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Abstract 

Identifying disease-related variants is a primary aim of human genetics.  In breast 

cancer, loss of heterozygosity at specific loci was previously demonstrated in paired 

tumour and circulating plasma cell-free DNA (cfDNA) samples.  However, alterations 

unique to cfDNA were also found in all cases, suggesting disease progression.  These 

results prompted the characterisation of the circulating breast cancer genome in more 

detail in this thesis, to test the hypothesis that cfDNA acts as a surrogate tumour 

marker.  This was achieved using Affymetrix SNP 6.0 technology and bioinformatics to 

map SNP and copy number variation (CNV), comparing cfDNA with matched normal 

lymphocyte and tumour DNA in 65 breast cancer patients and 8 healthy female 

controls. 

 

Results in this thesis show that comparison of cfDNA SNP genotypes can distinguish 

between primary breast cancer patients and healthy controls (p<0.0001), and between 

pre-surgical breast cancer patients and those who already had surgery/treatment 

(p=0.0016).  A significant difference (p=0.0006) was also found between cfDNA 

samples taken an average of 3 years apart in women on follow-up, again suggesting 

progression.  In addition, CNV amplification was observed in matched tumour and 

cfDNA at numerous loci on different chromosome arms.  Many of these tumour-specific 

CNVs contributed significantly to disease through logistic regression analysis and 

remained detectable in cfDNA up to 12 years after diagnosis despite no other evidence 

of disease.  This finding strongly infers breast cancer dormancy in the majority of 

patients on follow-up. 

 

In addition, candidate CNVs were validated by real-time qPCR and additional 

bioinformatics revealed key SNP and CNV signatures of breast cancer patients.  If 

validated in other patient series, the results could alter the diagnostic and prognostic 

landscape of breast cancer. 

 

Future studies will focus on developing high throughput approaches to target common 

SNPs/CNVs with a view to developing a targeted custom DNA chip for screening and 

monitoring. 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page II 

 

 

Acknowledgements 

This work is dedicated to all of those who have been affected directly or indirectly by 

breast cancer, including relatives, friends, and acquaintances.  I sincerely hope that my 

work has been beneficial to this sensitive area of research and that it will go toward 

something of greater potential that can help all afflicted with breast cancer.  Also, to my 

grandmother:  I wish that you were still alive today - my aim has always been to make 

you proud of me. 

 

I also must give thanks to my family - including numerous aunts, uncles, and cousins - 

and my three sisters-in-law Amanda, Neasa, and Sabrina - for having an on-going 

interest in my research.  Also, lest I forget:  Lindsay, Angie, Linda, and Janine, for the 

smooth running of the laboratory; Dr. Jacqui Shaw for being a great supervisor, friend, 

and colleague, but also for being a great role model in research; Dr. Karen Page, with 

whom I worked every day, for also being a great colleague and friend; Youssef, Ali Al-

Harth, and their families, Eftychios Papadogeorgakis and Eleni, Drs. J Howard Pringle, 

Shona Elshaw, and Chetana Ruangpratheep for being great friends and for putting up 

with my antics and personal life brought into the office! 

 

Also, special thanks to:  Karen Kulbicki for always making me smile; Nathalie Zahra 

for sticking by me through highs and lows; the Maria Tilton ‘Hope’ Foundation, Cancer 

Research UK, and Breast Cancer Campaign; Joan in Finance for administrative 

assistance; Jim Strupish for keeping the corridors alive with the sound of whistle; the 

Leicester Market for providing the fruit that fuelled the passion for my research; 

Theresa Visser, Amy Moore, and Ush Taylor for administrative help on Floor 3; 

Malcolm Rae and Sally Munton for purchasing help; Jon Naylor for our refreshing 

conversations on computers; all of my former lecturers and friends at the Institute of 

Technology in Carlow, Ireland; and a ‘go rabh míle maith agat’ to all of my other Irish 

friends back home.  I would also like to acknowledge Professors R Charles Coombes 

and Justin Stebbing at Imperial College London for being personal role models, and 

Barb, Sharon, Anne-Marie, Chris, Rebecca (Becksteropilopidous), and Colette for their 

friendship and support. 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page III 

 

 

Publications relating to this thesis 

Page K, Hava N, Ward B, Brown J, Guttery DS, Ruangpratheep C, Blighe K, Sharma 

A, Walker RA, Coombes RC, and Shaw JA (April, 2011), Detection of HER2 

amplification in circulating free DNA in patients with breast cancer, British 

Journal of Cancer 104(8): 1342-1348 

 

Payne R, Hava N, Page K, Blighe K, Ward B, Slade M, Brown J, Guttery D, Zaidi 

SAA, Stebbing J, Jacob J, Tat T, Yagüe E, Shaw JA, and Coombes RC (January, 

2012), The presence of disseminated tumour cells in the bone marrow is 

inversely related to circulating-free DNA in plasma in breast cancer dormancy, 

British Journal of Cancer 106(2): 375-382 

 

Shaw JA, Page K, Blighe K, Hava N, Guttery D, Ward B, Brown J, Ruangpratheep C, 

Stebbing J, Payne R, Palmieri C, Cleator S, Walker RA, and Coombes RC 

(February, 2012), Genomic analysis of circulating cell free DNA infers breast 

cancer dormancy, Genome Research 22(2): 220-231 

 

Stebbing J, Filipovic A, Lit LC, Blighe K, Grothey A, Sommer A, Beckmann G, 

Yasuhiro M, Chow LWC, Coombes RC, Sasano H, Shaw JA, and Giamas G, 

LMTK3 is implicated in intrinsic endocrine resistance via multiple signaling 

pathways (manuscript in preparation) 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page IV 

 

 

Abbreviations 

Acronym Definition 

A Eigenvector 

aCGH Array comparative genomic hybridisation 

ACS American Cancer Society 

ADHD Attention deficit hyperactivity disorder 

ANOVA Analysis of variance 

ASD Autism spectrum disorder 

BCAS3 Breast carcinoma amplified sequence 3 

BCSC Breast Cancer Surveillance Consortium 

BD Benign breast disease 

BIDD Biomarkers and Imaging Discovery and 

Development 

BLAST Basic Local Alignment Search Tool 

bp Base-pair 

BRLMM Bayesian robust linear model with mahalanobis 

cDNA Complementary DNA 

cfDNA Cell-free DNA 

CEPH Utah, USA residents with ancestry from northern 

and western Europe 

CHB Han Chinese in Beijing, China 

CIN Chromosomal instability 

CQC Contrast QC 

CO2 Carbon dioxide 

CN Copy number 

CNA Copy number alteration 

CN-LOH Copy neutral-LOH 

CNV Copy number variation 

COSMIC Catalogue of Somatic Mutations in Cancer 

cov Covariance 

CRUK Cancer Research UK 

Cт Cycle threshold 

CTC Circulating tumour cell 

DBC1 Deleted in bladder cancer 1 

DCIS Ductal carcinoma in-situ 

DGV Database of genomic variants 

DIRC3 Disrupted in renal carcinoma 

DLC1 Deleted in liver cancer 1 

DTC Disseminated tumour cell 

DMEM Dulbecco's Modified Eagle Medium 

e Eigenvalue 

ECM Extracellular matrix 

ECMC Experimental Cancer Medicine Centre 

EDTA Ethylenediaminetetraacetic acid 

EGFR Epidermal growth factor receptor 

EM Expectation maximisation 

EMT Epithelial-to-mesenchymal transition 

ER Oestrogen receptor 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page V 

 

ERBB2 HER-2/neu 

ESR1 Oestrogen receptor 1-α 

FAM Family with sequence similarity 

FDA Food and Drug Administration 

FDR False discovery rate 

FGF Fibroblast growth factor 

FGFR Fibroblast growth factor receptor 

FISH Fluorescent in situ hybridisation 

FRS2 Fibroblast growth factor receptor substrate 2 

g Gram 

GTC Genotyping Console 

H&E Haematoxylin and Eosin 

hESC Human embryonic stem cell 

HMM Hidden Markov model 

HR High risk 

HRT Hormone replacement therapy 

htSNP Haplotype-tagging SNP 

IARC International Agency for Research on Cancer 

IGF1 Insulin-like growth factor 1 

IGFBP3 IGF-binding protein-3 

IGFR Insulin-like growth factor receptor 

IHC Immunohistochemistry 

HSP Heat-shock protein 

JPT Japanese in Tokyo, Japan 

Kb Kilobase 

KDa KiloDalton 

L Litre 

LCIS Lobular carcinoma in-situ 

LD Linkage disequilibrium 

LH Luteinising hormone 

LHRH Luteinising hormone releasing hormone 

LOH Loss of heterozygosity 

Lowess Locally-weighted linear regression 

LR Low risk 

M Molar 

MAPD Median of the absolute values of all pairwise 

differences 

MAPK Mitogen activated protein kinase 

Mb Megabase 

mGy MilliGray 

ml Millilitre 

MM Mismatch 

MRD Minimal residual disease 

MRI Magnetic  resonance imaging 

MTA1 Metastasis associated 1 

NaCl Sodium chloride 

NAHR Non-allelic homologous recombination 

NAIP Neuronal apoptosis inhibitory protein 

NCBI National Centre for Biotechnology Information 

NCI National Cancer Institute 

NeoCEnT Neo-adjuvant chemo- or endocrine therapy 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page VI 

 

ng Nanogram 

NGS Next-generation sequencing 

NHS National Health Service 

NHSBSP NHS Breast Screening Programme 

nm Nanometre 

NTN1 Netrin-1 

OMIM Online Mendelian Inheritance in Man 

PAM Partitioning around means 

PCA Principal component analysis 

P/C/IAA Phenol/chloroform/isoamylalcohol 

pH Power of the [hydrogen ion] 

PI3K Phosphoinositide kinase-3 

pM Picomolar 

PM Perfect match 

PR Progesterone receptor 

PRAME Preferentially expressed antigen in melanoma 

QC Quality control 

qPCR Quantitative PCR 

REC Research Ethics Committee 

ROC Receiver operating characteristic 

RPIA Ribose 5-phosphate isomerase A 

rpm Revolutions per minute 

RPMI Roswell Park Memorial Institute 

RQ Relative quantitation 

RS Recurrence score 

SAP Application of SNP arrays (S) to monitor the post-

adjuvant (A) period (P) 

SDS Sodium dodecyl sulphate 

SERM Selective estrogen receptor modulator 

SNP Single nucleotide polymorphism 

TERT Telomerase reverse transcriptase 

UCSC University of California Santa Cruz 

µl Microlitre 

var variance 

VNTR Variable number of tandem repeats 

WGA Whole genome amplification 

YRI Yoruba in Ibadan, Nigeria 

σ Standard deviation 

φ29 Phi29 

°C Degrees Celsius 

X  Mean 

 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page VII 

 

 

Table of contents 

ABSTRACT .................................................................................................................. I 

ACKNOWLEDGEMENTS ....................................................................................... II 

PUBLICATIONS RELATING TO THIS THESIS ............................................... III 

ABBREVIATIONS ................................................................................................... IV 

TABLE OF CONTENTS ........................................................................................ VII 

INDEX OF FIGURES ............................................................................................. XV 

INDEX OF TABLES ............................................................................................ XXII 

1 INTRODUCTION ............................................................................................... 1 

1.1 THE BREAST ....................................................................................................... 2 

1.2 BREAST CANCER:  HISTORY AND CURRENT RESEARCH FOCUS ............................ 3 

1.2.1 Incidence ..................................................................................................... 3 

1.2.1.1 Future trends ........................................................................................ 5 

1.2.2 Types of breast cancer ................................................................................ 6 

1.2.3 Morphological and molecular factors ......................................................... 7 

1.2.4 Risk factors ................................................................................................. 8 

1.2.5 Detection and screening ............................................................................ 10 

1.2.5.1 Breast mammography ........................................................................ 10 

1.2.5.2 Therapy .............................................................................................. 12 

1.3 MOLECULAR PROFILING AND PERSONALISED MEDICINE ................................... 13 

1.3.1 Breast gene expression subtypes ............................................................... 16 

1.3.2 Commercial profiling ................................................................................ 18 

1.3.3 Profiling with SNPs and CNV .................................................................. 20 

1.3.4 Next-generation sequencing ..................................................................... 21 

1.3.5 Potential of DNA arrays ........................................................................... 24 

1.3.5.1 Affymetrix microarrays ..................................................................... 25 

1.3.5.2 The use of Affymetrix SNP 6.0 .......................................................... 26 

1.3.5.2.1 Genotyping calling algorithms ...................................................... 27 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page VIII 

1.3.5.2.2 Capabilities .................................................................................... 28

1.4 CIRCULATING CELL-FREE DNA ....................................................................... 28

1.4.1 Origins of cfDNA ..................................................................................... 29

1.4.1.1 Tumourigenic origin .......................................................................... 30

1.4.1.2 Other sources of cfDNA .................................................................... 31

1.4.2 Biological importance of cfDNA .............................................................. 33

1.4.2.1 Cell-free DNA as a diagnostic and prognostic marker ...................... 33

1.4.2.2 The search for markers of minimal disease ....................................... 34

1.5 BACKGROUND TO THESIS ................................................................................. 35

1.6 HYPOTHESIS TO BE TESTED .............................................................................. 35

1.7 AIMS ................................................................................................................ 36

1.8 OBJECTIVES ..................................................................................................... 36

2 MATERIALS AND METHODS ...................................................................... 37

2.1 PROJECT FUNDING AND SPONSORSHIP DETAILS ................................................ 38

2.2 ASSOCIATED CLINICAL STUDIES AND TRIALS ................................................... 38

2.3 SAMPLE INFORMATION..................................................................................... 40

2.4 SAMPLE PROCESSING ....................................................................................... 43

2.5 DNA EXTRACTION AND WHOLE GENOME AMPLIFICATION ............................... 43

2.6 MICROARRAY PROCESSING .............................................................................. 44

2.6.1 The scanning process ................................................................................ 45

2.7 BIOINFORMATIC DATA ANALYSIS ..................................................................... 45

2.7.1 Normalisation ............................................................................................ 46

2.7.1.1 Referencing and derivation of log2 values ......................................... 47

2.7.1.2 Variations to normalisation ............................................................... 48

2.7.2 Initial QC .................................................................................................. 49

2.7.3 Genotyping and generation of CN segments ............................................ 49

2.7.3.1 Single nucleotide polymorphism concordance checks ...................... 49

2.7.3.2 Genomic segmentation ...................................................................... 50

2.7.4 Principal component analysis and clustering ............................................ 51

2.7.4.1 Genetic signature of breast cancer ..................................................... 51

2.7.5 Loss of heterozygosity .............................................................................. 52

2.7.6 Copy number variation frequency analysis .............................................. 53

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page IX 

2.7.7 Genomic aberration detection ................................................................... 53

2.8 CULTURING CELL-LINES ................................................................................... 54

2.9 DESIGN OF PRIMERS AND PROBES ..................................................................... 55

2.10 REAL-TIME QUANTITATIVE PCR ...................................................................... 56

2.11 STATISTICAL ANALYSIS ................................................................................... 57

3 MOLECULAR CHARACTERISATION OF CIRCULATING CELL-FREE 

DNA IN BREAST CANCER PATIENTS USING SNP 6.0 MICROARRAYS ... 58

3.1 OVERVIEW ....................................................................................................... 59

3.2 INTRODUCTION ................................................................................................ 59

3.2.1 Genome-wide characterisation ................................................................. 60

3.2.2 Sequential analysis .................................................................................... 60

3.2.3 Aims .......................................................................................................... 61

3.3 RESULTS .......................................................................................................... 62

3.3.1 Reproducibility and sensitivity of qPCR for measuring ERBB2 copy 

number in breast cancer cell-lines .......................................................................... 62

3.3.2 Affymetrix SNP 6.0 QC analysis of whole genome amplification cfDNA, 

tumour, and lymphocyte DNA samples .................................................................. 69

3.3.3 Single nucleotide polymorphisms and the comparison of genomic profiles

74

3.3.3.1 HapMap comparisons ........................................................................ 74

3.3.3.2 Matched lymphocyte comparisons .................................................... 74

3.3.3.3 Matched tumour comparisons ........................................................... 77

3.3.4 Copy number variation analysis ............................................................... 78

3.3.4.1 Status ................................................................................................. 78

3.3.4.2 Number of CNVs called .................................................................... 78

3.3.4.3 Amplification and deletion ................................................................ 82

3.3.4.3.1 Distribution ................................................................................... 82

3.3.4.3.2 Thresholding amplifications by copy number ............................... 83

3.3.4.3.3 Logistic regression to reveal significant copy number variant 

regions 97

3.3.5 Principal component analysis and hierarchical clustering to interrogate 

both SNP and CN data ............................................................................................ 99

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page X 

3.3.5.1 Principal component analysis ............................................................ 99

3.3.5.2 Hierarchical clustering ..................................................................... 108

3.3.6 Loss of heterozygosity analysis .............................................................. 110

3.4 DISCUSSION ................................................................................................... 113

3.4.1 ERBB2 assay validation experiments using breast cell-lines .................. 114

3.4.2 Formalin-fixed Vs fresh frozen tissue .................................................... 114

3.4.3 Single nucleotide polymorphism concordance segregated cfDNA of 

healthy controls from breast cancer patients ......................................................... 115

3.4.4 Principal component analysis reveals ethnicity and may predict breast 

cancer 116

3.4.5 Copy number variation ........................................................................... 117

3.4.5.1 Many novel CNVs ........................................................................... 118

3.4.5.2 Amplifications and deletions ........................................................... 119

3.4.5.3 Commonly-amplified intervals in plasma cfDNA .......................... 120

3.4.5.4 Receptor status ................................................................................. 121

3.4.5.5 Profiles of relapsed patients ............................................................. 121

3.4.5.6 Surgery and therapy received .......................................................... 122

3.4.6 Genes overlapping commonly-amplified CNVs ..................................... 123

3.4.6.1 4q13.2 .............................................................................................. 123

3.4.6.2 5q13.2 .............................................................................................. 123

3.4.6.3 7q11.23 ............................................................................................ 124

3.4.6.4 8p23.1 .............................................................................................. 124

3.4.6.5 10q11.22 and 10q11.23 ................................................................... 125

3.4.6.6 15q25.2 ............................................................................................ 126

3.4.6.7 16p12.3 ............................................................................................ 126

3.4.6.8 Other CNVs with potential genes of interest ................................... 126

3.4.7 Breast cancer dormancy .......................................................................... 128

3.5 CONCLUSION ................................................................................................. 130

3.6 FUTURE STUDIES ............................................................................................ 131

4 MONITORING CIRCULATING CELL-FREE DNA IN RESPONSE TO 

THERAPY IN BREAST CANCER PATIENTS USING SNP 6.0 MICROARRAYS

132

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XI 

4.1 OVERVIEW ..................................................................................................... 133

4.2 INTRODUCTION .............................................................................................. 133

4.2.1 Cancer therapy ........................................................................................ 133

4.2.2 Resistance to therapy .............................................................................. 134

4.2.3 The NeoCEnT clinical trial ..................................................................... 135

4.2.4 Aims ........................................................................................................ 136

4.3 RESULTS ........................................................................................................ 136

4.3.1 Affymetrix SNP 6.0 QC analysis of cfDNA, tumour, and lymphocyte 

samples 136

4.3.2 Single nucleotide polymorphisms and the comparison of genomic profiles

139

4.3.3 Copy number variation analysis ............................................................. 141

4.3.3.1 Number of CNVS called ................................................................. 141

4.3.3.2 Amplifications and deletions ........................................................... 143

4.3.3.2.1 Frequency .................................................................................... 143

4.3.3.2.2 Distribution ................................................................................. 144

4.3.3.2.3 Thresholding amplifications by copy number ............................. 145

4.3.3.2.4 Logistic regression to reveal significant copy number variant 

regions 149

4.3.3.3 Copy number variation in growth factor receptor genes ................. 150

4.3.3.4 Detection of genomic aberrations .................................................... 151

4.3.4 Principal component analysis to interrogate both SNP and CN data ..... 155

4.4 DISCUSSION ................................................................................................... 158

4.4.1 Microarray detects genomic aberrations ................................................. 158

4.4.2 Single nucleotide polymorphism/copy number variation changes with time 

and therapy ............................................................................................................ 159

4.4.2.1 Single nucleotide polymorphism concordance checks give mixed 

results 159

4.4.2.2 Plasma cfDNA CNV profile becomes less heterogeneous .............. 161

4.4.2.3 Principal component analysis indicates subtle changes in the plasma 

cfDNA profile ................................................................................................... 161

4.4.2.4 Plasma cfDNA CNVs become less prevalent ................................. 162

4.4.3 Genes overlapping commonly-amplified CNVs ..................................... 163

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XII 

4.4.4 Affymetrix SNP 6.0 reproducibility ......................................................... 165

4.5 CONCLUSION ................................................................................................. 165

4.6 FUTURE STUDIES ............................................................................................ 166

5 PAINTING A PORTRAIT OF BREAST CANCER THROUGH PRINCIPAL 

COMPONENT ANALYSIS .................................................................................... 167

5.1 OVERVIEW ..................................................................................................... 168

5.2 INTRODUCTION .............................................................................................. 168

5.2.1 Principal component analysis as a tool for analysing large bodies of data

168

5.2.1.1 Limitations of PCA .......................................................................... 169

5.2.2 Deriving a genetic ‘signature’ ................................................................. 169

5.2.3 Aims ........................................................................................................ 171

5.3 RESULTS ........................................................................................................ 171

5.3.1 Genes with known roles in breast cancer ................................................ 171

5.3.1.1 Markers overlapping exons ............................................................. 179

5.3.1.2 Markers overlapping introns ............................................................ 180

5.3.1.2.1 Breast cancer patients on follow-up ............................................ 180

5.3.1.2.2 Relapsed breast cancer patients on follow-up ............................. 180

5.3.1.2.3 Unaffected BRCA1 mutation carriers ......................................... 182

5.3.1.2.4 Pre-surgical breast cancer patients on neoadjuvant therapy ....... 183

5.3.2 Towards a breast cancer signature through cfDNA analysis .................. 184

5.4 DISCUSSION ................................................................................................... 189

5.4.1 Exons were infrequently affected by variation ....................................... 190

5.4.2 Principal component analysis revealed numerous existing and novel gene 

targets of oncogenic potential ............................................................................... 191

5.4.2.1 Patients on follow-up ....................................................................... 192

5.4.2.1.1 Lymphocyte Vs Tumour DNA.................................................... 192

5.4.2.1.2 T1N0 (T≤20mm) Vs T>20mm/node-positive (first and second 

cfDNA) 194

5.4.2.2 Relapsed patients’ final cfDNA samples ......................................... 195

5.4.2.2.1 First Vs Final/second cfDNA ...................................................... 195

5.4.2.2.2 Tumour DNA Vs Final cfDNA ................................................... 196

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XIII 

5.4.2.2.3 Non-relapsed T1N0 (T≤20mm) Vs Relapsed T1N0 (T≤20mm) 

final cfDNA .................................................................................................. 197

5.4.2.2.4 Non-relapsed T>20mm/node-positive Vs Relapsed T>20mm/node-

positive final cfDNA ..................................................................................... 198

5.4.2.3 Healthy control Vs Unaffected BRCA1 carriers’ cfDNA ................ 199

5.4.2.4 Pre-surgical patients’ cfDNA .......................................................... 199

5.4.3 ER receptor activity is altered in tumour and cfDNA ............................ 200

5.4.4 SNP is more conducive to variation than CNV ...................................... 202

5.4.5 Principal component analysis creates breast cancer cfDNA genetic 

signatures .............................................................................................................. 203

5.4.5.1 Genetic signatures are highly defined and narrow .......................... 204

5.5 CONCLUSION ................................................................................................. 205

5.6 FUTURE STUDIES ............................................................................................ 206

6 MICROARRAY DATA VALIDATION ....................................................... 207

6.1 OVERVIEW ..................................................................................................... 208

6.2 INTRODUCTION .............................................................................................. 208

6.3 AIMS .............................................................................................................. 208

6.4 RESULTS ........................................................................................................ 209

6.4.1 Examples of known genomic regions of variance .................................. 209

6.4.2 ERBB2 gene amplification ...................................................................... 209

6.4.3 Analysis of commonly-amplified CNVs by qPCR ................................. 211

6.4.4 Comparison to other studies ................................................................... 213

6.4.4.1 LMTK3 as a potential oncogene ...................................................... 213

6.4.4.2 Comparison to aCGH data of breast primary tumour and blood ..... 216

6.4.4.3 Comparison to aCGH data of breast primary tumour and cancer cell-

line 219

6.5 DISCUSSION ................................................................................................... 220

6.5.1 Real-time qPCR validates microarray results ......................................... 220

6.5.2 LMTK3 is involved in resistance to therapy .......................................... 220

6.5.3 Microarray can serve as a retrospective and prospective tool ................ 221

6.6 CONCLUSION ................................................................................................. 222

7 CONCLUSIONS AND FUTURE DIRECTION ........................................... 223

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XIV 

7.1 ILLUMINATING THE BREAST CANCER GENOME ............................................... 224

7.1.1 Common CNVs and the cfDNA genetic signatures may have utility in the 

clinical setting ....................................................................................................... 224

7.1.2 Genes significantly-different through PCA can be used as panel of cancer 

biomarkers ............................................................................................................ 227

7.2 MISSING HERITABILITY? ................................................................................ 228

7.3 UNRESOLVED QUESTIONS .............................................................................. 228

7.4 CONCLUSION AND FUTURE DIRECTION ........................................................... 229

8 APPENDIX ........................................................................................................... I

8.1 23 COMMONLY-AMPLIFIED INTERVALS - ADDITIONAL INFORMATION ................ II

8.2 GENOMIC ABERRATIONS .................................................................................. IV

8.3 EIGENVECTORS AND EIGENVALUES ................................................................ XV

8.3.1 Derive the eigenvectors and eigenvalues .............................................. XVII

8.4 PRINCIPAL COMPONENT ANALYSIS ............................................................. XVIII

8.4.1 End analysis ............................................................................................ XX

8.4.1.1 Selecting principal components ....................................................... XX

8.4.1.2 Selecting variables .......................................................................... XXI

8.4.1.2.1 Remove and compare ................................................................. XXI

8.4.1.2.2 High correlation ......................................................................... XXI

8.4.1.2.3 Rotation of principal components ............................................. XXII

8.5 VARIANTS WITH ROLES IN BREAST CANCER - ADDITIONAL INFORMATION .. XXIII

8.6 REFERENCES ............................................................................................... XXX

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XV 

 

 

Index of figures 

FIGURE 1-1 - BREAST ANATOMY, SHOWING THE RELATIVE LOCATIONS OF THE DUCTS, 

LOBES, LOBULES, AND ALVEOLI.  ALSO HIGHLIGHTED IS THE PROXIMITY OF THE 

SURROUNDING LYMPH NODES AND VESSELS (ADAPTED FROM CRUK (2011A). 2 

FIGURE 1-2 - BREAST CANCER INCIDENCE AND MORTALITY RATES IN GREAT BRITAIN PER 

100,000 POPULATION, HIGHLIGHTING THE INCREASE IN INCIDENCE YET CONCURRENT 

DECREASE IN MORTALITY (TAKEN FROM CRUK, 2011B). 4 

FIGURE 1-3 - BREAST CANCER IS PREDICTED TO ACCOUNT FOR 29% OF ALL FEMALE 

CANCER CASES IN THE UK IN 2030 (TAKEN FROM MISTRY ET AL., 2011). 6 

FIGURE 1-4 - HIERARCHICALLY-CLUSTERING THE GENE EXPRESSION DATA FROM A SUBSET 

OF GENES IN BREAST TUMOURS REVEALED 5 DIFFERENT SUBTYPES.  A, ERBB2 

OVEREXPRESSION; B, LUMINAL B; C, BASAL-LIKE; D, ‘NORMAL’ BREAST-LIKE; E, 

LUMINAL A (ADAPTED FROM SORLIE ET AL., 2003). 15 

FIGURE 1-5 - GENOMIC PROFILE OF 4 BREAST CANCER SUBTYPES.  A, SIMPLE (1Q/16) 

RELATING TO LUMINAL A; B, AMPLIFIER (FIRESTORM) RELATING TO LUMINAL B; C, 

AMPLIFIER (FIRESTORM) RELATING TO ERBB2; D, COMPLEX (SAWTOOTH) RELATING 

TO BASAL-LIKE (ADAPTED FROM KWEI ET AL., 2010). 16 

FIGURE 1-6 - IMAGE HIGHLIGHTING CORRELATION BETWEEN AMPLIFICATION AND 

DELETION (TOP), INCREASED AND DECREASED GENE EXPRESSION (MIDDLE), AND 

HYPER- AND HYPOMETHYLATION (BOTTOM) (TAKEN FROM ANDREWS ET AL., 2010).

 18 

FIGURE 1-7 - ALIGNMENT OF NGS SEQUENCE READS FOR TWO TEST SAMPLES TO A 

REFERENCE GENOME (HG19) IDENTIFIES A SINGLE SNP ON CHROMOSOME 4 IN AN 

EXON OF FGFR3 IN BOTH SAMPLES.  BLUE, ADENINE; YELLOW, THYMINE; GREEN, 

GUANINE; RED, CYTOSINE. 23 

FIGURE 1-8 - DETERMINING THE RELATIONSHIP BETWEEN CFDNA AND CTCS IN THE 

BLOOD CIRCULATION (A) AND DTCS IN THE BONE MARROW (B). 32 

FIGURE 2-1 – FLOW-DIAGRAM OF SNP GENOTYPE COMPARISON TO DETERMINE SNP 

CONCORDANCE. 50 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XVI 

FIGURE 3-1 - ERBB2 RQ VALUES FOR 6 BREAST CANCER CELL-LINES USING DIFFERENT

ENDOGENOUS CONTROL COMBINATIONS (GROUPED ACCORDING TO CELL-LINE):

CNTNAP1 (A); RPPH1 (B); AND CNTNAP1 WITH RPPH1 (C). 65

FIGURE 3-2 - ERBB2 RQ VALUES FOR 6 BREAST CANCER CELL-LINES USING DIFFERENT

ENDOGENOUS CONTROL COMBINATIONS (GROUPED ACCORDING TO NUMBER OF

REPLICATES):  CNTNAP1 (A); RPPH1 (B); AND CNTNAP1 WITH RPPH1 (C). 67

FIGURE 3-3 - SNP CALL-RATES ACROSS 273 DNA SAMPLES USED IN THE STUDY. 70

FIGURE 3-4 - CLOSE CORRELATION IN QC CALL-RATE BETWEEN REPEAT-SAMPLE

EXTRACTION AND HYBRIDISATION.  L, LYMPHOCYTE; P1, FIRST PLASMA CFDNA; P2,

SECOND PLASMA CFDNA; T, TUMOUR. 72

FIGURE 3-5 - GENOME-VIEW REPRESENTATION OF THE FREQUENCY OF AMPLIFICATION

AND DELETION IN THE 13 SAMPLES HYBRIDISED IN 2 BATCHES.  THE Y-AXIS

INDICATES THE PERCENTAGE OF SAMPLES HAVING A CNV AT A SPECIFIC POINT IN

THE GENOME.  CHROMOSOME NUMBER AT TOP; AMPLIFICATIONS IN GREEN;

DELETIONS IN RED. 73

FIGURE 3-6 - HIGH % SNP CONCORDANCE BETWEEN PLASMA CFDNA AND MATCHED

LYMPHOCYTE DNA IN HEALTHY CONTROLS (MEAN 89.35%, RANGE 81.10-94.08%).

75

FIGURE 3-7 - SCATTER PLOT SHOWING % CONCORDANCE BETWEEN PLASMA CFDNA AND

MATCHED LYMPHOCYTE DNA FOR EACH GROUP REVEALS A SIGNIFICANT

DIFFERENCE BETWEEN EACH.  P1, FIRST PLASMA CFDNA; P2, SECOND PLASMA

CFDNA. 76

FIGURE 3-8 - SCATTER PLOT SHOWING % CONCORDANCE BETWEEN PLASMA CFDNA AND

MATCHED TUMOUR DNA REVEALS A SIGNIFICANT DIFFERENCE BETWEEN ON

FOLLOW-UP AND PRE-SURGICAL PATIENTS.  P1, FIRST PLASMA CFDNA; P2, SECOND

PLASMA CFDNA. 77

FIGURE 3-9 - NUMBER OF CNVS CALLED BETWEEN THE FIRST (A) AND SECOND (B)

PLASMA CFDNA AND MATCHED LYMPHOCYTE DNA SAMPLES BY SUBGROUP.  NB -

T>20MM/NODE-POSITIVE PATIENTS OF PATIENTS ON FOLLOW-UP NOT SHOWN. 79

FIGURE 3-10 - KARYOVIEW OF THE LYMPHOCYTE (A), FIRST AND SECOND PLASMA

CFDNA (B AND C), AND TUMOUR (D) SAMPLES OF ONE PATIENT ON FOLLOW-UP WHO

RELAPSED.  A: 80.25% AMPLIFICATION; 19.75% DELETION.  B: 79.12%

AMPLIFICATION; 20.88% DELETION.  C: 53.67% AMPLIFICATION; 46.33% DELETION.

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XVII 

 

D: 77.41% AMPLIFICATION; 32.59% DELETION.  CNVS BASED ON 50 CONSECUTIVE 

MARKERS (SNP OR CN) WITH A MINIMUM SEGMENT SIZE OF 50KB.  GAIN, 

AMPLIFICATION; LOSS, DELETION. 81 

FIGURE 3-11 - HIERARCHICAL CLUSTERING (INCORPORATING DENDROGRAM AND 

HEATMAP) OF ALL DNA SAMPLES BASED ON 750 CYTOBANDS IDENTIFIED USING A 

THRESHOLD OF CN>6.0 BY GAUSSIAN-SMOOTHED SIGNAL.  L, LYMPHOCYTE; P, 

PLASMA CFDNA OF HEALTHY CONTROLS OR PRE-SURGICAL BREAST CANCER 

PATIENTS; P1 AND P2, FIRST AND SECOND PLASMA CFDNA OF PATIENTS ON FOLLOW-

UP, RESPECTIVELY; T, TUMOUR.  HEATMAP:  RED, HIGH OCCURRENCE OF 

AMPLIFICATION PER SAMPLE GROUP; BLUE, LOW OCCURRENCE. 84 

FIGURE 3-12 - CNVS DETECTED IN THE NORMAL LYMPHOCYTE DNA SAMPLE OF A 

HEALTHY CONTROL USING A THRESHOLD OF CN>4.0, HIGHLIGHTING HOW COMMON 

CNVS ARE IN THE ‘HEALTHY’ HUMAN GENOME.  GAIN, AMPLIFICATION; LOSS, 

DELETION. 88 

FIGURE 3-13 - GENOME-VIEW REPRESENTATIONS OF THE FREQUENCY OF AMPLIFICATION 

AND DELETION IN THE HEALTHY CONTROLS (A), PATIENTS ON FOLLOW-UP (B), AND 

PRE-SURGICAL PATIENTS (C).  THE Y-AXIS INDICATES THE PERCENTAGE OF SAMPLES 

HAVING A CNV AT A SPECIFIC POINT IN THE GENOME.  CHROMOSOME NUMBER AT 

TOP; AMPLIFICATIONS IN GREEN; DELETIONS IN RED; L, LYMPHOCYTE; P, PLASMA 

CFDNA OF HEALTHY CONTROLS OR PRE-SURGICAL BREAST CANCER PATIENTS; P1 

AND P2, FIRST AND SECOND PLASMA CFDNA OF PATIENTS ON FOLLOW-UP, 

RESPECTIVELY; T, TUMOUR. 89 

FIGURE 3-14 - HIGH LEVEL AMPLIFICATION IN PLASMA CFDNA AND MATCHED TUMOUR 

DNA OF BREAST CANCER PATIENTS ON FOLLOW-UP, SHOWING COMMONLY-

AMPLIFIED CYTOBANDS 4Q13.2 (A), 5Q13.2 (B), AND 7Q11.23 (C) (BASED ON A 

CN>4.0 THRESHOLD BY GAUSSIAN-SMOOTHED SIGNAL).  AMPLIFICATION IS 

MATCHED BETWEEN T AND P1 AT 4Q13.2, T AND P2 AT 5Q13.2, AND T, P1, AND P2 

AT 7Q11.23.  L, LYMPHOCYTE; P1, FIRST PLASMA CFDNA; P2, SECOND PLASMA 

CFDNA; T, TUMOUR. 93 

FIGURE 3-15 - HIGH FREQUENCY OF AMPLIFICATION AT 5Q13.2 IN PATIENTS ON FOLLOW-

UP.  THE Y-AXIS INDICATES THE PERCENTAGE OF SAMPLES HAVING A CNV AT A 

SPECIFIC POINT IN THE GENOME.  AMPLIFICATIONS IN GREEN; DELETIONS IN RED.  L, 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XVIII 

LYMPHOCYTE; P1, FIRST PLASMA CFDNA; P2, SECOND PLASMA CFDNA; T, TUMOUR.

96

FIGURE 3-16 - PCA BI-PLOT COMPARISON OF LYMPHOCYTE DNA FROM CANCER PATIENTS

AND HEALTHY CONTROLS (A, UNFILTERED DATA); AND CANCER PATIENTS, HEALTHY

CONTROLS, AND 128 INTERNATIONAL HAPMAP SAMPLES (B, UNFILTERED DATA).

CEPH, UTAH, USA RESIDENTS WITH ANCESTRY FROM NORTHERN AND WESTERN

EUROPE; CHB, HAN CHINESE IN BEIJING, CHINA; JPT, JAPANESE IN TOKYO, JAPAN;

YRI, YORUBA IN IBADAN, NIGERIA. 100

FIGURE 3-17 - PCA BI-PLOT COMPARISON OF PRE-SURGICAL BREAST CANCER PATIENTS

AND HEALTHY CONTROLS (A, UNFILTERED DATA), RECREATED USING JUST SNP (B)

AND CN MARKERS (C).  TWO PLASMA CFDNA SAMPLES FROM HEALTHY WOMEN

WITH A STRONG FAMILY HISTORY ARE ALSO SHOWN. 102

FIGURE 3-18 - PCA BI-PLOTS OF ON FOLLOW-UP GROUP (A) AND ON FOLLOW-UP GROUP

WITH HEALTHY CONTROLS.  TWO PLASMA CFDNA SAMPLES FROM HEALTHY WOMEN

WITH A STRONG FAMILY HISTORY ARE ALSO SHOWN (B). 105

FIGURE 3-19 - PCA BI-PLOT OF PATIENTS ON FOLLOW-UP WITH TRIPLE-NEGATIVE

PATIENTS’ CFDNA SAMPLES SHADED BLACK. 106

FIGURE 3-20 - PCA BI-PLOT OF TUMOUR SAMPLES (UNFILTERED DATA) HIGHLIGHTING

SEPARATION BETWEEN FF AND FFPE TISSUE. 107

FIGURE 3-21 - HIERARCHICAL CLUSTERING OF ON FOLLOW-UP GROUP REVEALED A

DIVISION BETWEEN TUMOUR AND LYMPHOCYTE DNA SAMPLES. 108

FIGURE 3-22 - HIERARCHICAL CLUSTERING OF ON FOLLOW-UP GROUP’S FIRST (A) AND

SECOND (B) PLASMA CFDNA SAMPLES REVEALED TWO MAJOR CLUSTERS, BUT NO

APPARENT SEPARATION BASED ON SUBGROUP.  CLUSTERING FOR TUMOUR DNA

SAMPLES (C) NEITHER REVEALED MAJOR DIVISIONS BETWEEN SUBGROUPS. 109

FIGURE 3-23 - OVERLAP BETWEEN TWO CN SEGMENTS.  BLACK LINES REPRESENT DNA

SEQUENCES FROM TWO PATIENTS; CN SEGMENTS INDICATED BY RED BARS. 118

FIGURE 4-1 - PERCENT CONCORDANCE BETWEEN TUMOUR DNA AND MATCHED NORMAL

LYMPHOCYTE (MEAN 88.08%; RANGE 35.47-99.75%). 139

FIGURE 4-2 - PERCENT CONCORDANCE BETWEEN CFDNA, MATCHED NORMAL

LYMPHOCYTE (A), AND TUMOUR DNA (B).  RED, BASELINE CFDNA; GREEN, 6 WEEK

CFDNA; PURPLE, 21 WEEK CFDNA. 140

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XIX 

FIGURE 4-3 - NUMBER OF CNVS CALLED PER SAMPLE AND PATIENT (A), REPEATED WITH

LINES CONNECTING SAMPLES BELONGING TO THE SAME PATIENT (B). 142

FIGURE 4-4 - GENOME-VIEW REPRESENTATION OF THE FREQUENCY OF AMPLIFICATION

AND DELETION IN THE NEOCENT SAMPLE GROUP.  THE Y-AXIS INDICATES THE

PERCENTAGE OF SAMPLES HAVING A CNV AT A SPECIFIC POINT IN THE GENOME.

AMPLIFICATIONS IN GREEN; DELETIONS IN RED. 144

FIGURE 4-5 - UGT2B15 AND UGT2B17 GENE INTERVALS FOR 10 NEOCENT TUMOUR

SAMPLES.  EACH VERTICAL BAR REPRESENTS A SINGLE MICROARRAY MARKER (OR

BUNCH OF CONSECUTIVE MARKERS) AND VALUES ARE AS INFERRED BY THE COLOUR-

SCALE (AT TOP).  THE EXONS AND INTRONS OF THE GENES ARE INDICATED AT THE

BOTTOM OF THE DIAGRAM. 148

FIGURE 4-6 - GAUSSIAN-SMOOTHED (COLOURED DOTS), CN OUTPUT OF NEOCENT

TUMOUR DNA SAMPLES SHOWING EVIDENCE OF GENOMIC INSTABILITY - ISOLATED

AMPLIFICATION (A; CIRCLED IN RED), COMMON AMPLIFICATION AND TELOMERE

ATTRITION (B; BOTH CIRCLED IN RED), BREAKAGE ON CHROMOSOME 4 (C;

INDICATED BY RED LINE), AND ISOCHROMOSOME 8 SHOWING DELETION OF THE

SHORT (Q) ARM AND AMPLIFICATION OF THE LONG (P) ARM (D).  SAMPLES ARE

COLOUR-CODED AS FOLLOWS: RED, N1; YELLOW, N2; LIGHT-GREEN, N3; DARK-

BLUE, N6; BEIGE, N7; DARK-GREEN, N8; LIGHT-BLUE, N10; PINK, N11; BROWN, N12;

PURPLE, N14.  CN SCALE FIXED TO 0-4; CHROMOSOMES NOT TO SCALE. 152

FIGURE 4-7 - PCA BI-PLOT OF NEOCENT PLASMA CFDNA SAMPLES (UNFILTERED DATA).

INDIVIDUAL PATIENT SAMPLES ARE COLOUR-CODED. 156

FIGURE 4-8 - PCA BI-PLOT OF NEOCENT GROUP’S SAMPLES HAVING FIRST FILTERED

DATA FOR SIGNIFICANT DIFFERENCES BETWEEN THE BASELINE AND 6 WEEK (A) AND

21 WEEK (B) CFDNA SAMPLES. 157

FIGURE 5-1 - KEGG CANCER PATHWAY SHOWING GENES OVERLAPPED BY SIGNIFICANT

SNP/CN MARKERS (RED STARS).  NB - SOME GENES HAVE MORE THAN 1 PATHWAY

ROLE. 178

FIGURE 5-2 - PERCENT OVERLAPPING MARKERS FOR THE DERIVED CFDNA GENETIC

SIGNATURES BETWEEN THE UNAFFECTED BRCA1 CARRIERS AND THE FIRST (A) AND

SECOND (B) SAMPLES OF THE RELAPSED AND NON-RELAPSED PATIENTS ON FOLLOW-

UP. 186

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XX 

FIGURE 5-3 - PERCENT OVERLAPPING MARKERS BETWEEN EACH TIME-POINT IN THE PRE-

SURGICAL PATIENTS’ PLASMA CFDNA SAMPLES. 187

FIGURE 5-4 - HIERARCHICAL CLUSTERING USING SIGNATURE MARKERS REVEALS DISTINCT

CLUSTERS THAT DISTINGUISH THE PLASMA CFDNA OF UNAFFECTED BRCA1

CARRIERS FROM THE FIRST (A) AND SECOND (B) PLASMA CFDNA SAMPLES OF THE

RELAPSED AND NON-RELAPSED BREAST CANCER PATIENTS ON FOLLOW-UP (ALSO

SHOWN ARE THE PLASMA CFDNA SAMPLES OF THE HEALTHY CONTROLS).  THE

CFDNA SAMPLES OF PRE-SURGICAL PATIENTS ON NEOADJUVANT THERAPY ARE ALSO

SHOWN (C). 188

FIGURE 6-1 - AFFYMETRIX SNP 6.0 CN STATE FOR THE ERBB2 GENE INTERVAL IN

PATIENTS ON FOLLOW-UP.  TWO ERBB2-POSITIVE (A) AND -NEGATIVE (B) PATIENTS

BY REAL-TIME QPCR AND IHC ARE SHOWN.  EACH VERTICAL BAR REPRESENTS ONE

CN MARKER (OR CONSECUTIVE MARKERS) AND VALUES ARE AS INFERRED BY THE

COLOUR-SCALE (AT TOP).  THE EXONS AND INTRONS OF THE ERBB2 GENE ARE

INDICATED AT THE BOTTOM OF THE DIAGRAM, WITH EXON 16 MARKED IN RED.  L,

LYMPHOCYTE; P1 AND P2, FIRST AND SECOND PLASMA CFDNA, RESPECTIVELY; T,

TUMOUR. 210

FIGURE 6-2 - REAL-TIME QPCR SCATTER-PLOTS FOR COMMON CNVS AT 4Q13.2 AND

16P12.3.  NORMAL DIPLOID CN WAS SEEN IN LYMPHOCYTE DNA, WHILE SOME

TUMOURS (INDEPENDENT COHORT) EXHIBITED AMPLIFICATION (A).  AMPLIFICATION

WAS ALSO OBSERVED IN SOME CFDNA SAMPLES (B).  L, LYMPHOCYTE; P1 AND P2,

FIRST AND SECOND PLASMA CFDNA, RESPECTIVELY; T, TUMOUR. 212

FIGURE 6-3 - LMTK3 GENE INTERVAL FOR TWO ON FOLLOW-UP PATIENTS.  EACH

VERTICAL BAR REPRESENTS ONE CN MARKER (OR CONSECUTIVE MARKERS) AND

VALUES ARE AS INFERRED BY THE COLOUR-SCALE (AT TOP).  THE EXONS AND

INTRONS OF THE LMTK3 GENE ARE INDICATED AT THE BOTTOM OF THE DIAGRAM.  L,

LYMPHOCYTE; P1 AND P2, FIRST AND SECOND PLASMA CFDNA, RESPECTIVELY; T,

TUMOUR. 214

FIGURE 7-1 - COMMON AND AMPLIFIED CNVS TO BE SCREENED FOR THROUGH PLASMA

CFDNA AS A DIAGNOSTIC AND PROGNOSTIC TOOL FOR CANCER.  EACH CNV IS

LISTED UNDER ITS RESPECTIVE CHROMOSOME. 225

FIGURE 7-2 - NUMBER OF MARKERS PREVIOUSLY SHOWN (FIGURE 5-4) TO BE CAPABLE OF

DISTINGUISHING THE CFDNA OF HEALTHY CONTROLS, UNAFFECTED BRCA1

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XXI 

MUTATION CARRIERS, AND PATIENTS ON FOLLOW-UP WHO DID AND DID NOT RELAPSE

FOR THE FIRST (A) AND SECOND (B) PLASMA CFDNA.  THE SECOND PLASMA CFDNA

MARKERS HAVE MORE UTILITY AT DISTINGUISHING RELAPSED PATIENTS DUE TO 

THESE SAMPLES HAVING BEEN TAKEN CLOSER TO TIME OF RELAPSE THAN THEIR 

FIRST.  ALSO SHOWN IS THE NUMBER OF MARKERS DERIVED FOR THE TIME-POINT

PLASMA CFDNA SAMPLES OF THE PRE-SURGICAL/NEOCENT BREAST CANCER

PATIENTS ON NEOADJUVANT THERAPY (C). 226

FIGURE 8-1 - GAUSSIAN-SMOOTHED (SMOOTHED POINTS SHOWN AS COLOURED DOTS), CN

OUTPUT OF NEOCENT TUMOUR SAMPLES.  SAMPLES ARE COLOUR-CODED AS

FOLLOWS: RED, N1; YELLOW, N2; LIGHT-GREEN, N3; DARK-BLUE, N6; BEIGE, N7;

DARK-GREEN, N8; LIGHT-BLUE, N10; PINK, N11; BROWN, N12; PURPLE, N14.  CN

SCALE FIXED TO 0-4; CHROMOSOMES NOT TO SCALE. IV

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XXII 

Index of tables 

TABLE 1-1 - RELATING THE CNA PATTERNS IDENTIFIED BY KWEI ET AL. (2010) TO

PREVIOUSLY IDENTIFIED GENE EXPRESSION DATA BY SORLIE ET AL. (2003). 14

TABLE 1-2 - SUMMARY OF BREAST CANCER MOLECULAR SUBTYPES IDENTIFIED BY SORLIE

ET AL. (2003), SHOWING RECEPTOR STATUS, PREVALENCE, AND DNA METHYLATION

PROFILE. 17

TABLE 1-3 - COMPARISON OF ONCOTYPE-DX® AND MAMMAPRINT™. 19

TABLE 1-4 - COMPARISON OF 3 NGS TECHNOLOGIES, HIGHLIGHTING THE MAIN

DIFFERENCES AND ADVANTAGES OF EACH (TABULATED FROM GLENN, 2011; WALL

ET AL., 2009; 454 LIFE SCIENCES; APPLIED BIOSYSTEMS™; AND ILLUMINA INC.). 22

TABLE 1-5 - COMPARISON OF AFFYMETRIX SNP 6.0 TO THE LATEST RELEASES OF TWO

OTHER LEADING ORGANISATIONS. 27

TABLE 1-6 - SNP AND CN PROBE INFORMATION FOR THE AFFYMETRIX SNP 6.0

(AFFYMETRIX, 2008A AND LAFRAMBOISE, 2009). 27

TABLE 2-1 - OVERVIEW OF PATIENT GROUPS INVOLVED IN THIS THESIS, INCLUDING

INFORMATION ON NUMBERS AND TYPES OF SAMPLES AVAILABLE. 40

TABLE 2-2 - CLINICOPATHOLOGICAL DETAILS OF BREAST CANCER PATIENTS ON FOLLOW-

UP (TAKEN FROM SHAW ET AL., 2012). 42

TABLE 2-3 - ORIGIN, GROWTH MEDIUM USED, AND ERBB2 STATUS FOR EACH CULTURED

BREAST CANCER CELL-LINE. 55

TABLE 2-4 - SEQUENCES OF CUSTOM-DESIGNED PRIMER-PROBE SETS USED FOR

MICROARRAY VALIDATION. 56

TABLE 3-1 - MEAN ERBB2 CТ VALUES PER CELL-LINE, PER NUMBER OF REPLICATES.

CORRESPONDING VALUES FOR CNTNAP1 AND RPPH1 ARE SHOWN IN PARENTHESES

AND SQUARE-BRACKETS RESPECTIVELY.  THE OVERALL MEAN AND STANDARD

DEVIATION FOR EACH ARE ALSO SHOWN. 63

TABLE 3-2 - ERBB2 RQ VALUES PER CELL-LINE, PER NUMBER OF REPLICATES. 64

TABLE 3-3 - CANCER GENOME PROJECT (WELLCOME TRUST SANGER INSTITUTE)

AFFYMETRIX SNP 6.0 CN VALUES FOR CNTNAP1, RPPH1, AND ERBB2 FOR EACH

BREAST CELL-LINE EXAMINED (DATA FOR MDA-MB-436 AND SK-BR-3 NOT

AVAILABLE). 69

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XXIII 

 

TABLE 3-4 - DIFFERENCES IN QUALITY BETWEEN FFPE AND FF TUMOUR DNA TISSUE 

WERE APPARENT WHEN LOOKING AT THE QC AND SNP CALL-RATES FOR EACH. 71 

TABLE 3-5 - DISTRIBUTION BETWEEN CNV AMPLIFICATION AND DELETION, SHOWING 

PERCENT AMPLIFICATION AND DELETION, MEAN TOTAL CNVS, AND THE RANGE.  L, 

LYMPHOCYTE; P, PLASMA CFDNA OF HEALTHY CONTROLS OR PRE-SURGICAL BREAST 

CANCER PATIENTS; P1 AND P2, FIRST AND SECOND PLASMA CFDNA OF PATIENTS ON 

FOLLOW-UP, RESPECTIVELY; T, TUMOUR. 83 

TABLE 3-6 - TWENTY-THREE INTERVALS EXHIBITING COMMON AMPLIFICATION IN PLASMA 

CFDNA AND TUMOUR (USING A THRESHOLD OF CN>6.0 BY GAUSSIAN-SMOOTHED 

SIGNAL AND ONLY DISPLAYING THOSE THAT HAD A FREQUENCY >10%).  THE 

FREQUENCY OF AMPLIFICATION (%) AT A GIVEN INTERVAL IS INDICATED IN SQUARE-

BRACKETS.  L, LYMPHOCYTE; P, PLASMA CFDNA OF HEALTHY CONTROLS OR PRE-

SURGICAL BREAST CANCER PATIENTS; P1 AND P2, FIRST AND SECOND PLASMA 

CFDNA OF PATIENTS ON FOLLOW-UP, RESPECTIVELY; T, TUMOUR.  APPENDIX TABLE 

8-1 PROVIDES ADDITIONAL INFORMATION FOR THESE INTERVALS. 86 

TABLE 3-7 - LIST OF RELATED GROUPS AND MOLECULAR FUNCTIONS OF GENES 

OVERLAPPING COMMON AMPLIFICATIONS FROM TABLE 3-6. 87 

TABLE 3-8 - EIGHT INTERVALS EXHIBITING COMMON AMPLIFICATION IN >90% BREAST 

CANCER TUMOUR DNA OF ON FOLLOW-UP PATIENTS (USING A THRESHOLD OF 

CN>4.0 BY A GAUSSIAN-SMOOTHED SIGNAL).  THE NUMBER OF SAMPLES WITH THE 

THRESHOLDED CNV PER SAMPLE GROUP IS INDICATED AS A PERCENTAGE, WHILE 

ALSO SHOWN IN SQUARE-BRACKETS IS THE NON-GAUSSIAN-SMOOTHED CN RANGE.  

