 

were analysed in order to establish the normal range of mitochondrial DNA content as 

elucidated by Dual-Labelled Real-Time PCR. This was due to the urgent requirement for 

the diagnosis of MDS in these individuals as their physical and mental health was 

deteriorating and a treatment plan needed to be elucidated as soon as possible. 

 

 

6.2 Methods  

 

The samples for this component of the Dual-Labelled Probe studies came from Royal 

Australian Air Force (RAAF) personnel previously exposed to jet-fuel components 

during the F 1-11 ‘deseal-reseal’ project. This study was part of a series of diagnostic 

tests scheduled by the RAAF to determine what the affect long-term exposure to this 

chemical substance was, as the personnel who had been exposed to this substance were 

exhibiting a wide range of symptoms.  These included increased incidence of atypical 

cancer (male breast cancer), liver malfunctions, depression, and severe skin irritations, 

primarily exhibiting an inflammatory response. The primary treatment and diagnostic 

tests were performed at the Mater Hospital Private Practice, under the guidance of Dr 

Frank Bowling. It was this facility that scheduled the blood collection from the seven 

RAAF personnel to be tested, with collection of the blood occurring approximately 1-2 

hours after diagnostic tests in the morning. The blood was stored at room temperature in a 

15 mL EDTA treated aseptic Falcon Tube, with the White Blood Cell (WBC) extraction 

performed via the Ficoll-Hypaque technique within 2 hours of collection at the nearby 

Mater Medical Research Institute. The premise behind the method of analysis is that 

some 200 mitochondria exist per cell and that any reduction in content can be detected by 

a specific mitochondrial DNA probe, with comparison to a nuclear encoded housekeeper 

gene, in this case Tubulin-α-8.  
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This study utilised a Dual-Labelled Probe that represented the Mitochondria DNA 

encoded tRNA leucine gene, which was a tRNA of sufficient length and G/C content to 

give the Real-Time PCR run a high chance of performing optimally. All probes and PCR 

master mixes were designed and produced as per sections 2.27 and 2.4 respectively, with 

the PCR optimisation performed as per section 3.2. 

 

Due to the fact that Dual-Labelled Probe Real-Time PCR is logarithmic in nature and that 

each cycle represents a two-fold increase in DNA copies, this method can detect a 

reduction in mitochondrial copy number. Wild-type samples would possess a six to seven 

fold lower Ct value than the nuclear housekeeper gene (mathematically it is at least 6.65 

cycles lower to equate to a 100 fold excess of DNA copy number). A lower Ct is a 

hallmark of greater DNA copy number, whether mitochondrial or nuclear, and thus any 

sample having a higher mitochondrial Ct than normal in comparison to the nuclear gene 

can be said to be expressing mitochondrial DNA depletion syndrome. The results of these 

analyses are depicted in Figures 6.1-6.8 and summarised in Tables 6.1 and 6.2. The data 

portrayed in Table 6.1 was derived by first determining the average Ct difference from 

the Tubulin-α-8 probe for the ten Real-Time PCR runs performed with each sample. This 

figure was subtracted from 6.65, the number of cycles that equates to a 200-fold DNA 

excess, to give a figure that was multiplied in power form to the number 2 (i.e. 2 
2.65
). 

This gave the MtDNA fold difference compared to the standard ~200, which was derived 

by dividing 200 by the fold-differential figure (i.e. 2 
2.65 
= 6.27.  200 / 6.27 = ~ 32). It was 

this MtDNA fold-differential or reduction figure that gave the % reduction number, 

which was achieved by subtracting the reduction figure from 200 and then dividing the 

resultant number by 200 to give a percentile figure (200 – ~32 = ~168. ~ 168 / 200 = 

0.8400 or 84 %).  
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6.3 Results 

 

 

Table 6.1. Summary of Mitochondrial DNA Depletion Study Analysis 

Patient 
Average Probe Ct 

difference from 6.65 

Average Mitochondrial 

DNA reduction 

Average Mitochondrial 

DNA % reduction 

1 1.85 3.61 fold reduction 72.30 % 

2 1.65 3.14 fold reduction 68.15 % 

3 1.65 3.14 fold reduction 68.15 % 

4 2.35 5.1 fold reduction 80.39 % 

5 0.00 0.00 fold reduction 0.000 % 

6 0.65 1.57 fold reduction 36.30 % 

7 0.45 1.37 fold reduction 27.01 % 

 

The results obtained for the mitochondrial DNA depletion study are summarised in Table 

6.1. This table shows the average number of cycles the relevant threshold cycle (Ct) for 

each patient was outside the designated range for the wild-type sample. As explained in 

chapter one and in sections 6.1 and 6.2, mitochondria exist in ~200-fold excess compared 

to the nucleus in white blood cells. This excess correlates to a Ct of approximately 6-7 

cycles less in contrast to that produced by the housekeeper probe (tubulin-α-8), which 

was in the range of some 25 Real-Time PCR cycles in the putative wild-type samples for 

tubulin-α-8. Thus a wild-type sample for the tRNA leucine Dual-Labelled Probe would 

have a Ct of approximately 17-18 cycles.  

 

As each Real-Time PCR cycle correlates to a two-fold increase in relevant DNA, than 

each cycle under the 6-7 Ct cycle range would equal a two-fold decrease in mitochondrial 

DNA (MtDNA), or a reduction in relative mitochondrial DNA copy number to ~ 100. 

Thus, a sample that exhibited slightly more than a two-cycle Ct difference to that of the 

wild-type sample would have a five-fold MtDNA decrease (or a reduction in copy 
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number to ~40 MtDNA copies), as shown in patient 4 in Table 6.1. The method of 

transforming fold reduction into % reduction is explained in section 6.2.  

 

Table 6.2: MtDNA Real-Time PCR inter-run and intra-run Ct variances 

Sample 
Tubulin  

intra-run 

Tubulin 

 inter-run 

MtDNA  

intra-run 

MtDNA  

inter-run 

1 0.223 1.26 0.423 1.38 

2 0.372 1.01 0.301 1.20 

3 0.353 1.04 0.434 1.09 

4 0.324 0.909 0.340 1.01 

5 0.190 1.36 0.198 1.29 

6 0.327 1.06 0.386 0.998 

7 0.149 0.724 0.318 1.18 

 

Table 6.2 shows the between run (inter-run) and within-run (intra-run) threshold cycle 

(Ct) variances that exist for each particular sample. The characteristic that has the greatest 

influence on Dual-Labelled Real-Time PCR parameters is the intra-run variance, which is 

portrayed in bold type. It should be noted that none of the intra-run Ct variances is above 

half a cycle, with the majority existing around 0.3 of a cycle variance. This indicates this 

analytical technique is quite precise and has high reproducibility for the identification of 

MtDNA copy-number aberrations.  

 

The following seven sections are examples of the Dual-Labelled Probe Real-Time PCR 

quantitation curves produced for each of the patients. Arrows indicate the relevant curve 

produced by either the mitochondrial DNA or housekeeper probe, with explanations as to 

the particular Ct difference located directly under the diagrams of interest. 
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6.3.1 Patient 1 

 

 

     

 

 

Figure 6.1: Patient 1 Mitochondrial tRNA Leucine Probe Ct vs. Tubulin-α-8 Probe Ct.  

 

The majority of the quantitation curves for patient 1 exhibited a 2.5 cycle difference (that 

is the Ct was only five cycles less than the housekeeper Ct) with reference to those 

produced by the wild-type samples, as indicated by Figure 6.1. The figure above shows 

the Ct for the MtDNA probe at 19.5 cycles in comparison to the housekeepers 24.5 

cycles, a difference of five cycles, indicative of a putative decrease in mitochondrial 

DNA copy number to ~ 64. The overall percentage decrease that this patient exhibited 

was 72.30 % (or a reduction in MtDNA copy number to ~ 56), a value derived from 

averaging the Ct’s from the ten Dual-Labelled Probe Real-Time PCR runs performed 

with this patients DNA sample.  

 

 

Patient 1 

mitochondrial 

probe  

Patient 1 

Tubulin-α-8 

probe  
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6.3.2 Patient 2 

 

 

 

 

Figure 6.2: Patient 2 Mitochondrial tRNA Leucine Probe Ct vs. Tubulin-α-8 Probe Ct. 

 

All the quantitation curves produced from patient 2s’ DNA exhibited a 2.5 cycle 

difference (that is the Ct was only five cycles less than the housekeeper Ct) with 

reference to those produced by the wild-type samples, as indicated by Figure 6.2. The 

figure above shows the Ct for the MtDNA probe at 19.5 cycles in comparison to the 

housekeepers 24.5 cycles, a difference of five cycles, indicative of a putative decrease in 

mitochondrial DNA copy number to ~ 64. The overall percentage decrease that this 

patient exhibited was 68.15 % (or a reduction in MtDNA copy number to ~ 64), a value 

derived from averaging the Ct’s from the ten Dual-Labelled Probe Real-Time PCR runs 

performed with this patients DNA sample. 
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mitochondrial 
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6.3.3 Patient 3 

 

 

 

 

Figure 6.3: Patient 3 Mitochondrial tRNA Leucine Probe Ct vs. Tubulin-α-8 Probe Ct. 

 

The majority of the quantitation curves produced from patient 3s’ DNA exhibited a 2.5 

cycle difference (that is the Ct was only five cycles less than the housekeeper Ct) with 

reference to those produced by the wild-type samples, as indicated by Figure 6.3. The 

figure above shows the Ct for the MtDNA probe at 19.5 cycles in comparison to the 

housekeepers 24.0 cycles, a difference of four and a half cycles, indicative of a putative 

decrease in mitochondrial DNA copy number to ~ 46. The overall percentage decrease 

that this patient exhibited was 68.15 % (or a reduction in MtDNA copy number to ~ 64), 

a value derived from averaging the Ct’s from the ten Dual-Labelled Probe Real-Time 

PCR runs performed with this patients DNA sample. 
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6.3.4 Patient 4 

 

 

 

 

Figure 6.4: Patient 4 Mitochondrial tRNA Leucine Probe Ct vs. SDHD Probe Ct. 

 

This sample was one of three (the others being samples 1 and 5) that was run against the 

SDHD probe utilised in chapter four to provide an extra reference point for the Ct 

differences, particularly in light of the fact that this patient had the greatest observed 

reduction in mitochondrial copy number (80.39 %) amongst the seven patients. Figure 

6.4 above shows the Ct for the MtDNA probe at 19.0 cycles in comparison to the SDHD 

23.0 cycles, a difference of four cycles, indicative of a putative decrease in mitochondrial 

DNA copy number to ~ 32. The MtDNA quantitation curve produced by sample 5 in 

Figure 6.4 shows a Ct cycle difference of 8.5 cycles in comparison to the SDHD probe, 

an indication of a sample not exhibiting MtDNA depletion with reference to the Dual-

Labelled Probe Real-Time PCR technique. The majority of the quantitation curves for 

patient 4 exhibited a 3.5 cycle difference (that is the Ct was only four cycles less than the 

housekeeper Ct) with reference to those produced by the wild-type samples, though as 

indicated by the run in Figure 6.5, which employed a housekeeper probe, some portrayed 

a 2.5 cycle difference. The overall average decrease in mitochondrial DNA copy number 

for this patient was from ~ 200 to ~ 40. 

Patient 5 

mitochondrial 

probe  

Patient 5 

SDHD probe  

Patient 4 

mitochondrial 

probe  
 

Patient  4 

SDHD probe 
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Figure 6.5: Patient 4 Mitochondrial tRNA Leucine Probe Ct vs. Tubulin-α-8 Probe Ct. 

 

 

6.3.5 Patient 5 

 

 

 

 

Figure 6.6: Patient 5 Mitochondrial tRNA Leucine Probe Ct vs. Tubulin-α-8 Probe Ct. 
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The majority of the quantitation curves produced from patient 5s’ DNA exhibited no 

discernible Ct cycle difference with reference to those produced by the wild-type 

samples, as indicated by Figure 6.6. The figure above shows the Ct for the MtDNA probe 

at 17.5 cycles in comparison to the housekeepers 25.0 cycles, a difference of 7.5 cycles. 

Out of the seven patients analysed for the presence of mitochondrial DNA depletion 

syndrome, this patient was the sole example of the Dual-Labelled Probe Real-Time PCR 

technique not identifying a reduction in relative MtDNA copy number. Another example 

of patient 5 not exhibiting mitochondrial DNA depletion is portrayed in Figure 6.4, which 

is derived from a Real-Time PCR run employing the SDHD probe utilised in chapter 4 as 

the Ct reference. This patient had an average Ct difference over the ten Real-Time PCR 

runs performed with their DNA of 6.71, equating to a putative MtDNA copy number of ~ 

210. 

 

 

6.3.6 Patient 6 

 

 

 

 

Figure 6.7: Patient 6 Mitochondrial tRNA Leucine Probe Ct vs. Tubulin-α-8 Probe Ct. 
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The majority of the quantitation curves produced from patient 6s’ DNA exhibited a 1.5 

cycle difference (that is the Ct was only six cycles less than the housekeeper Ct) with 

reference to those produced by the wild-type samples. Figure 6.7 above shows the Ct for 

the MtDNA probe at 18.5 cycles in comparison to the housekeepers 23.5 cycles, a 

difference of five cycles, indicative of a putative decrease in mitochondrial DNA copy 

number to ~ 64. The overall percentage decrease that this patient exhibited was 36.30 % 

(or a reduction in MtDNA copy number to ~ 128), a value derived from averaging the 

Ct’s from the ten Dual-Labelled Probe Real-Time PCR runs performed with this patients 

DNA sample. 

 

 

6.3.7 Patient 7 

 

 

 

 

Figure 6.8: Patient 7 Mitochondrial tRNA Leucine Probe Ct vs. Tubulin-α-8 Probe Ct. 

 

The majority of the quantitation curves for patient 7 exhibited a 1.5 Ct cycle difference 

(that is the Ct was only six cycles less than the housekeeper Ct) with reference to those 

produced by the wild-type samples, as indicated by Figure 6.1. The figure above shows 

the Ct for the MtDNA probe at 18.5 cycles in comparison to the housekeepers 24.5 
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cycles, a difference of six cycles, indicative of a putative decrease in mitochondrial DNA 

copy number to ~ 128. The overall percentage decrease that this patient exhibited was 

27.01 % (or a reduction in MtDNA copy number to ~ 146), a value derived from 

averaging the Ct’s from the ten Dual-Labelled Probe Real-Time PCR runs performed 

with this patients DNA sample. 