L, LYMPHOCYTE; P, PLASMA CFDNA OF HEALTHY CONTROLS OR PRE-SURGICAL 

BREAST CANCER PATIENTS; P1 AND P2, FIRST AND SECOND PLASMA CFDNA OF 

PATIENTS ON FOLLOW-UP, RESPECTIVELY; T, TUMOUR.  NB - CNVS AT 10Q11.22 

AND 10Q11.23 WERE TREATED AS A SINGLE CNV DUE TO CLOSE GENOMIC 

PROXIMITY AND HIGH CORRELATION. 92 

TABLE 3-9 - SUMMARY TABLE OF BINARY LOGISTIC REGRESSION ANALYSIS.  SOURCE 

DATA WAS BASED ON THE PRESENCE OR ABSENCE OF AN AMPLIFICATION (USING A 

THRESHOLD OF CN>6.0 BY GAUSSIAN-SMOOTHED SIGNAL) AT EACH OF 23 COMMON 

CNVS LISTED IN TABLE 3-6.  SIGNIFICANT P-VALUES SHOWN; NON-SIGNIFICANT P-

VALUES DENOTED BY ‘NS’.   P, PLASMA CFDNA OF HEALTHY CONTROLS OR PRE-

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XXIV 

 

SURGICAL BREAST CANCER PATIENTS; P1 AND P2, FIRST AND SECOND PLASMA 

CFDNA OF PATIENTS ON FOLLOW-UP, RESPECTIVELY; T, TUMOUR. 98 

TABLE 3-10 - LOH DETECTED IN THE CFDNA OF PRE-SURGICAL BREAST CANCER 

PATIENTS AND PATIENTS ON FOLLOW-UP.  FOR EACH PATIENT, NORMAL LYMPHOCYTE 

DNA WAS USED AS REFERENCE AND LOH WAS CALLED USING A 6-STATE HIDDEN 

MARKOV MODEL (HMM) (SEE MATERIALS AND METHODS 2.7.5).  ONLY LOH IN 

EXONS WERE REPORTED AND THE DNA STRAND (+, CODING; -, NON-CODING) FOR 

EACH AFFECTED GENE IS INDICATED IN PARENTHESES.  P, PLASMA CFDNA OF PRE-

SURGICAL BREAST CANCER PATIENTS; P1 AND P2, FIRST AND SECOND PLASMA 

CFDNA OF PATIENTS ON FOLLOW-UP. 113 

TABLE 4-1 - THE SNP CALL-RATES FOR 47 NEOCENT SAMPLES HIGHLIGHTS THE HIGH 

QUALITY OF THE TISSUE USED.  L, LYMPHOCYTE; P, PLASMA CFDNA; T, TUMOUR.  

SAMPLES ARE GROUPED BY RESPONSE, NON-RESPONSE, AND UNKNOWN RESPONSE TO 

THERAPY. 138 

TABLE 4-2 - NUMBER OF CNVS CALLED PER SAMPLE AND PATIENT.  A CNV WAS 

IDENTIFIED AS HAVING A MINIMUM OF 50 MARKERS PER SEGMENT, P-VALUE CUT-OFF 

OF <0.0001, SIGNAL-TO-NOISE RATIO OF 0.5, AND A MINIMUM SIZE OF 1KB. 141 

TABLE 4-3 - PERCENT CNV AMPLIFICATION AND DELETION IN THE NEOCENT AND 

HEALTHY CONTROL GROUPS.  L, LYMPHOCYTE; P, HEALTHY CONTROL OR NEOCENT 

PLASMA CFDNA; T, TUMOUR. 145 

TABLE 4-4 - TWENTY-ONE INTERVALS EXHIBITING COMMON AMPLIFICATION IN THE 

NEOCENT PATIENT SAMPLES (USING A THRESHOLD OF CN>6.0 BY GAUSSIAN-

SMOOTHED SIGNAL AND ONLY DISPLAYING THOSE THAT HAD A FREQUENCY >10%).  

THE FREQUENCY OF AMPLIFICATION (%) OF A GIVEN CNV IS INDICATED IN THE 

SQUARE-BRACKETS.  L, LYMPHOCYTE; P, HEALTHY CONTROL OR NEOCENT PLASMA 

CFDNA; T, TUMOUR.  *NOT APPEARING IN TABLE 3-6 AND THEREFORE SPECIFIC TO 

THE NEOCENT GROUP. 147 

TABLE 4-5 - BINARY LOGISTIC REGRESSION ANALYSIS FOR 21 COMMONLY-AMPLIFIED 

CNVS IN NEOCENT PATIENT SAMPLES.  SOURCE DATA WAS BASED ON THE 

PRESENCE OR ABSENCE OF AN AMPLIFICATION (USING A THRESHOLD OF CN>6.0 BY A 

GAUSSIAN-SMOOTHED SIGNAL) AT EACH OF 21 CNVS LISTED IN TABLE 4-4.  

SIGNIFICANT P-VALUES ARE SHOWN; NON-SIGNIFICANT P-VALUES DENOTED BY ‘NS’.  

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XXV 

 

L, LYMPHOCYTE; P, HEALTHY CONTROL OR NEOCENT PLASMA CFDNA; T, TUMOUR.

 150 

TABLE 4-6 - COPY NUMBER VARIATION IN THE FGFRS AND EGFR HIGHLIGHTS 

VARIATION BETWEEN TUMOUR DNA AND PLASMA CFDNA AT DIFFERENT TIME-

POINTS.  THE FREQUENCY (%) OF A GIVEN CNV IS INDICATED IN THE SQUARE-

BRACKETS.  ‘NS’ DENOTES NO SIGNIFICANT DIFFERENCES BETWEEN CFDNA AND 

TUMOUR DNA. 151 

TABLE 5-1 - PCA EXPERIMENTS CONDUCTED TO DEDUCE ‘DRIVER’ GENES OF VARIATION, 

INCLUDING AIMS FOR EACH.  L, LYMPHOCYTE; P, HEALTHY CONTROL OR PRE-

SURGICAL PLASMA CFDNA; P1 AND P2, FIRST AND SECOND PLASMA CFDNA OF 

PATIENTS ON FOLLOW-UP, RESPECTIVELY; T, TUMOUR.  NB - N=7 FOR 21 WEEK P OF 

PRE-SURGICAL GROUP PATIENTS. 172 

TABLE 5-2 - GENES OVERLAPPING SIGNIFICANTLY-DIFFERENTIATED MARKERS (SNP OR 

CN) THROUGH POST-PCA ANALYSIS.  MARKERS WERE FIRST FILTERED TO INCLUDE 

THOSE HAVING A CORRELATION OF >0.7 OR <-0.7 TO THE FIRST PRINCIPAL 

COMPONENT AND THEN OVERLAPPING THESE WITH THE HUMAN GENOME TO 

UNEARTH A LIST OF GENES.  THESE WERE THEN FILTERED TO INCLUDE THOSE ONLY 

PRESENT IN OMIM® AND HAVING KEYWORDS RELATED TO ‘CANCER’ AND ‘BREAST 

CANCER’ (PUBMED HEALTH, HTTP://WWW.NCBI.NLM.NIH.GOV/PUBMEDHEALTH/).  L, 

LYMPHOCYTE; P, HEALTHY CONTROL OR PRE-SURGICAL PLASMA CFDNA; P1 AND 

P2, FIRST AND SECOND PLASMA CFDNA OF PATIENTS ON FOLLOW-UP, 

RESPECTIVELY; T, TUMOUR.  AMPLIFICATION=CN>2.5; DELETION=CN<1.5.  

APPENDIX TABLE 8-3 PROVIDES ADDITIONAL INFORMATION FOR THESE MARKERS.  

NB - PREVALENCE AND STATE RELATE TO THE LATTER SAMPLE IN EACH 

COMPARISON; ASTERISK (*) DENOTES SNP/CN MARKER MAPPING TO AN EXON; 

GENES LISTED ALPHABETICALLY; ‘NA’ DENOTES ‘NOT APPLICABLE’ DUE TO NO 

SIGNIFICANT MARKERS USING THE SELECTED KEYWORDS; ‘NO CALL’ IMPLIES A 

FAILED HYBRIDISATION AND DELETED LOCUS (LAFRAMBOISE, 2009). 176 

TABLE 5-3 - REDUCTION OF MARKERS FOR THE BREAST CANCER GENETIC SIGNATURES.  P, 

PLASMA CFDNA OF PRE-SURGICAL PATIENTS; P1 AND P2, FIRST AND SECOND 

PLASMA CFDNA SAMPLES OF PATIENTS ON FOLLOW-UP, RESPECTIVELY. 185 

TABLE 6-1 - COPY NUMBER OF LMTK3 GENE INTERVAL IN THE PATIENTS ON FOLLOW-UP.  

‘UP’ DENOTES CN>2.5; ‘DOWN’ DENOTES CN<1.5.  L, LYMPHOCYTE; P1 AND P2, 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XXVI 

 

FIRST AND SECOND PLASMA CFDNA, RESPECTIVELY; T, TUMOUR; NA, NO SAMPLE 

AVAILABLE; SUPERSCRIPT ‘R’ DENOTES RELAPSED PATIENT. 215 

TABLE 6-2 - FREQUENCIES OF AMPLIFICATION/DELETION (%) FOR CYTOBANDS IDENTIFIED 

BY BAE ET AL., (2010) IN TUMOUR.  AMPLIFICATION AND DELETION WAS BASED ON A 

THRESHOLD OF CN>6.0 AND <1.0, RESPECTIVELY, BY GAUSSIAN-SMOOTHED 

SIGNAL. 217 

TABLE 6-3 - FREQUENCIES OF AMPLIFICATION/DELETION (%) FOR CYTOBANDS IDENTIFIED 

BY BAE ET AL., (2010) IN BLOOD.  AMPLIFICATION AND DELETION WAS BASED ON A 

THRESHOLD OF CN>6.0 AND <1.0, RESPECTIVELY, BY GAUSSIAN-SMOOTHED 

SIGNAL.  P1 AND P2, FIRST AND SECOND PLASMA CFDNA, RESPECTIVELY. 218 

TABLE 6-4 - TOP 10 AMPLIFIED AND DELETED TUMOUR SUPPRESSOR GENES REPORTED BY 

NAYLOR ET AL. (2005) AND THEIR CORRELATION TO FINDINGS IN THIS STUDY FROM 

ON FOLLOW-UP TUMOUR.  FOR NAYLOR ET AL. (2005) DATA, FREQUENCIES OF 

AMPLIFICATION/DELETION (%) ARE SHOWN. 219 

TABLE 8-1 - CNV SIZE RANGE (KB) AND MARKER DENSITY FOR 23 CYTOBANDS THAT 

EXHIBITED A COMMONLY-AMPLIFIED REGION (TABLE 3-6).  AMPLIFICATIONS AND 

DELETIONS FOR THE ENTIRE CYTOBAND CONTAINING THE CNV WERE TAKEN INTO 

ACCOUNT; MEAN SHOWN IN SQUARE-BRACKETS; SINGLE VALUES INDICATE THE 

PRESENCE OF JUST ONE CNV; ABSENT VALUES INDICATE NO CNV.  L, LYMPHOCYTE; 

P, PLASMA CFDNA OF HEALTHY CONTROLS OR PRE-SURGICAL BREAST CANCER 

PATIENTS; P1 AND P2, FIRST AND SECOND PLASMA CFDNA OF PATIENTS ON FOLLOW-

UP, RESPECTIVELY; T, TUMOUR. III 

TABLE 8-2 - COMPLETE LISTING OF GENES HARBOURING SIGNIFICANTLY-DIFFERENTIATED 

MARKERS (SNP OR CN) FOR POST-PCA COMPARISONS CARRIED OUT IN TABLE 5-2.  

NUMBER OF GENES FOR EACH COMPARISON IN PARENTHESES.  L, LYMPHOCYTE; P, 

HEALTHY CONTROL OR PRE-SURGICAL PLASMA CFDNA; P1 AND P2, FIRST AND 

SECOND PLASMA CFDNA OF PATIENTS ON FOLLOW-UP, RESPECTIVELY; T, TUMOUR.

 XXVI 

TABLE 8-3 - OVERLAPPING GENE, MARKER ID, CHROMOSOME, GENOMIC POSITION, AND 

CYTOBAND FOR EACH SIGNIFICANT MARKER OUTLINED IN TABLE 5-2.  NB - ASTERISK 

(*) DENOTES SNP/COPY NUMBER PROBE MAPS TO AN EXON.  L, LYMPHOCYTE; P, 

HEALTHY CONTROL OR PRE-SURGICAL PLASMA CFDNA; P1 AND P2, FIRST AND 

SECOND PLASMA CFDNA OF PATIENTS ON FOLLOW-UP, RESPECTIVELY; T, TUMOUR.  

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page XXVII 

 

NB - ASTERISK (*) DENOTES SNP/CN MARKER MAPPING TO AN EXON; GENES LISTED 

ALPHABETICALLY; ‘NA’ DENOTES ‘NOT APPLICABLE’ DUE TO NO SIGNIFICANT 

MARKERS USING THE SELECTED KEYWORDS. XXIX 

Personalis EX2155



 

Page 1 

 

 

 

 

 

 

1 INTRODUCTION 

 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page 2 

 

 

1.1 The breast 

The breast lies against the pectoralis muscle on the chest wall and is divided into four 

quadrants:  upper inner and outer; and lower inner and outer.  It is composed of 15-20 

lobes that are positioned radially from the nipple, each containing many lobules and 

surrounded by adipose and connective tissue.  The lobes are connected to the nipple via 

ducts.  The lobules are further divided into up to 100 alveoli, which produce milk.  Milk 

is secreted into small ducts (ductules) within each lobe before reaching the nipple 

through the 10-15 major ducts (Figure 1-1).  The remainder of the breast is mostly 

composed of adipose tissue (McKian et al., 2009 and CRUK, 2011a). 

 

Blood and lymphatic vessels are also found in the breast region.  Some of the lymphatic 

vessels lead to the internal mammary and axillary lymph nodes on either side of the 

breast, while above and below the clavicle rest the supra- and infra-clavicular nodes, 

respectively (Figure 1-1).  Cancer cells that invade the lymphatic system, for example at 

the axillary lymph nodes, can be ultimately carried away to other parts of the body 

(Gajdos et al., 1999). 

 

Figure 1-1 - Breast anatomy, showing the relative locations of the ducts, lobes, lobules, and alveoli.  

Also highlighted is the proximity of the surrounding lymph nodes and vessels (adapted from CRUK 

(2011a). 

 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page 3 

 

 

 

1.2 Breast cancer:  history and current research focus 

Cancer is a multi-step process whereby cells acquire genetic alterations/mutations that 

leads to their uncontrollable growth (Holm et al., 2010).  Breast cancer, in particular, is 

a major health problem worldwide (Hicks et al., 2012).  Research pertaining to breast 

cancer has received much funding, which over the past three decades has focussed on 

screening and adjuvant therapies (Cleator et al., 2007). 

 

In the breast, normal cells can undergo alterations that result in abnormal patterns of 

growth and thereafter become neoplastic.  Neoplasms can be benign, such as non-

proliferative lesions, proliferative lesions [without atypia], and atypical hyperplasia 

(Hartmann et al., 2005), but can also be pre-malignant and malignant (or cancerous).  

Symptoms of breast cancer include:  a breast lump; nipple discharge; a change in the 

size or shape of the breast; an inverted nipple; or redness, thickening, or dimpling of the 

skin (CRUK, 2011a). 

 

For patients who have already had breast cancer, recurrent metastasis is a possibility.  

Metastasis is the main cause of cancer death in the developed world and involves a 

series of steps that the cancer must complete in order to develop a malignancy at a 

distant site (Farace et al., 2011).  It involves cell adhesion and contractility, followed by 

the subsequent remodelling of the extracellular matrix (ECM) (Saha Roy & Vadlamudi, 

in press).  Another critical step is the release of material of tumour origin into the 

bloodstream and how well it survives there, which at the same time also provides a non-

invasive source of tumour material that can provide information on the patient’s disease 

status (Farace et al., 2011).  Hence, such circulating tumour nucleic acids will be the 

focus of this thesis. 

 

1.2.1 Incidence 

Increase or decrease in cancer incidence rates can be due to changes in the size and age-

structure of a population, but also in the rates of the disease itself due to lifestyle 

changes (Mistry et al., 2011).  The incidence rates of breast cancer are higher in more 
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affluent cultures and the rate has been increasing in economically-developed countries 

(Glass et al., 2007 and Héry et al., 2008).  Indeed, despite mortality rates having 

decreased over the past few decades when looking at data for the European Union 

(Espinosa et al., in press), breast cancer remains the most common malignant disease in 

women of Western industrialised nations (Zhong et al., 2007). 

 

In the UK in particular, breast cancer is the most common form of cancer despite the 

fact that it is rare in men.  In recent years, looking solely at data for Great Britain, whilst 

the incidence rate has been increasing, the mortality rate has concurrently been 

decreasing (Figure 1-2).  In 2008 alone, 48,034 new cases were diagnosed.  Solely 

observing figures for females, 47,693 were diagnosed, which accounted for 31% of all 

cancers in that year.  After breast, the most common cancer in females is that of the 

lung, with 12% (CRUK, 2011b). 

 

Figure 1-2 - Breast cancer incidence and mortality rates in Great Britain per 100,000 population, 

highlighting the increase in incidence yet concurrent decrease in mortality (taken from CRUK, 

2011b). 
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In the USA, between 1999 and 2006, there was a decreased rate of 2% per annum in 

newly-diagnosed invasive breast cancer cases (Horner et al., 2009).  Conversely, breast 

cancer incidence rates are rising in Asia and other nations whose economies are still 

developing (Curado et al., 2007).  Indeed, in Shanghai and other Chinese cities, 

incidence rates have seen a sharp rise (Hesketh et al., 2005 and Linos et al., 2008) as 

lifestyles become more ‘Westernised’.  Worldwide, it is estimated that almost 1.38 

million women were diagnosed with breast cancer in 2008, accounting for 23% of all 

female cancers (Ferlay et al., 2010). 

 

1.2.1.1 Future trends 

The estimated future trend is that the number of cases in the UK will increase for the 

majority of cancers1, including breast, due to a concurrent increase in population and 

people living longer (Mistry et al., 2011).  The proportion of those over 65, for 

example, is expected to jump from 16% in 2007 to 22% in 2030, while those over 85 

from 4.5 to 7.6%.  Breast cancer is expected to be the cancer with the largest increase, 

with 11,681 more cases predicted in 2030 than in 2007 (increase of 26%), accounting 

for an estimated 29% of all female cancers in that year (Mistry et al., 2011) (Figure 

1-3).  However, the actual incidence rate will decline by 8%, according to Mistry et al. 

(2011), citing the reduction in the use of hormone replacement therapy (HRT) as a 

conceivable cause.  Conversely, a separate study predicted breast cancer incidence rates 

to increase year-on-year up to 2020 (Møller et al., 2007). 

 

                                                 
1 Numbers were predicted for 28 different cancers. 
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Figure 1-3 - Breast cancer is predicted to account for 29% of all female cancer cases in the UK in 

2030 (taken from Mistry et al., 2011). 

 

 

 

1.2.2 Types of breast cancer 

The majority (70-80%) of breast carcinomas begin in the cells lining the ducts, while 

only 10% begin in the cells of the lobules - these are known as ductal and lobular 

carcinomas, respectively.  If the cancer has not spread beyond the basement membrane, 

it is referred to as ‘in situ’ (ductal and lobular carcinomas in situ), whereas cancers that 

have spread beyond this membrane are invasive (invasive ductal and lobular 

carcinomas) (CRUK, 2011a).  Benign changes of inflammatory or epithelial origin that 

are similar to cancer also occur and can result in an increased risk of cancer (Hartmann 

et al., 2005).  Such changes are common1 and include lumps, inflammation, and nipple 

discharge (ACS, 2010).  There are other types of invasive breast cancers, amongst them 

including tubular, medullary, metaplastic, mucinous, and invasive papillary carcinoma 

(CRUK, 2011a). 

 

                                                 
1 Research suggests that 80-90% of lump biopsies that are examined turn out to be benign (ACS, 2010 

and CRUK, 2011a). 
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1.2.3 Morphological and molecular factors 

Morphological properties of the primary tumour can be both prognostic and predictive 

(Rakha & Ellis, 2011), and can guide decisions surrounding the treatment of patients 

(Szoke & Udvarhelyi, 2012).  These include tumour size, lymph node stage, and 

histological grade (Walker, 2003).  In general, the larger the tumour, the poorer the 

outcome:  tumours with diameters≤10mm have more favourable outcomes (88% 20-

year relapse free survival), whereas those with diameters>10mm are less favourable 

(Rosen & Groshen, 1990).  Additionally, smaller tumours are less likely to have lymph 

node metastasis, the presence or absence of which has great predictive potential, 

matched by that of histological grade (Walker, 2003).  In general, the longer that a 

tumour is present, the more likely it is to metastasise, and those who have any lymph 

node involvement have poor 10-year survival rates (Walker, 2003).  Histological grade 

is based on a scoring system that accounts for 3 grades:  1, well differentiated; 2, 

moderately differentiated; and 3, poorly differentiated (Carriaga & Henson, 1995).  The 

importance of histological grade was emphasised by Elston and Ellis (1991), who were 

in-part responsible for deriving the Nottingham prognostic index (Haybittle et al., 

1982). 

 

Tumour size and lymph node stage, along with the presence or absence of distant 

metastases, make up the TNM staging system (International Union Against Cancer, 

1960), where each cancer is given a designation of T1-4N0-3M0-1:  T1-3 relate to those 

tumours of favourable outcome that have diameters≤10mm, whilst T4 are those >10mm; 

N0 is where no lymph node metastasis has occurred, whilst N1-3 refers to the level of 

metastasis in the axillary and supra- and infra-clavicular lymph nodes; finally, M0 and 

M1 refer to the presence or absence of distant metastases (Sicher & Waterhouse, 1973). 

 

Molecular markers are also routinely used in the clinical setting, most commonly being 

the presence or absence and level of expression of oestrogen receptor (ER), 

progesterone receptor (PR), and HER-2/neu (ERBB2), whilst Ki67 is used as a marker 

of proliferation for tumours with high mitotic rates (Leong & Zhuang, 2011).  Also, 

recent molecular profiling has led to the introduction of two new predictive tests (see 

section 1.3.2). 
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1.2.4 Risk factors 

In cancer, a risk factor is any characteristic or behaviour that affects the chances of 

developing the disease (ACS, 2012).  Risk factors act in concert, possibly having a 

multiplicative effect (Parkin et al., 2011), and can be both genetic and environmental in 

origin (Key et al., 2001) - lifestyle choices also play a key role (Parkin et al., 2011).  

The stratification of patients based on risk factors can help in the tailoring of specific 

treatments to each group, thus saving on treatment costs.  Known breast cancer risk 

factors include: 

 

� Gender and age 

Being female is the greatest risk factor (CRUK, 2012), whilst risk also increases 

with higher age - 81% of female breast cancers occur in those over the age of 50 

(Key et al., 2001 and CRUK, 2012). 

 

� Family history/familiar disease 

The inheritance of certain gene mutations is related to familiar disease (Key et 

al., 2001) and having a first- or second-degree relative with breast cancer 

increases risk:  one affected first-degree relative means the risk is almost 

doubled; whilst two and three affected relatives increases risk by almost 3x and 

4x, respectively (Collaborative Group on Hormonal Factors in Breast Cancer, 

2001).  Conversely, having a single affected second-degree relative increases 

risk by half (Pharoah et al., 1997). 

 

� Personal history 

Having a previous diagnosis of typical hyperplasia almost doubles the risk of 

developing breast cancer in the same breast, whilst the risk is more than 

quadrupled for atypical hyperplasia (Hartmann et al., 2005).  Conversely, having 

a previous diagnosis of ductal or lobular carcinoma in situ doubles the risk of 

developing invasive breast cancer (Robinson et al., 2008). 
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� Weight and diet 

Obesity is a factor (García-Closas et al., 2006 and Parkin et al., 2011), 

potentially due to the fact that aromatase, which is used to synthesise oestrogen, 

is secreted by adipose tissue (O’Neill et al., 1988).  Also, alcohol raises 

oestrogen levels (Coronado et al., 2011) and is a known risk factor (Key et al., 

2001 and Parkin et al., 2011).  The effect of diet is highlighted by the fact that 

Japanese women who migrate to the USA have an increased risk, when normally 

they have a lower risk if they remain in their home country (Ziegler et al., 1993 

and Deapen et al., 2002). 

 

� Hormonal factors 

Prolonged exposure to oestrogen through early onset puberty or late menopause 

is a known risk factor (Key et al., 2001 and Parkin et al., 2011).  Hormone 

replacement therapy (Beral, 2003) and taking the contraceptive pill 

(Collaborative Group on Hormonal Factors in Breast Cancer, 1996) are also 

known to increase risk, but this diminishes once stopped in both cases.  After 

HRT’s introduction in the 1990s, an increase in breast cancer incidence rates 

was observed and the two are believed to be related (Beral et al., 1997 and 

García-Closas et al., 2006). 

 

� Genetic factors 

Carrying germline mutations in key genes - such as BRCA1, BRCA2, PTEN, and 

TP53 - greatly increase risk (Key et al., 2001), whilst other yet unknown genes 

involved in breast cancer are likely (Easton, 1999).  Isolating these genes is an 

important goal of cancer research (Smith & Ponder, 1993).  Inherited mutations 

in BRCA1 and BRCA2 result in a 65 and 45% chance of developing cancer by 

the age of 70, respectively (Antoniou et al., 2003).  Due to the fact that 

mutations in these genes only account for a small percentage of breast cancers 

(Easton, 1999), standardised genetic testing is not available on the National 

Health Service (NHS).  However, genetic testing is available for those with a 

strong family history of breast cancer (CRUK, 2012). 
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� Breast density 

Having a mammographically-dense breast greatly increases risk by up to 5x 

(McCormack & dos Santos Silva, 2006 and Checka et al., 2012). 

 

 

1.2.5 Detection and screening 

The purpose of cancer screening is to reduce mortality by detecting lesions that would 

otherwise not have been detected (Vainio et al., 2002).  In Great Britain, before the 

introduction of breast screening in 1988, the increase in incidence of breast cancer was 

2% per annum, with screening itself resulting in a transient increase due to improved 

detection.  It is estimated that 550,000 women who received a previous diagnosis of 

breast cancer are still alive today, based on diagnoses up to and including 2004 (CRUK, 

2011b). 

 

1.2.5.1 Breast mammography 

A woman aged 50-69 whose cancer is detected early by attending a biennial 

mammogram is less likely to die from breast cancer than those who don’t (Mandelblatt 

et al., 2010).  However, there has been much controversy about breast mammography 

and its utility as a screening tool (Kösters & Gøtzsche, 2003; Gøtzsche & Jørgensen, 

2011; and Gøtzsche & Nielsen, 2011).  In the UK, because 81% of breast cancers occur 

in women aged over 50 - with almost half occurring between the ages of 50 and 70 

(CRUK, 2011b) - the NHS Breast Screening Programme (NHSBP) invites women with 

an age between 50 and 70 to attend for mammographic screening, while those aged 70+ 

can request an appointment.  Plans are currently in place to extend the NHSBSP to 

those aged between 47 and 73 by the end of 2012, owing to a lack of evidence that 

mammograms prevent breast cancer mortality for those aged under 47 (CRUK, 2011a).  

However, an urgent review of the evidence surrounding the benefits of mammography 

is underway (Bewley, 2011 and Richards, 2011). 
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The mammogram consists of a low dosage of x-rays that is directed at the breasts in 

order to detect abnormalities, and it is typically less than 2.5mGy1 per breast (Vainio et 

al., 2002).  Studies have found widely-different sensitivities and specificities for 

mammographic detection, with the National Cancer Institute (NCI) reporting a 

sensitivity and specificity of 83.5 and 90.9%, respectively, in the USA alone (BCSC, 

2011), whilst the International Agency for Research on Cancer (IARC) report 

corresponding figures of 68-90% and 82-97%, respectively (Vainio et al., 2002).  A 

genetic element, such as the genotype of an individual, can play a role in mammography 

sensitivity.  For example, a comprehensive review by Lindström et al. (2011) found that 

SNPs in ESR1, LSP1, and ZNF365 were associated with percent mammographic 

density, a higher level of which is related to a higher breast cancer risk (ACS, 2012).  In 

addition, it was recommended by Bigenwald et al. (2008) that women with BRCA1 

mutations have magnetic resonance imaging (MRI) scans in addition to their 

mammograms, even those with low breast density. 

 

Aids for mammography include the digital mammography, which involves digitally-

recording the x-ray image taken during routine scans.  Computer software can then pick 

out alterations and lesions in the breast tissue that could be missed by the radiologist 

(Vainio et al., 2002).  Problems with the mammogram, however, include false-positives 

and subsequent unnecessary treatment of healthy women (Elmore et al., 1998; Hofvind 

et al., 2004; and Gøtzsche & Nielsen, 2011), false-negatives, and overtreatment based 

on erroneous interpretation of results (Vainio et al., 2002 and Zahl & Mæhlen, 2011).  

Additionally, although it would seem beneficial that the mammogram was offered to 

younger people, the cumulative effect of repeated radiation exposure over the years 

could lead an increase in mortality due to radiation-induced breast cancer (Vainio et al., 

2002).  Additionally, younger women have a greater proportion of dense breast tissue, 

making mammogram less sensitive (Checka et al., 2012).  Thus, there is a necessity to 

provide a safer and more efficient alternative to mammography. 

 

Other tests/methods that are used to either assist or confirm a diagnosis of breast cancer 

include a physical breast exam, breast ultrasound (uses sound waves to produce internal 

                                                 
1 1 Gray (Gy)≡absorption of 1 Joule/Kg of radiation. 
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structure images of the breast), and biopsy (tissue sample removed and then further 

tested to determine grade and hormone receptor status) (Vainio et al., 2002). 

 

1.2.5.2 Therapy 

Therapy is more effective when given at an early stage of cancer development (Zhang et 

al., 2007) or, at best, before overt metastatic disease develops (Boér, 2010).  There are 

many drugs used to treat breast cancer that can delay progression - such as tamoxifen 

and trastuzumab (Herceptin®) (Cleator et al., 2007) - but tumour cells are capable of 

change, adaptation, and often acquire drug resistance (Coombes et al., 2004; Pestrin et 

al., 2009; and Saha Roy & Vadlamudi, in press).  For example, 50% of ER-positive 

patients will not respond to endocrine therapy, and some of those who do respond can 

relapse (Hicks et al., 2012).  Trastuzumab is used in the treatment of ERBB2-

overexpressing breast cancers, which can arise due to an amplified ERBB2 gene or 

increased transcription (Sahin, 2000), and accounts for 20-25% of breast cancers 

(Slamon et al., 1987).  The encoded protein is a 185KDa cell surface glycoprotein that 

plays a crucial role in regulating cell growth and differentiation (Ullrich & Schlessinger, 

1990).  It is used as a diagnostic marker for aggressive disease and an increased risk of 

metastasis (Ross & Fletcher, 1998). 

 

Tamoxifen, on the other hand, is responsible for improving the survival of patients 

diagnosed with early stage breast cancer and also improving the quality of life of those 

with metastatic disease (Tomlinson et al., in press).  It is the main treatment for ER-

positive breast cancer patients requiring adjuvant treatment post-surgery.  These account 

for almost two-thirds of all breast cancers.  However, it is known to increase the risk of 

endometrial cancer and blood clotting disorders (Hutchinson, 2004 and Sheh, 2011).  

Additionally, the effect of this drug weakens with time (Levenson & Jordan, 1997 and 

Coombes et al., 2004).  Coombes et al. (2004) carried out a trial involving tamoxifen 

and an aromatase inhibitor known as exemestane (Aromasin®).  It was found that 

switching patients to exemestane after 2-3 years of tamoxifen improved the disease-free 

survival of the patients over those who only took tamoxifen.  Similar results were found 

for other aromatase inhibitors with tamoxifen, including anastrozole (Arimidex®) 

(Baum et al., 2003 and Boccardo, 2008) and letrozole (Femara®) (Goss et al., 2003).  
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Another problem is the fact that tamoxifen is ineffective in the up to 30% of breast 

cancers whose ER-receptor is negative. 

 

 

1.3 Molecular profiling and personalised medicine 

Pathology’s future lies in personalised medicine (Moch et al., 2012), which aims to 

molecularly characterise and understand each individual’s disease and to thereafter 

tailor therapy based on findings.  In the adjuvant setting, the choice of therapy depends 

on the risk of recurrence (Espinosa et al., in press).  However, such therapies - including 

targeted drugs - are expensive (Moch et al., 2012).  Therefore, their efficacy must be 

assured through their application only to those patients most likely to benefit from them.  

For prognostic purposes, hormone receptor (ER and PR) and ERBB2 status are still the 

best factors in dictating the outcome and course of treatment for breast cancer patients 

(Espinosa et al., in press).  In addition, the ERBB2 gene is used as a diagnostic marker 

for aggressive disease and an increased risk of metastasis (Ross & Fletcher, 1998).  The 

two currently-accepted methods for determining the status of these are 

immunohistochemistry (IHC), which assesses the expression of their protein on cell 

surfaces, and fluorescent in situ hybridisation (FISH), which can detect amplification of 

the ERBB2 gene (Pauletti et al., 2000; Bartlett et al., 2001; and Lebeau et al., 2001).  

However, both methods require tumour biopsies to be taken and do not permit for the 

continual monitoring of patients on follow-up after surgery. 

 

Complementary DNA (cDNA) microarrays have focussed on classifying different types 

of breast cancer using gene expression profiling.  Perou et al. (2000), for example, 

classified breast tumours into subtypes using a hierarchical clustering method and 

inferred the subtypes based on how each sample clustered with another in the resulting 

dendrogram.  Although only looking at a subset of genes (less than one-tenth of that in 

any human genome), the group inferred from their data the following subtypes: 

 

� Luminal epithelial/ER gene cluster 

� ERBB2 overexpression gene cluster 

� Basal epithelial gene cluster (keratins 5/17) 
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� Basal epithelial gene cluster (epithelial cell-enriched) 

 

 

Sorlie et al. (2003) looked at a slightly larger subset of genes and merged the 2 basal 

epithelial subtypes, whilst splitting the luminal group into 2.  They also noted a 

‘normal’ breast-like subtype (Figure 1-4), which was later suggested as being the result 

of normal tissue contamination within the tumour (Parker et al., 2009).  Kwei et al. 

(2010) then associated these with copy number alteration (CNA) patterns (Figure 1-5).  

They noted three different CAN patterns (Table 1-1).  More recently, Curtis et al. (in 

press) correlated gene expression and CN data from 997 (validated in a further 995) 

breast cancers to derive 10 subgroups. 

 

CNA pattern 

(Kwei et al., 2010) 

Previous classification 

(Sorlie et al., 2003) 

Simple (1q/16) Luminal A 

Amplifier (firestorm) Luminal B 

Amplifier (firestorm) ERBB2 overexpression 

Complex (sawtooth) Basal-like 

Table 1-1 - Relating the CNA patterns identified by Kwei et al. (2010) to previously identified gene 

expression data by Sorlie et al. (2003). 
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Figure 1-4 - Hierarchically-clustering the gene expression data from a subset of genes in breast 

tumours revealed 5 different subtypes.  A, ERBB2 overexpression; B, luminal B; C, basal-like; D, 

‘normal’ breast-like; E, luminal A (adapted from Sorlie et al., 2003). 
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Figure 1-5 - Genomic profile of 4 breast cancer subtypes.  A, simple (1q/16) relating to luminal A; 

B, amplifier (firestorm) relating to luminal B; C, amplifier (firestorm) relating to ERBB2; D, 

complex (sawtooth) relating to basal-like (adapted from Kwei et al., 2010). 

 

 

 

1.3.1 Breast gene expression subtypes 

The four subtypes identified by Sorlie et al. (2003) have been shown to have an 

associated receptor status profile (Sanpaolo et al., 2011), prevalence (Hannemann et al., 

2006 and Gaudet et al., 2011), DNA methylation pattern (Andrews et al., 2010 and 

Holm et al., 2010), and risk (Gaudet et al., 2011 and Yang et al., 2011) (Table 1-2).  

ER-positive tumours include luminal A and B, with those of luminal A tending to have 

the best prognoses and those of luminal B tending to be highly-positive for Ki67 
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(Dawood et al., 2011).  An additional subset of the luminal tumours that did not require 

adjuvant therapy was also found to have excellent clinical outcome (Geyer et al., 2011). 

 

Conversely, basal-like tumours are triple-negative and can have mutations in BRCA1 

(Tung et al., 2010 and Espinosa et al., in press).  Wild-type BRCA1 binds to the ESR1 

gene-promoter and can restore ER expression in ER-negative breast cell-lines, 

conversely, the loss of BRCA1 function through mutations was shown to remove ER 

expression in ER-positive breast cell lines and could result in the accumulation of ER-

negative cells (Hosey et al., 2007).  These triple-negative breast cancers can also 

express ERBB1 and/or cytokeratin 5/6, are aggressive, and can be difficult to treat due 

to their lack of ER expression (Stead et al., 2009). 

 

ERBB2-positive tumours have poorer prognoses, however, along with the basal-like 

tumours, have a better chance of responding to neoadjuvant therapy compared to 

luminal A and B (Espinosa et al., in press). 

 

Subtype Receptor status
1
 Prevalence

2
 DNA methylation profile

3
 

Luminal A 

ER+ 

PgR+ 

ERBB2- 
55-59.2% 

Distinct 

Luminal B 

ER+ 

PgR+ 

ERBB2+ 

Distinct 

Basal-like 

ER- 

PgR- 

ERBB2- 

13.1-18% Distinct 

ERBB2+ 

ER- 

PgR- 

ERBB2+ 

27-27.6% None 

Table 1-2 - Summary of breast cancer molecular subtypes identified by Sorlie et al. (2003), showing 

receptor status, prevalence, and DNA methylation profile. 

                                                 
1 Taken from Sanpaolo et al. (2011). 
2 Taken from Hannemann et al. (2006) and Gaudet et al. (2011). 
3 Taken from Andrews et al. (2010) and Holm et al. (2010). 
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Gene expression profiles may not necessarily relate to the observed pathological state - 

epigenetics can play a role too (Bicciato et al., 2003).  For example, Andrews et al. 

(2010) found that copy number variation (CNV) in a breast cancer metastatic cell-line 

was superimposed by DNA methylation to promoter regions.  The authors additionally 

found that hypermethylation correlated with decreased gene expression and deletion, 

whereas hypomethylation correlated with increased expression and amplification 

(Figure 1-6).  The group also noted that hypomethylation (and, thus, amplification) 

increased as cells became more invasive. 

 

Figure 1-6 - Image highlighting correlation between amplification and deletion (top), increased and 

decreased gene expression (middle), and hyper- and hypomethylation (bottom) (taken from 

Andrews et al., 2010). 

 

 

 

1.3.2 Commercial profiling 

Gene ‘signature’ analysis, such as that used by commercially available tools, can help in 

the prognostic setting (Espinosa et al., in press).  Two such tools include 
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MammaPrint™ (Agendia NV, Science Park 406, 1098 XH Amsterdam, The 

Netherlands, http://www.agendia.com/) and Oncotype DX® (Genomic Health Inc., 101 

Galveston Drive, Redwood City, CA 94063-4700, USA, 

http://www.genomichealth.com/).  Oncotype DX® calculates a recurrence score (RS) 

based on the levels of expression of 21 genes in ER-positive, lymph node-negative 

patients, and gives a result of low (RS<18), intermediate (RS≥18 and <31), or high 

(RS≥31), relating to the 10-year risk of recurrence (Sparano & Paik, 2008 and 

Contreras, 2009).  It has proved valuable in numerous studies for predicting response to 

chemotherapy and relapse (Albain et al., 2010 and Dowsett et al., 2010).  

MammaPrint™, conversely, calculates the 10-year survival rate and takes a microarray-

based approach to analyse the expression of 70 genes - it is designed for ER-positive or 

-negative, lymph node-negative patients (Ross, 2009 and Kunz, 2011). 

 

Both assays are compared in Table 1-3. 

 

 Oncotype-DX® MammaPrint™ 

Tumour criteria 

ER-positive 

Lymph node-negative 

No distant metastases 

ER-positive or -negative 

Lymph node-negative 

No distant metastases 

Tissue type Formalin-fixed, paraffin-embedded (FFPE) 
Fresh 

Fresh frozen (FF) 

Approach Quantitative PCR (qPCR) cDNA microarray 

Result 
10-year risk of recurrence 

(low, intermediate, or high) 
10-year survival rate 

Table 1-3 - Comparison of Oncotype-DX® and MammaPrint™. 

 

 

Caution must be emphasised when using gene profiling methods until they can be 

proven accurate through clinical trials (Sanpaolo et al., 2011).  Both tests mentioned, in 

particular, are also expensive, require an amount of tissue that might not be available 

from small tumours, and require that tissue be sent to a third party (Espinosa et al., in 

press), which generates both ethical and legal issues. 
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Agendia NV received 510(k) clearance for MammaPrint™ in 2007 from the US Food 

and Drug Administration (US FDA), which permitted the marketing of the assay and 

was the first test of its kind to receive such clearance (US FDA, 2007). 

 

1.3.3 Profiling with SNPs and CNV 

Single nucleotide polymorphisms (SNPs) are polymorphisms affecting a single base 

that have frequencies of at least 1% in the population (Haimovich, 2011) and account 

for some of the roughly 1% of the human genome that differs between individuals 

(LaFramboise, 2009).  They have traditionally been used for linkage disequilibrium 

(LD) studies where an allele predisposing a particular disease is linked with a particular 

SNP (LaFramboise, 2009).  Current estimates are that there are more than 10 million 

SNPs in the human genome that have a minor allele frequency of 5% (Kruglyak & 

Nickerson, 2001 and LaFramboise, 2009).  Studies have been carried out on a whole-

genome scale to map SNPs in different populations in normal healthy samples, such as 

the International HapMap Project (International HapMap Project, 

http://hapmap.ncbi.nlm.nih.gov/).  However, studies that analyse LD on a whole-

genome scale and with a high resolution are lacking.  Additionally, variance in the 

human genome was originally thought to be mostly consisting of SNPs, but this notion 

has been revised since the discovery that CNVs are common also (Redon et al., 2006).  

The commonality and abundance of CNV can be inferred when, for example, any two 

healthy individuals’ samples are compared to reveal gains and losses between each 

(Van de Wiel et al., 2011). 

 

Copy number variations are more likely than SNPs to be causal variants owing to the 

fact that a larger section of DNA can be affected (Jin et al., 2011).  Therefore, DNA 

copy number (CN) analysis has an important role in cancer research that is rising (Van 

de Wiel et al., 2011).  Indeed, the identification and cataloguing of CNVs should benefit 

the genetic and functional analysis of the human genome, and also help to advance our 

understanding of its dynamic nature (Wang et al., 2007).  Copy number variations 

include duplications, losses, and inversions, and they can be of variable size - ranging 

from a few kilobases (Kb) to megabases (Mb) (Scherer et al., 2007 and Grayson & 

Aune, 2011) - but are generally regarded as being ≥1,000 bases in length and can vary 
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in CN between individuals (Redon et al., 2006 and LaFramboise, 2009).  They are 

generated somatically throughout life, thus they contribute to genomic variation in the 

normal human genome (Sebat et al., 2004; Piotrowski et al., 2008; and Grayson & 

Aune, 2011). 

 

Copy number variations detected using microarray have long-been associated with 

neurological disorders, including schizophrenia and schizoaffective disorder (Kirov et 

al., 2009 and Tam et al., 2009), and other conditions such as the autism spectrum 

disorders (ASDs) (Sebat et al., 2007) and attention deficit hyperactivity disorder 

(ADHD) (Williams et al., 2010).  Kirov et al. (2009) found, for example, a 4-fold 

increase in deletions of more than 1Mb in the DNA of schizophrenia patients.  Copy 

number variations are also regarded as susceptibility factors for infectious and 

autoimmune disorders (Yoshihara et al., 2010).  Indeed, it was noted by Schuster-

Böckler et al. (2010) that genes affected by CNV often had roles in immunity and 

sensory perception.  The authors also noted a high probability that CNVs were 

paralogues that became fixed in the human genome through evolution. 

 

Work relating CNVs to cancer - particularly breast cancer - is lacking.  Redon et al. 

(2006) looked at CNVs in healthy individuals, while Graubert et al. (2007) examined 

them in mice.  Jin et al. (2011) aimed to identify CNV and related SNPs that could both 

be used in distinguishing between types of aggressiveness in prostate cancer using the 

process of tagging SNPs for CNVs.  They identified a 32.3Kb deletion that was ‘tagged’ 

with SNP rs2209313 on 20p13.  One other notable study, which compared CNV in 

BRCA1-associated ovarian cancer to that in sporadic ovarian cancer, suggested that the 

two were distinct from each other based on their respective CNV profiles (Yoshihara et 

al., 2010). 

 

1.3.4 Next-generation sequencing 

High throughput approaches, such as next-generation sequencing (NGS), have great 

potential to aid the detection, management, and treatment of disease through the rapid 

and simultaneous screening of numerous gene targets (potentially resulting in a cost 

reduction), thereby replacing current assays that only target single genes (Meldrum et 
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al., 2011 and Moch et al., 2012).  Next-generation sequencing offers greater resolution 

and accuracy over microarrays and is capable of detecting both translocations and 

inversions, which arrays currently cannot (LaFramboise, 2009).  Table 1-4 provides a 

comparison of the latest NGS technology releases by three of the leading providers. 

 

 
454 Life Sciences

 

GS FLX Titanium XL+ 

Applied Biosystems™
 

SOLiD™ 5500xl 

illumina Inc.
 

HiSeq 2500 

DNA required 500ng - 50-1,000ng 

Read length Up to 1,000 base Up to 75b Up to 100b 

Reads per run ~1,000,000 ≥100,000,000 3,000,000,000 

Throughput 700Mb per run 10-15Gb per day 600Gb per day 

Accuracy 99.997% Up to 99.99% - 

Sequencing method 
Synthesis 

(Margulies et al., 2005) 

Ligation 

(Porreca et al., 2007) 
Synthesis 

Sample barcoding 

(Hamady et al., 2008)
 

Yes Yes Yes 

Main advantage 
Longest read length 

Lowest cost per experiment 
Highest accuracy 

Highest reads per run 

Highest throughput 

Lowest cost per Mb 

Table 1-4 - Comparison of 3 NGS technologies, highlighting the main differences and advantages of 

each (tabulated from Glenn, 2011; Wall et al., 2009; 454 Life Sciences
1
; Applied Biosystems™

2
; and 

illumina Inc.
3
). 

 

 

However, the majority of current NGS platforms follow similar protocols and are prone 

to error, including:  the incorporation of incorrect bases during the PCR step; shorter 

read lengths (compared to Sanger di-deoxy sequencing); and sequence detection errors 

(Meldrum et al., 2011).  To compensate, the sequencing reaction is performed 

numerous times (number of reads) in order to improve the precision of base-calling.  

Ideally, each base should be read 30-50x (coverage) in each experiment (Haimovich, 

2011 and Meldrum et al., 2011).  For cancer genomes, greater coverage and specific 

                                                 
1 454 Life Sciences, http://454.com/. 
2 Applied Biosystems™, http://www.appliedbiosystems.com/. 
3 illumina Inc., http://www.illumina.com/. 
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algorithms may be required to compensate for aneuploidy and heterogeneity.  Hence, 

NGS is currently considered a research tool - rather than an aid - for diagnosis and 

treatment (Meldrum et al., 2011). 

 

Analysis of NGS data is a challenging issue that must be considered.  The management 

and processing of raw sequence data necessitates the availability of both high-end 

hardware and dedicated manpower (Meldrum et al., 2011) - storage issues are also 

important (Haimovich, 2011).  Raw sequence data must be processed in order to carry 

out base-calling, for which different algorithms are available (Ledergerber & Dessimoz, 

2011).  Each sequence of bases must then be aligned to a reference genome (Figure 1-7) 

in order to permit the identification of mutations and other genomic variants (Meldrum 

et al., 2011).  The methods for this purpose are still under research and development 

(Haimovich, 2011 and Meldrum et al., 2011).  The application of NGS to DNA 

extracted from FFPE tissue is another technical challenge (Meldrum et al., 2011). 

 

Figure 1-7 - Alignment of NGS sequence reads for two test samples to a reference genome (hg19) 

identifies a single SNP on chromosome 4 in an exon of FGFR3 in both samples.  Blue, adenine; 

yellow, thymine; green, guanine; red, cytosine. 
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1.3.5 Potential of DNA arrays 

DNA arrays are central to biomedical research (LaFramboise, 2009).  They have the 

potential to characterise genomes by picking-up SNP, CNV, and other genomic 

variation through taking a whole-genome approach, whilst also having the potential to 

compare differences in these variants across different tissues and samples.  They 

improve upon targeted/candidate gene studies by analysing many genes and other 

genomic regions in tandem, and they have the fundamental concept that variants of risk 

associated with common diseases have minor allele frequencies of 0.5-5%, while rarer 

variants have frequencies of less than 0.5% (Manolio et al., 2009).  A different chip can 

be used for measuring levels of each label/target, represented by a short oligonucleotide 

probe, across the tissues.  However, a more robust, reproducible, and quicker method is 

to measure multiple targets on the same array chip, with each having a different and 

distinguishable fluorescent dye (Quackenbush, 2002). 

 

Arrays have the potential to unlock genomic instability, which is an increased rate of 

genomic alteration (Kwei et al., 2010) that can promote cancer development and 

progression (Uchida, 2006).  It also results in aberrations in the genome that can occur 

in cancer.  For example, DNA mismatch repair, chromosomal instability (CIN), and 

telomere dysfunction have previously been mentioned as being mechanisms of genomic 

alterations.  Problems that can result from these include breakages, aneuploidy of 

chromosomes in tumour DNA, isochromosomes, and ‘uncapped’ telomeres (Uchida, 

2006 and Kwei et al., 2010).  Telomeres, specifically, permit that the ends of 

chromosomes are distinguishable from double-strand breaks (Heidinger et al., 2012) 

and thus help to maintain genomic stability. They consist of repetitive sequences that 

are non-coding but that shorten during cell division due to polymerase's inability to 

completely replicate the DNA strand being copied (Heidinger et al., 2012). 

 

Aneuploidy in a particular chromosome could also be inferred through microarray by 

the fluorescent intensity of the probes that hybridised - the resulting log2 probe ratios 

would then infer the aneuploid anomaly.  Looking at CN could also infer it:  for 

example, if an entire chromosome had been duplicated, then it would appear as CN 4 

across both of its arms.  Telomere loss could also be inferred by significant CN loss 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

  Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page 25 

 

(Castle et al., 2010) - if consecutive probes gave a CN of 0 at a telomere, for example, 

one could then infer that telomere attrition had occurred.  Around 85% of immortal 

tumours have short telomeres and exhibit elevated expression of telomerase (Shawi & 

Autexier, 2008). 

 

1.3.5.1 Affymetrix microarrays 

Affymetrix Inc. (Affymetrix Inc., 3420 Central Expressway, Santa Clara, CA 95051, 

USA, http://www.affymetrix.com/) was the first to produce oligonucleotide-based 

arrays (Mount, 2004 and LaFramboise, 2009).  The earliest application of such 

produced encouraging results - for example, different studies found good agreement 

between PCR and microarray data when analysing loss of heterozygosity (LOH) in 

prostate (Dumur et al., 2003) and bladder (Hoque et al., 2003) cancer.  However, these 

arrays had just 1,494 SNP markers to genotype (LaFramboise, 2009).  A different study 

made use of a higher resolution Affymetrix array, but still just utilising 10,000 SNP 

markers (Lieberfarb et al., 2003).  Further releases by Affymetrix incorporated 100,000, 

250,000, and then 500,000 SNP markers to genotype (LaFramboise, 2009). 

 

The other major providers of microarray technology in the world are Agilent 

Technologies Inc. (Agilent Technologies Inc., 5301 Stevens Creek Boulevard, Santa 

Clara, CA 95051, USA, http://www.agilent.com/) and illumina Inc. (illumina Inc., 

Corporate Headquarters, 5200 Research Place, San Diego, CA 92122, USA, 

http://www.illumina.com/).  The latest release by illumina - the HumanOmni5-Quad 

BeadChip - can accommodate four samples per chip, with each being scanned for 

4,301,331 variants using 50mer probes and having additional space for a further 

500,000 custom markers.  However, the amount of DNA required per sample is 400ng 

(illumina Inc., http://www.illumina.com/).  Conversely, Agilent’s latest release - the 

SurePrint G3 Human CNV Microarray - scans the genome for 963,331 variants using 

60mer probes and has a DNA requirement of 500ng (Agilent Technologies Inc., 

http://www.agilent.com/). 

 

A problem associated with arrays (especially those involving a high-density of probes 

such as microarrays) is that a large starting quantity of DNA is often required for 
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analysis:  for example, the latest release by Affymetrix Inc. requires 50ng/µl (total 

250ng) DNA, but 100ng/µl is recommended (Affymetrix Inc., 2008a), whilst the latest 

releases by Agilent Technologies Inc. require 200ng of DNA (the most recent release 

requires 400ng) (Agilent Technologies Inc., http://www.agilent.com/). 

 

The process of whole genome amplification (WGA) can be used to generate high 

quantities of DNA in studies where only a small number of cells are available, such as 

those obtained from laser capture microdissection (Rook et al., 2004).  This can provide 

sufficient template for post-analysis validation studies.  However, in order to be 

successful, the WGA process must both accurately amplify the target DNA and also 

provide sufficient quantities of it (Jasmine et al., 2008).  Using the Affymetrix Early 

Access Mendel Nsp 250K GeneChip array platform, Jasmine et al. (2008) compared the 

SNP call-rates between genomic DNA and whole genome amplified DNA of 14 healthy 

controls and found excellent concordance (>99%) between the two sets of samples on a 

paired basis.  A similar study by Tzvetkov et al. (2005) found the same high level of 

concordance as that found by Jasmine et al. (2008). 

 

1.3.5.2 The use of Affymetrix SNP 6.0 

The sixth generation of Affymetrix SNP arrays is the Genome-Wide Human SNP Array 

6.0 (Affymetrix SNP 6.0).  It genotypes much less than the ~10 million known SNPs but 

is still capable of building a large picture of variation (LaFramboise, 2009).  The array 

chip is capable of genotyping 906,600 SNPs and contains an additional 945,826 probes 

for detecting CN.  Of the CN probes, 115,000 target previously-know CNVs.  Overall, 

markers are distributed evenly across the genome, with a median marker spacing of 1-

5Kb) (Affymetrix, 2008a). 

 

A comparison of the Affymetrix SNP 6.0 to the latest releases by illumina Inc. and 

Agilent Technologies Inc. is provided by Table 1-5. 
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 Affymetrix Inc. illumina Inc. Agilent Technologies Inc. 

Total markers scanned 1,852,426 4,301,331 963,331 

Marker spacing 

(median) 
1-5Kb 0.36Kb 2.6Kb 

Probe length 25mer 50mer 60mer 

DNA required 50ng/µl 400ng/µl 500ng/µl 

Table 1-5 - Comparison of Affymetrix SNP 6.0 to the latest releases of two other leading 

organisations. 

 

 

1.3.5.2.1 Genotyping calling algorithms 

Early versions of Affymetrix arrays (10K and 100K) utilised the partitioning around 

means (PAM) algorithm for making genotype calls.  This involved comparing the signal 

intensities of perfect match (PM) and mismatch (MM) probes to deduce the genotype.  

Later (500K), the bayesian robust linear model with mahalanobis (BRLMM) algorithm 

was used - this eliminated the use of the MM probes.  The Affymetrix SNP 6.0 saw the 

adaptation of the Birdseed algorithm (Broad Institute, 

http://www.broadinstitute.org/mpg/birdsuite/index.html) and only incorporates 6 or 8 

probes for each target (i.e. - 3 or 4 PM probes for each SNP allele genotype of A or B, 

respectively) (LaFramboise, 2009) (Table 1-6). 

 

 SNP CN 

Total 906,600 945,826 

Replicate probes 
6 or 8 

(3 or 4 for each allele of AB) 
1 

Probe length 25mer 25mer 

Genotype-calling algorithm Birdseed Birdseed 

Table 1-6 - SNP and CN probe information for the Affymetrix SNP 6.0 (Affymetrix, 2008a and 

LaFramboise, 2009). 
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1.3.5.2.2 Capabilities 

As well as genotyping SNPs, Affymetrix arrays are also capable of detecting LOH 

(Yamamoto et al., 2007 and Huggins et al., 2008), which can reveal the presence of a 

recessive mutation by knocking out the wild-type allele (Knudson’s two-hit hypothesis).  

However, the phenomenon of copy neutral-LOH (CN-LOH) can pose problems to this:  

CN-LOH can occur, for example, where a chromosomal region is subject to LOH but is 

then duplicated, leaving a neutral CN state of 2 (Langdon et al., 2006).  However, this 

could still prove to be a tumourigenic event (Teh et al., 2005) whilst remaining 

undetected through other array technologies (Andersen et al., 2007).  The Affymetrix 

SNP 6.0, however, is equipped to unearth CN-LOH as it scans the genome with both 

CN and SNP probes (Andersen et al., 2007).  This phenomenon has already been 

explored in follicular lymphoma (Fitzgibbon et al., 2007 and Ross et al., 2007), 

neuroblastoma (George et al., 2007), and colorectal cancer (Andersen et al., 2007). 

 

Additionally, although the Affymetrix SNP 6.0 uses both SNP and CN probes, the SNP 

probe signal intensities can - along with those of the CN probes - be used to estimate 

CN - i.e. CNVs can be revealed by SNPs and thus be indirectly inferred from 

genotyping (Korn et al., 2008; Jin et al., 2011; and Stjernqvist et al., 2011).  This owes 

to the fact that signal intensity is merely dependent on the amount of target sequence 

present (LaFramboise, 2009).  For example, Jin et al. (2011) noted that although studies 

had identified CNVs at three loci associated with Crohn’s disease, rheumatoid arthritis, 

and diabetes, these CNVs had already been identified in SNP-based studies.  

Additionally, SNP analysis can be used to determine which allele has been either 

amplified or deleted (Korn et al., 2008 and Irvin et al., 2011) - for example, knowing 

that a section of DNA within a gene has been amplified does not provide information on 

the particular allele in question.  Combining SNP and CN data can help determine this 

(Korn et al., 2008). 

 

 

1.4 Circulating cell-free DNA 

Circulating cell-free DNA (cfDNA), defined as extracellular DNA found in the blood, 

was first described in 1948 (Mandel & Metais, 1948).  In the blood of a healthy 
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individual, it can be found at a concentration of roughly 1ng/ml (Jung et al., 2010).  

However, in some disease settings, the concentration can be elevated to as much as 

100ng/ml of soluble DNA (Shaw et al., 2000; Goebel et al., 2005; Jung et al., 2010; 

Schwarzenbach et al., 2011; and Alix-Panabières et al., 2012). 

 

Cell-free DNA analysis can be both plasma- and serum-based (Anker & Stroun, 2000; 

Goebel et al., 2005; Gahan, 2007; and Tsang & Lo, 2007).  Serum-based studies have 

shown cfDNA’s promise as a potential predictor of therapy-response in cancer (Leon et 

al., 1977) and also as having use in diagnosis and prognosis (Chen et al., 2000; Wang et 

al., 2004; and Umetani et al., 2006), whilst plasma-based studies have also marked 

cfDNA’s promise in diagnosis, prognosis, and follow-up studies (Anker et al., 2001; 

Shaw et al., 2000; and Pinzani et al., 2011).  However, there remains debate over which 

of the two is better to use (Jung et al., 2010).  Although circulating cfDNA has been 

found at higher concentrations in serum compared to plasma (Lee et al., 2001; 

Holdenrieder et al., 2005; Umetani et al., 2006; and Board et al., 2008), cfDNA isolated 

from plasma was suggested as a more reliable source of tumour DNA (Board et al., 

2008).  Indeed, Lee et al. (2001) concluded that serum should not be used for measuring 

the concentration of cfDNA as higher levels of cfDNA observed in serum can result 

from blood cell contamination (Gormally et al., 2007). 

 

1.4.1 Origins of cfDNA 

In healthy individuals, cfDNA is believed to be derived from apoptosis (Stroun et al., 

2001 and Suzuki et al., 2008), although this has been refuted (Van der Vaart & 

Pretorius, 2008; Schwarzenbach et al., 2011; and Alix-Panabières et al., 2012).  

However, in cancer, cfDNA is also released as a result of the necrosis of tumour cells 

(Li et al., 2003; Zhong et al., 2007; Schwarzenbach et al., 2011; and Alix-Panabières et 

al., 2012), which have a high turnover.  DNA that originates from necrosis is made-up 

of fragments of longer length that are above the apoptopic limit (Jung et al., 2010). 
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1.4.1.1 Tumourigenic origin 

Studies by Leon et al. (1977), Shapiro et al. (1983), and Stroun et al. (1987) were 

amongst the first to demonstrate that the cfDNA concentration in blood was often 

elevated in malignant - compared to benign - diseases, and this was later confirmed in 

breast cancer (Huang et al., 2006 and Zhong et al., 2007).  The study by Zhong et al. 

(2007) observed that the amount of cfDNA correlated with tumour size and was 

pronouncedly increased in breast cancer patients who had lymph node involvement.  

Additionally, the DNA integrity index (ratio of longer to shorter fragments found 

circulating in the blood) is known to be higher in cancer patients (Page et al., 2006). 

 

The tumourigenic origin of cfDNA was shown previously through the detection of 

ERBB2 gene amplification in matching tumour and blood (Chiang et al., 1999 and Page 

et al., 2011).  However, the majority of earlier studies have focussed on the analysis of 

LOH in microsatellite DNA and DNA methylation.  For example, two studies first 

showed tumour-specific LOH in microsatellite DNA analysed from the plasma and 

serum of advanced small cell lung cancer patients (Chen et al., 1996) and head and neck 

cancer patients (Nawroz et al., 1996).  Shaw et al. (1996 and 2000) then analysed DNA 

taken from the plasma of primary and metastatic breast cancer patients to search for any 

tumour-specific changes that were present in this DNA.  Promising results were found:  

in more than 85% of patients, tumour-specific DNA was detected in plasma.  However, 

the group only searched for two markers, which had previously been shown to undergo 

LOH or molecular instability in breast cancer patients, and admitted that more markers 

could have been analysed to improve the frequency of detected alterations. 

 

Tumour-specific DNA methylation at certain loci was also observed through cfDNA 

analysis in different cancers, including ovarian (Balch et al., 2004), lung (Bowman et 

al., 2006), and breast (Levenson, 2007).  In breast cancer, specifically, higher levels of 

methylation were positively-correlated with tumour progression (Hoque et al., 2006), 

although only 4 genes were studied.  Additionally, the methylation of 3 genes - CCND2, 

RARB, and TWIST1 - occurred more frequently in cfDNA collected from the mammary 

ducts of women with ductal carcinoma (34%) when compared to those without (11%).  

However, two-fifths of those without subsequently received a diagnosis of cancer 
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(Evron et al., 2001).  Later, in a metastatic breast cell-line, Andrews et al. (2010) noted 

that hypermethylation correlated with decreased gene expression and deletion, whereas 

hypomethylation correlated with increased expression and amplification. 

 

1.4.1.2 Other sources of cfDNA 

Possible sources of circulating cfDNA, other than from the tumour and surrounding 

tissue, include lysis of circulating tumour cells (CTCs) and disseminated tumour cells 

(DTCs).  Alterations in cfDNA do not always match those of the primary tumour and it 

has been suggested that this can be explained by the genomic differences between CTCs 

and DTCs (Alix-Panabières et al., 2012).  Circulating tumour cells are cells of 

tumourigenic origin that are associated with a higher risk of recurrence (Zippelius & 

Pantel, 2000; Meng et al., 2004; and Payne et al., 2012) and are very heterogeneous 

(Alix-Panabières et al., 2012).  Separate studies showed that the lifetime of CTCs in the 

body ranged from just 1-2.4 hours (Meng et al., 2004), while that of cfDNA ranged 

from 15 minutes to several hours (Schwarzenbach et al., 2011).  Organs involved in the 

disappearance of both CTCs and cfDNA have been suggested as being the liver, spleen, 

and kidney (Minchin et al., 2001; Korabecna et al., 2008; Tamkovich et al., 2008; and 

Schwarzenbach et al., 2011). 

 

The detection of CTCs in blood could help in optimising therapy for patients, while its 

quantification could help in the adjustment of the amount of such therapy received 

(Zhong et al., 2007 and Lianidou & Markou, 2011).  Disseminated tumour cells, on the 

other hand, can seed micrometastases that can remain dormant for many years, even 

after the complete resection of the primary tumour (Alix-Panabières et al., 2012).  It has 

recently been demonstrated that the presence of viable DTCs in the bone marrow was 

inversely related to that of circulating cfDNA in blood plasma of patients in the post-

adjuvant setting (Payne et al., 2012). 

 

Although the true source of cfDNA is not known, Alix-Panabières et al. (2012) report 

how research groups are continuing the investigation of the relationship(s) between 

cfDNA and both CTCs and DTCs (Figure 1-8). 
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Figure 1-8 - Determining the relationship between cfDNA and CTCs in the blood circulation (A) 

and DTCs in the bone marrow (B). 
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1.4.2 Biological importance of cfDNA 

The biological importance and significance of cfDNA in relation to metastasis in cancer 

has been addressed previously (Jung et al., 2010).  Metastases can form from only a 

small subset of cells that arrive at a distant organ and can exist in 3 states: 

 

� Actively-growing with angiogenic capabilities 

� Growing, but growth is balanced by apoptosis 

� Dormant cells 

(Goss & Chambers, 2010) 

 

 

However, to be capable of successfully metastasising, a tumour cell first needs to be 

capable of leaving the primary site.  It then also needs to relocate itself to the distant 

organ whilst resisting apoptosis and an immune system attack.  Once at the distant site, 

it has to have the capability of growing into a secondary tumour (Goss & Chambers, 

2010).  It was shown by a previous study that cfDNA could be taken-up by cells and 

thereafter incorporated into their respective genetic material (García-Olmo & García-

Olmo, 2001).  However, the study did not involve human DNA, nor was it performed in 

vivo.  Nevertheless, if tumour-derived DNA were taken-up by cells at distant metastatic 

sites - and thereafter incorporated into the cell’s genome, thus conferring oncogenic 

potential upon it - it would serve as a plausible mechanism for how metastasis involving 

cfDNA occurred in cancer patients.  This theory has been termed ‘genometastasis’ 

(García-Olmo et al., 1999 and 2000). 

 

1.4.2.1 Cell-free DNA as a diagnostic and prognostic marker 

Cancer is a chronic disease in patients (Meng et al., 2004) and the development of a 

simple blood test for cancer screening is highly desirable (Sunami et al., 2008).  

However, the finding by Gangnus et al. (2004) and others (Schmidt-Kittler et al., 2003 

and Vecchi et al., 2008) that different genetic changes can occur with progressive 

micrometastases from solid tumours poses a barrier to this.  It highlights the importance 

of characterising, not just the primary tumour, but also the cells and cellular material 

that are disseminated from it and how such cells genetically evolve over time. 
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Analysis of cfDNA is one enticing approach to interrogate the ‘circulating cancer 

genome’.  The main advantages of using cfDNA as a biomarker are its availability 

through non-invasive means and its stability (Gormally et al., 2007).  It can also be used 

for genetic polymorphism studies (Blömeke et al., 1997).  The concentration of cfDNA 

in relation to tumour size and metastasis has been suggested as a diagnostic tool (Wang 

et al., 2003; Zhong et al., 2007; and García-Olmo et al., 2008).  However, a pitfall to 

using the cfDNA concentration as a biomarker for early cancer detection is that the 

concentration can be affected by exercise, benign disease, and other more serious 

illnesses not related to cancer, including diabetes and problems related to the hepatic 

and respiratory systems (Jung et al., 2010 and Alix-Panabières et al., 2012).  The 

usefulness of the DNA integrity index as a biomarker in cancer has also been examined 

through cfDNA (Wang et al., 2003; Sunami et al., 2008; and Pinzani et al., 2011), with 

promising results in rectal (Agostini et al., 2011) and head and neck cancer (Jiang et al., 

2006), and also renal cell carcinoma (Gang et al., 2009). 

 

1.4.2.2 The search for markers of minimal disease 

The fundamental principle of detecting cancer at an early stage is to look for changes 

from what is considered normal or healthy, such as altered levels of gene expression 

(Srivastava et al., 2001).  Early detection is key as it can result in a better chance of 

survival (Alix-Panabières et al., 2012).  Until now, breast cancer patients were simply 

monitored until they developed overt metastases, the onset of which can ultimately lead 

to the death of the patient.  Thus, a method to predict metastatic disease progression is 

needed, as recent results of adjuvant therapy trials have shown that long-term 

eradication of micro-metastases can be achieved by adjuvant chemotherapy or 

endocrine therapy (Boér, 2010 and Stickeler, 2011). 

 

Morphological factors such as tumour type and size and lymph node-stage - and 

molecular factors such as hormone receptor status - are used to determine individual 

risk, but these are assessed in the primary tumour that is often removed during surgery.  

Thus, they are not useful for detecting minimal residual disease.  For cfDNA to serve as 

a useful circulating biomarker, it will first have to be proven that DNA extracted from 
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the plasma of blood can be used as a surrogate for the primary tumour.  Previous studies 

showed this in specific loci (Shaw et al., 2000; Papadopoulou et al., 2006; and Shao & 

Nguyen, 2006) but the whole genome has thus far not been compared between tumour 

and cfDNA. 

 

 

1.5 Background to thesis 

Identifying disease-related variants is the prime target of human genetics and 

association studies must be capable of distinguishing between variants associated with 

disease and those that are unrelated (LaFramboise, 2009).  Previous pilot data from our 

research group using Affymetrix’s 10K array showed good concordance between 

tumour and plasma DNA from the same patient when looking at LOH, confirming 

previous findings with individual microsatellite loci (Shaw et al., 2000).  In the pilot 

study, LOH was detected in the paired tumour and plasma DNA samples from 5 

patients.  The common frequency of LOH between any two matched samples (i.e. - 

from the same patient) ranged from 17-71% across all patients.  Interestingly, 

alterations unique to plasma DNA were found in all cases, suggesting disease 

progression and relating to the earlier finding by Gangnus et al. (2004) that genetic 

changes occur with progressive micrometastases from solid tumours. 

 

These encouraging results prompted the characterisation of cfDNA in detail in the on 

follow-up of breast cancer in this thesis, with a view to monitoring SNPs and CNVs 

using Affymetrix SNP 6.0 for characterising the changing nature of the circulating 

cancer genome over time in a single patient. 

 

 

1.6 Hypothesis to be tested 

The hypothesis to be tested in this thesis is that cfDNA is a useful surrogate tumour 

marker that can be analysed to determine a suite of useful biomarkers for diagnostic and 

prognostic purposes.  A secondary hypothesis is that the circulating cancer genome 

‘evolves’ over time and can give indications, through cfDNA, of an impending 

metastasis. 
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1.7 Aims 

The aim of this thesis was to test these two related hypotheses using bioinformatics to 

analyse/interrogate Affymetrix SNP 6.0 microarray data and compare cfDNA extracted 

from blood plasma with matched lymphocyte and tumour DNA (where available). 

 

 

1.8 Objectives 

The specific objectives were: 

 

1. Molecular characterisation of circulating cell-free DNA in breast cancer patients 

using SNP 6.0 microarrays (Chapter 3). 

2. Monitoring circulating cell-free DNA in response to therapy in breast cancer 

patients using SNP 6.0 microarrays (Chapter 4). 

3. Painting a portrait of breast cancer through principal component analysis 

(Chapter 5). 

4. Microarray data validation (Chapter 6). 
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2 MATERIALS AND METHODS 
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2.1 Project funding and sponsorship details 

The work carried out as part of this thesis supported a project grant funded by Cancer 

Research UK’s (CRUK) Biomarkers and Imaging Discovery and Development (BIDD) 

committee, entitled ‘Development of a cell-free plasma DNA-based method to predict 

metastatic progression in breast cancer patients:  the application of SNP arrays in the 

post-adjuvant period’.  Funding was also provided by the CRUK/Department of 

Health’s Experimental Cancer Medicine Centres (ECMC).  The protocols were 

approved by the Riverside Research Ethics Committee (REC) (now the West London 

REC) and were conducted in accordance with the Declaration of Helsinki.  Patients 

gave written informed consent prior to participation.  Samples were blinded for analysis 

and patients understood that the results would not be made available to them.  The 

project was sponsored by University Hospitals of Leicester. 

 

 

2.2 Associated clinical studies and trials 

The main clinical study with which my research was associated was the minimal 

residual disease (MRD) clinical study.  It was set-up with the aim of investigating the 

utility of bone marrow immunocytochemistry and CK19 real-time quantitative PCR 

(qPCR) for the detection of minimal residual disease in breast cancer patients, both at 

diagnosis and follow-up.  The trial was reviewed in 2005 and - out of a total of 170 

patients that were originally recruited - 65 consented to have repeat bone marrow 

samples taken at regular intervals during follow-up.  Six years post the trial’s inception, 

our research group continued to take samples every 6 months, and from two categories 

of patients:  29 high risk (HR) (>3 positive nodes at diagnosis) and 28 low risk (LR) (T1 

or lymph node-negative). 

 

Early results from the bone marrow samples were promising, with a positive status 

reported in 52 and 26% of HR and LR patients, respectively, by immunocytochemistry.  

For real-time qPCR, the figures for CK19 transcripts were 47 and 32% for HR and LR, 

respectively.  Both categories of patients constitute one of the most intensively studied 

cohorts of breast cancer patients.  In the LR group, only 1 patient was found with a 
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single circulating tumour cell (CTC) in the peripheral blood, while all other repeat bone 

marrow and blood tests were negative by immunocytochemistry and real-time qPCR.  

As a contrast, more than 2 abnormal bone marrow or blood tests were found in each of 

15 out of the 29 patients in the HR group (Slade et al., 2009). 

 

The samples provided for my thesis have come from the ‘Application of SNP arrays (S) 

to monitor the post-adjuvant (A) period (P) (SAP)’ study, where blood samples were 

taken from the patients in the MRD clinical trial for DNA extraction and analysis by 

Affymetrix SNP 6.0 microarray and real-time qPCR. 

 

Samples from the pilot neoadjuvant chemo- or endocrine therapy (NeoCEnT) clinical 

trial were also used in this study.  NeoCEnT is a multi-centre, randomised, parallel 

group, comparative, phase III, neoadjuvant study of chemotherapy versus endocrine 

therapy in postmenopausal patients who had strongly ER-positive, primary breast 

cancer with no evidence of overt metastases, and for whom pre-operative systemic 

therapy was indicated (chief investigator, Professor RC Coombes, Imperial College 

London).  The study aimed to help clarify the optimal treatment - chemo- 

(fluorouracil/epirubicin/cyclophosphamide) or endocrine (letrozole) therapy - for this 

patient group in the neoadjuvant setting.  The pilot study to assess the feasibility of 

patient recruitment and tissue collection (20 patients per treatment; 40 patients in total) 

has been completed.  As part of my thesis, the aim was to determine whether or not 

changes in the single nucleotide polymorphism (SNP) and copy number (CN) 

microarray profiles correlated with resistance to therapy using the NeoCEnT samples 

(Chapter 4). 

 

An additional 5 patients provided samples through the benign breast disease (BD) study.  

In the study, a blood sample was taken before and after surgery for each patient and the 

aim was to compare the blood samples of those with benign to invasive disease.  The 5 

patients whose samples were analysed in my thesis had invasive breast cancer.  The 

healthy control samples used in my thesis also derived from this [BD] study. 
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2.3 Sample information 

All patient samples investigated in this thesis were taken from three different clinical 

studies:  MRD; NeoCEnT; and BD.  Samples from healthy individuals and women with 

familial breast cancer are also included.  Due to the similarity in time of sample, the BD 

and NeoCEnT groups will be referred to as the ‘pre-surgical’ group, while the MRD 

group will be referred to as the ‘on follow-up’ group. 

 

Information on each group and the samples obtained there-with are found in Table 2-1. 

 

Group Number Description Samples1 

Healthy control 8 Healthy volunteers 
� Lymphocyte 

� Blood plasma 

Familial breast 

cancer 

2 Strong family history of breast cancer 
� Lymphocyte 

� Blood plasma 

5 Unaffected women with BRCA1 mutations 
� Lymphocyte 

� Blood plasma 

On follow-up 50 

Breast cancer patients who have had 

surgery and are subsequently on follow-

up, either with or without endocrine 

therapy 

� Lymphocyte 

� Tumour (n=40) 

� First blood plasma 

� Second blood plasma 

Pre-

surgical 

NeoCEnT 10 

Primary breast cancer patients who have 

had either chemo- or endocrine therapy 

prior to surgery, and who are strongly ER-

positive 

� Lymphocyte 

� Tumour 

� Baseline blood plasma 

� 6 week blood plasma 

� 21 week blood plasma 

(n=7) 

BD 5 Primary breast cancer patients 

� Tumour DNA 

� Pre-surgery blood plasma 

� Post-surgery blood 

plasma 

Table 2-1 - Overview of patient groups involved in this thesis, including information on numbers 

and types of samples available. 

 

 

                                                 
1 For all groups, blood plasma DNA was obtained as cfDNA. 
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In the pre-surgical group, the 10 NeoCEnT tumour samples were taken as biopsy cores 

at the beginning of treatment, 2-4 days, and 21 weeks before surgery, and stored as 

fresh frozen (FF) tissues.  The blood plasma samples were taken at the beginning of 

treatment and then after 6 and 21 weeks.  The 5 BD tumour samples were taken during 

the surgical removal of the primary tumour and stored as formalin-fixed, paraffin-

embedded (FFPE) tissues, while these 5 patients’ blood plasma samples were taken at 

first hospital visit (2 weeks prior to surgery) and also after surgery (2 weeks). 

 

In the on follow-up group, patients had been operated-on for breast cancer, with tumour 

samples taken during surgery and stored as FFPE tissue.  The paired blood plasma 

samples for each of these patients were as follows:  first blood plasma (P1) was taken an 

average of 6 years after surgery (maximum 10 years); second blood plasma (P2) was 

taken an average of 9 years after surgery (maximum 12 years).  Within the group, 18 

patients had small, ≤20mm tumours, with no nodal involvement (T1N0 (T≤20mm)).  The 

remainder either had nodal-involvement (n=30) (node-positive) or were node-negative 

while having a tumour size >20mm (n=2) (T>20mm).  Eight patients (4 node-positive; 4 

node-negative) had relapsed between 3 and 8 years after diagnosis. 

 

Details of the on follow-up patients are shown in Table 2-2. 
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Menopausal status Number (%) 

Pre-menopausal 28 (56) 

Post-menopausal 19 (38) 
Data not available 3 (6) 

Type of surgery 
 

Wide Local Excision (WLE) 30 (60) 
Mastectomy 19 (38) 
Data not available 1 (2) 

Histology 
 

Invasive Ductal Carcinoma (IDC) 34 (68) 
Invasive Lobular Carcinoma (ILC) 7 (14) 
Other/mixed invasive 6 (12) 
Data not available 3 (6) 

Lymph node status 
 

Positive 31 (62) 
Negative 16 (32) 
Data not available 3 (6) 

Tumour size 
 

Equal to or greater than 20mm 24 (48) 
Less than 20mm 21 (42) 

Data not available 5 (10) 

Tumour Grade 
 

I 5 (10) 
II 18 (36) 
III 23 (46) 

Data not available 4 (8) 

Hormone receptor status 
 

ER positive 37 (74) 
ER negative 13 (26) 

ER positive on endocrine therapy 30 (60) 

PgR positive 24 (48) 
PgR negative 23 (46) 
PgR data not available 3 (6) 

Growth factor status 
 

ERBB2 positive 14 (28) 
ERBB2 negative 35 (70) 
Data not available 1 (2) 

Triple negative (ER, PR and ERBB2) 10 (20) 

Total number of patients 50 (100%) 

Table 2-2 - Clinicopathological details of breast cancer patients on follow-up (taken from Shaw et 

al., 2012). 
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2.4 Sample processing 

Blood samples were taken at Charing Cross Hospital, London and then processed within 

2 hours of collection by trained research nurses, as follows:  blood plasma was 

separated by centrifugation at 2,000rpm for 10 minutes (x2) in 

ethylenediaminetetraacetic acid (EDTA) tubes; plasma and cell pellets were then 

separated and stored at -80°C.  Plasma samples were then shipped to Leicester Royal 

Infirmary on dry-ice.  On thawing, plasma was centrifuged at 13,500rpm in a smaller 

centrifuge for 5 minutes; and the supernatant was removed to a clean tube prior to DNA 

isolation.  The only blood samples that did not follow this protocol were those from the 

familial breast cancer group, which were taken at Leicester Royal Infirmary, and 

therefore sample processing was shorter for these. 

 

For the analysis of tumour samples, haematoxylin- and eosin-stained (H&E) tissue 

sections were reviewed by a consultant pathologist (Professor RA Walker) to confirm 

the presence of cancer cells.  Foci of tumour cells were marked out and isolated by 

manual microdissection. 

 

 

2.5 DNA extraction and whole genome amplification 

DNA extraction and whole genome amplification (WGA) were conducted, with 

assistance (Dr. Karen Page), as follows:  DNA was extracted from blood-cell pellets, 

1ml blood plasma, and foci of tumour cells as previously described by Page et al. 

(2006); WGA was performed using the Illustra™ GenomiPhi™ V2 DNA Amplification 

Kit (GE Healthcare UK Ltd, Amersham Place, Little Chalfont, Buckinghamshire, HP7 

9NA, United Kingdom, http://www.gelifesciences.com/) as described by Rook et al. 

(2004), with minor modifications. 

 

The WGA process was conducted as follows:  In triplicate (pooled), DNA (5µl) and 

sample buffer (20µl) were incubated at 95°C for 3 minutes and then transferred to ice 

for 5 minutes; reaction buffer (22.5µl) and φ29 (phi29) DNA polymerase (2.5µl) were 

added to each tube and then incubated at 30°C for 16 hours; the polymerase was then 

inactivated by incubation at 65°C for 10 minutes.  DNA concentration was measured 
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using a NanoDrop® ND-1000 Spectrophotometer (Thermo Fischer Scientific Inc., 81 

Wyman Street, Waltham, MA 02454, USA, http://www.thermofisher.com/) and 

subsequently diluted to 100ng/µl with sterile, ultra-pure water. 

 

 

2.6 Microarray processing 

In total, 283 WGA DNA samples (blood plasma cfDNA, lymphocyte, and tumour) from 

65 breast cancer patients, 8 healthy female controls, and 7 women with familial breast 

cancer (2 women with a strong family history and 5 unaffected BRCA1 mutation 

carriers) were hybridised to the Genome-Wide Human SNP Array 6.0 (Affymetrix SNP 

6.0) using the Affymetrix® Genome-Wide Human SNP Nsp/Sty 6.0 protocol (Affymetrix 

Inc., 2008a).  This - and QC checks - were carried out as a service by Almac 

Diagnostics (Almac Group Ltd., Diagnostics Durham, 4238 Technology Drive, 

Durham, NC 27704, USA, http://www.almacgroup.com/).  The process proceeded using 

the 96-well format. 

 

In brief, WGA DNA was digested using a restriction enzyme (Nsp/Sty) using a thermal 

cycler.  During the process, adaptor molecules (specific to the restriction enzyme) were 

ligated to the ends of the digested DNA fragments.  The ligated molecules were then 

amplified using a standard PCR reaction involving a generic primer that amplifies 

fragments ranging in size from 250-1100bp.  The products were then concentrated using 

a cleaning and purification process before being quantified by a spectrophotometric 

plate reader based on optical density, and volumes were thereafter adjusted accordingly 

for the fragmentation process.  During fragmentation, fragments of less than 180bp in 

size were generated.  These were subsequently labelled using terminal deoxynucleotidyl 

transferase before being hybridised to individual microarray plates (one for each 

sample).  After hybridisation, the plates were washed, stained, and finally scanned.  A 

summary of each step with an estimate for the amount of time each takes (to the nearest 

hour) follows (Affymetrix Inc., 2008a): 
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Restriction enzyme digestion (~3 hours) 

| 

Ligation (~4 hours) 

| 

PCR (including concentration) (~9 hours) 

| 

Fragmentation (~2 hours) 

| 

Labelling (~5 hours) 

| 

Hybridisation (~19 hours) 

| 

Scanning 

  

 

2.6.1 The scanning process 

Post-hybridisation, the chips were scanned and an image produced.  Images were then 

analysed to determine the fluorescent intensity of each probe.  Such images can be of 

very high resolution for microarrays involving the analysis of many probes, such as the 

Affymetrix SNP 6.0 (Quackenbush, 2002).  Each point of light in an image corresponded 

to an individual probe and fluorescence value was calculated as a raw probe intensity 

value. 

 

 

2.7 Bioinformatic data analysis 

Analysis of raw data microarray CEL files was performed using Partek® Genomics 

Suite™ 6.5, copyright © 2010, build 6.10.1129 (Partek Inc., 12747 Olive Boulevard, 

Suite 205, St. Louis, MO 63141, USA, http://www.partek.com/), Genotyping Console™ 

(GTC) 4.0 (Affymetrix Inc., http://www.affymetrix.com/), and Nexus Copy Number™ 

5.1 Discovery Edition (BioDiscovery Inc., 2221 Rosecrans Avenue, Suite 227 - El 

Segundo, CA 90245, USA, http://www.biodiscovery.com/).  Initially, all analysis was 

performed using Partek® Genomics Suite™, but this was repeated using Genotyping 
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Console™ and Nexus Copy Number™ 5.1 Discovery Edition to confirm reproducibility 

across software platforms. 

 

What follows are the steps taken during normalisation, QC, genotyping and the 

generation of CN, and all other bioinformatic procedures carried-out. 

 

2.7.1 Normalisation 

Data normalisation comprises all of the operations carried out in order to arrive at a 

quantity of data that is of interest (Van de Wiel et al., 2011) by removing artefactual 

data and diminishing effects from both biological and non-biological sources 

(LaFramboise, 2009), including: 

 

� Unequal quantities of starting DNA/RNA 

� DNA/RNA quality 

� GC content 

� Probe-labelling inefficiencies 

� Fluorescence detection inefficiencies 

(Quackenbush, 2002 and Van de Wiel et al., 2011) 

 

 

These were corrected-for by normalising all derived raw probe intensity values in 

relation to those of control probes (for whose own values are regarded as constant).  In 

the Affymetrix SNP 6.0, such control probes are located on-chip and thus a certain 

degree of normalisation is carried-out as standard.  Additional procedures were also 

carried-out:  1) probe intensity values were adjusted for fragment length, probe 

sequence, and GC content, as these can affect the kinetics of later PCR experiments 

aimed at validating the array (LaFramboise, 2009); and 2) values were adjusted through 

log2 transformation with a reference. 
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2.7.1.1 Referencing and derivation of log2 values 

The International HapMap (build 270 na30 r1 a5) (International HapMap Project, 

http://hapmap.ncbi.nlm.nih.gov/) was used as the initial reference model file.  The 

referencing process involves comparing each probe value in the test sample with that of 

its corresponding probe in the reference.  Thus, for each probe in each sample, a ratio (I) 

is obtained after comparing the reference (R) to the test (T) sample: 

 

R

T
I =

 

 

In a biological context, however, this is inappropriate.  A better and more common 

approach is to derive log2 values (Quackenbush, 2002).  For example, a probe that has 

an intensity value twice that of the reference will be log2 2 = 1, whereas one with the 

equivalent ratio but in the reverse (i.e. half-intensity) will be log2 0.5 = -1, thus keeping 

all log2-derived values symmetrical.  If only ratios were used, then any symmetry 

between higher and lower values would be removed as the equivalent values would be: 

 

2
1

2
==I  and 5.0

1

5.0
==I  

 

Thus, through log2 transformation and in comparison to the International HapMap, all 

normalised values were adjusted such that the overall mean value of each array was 1 

(equivalent to log2 of 0) 
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Where: 

Total=Total number of markers used in the array 

T’=Adjusted test sample intensity 

R’=Adjusted reference sample intensity 
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Log2 values were then plotted according to physical position to result in the formation 

of genomic profiles where positive and negative values retained symmetry. 

 

2.7.1.2 Variations to normalisation 

A variation to normalisation is quantile normalisation, which involves replacing the 

highest signal intensity value of each array in the project with the average of the highest 

values across all arrays, and repeating for the second and third highest, etc. 

(LaFramboise, 2009).  In this way, outlier values are ‘pulled’ closer to the main group 

of values.  However, this approach was not adopted due to the different tissue origins of 

the samples - i.e. lymphocyte, plasma cfDNA, and tumour (FFPE and FF).  Thus, any 

outlier values in tumour that were an actual reflection of true biology, for example, 

could be misrepresented through quantile normalisation due to lower overall values in 

lymphocyte and plasma cfDNA. 

 

Other variations to the normalisation process include lowess (locally-weighted linear 

regression), log-centering, and Chen’s ratio statistics (Quackenbush, 2002), and it can 

also be global or local.  Global and local normalisation are especially useful if an entire 

genome is being analysed, considering that probe density varies from region to region in 

the genome (in Affymetrix SNP 6.0, for example, the short arms of some chromosomes 

have no probes mapped to them).  However, no algorithm/process can completely 

escape the problem of background noise and type I and II error (false-positive and -

negative respectively) (Grayson & Aune, 2011). 

 

Once data had been normalised, artefactual data that necessitated filtering could still 

persist (Van de Wiel et al., 2011).  Examples include analysing each probe against the 

surrounding (or ‘background’) signal1 and using other statistical measures such as t-test 

and ANOVA.  Such measures were employed during analysis. 

 

                                                 
1 If its standard deviation was more than 1.96 times that of the background, then it would be regarded as a 

significant probe and therefore included in the end-analysis (Quackenbush, 2002). 
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2.7.2 Initial QC 

Initial QC was carried out using contrast QC (CQC) (Affymetrix Inc., 2008b) and SNP 

call-rate (generally, cut-offs of ≥0.4 and ≥97% were used for in-bounds, respectively).  

QC call-rate was also used as a general indicator of sample quality, but wasn’t used as a 

definitive indicator of in- or out-of-bounds per sample.  Gender-calling (also performed 

during later genotyping) was made using the cn-probe-chrXYratio_gender algorithm 

(Affymetrix Inc., 2009). 

 

2.7.3 Genotyping and generation of CN segments 

Genotyping analysis was performed using the Birdseed v2 algorithm (Broad Institute, 

Harvard-Massachusetts Institute of Technology, 7 Cambridge Center, Cambridge, MA 

02142, USA, http://www.broadinstitute.org/mpg/birdsuite/index.html/), incorporating 

the expectation maximisation (EM) algorithm (Dempster et al., 1977).  Post genotyping, 

the median of the absolute values of all pairwise differences (MAPD) was used as an 

indication of sample quality by assessing noise levels.  The CN5 and BRLMM-P+ 

algorithms were subsequently used for CN generation from probe intensity values, 

incorporating CN-GC waviness correction (Affymetrix Inc., 2009).  Regional GC 

correction was also applied (Partek Inc., 2009). 

 

2.7.3.1 Single nucleotide polymorphism concordance checks 

Subsequent SNP concordance1 analysis performed using 15 healthy females from the 

CEPH (Utah residents with ancestry from northern and western Europe) population 

contained within the HapMap project.  Additional comparisons were also performed 

using the 8 healthy female volunteers who had donated a lymphocyte and plasma 

sample for analysis.  Where the case arose of one sample being compared to multiple 

others, the average concordance value was obtained.  A flow-diagram of how these 

comparisons were performed follows: 

 

                                                 
1 Based on the number of SNP markers across any two samples that have the same genotype call. 
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Figure 2-1 – Flow-diagram of SNP genotype comparison to determine SNP concordance. 

 

 

 

2.7.3.2 Genomic segmentation 

Genomic segmentation (i.e. - the generation of CN segments) was then performed to 

identify amplified and deleted segments in the data using a minimum of 50 markers per 

segment, p-value cut-off of <0.0001, and a signal-to-noise ratio of 0.5 (low ratios result 

in many break-points being reported; higher results in fewer).  Each patient/control’s 

own lymphocyte sample was used as the reference during segmentation, with minimum 

segment sizes of 1, 50, 100, and 1,000Kb being used for viewing different-sized 

amplifications and deletions across different samples.  Other studies have explored 

smaller segment sizes, such as 0.5Kb (Conrad et al., 2009), however 1Kb was chosen as 

the minimum due to the definition of a CN variant by Scherer et al. (2007). 
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2.7.4 Principal component analysis and clustering 

Principal component analysis (PCA) was performed using Partek® Genomics Suite™ 

(Partek Inc., http://www.partek.com/) (see Appendix 8.4 for detailed information on 

how principal components were derived).  In brief, principal components were 

determined using a covariance matrix method (used for mean-centred data, which in this 

case is CN 2), with normalised eigenvector scaling.  Unless otherwise stated, an 

ANOVA p<0.0001 or Bonferroni-corrected p<0.0001 for multiple comparisons was 

used to filter-out markers of insignificance before determining the principal components 

and construction of the bi-plot.  In addition, a fold-change of >4 or <-4 was applied to 

further filter data.  False discovery rate (FDR) was not used as it was considered too 

lenient and unsuitable for the amount of comparisons involved. 

 

The same filtering was used before the generation of dendrograms using the average or 

complete linkage method and incorporating a distance matrix / heatmap. 

 

Samples used in PCA from the International HapMap included those from the following 

groups:  CEPH (Utah, USA residents with ancestry from northern and western Europe); 

CHB (Han Chinese in Beijing, China); JPT (Japanese in Tokyo, Japan); and YRI 

(Yoruba in Ibadan, Nigeria). 

 

2.7.4.1 Genetic signature of breast cancer 

For generating the genetic signature of breast cancer, new PCA experiments were 

carried out.  The principal components in each experiment were rotated using varimax 

rotation with Kaiser normalisation on a UNIX-based system (Hewlett Packard ProLiant 

DL580 G5, running 4 64-bit quad-core Intel® Xeon® X7350 CPUs and 32GB memory) 

using R (R Core Development Team, 2008). 

 

To arrive at a suite of significant genes (the genetic signature), significant markers from 

PCA were first chosen by selecting those SNP and CN markers that had correlations to 

the first principal component of >0.7 or <-0.7 (other values were used in a select few 

cases).  These markers were then overlapped with genes listed in the Affymetrix SNP 6.0 

libraries using a custom-designed script written in Visual Basic (Microsoft Corporation, 
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Microsoft Campus, Thames Valley Park, Reading, Berkshire RG6 1WG, UK, 

http://www.microsoft.com/) (see Appendix 8.4.1.2.2 for further information).  The list 

of genes was subsequently cross-compared to the KEGG (Kanehisa & Goto, 2000) and 

BioCarta pathways using DAVID (Huang et al., 2009a & 2009b), and also to OMIM® 

(Online Mendelian Inheritance in Man, McKusick-Nathans Institute of Genetic 

Medicine, Johns Hopkins University, Baltimore, MD, http://omim.org/) using keywords 

related to ‘cancer’ and ‘breast cancer’ (PubMed Health, US National Library of 

Medicine, 8600 Rockville Pike, Bethesda, MD 20894, USA 

http://www.ncbi.nlm.nih.gov/pubmedhealth):  “carcinoma”, “malignant tumor/tumour”, 

“breast cancer”, “ductal carcinoma”, “lobular carcinoma”, “DCIS”, “LCIS”, 

“HER2/ERBB2-positive breast cancer”, “ER-positive breast cancer”, ductal carcinoma 

in situ”, “lobular carcinoma in situ”1. 

 

For deriving the genetic signature, separate PCA experiments were conducted.  Prior to 

the derivation of principal components, markers of insignificance were first filtered-out 

through ANOVA comparison to healthy control cfDNA.  After PCA, a suitable number 

of rotated principal components were selected to account for a large proportion of the 

variation (>85% variation) exhibited in each experiment.  Then, the correlation of 

original variables to the newly-rotated principal components was examined using the 

haplotype-tagging SNP (htSNP) method described by Meng et al. (2003) in order to 

create a haplotype of the data through SNP and CN markers (see Appendix 8.4.1.2.3 for 

information on this method). 

 

2.7.5 Loss of heterozygosity 

Loss of heterozygosity (LOH) using Partek® Genomics Suite™ (Partek Inc., 

http://www.partek.com/) was determined on a paired basis (matched to normal 

lymphocyte) using a hidden Markov model (HMM).  The level of noise disturbance and 

‘emission density’ (computed using the EM algorithm (Dempster et al., 1977)) between 

each 2 points in the Markov chain were additionally factored-in.  Markov models are 

used to measure the dependence of one marker’s state on that of a nearby marker and 

                                                 
1 Keywords “estrogen/oestrogen”, “progesterone”, and “growth factor” were also used. 
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are employed because the CN between adjacent markers can be correlated.  For 

example, if marker ‘i’ was in one state, then there would be a certain probability that 

adjacent marker ‘j’ was in the same state.  However, the distance between the 2 markers 

should be factored into the probability (Stjernqvist et al., 2011). 

 

The following parameters were used:  genomic decay of 1Mb; max probability of 0.98; 

genotype error of 0.02; and filtered using a Hardy-Weinberg equilibrium p<0.001 or 

<0.0001.  Additionally, the model was configured to convert the sequence of log2 ratios 

into a chain of 6 possible states: 

 

� CN 0 

� CN 1 

� CN 2 (i.e. - normal) 

� Copy-neutral LOH (CN-LOH) 

� CN 3 

� CN 4 

(Wang et al., 2007) 

 

 

2.7.6 Copy number variation frequency analysis 

Frequency analysis for copy number variations (CNVs) was performed using Nexus 

Copy Number™ 5.1 Discovery Edition (BioDiscovery Inc., 

http://www.biodiscovery.com/).  This software program was also used alongside the 

University of California Santa Cruz’s (UCSC) table browser (Karolchik et al., 2004) to 

find genes overlapping CN segments, both being based on the RefSeq gene database 

(Pruitt et al., 2005). 

 

2.7.7 Genomic aberration detection 

For the detection of genomic aberrations, genomic segmentation was first performed, as 

previously described, using a minimum of 50 markers per segment, p-value cut-off of 

<0.0001, and a signal-to-noise ratio of 0.5.  The log2 values were also Gaussian-
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smoothed and visualised using Partek® Genomics Suite™.  Large amplifications and 

deletions were defined as those greater than or equal to 1Mb, while uncapped 

chromosomes/telomere attrition was defined as a deletion at a telomere of 5Kb or more. 

 

 

2.8 Culturing cell-lines 

Cell-lines and culture conditions used in this thesis are shown in Table 2-3.  Both media 

types contained L-glutamine and 10% foetal calf serum, while at the same time lacked 

phenol red, as this can have a weak oestrogenic effect on breast cancer cells and thus 

interfere with growth (Levenson & Jordan, 1997).  Cells were incubated at 37oC with 

5% CO2, with DNA being subsequently extracted using the 

phenol/chloroform/isoamylalcohol (P/C/IAA; ratio 25:24:1) protocol, briefly as follows:  

cell-pellets were suspended in 0.05M tris (pH8)/0.1% SDS and incubated with 

proteinase K (500µg/ml) for 1 hour at 37oC; an equal volume of P/C/IAA was added, 

followed by centrifugation at 13,000rpm for 3 minutes; the supernatant was removed, 

an equal volume of C/IAA was added to it, and the mixture was centrifuged at 

13,000rpm for 3 minutes; the supernatant was again removed and had 3x volume -20oC 

ethanol followed by  1/10th volume 1M NaCl added to it, and was left at -20oC 

overnight; and finally, the mixture was centrifuged at 13,000rpm for 15 minutes at 4oC, 

the supernatant discarded to keep the DNA pellet, which was then washed with 70% 

ethanol, again centrifuged at 13,000rpm for 15 minutes, air-dried in a fume-hood, and 

finally suspended in sterile, ultra-pure water. 

 

DNA concentrations and 260/280nm absorbance ratios were measured using the 

Nanodrop® ND-1000 Spectrophotometer (Thermo Fischer Scientific Inc., 

http://www.thermofisher.com/), as follows:  1µl ultra-pure water was pipetted onto the 

electrode to initialise the instrument, which was then ‘blanked’ to set the baseline; the 

electrode was then cleaned before adding and measuring the concentration and 

260/280nm of 1µl sample (repeated thrice for each sample).  Information on each cell-

line is provided by Table 2-3. 
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Cell-line Culture medium 
ERBB2 

status
1
 

MCF-7 (Soule et al., 1973) DMEM 1g/L glucose2 Negative 

MDA-MB-231 (Cailleau et al., 1974) DMEM 1g/L glucose Negative 

MDA-MB-436 (Cailleau et al., 1978) RPMI 16403 Negative 

MDA-MB-468 (Cailleau et al., 1978) DMEM 1g/L glucose Negative 

SK-Br-3 (Fogh & Trempe, 1975) RPMI 1640 Positive 

T-47D (Keydar et al., 1979) DMEM 1g/L glucose Negative 

Table 2-3 - Origin, growth medium used, and ERBB2 status for each cultured breast cancer cell-

line. 

 

 

2.9 Design of primers and probes 

Primers and TaqMan® MGB probes (Applied Biosystems™, Life Technologies 

Corporation, 5791 Van Allen Way, PO Box 6482, Carlsbad, CA 92008, 

http://www.appliedbiosystems.com/) for the validation of CNVs were custom-designed 

using Primer3 0.4.0 (Rozen & Skaletsky, 2000) and Primer Express® 3.0 (Applied 

Biosystems™).  Target sequences were first screened for previous mutations (including 

amplifications, deletions, and LOH) using the Catalogue of Somatic Mutations in 

Cancer (COSMIC) (Forbes et al., 2008), and for SNPs and uniqueness in the human 

genome using NCBI SNP and Nucleotide BLAST (Altschul et al., 1990), respectively.  

Once the primer and probe sequences were designed, the possible amplicons resulting 

from each primer pair were screened for uniqueness in the human genome using UCSC 

in-silico PCR (Fujita et al., 2011).  The robustness of each assay was tested through 

real-time qPCR on human genomic (HG) DNA (Roche Diagnostics Ltd., Charles 

Avenue, Burgess Hill, West Sussex, RH15 9RY, UK, https://www.roche-applied-

                                                 
1 Taken from American Type Culture Collection (ATCC), PO box 1549, Manassas, VA 20108, USA, 

http://www.atcc.org/. 
2 PAA Laboratories GmbH, PAA-Strasse 1, 4061 Pasching, Austria, http://www.paa.com/. 
3 BioWhittaker®, Lonza Group Ltd., Muenchensteinerstrasse 38, CH-4002 Basel, Switzerland, 

http://www.lonza.com/. 
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science.com/).  Amplicons were measured relative to a custom-designed individual 

reference, or to the mean of more than one reference, by relative quantitation (RQ). 

 

Table 2-4 provides a list of the primer-probe sets that were designed, including both 

target and reference assays. 

 

Target sequences 

Target interval Primers Probe 

4q13.2 
5`-GTGGGATCTAATTAAACTAACTTTTGCA-3` 

5`-TCCCACTCTGTGGGTTGTCTG-3` 
5`-CAGGCAGCAGAGTAA-3` 

16p12.3 
5`-CCTTTCTGTCTTAACGGGAGCAT-3` 

5`-CCTGTATTACGGGGTGCTCAAT-3` 
5`-CGGAGAGAATGATGCTGTGA-3` 

   

Reference sequences 

Target designed for Primers Probe 

4q13.2 
5`-CAGGATGTGGTCTAGCTTGATGA-3` 

5`-CACTCCATCCAACAACAGCAAA-3` 
5`-CATGTGAGCTTGAGAAGA-3` 

16p12.3 
5`-TGCTGACTGGGGACATCCA-3` 

5`-CCTCGTGATCCACCCGTAAA-3` 
5`-AGGGAGAGATTCCTGGGA-3` 

Table 2-4 - Sequences of custom-designed primer-probe sets used for microarray validation. 