 

 

6.4 Blue-Native Polyacrylamide Gel Electrophoresis 

 

The Mater Hospital is currently undertaking experiments to analyse the integrity of the 

mitochondrial DNA itself, with an emphasis on whether the mitochondrial genome is 

being degraded in what is known as a ‘moth-eaten’ manner. This would help verify 

whether the exposure to the jet-fuel was causing the mitochondria DNA to slowly 

degrade, or to rapidly degrade as if undergoing apoptosis. A way of determining this 

hypothesis would be to isolate the platelet fraction, which is possible if using the Ficoll-

Hypaque method and extract the five membrane-bound Electron Transport Chain (ETC) 

complexes, to analyse the composition in the 1
st
 and 2

nd
 dimension via Blue-Native 

polyacrylamide gel electrophoresis. As any imbalance in mitochondrial DNA would 

result in anomalous assembly of the ETC complexes due to the fact that four of the five 

complexes have mitochondrial DNA encoded subunits (complex II is entirely nuclear-

DNA encoded), this technique could give visual confirmation as to whether 

mitochondrial DNA was being degraded in a time-wise manner.  

 

An attempt by the project via the Schagger method as per section 2.6 unfortunately did 

not result in a polyacrylamide gel that exhibited an adequately visible ETC complex 

resolution, as shown in Figure 6.9. This figure portrays three protein samples taken from 

patients 4, 6, and 5, with the other patients not possessing enough platelets to attempt a 

ETC complex extraction. The three patients who were analysed for ETC complex 

aberrations via this method, themselves barely possessed enough platelets from their 15 

mL of whole blood to attempt an analysis. There were three discernible reasons as why 

this technique proved unsuccessful: the platelets were stored in -20°C, not -80°C as was 
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recommended by Schagger; the Bio-Rag mini-gel apparatus could not be sealed 

adequately and thus the buffer level for the gel required constant filling, which impaired 

the supply of a constant ampere level to the gel; and the buffer composition itself was 

incorrectly manufactured due to a misunderstanding in product nomenclature (Tricine 

was used, instead of Bis-Tris). As the level of viable platelet-derived protein was only 

sufficient for one run, this experiment could not be repeated, with time and budgetary 

constraints involved in the reprocurement of whole-blood from the seven affected RAAF 

personnel. 

 

 

 

 

 

 

Figure 6.9: Patients 4, 6, and 5 Blue Native polyacrylamide gel electrophoresis. 

   Patient 4           Patient 6         Patient 5         15 Mb ladder 
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6.5 Discussion  

 

This study analysed DNA taken from white blood cells, derived from seven RAAF 

personnel who have been exposed to a potential hazardous chemical through their 

activities in cleaning out the fuel tanks on aircrafts used by the RAAF. The RAAF 

personnel had all been flown in to Brisbane to be treated at the Mater Hospital private 

clinic run by Dr Frank Bowling. During the initial round of treatment it was decided to 

analyse the seven patients for mitochondrial DNA depletion syndrome (MDS), which 

was a type of disorder capable of producing the various symptoms exhibited by the seven 

patients. The idea for this type of study came in diagnostic discussions with DR Frank 

Bowling and the Mater Pathology directors, in conjunction with a metabolic advisor from 

Griffith University, Dr David Maguire. The patients had been exhibiting a wide variety of 

symptoms, including atypical cancer, liver malfunctions, depression, and skin lesions, 

usually of the inflammatory nature. MDS is a disorder that has the potential to produce 

these types of symptoms, as the mitochondria take part and indeed play a pivotal role in 

cell maintenance, especially energy production and apoptotic programmed cell death 

pathways. Mitochondria exist in cells in multitude, usually in the range of 200, and a 

depletion in mitochondria has been linked to several inherited genetic disorders as well as 

drug derived MDS, most notably from the use of the HIV treatment drug Zidovudine and 

all associated nucleoside analogues used in the treatment of the disease. These varieties 

of MDS are characterised by progressive muscular weakness and hypotonia, lactic 

acidosis, liver failure, renal Fanconi syndrome, seizures, external ophthalmoplegia, and 

congestive heart failure.  

 

The Dual-Labelled Probe Real-Time PCR method of threshold cycle (Ct) comparison 

was chosen as the mode of analysis to detect if any of the seven patients. The DNA was 

derived from white blood cells that had been isolated via the Ficoll-Hypaque technique, 

an aspect of the project that was vital due to the fact that in whole blood, the platelet 

component also contains mitochondrial bodies and thus could adversely affect the 

accurate detection of MDS. The Ct method of analysis allowed for easily repetitive Real-

Time PCR runs, which gave the study adequate reproducibility to reject or accept its 
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aims. The Real-Time PCR runs were performed within run two to four times for each 

sample (that is each sample was processed in at least duplicate in the same Real-Time 

PCR run) and each total run was replicated 10 times. As Real-Time PCR mechanics 

allow for multiplex DNA comparisons of Ct values, an internal nuclear encoded 

housekeeper was chosen to compare the relative DNA values of mitochondria to the 

nucleus. The Real-Time PCR method theorised that the Ct values of the mitochondrial 

probe should be of at least a seven-cycle difference compared to the nuclear-encoded 

housekeeper probe and this was clearly exhibited by patient five in Figure 6.6, who 

showed no clear sign of MDS via this mode of analysis.  

 

Patient 5 did not exhibit any expression of MDS in any of the Dual-Labelled Probe Real-

Time PCR runs performed with the DNA extracted from this individuals white blood 

cells. This patient was the only individual to exhibit a greater than seven-cycle difference 

in repetition, which is indicative of a non-expressing MDS individual, with two Real-

Time PCR runs showing at least an eight-cycle difference. This is still within the normal 

range as the number of mitochondria per cell is not a fixed amount, the range of 200 

usually just a minimum observed in human cells expressing mitochondria. A point of 

interest with this patient is that out of the 15mL of whole blood taken from this 

individual, the amount of white blood cells isolated from the blood stock was more than 

three times the volume extracted from the other six patients. This could possibly be a 

hallmark of a systemic infection due to the amount of white blood cells (WBC) isolated 

from the whole blood, however this a hypothesis as any information on the patients 

health status outside the symptoms being treated by the Mater Medical Private Practice 

facility were not disclosed to this study. The increased amount of DNA extracted from 

the WBC as a result of the high WBC count would not influence the Real-Time PCR 

mechanics in regards to a true Ct value being obtained, as the nuclear to mitochondrial 

DNA comparison relies solely on the fact that some 200 mitochondria exist per cell, 

compared to one nucleus. Thus the only thing that would happen would be the Ct values 

for both the nuclear and the mitochondrial presenting at slightly lower levels compared to 

the other six patients, which is indeed the case. For a true anomaly to exist only one of 

the Ct values would be at a lower level than what was expected, not both. 
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The Dual-Labelled Probe Real-Time PCR method identified the presence of MDS in 

samples from four of the seven patients who were being treated by the Mater Medical 

private Practise facility for their symptoms, which included the development of atypical 

cancer. The two individuals that did not have a definite diagnosis were patient’s six and 

seven, who were both on the borderline of exhibiting MDS, with the question mark being 

over the small difference in the Ct values with regards to the mitochondrial versus 

nuclear copy number comparison. Both presented with one run exhibiting no discernible 

mitochondrial copy number difference at all, and thus despite the performance of ten 

Real-Time PCR runs with both patients extracted DNA, the status of their mitochondrial 

copy number could not be evaluated. The majority of the runs exhibited a six-cycle 

difference, which is not significant enough to determine a Ct anomaly, as the literature on 

Ct values indicates that Real-Time PCR mechanics can give rise to one-cycle anomalies, 

even if all the factors are taken into account. This is usually due to the presence of slight 

pipetting errors (~ 0.1 µL variance) affecting the optimum performance of the Real-Time 

reaction. Of the four patients who exhibited a clear reduction in mitochondrial copy-

number, the average decrease was of a four-fold level, or approximately a depletion of 

mitochondrial DNA copies from 200+ to ~ 54.  

 

The Dual-Labelled Probe Real-Time PCR method of diagnosis proved adequate in terms 

of reproducibility and cost, with the average cost of a probe and primer set being AUD 

450.00. Each probe and primer set gives a minimum of 800 uses, with all the probes 

utilised in this study having considerably more repetitions left in its sample volume. The 

use of Tubulin-α-8 as the housekeeper proved a success due its extremely high 

reproducibility (no runs were observed at all as being anomalous when the Tubulin-α-8 

probe was used as the housekeeper component) and the nature of the Real-Time PCR 

quantitation curves it produced, which were all of a clear and easily discernible nature.  

 

The use of the Ficoll-Hypaque method of isolating WBS from whole blood was a 

success, particularly in terms of man-power and time spent on extraction (one person 

takes an average of two-and-a-half hours to complete the extraction), as well as the 

volume of WBC isolated. This technique was vital to the project in another sense in that 
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it removed the platelet fraction from the WBC content, which made it possible to 

adequately determine the true mitochondrial copy number of an individuals WBC, as 

platelets also possess mitochondria, but no nucleus. If the platelets had not been removed 

from the WBC fraction, than false negative results would possibly be obtained by the use 

of the Dual-Labelled Probe Real-Time PCR technique in diagnosing the presence of 

MDS. There exist other techniques to diagnose the presence of MDS in individuals, such 

as hybridisation probes, but they do not take into account the presence of mitochondria in 

platelets nor are they of a rapid yet concise nature like the Dual-Labelled Probe Real-

Time PCR technique in conjunction with Ficoll-Hypaque whole-blood isolation. 

 

In conclusion, this study contributed to the medical diagnosis and treatment of the seven 

RAAF personnel who were being treated for various maladies at the Mater Medical 

Private Practise, in particular the evaluation of the presence of mitochondrial DNA 

depletion syndrome. The dual-labelled methodology used in this evaluation proved 

reliable and accurate (as per Table 6.2), with easily reproducible and discernible 

analytical advantages in determining the relative mitochondrial DNA copy number of the 

jet-fuel exposed RAAF cohort. 



Chapter Seven 

 

 

 

 

 

 

 

 

Summary and Discussion 
 

 



 211

7.1 Introduction  

 

This study involved an analysis of whole blood derived DNA for small-scale genomic 

aberrations from a group of individuals with no history of cancer and another group of 

patients dermatologically diagnosed with at least one Solar Keratosis (SK) lesion 

presenting on their body. Another component of this project involved the analysis of 

cellular mitochondrial content in whole blood derived DNA from seven RAAF personnel 

who had been exposed to a potentially hazardous chemical. Both aspects of the project 

utilised the Dual-Labelled Probe Real-Time PCR technique to evaluate genetic areas of 

interest. The first study also employed SYBR Green I Real-Time PCR in conjunction 

with genomic sequencing.  

 

The histopathological and dermatological nature of the Solar Keratosis lesion enabled 

this project to analyse genetic areas that theoretically could participate in carcinogenesis. 

These lesions are considered precancerous; in so far as there exists the chance that the 

lesion could regress. A comparison of genetic areas of malformity in SK lesions and in 

the neoplasia that is considered to be the ‘evolved’ form of Solar Keratosis, Squamous 

Cell Carcinoma (SCC) was performed via a literature review. By analysing these mutated 

sites via Real-Time PCR, this project contributes to the knowledge of the process 

involved in cancerous promotion from the premalignant state to a definitive neoplasia 

such as SCC.  

 

A particularly significant aspect of this project is that the DNA analysed did not come 

from an epithelial source, rather it was extracted from whole blood samples taken from a 

control and affected SK cohort. Thus, the genetic mutations detected in this project have 

purportedly wider implications in terms of systemic effects that could play a role in 

tumour initiation and promotion. An example of such a contribution would be the 

reactive oxygen species (ROS) produced in the blood supply through simple redox 

reactions and through the mechanisms of energy production via the mitochondrial 

Electron Transport Chain (ETC), which both platelets and white blood cells possess.  
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This project was the first (as far as a three-year literature review across numerous 

scientific databases could ascertain) to analyse lymphocytes from Solar Keratoses 

affected individuals for abnormalities in genes that encode for subunits of the ETC. The 

simultaneous analysis of genes associated with the development of epithelial SCC in 

conjunction with the ETC subunit component, required an analytical technique that could 

evaluate genetic areas rapidly and concisely within the limits of fiscal feasibility. The 

technique that was selected for the majority of the analytical approaches was Real-Time 

PCR, an investigative method that analyses the amplification of DNA in real time. Using 

this technique, it is possible to evaluate the size of amplicons without having to run the 

finished product on a gel. This is due to the fact that samples that have a larger target area 

will melt before those that have a smaller amplicon, though gel electrophoresis is 

nevertheless still recommended for confirmation of the result. Another advantage of this 

technique is that it is quantitative; relative amounts or indeed absolute amounts of any 

given amplicon can be estimated. Thus an additional feature of the samples’ genetic 

signature is revealed, namely if the sample possesses a genetic copy number aberration.  

 

Unspecific products and the presence of artefacts in the data can be removed from the 

data analysis via the combination of the quantitative and melt-curve components in the 

real-time reaction. This method of analysis offers the choice of having a multiplex 

reaction, combining the investigations of several different genetic areas in one tube, thus 

saving manpower and consumables. This factor is important as it removes the chances of 

inter-run variances affecting sample analysis when multiple genes are being analysed, as 

in this study, which involved the analysis of ten genes subdivided into five gene pairs of 

interest. 