 

 

2.10 Real-time quantitative PCR 

Real-time qPCR reactions were run on the StepOnePlus™ Real-Time PCR System 

(Applied Biosystems™, http://www.appliedbiosystems.com/).  A 10µl reaction volume 

was used in each well, consisting of 5µl TaqMan® Fast Universal PCR Master Mix x2 

(Applied Biosystems™), 1.4µl primer-probe at 200pM, and 10ng of sample DNA in a 

volume of 3.6µl.  Additionally - in each experiment - HG DNA and ultra-pure water 

samples were also included to serve as negative and ‘no template’ controls, 

respectively.  All samples were run in triplicate.  Data analysis was subsequently 

conducted with StepOne Software v2.1 (Applied Biosystems™, 

http://www.appliedbiosystems.com/) and Microsoft® Excel (Microsoft Corporation, 

http://www.microsoft.com/) using the ∆∆CT method:  ∆∆CT = [cell-line ∆CT - HG DNA 

∆CT]; ∆CT = [target mean CT - endogenous control(s) mean CT]. 
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For measuring the reproducibility and sensitivity of the ERBB2 qPCR assay in breast 

cancer cell-lines, the endogenous controls used were contactin associated protein 1 

(CNTNAP1) and ribonuclease P RNA component H1 (RPPH1), both supplied by 

Applied Biosystems™ (Applied Biosystems™, http://www.appliedbiosystems.com/). 

 

 

2.11 Statistical analysis 

For statistical analyses, GraphPad Prism 5 for Windows (GraphPad Software Inc., 2236 

Avenida de la Playa, La Jolla, CA 92037, USA, http://www.graphpad.com/) and PASW 

Statistics 18.0.2 (SPSS Inc., Floor 11, 233 South Wacker Drive, Chicago, IL 60606-

6412, USA, http://www.spss.com/) were used.  For all statistical analyses, the alpha (α) 

value was varied between 0.0001 and 0.05. 

 

Personalis EX2155



 

Page 58 
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CIRCULATING CELL-FREE DNA IN BREAST 

CANCER PATIENTS USING SNP 6.0 
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3.1 Overview 

In this chapter, the utility of circulating cell-free DNA (cfDNA) analysis for patient 

monitoring in the post-adjuvant period in breast cancer is the main focus.  Each patient 

underwent surgery and subsequently gave serial blood samples whilst on follow-up.  

For the purpose of this chapter, only 2 blood samples were analysed for each patient, 

taken an average of 6 and 9 years after surgery, and the genomic profiles of these were 

related back to matched tumour DNA taken during resection to elucidate findings. 

 

 

3.2 Introduction 

In general, research in this thesis is focussed on the characterisation of cfDNA in breast 

cancer patients.  Previous plasma-based analyses showed the promise of using cfDNA 

in diagnostics, prognostics, and follow-up studies in cancer (Anker et al., 2001; Shaw et 

al., 2000; and Pinzani et al., 2011), whilst the measurement of levels of cfDNA were 

also suggested for breast cancer diagnosis (Huang et al., 2006).  However, elevated 

levels are sometimes seen in benign disease (Zanetti-Dällenbach et al., 2008).  Hence, 

our group elected to focus on the detection of tumour-specific alterations - including 

single nucleotide polymorphisms (SNPs), amplifications (initially focussing on 

ERBB2), deletions, and loss of heterozygosity (LOH) - by real-time qPCR approaches. 

 

In order to achieve this, the standardisation of PCR-based assays is required in the 

clinical setting (Schwarzenbach et al., 2011) and the reproducibility and sensitivity of 

any new assay must be demonstrated before being applied (Alix-Panabières et al., 

2012).  For ERBB2, we first demonstrated tumour-specific amplification in the cfDNA 

of breast cancer patients (Page et al., 2011) and suggested that there is benefit to using 

gene-based analyses in the future.  Patients are more likely to respond to trastuzumab 

treatment for ERBB2-positive breast cancer if they also have ERBB2 amplification 

(Vogel et al., 2002).  Thus, focussing on methods that detect amplification of the gene 

will help in tailoring therapy to patients with ERBB2-positive breast cancer. However, 

to molecularly characterise the entire circulating breast cancer genome should elucidate 

many more targets for analysis. 
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3.2.1 Genome-wide characterisation 

Copy number variations (CNVs) are amplified or deleted regions of the genome that are 

variable in size (Scherer et al., 2007 and Grayson & Aune, 2011) and are a principle 

source of natural variation in the human genome (Redon et al., 2006 and LaFramboise, 

2009).  Specific CNVs may be characteristic of different tumour types, whilst LOH is 

also common in many tumours and can reveal recessive alleles (Wang et al. 2004).  The 

Genome-Wide Human SNP Array 6.0 (Affymetrix SNP 6.0) (Affymetrix Inc., 2008a) 

analyses ~1.8 million markers across the genome for SNPs and CNV and is one of the 

leading microarray technologies at representing genetic variation.  Through the analysis 

of Affymetrix SNP 6.0 data, SNP genotypes, CNV, and LOH can be generated per 

sample in a single hybridisation experiment. 

 

3.2.2 Sequential analysis 

Due to the inherent problems in obtaining sequential samples in the adjuvant setting, 

little is known about the nature of dynamic changes in the cancer genome over time.  

However, sequential analyses are paramount for the following-up of cancer patients 

(Alix-Panabières et al., 2012).  In breast cancer, gene expression analysis revealed that 

multiple genetic changes from the primary tumour can occur in micrometastases in the 

bone marrow (Gangnus et al., 2004).  It was therefore hypothesised in this thesis that in 

patients on follow-up who are otherwise disease free, evidence of tumour DNA detected 

in cfDNA would suggest the presence of micrometastases, possibly deriving from - or 

related to - disseminated tumour cells (DTCs) in the bone marrow.  Hence, it would be 

hugely advantageous to be able to detect these specific changes indicative of 

progression in cfDNA. 

 

The cfDNA samples investigated as part of this thesis permitted such sequential 

analysis through the characterisation of the ‘evolving’ circulating breast cancer genome, 

and allow for the search for markers of minimal disease.  Normal lymphocyte DNA 

samples were used as reference to help discriminate benign and pathogenic SNPs and 

CNVs (Conrad et al., 2009); tumour DNA samples helped to define the ‘mutation state’ 
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of the primary tumour (Schwarzenbach et al., 2011); and, finally, cfDNA samples 

provided a tool for analysis of circulating, tumour-specific markers. 

 

3.2.3 Aims 

The aims of this chapter were to: 

 

1. Demonstrate that amplified ERBB2 is detectable in the cfDNA of ERBB2+++ 

breast cancer patients. 

2. Compare Affymetrix SNP 6.0 whole genome profiles of the primary tumour with 

paired plasma cfDNA samples taken from breast cancer patients on follow-up, 

and relate findings to cfDNA profiles of samples taken pre-surgically from 

breast cancer patients and from those of healthy female controls. 

 

 

In order to achieve these aims, the specific objectives were to: 

 

1. Test the reproducibility and sensitivity of the previously designed ERBB2 qPCR 

assay (3.3.1). 

2. Determine post-hybridisation sample quality through QC checks (3.3.2). 

3. Genotype samples and compare SNP profiles of samples belonging to different 

tissue-types and groups (3.3.3). 

4. Characterise CNV across all samples and distinguish between those that are 

benign and pathogenic (3.3.4). 

5. Use principal component analysis (PCA) and hierarchical clustering to separate 

samples into logical groupings (3.3.5). 
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3.3 Results 

3.3.1 Reproducibility and sensitivity of qPCR for measuring ERBB2 copy 

number in breast cancer cell-lines 

The ERBB2 copy number (CN) assay was applied to DNA isolated from 6 breast cancer 

cell-lines with known ERBB2 status:  MCF-7 (Soule et al., 1973); MDA-MB-231, -436, 

and-468 (Cailleau et al., 1974 and 1978); SK-Br-3 (Fogh & Trempe, 1975); and T-47D 

(Keydar et al., 1979). 

 

Mean real-time qPCR cycle threshold (Cт) values obtained using 3, 5, and 9 replicates 

for ERBB2 (target), and CNTNAP1 and RPPH1 as reference genes, in the 6 cell-lines 

are shown in Table 3-1. 
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Cell-line 
Replicates 

Mean ( X ) Standard deviation (σ) 
3 5 9 

MCF-7 

28.77 

(28.33) 

[26.74] 

28.89 

(28.24) 

[26.69] 

28.89 

(28.15) 

[26.72] 

28.85 

(28.24) 

[26.72] 

0.07 

(0.09) 

[0.03] 

MDA-MB-231 

30.97 

(30.26) 

[29.72] 

31.04 

(30.30) 

[29.71] 

31.03 

(30.28) 

[29.79] 

31.01 

(30.28) 

[29.74] 

0.04 

(0.02) 

[0.04] 

MDA-MB-436 

29.50 

(28.81) 

[27.63] 

29.61 

(28.80) 

[27.36] 

29.69 

(28.85) 

[27.32] 

29.60 

(28.82) 

[27.44] 

0.10 

(0.03) 

[0.17] 

MDA-MB-468 

27.31 

(27.64) 

[24.96] 

27.64 

(27.41) 

[25.00] 

27.90 

(27.28) 

[25.07] 

27.62 

(27.44) 

[25.01] 

0.30 

(0.18) 

[0.06] 

SK-Br-3 

26.85 

(29.98) 

[28.14] 

26.87 

(30.01) 

[28.38] 

26.92 

(30.09) 

[28.49] 

26.88 

(30.03) 

[28.34] 

0.04 

(0.06) 

[0.18] 

T-47D 

28.42 

(27.49) 

[28.48] 

28.48 

(27.41) 

[28.47] 

28.41 

(27.30) 

[28.50] 

28.44 

(27.40) 

[28.48] 

0.04 

(0.10) 

[0.02] 

Table 3-1 - Mean ERBB2 Cт values per cell-line, per number of replicates.  Corresponding values 

for CNTNAP1 and RPPH1 are shown in parentheses and square-brackets respectively.  The overall 

mean and standard deviation for each are also shown. 

 

 

Relative quantitation (RQ) values for ERBB2 relative to each endogenous control (and 

the mean of these) was then calculated for each cell-line for 3, 5, and 9 replicates (Table 

3-2, Figure 3-1, and Figure 3-2). 
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CNTNAP1 RPPH1 CNTNAP1 and RPPH1 

 
3 5 9 3 5 9 3 5 9 

MCF-7 1.55 1.34 1.25 0.51 0.45 0.46 0.88 0.78 0.76 

MDA-MB-231 1.28 1.25 1.25 0.87 0.82 0.88 1.06 1.01 1.05 

MDA-MB-436 1.05 0.96 0.94 0.64 0.49 0.45 0.82 0.69 0.65 

MDA-MB-468 2.12 1.43 1.10 0.46 0.37 0.33 0.98 0.73 0.60 

SK-Br-3 14.41 14.47 14.89 4.89 5.70 5.93 8.40 9.08 9.40 

T-47D 0.86 0.79 0.76 2.09 2.00 2.13 1.34 1.25 1.28 

Table 3-2 - ERBB2 RQ values per cell-line, per number of replicates. 
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Amplification was observed in the ERBB2-positive SK-Br-3 cell-line and was highest 

using CNTNAP1 as an unamplified reference, and lowest when using RPPH1.  The 

ERBB2-negative cell-line, T-47D, also exhibited low-level amplification using RPPH1 

as the control. 

 

A 1-way repeated measures ANOVA revealed that there was no statistically-significant 

difference between using 3, 5, or 9 replicates with either reference locus or the mean of 

these (p<0.0001).  Table 3-3 shows corresponding Affymetrix SNP 6.0 derived CN 

values for each of the 6 cell-lines taken from the Cancer Genome Project (Wellcome 

Trust Sanger Institute, Genome Campus, Hinxton, Cambridge, CB10 1SA, UK, 

http://www.sanger.ac.uk/).  These data highlight how the use of the two reference genes 

will affect RQ results in MCF-7 and T-47D cells, as demonstrated by qPCR (Figure 3-1 

and Figure 3-2). 

 

Gene 

Cell-line 

MCF-7 
MDA-

MB-231 
MDA-MB-436 

MDA-

MB-468 
SK-Br-3 T-47D 

CNTNAP1 2 3 - 2 - 4 

RPPH1 3 3 - 2 - 2 

ERBB2 2 3 - 2 - 4 

Table 3-3 - Cancer Genome Project (Wellcome Trust Sanger Institute) Affymetrix SNP 6.0 CN 

values for CNTNAP1, RPPH1, and ERBB2 for each breast cell-line examined (data for MDA-MB-

436 and SK-Br-3 not available). 

 

 

3.3.2 Affymetrix SNP 6.0 QC analysis of whole genome amplification cfDNA, 

tumour, and lymphocyte DNA samples 

In total, 273 whole genome amplification (WGA) DNA samples (plasma, lymphocyte, 

and tumour) from 65 breast cancer patients and 8 healthy female controls were analysed 

using the Affymetrix SNP 6.0 microarray technology.  The WGA DNA samples were 

hybridised in two batches in order to reduce inter-assay variability, and subsequent 
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analysis was performed independently using Partek® Genomics Suite™, Genotyping 

Console™, and Nexus Copy Number™, with each platform identifying the same CNVs 

(Shaw et al., 2012). 

 

High SNP call-rates were achieved for the majority of samples (Figure 3-3), 

highlighting the efficiency of the array technology.  Of note, lymphocyte DNA across 

all patients and controls had the highest overall mean SNP call-rate (96.89%, range 

70.14-99.32%), compared to the other samples:  in the on follow-up group, first plasma 

cfDNA, second plasma cfDNA, and tumour DNA had means of 91.37% (range 85.04-

98.51%), 88.62% (range 85.21-98.33%), and 88.52% (range 86.65-89.62%), 

respectively.  The means for pre-surgical breast cancer patients’ plasma cfDNAs 

(86.80%; range 85.85-88.36%) and those of the healthy controls (83.06%, range 69.62-

92.33%) were comparable.  Finally, the pre-surgical patients’ tumour DNA samples 

exhibited a mean of 93.61% (range 87.06-98.70%).  These high values for SNP call-

rate, similar to those seen for lymphocyte DNA, reflect the fact that 10 of these tumour 

samples were from the fresh frozen (FF) tissue of patients in the pre-surgical group (the 

remainder being formalin-fixed, paraffin-embedded (FFPE)). 

 

Figure 3-3 - SNP call-rates across 273 DNA samples used in the study. 
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On close inspection, there was a striking difference in the QC data for the 10 FF and 5 

FFPE tumour DNA samples of the pre-surgical breast cancer patients (Table 3-4):  the 

FFPE tissues had a mean QC call-rate of 57.43%, while that of the FF tissues was 

89.75%.  The SNP call-rates were closer (FFPE mean of 87.63%; FF mean of 96.6%) 

but there was still a noticeable difference between these. 

 

Tissue type 
QC call-rate (%) 

(Affymetrix Inc., 2009) 
SNP call-rate (%) 

FFPE 

57.81 87.06 

58.41 87.35 

58.57 87.68 

55.72 88.00 

56.62 88.04 

FF 

91.30 97.61 

95.70 98.32 

54.80 88.00 

93.58 97.32 

96.10 97.99 

93.18 96.60 

91.89 96.48 

97.39 98.70 

94.08 98.02 

89.44 96.96 

Table 3-4 - Differences in quality between FFPE and FF tumour DNA tissue were apparent when 

looking at the QC and SNP call-rates for each. 

 

 

As all samples in the study were processed in two batches, it was possible to determine 

intra-assay reproducibility.  To this end, 13 samples were repeated for the entire process 

- from DNA extraction to array hybridisation - across the 2 batches.  These showed 

excellent correlation between CQC (p<0.0001), QC call-rate (p=0.0001) (Figure 3-4), 
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MAPD (p=0.0005), and in the number of CNVs derived (p<0.05), using paired t-tests.  

The results also exhibited good correlation (average correlation 0.727, Spearman’s 

rank) when comparing unfiltered probe intensity values between replicate samples.  The 

frequency of each specific CNV detected between the two batches also showed good 

agreement (Figure 3-5).  One sample (53, P2) exhibited significant variability between 

the replicate extractions and hybridisations (Figure 3-4). 

 

Figure 3-4 - Close correlation in QC call-rate between repeat-sample extraction and hybridisation.  

L, lymphocyte; P1, first plasma cfDNA; P2, second plasma cfDNA; T, tumour. 
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3.3.3 Single nucleotide polymorphisms and the comparison of genomic profiles 

3.3.3.1 HapMap comparisons 

Various comparisons were carried-out between patients and samples within - and 

between - groups based on the concordance of SNP genotype calls1.  When the SNP 

genotype calls of each lymphocyte DNA sample from 8 healthy controls was compared 

to 15 randomly selected healthy females from the CEPH HapMap (International 

HapMap Project, http://hapmap.ncbi.nlm.nih.gov/samples), results were consistent:  a 

mean concordance of 64.23% (range 62.75-66.13%) was obtained, which highlights the 

validity of the normal controls.  Similar results were obtained for cfDNA from the 

plasma of the healthy controls (mean 63.50%, range 60.87-65.38%) and the normal 

lymphocyte samples from 15 breast cancer patients (mean 61.08%, range 55.00-

62.22%). 

 

3.3.3.2 Matched lymphocyte comparisons 

Next, the concordance of SNP genotype calls between each cfDNA and matched 

lymphocyte DNA sample for each cancer patient and healthy control were compared.  

The highest mean concordance existed in the healthy control group (Figure 3-6), 

exhibiting a mean concordance of 89.35% (range 81.10-94.08%) and suggesting that the 

2 genomes were closely related, as would be expected if the cfDNA was derived from 

apoptosis of normal cells.  In addition, the level of concordance was not significantly 

correlated to sample quality (using the SNP call-rate as indicator of quality) (0.0007, 

P1; -0.173, P2 (Spearman’s rank)). 

 

                                                 
1 Based on the number of SNP markers across any two samples that have the same genotype call. 
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Figure 3-6 - High % SNP concordance between plasma cfDNA and matched lymphocyte DNA in 

healthy controls (mean 89.35%, range 81.10-94.08%). 

 

 

 

By group, the SNP concordance was lowest for the 15 pre-surgical primary breast 

cancer patients (mean 44.88%, range 36.00-68.27%), but also remained low for the 50 

patients on follow-up in both the first (P1, mean 69.10%, range 33.17-99.44%) and 

second (P2, mean 54.22%, range 33.31-97.96%) cfDNA samples.  A point to note is 

that 28% of the first - and 12% of the second - plasma samples from the on follow-up 

group exhibited a concordance at or above the mean value obtained for the healthy 

control group (89.35%).  This potentially indicates a ‘normal’ genomic plasma cfDNA 

profile for these patients.  Of the first plasma cfDNA samples, 6 were T1N0 (T≤20mm) 

and 8 were T>20mm/node-positive at diagnosis.  Of the second plasma cfDNA samples, 

3 were T1N0 (T≤20mm) and 3 were T>20mm/node-positive at diagnosis. 

 

The mean SNP concordance by group was also compared, which revealed a significant 

difference between the healthy controls and the pre-surgical patients (p=0.0001, Mann-

Whitney unpaired t-test).  In the on follow-up group, the mean SNP concordance of the 

first cfDNA samples (P1) was not significantly different to that of the healthy controls 

(p=0.0612), but those of the second cfDNA (P2) were (p=0.0004) (Figure 3-7).  When 
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all groups were compared to each other by Kruskal-Wallis ANOVA, there was also a 

significant difference (p<0.0001).  This demonstrates that there were differences in 

these patients’ SNP calls of plasma cfDNA samples compared to their matched 

lymphocyte DNA samples. 

 

Figure 3-7 - Scatter plot showing % concordance between plasma cfDNA and matched lymphocyte 

DNA for each group reveals a significant difference between each.  P1, first plasma cfDNA; P2, 

second plasma cfDNA. 

 

 

 

The level of SNP concordance was also compared between each patient’s cfDNA 

sample and each of the healthy controls (n=8) (i.e. - each cancer patient’s cfDNA 

sample compared to each of the 8 healthy control cfDNA samples and an average 

obtained).  This revealed a significant difference between the first and second cfDNA 

samples of the patients on follow-up (p=0.0006, paired Wilcoxon signed-rank t-test), 

and between the cfDNAs of the patients on follow-up and pre-surgical patients 

(p=0.0016, Kruskal-Wallis ANOVA). 
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3.3.3.3 Matched tumour comparisons 

The SNP genotype calls were also compared between each cfDNA sample and matched 

tumour, where available (available for 15 pre-surgical and 40 patients on follow-up), 

which revealed low concordance (overall mean 46.89%, range 31.04-66.20%).  This 

highlights genomic difference between cfDNA and matched tumour DNA.  However, 

comparing these concordances again revealed a significant difference between the pre-

surgical and on follow-up groups (p<0.05, Kruskal-Wallis ANOVA) (Figure 3-8). 

 

Figure 3-8 - Scatter plot showing % concordance between plasma cfDNA and matched tumour 

DNA reveals a significant difference between on follow-up and pre-surgical patients.  P1, first 

plasma cfDNA; P2, second plasma cfDNA. 
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3.3.4 Copy number variation analysis 

3.3.4.1 Status 

Using 1Kb as the minimum size, the number of CNVs called for each sample/group was 

identified, and the percentage of overlap with the Toronto database of genomic variants 

(DGV) (Iafrate et al., 2004) was determined.  A total of 9,301 CNVs were identified in 

the lymphocyte DNA samples and 9,341 in the plasma cfDNA of the healthy controls 

(n=8).  Of these CNVs, 57.07% and 55.95% respectively were found to overlap - either 

partially or completely - with the Toronto DGV, and are thus known/confirmed 

genomic variants.  The remainder - 42.93% and 44.05%, respectively - did not overlap 

and are thus novel.  When looking at the lymphocyte DNA samples in the pre-surgical 

patients and those on follow-up, 40.38% and 40.52% respectively were identified as 

novel.  However, in the plasma cfDNA samples, 50.05% of the pre-surgical plasma 

cfDNA CNVs were identified as novel, compared to 45% and 46.48% in the on follow-

up first plasma and healthy control plasma cfDNA.  Finally, in the tumour DNA 

samples, 50.05% of CNVs called in the FFPE tumour DNA of patients on follow-up 

(n=40) were novel, and 40.12% were novel in the pre-surgical group (n=15). 

 

3.3.4.2 Number of CNVs called 

Next, the number of CNVs called in each sample was compared between paired plasma 

and matched lymphocyte DNA samples.  In the patients on follow-up, there were 8 

patients who relapsed and these showed a significant difference between the first 

cfDNA and matched lymphocyte (p<0.01, paired Wilcoxon signed-rank t-test) (Figure 

3-9A).  A statistically-significant difference (p<0.05) was also found for relapsed 

second cfDNA compared to matched lymphocyte (Figure 3-9B).  When results for the 

other 42 patients on follow-up were stratified by size and node-status (i.e. - T1N0 

(T≤20mm) and T>20mm/node-positive), there were no significant differences for either 

the first or second cfDNA sample.  The healthy control group also showed no 

significant differences. 

 

The difference in the number of CNVs called between the first and second cfDNA 

samples of the patients on follow-up was also analysed:  overall, 30 patients showed a 
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decrease in CNVs from their first to second cfDNA, and 20 showed an increase; while, 

of the relapsed patients, 5 showed a decrease and 3 an increase.  Hence, there were no 

obvious trends with time. 

 

Figure 3-9 - Number of CNVs called between the first (A) and second (B) plasma cfDNA and 

matched lymphocyte DNA samples by subgroup.  NB - T>20mm/node-positive patients of patients 

on follow-up not shown. 
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In the 8 patients who relapsed, the second cfDNA analysed was from the final blood 

sample taken prior to the time of relapse.  Hence, genetic ‘signatures’ of relapse might 

be detected by looking at these samples.  These patients had the greatest difference in 

the number of CNVs called between lymphocyte and plasma cfDNA (Figure 3-9), and 

some of these differences were striking.  Figure 3-10 illustrates CN amplifications and 

deletions in one patient who relapsed.  In this particular patient, the first blood plasma 

sample was taken 6 years after initial diagnosis, while the second blood plasma was 

taken 2 months before the patient was diagnosed with metastatic disease.  This second 

blood plasma cfDNA sample showed more deletion than amplification. 
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Figure 3-10 - Karyoview of the lymphocyte (A), first and second plasma cfDNA (B and C), and 

tumour (D) samples of one patient on follow-up who relapsed.  A: 80.25% amplification; 19.75% 

deletion.  B: 79.12% amplification; 20.88% deletion.  C: 53.67% amplification; 46.33% deletion.  

D: 77.41% amplification; 32.59% deletion.  CNVs based on 50 consecutive markers (SNP or CN) 

with a minimum segment size of 50Kb.  Gain, amplification; Loss, deletion. 
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3.3.4.3 Amplification and deletion 

3.3.4.3.1 Distribution 

Next, the distribution between amplification and deletion was analysed (Table 3-5).  

The majority of CNVs detected were amplifications, which was highest in the 

lymphocyte DNA samples (healthy controls, 67%; patients on follow-up, 74%; and pre-
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surgical breast cancer patients, 77%), with a mean of 72.80% amplification across these 

samples.  Tumour DNA showed a slightly lower proportion of amplification (patients 

on follow-up, 65%; and pre-surgical breast cancers, 70%), with a mean of 67.5%.  A 

lower proportion of amplification was detected in the cfDNA samples:  the proportions 

were similar (59% and 57%, respectively) in the healthy control and first plasma 

cfDNA, however, the second plasma cfDNA of the patients on follow-up and the 

cfDNA of the pre-surgical patients both showed more deletion than amplification (55 

and 62% deletion, respectively). 

 

  All CNVs Amplifications Deletions 

Group Sample 
Mean 

total 
Range % 

Mean 

total 
Range % 

Mean 

total 
Range 

Healthy 

Control 

L 2922 1885-3769 67 1961 1421-2325 33 962 464-1686 

P 3619 3052-4126 59 2134 1858-2421 41 1485 1091-2033 

Pre-

surgical 

L 1549 426-3137 77 1260 370-2382 23 362 56-1050 

P 2090 1035-4272 38 786 369-2134 62 1304 661-2241 

T 1799 296-4336 70 1229 201-3057 30 551 95-1279 

On 

follow-

up 

L 1709 134-4062 74 1261 113-2729 26 448 21-1333 

P1 2365 279-5110 57 1354 177-2698 43 1016 39-2587 

P2 2265 282-5096 45 1136 163-2702 55 1186 66-2789 

T 389 201-950 65 311 125-1999 35 156 38-695 

Table 3-5 - Distribution between CNV amplification and deletion, showing percent amplification 

and deletion, mean total CNVs, and the range.  L, lymphocyte; P, plasma cfDNA of healthy controls 

or pre-surgical breast cancer patients; P1 and P2, first and second plasma cfDNA of patients on 

follow-up, respectively; T, tumour. 

 

 

3.3.4.3.2 Thresholding amplifications by copy number 

In relation to amplifications and deletions, a ‘sweep’ of all 273 samples in the study 

revealed 750 different cytobands that exhibited amplification using a high but arbitrary 

threshold of CN>6.0 by Gaussian-smoothed signal.  Many of these amplifications, 

however, were unique to a single sample.  The presence or absence of amplification at 

each of the 750 cytobands by sample type and patient group was revealed through 

hierarchical clustering (Figure 3-11).  Two main clusters were identified:  the top cluster 
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contained all lymphocyte DNA samples and both the first cfDNA samples of patients on 

follow-up and the cfDNA of pre-surgical patients, whereas the bottom cluster contained 

all tumour DNA samples and the second cfDNA samples of patients on follow-up.  

However, of interest, the second plasma cfDNA samples from the relapsed patients also 

clustered at the left with the normal lymphocytes and first plasma samples. 

 

Figure 3-11 - Hierarchical clustering (incorporating dendrogram and heatmap) of all DNA samples 

based on 750 cytobands identified using a threshold of CN>6.0 by Gaussian-smoothed signal.  L, 

lymphocyte; P, plasma cfDNA of healthy controls or pre-surgical breast cancer patients; P1 and P2, 

first and second plasma cfDNA of patients on follow-up, respectively; T, tumour.  Heatmap:  red, 

high occurrence of amplification per sample group; blue, low occurrence. 
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Next, results were filtered to remove uniquely-affected cytobands (i.e. - cytobands 

showing amplification in a single DNA sample), which reduced the total 634.  These 

634 were filtered further to show amplification in >10% of samples only (per sample 

group), giving 23 cytobands (Table 3-6; Appendix Table 8-1 provides additional 

information for these 23 cytobands, including mean CNV size and marker density). 

 

Interval Overlapping genes 

Healthy control Pre-surgical On follow-up 

L 

n=8 

P 

n=8 

P 

n=15 

T 

n=15 

P1 

n=5 

P2 

n=50 

T 

n=40 

1p36.33 LOC100132287 

4 

[50] 

5 

[62.5] 

15 

[100] 

10 

[66.667] 

35 

[70] 

44 

[88] 

39 

[98] 

1p36.21 

C1orf158 
LOC [440563 and 649330] 

PRAMEF [2 3 4 5 7 8 9 10 12 13 14 15 

16 19 20 21 and 22] 

0 

[0] 

0 

[0] 

8 

[53] 

1 

[6.667] 

2 

[4] 

12 

[24] 

3 

[8] 

1q21.1 PPIAL4 [A and C] 
3 

[37.5] 

4 

[50] 

12 

[80] 

9 

[60] 

33 

[66] 

37 

[74] 

38 

[95] 

2p11.2 
ANKRD36BP2 
EIF2AK3 
RPIA 

0 

[0] 

0 

[0] 

9 

[60] 

3 

[20] 

14 

[28] 

33 

[66] 

10 

[25] 

4q13.2 
TMPRSS11 [B and BNL] 
UGT2B [15 and 17] 
YTHDC1 

0 

[0] 

0 

[0] 

4 

[27] 

4 

[26.667] 

9 

[18] 

13 

[26] 

37 

[93] 

5p11 - 
0 

[0] 

0 

[0] 

0 

[0] 

2 

[13.333] 

4 

[8] 

2 

[4] 

12 

[30] 

5q13.2 

SERF1 [A and B] 
SMA5 

SMN [1 and 2] 

NAIP 

0 

[0] 

0 

[0] 

9 

[60] 

6 

[40] 

18 

[36] 

20 

[40] 

36 

[90] 

7p11.2 MIR4283-2 

0 

[0] 

0 

[0] 

2 

[13] 

3 

[20] 

2 

[4] 

7 

[14] 

18 

[45] 

7q11.21 - 
0 

[0] 

0 

[0] 

6 

[40] 

3 

[20] 

13 

[26] 

14 

[28] 

14 

[35] 

7q11.23 

CLIP2 

GATSL1 

GTF2IRD1 2 

LOC100093631 

NCF [1 and 1C] 

PMS2P [5 and 6] 
SPDYE8P 
STAG3L2 
WBSCR16 

0 

[0] 

2 

[25] 

13 

[87] 

6 

[40] 

21 

[42] 

38 

[78] 

40 

[100] 

8p23.1 

DEFB130 
DUB3 
FAM66 [A and D] 
FAM85A 
FAM86B1 
LOC392196 

ZNF705D 

0 

[0] 

0 

[0] 

4 

[27] 

1 

[6.667] 

12 

[24] 

13 

[26] 

15 

[38] 

9p11.2 FAM27A 
LOC100132167 

2 

[25] 

1 

[12.5] 

14 

[93] 

10 

[66.667] 

26 

[52] 

40 

[80] 

39 

[98] 

9q12 - 
1 

[12.5] 

1 

[12.5] 

13 

[87] 

8 

[53.333] 

20 

[40] 

37 

[74] 

40 

[100] 

10q11.22 
BMS1P5 

FRMPD2P1 

GDF [2 and 10] 

1 

[12.5] 

0 

[0] 

14 

[93] 

6 

[40] 

25 

[50] 

33 

[66] 

37 

[93] 
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PTPN20B 

RBP3 

ZNF488 

10q11.23 

AGAP [7 and 8] 

C10orf53 
CHAT 

OGDHL 

PARG 

2 

[25] 

3 

[37.5] 

14 

[93] 

6 

[40] 

30 

[60] 

36 

[72] 

40 

[100] 

14q11.1 - 
1 

[12.5] 

1 

[12.5] 

8 

[53] 

6 

[40] 

23 

[46] 

27 

[54] 

28 

[70] 

14q11.2 - 
0 

[0] 

0 

[0] 
15 [100] 

6 

[40] 

0 

[0] 

36 

[72] 

40 

[100] 

14q32.33 

AHNAK2 
BRF1 
C14orf79 
CDCA4 
CRIP [1 and 2] 
GPR132 
JAG2 
KIAA0284 
LOC647310 

MGC23270 

MTA1 
NUDT14 
PACS2 

1 

[12.5] 

0 

[0] 

10 

[67] 

3 

[20] 

5 

[10] 

15 

[30] 

13 

[33] 

15q11.2 NF1P1 
POTEB 

0 

[0] 

0 

[0] 

5 

[33] 

1 

[6.667] 

8 

[16] 

16 

[32] 

23 

[58] 

15q25.2 
GOLGA6L [4 5 and 9] 
LOC [440297 727849 and 80154] 

RPS17 

1 

[12.5] 

0 

[0] 

10 

[67] 

7 

[46.667] 

21 

[42] 

30 

[60] 

34 

[85] 

16p12.3 ABCC6P1 
NOMO2 

2 

[25] 

5 

[62.5] 

12 

[80] 

6 

[40] 

19 

[38] 

30 

[60] 

35 

[88] 

16p11.2 

ALDOA 
C16orf92 
DOC2A 
FAM57B 
HIRIP3 
INO80E 
KCTD13 
TAOK2 
TMEM219 

0 

[0] 

0 

[0] 

6 

[40] 

5 

[33.333] 

11 

[22] 

30 

[60] 

20 

[50] 

19p13.3 

FAM138F 
FLJ45445 

OR4F17 

STK11 
WASH5P 

2 

[25] 

3 

[37.5] 

12 

[80] 

7 

[46.667] 

39 

[76] 

41 

[82] 

36 

[90] 

Table 3-6 - Twenty-three intervals exhibiting common amplification in plasma cfDNA and tumour 

(using a threshold of CN>6.0 by Gaussian-smoothed signal and only displaying those that had a 

frequency >10%).  The frequency of amplification (%) at a given interval is indicated in square-

brackets.  L, lymphocyte; P, plasma cfDNA of healthy controls or pre-surgical breast cancer 

patients; P1 and P2, first and second plasma cfDNA of patients on follow-up, respectively; T, 

tumour.  Appendix Table 8-1 provides additional information for these intervals. 

 

 

The lower frequencies of these CNVs in the pre-surgical tumour DNA were due to a 

different origin and nature of these samples:  10 of the 15 samples were FF samples and 

taken at the end of 21 weeks neoadjuvant therapy, while the remaining 5 were FFPE. 
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Eighteen of the 23 cytobands showed amplification in plasma and tumour DNA of 

breast cancer patients, but little or no amplification in the cfDNA of healthy controls.  

The remaining 5 cytobands (i.e. - 1p36.33, 1q21.1, 10q11.23, 16p12.3 and 19p13.3) - 

whilst showing amplification in plasma and tumour of breast cancer patients - also 

showed some amplification in the lymphocyte and/or plasma cfDNA of healthy 

controls.  Eighteen of the 23 regions have known overlapping genes and the remaining 5 

have none as defined by the RefSeq gene database (Pruitt et al., 2005).  Some 

interesting groupings and molecular functions were revealed when the overlapping 

genes were grouped together using DAVID (Huang et al., 2009a & 2009b) (Table 3-7). 

 

Group/Molecular function Gene count 

Nucleus 16 

Leucine-rich repeat / preferentially-expressed 

antigen of melanoma family protein 
15 

Metal ion binding 14 

Membrane 14 

Transmembrane 13 

Cytoplasm 11 

DNA binding / regulation of transcription 8 

Endoplasmic reticulum 6 

Cell surface receptor-linked signal transduction 6 

Cytoskeleton 5 

Apoptosis 5 

Regulation of RNA metabolic process 4 

Carbohydrate catabolic process 3 

Amino acid phosphorylation 3 

Growth factor activity 3 

Downregulation of MTA3 in ER-negative breast tumours 2 

Androgen and oestrogen metabolism 2 

Table 3-7 - List of related groups and molecular functions of genes overlapping common 

amplifications from Table 3-6. 
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Further analysis, performed by raising the threshold to CN>8.0 revealed 352 regions, 

while lowering the threshold to CN>4.0 revealed amplification in at least one sample at 

virtually every known cytoband.  These CNV levels support results of Redon et al. 

(2006) that CNV is common in the human genome.  Figure 3-12 highlights this by 

showing the extent of CNV in the lymphocyte DNA sample of one healthy control, 

while Figure 3-13 shows a genome-view representation of the frequency of both 

amplification and deletion in all samples in this study.  There was a low frequency of 

CNV in the tumour DNA samples of the patients on follow-up and the pre-surgical 

breast cancer patients. 

 

Figure 3-12 - CNVs detected in the normal lymphocyte DNA sample of a healthy control using a 

threshold of CN>4.0, highlighting how common CNVs are in the ‘healthy’ human genome.  Gain, 

amplification; loss, deletion. 
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Interestingly, at this lower threshold (CN>4.0), 8 cytobands in the human genome 

exhibited high-frequency (>90%) amplification in the tumour DNA samples of patients 

on follow-up.  For some of these, amplification was seen in every (i.e. - 100%) tumour 

sample (Table 3-8).  These 8 cytobands also showed amplification in breast cancer 

plasma cfDNA, but at a lower frequency (>25%).  Figure 3-14 shows examples of 

amplification detected at 3 of these cytobands (4q13.2, 5q13.2, and 7q11.23) in patients 

on follow-up.  There was clear evidence of local amplification in cfDNA and tumour 

DNA as revealed by a ‘spike’, while Figure 3-15 highlights the frequency of 

amplifications at one cytoband (5q13.2) in the patients on follow-up.  Regarding these 

CNVs, the majority resemble the amplifier (firestorm) or complex (sawtooth) CN 

alteration (CNA) patterns previously identified by Kwei et al. (2010) (Figure 1-5). 

 

 Healthy control Pre-surgical On follow-up 

 
L 

n=8 

P 

n=8 

L 

n=15 

P 

n=15 

T 

n=15 

L 

n=50 

P1 

n=50 

P2 

n=50 

T 

n=40 

4q13.2 
0% 12.5% 33.3% 26.6% 40% 26% 28% 42% 100% 

[2] [1-6] [1-4] [2-7] [1-8] [2-4] [2-9] [2-10] [6-10] 

5q13.2 
12.5% 12.5% 46.6% 93.3% 40% 50% 68% 79% 100% 

[0-3] [2-9] [2-4] [2-13] [2-15] [2-6] [2-10] [2-10] [6-10] 

7q11.23 
12.5% 62.5% 33.3% 93.3% 60% 24% 62% 82% 100% 

[2-4] [0-9] [2-4] [2-10] [2-10] [2-8] [2-10] [2-10] [9-10] 

8p23.1 
0% 25% 20% 46.6% 33.3% 22% 32% 34% 95% 

[2] [2-4] [2-3] [2-6] [2-7] [2-4] [2-10] [2-8] [2-10] 

10q11.22 / 23 
87.5% 100% 80% 100% 40% 86% 92% 86% 100% 

[2-10] [4-10] [2-10] [6-10] [2-10] [2-24] [2-13] [2-30] [6-28] 

15q25.2 
37.5% 0% 46.67% 73.33% 40% 22% 54% 96% 100% 

[2-6] [2] [2-5] [2-9] [2-9] [2-5] [2-10] [2-10] [4-20] 

16p12.3 
62.5% 75% 66.67% 100% 80% 54% 66% 90% 100% 

[2-6] [2-7] [2-6] [5-11] [2-9] [2-6] [2-10] [2-15] [5-12] 

Table 3-8 - Eight intervals exhibiting common amplification in >90% breast cancer tumour DNA of 

on follow-up patients (using a threshold of CN>4.0 by a Gaussian-smoothed signal).  The number of 

samples with the thresholded CNV per sample group is indicated as a percentage, while also shown 

in square-brackets is the non-Gaussian-smoothed CN range.  L, lymphocyte; P, plasma cfDNA of 

healthy controls or pre-surgical breast cancer patients; P1 and P2, first and second plasma cfDNA 

of patients on follow-up, respectively; T, tumour.  NB - CNVs at 10q11.22 and 10q11.23 were 

treated as a single CNV due to close genomic proximity and high correlation. 

 

Personalis EX2155



 

P
ag

e 
93

 

 

F
ig

u
re

 3
-1

4
 -

 H
ig

h
 l

ev
el

 a
m

p
li

fi
ca

ti
o

n
 i

n
 p

la
sm

a
 c

fD
N

A
 a

n
d

 m
a

tc
h

ed
 t

u
m

o
u

r 
D

N
A

 o
f 

b
re

a
st

 c
a

n
ce

r 
p

a
ti

en
ts

 o
n

 f
o

ll
o

w
-u

p
, 

sh
o

w
in

g
 c

o
m

m
o

n
ly

-a
m

p
li

fi
ed

 

c y
to

b
a

n
d

s 
4

q
1

3
.2

 (
A

),
 5

q
1

3
.2

 (
B

),
 a

n
d

 7
q

1
1

.2
3

 (
C

) 
(b

a
se

d
 o

n
 a

 C
N

>
4

.0
 t

h
re

sh
o

ld
 b

y
 G

a
u

ss
ia

n
-s

m
o

o
th

ed
 s

ig
n

a
l)

. 
 A

m
p

li
fi

ca
ti

o
n

 i
s 

m
a

tc
h

ed
 b

et
w

ee
n

 T
 a

n
d

 P
1

 

a
t 

4
q

1
3
.2

, 
T

 a
n

d
 P

2
 a

t 
5

q
1
3

.2
, 

a
n

d
 T

, 
P

1
, 

a
n

d
 P

2
 a

t 
7

q
1
1

.2
3

. 
 L

, 
ly

m
p

h
o

cy
te

; 
P

1
, 

fi
rs

t 
p

la
sm

a
 c

fD
N

A
; 

P
2

, 
se

co
n

d
 p

la
sm

a
 c

fD
N

A
; 

T
, 

tu
m

o
u

r.
 

 

Personalis EX2155



 

P
ag

e 
94

 

 

 

Personalis EX2155



 

P
ag

e 
95

 

 

 

Personalis EX2155



 

P
ag

e 
96

 

 

F
ig

u
re

 3
-1

5
 -

 H
ig

h
 f

re
q

u
en

cy
 o

f 
a

m
p

li
fi

ca
ti

o
n

 a
t 

5
q

1
3

.2
 i

n
 p

a
ti

en
ts

 o
n

 f
o

ll
o

w
-u

p
. 

 T
h

e 
y

-a
x
is

 i
n

d
ic

a
te

s 
th

e 
p

er
ce

n
ta

g
e 

o
f 

sa
m

p
le

s 
h

a
v

in
g

 a
 C

N
V

 a
t 

a
 s

p
ec

if
ic

 

p
o

in
t 

in
 t

h
e 

g
en

o
m

e.
  

A
m

p
li

fi
ca

ti
o

n
s 

in
 g

re
en

; 
d

el
et

io
n

s 
in

 r
ed

. 
 L

, 
ly

m
p

h
o

cy
te

; 
P

1
, 

fi
rs

t 
p

la
sm

a
 c

fD
N

A
; 

P
2

, 
se

co
n

d
 p

la
sm

a
 c

fD
N

A
; 

T
, 

tu
m

o
u

r.
 

 

 

 

 

 

 

 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page 97 

 

3.3.4.3.3 Logistic regression to reveal significant copy number variant regions 

Binary logistic regression analysis was used to correlate the prevalence of the 23 

common CNVs (Table 3-6) to the molecular phenotype of the primary tumour (Table 

3-9).  Based on cancer status (i.e. - cancer or healthy), 5 CNVs significantly-contributed 

to the disease status in the first cfDNA samples in the patients on follow-up (5q13.2, 

9p11.2, 10q11.22, 14q11.2, and 15q25.2), while 9 CNVs significantly-contributed in the 

second cfDNA samples (5q13.2, 9p11.2, 9q12, 10q11.22, 14q11.1, 14q11.2, 15q25.2, 

16p11.2, and 19p13.3).  Whereas, in the cfDNA samples of the pre-surgical patients, 12 

CNVs significantly-contributed to the cancer status.  Of these, 6 were unique to the pre-

surgical cfDNA samples (1p36.33, 1p36.21, 2p11.2, 7q11.21, 10q11.23, and 14q32.33). 

 

When comparing patients who relapsed with those who did not in the on follow-up 

group, two CNVs (1p36.33 and 9q12) were correlated significantly with relapsed status 

based on the first cfDNA samples, and 11 (1p36.33, 1q21.1, 9p11.2, 9q12, 10q11.22, 

10q11.23, 14q11.1, 14q11.2, 15q11.2, 16p11.2, 19p13.3) based on the second.  

Whereas, in the tumours, six CNVs contributed significantly to relapse, 4 of which 

(1p36.33, 1q21.1, 9p11.2, and 9q12) were significant at a value of p<0.0001.  These 6 

cytobands also distinguished between T>20m/node-positive tumours compared to those 

that were T1N0 (T≤20mm). 

 

There were no significant differences by tumour type, based on the type of surgery 

(mastectomy or wide local excision), but there were significant differences in the 

subsequent plasma samples taken after surgery:  first cfDNA, 5q13.2; second cfDNA, 

4q13.2, 5q13.2, and 14q32.33.  Significant differences also arose based on endocrine 

therapy received (tamoxifen, anastrozole (Arimidex®), Goserelin (Zoladex®), or 

tamoxifen/anastrozole combined) compared to no therapy received, predominantly in 

the second cfDNA comparison. 

 

Finally, based on receptor status in the on follow-up group of patients, no CNVs 

contributed significantly to either ERBB2- or PR-positive status in tumour or cfDNA.  

However, 5p11 contributed significantly to ER-positive status in the second plasma 

cfDNA samples, and to the triple-negative status of the primary tumour. 
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3.3.5 Principal component analysis and hierarchical clustering to interrogate 

both SNP and CN data 

3.3.5.1 Principal component analysis 

Comparison of both SNP and CNV data was investigated through PCA, which is a 

method used for separating a set of related data into groups (or principal components).  

In the lymphocyte DNA samples, PCA analysis of SNP/CN data revealed no 

stratification between cancer patients and healthy controls (Figure 3-16A).  However, 

stratification was evident based on ethnicity when these samples were compared to 128 

healthy female lymphocyte samples from the International HapMap (International 

HapMap Project, http://hapmap.ncbi.nlm.nih.gov/), consisting of:  46 CEPH (Utah, 

USA residents with ancestry from northern and western Europe); 23 CHB (Han Chinese 

in Beijing, China); 22 JPT (Japanese in Tokyo, Japan); and 37 YRI (Yoruba in Ibadan, 

Nigeria) (Figure 3-16B). 
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PCA revealed a clear division between the plasma cfDNA samples of the pre-surgical 

patient group compared to those of the healthy controls (Figure 3-17A).  This was also 

evident using SNP and then CN markers separately (Figure 3-17B,C).  The 3 resulting 

plots were very similar and subsequent examination of the component loadings for each 

sample from each plot revealed a Spearman’s rank correlation of 0.972, suggesting 

similar SNP and CN profiles. 

 

Of note, two plasma cfDNA samples from women with a strong family history of breast 

cancer (but who had normal mammography) also clustered with cfDNA from the pre-

surgical group by PCA (Figure 3-17A).  These two cfDNA samples exhibited low SNP 

concordance with their paired lymphocytes (55.05% and 55.02%), within the range of 

those of the 15 pre-surgical cfDNAs (mean 44.88%, range 36.00-68.27%) and the first 

and second cfDNAs of the group on follow-up (mean 54.22%, range 33.31-97.96% and 

69.10%; range 33.17-99.44% respectively).  However, they differed significantly from 

those of the healthy controls (mean 89.35%, range 81.10-94.08%). 
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In the patients on follow-up, PCA revealed clear separation between tumour and 

lymphocyte DNA samples (Figure 3-18A).  However, plasma cfDNA samples were 

widely distributed:  some clustered close to the tumours; others close to the 

lymphocytes; while others were scattered in-between.  Overall, there were more second 

cfDNA samples clustered close to the tumour samples, and cfDNA samples that 

clustered with the lymphocyte cluster had high SNP concordances when compared to 

their matched lymphocyte. 

 

When results for the healthy controls (including the two samples from women with a 

strong family history of breast cancer) were added to the plot, again healthy control 

cfDNAs clustered with the normal lymphocytes, while the two samples from women 

with a strong family history of breast cancer grouped separately toward the tumour 

samples (Figure 3-18B). 
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Using data for the patients on follow-up, other PCA bi-plots were generated to elucidate 

differences between the type of surgery and therapy received, and hormone receptor 

status.  There were no differences identified between these.  However, when a PCA bi-

plot was generated to observe the distribution of samples in relation to triple-negative 

(n=10) and receptor-positive (n=40) patients (Figure 3-19), neither the first nor second 

cfDNA samples clustered near the tumour DNA samples, instead clustering towards the 

normal lymphocytes. 

 

Figure 3-19 - PCA bi-plot of patients on follow-up with triple-negative patients’ cfDNA samples 

shaded black. 

 

 

 

The same PCA bi-plot revealed the location of the relapsed cfDNA samples in relation 

to those of the non-relapsed patients for the first and second plasma cfDNA samples.  

The first and second cfDNA from non-relapsed patients spanned the width of the bi-
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plot, whereas those of the relapsed patients remained grouped together, toward the 

lymphocytes, in both cases. 

 

It was additionally decided to analyse through PCA the differences that existed between 

all FF and FFPE tumour DNA samples in the study.  Clear separation was evident 

(Figure 3-201). 

 

Figure 3-20 - PCA bi-plot of tumour samples (unfiltered data) highlighting separation between FF 

and FFPE tissue. 

 

 

 

                                                 
1 Note - outlier FFPE tumour 61T excluded. 
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3.3.5.2 Hierarchical clustering 

Hierarchical clustering of data for the 50 patients on follow-up revealed a similar 

separation of samples as PCA, with the tumour and lymphocyte DNA samples clearly 

separated, and cfDNA samples mostly between these (Figure 3-21).  Two main clusters 

were identified:  all tumour DNA with mostly second cfDNA samples; and all 

lymphocyte with mostly first cfDNA samples.  When observing just the first and second 

cfDNA samples (Figure 3-22A and B), there was a clear division in the dendrogram 

structure in each case, but no apparent differences between the T1N0 (T≤20mm) and 

T>20mm/node-positive patients were evident.  When observing all tumour DNA 

samples, the dendrogram lacked any high-level branching structure, indicating that there 

were no apparent differences between the subgroups (Figure 3-22C). 

 

Figure 3-21 - Hierarchical clustering of on follow-up group revealed a division between tumour and 

lymphocyte DNA samples. 
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Figure 3-22 - Hierarchical clustering of on follow-up group’s first (A) and second (B) plasma 

cfDNA samples revealed two major clusters, but no apparent separation based on subgroup.  

Clustering for tumour DNA samples (C) neither revealed major divisions between subgroups. 
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3.3.6 Loss of heterozygosity analysis 

There was heterogeneity in LOH amongst patients and samples.  Between plasma 

cfDNA and matched tumour, the extent of overlapping LOH ranged from just 10-35%.  

When solely focussing on exons in cfDNA, there were 34 LOH events that occurred in 

2 or more of the 50 patients on follow-up (first and second cfDNA samples combined 

into one group), whilst 36 occurred in 2 or more of the 15 pre-surgical patients’ cfDNA 

samples (Table 3-10).  There was generally more LOH detected in T≥20mm/node-

positive patients than T1N0 (T≤20mm) patients, and an overall increase in LOH detected 

between the first and second cfDNA samples.  Through analysing both CN and LOH 

data concurrently revealed that 1.47% of CNVs exhibited copy neutral-LOH (CN-

LOH). 

 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page 111 

 

On follow-up P1 

Chromosome Start position End position Cytoband 
Length 

(bp) 
Affected genes 

1 21047616 21114833 1p36.12 67217 
HP1BP3 (-) 
Overlaps with 17.14% of SH2D5 (-) 

1 47055993 47068677 1p33 12684 Contained within MKNK1 (-) 

1 182542082 183804609 1q25.3 1262527 

APOBEC4 (-), ARPC5 (-), DHX9 (+), 
LAMC1 (+), LAMC2 (+), LOC284648 
(+), NCF2 (-), NMNAT2 (-), NPL (+), 
RGS16 (-), RGS8 (-), RNASEL (-), 
SMG7 (+), SHCBP1L (-) 
Overlaps with 15.79% of RGL1 (+) 

2 96787899 97172125 2q11.1-2q11.2 384226 

ASTL (-), CIAO1 (+), DUSP2 (-), 
ITPRIPL1 (+), LOC285033 (+), 
NCAPH (+), SNRNP200 (-), STARD7 (-
), TMEM127 (-) 
Overlaps with 2.28% of NEURL3 (-) 

4 138229548 139308745 4q28.3 1079197 PCDH18 (-), SLC7A11 (-) 

5 37604905 37616554 5p13.2 11649 Contained within WDR70 (+) 

6 71556566 71565478 6q13 8912 Contained within SMAP1 (+) 

7 52095655 53331026 7p12.1 1235371 POM121L12 (+) 

7 137005809 137059416 7q33 53607 Overlaps with 42.42% of PTN (-) 

8 79028009 84510629 8q21.12-8q21.13 5482620 

CHMP4C (+), FABP12 (-), FABP4 (-), 
FABP5 (+), FABP9 (-), FAM164A (+), 
HEY1 (-), IL7 (-), IMPA1 (-), MRPS28 
(-), PAG1 (-), PKIA (+), PMP2 (-), 
SLC10A5 (-), SNX16 (-), STMN2 (+), 
TPD52 (-), ZBTB10 (+), ZFAND1 (-), 
ZNF704 (-) 

8 120825226 120883743 8q24.12 58517 
DSCC1 (-) 
Overlaps with 33.92% of TAF2 (-) 

9 30995741 32798727 9p21.1 1802986 
ACO1 (+), DDX58 (-), LOC100129250 
(+), NDUFB6 (-), TAF1L (-), 
TMEM215 (+), TOPORS (-) 

9 32798728 33473893 9p21.1-9p13.3 675165 

APTX (-), AQP3 (-), AQP7 (-), 
B4GALT1 (-), BAG1 (-), CHMP5 (+), 
DNAJA1 (+), NFX1 (+), SMU1 (-), 
SPINK4 (+) 
Overlaps with 1.86% of NOL6 (-) 

9 137610423 137666414 9q34.3 55991 Contained within COL5A1 (+) 

9 137807802 137834125 9q34.3 26323 Overlaps with 7.62% of FCN1 (-) 

10 16905500 17520442 10p13-10p12.33 614942 
LOC100128098 (+), ST8SIA6 (-), 
TRDMT1 (-), VIM (+) 
Overlaps with 43.31% of CUBN (-) 

11 44283722 44302311 11p11.2 18589 Contained within ALX4 (-) 

12 58010163 58010164 12q13.3 1 Contained within ARHGEF25 (+) 

13 49559791 50791372 13q14.2 1231581 

ARL11 (+), C13orf1 (-), CAB39L (-), 
CDADC1 (+), CTAGE10P (+), DLEU1 
(+), DLEU2 (-), EBPL (-), FNDC3A 
(+), KCNRG (+), KPNA3 (-), MIR15A (-
), MIR16-1 (-), MIR3613 (-), MLNR (+), 
PHF11 (+), RCBTB1 (-), SETDB2 (+), 
ST13P4 (+), TRIM13 (+) 

13 50791373 52422211 13q14.2-13q14.3 1630838 

DHRS12 (-), DLEU7 (-), FAM124A (+), 
GUCY1B2 (-), INTS6 (-), NCRNA00282 
(-), RNASEH2B (+), SERPINE3 (+), 
WDFY2 (+) 

16 49821501 49825482 16q12.1 3981 Contained within ZNF423 (-) 

16 84925626 85139173 16q24.1 213547 
KIAA0513 (+), ZDHHC7 (-) 
Overlaps with 3.38% of FAM92B (-) 
Overlaps with 8.19% of CRISPLD2 (+) 

21 39235347 39367443 21q22.13 132096 Overlaps with 40.39% of KCNJ6 (-) 
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On follow-up P2 

Chromosome Start position End position Cytoband 
Length 

(bp) 
Affected genes 

2 50034686 50977979 2p16.3 943293 NRXN1 (-) 

3 123019763 123435754 3q21.1 415991 
MYLK (-), PTPLB (-) 
Overlaps with 27.75% of ADCY5 (-) 

5 95084131 95084132 5q15 1 Contained within RHOBTB3 (+) 

6 38140658 38140659 6p21.2 1 Contained within BTBD9 (-) 

6 78066685 78366842 6q14.1 300157 HTR1B (-) 

9 134612965 135042885 9q34.13 429920 
MED27 (-) 
Overlaps with 1.29% of NTNG2 (+) 

11 103792043 103808152 11q22.3 16109 Contained within PDGFD (-) 

13 56872356 59648355 13q21.1-13q21.2 2775999 
PCDH17 (+), PRR20A (+), PRR20B 
(+), PRR20C (+), PRR20D (+), 
PRR20E (+) 

17 30114328 31319764 17q11.2 1205436 

ARGFXP2 (-), C17orf75 (-), C17orf79 
(-), CDK5R1 (+), LRRC37B (+), 
MIR632 (+), MYO1D (-), PSMD11 (+), 
RHBDL3 (+), RHOT1 (+), SH3GL1P1 
(+), SUZ12 (+), TMEM98 (+), UTP6 (-
), ZNF207 (+) 
Overlaps with 0.07% of SPACA3 (+) 

22 19643245 19775287 22q11.21 132042 
GP1BB (+), SEPT5 (+), GP1BB (+), 
TBX1 (+) 

22 38594668 38678564 22q13.1 83896 MAFF (+), TMEM184B (-) 

 

Pre-surgical P 

Chromosome Start position End position Cytoband 
Length 

(bp) 
Affected genes 

1 19698026 19707302 1p36.13 9276 CAPZB (-) 

1 39355371 39360730 1p34.3 5359 RHBDL2 (-) 

1 79024688 79126050 1p31.1 101362 IFI44L (+) 

1 89472197 89558103 1p22.2 85906 GBP1 (-), GBP3 (-) 

1 237978001 237997087 1q43 19086 RYR2 (+) 

2 38281096 38298139 2p22.2 17043 
Overlaps with 19.91% of CYP1B1 (-) 
Overlaps with 77.39% of FAM82A1 (+) 

2 38298139 38306935 2p22.2 8796 Overlaps with 58.95% of CYP1B1 (-) 

2 62413989 62495209 2p15 81220 B3GNT2 (+) 

2 127446853 127464384 2q14.3 17531 Overlaps with 42.18% of GYPC (+) 

3 38350519 38350543 3p22.2 24 SLC22A14 (+) 

3 65530707 65641243 3p14.1 110536 MAGI1 (-) 

3 132533091 132548645 3q22.1 15554 NCRNA00119 (+) 

3 132548646 132594820 3q22.1 46174 
Overlaps with 96.17% of NCRNA00119 
(+) 

4 10528226 10559817 4p16.1 31591 CLNK (-) 

4 79347625 79443850 4q21.21 96225 FRAS1 (+) 

5 177977679 178084843 5q35.3 107164 
CLK4 (-) 
Overlaps with 37.21% of COL23A1 (-) 

5 178084843 178179234 5q35.3 94391 ZNF354A (-) 

6 12654540 13005284 6p24.1 350744 Overlaps with 81.95% of PHACTR1 (+) 

6 13025819 13063824 6p24.1 38005 PHACTR1 (+) 

6 37595546 37609305 6p21.2 13759 Overlaps with 65.57% of MDGA1 (-) 

6 152521244 152826222 6q25.2 304978 SYNE1 (-) 
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8 17532573 17535058 8p22 2485 MTUS1 (-) 

8 87221488 87241319 8q21.3 19831 Overlaps with 75.80% of SLC7A13 (-) 

10 14519892 14638939 10p13 119047 Overlaps with 65.84% of FAM107B (-) 

10 70502288 70502289 10q21.3 1 CCAR1 (+) 

11 19351515 19401124 11p15.1 49609 Overlaps with 58.16% of NAV2 (+) 

11 47969152 55683985 11p11.2-11q11 7714833 

FOLH1 (-), LOC440040 (+), 
LOC441601 (-), LOC646813 (+), 
OR4A15 (+), OR4A16 (+), OR4A47 (+), 
OR4A5 (-), OR4B1 (+), OR4C11 (-), 
OR4C12 (-), OR4C13 (+), OR4C15 (+), 
OR4C16 (+), OR4C3 (+), OR4C45 (-), 
OR4C46 (+), OR4C6 (+), OR4P4 (+), 
OR4S1 (+), OR4S2 (+), OR4X1 (+), 
OR4X2 (+), OR5D13 (+), OR5D14 (+), 
OR5D16 (+), OR5D18 (+), OR5L1 (+), 
OR5L2 (+), OR5W2 (-), PTPRJ (+), 
SPRYD5 (+), TRIM48 (+) 

13 74054816 74327204 13q22.1 272388 Overlaps with 24.62% of KLF12 (-) 

13 74327205 74474851 13q22.1 147646 KLF12 (-) 

14 31895975 32247665 14q12 351690 
C14orf126 (-), GPR33 (-) 
Overlaps with 61.72% of NUBPL (+) 

16 2330169 2336394 16p13.3 6225 ABCA3 (-) 

16 19646235 19691514 16p12.3 45279 C16orf62 (+) 

16 31102589 31102590 16p11.2 1 VKORC1 (-) 

16 81223646 81237214 16q23.2 13568 PKD1L2 (-) 

16 81237214 81242637 16q23.2 5423 PKD1L2 (-) 

22 30450660 30486826 22q12.2 36166 
Overlaps with 28.68% of HORMAD2 
(+) 

Table 3-10 - LOH detected in the cfDNA of pre-surgical breast cancer patients and patients on 

follow-up.  For each patient, normal lymphocyte DNA was used as reference and LOH was called 

using a 6-state hidden Markov model (HMM) (see Materials and Methods 2.7.5).  Only LOH in 

exons were reported and the DNA strand (+, coding; -, non-coding) for each affected gene is 

indicated in parentheses.  P, plasma cfDNA of pre-surgical breast cancer patients; P1 and P2, first 

and second plasma cfDNA of patients on follow-up. 

 

 

3.4 Discussion 

The aims of this chapter were to 

 

1. Demonstrate that amplified ERBB2 is detectable in the cfDNA of ERBB2+++ 

breast cancer patients. 

2. Compare Affymetrix SNP 6.0 whole genome profiles of the primary tumour with 

paired plasma cfDNA samples taken from breast cancer patients on follow-up, 

and relate findings to cfDNA profiles of samples taken pre-surgically from 

breast cancer patients and from those of healthy female controls. 
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3.4.1 ERBB2 assay validation experiments using breast cell-lines 

The results of analysing ERBB2 CN in different cell-lines showed that RQ values can 

vary widely depending on the endogenous control used.  The purpose of using an 

endogenous control is to ensure consistency in results across different DNA samples 

using a known CN locus.  A control on the same chromosome as that of the target gene 

should ideally be used.  CNTNAP1 is located on chromosome 17 (like ERBB2), while 

RPPH1 is on chromosome 14.  RPPH1 results varied by cell-line as several harboured a 

deletion of this gene, thus CNTNAP1 seemed to be the more stable gene.  Similar RQ 

values were obtained when analysing ERBB2 using either CNTNAP1 or GADPH, 

another reference that maps to chromosome 12 (Page et al., 2011). 

 

The results of ERBB2 CN analysis showed reproducibility when using 3, 5, and 9 

replicates in qPCR (p<0.0001), thus proving the reproducibility and sensitivity of the 

ERBB2 qPCR assay (Page et al., 2011).  The amplification of ERBB2 in tumour and 

matching cfDNA was shown previously (Chiang et al., 1999 and Page et al., 2011).  

However, due to low yield of DNA from blood (Xue et al., 2009), it is important to 

ensure that an assay can reproducibly and sensitively detect amplification in as low 

amounts of sample as possible.  Thus, as there were no significant differences between 

3, 5, and 9 replicates, it was deduced that triplicate reactions should be pursued in 

further studies in order to spare limiting DNA. 

 

3.4.2 Formalin-fixed Vs fresh frozen tissue 

One important finding of this study was the difference in quality of Affymetrix SNP 6.0 

data that is generated between FFPE and FF tumour tissue.  Genomic instability is a 

feature of cancer (Gilley et al., 2005 and Naylor et al., 2005) and can drive disease 

progression (Uchida, 2005).  This instability poses additional problems for analysing 

lower integrity and quality DNA, such as that which is typically extracted from FFPE 

tumour tissues, by PCR (Howe et al., 1997) and microarray (Hostetter et al., 2010 and 

Oikawa et al., 2011).  A major problem that can occur when tissue undergoes the FFPE 

process is the cross-linking of nucleic acids that can leave DNA molecules of less than 

200bp in length (Blow, 2007). 

 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page 115 

 

In this study, only 389 CNVs, on average, were called per sample in the FFPE on 

follow-up tumours (n=40).  However, in the pre-surgical FF tumours (n=10), the 

average was 2,515 per sample.  The QC data for these also revealed differences (Table 

3-4).  It is documented that DNA fragments from FF tumour DNA are of a higher 

molecular weight than those from their matched FFPE counterparts (Tuefferd et al., 

2008).  Hence, better quality DNA fragments appear to result in greater efficiency, with 

regard to CNV calling.  All data generated from FFPE tissues was therefore regarded as 

preliminary, with careful comparison to FF and cfDNA results.  It is thus important to 

determine the optimum methods for using FFPE tissue that can give the greatest 

confidence in results.  For example, WGA might not accurately amplify FFPE DNA 

(Jasmine et al., 2008). 

 

Another study also involving the Affymetrix SNP 6.0 microarray showed good 

concordance between FF and matched FFPE tissues, with the highest concordance 

existing between those pairs with the highest SNP call-rates (Tuefferd et al., 2008).  In 

the study, in order to improve the quality of the FFPE DNA, it was necessary to alter the 

DNA extraction and PCR amplification steps (Tuefferd et al., 2008). 

 

Overall, FF is a useful reference against which FFPE tissue can be compared in future 

studies aimed at finding effective ways of using FFPE tissue. 

 

3.4.3 Single nucleotide polymorphism concordance segregated cfDNA of healthy 

controls from breast cancer patients 

The results have clearly shown that microarray technology can significantly distinguish 

between women with breast cancer and healthy controls (p<0.0001; Figure 3-7) through 

the analysis of plasma cfDNA SNP profiles.  This could potentially pave the way for a 

simple blood test to diagnose breast cancer if these results were validated in another 

patient cohort. 

 

In healthy controls, the high % SNP concordance between plasma cfDNA and matched 

lymphocyte DNA (Figure 3-6) was taken as indicating a status of health or as having a 

‘normal’ genomic profile for plasma cfDNA.  Also, using healthy control plasma 
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cfDNA samples as baseline, the first and second cfDNA samples of the patients on 

follow-up significantly differed from each other (p=0.0006), highlighting that the 

plasma cfDNA profiles of breast cancer patients on follow-up change with time. 

 

Additionally, the results demonstrated a significant difference (p<0.05; Figure 3-8) 

between the cfDNA profiles of pre-surgical breast cancer patients and the first and 

second cfDNA samples of patients on follow-up.  This is a remarkable finding, as the 

stage of the disease differs between these groups, and appeared to be reflected by 

different cfDNA SNP profiles.  In a previous study by Närvä et al. (2010), it was found 

that SNP profiles could also be used to distinguish different human embryonic stem cell 

(hESC) lines.  In our study, it has been shown that they can be used to distinguish 

different stages of breast cancer:  pre-surgery when the tumour is still in the body and 

post-surgery when the person is purportedly disease-free. 

 

Taking these findings together, these data support other research that indicates that the 

cancer genome can evolve with metastatic disease (Gangnus et al., 2004).  It is therefore 

possible that cfDNA analysis can function as a useful way of monitoring the evolving 

cancer genome. 

 

3.4.4 Principal component analysis reveals ethnicity and may predict breast 

cancer 

The PCA bi-plot incorporating all lymphocyte DNA samples investigated in this study 

revealed no obvious stratification between patients and controls (Figure 3-16A).  This 

confirms that lymphocyte DNA can be used as a normal reference, even when from a 

patient with cancer.  The ‘homogeneity’ of the profiles between samples used in this 

study was again highlighted through Figure 3-16B.  However, ethnical differences that 

may influence breast cancer development (Palmieri et al., 2008) were also evident.  

There were three main groupings elucidated:  1) Nigerian Yoruba; 2) Chinese Han and 

Japanese; and 3) American residents of north- and western-European descent.  The 

majority of lymphocyte samples from this study grouped with the North- and Western-

Europeans.  However, as they were from Korea, 7 NeoCEnT samples grouped with the 

Chinese/Japanese samples.  Two other samples grouped toward the Nigerian samples, 
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possibly indicating African descent in these women.  Overall, the spread of profiles 

between lymphocyte samples investigated in this study was wider than for the specific 

ethnic groups observed from Nigeria, China, Japan, and America, suggesting a more 

ethnically diverse population of women who provided samples to this study. 

 

Principal component analysis also revealed a striking contrast between tumour and 

lymphocyte DNA samples in the patients on follow-up.  The tumour DNA samples of 

these 50 patients clustered tightly, suggesting homogeneity (Figure 3-18).  However, as 

these samples were all from FFPE tissue, the homogeneity observed may also reflect the 

lower amount of CNV data generated from these samples. 

 

The finding that two cfDNA samples from healthy women with a strong family history 

of breast cancer (but had normal mammography) clustered with cfDNAs from the pre-

surgical group by PCA (Figure 3-17) is of high importance.  These data support a recent 

study by Rennstam et al. (2010) who showed that genomic ‘aberrations’ can be found in 

BRCA1 mutation carriers with histopathologically-normal breast tissue.  Clinical data 

has been provided recently that confirms that these 2 cfDNA samples were from women 

with a germ-line BRCA1 mutation.  Hence, analysis of further samples from known 

mutation carriers by PCA could help to confirm or refute this finding.  Preliminary 

analysis focussing on the specific differences between the 2 healthy BRCA1 carriers and 

healthy controls revealed striking separation. 

 

3.4.5 Copy number variation 

Copy number variation is common in the healthy human genome (Redon et al., 2006) 

(Figure 3-12 and Figure 3-13).  However, in cancer, instability at a particular CNV 

could confer advantage and promote disease progression.  Thus, it is important to 

analyse microarray data against suitable references or controls that are known to be free 

of the disease being analysed.  By this approach, it is possible to identify CNVs that are 

common to the disease and that are not found in healthy individuals. 

 

In this study, sample data were initially referenced against the International HapMap 

samples (International HapMap Project, http://hapmap.ncbi.nlm.nih.gov/), which 
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consists of 270 human DNA samples.  Subsequent comparisons between the healthy 

controls (n=8) and each patient’s matched lymphocyte sample were further carried-out 

in order to filter-out data that was considered ‘normal’, thereby leaving data that related 

solely to the disease.  Importantly, the lymphocyte samples were shown to be normal by 

PCA (Figure 3-16) and SNP concordance checks, thereby permitting their use as useful 

references. 

 

3.4.5.1 Many novel CNVs 

Through the overlapping of CNVs discovered in this study with known variants listed in 

the Toronto DGV, 45% and 46.48% of the first and second plasma cfDNA samples, 

respectively, of the patients on follow-up were not listed previously.  For the tumour 

samples, the figure was slightly greater than half (50.05%).  However, when 

interpreting these results, it is important to note that a group of patients was considered 

as a whole/single entity.  Hence, CNVs that overlapped with each other across samples 

in the same group would have been counted separately.  The phenomenon occurred due 

to the method of genomic segmentation making calls on a per sample basis and not 

correlating segments intra-patient (Figure 3-23).  However, the extent of overlap can be 

elucidated better with more defined breakpoints between segments (Conrad et al., 

2009), which would also help the development of targeted approaches such as qPCR.  

Defining a minimum overlap between segments could also be a solution.  Nevertheless, 

it was not anticipated that these would be problematic once results were averaged and 

examined proportionally (as percentage values). 

 

Figure 3-23 - Overlap between two CN segments.  Black lines represent DNA sequences from two 

patients; CN segments indicated by red bars. 
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The amount of novel variation found in this study was surprising.  Much of the data in 

the Toronto DGV is derived from projects that have used single technologies with no 

reproducible, parallel studies to confirm findings.  Additionally, there is evidence that 

the size of a CNV is less than that recorded by the database (Conrad et al., 2009 and 

Duclos et al., 2011).  These 2 notions combined imply that much of the data listed in the 

Toronto DGV is potentially erroneous (Duclos et al., 2011).  Couple this with the fact 

that genomic positions of genes can differ with progressive releases of the human 

genome makes for a database that is in need of standardisation and updating.  As array 

technology improves in resolution and high throughput sequencing becomes more 

common, the extent of error in the Toronto DGV and other such databases will continue 

to be updated and errors in the past recording of genomic variation will be exposed. 

 

3.4.5.2 Amplifications and deletions 

The proportion and distribution of amplifications and deletions detected by sample 

group were also compared in this thesis.  A recent study by Närvä et al. (2010) showed 

that amplifications comprised the majority of CNVs in hESCs, a finding also noted by 

Naylor et al. (2005) who looked in breast tissues.  The same was true for the majority of 

samples analysed in this study.  Deletions were more common in the second cfDNA 

samples of the patients on follow-up and in the pre-surgical patients’ cfDNA samples, 

which may reflect the nature and quality of cfDNA or the evolving circulating breast 

cancer genome. 

 

One critical finding from these data, which demonstrate amplified and deleted areas of 

the genome, is that plasma cfDNA characterisation may provide important information 

for clinicians in choosing subsequent therapies through the identification of which gene 

products to target.  Amplifications and deletions pose different types of problems:  

amplified genes can represent candidate oncogenes, while deleted genes can represent 

the loss of tumour suppressors (LaFramboise, 2009).  Amplification can be used as a 

clinical prognostic factor and is a mechanism for oncogenesis, tumour progression, and 

can also give rise to drug resistance (Uchida, 2006).  The dosage level of a gene could 

be increased, in the case of a high level amplification (Grayson & Aune, 2011), and 
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have consequences on the resulting phenotype (Uchida, 2006); conversely, a large 

deletion could result in no gene transcription. 

 

However, there are conflicting results in relation to how CNV affects gene expression 

or 'dosage' sensitivity (Schuster-Böckler et al., 2010).  For example, Schuster-Böckler et 

al. (2010) report that some genes were 'expressionally-silenced' due to gene 

amplification in previous studies, yet their own results contrasted these.  They also 

reported that deletions have resulted in higher gene expression and suggested a 

compensatory mechanism at the cellular level. 

 

However, the exact mechanisms that lead to gene amplification are uncertain, and the 

extent to which gene amplification plays a causal role in cancer is equally uncertain.  

Profiling/mapping amplifications in cancer can help to identify putative genes involved 

(Uchida, 2006).  Duplications are more likely than deletions to be formed by non-allelic 

homologous recombination (NAHR), variable number of tandem repeats (VNTRs), and 

retrotranspositions, and these events are likely to be sequence dependent (Conrad et al., 

2009).  Throughout this study, amplifications were found to be more prevalent than 

deletions, and the implication is that certain regions of the genome are predisposed to be 

affected by CNV (due to their sequence) indirectly through events such as NAHR, 

VNTR formation, and retrotranspositions.  In such a mechanism, increased genomic 

instability would result in an increased number of amplifications.  Could a variant SNP 

be the driver of such events? - mapping SNPs to CNVs could provide insight into what 

role SNPs have in driving CNV. 

 

3.4.5.3 Commonly-amplified intervals in plasma cfDNA 

Through the analysis of the 8 commonly-amplified CNVs (Table 3-8), it was shown that 

tumour-specific alterations are able to persist in the cfDNA extracted from blood 

plasma up to 12 years after surgery to remove the primary tumour (Figure 3-14).  The 

fact that these alterations were identical in >90% of the tumour DNA samples indicates 

their importance in breast cancer.  These intervals could therefore provide novel 

diagnostic information to be used in the future, especially as some of these CNVs were 
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shown to contribute significantly to cancer status by binary logistic regression analysis 

in both the first and second cfDNA samples (Table 3-9). 

 

Moreover, some of these CNVs were found to be significant in discriminating between 

disease and healthy, relapsed and non-relapsed, and size and nodal status (Table 3-9).  A 

previous study by Naylor et al. (2005)1 tried to do the same through the analysis of the 

frequency of CN alterations in breast tumour DNA but failed to demonstrate any 

significant results.  However, in this study, it was shown that this could be achieved 

conclusively through focussing on certain altered regions in the genome. 

 

3.4.5.4 Receptor status 

Based on receptor status of primary tumour of patients on follow-up, 5p11 contributed 

significantly to ER-positive status in the second cfDNA samples and to triple-negative 

status.  There were no significant differences when comparing PR and ERBB2 receptor 

statuses (Table 3-9).  Naylor et al. (2005) also attempted to correlate receptor status to 

frequency of CN alterations observed in breast tumour DNA but showed no significant 

differences. 

 

3.4.5.5 Profiles of relapsed patients 

When taking the number of CNVs into account (amplifications and deletions 

combined), there were few differences between groups.  The number of CNVs called in 

a sample could be a representation of sample quality, with an average of 1,163 and 

1,168 being called in healthy control lymphocyte and plasma cfDNA.  Nevertheless, 

when statistically comparing the numbers of CNVs between sample types, a significant 

difference existed in the patients who relapsed, when comparing their lymphocytes to 

first and second cfDNA samples (p=0.0016 and <0.05 respectively) on a paired sample 

basis. 

 

                                                 
1 Comparison between the CNVs found by Naylor et al. (2005) and those in this thesis is made in section 

6.4.4.3. 
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Differences between relapsed and non-relapsed patients’ plasma cfDNA samples were 

also evident by PCA.  The relapsed first cfDNA samples grouped with the normal 

lymphocyte DNA samples, whilst the second cfDNA samples remained anchored in the 

same location on the bi-plot.  This was in contrast to the cfDNA samples of patients 

who did not relapse, which spanned the bi-plots.  These findings confirm that the cancer 

genome can change with the evolution of metastatic disease and need to be followed-up 

in other studies. 

 

Importantly, binary logistic regression analysis of the 23 commonly-amplified CNVs 

(Table 3-6) revealed significant results (Table 3-9):  six of these CNVs contributed 

significantly to relapsed status based on tumour comparisons (4 were at a significance 

of p<0.0001).  The same 6 cytobands also contributed significantly to the 

T>20mm/node-positive status compared to T1N0 (T≤20mm).  The CNVs at 9q12 and 

1p36.33 contributed significantly to relapsed status in the first cfDNA samples, while 

both of these and 9 others contributed significantly in the second cfDNA samples, again 

suggesting evolving genomic instability.  This suggests that these 11 intervals/CNVs 

may be involved in the development of metastasis.  Moreover, they show that metastatic 

events can potentially be picked-up by analysing serial plasma cfDNA samples in 

patients on follow-up and stratifying differences based on disease progression. 

 

3.4.5.6 Surgery and therapy received 

Results of the binary logistic regression analysis also showed that the type of surgery 

and therapy received could potentially affect how a patient on follow-up progresses.  

For example, when comparing tumour CNV data, there were no significant differences 

between patients who underwent mastectomy and those who underwent wide local 

excision.  However, significantly-altered intervals detected in plasma cfDNA later 

appeared to separate the groups:  in the first cfDNA samples, 5q13.2; in the second 

cfDNA samples, 5q13.2 plus 4q13.2 and 14q32.33. 

 

Based on endocrine therapy received or not, a single interval was significantly different 

when comparing tumour CNV data.  This would be expected as differences in tumour 

histology and receptor status dictate the course of adjuvant therapy received on follow-
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up.  In addition, further intervals exhibited significant differences in first (10q11.23 and 

16p11.2) and second (1p36.21, 5p11, and 19p13.3) cfDNA samples. 

 

3.4.6 Genes overlapping commonly-amplified CNVs 

The 8 commonly-amplified CNVs (Table 3-8) and some of the other [in total] 23 

intervals (Table 3-6) harbour interesting gene targets that warrant further research. 

 

3.4.6.1 4q13.2 

The CNV identified at 4q13.2 includes TMPRSS11B, TMPRSS11BNL, UGT2B15, 

UGT2B17, and YTHDC1 genes.  Copy number variation in these genes has been linked 

to osteoporosis (Yang et al., 2008), notably UGT2B17.  Higher UGT2B17 gene CN was 

associated with lower bone mineral density and an increased risk of osteoporotic 

fractures.  Additionally, both UGT2B15 and -17 have been shown to be up-regulated by 

17-β-estradiol in MCF-7 breast cancer cells (Hu & Mackenzie, 2009) and the authors 

conjectured that these two genes may be involved in maintaining normal steroid 

hormone homeostasis and preventing excessive oestrogen signalling.  In support of this, 

Yang et al. (2008) found that individuals who had a deletion in the UGT2B17 gene had 

higher concentrations of testosterone and estradiol, which is important in breast cancer 

progression, in their blood (Saha Roy & Vadlamudi, in press). 

 

3.4.6.2 5q13.2 

Genes overlapping the 5q13.2 CNV include SERF1A, SERF1B, SMA5, SMN1, SMN2, 

and NAIP.  The interval is a known 500Kb inverted duplication that is prone to 

rearrangements and deletions (Wang & Dreyfuss, 2001 and Huang et al., 2010), with 

SERF1A and SERF1B, and SMN1 and SMN2, being gene duplications.  Deletion in the 

region has also been found in BRCA-mutated breast tumours (Johannsdottir et al., 

2006).  NAIP (neuronal apoptosis inhibitory protein) belongs to a family of proteins that 

inhibit apoptosis (Jedrzejowska et al., 2009).  The level of expression of NAIP has been 

shown to be increased in prostate cancer samples taken from patients receiving 

androgen deprivation therapy, which is a mechanism used to treat advanced prostate 
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cancer.  This increased expression could be associated with the enhanced survival of the 

cancer cells (Chiu et al., 2010). 

 

3.4.6.3 7q11.23 

Duplication of 7q11.23 is a recognised syndrome that is associated with 

neurodevelopmental disorders (Mervis, 2008), while 3 genes that overlap this CNV 

(CLIP2, GTF2IRD1, and WBSCR16) are associated with a deletion that causes 

Williams-Beuren Syndrome (Merla et al., 2002).  However, there are no known 

associations of these genes with cancer. 

 

3.4.6.4 8p23.1 

Genes within this amplified region include DEFB130, which encodes a zinc finger 

protein (ZNF705D), and members of the ‘family with sequence similarity’ (FAM) 

group of genes.  Of interest, however, the region also includes DUB3.  DUB3 was 

shown to be a regulator of the CDC25A phosphatase, which is a protein overexpressed 

in many human cancers (Pereg et al., 2010).  The authors of the study noted that 

knocking-down the DUB3 gene resulted in a reduction in the growth of breast tumour 

xenografts in nude mice; conversely, overexpression of DUB3 resulted in oncogenic 

activation.  Hence, amplification of DUB3 may lead to CDC25A overexpression and 

increased oncogenesis. 

 

This cytoband has also been found to be LOH-affected in hepatocellular carcinoma (Lu 

et al., 2007), but also to have an associated duplication syndrome (Barber et al., 2010).  

However, none of the genes showing amplification in this study were reported as 

duplicated/amplified in the duplication syndrome.  Additionally, 8p12 has been shown 

to be commonly-amplified in breast cancer and a recent study identified a potential 

oncogene within this amplicon (ZNF703) using various methods including Affymetrix 

SNP 6.0 technology (Holland et al., 2011).  In the samples pertaining to this study, 

ZNF703 was amplified in 92.5% of the tumours of patients on follow-up and 75% of the 

tumours of pre-surgical patients.  However, there are no markers that map within this 
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gene on the Affymetrix SNP 6.0 and the flanking region contains just 4 markers that 

span a distance of 10Kb. 

 

3.4.6.5 10q11.22 and 10q11.23 

The distal portion of chromosome 10q is known to have a very rare associated 

duplication syndrome that results in partial trisomy (Aalfs et al., 1995 and Aglan et al., 

2008), which encompassed both 10q11.22 and 10q11.23 in a patient who had mental 

retardation (Koivisto et al., 1981).  Although these 2 amplifications were seen in 

healthy controls in this study, it was found at much higher CNs in the patients’ samples 

at both 10q11.22 and 10q11.23. 

 

Of the overlapping genes at 10q11.22, PTPN20B results from a duplication of 

PTPN20A in a process that can result in multiple copies of the gene (Pruitt et al., 2005).  

Other genes overlapping this CNV include GDF2 and GDF10, which are growth factors 

that regulate cell growth and differentiation.  GDF10 was identified as a paralogue of 

BMP3 on chromosome 4 (Katoh & Katoh, 2006).  Conversely, deletion of this cytoband 

has been associated with early onset ‘extreme’ obesity by Affymetrix SNP 6.0 

technology (Jarick et al., 2011), although the precise affected region did not overlap 

with the CNV identified in this study. 

 

At 10q11.23, alterations in PARG have been linked to thyroid papillary carcinoma, 

whilst LOH in this gene has also been demonstrated previously in glioblastoma 

(Shimokawa et al., 1998).  More recently, Zhou et al. (2011) concluded that the 

inhibition of the PARG glycohydrolase in combination with the addition of a DNA-

alkylating agent could induce cancer cell-death.  A separate study concluded that 

PARG’s recruitment to sites of DNA damage contributes to control of the balance 

between DNA repair and the death of the cell (Mortusewicz et al., 2011).  Thus, 

amplification and overexpression of PARG could have the opposite effect by preventing 

cancer cells apoptosing. 

 

A second gene overlapping this CNV is CHAT, which encodes a protein involved in the 

biosynthesis of the acetylcholine neurotransmitter.  Studies have previously searched for 
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associations of variant alleles within this gene in both Alzheimer’s disease and 

depression (Grünblatt et al., 2009) and nicotine dependence (Ray et al., 2010), with 

positive associations in both cases.  No association with cancer has yet been found. 

 

3.4.6.6 15q25.2 

Trisomy of a region including 15q25.2 was found previously in autism (Bonati et al., 

2005).  This cytoband also has an associated deletion syndrome that can result in an 

increased risk of birth defects (Wat et al., 2010).  However, there are no reported 

associations of genes overlapping this CNV with cancer. 

 

3.4.6.7 16p12.3 

Amplification at 16p12.3 has been found previously in high-grade prostatic 

intraepithelial neoplasia (Hughes et al., 2006) but has not been reported in breast 

cancer.  One gene that maps within the amplified CNV is NOMO2, which is similar to 

two other genes on the p arm of chromosome 16 that lie in another region of known 

duplication (Pruitt et al., 2005). 

 

3.4.6.8 Other CNVs with potential genes of interest 

The amplified interval at 1p36.21 includes 17 PRAME family member genes.  However, 

PRAME (preferentially expressed antigen in melanoma) is located on chromosome 22.  

An epitope of the antigen is recognised by a type of cytotoxic T-lymphocyte 

(Quintarelli et al., 2011).  Although originally discovered in relation to melanoma, 

PRAME has since been linked to other cancers (De Carvalho et al., 2011), while 

PRAME family members have been linked to non-small-cell lung cancer (Bankovic et 

al., 2010).  Also on chromosome 1 (at 1q21.1) is PPIAL4A and PPIAL4C, which were 

reported by Nilsson et al. (2004) as being candidate oncogenes and are in a region 

where amplifications were common in tumour samples. 

 

RPIA (ribose 5-phosphate isomerase A) maps within the amplified CNV at 2p11.2.  It is 

essential for carbohydrate metabolism (Wamelink et al., 2008), has a pseudogene on 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page 127 

 

chromosome 18 (Pruitt et al., 2005), and is hypermethylated in breast tumours (Kim et 

al., 2011).  EIF2AK3 also maps to this interval.  EIF2AK3 is an endoplasmic reticulum 

transmembrane protein that acts as a cellular stress sensor (Liu et al., in press).  

Mutations of this gene cause Wolcott-Rallison Syndrome, which is associated with 

neonatal or early infancy diabetes mellitus (Senée et al., 2004), and have also been 

associated with a risk for low bone mineral density (Liu et al., in press).  However, the 

gene has not been associated with cancer. 

 

The amplified CNV identified at 14q32.33 includes a number of genes, including BRF1, 

CDCA4, JAG2, MTA1, and NUDT14.  BRF1 encodes a subunit of RNA polymerase 

III’s transcription factor complex, thus indirectly affecting transcription initiation by 

this polymerase (Berns, 2008), whilst CDCA4 also encodes a transcription factor that 

has been shown to regulate the transcription of the TP53 tumour suppressor gene, E2F1, 

and the JUN oncogene (Tategu et al., 2008).  E2F1 encodes a transcription factor of the 

E2F family of genes and mediates cell proliferation in TP53-deficient cancer cells 

(Donati et al., 2011).  Finally, NUDT14 is a pyrophosphatase that converts substrate 

uridine diphosphate glucose into products glucose-1-phosphate and uridine 

monophosphate (Yagi et al., 2003) - it has previously been linked to colorectal 

carcinoma (Choi et al., 2011), while expression of the NOTCH receptor ligand, JAG2, 

has been correlated recently with vascular development and angiogenesis (Pietras et al., 

2011). 

 

However, arguably the most interesting of the genes overlapping the CNV at 14q32.33 

is MTA1 (metastasis associated 1).  It was originally-identified as being associated with 

metastasis in mammary adenocarcinoma but has since been positively associated with 

metastasis in endometrial cancer (Yang et al., 2010), non-small-cell lung cancer (Zhu et 

al., 2010), prostate cancer (Kai et al., 2011), and invasive ductal breast carcinoma 

(Sharma et al., 2011).  MTA1 may also function as a corepressor of the oestrogen 

receptor (Mazumdar et al., 2001 and Gururaj et al., 2006).  In this study, the highest 

level of amplification within MTA1 was found in a patient who suffered multiple 

metastatic events. 
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Finally, the amplified interval identified at 16p11.2 harbours 3 genes:  HIRIP3, TAOK2, 

and TMEM219.  HIRIP3 shares sequence similarity with corepressors of histone gene 

transcription in Saccharomyces cerevisiae.  However, its function in humans is unclear 

(Lorain et al., 1998).  Conversely, TAOK2 is involved in cell-signalling, cell-division, 

and apoptosis (Moore et al., 2000 and Zihni et al., 2007), whilst TMEM219 is a 

receptor for IGF-binding protein-3 (IGFBP3) that may play an important role in 

apoptosis and tumour suppression via IGFBP3 (Ingermann et al., 2010). 

 

Many of the other genes listed in Table 3-6 have not yet been characterised and have 

unknown functions, whilst others have a ‘predicted’ status according to the RefSeq gene 

database (Pruitt et al., 2005). 

 

3.4.7 Breast cancer dormancy 

According to clinical records, 42 of the 50 patients in the on follow-up group remained 

‘disease-free’ some 10-13 years after diagnosis (the other 8 patients relapsed).  

However, data generated in this study showed evidence of disease persistence in their 

plasma cfDNA (through tumour-specific alterations) many years after surgery and 

adjuvant treatment (Figure 3-14).  Additionally, through PCA, the fact that the second 

cfDNA samples of the 8 patients who relapsed (i.e. - the cfDNA samples taken closest 

to the time of relapse) clustered with the normal lymphocyte DNA and matched first 

cfDNA samples (Figure 3-11) raises questions pertaining to dormancy in breast cancer. 

 

Relapse in breast cancer can occur up to 20 years after primary treatment (Karrison et 

al., 1999), a length of time that suggests a period of apparent dormancy (Demicheli et 

al., 1998 and Chambers & Goss, 2008) where there is growth restriction of unseen 

micrometastases (Murray, 1995).  Although dormancy is common in breast cancer, the 

associated mechanisms behind it are unknown.  However, it is well-established that 

treatment is more effective when given before overt metastatic disease develops (Boér, 

2010). 

 

It is possible that the data obtained from plasma cfDNA in this study is elucidating 

dormancy in some patients, which is potentially very useful considering that the ability 
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to find the location of dormant cells in patients is difficult (Goss & Chambers, 2010).  

However, it is important to remember that dormancy does not distinguish between those 

with metastatic and non-metastatic cancer.  For example, a study by Goodison et al. 

(2003) using green fluorescent protein-labelled derivatives of the MDA-MB-436 breast 

cancer cell-line showed how both metastatic and non-metastatic cells were disseminated 

to distant organs where they remained dormant.  Reasons why tumours remain in a 

dormant state have been hypothesised as being due to: 

 

• Immunosuppression 

• Inability to invade blood and/or lymph vessels 

• Inability to induce angiogenesis and/or vascularisation 

• Apoptosis predominates over growth 

• Cell-cycle regulatory proteins function normally 

• Balance between growth-inducing and -inhibiting factors in the tumour 

microenvironment favours inhibition 

(Karrison et al., 1999; Schirrmacher, 2001; Meng et al., 2004; and Goss & 

Chambers, 2010) 

 

 

Other studies have shown previously that bone-marrow DTCs and circulating tumour 

cells (CTCs) can persist for many years after end of treatment or mastectomy (Meng et 

al., 2004 and Slade et al., 2009).  Additionally, Page et al. (2011) showed it was 

possible to detect ERBB2 amplification in the circulating cfDNA of on follow-up 

patients up to 6 years or more after the removal of their primary tumour - this was 

despite the fact that the patients showed no evidence of metastatic disease.  The results 

unearthed in this study correlate with those of Page et al. (2011) and others.  In direct 

relation to this - and of critical importance - are the findings by Meng et al. (2004), that 

the half-life of CTCs in blood is 1-2.4 hours, whilst Schwarzenbach et al. (2011) report 

that cfDNA’s half-life in the same medium of healthy individuals is between 15 minutes 

and several hours.  Therefore, detection of tumour specific alterations in cfDNA 

suggests release of micrometastatic cells rather than persistence of this in circulation. 
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Long-term follow-up studies can provide useful information relating to dormancy and 

give an indication as to the limits of it in breast cancer (and indeed other cancers).  

However, better methods of detecting the residual signatures of cancer cells in patients 

on follow-up are necessary (Karrison et al., 1999).  Results in this thesis have shown a 

possible way of doing this.  However, is there ever a point where follow-up should 

cease? - Karrison et al. (1999) concluded that this point should be several years after the 

majority of recurrences have occurred and tentatively ask whether or not the patients are 

‘cured’ at such a point, whilst others suggest that the limit of dormancy appears to be 

20-25 years (Meng et al., 2004 and Goss & Chambers, 2010). 

 

 

3.5 Conclusion 

In conclusion, it has been shown that tumour-specific alterations are able to persist in 

the blood plasma of breast cancer patients up to 12 years after surgery to remove the 

primary tumour.  Further, it has been shown that by focussing on SNP profiles of 

cfDNA in blood plasma alone, one can distinguish between breast cancer patients and 

healthy individuals, but also between patients who have breast cancer but are at 

different stages of treatment (either pre- or post-surgery to remove the primary tumour). 

 

Microarray technology can detect subtle alterations and was shown to exhibit good 

inter-assay reproducibility (p<0.0001, 0.0001, and 0.0005 for CQC, QC call-rate, and 

MAPD respectively; and an average Spearman’s rank correlation of 0.727).  When 

considering the 8 common CNV amplifications identified in tumour DNA, each had a 

prevalence of >90% in the 50 patients on follow-up group, suggesting their importance 

in breast cancer. 

 

As the majority (80%) of patients in the on follow-up group remained ‘disease-free’, 

data generated in this study has given evidence of the persistence of the micrometastatic 

deposits years after surgery to remove the primary tumour - from this it can be inferred 

that the cancer in these women was in a dormant state.  However, what does all of this 

say about long term prognosis?  The fact that tumour-specific alterations remain 

detectable in the blood of patients on follow-up years after surgery infers that their 
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blood is constantly being replenished by replicating tumour cells and/or fragments 

(Meng et al., 2004). 

 

Genomic instability and dormancy can be seen as having a certain level of interplay:  

genomic instability drives oncogenesis and metastasis (Uchida, 2006), whilst a dormant 

micrometastatic tumour clone concurrently persists in the body without any apparent 

destructive effects on the individual.  However, tumour cells are under selective 

pressure to acquire increasing mutations (through genomic instability) that permits them 

to grow uncontrollably and metastasise.  Thus, the following question must be 

proposed:  Is a dormant micrometastatic clone merely accumulating mutations until 

such a time when it has acquired the right balance of mutations that permit it to 

spread/metastasise? 

 

 

3.6 Future studies 

Future studies will involve using bioinformatic methods to search for additional markers 

that can distinguish cancer from normal/healthy and that could potentially be used in a 

diagnostic and prognostic setting.  Research will also focus on the 8 common CNV 

amplifications identified in this study (Table 3-8) (and also the additional 15 listed in 

Table 8-1).  Some of these regions were found to significantly contribute to both the 

T>20mm/node-positive and relapsed status of the 50 patients on follow-up who were 

investigated in this study.  Custom assays will be developed for these regions and then 

screened in other cohorts.  If successful, these regions could potentially be used as a 

way of screening patients for breast cancer, which would be a great leap towards the 

overall goal of developing an assay that could screen individuals for breast cancer using 

a simple blood test. 

 

More research also has to be carried-out to understand the nature of the cfDNA that was 

analysed in this study.  A potential source of it is CTCs, however, for this to be 

determined, CTCs would have to be extracted from blood and then compared to cfDNA 

extracted from the same patient. 
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4.1 Overview 

In this chapter, the search for a response to therapy in the neoadjuvant setting through 

circulating cell-free DNA (cfDNA) analysis is the focus.  Endocrine therapy or 

chemotherapy was applied to each patient neoadjuvantly.  Each provided serial blood 

samples during treatment - at baseline (0 weeks), 6 weeks, and 21 weeks - with each of 

these time-points being compared to elucidate any alterations that could be reflective of 

a response to therapy over time.  A tumour biopsy core was also taken during resection 

at the end of treatment and its genomic profile compared back to serial cfDNA samples. 

 

 

4.2 Introduction 

4.2.1 Cancer therapy 

Cancer therapy involves the use of drugs to destroy cancer cells and is typically used 

adjuvantly either in metastatic disease or where there is high risk of metastasis.  

Therapy given before surgery is known as neoadjuvant therapy and is applied in an 

attempt to reduce tumour bulk before surgical resection (Sachelarie et al., 2006 and Le 

Guellec et al., 2011). 

 

Endocrine therapy is used to treat cancers sensitive to hormones, such as ER- (oestrogen 

receptor) and PR- (progesterone receptor) positive breast cancers.  For example, the 

SERMs (selective estrogen receptor modulators) act by blocking oestrogen from 

binding to the oestrogen receptor, thereby slowing tumour growth.  Conversely, 

aromatase inhibitors block aromatase, the enzyme that converts androgen steroids to 

oestrogen, and include anastrozole (Arimidex®), letrozole (Femara®), and exemestane 

(Aromasin®).  Another drug called fulvestrant (Faslodex®) is given when tamoxifen 

cannot be used or when its effectiveness has decreased (Tomlinson et al., in press). 

 

Biological therapies include trastuzumab (Herceptin®) and lapitinib (Tykerb®), which 

are monoclonal antibodies that target ERBB2 and are used to treat metastatic disease.  

Bevacizumab (Avastin®) inhibits angiogenesis, which tumours utilise to create new 

blood vessels for survival and growth, by binding to vascular endothelial growth factor 

(Arteaga et al., 2011). 
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Over the past few decades, breast cancer mortality has decreased in the European Union 

due to the availability of these adjuvant/neoadjuvant chemo- and endocrine therapies 

(Espinosa et al., in press).  Importantly, the ability to monitor response to therapy can 

help in the detection of emerging resistance (Meldrum et al., 2011). 

 

4.2.2 Resistance to therapy 

In cancer therapy, a proportion of patients will exhibit intrinsic (innate) resistance to the 

applied therapy (Saha Roy & Vadlamudi, in press), whereas others will develop 

acquired resistance whereby they initially respond to the therapy but then later fail to 

(Tomlinson et al., in press).  Both of these limit the success of therapies in the clinic.  

Tumour heterogeneity and the presence of sub-populations of cells within the tumour 

mass are thought to play an underlying role in resistance (Dexter & Leith, 1986). 

 

The mechanisms behind resistance are complex and have been explored:  for example, 

in cancer cells, the ER and its co-regulatory proteins can be activated through 

mechanisms involving both IGFR (insulin-like growth factor receptor) and EGFR 

(epidermal growth factor receptor).  Also, the MAPK (mitogen activated protein kinase) 

and PI3K (phosphoinositide kinase-3) signalling cascades are involved in the adaptation 

of ER-positive breast cancer cells to oestrogen deprivation, creating ER 

‘hypersensitivity’ (Gee et al., 2001 and Tomlinson et al., in press). 

 

A study carried out by Gee et al. (2005), noted an increase in EGFR expression in 

patients who had acquired tamoxifen resistance.  It was then speculated by Tomlinson et 

al. (in press) that other growth factor receptors were involved in resistance, namely the 

(FGFR) fibroblast growth factor receptor.  Mutations of fibroblast growth factors 

(FGFs) and their receptors have been linked to breast cancer (Tomlinson et al., in 

press), for example, over-expression of FGFs was shown to drive tumourigenesis 

(Daphna-Iken et al., 1998).  Fibroblast growth factors are mitogens and the activation of 

their receptors can stimulate downstream signalling pathways similar to those of the 

EGFRs (Daphna-Iken et al., 1998 and Eswarakumar et al., 2005) - targeting FGFs 

induced apoptosis and prevented tumour growth and metastasis in a study by Dey et al. 
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(2010).  Higher expression of FGFR3 was also found in tamoxifen-resistant breast 

tumours and it was also shown to reduce sensitivity to fulvestrant (which is normally 

used to degrade the ER) whilst stimulating both the MAPK and PI3K signalling 

pathways (Tomlinson et al., in press).  Amplification of the FGFR1 gene was also 

linked to resistance to endocrine therapy (Turner et al., 2010).  Conversely, anti-

oestrogen resistant cell growth was prevented in a cell-line model by overexpressing the 

binding domain of FRS2 (fibroblast growth factor receptor substrate 2), thus identifying 

FRS2 as a possible target for new therapies (Manuvakhova et al., 2006). 

 

These studies highlight the molecular complexity that lies behind resistance to therapy.  

To design novel therapeutic targets, the identification of genes and proteins critical to 

the survival of the tumour is essential.  Hence, changes at the molecular level that are 

correlated with tumourigenesis have been the focus of recent efforts to characterise 

genetic variation in the hope of developing novel therapeutic targets (Brough et al., 

2011).  However, this is made difficult by the heterogeneity of tumour DNA, which can 

exhibit between 1,000 and 10,000 genetic variations but only a few of which may be 

critical to survival [of the tumour] (Brough et al., 2011). 

 

Thus, finding biomarkers that are deregulated through therapy and are conducive to 

resistance is an important research goal (Hicks et al., 2012). 

 

4.2.3 The NeoCEnT clinical trial 

As mentioned in Chapter 2, the neoadjuvant chemo- or endocrine therapy (NeoCEnT 

clinical trial is a multi-centre, randomised, parallel group, comparative, phase III, 

neoadjuvant study of chemotherapy versus endocrine therapy in postmenopausal 

patients who had strongly ER-positive, primary breast cancer with no evidence of overt 

metastases, and for whom pre-operative systemic therapy was indicated (chief 

investigator, Professor RC Coombes, Imperial College London).  The pilot study aimed 

to help clarify the optimal treatment - chemo- 

(fluorouracil/epirubicin/cyclophosphamide) or endocrine (letrozole) therapy - for a 

group of 40 patients in the neoadjuvant setting with the aim of reducing tumour bulk 

before surgery.  However, it was not known which treatment each patient received.  For 
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each patient, serial cfDNA samples were taken at the beginning of treatment, 6 weeks, 

and end of treatment (21 weeks).  Serial tumour core biopsies were also taken at the 

beginning of treatment, 2-4 days, and 21 weeks, and then stored as fresh frozen (FF) 

tissue.  However, as the study was on-going at the time of this thesis, only a single 

tumour sample was analysed from each of the 10 patients due to availability of samples 

(all taken from the beginning of treatment except for 3:  one at 2-4 days and two at 21 

weeks). 