 

This study was based on recently published articles  (Ashton et al, 2001; Jin et al., 2002) 

that utilised the comparative genomic hybridisation technique. That technique identifies 

specific large-scale aberrant genetic areas in DNA, which had been extracted from the 

epithelial layer of localised SK and SCC lesions. Several of these locations were found to 

possess genes that have reported to be associated with SCC, either in a developmental or 

metastatic sense (Ashton et al, 2001; Jin et al., 2002). Those regions also contained genes 
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that encoded for protein subunits that were involved in the process that produces the cells 

energy as well as the majority of its ROS, a group of compounds proposed to be 

associated with tumour development. These genes encode for subunits of the Electron 

Transport Chain and more specifically are those that the nucleus expresses. This point 

must be emphasised; the mitochondria possess their own genome, which encodes for 

thirteen subunits of the ETC (seven from complex I, one from complex III, three from 

complex IV, and two from complex V).  

 

Mitochondria are unique in mammalian cells, in that they are the only extra-nuclear 

organelle to possess their own genome, which as stated previously exist in a ~ 100 fold 

excess in comparison to the nucleus. Energy generation (through oxidative 

phosphorylation) is the primary metabolic function of mitochondria, however they also 

participate in several other essential cellular processes (Burger et al., 2003). They are also 

the primary initiators of programmed cell death or apoptosis (Modica-Napolitano and 

Singh, 2004), the circumvention of which is a hallmark of the carcinogenetic process.  

 

Mitochondrial DNA depletion or mitochondrial DNA depletion syndrome (MDS) is a 

disorder that is tissue-specific and expresses as a diverse range of symptoms, including 

progressive muscular weakness and hypotonia, lactic acidosis, liver failure, renal Fanconi 

syndrome, seizures, external ophthalmoplegia, and congestive heart failure. The 

phenotypic presentation of this disorder in the particular cells of the affected tissue is a 

reduction in the number of copies of mitochondria that exist per cell. This study analysed 

mitochondrial DNA content derived from whole blood in seven RAAF personnel, who 

had been exposed to chemicals potentially toxic to mitochondria and were exhibiting 

symptoms such as atypical male breast cancer and liver malfunctions that were consistent 

with MDS. It should be noted that whilst it was known that the RAAF cohort possessed 

individuals that were expressing breast cancer and liver disorders, this study did not 

identify which patient was exhibiting which symptom or even if they were all expressing 

a certain type of anomaly. 
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7.2 Evaluation of Experimental Design 

 

The evaluation component of this study involved the identification of genes that could 

play a role in the development and progression of the precancerous Solar Keratosis (SK) 

lesion. This was consequent to the publication of studies into large-scale aberrations that 

were found to exist in SK samples (Ashton et al., 2001), as well as the Squamous Cell 

Carcinoma lesions, of which the SK lesion is considered a precursor.  

 

The NCBI server was used to pinpoint individual genes in these genetic areas that 

putatively play a role in the development of epithelial lesions. An experimental approach 

was then developed that involved the analysis of genes associated with the development 

of non-melanotic skin cancers (of which SK and SCC are a part) and of genes encoding 

for subunits of the energy producing Electron Transport Chain pathway.  

 

Primers were designed and optimised via standard magnesium and temperature titrations, 

with Agarose gel electrophoresis confirming which particular MgCl2 concentration and 

temperature was suited to which primer set. The genes chosen for analysis via Real-Time 

PCR are summarised in Table 7.1 (based on Table 3.1 from Chapter Three). The exact 

position on the chromosome is portrayed in the table for each of the genes, with the 

distances that exist between each of the particular ETC-NMSC gene pairs given in mega-

bases. Also shown is the particular neoplasm associated with each of the cancer genes 

and how many genes exist between the relevant genes on the chromosomal contig. 
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Mb = Mega bases 

 

The optimisation of the Dual-Labelled Probe Real-Time PCR components involved 

standard magnesium and temperature titrations, in addition to the careful selection of a 

housekeeper gene, which is of critical importance in the accurate analysis of a sample for 

copy-number aberrations. The anomalies that were to be investigated in this study 

consisted of genetic gains and losses, with the gain or loss identified by comparison to the 

threshold cycle (Ct) of an internal housekeeper, Tubulin-α-8. This particular housekeeper 

was chosen for this study for two reasons: its role in heart and skeletal muscle in 

regulating mitosis, cell movement, and intracellular movement; and its chromosomal 

locus, 22q11, which was not found to be aberrant in any of the published CGH or fragile 

site studies involving skin epithelial tissue. Another factor that was considered was the 

lack of any homologous genetic regions for Tubulin-α-8 (i.e. does not possess any 

pseudogenes), which if were present could adversely affect the Real-Time PCR reaction 

mechanics. The evaluation of its Real-Time PCR optimisation in terms of reaction 

mechanics found no anomalies in any of the Dual-Labelled Real-Time PCR runs 

performed with Tubulin-α-8 as the housekeeper comparison. The Real-Time PCR 

Table 7.1 Chromosomal locales for NMSC and ETC genes and their associations 

Cancer 

gene Position Site ETC gene Position Site Distance Genes Cancer 

  Mb   Mb Mb   

MMP12 11q22.2-q22.3 104.93 SDHD 11q23 114.37 9.44 ~40 SCC 

EMS1 11q13 72.59 NDUFS8 11q13 79.33 6.74 ~30 SCC 

" " 72.59 NDUFV1 11q13 69.91 2.68  SCC 

" " 72.59 COXVIII 11q13 66.17 6.42 ~30 SCC 

RASA1 5q13.3 85.56 COXVIIC 5q14 84.83 0.73  0 SCC 

SMOH 7q31-q32 104.93 NDUFA5 7q31 114.375 9.445 ~40 BCC 

"  104.93 NDUFB2 7q32-q34 138.67 33.74 >100 BCC 

PTCH 9q22.3 89.05 NDUFA8 9q33.2-q34.11 113 24.221 ~100 BCC 



 216

mechanics of the housekeeper probe were all within standard values, especially the lag to 

exponential phase transition stage (a stage in the Real-Time PCR characterised by the 

threshold cycle number).  

 

Real-Time PCR is a cost-effective technique that allowed for rapid yet concise screening 

of multiple genes in a relatively large sample cohort. This technique was chosen to 

analyse the 279-affected Solar Keratosis and control cohort due to the ability of this 

method to analyse two or more genetic areas simultaneously in the same run, though not 

in the same tube. As shown in Table 7.1, the genetic areas comprised of two different 

types of genes, those involving the Electron Transport Chain and those that encode for 

genes associated with the development of Squamous Cell carcinoma and Basal Cell 

Carcinoma. Analysing each of the gene-pairs that encompassed a chromosomal area of 

interest at the same time allowed for a direct visual comparison of the particular amplicon 

characteristics of putative wild-types and aberrants. This is an advantage to a project such 

as this, due to a portion of the sample cohort coming from affected Solar Keratosis (SK) 

individuals.  

 

Ultraviolet radiation (UVR) is believed to be the prime instigator for the development of 

SK and the types of mutations that are caused by exposure to this carcinogen are called 

UV-signature mutations due to the specific nature of the aberration. These UV-signature 

mutations lead to the formation of non-instructional sites within the affected genomic 

area that is routinely exposed to UVR, which can be detected via the melt-curve 

component of the Real-Time PCR reaction. This is due to the anomalous melt-peak 

characteristics of a non-instructional area, as the irregular base-pair binding produced by 

such a mutation does not exhibit typical degeneration mechanics as a result of high 

temperature exposure.  

 

This study however used whole-blood derived DNA from lymphocytes. The short-lived 

lymphocytes would not be exposed to cumulative UVR and thus these types of mutations 

would have to be discounted as direct cause of the observed aberrations in the ten genes 

analysed. There are other sources of carcinogens that have systemic affects rather than 
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localised affects. Exposure to chemical carcinogens (e.g. polycyclic aromatic 

hydrocarbons, Benzene etc.) and ionising radiation are all known to play a role in the 

development of SCC (Hawrot et al., 2003). Unfortunately, there are no published studies 

as far as this project is aware that analyse the types of mutations caused by exposure to 

the carcinogens discussed previously.  Long-term exposure to Benzene is known to give 

rise to non-instructional site variations, though not to the same extent that cumulative 

UVR exposure generates.  Another factor to be taken into account is immunosuppression, 

which has repercussions on the lymphocyte population and contributes significantly to 

affected individuals developing non-melanotic skin lesions such as SCC. 

Immunosuppression can come from a pre-existing disorder of this type, or be drug-

induced, such as that observed in transplant patients and individuals who have undergone 

chemotherapy (Hawrot et al., 2003). 

 

Another factor in both the non-specific fluorophoric and Dual-Labelled Probe Real-Time 

PCR analytical approaches was the non-specific product evaluation. This is a factor of 

considerable importance to this project due to the presence of a number of highly 

homogenous mitochondrial pseudogenes throughout the human genome. For instance 

NDUFA5, which is one of the subunits studied in this project, has a pseudogene at 

11p15.5 that has been labelled NDUFA5LP1. The possibility of non-specific product 

accumulation is an important factor in dual-labelled real-time PCR. This is due to the fact 

the accumulation of non-specific products can affect the time the polymerase reaction 

takes to reach the exponential phase, which in turn will affect the threshold cycle number 

for that experiment. Non-specific product accumulation does not under general 

circumstances affect any other components of the real-time reaction, as the probe will 

only bind to the area of interest and it will not be activated unless the primers bind in the 

designated areas.  

 

A way of overcoming the possibility of non-specific product accumulation was to design 

the primers using internet primer design browsers such as Primo and CYBERGENE, in 

conjunction with a Blast search on the NCBI server to compare possible homologous 

sites. After performing magnesium and temperature titrations with all the primers that 
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were to be used in the relevant studies, it was evident that this approach was successful in 

minimising non-specific product accumulation. 

 

 

7.3 Solar Keratosis Study 1: Analysis Using Non-

Specific Fluorophoric Real-Time PCR of Aberrant 

and Control Samples 

 

Non-Specific Fluorophoric Real-Time PCR involves compounds that bind to DNA 

templates in a non-specific manner. Such a compound is SYBR Green I, which does so 

by intercalating into the Major and Minor grooves of the DNA template to a greater and 

lesser degree respectively. The binding properties of these fluorescent compounds means 

that their excitation and emission characteristics can be harnessed to detect and visualise 

increased amounts of DNA. The advantage of this technique is that it is quantitative; 

relative amounts or indeed absolute amounts of any given amplicon can be estimated.  

 

The cycle number at which the level of fluorescence rises above a background threshold 

value is inversely proportional to the log of the initial template copies, and thus 

comparative DNA and mRNA copy number aberrations can be detected. Another 

example of a DNA intercalater is LCGreen I, which has the same Excitation and 

Emission specifics as SYBR Green I but does not share the preference of SYBR Green I 

for G/C rich or longer amplicons, and thus is more suited to studies involving multiplex 

gene analysis. An additional advantage to the use of these compounds is that the size and 

nucleotide composition of the DNA target area may be used to provide additional 

analytical data, due to the fact that amplicon samples that possess a larger target area will 

melt before those that have a smaller amplicon. Thus the Real-Time thermal cycler can 

detect the increase in fluorescence at the specific temperature when the amplicon melts 

and releases the non-specific DNA intercalater.  Hence it is possible to evaluate the size 
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of amplicons without having to run the finished product on an agarose gel, though this is 

still recommended for confirmation of the result.  

 

This study analysed blood samples taken from an affected and control Solar Keratosis 

(SK) population. The control population came from a cohort with no history of any 

cancer and came from the same geographic region and ethnic population as the affected 

SK cohort. In all, there were 144 control samples and 135 affected samples analysed in at 

least triplicate (mostly triplicate but occasionally up to six times due to ambiguity) for 

aberrations in ten genes. These ten genes were subdivided into five pairs; one of the pair 

being a gene associated with the development of a non-melanotic skin cancer (NMSC), 

the other a gene encoding for a subunit of the Electron Transport Chain (ETC). Each of 

these pairs exists in close proximity to one another on a particular chromosomal locale, 

which had previously been identified as being aberrant in a study involving chromosomal 

anomalies in NMSC tissue samples. 

 

This study appeared to show that the closer these two genes were to each other on the 

chromosome, the higher the incidence of putative aberrants: 18 and 12 for NDUFA8 and 

PTCH (24 Mb apart on chromosome 9); 22 and 16 for NDUFA5 and SMOH (9.445 Mb 

apart on chromosome 7); 17 and 12 for SDHD and MMP12 (9.44 Mb apart on 

chromosome 11); 29 and 39 for NDUFV1 and EMS1 (2.68 Mb apart on chromosome 11) 

and 40 and 32 for COXVIIc and RASA1 (0.73 Mb apart on chromosome 5). This data is 

summarised in Graph 7.1, which is reproduced from Chapter 4. This graph shows the 

incidence of the putative aberrants in terms of a bar chart, with each particular ETC-

NMSC gene pair represented together and individually. The maroon colour depicts the 

particular ETC component of the gene pair, whilst the purple colour represents the 

NMSC gene element. The five relevant ETC-NMSC gene pairs are all separately 

highlighted, with a legend indicating which gene pair is which. Another factor in this 

graph is that each ETC-NMSC gene pair is charted against the distance in megabases that 

each gene component of the pair exists on the relevant chromosome from each other, 

which is highlighted via the yellow line plot. 

 



 220

Graph 7.1:  ETC & NMSC gene Incidence vs. Distance separating 

ETC & NMSC gene Incidence vs Distance separating
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The legend along the bottom of the graph indicates the gene pairs (1 = NDUFA8 & 

PTCH, 2 = NDUFA5 & SMOH, 3 = SDHD & MMP12, 4 = NDUFV1 & EMS1, 5 = 

COXVIIc & RASA1). 

 

The observation of putative aberrants in the NDUFV1, EMS1, COXVIIc, and RASA1 

genes in the affected Solar Keratosis (SK) population was significantly higher than that 

observed in the control population, with an example being a difference of 30 % to 0.7% 

(p > 0.001) and 24% to 0.0% (p > 0.009) in the affected versus control SK COXVIIc and 

RASA1 cohort respectively. A point of interest from this data is that the two genes from 

the NMSC gene association component that possessed the highest incidence (39 and 32 

putative aberrants for EMS1 and RASA1 respectively) came from those associated with 

the development of Squamous Cell Carcinoma (SCC) and not Basal Cell Carcinoma 

(SMOH and PTCH). Thus it is possible that the higher incidence of putative aberrants in 
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these two particular genes was due to the use of samples taken from individuals with the 

pre-cancerous Solar Keratosis lesion. This lesion has long been identified as 

dermatological and histological precursor to SCC, with Basal Cell Carcinoma only 

associated with the pre-cancer state in 5-7 % of cases via the development of Congenital 

Jadassohn’s sebaceous nevus skin lesion (Sober 1995). Thus these genes, which have the 

potential to play a role in the development of SCC, may only be exhibiting a higher 

incidence as part of the genetic aberrations that occur in the progression of a pre-

cancerous lesion to its relevant metastatic state.  

 

The significantly higher incidence of putative aberrants in the NDUFV1 (p > 0.018) and 

EMS1 (p > 0.003) genes could arise due to the chromosomal location of the genes 

themselves. The NDUFV1 subunit is part of a 2000 to 2500 Kb section in the 11q13 

locus, which is known as the 11q13 amplicon because it is often amplified in a range of 

solid tumours (Schuuring et al., 1992),. This chromosomal area also contains the EMS1 

gene, in addition to the COXVIII subunit of the ETC, as well as the oncogenes INT2, 

HSTF1, and PRAD1. The aberrant amplification of this region could be the reason for the 

comparatively higher prevalence of putative aberrants in both the NDUFV1 and EMS1 

genes.  

 

Another relationship highlighted in this study was that of a higher incidence of putative 

aberrants occurring in the affected population when compared to the control. This 

difference is highlighted in the single gene triplicate run population, with the ETC gene 

component having 10 / 720 (1.37%) as being putative mutants for the control population, 

compared to 117 / 675 (17.3%) for the affected population. The NMSC gene component 

produced a 16 / 720 (2.22%) ratio for the control population, with the affected population 

having an incidence of 97 / 675 (14.4 %) for putative mutants.  Thus the incidence of 

putative aberrants is significantly higher (p > 0.0001 in both the ETC and NMSC gene 

sets) in the affected SK population in comparison to the control SK population. The 

number of control samples comes from the number of control samples (144) multiplied 

by the number of genes in a particular section (either the five NMSC associated or the 

five ETC encoding). The same is true for the affected population (135 multiplied by five). 
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Another aspect of this particular study was that some samples exhibited aberrations in 

both the ETC-NMSC gene pairs and this is highlighted in the Venn diagrams portrayed in 

figures 7.1-7.5. 
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Figure 7.1: Venn diagram of 

NDUFA8 / PTCH incidence.  
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Figure 7.2: Venn diagram of 

NDUFA5 / SMOH incidence.  
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Figure 7.3: Venn diagram of 

SDHD / MMP12 incidence.  

19 

 

29 

 

10 

 

Aberrant      Aberrant NDUFV1/    Aberrant 

NDUFV1    EMS1                           EMS1 

 

Figure 7.4: Venn diagram of 

NDUFV1 / EMS1 incidence.  
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Figure 7.5: Venn diagram of 

COXVIIc / RASA1 incidence.  
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The five ETC-NMSC gene pairs did not exhibit a significant difference in terms of 

aberrant incidence between the affected-SK and control populations. However on a total 

basis (all five pairs) this type of relationship was evident (p > 0.0001), with a total of 43 

aberrant samples coming from the affected population in comparison to three samples 

from the control cohort. The NDUFA5 / SMOH, SDHD / MMP12, and NDUFV1 / 

EMS1 pairs were the only ones that possessed a control sample exhibiting aberrations in 

both the relevant ETC / NMSC components. Levene’s test for Equality of Variances was 

used in this instance due to the large sample number for both populations (135 affected 

samples X 10 genes = 1350; 144 control samples X 10 genes = 1440). This test provides 

two avenues of comparing the means of two populations, with the Equality of variance 

method chosen due to the high p value of the Levene test (0.538). This equated to a two-

tailed p value of > 0.0001 for the mean difference between the affected-SK population 

and the control cohort in terms of aberrant incidence in the total ETC-NMSC gene pairs.  

 

There were 29 samples, of which 28 were from the affected-SK cohort that presented 

with three or more genes as being putative aberrants. The ‘three-or more’ aberrant gene 

cohort encompasses any combination of the ten genes analysed for abnormalities, 

whether the genes were from the ETC sub-group or the NMSC gene set. Of these 29 

samples, 13 had four or more genes identified as putatively aberrant, one of which was 

from the control population. There were only five samples that possessed aberrations in 

five or more genes, with one of these being a control sample. One sample, from the 

affected-SK cohort, had anomalies identified in a total of six genes.  

 

The distribution of the genes in the 29 samples presenting with three or more aberrations 

was of a non-significant nature, in terms of differences between each of the genes in the 

incidence of aberrants. For example, the lowest gene incidence was of six samples in the 

three or more aberrant group, with the genes being PTCH and MMP12. The genes with 

the greatest representation in this sub-group of 29 were that of EMS1 and COXVIIc, with 

14 and 15 aberrants respectively. This type of distribution was also noted in the 13 

samples that presented with four or more genes as being putatively aberrant. The PTCH 

gene, with three samples, had the smallest number of these samples that presented with at 
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least four or more genes as being anomalous, in comparison to the RASA1 gene, which 

possessed nine samples in this sub-group of 13.  

 

For the five samples that exhibited five or more aberrant genes, the distribution is even 

more clustered. Nine genes (except COXVIIc, which had one sample in this sub-group) 

possessed at least two samples as having putative aberrations in them. The highest gene 

incidence in the five or more aberrant gene sub-group was of four samples, with the gene-

pair identified as aberrant being SDHD and RASA1.  

 

The genes that were identified as being anomalous in the sample possessing six gene 

aberrants were the NDUFA8, PTCH, SDHD, NDUFV1, EMS1, and RASA1 genes. This 

sample came from a female individual, 39 years of age, who presented with seven Solar 

Keratoses on their body at the time of 1996 Nambour Skin Cancer trial study. This 

individual was one of the few people under the age of forty that exhibited this type of 

lesion and who was analysed for aberrations in the ten genes in the 135 affected-SK 

population. The majority of the 29 samples identified as possessing three or more 

aberrant genes were over the age of fifty, with three samples coming from individuals 

over the age of 65. 

 

 

 

7.4 Solar Keratosis Study 2: Analysis of Aberrant 

Samples Using Quantitative Real-Time PCR, 

Sequencing and DHPLC 

 

Dual-labelled probes are used to investigate the genomic integrity of a nuclear area in a 

gene of interest relative to a housekeeper gene, which is generally accepted to be 

unaltered, as any significant mutation would lead to cell death. When a genetic gain or 

loss of the genetic area of interest exists on either copy of the gene or even both for a 
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particular sample, than the Threshold cycle for that sample would be visibly different. 

The threshold cycle (Ct) is the point in a real-time reaction when the lag phase (little 

product accumulation), crosses over to the exponential phase (rapid product 

accumulation). The Ct is inversely proportional to the starting copy number for the gene, 

which means the Ct will be higher (that it the Ct will occur at a later period when 

compared to the housekeeper or a normal sample) for a sample with less copies of the 

genetic area of interest. The ratio method of assessing copy number integrity, which was 

employed in this study to investigate genomic DNA samples, obviates the need to 

establish copy number standard curves, as is the norm in Real-Time PCR studies 

involving cDNA cohorts. The Dual-Labelled Probe Real-Time PCR technique is a 

relatively inexpensive but reliable way to scan large sample population for putative gains 

and losses in a genetic area of interest. The results are very easy to interpret, but rely on 

the type of aberration detected to be either a genetic gain or loss.  

 

This study analysed 144 control and 135 SK-affected whole blood derived DNA samples 

from the 1996 Nambour Skin Cancer study via Dual-Labelled Probe Real-Time PCR, 

which had previously been analysed via non-specific fluorophoric Real-Time PCR. The 

genes of interest that were analysed via this technique were the SDHD and MMP12 

genes, with the primers and probes for these two genes encoding for the same exonic 

region investigated in the non-specific fluorophoric Real-Time PCR study. The 

housekeeper probe that was used to provide the internal Ct comparison for the SDHD and 

MMP12 analysis encoded for an exonic region in the Tubulin-α-8 gene. All Dual-

Labelled Probe Real-Time PCR runs were performed in duplicate, with each sample 

having an inter-run repeat in an adjacent tube to provide inter-run as well as intra-run 

comparisons and variances. Thus each sample was analysed a total of four times for 

putative copy number aberrations in the SDHD and MMP12 genes via Dual-Labelled 

Probe Real-Time PCR. 

 

Large and small-scale genomic aberrations have been detected previously in skin lesions 

from Solar Keratosis (SK) affected individuals using the comparative genomic 

hybridisation technique (Ashton et al., 2001). The locus containing the SDHD and 
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MMP12 genes (11q23) was found to possess regional losses in samples from both Solar 

Keratosis and Squamous Cell Carcinoma (SCC) patients, and whilst the loss found was 

on a very broad scope (11q22-qter), it was one of the few areas that was common to both 

lesions. This is of interest in light of the fact that SK and SCC are considered part of a 

progressive non-melanotic skin cancer spectrum, with SK defined as a precancerous stage 

of the SCC phenomenon.  

 

The SDHD gene encodes for a protein that is an essential subunit of complex II in the 

mitochondrial housed Electron Transport Chain (ETC). It has been previously linked with 

the development of benign paragliomas and neuroblastomas, with several studies 

indicating that the SDHD subunit acts as a tumour suppressor in these particular tumours 

and its inactivation has been found to stimulate the angiogenic pathway.  MMP12 is a 

matrix metalloproteinase protein important in tissue remodelling and repair during 

development and inflammation. The mRNA of MMP12 has been found to be over-

expressed in aggressive SCCs and granulomatous skin disorders respectively and 

abnormal expression of this protein has been theorised to be associated with two types of 

inflammatory skin disorders. 

 

There were 12 samples identified as being of an anomalous nature for either of the SDHD 

and MMP12 genes out of a total population of 279, with five of the samples exhibiting 

aberrations in both the SDHD and MMP12 genes. Each of these genes has been 

associated with tumour development as well as inflammation, however they are of the 

suppressor type in that both copies of the gene need to be inactivated or mutated to confer 

a lack of tumour suppression. This signifies that if only one of the copies of the gene has 

a mutation that impedes primer or probe binding it will produce a quantitative real-time 

PCR curve indicating a genetic loss, as the DNA copy numbers will be reduced. Thus, 

their presence in relative equal numbers in the control and affected population (seven and 

five respectively) is not an unexpected result. 

 

The Dual-Labelled Probe Real-Time PCR method proved to be a precise technique in the 

detection of copy number aberrations. Combined with a prior screening of putative 
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samples via SYBR Green I to minimise unproductive wasting of probe sample, it is a 

readily performed and easily interpreted procedure that can identify genetic gains and 

losses in an area of interest. The locus being analysed in the SDHD and MMP12 Dual-

Labelled Probe Real-Time PCR study was the 11q23 region. This is a chromosomal locus 

that has previously been found to contain regional gains and losses in a comparative 

genomic hybridisation (CGH) study involving samples extracted from both Solar 

Keratoses (SK) and Squamous Cell Carcinoma (SCC) lesions. The importance of this 

particular finding is that the SK lesion has long been identified as part of a continuum 

with SCC, both histopathologically and dermatologically. What it even of more 

importance is that the regional losses were restricted to the 11q22-qter region, whilst the 

regional gain was found to exist on the entire 11q arm. This means that the gains 

identified in this study would not be part of the 11q13 amplicon spectrum; a region 

identified as being aberrant in numerous CGH studies involving cancerous tissue, such as 

breast cancer. 

 

Analysing the genomic integrity of the SDHD and MMP12 amplicons in 29 out of the 

279 Solar Keratosis whole blood derived DNA samples via sequencing proved 

inconclusive. The samples that were analysed were identified as putatively aberrant in the 

non-specific fluorophoric Real-Time PCR study, with the SDHD and MMP12 genes 

possessing 17 and 12 aberrants respectively. Due to a lack of funding only these 29 

samples could be analysed via DNA sequencing, with only one repeat run possible.  

 

The PCR products for each of the relevant samples were purified according to standard 

procedures, with the majority of the DNA sequencing runs exhibiting inconclusive 

results. This was due in part due to the lack of additional analyses and the type of DNA 

sequencing that was used, which has several drawbacks. These were that the sequencing 

was electrophoresis based, which can have difficulty detecting heterozygotes 

unambiguously and are not 100% accurate for a given base due to compressions in GC 

rich regions (Edwards et al., 2005). In addition, the first few bases after the priming site 

are often masked by the high fluorescence signal from the excess dye-labelled primers or 

dye-labelled terminators, and are difficult to identify (Edwards et al., 2005), as was the 
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case in all the forward primer-based sequencing reactions and to a lesser extent the 

reverse primer based ones as well. There was only one type of DNA anomaly identified 

using this technique in these 29 samples, with nine of the MMP12 samples possessing an 

A-G transition in an intronic region downstream of exon one. The SDHD gene was 

analysed via DNA sequencing in only 6 of the 17 samples, with all the data derived for 

reverse primer runs. The other eleven samples possessed such large dye occlusions on all 

sections of the sequence that it was impossible to distinguish the DNA sequence of those 

particular SDHD samples. Thus concise conclusions as to the presence of DNA sequence 

anomalies in exon three of the SDHD gene and exon one of the MMP12 gene cannot be 

drawn, with the nine A-G transition abnormalities identified in the MMP12 occurring in 

an intronic region.  

 

The DHPLC technique, which was employed to analyse 80 whole derived DNA samples 

from the Solar Keratosis Nambour Skin cancer study cohort for aberrations in the 

NDUFA8 gene, proved an adequate method of identifying DNA abnormalities in 

amplicons. The DHPLC method of evaluating genomic integrity in PCR amplicon 

samples works well in conjunction with Real-Time PCR, as the DHPLC technique lacks 

a quantitative aspect to its analysis. This technique analyses PCR amplicons for 

aberrations such as DNA deletions and transitions, with denaturing profiles established 

for the wild-type of each particular gene.  