 

4.2.4 Aims 

The aim of this chapter was to test the hypothesis that changes in the single nucleotide 

polymorphism (SNP) and copy number (CN) microarray profiles correlate with 

resistance to therapy in plasma cfDNA of patients on neoadjuvant therapy.  The 

objectives were to: 

 

1. Determine post-hybridisation sample quality through QC checks (4.3.1) 

2. Genotype samples and compare SNP profiles in different samples, searching for 

alterations between serial cfDNA samples (4.3.2) 

3. Characterise copy number variation (CNV) across all samples - distinguishing 

benign from pathogenic - and observing any differences between serial cfDNA 

samples (4.3.3) 

4. Use principal component analysis (PCA) to separate tissues into logical 

groupings (4.3.4) 

 

 

4.3 Results 

4.3.1 Affymetrix SNP 6.0 QC analysis of cfDNA, tumour, and lymphocyte samples 

In total, 47 whole genome amplification (WGA) DNA samples (lymphocyte, plasma 

cfDNA, and tumour) from 10 breast cancer patients were analysed using Affymetrix 

SNP 6.0 microarrays.  The 47 samples were hybridised in a single batch and high SNP 

call-rates were achieved for the majority of samples (Table 4-1).  The lymphocyte DNA 

samples were comparable to the tumour (mean 98.09%, range 96.20-98.87% and mean 
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96.60%, range 88.00-98.70% respectively), and the cfDNA samples also had a high 

quality (baseline, mean 87.15%, range 86.48-88.36%; 6 weeks, mean 86.80%, range 

86.04-87.77%; and 21 weeks, 89.03%, range 87.00-97.04%). 

 

Preliminary review of clinical information revealed that two patients responded to 

treatment, three failed to respond, and the response status of the remaining five was 

unknown at the time of writing. 
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Response status Patient ID Sample SNP call-rate (%) 

U
nk

no
w

n 
N1 

L 96.20 
Baseline P 88.17 
6 week P 87.77 

21 week P 88.81 
T 97.61 

N2 

L 98.40 
Baseline P 88.36 
6 week P 86.67 

21 week P 87.03 
T 98.32 

N3 

L 98.42 
Baseline P 86.58 
6 week P 86.04 

21 week P 87.40 
T 88.00 

N6 

L 98.43 
Baseline P 86.60 
6 week P 86.45 

21 week P 98.04 
T 97.32 

N14 

L 98.19 
Baseline P 86.78 
6 week P 87.03 

T 96.96 

N
on

-r
es

po
ns

e 

N7 

L 97.44 
Baseline P 87.27 
6 week P 86.95 

21 week P 87.77 
T 97.99 

N8 

L 97.87 
Baseline P 87.46 
6 week P 86.93 

21 week P 87.00 
T 96.60 

N12 

L 98.41 
Baseline P 86.73 
6 week P 86.51 

T 98.02 

R
es

po
ns

e 

N10 

L 98.64 
Baseline P 86.48 
6 week P 86.64 

21 week P 87.14 
T 96.48 

N11 

L 98.87 
Baseline P 87.10 
6 week P 87.01 

T 98.70 

Table 4-1 - The SNP call-rates for 47 NeoCEnT samples highlights the high quality of the tissue 

used.  L, lymphocyte; P, plasma cfDNA; T, tumour.  Samples are grouped by response, non-

response, and unknown response to therapy. 
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4.3.2 Single nucleotide polymorphisms and the comparison of genomic profiles 

There was a high % concordance of SNP genotype calls1 between paired lymphocyte 

and tumour DNA for all but two samples - N3 and N6 (Figure 4-1).  Independent 

reviews of tissue histology showed that many samples contained a large amount of 

stroma as well as invasive tumour cells (Professor RA Walker, Dr. C Ruangpratheep, 

and Dr. D Moore). 

 

Figure 4-1 - Percent concordance between tumour DNA and matched normal lymphocyte (mean 

88.08%; range 35.47-99.75%). 

 

 

 

In contrast, SNP concordance was low for the majority of cfDNA samples when 

compared to either matched lymphocyte or tumour (Figure 4-2).  The mean 

concordance with lymphocyte DNA was 44.21% (range 33.83-70.17%), with means of 

41.19, 44.3, and 56.4% for each of the baseline, 6 week, and 21 week samples, 

respectively.  Despite the increase in mean % concordance with time, there were no 

statistically significant differences between the 3 time-points.  Also, when these 

comparisons were reversed - i.e. using tumour as the reference instead of lymphocyte - 

                                                 
1 Based on the number of SNP markers across any two samples that have the same genotype call. 
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a similar result was achieved due to the highly-similar SNP profile between lymphocyte 

and tumour DNA samples in this cohort. 

 

Figure 4-2 - Percent concordance between cfDNA, matched normal lymphocyte (A), and tumour 

DNA (B).  Red, baseline cfDNA; green, 6 week cfDNA; purple, 21 week cfDNA. 
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4.3.3 Copy number variation analysis 

4.3.3.1 Number of CNVS called 

When comparing the number of CNVs called between the NeoCEnT patients’ samples, 

there were evidential differences between both patients and samples (Table 4-2 and 

Figure 4-3).  However, overall, there were no significant differences by sample type and 

time point (p=0.3865, Kruskal-Wallis ANOVA). 

 

Response 

status 
Patient ID Lymphocyte Tumour 

Plasma cfDNA 

Baseline 6 week 21 week 

Unknown 

N1 3137 2371 1567 3504 4178 

N2 1966 3011 2059 1429 2251 

N3 1529 562 2525 2067 4253 

N6 2921 3779 3393 2599 2399 

N14 1167 1605 1992 1762 - 

Non-response 

N7 1353 2090 1035 1491 532 

N8 1660 4336 1142 2348 2252 

N12 2224 2441 1998 3389 - 

Response 
N10 1967 3422 1918 1167 1580 

N11 1651 1541 1411 2215 - 

Table 4-2 - Number of CNVs called per sample and patient.  A CNV was identified as having a 

minimum of 50 markers per segment, p-value cut-off of <0.0001, signal-to-noise ratio of 0.5, and a 

minimum size of 1Kb. 
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Figure 4-3 - Number of CNVs called per sample and patient (A), repeated with lines connecting 

samples belonging to the same patient (B). 
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4.3.3.2 Amplifications and deletions 

4.3.3.2.1 Frequency 

Analysis of the frequency of CNVs in the serial plasma cfDNA samples revealed visual 

differences between the baseline, 6 week, and 21 week samples (Figure 4-4).  There 

were more CNVs identified in plasma cfDNA as time passed from the baseline to 6 and 

21 week samples.  Clear differences were also seen between the frequency profiles of 

these samples and those of the lymphocyte and tumour DNA samples.  Many of the 

CNVs identified in normal lymphocyte and tumour DNA had high frequencies and the 

profiles resembled each other.  For example, the same deletions at frequencies greater 

than 50% in both were detected on chromosomes 1, 2, 4, 13, 14, 15, 18, and 21.  In 

cfDNA, CNVs were identified at lower frequencies and few were found at a frequency 

greater than 50%. 
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Figure 4-4 - Genome-view representation of the frequency of amplification and deletion in the 

NeoCEnT sample group.  The y-axis indicates the percentage of samples having a CNV at a specific 

point in the genome.  Amplifications in green; deletions in red. 

 

 

 

4.3.3.2.2 Distribution 

The distribution between amplification and deletion was analysed (Table 4-3).  In 

lymphocyte and tumour samples, the majority of CNVs detected were amplifications 

(healthy control lymphocytes, 67%; NeoCEnT lymphocytes and tumours, 77% and 70% 

respectively).  In the plasma cfDNA samples of the healthy controls, again 

amplifications were more common than deletions (59% and 41% respectively for 

amplifications and deletions).  However, in the NeoCEnT plasma cfDNA samples, the 
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majority of CNVs detected were deletions, with the amount of deletions decreasing with 

time-point (67, 64, and 55% respectively for baseline, 6 week, and 21 week samples). 

 

Group  Tissue 
Amplification 

(%) 

Deletion 

(%) 

Healthy control 
L 67% 33% 
P 59% 41% 

NeoCEnT 

L 77% 23% 
Baseline P 33% 67% 
6 week P 36% 64% 

21 week P 45% 55% 
T 70% 30% 

Table 4-3 - Percent CNV amplification and deletion in the NeoCEnT and healthy control groups.  

L, lymphocyte; P, healthy control or NeoCEnT plasma cfDNA; T, tumour. 

 

 

4.3.3.2.3 Thresholding amplifications by copy number 

Applying a threshold of CN>6.0 by Gaussian-smoothed signal (as for Table 3-6) in 

NeoCEnT samples revealed 21 cytobands (Table 4-4) that appeared in >10% of samples 

(per sample group). 
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Interval Overlapping genes 

Healthy 

control 
NeoCEnT 

L P L Baseline P 6 week P 21 week P T 

n=8 n=8 n=10 n=10 n=10 n=7 n=10 

1p36.33 LOC100132287 

4 

(50) 

5 

(62.5) 

6 

(60) 

10 

(100) 

10 

(100) 

6 

(86) 

5 

(50) 

1p36.21 

C1orf158 
LOC [440563 and 649330] 

PRAMEF [2 3 4 5 7 8 9 10 12 

13 14 15 16 19 20 21 and 22] 

0 

(0) 

0 

(0) 

0 

(0) 

5 

(50) 

3 

(30) 

2 

(29) 

0 

(0) 

1q21.1 PPIAL4 [A and C] 

3 

(37.5

) 

4 

(50) 

1 

(10) 

2 

(20) 

2 

(20) 

6 

(86) 

1 

(10) 

2p11.2 
ANKRD36BP2 
EIF2AK3 
RPIA 

0 

(0) 

0 

(0) 

3 

(30) 

10 

(100) 

10 

(100) 

6 

(86) 

4 

(40) 

5q13.2 

SERF1 [A and B] 
SMA5 

SMN [1 and 2] 

NAIP 

0 

(0) 

0 

(0) 

0 

(0) 

6 

(60) 

7 

(70) 

2 

(29) 

1 

(10) 

7p11.2 MIR4283-2 

0 

(0) 

0 

(0) 

0 

(0) 

2 

(20) 

5 

(50) 

1 

(14) 

1 

(10) 

7q11.23 

CLIP2 

GATSL1 

GTF2IRD1 2 

LOC100093631 

NCF [1 and 1C] 

PMS2P [5 and 6] 
SPDYE8P 
STAG3L2 
WBSCR16 

0 

(0) 

2 

(25) 

0 

(0) 

9 

(90) 

10 

(100) 

4 

(57) 

1 

(10) 

8p23.1 

DEFB130 
DUB3 
FAM66 [A and D] 
FAM85A 
FAM86B1 
LOC392196 

ZNF705D 

0 

(0) 

0 

(0) 

0 

(0) 

1 

(10) 

3 

(30) 

1 

(14) 

0 

(0) 

9p12* - 
0 

(0) 

1 

(12.5) 

0 

(0) 

9 

(90) 

7 

(70) 

5 

(71) 

1 

(10) 

9p11.2 FAM27A 
LOC100132167 

2 

(25) 

1 

(12.5) 

5 

(50) 

10 

(100) 

10 

(100) 

5 

(71) 

5 

(50) 

9q12 - 

1 

(12.5

) 

1 

(12.5) 

0 

(0) 

8 

(80) 

9 

(90) 

5 

(71) 

2 

(20) 

10q11.22 

BMS1P5 

FRMPD2P1 

GDF [2 and 10] 

PTPN20B 

RBP3 

ZNF488 

1 

(12.5

) 

0 

(0) 

0 

(0) 

10 

(100) 

9 

(90) 

3 

(43) 

1 

(10) 

10q11.23 

AGAP [7 and 8] 

C10orf53 
CHAT 

OGDHL 

PARG 

2 

(25) 

3 

(37.5) 

1 

(10) 

10 

(100) 

9 

(90) 

6 

(86) 

1 

(10) 

14q11.1 - 

1 

(12.5

) 

1 

(12.5) 

0 

(0) 

10 

(100) 

10 

(100) 

6 

(86) 

1 

(10) 

14q11.2 - 0 0 0 10 10 6 1 
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(0) (0) (0) (100) (100) (86) (10) 

14q32.33 

AHNAK2 
BRF1 
C14orf79 
CDCA4 
CRIP [1 and 2] 
GPR132 
JAG2 
KIAA0284 
LOC647310 

MGC23270 

MTA1 
NUDT14 
PACS2 

1 

(12.5

) 

0 

(0) 

0 

(0) 

6 

(60) 

7 

(70) 

3 

(43) 

0 

(0) 

15q11.2 NF1P1 
POTEB 

0 

(0) 

0 

(0) 

0 

(0) 

3 

(30) 

3 

(30) 

3 

(43) 

0 

(0) 

15q25.2 

GOLGA6L [4 5 and 9] 
LOC [440297 727849 and 

80154] 

RPS17 

1 

(12.5

) 

0 

(0) 

1 

(10) 

9 

(90) 

9 

(90) 

6 

(86) 

3 

(30) 

16p12.3 ABCC6P1 
NOMO2 

2 

(25) 

5 

(62.5) 

0 

(0) 

9 

(90) 

7 

(70) 

6 

(86) 

4 

(40) 

17q12* CCL3L1 

0 

(0) 

0 

(0) 

2 

(20) 

4 

(40) 

3 

(30) 

2 

(20) 

1 

(10) 

19p13.3 

FAM138F 
FLJ45445 

OR4F17 

STK11 
WASH5P 

2 

(25) 

3 

(37.5) 

2 

(20) 

8 

(80) 

10 

(100) 

4 

(57) 

3 

(30) 

Table 4-4 - Twenty-one intervals exhibiting common amplification in the NeoCEnT patient samples 

(using a threshold of CN>6.0 by Gaussian-smoothed signal and only displaying those that had a 

frequency >10%).  The frequency of amplification (%) of a given CNV is indicated in the square-

brackets.  L, lymphocyte; P, healthy control or NeoCEnT plasma cfDNA; T, tumour.  *Not 

appearing in Table 3-6 and therefore specific to the NeoCEnT group. 

 

 

None of the 21 CNVs had a prevalence of 100% in tumour DNA.  However, some were 

found in 100% of the baseline, 6 week, or 21 week cfDNA samples (1p36.33, 2p11.2, 

7q11.23, 9p11.2, 10q11.22, 10q11.23, 14q11.1, 14q11.2, and 19p13.3).  The only CNVs 

that had a prevalence of ≥30% in tumour DNA were found at intervals 1p36.33, 2p11.2, 

9p11.2, 15q25.2, and 16p12.3.  Of these, only 15q25.2 and 16p12.3 had a low 

prevalence in matched normal lymphocyte DNA (10 and 0%, respectively). 

 

Sixteen of these cytobands showed amplification in the NeoCEnT samples but had little 

or no amplification in the healthy controls.  The remaining 5 cytobands (i.e. - 1p36.33, 

1q21.1, 10q11.23, 16p12.3 and 19p13.3), while showing amplification in NeoCEnT 

samples, also showed amplification in >25% of healthy control samples (lymphocyte 
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and/or cfDNA).  Seventeen of the intervals have known overlapping genes while the 

remaining 4 have none as defined by the RefSeq gene database (Pruitt et al., 2005). 

 

Copy number variations found previously in Table 3-6 but not identified in these 

patients were 4q13.2, 5p11, 7q11.21, and 16p11.2.  4q13.2 harbours UGT2B15 and 

UGT2B17, two genes involved in the metabolism of estradiol.  A closer look at the CN 

of these genes in the NeoCEnT tumours revealed deletion in 50%, normal CN in 40%, 

and slight amplification in 10% (Figure 4-5).  Only CN markers in the Affymetrix SNP 

6.0 microarray target these genes. 

 

Figure 4-5 - UGT2B15 and UGT2B17 gene intervals for 10 NeoCEnT tumour samples.  Each 

vertical bar represents a single microarray marker (or bunch of consecutive markers) and values 

are as inferred by the colour-scale (at top).  The exons and introns of the genes are indicated at the 

bottom of the diagram. 
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A further scan of the samples for deletions, by altering the threshold to CN<1, revealed 

4 further intervals in tumour DNA that only appeared in ≤10% of normal lymphocyte 

DNA samples:  2q13, 6q27, 16q23.1, and 20p11.23.  Of these, only 2q13 and 16p23.2 

have overlapping genes of known function according to the RefSeq gene database 

(Pruitt et al., 2005).  The deletion at 2q13 occurred in 40% of the tumour DNA samples, 

and then 70, 70, and 43% of the baseline, 6 week, and 21 week cfDNA samples.  The 

deletion at 16p23.1 occurred in 20% of tumour DNA samples and none of the cfDNAs.  

 

4.3.3.2.4 Logistic regression to reveal significant copy number variant regions 

The diagnostic potential of each of the 21 CNVs listed in Table 4-4 was explored 

through binary logistic regression analysis based on cancer status (i.e. - cancer or 

healthy) (Table 4-5).  A total of 12 CNVs significantly contributed to disease when 

comparing the baseline cfDNA samples to those of the healthy controls.  For the 6 week 

cfDNA samples, there were again 12, but only 9 of which overlapped with baseline 

samples.  For the 21 week cfDNA samples, only 7 intervals contributed significantly to 

the disease status.  In total, 4 intervals were significant in all 3 cfDNA samples (9p12, 

9p11.2, 14q11.1, and 15q25.2). 

 

Binary logistic regression was also performed by comparing CNVs separately to results 

for the matched normal lymphocyte samples.  Fourteen CNVs were significant in the 

baseline cfDNA, 13 in the 6 week, and 11 in the 21 week; whilst only one (16p12.3) 

was significant in the tumour, suggesting a close relationship between these. 
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Cancer status 

 

Healthy control (P) 

Vs 

NeoCEnT (Baseline P/6 week P/21 week P) 

NeoCEnT (L) 

Vs 

NeoCEnT (Baseline P/6 week P/21 week P/T) 

Baseline P 6 week P 21 week P Baseline P 6 week P 21 week P T 

In
te

rv
a

l 

1p36.33 

1p36.21 

1q21.1 

2p11.2 

5q13.2 

7p11.2 

7q11.23 

8p23.1 

9p12 

9p11.2 

9q12 

10q11.22 

10q11.23 

14q11.1 

14q11.2 

14q32.33 

15q11.2 

15q25.2 

16p12.3 

17q12 

19p13.3 

NS 
0.0169 
0.0088 

NS 
0.0049 

NS 
NS 
NS 

0.0002 
<0.0001 

0.018 
<0.0001 
0.0088 

<0.0001 
NS 

0.0417 
NS 

<0.0001 
NS 

0.0448 
NS 

NS 
NS 
NS 
NS 

0.0009 
0.0169 

NS 
NS 

0.0125 
0.0002 
0.0027 
0.0002 
0.0088 
0.0027 

<0.0001 
0.0417 

NS 
<0.0001 

NS 
NS 

0.0172 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

0.0019 
0.0019 

NS 
NS 
NS 

0.0164 
<0.0001 

NS 
0.0401 

<0.0001 
NS 
NS 

0.4829 

0.0077 
0.0248 
0.0002 

NS 
0.0017 

NS 
<0.0001 

NS 
<0.0001 

NS 
NS 

0.0077 
<0.0001 
0.0017 

NS 
<0.0001 
<0.0001 
<0.0001 
<0.0001 

NS 
0.0052 

NS 
0.0248 
0.0002 

NS 
0.0002 
0.0077 

NS 
NS 

<0.0001 
NS 
NS 

0.0077 
0.0002 
0.0002 

NS 
<0.0001 
0.0002 

<0.0001 
<0.0001 

NS 
<0.0001 

NS 
NS 

0.0224 
NS 
NS 
NS 

0.0037 
NS 

0.0004 
<0.0001 
<0.0001 

NS 
<0.0001 
0.0212 
0.0212 
0.0004 

<0.0001 
0.0003 

NS 
NS 
NS 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

0.0248 
NS 
NS 

Table 4-5 - Binary logistic regression analysis for 21 commonly-amplified CNVs in NeoCEnT patient 

samples.  Source data was based on the presence or absence of an amplification (using a threshold of CN>6.0 

by a Gaussian-smoothed signal) at each of 21 CNVs listed in Table 4-4.  Significant p-values are shown; non-

significant p-values denoted by ‘NS’.  L, lymphocyte; P, healthy control or NeoCEnT plasma cfDNA; T, 

tumour. 

 

 

4.3.3.3 Copy number variation in growth factor receptor genes 

Observing CNV differences in the FGFRs (FGFR1-4) and EGFR between the different 

NeoCEnT samples revealed that each FGFR was significantly different (p<0.001) when 

comparison was made between tumour and matched baseline and 6 week cfDNA.  

However, no significant differences existed between tumour DNA and 21 week cfDNA 

samples (Table 4-6).  FGFR1 had a mixture of normal/amplified CN in tumour, but the 

entire gene was amplified in all of the baseline and 6 week cfDNA samples.  FGFR2 

was normal in the majority of tumour samples, but again amplified in all baseline and 6 

week cfDNA samples.  FGFR3, conversely, was deleted or inferred LOH in all tumour 

DNA samples, whilst having normal CN in cfDNA.  However, two of the baseline 

cfDNA samples exhibited tumour-specific deletion that then disappeared in the 6 week 

samples.  FGFR4 followed a similar CNV pattern to FGFR2 - i.e. normal in tumour 
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DNA and then amplified in baseline and 6 week cfDNA.  Finally, EGFR had normal 

CN in all tumour DNA samples but was amplified in only the baseline cfDNA and 

showed no CNV in either the 6 or 21 week cfDNA samples. 

 

  Plasma cfDNA 

Gene Tumour Baseline 6 week 21 week 

FGFR1 
Normal/Amplification 

(50/50) 

Amplification 

(100) 

Amplification 

(100) 
NS 

FGFR2 
Normal 

(90) 

Amplification 

(100) 

Amplification 

(100) 
NS 

FGFR3 
Deletion/LOH 

(100) 

Normal 

(80) 

Normal 

(100) 
NS 

FGFR4 
Normal 

(100) 

Amplification 

(100) 

Amplification 

(90) 
NS 

EGFR 
Normal 

(80) 

Amplification 

(100) 
NS NS 

Table 4-6 - Copy number variation in the FGFRs and EGFR highlights variation between tumour 

DNA and plasma cfDNA at different time-points.  The frequency (%) of a given CNV is indicated in 

the square-brackets.  ‘NS’ denotes no significant differences between cfDNA and tumour DNA. 

 

 

4.3.3.4 Detection of genomic aberrations 

Based on derived, Gaussian-smoothed CN data, specific genomic aberrations were 

detected in all NeoCEnT tumour DNA samples, including evidence of both isolated 

(Figure 4-6A) and common (Figure 4-6B) local amplifications and deletions, uncapped 

chromosomal/telomere attrition (Figure 4-6B), breakages (Figure 4-6C), and 

isochromosomes (Figure 4-6D) (images for each sample and chromosome can be found 

in Appendix Figure 8-1).  These phenomena were less clear in results for cfDNA due to 

poorer quality DNA, but many were considered tumour-specific as they were mostly 

absent from the paired normal lymphocyte DNA samples.  For example, there was no 

evidence of either isochromosomes or breakages in normal lymphocyte DNA.  

Telomere attrition (defined in this thesis as deletion at a telomere of 5Kb or more) was 
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also not detected in normal lymphocytes, whereas in tumour DNA it was detected on 

every chromosome. 

 

Figure 4-6 - Gaussian-smoothed (coloured dots), CN output of NeoCEnT tumour DNA samples 

showing evidence of genomic instability - isolated amplification (A; circled in red), common 

amplification and telomere attrition (B; both circled in red), breakage on chromosome 4 (C; 

indicated by red line), and isochromosome 8 showing deletion of the short (q) arm and 

amplification of the long (p) arm (D).  Samples are colour-coded as follows: red, N1; yellow, N2; 

light-green, N3; dark-blue, N6; beige, N7; dark-green, N8; light-blue, N10; pink, N11; brown, N12; 

purple, N14.  CN scale fixed to 0-4; chromosomes not to scale. 
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4.3.4 Principal component analysis to interrogate both SNP and CN data 

Principal component analysis was used to elucidate differences between the plasma 

cfDNA samples of the NeoCEnT patients, looking both within individual patients and 

between time-points.  Firstly, looking within patients, Figure 4-7 highlights how the 

majority of each individual patient’s cfDNA samples clustered closely by PCA, 

indicating little variation.  The 21 week cfDNA samples of two patients (pink and 

brown) did not cluster with the other samples, indicating more variation within these.  

All markers were included in this comparison (i.e. - unfiltered data) but, overall, only 

28% of the variation between the samples was represented by the bi-plot, highlighting 

overall little variation between these cfDNA samples. 

 

By first filtering the data for significantly-different markers (p-value cut-off of 0.051), 

comparisons between baseline and 6 week cfDNA (Figure 4-8A) and baseline and 21 

week cfDNA (Figure 4-8B) were made.  These suggested differences between the 

different time-points. 

 

                                                 
1 PCA bi-plots could not be created using lower p-values as too many markers were filtered out. 
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Figure 4-7 - PCA bi-plot of NeoCEnT plasma cfDNA samples (unfiltered data).  Individual patient 

samples are colour-coded. 
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Figure 4-8 - PCA bi-plot of NeoCEnT group’s samples having first filtered data for significant 

differences between the baseline and 6 week (A) and 21 week (B) cfDNA samples. 
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Finally, each of the 3 plasma cfDNA time-points was compared, by group, with results 

for cfDNA of healthy female controls.  Markers were filtered-out through PCA using a 

p-value cut-off of 0.0001.  Results showed that there were 6,044 significantly-different 

markers when comparing the baseline cfDNAs to those of the healthy controls, 4,708 

for the 6 week cfDNA, and 1,378 for the 21 week cfDNA, suggesting that the blood 

plasma profiles became more ‘normal’ with time on neoadjuvant treatment. 

 

 

4.4 Discussion 

The aim of this chapter was to test the hypothesis that changes in the SNP and CN 

microarray profiles correlate with resistance to therapy in plasma cfDNA of patients on 

neoadjuvant therapy. 

 

4.4.1 Microarray detects genomic aberrations 

Genomic aberrations were evident in the NeoCEnT cohort of patients, including 

evidence of local amplifications and deletions (both isolated and common), uncapped 

chromosomal/telomere attrition, breakages, and isochromosomes.  These phenomena 

were detected by observing CN results.  Due to the tumour-specific nature of many of 

these, CN was regarded as more informative than SNP at distinguishing the NeoCEnT 

tumour samples, as earlier results had shown high SNP concordance between tumour 

and matched normal lymphocyte DNA samples. 

 

DNA breakage - including single and double strand breakage - can lead to deletions 

involving large sections of chromosomal arms extending from the break-point to the 

telomere.  Such breakages are a feature of early cancer development (Ozeri-Galai et al., 

2011) and clear evidence of such was seen in the NeoCEnT cohort.  The exact 

mechanism of DNA breakage is unknown, but perhaps cataloguing break-points could 

help in the understanding of the origins of these.  For example, DNA sequences that 

perturb/slow DNA fork progression during replication could be involved (Ozeri-Galai et 

al., 2011). 
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Telomere attrition has been documented in cancer (Gilley et al., 2005 and Naylor et al., 

2005) and it has been reported that 85% of immortal tumours have short telomeres 

(Shawi & Autexier, 2008).  In the NeoCEnT tumour DNA samples telomere attrition 

was evident on every chromosome.  The dysfunction of telomeres, which are 

maintained by TERT (telomerase reverse transcriptase), was hypothesised by Gilley et 

al. (2005) as being responsible for genomic instability in cancers.  Telomeres protect the 

ends of chromosomes from DNA repair proteins that would otherwise recognise them 

as double strand breaks (Shawi & Autexier, 2008), but they shorten with repeated cell-

division due to the inability of polymerase to completely replicate the DNA strand being 

copied (Heidinger et al., 2012).  The Hayflick limit - i.e. the amount of times that a cell 

can divide - is itself limited by the length of telomeres and, subsequently, the TP53 

tumour suppressor.  TP53 ‘captures’ the irreparable state of the cell once it has reached 

the Hayflick Limit through telomere-shortening and then carries it through the 

senescence process (Patil et al., 2005 and Shawi & Autexier, 2008), thereby avoiding 

tumourigenesis. 

 

Finally, isochromosomes, which arise due to a transverse splitting of the centromere 

during replication and result in the loss of one arm and duplication of the other, were 

evident on chromosomes 1, 8, and 10.  Both isochromosomes 1 and 8 have been linked 

to melanoma (Radhakrishnan et al., 2009).  Isochromosome 8 was also reported in 

breast cancer where it was deduced as having significant pathogenicity (Rummukainen 

et al., 2001 and Venter et al., 2005). 

 

4.4.2 Single nucleotide polymorphism/copy number variation changes with time 

and therapy 

4.4.2.1 Single nucleotide polymorphism concordance checks give mixed results 

The high % concordance noted between lymphocyte and tumour DNA (mean of 

88.08%; range 35.47-99.75%) suggested a close similarity between these paired 

genomes, at least in terms of SNP calls.  One other explanation for this is that there was 

significant contamination from normal cells in the tumour DNA samples, which was 

suggested by independent pathological review of haematoxylin- and eosin-stained 
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(H&E) tissue sections (Professor RA Walker, Dr. C Ruangpratheep, and Dr. D Moore).  

However, conversely, the presence of tumour-derived DNA in these samples was 

confirmed by the detection of numerous genomic aberrations (Figure 4-6), even though 

in some of the samples not all DNA was from epithelial tumour cells.  The explanation 

for this lies in the microarray technology itself and how CN is calculated:  fluorescence 

detection is quantitative (Rème et al., 2008), thus, amplification or deletion in tumour 

DNA at a particular locus will have an effect on the amount of fluorescence detected 

during image processing after hybridisation has occurred, even in the presence of 

contaminating normal DNA.  Calling the amplification or deletion then rests on the 

algorithms employed, such as in genomic segmentation or the use of a hidden Markov 

model (HMM).  However, the amount of normal contamination is important, as a high 

amount will dilute the effect of the amplification or deletion.  A previous study, also 

using Affymetrix SNP 6.0, showed that tumour-specific CN could be detected even in 

the presence of 70% normal tissue contamination (Stjernqvist et al., 2011). 

 

Looking at the concordance of SNP genotype calls for plasma cfDNA and DNA from 

matched normal lymphocyte, the average concordances increased from 41.19% to 

44.3% to 56.4% for the baseline, 6 week, and 21 week plasma cfDNA samples, 

respectively.  This suggests that the plasma cfDNA became more ‘normal’ with time, 

possibly due to there being less tumour-derived DNA at the latter time points.  This 

finding matched results found through PCA analysis for these samples.  Further 

intriguing evidence for one patient (N6) exhibited a high SNP concordance to matched 

lymphocyte for the 21 week cfDNA sample (99.28% concordance) (Figure 4-2), 

potentially indicating a healthy cfDNA profile at this time-point.  Once the study is 

complete, this result will be confirmable through determining this patient’s response to 

therapy (unknown at the time of thesis writing).  Two other patients (N1 and N2) also 

exhibited SNP concordances above the average (69.76 and 67.88%, respectively) for 

their 21 week cfDNA sample, but again it was not known whether these patients had 

clinically responded to therapy. 
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4.4.2.2 Plasma cfDNA CNV profile becomes less heterogeneous 

Based on the number of CNVs called in each sample, there were no significant 

differences between the blood plasma samples taken at baseline, 6, and 21 weeks 

(Figure 4-3A).  For each patient, there was no obvious pattern between the number of 

CNVs called in each sample.  For example, a low number in lymphocyte DNA did not 

imply a low number in tumour DNA or cfDNA (Figure 4-3B).  However, when 

observing the distribution between amplifications and deletions, there was a noticeable 

decrease in the number of deletions with time-point (Table 4-3). 

 

Analysing the frequency of CNV can help to provide insight into which alterations are 

of biological significance and which are not (Naylor et al., 2005).  A possible change in 

response to therapy was revealed in relation to the frequency of amplification and 

deletion in the different sample groups (Figure 4-4).  The lymphocyte and tumour DNA 

had visually similar CNV frequency profiles, while the cfDNA samples showed more 

variation in CNVs.  For example, numerous CNVs (both amplifications and deletions) 

had a prevalence of more than 50% in the lymphocyte and tumour DNA, while there 

were many more CNVs - but with lower prevalence - in the cfDNA samples, suggesting 

evolving genomic heterogeneity.  Overall, there was a visual difference between the 

plasma cfDNA profiles at each time-point, appearing to become less heterogeneous 

with time as certain CNVs gained a higher frequency (Figure 4-4). 

 

4.4.2.3 Principal component analysis indicates subtle changes in the plasma cfDNA 

profile 

Through PCA, differences between individual patients’ plasma cfDNA samples with 

time were also illustrated.  For example, the 21 week cfDNA sample for 3 patients 

(colours brown, pink, and red) migrated away from the main cluster of samples (Figure 

4-7).  These 3 samples also showed the highest percent concordance of SNP calls with 

matched normal lymphocyte DNA (Figure 4-2).  Other patients’ samples did not 

migrate from the main cluster, potentially suggesting no therapeutic response.  

Additionally, there were a substantial amount of markers that were different between 

each of the 3 time-points:  first, comparing samples taken at baseline and 6 weeks 

(Figure 4-8A), the amount of variance represented by the plot was 40.1%.  In this plot, 
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differences between each cfDNA time-point were observed as even the 21 week 

samples were positioned away from the others.  Thus, differences between the baseline 

and 6 week samples that were highlighted through ANOVA were reflective of 

differences between each time-point.  However, comparing samples at baseline and 21 

weeks, the level of variance increased to 48.3% (Figure 4-8B), indicating that there 

were 8.2% more SNP or CN markers (of the entire ~1.8 million) that were statistically 

different in the 21 week samples than there were in the 6 week samples.  In this plot, the 

baseline and 6 week samples are grouped closely, highlighting more similarity between 

these over the 21 week samples.  Overall, however, the low amount of variation 

represented by these plots infers that the observed differences are subtle in origin. 

 

When plasma cfDNA samples at each time-point were compared to those of the healthy 

controls through PCA, some differences were also seen.  For example, the number of 

significantly-different markers between the healthy control and baseline plasma cfDNA 

samples was 6,044.  This reduced to 4,708 for the 6 week samples, and again to 1,378 

for the 21 week samples.  Thus, concurrently with time and treatment application, the 

SNP and CN blood plasma profiles appeared to be becoming more like those of the 

healthy controls, which may indicate treatment success. 

 

4.4.2.4 Plasma cfDNA CNVs become less prevalent 

Of the CNVs showing common amplification that had a prevalence of ≥30% in cfDNA 

at any time-point (Table 4-4) - and that was absent or quiet in the matched lymphocyte 

and healthy controls - none was found to increase in prevalence from the baseline to the 

21 week sample.  The majority increased or remained the same from the baseline to the 

6 week sample, but then dropped to below that of the baseline cfDNA prevalence at the 

end of treatment.  Those with the biggest decreases from baseline to 21 weeks included 

1p36.21, 5q13.2, 10q11.22, 14q32.33, and 17q12, with decreases of 60, 66.666·, 70, and 

50% respectively).  Hence, it is possible that changes in these markers indicate genomic 

changes in response to therapy. 

 

At 21 weeks and the end of treatment, CNVs that still showed common amplification 

were predominantly those found in pericentromeric regions (9p12, 9q12, 14q11.1, and 
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14q11.2), which are regions known for having a higher than average density of CNV 

(Schuster-Böckler et al., 2010). 

 

Through focussing on the FGFRs and EGFR, evidence of alteration with time and 

therapy was also present in the plasma cfDNA samples.  The important role that the 

FGFRs and EGFR play in cancer has been highlighted previously (Tomlinson et al., in 

press).  There were significant differences between the tumour DNA CN at each of 

these genes and the baseline and 6 week cfDNA samples.  However, no significant 

differences were present at end of treatment (21 weeks), suggesting a change in the 

plasma cfDNA profile.  It is possible that the effect of therapy in these patients resulted 

in increased tumour-derived DNA (from destroyed cells) circulating in the blood of 

these patients, which would explain the lack of significant differences at end of 

treatment. 

 

4.4.3 Genes overlapping commonly-amplified CNVs 

The 21 intervals listed in Table 4-4 all showed amplification with a CN>6.0 by 

Gaussian-smoothed signal and appeared in >10% of samples (on a per sample group).  

Hence, they represented the most prevalent high level CN gains observed in the series 

of patients and samples.  Of these 21 intervals, 9p12 and 17q12 were novel to the 

NeoCEnT patient group as they had not been identified previously in the patients on 

follow-up in Chapter 3 (Table 3-6).  Comparing other intervals identified in the patients 

on follow-up revealed that four other intervals (4q13.2, 5p11, 7q11.21, and 16p11.2) did 

not exhibit amplification in the NeoCEnT group based on this level of thresholding.  

Some of these 21 intervals harboured a CNV that appeared in 100% of either the 

baseline, 6 week, or 21 week cfDNA samples (1p36.33, 2p11.2, 7q11.23, 9p11.2, 

10q11.22, 10q11.23, 14q11.1, 14q11.2, and 19p13.3), potentially highlighting their 

importance in the response to therapy. 

 

The two intervals at 9p12 and 17q12 were unique to the NeoCEnT cohort, in addition to 

regions already discussed in Chapter 3 (Table 3-6).  Only 17q12 harboured a gene, 

CCL3L1, whose transcribed protein is a chemokine receptor ligand and lies in a known 

segmental duplication (Modi, 2004).  CCL3L1 is linked to HIV1/AIDS susceptibility 
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and this locus was found to have CN ranging between 1 and 10 in healthy individuals 

(Field et al., 2009). 

 

Of the intervals that were previously CN-altered but not in the NeoCEnT group (i.e. - 

4q13.2, 5p11, 7q11.21, and 16p11.2), only 4q13.2 and 7q11.21 harboured genes.  At 

4q13.2, which harboured amplification above a CN of 6.0 in 93% of the tumours of 

patients on follow-up in Chapter 3, are UGT2B15 and UGT2B17.  These 2 genes roused 

much interest as they are up-regulated by 17-β-estradiol and could be involved in 

maintaining steroid hormone homeostasis and the prevention of excessive oestrogen 

production (Hu & Mackenzie, 2009).  This was evidenced by the fact that deletion in 

UGT2B17 was linked to higher levels of estradiol in the blood (Yang et al., 2008), 

which could promote breast cancer progression (Saha Roy & Vadlamudi, in press).  

These 2 genes were found to be deleted in 50% of the NeoCEnT tumours, which was of 

interest because all of the patients in the NeoCEnT group were ER-positive. 

 

Of the intervals that harboured a deleted CNV, LIMS3 and RGPD5 overlapped the 

deletion 2q13.  Research is lacking on these genes, but it is reported that RGPD5 arose 

from a duplication event (Pruitt et al., 2005).  At 16p23.2, CHST5 is a homologue of 

CHST6 (Dastani et al., 2010) and is expressed in mainly the small and large intestine 

(Pruitt et al., 2005). 

 

Binary logistic regression analysis showed that many of the 21 CNVs common to the 

NeoCEnT group were significantly contributing to the disease group when compared to 

the cfDNA of the healthy controls.  For example, 12 intervals were significant in both 

the baseline and 6 week plasma cfDNA samples (but these 12 were not identical; only 9 

overlapped), and only 7 were significant in the 21 week cfDNA.  The four intervals that 

were common to all three time-points (9p12, 9p11.2, 14p11.1, and 15q25.2) are possible 

targets for future studies.  The fact that there were 5 less significant CNVs between the 

8 and 21 week cfDNA samples could again point to a response to treatment. 

 

Each patient’s matched lymphocyte DNA was also used as a reference in binary logistic 

regression.  Through this, many of the CNVs that were already identified as significant 

to the disease group (when compared to healthy control cfDNA) were again returning 
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significant values.  There was again a reduction in the number of significant CNVs from 

the baseline, to 6 week, to 21 week cfDNA samples (14, 13, and 11 respectively).  

Interestingly, only 16p12.3 was significantly to disease in the tumour samples.  This 

particular CNV had already been identified in the patients on follow-up as a common 

amplification in tumour and a potential biomarker for breast cancer. 

 

4.4.4 Affymetrix SNP 6.0 reproducibility 

The 21 commonly-amplified CNVs presented in Table 4-4 additionally highlight the 

reproducibility of the microarray technology adopted, as the majority (19) of these 

intervals were previously observed in the patients on follow-up in Chapter 3.  Two 

intervals that were novel to the NeoCEnT group were 9p12 and 17q12, while the 4 that 

were not re-encountered were 4q13.2, 5p11, 7q11.21, and 16p11.2. 

 

 

4.5 Conclusion 

Analysis of genomic aberrations in NeoCEnT tumour DNA confirmed the intrinsic 

instability of the cancer genome, with evidence of numerous types of abnormalities that 

affected 1,000s of genes.  Also, through cfDNA analysis, there was strong evidence of 

alteration with time and therapy between the baseline, 6 week, and 21 week/end of 

treatment cfDNA samples.  This was inferred by subtle changes in the SNP and CN 

profiles of these samples through different analyses: 

 

1. Through SNP concordance checks, the average concordance of plasma cfDNA 

compared to matched lymphocyte DNA increased from 41.19 to 44.30% for the 

baseline and 6 week cfDNA samples, and then to 56.40% the end of treatment 

samples. 

2. Change was also observed by observing the distribution between types of CNVs, 

with amplifications increasing from 33 to 45% (beginning to end of treatment) 

and deletions decreasing from 67 to 55%. 
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3. Principal component analysis also highlighted differences, with 3 patients’ end 

of treatment samples appearing away from the main cluster of samples (Figure 

4-7), suggesting that these samples harboured numerous markers of difference1. 

4. Binary logistic regression analysis revealed that the number of intervals 

harbouring commonly-amplified CNVs (Table 4-4), which significantly 

contributed to disease, was reduced from the baseline to the 6 week cfDNA, and 

also to the end of treatment cfDNA. 

 

 

4.6 Future studies 

Due to the fact that the clinical response status was known for just 50% of the patients 

in the NeoCEnT cohort at the time of writing (2 responders; 3 non-responders; 5 

unknown status) - and the fact that only 10 patients’ samples were studied overall - it is 

difficult to extrapolate whether the observed alterations correlated to a therapy response 

or non-response.  A similar study involving a much larger number of patients could 

provide a better means of determining this. 

 

                                                 
1 The variance represented by the plot was low (28%), therefore the differences observed were subtle. 
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5 PAINTING A PORTRAIT OF BREAST CANCER 

THROUGH PRINCIPAL COMPONENT 

ANALYSIS 
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5.1 Overview 

In this chapter, an attempt is made to define a breast cancer circulating cell-free 

(cfDNA) ‘haplotype’ or genetic signature that could have utility in the diagnostic 

setting.  Principal component analysis (PCA) is used to derive a preliminary set of 

markers that are then subjected to further analyses that overcome limitations of PCA 

and that are aimed specifically at characterising data. 

 

 

5.2 Introduction 

Elaborate downstream methods are required to analyse large microarray data-sets.  At 

times, where the end goal is to look for relationships between - or patterns within - 

different subgroups (or indeed individual samples), large data-sets must first be filtered 

using statistical thresholds in order to reduce their overall volume.  Such ‘dimension 

reduction’ techniques are essential to elucidate any links between CNV and 

tumourigenesis in microarray cancer studies.  A subset of data can first be taken to 

represent the larger data-set - for example, during elections, where polls are taken 

before voting, results are used to infer the opinions of the population at large (Smith, 

2002 and Van de Wiel et al., 2011).  However, what is the best method of choosing 

such a subset to represent the overall portrait? 

 

5.2.1 Principal component analysis as a tool for analysing large bodies of data 

Principal component analysis and other multivariate tools are used to analyse large 

volumes of data in order to tease out the differences/relationships between the logical 

entities being analysed (for example, a data set consisting of a large number of samples, 

each with their own data points/variables).  It extracts the fundamental structure of the 

data without the need to build any model to represent it (Paschou et al., 2010).  This 

‘summary’ of the data is arrived at through a process of reduction that transforms the 

large number of variables into a lesser number that are uncorrelated (i.e. - the ‘principal’ 

components; see Appendix 8.4 for information on how principal components are 

derived), whilst at the same time being capable of easy interpretation on the original 

data (Mazlum et al., 1999 and Joliffe, 2002). 
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PCA has broad applications in a wide range of areas.  Examples include craniofacial 

recognition (Chakravarty et al., 2011), analysis of water quality (Mazlum et al., 1999), 

and to derive a set of highly confident genes (Bicciato et al., 2003) or single nucleotide 

polymorphisms (SNPs) (Meng et al., 2003 and Lin & Altman, 2004) for classification 

purposes.  Principal component analysis has also been used in subject areas such as 

climatology, geology, meteorology, psychology, quality control (Joliffe, 2002), 

forensics and population genetics (particularly in relation to SNPs), and medical 

genetics (Paschou et al., 2010).  It can also help in the identification of subgroups 

within samples by visually scanning the bi-plot created to represent the data (Van de 

Wiel et al., 2011), as utilised in Chapters 3 and 4. 

 

In PCA experiments, two different approaches can be taken:  1) looking at relationships 

between variables; and 2) looking at relationships between samples.  If only two 

variables are involved, then a simple linear correlation analysis can be employed.  

However, having numerous variables prevents this (Mazlum et al., 1999). 

 

5.2.1.1 Limitations of PCA 

There are some limitations to PCA.  For example, PCA is a linear transformation - thus 

any data-set that is non-linear will not be represented sufficiently after data-reduction.  

In addition, PCA assumes that the directions with the largest variances are of most 

interest (Maathuis, 2008), which might not necessarily be true.  It also follows the 

assumption that the original data variables are correlated - if they are not, then PCA 

cannot reduce the data (Maathuis, 2008 and Parsons et al., 2009). 

 

5.2.2 Deriving a genetic ‘signature’ 

A method used to minimally characterise individual samples from large data-sets was 

previously employed by finding haplotype-tagging SNPs (htSNPs) - i.e. a reduced list 

of SNP markers that captured the majority of haplotype diversity in a population (Lin & 

Altman, 2004).  However, the original method, which was devised by Meng et al. 

(2003) (see Appendix 8.4.1.2.3), was only applied to analyse certain regions of the 

genome.  Additionally, redundancy could still exist using this approach if some of the 
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derived htSNPs mapped to regions affected by linkage disequilibrium (LD) 

(LaFramboise, 2009 and Paschou et al., 2010), which can encompass segments ranging 

in size from 1-100Kb (Reich et al., 2001).  Due to the high correlation, measuring the 

value of one allele can reveal that of the other if they exhibit LD (LaFramboise, 2009). 

 

Linkage disequilibrium can arise for different reasons - selection, favourable mutations, 

population mixture and migration, etc. - and, if measured around known genes, can help 

in the elucidation of those that are involved in disease (Reich et al., 2001 and Sabatti & 

Risch, 2002).  It is more common around genes that are ‘rare’ or recently evolved as 

these would have had less time for recombination to break the disequilibrium in 

question (Reich et al., 2001). 

 

Lin & Altman (2004) found that using this method could produce a list of htSNPs that 

achieved a 90% reconstruction precision of each observed haplotype.  The process 

involved the generation of eigenvectors (the synonymous term ‘eigenSNPs’ was coined 

by Meng et al. (2003)) (see Appendix 8.3 for an explanation of eigenvectors and 

eigenvalues) and then reverse-mapping these to original SNPs to arrive at a minimal set 

that could define maximum diversity/variance.  Single nucleotide polymorphisms are 

useful in this regard because they are the most common type of genetic variation in the 

human genome (Kruglyak & Nickerson, 2001). 

 

The derivation of eigenSNPs has also been employed in population and anthropological 

studies.  For example, the present day genetic variation in humans around the world 

exists and has been strengthened by the history of migration patterns (Paschou et al., 

2007 and 2010).  What contributed to these included mutation, genetic drift, and natural 

selection that were each driven by an interaction with new climates, pathogens, etc. 

(Paschou et al., 2010).  This prompted Paschou et al. (2010) to attempt to build a 

scoring system to assign an individual of unknown origin to a population group based 

on PCA and SNPs - some success was achieved.  However, their system was based on 

diverse population groups, between who was exhibited already-known 

differences/separation, both genetically and geographically.  Thus, their method of 

assignation to a particular clade/population was made easier.  Also, they only had small 

sample sizes from each observed group. 
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The method has yet to be applied to copy number variations (CNVs) in the human 

genome, whether healthy or cancer.  However, given the density of probes in the 

Affymetrix SNP 6.0, applying the htSNP method using both SNP and CN probes could 

generate a genetic signature for both healthy and cancerous samples.  Hence, it could 

potentially provide a minimum set of diagnostic and prognostic markers. 

 

5.2.3 Aims 

The aims of this chapter were to characterise breast cancers through PCA by arriving at 

a concise number of genes and markers that were informative of cancer status, and also 

to highlight the usefulness of cfDNA as a liquid biopsy for cancer monitoring.  Three 

groups of samples were compared:  unaffected BRCA1 mutation carriers; primary breast 

cancer patients on follow-up who did and did not relapse; and pre-surgical breast cancer 

patients receiving neoadjuvant therapy1 (see Table 2-1 for details on these). 

 

The objectives were: 

 

1. To conduct comparison experiments between sample groups (using PCA) to 

identify genes whose alterations were reflective of the differences observed in 

each comparison - i.e. those which were ‘drivers’ of variation (5.3.1). 

2. Using plasma cfDNA of healthy controls as baseline, to create distinct breast 

cancer cfDNA signatures using the htSNP method (5.3.2). 

 

 

5.3 Results 

5.3.1 Genes with known roles in breast cancer 

Comparison experiments that were made using PCA are outlined in Table 5-1. 

 

 

                                                 
1 Neoadjuvant chemo- or endocrine therapy (NeoCEnT) cohort. 
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Group (number) ANOVA comparison Nature of variation 

Unaffected BRCA1 carriers (n=5) Healthy control P Vs Unaffected BRCA1 P 
Specific to unaffected BRCA1  
carrier cfDNA 

Patients on follow-up (n=42) 
- T1N0 (T≤20mm) (n=14) 
- T>20mm/node-positive (n=28) 

L Vs T Tumour-specific 
T1N0 (T≤20mm) 

P1 
Vs 

T>20mm/node-
positive P1 

Specific to T>20mm/node-
positive cfDNA 

T1N0 (T≤20mm) 
P2 

Vs 
T>20mm/node-
positive P2 

Specific to T>20mm/node-
positive cfDNA 

Relapsed patients on follow-up (n=8) 
- T1N0 (T≤20mm) (n=4) 
- T>20mm/node-positive (n=4) 

P1 Vs P2 
Alterations in relapsed cfDNA 
profile that could be indicative 
of relapse 

T Vs P2 

Alterations in cfDNA profile, 
potentially tumourigenic in 
origin, that arose during 
dormancy 

T1N0 (T≤20mm) 
non-relapsed P2 

Vs Relapsed P2 Specific to relapsed cfDNA 

T>20mm/node-
positive non-

relapsed P2 
Vs Relapsed P2 Specific to relapsed cfDNA 

Pre-surgical patients on neoadjuvant 
therapy (n=10) 

L Vs T Tumour-specific 
Baseline P Vs 6 week P Alterations in cfDNA profile 
Baseline P Vs 21 week P Alterations in cfDNA profile 

T Vs 21 week P 

Alterations in cfDNA profile, 
potentially tumourigenic in 
origin, that arose in response to 
therapy 

Table 5-1 - PCA experiments conducted to deduce ‘driver’ genes of variation, including aims for 

each.  L, lymphocyte; P, healthy control or pre-surgical plasma cfDNA; P1 and P2, first and second 

plasma cfDNA of patients on follow-up, respectively; T, tumour.  NB - n=7 for 21 week P of pre-

surgical group patients. 

 

 

Markers having a correlation to the first principal component of >0.7 and <-0.7 (more 

stringent correlation coefficients were used in certain cases) from PCA were overlapped 

with the human genome to reveal a list of genes (Appendix Table 8-2).  These genes 

were then cross-compared with the OMIM® disease database (Online Mendelian 

Inheritance in Man, http://omim.org/) using selected keywords related to ‘cancer’ and 

‘breast cancer’ (PubMed Health, http://www.ncbi.nlm.nih.gov/pubmedhealth/):  

“carcinoma”, “malignant tumor/tumour”, “breast cancer”, “ductal carcinoma”, “lobular 

carcinoma”, “DCIS”, “LCIS”, “HER2/ERBB2-positive breast cancer”, “ER-positive 

breast cancer”, ductal carcinoma in situ”, “lobular carcinoma in situ”1.  These genes are 

outlined in Table 5-2 (see Appendix Table 8-3 for additional information on each 

identified marker). 

 

                                                 
1 Keywords “estrogen/oestrogen”, “progesterone”, and “growth factor” were also used. 
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In total, there were 1,549 SNP and 476 CN markers called as significant across all 

comparisons made, some of which overlapped the same gene (Table 8-2).  When these 

were filtered to include markers whose overlapping genes were known to be involved in 

breast cancer, 60 SNP and 15 CN markers remained (Table 5-2).  The majority of 

markers mapped to introns, with only 9 mapping to exons. 

 

The comparison that generated the majority of significant SNP markers (23) was the 

tumour DNA of patients on follow-up compared to matched normal lymphocyte DNA.  

The comparison that generated the most significant CN markers (5) was the T1N0 

(T≤20mm) relapsed final cfDNA compared to non-relapsed final cfDNA. 