 

The 80 samples analysed via DHPLC were previously evaluated for DNA aberrations in 

the non-specific fluorophoric Real-Time PCR study. They were analysed by DHPLC to 

establish if the non-specific fluorophoric Real-Time PCR technique was reliable and 

concise enough to analyse the 279 whole blood derived DNA samples (144 control and 

135 SK-affected) from the 1996 Nambour Skin Cancer study. Out of the 80 samples 

analysed for DNA aberrations in the NDUFA8 gene via DHPLC, twelve were identified 

as being putatively aberrant. Eleven of the twelve samples had previously been labelled 

as anomalous in the NDUFA8 component of the non-specific fluorophoric Real-Time 

PCR study. The one sample that was labelled as aberrant in the NDUFA8-DHPLC cohort 
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but not in the non-specific fluorophoric Real-Time PCR NDUFA8 study was from a 67 

year old woman with no history of cancer.  

 

Due to funding shortages no additional samples were analysed via DHPLC, however the 

types of DNA aberrations detected by this method of analysis were not anomalous in 

agarose gel electrophoresis, indicating that aberrations identified were of the nucleotide 

transition / non-instructional type. As stated previously in section 7.2, these types of 

mutations can be induced by certain carcinogens, with the melting and denaturing 

properties of the amplicon exhibiting non-conformational characteristics.  

 

The identification of twelve samples from the affected Solar Keratosis and control cohort 

as being putatively aberrant for exon two of the NDUFA8 gene could give rise to 

additional areas of research, as mutations in the NDUFA8 gene have been implicated in 

the development of complex I deficiency. This disease is characterised by the clinical 

presentation of an early-onset progressive neurological disorder with lactic acidosis, most 

often Leigh syndrome, occasionally complicated by cardiomyopathy, or multi-system 

involvement. What role this gene could play in the development of Solar Keratosis could 

not be elucidated by a literature review on the activity of the NDUFA8 protein. The role 

the protein plays in complex I is that of an electron acceptor from NADH to the 

respiratory chain as part of the hydrophobic catalytic fraction. It is possible that whilst the 

NDUFA8 gene and its relevant mRNA are undergoing translation in the Endoplasmic 

Reticulum (ER), electrons are leaked onto the pre-translated mRNA and the open-framed 

gene via the action of a potent reactive oxygen species transducer, NADPH cytochrome 

P450 reductase. This molecule is located in the ER and it can leak electrons onto oxygen 

accepting molecules to generate ROS. As the NDUFA8 protein acts as an electron 

acceptor from NADH, the newly formed protein could leak electrons upstream to the pre-

mRNA and open-reading framed gene, whilst the NDUFA8 gene was undergoing 

transcription and translation. If this gene were mutated as a result of ROS exposure, the 

repercussions of such an event in the development of SK would require further study to 

elucidate what role, if any, this gene plays in the evolution of this skin lesion.  
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These results are of interest, particularly in light of the fact that the current literature on 

the DHPLC technique establishes its reliability in identifying DNA aberrations if pre-

cautions are undertaken at the set-up stage when identifying the wild-type for the gene of 

interest, as was the case in this study. This in conjunction with the observation that 11 of 

the 12 aberrant samples had previously been labelled as anomalous using non-specific 

Real-Time PCR demonstrates that DHPLC analysis is an appropriate technique if run in 

conjunction with Real-Time PCR. Using the two techniques together enables for a scope 

of analyses that encompasses DNA amplicon degeneration specifics, as well as giving 

DNA quantitation data to further understand the precise nature of the aberrations 

contained within a gene of interest in a sample cohort. 

 

 

 

7.5 Mitochondrial DNA Depletion Study 

 

Tissue-specific mitochondrial DNA (mtDNA) depletion or mitochondrial DNA depletion 

syndrome (MDS) is characterised by progressive muscular weakness and hypotonia, 

lactic acidosis, liver failure, renal Fanconi syndrome, seizures, external ophthalmoplegia, 

and congestive heart failure. The phenotypic presentation of this disorder in the particular 

cells of the affected tissue is a loss in the number of copies of mitochondria that exist per 

cell. A ‘normal’ value is in the range of 200+, depending on factors such as cell type or 

age. Mitochondria are unique in mammalian cells, in that they are the only extra-nuclear 

organelle to possess their own genome. The mechanism by which this mitochondrial 

DNA depletion occurs is not yet understood, though a number of non-inherited causes 

have been identified. These include long-term exposure to the drug Zidovudine and other 

nucleoside analogues used in the treatment of HIV. They achieve this mitochondrial 

toxicity by inhibiting mitochondrial DNA polymerase gamma (γ) (Chariot et al., 1999). It 

should be stressed that this method of inducing MDS is not the method by which the 

disease expresses itself in infancy, as several studies have ruled out polymerase gamma 

(γ) as being a candidate for the disease (Barthelemy et al., 2001). These types of 
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compounds are also associated with anti-cancer treatments, such as leukaemia therapy 

(Benyumov et al., 2005; Falchetti et al., 2005; Uckun et al., 2005). 

 

 

The samples for this component of the Dual-Labelled Probe studies came from Royal 

Australian Air Force (RAAF) personnel previously exposed to jet-fuel components 

during the F 1-11 ‘deseal-reseal’ project. This study was part of a series of diagnostic 

tests scheduled by the RAAF to determine the molecular affect long-term exposure to this 

chemical cocktail was, as the personnel who had been exposed to this substance were 

exhibiting a wide range of symptoms.  These included atypical cancer (male breast 

cancer), liver malfunctions, depression, and severe skin irritations, primarily exhibiting 

an inflammatory response. The primary treatment and diagnostic tests were performed at 

the Mater Hospital Private Practice, under the guidance of Dr Frank Bowling. This 

facility scheduled the blood collection from the seven RAAF personnel to be tested, with 

collection of the blood occurring approximately 1-2 hours after diagnostic tests in the 

morning. The blood was stored at room temperature in a 15 mL EDTA treated aseptic 

Falcon Tube, with the White Blood Cell (WBC) extraction performed via the Ficoll-

Hypaque technique within 2 hours of collection at the nearby Mater Medical Research 

Institute. 

 

The premise behind the method of analysis is that some 200 mitochondria exist per cell 

and that any reduction in content can be detected by a specific mitochondrial DNA probe, 

with comparison to a nuclear encoded housekeeper gene, in this case Tubulin-α-8. This 

study utilised a Dual-Labelled Probe that targeted the mtDNA-encoded tRNA leucine 

gene, which was a tRNA of sufficient length and G/C content to give the Real-Time PCR 

run a high chance of performing at an optimum reproducibility. Dual-Labelled Probe 

Real-Time PCR is logarithmic in nature and each cycle represents a two-fold increase in 

DNA copies, so this method can detect a reduction in mitochondrial copy number, with 

normal samples having a seven to eight fold lower Ct value than the nuclear housekeeper 

gene. A lower Ct is a hallmark of greater DNA copy number, whether mitochondrial or 

nuclear, and thus any sample having a higher mitochondrial Ct than normal in 
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comparison to the nuclear gene can be identified as expressing mitochondrial DNA 

depletion syndrome.  

 

The Dual-Labelled Probe Real-Time PCR method was able to diagnose the presence of 

MDS in four of the seven patients who were being treated by the Mater Medical Private 

Practice facility for their symptoms, which included the development of atypical cancer. 

The two individuals that did not have a definite diagnosis were patients six and seven, 

who were both on the borderline of exhibiting MDS. Even in those two patients, there 

was a small difference in the Ct values with regards to the mitochondrial versus nuclear 

copy number comparison. Only one patient did not exhibit any discernibile depletion in 

mitochondrial DNA copy-number, over the ten Real-Time PCR runs performed with this 

individuals DNA. Due to a lack of wild-type samples available as part of population 

control evaluation, this study was unable to conduct a wide-ranging analysis, particularly 

in terms of determining the true mtDNA copy number status of these seven patients. 

Control samples would have established a solid database of wild-type profiles, however 

the lack of any significant inter-run and intra-run variances in the seven samples analysed 

gives the data derived in this study some credence. Of the four patients who exhibited a 

reduction in mitochondrial copy-number the average decrease was of a seven-fold level, 

or approximately a depletion of mitochondrial copies from 200+ to ~ 54 (an 74% 

reduction in mtDNA copies). 

 

The development of atypical breast cancer in these RAAF personnel gives rise to several 

questions. Firstly, did the exposure to the jet-fuel components actually contribute to the 

development of breast cancer or was it the expression of an inherited mtDNA depletion 

syndrome in these particular individuals? Another possibility is that it could be a 

combination of both these factors. If it was the development of MDS that gave rise to the 

neoplasm in the breast tissue, a simple premise is evident as to how this might eventuate. 

Mitochondria play an essential role in programmed cell death, a key part to the 

carcinogenic process, as it allows the cancerous tissue to survive beyond their normal life 

span. This allows for the accumulation of DNA aberrations, to an extent that eventually a 

deregulation of cell proliferation and an increase in cell motility eventuates. The possible 
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deregulation of cell proliferation by the development of MDS would further be 

compounded by a lower coupling efficiency in the mitochondrial respiratory chain. This 

would in turn lead to a greater fraction of electrons escaping from the respiratory enzyme 

complexes, and thus the formation of superoxide anions and other ROS. Increased 

oxidative stress in neoplastic cells may lead to further damage and mutagenesis of both 

mtDNA and nuclear DNA. Other repercussions of the oxidative stress could be the 

activation of proto-oncogenes and some transcription factors, genomic instability, 

resistance to chemotherapy, and metastasis (Cavalli and Liang, 1998; Preston et al., 2001; 

Wu et al., 2005). 

 

 

 

7.6 Limitations 

 

Non-specific fluorophoric Real-Time PCR has several limitations in its application to the 

detection of DNA aberrations. Is requires a minimum of three Real-Time runs on an 

individual sample to adequately verify whether that sample is part of the wild-type cohort 

for a particular genetic area or whether it is of an aberrant nature. This means that whilst 

this method of analysis is cheap and easily reproducible, it is also time consuming in 

comparison to other research techniques like microarrays, which can analyse multiple 

genetic areas rapidly and precisely.  

 

The fluorophore that was utilised the most in this project was SYBR Green I. The G/C 

content and length of the genetic area to be amplified are two criteria that have an 

enormous influence on the ability of the real-time procedure to produce a melt curve 

profile. SYBR Green’s specificity for the DNA template is directly related to the MgCl2 

concentration of the PCR master mix and any slight pipetting errors can influence the 

results derived from real-time analysis. Thus the practise of comparing ‘runs’ is 

discouraged when utilising SYBR Green I within real-time parameters. An additional 

disadvantage of the SYBR Green technique is that it can be incorporated into any double-

stranded DNA, including non-specific products like primer dimers. Since extensive 
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accumulation of primer-dimer is often associated with polymerase chain reactions 

involving small amounts of target DNA or in no-template control samples, SYBR Green 

1 PCR can produce false positive results. This fluorophore has an additional drawback in 

that running multiplex reaction is usually discouraged due to the elevated preference of 

SYBR Green I for higher G/C % templates and for amplicons of a greater length. 

Running a multiplex reaction (a reaction with two or more gene targets, usually a 

housekeeper and a gene of interest) with SYBR Green I usually produces only one 

significant peak, that of the amplicon with the higher G/C % or greater length. It should 

be noted that the amplicon with a significantly greater length is more of a factor in 

preferential SYBR Green I binding than higher G/C %, due to the larger number of Major 

and Minor grooves to which this fluorophore can bind. 

 

The Dual-Labelled probe components of this project, whilst being very precise, do have 

an irregularity due to the fact that they are multiplex reactions. If two or more particular 

probe and primer sets are run together (either in the same tube or in different tubes) in the 

same Real-Time PCR run, then the mechanics of optimising the Real-Time PCR probe 

and primer sets can come into question. This project took this into consideration in the 

design of the probe and primer sets, with emphasis on the length and G/C content of the 

nucleotide sequences to ensure maximum melting temperature equivalence between the 

different probes and primers. This, however, does not remove altogether the chance that a 

particular MgCl2 concentration or primer melting temperature can give a specific probe 

and primer set a greater or lesser Real-Time PCR performance when compared to the 

other/s probe and primer sets being analysed. By this it is meant that when the 

optimisation is performed and an MgCl2 concentration/ primer melting temperature 

combination is chosen that suits all the probe and primer sets to a degree, it does not 

mean that all the nucleotide sets perform at the same level in terms of Real-Time PCR 

mechanics. One set might go through the lag-to-exponential transition phase in a slightly 

more efficient manner when compared to the other set/s, and thus the threshold cycle (Ct) 

number derived from that run could be of a false nature, either in the positive or negative 

manner. Thus several precautions in analysing the Dual-Labelled Probe Real-Time PCR 

runs were exercised, namely a minimum two-cycle difference had to be observed in 
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relative Ct numbers in comparison to the wild-type samples in terms of both housekeeper 

comparison and within the gene of interest itself. For the Solar keratosis DNA aberration 

component this meant that the probe gene areas of interest, SDHD and MMP12, had to 

have Ct values outside the Ct range of the housekeeper Tubulin-α-8 by two cycles, in 

addition to being two SDHD or MMP12 Ct cycles outside the majority of the other 

samples in the same Real-Time PCR run.  

 

The use of the Ficoll-Hypaque method of isolating white blood cells (WBC) from whole 

blood was a success, particularly in terms of man-power and time spent on extraction 

(one person takes an average of two-and-a-half hours to complete the extraction), as well 

as the volume of WBC isolated. This technique was vital to the Mitochondrial DNA 

depletion study in another sense in that it removed the platelet fraction from the WBC 

content, which made it possible to adequately determine the true mitochondrial copy 

number of an individuals WBC, as platelets also possess mitochondria, but no nucleus. 

The Ficoll-Hypaque method of peripheral blood isolation requires a certain amount of 

dexterity in extracting the white-blood cell fraction from below the platelet fraction. If 

there were platelets inadvertently removed in the WBC extraction, than false negative 

results would possibly be obtained by the use of the Dual-Labelled Probe Real-Time PCR 

technique in diagnosing the presence of MDS. Thus if any error in extraction were made 

at this stage it would result in the level of mitochondrial DNA depletion being 

underestimated. However, the fact that the manual extraction of WBC requires visual 

judgement signifies that the accurate determination of an individual’s mitochondrial 

DNA copy-number remains in question. There exist other techniques to diagnose the 

presence of MDS in individuals, such as hybridisation probes, but they do not take into 

account the presence of mitochondria in platelets nor are they of a rapid yet concise 

nature like the Dual-Labelled Probe Real-Time PCR technique in conjunction with 

Ficoll-Hypaque whole-blood isolation. 
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7.7 Future Directions 

 

This study found that abnormalities existed in DNA samples taken from control and 

affected Solar Keratosis individuals as well as patients from the RAAF who putatively 

possess Mitochondrial DNA Depletion syndrome (MDS). Nuclear-targeted amplicon 

specific aberrations were found in all ten genes analysed in the SK component 

(NDUFA8, NDUFA5, NDUFV1, SDHD, COXVIIc, PTCH, SMOH, MMP12, EMS1, 

and RASA1), with the SDHD and MMP12 genes additionally analysed for genetic copy 

number abnormalities, with 12 samples being aberrant for this type of mutation.  

 

There existed a significantly higher prevalence of putative mutants in those gene pairs 

that were closer together on the chromosome, namely COXVIIc and RASA1, and 

NDUFV1 and EMS1. The latter pair is also part of a chromosomal region known as the 

11q13 amplicon, which has been found to be aberrantly amplified in numerous tumour 

types, such as breast and colon cancer (Schuuring et al., 1992).  

 

The gene with the highest number of affected Solar Keratosis samples possessing 

putative DNA aberrations was COXVIIc. In all 40 samples from the affected Solar 

Keratosis cohort and one sample from the control population were identified as putative 

aberrants for the COXVIIc gene. A theory as to why this particular gene had a relatively 

high incidence of putative aberrants is centred on the COXVIIc gene and its relevant 

mRNA when they are undergoing transcription and translation (in the nucleus and the 

Endoplasmic Reticulum (ER) respectively). It is possible that electrons are leaked onto 

the pre-translated mRNA and the open-framed gene via the action of a potent reactive 

oxygen species transducer, NADPH cytochrome P450 reductase. This theory was used 

previously to highlight the possible role the NDUFA8 gene could have in carcinogenesis 

and would also apply to a lesser extent to the NDUFV1 gene, which is part of the FMN / 

NADH binding site in complex I. However the NDUFA8 protein plays a role in 

accepting electrons from NADH as part of complex I, whilst the COXVIIc protein acts as 

an electron transporter between cytochrome c and molecular oxygen in complex IV. The 
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ER localised NADPH cytochrome P450 reductase complex can leak electrons onto O2
-
 

generating O3
-
. As the COXVIIc protein acts as an electron transferrer from cytochrome c 

to molecular oxygen, an aberrant protein could form due to exposure to NADPH 

cytochrome P450 reductase.  Aberrant proteins could leak electrons upstream to the pre-

mRNA and open-reading framed gene, whilst the COXVIIc gene was undergoing 

transcription and translation, possibly modifying the gene in an aberrant manner. A 

method of analysing whether this hypothesis has merit would be to assay the amount of 

ROS production in a tube containing adequate volumes of enzymatically active COXVIIc 

protein and NADPH cytochrome P450 reductase. Extracting enzymatically active protein 

complexes could be accomplished using the 1
st
 dimension of the Schagger 1996 method.  

 

The lymphocyte gene aberrations identified in this study may represent constitutive 

mutations and thus could pre-dispose an individual to developing SK. If the lymphocyte 

mutations were in the form of genetic risk factors, they could manifest themselves 

through a mitochondrial-driven mechanisms (such as the suppression of apoptosis) and 

could arise de novo or through inheritance in an autosomal dominant fashion. This 

mutation model still allows for other factors such as immunosuppression or exposure to 

topical carcinogens, which may explain why some individuals with lymphocytic gene 

aberrations may develop SK whilst others do not. 

 

Another point of interest with regard to the possible role subunits of ETC play in tumour 

development is centred on the SDHD gene and its association with paragliomas and 

neuroblastomas. As discussed by Gimenez-Roqueplo et al., in 2001, a malformed SDHD 

protein can lead to the uncoupling of the Cyt B cluster from complex II, eventually 

leading to increased ROS and paraglioma formation due to electron transfer 

abnormalities. Testing whether or not this gene and the other four ETC genes analysed in 

this study could play a similar role in Solar Keratosis development would be of interest. 

This would particularly be of importance with regard to the NDUFV1 and COXVIIc 

genes, which have been shown to be significantly different in this study in terms of the 

incidence of aberrant samples in an affected-SK versus control manner. A way of 

analysing if aberrant subunits could lead to electron uncoupling in a particular complex 
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would be to assay ROS formation in a wild-type ETC complex and compare it to an 

aberrant complex with an introduced mutation in the gene of interest. 

 

Sequencing numerous genetic areas in a large sample cohort is not cost effective for 

small studies. A more efficient method of analysing specific genes lies with screening the 

samples first with a non-specific fluorophore, with both the quantitation and melt-curve 

methods, then analysing the putative aberrant population from that study via single-

labelled and dual-labelled probes. The former can accurately analyse a sample for 

amplicon melting anomalies, which can indicate the presence of a nucleotide aberrations 

down to the single-nucleotide level, whilst the latter is a precise way to detect the 

presence of gross copy-number aberrations in the genetic area of interest.  

 

The RAAF MDS study identified four of the seven patients as having mtDNA depletion 

as part of a range of diagnostic tests to evaluate the role that exposure to jet-fuel 

components played in the expression of liver disorders and atypical cancer. Only one 

patient was ruled out as not having this syndrome, though this patient was possibly 

expressing an underlying pathogenic microbial disease (data not shown). The techniques 

employed in this study were very accurate with high within-run and between-run 

reproducibility, with the results easily analysed.  The results of this part of the project in 

conjunction with the SDHD and MMP12 component indicate that the Dual-Labelled 

probe method of detecting gross DNA copy number aberrations is a valid and precise 

mode of analysis for these types of abnormalities.  

 

HIV treatment drugs can also induce MDS, and thus the Dual-Labelled Probe Real-Time 

PCR method of diagnosing this syndrome could be implemented in HIV affected 

populations to enable effective therapies to ease the side-affects of standard HIV 

treatment drugs. A question mark exists as to whether the exposure to the jet-fuel was 

causing the mitochondria DNA to slowly degrade, or to rapidly fragment as if undergoing 

apoptosis. A way of determining this hypothesis would be to isolate the platelet fraction, 

which is possible if using the Ficoll-Hypaque method, and extract the five membrane-

bound Electron Transport Chain (ETC) complexes, to analyse the composition in the 1
st
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and 2
nd

 dimensions via Blue-Native polyacrylamide gel electrophoresis. Any imbalance 

in mitochondrial DNA would result in anomalous assembly of the ETC complexes due to 

the fact that four of the five complexes have mitochondrial DNA encoded subunits 

(complex II is entirely nuclear-DNA encoded), this technique could give visual 

confirmation as to whether mitochondrial DNA was being degraded in a time-wise 

manner. This type of analysis was performed unsuccessfully as per section 6.3.8 in 

chapter 6, however the method is sound with several studies (Schagger 1996; Nijtmans et 

al., 2002) showing the accuracy and practicality of this method. 

 

The results described in this study indicate a probable fundamental relationship between 

the chromosomal locations of ETC genes and genes associated with the development of 

NMSC (in terms of genetic anomalies). These locales were selected based on large-scale 

gains and losses on chromosomal sites identified previously in an NMSC study utilising 

the CGH technique (Ashton et al., 2001). A search of Internet based scientific journals 

for studies comprising of CGH analysis and fragile sites for relationships to certain 

cancers was performed. The chromosomal locations these studies identified and the genes 

of interest that resided in these locations are summarised in Table 7.2. Also shown are the 

locations of ETC genes in these locations and the distance in Kilobases between the ETC 

and ‘Cancer’ gene pairs. 

 

The main types of cancer investigated were bladder, colon, and breast cancer, as well as 

leukaemia and lymphoma (Fuzesi et al., 1998; Karkera et al., 1999; Nunn et al., 1999; 

Wong, 1999; de Mesa et al., 2000; Su et al., 2000; Tatarelli et al., 2000; Liu et al., 2001; 

Richards, 2001; Gumus et al., 2002; Hogg et al., 2002; Li et al., 2002; Luceri et al., 

2002; Mineta et al., 2002; Miyakis and Spandidos, 2002; Musio et al., 2002; Perkarsky et 

al., 2002; Balkwill et al., 2003; Fujita et al., 2003; Gonzalez et al., Koda et al., 2003; 

Limongi et al., 2003; Mao et al., 2003; Moriarty and Webster, 2003; Popescu, 2003; 

Subhadra et al., 2003; Yamamoto et al., 2003a, 2003b; Ishii et al., 2004; Reifenberger et  

al., 2004). 
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Table 7.2. Fragile site & cancer progression correlations with ETC subunit 

genes 

Cancer 

Gene 
Position Kb site ETC Gene Position Kb site Kb Distance 

PKD1 16p 2080 NDUFB10 16p 1952 -128 

TSC2 16p 2040 NDUFB10 16p 1952 -88 

SAFB 19p 5570 NDUFA11 19p 5845 275 

APCL 19p 1402 NDUFS7 19p 1372 -30 

STK11 19p 1170 ATP5D 19p 1192 22 

APCL 19p 1402 UQCR 19p 1548 146 

TCTA 3p 49408 UQCRC1 3p 48597 -811 

CDC25A 3p 48190 UQCRC1 3p 48597 407 

AML1 21q 35080 ATP5O 21q 34209 -871 

DOC1-R 11q 67052 NDUFV1 11q 67149 97 

MAP4K2 11q 64332 COX8 11q 63520 -812 

MEN1 11q 64346 COX8 11q 63520 -826 

PPP2R1B 11q 111200 SDHD 11q 111495 295 

MLL 11q 117845 ATP5L 11q 117815 -30 

RARG 12q 51912 ATP5G2 12q 52350 438 

 

 

In all 63 ETC gene associations were found to exist, though only those 15 gene pairs that 

possessed a relationship of less than 1000 Kb (the COXVIIc and RASA1 genes from the 

non-specific fluorophore Real-Time PCR study are 730 Kb or 0.73 Mb apart on 

chromosome 5) are shown in Table 7.2. The 63 gene pairs had a maximum distance of 15 

Mb, with the two smallest distances identified as 22 Kb (ATP5D and STK11) and 30 Kb 

(ATP5L and MLL, APCL and NDUFS7). Analysing these gene pairs for aberrations in 

particular cancer samples could give rise to data that would shed light on the integrity of 

the energy and cell cycle pathways in cancerous cells simultaneously. This could give 

rise to additional treatment options if individual cancer patients have irregular metastatic 
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characteristics. This would be in part due to the mitochondrial component being aberrant, 

both in terms of ROS production and in terms of anomalous energy production. These are 

both hallmarks of tumourous tissue and both play a role in the patients’ chances of 

undergoing successful chemotherapy, as this technique targets cancerous cells to induce 

apoptosis, which the mitochondria regulate. The presence of ROS in a cancerous cell is 

possibly a dual-edged sword; ROS can stimulate apoptosis as well as initiating 

carcinogenesis through gross malformations of DNA. Thus the distances portrayed in 

Table 7.2 are potentially very important, because the higher incidences identified in this 

study came from blood samples taken from a SK cohort, not skin samples. Hence, these 

findings have wider implications in understanding the mechanisms of cancer promotion 

and its underlying ability to proliferate. 

 

Apart from those listed in Appendix I, there have been no published reports centred on 

Electron Transport Chain subunit gene abnormalities in samples taken from individuals 

affected by Solar Keratosis. The identification of aberrations in the ETC genes analysed 

in DNA extracted from lymphocyte cells is an unexpected result, due to the lack of any 

previous work focussing on such parameters. The published studies that have utilised SK 

samples such those by Ashton et al., 2001 have concentrated on particular gene areas 

such as the PTCH and TP53 regions. These regions are well documented in their 

involvement with non-melanoma skin cancer (NMSC), particularly with regard to the 

progression of these lesions into metastasis. This project highlights genes that have not 

previously been analysed in NMSC studies and gives rise to future directions with regard 

to the development of this neo-plastic skin lesion, particularly in terms of genetic 

predisposition and exposure to chemical carcinogens. In view of the studies involving the 

SDH subunits and the development of specific cancers (Dekker et al., 2003; Zeviani et 

al., 2003; Zeviani and Di Donato, 2004), our findings could indicate that there is a link 

between other nuclear-encoded ETC subunit genes and skin neoplasias. If that link were 

proven, it would also lay the way open for consideration of mitochondrial-encoded 

subunit mutations as potential cancer genes. 



Chapter Eight 
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FOCUSSING ON GENOMIC AND PHENOMIC ABERRATIONS IN 

NON-MELANOTIC SKIN CANCERS 
 

 

N.A. Lintell*, D.J. Maguire*, L.R. Griffiths
#
, and M. McCabe* 

 

 

1. INTRODUCTION 

 

Solar Keratosis is a precancerous lesion that is directly linked to long-term exposure to ultraviolet light 

(both ultraviolet B and A have been linked to DNA damage) 1. These lesions have been categorised as 

keratinocytic intraepithelial neoplasias or KIN. Solar Keratosis has three dermatologic stages, (I, II, and 

III), which the lesion progresses through before it is classified as a Squamous Cell Carcinoma (SCC) in situ 
2
. The genes associated with SCC development that were analysed in this study are the MMP12, EMS1 and 

RASA1 genes 3, 4. Those associated with the progression of Basal Cell Carcinoma are the PTCH and 

SMOH genes 
3
. 

Mitochondria are the only extra-nuclear cellular organelle that contains its own DNA, and some of the 

genes it possesses encode several subunits of the ETC (13 out of the known 91) 
5,6,7

. Mitochondria are also 

responsible for the initiation and regulation of apoptosis, which is a cellular process that removes diseased 

and damaged cells 5,6,7. 

It is the malfunction of this pathway that has been fundamentally linked to the initiation of carcinogenesis 
8
. 