 

Of all genes found in on follow-up tumour DNA that had an overlapping, significant 

SNP or CN marker (total 724 unique; Table 8-2), 36% are listed as being intrinsic to the 

cell membrane, 12% relating to the cytoskeleton, and 10% being involved in cell 

adhesion, according to Gene Ontology key terms (Gene Ontology Consortium, 2005).  

Additionally, 2.5% are included in the cancer pathway of KEGG (Kanehisa & Goto, 

2000), with each type of cancer listed (numbering 14) being affected in one way or 

another (Figure 5-1).  Numerous genes that result in the evasion of apoptosis and 

cellular proliferation are affected by SNP or CNV. 

 

Personalis EX2155



 

P
ag

e 
17

8 

 

F
ig

u
re

 5
-1

 -
 K

E
G

G
 c

a
n

ce
r 

p
a

th
w

a
y

 s
h

o
w

in
g

 g
en

es
 o

v
er

la
p

p
ed

 b
y

 s
ig

n
if

ic
a

n
t 

S
N

P
/C

N
 m

a
r
k

er
s 

(r
ed

 s
ta

rs
).

  
N

B
 -

 s
o

m
e 

g
en

es
 h

a
v

e 
m

o
re

 t
h

a
n

 1
 p

a
th

w
a

y
 r

o
le

.  

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page 179 

 

5.3.1.1 Markers overlapping exons 

Overall, there were only 9 markers identified by PCA that overlapped with exons in the 

human genome.  In the 42 patients on follow-up that didn’t relapsed, 4 genes harboured 

markers that were significantly different between lymphocyte and tumour DNA:  

DNAJC7 was CN-altered, while EGFR (genotype AA to AB in 92.5% of cases), 

FYTTD1 (BB to AB and AA in 60 and 22.5% of cases, respectively), and PDGFRA (BB 

to AB in 50% of cases) were each overlapped by a significant SNP marker (Table 5-2).  

The same SNP marker for EGFR was also significant in the comparison between the 

cfDNA of healthy controls and unaffected BRCA1 carriers.  However, this was due to 

the fact that it returned ‘no call’ in 25% of the healthy control samples. 

 

In DNAJC7, the 25bp CN marker beginning at position 40,148,320 on chromosome 17 

was deleted in all but one (97.5%) of the tumour DNA samples of the patients on 

follow-up.  However, the CN marker was not significant in any cfDNA sample. 

 

In the 8 patients on follow-up who relapsed, there were few significant changes 

identified in exons that could characterise relapse.  However, CD209 had a significant 

SNP alteration (genotypes BB) that was seen in the cfDNA samples taken just before 

relapse compared back to heterozygous (AB) tumour.  MAML2 was CN-altered (marker 

beginning at position 95,712,668 on chromosome 11), showing deletion also in these 

final cfDNA samples for 5 of the 8 patients who relapsed, with no deletion in any of 

matched first cfDNA samples.  ABL1 (marker beginning at position 133,761,278 at 

9q34.12) was also deleted in these final cfDNA samples, but this case in all of the T1N0 

(T≤20mm) relapsed second cfDNA samples.  However, for each of these genes, the 

found variant was also present in matched normal lymphocyte DNA.  The exception 

was TTLL1, whose significant overlapping SNP marker returned a ‘no call’ in all 

relapsed tumour DNA samples, suggesting failed hybridisation and a deleted locus. 
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5.3.1.2 Markers overlapping introns 

5.3.1.2.1 Breast cancer patients on follow-up 

When comparing the tumour DNA samples from the patients on follow-up to their 

matched normal lymphocyte DNA, 17 individual genes of interest that were related to 

cancer contained a SNP or CN marker that mapped to an intron.  Of these, 15 contained 

SNP markers, 1 a CN marker, and 1 gene contained both a SNP and CN marker).  The 

genes affected by SNP included BRAF, CASP10, DCC, EPHB2, ESR1 (SNP and CN 

markers), GRIK1, IL1RN (x2), LHCGR, OPCML (x2), PALLD, PRKCA, PTEN, RB1, 

TNFSF4, TUSC3, WWOX (x3).  The SNPs occurred at a high prevalence in the tumour 

samples (mean 73.5%; range 15-97.5%) and low in matched lymphocyte (mean 10.9%; 

0-28%).  In all cases, the tumour-specific SNP genotype was also observed in numerous 

matched first and second cfDNA samples, which is inferential of tumour DNA 

circulating in the blood plasma of these patients.  The two genes with overlapping 

significant intronic CN markers were ESR1 and GPC3, which were deleted in 95 and 

100% of tumour DNA, respectively, and not found in any of the matched lymphocytes. 

 

Comparing the T1N0 (T≤20mm) and T>20mm/node-positive first cfDNA samples, there 

were no SNP or CN markers that were significant through PCA post-analysis between 

the 2 groups.  However, when comparing the second cfDNA samples between these 

groups, BCAS3 had an overlapping SNP marker, while PKHD1 had a CN marker.  The 

BCAS3 SNP was prevalent in 71% of the T>20mm/node-positive second cfDNAs and 

not present in any of the matched lymphocyte samples, while the PKHD1 deletion was 

observed in 44% of the cfDNA samples with none found in matched lymphocyte DNA 

samples. 

 

5.3.1.2.2 Relapsed breast cancer patients on follow-up 

Focussing on the 8 patients who relapsed, the goal was to search for markers that 

differed in the final (second) plasma cfDNA sample, which was the sample taken 

closest to the time of relapse, compared to:  1) matching first cfDNA; and 2) matching 

tumour DNA.  SNP and CN markers were found at a high prevalence through both 

comparisons.  Contrastingly, mostly CN markers differed between the first and second 
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cfDNA samples, whereas it was mostly SNP markers that differed when comparing 

tumour and final plasma cfDNA. 

 

Compared to just the first cfDNA samples, only MCC contained a SNP marker that 

differed between the two groups.  However, the SNP marker was significant in the final 

cfDNA samples due to having returned a ‘no call’ in 37.5% of cases.  Genes containing 

significant overlapping CN markers were ABCC4 (amplified in 75% of final cfDNA 

and all matched lymphocyte DNA), IGF2R (normal in 75% of final cfDNA and mixture 

of normal and amplified CN in matched lymphocyte DNA).  Their high prevalences in 

normal lymphocyte DNA reduced their importance in cancer. 

 

Compared to their matched tumour DNA samples, many genes harbouring SNP markers 

of significance were found, including 5 that were previously mentioned as significant in 

the tumour DNA of patients on follow-up:  GRIK1, IL1RN, PALLD, MAML2, and 

WWOX.  Of these, only IL1RN featured the same SNP marker previously identified in 

these tumour DNA samples of patients on follow-up.  However, the genotype of that 

marker (BB) was dissimilar to this one in cfDNA, which resembled that found in 

matched lymphocyte DNA, suggesting that the mutant allele of this SNP occurred in 

tumour.  For each of the other 4 genes mentioned, the same scenario repeated itself - i.e. 

the identified SNP had the same genotype as that in matched lymphocyte DNA but that 

differed in tumour DNA. 

 

Other genes found in this comparison (relapsed tumour DNA Vs final cfDNA) include 

DBC1 and DEC1 (87.5 and 75% prevalences, respectively).  However, in both cases the 

significant SNP marker had the same genotype as that found in matched lymphocyte, 

but the estimated CN output for each locus in matched tumour was consistent with 

deletion/loss of heterozygosity (LOH).  KIT and GLG1 also harboured significant SNP 

markers, both due to returning ‘no calls’ in 60% of the tumour samples in the 

comparison, implying deletion.  For both KIT and GLG1, the genotypes of the SNPs in 

the cfDNA samples resembled those found in matched lymphocytes, implying healthy 

cfDNA profiles.  Only TP63 was found to harbour a significantly-different CN marker 

in this comparison, which had normal CN in 75% of the final cfDNA samples and 

62.5% of matched lymphocytes, but deleted in all of matched tumour DNA. 
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Looking at just the T1N0 (T≤20mm) relapsed patients, when comparing the final cfDNA 

sample to that of the non-relapsed patients, a single significantly-different SNP marker 

was found overlapping XRCC3 with a prevalence of 100%.  However, this SNP had the 

same genotype as that appearing in the matched healthy lymphocyte DNA samples, and 

was thus not deemed to be a mutation.  Four genes harboured intronic CN markers that 

highly differentiated between relapsed and non-relapsed cfDNA:  BRCA1 (amplified in 

half of relapsed cfDNA and all of matched lymphocyte), PDGFRB, RHPN2 (amplified 

in 100 and 50% of relapsed cfDNA, respectively, but also showing amplification in 

matched lymphocyte), and SMAD4 (deleted in all of relapsed cfDNA and amplified in 

all of non-relapsed cfDNA). 

 

In the T>20mm/node-positive relapsed and non-relapsed final cfDNA comparison, only 

PTCH1 had a significantly different CN marker.  It was amplified in all of the relapsed 

cfDNA samples and deleted in 75% of the non-relapsed.  However, the amplification 

was also observed in matched lymphocytes. 

 

5.3.1.2.3 Unaffected BRCA1 mutation carriers 

There were 4 genes that had an overlapping and significant SNP when comparing the 

cfDNA of the healthy controls and unaffected BRCA1 carriers (Table 5-2):  DIRC3 (x2), 

DLC1, PALLD, and WWOX (x2).  In DIRC3, the first SNP marker (position 

218,294,420) in the unaffected BRCA1 carriers’ cfDNA had the same genotype as that 

found in matched lymphocyte and was therefore not regarded as a mutation.  The 

marker seemed to have been regarded as significant due to having failed to hybridise in 

1 of the healthy control cfDNA samples.  The second SNP marker (position 

218,301,532), however, was seen in just 20% of the matched lymphocytes and had a 

prevalence in the unaffected BRCA1 carriers’ cfDNA of 100% (genotype BB to AB/AA 

in 80/20% of cases, respectively).  That of DLC1 (deleted in liver cancer 1) (genotype 

AA to AB in 60% of cases) had a prevalence of 60% in the BRCA1 carriers’ cfDNA and 

was not observed in matched lymphocyte. 
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Both PALLD and WWOX were already both found to harbour significant SNPs in the 

tumour DNA of patients on follow-up and also in the final cfDNA of relapsed patients.  

In the cfDNA of the unaffected BRCA1 carriers, both SNPs in WWOX had the same 

genotype as that of their matched lymphocytes.  However, the SNP marker contained 

within PALLD was regarded as significant because it had failed to hybridise in each of 

the unaffected BRCA1 carriers’ cfDNA samples, suggesting complete loss/deletion at 

this locus. 

 

5.3.1.2.4 Pre-surgical breast cancer patients on neoadjuvant therapy 

Between tumour and matched lymphocyte DNA, a number of significantly-different 

SNP markers in tumour were discovered within genes already identified in previous 

comparisons:  BCAS3, DLC1 (x2), MCC, PALLD (x2), PARK2 (x2), and WWOX.  

However, none of the SNP markers identified matched those previously found.  In 

addition, for each of these (except for a single SNP in PARK2 and that found in 

WWOX), the SNP marker was found in the same pre-surgical tumour sample.  Of the 2 

SNPs found in multiple tumour samples, both were also identified in matched 

lymphocyte at high prevalences of 20 and 40%, respectively, for PARK2 and WWOX, 

ruling them out as having significant roles in disease.  The marker in WWOX had an 

equal prevalence in both tumour and lymphocyte DNA but was still regarded as 

significant due to individual paired samples’ genotypes not matching. 

 

Significantly-differentiated markers in this patient group were not found between the 

baseline and 6 week cfDNA samples.  However, significant SNP markers were found 

for comparisons made with the 21 week cfDNA samples and:  1) baseline cfDNA; and 

2) tumour DNA.  In total, 2 SNPs were found to be significantly-different between the 

baseline and 21 week cfDNA samples.  These were contained within PKHD1 and 

TGFBR2 (both at a prevalence of 43%).  When compared to tumour, 2 SNPs were also 

found, contained within BCAS3 and PRKCA.  For the SNPs mapping to PKHD1 and 

TGFBR2, genotypes resembled those found in matched lymphocyte DNA, indicating a 

‘healthy’ profile in these 21 week cfDNA samples (and not so in the baseline cfDNA 

samples).  In 2 samples (29%), however, the PKHD1 SNP probes failed to hybridise, 
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which suggested deletion at this locus.  The same occurred in 3 samples around the 

TGFBR2 SNP marker, again suggesting deletion. 

 

The SNP marker found within PRKCA had a low prevalence (14%), however, the probe 

failed to hybridise in 5 samples (71%).  A significant SNP was already found in 67.5% 

of the tumour DNA samples of the on follow-up patients within this gene.  The SNP 

marker within BCAS3 was called as significant due to its probe having failed to 

hybridise in 14% of cases. 

 

5.3.2 Towards a breast cancer signature through cfDNA analysis 

A breast cancer cfDNA signature was created through PCA using the cfDNA of the 

healthy controls as baseline/reference.  This was carried out for the unaffected BRCA1 

mutation carriers, primary breast cancer patients on follow-up who did and did not 

relapse, and pre-surgical breast cancer patients on neoadjuvant therapy.  A large number 

of markers remained in each comparison after filtering out markers of insignificance 

compared to the healthy control cfDNA (Table 5-3).  The method by Meng et al. (2003) 

(see Appendix 8.4.1.2.3) was then applied to select a subset of these markers to serve as 

the genetic signature, as follows:  all principal components were varimax-rotated and, 

after deducing the first few components that accounted for >85% of the variation in 

each comparison, the mean correlation coefficient for each marker was calculated for 

both the included and excluded principal components; markers to include in the genetic 

signature were those whose mean for the included components was greater than that of 

the excluded components. 
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Origin of cfDNA 

Significant 

markers for 

PCA1 

Signature markers 

Total 

Redundant 

markers 

(%) 

SNP 

(%) 

CN 

(%) 

Unaffected BRCA1 carriers 51,749 580 98.88 55 45 

Non-relapsed patients on follow-up 
P1 51,866 19,606 62.2 99 1 

P2 32,876 30,673 6.7 73.5 26.5 

Relapsed patients on follow-up 
P1 51,258 16,936 66.96 99.7 0.3 

P2 3,462 3,399 1.82 87.56 12.44 

       

Pre-surgical patients on neoadjuvant therapy 

Baseline P 121,428 44,210 63.59 86.78 13.22 

6 week P 133,735 122,235 8.6 91.69 8.31 

21 week P 70,387 63,627 9.6 98.34 1.66 

Table 5-3 - Reduction of markers for the breast cancer genetic signatures.  P, plasma cfDNA of pre-

surgical patients; P1 and P2, first and second plasma cfDNA samples of patients on follow-up, 

respectively. 

 

 

When generating the signature for the cfDNA of the unaffected BRCA1 mutation 

carriers, only 580 markers (98.88% reduction) were found to be capable of describing 

>85% of the variation (to healthy control cfDNA).  When focussing on those patients 

who had primary breast cancer and who were on follow-up, however, markers were 

reduced by 62.2% and 6.7% for the first and second plasma cfDNA samples, 

respectively.  For those patients on follow-up who relapsed, corresponding figures were 

66.96% and 1.82%.  In the pre-surgical breast cancer patients’ cfDNA samples, there 

was a stark difference between the baseline and two later time-points:  the baseline 

markers were reduced by 63.59%, while the 6 and 21 week samples that were taken 

during therapy were reduced by just 8.6% and 9.6%. 

 

These markers did not cluster to any particular part of the genome and instead were 

arbitrarily distributed across all chromosomes.  In each case, SNP markers contributed 

more to the exhibited variation than CN markers. 

                                                 
1 After comparison to healthy control cfDNA through ANOVA. 
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The percent overlapping markers (both SNP and CN from the numbers mentioned in 

Table 5-3) between each genetic signature are shown in Figure 5-2 and Figure 5-3.  

Looking at just the cfDNA of the unaffected BRCA1 carriers and the first and second 

cfDNAs of the relapsed and non-relapsed patients on follow-up, there were no 

overlapping markers between these (Figure 5-2A).  However, between the first cfDNA 

sample of the primary and relapsed breast cancer patients, 16.7% markers overlapped.  

For the same comparison when the second blood plasma sample was the focus, there 

was just 0.9% overlap (Figure 5-2B).  In the pre-surgical patients’ samples, there was 

only a 22.8% overlap between the baseline and 6 week cfDNA sample, whilst the figure 

was much less as treatment progressed, with overlap between the baseline and final (21 

week) sample being reduced to just 5.6% (Figure 5-3). 

 

Figure 5-2 - Percent overlapping markers for the derived cfDNA genetic signatures between the 

unaffected BRCA1 carriers and the first (A) and second (B) samples of the relapsed and non-

relapsed patients on follow-up. 
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Figure 5-3 - Percent overlapping markers between each time-point in the pre-surgical patients’ 

plasma cfDNA samples. 

 

 

 

To test the ability of this method to distinguish the different types of cfDNA, all derived 

genetic signature markers were combined and then used to hierarchically cluster each 

sample (Figure 5-4A and B).  Both dendrograms were recreated to include the markers 

comprising the pre-surgical breast cancer patients’ cfDNA signature but the general tree 

structure was maintained, with these samples grouping amongst those of the patients on 

follow-up.  These pre-surgical patients’ cfDNA samples were then clustered together to 

determine the method’s ability at distinguishing these (Figure 5-4C).  Although three 

main groupings were identified, these did not relate to sample time-point. 
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5.4 Discussion 

The aims of this chapter were to characterise breast cancers through PCA by arriving at 

a concise number of genes and markers that were informative of cancer status, and also 

to highlight the usefulness of cfDNA as a liquid biopsy for cancer monitoring.  Three 

groups of samples were compared:  unaffected BRCA1 mutation carriers; primary breast 

cancer patients on follow-up who did and did not relapse; and pre-surgical breast cancer 

patients receiving neoadjuvant therapy1 (see Table 2-1 for details on these). 

 

There were many genes that had overlapping significant SNP and CN markers.  By 

focussing on the entire gene (as opposed to the individual marker) as the unit of 

                                                 
1 Neoadjuvant chemo- or endocrine therapy (NeoCEnT) cohort. 
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association, a broader picture is portrayed of what is affected at the biological level 

(Hicks et al., 2012). 

 

5.4.1 Exons were infrequently affected by variation 

Overall, exons within genes associated with cancer were infrequently affected by 

significant variation.  DNAJC7 harboured an exonic CN deletion in all but 1 of the 

tumour DNA samples of the patients on follow-up.  It is a co-chaperone protein that 

binds heat-shock protein (HSP) 70 and 90 and has been shown to reduce the activity of 

the ERα and ERβ receptors (Schülke et al., 2010).  Conversely, significant SNPs were 

found in exons of EGFR, FYTTD1, and PDGFRA, also in these tumour samples.  EGFR 

has a well-documented role in breast cancer (Bronte et al., 2011).  FYTTD1 (UIF) is a 

protein that is involved in the relocation of mRNAs to the nuclear pore.  Interestingly, 

for this to occur, another chaperone protein (FACT) is required (Hautbergue et al., 

2009).  Meanwhile, PDGFRA encodes a receptor for the platelet-derive growth factors, 

which act as mitogens in cells of mesenchymal origin (Pruitt et al., 2005).  Mutations 

within exons of this gene have recently been reported in tumours of the gastrointestinal 

tract (Huss et al., in press).  The prevalences of each SNP were high in tumour DNA 

(92.5, 82.5, and 50% for EGFR, FYTTD1, and PDGFRA respectively) and low in 

matched lymphocyte DNA, except for FYTTD1 (12, 30, and 14% respectively). 

 

In the 8 patients who relapsed, CD209 and TTLL1 harboured significant SNPs in the 

cfDNA samples taken just before relapse (when compared back to tumour DNA taken 

during surgery), whilst MAML2 and ABL1 harboured significant CN markers.  CD209 

(also known as DC-SIGN), is expressed on the surface of dendrites and macrophages 

and was shown to interact with a protein expressed on the surface of colorectal 

carcinoma cells (Nonaka et al., 2011). 

 

TTLL1, however, encodes a tubulin protein and was previously identified as harbouring 

a SNP associated with prostate cancer (Kim et al., 2010), although it was a different 

SNP from the one identified in this study.  The TTLL1 SNP in this study was regarded 

as significant due to the fact that it had returned a ‘no call’ in 100% of the tumour 

samples, suggesting that the SNP was deleted in the primary tumours.  However, in 
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75% of the cfDNA samples, genotype calls matched those found in normal lymphocyte 

DNA, indicating a healthy cfDNA profile in these final cfDNA samples of relapsed 

patients.  The SNP genotype identified in CD209 also had a genotype resembling that in 

the matched lymphocytes (100% of cases), thus also implying a healthy cfDNA profile.  

Thus, these two genes appear to not be significant in the cfDNA of relapsed patients on 

follow-up. 

 

MAML2 has a role as a NOTCH signalling coactivator (Köchert et al., 2010) - it was 

deleted in 62.5% of the final plasma cfDNA samples in the relapsed patients, a deletion 

not observed in any of the matched first cfDNA samples.  Conversely, ABL1 was 

implicated in ER signalling and was shown to physically interact with ERα, whereby it 

could cause resistance to the ER antagonist fulvestrant (Zhao et al., 2011).  The 

particular locus in question was deleted in all of the T1N0 (T≤20mm) final plasma 

cfDNA samples and also in matched lymphocytes, indicating a germline mutation.  

However, it was amplified in all tumour DNA samples in the patients on follow-up, 

perhaps indicating one mechanism through which ERα can become resistant to therapy. 

 

The scarcity of variation found in exons observed in this study could point to the 

hypothesis that variation in coding regions suffers deselection in populations of tumour 

cells (Schuster-Böckler et al., 2010) - i.e. unless the variation conferred an advantage to 

the cancer, it would not persist.  Therefore, it is possible that the variations mentioned 

here conferred such advantages, which is why they had been detected through analysis 

in this study. 

 

5.4.2 Principal component analysis revealed numerous existing and novel gene 

targets of oncogenic potential 

Although many of the significant markers mapped to intronic regions (Table 5-2), 

variation within introns can still be pathogenic if they interfere with gene splicing or 

affect promoter regions (Conrad et al., 2009), and can have oncogenic potential 

(Haimovich, 2011).  Through PCA, numerous genes that harboured already-

documented mutations were found, including both oncogenic and tumour suppressor 

genes.  However, genes of novel interest were also found. 
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5.4.2.1 Patients on follow-up 

5.4.2.1.1 Lymphocyte Vs Tumour DNA 

There was a total of 15 genes (not including ESR1, which had an overlapping SNP and 

CN marker) that had an overlapping SNP that differed significantly between tumour and 

matched lymphocyte DNA.  BRAF is a known oncogene and has been linked to several 

cancers.  Its translated protein is a kinase that is involved in cell division, 

differentiation, and secretion through the MAPK and ERK signalling pathways (Garnett 

& Marais, 2004).  In breast cancer, mutations are rare within this gene, whereas in 

malignant melanoma its mutation rate is 70% (Davies et al., 2002).  In this study, the 

SNP was observed in 97.5% of tumour and 18% of matched lymphocyte DNA. 

 

Of further interest, DCC is a receptor that, when bound to NTN1 (Netrin-1), was found 

to activate the MAPK pathway through MAPK13 (Forcet et al., 2002).  DCC is also 

known to function as a tumour suppressor and to frequently undergo LOH in colorectal 

and oesophageal carcinomas (Arakawa, 2004).  The SNP was observed in 70% of 

tumour and just 4% of matched lymphocyte.  PTEN and RB1 are other documented 

tumour suppressor genes, with RB1 being regarded as the first tumour suppressor gene 

found and having an involvement in the maintenance of chromatin (Pruitt et al., 2005).  

PTEN is mutated or lost in many tumours and is associated with resistance to EGFR 

inhibitors (Li et al., 2012).  An in vitro endometrial cancer study by Li et al. (2011) 

found that loss of PTEN resulted in cellular proliferation and a significant increase in 

EGFR expression (of importance, in this study, EGFR harboured an exonic SNP in 

92.5% of tumour DNA samples).  The SNP within PTEN was called due to a ‘no call’ in 

70% of the tumours, implying a deleted locus (LaFramboise, 2009), while that affecting 

RB1 was seen in 80% (and just 4% of matched lymphocytes). 

 

TUSC3 (75% of tumours) is expressed in tissues of an epithelial origin and its gene is a 

candidate tumour suppressor that is found within a homozygously-deleted region in 

prostate cancer (Garshasbi et al., 2008).  It was also found to be deleted in squamous 

cell carcinomas of the larynx and pharynx (Guervós et al., 2007).  However, it had a 
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high prevalence in matched lymphocyte of 26%.  TNFSF4 (90% of tumours affected; 

8% of matched lymphocytes), on the other hand, belongs to the tumour necrosis factor 

(ligand) superfamily, which are proteins involved in the upregulation of cell-adhesion 

molecules, antigens, and costimulatory proteins (Gruss & Dower, 1995).  Finally, ESR1 

(oestrogen receptor 1-α) has a well-documented role in breast cancer:  ESR1 binds 17β-

estradiol, a hormone that is the driver in the majority of breast cancers and one that can 

dictate the course of treatment to apply in the post-surgery/adjuvant clinical setting 

(Coombes et al., 2004 and Chlebowski et al., 2009).  Numerous drugs have already 

been developed that target this receptor either directly or indirectly, including 

tamoxifen, fulvestrant, anastrozole, and raloxifene (CRUK, 2011c).  The prevalence of 

the SNP in tumour in this study was high (82.5%; 8% in matched lymphocyte DNA). 

 

Other genes with overlapping SNPs in these tumour DNA samples that merit a mention 

include:  CASP10, LHCGR, PRKCA, and WWOX.  CASP10 is a cysteine-aspartic acid 

protease, a family of proteins that are involved in the execution phase of apoptosis, 

resulting in the cleaving of vital proteins and destruction of the nucleus (Fischer et al., 

2003).  Mühlethaler-Mottet et al. (2011) deduced that CASP10 plays a critical role in 

this apoptopic process and noted a transcriptional silencing of its gene in tumour.  In the 

tumour DNA samples of this study, the SNP appeared in 82.5% of cases and just 6% of 

lymphocytes.  LHCGR, however, is a receptor for luteinising hormone (LH) - 

inactivating mutations within which are associated with resistance to - and higher levels 

in the blood of - LH (Che et al., 2011).  Conversely, Li et al. (2011) found that 

decreased levels of IGF1 (insulin-like growth factor 1) resulted in subsequent decreases 

of LH and oestrogen - the role of the IGFs has already been reported in breast cancer 

(Tomlinson et al., in press).  In addition, a LHRH (luteinising hormone releasing 

hormone) analogue is used as a treatment in breast cancer and can reduce the risk of 

recurrence (Hackshaw, 2009 and Cruz Jurado et al., 2011).  The SNP was present in 

92.5% and 10% of tumours and matched lymphocytes, respectively, in this study. 

 

PRKCA is a protein kinase that can function as receptor for phorbol esters, a class of 

tumour promoters, and its expression is elevated in prostate cancer (Rumsby et al., 

2011).  Higher expression was also linked with cervical cancer (Yu et al., 2011) and 

metastasis in non-small cell lung cancer (Arora et al., 2011).  The SNP prevailed in 
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67.5% of the tumour DNA samples, but was high in lymphocyte (16%).  WWOX, 

however, harboured 3 different SNPs in tumour (at rates of 52.5, 70, and 15%; 2, 4, and 

2%, respectively, in matched lymphocyte) - its protein is an oxidoreductase that is also 

regarded as a tumour suppressor (Aqeilan et al., 2007).  Wang et al. (2011) found that 

low expression of WWOX in breast cancer was associated with poor disease-free 

survival, whereas Hezova et al. (2007) found that improved disease-free survival was 

associated with higher expression of WWOX in glioma.  It was also found that WWOX 

was co-expressed with ERBB4, and that this was again associated with better outcome 

in cancer (Aqeilan et al., 2007).  Thus, mutations affecting this gene could be associated 

with poor survival. 

 

There were two intronic CN-affected genes in these tumour samples:  GPC3 and ESR1.  

The affected region in ESR1 was deleted in 100% of the tumour samples and not found 

in any of the matching lymphocytes.  To this author’s knowledge, this is the first time 

that a deletion at this prevalence in a cohort of patients within the ESR1 gene has been 

reported.  Previous studies have focussed on genome-wide differences in CN patterns 

between ER-positive and -negative breast cancers (Fang et al., 2011 and Thompson et 

al., 2011) but never on ESR1 itself.  Considering that this deletion was observed in all 

tumours, it was correlated to neither tumour stage, therapy received, nor any other 

factor, highlighting its potential importance in breast cancer in general.  GPC3 is a gene 

in which deletions and other mutations have been reported previously (Sakazume et al., 

2007 and Weichert et al., 2011).  Its association with breast cancer has not been studied, 

although it was found to not be involved in Wilms’ tumourigenesis (Gillan et al., 2003).  

In this study, it was deleted in 95% of the tumour samples and none of the matched 

lymphocytes.  Both of these deleted loci - and also that which affected the exon of 

DNAJC7 in the on follow-up tumour samples - could be reflective of larger deletions 

within these genes that could alter their level of expression or function. 

 

5.4.2.1.2 T1N0 (T≤20mm) Vs T>20mm/node-positive (first and second cfDNA) 

Only the comparison between the T1N0 (T≤20mm) and T>20mm/node-positive 

patients’ second cfDNA samples yielded markers that differed significantly, with 

BCAS3 (breast carcinoma amplified sequence 3) harbouring a SNP that did not occur in 
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matched normal lymphocyte.  BCAS3 is frequently amplified in breast cancer (Bärlund 

et al., 2002) and is thought to function as a transcriptional coactivator and is also 

regulated by ESR1 (Gururaj et al., 2007).  It had earlier been shown by the same group 

that interplay existed between the BCAS3 gene, ESR1, and MTA1, with MTA1 

functioning as a transcriptional activator of BCAS3 in a mechanism that required ESR1 

(Gururaj et al., 2006).  MTA1 was found in this study to belong to the common 

amplified CNV at 14q32.33 (Table 3-6), which was amplified in one-third of the 

tumours studied in the patients on follow-up (including relapsed and non-relapsed).  The 

SNP identified was not present in matched lymphocyte and could be a mutation specific 

to cancer and have importance in disease-progression in these T>20mm/node-positive 

patients. 

 

PKHD1, which was deleted in the cfDNA samples, encodes a membrane-associated 

protein that localises to epithelial basal bodies - mutations in its gene result in 

polycystic kidney and hepatic disease (Zhang et al., 2004). 

 

5.4.2.2 Relapsed patients’ final cfDNA samples 

5.4.2.2.1 First Vs Final/second cfDNA 

Compared to just the first cfDNA samples, only MCC contained a SNP marker that 

differed between the first and final/second cfDNA samples of these relapsed patients.  

Loss of function of MCC through the methylation of its promoter was seen in colorectal 

cancer, and its translated protein is believed to be involved in the DNA damage-

response due to its relocation to the nucleus and subsequent phosphorylation (Pangon et 

al., 2010).  The SNP marker was significant in the final cfDNA samples due to having 

returned a ‘no call’ in 37.5% of cases, implying a deleted locus.  Deletion was not 

observed in matched lymphocyte DNA.  Thus, a deletion could result in one less 

mechanism through which DNA is able to be repaired, leading to genomic instability. 

 

The genes containing significant CN markers were ABCC4, IGF2R, and PARK2.  

ABCC4 is an efflux pump of endogenous and xenobiotic substances (Ban et al., 2010 

and Tagami et al., 2010).  Interestingly, it was found that small interfering RNA 
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knockdown of this gene product led to enhanced cellular migration (Tagami et al., 

2010).  In the samples in this study, the gene was amplified in 75% of the final plasma 

cfDNA samples and all of the matched healthy lymphocytes.  Thus it can be assumed 

that these samples that harboured the amplification had a ‘healthy’ cfDNA profile, as 

this was also present in the germline.  Conversely, whilst the precise role of PARK2 

(amplified in 75% of cfDNA and 50% of matched lymphocyte DNA) is unknown, what 

is known is that mutations in PARK2 cause Parkinson Disease (Pruitt et al., 2005).  

Indeed, CNV has long-been associated with neurological disorders (Sebat et al., 2004 

and 2007; Kirov et al., 2009, Tam et al., 2009; and Williams et al., 2010). 

 

Finally, IGF2R is a receptor of the insulin-like growth factor family, the role in breast 

cancer of which has already been discussed in relation to therapy resistance (Tomlinson 

et al., in press; see section 4.2.2).  This marker was found to have amplified CN in all of 

the first plasma cfDNA samples, normal CN in 75% of the final, and deleted in 80% of 

tumour.  The matched healthy lymphocytes ranged from normal to amplified CN, thus 

implying that both the first and final cfDNA samples were ‘healthy’. 

 

5.4.2.2.2 Tumour DNA Vs Final cfDNA 

When the final cfDNA samples of the relapsed patients were compared to their matched 

tumour DNA, 5 of the genes that were found were already found to harbour overlapping 

significant SNP markers in the tumour DNA samples of the patients on follow-up 

(GRIK1, IL1RN, PALLD, MAML2, and WWOX), whilst other genes included DBC1 and 

DEC1.  DBC1 (deleted in bladder cancer 1) is located in an area that undergoes LOH in 

some bladder cancers (Nishiyama et al., 1999) and it has been shown to modulate the 

expression of ERα, promoting breast cancer survival, and also to repress the function of 

ERβ receptor, which has tumour suppressive functions (Saha Roy & Vadlamudi, in 

press) and normally protects against the mitogenic effects of oestrogen (Koyama et al., 

2010).  DEC1, which belongs to a region commonly deleted in oesophageal cancer 

(Nishiwaki et al., 2000), was shown to interact with an isoform of TP63 to aid the 

suppression of growth and differentiation of keratinocytes (Qian et al., 2011).  TP63 

exhibited CN deletion in all relapsed tumour DNA samples in this study.  It was also 

revealed that lower expression of DEC1 resulted in cells that were more motile than 
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those with normal/higher levels of expression (Kunimoto et al., 2011).  Both DBC1 and 

DEC1 showed deletion/LOH across the locus where the significant SNPs were 

identified, thus, the primary tumours of these relapsed patients would have had aberrant 

oestrogen signalling (due to loss of DBC1) and an ability to be more ‘fluid’ than others 

(due to loss of DEC1) from the outset. 

 

KIT and GLG1 also harboured significant SNP markers, but in this case due to ‘no calls’ 

made in matched tumour, implying deletion.  KIT is a proto-oncogene that encodes a 

mast cell growth factor receptor and, although its role in breast cancer has not been 

extensively studied, higher expression levels of it were found in BRCA1 breast tumours 

in a recent study by Smart et al., (2011).  GLG1 was previously found to harbour a 

significant SNP in a separate genome-wide association study involving breast cancer 

(Kibriya et al., 2009). 

 

TP63 was shown to have normal CN in 75% of final cfDNA and 62.5% of matched 

lymphocyte, but deleted in all of matched tumour.  TP63 is a transcription factor 

belonging to the P53 family that is involved in the development of epithelial tissues.  It 

also regulates cell-adhesion and plays a role in epithelial-to-mesenchymal transition 

(EMT).  Graziano & De Laurenzi (2011) concluded that TP63-negative tumours would 

metastasise earlier and more frequently, thus having a poorer outcome.  A deletion 

within this gene in the primary tumour could therefore predispose the patient to later 

recurrence of the disease and could be useful as a prognostic marker for relapse. 

 

5.4.2.2.3 Non-relapsed T1N0 (T≤20mm) Vs Relapsed T1N0 (T≤20mm) final 

cfDNA 

In the T1N0 (T≤20mm) relapsed patients, when comparing the final cfDNA sample to 

that of the non-relapsed patients, XRCC3’s significantly-different SNP marker had the 

same genotype as that found in matched lymphocyte DNA, thus implying a healthy 

profile. 

 

Four genes harboured CN markers that highly differentiated between relapsed and non-

relapsed cfDNA:  BRCA1, PDGFRB, RHPN2, and SMAD4.  BRCA1 requires little 
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introduction - it, along with BRCA2, accounts for 40% of hereditary breast cancer cases 

and its protein is involved in the repair of DNA double strand breaks, checkpoint 

control, and spindle and transcriptional regulation (Shuen & Foulkes, 2011).  The gene 

harboured amplification in half of the relapsed cfDNA samples but also all of the 

matched lymphocytes.  However, the same amplification also appeared in all of the non-

relapsed cfDNA and tumour samples.  This result could allude to an error with the 

microarray technology, possibly relating to the signal intensity of the probe in question.  

For example, if the intensity was erroneously-interpreted above the baseline, then it 

would have been regarded as amplification, whereas in reality it could have been 

normal CN.  This was made more apparent by observing the estimated CN in the 

tumour samples across this locus, which ranged from 8-55. 

 

PDGFRB (amplified in 100% of the relapsed cfDNA samples) encodes the β-receptor 

for the platelet-derived growth factors - a mutation in an exon of the α-receptor was 

already found in this study in the tumour DNA samples of the patients on follow-up.  

Conversely, RHPN2 (amplified in 50%) is a gene that has been found to harbour SNPs 

in relation to colorectal cancer in numerous genome-wide association studies (Abulí et 

al., 2010; Kupfer et al., 2010; Von Holst et al., 2010; and Xiong et al., 2010) - it 

encodes a protein (rhophilin-2) that belongs to the family of ras-homologous-GTPase 

binding proteins (Pruitt et al., 2005).  However, both of the amplifications within these 

genes were also found in matched normal lymphocytes (75 and 50% prevalences). 

 

Finally, SMAD4 is a protein that is phosphorylated in response to TGF-β signalling and 

binds to an 8bp DNA sequence (GTCTAGAC) called the SMAD binding element 

(Pruitt et al., 2005).  The marker identified within the SMAD4 gene was deleted in all of 

the relapsed cfDNA samples and amplified in all of the non-relapsed.  In matched 

normal lymphocyte, however, the same deletion was observed - thus, it was most likely 

a germline deletion. 

 

5.4.2.2.4 Non-relapsed T>20mm/node-positive Vs Relapsed T>20mm/node-

positive final cfDNA 
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Only PTCH1 was significantly CN-affected between the T>20mm/node-positive 

relapsed and non-relapsed final cfDNA samples.  Mutations within this tumour 

suppressor gene have previously been found in relation to breast cancer (Sinha et al., 

2008), and it was concluded by Santos et al. (2011) that mutations would contribute to 

the development of tumours.  It was amplified in all of the relapsed cfDNA samples and 

deleted in 75% of the non-relapsed.  However, the amplification was also observed in 

matched lymphocytes. 

 

5.4.2.3 Healthy control Vs Unaffected BRCA1 carriers’ cfDNA 

DIRC3 (disrupted in renal carcinoma), which spans a breakpoint on chromosome 2 that 

was found in renal cancer (Bodmer et al., 2003), and DLC1 (deleted in liver cancer 1), a 

gene whose loss was linked to numerous cancers, including that of the breast (Heering 

et al., 2009 and Feng et al., 2011), both harboured SNP markers whose values differed 

from healthy control cfDNA.  PALLD also contained a SNP marker that failed to 

hybridise in all of the cfDNA samples of the unaffected BRCA1 carriers, strongly 

suggesting deletion.  Loss of expression of PALLD, on the other hand, was deduced as 

being an important part of EMT (through helping E-cadherin localise to adherens 

junctions) and as a potential early step in the metastatic spread of tumour cells in colon 

cancer (Tay et al., 2010).  PALLD is a protein component of actin microfilaments in the 

cytoskeleton and is involved in cell adhesion and contractility (Tay et al., 2010).  It is 

possible that loss of this gene’s function could severely disrupt the formation of the 

cytoskeleton, resulting in cells becoming more ‘plastic’. 

 

Could these loci be signs of genomic instability and act as a useful target for early 

screening of women carrying BRCA1 mutations? 

 

5.4.2.4 Pre-surgical patients’ cfDNA 

In the pre-surgical breast cancer patients’ samples, significant SNP markers were only 

found for comparisons made between the 21 week cfDNA samples and baseline cfDNA 

and tumour DNA.  This is interesting because the 21 week cfDNA sample was the end 

of treatment sample taken from these patients after having received neoadjuvant 
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therapy.  Thus, differences between these and their beginning of treatment/baseline 

samples were a possible reflection of responses to therapy. 

 

The SNP markers identified within PKHD1 and TGFBR2 suggested deletion at these 

loci due to returning ‘no call’ in 29 and 43% of samples, respectively.  Mutations in 

PKHD1 resulted in polycystic kidney and hepatic disease (Zhang et al., 2004), whereas 

a mutation within TGFBR2 could indirectly affect the expression of this receptor on cell 

surfaces and the regulation of cell growth - it encodes a transmembrane protein that 

binds TGF-β, which indirectly results in the regulation of the transcription of genes 

involved in cell proliferation (Park et al., 2012). 

 

5.4.3 ER receptor activity is altered in tumour and cfDNA 

Oestrogen receptor signalling is complex and its role in breast cancer metastasis is not 

yet understood - shedding light on this role will help the development of novel therapies 

(Saha Roy & Vadlamudi, in press).  In this study, significant SNP and CN variants that 

mapped to genes whose functions centered on the activity of the oestrogen receptor 

were found in both cfDNA and tumour DNA.  This is of high interest, considering that 

the majority (~70%) of breast cancers are ER-positive (Koyama et al., 2010; Hicks et 

al., 2012, and Saha Roy & Vadlamudi, in press) and 65-70% of primary tumours retain 

an ER-positive status at distant metastatic sites (Saha Roy & Vadlamudi, in press). 

 

In tumour, of the exonically-affected genes, one stood out as warranting further 

attention - i.e. DNAJC7.  An exon within this gene harboured a deletion in 97.5% of the 

breast tumours analysed in the on follow-up group.  This protein is a co-chaperone that 

binds HSP 70 and 90 and it has been shown to reduce the activity of the ERα (encoded 

by ESR1) and ERβ (encoded by ESR2) (Schülke et al., 2010).  Thus, a deletion in an 

exon of this gene could result in a non-functional, translated protein that could result in 

a heightened activity of the ER, thereby providing one of the necessary steps through 

which the ER becomes oversensitised in certain breast cancers.  To further the case, 

ESR1 was itself both SNP- and CN-affected in on follow-up tumour DNA, with 

prevalences of 82.5% and 100%, respectively.  Although intronic, both variations could 

be alluding to more widespread variation within the ESR1 gene that could have strong 
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implications in cancer development and progression.  However, it is important to note 

that not all of these tumours were ER-positive.  Therefore, the alterations mentioned, 

while having high prevalences, are not correlated with receptor status. 

 

Arguably of most interest was ABL1, which was deleted in 75% of the relapsed 

final/second plasma cfDNA samples (T1N0 (T≤20mm) group).  Its related protein had 

been shown to interact with the ER and was associated with resistance to the ER 

antagonist fulvestrant (Zhao et al., 2011).  If a patient acquired resistance to this SERM, 

through deregulation of ABL1, it could affect other SERMs and thus position the patient 

in a state of vulnerability.  Although deleted in these cfDNA samples, it was amplified 

in each of the on follow-up tumour samples, perhaps giving a partial insight into the 

process through which the ER becomes resistant to therapy.  Moreover, it was the 

terminal exon of this gene that was amplified. 

 

Tied indirectly to the ER is the SNP overlapping LHCGR, which had a prevalence of 

92.5% in the tumour DNA samples of non-relapsed patients on follow-up.  A previous 

study found that a decrease in IGF1 resulted in a decrease in LH and oestrogen (Li et 

al., 2011), whereas another study reported a link between IGFR activation and that of 

the ER (Tomlinson et al., in press).  Taken together, this reflects interplay between the 

growth factors and hormone receptors in breast cancer, where alterations at the genomic 

and/or proteomic level could result in indirect effects on other genes/proteins. 

 

When honing in on just the relapsed tumour samples, a SNP was identified within 

DBC1.  Although the precise function of DBC1 is unknown, it was observed in breast 

cancer cells to bind ERα and promote the survival of the cancer, while at the same time 

repressing the function of the β receptor, which is normally involved in the mitigation of 

the mitogenic effects of oestrogen (Koyama et al., 2010).  Thus, DBC1 provides a 

double advantage for tumours to develop and progress through oestrogen signalling.  

The SNP genotype within the gene changed from BB (all lymphocyte) to AB (all 

matched tumour).  Additionally, Gaussian-estimated CN across this locus revealed 

deletion in all relapsed tumour DNA samples but none of the healthy lymphocytes.  

Considering that the SNP and deletion were only prevalent in the relapsed tumour 
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samples, a possible pre-disposition to recurrence within these tumour samples could 

have been elucidated. 

 

In cfDNA, BCAS3 was the only gene known to be related to oestrogen signalling that 

harboured significant SNPs, with a prevalence of 71% in the final cfDNA of the 

T>20mm/node-positive patients (genotype AA�AB and absent from matched 

lymphocyte).  A different SNP marker within the same gene was significant when 

comparing the pre-surgical 21 week cfDNA to matched tumour DNA (although in this 

case the SNP marker’s ‘no call’ implied that the locus was deleted).  BCAS3 is 

transcriptionally activated by MTA1 in a mechanism that requires ER (Gururaj et al., 

2006 and 2007).  MTA1 was already found in this study to belong to a commonly-

amplified CNV in tumour (Table 3-6 and Table 4-4) and cfDNA.  Thus, both BCAS3 

and MTA1 could be useful biomarkers in cfDNA. 

 

5.4.4 SNP is more conducive to variation than CNV 

The distribution between SNP and CNV in each breast cancer cfDNA signature created 

for the unaffected BRCA1 carriers, relapsed and non-relapsed patients on follow-up 

after surgery, and pre-surgical patients on neoadjuvant therapy (Table 5-3) indicates that 

SNPs are more conducive to variation in cfDNA than CNVs.  The most even 

distribution was observed in the unaffected BRCA1 carriers, but even here SNPs 

dominated, with 55% of the variation.  The most extreme example was the first plasma 

cfDNA of the relapsed patients, where SNPs contributed towards 99.7% of the 

variation. 

 

These findings could in part be due to the nature of SNP and CNV.  For example, SNPs 

affect just a single nucleotide, whereas CNV can affect from kilobases up to megabases 

(Scherer et al., 2007 and Grayson & Aune, 2011), with a minimum size generally 

accepted as being 1Kb (LaFramboise, 2009).  Thus, despite the fact that CNV is 

common in the healthy genome (Redon et al., 2006), it should be expected that SNP 

variation in any genome - cancerous or otherwise - will be more common than CNV.  

However, observing the distribution between these two types of variation, it can be 

inferred that genome-wide changes occurred between the first and second/final plasma 
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cfDNA samples of these patients on follow-up who relapsed and did not relapse, owing 

to the fact that - in both cases - the proportion of CNVs went from 0.3 to 12.44% and 1 

to 26.5%, respectively. 

 

5.4.5 Principal component analysis creates breast cancer cfDNA genetic 

signatures 

The Affymetrix SNP 6.0 microarray genotypes 906,600 SNPs and has 945,826 probes 

for detecting CNV across the human genome.  Thus, it is capable of building a genome-

wide ‘profile’ of a sample based on SNPs and CNVs.  Particularly, using the htSNP 

method described by Meng et al. (2003), PCA was capable of identifying sets of SNP 

and CN markers for the purpose of creating a cfDNA genetic signature of unaffected 

BRCA1 mutation carriers, breast cancer patients on follow-up who did and did not 

relapse, and pre-surgical breast cancer patients on neoadjuvant therapy (Table 5-3). 

 

The derived markers for the relapsed patient group’s cfDNA are important because the 

final sample taken from each patient was the one taken before relapse.  It had previously 

been shown by Gangnus et al. (2004) that different genetic changes can occur with 

progressive micrometastases from solid tumours, thus any changes in the blood plasma 

of these patients could be reflective of a tumour metastasising.  For the first cfDNA 

sample, 66.96% of the markers were redundant and eliminated through the htSNP 

method (Table 5-3).  This left 16,936 markers that comprised the genetic signature and 

that were capable of describing >85% of the variation amongst these samples.  

However, for the final cfDNA samples, just 3,399 markers were capable of achieving 

the same.  Thus, the final plasma cfDNA samples were a more homogenous group than 

their matched first samples. 

 

The reverse was seen for the breast cancer patients on follow-up who did not relapse.  

The final cfDNA genetic signature required more markers than that of the first cfDNA 

(22,532 compared to 19,606) (Table 5-3).  Thus, the final cfDNA samples were more 

heterogeneous than the first. 
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A much smaller number of markers (580) were derived for the unaffected BRCA1 

carrier cfDNA signature.  This suggests that the cfDNA samples of these women are a 

homogenous group and do not differ greatly from those of healthy controls (which were 

used as the baseline comparison). 

 

5.4.5.1 Genetic signatures are highly defined and narrow 

Having too few or many markers when screening patients can affect sensitivity and 

specificity.  Additionally, if different types and stages of cancer were to be 

distinguished by the same test, the markers employed would have to uniquely identify 

each stage.  In this study, the narrowness of each derived signature was evidenced by 

the percentage of overlapping markers found between each.  There was no marker 

common to all 3 sample groups when focussing on neither the first (Figure 5-2A) nor 

second (Figure 5-2B) plasma cfDNA samples.  This suggests that these sample groups 

were of different natures/origins, as the variation amongst them was described by 

independent sets of markers, and is a useful finding for classification purposes. 

 

Also, the relapsed patients’ samples seemed to segregate more when going from the 

first to the final cfDNA samples:  For the first cfDNA samples, there were 16.7% and 

3.2% overlapping markers with the non-relapsed patients on follow-up and the 

unaffected BRCA1 carriers, respectively.  However, for the final cfDNA samples, the 

corresponding amount of overlap was 0.9% and 0%.  Thus, the relapsed cfDNA genetic 

signature became more dissimilar from the non-relapsed on follow-up patients and 

unique from the unaffected BRCA1 carriers.  These could be the changes that are 

involved in relapse. 

 

Classifying these samples through hierarchical clustering using the derived sets of 

markers revealed that they are useful for distinguishing between these groups when 

focussing on the first cfDNA samples (Figure 5-4A).  In this case, however, the relapsed 

patients’ samples did not cluster on their own, instead being arbitrarily distributed in the 

dendrogram structure amongst those of the other patients on follow-up.  Also, in this 

instance, the healthy control and unaffected BRCA1 carriers’ samples clustered tightly 

and separately, highlighting their respective homogeneity. 
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When focussing on the final cfDNA samples, the relapsed samples clustered more 

tightly together, again indicating an increase in their homogeneity and segregation from 

the other samples (Figure 5-4B).  Although the healthy control cfDNA cluster featured 

3 of the relapsed samples in this instance, there were 5 further branches off this cluster 

before these 3 relapsed samples were reached.  Interestingly, amongst these relapsed 

samples were grouped 8 samples from the primary breast cancer patients who had not 

relapsed.  This could indicate that these 8 women were at risk of recurrence. 

 

There was also one relapsed sample that did not cluster with the others - this was taken 

from a patient who had a second primary, and who carried a BRCA2 mutation, but was 

grouped with the relapsed cohort for simplicity. 

 

The height of the lines in each of these dendrograms between each of the on follow-up 

cfDNA samples highlights a general heterogeneity between these samples, whereas the 

short lines for the healthy controls and unaffected BRCA1 carriers highlights more 

homogenous groups of samples.  The line-heights are also reflective of the method 

employed - i.e. complete linkage - which looks for greatest distance between samples.  

Single linkage, conversely, searches for the shortest distance. 

 

 

5.5 Conclusion 

The overall picture that has been painted is that tumour DNA is afflicted with numerous 

SNP and CN mutations that affect key genes in cancer, many related to the oestrogen 

receptor and its signalling pathways.  The high prevalences of these markers point to 

mutation ‘hot spots’ in the breast cancer genome.  Were they at low prevalences, one 

could put it down to isolated mutational events, but their commonality implies 

oncogenic potential.  Moreover, through the analysis of cfDNA, these mutations could 

also be detected. 

 

The diagnostic and prognostic potential of cfDNA through the creation of a genetic 

signature has also been shown.  The derived markers could be incorporated in tandem 
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on a single custom assay (similar to a microarray) and then used to screen patients in the 

future at low cost and with short processing time. 

 

Also, a strong indication has been made that the primary tumour of patients can give 

clues as to their metastatic potential.  The primary tumours of the relapsed patients 

exhibited 3 deletions that could be key in deciding which patients were more likely to 

relapse:  complete loss of a region within TP63 and LOH within DBC1 and DEC1.  

TP63-negative tumours would metastasise more frequently (Graziano & De Laurenzi, 

2011), while DEC1 provided increased motility of cells (Kunimoto et al., 2011).  

Concurrently, DBC1 would be encouraging the proliferative effects of oestrogen by 

heightening the activity of ERα and diminishing the protective effects of ERβ (Koyama 

et al., 2010). 