The five genes that are involved in the ETC that were investigated are all encoded by the nucleus. They 

include NDUFA8, NDUFA5, and NDUFV1 from complex I, SDHD from complex II, and COXVIIc from 

complex IV9. 1 

     This study analysed samples from a solar keratosis cohort via Real-Time PCR (polymerase chain 

reaction). This technique can measure the amount of target DNA (i.e. the gene that is being analysed) 

produced in real time as the reaction progresses
10
. It does this by detecting a particular compound that is 

bound to the DNA template (either a non-specific compound like SYBR Green I or a specific probe, such 

as a dual-labelled one), which fluoresces at a certain wavelength 11. Each reaction cycle produces more 

DNA and the instrument gauges the total amount produced at the end of the PCR run 
10
. Non-specific 

compounds like SYBR Green I can also calculate changes in DNA length by participating in melt-curve 

measurements, which utilises the fact that smaller DNA amplicons melt at a lower temperature than larger 

ones (if the G/C content is similar) 11. 

 

                                                 
1
 *School of Biomolecular and Biomedical Science and #School of Health Science, Griffith University, Queensland 4111, Australia 
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2. METHODOLOGY 

 

The first component of this study was to identify candidate genes. This process was aided by the 

submission of a PhD in 2002 by Kevin Ashton 
12
 who had analysed skin samples taken from BCC, SCC, 

and SK patients. He investigated these samples utilising the Comparative Genomic Hybridisation (CGH) 

technique, to analyse large areas on chromosomes for gains and losses. This study identified several areas 

of interest for the project to pursue, with the majority of these chromosomal areas associated with the 

location of NMSC and ETC genes. Indicated in Table 1 are the primer sequences devised for analysing 

specific exons of the genes in question, along with their associated PCR conditions. The study chose to 

analyse these gene sets via Real-Time PCR and SYBR Green I.  

 

 

Table 1. Primer sequences, MgCl2 concentrations, and melt temperatures 
SDHD Forward AAGTAGCTTACCTATGGTCA 2.5uM, 56ºC 

SDHD Reverse AAGCAGCAGCGATGGAGA 2.5uM, 56ºC 

MMP12 Forward CCATAGGTCATCTATTCTAG 2.5uM, 56ºC 

MMP12 Reverse ACGTTGGAGTAGGAAGTCA 2.5uM, 56ºC 

NDUFA5 Forward GGTAATATTTTAACCTATGG 3.0uM, 52ºC 

NDUFA5 Reverse TTGGTTAAATGTTACACAAG 3.0uM, 52ºC 

SMOH Forward CCTAAGGTCACAGAATGGCC 3.0uM, 62ºC 

SMOH Reverse CTGTACCTTCAGGTCTGGGT 3.0uM, 62ºC 

NDUFA8 Forward AGCAAGGCTATGTATTTGAG 3.0uM, 56ºC 

NDUFA8 Reverse TCTGTATTTACAGAGACCCT 3.0uM, 56ºC 

PTCH Forward TTCATGGTCTCGTCTCCTAA 3.0uM, 58ºC 

PTCH Reverse AAGTGAACGATGAATGGACA 3.0uM, 58ºC 

NDUFV1 Forward AGATCATCAGGCCCTCTCTT 2.5uM, 62ºC 

NDUFV1 Reverse CGCAGAAGGGTGGTGAATAC 2.5uM, 62ºC 

EMS1 Forward ATTGCTGCCCTGTCTCTCCA 2.5uM, 62ºC 

EMS1 Reverse AACGCGTGATTACAGACCGT 2.5uM, 62ºC 

COXVIIc Forward CATCTGTCCTCATTCTCTGC 2.0uM, 60ºC 

COXVIIc Reverse CCCTTACACACTAACCTTCC 2.0uM, 60ºC 

RASA1 Forward TTGTGAATCTGGTTTTAGGT 2.0uM, 54ºC 

RASA1 Reverse GTTTCTGTATCAACTTACAG 2.0uM, 54ºC 

 

 

It was found that a standard stock of 1x BioTaq reaction buffer, 0.8 uM dNTPs, 0.5 uM primer and 1.5 

units of BioTaq polymerase was needed for each of the primers as the majority of them had been 

specifically selected to have similar compositions and melt temperatures. 

An initial denaturation step of 95ºC for three minutes was implemented for all the primer sets. The 

cycling component was comprised of a 95ºC step for 25 seconds, followed by a binding step of 20 seconds 

and finished with a 72ºC for 35 seconds. These cycles were repeated 45 times. This protocol was 

implemented with SYBR Green I and two different Real-Time PCR machines. The first machine to be used 

was the Bio-Rad iCylcer, with a SYBR Green I concentration of 4 parts per 10000. The genes analysed on 

this machine were NDUFA8, PTCH, NDUFA5, and SMOH. The machine used for the remaining six genes 

(SDHD, MMp12, NDUFV1, EMS1, COXVIIc, and RASA1) was a Corbett Rotor-Gene, with a 

corresponding SYBR Green I ratio of 4 parts per 10000. These changes were made due to the higher 

sensitivity of the Rotor-Gene set-up and also the additional software that the machine utilised, which 

enabled a greater range of analytical references. 

 

 

3. RESULTS 

 

The results of the real-time component of this study are summarised in Table 2. They depict the analysis 

of the gene sets via SYBR Green I. The samples had to show up in triplicate as being aberrant due to the 

fidelity of real-time PCR based on laser excitation of a non-specific fluorophore like SYBR Green I. The 

reasons for this are discussed later on in the paper. A separate analysis of the samples was undertaken in 
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duplicate for the samples having putative aberrations for the genes at the same time (i.e. ETC gene and a 

gene associated with NMSC from the same chromosomal area). This is also summarised in Table 2. This 

table highlights that the incidence of putative mutants is higher in both sets of analysis in the affected 

population when compared to the control.  

 

Table 2. Summary of ETC/ NMSC gene analysis via Melt Curve & SYBR Green I 

ETC/NMSC  

Gene  

Association 

Affected 

Aberrants 

Duplicate 

Control 

Aberrants 

Duplicate 

ETC 

Gene 

Affected 

Aberrants 

Triplicate 

Control 

Aberrants 

Triplicate 

NMSC 

Gene 

Affected 

Aberrants 

Triplicate 

Control 

Aberrants 

Triplicate 

NDUFA8/ 

PTCH 

23% 

(31/135) 

1.4% 

(2/144) 

NDUFA8 13% 

(18/135) 

0.0% 

(0/144) 

PTCH 8.9% 

(12/135) 

1.4% 

(2/144) 

NDUFA5/ 

SMOH 

26% 

(35/135) 

4.9% 

(7/144) 

NDUFA5 13% 

(18/135) 

2.8% 

(4/144) 

SDHD 9.6% 

(13/135) 

2.1% 

(3/144) 

SDHD/ 
MMP12 

21% 
(28/135) 

3.5% 
(5/144) 

SDHD 10% 
(14/135) 

2.1% 
(3/144) 

MMP12 6.0% 
(8/135) 

2.8% 
(4/144) 

NDUFV1/ 
EMS1 

17% 
(23/135) 

1.4% 
(2/144) 

NDUFV1 20% 
(27/135) 

1.4% 
(2/144) 

EMS1 24% 
(32/135) 

4.9% 
(7/144) 

COXVIIc/ 

RASA1 

15% 

(20/135) 

1.4% 

(2/144) 

COXVIIc 30% 

(40/135) 

0.7% 

(1/144) 

RASA1 24% 

(32/135) 

0.0% 

(0/144) 

 

 

Another observance is that in the triplicate single gene section an inverse relationship exists between 

incidence of putative aberrants and the distance between the genes of interest. This is shown in the 

following column graph. The legend along the bottom of the graph indicates the gene pairs (1 = NDUFB8 

& PTCH, 2 = NDUFA5 & SMOH, 3 = SDHD & MMP12, 4 = NDUFV1 & EMS1, 5 = COXVIIc & 

RASA1). 
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4. DISCUSSION 

 

Lesions of the skin originating from non-melanotic cells occur at a significantly higher rate than other 

neo-plastic malignancies within the Australian population, yet the knowledge of their genomic and 

proteomic manifestations falls below that of breast and colon cancer. These types of tumours, Non-

melanotic skin cancers (NMSC), possess characteristics that make them ideal for clinical research, namely 

the abundance of medical samples available for study and their accessibility on the human body. One type 

of NMSC, Squamous Cell Carcinoma (SCC), has a dermatologically identifiable pre-cancerous state in 

which it can proliferate into a malignant lesion or regress into a benign tissue state. This stage of this 

disease is known as Solar Keratosis (SK), but as yet no clear genetic shifts have been identified in this stage 

of the disease for a progression into SCC, other than mutations in the gene encoding for the p53 cell cycle 

mechanism. 

The main premise behind this project was to analyse chromosomal regions that contained both a 

nuclear-encoded electron transport chain gene and an oncogene/tumour suppressor gene associated with 

non-melanoma skin cancer for relatively large-scale mutations. In order to do this a real-time PCR 

approach was optimised, which contained both a quantitative component as well as a melt curve analysis 
13, 

14, 15. 

 This study analysed blood samples taken from an affected and control solar keratosis population. In all 

there 144 control samples and 135 affected samples analysed in at least duplicate (mostly triplicate but up 

to six times due to ambiguity) for aberrations in ten genes. These ten genes were subdivided into five pairs; 

one of the pair being a gene associated with the development of a NMSC, the other a gene encoding for a 

subunit of the ETC, each of these pairs exists in close proximity to one another on a particular 

Graph 1: ETC & NMSC gene Incidence vs 
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chromosomal locale. As shown in Table 3 and on the column graph, the closer these two genes were to 

each other on the chromosome, the higher the incidence of putative aberrants (18 and 12 for NDUFA8 and 

PTCH, with a distance of 24Mb, compared to 40 and 32 for COXVIIc and RASA1, with a distance of 0.73 

Mb). Another relationship that the data highlighted was that of a higher incidence occurring in the affected 

population when compared to the control. In fact out of the entire control run population, a total of 720, 

only 18 (2.5%) showed as being a putative aberrant, compared to 137 (20.3%) of the 675 affected 

population. This difference is also highlighted in the single gene triplicate run population, with the ETC 

gene component having 10 / 720 (1.37%) as being putative mutants, compared to 117 / 675 (17.3%) for the 

affected population. The NMSC gene component produced a 16 / 720 (2.22%) ratio for the control 

population, with the affected population having an incidence of 97 / 675 (14.4 %) for putative mutants. 

The types of mutations that are readily identifiable via the SYBR Green I Real-Time PCR technique 

are mutations caused by exposure to ultraviolet radiation (UVR), which can give rise to genetic areas that, 

when amplified in a SYBR Green I Real-Time PCR run, melt in an a anomalous manner and present as a 

plateau like peak or an area-under the curve irregularity. These mutations are in the form of C to T and CC 

to TT transitions, known as UV `signature' mutations 3.  

The cost of sequencing numerous genetic areas in a large sample cohort is usually inhibitory. Another 

precise method of analysing specific genes lies with screening the samples first with a non-specific 

fluorophore, with both the quantitation and melt-curve methods, then analysing the putative aberrant 

population from that study via single-labelled and dual-labelled probes. The former can accurately analyse 

a sample for amplicon melting anomalies, which can indicate the presence of a nucleotide aberrations down 

to the single-nucleotide level, whilst the latter is a precise way to detect the presence of gross copy-number 

aberrations in the genetic area of interest. 

This project was the first, as far as a three-year literature review across numerous scientific databases 

could ascertain, to analyse precancerous lesions for abnormalities in genes that encode for subunits of the 

ETC. 

Another point of interest is that the DNA utilised in this project did not come from am epithelial 

source, rather it was extracted from whole blood samples taken from a control and affected SK cohort, and 

thus the genetic malformations detected in this project have purportedly wider implications in terms of 

systematic affectations contributing to tumour initiation and promotion. 
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Abstract: In recent years, with the development of techniques in modern molecular biology, it has become 

possible to study the genetic basis of carcinogenesis down to the level of DNA sequence.  Major advances 

have been made in our understanding of the genes involved in cell cycle control and descriptions of 

mutations in those genes. These developments have led to the definition of the role of specific oncogenes 

and tumour suppressor genes in several cancers, including for example colon cancers and some forms of 

breast cancer. Work reported from our laboratory has led to the identification of a number of candidate 

genes involved in the development of non-melanotic skin cancers. In this chapter we attempt to further 

explain the observed (phenomic) alterations in metabolic pathways associated with oxygen consumption 

with the changes at the genetic level.   

 

 

1. INTRODUCTION 

 

In recent years, with the development of techniques in modern molecular biology, it has become 

possible to study the genetic basis of carcinogenesis down to the level of DNA sequence. Major advances 

have been made in our understanding of the genes involved in cell cycle control and descriptions of 

mutations in those genes. These developments have led to the definition of the role of specific oncogenes 

and tumour suppressor genes in several cancers, including colon cancers and some forms of breast cancer. 

Work reported from our laboratory has led to the identification of a number of candidate genes involved in 

the development of non-melanotic skin cancers.
1
 A previous search of the human genome revealed that 

there is close association of genomic locality of key enzymes in oxygen metabolism and genetic changes 

identified in particular oncogene and/or tumour suppressor gene localities. Although it must be stressed that 

none of the genes coding key oxygen-metabolic enzymes are directly contiguous with the proposed sites of 

carcinogenic events, many are sufficiently close to such sites to be affected by the major chromosomal 
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aberrations that have been observed. It was therefore proposed that the observed disruptions in oxygen 

metabolism at the cellular level of cancer development reflect major genome positional deletions, 

duplications, or insertions. In this chapter, we attempt to further explain the observed (phenomic) 

alterations in metabolic pathways associated with oxygen consumption with the changes at the genetic 

level. The approach adopted in the present work is to identify template DNA in close pairs of ETC and 

tumour suppressor genes or oncogenes and design PCR primers against such template regions. Using real 

time PCR, it has been possible to confirm our earlier proposal regarding the co-lateral disruption to genes 

in close proximity. It is stressed that at this stage of our investigation, there is no suggestion that there is 

any influence of either type of gene upon the alterations observed in the other. The approach reported here 

allows a much greater focus on smaller regions of the genome than was previously reported. 
 

 

2. METHODS 

 

The samples used for this study are derived from the 1995 Nambour skin cancer trial and are 

composed of blood samples collected from a cohort of patients with solar keratoses (SK). The DNA was 

extracted using a modified salting out procedure outlined in a previous study.2 GeneReleaser was used to 

further clean up the samples, albeit using a slight modification on the protocol given. 20uL of sample was 

added to 20uL of GeneReleaser in a 0.6mL tube and the mixture was vortexed for 5 seconds before being 

microwaved on high for 7 minutes. A beaker of water was placed in the microwave to redirect heat. The 

preparation was spun in a microfuge for 1 minute and the supernatant (~20uL) was removed and mixed 

with 80uL water. 

The process of identifying candidate genes involved using the NCBI sequencer to pinpoint the exact 

locations of each of the nuclear-encoded subunits of the ETC and of oncogenes/tumour-suppressor genes 

associated with non-melanotic skin cancer. Using those chromosomes and locations identified in the 

Ashton study, nine pairs of ETC/oncogenes showing close positional relationships were identified, and two 

of these chosen for this stage of the project are summarised in Table 1. For primer design, a  
 

 

Table 1. Summary of ETC/Oncogene 1 localities that were the focus of interest. 

Cancer Gene SMOH PTCH 

Position 7q31-q32 9q22.3 

Site (Mb) 104.9 89.05 

ETC Gene NDUFA5 NDUFA8 

Position 7q31 9q33.2-q34.11 

Site (Mb) 114.38 113 

Distance (Mb) 9.445 24.221 

Genes Separation ~40 ~100 

Cancer BCC BCC 

BCC: basal cell carcinoma 
 

Table 2. Primer design for real time PCR. 
   

Primer 

Tm 

Amplimer 

Size (Tm) 

NDUFA5 Forward GGTAATATTTTAACCTATGG 54 208 (73) 

NDUFA5 Reverse TTGGTTAAATGTTACACAAG 54  

SMOH Forward CCTAAGGTCACAGAATGGCC 58 244 (76) 

SMOH Reverse CTGTACCTTCAGGTCTGGGT 58  

NDUFA8 Forward AGCAAGGCTATGTATTTGAG 56 322 (80) 

NDUFA8 Reverse TCTGTATTTACAGAGACCCT 56  

PTCH Forward TTCATGGTCTCGTCTCCTAA 58 309 (82) 

PTCH Reverse AAGTGAACGATGAATGGACA 56  
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specific exon in each of the genes was targeted, partly on the basis of nucleic acid base composition and 

partly for its length in terms of optimal Real-Time analysis and DHPLC analysis, if required. These primer 

sequences are summarized in Table 2 along with their predicted Tm (melt temperature) values. 

Each Real-Time run involved the simultaneous analysis of both the ETC subunit and the oncogene on 

30 samples to gauge the extent of adducts or additions (if present). After completing the Real-Time run on 

the thermal cycler iCycler, each of the samples was examined by electrophoresis on a 2.0% agarose gel, 

prepared by standard techniques, to ensure the integrity of the amplification. A standard stock of 2x BioTaq 

reaction buffer, 0.8 uM dNTPs, 0.5uM primer, and 1.5 units of BioTaq polymerase were used for each of 

the primers, since the majority of them had been specifically selected to have similar compositions and melt 

temperatures. The MgCl2 concentration and cycle conditions are as follows: 

 
SMOH: MgCl2: 3.5uM. Cycle: 95oC 1 min; 50x (95o 30 sec, 60oC 30 sec, 72o 45 sec). 

NDUFA5: MgCl2: 3.0uM. Cycle: 95oC 1 min; 50x (95o 30 sec, 60oC 30 sec, 72o 45 sec). 

NDUFA8: MgCl2: 2.5uM. Cycle: 95oC 1 min; 50x (95o 30 sec, 56oC 30 sec, 72o 45 sec). 

PTCH: MgCl2: 3.0uM. Cycle: 95oC 1 min; 50x (95o 30 sec, 56oC 30 sec, 72o 45 sec). 

 

 

3. RESULTS 

 

It was found that analysis of the samples using melt temperature in the real time thermal cycling 

instrument (iCycler
TM
) in conjunction with SYBR Green involves some uncertainty.  This is believed to be 

associated with slight inconsistencies in temperature across the 96 well plates used in the analysis.  To 

overcome this problem, only those samples that showed an absolute temperature difference of greater than 

0.5ºC in at least two of the triplicate runs from the designated melt temperature were considered significant 

enough to warrant further analysis by DHPLC and sequencing. Samples producing amplimers that exhibit 

such differences in melt temperature are designated as aberrant. The term aberration in this context refers to 

the presence of deletions of, additions to, or significant sequence changes in specific exons in the gene sets 

examined. Aberrations of this sort on a much larger scale (i.e. significant sections on a chromosome, not 

just specific genes) were described in a Non-Melanotic Skin Cancer population (Basal Cell Carcinoma, 

Squamous Cell Carcinoma, and Solar Keratosis) utilising the Comparative Genomic Hybridisation (CGH) 

technique.1 This technique can detect mega-base aberrations whilst the real-time method being 

implemented here is best used for anomalies between 20 base pairs up to approximately 400 base pairs. 

In Figure 1, the results for the total sample population examined using the gene pair NDUFA5/SMOH 

are presented. It can be seen that, for this gene pair, 10 of the 142 normal samples exhibited some 

aberration, while 132 samples showed no aberration. By contrast, 83 of the 139 affected samples lacked 

aberrations in this gene pair, compared to 56 that were aberrant. In Figure 2, results for the other gene pair 

NDUFA8/PTCH in this work are presented.  It is observed that 116 of the 142 normal samples exhibited no 

aberration, while 26 samples showed some aberration. By contrast, 64 of the 139 affected samples lacked 

aberration in this gene pair, compared with 75 that were aberrant. 

 

 

  
 

Figure 1. Pie graph summarising the distribution of aberrant samples compared to normal in an affected and control SK population, 

tested using NDUFA5:SMOH-targeted primers. 

Aberrant control (10) 

Aberrant affected (56) 

Normal affected (83) 

Normal control (132) 
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Figure 2. Pie graph summarising the distribution of aberrant samples compared to normal in an affected and control SK population, 
tested using NDUFA8:PTCH-targeted primers. 

 

 
4. DISCUSSION 

 

The main aim of this project was to analyse chromosomal regions containing both a nuclear-encoded 

electron transport chain gene and an oncogene/tumour suppressor gene associated with non-melanoma skin 

cancer, for relatively large mutations. In order to achieve this, we used a real-time PCR melt curve analysis. 

Specific exons were chosen in each of the genes for both GC content and length, since these two 

criteria have an enormous influence on the ability of the real-time procedure to produce a melt curve 

profile.3 Samples, whether control samples or affected solar keratosis (SK) samples, were analysed 

simultaneously on the same run for both the ETC gene and oncogene in order to detect the presence of 

aberrations within the specific region. SYBR Green 1 is a dye that changes fluorophoric characteristics 

upon interacting with DNA. This offers a method of calculating the amount of DNA produced in a given 

PCR run by measuring the increase in fluorescence.
4
  

The cycle number at which the level of fluorescence rises above a background threshold value is 

inversely proportional to the log of the initial template copies.
5
 This approach was selected over several 

others, such as the TaqMan method, since it partly overcomes the problem of sequence heterogeneity. This 

means that any mutations in primer binding sequences would only hamper the first cycles(s), whereas point 

mutations in a probe region (like the TaqMan probe) might significantly alter the yield of signal throughout 

the PCR.
4
 The analysis had to be performed on the same run because SYBR Green’s specificity for the 

DNA template is directly related to the MgCl2 concentration of the PCR master mix, and any slight 

pipetting errors can influence the results derived from real-time analysis. Thus the practise of comparing 

‘runs’ is discouraged when utilising SYBR Green I.
3
  

A disadvantage of the SYBR Green technique is that it can be incorporated into any double-stranded 

DNA, including unspecific products like primer dimers.
6
 Since extensive accumulation of primer-dimer is 

often associated with PCRs involving small amounts of target DNA or in no-template control samples, 

SYBR Green 1 PCR can produce false positive results.
3 

A way of accurately distinguishing non-specific amplification product from true PCR amplicons is to 

conduct a melting curve analysis of the amplified DNA.
3
 Melting curve analysis generates a specific 

profile, which depicts the rate of change of fluorescence over time as a function of temperature for each 

sample. This profile is dependent upon the length and GC content of the PCR product. 

As previously reported,
3
 the assessment of DNA melt curve using SYBR Greens is not sufficiently 

specific to warrant the use of single occasion runs, so each of the samples was analysed in triplicate. 

Eighteen affected samples produced aberration in all three runs in the NDUFA8/PTCH combination, 

and these were analysed via DHPLC to confirm the presence of polymorphisms. Of those eighteen, 11 were 

designated as being of a different polymorphic nature than the wild type, with three samples showing 

unique peaks. These were: a 69-year-old male with five SKs, a 66-year-old female who was part of the 

control group, and an affected 72-year-old female, with 122 SKs. The control female that exhibited a 

unique profile was the only control patient out of all the real-time runs that showed an abnormal real-time 

Aberrant affected (75) 

Aberrant control (26) 

Normal affected (64) 

Normal control (116) 
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run in each of the three trials (out of 142). Sequencing of these eighteen samples will be commenced in the 

near future once DNA has been re-extracted from the blood samples in order to minimise degeneration 

peaks in the sequencing output. There were a total of 71 affected samples that expressed abnormal real-time 

data at least twice.  

The NDUFA5/SMOH population also presented eighteen affected samples in triplicate that showed up 

as being aberrant in nature, though they have not as yet been completely analysed by DHPLC, due to the 

presence of degeneration peaks in the initial runs. The DNA for these samples is currently being extracted. 

With regard to this pair, three control samples showed up in triplicate as being of abnormal nature. 

It is not unexpected that a small proportion of the control samples should exhibit aberrations. Current 

theories on carcinogenesis accommodate genotype/phenotype inconsistencies on the basis that 

carcinogenesis involves multi-gene expression. This caveat incorporates epigenetic and environmental 

influences. Conversely, the identification of affected samples that did not show aberrations in this study is 

also not unexpected. It might be anticipated that some regions of ‘normality’ would be observed as a result 

of randomly focussing on relatively small regions of quite large genes. 

Finally, when the results for both pairs of close genes are analysed, a total of 46 controls showed 

aberrations (36 PTCH:NDUFA8 and 10 SMOH:NDUFA5), but no control sample showed aberrations in 

both pairs. Conversely, for the solar keratosis samples 129 showed aberrations (75 PTCH:NDUFA8 and 57 

PTCH:NDUFA5), but only 3 exhibited aberrations in both gene pair analyses. 
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Appendix II 

 

 
 

 

 
 

Figure A1: Aberrant MMP12 Ct vs. normal Tubulin-α-8 Ct.  

 

 

 
 

Figure A2: Aberrant MMP12 Ct vs. Tubulin-α-8 Ct.  

 

 
 

Figure A3: Aberrant MMP12 Ct vs. Tubulin-α-8 Ct. 

 

 

Figures A1-A3 showing samples 296, 310, and 357 respectively. Each sample is 

exhibiting a MMP12 copy number gain aberration. The curve with no markers represents 

the housekeeper Tubulin-α-8 profile, whilst the curve exhibiting the circles represents the 

MMP12 Dual-Labelled Probe profile.  
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Figure A4: Patient 3 Mitochondrial tRNA Leucine Probe Ct vs. Tubulin-α-8 Probe Ct.  

 

 

 

 
 

Figure A5: Patient 1 Mitochondrial tRNA Leucine Probe Ct vs. SDHD Probe Ct.  

 

 

Figures A4-A5 showing patients 3 and 1 respectively. Each sample is exhibiting MtDNA 

Depletion characteristics. The curve with no markers represents the housekeeper Tubulin-

α-8 profile, whilst the curve exhibiting the circles represents the MtDNA tRNA Leucine 

Dual-Labelled Probe profile. Figure A5 is portraying a SDHD Ct comparison rather than 

a Tubulin-α-8 profile. 
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Figure A6: Patient 1 Mitochondrial tRNA Leucine Probe Ct vs. Tubulin-α-8 Probe Ct.  

 

 

 

 
 

 

Figure A7: Patient 1 Mitochondrial tRNA Leucine Probe Ct vs. Tubulin-α-8 Probe Ct.  

 

 

 

Figures A6-A7 showing patients 1. Each Ct profile is exhibiting MtDNA Depletion 

characteristics. The curve with no markers represents the housekeeper Tubulin-α-8 

profile, whilst the curve exhibiting the circles represents the MtDNA tRNA Leucine 

Dual-Labelled Probe profile.  
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Figure A9: Sequencing Profile: 125 SDHD forward. 

 

 
 

Figure A10: Sequencing Profile: 125 SDHD reverse. 

 

 

Figures A9-A10 showing wild-type SDHD sequencing profiles for sample 125 in the 

reverse and forward direction respectively. This was one of only a few samples analysed 

via sequencing to have clean chromatogram graphs in the forward and reverse direction 

for the SDHD component. 
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Figure A11: Sequencing Profile: 71 SDHD Reverse. 

 

 

 
 

Figure A12: Sequencing Profile: 324 SDHD Reverse. 

 

 

Figures A11-A12 showing wild-type SDHD sequencing profiles in the reverse direction 

for samples 71 and 324 respectively. These two samples possessed only reverse 

sequencing runs that could be analysed via chromatogram graphs, with the forward 

analysis exhibiting excess dye anomalies.  
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Figure A13: Sequencing Profile: 125 MMP12 Forward. 

 

 

 
 

Figure A14: Sequencing Profile: 125 MMP12 Reverse. 

 

 

Figures A13-A14 showing wild-type MMP12 sequencing profiles for sample 125 in the 

reverse and forward direction respectively. This was one of only a few samples analysed 

via sequencing to have clean chromatogram graphs in the forward and reverse direction 

for the MMP12 component. 
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