 

 

5.6 Future studies 

Future studies are essential in order to define the role that variation within certain genes 

related to oestrogen signalling has in breast cancer development and progression.  Such 

SNP and CNVs found in this study could be useful as diagnostic and prognostic 

biomarkers, including that of disease recurrence.  The deletions within DNAJC7 and 

DBC1, for example, could result in an increase in ER activity and promote cell survival, 

whereas the amplification of the terminal exon of ABL1 could be a necessary step 

through which a tumour must pass en-route to resistance to therapy.  In cfDNA, BCAS3 

and MTA1 were identified as useful biomarkers, but the results are not clear-cut.  

Focussing on ERβ as a therapeutic target in order to heighten and foster its tumour 

suppressive functions is also encouraged. 

 

Future work is also encouraged to determine the role that each gene found to harbour a 

significant SNP or CN markers plays in breast cancer (Table 8-2).  In this study, only 

those genes already-known to be involved in cancer and its known molecular pathways 

were the focus.  It could be that many in the complete list of genes are putative 

oncogenes with critical roles in breast cancer. 
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6 MICROARRAY DATA VALIDATION 
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6.1 Overview 

The focus of this chapter is to validate the results produced in previous chapters through 

the analysis of both test and independent sample-sets using qPCR.  The utility and 

reproducibility of this microarray technology is also tested by making comparisons of 

the data to other studies of a similar nature. 

 

 

6.2 Introduction 

There are large differences between microarray analysis program and their associated 

algorithms.  For example, a 91% agreement was found between Birdsuite, a program 

that also utilises the Birdseed algorithm (Broad Institute, 

http://www.broadinstitute.org/mpg/birdsuite/index.html/), and quantitative PCR 

(qPCR), whereas only 76% agreement was found between qPCR and Partek® 

Genomics Suite™ (Partek Inc., http://www.partek.com/) (Grayson & Aune, 2011).  The 

highest agreement between each was found when the copy number (CN) state was 2 

(i.e. - normal).  Therefore, a reference or standardised method of data analysis and 

validation are needed.  The current preferred method for microarray validation is qPCR 

(Grayson & Aune, 2011).  However, it is unfeasible from a financial and time point of 

view to use qPCR to validate an entire genome’s worth of microarray data. 

 

 

6.3 Aims 

The aim of this chapter was to analyse key alterations identified by the Affymetrix SNP 

6.0 microarray as data validation.  This was achieved through focussing on different 

variants - single nucleotide polymorphisms (SNPs) and copy number variations (CNVs) 

- in the genome and comparing their values to those derived through independent 

methods (such as real time qPCR) or other studies. 

 

 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page 209 

 

6.4 Results 

6.4.1 Examples of known genomic regions of variance 

The Affymetrix SNP 6.0 microarray genomic profiling was capable of identifying 

numerous known regions of variance.  For example, CCL3L1 at 17q12, which was one 

of the common amplified CNVs in the pre-surgical breast cancer patients (Table 4-4), is 

known to have variable CN in the general population, ranging from 1-10 (Field et al., 

2009).  The microarray also reported variation at 5q13.2 and 10q11.22.  5q13.2 

harbours a 500Kb inverted duplication and is prone to rearrangements and deletions 

(Huang et al., 2010 and Wang & Dreyfuss, 2001).  10q11.22 harbours a segmental 

duplication that affects a protein tyrosine phosphatase, designated PTPN20A and 

PTPN20B, with ‘B’ resulting from a duplication of ‘A’ (a third copy, PTPN20C, is only 

partially-duplicated) (Pruitt et al., 2005).  Other detected regions included 7q11.23, 

which has an associated duplication syndrome (Mervis, 2008), 15q25.2, which shows 

trisomy in autism (Bonati et al., 2005), and 16p12.3, which is also known to harbour 

duplication (Pruitt et al., 2005). 

 

6.4.2 ERBB2 gene amplification 

The ERBB2 receptor is overexpressed in approximately 20% of breast cancers, mainly 

as a result of gene amplification (Mukohara, in press), and can dictate the course of 

patient treatment (Awada et al., in press and Bayoudh et al., 2012).  The ERBB2 status 

was known for the primary tumour of the 50 patients on follow-up analysed in this 

study (Table 2-1).  Thus, it was possible to compare the CN output for ERBB2 by 

Affymetrix SNP 6.0 and real-time qPCR against immunohistochemistry (IHC)1.  The 

qPCR assay targeted exon 16.  However, as the CN probe density for this exon was low, 

caution must be exercised when interpreting this data. 

 

Figure 6-1A and B show amplification and deletion for the ERBB2 gene interval in 

ERBB2-positive and -negative patients, respectively, by both qPCR and IHC.  In the 

                                                 
1 Quantification by IHC is often subjective and prone to inter-observational bias (Taylor & Levenson, 

2006). 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page 210 

 

two ERBB2-positive tumours, amplification was observed surrounding the targeted 

exon, while in the ERBB2-negative patients, no amplification was seen.  In one 

ERBB2-negative patient, however, amplification of the region was picked-up in the 

second cfDNA sample, which might suggest an acquired genomic change. 

 

Figure 6-1 - Affymetrix SNP 6.0 CN state for the ERBB2 gene interval in patients on follow-up.  

Two ERBB2-positive (A) and -negative (B) patients by real-time qPCR and IHC are shown.  Each 

vertical bar represents one CN marker (or consecutive markers) and values are as inferred by the 

colour-scale (at top).  The exons and introns of the ERBB2 gene are indicated at the bottom of the 

diagram, with exon 16 marked in red.  L, lymphocyte; P1 and P2, first and second plasma cfDNA, 

respectively; T, tumour. 
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6.4.3 Analysis of commonly-amplified CNVs by qPCR 

Five of the common CNVs (Table 3-6 and Table 4-4) were excluded from further 

analysis due to having a low marker density:  5q13.2, 7p11.2, 7q11.21, 9q12, and 

14q11.1.  Two assays were initially designed to map to the CNVs at 4q13.2 and 

16p12.3, and tested by real-time qPCR.  Amplification (relative quantitation>1.5) at 

4q13.2 (38%) and 16p12.3 (94%) was detected in an independent cohort of patients that 

included 37 unamplified (non-whole genome amplification (WGA)) formalin-fixed 

paraffin-embedded (FFPE) tumour DNA samples, with little amplification detected in 

normal lymphocyte DNA samples from the patients on follow-up (Figure 6-2A). 

 

Separately, matched, unamplified, first and second plasma cfDNA from 40 of the 

patients on follow-up also showed amplification (45 and 20%, at 4q13.2, and 67.5 and 
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37.5%, at 16p12.3, for first and second cfDNA, respectively) that was scarce in the 

matched normal lymphocyte DNA (Figure 6-2B). 

 

Figure 6-2 - Real-time qPCR scatter-plots for common CNVs at 4q13.2 and 16p12.3.  Normal 

diploid CN was seen in lymphocyte DNA, while some tumours (independent cohort) exhibited 

amplification (A).  Amplification was also observed in some cfDNA samples (B).  L, lymphocyte; P1 

and P2, first and second plasma cfDNA, respectively; T, tumour. 
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6.4.4 Comparison to other studies 

The CN of the LMTK3 gene, which was identified as a potential oncogene by a 

collaborator (Giamas et al., 2011), was measured in order to highlight the prospective 

use of the microarray data to confirm existing - or elucidate new - results.  Comparison 

of CNV regions identified in this study with those of two others of similar natures 

(Naylor et al., 2005 and Bae et al., 2010) was also performed in order to highlight 

reproducibility in independent data-sets using separate methods (aCGH). 

  

6.4.4.1 LMTK3 as a potential oncogene 

The LMTK3 gene was recently suggested to be a potential novel breast cancer oncogene 

with a significant role in the ERα response to therapy (Giamas et al., 2011).  Using 

Gaussian-smoothed CN values of >2.5 and <1.5 as thresholds for amplification and 

deletion, respectively, there was no amplification or deletion identified in any of the 

normal lymphocyte DNA samples of the 50 patients on follow-up, or in the lymphocyte 

DNA and cfDNA of healthy controls.  However, the 3' (distal) end of the gene was 

amplified in 32.5% of the primary tumour DNA samples (total=40) and the entire gene 

was amplified in 12.5%.  Moreover, this tumour-specific amplification was also present 

in 20% of the first cfDNA samples and 25% of the second (taken an average of 6 and 9 

years after surgery, respectively) (Figure 6-3).  Comparing primary tumour and matched 

cfDNA samples, the results agreed for 60% of first cfDNA and 52.5% of the second.  A 

small percentage of the cfDNA samples (4% of the first and 2% of the second) also 

showed deletion at the 5' end of the gene (Table 6-1). 

 

Twenty-five of the patients on follow-up were receiving tamoxifen and 6 went on to 

relapse.  By first filtering-out markers of difference between the first and final cfDNA 

samples of these 25 patients (which was the sample taken closest to the time of relapse 

in the 6 patients who relapsed) - and then applying Gaussian-smoothing on the reduced 

number of markers - significant amplification (p<0.0001) in ESR1 and LMTK3 was 

revealed in the final cfDNA samples that was not seen in the first (manuscript in 

preparation). 
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Figure 6-3 - LMTK3 gene interval for two on follow-up patients.  Each vertical bar represents one 

CN marker (or consecutive markers) and values are as inferred by the colour-scale (at top).  The 

exons and introns of the LMTK3 gene are indicated at the bottom of the diagram.  L, lymphocyte; 

P1 and P2, first and second plasma cfDNA, respectively; T, tumour. 
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 Patient ID L T P1 P2 

T
1

N
0

 (
T
≤

2
0

m
m

) 

1 - - - - 
2 - NA - 5’ 3’ up 
5

R
 - 3’ up - - 

6 - - - - 
7 - 5’ 3’ up - 5’ down 
8 - NA 3’ up - 

10
R
 - NA 5’ up - 

11 - 3’ up - - 
13 - - - - 
14

R
 - 5’ 3’ up 5’ down - 

15
R
 - 3’ up - - 

16 - - - - 
17 - NA - - 
18 - - - - 
19 - 3’ up - - 
20 - - - - 
22 - NA - - 
26 - - 3’ up - 

T
>

2
0

m
m

/n
o

d
e-

p
o

si
ti

v
e
 

9 - - 5’ down 5’ 3’ up 
23 - - - 5’ 3’ up 
24 - NA - - 
25 - - 3’ up - 
27 - - - 3’ up 
30

R
 - 3’ up - - 

33
R
 - NA - - 

34 - 5’ 3’ up - - 
35 - 3’ up - - 
36 - - - - 
37 - NA - 5’ 3’ up 
38 - - - - 
39 - - - - 
40 - - - - 
41 - NA - - 
42

R
 - NA - - 

43 - - - - 
44 - - - - 
45 - - 5’ 3’ up 3’ up 
47 - - - - 
48 - - - - 
49 - 3’ up 3’ up - 
51 - - - 3’ up 
52 - - - - 
53 - - - - 
54 - - 3’ up - 
55 - - - 3’ up 
56

R
 - - - - 

59 - 5’ 3’ up 3’ up - 
61 - 3’ up - - 
62 - - - 3’ up 
64 - 5’ 3’ up - 3’ up 

Table 6-1 - Copy number of LMTK3 gene interval in the patients on follow-up.  ‘Up’ denotes 

CN>2.5; ‘down’ denotes CN<1.5.  L, lymphocyte; P1 and P2, first and second plasma cfDNA, 

respectively; T, tumour; NA, no sample available; Superscript ‘R’ denotes relapsed patient. 
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6.4.4.2 Comparison to aCGH data of breast primary tumour and blood 

The Affymetrix SNP 6.0 data were also compared with the findings of a separate study 

by Bae et al. (2010).  Using a threshold of CN>6.0 for amplification and <1.0 for 

deletion, good correlation was found:  60.9% of the cytobands identified by Bae’s group 

as showing amplification in tumour (total=46) exhibited amplification in the tumour 

DNA samples of the patients on follow-up in this study, while the figure for deletions 

(total=11) was 45.5% (Table 6-2). 

 

In the on follow-up group’s plasma cfDNA samples, the correlation with cytobands 

identified in blood by Bae’s group was 52.9% for amplifications (total=70) and 100% 

for deletions (total=16) in first plasma cfDNA, while corresponding figures for second 

plasma cfDNA were and 78.6 and 100% (Table 6-3). 
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Amplification Deletion 

Cytoband 

(frequency) 

n=30 

On follow-up tumour 

n=40 

Cytoband 

(frequency) 

n=30 

On follow-up tumour 

n=40 

1q23.1 (47) 2.5 3p21.31 (17) 7.5 
2p11.2 (37) 25 4q35.2 (20) 5 
3q21.3 (50) 2.5 6p25.3 (17) 5 
3q27.1 (33) 2.5 22q11.1 (17) 30 

7q11.23 (40) 100 22q11.21 (37) 87.5 
8q24.3 (67) 2.5   
9p12 (37) 55   

10q22.3 (37) 22.5   
11p15.5 (60) 2.5   
11p15.4 (40) 5   
11p11.2 (40) 2.5   
11q12.3 (43) 2.5   
11q23.1 (33) 5   

12p13.31 (60) 2.5   
12q21.2 (33) 5   
15q11.2 (37) 57.5   
15q12 (33) 2.5   

15q25.2 (33) 85   
16p11.2 (37) 50   
17p13.3 (47) 2.5 

  
17p11.2 (43) 7.5 

  
17q12 (43) 2.5 

  
17q21.2 (37) 2.5 

  
17q25.3 (60) 2.5 

  
19p13.3 (53) 90 

  
19p13.11 (50) 2.5 

  
Xp11.22 (47) 2.5 

  
Xq23 (37) 2.5 

  

Table 6-2 - Frequencies of amplification/deletion (%) for cytobands identified by Bae et al., (2010) 

in tumour.  Amplification and deletion was based on a threshold of CN>6.0 and <1.0, respectively, 

by Gaussian-smoothed signal. 
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Amplification Deletion 

Cytoband 

(frequency) 

n=30 

On follow-up P1 

n=50 

On follow-up P2 

n=50 

Cytoband 

(frequency) 

n=30 

On follow-up P1 

n=50 

On follow-up P2 

n=50 

1p36.13 (40) 4 4 1q44 (17) 38 38 
1p36.12 (43) 2 2 2p25.3 (17) 52 36 
1p35.1 (43) - 2 2q37.3 (23) 60 40 
2p13.1 (47) - 6 3p26.3 (17) 28 38 
2p11.2 (37) 28 46 5q13.2 (20) 52 40 
3p22.1 (33) - 2 6p25.3 (20) 50 60 
3q21.3 (50) - 4 7q22.1 (20) 32 42 
4p16.3 (50) - 2 10q11.22 (27) 92 96 
5p15.33 (57) - 4 11q25 (20) 6 6 
5p13.3 (57) 2 8 13q34 (20) 78 78 
5q33.1 (40) 2 - 14q32.33 (27) 42 32 
7q11.23 (40) 42 76 16q21 (17) 18 18 
7q36.3 (33) - 4 18p11.32 (27) 88 80 
8p21.2 (37) 2 4 21q21.1 (17) 32 34 
8q24.3 (67) 2 2 22q11.1 (23) 22 6 
9p12 (37) 50 68 22q11.21 (47) 62 2 

10p15.3 (37) 2 2 
   

10q22.3 (37) 10 20 
   

10q26.3 (37) 4 8 
   

11p15.4 (40) 8 14 
   

11p11.2 (40) 4 8 
   

11q12.3 (43) 2 - 
   

11q23.1 (33) 4 2 
   

11q23.3 (37) 2 - 
   

12p13.33 (40) - 6 
   

12p13.31 (60) 2 6 
   

12q13.13 (33) - 6 
   

12q21.2 (33) 2 4 
   

14q32.12 (43) - 2 
   

15q11.2 (37) 16 32 
   

15q12 (33) - 6 
   

15q25.2 (33) 42 60 
   

16p13.3 (53) - 2 
   

16p11.2 (37) 22 60 
   

16q22.1 (40) 2 4 
   

16q24.1 (43) - - 
   

16q24.3 (37) 10 6 
   

17p13.3 (47) - 2 
   

17p13.2 (33) - 4 
   

17p12 (37) 2 2 
   

17p11.2 (57) 2 8 
   

17q11.2 (57) - 4 
   

17q12 (43) 4 8 
   

17q21.2 (37) - 4 
   

17q21.32 (43) 2 4 
   

17q25.3 (60) - 6 
   

18q23 (33) - 2 
   

19p13.3 (53) 58 82 
   

19p13.11 (50) 2 8 
   

19q13.2 (37) 4 4 
   

19q13.33 (37) - 2 
   

19q13.43 (37) - 2 
   

20p12.2 (33) 
 

6 
   

20q13.12 (33) 2 - 
   

20q13.33 (53) - 2 
   

22q12.2 (63) - 2 
   

22q13.31 (50) 2 4 
   

22q13.33 (50) 2 - 
   

Xp11.23 (33) - 8 
   

Xp11.22 (47) 4 8 
   

Xq23 (37) 4 12 
   

Table 6-3 - Frequencies of amplification/deletion (%) for cytobands identified by Bae et al., (2010) 

in blood.  Amplification and deletion was based on a threshold of CN>6.0 and <1.0, respectively, by 

Gaussian-smoothed signal.  P1 and P2, first and second plasma cfDNA, respectively. 
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6.4.4.3 Comparison to aCGH data of breast primary tumour and cancer cell-line 

Comparisons were also made to a separate aCGH study (Naylor et al., 2005).  

Numerous amplified and deleted genes were common (Table 6-4).  In addition, 

although Naylor et al. (2005) identified 8p23.1 as a region of hemizygous loss, it was 

identified as a region of common amplification in this study (Table 3-6 and Table 4-4). 

 

Amplification Deletion 

 (Naylor et al., 2005) 

Current study 

 (Naylor et al., 2005) 

Current study 
Gene 

Primary 

tumour 

n=47 

Cell line 

n=18 
Genes 

Primary 

tumour 

n=47 

Cell line 

n=18 

BRCA1 34 44 

Amplification in T1N0 

(T≤20mm) relapsed final 

plasma cfDNA (Table 5-2) 

RB1 26 50 
SNP in on follow-up tumour 

(Table 5-2) 

EXT1 32 78 
SNP in on follow-up 

tumour (Table 8-2) 
CYLD 26 61 - 

TSC1 32 44 - MAP2K4 23 28 - 

EP300 30 39 - PTCH1 19 33 

Deletion in T<20mm/node-

positive non-relapsed final 

plasma cfDNA (Table 5-2) 

TSC2 30 22 - CDKN2A 17 39 

SNP in pre-

surgical/NeoCEnT tumour 

(Table 8-2) 

NF2 28 39 - APC 14 22 - 

SMARCB1 28 56 - MLH1 13 44 - 

CDH1 21 61 -1 PTEN 11 39 
Deletion in on follow-up 

tumour (Table 5-2) 

MEN1 19 39 - BRCA2 9 28 - 

STK11 13 18 

Commonly amplified CNV 

at 19p13.3 (Table 3-6 and 

Table 4-4) 

MSH2 9 17 - 

Table 6-4 - Top 10 amplified and deleted tumour suppressor genes reported by Naylor et al. (2005) 

and their correlation to findings in this study from on follow-up tumour.  For Naylor et al. (2005) 

data, frequencies of amplification/deletion (%) are shown. 

 

 

                                                 
1 CDH12 and 13 harboured SNPs in tumour (Table 8-2). 
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6.5 Discussion 

The aim of this chapter was to analyse key alterations identified by the Affymetrix SNP 

6.0 microarray as data validation.  This was achieved through focussing on different 

variants - SNPs and CNVs - in the genome and comparing their values to those derived 

through independent methods (such as real time qPCR) or other studies. 

 

6.5.1 Real-time qPCR validates microarray results 

Through real-time qPCR, the microarray results were validated by focussing on two 

common CNVs that were amplified in a high proportion of tumour DNA and cfDNA 

samples by Affymetrix SNP 6.0.  In addition, these amplifications were confirmed in an 

independent tumour series (Figure 6-2A), alluding to potential role for these two CNVs 

in breast cancer.  Little amplification was detected in normal lymphocyte DNA, while 

some was detected in matched first and second plasma cfDNA (Figure 6-2B).  In these 

experiments, unamplified DNA was used for qPCR, whereas WGA DNA was used in 

the microarray, which confirms the efficiency and unbiased nature of the WGA process. 

 

6.5.2 LMTK3 is involved in resistance to therapy 

Giamas et al. (2011) deduced that LMTK3 helped to ‘switch on’ the cellular response to 

oestrogen, thereby counteracting the effect of the ER antagonist tamoxifen.  This was 

shown through an in vivo mouse xenograft model where tumour growth inhibition by 

LMTK3-siRNA and tamoxifen therapy was observed.  So, LMTK3 knockdown allowed 

the tumour to respond to the therapy.  Overall this suggests that the oncogenic activation 

of LMTK3 in breast cancer has two important roles:  1) it promotes tumour growth; and 

2) it is one possible route to endocrine resistance. 

 

In this study, amplification observed in the LMTK3 gene interval was of interest and the 

results overall showed that many patients had specific CN changes within this gene that 

were detectable in cfDNA.  Moreover, some of these changes mirrored those observed 

in the matched primary tumour (Figure 6-3) and persisted over a number of years, 

despite some of the patients having received adjuvant therapy.  These data support 

previous findings in this study that revealed the persistence of tumour-associated CNVs 
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in the first and second plasma cfDNA samples years after surgery and treatment, despite 

the fact that patients had no clinically-evident recurrent disease (Shaw et al., 2012). 

 

Significant amplification (p<0.0001) in ESR1 and LMTK3 was detected in the cfDNA 

samples of the 6 patients who relapsed while on tamoxifen therapy, and may suggest a 

mechanism leading to tamoxifen resistance and endocrine therapy in general.  The 

amplification observed was most likely subtle in origin as it was only detected when 

applying Gaussian-smoothing on filtered-data and did not appear in Table 6-1, which 

was based on unfiltered data. 

 

The response to tamoxifen involves many genes and pathways, and approximately 50% 

of ER-positive cancer patients fail to respond to endocrine therapy, while some who do 

initially respond later develop resistance (Hicks et al., 2012).  Tumour cells that persist 

in a dormant state in micrometastatic deposits may be under selective pressure to 

harbour mutations that permit them to ‘resist’ the therapy being applied and to later 

relapse.  Amplifications in ESR1 and LMTK3 are 2 possible milestones on this path to 

relapse. 

 

In relation to this, a previous study identified a signature of genes exhibiting significant 

differences between tamoxifen-treated and non-treated patients, including SNPs in 

ABCC4, ESR1, GRIK1, and RB1 (Hicks et al., 2012).  They also found that ESR1, MCC, 

and WWOX were up-regulated, whilst GRIK1, RB1, and two XRCC genes were down-

regulated, when just looking at the treated patients.  Each of these genes was also 

identified in this thesis through principal component analysis as potential cancer 

biomarkers (Table 5-2). 

 

6.5.3 Microarray can serve as a retrospective and prospective tool 

It was possible to interrogate the microarray data to retrospectively confirm results of 

previously-published studies, including those of Naylor et al. (2005), Bae et al. (2010), 

and Giamas et al. (2011).  Conversely, the data also served as a prospective tool for 

building new hypotheses.  For example, the successful analysis of the LMTK3 gene has 
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formed a new collaboration with Professor Justin Stebbing at Imperial College London 

and has provided data for a forthcoming publication. 

 

The Affymetrix SNP 6.0 data is continually being mined as research collaborators search 

for clues and evidence that back-up their own hypotheses or independent data sets.  As a 

further example, two genes previously identified as having roles in ovarian cancer - 

OPCML (Sellar et al., 2003) and WWOX (Paige et al., 2001 and Gourley et al., 2005) - 

have been analysed for Professor Hani Gabra at Imperial College London as potentially 

having prognostic and predictive roles in breast cancer. 

 

 

6.6 Conclusion 

To conclude, it has been demonstrated that Affymetrix SNP 6.0 microarray technology is 

capable of describing true SNP and CNV in both cancer and healthy tissue, and that it 

serves as a useful platform for comparison to other approaches.  Moreover, it has been 

confirmed that variation found in cfDNA detected by microarray can be validated by 

real-time qPCR for a number of candidate markers. 
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7 CONCLUSIONS AND FUTURE DIRECTION 
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The aim of this thesis was to test these two related hypotheses using bioinformatics to 

analyse/interrogate Affymetrix SNP 6.0 microarray data and compare cfDNA extracted 

from blood plasma with matched lymphocyte and tumour DNA (where available). 

 

 

7.1 Illuminating the breast cancer genome 

Through various analytical approaches, snapshots of genome-wide breast cancer 

variation have been illuminated in this thesis.  This variation included:  1) the 23 

common and highly-amplified CNVs in cfDNA and tumour of the patients on follow-up 

(Table 3-6) (21 in the NeoCEnT cohort (Table 4-4)); 2) the suite of derived markers that 

acted as genetic signatures for the cfDNA of unaffected BRCA1 mutation carriers and 

primary breast cancer patients who did and did not relapse (Table 5-3); and 3) the 

complete list of genes that were significantly altered by SNP and/or CNV based on PCA 

comparisons (Table 5-2 and Table 8-2). 

 

7.1.1 Common CNVs and the cfDNA genetic signatures may have utility in the 

clinical setting 

The combination of the common amplified CNVs and the cfDNA genetic signature may 

have great potential in the clinical setting.  The markers comprising the signatures were 

shown to segregate cfDNA of healthy controls, unaffected BRCA1 mutation carriers, 

and primary breast cancer patients on follow-up who did and did not relapse, whilst the 

common CNVs could serve as a baseline (or ‘safeguard’) for the presence or absence of 

cancer. 

 

The common amplifications were screened to include only those that had a copy 

number greater than 6.  They exhibited high prevalences in both cfDNA and tumour, 

with 8 of these having prevalences of >90% in the tumour DNA of on follow-up 

patients (Table 3-8), indicating their importance in breast cancer.  Also, by focussing on 

these CNVs, it was shown that tumour-specific alterations persisted in the plasma 

cfDNA of breast cancer patients up to 12 years after surgery to remove the primary 

tumour (Figure 3-14).  These CNVs have potential as diagnostic markers for cancer 

through the analysis of cfDNA (Figure 7-1). 
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The markers comprising the genetic signatures were derived through PCA using the 

method by Meng et al. (2003) and were capable of segregating the different cfDNA 

sample groups through hierarchical clustering (Figure 5-4), thus highlighting their 

utility for classifying any sourced cfDNA sample into a particular grouping and 

showing their diagnostic and prognostic potential (Figure 7-2).  Principal component 

analysis was also used to arrive at lists of genes within which were contained SNPs or 

CNVs that different significantly between different sets of samples.  Many of the 

affected genes had known roles in cancer and related to the oestrogen receptor and its 

signalling pathways.  Also, the high prevalences of the variants mapping to these genes 

pointed to mutation ‘hot spots’ in the breast cancer genome. 

 

Figure 7-1 - Common and amplified CNVs to be screened for through plasma cfDNA as a 

diagnostic and prognostic tool for cancer.  Each CNV is listed under its respective chromosome. 
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Figure 7-2 - Number of markers previously shown (Figure 5-4) to be capable of distinguishing the 

cfDNA of healthy controls, unaffected BRCA1 mutation carriers, and patients on follow-up who did 

and did not relapse for the first (A) and second (B) plasma cfDNA.  The second plasma cfDNA 

markers have more utility at distinguishing relapsed patients due to these samples having been 

taken closer to time of relapse than their first.  Also shown is the number of markers derived for 

the time-point plasma cfDNA samples of the pre-surgical/NeoCEnT breast cancer patients on 

neoadjuvant therapy (C). 
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7.1.2 Genes significantly-different through PCA can be used as panel of cancer 

biomarkers 

Alternatively, one could solely focus on the list of genes that were significantly altered 

in the primary tumour DNA samples (Table 5-2) and to investigate each of these as 

potential biomarkers.  The most important cost elements in cancer are that of screening 

and treating advanced disease, thus it is important to find a way of diagnosing breast 

cancer at the earliest possible stage when therapy is most effective (Vainio et al., 2002).  

If a cheaper, non-invasive, and more sensitive and specific method of diagnosis existed 

that could detect breast cancer in its earliest stage, it would result in a reduction of 

breast cancer-related mortality.  It would also permit governments to replace existing 

screening programmes, which can be both costly and imperfect due to returning false-

negatives or -positives (Armstrong et al., 2007), whilst also offering it to wider age 

groups. 

 

Currently, Applied Biosystems™ Ion AmpliSeq™ Cancer Panel (Applied 

Biosystems™, http://www.appliedbiosystems.com/) searches for 739 mutations in 46 

genes known to be involved in cancer.  Using data from this study, the spectrum is 

widened to include 761 variants (571 SNP and 190 CNV) (Table 8-2) based on data 

from the tumour DNA of the patients on follow-up.  Many variants were also identified 

in the cfDNA circulating in blood plasma, some of which have been shown to be 
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tumour-specific.  However, the majority of these variants are yet to be tested.  More 

targets could be included in diagnostic and prognostic tests, but it becomes a battle 

between sensitivity, specificity, and cost. 

 

 

7.2 Missing heritability? 

Related to the variants unearthed in this study is the concept of ‘missing heritability’ in 

disease - i.e. the amount of variance associated with a disease that cannot be explained 

solely by heritable effects (Manolio et al., 2009).  Age-related macular degeneration, for 

example, has 5 identified loci that only account for 50% of the explained heritability 

(Maller et al., 2006), while corresponding figures for systemic lupus erythematosus are 

that 6 loci account for 15% of the heritability (International Consortium for Systemic 

Lupus Erythematosus Genetics et al., 2008).  A possible explanation for this missing 

heritability are de novo variants, such as much of the CNV found in this study, which 

accounted for more than two-fifths of the variation found in some cases (see section 

3.3.4.1) - these were CNVs that did not overlap with any listed in the Toronto database 

of genomic variants (Iafrate et al., 2004). 

 

In addition, it was noted in two other studies that more than 80% of disease-associated 

variants fell outside protein coding regions (Hindorff et al., 2009 and Manolio et al., 

2009), while in another, CNV affecting dosage-sensitive genes appeared to be 

negatively-selected by evolution (Schuster-Böckler et al., 2010).  These findings are 

backed-up by data in this thesis where, through PCA analysis, the majority of 

significantly-different markers mapped to introns.  It is possible that these have effects 

on disease phenotype and may also account for missing heritability in disease. 

 

 

7.3 Unresolved questions 

One question that remains pertains to the origin of circulating cfDNA.  A potential 

origin is circulating tumour cells (CTCs).  To elucidate this, CTCs would have to be 

extracted from blood and then compared to cfDNA extracted from the same patient.  

There are different methods for isolating CTCs from blood, each with positives and 
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negatives (Cristofanilli et al., 2004; Paterlini-Brechot & Benali, 2007; and Farace et al., 

2011), and it has already been strongly supported in this thesis that a representative 

human genome can be extracted as cfDNA.  It is possible that the cfDNA profile 

changes with the evolution of breast cancer in a person, long before cells become 

malignant, and that minute alterations detected in cfDNA represent the first signs of 

genomic instability in pre-cancerous cells. 

 

 

7.4 Conclusion and future direction 

To conclude, although the numbers of patients and controls analysed in this study were 

small, the results presented in this thesis have demonstrated that Affymetrix SNP 6.0 

analysis of cfDNA can distinguish between primary breast cancer patients and healthy 

controls, and between pre-surgical breast cancer patients and those who already had 

surgery and treatment.  High level CNV amplification was observed in matched tumour 

and cfDNA at numerous loci on different chromosome arms.  Moreover, these tumour-

specific CNVs were detectable in cfDNA up to 12 years after initial diagnosis of cancer 

in patients on follow-up.  This finding strongly infers breast cancer dormancy in the 

majority of the patients studied in this thesis.  A similar study involving a larger and 

independent cohort of patients is necessary to further support this. 

 

Hence, there is strong evidence from the data presented in this thesis that the analysis of 

circulating cfDNA by microarray technology can be a useful substitute to tumour 

biopsy.  The results, if validated in other series of patients and samples, would represent 

the first step on a long road that could offer real, translational potential and alter the 

diagnostic and prognostic landscape of breast cancer.  Therefore, one key goal of 

research in the future must be to develop methods of achieving this based on key 

SNP/CNV targets.  Future studies will therefore focus on developing high throughput 

approaches to target common CNVs for screening and monitoring.  A targeted chip 

could be developed to be loaded with a cfDNA sample extracted from the blood of the 

individual being tested.  In this scenario, the probe sequences included on the chip could 

be representative of those SNPs and CNVs that were identified as having significant 

involvement in breast cancer.  For example, the set of markers identified through PCA 
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that provided a genetic signature of the cfDNA of healthy controls, unaffected BRCA1 

mutation carriers, and primary breast cancer patients who did/did not relapse (Table 

5-3) could all be included on the chip to assist in screening and also in the adjuvant 

setting, potentially to infer those at risk of relapse.  The chip could also detect the 

commonly-amplified CNVs (Table 3-6 and Table 4-4) using a suite of CN probes that 

swept these particular intervals for high level amplification. 

 

Ultimately, the method for detecting genomic variation that offers the highest resolution 

is next generation sequencing (Van de Wiel et al., 2011 and Manolio et al., 2009).  

However, sequencing technologies are still in their infancy and are not yet ready for use 

in diagnostics (Meldrum et al., 2011).  Such methods also generate tremendous amounts 

of data - much more than microarrays - that equally require intensive interpretation.  For 

example, solely from pilot data, the 1,000 Genomes Project (The 1,000 Genomes 

Project Consortium, http://www.1000genomes.org/) has already discovered around 15 

million SNPs and 1 million insertions and deletions, but to what end?  Whole genome 

sequencing may merely provide another more expensive way of determining potential 

targets that then have to be examined, as usual, in the laboratory.  However, targeted 

sequencing could be a way forward if it can be developed to cover key somatic 

mutations and disease-causing SNPs/CNVs. 
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8.1 23 commonly-amplified intervals - additional information 

  

Healthy control Pre-surgical On follow-up 

L P P T P1 P2 T 

 n=8 n=8 n=15 n=15 n=50 n=50 n=40 

1p36.33 

Size 
84-762 
[343] 

106-482 
[294] 

151-274 
[212] 

207-624 
[335] 

72-531 
[270] 

84-500 
[266] 

146-298 
[244] 

Probes 
51-193 

[81] 
50-126 

[77] 
59-62 
[61] 

51-174 
[94] 

50-147 
[75] 

51-147 
[72] 

50-71 
[58] 

1p36.21 

Size 
49-711 
[116] 

39-928 
[149] 

45-636 
[109] 

42-634 
[220] 

40-1022 
[172] 

37-952 
[113] 

42-861 
[178] 

Probes 
50-176 

[77] 
50-129 

[77] 
50-124 

[65] 
60-108 

[77] 
50-248 

[76] 
50-212 

[68] 
51-77 
[60] 

1q21.1 

Size 
47-543 
[156] 

50-454 
[115] 

57-701 
[133] 

86-621 
[338] 

48-1054 
[200] 

46-679 
[164] 

88-607 
[175] 

Probes 
51-167 

[79] 
50-84 
[57] 

50-74 
[61] 

53-195 
[116] 

50-128 
[66] 

50-133 
[65] 

50-86 
[57] 

2p11.2 

Size 
62-1438 

[254] 
58-1202 

[170] 
45-1218 

[153] 
69-451 
[187] 

49-1317 
[220] 

32-1207 
[167] 

55-1327 
[232] 

Probes 
51-147 

[85] 
50-161 

[74] 
50-146 

[72] 
50-166 

[96] 
50-149 

[76] 
50-180 

[74] 
50-131 

[90] 

4q13.2 

Size 
43-543 
[166] 

50-745 
[163] 

45-555 
[157] 

63-835 
[400] 

49-652 
[163] 

37-626 
[163] 

61-595 
[386] 

Probes 
50-165 

[76] 
52-220 

[74] 
50-123 

[64] 
54-363 
[127] 

50-175 
[70] 

50-150 
[67] 

52-86 
[65] 

5p11 

Size 
3352-3645 

[3454] 
142-3379 

[2276] 
- 

216-3475 
[2348] 

196-3646 
[2785] 

103-3675 
[2215] 

268-320 
[291] 

Probes 
58-106 

[75] 
51-72 
[61] 

- 
51-100 

[69] 
53-106 

[70] 
50-115 

[67] 
60-65 
[63] 

5q13.2 

Size 
42-1660 

[314] 
42-212 
[101] 

63-191 
[106] 

44-301 
[141] 

45-600 
[108] 

34-1936 
[121] 

52-145 
[103] 

Probes 
51-78 
[59] 

50-114 
[65] 

50-122 
[69] 

50-118 
[75] 

50-117 
[66] 

50-117 
[64] 

51-72 
[57] 

7p11.2 

Size 
40-113 

[87] 
38-98 
[72] 

27-172 
[77] 

26-129 
[90] 

24-543 
[99] 

23-438 
[87] 

26-128 
[73] 

Probes 
51-137 

[82] 
60-96 
[82] 

50-90 
[61] 

55-110 
[79] 

50-189 
[71] 

50-188 
[68] 

51-107 
[67] 

7q11.21 

Size 
57-520 
[241] 

75-417 
[180] 

31-180 
[88] 

108-597 
[262] 

61-513 
[194] 

48-634 
[180] 

55-292 
[150] 

Probes 
51-212 

[77] 
50-137 

[78] 
50-134 

[67] 
55-133 

[98] 
51-160 

[70] 
50-128 

[63] 
50-74 
[58] 

7q11.23 

Size 
69-366 
[182] 

68-186 
[122] 

59-215 
[114] 

68-222 
[157] 

35-1085 
[171] 

36-1226 
[142] 

44-1232 
[261] 

Probes 
57-174 

[90] 
50-95 
[66] 

51-78 
[63] 

50-148 
[92] 

50-226 
[71] 

50-147 
[67] 

50-69 
[56] 

8p23.1 

Size 
25-475 

[87] 
25-356 

[88] 
22-365 

[82] 
30-464 
[123] 

21-714 
[103] 

22-949 
[100] 

22-361 
[86] 

Probes 
50-93 
[63] 

50-190 
[68] 

50-122 
[63] 

50-196 
88] 

50-146 
[66] 

50-205 
[66] 

50-70 
[57] 

9p11.2 

Size - 1522 
663-21784 

[4018] 
1503 

835-21570 
[7978] 

983-22860 
[13125] 

641-1503 
[976] 

Probes - 63 
58-108 

[75] 
52 

65-86 
[75] 

56-136 
[82] 

51-63 
[55] 
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9q12 

Size - 1363 
654-1142 

[970] 
1099 

76-2416 
[1230] 

508-1358 
[969] 

445-573 
[509] 

Probes - 70 
54-80 
[63] 

65 
51-71 
[59] 

50-81 
[59] 

56-60 
[58] 

10q11.22 

Size 
27-543 
[105] 

33-826 
[97] 

32-332 
[80] 

55-1073 
[210] 

27-865 
[110] 

26-832 
[115] 

31-801 
[146] 

Probes 
50-190 

[79] 
50-120 

[72] 
50-144 

[68] 
51-265 
[108] 

50-170 
[74] 

50-157 
[70] 

50-75 
[60] 

10q11.23 

Size 
51-133 

[84] 
42-265 

[80] 
27-115 

[71] 
41-131 

[84] 
21-272 

[84] 
19-469 

[89] 
25-281 

[98] 

Probes 
50-77 
[60] 

51-109 
[69] 

51-124 
[63] 

50-85 
[60] 

50-118 
[67] 

50-134 
[65] 

52-84 
[61] 

14q11.1 

Size 
314-1087 

[808] 
811-1321 

[1081] 
1004-1005 

[1029] 
630-970 

[800] 
563-1238 

[1013] 
563-1248 

[960] 
- 

Probes 
52-142 

[84] 
52-130 

[84] 
64-82 
[73] 

64-136 
[100] 

50-143 
[76] 

51-83 
[65] 

- 

14q11.2 

Size 
39-231 
[101] 

26-222 
[94] 

41-139 
[74] 

40-215 
[102] 

23-366 
[94] 

23-313 
[91] 

45-150 
[82] 

Probes 
50-146 

[78] 
50-149 

[68] 
50-110 

[61] 
50-148 

[79] 
50-321 

[72] 
50-286 

[71] 
50-80 
[60] 

14q32.33 

Size 
55-478 
[208] 

62-460 
[200] 

61-315 
[189] 

74-441 
[224] 

56-572 
[200] 

55-695 
[188] 

52-447 
[216] 

Probes 
51-174 

[76] 
51-171 

[80] 
51-144 

[71] 
50-164 

[83] 
50-240 

[74] 
50-268 

[72] 
50-149 

[77] 

15q11.2 

Size 
46-399 
[123] 

49-579 
[135] 

51-474 
[147] 

56-446 
[158] 

41-545 
[144] 

39-942 
[144] 

45-257 
[144] 

Probes 
50-194 

[74] 
50-139 

[73] 
50-96 
[65] 

50-133 
[68] 

50-212 
[76] 

50-174 
[73] 

50-98 
[64] 

15q25.2 

Size 
57-778 
[191] 

47-596 
[141] 

66-324 
[119] 

92-796 
[229] 

35-715 
[145] 

37-695 
[136] 

83-133 
[110] 

Probes 
50-139 

[79] 
50-91 
[63] 

50-98 
[64] 

53-107 
[80] 

50-141 
[67] 

50-161 
[64] 

50-69 
[57] 

16p12.3 

Size 
48-686 
[118] 

45-674 
[120] 

52-215 
[87] 

45-731 
[215] 

43-908 
[126] 

49-705 
[102] 

54-144 
[86] 

Probes 
50-125 

[71] 
53-128 

[75] 
50-194 

[64] 
53-246 
[127] 

50-262 
[75] 

50-230 
[71] 

50-95 
[60] 

16p11.2 

Size 
71-326 
[149] 

68-716 
[210] 

61-557 
[179] 

68-518 
[218] 

51-816 
[217] 

39-698 
[200] 

75-272 
[189] 

Probes 
50-84 
[59] 

50-86 
[60] 

50-92 
[62] 

51-138 
[76] 

50-142 
[64] 

50-115 
[64] 

50-69 
[60] 

19p13.3 

Size 
95-748 
[333] 

100-502 
[232] 

61-371 
[175] 

99-582 
[299] 

52-1158 
[240] 

52-903 
[230] 

63-297 
[163] 

Probes 
50-183 

[99] 
51-137 

[71] 
50-93 
[64] 

53-148 
[85] 

50-274 
[80] 

50-202 
[74] 

50-121 
[63] 

Table 8-1 - CNV size range (Kb) and marker density for 23 cytobands that exhibited a commonly-

amplified region (Table 3-6).  Amplifications and deletions for the entire cytoband containing the 

CNV were taken into account; mean shown in square-brackets; single values indicate the presence 

of just one CNV; absent values indicate no CNV.  L, lymphocyte; P, plasma cfDNA of healthy 

controls or pre-surgical breast cancer patients; P1 and P2, first and second plasma cfDNA of 

patients on follow-up, respectively; T, tumour. 

 

Personalis EX2155



Molecular analysis of circulating cell-free DNA in breast cancer patients 

Kevin Anthony Blighe 

___________________________________________________________________________________ 

Page IV 

 

8.2 Genomic aberrations 

Figure 8-1 - Gaussian-smoothed (smoothed points shown as coloured dots), CN output of NeoCEnT 

tumour samples.  Samples are colour-coded as follows: red, N1; yellow, N2; light-green, N3; dark-

blue, N6; beige, N7; dark-green, N8; light-blue, N10; pink, N11; brown, N12; purple, N14.  CN 

scale fixed to 0-4; chromosomes not to scale. 
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8.3 Eigenvectors and eigenvalues 

Common statistical measures include the mean ( X ) and standard deviation (σ).  

However, variance (var), which is merely the square of the standard deviation (σ2), and 

covariance (cov) can also be used.  To derive the eigenvectors and eigenvalues for a set 

of data, the covariance matrix must first be derived. 

 

The standard deviation and variance are represented as follows: 
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( )

( )1

2

−

−

=

∑
=

n

XX
n

ii

i

σ  

 

( )

( )1
var

2

2

−

−

==

∑
=

n

XX
n

ii

i

σ  

 

Where: 

n=Number of values in the data-set 

X =Mean of the data-set 

Xi=ith element of the data-set 

 

 

These measure the spread of the data.  However, whereas the variance is one-

dimensional, covariance is used on two-dimensional data (for example, measuring the 

relationships between the height of a person and their body-weight, or between hours 

studied and exam results).  Covariance retains the same formula as variance, except for 

a minor difference: 

 

( )
( )( )

( )1
cov 1

−

−−

=

∑
=

n

YYXX

XY

n

i

ii

 

 

Where: 

n=Number of values in the data-set 

YX & =Means of data-sets X and Y 

Xi & Yi=ith elements of data-sets X and Y 
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This can be a positive or negative value:  positive indicates that both variables being 

analysed increase in tandem (for example, as hours studied increase, so do exam 

results); negative indicates that as one increases, the other decreases (Smith, 2002). 

 

For n-dimensional data-sets, a covariance matrix can be constructed that represents the 

covariance between each possible combination of data-sets.  For example, a covariance 

matrix for a three-dimensional data-set (X, Y, Z) would look like the following: 

 

















=

ZZZYZX

YZYYYX

XZXYXX

C

covcovcov

covcovcov

covcovcov

 

 

The matrix is symmetrical across the main diagonal.  Also, the covariance values on this 

diagonal are equivalent to simply finding the covariance of each particular data-set to 

itself (Smith, 2002) 

 

8.3.1 Derive the eigenvectors and eigenvalues 

If we multiplied two matrices together (one a transformation matrix and the other a 

vector) the result would be a matrix that is either an integer-multiple of the original 

vector or not.  Integer-multiples are eigenvectors, with the scaling value being the 

eigenvalue (Smith, 2002).  For example, observe the following: 

 









=








=

















2

2
10

20

20

2

2

73

46
BA  

 

Where: 

A=Transformation matrix 

B=Vector 

10=Eigenvalue 










2

2
=Eigenvector 
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Eigenvectors are orthogonal (i.e. - perpendicular) to each other.  For any nXn matrix, 

only n possible eigenvectors can be found, and they are scaled to have a length of 1 

(Smith, 2002).  Visually, the orthogonal nature of eigenvectors means that at most 3 

eigenvectors can be displayed on a three-dimensional plot. 

 

 

8.4 Principal component analysis 

The process of reducing data using principal component analysis (PCA) involves the 

following steps: 

 

1. Subtract mean 

2. Build covariance matrix 

3. Calculate eigenvectors and eigenvalues 

4. Transform original data 

5. End-analysis 

(Smith, 2002) 

 

 

The first step in PCA is to subtract the mean of each data-set from each data-point in the 

set.  For example, if we had data-sets X, Y, and Z, then from each value in X, Y, and Z, 

we would subtract the mean of each data-set, respectively.  This would result in the 

data-sets having means of 0.  The covariance matrix is then built using the mean-

subtracted data-sets1.  Thirdly, eigenvectors and eigenvalues for the built covariance 

matrix are determined (see Appendix 8.3) - eigenvectors characterise the data using 

straight, orthogonal lines and each is scaled with an eigenvalue.  These are then ordered 

by their eigenvalue (highest to lowest), indicating the level of significance to the data-

set. 

 

                                                 
1 If the variables were measured in different units, then a correlation matrix should be employed 

(Karpuzcu & Şeneş, 1987), whereas if the variables were in the same units and are mean-centered, then a 

covariance matrix should be employed (Chatfield & Collins, 1980 and Partek Inc., 2009). 
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Transformation of the original data then occurs by multiplying a matrix containing the 

derived eigenvectors by one containing the mean-subtracted original data.  The result is 

a matrix with the same dimensions as that of the mean-subtracted data but whose values 

have been transformed.  The original data can then be said to be expressed with regard 

to the patterns within it (Smith, 2002).  Finally, once the data has been transformed, 

end-analysis can be performed, which can involve the selection of significant data-

points and eigenvectors - it can also involve viewing the data on bi-plots. 

 

The transformed data contains the principal components and each is assigned a 

percentage that corresponds to the amount of total variance in the data towards which 

the component contributes.  The level of correlation of the original variables to the new 

components is represented by numbers of no unitary value that are scaled between -1 

and +1.  Eigenvalues (e) and eigenvectors (a) are also assigned to the components:  

eigenvalues indicate the amount of variance a component contains (similar to the 

percentage of variance), whereas the eigenvector is the direction cosine of the axis of 

the principal component (Partek Inc., 2009), such that1: 

 

xaz vv

n

v

=∑
=1

 

 

Where: 

n=Number of original variables 

Zv=vth principal component 

av=vth eigenvector 

x=vector of the original variables 

 

As mentioned, it also holds true that the variance of a principal component is equivalent 

to its corresponding eigenvalue2: 

 

                                                 
1 Adapted from Joliffe (2002). 
2 Adapted from Joliffe (2002). 
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vv ez =)var(  

 

Where: 

Zv=vth principal component 

ev=vth eigenvalue 

 

If there are variables having high correlation to one or more of the derived components, 

then most of the variation will be accounted for by these components and such variables 

will be the ones that are accounting for the differences amongst samples.  The last few, 

in such a case, will account for little variation as they will define constant or near-

constant linear relationships amongst the variables (Joliffe, 2002) (i.e. - variables whose 

values were common across samples). 

 

8.4.1 End analysis 

8.4.1.1 Selecting principal components 

There is no standard way of choosing how many components to include or exclude in 

end-analysis, which is probably related to the broad spectrum of analyses on which 

PCA is carried-out.  The nature of the study is also important:  if you wanted to 

determine the variables that defined differences between samples, then you would 

observe the first few principal components (or even just the first); if you wanted to 

determine the variables that were common across samples, then you would observe the 

last few.  If it is the former, then choosing a certain number of components whose 

combined percentage of variance accumulates to a pre-determined level (generally 

≥70%) is employed (Chatfield & Collins, 1980 and Joliffe, 2002).  They can also be 

chosen using ‘Kaiser’s rule’, which states that all principal components with an 

eigenvalue greater than 1 should be retained (Kaiser, 1960), or by invoking and 

analysing a scree plot (Cattell, 1966), which shows a line-graph of the eigenvalues of 

each principal component. 
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8.4.1.2 Selecting variables 

Choosing which variables (corresponding to SNP and CN markers in this study) to 

retain can pose some difficulty due to the fact that there is no standard way of selecting 

a subset.  The ultimate aim is to find a subset that best represents the internal variation 

within the data (Joliffe, 2002).  Thereafter, in the case of this study, the chosen subset of 

markers could be mapped to the genome to elucidate genes and other genomic regions 

that are related to a particular disease group or tissue. 

 

Three methods for arriving at a subset of variables/markers for end-analysis are now 

outlined. 

 

8.4.1.2.1 Remove and compare 

First, remove a pre-determined number of markers from the full list of markers and re-

create the PCA bi-plot to see if the original structure and variance is still 

visually/graphically represented.  If the same structure is present, then remove further 

markers and repeat until a manageable subset of markers is present that still 

visually/graphically portray the variance in the data.  In essence, this method involves 

comparing the PCs derived from subsets of markers to those of the full set, but key 

markers could be lost in the process. 

 

8.4.1.2.2 High correlation 

Only choose markers that have high correlations to each of the generated eigenvectors 

of the chosen principal components and then search for overlap between them (Joliffe, 

2002).  There is no standard cut-off value for the correlation coefficients, but Mahloch 

(1974) indicated that a value larger than 0.6 is sufficient in PCA, while a coefficient 

larger than 0.8 is regarded as good. 

 

Additionally, one must distinguish between positive and negative correlation 

coefficients:  a positive correlation coefficient indicates that as the value of a marker 

increases in one set of samples, its value in the other set decreases; negative correlation 

indicates the same except that the first marker is decreased while the other increased.  It 
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follows that a correlation coefficient close to 0 indicates that a marker is not 

significantly-contributing to variance and is common across samples (Joliffe, 2002 and 

Madsen, 2007). 

 

8.4.1.2.3 Rotation of principal components 

A different method of selecting which markers to include in end-analysis is to first 

perform an orthogonal rotation of the derived principal components.  There are a 

number of ways to do this, including varimax, quartimax, equamax, and promax 

rotation.  The rotation of principal components is performed to increase the accuracy of 

the relationship/correlation of the original markers to the newly-derived eigenvectors 

(principal components).  As a result, this also serves to maximise the differences 

between each eigenvector (Mazlum et al., 1999 and Meng et al., 2003). 

 

After rotation, a method according to Meng et al. (2003) for the selection of original 

variables/markers to include in end-analysis is preceded as follows (using absolute 

values):  for the principal components that were included in end-analysis, obtain the 

mean correlation coefficient of each marker to these selected components.  Then, for the 

components that were not included in end-analysis, derive the same value.  If the mean 

of a marker for the included components was greater than that its mean for the excluded 

components, then that marker would be included in the end-analysis.  This method is 

used with the aim of characterising samples with as minimum a number of variables as 

possible. 
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